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Contributing to health system resilience R

during pandemics via purchasing and supply
strategies: an exploratory system dynamics
approach

Paula Gotz', Willem L. Auping' and Saba Hinrichs-Krapels'

Abstract

Background Health systems worldwide struggled to obtain sufficient personal protective equipment (PPE) and ven-
tilators during the COVID-19 pandemic due to global supply chain disruptions. Our study’s aim was to create a proof-
of-concept model that would simulate the effects of supply strategies under various scenarios, to ultimately help
decision-makers decide on alternative supply strategies for future similar health system related crises.

Methods We developed a system dynamics model that linked a disease transmission model structure (susceptible,
exposed, infectious, recovered (SEIR)) with a model for the availability of critical supplies in hospitals; thereby con-
necting care demand (patients' critical care in hospitals), with care supply (available critical equipment and supplies).
To inform the model structure, we used data on critical decisions and events taking place surrounding purchase,
supply, and availability of PPE and ventilators during the first phase of the COVID-19 pandemic within the English
national health system. We used exploratory modelling and analysis to assess the effects of uncertainties on differ-
ent supply strategies in the English health system under different scenarios. Strategies analysed were: (i) purchasing
from the world market or (i) through direct tender, (jii) stockpiling, (iv) domestic production, (v) supporting innovative
supply strategies, or (vi) loaning ventilators from the private sector.

Results We found through our exploratory analysis that a long-lasting shortage in PPE and ventilators is likely

to be apparent in various scenarios. When considering the worst-case scenario, our proof-of-concept model shows
that purchasing PPE and ventilators from the world market or through direct tender have the greatest influence

on reducing supply shortages, compared to producing domestically or through supporting innovative supply strate-
gies. However, these supply strategies are affected most by delays in their shipment time or set-up.

Conclusion We demonstrated that using a system dynamics and exploratory modelling approach can be helpful

in identifying the purchasing and supply chain strategies that contribute to the preparedness and responsiveness

of health systems during crises. Our results suggest that to improve health systems'resilience during pandemics

or similar resource-constrained situations, purchasing and supply chain decision-makers can develop crisis frame-
works that propose a plan of action and consequently accelerate and improve procurement processes and other gov-
ernance processes during health-related crises; implement diverse supplier frameworks; and (re)consider stockpiling.
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This proof-of-concept model demonstrates the importance of including critical supply chain strategies as part
of the preparedness and response activities to contribute to health system resilience.

Keywords Critical medical supply chains, Health system preparedness, Health system responsiveness, Health system
resilience, Personal protective equipment (PPE), System dynamics, Exploratory modelling and analysis

Introduction

The purpose of a health system is to “improve, main-
tain or restore health” [1], but this ability can be severely
impaired during disruptions such as a pandemic. Dur-
ing the COVID-19 pandemic, health systems worldwide
struggled to deliver basic services [2, 3]. This prompted
policy and scholarly work to focus on resilience of health
systems [4—6]. Resilience is often described using the fol-
lowing characteristics: preparedness, response, recovery,
and growth [7, 8]. Given that critical medical supplies,
such as drugs, devices and equipment, are considered
one of the essential building blocks of any health sys-
tem [9], it is just as important for their associated sup-
ply chains strategies to enable the health system to be
prepared and responsive in an emergency. However, the
COVID-19 pandemic showed that health systems strug-
gled to organize sufficient critical medical supplies such
as personal protective equipment (PPE) and ventilators
(10, 11].

Today’s critical medical supply chains tend to focus
on creating efficiencies through cost minimization, the
reduction of inventory, and the maximization of utiliza-
tion across the entire supply chain, aiming for so-called
‘lean’ strategies [2, 3, 12]. A potential negative conse-
quence of creating efficiencies, however, is that the sup-
ply chains’ abilities to respond to unexpected events
decreases: maintaining a low inventory, for example,
decreases preparedness as it does not allow for sudden
increases in demand [13, 14]. Furthermore, PPE and ven-
tilator supply chains operate in a globalized and intercon-
nected world [15], meaning that global disruptions, such
as transportation network disruptions or export bans,
can significantly affect critical medical supply chains.
Consequently, lean critical medical supply chains that are
prone to uncertainties combined with global disruptions
are likely to be significantly affected by pandemics [3, 12].

During the onset of the COVID-19 pandemic,
many health systems in the Global North used two
types of strategies to purchase and supply PPE and ven-
tilators: preparedness strategies and responsiveness
strategies. Preparedness strategies focus on the time
frame before a shock hits the health system and focus
on long-term solutions [2, 7, 8]. The most popular sup-
ply strategy applied in preparedness is stockpiling, as
it helps to absorb any demand shocks in the beginning

of a crisis [16—18]. On the other hand, responsiveness
strategies focus on the time window when the crisis
first occurs [2, 7, 8], which is when the health system’s
performance is heavily affected. In the context of the
Global North, decision-makers in health systems often
decided to “ramp up” domestic production [19, 20],
support innovative supply strategies [21-23], or to loan
products from other sectors such as the private health
sector [24] as a response. Additionally, health systems
could purchase products from the world market in
competition with other health systems, or using accel-
erated processes without competition through direct
tender [25]. Many health systems applied these supply
strategies simultaneously.

