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Abstract

The importance of accounting for social and behavioural processes when studying public
health emergencies has been well-recognised. For infectious disease outbreaks in particu-
lar, several methods of incorporating individual behaviour have been put forward, but very
few are based on established psychological frameworks. In this paper, we develop a deci-
sion framework based on the COM-B model of behaviour change to investigate the impact
of individual decision-making on public health outcomes. We demonstrate the application of
our decision framework in a proof-of-concept case study based on the 2009 A(H1N1) influ-
enza pandemic in the UK. The National Pandemic Flu Service (NPFS) was set up in
England during the pandemic as a means to provide antiviral (AV) treatment to clinically ill
patients with influenza-like illness, via telephone calls or internet screening, thereby averting
the need to see a doctor. The evaluated patients based on a clinical algorithm and autho-
rised AV drugs for collection via community collection points. We applied our behavioural
framework to evaluate the influence of human behaviour on AV collection rates, and subse-
quently to identify interventions that could help improve AV collection rates. Our model was
validated against empirically collected pandemic data from 2009 in the UK. We also per-
formed a sensitivity analysis to identify potentially effective interventions by varying model
parameters. Using our behavioural framework in a proof-of-concept case study, we found
that interventions geared towards increasing people’s ‘Capability’ and ‘Opportunity’ are
likely to result in increased AV collection, potentially resulting in fewer influenza-related hos-
pitalisations and deaths. We note that important behavioural data from public health emer-
gencies are largely scarce. Insights obtained from models such as ours can, not only be
very useful in designing healthcare interventions, but also inform future data collection.
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Introduction

Human behaviour is a key driver of infectious disease, and there has been a growing recogni-
tion of the importance of incorporating behaviour in epidemic models[1-3]. Over the past
decade, different approaches to coupling behavioural and epidemic models have been pro-
posed including game theoretic models to establish baseline equilibria[1], belief-based models
where model agents make decisions based on a priori beliefs, and simple extensions to SIR
(Susceptible-Infected-Recovered) models[2, 3]. In computer science and multi-agent systems
communities, frameworks such as the Belief-Desire-Intention (BDI) model and layered soft-
ware frameworks are extensively used to model human decision-making[4].

An effective behavioural model will allow individuals within a simulation to dynamically
alter their behaviour in response to an unfolding infectious disease outbreak using decision
algorithms to guide their behaviour[5, 6]. The importance of ensuring that decision algorithms
are based on established sociological and psychological frameworks has been recognised[7, 8],
but few attempts have been made to formalise such frameworks for use in epidemiological
models [1, 2, 6, 8, 9]. Moreover, for a behavioural model to be useful to public health practi-
tioners, it will also have to satisfy the requirement of relatively easy parametrisation of the
model. One decision framework that fulfils both these criteria is the mathematical interpreta-
tion of the health belief model (HBM) as proposed by Durham and Casman[6].

According to the HBM, health-related behaviour is a result of four main constructs: per-
ceived severity, perceived susceptibility, perceived barriers to action, and perceived benefits of
the behaviour. HBM is primarily a cognitively oriented theory of behaviour change that is
known to have its limitations[9, 10]. With a view to improve intervention design and health-
care policy, and to overcome limitations of previously proposed health behaviour theories, the
COM-B (Capability Opportunity Motivation- Behaviour) framework was developed in 2011
[11]. The COM-B framework posits that behaviour change arises from the interaction of the
three essential components (C, O and M), and for an intervention to successfully bring about
behaviour change, one or more of the three interacting components will have to be altered.
One of the biggest advantages of the COM-B framework is that it is intervention oriented, i.e.
its constructs are linked to a set of interventions and healthcare policies. The linking of theory
to intervention design is in line with recommendations given by the Medical Research Council
of the UK (MRC) for intervention design, and this facilitates easy evaluation of the impact of
various interventions on behaviour change[12].

In this paper, we develop a simple decision framework based on the COM-B model of
behaviour change. We illustrate its application in a proof-of-concept case study where we
explore potential interventions that could help improve collection rates for antiviral (AV)
medications during an influenza pandemic. We would like to make it clear at the outset that
the goal of this paper is not to produce precise predictions about the real world. We seek to put
forth a conceptual framework that can then be used to understand important drivers of
health-related behaviour and gain insights into potential interventions.

Materials and methods

The 2009 A(HIN1) influenza pandemic and the National Pandemic Flu
Service

On the 24™ of April 2009, the first two cases of 2009 A(H1N1) influenza pandemic in the UK
were confirmed, and by the 13™ of June, 1000 cases had been reported[13]. In response to the
rapidly increasing number of patients with confirmed pandemic influenza, the National Pan-
demic Flu Service (NPFS) was launched in England on 23 July 2009 to divert pressure away
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from primary care services for low-risk adult patients with uncomplicated influenza. The
NPES was a telephone and internet-based service that helped dispense AV medications to
symptomatic patients with influenza-like illness (ILI). Patients with symptomatic ILI who had
an illness duration of <7 days were issued with a unique reference code that would allow them
to collect AV drugs from their nearest antiviral collection point (ACP)[13, 14]. The NPFS
functioned until 11 February 2010. A review of the NPFES revealed that 35.8% of the people
who were authorised AV drugs did not collect them[14]. The AV drug that was dispensed
through the NPFS was oseltamivir which is known to reduce the risk of hospitalisation and
death in patients with influenza, especially when given within 48 hours of symptom onset [15-
18]. It is conceivable that the non-collection of the medication by over one third of the AV-
authorised patients could have had a notable impact on public health outcomes during the
2009 influenza pandemic in England. It is therefore important to understand drivers of health-
seeking behaviour and identify interventions that will improve AV collection rates, and conse-
quently reduce the impact of a future pandemics.

