The impact of bank/agency staff in spreading COVID-19 across care homes:
a combined SD and ABM approach
Le Khanh Ngan Nguyen – Department of Management Science – University of Strathclyde
Supervisors: Dr Itamar Megiddo and Professor Susan Howick

Abstract
Due to long-standing shortages of staff in the health and social care sector, which have been aggravated
by the Covid-19 pandemic, care homes are heavily reliant on bank/agency staff. These staff work across
multiple care homes and preliminary evidence has shown that they are at a greater risk of Covid-19
infection than those working in a single care home. However, the extent to which bank/agency staff
contribute to spreading infection and the impact of interventions targeting this group is not well
understood.
The complexity and multi-scale characteristics of intra-facility and inter-facility transmission
dynamics in this problem make it difficult to capture using system dynamics [SD] or agent-based
modelling [ABM] individually. Therefore, we developed an integrated hybrid model that combines SD
and ABM to evaluate the impact of using bank/agency staff on the spread of Covid-19 across a network
of heterogeneous care homes and the effectiveness of targeted interventions. A stochastic SD module
embedded within each care home agent of the network simulates the intra-facility transmission
dynamics, which characterises the home’s risk of experiencing outbreaks. Intra-facility transmissions
affect the risk of infection acquisition among bank/agency staff and are also affected by the ingress of
infection via these staff (i.e., inter-facility transmissions). We use data from over 90 care homes in
Lanarkshire as a case study for parametrisation.
From empirical and practical perspectives, our model findings fill a research gap with important
policy implications for care homes. The model results have echoed the existing observational evidence
on the increased risk of infection for residents in care homes using bank/agency staff compared with
those not using bank/agency staff. The results indicate that routine testing of bank/agency staff is
particularly effective in controlling the spread of Covid-19 across care homes while restricting staff to
only working within a bubble of care homes has limited impact. Sharing staff has the greatest impact
on infections in care homes with smaller resident population size, higher staff-to-resident ratio, and
lower intra-facility transmission risk. The model is being used to assist decision-makers from the
Department of Health and Social Care in the UK concerning the proposal to ban the movement of staff
between care settings.
From a methodological perspective, the study methods advance infectious disease hybrid
simulation modelling. We demonstrate approaches for the confidence-building of hybrid models and
suggest a comprehensive presentation of conceptual hybrid models which are both under-research areas.
The study also provides a conceptualisation of an interconnected healthcare system that serves as a basis
for future research. Finally, the modelling process contributes to the development of guidance on
combining SD and ABM, filling a research gap in the simulation modelling field where it has been
noted that there is a lack of methodological clarity on mixing methods.

Introduction
Care homes in many countries, including the UK and the US, are heavily dependent on the use of
temporary bank or agency staff due to the long-standing problem of staff shortages in the health and
social care sector, which has been worse amid the COVID-19 pandemic (SSSC, 2020, Shembavnekar,
2020, Nguyen et al., 2020c). Knowledge is limited on the extent to which staff work in multiple care
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homes and contribute to spreading infection as well as which interventions effectively target this group.
While interventions that limit staff movement across care homes may reduce infection, they can also
reduce the number of staff available in a given care home. Understaffed care homes could lead to lower
quality of care for residents, and a lower staff-to-patient ratio can also increase transmission within care
homes as each staff member needs to interact with more residents (Allan and Vadean, 2021, Li et al.,
2020).
Modellers have used both top-down (system dynamics [SD]) and bottom-up (agent-based
modelling [ABM]) approaches to study SARS-CoV-2 dynamics and interventions at the country level
and in specific settings, which have contributed to COVID-19 policy decisions. SD models of infection
control have simulated the population as aggregates of sub-populations representing different states of
infection rather than individuals with distinct characteristics and behaviours. Therefore, these SD
models provide a cross-sectional view, patterns, and trends of the system over time rather than
longitudinally tracking specific individuals. It is suitable and preferable to provide a holistic view of
systems to support policymakers in making strategic decisions that influence a large population.
Examples include SD models assessing the effects of mass social isolation policies, lifting restrictions,
mass vaccination and prioritization, and the control of outbreaks in multiple care homes (Tang et al.,
2020, Fang et al., 2020, Lin et al., 2020, Ghamizi et al., 2020, Bubar et al., 2021, Hall et al., 2021). By
contrast, ABM is well-suited for capturing the detail and microstructure of intricate settings such as a
care home, including the complexity, heterogeneity, and stochasticity of interactions between different
individuals (residents, staff, and visitors) within a care home. ABM also enables interventions such as
cohorts and targeted testing to be explicitly modelled. A number of studies have adopted ABM to model
SAR-CoV-2 transmission and interventions within a single care home (Holmdahl et al., 2021, Vilches
et al., 2020, Chin et al., 2020, Smith et al., 2020, Kahn et al., 2021, Nguyen et al., 2020a).
Each simulation approach has different advantages and disadvantages, and by combining
different simulation modelling methods in a hybrid simulation model we can address COVID-19
questions and study systems and settings that are difficult to study with a single approach. Additionally,
as each method considers a problem from a different perspective, intricate and interconnected pandemic
related problems can benefit from the complimentary view and deeper insight gained from using
multiple simulation methods together (Nguyen et al., 2020c). However, despite the growing interest in
hybrid simulation and its potential benefits, a number of challenges have been raised, such as the lack
of a clear methodological approach to develop hybrid simulation models, the requirement of multiple
expertise, and the increasing cost of using more than one software package (Brailsford et al., 2018). As
a result, the use of hybrid simulation is still limited and only a small number of hybrid simulation models
have studied the dynamics of infectious disease transmission across different settings and in fragmented
populations (Vincenot and Moriya, 2011, van den Dool et al., 2008, Barnes et al., 2011, Kardas-Sloma
et al., 2013, Sadsad et al., 2013).
In this study, we develop a hybrid SD-ABM simulation model with the aim of investigating the
impacts of staff working across different care homes as well as interventions to mitigate these impacts.
Specifically, we consider the impact of reducing or stopping the use of bank/agency staff, weekly PCR
testing, and creating bubbles of care homes on the spread of COVID-19. Care home bubbles restrict
bank/agency staff to work only within a specific group of care homes that are designated as one bubble.
Our model provides a tool for exploring the interaction between interventions as they can undermine or
enhance each other when implemented simultaneously. It also helps study the variations in the impact
of using bank/agency staff on individual care homes in different network compositions. We adapt
methodology from SD and ABM practice and theory to build confidence for validating our hybrid
model. We have been collaborating with decision-makers from Health and Social Care Lanarkshire in
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Scotland, the Scottish Government, and the UK Government Department of Health and Social Care to
provide evidence to support them in considering effective interventions targeting bank/agency staff.
Working closely with our partners during the modelling helped gain their buy-in and acceptance, which
ensured implementation of our recommendations.

