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Abstract

We study the effect of maternal dengue infections on birth outcomes using linked
administrative records from Brazil estimating maternal fixed-effect specifications. In
contrast to previous studies, we find robust evidence for the negative effect of dengue
infections on birth weight (BW). The effect is particularly pronounced at lower parts
of the BW distribution, with an increase of 15%, 67%, and 133% for low, very low,
and extremely low BW, respectively. We also document large increases in children’s
hospitalizations and medical expenditures for up to three years after birth.
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1 Introduction

Dengue fever is the most prevalent mosquito-borne disease, which threatens the health of
about half of the world’s population (Bhatt et al. (2013)). In 2019, the Americas alone regis-
tered more than 3 million cases, contributing to the record high of dengue cases worldwide in
the same year (WHO (2020)). While dengue was nearly nonexistent in the 1960s, it has since
expanded rapidly and is now endemic in more than 100 countries. Climate change means
that more countries outside of the tropics and subtropics have become suitable breeding
grounds for the dengue vector, Aedes mosquitoes, allowing the disease to expand further ge-
ographically—including, for example, in Croatia, France, Portugal, and the southern states
of the USA (Colén-Gonzalez et al. (2021)).

Despite relatively low mortality, dengue has a substantial economic burden, caused by
both direct medical costs due to hospitalization and ambulatory treatment and indirect costs
due, for example, to work absenteeism and subsequent impacts on productivity (Shepard et
al. (2016)). One of the potential externalities of dengue arises from the damaging effect a
maternal dengue infection may have on the unborn child’s health. Several viral infections
have been shown to affect the development of the baby in utero and to affect the health
at birth and later in life, including rubella (Dudgeon (1967)), influenza (Schwandt (2017),
Kelly (2011)), and malaria (Barreca (2010)).

Although dengue has been endemic in Brazil for over 20 years and in many countries
around the equator, to date, there is no causal evidence of the effect maternal dengue might
have on the health of the unborn child and subsequent measures of health. In this paper,
we provide the first causal evidence of the effect dengue has on several measures of health
at birth as well as on longer-term health outcomes. We leverage unique population-level
administrative data linking dengue cases with birth records for mothers with multiple births
over time. This allows us to estimate the effect of maternal dengue on birth outcomes by
comparing children exposed to dengue in utero with unexposed children, holding maternal
characteristics constant. This enables us to overcome the concerns with previous studies
based on selected samples of mothers hospitalized with dengue during pregnancy and prob-

lems due to selected reporting of dengue infections in epidemiological studies.



Several studies have used hospital records to show that the birth outcomes of mothers
hospitalized for dengue are worse, reporting an increase in fetal death. Most of these case
reports and retrospective studies are based on small samples of hospitalized mothers and
do not account for selection when studying pregnant dengue patients hospitalized for the
infection (Adam et al. (2010), Basurko et al. (2009), Chitra and Panicker (2011)). Pouliot
et al. (2010) provide an overview of earlier studies, and Paixao et al. (2017) a meta-analysis.
Although these studies are limited by their small and highly selected samples and lack of
a control group, they allow the in-depth study of cases to provide crucial insights into the
potential underlying mechanisms. Chiong Tan et al. (2008), for example, study the relevance
of vertical transmission of dengue during pregnancy from the mother to the child by testing
for dengue virus in umbilical cord samples and show that, while there is evidence for the
transmission of the virus from the mother to the child in utero, the incidence is low.

A second set of—mostly epidemiological-—papers uses larger sets of health records linking
dengue infections with subsequent birth outcomes. Paixao et al. (2017) investigates stillbirth
as a possible consequence of maternal dengue by using stillborn babies and a random sample
of live births, identifying for those whether the mother was infected with dengue —during
pregnancy. They document an increase in the odds ratio for stillbirth, controlling for ma-
ternal age and education. Nascimento et al. (2017) study dengue infections on live birth
outcomes and find no effect of maternal dengue on low BW and malformations but find
a small positive effect on the risk for preterm birth. Paixao et al. (2019) find that severe
dengue hemorrhagic fever, which accounts only for a small fraction of all dengue infections
(<1%), mostly for repeat infections with different dengue serotypes, increases the risk for
preterm birth and low BW. They find no effect for the vast majority of dengue cases.

These studies provide interesting correlations for the impacts of severe dengue, but either
focus on rare cases of severe forms of dengue infections or are limited by potential endogeneity
due to selection. For example, for case studies investigating the birth outcomes of mothers
hospitalized for dengue, these likely represent a sample of the most severe dengue infections
not representative of dengue infections generally, and therefore likely lead to overestimating
the effect of dengue on birth outcomes. Previous epidemiological studies linking cohorts

of administrative records on dengue infections with birth records do not address selection



into reporting of dengue. If the propensity to get diagnosed with dengue increases with
the availability of local health services, the better availability of health services may also
directly impact the health of the unborn child, for example, through the more rapid detection
of underlying maternal health conditions like pre-eclampsia or gestational diabetes during
pregnancy.

Because of the uncertain evidence base and the mixed results from previous studies
for regular dengue, dengue is not included in the definition of TORCH infections.! This
means dengue has to date not been considered as maternal infection of concern, leading
to the omission of maternal dengue from advice by public health authorities on antenatal
management of viral infections during pregnancy (CDC (2021), PAHO (2010)), in contrast,
for example, to the viral infection Zika.?

We focus on the southeastern Brazilian state of Minas Gerais, the second most popu-
lous state in Brazil. Minas Gerais provides an ideal setting for our study for a number of
reasons. First, its large population generates sufficient birth observations to estimate the
effect of maternal dengue on relatively rare outcomes, such as low BW classifications and
hospitalizations after birth. Second, Minas Gerais has an incidence of dengue infections
representative of the average incidence across Brazil, which facilitates our understanding the
impact of dengue across Brazil. Third, beyond the dengue incidence, the state of Minas
Gerais has a representative nature for all of Brazil, with a mix of urban and rural, rich and
poor municipalities that help us to understand dengue in a variety of settings. Lastly, we
have access to high-quality linked administrative records for the state, enabling us to provide
causal estimates of in-utero maternal dengue infections on the health outcomes of children.

This paper makes two contributions to the literature.

First, we provide causal evidence on the effect of maternal dengue on health at birth

using a wide range of outcomes and population-level microdata. Leveraging linked adminis-

ITORCH infections include a wide range of infections with pathogens including Toxoplasma gondii, Zika virus, rubella,
cytomegalovirus, and herpes simplex virus, causing infections known to increase the risk of miscarriage, stillbirth, short gestation,
and intrauterine growth restriction (Megli and Coyne (2021), Silasi et al. (2015)).

2In 2015, there was a significant outbreak of the previously little-known Zika virus, from the same family of flaviviruses as
dengue and also transmitted by Aedes mosquitoes in Brazil. Commonly leading only to mild symptoms, the virus was identified
as a factor leading to the rare congenital disability microcephaly and other severe congenital brain abnormalities for children
of mothers infected during pregnancy. Although the state of Minas Gerais was not heavily affected by the Zika outbreak, we
ensure that our estimates are not affected by Zika, for example, through simultaneous infection with dengue and Zika during
pregnancy.



trative data for mothers with multiple births, enabling us to estimate maternal fixed-effect
specifications, we document the significant detrimental effect of maternal dengue on birth
outcomes. We find that in-utero dengue reduces BW by about 27 grams on average. Much
of this effect is driven by impacts at the lower end of the BW distribution, with increasing
effects relative to the mean further down the BW distribution. While we find that maternal
dengue increases the propensity for the newborn to be classified as low BW by 15% com-
pared to the mean incidence and the coefficient being imprecisely measured, we find more
pronounced and significant effects for very low and extremely low BW: an increase of 67%
and 133%, respectively. The results on BW are matched by effects on gestational length.
While we find a small and insignificant negative effect on gestational length, we find a strong
positive effect on the risk of very preterm birth (before week 32) of 77%, significant at the
1% level. We provide a battery of robustness checks, such as the inclusion of a number of ad-
ditional fixed-effects (for neighborhood and hospital) and allowing for neighborhood-specific
trends, hospital-specific trends, and an alternative control group definition, using mothers
who have been infected with dengue after pregnancy as the control group. We also probe
the results further by the inclusion of alternative temperature controls using maximum daily
temperature. We also test for the balancing of time-varying maternal characteristics and
for changes in location of residence in response to dengue. Lastly, we provide a falsification
exercise using trimester leads providing additional credibility to the estimation strategy.
Second, beyond estimating the effect of maternal dengue on health at birth, we study
the effect on longer-term measures of child health by linking birth records with mortality
and hospitalization records. While we find sizeable positive—but insignificant—effects on a
number of measures of child mortality, a rare outcome, we document the lasting effect of
maternal dengue on more subtle measures of child health using hospitalization records. We
find that maternal dengue during pregnancy increases the risk of hospitalization of children
substantially; maternal dengue leads to a 27% increase in hospitalizations over a three-
year period after birth. The effects are long-lasting, with the strongest relative effect sizes
estimated in the second year after birth, leading to a 76% increase in hospitalizations. We
find no evidence for more severe hospitalizations through ICU utilization, and no statistically

significant increase in the duration of the hospital stay. Using information on the individual



costs of hospital treatment, we find that maternal dengue substantially increases subsequent

medical expenditures related to hospitalization in the first and second year after birth.

2 Background on dengue virus

Dengue is a vector-borne viral infection endemic in as many as 100 countries in the tropics
and subtropics that provide a habitat for the female mosquitoes of the genus Aedes, which are
responsible for the transmission of the dengue virus (WHO (2020)). The virus responsible
for dengue belongs to the group of flaviviruses, which also include yellow fever and Zika, both
of which are also transmitted by Aedes mosquitoes (Payne (2017)). Symptoms of dengue
infections range from subclinical states, where individuals without symptoms may not be
aware of the disease, to severe flu-like symptoms, including high fever, severe headache,
muscle and joint pain, nausea, vomiting, and skin rash lasting for up to one week. There
are several serotypes of the virus (DENV-1, DENV-2, DENV-3, and DENV-4) that cause
dengue. Infection with one strain is believed to lead to lifelong immunity to the same strain,
but only temporal and partial immunity to other serotypes. Subsequent infection with
different strains increases the risk of developing severe dengue complications (Murugesan
and Manoharan (2020)). The presence of several serotypes complicates the development of
effective vaccines, requiring any vaccine to protect from infection against all strains of the
virus (Henein et al. (2021)).

There is currently no treatment available, so medication is aimed at lessening the symp-
toms. While the majority of patients recover without long-term consequences from the
illness, in a small number of cases, an infection leads to severe dengue. Severe dengue (or
dengue hemorrhagic fever) is a potentially fatal complication with intense internal bleeding
and organ impairment. Severe dengue requires close medical observation to avoid compli-
cations and risk of death (Wilder-Smith et al. (2019)). In this paper, we are interested in
infection with regular dengue, which accounts for the vast majority of cases. Hence, we drop

rare cases of severe dengue.



3 Data sources

Previous work on the health consequences of maternal dengue in the medical literature mostly
relies on data from hospitalizations due to dengue in pregnant mothers and subsequent birth
outcomes, focusing on dengue infections close to delivery, leading to concerns with selection.
Hospitalization records also limit the analysis to a cross-section of infected mothers, where
it is difficult to establish a relevant control group and not normally possible to link records
for a mother with subsequent births. Furthermore, birth records do not generally permit
linking with subsequent health information, such as hospital admissions. Therefore, analyses
are limited to studying health at birth. To learn about the causal effect of maternal dengue
infections on short- and longer-term health, ideally, such research would require data covering
registered dengue infections linked to the universe of birth and hospitalization records.