In 2015, a qualitative study was undertaken in which people were interviewed about their
experience with AV medications and vaccinations during the 2009 influenza pandemic. A list
of factors that are likely to influence a person’s uptake of vaccines under each component of
the COM-B framework was identified[19]. We have adapted this list to inform our decision
framework (Table 1). We use this list to guide the links between drivers of behaviour and
behaviour change in our model.

Our model’s structure is defined by two components-the decision framework and the dis-
ease states. In this section, we will describe the two components of our framework in the con-
text of our case study.

The decision framework

Formalising a behavioural theory involves expressing the influence of a set of variables, using
the logic of a particular behavioural theory, to produce an estimate of the likelihood of a behav-
iour. This often means weighting constructs of a behavioural theory and combining them
mathematically. A few different ways of achieving this combination of constructs have been
reported in literature including additive models[8], multiplicative models[20], and logistic
regression models[21]. We build on the work done by Durham and Casman[6], and use a
logistic model to express our decision framework owing to its binary classification of the
COM-B constructs, the ease of parametrising from public health literature and its terse repre-
sentation of behaviour probability.

In the logistic expression of the COM-B model, each construct of the model (C, O and M)
is classified as being in either a ‘high’ state or a low’ state. The odds ratios (OR) of the behav-
iour when being in a particular state (‘high’ or low’) are obtained either from literature or
from analysing data. These values are then combined using the formula below to obtain a
probability (p) of behaviour (b).

OR, * ] OR"

P(0) =57 (0R, + [TORY)

i=1,2,3 (1)

In Eq (1), i corresponds to each of the three constructs of the COM-B model-C, O and M
respectively. OR; represents the odds ratio of the behaviour when one of the COM-B con-
structs in the ‘high’ state (relative to the ‘low’ state). For example, if we assume that AV autho-
risations to people with ‘high’ capability (to collect AV drugs) are 3.1 times as likely to result in
collections when compared to those with ‘low’ capability, the OR; in Eq (1) would be 3.1.
Once we have obtained OR estimates for the O and M constructs, they can be combined using
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Table 1. Adapted list of factors that can influence antiviral drug uptake from [18].

Capability Opportunity Motivation
Psychological: Physical: Automatic:
Knowledge of the disease (Awareness of disease and Access to treatments Fear of infection and consequences (Physical and
transmission rates) Social: emotional proximity)
Physical: Social influences (seeing that others are Reflective:
Not salient being treated) Optimistic bias

https://doi.org/10.1371/journal.pone.0223946.t001

Eq (1) to get a probability estimate for AV collection. ORy is a constant that we will derive
from fitting the model to data. It describes p(b) when C, O and M are in the ‘low’ state. Solving
the logistic equation above will give us a value between 0 and 1. Agents with a p(b) value of
>0.5 will engage in a particular behaviour (collect AV drugs).

During an ongoing pandemic, people are likely to fluctuate between states of ‘high’ and
‘low’ capability, opportunity and motivation respectively depending on the state of the disease
around them and also on the behaviour of their peers. Hence, it is essential that agents in the
simulation are able to update their C, O and M scores dynamically. Using the information pre-
sented in Table 1, we formulate decision rules for the updating of the COM-B constructs.

1) Capability. Using the COM-B behaviour model, Rubinstein et al. (2015) identified that
a person’s capability to engage in the thought process necessary to enact a particular behaviour
(collect AV drugs) is influenced by awareness of the disease rates of the ongoing outbreak[19].
The capability of a person to make a particular decision is more likely to be influenced by local
disease activity in their immediate networks, rather than global-level prevalence estimates.
Indeed, the importance of local awareness during an outbreak has been reported before[22].
Even within local networks, disease activity is a combination of new infections occurring each
day, and the total number (cumulative) of infections that have occurred in a local network
over the course of the outbreak. Therefore, in the context of our case study, an agent’s capabil-
ity to collect authorised AV drugs would depend on its level of awareness of local disease activ-
ity, both incident cases and prevalent cases. However, it is unlikely all individuals would
actively seek out information on disease rates during a pandemic. Further, there is evidence to
suggest the possibility of a cognitive discounting of earlier hazards in favour of more recent
events[23].

In our decision framework, we propose to incorporate the effects of awareness of disease
activity using both the cumulative as well as daily incidence of influenza cases. We model the
biases that can affect an agent’s perception of local disease rates by using a weighted discount
rate (8) which can take any value between 0 and 1 (Eq 2).

Y )

Capability C is represented as the weighted sum of the number of new influenza cases I at
time t, discounted at the rate 8. This approach to calculating discounted cumulative incidence
is consistent with previous behaviour models[6, 8]. Once an agent has determined its Capabil-
ity score, it then compares it with a threshold o to determine if it is in the ‘high’ or ‘low’ state
of Capability (Eq 3).

high, c>o
c={"% (3)

low, else
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2) Opportunity

According to the COM-B model, the opportunity to engage in a particular behaviour repre-
sents all of the factors that influence the behaviour but are outside the control of the individual
[11]. Rubinstein et al. (2015) identified ‘access to treatments’ and ‘seeing other being treated’
as affecting an individual’s opportunity to engage in behaviour change (Table 1). An ecological
study performed in the UK also reported that the likelihood of AV collection significantly
reduced with increasing distance to an ACP[24]. For our case study, we model ‘Opportunity’
as a function of the distance to an ACP and seeing others in their community who have col-
lected AVs (C,,), with the distance to an ACP having an inverse association with ‘Opportunity’
(i.e. a decreasing likelihood of AV collection with an increasing distance to an ACP). Agents in
our simulation then compare their respective ‘Opportunity’ scores (O) to a threshold 7 to
determine if they are in a state of ‘low’ or ‘high” opportunity (Eq 4). There is also evidence for
the association between socioeconomic depravation (SED) and access to influenza treatment
[24, 25]. We do not explicitly include this in our current study due to the lack of available data.
However, a measure of SED, such as the English Index of Multiple depravation (IMD) [26],
could easily be incorporated into the Opportunity score as a multiplicative factor.

