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Abstract
Disparities that disproportionately affect minorities persist in several avenues of healthcare in the Americas;
analyzing solutions to address the factors causing these inequities is imperative for relevant public health
measures. In this project, the team aimed to: 1) elucidate the effects of racial disparities in inactivated
influenza vaccination (IIV) access among minority pregnant woman on birth outcomes in Brazil and
Virginia, and 2) construct a vaccination schedule that can predict the time at which patients in Ceará, Brazil
should receive IIVs. Wavelet decomposition analysis was utilized to capture periodicities in birth weight
and gestation outcomes for all Brazilian states. It was found that more distinct fluctuations in birth weight
and gestation are exhibited in northern states relative to southern states, as well as in the pretos (“black”)
class relative to the branco (“white”) and pardo (“mixed”) classes. Furthermore, through use of SIR
modeling, a baseline model capturing the spatiotemporal spread of influenza in the state of Ceará was
constructed, and this model was compared to an experimental model in which Brazil’s national vaccination
campaign begins 1 month earlier. The experimental model exhibited a smaller peak in influenza infections
(412,803 relative to 2,516,746 individuals; -83.60% change), as well as this peak being observed later in
the year (177 days relative to 53 days; +233.96% change), relative to the baseline model. Overall, the
project’s findings suggest that racial health disparities pertaining to IIV coverage in Brazil and influenza’s
associated adverse birth outcomes exist. The findings also suggest that earlier vaccination campaigns may
further mitigate the spread of influenza in northern states of Brazil. The methodology utilized in this project
should be extended to other infectious diseases (Hepatitis E, pertussis, tetanus, SARS-CoV-2, etc.), as well
as other locales, for identification of racial health disparities and improvement in vaccination coverages.
Keywords: Racial Inequities, Influenza Vaccination, Computational Modeling, Epidemiology
Introduction
Background
Immunological changes during pregnancy increase the risk
of contracting influenza infection, which can result in
several complications for both the mother and fetus; these
complications include hospitalizations, preterm birth, low
birth weight, low infant APGAR score, and various neonatal
respiratory diseases.1,2 Moreover, in the Americas, these
adverse health outcomes may have a disproportionately
negative impact on minority pregnant populations relative
to white pregnant populations due to the longstanding
history of systemic racial disparities and institutional
racism.3 For example, recent United States studies have
found that pregnant African-American women are 19% less
likely to be offered the inactivated influenza vaccination

(IIV) by their healthcare providers and 30% less likely to be
immunized overall relative to their white counterparts.4,5
This suggests that the African-American pregnant
population possesses a higher chance of contracting
influenza infections, and therefore, a higher chance of
experiencing influenza’s associated adverse birth outcomes.
Brazil and the United States have a shared history of
colonization, slavery, structural racism, and racial health
disparities, the effects of which continue to permeate each
country’s broader society.6 In Brazil, racial health
disparities among IIV coverage have also been observed,
and they resemble the previously discussed inequities that
are present in the United States.7 To our knowledge, the
effects of these racial health disparities in IIV coverage
1
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during pregnancy on the quantity of adverse birth outcomes
have yet to be elucidated. Thus, quantitatively analyzing the
relationship of racial health disparities in IIV uptake during
pregnancy and adverse birth outcomes experienced by
minority patients is crucial to gain a better understanding of
the urgent and pertinent need for improving influenza
vaccination coverage among minority pregnant populations
in the Americas.
The spatiotemporal spread of seasonal influenza in Brazil
begins in the northern states before transitioning to the
southern states.8 One of the states present in this northern
region is Ceará. Furthermore, Brazil’s national influenza
vaccination campaign is implemented for 8-10 weeks
simultaneously across the country.9 For instance, Brazil’s

2018 campaign was conducted from April 23rd to June 1st.10
This indicates that the campaign occurs over the same
period for all states, which may intuitively lead to a lack of
influenza vaccination coverage in the northern regions of
the country—where influenza infection occurs earlier in the
year—relative to the southern regions—where influenza
infection occurs later in the year. Furthermore, when
considering the fact that larger proportions of minorities and
low-SES citizens reside in northern states of Brazil relative
to southern states, this disproportionate coverage may be the
reason why substantial racial health disparities relating to
influenza infection and its adverse birth outcomes are
continually observed from year to year in Brazil.11–13
Brazil’s national vaccination campaign does not start until
the number of influenza cases has already peaked in Ceará.

Figure 1. Map of Ceará and visualizations of average monthly rainfall and weekly influenza cases in Ceará, 2018.
(A) Ceará (red) in relation to Brazil’s semiarid region (yellow) and other Brazilian states (light gray). (B) Visualizations of average monthly rainfall
(mm) across the state of Ceará over the course of 2018 with total monthly influenza cases labeled in the center of each visualization. Brazil’s National
Influenza Vaccination Campaign (green bounded box) was conducted from April 23 rd, 2018 to June 1st, 2018. Average monthly rainfall steadily
increased from January to April and then decreased from April to September before increasing again at the end of the year. Monthly influenza cases
drastically increased from March to April, peaking in May at 664 before decreasing throughout the remainder of the year. (C) Visualizations of
weekly influenza cases before, during, and after Brazil’s National Influenza Vaccination Campaign (green bounded box). Weekly cases quickly
2
peaked two weeks into the campaign before beginning to steadily decrease throughout the remainder of the campaign and shortly thereafter.

Herron et al., Group 6C, 07 May 2021

The untimeliness of the national vaccination campaign can
be observed qualitatively and quantitatively in Figure 1 and
Figure 2, respectively. The weekly incidence of influenza
peaked two weeks into the 2018 vaccination campaign prior
to steadily decreasing throughout the remainder of the
campaign and shortly thereafter. These trends suggest that
the vaccination campaign is ineffective for the state of
Ceará, and consequently, the campaign may be relatively
inconsequential in mitigating the adverse birth outcomes
associated with influenza infection during pregnancy.

Figure 2. 2018 Vaccination Counts and Influenza Incidence in Ceará
(A) Depicts vaccination count as a function of month in 2018 Ceará. (B)
Depicts influenza incidence as a function of week in 2018 Ceará.