However, to our knowledge, there are few academic
studies that demonstrate the effects of these different
purchasing and supply strategies for critical medical
supplies in preparing and responding to a pandemic
situation for a specific region. Existing literature has
focussed on mitigation strategies for managing whole
supply chain disruptions during COVID-19 [26] or
on categorising supply chain research management
more generally [12, 27]. As pointed out by Sigala et al.
(2022), few studies take a systemic approach to risk
management in the supply chain literature [28]. Their
study provided a more systemic view on the effects of
PPE supply chain disruptions during the first wave of
COVID-19 across regions and countries. In this study,
we specifically assess the health system effects of dif-
ferent national purchasing and supply strategies for
acquiring PPE and ventilators during the beginning
of pandemics, using an exploratory [29, 30] System
Dynamics (SD) approach [31].

We use the term critical medical equipment or criti-
cal medical supplies interchangeably to refer to medical
supplies, such as PPE and ventilators, during health-
related crises. A health-related crisis is a “disruption
that physically affects a (health) system as a whole and
threatens its basic assumptions, its subjective sense of
self, its existential core, ... and it triggers a public policy
chance” [32].

In consecutive sections, we focus on the methods
used in this research, the results of this work, followed
by a discussion focusing on the uncertainties affecting
different supply strategies, and conclusions from our
exploratory study.
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Methods

To simulate and analyse the success of different supply
strategies under various scenarios, we used SD in combi-
nation with Exploratory Modelling and Analysis [29, 33].
First, we used a SD model to model the spread SARS-
CoV-2, using data from the English national health ser-
vice (NHS), the resulting demand for PPE and ventilators,
as well as the supply strategies. To explore the impact of
uncertainties on the shortage of PPE and ventilators, we
applied Exploratory Modelling and Analysis to the SD
model. We introduce the research methods and explain
our motivation to use them below.

System dynamics to model the spread of COVID-19
and supply strategies
SD is a deterministic, differential equation-based simula-
tion modelling method with a strong visual language. It
is extremely suitable for understanding problems within
complex systems, such as the organization of critical
medical supplies, as it centres around the idea that a prob-
lem is present due to the interactions, feedback loops,
and delays among different components within a system
[34]. These characteristics cause the non-linear behav-
iour of systems, which can be simulated with SD models
over a certain time horizon. Also, SD offers the chance
to find bottlenecks that cause problems within systems
[35]. Problems that are suitable to be modelled using SD
include questions related to accumulation, an increase or
decrease of a quantity over time, delays (meaning that the
effect of one variable on another is delayed), and feed-
back loops (meaning “when the effect of a causal impact
comes back to influence the original cause of that effect”
[36]). That is the case for the provision of PPE and venti-
lators during a health-related crisis like COVID-19, as it
is characterised by accumulation phenomena such as the
stockpiling of PPE and ventilators, delays such as those
caused by procurement processes, or the time between
the production and delivery of PPE, as well as feedback
phenomena such as the interplay between the infectious
and the susceptible population.

In previous studies, SD has continuously proven to be
a useful method to address the complexity of problems
within health systems [35, 37-40], for instance, focus-
ing on health service delivery or health care capacities
and their fluctuations. Within existing literature focus-
sing on supply chains for health systems, only a handful
of studies used SD for problems relating to critical supply
availability [41-43]. SD modelling in supply chain man-
agement often focuses on decisions regarding inventory
levels, demand amplification, supply chain design, sup-
ply chain management, sustainability, as well as stockouts
of medicine [44-46], but there has been less focus on
using SD to combine procurement processes, stockpiling,
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distribution, and forecasting of PPE and ventilator usage,
as well as the modelling of the supplier side of PPE and
ventilators.

The base for our SD model was a S(usceptible)
E(xposed) I(nfected) R(ecovered) transmission model
to present the spread of COVID-19 and the resulting
demand for critical medical supplies, in this case PPE and
ventilators. The SEIR model, demonstrated to be appli-
cable for modelling disease spread for different scenarios
[47], was used as a deterministic transmission model. In
the SEIR structure, we differentiated between different
country groups (i.e., England, high-income countries,
middle-income countries, low-income countries) and
different age cohorts to represent the age-dependent
severeness of COVID-19. The SEIR model was extended
with stocks to represent the hospital population in inten-
sive care and general wards. We assume that the demand
for PPE and ventilators is derived from the demand for
general hospital/intensive care units.

Next to the SEIR sub-system, several other sub-systems
are included in the SD model. One sub-system focuses
on the demand for PPE and ventilators at each simu-
lated time step, and a forecasted demand for further time
steps. That information is fed into the sub-system focus-
ing on the decision-makers’ ordering process of placing
orders with different supply strategies. An overview of
the differences in the supply strategies used in our model
is provided in the Table 1.

Another sub-system models the considered supply
strategies focusing on their supply chains, including ship-
ping times and supply chain performances. To measure
the success of supply strategies, the normalized shortage
or coverage per day and in total over time is measured.
To account for different kinds of PPE, we differentiated
between five different types (i.e., gloves, simple face
masks, respirators, gowns, and eye protection). Differ-
ences are present in the production capacities as well as
other supply chain factors.