C
hi o
0= igh (Distance) . (4)
low, else

3) Motivation. ‘Motivation’ includes the mental processes that direct behaviour beyond
conscious decision-making[11]. According to the COM-B model, ‘motivation’ is comprised of
an automatic and a reflective component. In the study by Rubinstein et al. (2015), fear from
proximity (physical and emotional) to the pandemic, and beliefs about consequences of being
ill from pandemic influenza was identified as the automatic component of motivation that
influenced people’s decision to take AV drugs (Table 1). The belief amongst some people that,
because they followed an active lifestyle, they would make an easy recovery from pandemic
influenza without needing to take AV treatment was found to be the reflective component of
motivation[19]. In our decision framework, we used the case hospitalisation risk (CHR) as an
indicator of physical and emotional proximity to severe outcomes from the disease, and we
will use a variable, OB, to account for optimistic bias. OB can take any value between 0 and 1
with higher values indicating an increased optimistic bias. Each agent’s motivation (M) will be
evaluated against a threshold 8 to determine if they were associated with a ‘high’ or ‘low’ state
of motivation (Eq 5).

high, <No.hosptialisations

M= )/OB >0

(5)

No.illnesses
low, else

The epidemic model

We use a simple epidemic ABM to simulate a hypothetical influenza pandemic during which
agents make a decision to collect authorised AV drugs or not. At any given point during the
simulation, an individual agent is in one of four disease states—Susceptible, Exposed, Infected,
or Recovered. An infected agent would, in turn, infect a susceptible agent in its local network,
and transitions between disease states were determined by specified transmission parameters.
For our case study, we assume that only agents who have been infected (i.e. in the ‘Infected’
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state) can be authorised AV drugs. Once an infected agent has been authorised AV drugs, the
decision framework described in the previous section is triggered, and the agent then makes
the decision to collect the authorised AV, or not, based on its capability, opportunity and moti-
vation at that particular point in time.

Model parametrisation and experimentation

Using the model structure described above, we simulated 10,000 agents and one ACP, keeping
with the population-to-ACP ratio that was seen in England during the 2009 A(HIN1) influ-
enza pandemic[14]. To simulate neighbourhoods within a town or a city, we implemented a
spatially structured model where the agent space was divided in to nine equally sized regions
and, at start-up, agents were randomly assigned to one of the nine regions. A distance-base
network was used, and two agents were connected if the distance between them was lesser
than a defined maximum distance. Epidemic parameters relate mainly to the 2009 influenza
pandemic, and most were chosen from literature (Table 2); the probability of transmission was
calibrated to match the duration of the second peak of the 2009 influenza pandemic in the UK.
We assumed that AV treatment did not have an impact on transmission. Once an agent
entered the ‘Infected’ state, an NPES call would be made, and based on data from the 2009,
75% of NPFS calls would result in an AV authorisation[27]. Once an AV authorisation was
made to an infected agent, the decision module is triggered and the agent then makes the deci-
sion to collect treatment based on the decision rules described in earlier section of this paper
using information from their respective local environments.

Given that several behavioural parameters were unavailable from literature, we specified
four parameters as calibration parameters—the three behavioural thresholds (o, ) and 0), and
the probability of AV collection when C, O and M are in the ‘low’ state (OR, from Eq 1).
Given the high dimensionality of the model parameters, an exhaustive search of the parameter
space was not feasible. Therefore, we followed a three-step model calibration method based on
the Werker-Brenner calibration approach[34, 35]. We first used existing empirical data for
parameters, where they were available. For the four behavioural parameters where no data

Table 2. Input parameters for the agent-based model.

Parameter Value Source
Probability
distribution
Contact rate, Mean (SD) 11.74 (7.67) [28]
Normal
Duration of illness, Median (IQR) in days 6.5 (5t0 8) [29]
Triangular
Probability of infection, Range 0.015 to 0.020 Calibrated
Uniform
Latency period, Mean (SD) in days 1.6 (0.26) [30]
Normal
Case hospitalisation risk 0.2% [31]
Likelihood of AV collection for ‘high’ Capability vs. ‘Low’, OR 2.80 (2.52 to 3.08) [32]
(95% CI) Triangular
Likelihood of AV collection for ‘high” Motivation vs. ‘Low’, OR 2.71 (2.08 to 3.53) [33]
(95% CI) Triangular
Likelihood of AV ‘high’ Opportunity vs. ‘Low’, OR (95% CI) 4(3to5) Assumed based on
Triangular [24]

SD: Standard deviation; IQR: Interquartile range; OR: Odds ratio; CI: Confidence Intervals

https://doi.org/10.1371/journal.pone.0223946.t1002
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were available, we specified wide ranges after investigating preliminary model runs. We then
performed 1,000 model realisations to narrow down parameter ranges by comparing the
model output to empirical data and using an 80% confidence limit (error percent: 0.5%);
parameter sets that produced output that fell outside this range were discarded. We then used
subjective judgement to refine the obtained parameter ranges (abduction) and then performed
another set of 1,000 calibration runs to further narrow the plausible parameter space. For our
calibration, we used empirical time series data from the 2009 A(H1NT1) influenza pandemic on
the weekly proportion of NPFS-based AV authorisations that resulted in collections[31].
Given that the NPFS was unavailable for the first half of the first peak of the 2009 influenza
pandemic, we calibrated our model to the second wave of the pandemic (from 31 August 2009
to 11 February 2010-23 weeks and 4 days) to ensure that we had data on an entire epidemic
curve.