As dengue infections and some outcomes, such as low BW, are relatively rare events,
a large number of observations is required to estimate precise effects. The state of Minas
Gerais in Brazil is ideally suited for the analysis of maternal dengue on children’s health
outcomes because of the quality of public health records and the sheer number of births
(and dengue cases), providing us with a sufficient number of observations to estimate precise
effects. For our analysis, we link four sets of administrative data from Minas Gerais using
individual identifiers. We link vital statistics on birth and death records, hospitalization
records, and records from official dengue notifications. We link multiple births to the same
mother for the within-mother analysis using individual identifiers. Lastly, we add data on
daily records for average and maximum temperatures and auxiliary data from the Brazilian
population census and the census bureau on population estimates. We briefly discuss below
each dataset and provide details on the origin of each dataset, the procedure to merge the

datasets, and the construction of variables, and we discuss descriptive statistics in Appendix

D.



3.1 Birth records

The first dataset contains birth records from vital statistics data collected through the Live
Birth Information System (Sistema de Informagoes sobre Nascidos Vivos (SINASC), in Por-
tuguese) (HSMG (2022d)). These records are based on the universe of birth certificates
issued in Brazil, whether they were issued in hospitals, birth clinics, or from midwives after
home deliveries, accounting for more than 99% of all births (Foureaux Koppensteiner and
Manacorda (2016)). For the period between 2011 and 2017, we have information for over
1.6 million births. For our within-mother analysis, we focus on the sample of mothers with
multiple singleton births that occur over this seven-year period. We are left with 136,788
mothers and 281,497 births.

3.2 Infant mortality data

The second dataset comes from vital statistics death records from the Brazilian Mortality In-
formation System (Sistema de Informagoes sobre Mortalidade (SIM), in Portuguese) (HSMG
(2022¢)). This dataset contains information on all natural and non-natural deaths in Brazil,
including the precise cause of death and characteristics of the deceased. In case of death
occurring up to the age of one, these data also register the characteristics of mothers and

birth outcomes, thereby allowing us to link birth records with information on child mortality.

3.3 Hospitalization data

The third dataset comprises hospitalization records from the Hospital Information System
(Sistema de Informagoes Hospitalares (SIH), in Portuguese) (HSMG (2022b)). It contains
details on all admissions from referrals and self-referrals to hospitals in the public health
system (SUS),? including information on duration, cost and type of hospitalization, and
the precise primary causes for hospitalization based on the WHO Classification of Diseases

(ICD-10).*

3In contrast to the other health records used in the analysis (birth records, dengue, and mortality records), the hospitalization
data we have access to only captures cases in the public health system. This means that estimates for hospitalization outcomes
may be underestimating the true impact of dengue on the overall hospitalization risk.

4Compared to the link between dengue, birth, and mortality, for which we use individual identifiers to link records and for
which we virtually link all records, the merge with hospitalization records based on address information of mothers only links



3.4 Dengue data

The final main dataset is based on official notifications of dengue fever cases from the No-
tifiable Diseases Information System (Sistema de Informagao de Agravos de Notificagao
(SINAN), in Portuguese) (HSMG (2022a)). Dengue fever is a notifiable disease, and every
known case must be recorded in SINAN. SINAN also collects information on the individual
and the infection, including on the date of notification and on the diagnosis, i.e., informa-
tion on whether the dengue infection was diagnosed by clinical assessment through common
symptoms such as fever, headache, nausea, rash, and the Tourniquet-Test, a clinical diagnos-
tic test that determines a patient’s hemorrhagic tendency, a common symptom of dengue,
or through serological/virological dengue tests. Over the 2011-2017 period, the monthly
average dengue incidence rate in Minas Gerais was 97 cases per 100,000 population, among
the highest dengue incidence in the world (Zeng et al. (2021)). In Table 1 we report the
incidence of dengue during pregnancy in our sample (0.8%) of pregnancies with a positive
dengue diagnosis, meaning that 2,282 dengue infections occur in our estimation sample over
the period. Over an equivalent time period of nine months, this makes the propensity to
contract dengue in the general population remarkably similar to the incidence among preg-
nant women.® The incidence of dengue by birth order is 0.006, 0.009, 0.010 and 0.011 for
first, second, third and fourth pregnancy, respectively.® In Appendix B, we provide detailed
information on the temporal and spatial distribution of the dengue incidence over the period

of interest.

3.5 Temperature data

We complement our data with high-frequency temperature measures to use as controls in

our regressions. These data come from ERAD released by the European Centre for Medium-

successfully just over 30% of all hospitalization records with birth records, limiting the number of observations we have available
for the analysis. This is mostly due to observations with duplicate address information from postcodes being omitted from the
sample.

5To be able to compare the propensity to contract dengue between the general population and women during pregnancy, we
calculate the average risk to contract dengue of the general population over a nine-month period ((=-9 * 0.00097 = 0.0087)).

6This increase is almost entirely due to the nature of the dengue variation in combination with the timing of births in the
maternal fixed-effects sample. For example, the propensity to be exposed to dengue is well balanced for dengue in the 2013 wave,
with a equal split of first (52%) and second pregnancies (48%); the same is not true for exposure during the 2016 wave, which
largely affects second and later births, with only 2% first births being exposed, contributing to the higher dengue incidence for
higher birth order pregnancies.



Range Weather Forecasts (ECMWF) as part of the Copernikus Climate Change Services
(ECMWF (2022)). ERA5 provides hourly information on temperatures at 2 m altitudes for
a grid with resolution 0.25 x 0.25 degrees. We create municipality-level averages by using
the inverse-distance weighted average of all weather grid points within a 50 km range of
the municipality centroid. We create two different measures, daily average temperature and
daily maximum temperature to explore in more detail the effect of average versus extreme
temperature as control variables. For the controls in our regressions, we create a count of
days in 5°C bands of daily average temperature starting with a lower bound of 10°C and
ending at the upper bound of 35°C over the duration of 280 days starting with the day of
each conception, creating birth record-specific temperature controls for the municipality of
residence of the expectant mother. Using 280-day windows ensures that the temperature
controls are independent of gestational length. We repeat the exercise for daily maximum

temperature as alternative temperature controls.

3.6 Sample restrictions

We restrict the sample to singleton births (97.60%) of mothers between the ages of 13 and 50
at the time of delivery (99.97%) and drop cases where there is information missing regarding
the identity of the mother (0.1% of observations). For the maternal fixed-effect estimates, we
restrict the sample to mothers with at least two births over the period 2011 to 2017. Table 1
presents summary statistics for all births and for the sample of mothers with at least two
births. Overall, the means across the two samples look similar, with only minor differences
in birth outcomes across the two samples. Mother characteristics are also similar, with some
differences in maternal age, as expected when comparing mothers with more than one child.

One potential concern for the estimates arises from the emergence of the Zika virus in
Brazil in 2015-16. The symptoms of the infection with Zika, a virus from the same virus
family as dengue, are similar to dengue. The vast majority of Zika cases occurred in the
northeast of Brazil, where the virus was first isolated and for the first time associated with
an increase of microcephaly cases in newborns in the region, with Minas Gerais being one
of the states in Brazil least affected by Zika (Peiter et al. (2020)). Zika infections were

included in the compulsory notification system in November 2015 (Lowe et al. (2018)) and

10



before cases emerged in Minas Gerais. As the number of maternal infections with Zika in our
sample is very small, we drop observations with confirmed Zika infection during pregnancy
from the sample (18 birth observations due to 8 maternal Zika infections) to avoid the risk

of estimates being biased by Zika.”

4 Identification Strategy

We aim to estimate the effect a maternal dengue infection has on newborn health. A simple
regression of birth outcomes on an indicator of dengue unlikely would yield unbiased esti-
mates for two primary reasons. First, in the given context, there is a risk of omitting relevant
control variables from such a regression. For instance, the risk of contracting dengue may be
correlated with unobservable mother characteristics, which may have an independent effect
on birth outcomes. This might be the case if expectant mothers living in more deprived areas
have a higher infection risk, while limited access to or lower quality of prenatal health care in
these areas may lead to poorer birth outcomes. Moreover, some blue-collar occupations are
reported to have a higher risk for dengue infections, for example, jobs in construction, agri-
culture, and manual labor. These occupations may nevertheless also directly affect health at
birth due to the relatively lower income compared to white-collar jobs (Chen et al. (2016)) or
the physical strain during pregnancy (Cellini et al. (2022)). If the lower, unobserved, socioe-
conomic status of pregnant women has a negative effect on birth outcomes and is positively
correlated with the chance for maternal dengue infection, this may lead to overestimating
the effect of maternal dengue on health outcomes at birth. Second, the propensity to be
diagnosed with dengue may differ across individuals, leading to a selected sample of recorded
infections. If, for example, ease of access to medical facilities affects both the propensity to
register a dengue infection and to access prenatal care, which may have a positive health
effect on the unborn child, this might lead to underestimating the effect of dengue on health
at birth. The overall effect of any bias in OLS regressions hence depends on the relative
strengths of any of these two sources of bias.

To overcome these endogeneity issues, we leverage mother identifiers in birth records and

"The small number of Zika infections in our sample of mothers confirms the very low incidence rate of Zika in Minas Gerais
in the period after Zika was first reported in Brazil (0.006% for 2015-2017).
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link siblings to the same mother to estimate the effect of dengue on birth outcomes, employing
mother fixed-effects to provide causal estimates of maternal dengue on birth outcomes. We

estimate the following equation:

Yitm = BO + /Bldengueitm + Yt + em + XZ/T + Hitm (]-)

yir is the outcome of interest for each child i, conceived at time ¢, born to mother m.
v; denotes month of conception fixed-effects, #,, is a maternal fixed-effect, while the vector
X, includes characteristics that may vary within each mother over time: age-in-years dum-
mies, dummies for marital status (married, living together, divorced, single, missing), highest
education achieved (incomplete primary, complete primary, incomplete secondary, complete
secondary, incomplete higher education, complete higher education), occupation codes, num-
ber of previous stillbirths, gestation order, and birth interval (time between conceptions).
In addition to the time-varying maternal controls, we include temperature controls. High
temperatures have been associated with worse birth outcomes in the literature (Chersich et
al. (2020)). Temperature may also be an important factor for the reproduction of the dengue
vector (Campbell et al. (2013)), but the relationship between temperature and dengue cases
appears to be more complex, with dengue incidence exhibiting a strong seasonal pattern,
following temperature variation with a lag.® To test whether temperature affects birth out-
comes, we include pregnancy-specific temperature controls across all specifications with the
full set of maternal controls. p;,, is the error term, and robust standard errors are clustered
at the mother level. As gestational length may mechanically affect the propensity to acquire
dengue toward the end of pregnancy (i.e., mothers with shorter gestational length have a
smaller risk of contracting dengue during pregnancy) we assign dengue infections based on
a full-term gestation period of 280 days, hence estimating an intention-to-treat effect using
information on the date of conception.

The coefficient of interest [, is identified by comparing children of mothers who had con-
tracted dengue during one of the pregnancies with children of the same mother in unexposed

pregnancies. Maternal fixed-effects control for unmeasured time-invariant characteristics of

8We provide detailed information on the spatial-temporal variation of dengue in Appendix B.
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the mother, alleviating concerns regarding the non-random detection of infections or the
non-random reporting of dengue infections during pregnancy in SINAN, assuming that the
propensity to report a dengue infection does not vary systematically over time, i.e., across
pregnancies. We address remaining concerns regarding selective reporting of dengue infec-
tions by limiting the control group to mothers infected with dengue after the last pregnancy
reported in our data and hence establishing a control group for which we can assume a
similar propensity to get infected and to register the infection, as a robustness check.

Furthermore, we also estimate two-way fixed-effects models in which we include neigh-
borhood (bairro) fixed-effects? and hospital fixed-effects, clustering standard errors at the
bairro and hospital level, respectively. Neighborhood fixed-effects, for example, capture the
local transmission risk that may vary by neighborhood or prenatal care received locally. Hos-
pital fixed-effects control for the quality of any specific prenatal care that is provided by the
hospital of delivery (for example, during later stages of pregnancy) and quality of delivery
services, including elective C-sections, among other hospital-specific factors. In the most
satiated specification, we also separately include neighborhood and hospital-specific time
trends in addition to the maternal fixed-effects, controlling for any unobserved differential
trends of neighborhoods or hospitals.

We also estimate separately the effect a dengue infection has on health at birth for
different trimesters. This may provide information about critical periods during pregnancy
when a disease is particularly detrimental to the health of the unborn. We do this by splitting
the full-term gestation period into three trimesters, with the first and second trimesters
lasting 93 days and 94 days assigned to the third trimester.

