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Abstract
Background: Self-protective behaviors of social distancing and vaccination uptake vary by demographics and affect
the transmission dynamics of influenza in the United States. By incorporating the socio-behavioral differences in social
distancing and vaccination uptake into mathematical models of influenza transmission dynamics, we can improve our
estimates of epidemic outcomes. In this study we analyze the impact of demographic disparities in social distancing
and vaccination on influenza epidemics in urban and rural regions of the United States.
Methods: We conducted a survey of a nationally representative sample of US adults to collect data on their
self-protective behaviors, including social distancing and vaccination to protect themselves from influenza infection.
We incorporated this data in an agent-based model to simulate the transmission dynamics of influenza in the urban
region of Miami Dade county in Florida and the rural region of Montgomery county in Virginia.
Results: We compare epidemic scenarios wherein the social distancing and vaccination behaviors are uniform versus
non-uniform across different demographic subpopulations. We infer that a uniform compliance of social distancing
and vaccination uptake among different demographic subpopulations underestimates the severity of the epidemic in
comparison to differentiated compliance among different demographic subpopulations. This result holds for both
urban and rural regions.
Conclusions: By taking into account the behavioral differences in social distancing and vaccination uptake among
different demographic subpopulations in analysis of influenza epidemics, we provide improved estimates of epidemic
outcomes that can assist in improved public health interventions for prevention and control of influenza.
Keywords: Influenza, Epidemics, Self-protective behaviors, Health disparities

Background
According to the World Health Organization, influenza
outbreaks occur annually and affect 10–20% of the U.S.
population and result in about a billion cases of infections globally per year [1]. Two primary self-protective
ways to reduce influenza infection include pharmaceutical
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measures such as vaccination, anti-viral medications, and
non-pharmaceutical interventions such as social distancing, hand washing, fluid intake and cough-etiquettes [2, 3].
During an influenza pandemic, when a novel viral strain
is encountered for which vaccines are not available, nonpharmaceutical interventions and antivirals are the only
viable way to support early mitigation efforts, and indeed
existing research has shown their effectiveness in delaying
and containing influenza pandemics [4–6].
Mathematical models of influenza transmission often
incorporate these protective behaviors to predict the likely
outcomes of the disease under different scenarios in order
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to aid public health decision making. Predictions that do
not take behavioral dynamics into account may be unreliable, and moreover, unable to effectively inform public
health policies, especially the ones that target individuallevel behaviors [7]. In the context of infectious disease
modeling, individual level mixing and behavioral heterogeneities are critically important because they significantly affect the transmission pathways of the epidemic
[8, 9]. To capture these heterogenities, we use a detailed
agent based model in which each individual is endowed
with a complete set of demographic and social variables;
and the disease propagates on the social contact network.
Although this level of detail increases model complexity,
it allows for a more realistic representation of the heterogeneity present in the natural system [10]. This model
reflects greater epidemic realism by integrating contact
network structure, infection dynamics, and detailed individual behavior, which are computationally challenging to
implement and remain scarce [11].
Although the use of individual-based models in epidemiology is becoming more common, assignment of
various behavioral parameters to individuals is still done
uniformly, i.e., behaviors are probabilistically uniformly
assigned to individuals in the population to study their
impact on the epidemic dynamics. There are studies in
the literature that measure the compliance to protective
behaviors based on demographics, but they do not capture
their effect on the disease spread. For example, studies
[3, 12] have identified demographic determinants of protective behaviors but their impacts on controlling the
spread of the disease have not been measured. There are
many reasons why this gap exists in the literature. In order
to carry out such an analysis, one needs (a) survey data to
assess the actual level of compliance based on demographics; (b) a detailed model in which agents can be assigned
unique demographics and behavioral attributes; and (c) a
contact network to study the population level effects of
these heterogeneous behaviors on epidemic outcomes.
In this research we use survey data to build a model that
ties protective health behaviors to the demographics of the
individuals [13]. This model helps calculate the probability
of compliance to each health behavior, for each individual given his/her demographic attributes. This is further
used to accurately represent behavioral assignments in the
population, and then to study their impact on the dynamics of the epidemic. In order to determine the effect of
demographic-based behavioral compliance assignment on
epidemic outcomes, we simulate an influenza epidemic
and compare the results in the two scenarios, (a) individuals follow protective behaviors as predicted by their
demographics, referred to as “with-predictors” scenario
and (b) individuals follow protective behaviors based on
the distribution of protective behaviors in the survey
responses, independent of their demographics, referred
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to as “without-predictors” scenario. The results show that
epidemic outcomes based on (a) are significantly worse
than those based on (b).

Methods
Model to estimate compliance probabilities of preventive
behaviors

A nationwide survey of 2168 respondents, conducted by
the Gfk Group (Gfk.com) in 2016, recorded demographics
and preventive health behaviors in response to a hypothetical influenza-like-illness outbreak. The target population
was adults aged 18 and above. It recorded a variety of
preventive behaviors such as vaccine uptake, social distancing, adoption of personal hygiene such as washing
hands, wearing masks, covering cough etc. Our focus here
is on two types of preventive behaviors, i.e., vaccination
and social distancing. The individuals may adopt any one
of them or both or none.
We model the choice of selecting a preventive behavior
as a multinomial logit (MNL) model. This is a standard modeling framework when individuals face multiple
choices that are not ordered. The response variable ynj is
defined as the observed choice of behavior j: vaccination,
social distancing, both vaccination and social distancing
or neither adopted by the nth individual. In order to make
the choice set exhaustive we also include the option that
the individual might not adopt any of the three alternatives [14, 15]. Thus the preventive behaviors are indexed
as j = 1, 2, 3, 4 such that yn1 indicates that individual n
chooses vaccination, yn2 indicates choice of social distancing, yn3 indicates both and yn4 indicates neither. Thus,
unordered condition applies because these are mutually
exclusive choices and no assumption is imposed regarding
households’ ranking of the alternatives.
We further assume that person n’s utility function for
the four protection alternatives is given by Unj = Vnj + nj ,
where Vnj is the deterministic part of the utility function
(often called representative utility) and Vnj = Xn βj . Here,
Xn denotes the respondent’s characteristics like age, gender and income. The joint density of the random error
vector can be denoted as f () and used to assess the
probability of the choice of different behaviors. Person n
chooses behavior i if it provides higher utility than the
three other behavior. The probability of choosing the precautionary behavior i, where i is one of the four choice
alternatives, can be written as [16]:
P(yni ) =