Methods
Model structure overview & justification of combining SD and ABM
We developed an integrated hybrid simulation model that combined SD and ABM as it is difficult to
achieve a comprehensive appreciation of the complexity and multi-scale characteristics of the problem
with a single modelling method. The hybrid model contained three modules built using either SD or
ABM: Network (ABM), Temporary Staff (ABM), and Intra-facility (stochastic SD) (Figure 1). The
concept of a network consisting of several agents representing sub-populations/healthcare facilities with
a rich internal structure built using SD is similar to Vincenot and Moriya (2011) and Barnes et al. (2011).
In these models, persons/patients move between sub-population/facility agents and spread the
epidemics across a network. Their movement was modelled implicitly via behavioural rules of agents
(i.e., how sub-population/facility agents exchange their persons/patients) in the network. These
exchanged persons/patients were still considered homogeneous. However, the nature of such movement
is different from the movement of bank/agency staff across care homes. Therefore, we find it essential

Figure 1: Architectural design of the integrated hybrid SD-AB model comprising three modules

Le Khanh Ngan Nguyen, Itamar Megiddo, and Susan Howick

3

to consider bank/agency staff in a separate module. We explain the choice of an appropriate simulation
modelling method for each module in the following subsections.
Network module: The Network module models the constituent care homes in a network that
share bank/agency staff. In this module, care home agents are characterised by their resident population
size, staffing level, bank/agency staff use, and intra-facility transmission rates (Table 1). ABM is
appropriate to build this module to address our questions as it can capture the heterogeneity in care
homes’ ingress risk and intra-facility transmission dynamics, which affect the homes’ risk of
experiencing outbreaks. Bank/agency staff shared between care homes can spread the virus from one
facility with a current outbreak to other facilities with no cases of infection, causing them to experience
outbreaks. ABM is also more flexible than SD for reflecting any changes in network composition and
enables the explicit modelling of interventions such as creating bubbles of care homes. The composition
of a network and such interventions may affect the extent to which the virus spreads across constituent
care homes.
Temporary staff module: In the Temporary Staff module, bank/agency staff members are
modelled as agents whose state variables are described in Table 1. As they are scheduled to work in
different care homes on a daily basis, following specific rules affected by their decisions and care
homes’ preference and demand, it is important to consider them at the individual level to capture the
stochasticity of their movement across care homes. Chance events such as a number of care homes
having outbreaks in low community infection prevalence may emerge from the collective movement
actions of bank/agency staff agents. Furthermore, while the aforementioned models did not consider
interventions targeting persons/patients moving between sub-populations/facilities, ABM offers more
flexibility in our study for explicitly incorporating the restriction of movement on bank/agency staff
within a bubble of care homes.
Table 1: The state variables of care homes agents and bank/agency staff agents
Variable name
Meaning and rationale
Care home agent specific state varibales
ID
The identity of the care home
GroupID
The identity of the care home sub-group to which a care home belongs
NR
The capacity of the care home
NS
The number of permanent staff members of the care home
NW
The desired number of staff members on duty per day when the home operates at full capacity
NU
The daily number of unfilled staff positions
NB
The daily number of bank/agency staff members working in the care home
IB
The daily number of bank/agency staff member that are infectious working in the care home
SB
The daily number of bank/agency staff member that are susceptible working in the care home
Intra-Facility
The transmission dynamics within the care home. The levels of stocks in the SD module are the number of residents
Module
and permanent staff in different states of infection.
Bank/Agency staff agent specific state variables
ID
GroupID
WorkID
WorkRecord
InfectionState

The identity of a staff member in the bank/agency staff pool among care homes
The identity of the care home bubble to which a bank/agency staff member belongs. The staff member can only work
at the care homes with the same GroupID.
The identity of the care home where a bank/agency staff member works
The work record of a bank/agency staff member across care homes
i = care homes’ ID
WorkRecord [i] = the number of times that the staff member works in care home i
The state of infection of a member of bank/agency staff (i.e., susceptible, exposed, infectious (asymptomatic, presymptomatic, symptomatic), and recovered

Tested
Isolation

Indicates whether a bank/agency staff member has a RT-PCR test in the last 7 days
Indicates whether a bank/agency staff member is self-isolating because of having COVID-19

Intra-facility module: A stochastic SD Intra-facility module is embedded within each care
home agent of the Network module and represents the transmission dynamics of COVID-19 in each
care home. In this module, individuals were aggregated based on their role (residents or staff members),
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state of infection, testing, and isolation status (Figure 2). Although we appreciate that the heterogeneity
of individual traits and behaviours and the detailed operational structure are important in characterising
the transmission dynamics within settings such as care homes, investigating the extent of their impact
on the spread of the virus is not the purpose of this hybrid model and has been studied in our agentbased model discussed in Nguyen et al. (2020a) and Nguyen et al. (2021). To address our questions on
transmission across a heterogeneous network mediated by bank/agency staff, it is preferable to simplify
the model by reducing the transmission dynamics complexity within each care home. The use of
stochastic SD in this case also leads to lower computational intensity while still allowing for the
stochastic transmission dynamics and the extinction of the virus, and thus, capturing the risk of

Figure 2: The structure of Intra-facility module embedded in each care home agent.
This sub-model developed using stochastic SD represents the transmission dynamics of COVID-19 within a care
home. Dash red, blue, and green lines represent transmissions caused by infectious permanent staff, residents,
and temporary bank/agency staff respectively.

outbreaks in each care home. Furthermore, as the investigated problem focuses on the transmission via
bank/agency staff across care homes in a network, each care home is viewed as a sub-system from a
holistic perspective. Each care home’s macro characteristics and behaviours, rather than individuals’
characteristics and behaviours, are of importance for decision-makers who manage a network of care
homes at a regional level. We described the equations for stocks and flows of this module in Table 2.
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Table 2: Parameters used in the model
Parameter
name
C
dR