Although a meticulous task, constructing an effective and
timely influenza vaccination schedule to improve IIV
coverage in northern states such as Ceará—and by
extension, influenza’s associated adverse birth outcomes—
is pertinent for the future of maternal and child healthcare
quality in the South American country. Thus, to mitigate the
racial health disparities experienced by minorities, properly
timed influenza vaccination schedules and widespread
participation of pregnant women in influenza vaccination
campaigns throughout the country must be achieved.
The current state of research and collection of generated
solutions pertaining to Brazil’s insufficient national
vaccination campaign possess several shortcomings,
including the lack of quantitative analysis pertaining to the

correlational and causal relationships of IIV racial health
disparities during pregnancy and adverse birth outcomes.
Additionally, there is an absence of spread modeling
performed for influenza in Brazil, as well as the Americas
in general, when compared to other viral diseases such as
Zika and SARS-CoV-2.14,15 As a result, timely IIV
schedules in these continents do not exist. To address these
shortcomings, two goals were established for this project:
1) to quantify the effects of racial disparities in IIV access
among African-American pregnant woman on adverse birth
outcomes in Brazil and Virginia (Aim 1), and 2) to construct
a vaccination schedule that can predict the optimal time at
which patients in Ceará should receive IIVs. (Aim 2).
Significance & Innovation
The exposure and dissemination of racial health disparities
among IIV coverage during pregnancy and their causalities
with birth outcomes may lead to a decreased quantity of
adverse birth outcomes experienced by minority
populations through increasing the awareness of both
patients and healthcare providers in these locales. The
quantitative research may also contribute to resolving the
current state of racial health disparities in Brazil and
specifically the state of Ceará, as it focuses on the harmful
disparities faced by the minority pregnant population in this
diverse locale. Constructing a computational model that can
predict the optimal time at which pregnant women should
be administered IIVs may aid in increasing IIV uptake for
the minority pregnant populations of Brazil. Such an
increase in IIV coverage among the pregnant population
may also help minimize the incidence of influenza-related
prenatal and maternal morbidities previously outlined in
this section. Additionally, the analysis and modeling
conducted in this project may be further expanded upon to
address not only other racial health disparities, such as those
characterizing palliative care, pain management, and
cardiovascular disease death rates, but also additional
pathogenic and viral infections that pregnant women must
be protected against, including but not limited to Hepatitis
E, pertussis, and tetanus.1,2,16,17
Overall, this design project aims to contribute to current
research focused on decreasing incidence and prevalence of
adverse birth outcomes related to influenza infection during
pregnancy. In doing so, a schedule predicting the time at
which patients should receive IIVs in Ceará will be
constructed, and the effects of racial health disparities in IIV
coverage among pregnant women on the quantity of adverse
birth outcomes in Ceará will be elucidated.
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Figure 3. Birth Weight Outcomes in Brazil from 2010 to 2016
(A) Weekly birth weight outcomes as a function of time from 2010 to 2016 in the northern Brazilian state of Ceará (top row), and the
wavelet analysis conducted on this data (bottom row). (B) Weekly birth weight outcomes as a function of time from 2010 to 2016 in
the southern Brazilian state of Rio de Janeiro (top row), and the wavelet analysis conducted on this data (bottom row).

Figure 4. Gestational Period Outcomes in Brazil from 2010 to 2016
(A) Weekly gestational period outcomes as a function of time from 2010 to 2016 in the northern Brazilian state of Ceará (top row),
and the wavelet analysis conducted on this data (bottom row). (B) Weekly gestational period outcomes as a function of time from
2010 to 2016 in the southern Brazilian state of Rio de Janeiro (top row), and the wavelet analysis conducted on this data (bottom row).
4
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Results
Analysis of 2010-2016 Birth Outcomes in Brazil
The contents of this section showcase the results of a
quantitative analysis of Brazil’s weekly birth weight and
gestational period outcomes from 2010 to 2016 through use
of the Brazilian DataSUS population health database. As
explained in the Materials and Methods section later in
this report, 7-day rolling averages of birth weights and
gestational periods in each state of Brazil were plotted as a
function of time (2010-2016). Wavelet decomposition
analysis was then conducted on these rolling averages to
determine if any periodicity was present with respect to the
incidence and prevalence of these birth outcomes.
Birth Weight Outcomes in Brazil (2010-2016)
As can be qualitatively and quantitatively depicted in
Figure 3, birth weight outcomes did not reveal any distinct
periodicities in both the northern and southern states of
Brazil. However, interesting trends that were quantitively
observed from the birth weight analysis included northern
states possessing earlier peaks relative to those of southern
states each year. Additionally, the magnitudes of these
peaks in birth weight outcomes in the northern states were
higher when compared to the southern states of Brazil.
Furthermore, qualitatively, northern states possessed

greater magnitudes of weekly birth weights across the board
relative to the southern states.
Gestational Period Outcomes in Brazil (2010-2016)
In contrast to the relatively similar periodicities of birth
weight outcomes between the northern states and southern
states of Brazil, stark differences were found in the
periodicities of weekly gestational period outcomes in the
northern states relative to the southern states. Quantitatively
depicted in the bottom row of Figure 4, the wavelet
decomposition analysis resulted in near-maximum power
levels at a periodicity of approximately 50-60 weeks
(annually) for the weekly gestational period outcomes of
Ceará (northern state; Figure 4A). On the other hand, the
wavelet analysis conducted on weekly gestational period
outcomes of Rio de Janeiro (southern state) did not exhibit
high power levels in its findings (Figure 4B). This trend
was consistent across the board when comparing the
periodicities of weekly gestational period outcomes in
northern Brazilian states and southern Brazilian states. As
contextualized in the Discussion section later in this report,
these findings suggest that influenza’s seasonal incidence
and lack of equal vaccination coverage may be the cause of
these periodic incidences of poorer gestational trends in the
northern states relative to the southern states.