Model parameters were varied over a probability distribution to induce agent heterogeneity
(Tables 2 and 3). We performed a 5,000 iteration Monte Carlo uncertainty analysis by simulta-
neously varying all model parameters over the identified plausible ranges to analyse the impact
of heterogeneity on our model output. Finally, we performed a set of sensitivity analyses by
examining the model output when o, n and 8 were varied by 50%, and when 6 was varied from
0 to 1 in increments of 0.1. For the threshold variables, we also looked at a hypothetical sce-
nario where o, 1 and 0 were set at 0 (i.e. there were no barriers to capability, opportunity, or
motivation).

Results

Using our COM-B decision framework, our model was able to approximate the dynamics of
the number of AV collections relative to the NPFS-related ILI consultations (Fig 1). The peak
of the pandemic was observed on day 50 in the empirical data, whereas our model predicted
that it would occur on day 43. A second smaller peak that occurred on day 80 was consistent
our model output. Although the absolute numbers between the model output and the empiri-
cal data are not directly comparable, the relative differences and the dynamics between them
were similar. Between day 40 and day 100 of the outbreak, the mean model output (over 1,000
iterations) suggested that between 58 and 63% of ILI consultations (that resulted in NPES
authorisations) led to AV collections. This proportion for the corresponding time period in
the empirical data was observed to be slightly higher at 62 to 68%. Our final calibration param-
eter ranges are presented in Table 3.

Results from our Monte Carlo analysis where we varied all parameters across specified
ranges over 5,000 random seeds are presented in Fig 2.

Our sensitivity analyses showed that the capability threshold, , had the biggest impact on
the model output. Reducing the a value by 50% of the best-fit value increased AV collection by
almost 36%, and a 50% increase in the best-fit value of o was associated with a reduction in AV
collections by about 40%. Similar associations were found with varying the discount rate &, by
50%. Decreasing the best-fit value for the opportunity threshold 7 was seen to be associated

Table 3. Final calibration parameter ranges.

Parameter Range
o | 183 to 185
n | 0.15to 0.20
0| 0.20 to 0.25
ORy | 0.1t00.3

https://doi.org/10.1371/journal.pone.0223946.t1003
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Fig 1. A comparison of AV treatment collection rates relative to ILI consultations (based on NPFS authorisations)
between the model output and empirical data from 2009. For the model output, the solid lines represent the mean
model outputs and the shaded regions represent the range of the middle 80% of model output over 1,000 iterations.

https://doi.org/10.1371/journal.pone.0223946.9001

with a 16% increase in antiviral collections. However, an increase in the best-fit by 50% did
not make a significant difference to AV collections. Varying the motivation threshold was also
not seen to have an impact on total AV collections. Setting the o,  and 0 threshold values at 0
was associated with significant increases in AV collection (Fig 3).

Discussion

The main contribution of this paper is the development of a novel decision framework, based
on an empirically identified set of constructs [19]. Our decision framework is novel in that, to
the best of our knowledge, it is the first implementation of the COM-B model of behaviour
change in an epidemic ABM. Our behavioural-epidemic model seeks to use the COM-B
model to demonstrate how incorporating the elements of capability, opportunity, and motiva-
tion into epidemic models can generate important insights into how interventions could be
developed to improve AV collection rates (and therefore treatment rates) for future pandem-
ics. The proof-of-concept implementation of our decision framework is based on the UK
National Pandemic Flu Service which operated in 2009 and sought to divert pressure away
from primary care services. Using this approach 1.2 million treatment courses of antivirals

Number of AV collections

0 20 40 60 80 100 120 140 160
Days
E— T
Highest frequency Lowest frequency
of model runs of model runs

Fig 2. A 2D histogram showing output from a 5,000 iteration Monte Carlo uncertainty analysis.
https://doi.org/10.1371/journal.pone.0223946.g002
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Fig 3. Sensitivity analyses: Impact of varying a, n, 0 and 6 on AV collection.
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drugs were dispensed[36]. It is intended that this system will be used again in the future[37],
and other countries are now considering similar models[38].

Our model slightly underestimated the proportion collecting authorised AV drugs in the
middle part of the outbreak when compared to data observed from 2009. Although, the
dynamics, for the most part, were consistent with empirical data. The sensitivity of the model
to the capability threshold o suggests that a person’s awareness of an ongoing epidemic can
greatly influence how capable they are of making healthcare decisions. The discounting rate &
was also seen to have had a significant impact on AV collection rate. This is not surprising as
the capability threshold « is a function of . The model is not sensitive to changes in the moti-
vation threshold 0 is because we have assumed a constant CHR in our model.