Meaning and rationale

dS

Infection fatality rate among staff

cRR
cSS
cRS
cSR
µS
µR

The number of contacts that a resident has with other residents per day
The number of contacts that a staff has with other staff per day
The daily number of contacts that a resident has with staff per day
The daily number of contacts that a staff has with residents per day
Staff turnover rate
The rate at which residents leave the care home because of deaths caused by other reasons, moving to another facility,
admitted to hospitals, or returning to their own home (rare)
The probability that an infected resident will develop symptoms
The probability that an infected staff member will develop symptoms
The risk of transmission per susceptible–infectious contact
The time elapsed between first exposure and becoming infectious
The time elapsed between becoming infectious and onset of symptoms
The time elapsed between onset of symptoms and recovery (or recovery time for those who remain asymptomatic)
Isolation period of infected residents and staff
The reduction of resident-resident and staff-staff interactions (i.e. Compliance rate to social distancing)
The compliance to routine PCR testing in permanent staff
The sensitivity of RT-PCR test
The compliance to routine PCR testing in bank/agency staff
The interval of routine testing of staff
The turnaround time of the test
The proportion of bank/agency staff to total staff (i.e. the level of bank/agency staff use)
The probability that a bank/agency staff member is randomly allocated to a care home

R
S

e
p
i

sd
pcr
pcr
B,pcr
pcr
trt



Incidence rate in the community
Infection fatality rate among residents

Table 2: Summary of equations for stocks and flows in the Intra-facility module
Stock/ Flow
Residents
Susceptible residents

Equation
𝑑(𝑆𝑅 )
= 𝐼𝑛𝑓𝑙𝑜𝑤𝑆𝑅 − 𝐹𝑙𝑜𝑤𝑆𝑅 𝐸𝑅
𝑑𝑡
𝑑(𝐸𝑅 )
= 𝐹𝑙𝑜𝑤𝑆𝑅 𝐸𝑅 − 𝐹𝑙𝑜𝑤𝐸𝑅 𝐼𝑅
𝑑𝑡

Exposed residents
Infectious residents
Recovered residents
Isolated residents

Assumption or Comment

𝑑(𝐼𝑅 )
= 𝐹𝑙𝑜𝑤𝐸𝑅 𝐼𝑅 − 𝐹𝑙𝑜𝑤𝐼𝑅 𝑄𝑅 − 𝐹𝑙𝑜𝑤𝐼𝑅 𝑅𝑅 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝐼𝑅
𝑑𝑡
𝑑(𝑅𝑅 )
= 𝐹𝑙𝑜𝑤𝑄𝑅 𝑅𝑅 + 𝐹𝑙𝑜𝑤𝐼𝑅 𝑅𝑅 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑅𝑅
𝑑𝑡
𝑑(𝑄𝑅 )
= 𝐹𝑙𝑜𝑤𝐼𝑅 𝑄𝑅 − 𝐹𝑙𝑜𝑤𝑄𝑅 𝑅𝑅 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑄𝑅
𝑑𝑡

Admission of new residents

Transmission to susceptible
residents

Residents become infectious

𝐼𝑛𝑓𝑙𝑜𝑤𝑆𝑅 = 𝑂𝑢𝑡𝑙𝑜𝑤𝐼𝑅 + 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑄𝑅 + 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑅𝑅

𝐼𝑅

𝐹𝑙𝑜𝑤𝑆𝑅 𝐸𝑅 = 𝑐𝑅𝑅 (1 − 𝑠𝑑 )(1 + 𝐹1 𝜉1 )𝑆𝑅
𝐹2 𝜉2 )𝑆𝑅

(𝐼𝑆 +𝐼𝑆𝐷 )(𝑁𝑊 −𝑁𝐵)
𝑁𝑆 (𝑁𝑊 −𝑁𝑈 )

+ 𝑐𝑅𝑆 𝑆𝑅

𝑁𝑅

𝐼𝐵
𝑁𝑊 −𝑁𝑈

𝐹𝑙𝑜𝑤𝐸𝑅 𝐼𝑅 = (1 + 𝐹3 𝜉3 )

𝐸𝑅

𝑒
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+ 𝑐𝑅𝑆 (1 +

All residents admitted to a care home are
susceptible as they receive two
compulsory tests and are isolated for 14
days
upon
admission
(ScottishGovernment, 2020c).
Care homes operate at a full capacity.
𝐹𝑖 𝜉𝑖 : heterogeneous parameter noise,
representing parameter fluctuations
caused by individual variation (unitless)
(Keeling and Rohani, 2008)
𝑁𝑜𝑟𝑚𝑎𝑙(0,1)
𝜉𝑖 = 𝜉𝑖 (𝑡) =
√𝛿t
(𝛿t- = 1/27 days)
1
1
𝐹1 =
; 𝐹2 =
√𝐼𝑅
√𝐼𝑆 + 𝐼𝑆𝐷
1
𝐹3 =
√𝐸𝑅
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Stock/ Flow

Equation

Isolation of residents when
developing symptoms
Recovery
of
infected
residents

Assumption or Comment
𝐹𝑙𝑜𝑤𝐼𝑅 𝑄𝑅 = 𝑅 (1 + 𝐹1 𝜉4 )

𝐹𝑙𝑜𝑤𝐼𝑅 𝑅𝑅 = (1 − 𝑅 )(1 − 𝑑𝑅 )(1 + 𝐹1 𝜉5 )
𝐹𝑙𝑜𝑤𝑄𝑅 𝑅𝑅

Death of residents due to
COVID-19

𝐼𝑅

𝑝
𝐼𝑅

𝑖

= 𝐷𝐸𝐿𝐴𝑌 ((1 − 𝑑𝑅 )𝐹𝑙𝑜𝑤𝐼𝑅 𝑄𝑅 , , 0)

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝐼𝑅 = (1 − 𝑅 )𝑑𝑅 (1 + 𝐹1 𝜉6 )

We assume perfect effectiveness of
resident isolation in the model.
DELAY
(input,
delayTime,
initialValue): discrete or pipeline. Use of
this function means that all delays that it
creates take exactly the same length of
time, which is delayTime. However, until
delayTime is reached, the function will
return the initialValue.