SD Model: extended SEIR model to add supply strategies
We constructed an exploratory SD model [30] based on
the collected knowledge from the case study (the English
NHS). The most important relationships in the system
are illustrated in a causal loop diagram (Fig. 1) [53]. A
causal loop diagram captures the most critical compo-
nents of the model and helps to grasp the relationships
between the variables within a system. Arrows with
(+) indicate a positive relationship (when one variable
increases, so does the other) and those with (-) indicate
an opposite relationship (when one variable increases,
the other decreases, and vice versa).

Based on the causal loop diagram, one could follow
the following train of thought to explain the behaviour
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of the system as the dynamic hypothesis. As COVID-
19 spreads throughout the population, the pressure
on hospitals and the demand for PPE and ventila-
tors increases. Once the demand for PPE and ventila-
tors exceeds the existing supply in the health system, a
shortage appears for critical medical supplies. This is a
call for decision makers to order critical medical sup-
plies or set up various supply strategies (Table 1): (i)
purchase through direct tender, (ii) purchase critical
medical supplies from the world market, (iii) stockpile,
(iv) start domestic production, (v) support innovative
supply strategies, or (vi) loan ventilators from the pri-
vate sector (shown in blue text, Fig. 1). Decision-makers
can decide about the combination of supply strategies
to apply, how orders should be placed, and they can
implement different actions to reduce the set-up time
of supply strategy (shown in orange text, Fig. 1). Such
actions can include creating and implementing plans

about how to act in times of crisis. How many critical
medical supplies end up reaching the country (in this
case, England) depends on factors affecting the resil-
ience of a supply strategy, such as export restrictions or
the risk of unusable products being delivered. As more
critical medical supplies are provided, the shortage of
critical medical supplies decreases in the country.

We performed various tests to check whether the
model was fit for purpose [34, 54, 55]. Specific tests that
we performed, based on Forrester and Senge [54], were
on structure verification, parameter verification, extreme
conditions, boundary adequacy, dimensional consistency,
behaviour reproduction, behaviour anomaly, behaviour
sensitivity, and policy sensitivity. We found that our
results generally hold true, apart from countries where
due to large income disparities the GDP per capita is not
a good measure of the development level or the whole
population.
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Exploratory modelling and analysis to find successful
policies

According to Bankes [29], exploratory modelling is a
method to explore the impacts of different uncertainties
and hypotheses regarding the model structure. For such
an exploration, computational experiments (i.e., large
amounts of model runs) that cover the range of values of
uncertainties in the model are used. Exploratory model-
ling was thus deemed suitable to apply to the modelling
of critical supply chains in health systems, since numer-
ous uncertainties affect the functioning of health systems
and its supply of critical medical supplies during pan-
demics such as COVID-19 [56, 57]. Such uncertainties
can include, for instance, export restrictions or produc-
tion capacities. We therefore used Exploratory Modelling
and Analysis (EMA), as it allows us to analyse the influ-
ence of parameters on model outcomes under different
assumptions.

To identify the uncertainties affecting the model’s
outcome significantly, as well as the characteristics of
successful policies, we applied Many Objective Robust
Decision-Making (MORDM) [58]. In our case, we
defined a successful policy as one that minimizes the
shortage of PPE and ventilators. To apply MORDM, we
used the EMA Workbench [59], an open-source library
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for Python, to conduct the series of computational exper-
iments. The MORDM process consists of four steps:
problem formulation, alternative generation, uncertainty
analysis, and scenario discovery [60].

Before the MORDM process is applied using the EMA
workbench, we conducted an open exploration to explore
how the different policies behave over the range of
uncertainties. A policy is a combination of different sup-
ply strategies and set-up times for each supply strategy.
The results of the open exploration are visualised using
graphs with the dynamics of all model runs. For instance,
feature scoring was used to identify the differences in
impact uncertainties have on the outcome [59].

The first step of the MORDM process is the problem
formulation. It contains the definition of uncertainties,
levers (decision variables), and the model outcomes,
which can also be described as measures of performance
[58]. For this step, it is vital to identify the range of val-
ues that both uncertainties (Table 2) and decision levers
(Table 3) can take. A detailed overview of all decision
levers, outcomes, and uncertainties can be found in the
digital appendix (https://github.com/paulagoetz/resil
ientsupplystrategiespandemicsSD).

During the alternative generation, a set of candidate
policies is generated based on a specific state of the

Table 2 Overview of uncertainties and associated assumptions/sources used in model

Category Uncertainty

Source

Supply Chain

Supply Chain Disruption  Shipment times; Export Restrictions; Delays in the production & procure-

ment of products

Crisis Infectivity

Base raw material & production capacity for PPE and ventilators. Increase
in production capacity over time for PPE and ventilators

Assumptions made based on sources
where possible. For instance, information by [23,
48,49,61]

Values obtained from information by [25, 51]

Values obtained from information by [62, 63]

Table 3 Overview of decision levers and associated assumptions/sources used in model

Decision levers Definition

Switches for supply strategies
always in place

Order buffers for supply strategies

These variables determine whether a supply strategy is applied or not. Stockpiles are assumed to be

Order buffers are applicable to supply strategies, excluding stockpiling PPE or ventilators. Order buff-

ers determine to what extent a supply strategy is prioritized. Higher-order buffers trigger higher sizes

in orders
Setup times for supply strategies

Setup times determine how quickly orders can be placed with a specific supply strategy. Setup

times are not considered for stockpiles. More effective procurement and supplier frameworks can
reduce the setup times for supply strategies

The effectiveness of innovative supply strategies

Decision levers in this category affects the impact of the supply strategy innovation. Levers in this

category include, for instance, government support

The composition and operation of stockpile
Operational levers

Decision levers in this category focus on the logistics of the stockpile and its equipment
In the developed system, it is assumed that products are stored centrally before being delivered.