We use the trimester exposure setup for a falsification exercise, too, where we include
trimester leads of dengue infections, i.e., recorded dengue infections of mothers after delivery.
The leads should not affect birth outcomes, and their simultaneous inclusion should also not

affect the original trimester coefficients.

9Bairros have no official administrative function but are stable and, in many cities, well-defined geographic units broadly
equivalent to neighborhoods and therefore capture the local residential background. In the case of rural, low-density munic-
ipalities, without further division into neighborhoods, the two-way fixed-effects analysis focuses on municipalities as smallest
geographic units.

13



5 Results

5.1 Main results

We first present the effect of dengue infections on BW and BW classifications, estimating
Equation 1, focusing on the mother fixed-effects sample, in Panel A of Table 2. We start
with BV in columns (1) and (2) followed by the BW classifications, where in odd columns
we present the coefficients of specifications without controls, and in even those columns with
the full set of controls, including the time-varying maternal controls and the temperature
controls. A dengue infection during pregnancy reduces BW substantially by between 31 and
27 grams, significant at 1% and 5%, respectively. The inclusion of the additional time-varying
mother controls and temperature controls reduces the effect somewhat.!°

The magnitude of the effect is similar to the effects of maternal influenza (Schwandt
(2017)), to the (positive) effect of receiving a generous conditional cash transfer in the
context of Uruguay (Amarante et al. (2016)), and to the effect of maternal dismissals during
pregnancy (Cellini et al. (2022)). The estimated magnitudes are much larger compared to
estimates for factors with more subtle or indirect exposure during pregnancy documented in
the literature, for example, the effect of rainfall shocks in semiarid regions in Brazil (Rocha
and Soares (2015)), of air pollution (Currie et al. (2009)), or of exposure to local violence
(Foureaux Koppensteiner and Manacorda (2016)).

Next, we investigate the effect of dengue on BW classifications. We start with low BW,
where the dependent variable is an indicator for BW below 2.5kg. We find that dengue
infections during pregnancy increase the chance for low BW by 1.1%, compared to the mean
prevalence of 7%: a 15% increase, but the estimate is only marginally significant. Even
though the effects of maternal dengue on the propensity for the child to be classified as
low BW are imprecisely estimated, they possibly point to negative effects of dengue on
lower parts of the BW distribution. This is particularly concerning given the substantial
negative consequences of low BW on immediate and longer-term outcomes documented in the

literature. We investigate this further by estimating the effects on lower BW categories, i.e.

10We include time-varying mother controls and the temperature controls separately in Appendix F.
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children with a BW below 2kg and 1.5kg, commonly referred to as very low and extremely low
BW. We present the results in columns (5) - (8) of Table 2. For the specification, including
full controls, we find that maternal dengue during pregnancy increases the chance for very
low BW by 0.6%, a 67% increase compared to the baseline and by 0.4% for extremely low
BW, a 133% increase given a baseline rate of 0.3%, with both coefficients being significant
at the 5% level. The inclusion of maternal controls makes little difference to the estimated
coefficients, lending additional credibility to the maternal fixed-effects estimates.

These results indicate that, while there are sizable effects of dengue infections on mean
BW, dengue seems to have a particularly strong effect at lower parts of the BW distribution,
with increasing relative effect sizes for low, very low, and extremely low BW as outcome
variables. These effects are concerning, in light of the body of evidence on the long-term
consequences of low BW on children’s future health and socioeconomic status as documented
in the literature (Black et al. (2007), Figlio et al. (2014)) and the immediate burden on the
health system from additional care received by low, very low, and extremely low BW babies,
due to those newborns having some of the highest healthcare expenditures of any in-patient
population (Almond et al. (2005), Beam et al. (2020))."!

We also estimate the effect separately by trimester and present the coefficients in Table 3.
We find that in-utero dengue has a particularly strong negative effect in the third trimester
of gestation, with a reduction in BW of between 53 grams and 63 grams (columns (2)
and (3)) and an increase in the risk for low BW by just over a third compared to the
mean incidence. The coeflicients for the first and second trimester are less pronounced and
not statistically significant. BW effects are often attributed to either intrauterine growth
retardation and/or reduced gestational length and the effects documented for late pregnancy
point to a mechanism of of maternal dengue through growth retardation (Almond et al.
(2005), Kramer (1987) and Foureaux Koppensteiner and Manacorda (2016)).

We probe the sensitiveness of the estimates in Table 4.'? As a first exercise (presented

in column (1), we provide OLS estimates of the effect of maternal dengue, using the same

111n Appendix E, we present a heterogeneity analysis using the mother’s age, race, marital status, and education, documenting
the heterogeneous impact of maternal dengue across those dimensions, generally demonstrating relatively limited heterogeneity
of the effects along with several mother characteristics.

121n Appendix F, we also provide and discuss the results from the falsification exercise using leads of the explanatory variables.
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sample as for the mother fixed-effects estimates. The effects are negative for BW and positive
for the low BW categories, but much smaller and not statistically significant compared to
the mother FE estimates, providing a sense for the size and direction of the bias from OLS
estimates, with those estimates being considerably biased towards zero. In columns (2), we
present our benchmark estimates from our preferred specification using maternal fixed-effects
and the full set of controls (as in column (2) of Table 2). We then probe these estimates by
including a number of additional fixed-effects and by using an alternative control group.
We start by including neighborhood fixed-effects, which capture any time-invariant char-
acteristics of the neighborhood—for example, differences in infection risks due to differences
in either breeding conditions of Aedes aegypti based on geographical features or differences
in available health services, addressing potential concerns that these vary for mothers who
move from one of 14,917 neighborhoods in our sample to another during their pregnancies.'?
We present the estimates from this two-way fixed-effects model in column (3). Using those
additional neighborhood fixed-effects, the coefficient for a dengue infection during pregnancy
is slightly larger across all outcomes.'* In column (4) we additionally include neighborhood-
specific linear trends to account for any differential trends in unobserved variables across
neighborhoods. The inclusion leads to a slightly more pronounced effect of dengue on BW,
with a reduction of 34 grams, significant at 5%, and a small increase in the coefficient for
low, and very low BW, but these estimates remain imprecisely estimated. To address any
remaining concerns regarding differences in health services available to pregnant women, we
alternatively include hospital fixed-effects for the 586 hospitals and health institutions with
maternal care units.!®> Hospital fixed-effects capture any potential differences in prenatal care
provided by hospitals and/or proxy for any differences in prenatal services local to hospitals,
not captured by neighborhood effects, for mothers who give birth to their children in dif-
ferent hospitals. We find that the coefficients are very similar to our benchmark estimates,

both for BW and for low BW classifications in column (5), indicating that differences in

13In Appendix F, we investigate further whether dengue causes mothers to relocate in response to dengue infections.

14The effects on low BW classifications are slightly less precise, likely due to the drop in the number of observations. We
lose just over 8% of observations, because of single observations in the small neighborhood areas of our maternal fixed-effects
sample.

15In Brazil, the vast majority of births are delivered in hospitals. For our sample, more than 99.8% of children are delivered
in hospitals or medical centers.
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health services provided locally to the hospital of delivery do not seem to play an important
role. Estimates including hospital-specific trends, which may account for, e.g., trends in the
quality of the provision of local health services, are virtually identical when compared to
results from our benchmark specification.

Overall, the estimates for the different outcomes reveal a striking stability and change
very little when adding additional fixed-effects and trends to the maternal fixed-effects spec-
ification. This contrasts with the stark differences when comparing the OLS with the ma-
ternal fixed-effects estimates, indicating that maternal fixed-effects succeed in dealing with
the potential biases from unobservables and selection. In line with this, we also do not see
any substantial changes in the R? across the different specifications in Table 4 .

Finally, as noted earlier, the concern around selection into the dengue sample motivated
the use of maternal fixed-effects. While maternal fixed-effects hold constant the propensity
to report and register an in-utero dengue infection, in addition to robustness from the two-
way fixed-effects specifications, we would like to examine the robustness of our results further
and rule out that any remaining heterogeneity across treatment and control, i.e., between
mothers who have dengue during one of their pregnancies and those who do not, biases
our estimates. In a further robustness check, we restrict the control group to mothers who
have contracted dengue after pregnancy, hence making treatment and control more similar,
conditioning the control group to having reported a dengue infection. This ensures that
the effects are not driven by differential propensity to report a dengue infection during
pregnancy. When constructing the control group in this way, we define end of pregnancy
as the estimated due date, rather than the actual birth date, taking into account concerns
raised by Matsumoto (2018) regarding the definition of such alternative control groups.

We report the coefficient from this exercise—for what we denote Alternative Control
Group—in columns (7) and (14). Restricting the sample in this way increases the negative
effect on BW substantially. Despite the much smaller number of observations, the coefficient
is highly significant. The results presented in Table 2 might therefore underestimate the
actual impact. We also find that estimates on low BW are accentuated in this exercise
and significant at the 1% level. We document a 28% increase in low BW compared to the

baseline. Effects for very and extremely low BW are also accentuated, with an increase by
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100% and 175% compared to the mean, respectively.

We probe the robustness and sensitiveness of the results further in Appendix F, where
we provide additional insights on the effect of the inclusion of temperature controls. We also
provide additional analysis on the balancing properties of time-varying maternal character-
istics by infection status during pregnancy, and we formally test whether dengue induces
changes in the place of residence of mothers. Lastly, we provide additional insights on the

heterogeneous effects of the timing of dengue infections in our maternal fixed-effects sample.

5.2 Additional results

5.2.1 Gestational length and other birth outcomes

In this section, we provide estimates on additional birth outcomes. We start with estimates
on the effect of dengue in-utero on gestational length (from day of conception) and several
binary outcomes denoting early, very early, and extremely early delivery (<259, <224 and
<196 days, or <37, <32, and <28 weeks respectively) in columns (1)-(4) of Panel B of
Table 2. Dengue infections reduce mean gestation by half a day (-0.5), but the estimates
are not significant. While the mean effect is moderate (a reduction by 0.2% compared to
mean gestation), the magnitude is comparable to results elsewhere in the literature from
in-utero exposure to a variety of shocks, for example, maternal stress (Black et al. (2016),
Quintana-Domeque and Rdédenas-Serrano (2017)).

Mean gestation as an outcome nevertheless risks overlooking more pronounced effects
along the distribution of gestational length. Hence, we also estimate the effect of dengue
infections on the above indicators for short gestation. We find a positive but small increase
in the probability of short gestation (<37 weeks) of about 0.5%, but the coefficient is not
significant. In contrast, we find a positive and strong effect of maternal dengue on very short
gestation of one percentage point, a 77% increase compared to the baseline. The estimate
for extremely early delivery is relatively large, but insignificant.! Taken together the esti-

mates on gestational length indicate, in line with the findings on low BW categorizations,

16Estimating the effect on gestation separately by trimester in Appendix A, we find that dengue affects gestation primarily
towards the end of pregnancy, and we find that third-trimester infections substantially increase the probability of very short
gestation by 100% compared to the baseline.
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that maternal dengue affects gestation particularly at the lower parts of the distribution of
gestational length.

In Panel A, of Table 5, we present coefficients from additional birth outcomes, for which
the sign and magnitudes are as expected, even though most estimates are not significant.
We find a positive but small and insignificant effect on emergency C-sections and small
positive effects for both one- and five-minute APGAR scores, neither of which are statistically
significant. In contrast, we document a positive and highly significant effect of maternal
dengue on prenatal visits, possibly indicating that infected mothers seek additional prenatal
checks. The magnitude of the effect is moderate, however, with about 0.2 additional visits
(a 3% increase compared to the baseline). We do not find an effect on the sex ratio at birth,
indicating that maternal dengue infections in-utero unlikely lead to an increase in (selective)

survival in utero.!”