𝐼𝑅

𝑖

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑄𝑅 = 𝐷𝐸𝐿𝐴𝑌(𝑑𝑅 𝐹𝑙𝑜𝑤𝐼𝑅 𝑄𝑅 , , 0)
Death/Discharge of residents
due to other reasons
Staff
Susceptible staff
Exposed staff
Exposed staff who
detected by testing
Infectious staff

are

Infectious staff who are
detected by testing
Recovered staff
Self-Isolating staff

Recruitment
of
new
permanent staff to replace
staff who have left
Transmission to susceptible
staff

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑅𝑅 = µ𝑅 𝑅𝑅

𝑑(𝑆𝑆 )
= 𝐼𝑛𝑓𝑙𝑜𝑤𝑆𝑆 − 𝐹𝑙𝑜𝑤𝑆𝑆 𝐸𝑆
𝑑𝑡
𝑑(𝐸𝑆 )
= 𝐹𝑙𝑜𝑤𝑆𝑆 𝐸𝑆 − 𝐹𝑙𝑜𝑤𝐸𝑆 𝐼𝑆 − 𝐹𝑙𝑜𝑤𝐸𝑆 𝐸𝑆𝐷
𝑑𝑡
𝑑(𝐸𝑆𝐷 )
= 𝐹𝑙𝑜𝑤𝐸𝑆 𝐸𝑆𝐷 − 𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝐼𝑆𝐷 − 𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝑄𝑆
𝑑𝑡
𝑑(𝐼𝑆 )
= 𝐹𝑙𝑜𝑤𝐸𝑆 𝐼𝑆 − 𝐹𝑙𝑜𝑤𝐼𝑆 𝑄𝑆 − 𝐹𝑙𝑜𝑤𝐼𝑆 𝑅𝑆 − 𝐹𝑙𝑜𝑤𝐼𝑆 𝐼𝑆𝐷
𝑑𝑡
− 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝐼𝑆
𝑑(𝐼𝑆𝐷 )
= 𝐹𝑙𝑜𝑤𝐼𝑆 𝐼𝑆𝐷 + 𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝐼𝑆𝐷 − 𝐹𝑙𝑜𝑤𝐼𝑆𝐷𝑄𝑆
𝑑𝑡
𝑑(𝑅𝑆 )
= 𝐹𝑙𝑜𝑤𝑄𝑆 𝑅𝑆 + 𝐹𝑙𝑜𝑤𝐼𝑆 𝑅𝑆 − 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑅𝑆
𝑑𝑡
𝑑(𝑄𝑆 )
= 𝐹𝑙𝑜𝑤𝐼𝑆 𝑄𝑆 + 𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝑄𝑆 + 𝐹𝑙𝑜𝑤𝐼𝑆𝐷𝑄𝑆 − 𝐹𝑙𝑜𝑤𝑄𝑆 𝑅𝑆
𝑑𝑡
− 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑄𝑆
𝐼𝑛𝑓𝑙𝑜𝑤𝑆𝑆 = 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝐼𝑆 + 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑄𝑆 + 𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑅𝑆

𝐹𝑙𝑜𝑤𝑆𝑆 𝐸𝑆 = 𝑐𝑆𝑆 (1 − 𝑠𝑑 )𝑆𝑆

𝑁𝑊 − 𝑁𝐵
((1
𝑁𝑆

+ 𝐹2 𝜉7 )
+

(𝐼𝑆 + 𝐼𝑆𝐷 )(𝑁𝑊 − 𝑁𝐵 )
𝑁𝑆 (𝑁𝑊 − 𝑁𝑈 )

𝐼𝐵
)
𝑁𝑊 − 𝑁𝑈

+ 𝑐𝑆𝑅 (1 + 𝐹1 𝜉8 )𝑆𝑆
+ 𝐶 (1 + 𝐹4 𝜉9 )𝑆𝑆
Staff becoming infectious

𝐹𝑙𝑜𝑤𝐸𝑆 𝐼𝑆 = (1 − )(1 + 𝐹5 𝜉10 )

𝐼𝑅 𝑁𝑊 − 𝑁𝐵
𝑁𝑅
𝑁𝑆

𝐸𝑆

𝑒

𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝐼𝑆𝐷 = (1 − 𝑘)(1 + 𝐹6 𝜉11 )

Infected staff detected by
testing

Permanent staff who leave a care home
are replaced by new recruited permanent
staff.
All new recruited staff are susceptible.
1
𝐹4 =
√𝑆𝑆

𝐸𝑆𝐷

𝑒

𝐹5 =

1
√𝐸𝑆

; 𝐹6 =

1
√𝐸𝑆𝐷

t = 0: {TestOn = 95;
TestReturn = TestON + trt}
t = TestON:  = pcr pcr
t ≠ TestON:  = 0
t = TestReturn: {k = 1;
TestON = TestON + pcr;
TestReturn = TestON + trt}
t ≠ TestReturn: k = 0

𝐹𝑙𝑜𝑤𝐸𝑆 𝐸𝑆𝐷 = 𝐸𝑆
𝐹𝑙𝑜𝑤𝐼𝑆 𝐼𝑆𝐷 = 𝐼𝑆
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Stock/ Flow
Self-isolation of staff when
developing symptoms or
tested positive

Equation
𝐹𝑙𝑜𝑤𝐼𝑆 𝑄𝑆

= (1 − )𝑆 (1 + 𝐹7 𝜉12 )

𝐹𝑙𝑜𝑤𝐼𝑆𝐷𝑄𝑆 = (1 − 𝑘)𝑆

𝐼𝑆𝐷

𝑝

Assumption or Comment
1
𝐹7 =
√𝐼𝑆

𝐼𝑆

𝑝

+ 𝑘𝐼𝑆𝐷

𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝑄𝑆 = 𝑘𝐸𝑆𝐷
Recovery of infected staff

𝐹𝑙𝑜𝑤𝐼𝑆 𝑅𝑆 = (1 − )(1 − 𝑆 )(1 − 𝑑𝑆 )(1 + 𝐹7 𝜉13 )

𝐼𝑆

𝑖

𝐹𝑙𝑜𝑤𝑄𝑆 𝑅𝑆 = 𝐷𝐸𝐿𝐴𝑌 ((1 − 𝑑𝑆 )(𝐹𝑙𝑜𝑤𝐼𝑆 𝑄𝑆 + 𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝑄𝑠
+ 𝐹𝑙𝑜𝑤𝐼𝑆𝐷𝑄𝑆 ), , 0)
Death of staff due to COVID19

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝐼𝑆 = (1 − )(1 − 𝑆 )𝑑𝑆 (1 + 𝐹7 𝜉14 )

𝐼𝑆

𝑖

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑄𝑆 = 𝐷𝐸𝐿𝐴𝑌(𝑑𝑆 (𝐹𝑙𝑜𝑤𝐼𝑆𝑄𝑆 + 𝐹𝑙𝑜𝑤𝐸𝑆𝐷𝑄𝑠
+ 𝐹𝑙𝑜𝑤𝐼𝑆𝐷𝑄𝑆 ), , 0)
Staff turnover