These variables focus on the effectiveness of these processes

Levers affecting forecast and order point

Levers in this category include the forecast horizon and the threshold value to order PPE
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world, which is defined by the value of uncertain varia-
bles and is referred to as a scenario. The scenario of inter-
est in our research is the worst-case scenario identified
in the open exploration. We found the candidate policies
using multi-objective optimization by identifying the best
policies given the worst-case scenario. The optimization
uses Latin hypercube sampling [64], as suggested by Bry-
ant and Lempert, 2010 [60] since it provides an efficient
sample of a model’s behaviour.

Afterwards, an uncertainty analysis is conducted by
running experiments over the identified candidate poli-
cies and different scenarios [58]. The range of values for
the uncertainties needs to be reasonable but does not
always have to be possible [58]. We used the uncertainty
analysis results as an input for the scenario discovery and
to compare the candidate policies in terms of robustness.

Lastly, scenario discovery is conducted to identify com-
binations of uncertainties that have the most significant
impact on the outcomes of the model. In that way, we can
discover by what circumstances our results are affected
the most. Scenario discovery uses clustering analyses to
find combinations of uncertainties that best predict an
outcome of interest [60]. The outcome of interest is low
coverage of PPE and ventilators for the case at hand. For
the scenario discovery, the EMA workbench deploys
the PRIM algorithm [65]. After the application of the
PRIM algorithm, the user can choose a scenario based
on its coverage and density value. A high coverage indi-
cates that the selected scenario can explain a high share
of outcomes of interest, a high value in density indicates
the certainty in the prediction [58]. During the scenario
inspection, we can identify the most relevant uncertain-
ties affecting the outcome of interest, and their range
of values [58]. Additionally, we can visualize the results
using dimensional stacking, which identifies the combi-
nation of uncertainties that have the most impact on the
outcome of interest.

Experimental design

In all our experiments, we used Vensim DSS version
9.2.4 in combination with EMA workbench release 2.3.
We simulated the model over a time horizon of 210 days
(in the beginning of the pandemic), with a time step of
0.0078125 day, and Euler integration method. We per-
formed three different sets of experiments with our
model. First, we did an open exploration in which the
four previously designed policies were tested over 800
scenarios resulting in 3200 experiments considering the
uncertainties. As the policies did not show a significant
improvement, a directed search for PPE and ventilators
to generate a set of candidate policies that perform best
considering the worst-case scenario identified in the
open exploration was conducted. The directed search
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was run over 4000 “number of evaluations” for ventilators
and 5000 for gloves & simple masks aiming to maximize
the total coverage. To track the convergence of the opti-
mization process in the directed search, we tracked the
e-progress using an e-value of 0.05. The directed search
resulted in six candidate policies.

Second, we performed an uncertainty analysis using
the candidate policies identified in the directed search
and the defined uncertain variables. For these runs,
we reduced the amount of uncertainties considered, as
PRIM’s scenario discovery can only consider up to around
30 uncertainties. Uncertainties associated with a specific
supply strategy not relevant to the candidate policies and
uncertainties affecting the spread of the virus were elimi-
nated. Feature scoring of the open exploration showed
that uncertainties affecting the spread of COVID-19 had
a significantly higher impact and outshone uncertainties
relevant to supply strategies. The uncertainty analysis
considered 1000 different scenarios. Hence, for the case
of ventilators, 1000 experiments and in the case of simple
masks & gloves, 6000 experiments were run.

Third, we did scenario discovery using PRIM to identify
the variables that have the most impact on the changes
in performance, considering the case of ventilators. To
do so, one must define performance measure thresholds
regarding the outcomes of a model. The performance
threshold was chosen to focus on values lower than 35%
of worst cases regarding the total coverage regarding ven-
tilators, simple masks, and gloves. PRIM returned the
uncertainties most likely to contribute to the outcome
and their range of values.

Results

We include three experiments in the results of our sim-
ulations: (a) open exploration, where we explore the
behaviour of the system; (b) testing the results of alterna-
tive policies; and (c) testing these policies under different
future uncertain scenarios.

Open exploration: exploring the behaviour of the system

The results of the open exploration indicate that a
long-lasting shortage in PPE and ventilators is likely
to be apparent in various scenarios (Fig. 2). Looking at
the impact of the different supply strategies, we could
observe that: (i) stockpiling helps to absorb the first
demand shocks of PPE, as the graphs shows that the
deliveries start significantly earlier compared to other
supply strategies. (ii) Supply strategies purchasing PPE
and ventilators from the world market and purchasing
PPE and ventilators through direct tender can contrib-
ute the most to decreasing the shortage of ventilators and
PPE. The highest volume of deliveries is possible through
the supply strategy purchasing products from the world
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Deliveries of simple masks per day for different supply strategies in the open exploration
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Fig. 2 Comparison of deliveries between different supply strategies over time. Each line represents one experiment. a represents the supply
strategy domestic production, b represents the supply strategy stockpiling, ¢ represents the supply strategy innovation. The y-axis on each figure

represents the delivered products per day

market. (iii) “Ramping up” domestic production and
focusing on innovation as supply strategies can contrib-
ute significantly to the availability of PPE and ventilators
during the beginning of COVID-19, but at a lower level
than other supply strategies and at a later point in time.
The graphs indicate that the spread in deliveries is higher.
(iv) Loaning ventilators from other sectors can help to
absorb arising demands in the beginning of COVID-19
due to its low delivery times. The capacity of the supply
strategy is limited. An overview of the potential impact
of the supply strategies domestic production, innovation,
and stockpiling can be seen in Fig. 2. For comparison, the
number of hospitalisations over time is shown in Fig. 3.