Figure 5. Racial Disparities in Brazilian Birth Weight Outcomes for Ceará and Rio de Janeiro from 2010 to 2016.
(A) Weekly birth weight outcomes of the branco (“white”; left), pardo (“mixed”; middle) and preto (“black”; right) racial classes in Ceará, Brazil
(northern state) from 2010 to 2016. (B) Weekly birth weight outcomes of the branco (“white”; left), pardo (“mixed”; middle) and preto (“black”;
right) racial classes in Rio de Janeiro, Brazil (southern state) from 2010 to 2016.
5
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Racial Disparities in Birth Weight Outcomes
As can be observed qualitatively in Figure 5A, the preto
(“black”) racial group in Ceará (northern state) possesses
much more distinct fluctuations in birth weight outcomes
relative to those of the branco (“white”) and pardo
(“mixed”) racial groups. In contrast, the weekly birth
weights of the branco and pardo classes of Ceará exhibit
less volatile and more mean-reverting fluctuations in birth
weight outcomes. However, as can be seen qualitatively in
Figure 5B, there were not as many distinct differences in
the fluctuations of birth weight outcomes in Rio de Janeiro
among the three racial categories. Across all three racial
classes, fluctuations were non-volatile and quickly meanrevert. However, slightly more volatility was still observed
among the preto birth outcomes in Rio de Janeiro relative
to the birth outcomes of the branco and pardo racial
categories, especially around the year of 2011.
Racial Disparities in Gestational Period Outcomes
Similar to the racial health disparities observed in birth
weight outcomes, the preto racial group in Ceará possessed
much more distinct fluctuations in gestational period
outcomes relative to those of the branco and pardo racial
groups. This can be qualitatively observed in Figure 6A.
Meanwhile, the gestational period outcomes of the branco

and pardo racial groups are much more mean-reverting and
less volatile, which is similar to what was observed in the
birth weight outcomes for these groups in Ceará. With
regard to Rio de Janeiro, the qualitative findings exhibited
rapid mean-reversions and non-volatility in gestational
period outcomes across all three racial groups (Figure 6B).
Moreover, these findings were similar to what was observed
in the birth weight outcome fluctuations for all three racial
classes in Rio de Janeiro, as qualitatively, the preto racial
group still exhibited slightly more volatility than the branco
and pardo categories with respect to gestational period
outcomes.
Modeling Influenza Incidence and Prevalence in Ceará
The contents of this section first showcase the results of
performing population-based SIR compartment modeling
with respect to the current spatiotemporal spread of
influenza in Ceará using 2018 vaccination documentation
data. Also included in this section are the results of an
experimental vaccination schedule inputted into this
baseline SIR model, in which the national vaccination
campaign is conducted 1 month earlier. The intricacies and
processes behind the SIR compartment modeling
methodology are explained in the Materials and Methods
section later in this report.

Figure 6. Racial Disparities in Brazilian Gestational Period Outcomes for Ceará and Rio de Janeiro from 2010 to 2016.
(A) Weekly gestational period outcomes of the branco (“white”; left), pardo (“mixed”; middle) and preto (“black”; right) racial classes in Ceará, Brazil
(northern state) from 2010 to 2016. (B) Weekly gestational period outcomes of the branco (“white”; left), pardo (“mixed”; middle) and preto (“black”;
right) racial classes in Rio de Janeiro, Brazil (southern state) from 2010 to 2016.
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Figure 7. SIR Models of Current and Experimental Influenza Spread in Ceará
(A) Depiction of the SIR model reflecting the current spread of influenza in Ceará using data obtained from 2018 vaccination records. (B) Depiction of the SIR model
reflecting the spread of influenza in Ceará using an experimental vaccination schedule in which the national vaccination campaign starts 1 month earlier. Both sections
(A and B) track the individuals comprising the S (Susceptible; red), I (Infected; green), and R (Recovered; blue) compartments of the SIR model as a function of time.
Furthermore, the prevalence is obtained by dividing the quantity of individuals in each compartment at any given time by the total population of Ceará (8,843,000).

Baseline Influenza Spread Model of Ceará
Figure 7A depicts the SIR model capturing the current
spread of influenza in the state of Ceará. In other words, this
showcases the SIR model utilizing 2018 vaccination data
and that year’s national vaccination campaign strategy. The
model found that the peak of 2,516,746 individuals infected
with influenza occurs 53 days after the first person is
infected in Ceará. This corresponds to a prevalence of
28.36% when influenza is at its peak in the semiarid state.
Experimental Vaccination Schedule of Ceará
Figure 7B depicts the SIR model capturing the theoretical
spread of influenza in the state of Ceará after accounting for
an experimental vaccination schedule in which Brazil’s
national vaccination campaign begins approximately 1
month earlier. This model found that the peak of 412,803
individuals infected with influenza occurs 177 days after the
first person is infected in Ceará. This corresponds to a
prevalence of 4.66% when influenza is at its peak.
When comparing the experimental vaccination schedule
SIR model with the baseline influenza spread SIR model,
the peak of influenza prevalence occurs 124 days later in the
experimental model compared to the baseline model.
Furthermore, the peak’s magnitude is decreased by
2,103,942 individuals, or by 23.7% of Ceará’s total
population, from the baseline influenza spread model to the
model accounting for the experimental vaccination
schedule. Overall, this results in a -83.60% change in the
total magnitude of individuals infected by influenza in
Ceará from the baseline spread model—reflecting Brazil’s