5.2.2 Mortality

To investigate the effect of maternal dengue on child mortality, we link birth with mortality
records to estimate the effect of dengue infections on the subsequent survival of children.
We present the effects in Panel B of Table 5. We estimate the effect separately for early
neonatal (one week), neonatal (four weeks), 22 weeks, and 52 weeks mortality.'®

Dengue during pregnancy has a positive effect on early neonatal and neonatal mortality
rates, but the coefficients, despite being large compared to the mean incidence are imprecisely
estimated, probably due to the relatively infrequent occurrence of child mortality. This is
confirmed estimating the effect separately by trimester in Appendix A, with none of the

trimester coefficients being significant.

17The sex ratio is often used as a proxy for selective stillbirth in the absence of direct information on stillbirths in response
to in-utero shocks, as information on stillbirth and spontaneous abortion is often not available from the data. Female fetuses
are considered more robust to such shocks in the biomedical literature, and an effect on the sex ratio may therefore indicate a
(sex-specific) effect on survival in utero.

18More than two-thirds of infant mortality is due to neonatal mortality, with death occurring during the first month, indicating
the increased vulnerability of the newborn. Overall, mortality rates are relatively low, with mean neonatal mortality in our
sample of 0.5%, compared to a mean of 0.8% for all children born in Brazil (UNICEF (2020)). This difference likely arises from
the different compositions of the newborns in our sample, as our sample focuses on singleton births and multiple births to the
same mother.
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5.2.3 Hospitalization

The focus on mortality as a measure of children’s subsequent health may overlook more subtle
effects on children’s health not captured by mortality. For this reason, we next investigate the
effect of maternal dengue on several indicators of health from linked hospitalization records.
Access to administrative data from hospitals covered by the public health system, SUS,
allows us to link birth records with hospital admission records using individual identifiers.
We investigate the effect of maternal dengue on hospitalization for up to three years after
birth. Table 6 reports the estimates. Making use of the detailed information from the
hospitalization records, we look at a number of different outcomes in addition to overall
hospitalization, including admittance to intensive care, the length of stay, and the cost of
stay. All estimates include the full set of controls as in our preferred maternal fixed-effects
specification of column (2) of Table 2.

We find that maternal dengue infections substantially increase the hospitalization risk
of children in the three years after birth. We find an increase in overall hospitalizations by
3.2%, significant at the 5% level, a 27% increase compared to the mean incidence. Compared
to effect sizes elsewhere in papers with linked hospitalization records, the estimated effect on
hospitalization here is relatively large. For example, we find an increase in hospitalization
risk ten times the effect of the death of a maternal relative on hospitalization reported in
Persson and Rossin-Slater (2018), both relative to the baseline. Unlike their findings, we
also find that the effects persist over time, lasting well beyond year one after birth. When
estimating the effect separately by year, we document effects well into the second year after
births. We document an increase in the risk of hospitalizations by 76%, compared to the
26% increase in the first year, while we find a smaller positive but insignificant effect for
third year hospitalizations. The estimates on hospitalization indicate that maternal dengue
affects children’s health beyond measures of immediate health at birth, such as BW or low
BW categorizations, pointing to possible longer-term damage to affected children’s health.

To understand better whether the increase in hospitalizations is related to known compli-
cations from low BW or short gestation, we make use of the information on the precise causes

of hospitalization. For example, in the medical literature, a link between preterm delivery
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and asthma in children is well established (Been et al. (2014)). To learn about the reasons
for hospitalization, we estimated separate regressions on hospitalization by causes, based on
causes from ICD-10 (International Statistical Classification of Diseases and Related Health
Problems) available from the hospitalization records. Because of the very large number of
causes of hospitalization, we focus on groups defined by the different chapters of 1CD-10,
providing us with a natural grouping of diseases for all chapters making up more than 2%
of cases, and group the remainder in ‘Other’. In Figure A5, we present the estimates for
hospitalizations by groups of causes of hospitalization. While coefficients for most groups of
causes are relatively small and not significant, we find a significant positive and large effect
of maternal dengue on hospitalizations due to ‘diseases of the respiratory system’, a finding
in line with evidence of the effects of preterm births on lung development and respiratory
issues, such as asthma and wheezing (Boyle et al. (2012)).

In addition to hospitalization risk, we are also interested in learning about the severity
of admissions. We use information on the type of hospitalization and estimate the effect
on admission to (neonatal) intensive care units. In columns (5)-(8), we provide the coef-
ficients for intensive care utilization for the three-year period and separately for neonatal
(first four weeks) and first and second years after birth. We find positive coefficients across
outcomes—for example, a 23% increase in intensive care admissions overall—but the coeffi-
cients are not statistically significant. This is consistent with maternal dengue leading to an
increase in hospitalization risk, but not necessarily to more severe hospitalizations.

To further investigate the severity of admissions, we study the effect on the length of
hospitalization, reported in columns (1)-(4) of Panel B. We find a positive effect on the
duration of hospitalizations of 0.414 days over the three-year period, a 36% increase in the
length of hospitalizations. However, the estimate is not statistically significant. Similarly, we
find a positive but insignificant effect of 0.2 days for length of hospitalization in the first year.
The coefficients for the second and third year of 0.157 and 0.024, a 140% and 45% increase,
respectively, are large but not precisely estimated. Alternatively, when estimating the effect
on length of hospitalization conditional on admission, we also do not find significant effects
(not reported). However, given the relatively small incidence and the sign and magnitude of

the effects, we cannot completely rule out that maternal dengue infections may also lead to
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more severe hospital episodes.

The increased risk of hospitalization also points to the additional burden of maternal
dengue on the health system, with neonatal intensive care for preterm babies associated
with what are among the highest daily health expenditures in hospitalizations (Beam et al.
(2020)). To investigate the additional economic burden from the effect of hospitalization,
we take the information on hospital costs and estimate the effect of maternal dengue on log
hospitalization costs. The average cost due to hospitalization in the first year for all newborns
is R$319.01, and the average cost conditional on admission is R$3,327.95 as expected with
very substantial variability (s.d.: 9759.79).2° We find a positive and significant effect on
log cost of 0.366 over the three-year period, a 44% increase in hospitalization cost due
to maternal dengue infections. When estimating the effects separately by year, we find a
coefficient of 0.283 and 0.172 for the first and second year after birth, in line with the effects
on hospitalization risk, an equivalent increase of 34% and 19%. We do not find an effect for
the third year after birth.

Using hospitalization records linked to birth records for three years after birth, the above
results indicate that maternal dengue has health consequences for an extended period af-
ter birth. These results are therefore important for understanding the potential long-term
consequences of poor health at birth, including on health later in life, education and labor
market outcomes, and the long-term effects of low BW and short gestation abundantly doc-
umented in the literature (for example Black et al. (2007) and Almond and Currie (2011)).
The results also point to the immediate costs of maternal dengue due to the utilization of
scarce public health resources, with an increase in hospital admissions, in turn leading to the
documented substantial increase in the direct cost to the public health system from those

hospitalizations.

6 Final Remarks

Maternal dengue was long believed not to pose a risk for the health of unborn children in

utero. While there is substantial literature on the short and long-term effects effect of in-

19Based on the average 2014 R$-US$ exchange rate US$136 and US$1,418.70, respectively.
20The mean is skewed heavily, indicated by a median of R$606.43 and the top 1 percentile of R$54.82.
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utero exposure to a range of different health shocks—including to other infectious diseases
during pregnancy—there is no causal evidence on the effect of maternal dengue infections on
birth outcomes. This is despite dengue being by far the most prevalent mosquito-borne viral
disease worldwide, with tens of millions of cases every year. Previous research was based
either on small samples from hospitalized pregnant women or epidemiological studies not
accounting for selection and leading to inconclusive findings. Much of the medical evidence
is also focused on severe dengue infection cases, which make up about less than 0.5% of
cases, neglecting the vast majority of dengue infections and hence discounting the negative
impact dengue might have for the majority of relatively mild infections.

In this paper, we provide causal evidence on the effect of dengue during pregnancy on the
child’s health using linked population-level administrative records from Brazil. Focusing on
mothers with multiple births over time, we provide estimates using maternal fixed-effects, and
hence holding constant fixed maternal characteristics, including their propensity to contract
and report a dengue infection. In addition, we include a variety of time-varying mother
characteristics to account for changes in employment status and other personal circumstances
over time that may, for example, impact the health of their unborn child directly (for instance,
through early maternal inputs).

The results presented here reveal the devastating impact of generally mild maternal
dengue infections on newborns’ health, so far undetected in the literature, with immediate
consequences for public health systems and potential long-term consequences of low BW
and short gestation documented in the literature (Almond and Currie (2011), Figlio et al.
(2014)). Given the rapid growth of the dengue virus in Brazil and in many other countries
around the tropics, where Aedes mosquitoes find a suitable breeding ground, our estimates
point to a health risk to date underestimated, putting more than half of the world’s unborn
children at risk of lasting damage to their health. With climate change aiding the breeding
conditions of dengue vectors in countries previously unaffected by dengue, dengue virus will
likely pose a growing risk over the next years and decades to come in countries outside the
tropics (Romanello et al. (2022)).

Besides adding to the understanding of the consequences of maternal dengue for children’s

health, our findings are important to inform cost-benefit analyses of dengue vaccines and
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vector-control programs in Brazil and other countries affected by dengue. For example, the
cost of provision of effective insect repellent for expectant low-income mothers (Goldman
(2017)) or innovations to reduce the Aedes vector prevalence either through the release of
transgenic Aedes mosquitoes, which reduce reproduction of the vector (Evans et al. (2019))
or the targeted infection of Aedes mosquitoes with the Wolbachia bacterium reducing dengue
pathogen transmission (Hoffmann et al. (2011)), can be assessed based on the estimates on
the effect of maternal dengue on low BW, short gestation, and the increase in hospitalizations.
A new and more effective generation of dengue vaccines is also on the horizon, providing
immunity against the four different serotypes (Rivera et al. (2022)).

The evidence presented here also cautions against ruling out potential negative effects of a
variety of other maternal infections during pregnancy, including most recently of COVID-19,
before conclusive evidence from adequate data and suitable methods is available. Maternal

dengue, too, was long believed not to pose a risk for children in utero.
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Table 1: Descriptive Statistics

All mothers

Maternal FE

Mean  Std.Dev. Mean  Std.Dev.
Birth outcomes
Birth weight 3160.583 511.191 3174.865 501.506
Low birth weight 0.080 0.271 0.073 0.260
Very low birth weight 0.010 0.100 0.009 0.094
Extremely low birth weight 0.004 0.059 0.003 0.057
1st minute APGAR 8.414 1.219 8.448 1.184
5th minute APGAR 9.380 0.825 9.381 0.821
Newborn characteristics
Female 0.488 0.500 0.482 0.500
Pregnancy and delivery characteristics
Prenatal visits 8.043 2.565 7.671 2.668
Gestation days 269.727  14.431 269.854 14.433
Gestation days < 259 0.103 0.304 0.103 0.303
Gestation days < 224 0.013 0.112 0.013 0.111
Gestation days < 196 0.003 0.054 0.003 0.055
C-section 0.427 0.495 0.471 0.499
Emergency C-section 0.200 0.400 0.180 0.384
Mothers characteristics
Age 26.851 6.612 25.205 6.030
20 or less 0.203 0.402 0.255 0.436
21 to 35 0.688 0.463 0.685 0.464
36 and beyond 0.109 0.312 0.060 0.237
White 0.361 0.480 0.342 0.474
Black 0.082 0.275 0.092 0.289
Asian 0.007 0.081 0.007 0.082
Mixed 0.548 0.498 0.557 0.497
Indigenous 0.002 0.045 0.002 0.047
Single 0.395 0.489 0.430 0.495
Married 0.445 0.497 0.414 0.492
Widowed 0.003 0.051 0.002 0.042
Separated divorced 0.016 0.125 0.011 0.103
Stable union 0.142 0.349 0.144 0.351
Low education 0.791 0.406 0.804 0.397
High education 0.190 0.392 0.184 0.387
Dengue during pregnancy 0.007 0.086 0.008 0.090
Observations 1578599 281497
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Table 2: Effect of Dengue on Birth Outcomes

Panel A - Birth Weight (BW)

BW Low BW Very Low BW Extremely Low BW
(1) (2) 3) (4) (5) (6) (7 (8)