𝑂𝑢𝑡𝑓𝑙𝑜𝑤𝑅𝑆 = µ𝑆 𝑅𝑆

Module interfaces
Interface between Network module and Temporary Staff module
Care home i seeks to recruit 𝑁𝐵,𝑖 bank/agency staff each day. For each care home agent i, chosen
randomly, bank/agency staff agents who have not been allocated to any other care home and are not
self-isolating are allocated based on the following two rules one by one until the demand of this care
home is fulfilled. If the number of available bank/agency staff is insufficient to fill the required
positions, care homes will be understaffed for that day.
-

-

Rule 1 with probability : A randomly chosen bank/agency staff agent is allocated. In base case
simulations,  is set to 0.5 based on discussion with bank/agency staff members and care home
managers in Lanarkshire.
Rule 2 with probability (1 – ): The bank/agency staff agent with the largest value of
WorkRecord[i] is allocated. The rule describes a desire by care homes to utilise the same
bank/agency staff and by these staff to work in the same care home. WorkRecord is initiated by
a warm-up period of 90 days without infections in each simulation run. It reaches a steady state
after this period.

Interface between Network module (ABM) and Intra-facility module (SD)
Agents’ state variables affect flows: Care home agents’ daily staffing level determined by the state
variables 𝑁𝑊 , 𝑁𝑈 , and 𝑁𝑅 affects 𝐹𝑙𝑜𝑤𝑆𝑆 𝐸𝑆 and 𝐹𝑙𝑜𝑤𝑆𝑅 𝐸𝑅 . The number of contacts with staff per
resident remains unchanged based on the implicit assumption that the overall care home workload does
not change and, therefore, is not affected by the daily staff-to-resident ratio. This means that staff on
duty will have to carry out extra workload to maintain the quality care delivered to residents. Therefore,
the daily number of contacts with residents per staff member at work, calculated as 𝑐𝑆𝑅 =

𝑐𝑅𝑆 𝑁𝑅
,
𝑁𝑊 −𝑁𝑈

is

used in 𝐹𝑙𝑜𝑤𝑆𝑅 𝐸𝑅 in the SD Intra-facility module.
Stock levels affect agents’ state variables: The number of permanent staff members selfisolating due to COVID-19 (i.e., the level of the stock QS,i) in care home i affect the demand for
bank/agency staff on a given day during the pandemic defined by the state variable NB,i. This state
variable is calculated as follows:
𝑁𝐵,𝑖 = 𝑁𝐵𝑁,𝑖 +

𝑄𝑆,𝑖 (𝑁𝑊,𝑖 −𝑁𝐵𝑁,𝑖 )
𝑁𝑆,𝑖

;

𝑁𝐵𝑁,𝑖 ~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝛼𝑁𝑊,𝑖 )
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𝑁𝐵𝑁,𝑖 describes the number of bank/agency staff required in normal circumstances prior to the
COVID-19 pandemic due to ongoing staff shortage and absence of staff for reasons such as holidays,
unfilled vacancies, and sickness. The parameter  is the average percentage usage level of bank/agency
staff in all care homes in the network. The value of  is between 5% and 20% across various areas in
the UK (SSSC, 2020, Fenton et al., 2020, Allan and Vadean, 2017). 𝑁𝑊,𝑖 denotes the desired number
of staff members on duty per day when care home i operates at full capacity. NS,i is the number of
permanent staff members of care home i. The component 𝑄𝑆,𝑖 (𝑁𝑊,𝑖 – 𝑁𝐵𝑁,𝑖 )/ 𝑁𝑆,𝑖 represents the
number of bank/agency staff agents required to cover for permanent staff members self-isolating due to
COVID -19.
Interface between Temporary Staff module (ABM) and Intra-facility module (SD)
Aggregate measures of agents affect flows: The daily number of infectious bank/agency staff members
(𝐼𝐵 ) increase the forces of infection for susceptible residents and susceptible permanent staff (𝐹𝑙𝑜𝑤𝑆𝑅 𝐸𝑅
and 𝐹𝑙𝑜𝑤𝑆𝑆 𝐸𝑆 ) in the Intra-facility module.
Stock levels affect agents’ state variables: The levels of stocks 𝐼𝑅 and 𝐼𝑆 affect bank/agency
staff agents’ state variable InfectionState. At the end of the day (ABM time-step), susceptible
bank/agency staff acquire infection via interactions with infectious residents and other staff members
at a rate that is equal to the force of infection in staff in the care home where they have worked.
Updating rules
Table 4 shows the updating rules between the modules. The ABM modules Network and Temporary
Staff run at a daily time step as epidemiological data are collected on a daily basis and this is also the
unit of time commonly used to describe clinical characteristics of COVID-19 in the literature. The
stochastic SD module Intra-facility is theoretically based on continuous time in which the time step dt
represents an infinitesimal time-step (Ossimitz and Mrotzek, 2008). In practice, the module runs at a
small finite time step dt of 1/27 days for good numerical results for a continuous model. The modules
exchange information daily to capture transmission dynamics across care homes. As bank/agency staff
are rostered daily, it is important to update their infection state and the state of SD modules in affected
care homes on this time scale. Simulations are 90-day time steps long as this covers the period for
planning response strategies to contain the spread of COVID-19. However, we also ran the model for
180 days to assess the robustness of the findings for a longer time period.
Table 4: Updating rules at each time step (daily)
Execution
Sending Module
Order
At the beginning of each time step
1
Network (ABM)
2
Temporary Staff (ABM)
Network (ABM)
3

Temporary Staff (ABM)

At the end of each time step
Intra-facility (SD)
4

Intra-facility (SD)

Receiving Module

Information

Temporary Staff (ABM)
Network (ABM)
Intra-facility (SD)

Request bank/agency staff based on the daily demand
Schedule job – Allocate bank/agency staff into care home agents
Daily staffing level affects the number of contacts with residents
per staff member
Ingress of virus – The number of infectious bank/agency staff
members (an aggregated measure) allocated to a care home agent
affect the force of infection for susceptible residents and staff
(flows) in that facility.

Intra-facility (SD)

Temporary Staff (ABM)
Network (ABM)

Bank/agency staff acquire infection from infectious residents and
other staff members
The number of permanent staff members self-isolating due to
COVID-19 determine the need of additional bank/agency staff in
the next time step.