P(Uni > Unj )
∀i  = j
P(nj − ni < Vni − Vnj ) ∀i  = j

Using f () this cumulative probability can be rewritten
as [15]

P(yni ) =



I(nj − ni < Vni − Vnj , ∀i  = j)f ()d (1)
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Where I(.) is an indicator function that equals 1 if the
term in the parentheses is true, and is 0 otherwise. Different discrete choice models can be obtained from assigning
different specifications for f (). The multinomial logit
model is obtained by assuming that each nj is independent, identically distributed (iid) extreme value that is
also called Gumbel or Type-1 value distribution. Thus,
−nj
and the cumulative distribution is
f (nj ) = e−nj e−e
−nj

F(nj ) = e−e . This distributional assumption entails
a closed form solution for the multidimensional integral
[15]. If two random error terms are iid extreme value
distributed, their difference follows a logistic distribution.
The probability of choosing the precautionary behavior
i can be written as [16, 17]


eVni
e X n βi
Pni =  V =  X  β
nj
n j
je
je

(2)

The coefficients are estimated using maximum likelihood
and putting them in Eq. 2 we can predict the probability
of the observed behavior. In order to form the likelihood
function we assign binary codes to indicate the group
membership of the observation [17]. In our case we have
four options so we create four binary variables y1 , y2 , y3 , y4 .
Thus, if the respondents choose vaccination, i.e., yn1 then
y1 = 1, and y2 = y3 = y4 = 0. If we denote the conditional
probability in 2 as πj (X) then the likelihood function can
be written as


l(β) = n π1 (Xn )y1n π2 (Xn )y2n π3 (Xn )y3n π4 (Xn )y4n
(3)
β̂ is the maximum likelihood estimator that can be used
to predict the probability of preventive behavior. To assess
the magnitude of change in probabilities due to a unit
change in an explanatory variable, the marginal effect
is calculated. The marginal effect of demographic xk on
behavior j is measured as
∂pj
∂xk




= pj βjk −
pj βjk

(4)

Synthetic models of two US regions

We use an agent based model to construct synthetic representations of two regions, an urban region, i.e., Miami
Dade county in Florida, and a rural region, i.e., Montgomery county in Southwest Virginia. The synthetic populations and the social contact networks of these regions
have been developed using a “first principles” approach.
The synthetic population is a set of synthetic people and
households, located geographically, each endowed with
the demographic variables recorded in the US census. A
synthetic population integrates a variety of databases from

commercial and public sources into a common architecture for data exchange to create realistic attributes of
the synthetic individuals. The population synthesis process preserves the confidentiality of the individuals in
the original data sets. Joint demographic distributions are
reconstructed from the marginal distributions available
in typical census data using an iterative proportional fitting (IPF) technique [18–20]. Each household is located
geographically using land-use data and data pertaining to
transportation networks. The process guarantees that a
census of our synthetic population is statistically indistinguishable from the original census.
Next each synthetic person in a household is assigned
a set of activities to perform during the day, along with
the times when the activities begin and end, as given
by an activity survey or time-use survey data. Then an
appropriate real location is chosen for each activity for
every synthetic person based on a gravity model and
data sources such as land use patterns and commercial
location data from Dun and Bradstreet. Finally a social
contact network is generated in which each synthetic
person is deemed to have made contact with a subset
of other synthetic people simultaneously present at a
location [21–23].
The resulting model is a dynamic representation of
human mobility and interaction over the course of a normative day. The induced social contact network is an
interaction based graph whose vertices are synthetic people, labeled by their demographics, and edges represent
estimated contacts, labeled by duration of contact and
type of activity. This social contact network is specific to a
geographic location because of its dependence on “contingent realities” for the area – demographics of people who
live there and the distribution of actual activity locations.
It provides a plausible, bottom-up mechanism for generating large scale social structure without making assumptions about hierarchies [6, 24–26]. The distribution of age
and household income in the two model populations used
in this study are available in the Additional file 1.
It is important to note that the procedures followed
while creating the agent based model provide some theoretical guarantees. For example, the generated synthetic
population is guaranteed to match the marginal distributions of the true population. Additionally, the model has
been validated in multiple ways. First, it has been shown
that the distribution of variables not included in the IPF
step (e.g., the number of workers in a household) closely
match between the synthetic and true population [27].
Second, it has been shown that the activity profiles of our
generated synthetic population better match the true population than previous techniques [28]. Third, the mobility
patterns in the synthetic population have been validated
using various measures of traffic (e.g., trip counts between
zones [21]). Lastly, multiple network structural measures
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(e.g., distribution of numbers of contacts per person outside of home) obtained from the generated synthetic
population show expected patterns (e.g., Power-law distributions), reported in literature [29].
Interventions

We consider two types of behavioral interventions, vaccination and social distancing. Individuals who are vaccinated become immune to the disease with a probability
given by the efficacy of the vaccine. We consider three levels of vaccine efficacy, i.e., 20%, 40% and 60%. For example,
if vaccine efficacy is 20%, and the individual takes the vaccine, she will have a 20% chance of becoming immune to
influenza.
To simulate social distancing, appropriate edges are
removed from the social contact network. Each agent
in the network can perform six types of activities, i.e.,
home, work, school, college, shop and other. The category “other” represents all activities not covered by the
first five categories, and are labeled “non-essential” activities. These include social, cultural and sport activities
that could be avoided if the person is following selfprotective behaviors. In our model when a person is
trying to avoid getting infected through social-distancing,
all her non-essential activities are stopped. Hence, we
remove all social contact network edges that are labeled
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“other”, for individuals who are deemed compliant to
social-distancing.
Disease model