Dengue 31.328 27.480 0.013 0.011 0.006 0.006 0.004 0.004
(pregnancy) (11.416)*** (11.306)**  (0.007)* (0.007)* (0.003)**  (0.003)**  (0.002)**  (0.002)**
Mean dep. var. 3,174.865  3,174.865 0.073 0.073 0.009 0.009 0.003 0.003
Mothers 136,788 136,788 136,788 136,788 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497 281,497 281,497 281,497 281,497
Controls No Yes No Yes No Yes No Yes

Panel B - Gestational Length

Gestatation Gestation Gestation Gestation
(days) (<259 days) (<224 days) (<196 days)
(1) (2) 3) (4) (5) (6) (7) (8)
Dengue 0.500 0.474 0.005 0.005 0.011 0.010 0.002 0.002
(pregnancy) (0.407) (0.401) (0.008) (0.008) (0.004)*** (0.004)*** (0.002) (0.002)
Mean dep. var. 269.854 269.854 0.103 0.103 0.013 0.013 0.003 0.003
Mothers 136,788 136,788 136,788 136,788 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497 281,497 281,497 281,497 281,497
Controls No Yes No Yes No Yes No Yes

*p < 0.1, ¥ p <0.05, ¥** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. BW is reported in grams. Low BW, Very Low
BW and Extremely Low BW are dummies indicating newborns up to 2,500, 1,500 and 1,000 grams, respectively. Gestation
is reported in days. Columns 3-4, 5-6, and 7-8 in Panel B are dummies for early, very early and extremely early delivery,
respectively. Explanatory variable Dengue(pregnancy) indicates whether the mother had dengue during pregnancy. All re-
gressions include month of conception fixed-effects and maternal fixed-effects. Controls include dummies for maternal age,
and dummies for marital status (married, living together, divorced, single, missing), highest education achieved (incomplete
primary, complete primary, incomplete secondary, complete secondary, incomplete higher education, complete higher educa-
tion), occupation codes, number of previous stillbirths, gestation order and birth interval (time between conceptions), number
of days during pregnancy with average temperature between 10-15°C, 15-20°C, 20-25°C, 25-30°C and 30-35°C.
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Table 3: Effect of Dengue on Birth Outcomes by Trimester

BW Low BW Very Low BW Extremely Low BW
(1) (2) 3) (4) (5) (6) (7) (8)

Dengue —24.116 —18.880 0.020 0.017 0.007 0.006 0.004 0.004
(1st trimester) (19.605) (19.368) (0.012) (0.012) (0.005) (0.005) (0.003) (0.003)
Dengue —20.978 —13.202 —0.005 —0.008 0.008 0.007 0.007 0.006
(2nd trimester) (20.148) (19.870) (0.012) (0.012) (0.005) (0.005) (0.003)**  (0.003)*
Dengue —50.811 —52.846 0.025 0.027 0.003 0.003 0.002 0.002
(8rd trimester) (19.315)*** (19.265)*** (0.011)**  (0.011)**  (0.005) (0.005) (0.004) (0.004)
Mean dep. var. 3,174.865  3,174.865 0.073 0.073 0.009 0.009 0.003 0.003
Mothers 136,788 136,788 136,788 136,788 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497 281,497 281,497 281,497 281,497
Controls No Yes No Yes No Yes No Yes

*p < 0.1, ¥ p < 0.05, *** p < 0.01. Robust standard errors are clustered at the neighborhood level for the OLS regressions
and the regressions with neighborhood fixed-effects, at the hospital level for the regressions with hospital fixed-effects and at

the mother level for the remaining specifications.

Note: The analysis includes mothers over the period between 2011 and 2017. BW is reported in grams. Low BW, Very Low
BW and Extremely Low BW are dummies indicating newborns up to 2,500, 1,500 and 1,000 grams, respectively. Explanatory
variables Dengue (1st trimester), Dengue (2nd trimester) and Dengue (3rd trimester) indicate mothers who had during the
corresponding trimester of their pregnancy. The trimester coefficients are jointly estimated for each column. For a detailed

list of controls, see Table 2 note.
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Table 4:

Effect of Dengue on Birth Outcomes - Sensitivity Analysis

BW

(1) (2) 3) (4) () (6) (7)
Dengue —8.657  —27.480  —30.186  —33.981  —26.548  —27.666  —50.063
(pregnancy) (11.003) (11.306)** (15.001)** (16.687)** (12.569)** (12.438)** (14.202)***
Mean dep. var. 3,174.865 3,174.865 3,176.916 3,176.916 3,174.948 3,174.948 3,166.955
R? 0.019 0.705 0.737 0.770 0.711 0.713 0.731

Low BW

(1) (2) 3) (4) (5) (6) (7)
Dengue 0.002 0.011 0.013 0.014 0.011 0.011 0.021
(pregnancy) (0.006) (0.007)*  (0.009) (0.010) (0.007) (0.008) (0.009)**
Mean dep. var. 0.073 0.073 0.072 0.072 0.073 0.073 0.075
R? 0.008 0.590 0.635 0.679 0.598 0.599 0.614

Very Low BW

(1) (2) 3) (4) (5) (6) (7)
Dengue 0.003 0.006 0.007 0.008 0.005 0.006 0.009
(pregnancy) (0.002) (0.003)**  (0.004)*  (0.005) (0.003)* (0.003)*  (0.004)**
Mean dep. var. 0.009 0.009 0.009 0.009 0.009 0.009 0.009
R? 0.003 0.533 0.582 0.632 0.539 0.541 0.566

Extremely Low BW

Dengue 0.003 0.004 0.005 0.005 0.004 0.004 0.007
(pregnancy) (0.002)*  (0.002)**  (0.003)*  (0.003)* (0.003) (0.003) (0.002)***
Mean dep. var. 0.003 0.003 0.003 0.003 0.003 0.003 0.004
R? 0.002 0.514 0.563 0.618 0.518 0.519 0.557
Clusters 28,480 136,788 14,917 14,917 586 586 5,049
Observations 281,497 281,497 257,203 257,203 281,153 281,153 10,389
Mother FE No Yes Yes Yes Yes Yes Yes
Time FE No Yes Yes Yes Yes Yes Yes
Neighborhood FE No No Yes Yes No No No
Neighborhood Linear Trends No No No Yes No No No
Hospital FE No No No No Yes Yes No
Hospital Linear Trends No No No No No Yes No
Controls Yes Yes Yes Yes Yes Yes Yes
Alternative Control Group No No No No No No Yes

*p < 0.1, ** p < 0.05, *** p < 0.01. Robust standard errors are clustered at the neighborhood level for the OLS regressions
and the regressions with neighborhood fixed-effects, at the hospital level for the regressions with hospital fixed-effects and at

the mother level for the remaining specifications.

Note: The analysis includes mothers over the period between 2011 and 2017. BW is reported in grams. Low BW, Very Low
BW and Extremely Low BW are dummies indicating newborns up to 2,500, 1,500 and 1,000 grams, respectively. Explanatory
variable Dengue(pregnancy) indicates whether the mother had dengue during pregnancy. For a detailed list of controls, see

Table 2 note. Alternative Control Group limits the control group to mothers infected with dengue after pregnancy.
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Table 5: Effect of Dengue on Additional Outcomes

Panel A - Additional Outcomes

Emergency APGAR APGAR Prenatal
C-section  (1st minute) (5th minute) visits Female
(1) (2) 3) (4) ()

Dengue 0.008 —0.019 —0.015 0.209 0.016
(pregnancy) (0.009) (0.036) (0.023) (0.063)*** (0.015)
Mean dep. var. 0.180 8.448 9.381 7.671 0.482
Mothers 136,788 131,140 131,290 134,101 136,742
Observations 981,497 269,676 970,003 975754 281,403
Controls Yes Yes Yes Yes Yes

Panel B - Mortality

Mortality Mortality Mortality Mortality
(1 week) (4 weeks) (22 weeks) (1 year)

1) 2) 3) (1)
Dengue 0.003 0.002 0.002 0.001
(pregnancy) (0.002) (0.002) (0.003) (0.003)
Mean dep. var. 0.004 0.005 0.006 0.007
Mothers 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497
Controls Yes Yes Yes Yes

*p < 0.1, ** p < 0.05, *** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. Emergency C-section is a dummy indicating
if the C-section happened after labor began. Explanatory variable Dengue(pregnancy) indicates whether the mother had
dengue during pregnancy. All regressions include month of conception fixed-effects and maternal fixed-effects and the full set
of controls (for a detailed list of controls, see Table 2 note).
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Table 6: Effect of Dengue on Hospitalization

Panel A
Hospitalization Intensive Care Unit
(1) () 3) (4) (5) (6) (7 (8)
Total 1st year  2nd year  3rd year Total Neonatal  1st year  2nd year
Dengue 0.032 0.025 0.016 0.001 0.005 0.007 0.004 0.001
(pregnancy) (0.013)**  (0.012)**  (0.006)**  (0.004) (0.006) (0.006) (0.006) (0.001)
Mean dep. var. 0.117 0.096 0.021 0.011 0.022 0.017 0.021 0.001
Mothers 67,962 67,962 67,962 67,962 67,962 67,962 67,962 67,962
Observations 138,751 138,751 138,751 138,751 138,751 138,751 138,751 138,751
Panel B
Length of Stay Cost
(1) () 3) (4) (5) (6) (7) (8)
Total 1st year  2nd year  3rd year Total 1st year  2nd year  3rd year
Dengue 0.414 0.234 0.157 0.024 0.366 0.283 0.172 0.011
(pregnancy) (0.316) (0.276) (0.112) (0.019) (0.150)**  (0.142)**  (0.070)**  (0.041)
Mean dep. var. 1.161 0.996 0.112 0.053 352.877 319.011 22.610 11.277
Mothers 67,962 67,962 67,962 67,962 67,962 67,962 67,962 67,962
Observations 138,751 138,751 138,751 138,751 138,751 138,751 138,751 138,751

*p < 0.1, ¥ p < 0.05, ¥** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. Hospitalization are dummies indicating whether
the infant was hospitalized in the first three years of life. Length of Stay is the number of days in hospital. Intensive Care Unit
are dummies indicating whether the infant used ICU. Cost is the logarithm of the cost of the hospitalization. Explanatory
variable Dengue(pregnancy) indicates whether the mother had Dengue during pregnancy. All regressions include month of
conception fixed-effects and maternal fixed-effects and the full set of controls (for a detailed list of controls, see Table 2 note).
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Online appendix to accompany
Maternal Dengue and Health Outcomes of Children
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Appendix A Additional Tables and Figures
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Figure A1l: Spacial Distribution of Dengue Cases in the State of Minas Gerais, Brazil

Note: To compare the incident across years, we normalize the shading using the year with the highest cases in 2016. This means that the same shading of red across different
years indicates the same dengue incident rate.
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Figure A2: Monthly Dengue Rate and Average Temperature from 2011 to 2017 in Minas Gerais

Note: The dashed red line depicts mean monthly temperature. The bars depict mean monthly dengue rates per 1,000 population.
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Figure A3: Dengue Rate and Average Temperature by Calendar Month

Note: The dashed red line depicts mean monthly temperature. The bars depict mean monthly dengue rates per 1,000 population.

Note:

Table Al: Effect of Dengue on Gestational Length by trimester

Gestatation  Gestation Gestation Gestation
(days) (<259 days) (<224 days) (<196 days)
(1) 2 3) (4)

Dengue —0.012 —0.006 0.007 0.005
(1st trimester) (0.650) (0.014) (0.006) (0.003)
Dengue —0.870 0.003 0.010 0.001
(2nd trimester) (0.691) (0.013) (0.007) (0.004)
Dengue —0.555 0.021 0.014 —0.000
(3rd trimester) (0.749) (0.015) (0.006)** (0.004)
Mean dep. var. 269.854 0.103 0.013 0.003
Mothers 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497

*p < 0.1, ¥ p < 0.05, F* p < 0.01.

Robust standard errors are clustered at the mother level in parentheses.

The analysis includes mothers over the period between 2011 and 2017.

Gestation is reported in days.