Data collection
Le Khanh Ngan Nguyen, Itamar Megiddo, and Susan Howick

9

We use data from care homes in Lanarkshire as a case study for parametrization. We have collaborated
with the Health and Social Care Partnership (HSCP), Public Health, and care homes in Lanarkshire
since the COVID-19 pandemic started to assist them in making decisions to reduce the impact of
COVID-19 upon their residents and staff. The partnership and previous understanding of characteristics
and operations of care homes in Lanarkshire facilitate the development of this model. Lanarkshire
comprises over 90 care homes with over 4,400 care home beds. Care homes in Lanarkshire are diverse
in terms of resident population size, staff-to-resident ratio, and management and represent the diversity
of care homes in the UK (ISD, 2018, CMA, 2017).
We interviewed care home stakeholders, including managers, staff in different roles, and had
regular discussions with representatives from HSCP and Public Health Lanarkshire, and Scottish
Government. We utilised these interviews and discussion to scope the problem, build the models, and
design the intervention strategies. We also conducted literature reviews to obtain the values for
parameters characterising the transmission of COVID-19 and the disease progression. Other parameters
are based on national data (Scotland and UK) and regional data for North Lanarkshire where available.
Experiment scenarios
We assumed that care homes operate at their full capacity for the entire simulated period. The
assumption helped avoid any distortion to the network composition in terms of constituent care homes’
size and staff-to-resident ratio. Each care home in a network implemented the following interventions:
hand hygiene and use of personal protective equipment, social distancing, testing and isolation upon
admission and re-admission of residents, closure to visitation, and weekly PCR testing of permanent
staff (80% compliance) (Scottish-Government, 2020b, PHE, 2020). We assumed that bank/agency staff
and permanent staff have the same risk of infection acquiring in the community. We examined the
impact of different average usage levels of bank/agency staff with no pandemic ( ): 0%, 5%, 10%,
15%, and 20%. We considered interventions that create similarly sized care home bubbles of size two,
three, four, or six care homes. Care homes were grouped into bubbles randomly in the base-case
simulations under the assumption that this would be done based on care homes’ geographic location in
reality. We also explored a scenario in which care homes are grouped based on their resident population
size and staff-to-resident ratio. Bank/agency staff agents were grouped into these bubbles so that the
ratios of bank/agency staff to total staff were as equal as possible across the bubbles. We also explored
the impact of these interventions given different compliance rates to weekly PCR testing among
bank/agency staff ranging from 0% to 80% in 20% increments. Additionally, we examined the effect
of different levels of staff shortage (0%, 5%, 10%, 15%, and 20%) and compared scenarios in which
bank/agency staff were used to compensate for the shortage and ones in which they were not.
We assessed how sharing bank/agency staff affects individual care homes’ COVID-19
outcomes and how care home characteristics affect these outcomes. We performed the experiments for
three other hypothetical networks B, C, and D that comprise the same number of residents and staff
members but have different compositions. Network B, which consists of homogeneous care homes in
terms of size and staff-to-resident ratio, was used to examine the effect of using bank/agency staff on
individual care homes with different intra-facility transmission risks drawn from a distribution. This
heterogeneity represents different levels of adherence to care home interventions and other care home
characteristics (e.g., architecture and operation) that we abstract from the SD Intra-facility module. Care
homes in network C are homogeneous in size and heterogeneous in staff-to-resident ratio, and those in
network D are heterogeneous in size and homogeneous in staff-to-resident ratio. We used networks C
and D to disaggregate the impact of the heterogeneity in size and staff-to-resident ratio on the model
results. Experiments with these networks also helped examine the robustness of model results to
changes in network composition.
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Results
Impact of different usage levels of bank/agency staff

Figure 3: Impact of using bank/agency staff with different compliance rates to weekly PCR testing
(A) On the cumulative number of infected residents after 90 days: Red dashed line denotes the median cumulative number of infected residents
when care homes do not use bank/agency staff. Results are for 1,000 simulations in each scenario. Boxplot: middle – median; lower hinge –
25% quantile; upper hinge – 75% quantile; lower whisker = smallest observation greater than or equal to lower hinge - 1.5 * IQR; upper
whisker = largest observation less than or equal to upper hinge + 1.5 * IQR. (B) On the risk of outbreak occurrence across care homes
within 90 days. The risk of outbreak occurrence (point) is the proportion of simulations where outbreaks occur in 1,000 simulations for each
scenario. Line range denotes the 95% CI of this outcome.

The usage level of bank/agency staff had a statistically significant impact on the risk of infection for
residents and the risk of outbreaks across care homes (Figure 3). There was a statistically significant
difference in the RR of infection and outbreak between the scenarios tested. When bank/agency staff
were not tested weekly, the RR of infection for residents in care homes using an average of 10%
bank/agency staff compared with those in care homes not using bank/agency staff was 2.65 (95%CI
2.57 – 2.72). When we set the average level of bank/agency staff to 20% of total staff, this RR of
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infection almost doubled (5.17, 95%CI 5.03 – 5.30). The RRs of outbreaks in care homes using 10%
and 20% bank/agency staff to those not using bank/agency staff were 3.76 and 5.64 respectively (95%CI
3.58 – 3.96 and 5.37 – 5.92).
The magnitude of the effect of using bank/agency staff significantly reduced when they were
more compliant with the weekly PCR testing intervention. However, when bank/agency staff’s
compliance to weekly testing was as high as permanent staff’s (80%), using bank/agency staff still
increased the risk of infection for residents and the risk of outbreaks in care homes. The RRs of infection
for residents in care homes using an average of 10% and 20% bank/agency staff compared with those
in care homes not using bank/agency staff were 1.28 (95%CI 1.25 – 1.31) and 1.64 (95%CI 1.60 – 1.68)
respectively. The corresponding RRs of outbreaks were 1.83 (95%CI 1.73 – 1.94) and 2.48 (95%CI
2.35 – 2.61).
Bank/agency staff working across multiple care homes also had a higher risk of infection than
permanent staff working in single care homes (Error! Reference source not found. in Error!
Reference source not found.). When the average usage level of bank/agency staff was 10% of total
staff, the RRs of infection for bank/agency staff compared with permanent staff were 1.55 and 1.35 in
the scenarios of 0% and 80% compliance to weekly testing, respectively (95%CI 1.52 – 1.58 and 1.32
– 1.38). When the average usage of bank/agency staff increased to 20% of total staff, these RRs of
infection were 1.98 and 1.48 in the scenarios of 0% and 80% compliance to testing, respectively (95%CI
1.95 – 2.01 and 1.46 – 1.51).
Impact of using bank/agency staff upon individual care homes with different characteristics
The impact of using bank/agency staff on the risk of outbreaks varied across care homes with
heterogeneous characteristics in a network. The use of bank/agency staff was more impactful in care
homes with lower intra-facility transmission risk, higher staff-to-resident ratio, and smaller resident
population size (Figure 4). The RR of outbreaks in care homes using bank/agency staff (at 10%) was
negatively correlated to their intra-facility transmission risk (Figure 4A). The RR for the care home
with the lowest transmission risk in the network was 17.3 (95%CI 9.47 – 31.5), whilst that for the care
home with the highest transmission risk was 1.11 (95%CI 1.08 – 1.15). We observed a similar trend for
the RR of care homes with different sizes (RR for ten residents 19.3, 95%CI 4.12 – 61.6; RR for 160
residents 1.75, 95%CI 1.64 – 1.86) (Figure 4C). By contrast, the RR of outbreaks in care homes using
bank/agency staff was positively correlated to their staff-to-resident ratio (for the ratio of 0.77: RR 2.46,
95%CI 2.16 – 2.8; for the ratio of 1.77: RR 11.0, 95%CI 8.26 – 14.5) (Figure 4B).
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Figure 4: Impact of using bank/agency staff upon individual care homes with different characteristics
The plot illustrates the RR of outbreaks (points) within 90 days in individual care homes using 10% bank/agency staff compared with those
care homes not using bank/agency staff. (A) Care homes in network B (homogeneous size & staff-to-resident ratio) with heterogeneous
transmission risk drawn from a Beta distribution (shape 1 = 5, shape 2 = 266). (B) Care homes in network C (homogeneous size &
heterogeneous staff-to-resident ratio) with homogeneous transmission risk. (C) Care homes in network D (heterogeneous size & homogeneous
staff-to-resident ratio) with homogeneous transmission risk. No intervention in bank/agency staff is implemented. Line range denotes the 95%
CI of the RRs. The dashed blacked vertical line denotes the RR of 1.00.

