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Abstract. COVID-19 has caused tremendous strain on healthcare sys-
tems worldwide. At the same time, concern within the population over
this strain and the chances of becoming infected has potentially re-
duced the likelihood of people seeking medical treatment for other health
events. Stroke is a medical emergency and swift treatment can make a
large difference in patient outcomes. Understanding how concern over
the COVID-19 pandemic might impact the time delay in seeking treat-
ment after a stroke can be important in understanding both the long term
cost implications and how to target individuals during another pandemic
scenario to remind them of the importance of seeking treatment imme-
diately. We present a hybrid agent-based and equation-based model to
simulate the delay in seeking treatment for stroke due to concerns over
COVID-19 and show that even small changes in behaviour impact the
average delay in seeking treatment for the population. This delay could
potentially impact the outcomes for stroke patients and future health-
care costs to support them. We find that introducing control measures
and having multiple smaller peaks of the pandemic results in less delay
in seeking treatment compared to a scenario with one large peak.
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1 Introduction

The COVID-19 pandemic has a wider impact than just those infected by the
virus. All parts of society have been affected, and it has been shown in many
countries that there are additional excess deaths during the pandemic that are
not directly explained by the deaths due to COVID-19 infection [1, 26]. Thus, the
full impact of the pandemic on the health care system is yet to be determined.
There is speculation that excess deaths may be attributable to a delay in seeking
treatment of many non-communicable diseases due to concerns over hospital
overcrowding and being exposed to the virus which lead to a ‘watch-and-wait’
approach [16, 9]. Here we focus on the impact of COVID-19 on treatment seeking
behaviour of stroke sufferers, as it is one disease where minimising the time from
symptom onset to treatment is particularly crucial to the patient’s outcome [18].

Worldwide, stroke is the second leading cause of death, a major cause of dis-
ability [12] and one of the most expensive neurological conditions [22]. Ischaemic
strokes are the most common [12] and are defined as an episode of neurological
dysfunction caused by focal cerebral infarction [24]. Early treatment has been
associated with better outcomes [15, 8]. Stroke caused by intracerebral haemor-
rhage (ICH) is an episode of neurological dysfunction caused by a non-traumatic
bleed within the brain or ventricular system [24]. Rapid care has been associ-
ated with improved case-fatality rates [20, 21]. Both ischemic and stroke caused
by ICH are considered neurological emergencies and require fast diagnosis and
treatment to minimise the short and long-term health impacts [20].

Estimating the time delay in seeking treatment across stroke patients caused
by concerns about COVID-19 highlights the cost of COVID-19 on stroke treat-
ment, including COVID-19’s effect on direct costs such as acute stroke care and
long-term hospitalisation and treatment (medication, physiotherapy), rehabili-
tation, reintegration and quality of life and indirect costs such as productivity
loss from unemployment, informal caregiving and premature mortality [6, 13].

In this paper, we use a hybrid agent-based and equation-based model to
simulate the delays in seeking medical care for a stroke due to concern about
the COVID-19 pandemic. In the following sections, we describe the model, then
discuss the experiments run with the model and finally, the results.

2 Model

At its core, the model is an agent-based model that simulates stroke incidence
within a population to determine the delay in seeking stroke treatment. Agent-
based models for infectious disease spread have four main components, Society,
Environment, Disease and Transportation [11]. Although stroke is not an infec-
tious disease our model also has those four main components. The next sections
describe the components in more detail.
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2.1 Society

The society component uses Irish census data [3] to accurately simulate the age
and sex distribution of those 50 and older in Ireland.4 We choose those 50 and
older as the majority of strokes in Ireland occur in those over the age of 65 [19]
and models predicting stroke and cardiovascular risk often start at the ages of 40
or later [2, 4]. Each agent has both an age and a sex. Table 1 shows the number
of agents in three age groups (under 65, 65 to 79, and over 80) by sex.