Columns 2,

3, and 4 are dummies for early, very early, and extremely early delivery, respectively. Explanatory variables Dengue (1st
trimester), Dengue (2nd trimester) and Dengue (3rd trimester) indicate the trimester of pregnancy the mother was infected
with dengue. All regressions include month of conception fixed-effects and maternal fixed-effects and the full set of controls
(for a detailed list of controls, see Table 2 note).
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Figure A4: Effect of Temperature on Dengue Rate

Note: Dependent variable is monthly dengue rate at the municipality level. Explanatory variables are the number of days
in a month with maximum temperature higher than or equal to 30°C, 31°C,..., 39°C. All regressions include month and
municipality fixed-effects.
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Figure A5: Effect of Dengue on Hospitalization by Cause of Hospitalization

Note: Causes of hospitalization follow the International Statistical Classification of Diseases and Related Health Problems
(ICD-10). We report the coefficients for the most common reasons for hospitalization (more than 2% incidence in our
sample). The remaining causes are grouped in the category “Other”.



Table A2: Effect of Dengue on Additional Outcomes by trimester

Emergency APGAR APGAR Prenatal Mortality ~ Mortality — Mortality — Mortality

C-section  (1st minute) (5th minute) visits Female (1 week) (4 weeks) (22 weeks) (1 year)

(1) (2) 3) (4) (5) (6) (7) (®) 9)

Dengue 0.011 —0.031 —0.042 0.265 —0.005 0.006 0.003 0.001 0.001
(1st trimester) (0.015) (0.061) (0.036) (0.106)*  (0.025)  (0.004)  (0.004)  (0.005)  (0.005)
Dengue 0.005 —0.025 —0.034 0.261 0.045 0.002 0.001 0.000 —0.001
(2nd trimester) (0.016) (0.063) (0.038) (0.100)%%  (0.025)%  (0.003)  (0.003)  (0.003)  (0.004)
Dengue 0.008 0.002 0.035 0.087 0.009 0.001 0.002 0.004 0.002
(3rd trimester) (0.017) (0.066) (0.045) (0.114)  (0.026)  (0.004)  (0.005)  (0.005)  (0.006)

Mean dep. var. 0.180 8.448 9.381 7.671 0.482 0.004 0.005 0.006 0.007
Mothers 136,788 131,140 131,290 134,101 136,742 136,788 136,788 136,788 136,788
Observations 281,497 269,676 270,003 275,754 281,403 281,497 281,497 281,497 281,497

*p <0.1, ** p < 0.05, *** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. Emergency C-section is a dummy indicating if the C-section happened after labor began.
Explanatory variables Dengue (1st trimester), Dengue (2nd trimester) and Dengue (3rd trimester) indicate the trimester of pregnancy the mother was infected with dengue.
All regressions include month of conception fixed-effects and maternal fixed-effects and the full set of controls (for a detailed list of controls, see Table 2 note).



Appendix B The Temporal and Spatial Distribution of
Dengue Cases

There is substantial temporal and geographic variation in the cases of dengue in Brazil. In
Figure A1, we display dengue cases across municipalities in the state of Minas Gerais for each
year in our sample and aggregated for the entire period. Municipalities with darker shades
of red have higher dengue incident rates. Two features stand out. First, there is substantial
variation in dengue cases across space and time, indicating clusters of local outbreaks in
different years. Second, there is substantial variation in the overall incidence rate year-by-
year, indicated by darker shades in 2013 and 2016 compared to all other years. In Figure
A2 we document the temporal variation in dengue. The figure confirms two large dengue
outbreaks in 2013 and 2016, with a smaller outbreak in 2015, and years of relative calm in

L' The figure also reveals strong seasonality in dengue cases, roughly in line with

between.
lagged seasonal temperature variation. Seasonality is even more evident in Figure A3, where
we plot dengue rates by calendar month over our sample period. Dengue cases peak in March
and April and reach lows during the months of July to November.? We provide additional

information on the evolution of the dengue virus in Brazil before the sample period in the

following Appendix section C.

IThis is closely matched in our maternal fixed-effects estimation sample with a peak in infections in 2013 and 2016, accounting
for 73% of all infections. This is also virtually identical to the infection rates for all mothers, with 73% occurring in these two
years.

2Seasonal patterns are confirmed for many other countries suffering from dengue, for example, Thailand (Polwiang (2020))
and Bangladesh (Hossain et al. (2022)).



Appendix C Evolution of Dengue Virus in Brazil

Before the 1970s, the dengue virus was endemic only in a very small number of countries and
with a small number of overall infections. Since then, dengue has expanded very rapidly and
is now endemic in more than 100 countries, with an estimated half a billion infections every
year on average and putting half of today’s world population at risk of disease (Bhatt et al.
(2013), Brady et al. (2012)). In Brazil, dengue has been endemic since the 1990s—after a
decades-long absence—with an increase in the prevalence and substantial temporal (includ-
ing seasonal) and spatial variation in the incidence from year to year and across Brazilian
municipalities (Andrioli et al. (2020)).

The rapid global expansion of dengue was driven by a combination of increasing human
mobility through improved transport links and increased population density and urbaniza-
tion, as well as inadequate urban infrastructure (Wilder-Smith et al. (2019)). These are also
the reasons for dengue spreading rapidly in Brazil starting in the 1990s and dengue now being
hyper-endemic, resulting in the co-circulation of the four serotypes (Conrado Guerra Nunes
et al. (2019)). Dengue is on the list of compulsory notifiable diseases in Brazil, and there
is an efficient reporting system in place. To limit the spread of Aedes mosquitoes, Brazil
is operating one of the largest dengue vector control programs in the world, with mixed
success (Augusto et al. (2016), Aratjo et al. (2015)). Vector control strategies are based on
a combination of community mobilization to reduce breeding opportunities for mosquitoes®
and the widespread application of insecticides.

While dengue fever has a relatively low mortality rate compared to other tropical infec-
tious diseases, in particular yellow fever and malaria, severe dengue has an elevated risk of
mortality of approximately 4% (Andrioli et al. (2020)). There are currently four distinct
serotypes of the virus in circulation that differ genetically and serologically. Primary infec-
tion with one serotype is believed to lead to lifelong immunity to the same serotype but not
to other serotypes. Secondary infection with a different serotype is, on the contrary, associ-

ated with an increased risk of developing severe dengue. This is suspected to be caused by

3This includes disposing of manmade habitats that can hold water in private households, applying insecticides to outdoor
water storage containers, and improving waste collection, among other activities (Eisen et al. (2009)).



a complex immune response and the mixture of neutralizing and binding antibodies, where
neutralizing antibodies are serotype-specific, but binding antibodies are not (Murugesan and
Manoharan (2020)).

After many years of research and testing, in 2015, the first dengue vaccine was licensed
and received regulatory approval in Brazil and 19 other countries. Despite evidence on the
cost-effectiveness for Brazil (Shim (2017)), uptake has been relatively slow. This is possibly
due to the low mortality of dengue and some uncertainty on the safety related to the excess
risk of developing severe dengue in seronegative vaccine recipients (Sridhar et al. (2018)).
Besides vaccines and traditional vector control activities, there are promising advances in
modeling the dengue vectors to reduce the spread of dengue through genetic engineering
and allowing the mosquitoes to develop immunity to the virus (Buchman et al. (2019))
or by infecting the mosquitoes with a bacterium which can prevent the dengue virus from

replicating (Frentiu et al. (2014)).

4This feature of the immune response also provides for an extra obstacle in the development of a dengue vaccine, as a
successful vaccine candidate needs to give immunity to all prevalent dengue serotypes (Payne (2017); Wilder-Smith et al.
(2019)).



Appendix D Data sources and descriptive statistics

D.1 Birth records

The birth records from SINASC data collect detailed information on newborn and mother
characteristics and the mode of delivery. Newborn characteristics include BW, 1st and 5th
minute APGAR scores, and sex. Mother characteristics include age, previous live births and
stillbirths, occupation, marital status, and education. Information on the pregnancy and
delivery includes the number of prenatal visits, type of delivery (vaginal vs. C-section), and
information on whether the C-section was planned or due to an emergency.

We present summary statistics for the entire sample of singleton births and the within-
mother sample in Table 1. Mean BW in our sample is 3,160 grams, and the incidence of low
BW (<2,500 grams), very low BW (<2,000 grams), and extremely low BW (<1,500 grams)
is 8%, 1% and 0.4%, respectively.” Mean gestational length is 270 days (just over 38 weeks),
and the fraction of pregnancies with very preterm delivery (<32 weeks) is 1.3%.5 In addition
to information on health outcomes of live births, SINASC data also contain information on
pregnancy and delivery. Prenatal visits are free in the public health system, and antenatal
care is generally of high quality in Brazil (Victora et al. (2011)). On average, women have
around eight prenatal care visits.” 42.7% of deliveries were through C-section, and about
20% were initiated after labor began, thus defined as emergency C-section.®

Table 1 also presents the summary characteristics of the mothers. Their mean age is 27
years; 20% of mothers are 20 or younger. More than 50% of mothers declare themselves
mixed race, 36% are white, and 8% are black. Detailed information on the marital status
of the mother is also provided. 39% are single, 44% are married, and 14% are in a stable
union. As to their educational background, 19% have high education.

The birth and pregnancy characteristics of the maternal fixed-effects sample we use for the

main analysis are very similar to the whole sample. As the within-mother sample is derived

5These figures are similar to recent US data on singleton births, with an incident of 6.60 and 1.09% for the fraction of low
and very low BW deliveries, respectively (Martin et al. (2019)).

6We calculate gestational length by using the information on the date of conception and date of delivery.

"These include extensive screening for risk factors, including diabetes, pre-eclampsia, and underlying infections, plus ultra-
sound scans of the fetus.

8Brazil has well-documented high rates of planned Caesarean section delivery (Barros et al. (1991), Rudey et al. (2020)).

10



from mothers with at least two births over the period, this excludes first-time mothers with
at most one child and mothers with multiple births but outside the period from 2011 to
2017. Mother characteristics are also largely very similar, in particular with respect to

predetermined characteristics such as educational background and self-declared skin color.

D.2 Infant and child mortality

For any death occurring during the first year of life, SIM data is linked to the birth records
from SINASC. We calculate any child death for different periods after births and record early
neonatal (1 week), neonatal (4 weeks), 22 weeks and 52 weeks mortality. 0.38% of live-born

children die within a week, making up about half of all infant deaths (0.71% of live births).

D.3 Hospitalization

We link birth records with subsequent hospitalizations three years after birth and distin-
guish between regular admission to hospital and admission to intensive care units (including
neonatal intensive care for the first month after birth). For the merge, we use the informa-
tion on the newborns’ date of birth, sex, and address at the time of delivery, limiting the
fraction of successfully linked hospitalization records compared to the link between dengue
and birth records. The incidence of hospital admission in the first year after birth is just
under 10% and drops to 2 and 1% in the second and third years. Neonatal ICU admissions
account for about 18% of all hospital admissions in the first year. A unique feature of the
hospitalization records is that it includes information on the primary cause of hospitalization
(using the ICD-10 classification), length of hospital stay and each hospital admission cost.
The average hospital stay in the first year is just over 10 days, with an average price of
R$3,327.95. There is a substantial variation in the hospitalization costs, with the highest
observed costs over R$269,488, with a median of R$606.43.

D.4 Dengue

We link dengue infections to mothers using individual identifiers. This has the advantage

of being able to link mothers to dengue infections during pregnancy and infections that
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occur with women who gave birth twice over our period but contracted dengue outside of
pregnancy. We focus on ‘classic’ dengue and drop cases of ‘severe’ dengue from our sample.”
Severe dengue is rare (0.22%) and unsurprisingly, due to its severity, may affect the unborn
children of mothers suffering from its complications.

In this paper, we are interested in the effect classic dengue, comprising the vast majority
of dengue cases, has on the health of unborn children. We hence remove a small number of
cases clinically identified with symptoms of severe dengue (0.22%), mostly with hemorrhagic
complications. An infection of a particular dengue serotype leads to individuals being im-
mune to the same strain but increases the risk for complications when infected with different
dengue serotypes, potentially leading to changes in the behavior of expectant mothers with
the knowledge of a previous infection.