We use Episimdemics, an interaction-based high performance computing simulator for studying epidemic
dynamics [30]. A simple 4-state Probabilistic Timed Transition Systems (PTTS) disease model designed for agentbased simulations is used. The four states, Susceptible,
Exposed, Infected, and Recovered, depict the change in a
susceptible individual’s health status upon getting infected
with influenza. These states are also consistent with the
SEIR model used in epidemiology. Each agent remains in
the susceptible state until it comes into contact with an
infected agent through one of its contacts in the social
contact network [6, 20]. Figure 1 shows a schematic of
the disease model. Upon contact with an infected agent, a
susceptible agent i transitions to the exposed state with a
probability pi which is computed as:

pi = 1 − exp τ



Nr ln(1 − rsi ρ)

(5)

r∈R

Here, τ is the duration of exposure, R is the set of
infectivities (rs) of all the infected agents, Nr , co-located

Fig. 1 Susceptible Exposed Infectious Recovered (SEIR) disease model used in our simulations to capture the health states of the individuals.
Everyone starts out in susceptible state and if infected, moves to the exposed state, followed by one of symptomatic or asymptomatic infectious
states, followed by the recovered state. The duration of time spent by an infected individual in the exposed and infectious states is shown in the
distributions associated with them
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with the susceptible agent i, si is the susceptibility of i
and ρ is the transmission rate, i.e. the probability of a susceptible agent getting infected by an infectious agent per
minute of contact time. For a completely susceptible individual i (having susceptibility si = 1.0), coming in contact
with one completely infectious individual (having infectivity r = 1.0) for unit exposure time (i.e., τ = 1.0), the probability of transitioning to the exposed state becomes equal
to the disease transmission rate (i.e., pi = ρ). The presence
of multiple infectious individuals (i.e., Nr > 1) and/or
larger exposure time (i.e., τ > 1.0) would increase the
probability of the susceptible individual getting infected
(i.e., pi ). Thus, Eq. (5) accounts for this using the summation term in the exponent. When a person becomes
infectious, s/he may be asymptomatically infectious or
symptomatically infectious. An asymptomatic person is
less likely to transmit the disease to susceptible people
than a symptomatic person. Initially, everyone in the population is assumed to be susceptible, except for the few
individuals with whom the epidemic is seeded. The specific values of disease and simulation parameters used in
our simulation experiments are provided in Table 1.
Experiments

We consider two protective behavior assignment scenarios. In the first scenario, we assign the average probability
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of adapting protective behaviors to agents, consistent with
the behavior distribution observed in the survey irrespective of demographics. In this case, behavior assignment is
done in such a way that the proportion of individuals who
adopt a particular behavior in the simulation is equal to
the proportion of survey respondents who report adopting that behavior. In other words, the behavior is averaged
across the population; no information about the demographics of an individual is considered while assigning it a
compliance behavior.
In the second scenario, we use the multinomial logit
model to calculate compliance probabilities as determined
by the survey respondents’ demographics. Note that the
survey only collects data for individuals who are older
than 18 years. Therefore for individuals below 18 years of
age in our simulations, we assume that they behave the
same as their respective family members and hence we
assign them the mean compliance probabilities of their
older family members’, as a proxy. Their compliance rates
are provided in the Additional file 1. Additionally, for any
scenario that considers vaccination, we simulate three levels of vaccine efficacy. Each run is simulated for 200 days
and all results are reported as the average of the 25 replicates. A rural and an urban region is used for testing
the robustness of the results. The epidemic outcomes are
measured by the number of infections when the epidemic

Table 1 Simulation parameters, their values and sources, used in the experiments
Variables

Values

Source

Population size (number of
individuals)

Miami-Dade (2,169,349), Montgomery (77, 820)

Synthetic populations [5, 24, 41]

Total number of daily contacts
between individuals

Miami-Dade (55,187,587), Montgomery (2,019,222)

Synthetic populations [5, 24, 41]

Transmission rate

Miami-Dade (0.00010), Montgomery (0.00018)

Calibrated for each region to generate
an attack rate of 25% in both the
regions

Attack rate (Cumulative
infections)

25%

[42]

Serial interval

Miami-Dade (2.65 days), Montgomery (2.59 days)

Estimated from our disease model [43]

Interventions

Vaccination and/or social distancing

Latent period

1 day [s.d.: 0.63]

[44, 45]

Infectious period

2 days [s.d.: 1.06]

[44, 45]

Symptomatic proportion

67%

[46]

Asymptomatic infectivity

33%

[47–49]

Vaccine efficacy

20%, 40%, 60%

[50]

Simulation days

200 days

Assumed

Initial number of infections
(seeds)

20 for both Miami-Dade and Montgomery

Assumed

Initial number of susceptible
individuals

Everyone, except the seeds

Assumed

Number of replicates

25

Assumed

Number of scenarios

2 (compliance probability estimated with, and without
predictors)
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peaks (i.e., peak infections), the day of peak infections (i.e.,
peak day, also known as time-to-peak), and the cumulative
number of infections over the simulation duration (i.e.,
the size of the epidemic). Low values of peak infections
and cumulative infections are desirable but high values of
peak day are desirable. A baseline case of an unmitigated
epidemic that is absent of any protective behavior is also
simulated to measure the effectiveness of intervention
strategies.