Impact of forming bubbles of care homes
Randomly grouping care homes into similarly sized bubbles: When bank/agency staff were not tested
weekly, creating smaller bubbles of care homes and restricting bank/agency staff from working across
these bubbles slightly reduced the spread of COVID-19 across care homes. Forming bubbles of two to
four care homes reduced the cumulative number of infections by six (95%CI 5 – 7) per 1,000 residents
after 90 days. When the weekly PCR testing of bank/agency staff was implemented, creating bubbles
of care homes had no statistically significant effect on the cumulative number of infected residents
(pairwise Wilcoxon tests: p>0.1, KS tests: p>0.05 except for the pair of bubble size of two/three and 12
in the testing compliance of 20%: p<0.001). Grouping care homes into bubbles by their size and staffto-resident ratio led to the same results as forming random bubbles.

Confidence Building
Evidence from a review indicated that the processes of verification and validation are not commonly
reported for hybrid simulation models (Brailsford et al., 2019). Only a minority of these hybrid
simulation modelling studies verified and validated the individual single-method modules using
existing standard approaches for single-method models. However, the links between modules were
rarely verified, and the overarching hybrid model was not validated. Mostafavi et al. (2014) verified the
links between modules by matching the exchanged information with the expected values.
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Our simulation model was built in Anylogic PLE 8.7.5, a multimethod simulation modelling
tool that combines graphical modelling and Java code, and analysis was carried out in R version
1.4.1717. We gained confidence in the modules and the overall hybrid model using several approaches:
code verification, white-box validation (including face validation, interface validation), black-box
validation, and sensitivity and uncertainty analysis. We adapted these methods from both SD and ABM
practices responding to the lack of systematic approaches for building confidence in hybrid simulation
models (Brailsford et al., 2019).
In white-box validation, we developed individual modules and the hybrid model by
triangulating insights from the literature, secondary data, and interviews and discussions with care home
stakeholders, including representatives from HSCP, Public Health, and staff and managers of care
homes in Lanarkshire. The model was presented to and challenged by the Scottish Government Data
Analysis Research Group, the UK Government – Social Care Working Group, and the UK Government
– Department of Health and Social Care. This helped ensure that the model structure and parameters
sufficiently represented the investigated system and that our assumptions were appropriate for the
model’s purposes. We, in consultation with the stakeholders, continuously assessed the selection of SD
and ABM for each module and the design of the hybrid model throughout the modelling process to
ensure the appropriate level of abstraction for each part of the system. For instance, we compared the
stochastic SD Intra-Facility module with parallel deterministic SD and ABM models providing
complementary representations of the same system at a different level of abstraction. This approach
helped gain plausible explanations of the system behaviour and understand any differences in outcomes
resulting from the use of these different simulation modelling methods. Additionally, we assessed the
design of the SD–ABM interfaces—in terms of what and how information is exchanged between the
modules—and updating rules to ensure the synchronisation of the modules.
In black-box validation, we adopted the pattern-oriented modelling approach (Grimm et al.,
2005) to assess the model’s ability to reproduce the following patterns observed in care homes in the
UK: i) the higher risk of infection for residents and staff in care homes that frequently use bank/agency
staff compared with ones that do not use them (Shallcross et al., 2021), ii) the higher risk of infection
for bank/agency staff compared with permanent staff in care homes that frequently use bank/agency
staff (Ladhani et al., 2020, Shallcross et al., 2021), iii) the higher risk of outbreaks in care homes that
frequently use bank/agency staff compared with ones that do not use them (Green et al., 2021, Shallcross
et al., 2021, Baister et al., 2021), and iv) the risk of outbreak occurrence in care homes specified by
their size and staff-to-resident ratio (Green et al., 2021, Burton et al., 2020, Scottish-Government,
2020a). Patterns i, ii, and iii, which reflect the impact of agency/bank staff use upon the spread of
COVID-19 across care homes within a network, are important to clarify that our model is useful for its
purposes. Patterns i, ii, and iii help validate the behaviours of the overall system. Pattern iv addresses
the validity of the sub-systems’ behaviour (care homes) when accounting for their interactions via
bank/agency staff. We identified the studies to which we compared our modelling results by a
systematic search of PubMed, the WHO COVID-19 database, and medRxiv on June 25, 2021.
We performed a global sensitivity analysis for parameter uncertainty in the base case scenario
and uncertainty analyses for structural and characteristic changes of the model to establish the
robustness of the results and their uncertainty. For model structural and characteristic uncertainty, we
examined the impact of different network compositions and the heterogeneity of care homes’ intrafacility transmission risk upon the model outcomes.
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Discussion
Consistent with other COVID-19 prevalence surveys in care homes in the UK (Green et al., 2021,
Shallcross et al., 2021, Ladhani et al., 2020), our findings generally support policies limiting the
movement of staff working across multiple care homes if their testing compliance is low. Our modelling
study found that the usage level of bank/agency staff in care homes significantly impacts the risk of
SARS-CoV-2 infection in residents and the risk of outbreaks in care homes. Bank/agency staff working
across multiple care homes can act as vectors that facilitate the inter-facility transmission of COVID19. Additionally, the lack of infection control training and accountability among bank/agency staff and
their unfamiliarity with various practice protocols across care homes potentially limit their capability
to adhere to the infection prevention and control (IPC) procedures (Travers et al., 2015). This
undermines the implementation of IPC and increases the risk of infection for residents and staff.
We explored weekly testing of bank/agency staff in this paper, and we found that it reduced the
spread of COVID-19 across care homes. Increasing compliance to routine testing among these staff
reduces the risk of infection among residents and the risk of outbreaks in the care homes. Our previous
study showed that increasing the frequency of routine testing for staff within care homes is likely even