current vaccination schedule—to the experimental spread
model—reflecting a theoretical vaccination schedule in
which the National Vaccination Campaign is conducted 1
month earlier than it currently is each year. The
experimental spread model also results in a +233.96%
change in when the peak influenza case count occurs in the
year relative to the baseline spread model.
Qualitative Study Outcomes
The qualitative portion of this project is pending results that
will be compiled after IRB approval has been achieved. As
of May 1st, 2021, the IRB application for this portion of the
project is in its final stages of review. Once this approval is
obtained, participant recruitment may begin. Moreover,
once 30 people who fit the study’s criteria—being older
than 18, Black or African-American, and pregnant or
pregnant within the past 3 years—have consented to
participation in the team’s qualitative study, the team can
then schedule and conduct surveys and interviews with each
individual participant. Each survey and interview session
will be audio-recorded and transcribed using the autotranscription feature in Cisco WebEx. The transcriptions
will be analyzed for results corresponding to the most
highly cited reasonings, motivations, and opinions
surrounding influenza vaccination during pregnancy. These
results will be acquired through analysis of the interview
and survey responses using Health Belief Model coding
tactics. The Health Belief Model is a sociocultural and
psychological health belief evaluation model that strives to
explain and predict health related behaviors and choices
related to health services.18 This model allows evaluation of
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the qualitative cohort’s stance on susceptibility, severity,
benefits, barriers, and uptake relating to influenza
vaccination during pregnancy. The statements related to
these categories will be identified, grouped, and analyzed
according to significance and prevalence amongst all study
participants. The impending results may demonstrate novel
findings and insights regarding the Black pregnant
population and IIV uptake. With these findings, qualitative
underpinnings behind decreased vaccination coverage
among minority pregnant populations can then be
contextualized at both the individual and societal levels.
Discussion
Gestational Period and Birth Weight Outcome Analysis
Interpretation of Results
When analyzing the birth weight and gestational period
outcomes of Brazilian states, the team observed distinct
indications of seasonal periodicities. With specific regard to
the gestational period outcomes, wavelet analyses bolstered
support of these qualitative fluctuations with high power
values for the northern states relative to the southern states
of Brazil. Most strikingly, longer gestational periods were
observed later in the year with a periodicity of
approximately 50-60 weeks in Ceará. Since Ceará is a
relatively less wealthy state and possesses higher
proportions of minorities compared to Rio de Janeiro, the
distinct fluctuations in gestational period outcomes (Figure
4) suggest that these outcomes are seasonal; specifically, the
suggested seasonality is that shorter gestational periods are
present in the earlier months of the calendar year and longer
gestational periods are present in the latter months of the
calendar year. Furthermore, when considering that
influenza infection begins in northern states of Brazil before
transitioning to southern states, these findings support
previous research suggesting that northern states possess
lower overall IIV coverage relative to southern states.
Moreover, the findings indicate that influenza infection
during pregnancy is associated with a higher quantity of
adverse birth outcomes such as preterm birth, which is
characterized by smaller gestational periods. Thus, effective
administration of IIVs to the pregnant population is an
urgent necessity to mitigate these adverse birth outcomes.
After making this analysis more granular by breaking down
the population of each state into the branco (“white”), pardo
(“mixed”), and preto (“black”) racial groups, it was found
that the preto racial category experienced more distinct
fluctuations when compared to the branco and pardo racial
categories with respect to both birth weight and gestation
outcomes in both the northern states and the southern states

(Figure 5 and Figure 6). However, the fluctuations were far
more pronounced in the northern states for the preto class
relative to the southern states. Overall, this suggests two
overarching things regarding racial health disparities in
Brazil. First, the findings indicate that racial health
disparities are associated with these adverse birth outcomes,
and when accounting for influenza’s seasonal nature, that
these disparities may be the result of the substantial lack of
IIV coverage among pregnant minorities (preto) relative to
pregnant patients belonging to majority groups (pardo and
branco). Secondly, the findings suggest that the minorities
in the northern states, which are generally less wealthy and
underdeveloped, are affected more by these adverse birth
outcomes and racial disparities in IIV coverage relative to
minorities in the southern states of Brazil.
Finally, higher volatilities of birth weight and gestational
period found in the preto racial category could possibly be
attributed to the smaller amount of available data collected
on this group, which in of itself demonstrates a racial health
disparity. The high volatility and fluctuation of gestational
period and birth weight may also indicate that women in the
preto category are being impacted by other factors in
society that lead them to experience wider ranges of birth
outcomes. In accordance with past research, some of these
outside factors include racial health disparities in IIV
coverage during pregnancy, since the fluctuations coincide
during peak influenza seasons in these locales. However,
other extraneous variables include lower socioeconomic
status and holding resistant attitudes and beliefs towards the
country’s healthcare system.
Limitations
There are several limitations associated with the gestational
period and birth weight outcome analysis. Primarily, the
analysis was performed on data obtained from 2010 to 2016,
and this data may not be representative of current birth
weight and gestation outcomes. Furthermore, the DataSUS
population health database suffers from a general lack of
documentation with respect to these outcomes, and if other
outcomes exist that were not documented in the database,
the analysis might have yielded different results. Moreover,
with specific regard to the analysis of the preto racial
category with respect to gestation and birth weight
outcomes, the distinct fluctuations observed in this group
may be indicative of higher noise due to a disproportionate
lack of documented incidences among pretos relative to
brancos and pardos. Finally, the most pronounced
limitation in this analysis concerns itself with the
relationship to influenza infection during pregnancy. After
all, it is impossible to discern whether these fluctuations are
8
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due to influenza infection during pregnancy or other
confounding variables including SES, standard of living,
and likelihood of consulting with a healthcare provider.
Future Avenues
In order to establish a causality regarding influenza
infection during pregnancy and adverse birth outcomes, a
more granular analysis is needed at the individual level.
However, the team was not granted IRB approval for such
a quantitative analysis in time for the results of this study.
Therefore, analyzing individual cases of influenza during
pregnancy and determining whether a higher quantity of
adverse birth outcomes result from these infections is
prudent in order to further contribute to research regarding
racial health disparities. Furthermore, population-based
birth outcome analysis broken down by racial categories
should be extended not only to other locales such as the
United States, but also other viral diseases that cause
adverse birth outcomes if contracted during pregnancy.
Specifically, analyzing disparities surrounding COVID-19
vaccination uptake during pregnancy would be the intuitive
next step relevant to current times. There has already been
indications that COVID-19 vaccine hesitancy is
disproportionately impacting minority groups.19 Therefore,
it can be expected that pregnant women may have the same
hesitancy towards COVID-19 vaccination uptake as IIV
uptake unless relevant research is conducted that supports
its use for the pregnant population. If our methods were
used to elucidate the effects of COVID-19 infection on birth
outcomes and used to create COVID-19 seasonal spread
models, then pregnant women may be further encouraged to
get their vaccinations. Similarly, further research into racial
health disparities associated with other viral infections and
their vaccinations during pregnancy, such as Hepatitis E,
Pertussis, and Tetanus, would be beneficial to society as
well. Examining the disparities surrounding health
education, vaccination, and accessibility for these diseases
could upregulate the number of pregnant women and infants
that are protected from these debilitating health outcomes.
SIR Modeling of Influenza Spread in Ceará
Interpretation of Results
The decrease in influenza infection peak (2,516,746 to
412,803 individuals; -83.60% change), as well as increase
in the number of days where the peak is in the year (53 days
to 177 days; 233.96% change), indicates that starting the
vaccination schedule 1 month earlier in Ceará would indeed
be effective in mitigating the spatiotemporal spread of
influenza. This may pose several epidemiological benefits
to not only the population of the state overall, but also the