“square of age” variable which is significant in predicting protective behaviors. This has also been observed
by other researchers in the literature [3, 33, 34]. Additionally variables such as gender, household size and the
presence of children in the household do not appear to
be significant predictors [33, 35]. Among the explanatory variables considered in the regression, age of the
respondent and the household income are the most
statistically significant predictors. Hence in our simulations, we use age and household income as predictors
for generating the probabilities of adopting preventive behaviors. For the scenario that uses demographics as a predictor of compliance to behaviors, we
apply the MNL model based probabilities to reflect the
level of compliance by each synthetic individual in the
simulation.
Note that the estimated coefficients of the MNL model
only provide the direction of the change with respect to
the base outcome but not the magnitude. To assess the
impact of each independent variable on the response, we
calculate the marginal effects of the MNL model as shown
in Eq. 4.

Results
Relationship between demographics and behavior
adoption

Table 2 shows the results of a multinomial logit (MNL)
model which predicts protective behavioral choices as
a function of demographics. It shows the MNL model’s
coefficient estimates corresponding to the explanatory
variables, for each of the three response variables. Here,
the explanatory variables are demographics of the surveyed individuals, which are age, gender, family size,
family income, and whether the person’s family has children. The three response variables considered are (i)
if the individual applied social distancing or not (i.e.,
Social Distancing), (ii) if the individual took the vaccine or not (i.e., Vaccination), and (iii) if the individual
applied both the interventions (i.e., Vaccination & Social
Distancing). The base response is that no intervention
was applied. To check for the independence of irrelevant alternatives (IIA), we conducted the Hausman test
[31, 32]. We failed to reject the hypothesis that IIA holds
for the full set of alternatives at less than 1% level of
significance.
Results in Table 2 show that age follows a non-linear
relationship with the response variables as shown by the

Behavioral interventions under different scenarios

We describe results from our experimental scenarios here.
(a) No intervention case

To set up a baseline we run an influenza epidemic with no
interventions. In this base case, the epidemic infects 25%
of the population over its course. The peak of the epidemic
occurs close to the 60th day in the Montgomery county
and 45th day in Dade county. Approximately 0.65% of the
population is infected in Montgomery and 0.8% is infected
in Miami Dade on the peak day.

Table 2 Coefficient estimates corresponding to the explanatory variables, for each of the three response variables in the Multinomial
Logit regression model
Independent variable

Response variable
Social distancing

Vaccination

Vaccination & social distancing

Age of the respondent

0.00655 (0.0252)

-0.0605*** (0.0214)

-0.0576*** (0.0222)

Age squared

8.49e−05

-0.000983*** (0.000219)

0.000941*** (0.000226)

Gender

-0.0710 (0.132)

-0.168 (0.115)

-0.159 (0.122)

Household size

0.0905 (0.0674)

0.00538 (0.0624)

0.0317 (0.0650)

Children at home

-0.0341* (0.198)

0.0254 (0.176)

-0.0718 (0.187)

Household income

−3.94e−06 ***

6.31e−06 ***

−2.23e−06 *** 1.36e−06

Constant

-1.072* (0.621)

-0.254 (0.543)

0.129 (0.568)

Predicted probabilities

0.16

0.27

0.22

(0.000263)

1.48e−06

1.23e−06

Num. of observations: 2121; Log-likelihood: -2741;
Chi-square: 229.1
The three response variables are: social distancing, vaccination, both vaccination & social distancing. The values in the parentheses are standard errors for the estimates.
Statistical significance is shown by: ***, **, and *, which correspond to p < 0.01, p < 0.05 and p < 0.1 respectively
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(b) Assigning behaviors independent of demographic
predictors

We use survey results to estimate the probability of preventive behavior adoption by setting it equal to the proportion of survey respondents who selected that behavior.
Based on these proportions we assign the preventive
behaviors to the synthetic individuals in the simulation. We set the probability of adopting vaccination or
P(vaccination) to be 0.264, probability of adopting social
distancing or P(socialdistancing) to be 0.158, probability of adopting both the behaviors or P(both) to be 0.216
and probability of not adopting any behavior or P(none)
to be 0.361. In this scenario all individuals encounter
the same probabilities for behavior assignment, i.e., no
demographic information of individuals is used in this
assignment.
(c) Assigning behaviors based on demographics

Next we assign the probability of adopting preventive
behaviors using the demographics as determined by the
MNL model in the Methods section. Based on the regression model results, we find each person’s unique probability based on her age and income category and use it to
determine compliance to preventive behaviors during the
epidemic. Figure 2 shows the probability of compliance to
the three protective behaviors (social distancing, vaccination, both social distancing and vaccination) or none of
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these three (no intervention) based on age and income.
The income categories are not labeled on the x-axis due to
lack of space but are reflected in the figure. The compliance to preventive behavior goes up by age, implying older
individuals are more compliant.
Comparison of epidemic outcomes

The results show that the outcomes of the epidemic are
significantly worse when demographics based behavior
adaptation probabilities are used, as compared to the case
when no demographic predictors are used to determine
behaviors. The size of the epidemic is bigger, and the number of infections on the peak day are larger. This holds true
for both regions and at almost all levels of vaccine efficacy. Additionally, the differences between the outcomes
grow larger as the vaccine efficacy increases. The detailed
results for each scenario (reported as the mean of 25 simulation replicates) are presented in Table 3. Figures 3 and 4
show the epidemic curves for the each scenario, including
the baseline “no interventions case”.
To assess the significance-level of the differences
between the mean epidemic measures for with and without predictor scenarios in Table 3, we performed the
t-test. The results are reported in Table 4. We observe
that the difference in the values for peak and total infections obtained with and without demographic predictors is always significant except in Montgomery when

Fig. 2 Compliance probability distributions determined by the Multinomial logit model, for the three protective behaviors (vaccination, social
distancing, both vaccination and social distancing) across age and income groups present in the survey. The x-axis shows age and income group
combinations. Ages are marked on the axis and the interval between two successive age marks is divided into 19 income groups (from less than
5000 USD to greater than 175,000 USD) belonging to that age. The income groups are not marked for the lack of space. The y-axis shows the
compliance probability in a stacked bar format where the length of a colored bar represents the compliance probability for the intervention
represented by the corresponding color. The plot shows that the overall compliance towards preventive behaviors increases with age
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Table 3 Mean epidemic outcomes of 25 replicates for the “With predictor” and “Without predictor” scenarios in the Montgomery and
Miami regions, under three vaccine efficacy levels of 20%, 40% and 60%
Regions