Table 1: Age and Sex breakdown of Agents in the model.
Age Group Male Female

Under 65 400,768 408,125
65 to 79 238,579 250,396
Over 80 58,258 90,334

2.2 Environment

The environment component of our model is an equation-based component. Typ-
ically the environment component of an agent-based model for infectious disease
spread represents a geography that agents move through. However, instead of
representing the geography of a region, here we consider the environment to be
cases of COVID-19. We do not consider the COVID-19 disease status of the
agents in the model, but each agent knows the number of people who have re-
cently tested positive for COVID-19 in the country. As the number of cases
increases so to does the agent’s concern regarding the pandemic and their hesi-
tancy in seeking medical treatment post stroke.

Concern is discussed more in Section 2.4. To determine the number of COVID-
19 cases, we use a difference equation model based on the Irish SEIR population
level model [7]. We use difference equations instead of differential equations
because the difference equations use discrete time steps and are thus more anal-
ogous to the agent-based model.

Each time step in the model is a day and for each time step the difference
equations determines the number of agents who have tested positive. This num-
ber informs the agents of the current state of the pandemic in Ireland and factors
into their decision on waiting to go to the hospital after having a stroke.

Although the agents only represent the population in Ireland over age 50,
the COVID-19 SEIR model is run for all of Ireland. The initial conditions are
set to roughly mimic the start of the pandemic when there are only a few agents
infected in the country. The model starts with 4,937,769 susceptible agents; 6
exposed agents; 12 infectious agents and 0 recovered agents. Of the 12 infectious,
1 is pre-symptomatic, 5 are asymptomatic, 1 is isolating, 2 are waiting for tests
and isolating, 2 have tested positive and 1 is not isolating.

4 Those age 50 and older make up approximately 30.4% of the Irish population.
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2.3 Disease

The disease component of the model determines the stroke incidence in the
population. This component determines if an agent will have a stroke or not on
a day within the model and has been created so that the incidence of stroke in
the agent population matches stroke incidence in the actual population. We use
an estimate of absolute stroke risk for agents. This risk is calculated for the six
different groups of agents outlined in Table 1.

Absolute risk is defined as the number of events, in this case, strokes, in
the group divided by the total number of people in the group. To get the total
number of people in each of our six groups, we use Irish Census data, and to get
the number of strokes in each group, we use statistics from the National Stroke
Register Report 2018 [19], which provides the total number of strokes in Ireland
in 2018 that were males or females and then the percent of strokes in the three
age groups (less than 65, 65 to 79 and over 80).

Table 2 shows the absolute risk for the six age and sex categories within a
year. To determine the risk of stroke on a given day, we divide the yearly risk
by 365. Then at each time step, each agent samples a number from a uniform
probability distribution between 0 and 1. If the number sampled is less than the
daily risk of stroke for their demographic, the agent will have a stroke.

Table 2: Absolute Risk of Stroke by Age and Sex.
Age Group Male Female

Under 65 0.1% 0.05%
65 to 79 0.4% 0.2%
Over 80 0.9% 0.7%

2.4 Transportation

The transportation component of the model determines the delay in the agents
who have had a stroke arriving at the hospital for treatment. After a stroke, an
agent chooses on of four behaviours (Self Treat, Wait and See, Seek Advice, Seek
Medical Advice) and each behaviour results in a different average time to hospital
arrival. The behaviours, the resulting time delays in seeking treatment, and the
percent of strokes that follow each behaviour are determined from [17]. Table 3
shows the baseline percent chance that an agent who had a stroke will follow
each of the four behaviours and the resulting time to reach the hospital. After
a stroke, an agent decides which behaviour they will take and this determines
their personal delay to treatment time.

To make this decision an agent samples a number from a uniform probability
distribution between 0 and 1. They then use thresholds based on the percents in
Table 3 to determine which behaviour they will choose. If the random-number
is less than 0.06 they will self-treat; if it is greater than 0.06 and less than 0.38
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they will wait and see; if it is greater than 0.38 and less than 0.50 they will
seek advice and if it is greater than 0.50 they will seek medical advice. The
probabilities that an agent will choose each of the behaviours presented here are
for the baseline scenario and will change based on the level of concern an agent
has over the number of COVID-19 cases in the environment.

Table 3: Post Stroke Behaviours and Time to Reach the Hospital [17]
Behaviour Percent Time

Self Treat 6 11.5
Wait and See 32 13.25
Seek Advice 12 4.25
Seek Medical Advice 50 2

As the number of cases of COVID-19 increase, agents become more concerned
about the pandemic. The concern levels of agents are based on the Amárach
public health surveys in Ireland [23]. Concern levels from the survey show higher
levels of worry occurring around the peaks of the different waves of the pandemic.
Table 4 list the thresholds for changing the mean concern level in the model.