racial health disparities pertaining to influenza that
permeate the state. Furthermore, the quantity of adverse
birth outcomes associated with influenza in Ceará may in
turn be mitigated due to moving the start date of the
vaccination schedule 1 month earlier.
Limitations
The primary limitation affecting the interpretation of the
computational modeling results is the use of an SIR model.
As explained in the Materials and Methods section below,
SIR models are population-based, which results in an
oversimplification of disease spread. In other words, SIR
models do not consider individual contact mechanisms, age
differences of the population, re-infection rates of the
disease, and transportations networks. As a result, the
intricacies behind the spread of infectious diseases in the
real world are far too complex to be comprehensively
reflected in an SIR model. However, the SIR model was
utilized in this project due to the lack of granular,
quantitative data regarding influenza infection in Ceará.
Nevertheless, the method utilized to validate the
experimental IIV schedule with respect to effectiveness and
timeliness also possessed inherent limitations. Firstly, due
to the lack of empirical influenza spread models present in
the infectious disease field, the baseline SIR model
reflecting the current spread of influenza was one that the
team constructed. Thus, validating the experimental IIV
schedule through inputting it into the baseline model may
simply propagate the error that the baseline model
inherently possesses. As a result, the findings of the
modeling portion of this project may be inaccurate and nongeneralizable to the entire state of Ceará.
Future Avenues
Primary future avenues of research pertaining to
spatiotemporal modeling of seasonal influenza include
utilizing comprehensive and complex modeling methods. In
2017, the University of Virginia Biocomplexity Institute
leveraged hybrid agent-based modeling techniques to
capture the spread of Zika virus in the United States.14 Such
modeling tactics serve as a prudent method of
comprehensively reflecting person-to-person transmission
mechanisms, social networks, and mixing patterns to better
capture accurate infectious disease dynamics.20
Consequently, hybrid agent-based modeling may be more
accurate when modeling the spatiotemporal spread of
influenza in Ceará. Furthermore, future modeling
approaches should use more granular data, such as influenza
infection incidence at the individual level and the specific
characteristics of the individual contracting or not
9
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contracting the infection, to more accurately capture
influenza spread. Finally, these modeling approaches
should be extended to other infectious diseases, as well as
other populations to determine whether more effective
vaccination schedules are necessary. For example, SARSCoV-2 viral spread models may use these methods to
account for the two-dose mRNA vaccines currently being
implemented. Furthermore, if the SARS-CoV-2 virus
becomes seasonal in its dynamics, modeling techniques
would help better predict the optimal time at which
vaccination campaigns should begin each year.
Impending Qualitative Analysis
Current Interpretation of Preliminary Results
As previously stated, the outcomes from the Qualitative
portion of the project will be added after IRB approval has
been obtained for the team to begin conducting surveys and
interviews. Analysis of these qualitative findings may
demonstrate new insights behind the relationships of Black
pregnant women and their healthcare providers, and the
perceived importance of an IIV during pregnancy.
Limitations
Although the qualitative data collection process has not
begun, the team has identified several future limitations of
the methodology once it is implemented. First, while survey
and interview questions were constructed by the team in an
effort to be trauma-informed, ethically conscious, and nonleading, there may still be some unconscious bias implanted
by the team members conducting the surveys and interviews
towards participants. Additionally, although there have
been several repeated iterations of question generation and
approval after mock interviews, future participants may feel
as if the team is actively looking for a particular type of
answer. This phenomenon is called survey/response bias,
and it is impossible to eliminate in a qualitative study.
Moreover, in the context of these qualitative methods,
survey bias may lead participants to hold mistrust, or
resentment, to the survey and interview conductors since
this study will be associated with the UVA Health System.
In combination with the longstanding history of clinical
atrocities and unethical investigations disproportionately
affecting minority patients in the Americas, this may lead
them to provide fewer forthcoming responses.
Additionally, the target sample size of the qualitative
methodology is 30 participants from the Blue Ridge health
region of Virginia. However, this relatively small sample
size may not be representative of the entire Black pregnant
population in neither the Blue Ridge region nor Virginia
overall. Furthermore, since the surveys and interviews will