Epidemic measure

Scenario
20%

40%

60%

Montgomery, VA

Peak Infections (% of total population)

With predictors

0.2

0.08

0.036

Without predictors

0.16

0.05

0.033

% increase With vs. Without predictors
Peak day

25

60

9.09

With predictors

81

83

40

Without predictors

83

76

37

-2.41

9.21

8.10

With predictors

11.57

4.28

1.23

Without predictors

10.07

2.6

0.95

14.89

64.61

29.47

With predictors

0.52

0.33

0.18

Without predictors

0.5

0.29

0.153

% increase With vs. Without predictors
Total infections (% of total population)

% increase With vs. Without predictors
Miami, FL

Peak infections (% of total population)

% increase With vs. Without predictors
Peak day

4

13.79

18.3

With predictors

50

54

58

Without predictors

50

56

62

0

-3.57

-6.45

With predictors

16.2

10.86

6.48

Without predictors

15.42

9.64

5.37

5.05

12.65

20.67

% increase With vs. Without predictors
Total infections (% of total population)

% increase With vs. Without predictors

Vaccine efficacy

“With predictor” refers to the case where compliance probabilities are derived from the Multinomial Logit (MNL) model and are based on survey participant demographics,
whereas “Without predictor” refers to the case where compliance probabilities are equal to mean compliance levels of all participants in the survey, irrespective of their
demographics. The highlighted rows show the differences in epidemic outcomes under the two scenarios

Fig. 3 Epidemic curves for the three scenarios in Montgomery county, Virginia. Here, the vertical axis shows the prevalence of Influenza in the
population. “Base Case, no interventions” refers to the baseline scenario where we simulate the influenza epidemic without any interventions. “With
predictors” refers to the scenario where compliance levels are measured by the MNL model and “no predictors” refers to the scenario where
compliance is not determined by demographics, and only average level of compliance is applied. For the last two scenarios, three levels of vaccine
efficacy (i.e., 20%, 40% and 60%) were considered
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Fig. 4 Epidemic curves for the three scenarios in Miami Dade county, Florida. Here, the vertical axis shows the prevalence of Influenza in the
population. “Base Case, no interventions” refers to the baseline scenario where we simulate the influenza epidemic without any interventions. “With
predictors” refers to the scenario where compliance levels are measured by the MNL model and “no predictors” refers to the scenario where
compliance is not determined by demographics, and only average level of compliance is applied. For the last two scenarios three levels of vaccine
efficacy (i.e., 20%, 40% and 60%) were considered

vaccine efficacy is 60%. The reason for the low significance in Montgomery is that at 60% vaccine efficacy,
the intervention is fairly strong for this rural region
and the epidemic almost dies out in both the scenarios as can be seen in Fig. 3. The day on which the
peak infections occur do not change significantly between
scenarios.
Figure 5 provides a comparative evaluation of the cumulative infections observed in 25 simulation replicates, for

each scenario, in both the regions. For all vaccine efficacy
levels, and in both regions, the scenario with predictors
performed worse than those without predictors. These
findings imply that public policy will be misguided if inaccurate estimates of compliance to preventive behaviors
are used. Assignment of behavioral interventions based on
mean values will lead to more optimistic results about the
epidemic, giving a false sense of security to public health
decision makers.

Table 4 T-test results for the three epidemic outcomes, with versus without predictors scenarios, in the Montgomery and Miami
regions
Geography

Epidemic measure

Scenario
20%

40%

60%

Montgomery, VA

Peak Infections with vs. without predictors

t-statistic

4.27

4.85

1.26

p-value

9.16e−5

1.33e−5

0.211

t-statistic

-0.31

0.5643

0.6094

p-value

0.755

0.575

0.545

t-statistic

4.53

6.13

2.19

p-value

3.94e−5

1.59e−5

0.033

t-statistic

1.847

7.33

6.32

p-value

0.0708

2.23e−9

7.84e−8

t-statistic

-0.1222

-0.6071

-0.9177

p-value

0.9032

0.5466

0.3633

t-statistic

18.46

35.5

39.06

p-value

1.91e−23

4.13e−36

4.84e−38

Peak Day with vs. without predictors

Total Infections with vs. without predictors

Miami, FL

Peak infections with vs. without predictors

Peak Day with vs. without predictors

Total Infections with vs. without predictors

Vaccine efficacy

The highlighted numbers show statistically significant t-statistic values corresponding to differences in epidemic outcomes
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Fig. 5 Comparative evaluation of cumulative infections observed for three experimental scenarios (i.e., “base case” in which no preventive behavior
is modeled, “With predictors” case in which preventive behavior is assigned to individuals based on their demographics and “no predictors” case in
which preventive behavior is assigned to individuals based on the average behavior observed in survey). The figure also compares cumulative
infections across three vaccine efficacy levels (i.e., 20%, 40% and 60%) and two geographic regions (i.e., Montgomery, VA and Miami Dade, FL). Each
box in the figure presents a five number summary: minimum, first quartile, median, third quartile, and maximum. Therefore, each box describes the
distribution of cumulative infections produced by 25 replicates for each of the three experimental scenarios. Considering the median of 25
replicates to be the representative of a scenario, we observe that for a given vaccine efficacy, the scenarios with predictors (green boxes)
consistently produce larger number of cumulative infections than those produced by scenarios without predictors (orange boxes). The red boxes
show the base case where no intervention is applied. Therefore, every other scenario has a substantially lower number of cumulative infections as
compared to the base case

Age based infection rates

Figure 6 shows the prevalence of influenza (i.e. proportion
infected in each age group) among different age groups in
the populations for the two regions, for the scenario “withpredictors”. The vaccine efficacy is assumed to be 40%. For
the youngest age group the prevalence of influenza is disproportionately high; and this effect is more pronounced
in Montgomery than in Miami. Except for the 0–18 age
group, in both Montgomery and Miami, the distribution
of the infected population is well aligned with the overall population, higher for middle age groups and lower for
older people. However in Montgomery, the age composition is quite different than Miami, i.e., a lot more young
adults are present in the age group 19–24 and a lot less
older individuals aged 65 and above.