Characteristics of candidate policies

We define a “candidate policy” as the combination of
different decision variables. The alternative generation
resulted in candidate policies that exhibited differ-
ences in the combination of applied supply strategies
and set-up times. The set-up time refers to the time it
takes before orders have reached the supply strategy,

which requires a fast reaction by decision makers. As
expected, the results show that the candidate policies
exhibit very low set-up times for the applied supply
strategies. Furthermore, we found out that all candidate
policies applied stockpiling as a supply strategy and for
most candidate policies it was suggested to increase
the inventory level to a higher level than originally
recommended.

We found out that the supply strategies purchasing
products from the world market and purchasing prod-
ucts through direct tender were applied in almost all
candidate policies, as shown in Fig. 4. In contrast, the
supply strategies focusing on supporting innovations
and domestic production were applied fewer times
within the candidate policies for the considered PPE,
simple masks and gloves. That means considering the
worst-case scenario it is less attractive to the English
health system to produce PPE domestically or through
innovative ideas compared to purchasing products
from the world market or purchasing products through
direct tender.
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Fig. 3 Simulated behaviour for hospitalized population (a) and the population in ICU (b)

Occurrence of supply strategies and Order Buffer for Simple Masks and Gloves
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Fig. 4 Occurrence of supply strategies in the candidate policies for simple masks and gloves. Six candidate policies were identified overall, and all
candidate policies applied the supply strategy purchasing from the world market. The order buffer indicates how much decision-makers prioritize/

overorder products

Scenario discovery: impactful uncertainties

Using the scenario discovery, we analysed which uncer-
tainties affect the success of candidate policies the most.
Since this work focuses on actions of health systems dur-
ing crises, we are specifically interested in which scenar-
ios the candidate policies perform the worst. We found
out that especially uncertainties surrounding the supply
strategies purchasing products through direct tender or

purchasing products from the world market impact the
low availability of simple masks, gloves, and ventilators
(only direct tender for ventilators). Overall, the most
influential uncertainties were high shipment times, delays
in the production of the different supply strategies, and
export restrictions (Fig. 5). Figure 6 specifically focuses
on the case of gloves and indicates what uncertainties
have the most influence on a low availability of gloves.
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Fig. 5 Impact of export restrictions. Experiments with extreme export restrictions are highlighted in red. The range of possible deliveries per day

for all cases is shaded in light blue

Preparation shipment PPE production worldwide (0.23) 1 1 14 10
change in transportation time PPE (0.23) 4 71 18 60
Reach PPE (0.2){ 0.15 £ 3e+02

Share of faulty PPE (0.076) {0.0012 0-051 0.5

Delayed shipment time (6.8e-05, 0.19) 1 31 2 3"‘e"'mB.GeHZZ

Shipment time direct tender PPE (1.2e-11) 1 14 ) 1.2e+(2
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Fig. 6 Uncertainties that the define the scenario of interest for gloves. The plot indicates what range of values potentially result in a low
availability of gloves and lists the most influential uncertainties on the left. The value in parenthesis next to the uncertainties is the gp-value.

A lower gp-value indicates how influential an uncertainty is. Hence, the most significant uncertainties in that case are: The share of unusable PPE
delivered by suppliers reached through direct tender, delayed shipments from suppliers reached through the world market, delayed shipments
from suppliers reached through direct tender, and any export restrictions concerning the suppliers reached through the world market

Discussion

In our discussion, we focus on the factors contribut-
ing to the impact of candidate policies and the role of
stockpiling. We also discuss the results of the scenario
discovery and how the most impactful uncertainties
could be mitigated. Additionally, we explore possible
additional supply strategies that could be tested in the
future based on literature.

Set-up times as an enabler for the success of responsive
supply strategies

As expected, we found out that short set-up times for
supply strategies are required for candidate policies. This
means that decision makers need to take actions in pre-
paredness for pandemics and other crises to lower set-up
times. Decision-makers can apply crisis frameworks to
enable short set-up times. Crisis frameworks accelerate
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procurement and governance processes, by providing
plans of action concerning the implementation of dif-
ferent responsive supply strategies [21, 66—68]. This can
include clear coordination frameworks, accelerations by
including direct awarding of contracts, or setting up col-
laboration frameworks. To specifically reduce the set-up
time of the supply strategy of domestic production, raw
materials can be stored to start domestic production
quickly.

The role of stockpiling

Our results suggest that stockpiles should be equipped
at a higher level. However, raising the inventory level
raises the question about how to best balance costs or
lean approaches, compared to a higher level of prepared-
ness [69, 70]. Costs are often used as an argument against
implementing a high level of stockpiles, but Dow et al.
2018 [17] point out that in case of COVID-19 overall
costs for PPE would have been lower if a stockpile had
been in place versus if all PPE were purchased during an
emergency. Hence, it is necessary for decision makers to
investigate further how to best balance costs and the level
of preparedness.