be conducted over a UVA Health IT arranged Cisco WebEx
account to maintain HIPAA compliance, subjects who lack
the technological equipment necessary to participate in
these qualitative studies may indirectly be excluded. Since
these excluded subjects would likely belong to low
socioeconomic status classes—a population already known
to have lower IIV coverage—this may skew impending
findings and make them even less generalizable.21
Finally, the Health Belief Model does not account for
habitual health practices or actions performed to be socially
acceptable; it also assumes that individuals have equal
access to information on health and disease. However, due
to the relative lack of IIV information available to
individuals of lower socioeconomic status, the Health Belief
Model poses limitations to impending qualitative results
due to the team’s use of it to code interviews and surveys.
Future Avenues
Implementation of the qualitative methodology will begin
in the summer of 2021 after IRB approval is finally
obtained. The team is currently in the final iterations of the
IRB review process, the culmination of which will allow
recruitment to be conducted for surveys and interviews.
Findings will potentially impact the Black pregnant
population of the Blue Ridge region of Virginia, as this
research attempts to elucidate the understanding of IIVs and
the motivations behind receiving or not receiving one while
being pregnant. The findings of this research may also help
healthcare providers, the Black pregnant community, and
others involved in the public health field to understand how
to encourage vulnerable communities to obtain IIVs. In
summary, this research may aid in promoting influenza
education and prevention for this vulnerable population in
the Blue Ridge region of Virginia and beyond.
Materials and Methods
Birthweight & Gestational Period Methodology
Brazilian datasets containing birth outcome documentation
were obtained through the Brazilian DataSUS population
health database, as well as existing records obtained from
the team’s collaborators in Brazil. Furthermore, the team
expanded upon existing R code developed by previous work
of these aforementioned collaborators conducted in Brazil.7
Specifically, the code was extended to visualize trends of 7day rolling average weekly birth weight and gestational
period outcomes in all states of Brazil from 2010 to 2016.
Wavelet decomposition analysis was also performed to
identify potential periodicities in these outcomes at all given
times. Wavelet analysis results in power levels for a
10
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possible periodicity at any given time; these power levels
are represented by the heat scales in the bottom rows of
Figure 3 and Figure 4. Higher magnitudes of wavelet
power levels correspond to a higher likelihood of
periodicity being present at a specified time (x-axis) for a
certain number of weeks (y-axis). In the figures, higher
power levels are represented by longer-wavelength colors
of the visible light spectrum, while smaller magnitudes of
wavelet power levels are represented by shorter-wavelength
colors of the visible light spectrum.
Computational Modeling of Influenza Spread
Overview of SIR Model

Figure 8. Depiction of SIR Model Compartments
Individuals in the population move directionally from the Susceptible
(S) compartment to the Infected (I) compartment to the Recovered (R)
compartment in an SIR model of an infectious disease. Differential
equations govern the rate of directional movement between the
Susceptible and Infected compartments (λ, also referred to as β), as
well as between the Infected and Recovered compartments (γ).

SIR models form the cornerstone for modeling in the
modern-day infectious disease field.22 As such, it is a
prudent technique to leverage when evaluating the
spatiotemporal spread of viral diseases such as influenza.
The SIR model is a population-based model that partitions
individuals in a certain locale into three different
compartments. These compartments, governed by their
differential equations, are outlined as follows: 1)
Susceptible (S), 2) Infected (I), and 3) Recovered (R). The
Susceptible compartment is comprised of individuals in the
populations who are susceptible to infection by the disease.
The Infected compartment is comprised of individuals in the
population who are actively infected with the disease.
Finally, the Recovered compartment is comprised of those
individuals in the population who have already contracted
and recovered from the infection. The movement of
individuals between compartments is qualitatively depicted
in Figure 8.23
𝑑𝑆
𝐼
= −𝛽𝑆
𝑑𝑡
𝑁
𝑑𝐼
𝐼
= −𝛽𝑆 − 𝛾𝐼
𝑑𝑡
𝑁
𝑑𝑅
= 𝛾𝐼
𝑑𝑡
𝑁 =𝑆+𝐼+𝑅

[1]
[2]
[3]
[4]

Assumptions of the SIR model pertaining to the spread of

an infectious disease include the population being
homogenous, being well-mixed, and having recovered
immunity forever.24 The homogeneous assumption
characterizes all individuals in the population as being
subject to the same hazards. The well-mixed assumption
posits that all individuals in the population possess the same
risk of contracting the disease. Finally, the immunity
forever assumption states that all individuals in the
population who have recovered from the disease—and are
therefore placed within the Recovered compartment—are
immune to the disease for the remainder of their lives. These
assumptions lead to the construction of a set of differential
equations that govern unidirectional movement of
individuals in the population between the Susceptible,
Infected, and Recovered compartments (Equations 1-4).23
In the differential equations, S, I, and R are utilized to
represent the number of susceptible, infected, and recovered
individuals in each compartment, respectively. N represents
the total quantity of individuals in the population, and N is
intuitively the sum of S, I, and R at any given time. β and γ
represent the infection rate and recovery rate, respectively.
Finally, t represents the time (in days) that the model seeks
to capture. Together, Equations 1-4 were utilized in the
computational analysis to form the basis of the SIR model.
𝑆 = (1 − 𝑝)(𝑁 − 1) 𝑎𝑡 𝑡 = 0
𝐼 = 1 𝑎𝑡 𝑡 = 0
𝑅 = 𝑝(𝑁 − 1) 𝑎𝑡 𝑡 = 0

[5]
[6]
[7]