Table 4: Thresholds for different level of agent Concern.
Number of Cases Concern Number of Cases Concern

Less than 50 0 3000 to 10000 7.2
50 to 100 5 10000 to 15000 7.3
100 to 200 5.6 15000 to 20000 7.4
200 to 1000 6 20000 to 21000 7.5
1000 to 3000 7 21000 plus 8

We do not assume that all agents have the same level of concern. Agents are
assigned a concern level using a normal distribution with the mean concern level
from Table 4 and a standard deviation of 0.5. The higher the concern level of the
agent, the less likely they are to seek medical advice and the more likely they
are to self-treat, wait and see or seek non-medical advice. Agents behaviours and
concern are not related to demographics with all agents equally likely to select
a given behaviour or concern.

2.5 Schedule

The model runs on discrete time steps with each time step equating to a single
day in the model. At each time step the COVID-19 model determines the number
of people who have tested positive in the country, the agents determine their level
of concern, if they had a stroke on that day and how long the delay was before
they reached the hospital.
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3 Experiment

To look at how the level of agent concern impacts the average delay time in
seeking treatment after a stroke we run a number of different scenarios.

1. A baseline scenario with no COVID-19 cases.
2. A scenario with no COVID-19 restrictions and there is one peak of cases.
3. A scenario with rolling lockdowns that results in multiple peaks of cases.

Scenarios 2 and 3 are run twice to account for different levels of behaviour
change based on concern. One a low level of behaviour change where agents are
only slightly less likely to seek medical advice, and one high-level change where
agents are much less likely to seek medical advice. In all three scenarios agents
choose their behavioural response to a stroke using the method discussed in the
transportation section. What varies between the scenarios is the probability of
each behaviour. Table 5 shows the probability an agent will choose a behaviour
based scenario and their concern. In this table, each cell in the behaviour columns
records the probability of the behaviour, and (in brackets) the thresholds defining
the interval that the random number an agent samples must fall within in order
the agent to adopt that behaviour. For each scenario, the model is run 25 times
to account for stochasticity in the model. The number of runs was determined
using the method in [10].

Table 5: Probability (and sample interval) for behaviour by scenario and concern
Scenario Concern Self Care Wait & See Non-Medical Advice Medical Advice

Low level of less than 5 0.06 (0, 0.06) 0.32 (0.06, 0.38) 0.12 (0.38, 0.50) 0.50 (0.50, 1)
Behavioural 5 0.07 (0, 0.07) 0.33 (0.07, 0.40) 0.13 (0.40, 0.53) 0.47 (0.53, 1)
Change 6 0.08 (0, 0.08) 0.34 (0.08, 0.42) 0.13 (0.42, 0.55) 0.45 (0.55, 1)
with Concern 7 and greater 0.09 (0, 0.09) 0.35 (0.09, 0.44) 0.15 (0.44, 0.59) 0.41 (0.59, 1)

High level of less than 5 0.06 (0, 0.06) 0.32 (0.06, 0.38) 0.12 (0.38, 0.50) 0.50 (0.50, 1)
Behavioural 5 0.08 (0, 0.08) 0.34 (0.08, 0.42) 0.14 (0.42, 0.56) 0.44 (0.56, 1)
Change 6 0.10 (0, 0.10) 0.36 (0.10, 0.46) 0.16 (0.46, 0.62) 0.38 (0.62, 1)
with Concern 7 and greater 0.12 (0, 0.12) 0.38 (0.12, 0.50) 0.18 (0.5, 0.68) 0.32 (0.68, 1)

4 Results

The following sections discuss the results from the different experiments. For
each scenario, we look at the average delay in seeking treatment for stroke over
the year. The average delay is examined in relation to the number of COVID-19
cases and the average concern across all agents in the model for a given day.
Finally, we compare all of the scenarios to look at the potential increase in delay
in treatment due to concern about the COVID-19 pandemic.
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4.1 Baseline Scenario