The benefit of using the COM-B model is that capability, opportunity and motivation have
already been mapped to a set of interventions that are likely to influence that particular con-
struct[11]. High threshold values for o, 1 and 6 can be seen as barriers to AV collection, and
low threshold values as facilitators. An educational media campaign during an ongoing pan-
demic could contribute to an increase in a person’s awareness of the pandemic (thereby
increasing capability) and simultaneously also reduce optimistic bias (increasing motivation).
We model optimistic bias by randomly assigning levels of this bias across the population. This
could be improved in future work by first identifying specific population groups that are likely
to have increased levels of optimistic bias and then accounting for this in the ABM. Increasing
the number of ACPs (environmental restructuring) could reduce the opportunity threshold
(by reducing the distance to the ACP, improving access to treatment), and also improve moti-
vation. Findings from our exploratory analysis reinforce the findings of the qualitative study
by Rubinstein et al. that effective interventions to increase AV uptake are likely to be multidi-
mensional[19]. In deciding the most suitable intervention to increase AV collection rates, the
government will need to consider the cost-effectiveness of each potential intervention.
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The structure of our decision framework is rooted in the work done by Durham and Cas-
man[6], however, our framework differs from theirs in a number of important ways. Agents in
our simulation make decisions based on information from their local networks, unlike the
global approach followed by Durham and Casman, and we do not de-couple the epidemic and
the behavioural components of the model as has been done in some previous work|[6, 39]. But
most importantly, what our framework adds to existing evidence is, the drivers of C, O and M
that influence behaviour are based on an empirically validated framework that has already
been linked to policy, whereas the main limitation of decision frameworks based on the HBM
is that links between potential drivers of behaviour change and health beliefs are poorly under-
stood[6]. Another behaviour model based on the HBM used parameters such as attitude,
norms, and worry to obtain a behaviour score; however, the authors note that their model out-
put fit poorly with empirical data[8]. The difficulty in validating and fitting behaviour models
to empirical data has been noted by others as well [40, 41]. A systematic review of published
studies reported that only 15% of studies involving behaviour change models in epidemiology
performed any type of validation with empirical data [3]. This systematic review further noted
that most behavioural models used were theoretical models that were developed independently
from empirical data. We have followed a more practical approach and attempted to validate
our simulation model. Validation of a simulation model requires validation of the underlying
conceptual model as well as the simulation output [42]. The conceptual model that we have
used is based the COM-B model of behaviour change that is widely used within public health
and is recommended by leading research organisations [12]. We validate our simulation out-
put against NPFS data from the 2009 influenza pandemic in the UK, noting that the dynamics
observed in our simulation output was similar to what was observed in 2009.

One important consequence of a lack of suitable behaviour data is that multiple model
parameters may have to be calibrated to ensure that model output is consistent with empirical
data. Previous behaviour models have calibrated up to six input parameters [6, 8]. We have
tried to minimise the number of parameters calibrated by only calibrating the four essential
behavioural parameters. However, we varied the calibrated parameters over a range in a set of
sensitivity analyses to evaluate their impact on the model output. This is one way of validating
a model with calibrated parameters [42, 43]. Our paper also demonstrates one of the early epi-
demiological applications of the Werker-Brenner calibration approach [34, 35], which is par-
ticularly well-suited to using existing knowledge in guiding calibration of parameters with
wide uncertainty. The sensitivity analyses produced results that were qualitatively and quanti-
tatively consistent with what would be expected empirically (i.e. a reduction in behavioural
thresholds improved the likelihood of behaviour change). Nevertheless, our exploratory study
could be used to guide collection of behavioural data in the future. OR, can be easily estimated
by analysing public health survey data. The three behavioural thresholds can be estimated sta-
tistically from behavioural data collected over a period of time.

This study is not without limitations or simplifying assumptions. We assumed that AV
treatment was not used for prophylaxis and was only given to patients with clinical illness.
This is in line with what was observed during the treatment-only phase of the pandemic in
2009 during which the NPFS operated[31]. We also assumed that AV treatment does not have
an impact on transmission. There is evidence to suggest that the population-level impact of
AV treatment on transmission is likely to be quite small[44]. We do not account for varying
contact rates by agent location (workplace, school, or home), the impact of other pandemic
influenza mitigation measures, or the impact of transport disruptions. All modelling endeav-
ours require a compromise between striving for an accurate representation of reality and
computational feasibility. We have deliberately implemented a relatively simple epidemic
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model on a small population, as the network effects in our decision framework make model-
ling larger populations computationally expensive.

We fully recognise that our decision framework is not a perfect representation of the
COM-B behaviour change model, and indeed, the COM-B behaviour change model may not
be a perfect representation of behaviour change. We base the COM-B constructs for our
proof-of-concept implementation on the empirically identified set of factors by Rubinstein
et al., but we are aware that there may be other factors driving healthcare-seeking behaviour
that we have not accounted for in our model. Influences such as ‘fear’ are not straightforward
to incorporate into an ABM, but we have used what we think are sensible proxies to model the
influence of factors that are hard to represent (such as fear) in a dynamic model. We would
again like to stress that our current study is not suited to make forecasts, rather, it is intended
to serve as a tool to help explore the impact of various factors potentially driving healthcare
behaviour in a dynamic model.

Conclusions

Our decision framework demonstrates how the COM-B behaviour change model can be
incorporated into an ABM to study the effectiveness of healthcare interventions. This is, to the
best of our knowledge, the first attempt at formalising the COM-B model for use in an ABM.
Our decision framework lends itself quite well to easy parameterisation from surveys or other
public health data. We recommend that for future applications of our framework, the associa-
tions between individual factors driving behaviour change and the COM-B constructs first be
empirically identified through a qualitative study, and then the simulation model ideally be
informed by behaviour data collected specifically for the case study of interest. Capability,
opportunity and motivation are also likely to dynamically influence each other. For example,
increasing a person’s awareness of a disease (capability) could also influence their optimistic
bias (motivation). Future applications of our framework could explore the dynamic interac-
tions between the COM-B constructs. Finally, we have assumed a crisp implementation of
behaviour probability (behaviour threshold of >50% probability). In reality, however, deci-
sions are frequently made under conditions of uncertainty and imprecision. Using fuzzy deci-
sion rules [45] to guide agent behaviour could be a direction for future research to improve
upon our current framework.