From there, the initial conditions shown in Equations 5-7
were utilized to solve the differential equations and obtain
equations of S, I, and R representing the number of
individuals in each respective compartment at any given
time t (days). In the initial conditions, p represents the
proportion of individuals who have already received an IIV,
with the assumption that the IIV is perfectly effective in
protecting any given individual against influenza.
Baseline SIR Model for Influenza Spread in Ceará
In order to model the current spread of influenza in Ceará,
the team first took into consideration the effects of Brazil’s
current vaccination campaign. As previously mentioned in
the Introduction section of this report above, Brazil uses
an annual 8-10 week vaccination strategy simultaneously
across the entirety of the country. Using vaccination
incidence records obtained from the team’s collaborators in
Brazil, it was found that at the start of 2018’s national
vaccination campaign, 1,246 individuals documented in the
state of Ceará had received an IIV (January, February, and
March). Through dividing this with a quotient of 52,432—
the total quantity of individuals documented to receive an
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IIV in 2018 Ceará—a p of 0.0228 was obtained.
Furthermore, through an extensive literature review, it was
found that a person who has contracted influenza is
infectious for 6 days on average, and that an infected
individual infects another person every 3 days on average.25
Taking the inverse of these values, β and γ were found to be
0.33 and 0.167, respectively. Finally, 8,843,000 was utilized
as N, as this is the most recent documentation of Ceará’s
total population by the Brazilian Census.26
Experimental IIV Schedule for Ceará
It was hypothesized that a prudent and intuitive method to
mitigate the spread of influenza in Ceará is to begin
vaccinating individuals in the state 1 month earlier. The
reasoning behind this hypothesis is outlined in Figure 1B,
which shows the peak influenza incidence of 2018 Ceará
occurring in May while the vaccination campaign started in
April. Consequently, we added the vaccination counts of
April to the vaccination count of 1,246 individuals utilized
in the baseline model of influenza spread. This yielded a
value of 12,814 total individuals that would be vaccinated
if the schedule was moved 1 month earlier in its start date.
This value was then similarly divided by the total number
of individuals documented to receive an IIV in 2018
Ceará—52,432—to obtain an experimental p of 0.2443,
which represents the proportion of individuals in Ceará that
would be vaccinated if the national vaccination campaign
began 1 month earlier. Using this value, the SIR model’s
differential equations were solved with new initial
conditions to obtain the predicted model of influenza spread
when the experimental IIV schedule was utilized.
Qualitative Methodology
For the qualitative portion of Aim 1, the team constructed
survey and interview questions after multiple iterations of
mock interviews and group discussions. These carefully
crafted questions were non-leading, ethically conscious,
and trauma-informed, which are important characteristics
when working with vulnerable patients that may have faced
various forms of trauma within the nation’s healthcare
system. The team also conducted practice interviews with
each other to address confirmation bias or unconscious
behavior that may encourage participants to answer
untruthfully. The survey and interview questions are
depicted in Appendix S1 and Appendix S2, respectively.
In order to recruit participants, the team reached out to
various support groups, healthcare organizations, and
OBGYNs in the Blue Ridge health region of Virginia, and
the team also created recruitment flyers for these groups to
distribute to patients and post in online information boards.

The recruitment flyer is depicted in Appendix S3; it is
currently pending approval from the IRB. Once said
approval is obtained, the flyer will be sent to these
organizations for distribution to and recruitment of
qualitative study participants.
During the interview process, the team of interviewers will
make sure to remain as objective as possible in response to
the participants’ answers. For instance, if a participant
expresses extremely negative sentiment regarding the IIV,
the team will not say anything to negate the way the
participant feels. This is because the team is not conducting
these qualitative methods to debunk IIV myths and folklore,
but rather to reveal the current state of understanding and
opinions regarding IIVs during pregnancy within this
vulnerable population.
The team will utilize audio cloud recording during the
interviews, and this will allow automatic speech-to-text
transcription. After conducting each interview, the team
will cross-check the audio and transcription log to ensure
that they match prior to coding each transcribed interview
using the Health Belief Model. The team members have
been training how to code using this model throughout the
entire duration of this project in order to objectively analyze
the responses provided by the voluntary participants. A
statistical analysis will then be conducted to determine the
significance of findings after all interviews and surveys
have been collected.
End Matter
Author Contributions and Notes
S. Herron, H. Newland, and K. Sarnaik synthesized the
report, conducted quantitative analysis and computational
modeling, and constructed qualitative instruments involved
in the study. S. Moore oversaw the year-long project and
provided iterative feedback. I. Mathieu specifically oversaw
the qualitative methodology outlined in this paper. Finally,
G. Hanson provided feedback, scheduled weekly team
meetings, and aided in the overall production of this project.
The authors declare no conflict of interest.
Acknowledgments
We would like to thank Sean Moore, M.D., M.S. (PI), and
Irene Mathieu, M.D. (Co-PI), who are both from the U.V.a
Department of Pediatrics for advising our research and
development throughout this project. We would also like to
extend our gratitude to Gabriel Hanson, Ph.D. candidate,
12

Herron et al., Group 6C, 07 May 2021

from the Department of Biomedical Engineering for
preparing us with the tools necessary to implement this
project. Furthermore, we would like to thank Jason Papin,
Ph.D., M.S. (Co-PI) for his support in this matter.
Finally, we would like to acknowledge the support of the
teaching teams of both BME 4063 and BME 4064, which
includes Timothy Allen, Ph.D., Shannon Barker, Ph.D.,
Kareem El-Ghazawi (Ph.D. candidate), Taylor Eggertson
(Ph.D. candidate), and Delaney Fisher (Ph.D. candidate), as
they have helped us substantially on this project throughout
the course of the past year.
References
1.
Buchy P, Badur S, Kassianos G, Preiss S, Tam JS.
Vaccinating pregnant women against influenza needs
to be a priority for all countries: An expert
commentary. International Journal of Infectious
Diseases. 2020;92:1-12.
doi:10.1016/j.ijid.2019.12.019
2.
Effects of influenza on pregnant women and infants American Journal of Obstetrics & Gynecology.
Accessed September 30, 2020.
https://www.ajog.org/article/S0002-9378(12)007223/fulltext
3.
Blumenshine P, Egerter S, Barclay CJ, Cubbin C,
Braveman PA. Socioeconomic Disparities in
Adverse Birth Outcomes: A Systematic Review.
American Journal of Preventive Medicine.
2010;39(3):263-272.
doi:10.1016/j.amepre.2010.05.012
4.
Arnold LD, Luong L, Rebmann T, Chang JJ. Racial
disparities in U.S. maternal influenza vaccine uptake:
Results from analysis of Pregnancy Risk Assessment
Monitoring System (PRAMS) data, 2012–2015.
Vaccine. 2019;37(18):2520-2526.
doi:10.1016/j.vaccine.2019.02.014
5.
Lindley MC, Wortley PM, Winston CA, Bardenheier
BH. The role of attitudes in understanding disparities
in adult influenza vaccination. Am J Prev Med.
2006;31(4):281-285.
doi:10.1016/j.amepre.2006.06.025
6.
State of White Supremacy. Stanford University Press;
2020. Accessed May 6, 2021.
https://www.degruyter.com/document/doi/10.1515/9
780804777445/html
7.
Filho JQ, Junior FS, Lima TB, et al. Asynchronous
influenza vaccination and adverse maternal-child
health outcomes in the Brazilian semiarid, 2013 to
2018: the INFLUEN-SA Study. medRxiv. Published

8.
9.