We believe that the high incidence of infections in the
youngest age group (0–18 years) is due to the following
reasons: (1) People in the 0–18 age group have a higher
number of contacts because they visit high-density locations such as school and daycare, and therefore a higher
rate of exposure. Our earlier work has shown that children
have a much higher network degree and social connectivity [36, 37]; (2) Children and young adults form a
significant proportion of the total population in both the
regions and interact more with other children and young
adults. Age groups 0–24 make 30% of the population in
Miami and 40% in Montgomery county.
Note that the compliance rate and the social network
connectivity both play an important role in determining the epidemic outcome. Low compliance rates in the
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Fig. 6 Influenza prevalence among different age groups for the two geographic regions, for the scenario “with predictors”. The vaccine efficacy is
assumed to be 40%. Red bars correspond to Montgomery county, VA and Blue bars correspond to Miami Dade county, FL. The y-axis of the figures
show the proportion of infected individuals in an age group. The x-axis of the figures show, 8 successive age groups (From ’Less than 18’ years to ’75
years and above’)

younger population, combined with a higher number of
contacts result in disproportionately high levels of infections in the younger population. On the other hand, older
people have a high level of compliance and a low level of
connectivity, resulting in a proportionately lower number
of infections. Note that this model does not consider the
lower level of immunity and other co-morbidities among
older people.

Discussion
In the past, studies like [38] have tried to understand
the impact of heterogeneity in parameters like susceptibility, infectivity and contact rates on the outbreak size,
using ordinary differential equations. It has been shown
that heterogeneous assignment of parameters, instead
of a uniform assignment, affects the epidemic dynamics
differently. In this study, we use an agent based model
that explicitly models interactions among individuals in
the true population, along with self-protective-behavior
compliance rates that vary by demographics. The results
show that uniform compliance versus demographicsbased compliance lead to markedly different epidemic
outcomes. These findings are consistent with the findings
of the ODE modelling literature [38].
When compliance probabilities for protective behaviors
are assigned based on average compliance, independent
of individuals’ demographics, these behaviors are able
to control the spread of the epidemic more effectively.
However, if these behaviors are assigned based on the
demographic characteristics, their effect on the epidemic
outcomes is more subdued. This occurs even when the
level of intervention is the same, i.e., on average, the same

number of people are intervened. In other words, a more
precise, demographic based assignment of compliance to
behavioral interventions shows that the epidemic size and
peak number of infections will be larger as compared to
the case where mean values of compliance to protective
behaviors observed in a sample are assigned to all individuals, independent of the demographic disparities that
exist between them. The results hold for both the rural
and urban regions in US.
The reason for this observation is that in the survey
data, the compliance rates among the young adults are
less than the average compliance rates. As evident from
Fig. 2, young adults do not follow protective behaviors
at the level reported by the mean compliance observed
in the survey data. Given that these individuals have a
much higher rates of mixing and contact time, lower
compliance among them makes it easier to spread the
infections. However this distinction is not captured when
mean compliance is assigned to these cohorts. This makes
the epidemic outcomes look better than the case when
demographics based compliance rates are assigned.
This is a subtle but important distinction to understand
from public health viewpoint because complex models
are being increasingly used to inform public health policy
[39]. A well characterized model for behavior adaptation
guided by demographics will provide a more accurate
prediction of the impact of preventative behaviors on epidemic outcomes. Infectious disease models are the result
of a vast number of interacting social and biological processes in which complex models are necessary for accurate
characterization of behaviors [40]. Our study addresses
the need to more accurately parametrize models in which
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human behaviors are used to analyze the infectious disease dynamics. Such data-driven, analytic modeling also
plays an important role in guiding future data collection,
particularly by highlighting those data to which epidemic
outcomes are most sensitive [11].
Lastly, there are many opportunities to extend this work.
Here, we have used two geographic regions with significant differences in size, populations and their demographic distributions. We believe experimenting with
other geographic regions could add more validity to this
research and further highlight the role played by demographic disparities in the uptake of protective health
behaviors. Similarly, in this study we have used a multinomial logit model for predicting individual’s health behavior adoption. Given the plethora of predictive modeling
techniques available today, experimenting with other state
of the art techniques for predicting compliance to health
behaviors might be useful. Additionally, in this study, the
initial survey does not capture individual attributes like
psychographics and influence networks. These attributes
might also play a role in determining an individual’s
compliance decisions and can be explored in future
research.

Additional file
Additional file 1: Supplementary Information. Contains information
regarding simulation compliance levels for different age groups and
income groups in the two geographical regions. It also includes figures
that describe the relationship between demographics and contact times.
(PDF 228 kb)
Acknowledgments
Not applicable.
Funding
This work has been partially supported by the National Institutes of Health
(NIH) (grant number 1R01GM109718), NSF Research Traineeship (grant
number NRT-DESE- 154362), NSF IBSS (grant number 1520359), Defense
Threat Reduction Agency (DTRA) (grant number HDTRA1-11-1-0016).
Availability of data and materials
The survey data used in this study is available upon request. Please send your
request for survey data to the correspondence email address. The synthetic
population for Montgomery county, VA, used in this study is available at
http://ndssl.vbi.vt.edu/synthetic-data/. The synthetic population for Miami
Dade county, FL, used in this study is proprietary.
Authors’ contributions
KB, AM, SS and KA conceived and designed the study; GK, PS, MS and AM
acquired, analyzed and interpreted the survey data used in the study; GK, MS
and PS conducted the simulation experiments; SS, KB, PS, MS, KA, PMT and AM
analyzed the results; KA, PMT, MS revised the study critically for important
intellectual content; all authors helped read, write and edit the manuscript; all
authors have approved the submitted version of the manuscript for
publication.
Ethics approval and consent to participate
Ethics approval was obtained from the Virginia Tech’s Institutional Review
Board. The survey was conducted by Gfk.com using the KnowledgePanel
which consists of 55,000 panel members who have consented to participate
in the KnowledgePanel.