Additionally, the maintenance of stockpiles and com-
position of the “right” products can be a challenging task
for decision-makers in health systems [71-73]. Expired
products need to be removed and the stockpile needs to
be updated when necessary [74]. As expected, we found
out that candidate policies did not allow for delays in the
operationalisation of the stockpile, meaning that opera-
tions within warehouses (e.g. preparing PPE for deliv-
ery, packaging and sorting PPE) must run smoothly, and
supplies must be delivered promptly. Overall, decision
makers must realize that a stockpile’s operation and com-
position heavily affect the success of stockpiling as a pre-
paredness strategy.

Mitigating uncertainties

During scenario discovery, we found that especially
uncertainties associated with the supply strategies pur-
chasing critical medical supplies through direct ten-
der and purchasing critical medical supplies from the
world market are impactful due to their high produc-
tion capacities. Hence, it is crucial for decision mak-
ers to mitigate uncertainties surrounding these supply
strategies. Delayed shipment times and varying produc-
tion performances can negatively influence both supply
strategies’ success. To mitigate these uncertainties, health
systems can diversify their supplier framework, as it can
help to ensure deliveries during times of crisis, echoing
recommendations from previous studies, such as Han-
field et al. 2010 [26] and Sodhi et al. 2021 [75]. The pro-
duction of PPE and ventilators is focused on a few areas
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worldwide. By purchasing products from various suppli-
ers, health systems may be able to ensure shipments and
reduce delayed shipments. A diverse framework can help
to increase the number of reliable suppliers; and it can
help to mitigate the effect of export restrictions if critical
medical supplies are purchased from the world market.

However, Jlang et al. 2022 [14] raise the valid question
of how much a diverse supplier framework can help if the
entire network is affected by transport restrictions caus-
ing delayed shipment times. Hence, the advantage may
only be temporal. Currently, it is assumed in our model
that decision-makers place orders with different supply
strategies without considering the supply strategies’ per-
formance. Implementing an information system could
make decision-makers more flexible with placing orders
with the most adequate supply strategy/suppliers. Also,
choosing adequate suppliers can reduce the share of
unusable critical medical supplies.

Our developed model showed that the uncertainties
present during the COVID-19 pandemic and numerous
other scenarios can cause serious impacts on the avail-
ability of PPE and ventilators in hospitals. Furthermore,
it stands out that decision-makers often cannot influence
the impact of uncertainties directly, but they can apply
measures to reduce their effect.

Additional supply strategies to consider further

Since the results of our research indicate that short-
ages are likely to be present under numerous scenarios,
it is necessary for decision-makers to keep in mind that
the considered supply strategies may not be success-
ful and additional supply strategies need to be consid-
ered. Amongst others, decision-makers could start to
loan ventilators from other sectors and create a data-
base with available ventilators in the country. Addition-
ally, decision-makers can implement open collaboration
frameworks to innovate PPE products, invest in research
regarding new products, or increase the reusability of
PPE. Another strategy that could be tested is the sharing
PPE across countries or developing a global stockpile of
medical equipment as proposed by Dey et al. 2020 [76].

Further research and limitations
Concerning the developed SD model, it is important to
further improve the decision framework and forecast-
ing method. The decision framework currently does not
consider any planned deliveries and the exactness of the
forecast needs to be improved due to its simplicity. Fur-
thermore, additional factors, such as export restrictions
for the supply strategy direct tender, are currently not
considered.

Concerning the Exploratory and Modelling Analysis, a
major limitation is that the selection of candidate policies
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is solely based on the worst-case scenario, which can
result in policy interventions that could be considered
‘overkill, or too drastic for most likely scenarios. Hence,
for future research, the alternative generation should be
based on a set of different scenarios to receive candidate
policies. Additionally, due to limited resources, not all
PPE products were considered, and, due to technical lim-
itations, not all uncertainties were handled by the PRIM
algorithm during the scenario discovery. Hence, these
two factors need to be considered for future work. Addi-
tionally, we made the decision to consider the worst-case
scenario for the MORDM process and the policies were
not further assessed over a range of scenarios. For future
work this should be considered as current supply strat-
egies might over perform in many possible scenarios.
Finally, it would be interesting to test the validity of this
model for other types of disasters in future research.

Regarding the system understanding, the following
further research is suggested. In this research, we under-
stand the English health system as an independent actor
in competition with other countries. The impact of shar-
ing equipment across health systems worldwide should
be investigated in a separate model. Furthermore, this
model does not consider costs as one of its outcomes. For
future work, costs should be considered as an additional
outcome and the policies should be optimized consider-
ing their success in decreasing the shortage of medical
supplies and minimizing costs.

For further research we suggest including the health-
care workforce as a resource of need next to considering
solely critical medical equipment. In that case the model
structure would have to be extended to include the need
for workers as well as the effect of the COVID-19 pan-
demic on the workforce. Lastly, we suggest going into
more depth regarding the modelling of the specific sup-
ply strategies, as they are currently modelled at a very
high level.