10.

11.
12.

13.

14.

15.

16.
17.

18.

19.

online August 26, 2020:2020.08.24.20180455.
doi:10.1101/2020.08.24.20180455
Almeida A, Codeço C, Luz P. Seasonal dynamics of
influenza in Brazil: the latitude effect. BMC Infect
Dis. 2018;18. doi:10.1186/s12879-018-3484-z
Sato APS, Antunes JLF, Lima-Costa MFF, Bof de
Andrade F. Influenza vaccine uptake among older
adults in Brazil: Socioeconomic equality and the role
of preventive policies and public services. Journal of
Infection and Public Health. 2020;13(2):211-215.
doi:10.1016/j.jiph.2019.07.022
Brazil: 2018 influenza vaccination begins for winter
season. GardaWorld. Accessed May 6, 2021.
https://www.garda.com/crisis24/newsalerts/113136/brazil-2018-influenza-vaccinationbegins-for-winter-season
Measures of â€œRaceâ€• and the analysis of racial
inequality in Brazil | Elsevier Enhanced Reader.
doi:10.1016/j.ssresearch.2012.06.006
Human Development Index of Brazil | Tableau
Public. Accessed May 6, 2021.
https://public.tableau.com/en-us/gallery/humandevelopment-index-brazil.
França GVA, Restrepo-Méndez MC, Maia MFS,
Victora CG, Barros AJD. Coverage and equity in
reproductive and maternal health interventions in
Brazil: impressive progress following the
implementation of the Unified Health System. Int J
Equity Health. 2016;15. doi:10.1186/s12939-0160445-2
Kuhlman CJ, Ren Y, Lewis B, Schlitt J. Hybrid
agent-based modeling of Zika in the United States.
In: Proceedings of the 2017 Winter Simulation
Conference. WSC ’17. IEEE Press; 2017:1-12.
Wilder-Smith A. COVID-19 in comparison with
other emerging viral diseases: risk of geographic
spread via travel. Trop Dis Travel Med Vaccines.
2021;7(1):3. doi:10.1186/s40794-020-00129-9
Johnson KS. Racial and Ethnic Disparities in
Palliative Care. J Palliat Med. 2013;16(11):13291334. doi:10.1089/jpm.2013.9468
Graham G. Disparities in Cardiovascular Disease
Risk in the United States. Curr Cardiol Rev.
2015;11(3):238-245.
doi:10.2174/1573403X11666141122220003
The Health Belief Model. Accessed May 6, 2021.
https://sphweb.bumc.bu.edu/otlt/mphmodules/sb/behavioralchangetheories/behavioralcha
ngetheories2.html
Nguyen LH, Joshi AD, Drew DA, et al. Racial and
ethnic differences in COVID-19 vaccine hesitancy
13

Herron et al., Group 6C, 07 May 2021

20.
21.

22.
23.

and uptake. medRxiv. Published online February 28,
2021. doi:10.1101/2021.02.25.21252402
Hunter E, Mac Namee B, Kelleher J. A Hybrid
Agent-Based and Equation Based Model for the
Spread of Infectious Diseases. JASSS. 2020;23(4):14.
2010-11 through 2016-17 Influenza Seasons
Pregnant Women Vaccination Coverage Trend
Report | FluVaxView | Seasonal Influenza (Flu) |
CDC. Accessed May 6, 2021.
https://www.cdc.gov/flu/fluvaxview/pregnantwomen
/trends/index.html
Tolles J, Luong T. Modeling Epidemics With
Compartmental Models. JAMA. 2020;323(24):2515.
doi:10.1001/jama.2020.8420
Ashraf N. Extending the Basic SIR Model. Medium.
Published July 20, 2020. Accessed May 6, 2021.
https://towardsdatascience.com/extending-the-basicsir-model-b6b32b833d76

24.

25.

26.

The SIR Model for Spread of Disease - The
Differential Equation Model | Mathematical
Association of America. Accessed May 6, 2021.
https://www.maa.org/press/periodicals/loci/joma/thesir-model-for-spread-of-disease-the-differentialequation-model
CDC. How Flu Spreads. Centers for Disease Control
and Prevention. Published August 27, 2018.
Accessed May 6, 2021.
https://www.cdc.gov/flu/about/disease/spread.htm
Brazil Population Census: Urban: Northeast: Ceará |
Economic Indicators. Accessed May 6, 2021.
https://www.ceicdata.com/en/brazil/populationcensus-by-state/population-census-urban-northeastcear

14

Herron et al., Group 6C, 07 May 2021

Appendix – Qualitative Study Instruments Supplemental Items
S1) Demographic Survey
1.
2.
3.
4.
5.

What is your age?
If you have a job, what is it?
How far did you go in school?
Did you have health insurance during your pregnancy?
Are you currently pregnant?
a. If YES: Is/was this your first pregnancy? If not, how many times have you been
pregnant? How many children have you given birth to?
b. If NO: When did you most recently give birth? How many times have you been
pregnant? How many children have you given birth to?

S2) In-Depth Interview Questions
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

What does a healthy pregnancy mean to you?
What factors do you think lead to a healthy pregnancy?
Do you think your current or most recent pregnancy was a healthy one? Why or why not?
Do you think vaccination is important in pregnancy? What about a flu shot?
If someone recommended a flu shot, who was it? What was/is your relationship with this person?
What did you think about that recommendation?
Why do healthcare providers recommend flu shots to pregnant women? Is it more important for
pregnant women than for other people? (Why (not)?)
Why did you decide (not) to get a flu shot during your pregnancy?
What concerns do you or people you know have about the flu shot (in general, not just in
pregnancy)?
What benefits might the flu shot provide for pregnant women and their babies?
Do you trust your health care provider in pregnancy? What makes you (not) trust this person?
How could they increase your trust?
Do you have any other thoughts you’d like to share about the flu shot in pregnancy or health
during pregnancy in general?

15

Herron et al., Group 6C, 07 May 2021

S3) Recruitment Flyer
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