The baseline scenario for our model is a situation where there are no background
cases of COVID-19 as such, the agents do not have any concern about hospital
overcrowding or COVID-19 infection at the hospital. Thus agents follow the
post-stroke behaviours and timing in Table 3. To look at the delay in seeking
stroke treatment, we first look at the average delay across a whole model run
or a whole year. For each run, we find the average delay across all agents who
have had a stroke during the year and then take the average of that across the
25 model runs. Similarly, we find the median delay for all agents who have had
a stroke during the year and then take the average of the medians across the
25 model runs. Table 6 shows the average median delay for seeking treatment
and the average delay for seeking treatment across the 25 runs, as well as the
maximum and minimum values and standard deviation.

Table 6: Delay in Seeking Stroke Treatment in the Baseline Scenario.
Average Delay (hrs) Median Delay (hrs)

Average 6.4 2.9
Maximum 6.7 2.0
Minimum 6.2 4.3
Standard Deviation 0.14 0.80

From the table, we can see that while there is a higher average delay, the
median is lower, showing that 50% of agents have stroke treatment within 2.9
hours. This makes sense based on the agents’ responses to stroke determined
from Table 3 where 50% of agents should seek medical care upon having a stroke
which would result in a delay of approximately 2 hours to treatment.

4.2 Single Peak

The next scenario we look at is a scenario that has a single high peak of COVID-
19 cases. This scenario would correspond to a real world situation where no
intervention measures were taken to slow the spread of COVID-19. Figure 1a
shows the total number of cases tested positive for COVID-19 in this scenario,
and Figure 1b shows the average level of concern across all agents due to COVID-
19 in the scenario.

The high number of cases and high concern in the first 100 days of the year
results in agents adapting their behaviours upon having a stroke. To account for
different levels of behaviour change, we look at both a high and low behaviour
change scenario. The corresponding changes in behaviour for high and low impact
were previously discussed in Table 5. Table 7 shows the average delay in seeking
treatment and the median delay in seeking treatment across the 25 runs for both
the high and low impact scenarios. From the table, we can see that there is a
slight increase in the average delay across the runs and average of the median
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(b) Average level of concern.

Fig. 1: Total cases tested positive by day and average concern by day.

delay across the runs going from a scenario where concern over COVID-19 has
a low impact on behaviours post-stroke versus a higher impact.

Table 7: Delay in Seeking Stroke Treatment with a Single Peak of COVID-19.
Behaviour Change Average Maximum Minimum Standard Deviation

Average Delay High 6.9 6.6 7.3 0.14
Low 6.7 6.5 6.9 0.10

Median Delay High 4.2 4.0 4.5 0.12
Low 4.1 3.6 4.5 0.18

4.3 Multiple Peaks

The next scenario that is more realistic in terms of COVID-19 cases represents
a set of rolling restrictions that lead to multiple peaks in cases of COVID-19
throughout the year. The timing and size of the peaks were set to mimic the
cases that occurred in Ireland during 2020. Figure 2a shows the total number
of cases tested positive for COVID-19 in this scenario, and Figure 2b shows the
average level of concern across all agents due to COVID-19 in the scenario. With
multiple infection peaks, we see a sustained high level of concern for most of the
year. However, while the concern levels in the scenario with one peak reach a
maximum of about 8 in Figure 1b the concern in the scenario with multiple
peaks has a maximum of just under 7.

Similar to the scenario with a single peak, we look at both a high and low
behaviour change scenario. Table 8 shows the average delay in seeking treatment
and the median delay in seeking treatment across the 25 runs for both the high
and low impact scenarios. From the table, we can see that the high and low
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Fig. 2: Total cases tested positive by day and average concern by day.

impact on behaviours seems to have a larger impact on the average delay in
seeking stroke treatment, whereas the median delay is not as impacted.

Table 8: Delay in Seeking Stroke Treatment with Multiple Peaks of COVID-19.
Behaviour Change Average Maximum Minimum Standard Deviation

Average Delay High 6.8 6.6 7.3 0.17
Low 6.6 6.4 6.9 0.11

Median Delay High Impact 4.2 4.0 4.5 0.14
Low Impact 4.2 3.8 4.4 0.15

4.4 Comparison of Scenarios

To compare the scenarios, we look at the percent change in the delay of seeking
stroke treatment between the baseline and each of the other scenarios and do a
one-sided t-test to determine if the average delay in treatment is greater in the
COVID-19 scenarios compared to the baseline. Table 9 shows the percent change
and p-value for each of the four scenarios discussed in the previous sections.