Page 12 of 13

Consent for publication
Not applicable.
Competing interests
The authors have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1 Network Dynamics and Simulation Science Laboratory, Biocomplexity
Institute of Virginia Tech, Blacksburg, Virginia 24060, USA. 2 Department of
Economics, University of Kalyani, Nadia, West Bengal 741235, India.
3 Department of Population Health Sciences, Virginia Tech, Blacksburg, Virginia
24060, USA. 4 Department of Agricultural and Applied Economics, Virginia Tech,
Blacksburg, Virginia 24060, USA. 5 Department of Civil Engineering, Clemson
University, Clemson, South Carolina 29634, USA. 6 Department of Infectious
Disease Epidemiology, London School of Hygiene & Tropical Medicine,
WC1E7HT London, UK. 7 Biocomplexity Institute & Initiative, University of
Virginia, Charlottesville, Virginia 22908, USA. 8 Department of Public Health
Sciences, University of Virginia, Charlottesville, Virginia 22908, USA.
Received: 29 March 2018 Accepted: 9 January 2019

References
1. World Health Organization. Influenza. http://www.who.int/immunization/
topics/influenza/en/.
2. Centers for Disease Control and Prevention. Nonpharmaceutical
Interventions (NPIs). http://www.cdc.gov/nonpharmaceuticalinterventions/.
3. Bish A, Michie S. Demographic and attitudinal determinants of protective
behaviours during a pandemic: A review. British Journal of Health
Psychology. 2010;15:797–824.
4. Hatchett RJ, Mecher CE, Lipsitch M. Public health interventions and
epidemic intensity during the 1918 influenza pandemic. Proc Natl Acad
Sci. 2007;104(18):7582–7. http://doi.org/10.1073/pnas.0610941104.
http://www.pnas.org/content/104/18/7582.full.pdf.
5. Halloran ME, Ferguson NM, Eubank S, Longini IM, Cummings DAT,
Lewis B, Xu S, Fraser C, Vullikanti A, Germann TC, Wagener D, Beckman R,
Kadau K, Barrett C, Macken CA, Burke DS, Cooley P. Modeling targeted
layered containment of an influenza pandemic in the United States. In:
Proceedings of the National Academy of Sciences (PNAS); 2008. p.
4639–4644. PMCID:PMC2290797.
6. Dorratoltaj N, Marathe A, Lewis B, Swarup S, Eubank S, Abbas KM.
Epidemiological and economic impact of pandemic influenza in chicago:
Priorities for vaccine interventions. PLoS Comput Biol. 2017;13(6):1–25.
https://doi.org/10.1371/journal.pcbi.1005521.
7. Funk S, Bansal S, Bauch CT, Eames K, Edmunds WJ, Galvani AP, Klepac P.
Nine challenges in incorporating the dynamics of behaviour in infectious
diseases models. Epidemics. 2015;10:21–5.
8. Funk S, Salathé M., Jansen VA. Modelling the influence of human
behaviour on the spread of infectious diseases: a review. J R Soc Interface.
2010;20100142.
9. Chen J, Lewis B, Marathe A, Marathe M, Swarup S, Vullikanti AKS.
Chapter 12 - individual and collective behavior in public health
epidemiology. In: Handbook of Statistics. Handbook of Statistics, vol. 36;
2017. p. 329–365. http://doi.org/10.1016/bs.host.2017.08.011. http://
www.sciencedirect.com/science/article/pii/S0169716117300263.
10. Epstein JM. Modelling to contain pandemics. Nature. 2009;460(7256):
687–687.
11. Pellis L, Ball F, Bansal S, Eames K, House T, Isham V, Trapman P. Eight
challenges for network epidemic models. Epidemics. 2015;10:58–62.
12. Endrich M, Blank P, Szucs T. Influenza vaccination uptake and
socioeconomic determinants in 11 european countries. Vaccine. 2009;27:
4018–24.
13. Abbas KM, Kang GJ, Chen D, Werre SR, Marathe A. Demographics,
perceptions, and socioeconomic factors affecting influenza vaccination
among adults in the united states. PeerJ. 2018;6:5171.