more effective in reducing infections (Nguyen et al., 2020a), though it may lead to reduced compliance.
Despite the effectiveness of testing when compliance is high, residents in care homes using bank/agency
staff are still exposed to a slightly higher risk of infection compared with those care homes not using
bank/agency staff.
The effect of using bank/agency staff on the risk of an outbreak varies with a care home’s
relative – compared to other care homes in the network – intra-facility transmission risk, staff-toresident ratio, and size. Bank/agency staff are more likely to acquire the infection in care homes with a
higher transmission risk and then spread it into care homes with a lower transmission risk than in the
reverse direction. Care homes with higher transmission risks are also more likely to experience an
outbreak before exporting the virus via bank/agency staff. Therefore, the simulation results indicated
that using bank/agency staff increased the risk of outbreaks in care homes with a lower transmission
risk more significantly than in ones with a higher transmission risk. The risk of outbreaks increases
significantly with the increase of care home size due to the increased risk of infection ingress by a larger
number of staff members. Similar to the pattern observed in the network containing care homes with
heterogeneous transmission risk, using bank/agency staff is more impactful on the risk of outbreaks in
smaller care homes. Care homes with higher staff-to-resident ratios have a higher average daily number
of bank/agency staff on duty, which increases the risk of infection ingress via this route and, thus, the
risk of outbreaks.
Creating care home bubbles within which bank/agency staff work had a limited effect on
simulation infection estimates. This intervention slightly reduces the number of infections when
bank/agency staff’s compliance with weekly testing is low. In other scenarios, forming bubbles adds no
value to reducing the risk of infection for residents. Testing bank/agency staff weekly to quickly identify
asymptomatic and pre-symptomatic staff prevents them from spreading the infection whether they are
in bubbles or not. Whether care homes are grouped randomly or based on their characteristics, such as
sizes and staff-to-resident ratios, does not affect the overall number of infections in the network. The
latter approach shifts the risk of outbreaks and the number of infections, reducing them in smaller and
higher staff-to-resident ratio care homes but increasing them further in larger and lower staff-to-resident
ratio ones. However, this approach may cause a mismatch between the demand and supply of
bank/agency staff. For example, bank/agency staff may resist working in bubbles where care homes
have a higher risk of outbreaks or are distant from each other. The practicalities of this approach need
to be explored and discussed with HSCP and care homes.
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This modelling study has a number of limitations. Firstly, we assumed that when bank/agency
staff are in care homes, they have the same compliance level to IPC measures as permanent staff,
including hand hygiene, wearing PPE, and social distancing. If bank/agency staff compliance is lower,
our study underestimates the increased risk of COVID-19 transmission by them. Secondly, the model
has not accounted for the activities that bank/agency staff undertake within the care homes. These
activities would affect their contact rates and the nature of their contacts, which in turn influences the
per-contact transmission risk with residents. The evidence remains uncertain on the difference in the
risk of SARS-CoV-2 infection between care home staff working in resident-facing roles compared with
those not working in these roles. Thirdly, our model has not accounted for the potential increased risk
of SARS-CoV-2 infection in bank/agency staff who also work in other healthcare settings such as
hospitals and/or carry out other care duties. Interactions in these settings typically require closer contact
than in the community more broadly. Fourthly, the model has not considered scenarios in which
bank/agency staff move across care homes multiple times per day. These factors would serve to increase
the impact of using bank/agency staff. Finally, we have not modelled care homes’ adaptive decisions
about interventions which can also contribute to affecting the intra-facility transmission risk. For
example, care homes that experience outbreaks may become more compliant with IPC measures, while
the compliance in other care homes that have not had outbreaks may decrease over time.
Our results also help understand how heterogeneity in network composition affects individual
care homes. Our base case model reflected characteristics of care homes in the UK, but it could be
tailored to a specific network of care homes in other countries to evaluate the impacts of policies
targeting staff working across multiple care homes. The model can also be updated and extended to
reflect the heterogeneity in care homes’ adaptive decisions about interventions.
The study methods advance infectious disease hybrid simulation modelling and, in particular,
we demonstrate approaches for validation and confidence building of hybrid models, in underresearched areas. The study also provides a conceptualisation of an interconnected healthcare system
that serves as a basis for future research. Reflecting on our hybrid model, we are currently working on
a theoretical guidance for mixing SD and ABM, of which the early version has been published (Nguyen
et al., 2020b), to fill a research gap in the simulation modelling field where it has been noted that there
is a lack of methodological clarity on mixing methods (Brailsford et al., 2019).

Conclusion
In conclusion, this modelling study has implications for policymakers considering developing effective
interventions targeting staff working across multiple care homes during the ongoing and potential future
pandemics. The use of bank/agency staff working in multiple care homes increases the risk of SARSCoV-2 infection for residents and the risk of outbreaks across these facilities. Our results suggest that
the movement of staff across care homes should be limited, and care homes should use bank/agency
staff at a minimum possible level to reduce infections. Where using bank/agency staff is unavoidable,
they must be encouraged to comply with routine testing. They should also be inducted into new care
home environments to enhance their compliance with other IPC interventions. Forming bubbles of care
homes shows little value in reducing the risk of inter-facility transmission and may be resourceconsuming to implement and monitor. In addition to empirical and practical contributions, this study
also has theoretical and methodological contributions to the field of simulation modelling, hybrid
simulation in particular, in management science/operational research.
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