We also link the birth records with another notifiable disease, Zika virus. Zika is in
the same family as the dengue virus and was first identified in the northeast of Brazil in
2015. From the end of 2015, every laboratory-confirmed Zika infection was included in
the Notifiable Diseases Information System, collecting the same information as for dengue
infections. Because of the risk of microcephaly in children born to mothers infected with
Zika during pregnancy, the outbreak received considerable attention from health authorities
in Brazil and beyond. While the spread of Zika was largely concentrated in the northeast
region of Brazil, which accounted for 61.1% of cases, the number of cases in Minas Gerais,
the Brazilian state for which we have data, saw only a very small number of Zika cases
(and cases of microcephaly) in comparison. In our sample, 8 cases of Zika during pregnancy

occurred. We removed these mother observations from our estimation sample.

D.5 Temperature data

The temperature data ERAS from ECMWTF consists of reanalysis data combining past obser-
vations with models to generate consistent time series of temperature variables at a 0.25x0.25
degrees grid. We follow the literature to assign a weighted average temperature to each of the

843 municipalities by using an inverse-distance weighted average of all weather grid points

9Severe dengue is associated with any number of complications linked with severe bleeding, organ impairment, and/or plasma
leakage and can have life-threatening consequences. Severe dengue has been associated with repeat infection by other dengue
serotypes after the initial infection.
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within a 50 km range of the municipality centroid (Rocha and Soares (2015)). Figure A2
depicts the daily average temperature over time for the period 2011 to 2017. Mean daily
temperature over this period is 23.2°C with a minimum of 11.6°C and a maximum aver-
age temperature of 33.5°C. The highest maximum daily temperature recorded in the data is
40.7°C. While less pronounced due to the proximity to the equator, there is still considerable
variability over the year, as can be seen in Figure A3, with the highest average temperatures

in February and the lowest in July.

Appendix E Heterogeneous effects

To learn whether the effect of maternal dengue may differ by mother characteristics, we split
the sample of mothers using information on their age, race, marital status, and education.
For time-varying characteristics (age, marital status, and education) we use their values at
the first pregnancy we observe to split the sample. We report the results from this exercise in
Table E3. First, we look at three age groups of mothers separately, where we define those age
groups so that all birth observations for each mother meet the age criteria. This means that
for the first group, we look at estimates for mothers 20 years and younger at last observed
birth; for the second group we use mothers with all births between ages 21 and 35; and for the
last group we use mothers older than 35 for the first observed birth.!° We find that the effect
of dengue infections during pregnancy is more pronounced for younger mothers, with the
strongest effect for mothers aged 20 and under (-56 grams), but given the smaller sample, the
coefficient is only marginally significant. This may either indicate a medical vulnerability of
younger mothers in line with findings in the medical literature on the higher rate of low BW
births among this age group and/or age being a proxy for socioeconomic background, with
younger mothers being over represented with regard to a more deprived economic status.
The effect for mothers above the age of 35 is very close to zero and insignificant. We find a
similar picture for low BW. The effects for the older age groups are smaller. We find a similar
pattern for the low BW classifications, with the most pronounced effects for low BW and

extremely low BW for the group of younger mothers. When splitting the sample by mothers’

10This means we lose a small number of observations, where mothers have births falling outside these age ranges.
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self-declared color of skin, we find slightly more pronounced effects for non-white mothers,
both for BW and for low BW. We do not find any systematic differences by marital status,
with coefficients being very close for married and unmarried mothers. Finally, we split the
sample by mothers’ education. We find stronger but insignificant effects on BW for mothers
with higher levels of education but more pronounced effects on low BW for mothers with
lower levels of education, possibly indicating diverging effects by educational background at
different parts of the distribution. Given the much-reduced sample sizes, the estimates are

nevertheless imprecise.
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Table E3: Heterogeneity Analysis

Panel A - Birth Weight

Mother’s age

Mother’s race

Mother’s marital status Mother’s education

20 orless 21to 35 36 and beyond White Non-white ~ Married  Not married Low High
Dengue —55.971  —14.833 —28.329 —22.042 —35.627  —25.525 —24.377 —26.600  —43.630
(pregnancy) (29.159)*  (14.797) (76.582) (27.533) (15.074)** (18.142) (17.162) (12.307)** (35.144)
Mean dep. var.  3,113.303  3,194.305 3,214.501 3,177.668  3,172.161 3,197.004  3,146.790  3,169.481 3,198.518
Mothers 22,419 77,887 4,119 33,215 71,642 62,879 46,434 105,581 22,421
Observations 46,054 158,651 8,286 67,491 147,691 127,733 95,955 218,054 45,313
Panel B - Low Birth Weight
Mother’s age Mother’s race Mother’s marital status Mother’s education
20 or less 21 to 35 36 and beyond White Non-white ~ Married — Not married Low High
Dengue 0.036 0.010 0.031 0.021 0.022 0.006 0.020 0.014 0.000
(pregnancy) (0.019)*  (0.009) (0.046) (0.016) (0.009)**  (0.011) (0.011)* (0.007)*  (0.022)
Mean dep. var. 0.089 0.068 0.069 0.068 0.076 0.065 0.083 0.076 0.061
Mothers 22,419 77,887 4,119 33,215 71,642 62,879 46,434 105,581 22,421
Observations 46,054 158,651 8,286 67,491 147,691 127,733 95,955 218,054 45,313
Panel C - Very Low Birth Weight
Mother’s age Mother’s race Mother’s marital status Mother’s education
20 or less 21to 35 36 and beyond White Non-white  Married  Not married Low High
Dengue 0.003 0.005 —0.019 0.015 0.005 0.005 0.004 0.006 0.013
(pregnancy) (0.008) (0.003) (0.019) (0.007)**  (0.004) (0.004) (0.004) (0.003)*  (0.008)
Mean dep. var. 0.010 0.008 0.011 0.008 0.009 0.008 0.010 0.009 0.008
Mothers 22,419 77,887 4,119 33,215 71,642 62,879 46,434 105,581 22,421
Observations 46,054 158,651 8,286 67,491 147,691 127,733 95,955 218,054 45,313
Panel D - Extremely Low Birth Weight
Mother’s age Mother’s race Mother’s marital status Mother’s education
20 orless 21to 35 36 and beyond White Non-white  Married — Not married Low High
Dengue 0.005 0.004 —0.021 0.004 0.004 0.002 0.003 0.003 0.010
(pregnancy) (0.006) (0.002)* (0.019) (0.005) (0.003) (0.003) (0.003) (0.002) (0.006)
Mean dep. var. 0.003 0.003 0.004 0.003 0.003 0.003 0.004 0.003 0.003
Mothers 22,419 77,887 4,119 33,215 71,642 62,879 46,434 105,581 22,421
Observations 46,054 158,651 8,286 67,491 147,691 127,733 95,955 218,054 45,313

*p < 0.1, ** p <0.05, *** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. Explanatory variable Dengue(pregnancy) indicates
whether the mother had dengue during pregnancy. All regressions include month of conception fixed-effects and maternal
fixed-effects and the full set of controls (for a detailed list of controls, see Table 2 note).
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Appendix F Additional analysis

In this appendix, we systematically probe the main estimates further in addition to the
sensitiveness checks provided in Section 5. We also test sensitivity to additional sample
restrictions, provide a falsification exercise for the main results, and discuss robustness of

the hospitalization results in line with the sensitivity analysis of the main outcomes.

F.1 Temperature controls

We start by providing insights on the sensitiveness of the main estimates to the inclusion
of temperature controls. In Table 2, we include temperature controls together with other
controls not meaningfully affecting our estimates. In Table F4, we further test the effects
temperature controls have on the main estimates. To disentangle the effect of temperature
and maternal controls, we separately enter maternal controls in columns (2) and (6). We find
that maternal controls reduce the coefficients for BW and the low BW classification sightly,
without impacting the overall significance of the estimates. However, the inclusion of the
temperature controls in columns (3) and (7) reduces only the BW estimates minimally, with-
out any further change on the coefficients for very low and extremely low BW. Furthermore,
we show additional robustness to the choice of temperature controls. In columns (4) and (8),
we include alternatively maximum daily temperatures as controls rather than average daily
temperature. In line with the average temperature controls, we calculate the number of days
in bands of 5°C for each pregnancy, starting with the due date and ending with the predicted
due date for 280 days of a full-term pregnancy. The inclusion of maximum daily temperature

controls leaves the coefficients unchanged, both in terms of magnitude and precision.
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Table F4: Effect of Dengue on Birth Outcomes - Additional Temperature Controls

BW Low BW

(1) (2) (3) (4) (5) (6) (7) (8)
Dengue 31.328 27.413 27.480 27.481 0.013 0.011 0.011 0.011
(pregnancy) (11.416)*** (11.307)** (11.306)** (11.306)** (0.007)*  (0.007)*  (0.007)*  (0.007)*
Mean dep. var. 3,174.865 3,174.865 3,174.865 3,174.865 0.073 0.073 0.073 0.073
Mothers 136,788 136,788 136,788 136,788 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497 281,497 281,497 281,497 281,497

Very Low BW Eatremely Low BW

(1) (2) 3) (4) (5) (6) (7) (8)
Dengue 0.006 0.006 0.006 0.006 0.004 0.004 0.004 0.004
(pregnancy) (0.003)**  (0.003)**  (0.003)**  (0.003)** (0.002)**  (0.002)** (0.002)**  (0.002)**
Mean dep. var. 0.009 0.009 0.009 0.009 0.003 0.003 0.003 0.003
Mothers 136,788 136,788 136,788 136,788 136,788 136,788 136,788 136,788
Observations 281,497 281,497 281,497 281,497 281,497 281,497 281,497 281,497
Maternal Controls No Yes Yes Yes No Yes Yes Yes
Temperature (average) Controls No No Yes No No No Yes No
Temperature (maximum) Controls No No No Yes No No No Yes

*p < 0.1, ¥ p <0.05, ¥** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note:

The analysis includes mothers over the period between 2011 and 2017. BW is reported in grams. Low BW, Very Low BW and Extremely Low BW are dummies

indicating newborns up to 2,500, 1,500 and 1,000 grams, respectively. Explanatory variable Dengue(pregnancy) indicates whether the mother had dengue during pregnancy.
All regressions include month of conception fixed-effects and maternal fixed-effects. Maternal controls include dummies for maternal age, and dummies for marital status
(married, living together, divorced, single, missing), highest education achieved (incomplete primary, complete primary, incomplete secondary, complete secondary, incomplete
higher education, complete higher education), occupation codes, number of previous stillbirths, birth order and birth interval (time between conceptions). Temperature
(average) controls are variables measuring the number of days during pregnancy with average temperature between 10-15°C, 15-20°C, 20-25°C, 25-30°C and 30-35°C.
Temperature (maximum) controls are variables measuring the number of days during pregnancy with maximum temperature between 10-15°C, 15-20°C, 20-25°C, 25-30°C,

30-35°C, 35-40°C and 40-45°C.



F.2 Balancing property of time-varying maternal characteristics

and location choice

Our mother fixed-effects estimation strategy deals with any time-invariant maternal charac-
teristics by holding these characteristics constant across the multiple pregnancies observed
for the mothers. To also account for remaining time-varying characteristics of the mother
and pregnancy that may affect birth outcomes, we add time-varying controls across all esti-
mates, including controls for maternal age, and occupation, and dummies for marital status,
highest education achieved, the number of previous stillbirths, birth order, and time between
conceptions.!! To understand whether the time-varying characteristics of mothers are linked
to dengue, we test directly whether dengue is related to those characteristics. We provide
the results in Table F5 focusing on the time-varying maternal characteristics proxying for
socioeconomic status, including maternal age, marital status, education, and occupation.
We dichotomize these characteristics for ease of interpretation. Using our preferred speci-
fication, including the remaining controls, we find that dengue as a predictor has no effect
on those maternal characteristics; the coefficients are small and not statistically significant,

providing further credibility to our estimation strategy.