Supporting information

S1 File. The model described in the manuscript has been provided as a set of Java files in
the supporting information.
(RAR)

Author Contributions

Conceptualization: Sudhir Venkatesan, Jonathan S. Nguyen-Van-Tam, Peer-Olaf Siebers.
Formal analysis: Sudhir Venkatesan.

Methodology: Sudhir Venkatesan.

Supervision: Jonathan S. Nguyen-Van-Tam, Peer-Olaf Siebers.

Validation: Sudhir Venkatesan.

Visualization: Sudhir Venkatesan.

Writing - original draft: Sudhir Venkatesan.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223946 October 17, 2019 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223946.s001
https://doi.org/10.1371/journal.pone.0223946

@ PLOS|ONE

A novel framework for evaluating the impact of individual decision-making on public health outcomes

Writing - review & editing: Sudhir Venkatesan, Jonathan S. Nguyen-Van-Tam, Peer-Olaf

Siebers.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Funk S, Bansal S, Bauch CT, Eames KT, Edmunds WJ, Galvani AP, et al. Nine challenges in incorpo-
rating the dynamics of behaviour in infectious diseases models. Epidemics. 2015; 10:21-5. https://doi.
org/10.1016/j.epidem.2014.09.005 PMID: 25843377

Funk S, Salathé M, Jansen VAA. Modelling the influence of human behaviour on the spread of infec-
tious diseases: a review. Journal of The Royal Society Interface. 2010.

Verelst F, Willem L, Beutels P. Behavioural change models for infectious disease transmission: a sys-
tematic review (2010-2015). Journal of The Royal Society Interface. 2016; 13(125).

Weiss G. Multiagent Systems. Intelligent robotics and autonomous agents. MIT Press; 2013.

Ferguson N. Capturing human behaviour. Nature. 2007; 446:733. https://doi.org/10.1038/446733a
PMID: 17429381

Durham DP, Casman EA. Incorporating individual health-protective decisions into disease transmission
models: a mathematical framework. Journal of The Royal Society Interface. 2011. https://doi.org/10.
1098/rsif.2010.0608

van Boven M, Klinkenberg D, Pen |, Weissing FJ, Heesterbeek H. Self-Interest versus Group-Interest in
Antiviral Control. PLOS ONE. 2008; 3(2):e1558. https://doi.org/10.1371/journal.pone.0001558 PMID:
19050769

Badham J, Gilbert N. TELL ME design: Protective behaviour during an epidemic. CRESS Working
Paper 2015;2.

Leppin A, Aro AR. Risk perceptions related to SARS and avian influenza: theoretical foundations of cur-
rent empirical research. International journal of behavioral medicine. 2009; 16(1):7—29. https://doi.org/
10.1007/s12529-008-9002-8 PMID: 19214752

Weinstein ND. Misleading tests of health behavior theories. Annals of Behavioral Medicine. 2007; 33
(1):1-10. https://doi.org/10.1207/s15324796abm3301_1 PMID: 17291165

Michie S, van Stralen MM, West R. The behaviour change wheel: A new method for characterising and
designing behaviour change interventions. Implementation Science. 2011; 6(1):42. https://doi.org/10.
1186/1748-5908-6-42 PMID: 21513547

Craig P, Dieppe P, Macintyre S, Michie S, Nazareth |, Petticrew M. Developing and evaluating complex
interventions: the new Medical Research Council guidance. Bmj. 2008; 337:a1655. https://doi.org/10.
1136/bmj.a1655 PMID: 18824488

Hine D. The 2009 Influenza Pandemic: An independent review of the UK response to the2009 influenza
pandemic. 2010.

Pandemic Influenza Preparedness Team. The National Pandemic Flu Service: an evaluation. Technical
Report 15652, UK Department of Health 2011, 2011.

Dobson J, Whitley RJ, Pocock S, Monto AS. Oseltamivir treatment for influenza in adults: a meta-analy-
sis of randomised controlled trials. The Lancet. 2015; 385(9979):1729-37. https://doi.org/10.1016/
S0140-6736(14)62449-1.

Muthuri SG, Venkatesan S, Myles PR, Leonardi-Bee J, Al Khuwaitir TSA, Al Mamun A, et al. Effective-
ness of neuraminidase inhibitors in reducing mortality in patients admitted to hospital with influenza A
H1N1pdm09 virus infection: a meta-analysis of individual participant data. The Lancet Respiratory Med-
icine. 2014; 2(5):395—-404. https://doi.org/10.1016/S2213-2600(14)70041-4 PMID: 24815805

Venkatesan S, Myles PR, Leonardi-Bee J, Muthuri SG, Al Masri M, Andrews N, et al. Impact of Outpa-
tient Neuraminidase Inhibitor Treatment in Patients Infected With Influenza A(H1N1)pdmQ9 at High
Risk of Hospitalization: An Individual Participant Data Metaanalysis. Clinical Infectious Diseases. 2017;
64(10):1328-34. https://doi.org/10.1093/cid/cix127 PMID: 28199524

Venkatesan S, Carias C, Biggerstaff M, Campbell AP, Nguyen-Van-Tam JS, Kahn E, et al. Antiviral
treatment for outpatient use during an influenza pandemic: a decision tree model of outcomes averted
and cost-effectiveness. Journal of Public Health. 2018:fdy108—fdy. https://doi.org/10.1093/pubmed/
fdy108 PMID: 29955851

Rubinstein H, Marcu A, Yardley L, Michie S. Public preferences for vaccination and antiviral medicines
under different pandemic flu outbreak scenarios. BMC Public Health. 2015; 15(1):190. https://doi.org/
10.1186/s12889-015-1541-8 PMID: 25884522