We stress that this study was exploratory in nature,
showing a proof-of-concept of using SD and EMA to
demonstrate the effects of different supply chain strate-
gies for improving availability of critical medical supplies
for health systems within crisis situations. Future mod-
els, based on this exploratory version, could be developed
with appropriate data sources and validation of our initial
model, to enable to development of future interfaces that
can then support decision-making.

Conclusions

In this study, we developed a proof-of-concept simula-
tion model that demonstrates how health systems can
acquire critical medical equipment during pandemics,
using the case of the supply of PPE and ventilators during
COVID-19. Our model connects a disease transmission
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model with the resulting demand and supply of PPE and
ventilators within hospitals of a health system and simu-
lates the effects of different supply strategies for a large
number of scenarios.

Based on our preliminary results in our exploratory
model, we found out that the time to set-up supply strat-
egies and uncertainties surrounding the selected sup-
ply strategies affect the shortage of PPE and ventilators.
The types of strategies that show potential for improv-
ing the preparedness for pandemics to ensure the avail-
ability of PPE and ventilators during pandemics include
to (i) develop crisis frameworks that propose a plan of
action and consequently accelerate and improve procure-
ment processes and other governance processes during
health-related crises, (i) implement a diverse supplier
framework, that sources products from different parts
of the world, so that health systems are less affected by
transportation problems, (iii) implement an information
system that enables the information exchange between
suppliers and health systems, so that decision-makers
are able to place orders with the most adequate supplier,
and (iv) store raw material for the domestic production
of critical medical supplies, so that the set-up time of
domestic production is lower. Although these results are
based on a proof-of-concept simulation, our main inten-
tion is to demonstrate the importance of including criti-
cal supply aspects of health service provision within the
broader preparedness and response strategies for health
systems resilience.

Abbreviations

COVID-19  Coronavirus disease, an infectious disease caused by the SARS-
CoV-2 virus

SD System Dynamics

SEIR Susceptible, Exposed, Infected, Recovered

EMA Exploratory Modelling and Analysis

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512913-023-10487-7.

Additional file 1.
Additional file 2.

Acknowledgements
Not applicable.

Authors’ contributions

All authors conceived the idea for the study, which formed part of the work
completed for an MSc thesis by PG. The SD model was completed by PG, and
checked for accuracy by WA. SHK provided input for the literature and data
sources. The manuscript was drafted by PG, and edited by WA and SHK. All
authors read and approved the final manuscript.

Funding
No specific funding was received for this work.


https://doi.org/10.1186/s12913-023-10487-7
https://doi.org/10.1186/s12913-023-10487-7

GOtz et al. BMC Health Services Research (2024) 24:130

Availability of data and materials
The full assumptions in the entire model are in the Additional files A and
B.The entire model is presented in a public online repository available at:

https://github.com/paulagoetz/resilientsupplystrategiespandemicsSD.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
"Faculty of Technology, Policy and Management, Delft University of Technol-
ogy, Jaffalaan 5, 2628 BX Delft, The Netherlands.

Received: 31 January 2023 Accepted: 16 December 2023
Published online: 24 January 2024

References

1.

World Health Organization. The world health report. Geneva: 2000: Health
systems: improving performance; 2000.

Bryce C, Ring P, Ashby S, Wardman JK. Resilience in the face of
uncertainty: early lessons from the COVID-19 pandemic. J Risk Res.
2020;23(7-8):880-7.

Cohen J, van der Meulen Rodgers Y. Contributing factors to personal
protective equipment shortages during the COVID-19 pandemic. Prev
Med. 2020;141:106263.

Hanefeld J, Mayhew S, Legido-Quigley H, Martineau F, Karanikolos M,
Blanchet K, et al. Towards an understanding of resilience: responding to
health systems shocks. Health Policy Plan. 2018;33(3):355-67.

Nuzzo JB, Meyer D, Snyder M, Ravi SJ, Lapascu A, Souleles J, et al. What
makes health systems resilient against infectious disease outbreaks

and natural hazards? Results from a scoping review. BMC Public Health.
2019;19(1):1310.

Therrien MC, Normandin JM, Denis JL. Bridging complexity theory and
resilience to develop surge capacity in health systems. J Health Organ
Manag. 2017;31(1):96-100.

Day JM. Fostering emergent resilience: the complex adaptive supply
network of disaster relief. Int J Prod Res. 2014;52(7):1970-88.

Hohenstein NO, Feisel E, Hartmann E, Giunipero L. Research on the phe-
nomenon of supply chain resilience: a systematic review and paths for
further investigation. Maria Jesus Saenz P, Xenophon Koufteros D, editors.
Int J Phys Distrib Logist Manag. 2015;45(1/2):90-117.

World Health Organization. Everybody’s business - strengthening health
systems to improve health outcomes: WHO's framework for action. 2007.
p. 44.

Rowan NJ, Laffey JG. Challenges and solutions for addressing critical
shortage of supply chain for personal and protective equipment (PPE)
arising from Coronavirus disease (COVID19) pandemic — Case study from
the Republic of Ireland. Sci Total Environ. 2020;725:138532.

. Sharma N, Hasan Z, Velayudhan A, Emil E, Mangal DK, Gupta SD. Personal

protective equipment: challenges and strategies to combat COVID-19 in
India: a narrative review. J Health Manag. 2020;22(2):157-68.