Table F'5: Time Varying Maternal Characteristics as Outcomes

Mother’s age Mother’s marital status Mother’s education Mother’s occupation
20 or less 21 to 35 36 and beyond Married High High-skilled
Dengue —0.014 0.016 —0.002 —0.011 0.002 0.017
(pregnancy) (0.008) (0.010) (0.004) (0.009) (0.004) (0.020)
Mean dep. var. 0.255 0.685 0.060 0.558 0.184 0.486
Mothers 136,788 136,788 136,788 134,606 132,957 24,302
Observations 281,497 281,497 281,497 276,934 273,519 49,062

*p < 0.1, ¥ p <0.05, ¥** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. All regressions include month of conception
fixed-effects and maternal fixed-effects and the full set of (remaining) controls (for a detailed list of controls, see Table 2
note).

In addition to time-varying maternal socio-economic characteristics, we also investigate

Hn detail, we look at the following outcomes: age (20 or less, 21 to 35, 36 and beyond), marital status, high education
(where the variable takes a value of 1 for higher education and zero otherwise), high-skilled occupation (with the dummy taking
a value of 1 for occupations including high-skilled white collar and high-skilled blue-collar occupations based on the detailed
Brazilian Classification of Occupations. We focus on skill levels of occupations based on ISCO-88 definitions by ILO, which we
map to the Brazilian occupations).
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whether dengue leads to changes in the location of the residence of the mother. In Table F6
we provide the coefficients from of estimates of dengue (during the first pregnancy) on
different definitions of ‘relocation’ outcomes.'?

Table F6: Effect of Dengue on Relocation

Relocation 1 Relocation 2 Relocation 3  Relocation 4  Relocation 5  Relocation 6

(1) (2) 3) (4) () (6)

Dengue 0.016 0.005 0.001 ~0.001 ~0.004 ~0.011
(pregnancy) (0.014) (0.005) (0.005) (0.007) (0.008) (0.021)
Mean dep. var. 0.064 0.009 0.007 0.011 0.014 0.279
Mothers 91,436 91,436 91,436 91,436 91,436 91,436
Observations 182,872 182,872 182,872 182,872 182,872 182,872

*p < 0.1, ** p < 0.05, *** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. All regressions include month of conception
fixed-effects and maternal fixed-effects and the full set of controls (for a detailed list of controls, see Table 2 note).

First, in column (1), the outcome variable takes a value of 1 if the mother changes place
of residence from one municipality during the first pregnancy to another municipality of
residence in the subsequent pregnancy. From column (2) to column (5), we look at selective
changes in municipality of residence, with the outcome taking a value of 1 for moving to a
relatively richer municipality (where relatively rich municipalities are municipalities with a
per-capita income above the median (R$ 466.8)) in column (2), a value of 1 for moving from
a municipality with a high share of population with low income to a municipality with a low
share of low income individuals (where “high” municipalities have a fraction of individuals
with low income greater than the median value 40.75 and “low” municipalities with a fraction
smaller than or equal to the median) in column (3), a value of 1 for relocation from an urban
to a rural municipality (where we use the official definition of the Brazilian statistical bureau
(IBGE) or urban and rural municipalities) in column (4) and a value of 1 for relocation
from a municipality with a large population to a municipality with relatively small popu-
lation (where we consider municipalities with a population of more than 100,000 as “high”
population municipalities), and zero otherwise across those definitions. Lastly, as relocation
decisions may be more subtle than moving from one municipality to another, we also use as

an outcome whether mothers change their neighborhood in response to dengue, providing a

12Because we rely on the location information from the birth records (location of residence during pregnancy), we need to
restrict the analysis to dengue infections during the first pregnancy, as we do not have information on the residence after the
last observed pregnancy in the data.
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much more localized relocation variable, particularly for large urban municipalities (column
6). We find that none of the coefficients for relocation are significant, with coefficients being
close to zero across the different outcomes, a result that is probably unsurprising given the

distribution of dengue across space and time depicted in the maps in Figure Al.

F.3 Timing of dengue infection

In this section, we investigate heterogeneous effects by the timing of dengue infections over
multiple pregnancies. For this purpose, we estimate separately the effect of dengue infections
in the first pregnancy versus in the last pregnancy in our data. We present the results in
Table F7, where in columns (1)-(4) we present the results for first pregnancy infections (and
drop observations with dengue infections in subsequent pregnancies) and in columns (6)-
(10) for dengue infections during the last observed pregnancy in our sample. We find a
moderately larger effect on BW for dengue infections during the first pregnancy compared
to the last pregnancy.'® In contrast, we find a positive effect on the propensity for low BW
for infections in the last pregnancy, but not in the first pregnancy, whereas the effects for
very and extremely low BW are once more accentuated for infections during first pregnancy,
although the estimates are not statistically significant. In contrast, the effects on gestation
appear to be slightly more accentuated for infections during the last pregnancy, possibly
pointing to some competing mechanism at work here. Splitting the sample by the timing of
infections nevertheless reduces the available variation in each exercise, and the coefficients
are less precise, with the estimates on very and extremely low BW not being significant. The
more pronounced effects for infections during first pregnancy are in line with findings in the

medical literature that point to first pregnancies being linked to lower BW.

13 Although the estimated effect size is smaller for the last pregnancies, these are estimated with more precision. This is due
to the fact that we have a larger number of dengue infections in the later pregnancies. We discuss the reasons for this in the
data section on dengue.
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Table F7: Effect of Dengue on Birth Outcomes by Gestation

Panel A - Birth Weight

First pregnancy

Last pregnancy in the data

(1) 2) 3) (4) (5) (6) (7 (8)
BW Low BW Very Low BW Extremely Low BW BW Low BW Very Low BW Extremely Low BW
Dengue —38.925 —0.017 0.008 0.007 —29.965 0.019 0.004 0.004
(pregnancy) (22.816)* (0.015) (0.006) (0.005) (14.419)**  (0.008)** (0.004) (0.002)*
Mean dep. var.  3,174.689 0.073 0.009 0.003 3,174.932 0.073 0.009 0.003
Mothers 135,229 135,229 135,229 135,229 136,024 136,024 136,024 136,024
Observations 278,202 278,202 278,202 278,202 279,849 279,849 279,849 279,849
Panel B - Gestation
First pregnancy Last pregnancy in the data
1) 2) 3) 4) () (6) (7). (8)
Gestation — Gestation Gestation Gestation Gestation — Gestation Gestation Gestation
(days) (<259 days) (<224 days) (<196 days) (days) (<259 days) (<224 days) (<196 days)
Dengue 0.331 0.005 0.011 0.005 0.765 0.010 0.008 0.001
(pregnancy) (0.865) (0.017) (0.009) (0.004) (0.510) (0.010) (0.004)* (0.003)
Mean dep. var. 269.849 0.103 0.013 0.003 269.855 0.102 0.012 0.003
Mothers 135,229 135,229 135,229 135,229 136,024 136,024 136,024 136,024
Observations 278,202 278,202 278,202 278,202 279,849 279,849 279,849 279,849

*p < 0.1, ** p <0.05, *** p < 0.01. Robust standard errors are clustered at the mother level in parentheses.

Note: The analysis includes mothers over the period between 2011 and 2017. First pregnancy refers to mothers who had dengue in the first pregnancy and Last pregnancy in
the data refers to mothers who had dengue in the last pregnancy observed in the data. All regressions include month of conception fixed-effects and maternal fixed-effects
and the full set of controls (for a detailed list of controls, see Table 2 note).



F.4 Falsification exercise

We also engage in a falsification exercise, using the information on the timing of reported
dengue infections. Mechanically, dengue infections after birth cannot affect birth outcomes.
We test this by estimating lead variables of infections by trimester using our preferred ma-
ternal fixed-effects specification for the significant results of BW, very and extremely low
BW, and very preterm birth of Table 2. We display the results in Figure F6, where we plot
the point estimates for the three trimesters of pregnancy and three trimesters post-birth.'*
Confirming the results in Table 4, we find a significant decrease in BW for third-trimester
infections and smaller negative but insignificant effects for the first and second trimesters,
as well as a significant positive effect for very preterm births for third-trimester infections.
The graph also displays the coefficient for three trimesters post-birth. As expected, all lead
coefficients are small and not significant, lending additional credibility to our identification

strategy.

4We follow the literature and construct trimesters, during pregnancy and post pregnancy, from conception date irrespective
of gestational length (Quintana-Domeque and Rdédenas-Serrano (2017). We construct the lead variables in analogue to the
trimester variables, based on equal-sized trimesters continuing the trimester variables based on conception date.

22



.
) T U N DR I S
o

(a) Birth Weight (b) Low Birth Weight (¢) Very Low Birth Weight

(d) Extremely Low Birth (e) Gestation (< 224 days)
Weight

Figure F6: Effect of Dengue on Birth Weight and Very Preterm Birth

Note: We report graphs only for the significant results in Table 2.

F.5 Sensitiveness of effects on hospitalization

In Table F8, we provide the sensitiveness analysis for the significant hospitalization out-
comes in analogue to the exercise for the main estimates on BW and gestation for different
combinations of fixed-effects and the alternative control group. Across specifications, the
coefficients for hospitalization are very stable, but we lose significance when including neigh-
borhood fixed-effects and neighborhood linear trends. This is possibly due to the smaller
number of observations when including the neighborhood fixed-effects.!® In particular, the
estimates are very similar when including hospital fixed-effects and hospital linear trends
(columns (5) and (6), compared to our benchmark specification. In line with the effects on
BW, we also find a slightly accentuated effect for hospitalizations when using the alternative
control group. The pattern for hospitalization cost is very similar, with very stable coeffi-

cients across specifications and the slightly larger effect when using the alternative control

group.

15We lose observations as we drop singleton observations in these specifications due to small geographic expansion of neigh-
borhoods with small populations in combination with the mother fixed-effects.
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Table F8: Effect of Dengue on Hospitalization - Sensitiveness Analysis

Hospitalization

(1) (2) () (4) (5) (6) (7)
Dengue 0.034 0.032 0.027 0.027 0.030 0.029 0.040
(pregnancy) (0.011)*** (0.013)**  (0.020) (0.023) (0.017)*  (0.017)*  (0.017)**
Mean dep. var. 0.117 0.117 0.115 0.115 0.117 0.117 0.145
Clusters 18,303 67,962 9,578 9,578 522 522 2,516
Observations 138,751 138,751 123,428 123,428 138,515 138,515 5,138
R? 0.029 0.560 0.625 0.696 0.568 0.574 0.611

Cost

(1) (2) 3) (4) (5) (6) (7)
Dengue 0.396 0.366 0.316 0.322 0.339 0.331 0.471
(pregnancy) (0.125)*** (0.150)**  (0.223) (0.256) (0.192)*  (0.194)*  (0.191)**
Mean dep. var. 352.877 352.877 338.974 338.974 352.264 352.264 428.410
Clusters 18,303 67,962 9,578 9,578 522 522 2,516
Observations 138,751 138,751 123,428 123,428 138,515 138,515 5,138
R? 0.029 0.562 0.626 0.697 0.570 0.575 0.615
Mother FE No Yes Yes Yes Yes Yes Yes
Time FE No Yes Yes Yes Yes Yes Yes
Neighborhood FE No No Yes Yes No No No
Neighborhood Linear Trends No No No Yes No No No
Hospital FE No No No No Yes Yes No
Hospital Linear Trends No No No No No Yes No
Controls Yes Yes Yes Yes Yes Yes Yes
Alternative Control Group No No No No No No Yes

*p < 0.1, ¥ p < 0.05, ¥*** p < 0.01. Robust standard errors are clustered at the neighborhood level the regressions with
neighborhood fixed-effects, at the hospital level for the regressions with hospital fixed-effects and at the mother level for the
remaining specifications.

Note: The analysis includes mothers over the period between 2011 and 2017. Hospitalization is a dummy indicating whether
the infant was hospitalized in the first three years of life. Cost is the logarithm of the cost of the hospitalization. Explanatory
variable Dengue(pregnancy) indicates whether the mother had dengue during pregnancy. For a detailed list of controls, see
Table 2 note. Alternative Control Group limits the control group to mothers infected with dengue after pregnancy.
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