PLOS ONE | https://doi.org/10.1371/journal.pone.0223946 October 17, 2019 12/14


https://doi.org/10.1016/j.epidem.2014.09.005
https://doi.org/10.1016/j.epidem.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25843377
https://doi.org/10.1038/446733a
http://www.ncbi.nlm.nih.gov/pubmed/17429381
https://doi.org/10.1098/rsif.2010.0608
https://doi.org/10.1098/rsif.2010.0608
https://doi.org/10.1371/journal.pone.0001558
http://www.ncbi.nlm.nih.gov/pubmed/19050769
https://doi.org/10.1007/s12529-008-9002-8
https://doi.org/10.1007/s12529-008-9002-8
http://www.ncbi.nlm.nih.gov/pubmed/19214752
https://doi.org/10.1207/s15324796abm3301_1
http://www.ncbi.nlm.nih.gov/pubmed/17291165
https://doi.org/10.1186/1748-5908-6-42
https://doi.org/10.1186/1748-5908-6-42
http://www.ncbi.nlm.nih.gov/pubmed/21513547
https://doi.org/10.1136/bmj.a1655
https://doi.org/10.1136/bmj.a1655
http://www.ncbi.nlm.nih.gov/pubmed/18824488
https://doi.org/10.1016/S0140-6736(14)62449-1
https://doi.org/10.1016/S0140-6736(14)62449-1
https://doi.org/10.1016/S2213-2600(14)70041-4
http://www.ncbi.nlm.nih.gov/pubmed/24815805
https://doi.org/10.1093/cid/cix127
http://www.ncbi.nlm.nih.gov/pubmed/28199524
https://doi.org/10.1093/pubmed/fdy108
https://doi.org/10.1093/pubmed/fdy108
http://www.ncbi.nlm.nih.gov/pubmed/29955851
https://doi.org/10.1186/s12889-015-1541-8
https://doi.org/10.1186/s12889-015-1541-8
http://www.ncbi.nlm.nih.gov/pubmed/25884522
https://doi.org/10.1371/journal.pone.0223946

@ PLOS|ONE

A novel framework for evaluating the impact of individual decision-making on public health outcomes

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Maiman LA, Becker MH. The health belief model: Origins and correlates in psychological theory. Health
Education Monographs. 1974; 2(4):336-53.

Kraemer J. Quantitation of social variables in epidemics: a computational modeling approach. Master’s
thesis at Bloomberg School of Public Health. 2006.

Funk S, Gilad E, Watkins C, Jansen VAA. The spread of awareness and its impact on epidemic out-
breaks. Proceedings of the National Academy of Sciences. 2009; 106(16):6872.

Slovic P, Fischhoff B, Lichtenstein S. Facts and Fears: Understanding Perceived Risk. In: Schwing RC,
Albers WA, editors. Societal Risk Assessment: How Safe is Safe Enough? Boston, MA: Springer US;
1980. p. 181-216.

Haroon SMM, Barbosa GP, Saunders PJ. The determinants of health-seeking behaviour during the A/
H1N1 influenza pandemic: an ecological study. Journal of Public Health. 2011; 33(4):503—-10. https://
doi.org/10.1093/pubmed/fdr029 PMID: 21460370

Quinn SC, Kumar S, Freimuth VS, Musa D, Casteneda-Angarita N, Kidwell K. Racial Disparities in
Exposure, Susceptibility, and Access to Health Care in the US H1N1 Influenza Pandemic. American
Journal of Public Health. 2011; 101(2):285-93. https://doi.org/10.2105/AJPH.2009.188029 PMID:
21164098

Payne RA. UK indices of multiple deprivation-a way to make comparisons across constituent countries
easier. Health. 2012; 4(13.5):13.5.

Rutter P, Mytton O, Ellis B, Donaldson L. Access to the NHS by telephone and Internet during an influ-
enza pandemic: an observational study. BMJ open. 2014; 4(2):e004174. https://doi.org/10.1136/
bmjopen-2013-004174 PMID: 24491382

Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social contacts and mixing pat-
terns relevant to the spread of infectious diseases. PLoS medicine. 2008; 5(3):e74. https://doi.org/10.
1371/journal.pmed.0050074 PMID: 18366252

Wu DBC, Chaiyakunapruk N, Pratoomsoot C, Lee KKC, Chong HY, Nelson RE, et al. Cost-utility analy-
sis of antiviral use under pandemic influenza using a novel approach-linking pharmacology, epidemiol-
ogy and heath economics. Epidemiology and Infection. 2018; 146(4):496-507. Epub 02/15. hitps://doi.
org/10.1017/S0950268818000158 PMID: 29446343

Cori A, Valleron AJ, Carrat F, Scalia Tomba G, Thomas G, Boélle PY. Estimating influenza latency and
infectious period durations using viral excretion data. Epidemics. 2012; 4(3):132-8. https://doi.org/10.
1016/j.epidem.2012.06.001 PMID: 22939310

McLean E, Pebody R. Epidemiological report of pandemic (H1N1) 2009 in the UK, April 2009-May
2010. Epidemiological report of pandemic (H1N1) 2009 in the UK, April 2009-May 2010. 2010.