Table 9: Change in Delay Between the Baseline and COVID-19 Scenarios.
Behaviour Change Percent Change p-value

Single Peak High 7.8 2.2e-16
Low 4.7 1.6e-10

Multiple Peaks High 6.3 1.9e-13
Low 3.1 5.0e-8
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Looking at the table, we can see that for all of the t-tests comparing the
average delay to the baseline, we have p-values that are much less than 0, showing
that the average delays in the scenarios where agents change their behaviour
due to COVID-19 are significantly greater than the average delay in the baseline
scenario with no COVID-19 cases. Additionally, we see that even though the
single peak scenario does not have sustained concern throughout the year as
the multiple peaks scenario does, the higher level of concern during the single
peak leads to a higher percent change in delay from the baseline. As expected
for both the single peak and the multiple peaks scenarios, the versions where
concern has a higher impact on agents behaviour results in a larger difference
from the baseline compared to when concern has a lower impact on behaviour.

5 Conclusion

Our model results show that if stroke patients change their behaviours in seeking
treatment after stroke symptoms due to concern over hospital capacity or the
possibility of COVID-19 infection, there could be a significant increase in the
delay in patients arriving at the hospital and thus a delay in receiving the ap-
propriate treatment. This is not to be confused with delay in acute care having
arrived at the hospital, which may vary according to the hospital site. How-
ever, from a multi-centre study [9], time to treatment during the pandemic in
acute stroke care did not differ from time to treat prior to the pandemic from
pre-pandemic timing.

The results show that even though the single peak scenario results in no cases
and low concern after about 100 days, the higher levels of concern due to higher
cases at the peak results in more delay in seeking treatment. This suggests that
introducing measures to control the pandemic will not only save lives lost to
COVID-19 but might also save lives lost to stroke.

It is important to note that the model is not intended to predict the actual
hours that individuals who have had a stroke are delayed in seeking treatment
but to show the possible impact on delays. We see that even in scenarios with low
behaviour change there is still an impact on the delay in seeking treatment. As
it is essential to treat stroke as rapidly as possible to ensure the best outcomes,
even a small delay in time when seeking treatment could have a significant
influence on outcomes which may result in higher post-stroke medical costs. Our
results highlight the importance of considering not just the impact of COVID-
19 cases on the healthcare system but also on the long term impacts of the
pandemic on stroke outcomes. In future scenarios where there are concerns about
hospital capacity it may be necessary to target individuals at risk of stroke with
information about the importance of seeking rapid medical care.

Our model does not take into account any factors beyond a patient’s age,
gender, and the cases of COVID-19 in the background. The model could be
improved and made more realistic by including additional factors. For exam-
ple, distance to a hospital could impact the delay in seeking treatment, and
other risk factors, such as smoking or diabetes could impact an agent’s risk of
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stroke. Additionally, concern could change based on an agent’s characteristics:
the more likely an agent is to have severe COVID-19 the more concerned about
the pandemic they will be. Delays in seeking treatment may also result from
social distancing measures introduced during the COVID pandemic [9]. In pre-
pandemic times 96% of stroke emergency calls were activated by caregivers and
witnesses [5, 25]. Instructions to avoid contact with others means there is less
opportunity for the symptoms to be witnessed or disclosed to others [9].

Before the COVID-19 pandemic, stroke sufferers delays in seeking treatment
resulted in worse functional outcomes of stroke patients [18]. This may be espe-
cially so during a pandemic, as patients with severe stroke would require longer
hospitalisation, potentially increasing their exposure to in-hospital pathogens
and placing further constraints on hospital resources [14].

Funding: This project received funding from the EU’s Horizon 2020 re-
search and innovation programme under grant agreement No. 777107, and by the
ADAPT Centre for Digital Content Technology funded under the SFI Research
Centres Programme (Grant 13/RC/2106) and co-funded under the European
Regional Development Funds.
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