Singh et al. BMC Infectious Diseases

(2019) 19:221

14. Ben-Akiva ME, Lerman SR. Discrete Choice Analysis: Theory and
Application to Travel Demand vol. 9, 7th edn.: MIT Press; 1985.
15. Train KE. Discrete Choice Methods with Simulation, 2nd edn.: Cambridge
University Press; 2009.
16. Long JS, Freese J. Regression Models for Categorical Dependent Variables
Using Stata, 3rd edn.: Stata Press; 2006.
17. Hosmer Jr DW, Lemeshow S, Sturdivant RX. Applied Logistic Regression
vol. 398, 3rd edn.: Wiley; 2013.
18. Beckman R, Baggerly J, Keith A, McKay M. Creating synthetic baseline
populations. Transp Res A. 1996;30:415–29.
19. Barrett C, Beckman RJ, Khan M, Kumar VSA, Marathe M, Stretz P, Dutta
T, Lewis B. Generation and analysis of large synthetic social contact
networks. In: Proceedings of the 2009 Winter Simulation Conference
(WSC); 2009. p. 1003–1014. https://doi.org/10.1109/WSC.2009.5429425.
20. Marathe A, Lewis B, Barrett C, Chen J, Marathe M, Eubank S, Ma Y.
Comparing effectiveness of top-down and bottom-up strategies in
containing influenza. PLoS ONE. 2011;6:25149. PMCID: PMC3178616.
21. Eubank S, Guclu H, Kumar V, Marathe M, et al. Modelling disease
outbreaks in realistic urban social networks. Nature. 2004;429(6988):180.
22. Chen J, Chu S, Chungbaek Y, Khan M, Kuhlman C, Marathe A, Mortveit
H, Vullikanti A, Xie D. Effect of modelling slum populations on influenza
spread in delhi. BMJ open. 2016;6(9):011699.
23. Adiga A, Chu S, Eubank S, Kuhlman CJ, Lewis B, Marathe A, Marathe M,
Nordberg EK, Swarup S, Vullikanti A, et al. Disparities in spread and
control of influenza in slums of delhi: findings from an agent-based
modelling study. BMJ open. 2018;8(1):017353.
24. Bisset K, Marathe M. A cyber-environment to support pandemic planning
and response. SciDAC Mag DOE. 2009;13:36–47.
25. Marathe A, Lewis B, Chen J, Eubank S. Sensitivity of household
transmission to household contact structure and size. PLoS ONE. 2011;6:.
PMCID: PMC3148222.
26. Brownstein JS, Chu S, Marathe A, Marathe M, Nguyen AT, Paolotti D,
Perra N, Perrotta D, Santillana M, Swarup S, et al. Combining
participatory influenza surveillance with modeling and forecasting: Three
alternative approaches. JMIR Public Health Surveill. 2017;3(4):.
27. Beckman RJ, Baggerly KA, McKay MD. Creating synthetic baseline
populations. Transp Res A Policy Pract. 1996;30(6):415–29.
28. Lum K, Chungbaek Y, Eubank S, Marathe M. A two-stage, fitted values
approach to activity matching. Int J Transp. 2016;4(1):.
29. Gonzalez MC, Hidalgo CA, Barabasi A-L. Understanding individual
human mobility patterns. Nature. 2008;453(7196):779.
30. Barrett C, Bisset KR, Eubank S, Feng X, Marathe M. Episimdemics: an
efficient algorithm for simulating the spread of infectious disease over
large realistic social networks. In: Proceedings of the 2008 ACM/IEEE
Conference on Supercomputing; 2008. p. 37. IEEE Press.
31. Hausman J. Specification tests in econometrics. Econometrica J Econ Soc.
1978;46:1251–71.
32. Hausman J, McFadden D. Specification tests for the multinomial logit
model. Econometrica J Econ Soc. 1984;52:1219–40.
33. Mullahy J. It’ll only hurt a second? microeconomic determinants of who
gets flu shots. Technical report, National bureau of economic research.
1998;8(1):9–24.
34. Lau JT, Kim JH, Tsui H, Griffiths S. Perceptions related to human avian
influenza and their associations with anticipated psychological and
behavioral responses at the onset of outbreak in the hong kong chinese
general population. Am J Infect Control. 2007;35(1):38–49.
35. Endrich MM, Blank PR, Szucs TD. Influenza vaccination uptake and
socioeconomic determinants in 11 european countries. Vaccine.
2009;27(30):4018–24.
36. Yi M, Marathe A. Fairness versus efficiency of vaccine allocation
strategies. Value Health. 2015;18(2):278–83.
37. Chen J, Marathe A, Marathe M. Feedback between behavioral
adaptations and disease dynamics. Sci Rep. 2018;8(1):12452.
38. Novozhilov AS. Epidemiological models with parametric heterogeneity:
Deterministic theory for closed populations. Math Model Nat Phenom.
2012;7(3):147–67.
39. De Angelis D, Presanis AM, Birrell PJ, Tomba GS, House T. Four key
challenges in infectious disease modelling using data from multiple
sources. Epidemics. 2015;10:83–87.
40. Lessler J, Edmunds WJ, Halloran ME, Hollingsworth TD, Lloyd AL. Seven
challenges for model-driven data collection in experimental and
observational studies. Epidemics. 2015;10:78–82.

Page 13 of 13

41. Barrett C, Beckmand R, Khan M, Kumar V, Marathe M, Stretz P, Dutta T,
Lewis B. Generation and Analysis of Large Synthetic Social Contact
Networks. In: Proc. Winter Simulation Conference. Winter Simulation
Conference; 2009.
42. Chunara R, Goldstein E, Patterson-Lomba O, Brownstein JS. Estimating
influenza attack rates in the united states using a participatory cohort. Sci
Rep. 2015;5:9540.
43. Vink MA, Bootsma MCJ, Wallinga J. Serial intervals of respiratory
infectious diseases: a systematic review and analysis. Am J Epidemiol.
2014;180(9):865–75.
44. Cori A, Valleron A, Carrat F, Tomba GS, Thomas G, Boëlle P. Estimating
influenza latency and infectious period durations using viral excretion
data. Epidemics. 2012;4(3):132–138.
45. Clinical Signs and Symptoms of Influenza: Influenza Prevention and
Control Recommendations. 2017. https://www.cdc.gov/flu/professionals/
acip/clinical.htm.
46. Carrat F, Vergu E, Ferguson NM, Lemaitre M, Cauchemez S, Leach S,
Valleron A-J. Time lines of infection and disease in human influenza: a
review of volunteer challenge studies. Am J Epidemiol. 2008;167(7):
775–785.
47. Patrozou E, Mermel LA. Does influenza transmission occur from
asymptomatic infection or prior to symptom onset?. Public Health Rep.
2009;124(2):193–6.
48. Wu JT, Riley S, Fraser C, Leung GM. Reducing the impact of the next
influenza pandemic using household-based public health interventions.
PLoS Med. 2006;3(9):361.
49. Elveback LR, Fox JP, Ackerman E, Langworthy A, Boyd M, Gatewood L.
An influmza simulation model for immunization studies. Am J Epidemiol.
1976;103(2):152–165.
50. for Disease Control C, Prevention for Disease Control C, Prevention, et al.
Seasonal influenza vaccine effectiveness. CDC Atlanta: GA; 2015. p.
2005–2015.