Ibuka Y, Chapman GB, Meyers LA, Li M, Galvani AP. The dynamics of risk perceptions and precaution-
ary behavior in response to 2009 (H1N1) pandemic influenza. BMC Infectious Diseases. 2010; 10
(1):296. https://doi.org/10.1186/1471-2334-10-296 PMID: 20946662

Bults M, Beaujean DJ, de Zwart O, Kok G, van Empelen P, van Steenbergen JE, et al. Perceived risk,
anxiety, and behavioural responses of the general public during the early phase of the Influenza A
(H1N1) pandemic in the Netherlands: results of three consecutive online surveys. BMC Public Health.
2011; 11(1):2. https://doi.org/10.1186/1471-2458-11-2 PMID: 21199571

Fagiolo G, Moneta A, Windrum P. A Critical Guide to Empirical Validation of Agent-Based Models in
Economics: Methodologies, Procedures, and Open Problems. Computational Economics. 2007; 30
(3):195-226. https://doi.org/10.1007/s10614-007-9104-4

Werker C, Brenner T. Empirical calibration of simulation models. Papers on Economics and Evolution,
2004.

Nguyen-Van-Tam JS, Nicholson KG. Neuraminidase inhibitors were widely used in the UK during the
2009 influenza A(H1N1) pandemic. Journal of Clinical Virology. 2011; 50(2):183. https://doi.org/10.
1016/j.jcv.2010.10.019 PMID: 21112812

Public Health England. Pandemic Influenza Strategic Framework. 2014.

Australian Government. Australian Health Management Plan for Pandemic Influenza. In: Health Do,
editor. 2014.

Durham DP, Casman EA, Albert SM. Deriving behavior model parameters from survey data: self-pro-
tective behavior adoption during the 2009—-2010 influenza a (H1N1) pandemic. Risk Analysis. 2012; 32
(12):2020-31. https://doi.org/10.1111/j.1539-6924.2012.01823.x PMID: 22563796

Karimi E, Schmitt K, Akgunduz A. Effect of individual protective behaviors on influenza transmission: an
agent-based model. Health Care Management Science. 2015; 18(3):318-33. https://doi.org/10.1007/
5$10729-014-9310-2 PMID: 25578039

PLOS ONE | https://doi.org/10.1371/journal.pone.0223946 October 17, 2019 13/14


https://doi.org/10.1093/pubmed/fdr029
https://doi.org/10.1093/pubmed/fdr029
http://www.ncbi.nlm.nih.gov/pubmed/21460370
https://doi.org/10.2105/AJPH.2009.188029
http://www.ncbi.nlm.nih.gov/pubmed/21164098
https://doi.org/10.1136/bmjopen-2013-004174
https://doi.org/10.1136/bmjopen-2013-004174
http://www.ncbi.nlm.nih.gov/pubmed/24491382
https://doi.org/10.1371/journal.pmed.0050074
https://doi.org/10.1371/journal.pmed.0050074
http://www.ncbi.nlm.nih.gov/pubmed/18366252
https://doi.org/10.1017/S0950268818000158
https://doi.org/10.1017/S0950268818000158
http://www.ncbi.nlm.nih.gov/pubmed/29446343
https://doi.org/10.1016/j.epidem.2012.06.001
https://doi.org/10.1016/j.epidem.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22939310
https://doi.org/10.1186/1471-2334-10-296
http://www.ncbi.nlm.nih.gov/pubmed/20946662
https://doi.org/10.1186/1471-2458-11-2
http://www.ncbi.nlm.nih.gov/pubmed/21199571
https://doi.org/10.1007/s10614-007-9104-4
https://doi.org/10.1016/j.jcv.2010.10.019
https://doi.org/10.1016/j.jcv.2010.10.019
http://www.ncbi.nlm.nih.gov/pubmed/21112812
https://doi.org/10.1111/j.1539-6924.2012.01823.x
http://www.ncbi.nlm.nih.gov/pubmed/22563796
https://doi.org/10.1007/s10729-014-9310-2
https://doi.org/10.1007/s10729-014-9310-2
http://www.ncbi.nlm.nih.gov/pubmed/25578039
https://doi.org/10.1371/journal.pone.0223946

@ PLOS|ONE

A novel framework for evaluating the impact of individual decision-making on public health outcomes

41.

42,

43.

44.

45.

Yang Y, Atkinson PM. Individual Space—Time Activity-Based Model: A Model for the Simulation of Air-
borne Infectious-Disease Transmission by Activity-Bundle Simulation. Environment and Planning B:
Planning and Design. 2008; 35(1):80-99. https://doi.org/10.1068/b32162

Heath B, Hill R, Ciarallo F. A survey of agent-based modeling practices (January 1998 to July 2008).
Journal of Artificial Societies and Social Simulation. 2009; 12(4):9.

Sargent RG, editor Verification and validation of simulation models. Simulation Conference (WSC), Pro-
ceedings of the 2009 Winter; 2009: IEEE.

Ghani A, Baguelin M, Griffin J, Flasche S, van Hoek AJ, Cauchemez S, et al. The Early Transmission
Dynamics of H1N1pdm Influenza in the United Kingdom. PLoS Currents. 2010; 1:RRN1130. hitps://doi.
org/10.1371/currents. RRN1130 PMC2780827. PMID: 20029668

Massad E, Burattini MN, Ortega NR. Fuzzy logic and measles vaccination: designing a control strategy.
International Journal of Epidemiology. 1999; 28(3):550-7. https://doi.org/10.1093/ije/28.3.550 PMID:
10405863

PLOS ONE | https://doi.org/10.1371/journal.pone.0223946 October 17, 2019 14/14


https://doi.org/10.1068/b32162
https://doi.org/10.1371/currents.RRN1130
https://doi.org/10.1371/currents.RRN1130
http://www.ncbi.nlm.nih.gov/pubmed/20029668
https://doi.org/10.1093/ije/28.3.550
http://www.ncbi.nlm.nih.gov/pubmed/10405863
https://doi.org/10.1371/journal.pone.0223946