Miller FA, Young SB, Dobrow M, Shojania KG. Vulnerability of the medi-
cal product supply chain: the wake-up call of COVID-19. BMJ Qual Saf.
2021;30(4):331-5.

Folkers A. Freezing time, preparing for the future: the stockpile as a tem-
poral matter of security. Secur Dialogue. 2019;50(6):493-511.

Jiang B, Rigobon D, Rigobon R. From just-in-time, to just-in-case, to just-
in-worst-case: simple models of a global supply chain under uncertain
aggregate shocks. IMF Econ Rev. 2022,70(1):141-84.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31
32

33

34.

35.

36.
37.

Page 13 of 14

Dai T, Zaman MH, Padula WV, Davidson PM. Supply chain failures amid
Covid-19 signal a new pillar for global health preparedness. J Clin Nurs.
2021;30(1-2):e1-3.

Adelman D.Thousands of lives could be saved in the US during the
COVID-19 pandemic if states exchanged ventilators. Health Aff Proj Hope.
2020;39(7):1247-52.

Dow W, Lee K, Lucia L. Economic and Health Benefits of a PPE Stockpile.
UC Berkeley Labor Center. 2020. Available from: https://laborcenter.berke
ley.edu/economic-and-health-benefits-of-a-ppe-stockpile/. Cited 6 Jan
2022.

Patel A, D'Alessandro MM, Ireland KJ, Burel WG, Wencil EB, Rasmussen SA.
Personal protective equipment supply chain: lessons learned from recent
public health emergency responses. Health Secur. 2017;15(3):244-52.
Best S, Williams SJ. What have we learnt about the sourcing of personal
protective equipment during pandemics? Leadership and management
in healthcare supply chain management: a scoping review. Front Public
Health. 2021;9:765501.

Winkelmann J, Webb E, Williams GA, Herndandez-Quevedo C, Maier CB,
Panteli D. European countries' responses in ensuring sufficient physical
infrastructure and workforce capacity during the first COVID-19 wave.
Health Policy Amst Neth. 2021;50168-8510(21)00172-X.

Bhaskar S, Tan J, Bogers MLAM, Minssen T, Badaruddin H, Israeli-Korn S,
et al. At the epicenter of COVID-19-the tragic failure of the global supply
chain for medical supplies. Front Public Health. 2020;8:562882.

Kelley KC, Kamler J, Garg M, Stawicki SP. Answering the challenge of
COVID-19 pandemic through innovation and ingenuity. Adv Exp Med
Biol. 2021;1318:859-73.

OECD. Stocktaking report on immediate public procurement and
infrastructure responses to COVID-19. Tackling Coronavirus (Covid-19)
Contributing to a global effort. 2020. Available from: https://www.oecd.
org/coronavirus/policy-responses/stocktaking-report-on-immediate-
public-procurement-and-infrastructure-responses-to-covid-19-248d0
646/#section-d1e2249. Cited 11 Oct 2021.

National Audit Office. Investigation into how government increased the
number of ventilators available to the NHS in response to COVID-19.
London: National Audit Office; 2020. Report No.: HC 731.

National Audit Office. The supply of personal protective equipment (PPE)
during the COVID-19 pandemic. London: Department of Health & Social
Care; 2020 p. 71. Report No.. HC 961.

Handfield R, Finkenstadt DJ, Schneller ES, Godfrey AB, Guinto P. A com-
mons for a supply chain in the Post-COVID-19 Era: the case for a reformed
strategic national stockpile. Milbank Q. 2020,98(4):1058-90.

van Hoek R. Research opportunities for a more resilient post-COVID-19
supply chain - closing the gap between research findings and industry
practice. Int J Oper Prod Manag. 2020;40(4):341-55.

FalagaraSigala I, Sirenko M, Comes T, Kovacs G. Mitigating personal
protective equipment (PPE) supply chain disruptions in pandemics — a
system dynamics approach. Int J Oper Prod Manag. 2022;42(13):128-54.
Bankes S. Exploratory modeling for policy analysis. Oper Res.
1993;41(3):435-49.

Auping WL. Modelling Uncertainty. Delft University of Technology; 2018.
Available from: http://resolver.tudelft.nl/uuid:0e0da51a-e2c9-4aa0-80cc-
d930b685fc53. Cited 3 Apr 2022.

Forrester JW. Industrial Dynamics. Cambridge: MIT Press; 1961.

Pauchant TC, Mitroff |. Transforming the Crisis-Prone Organization:
Preventing Individual, Organizational and Environmental Tragedies. San
Francisco: Jossey-Bass; 1992. p. 15.

Bankes S, Walker WE, Kwakkel JH. Exploratory Modeling and Analysis.

In: Gass SI, Fu MC, editors. Encyclopedia of Operations Research and
Management Science. Boston, MA: Springer US; 2013. p. 532-7. Available
from: https://doi.org/10.1007/978-1-4419-1153-7_314. Cited 22 Jan 2023.
Sterman JD. Business dynamics: systems thinking and modeling for a
complex world. Boston: Irwin/McGraw-Hill; 2000. p. 982.

Cassidy R, Singh NS, Schiratti PR, Semwanga A, Binyaruka P, Sachingongu
N, et al. Mathematical modelling for health systems research: a systematic
review of system dynamics and agent-based models. BMC Health Serv
Res. 2019;19(1):845.

Ford DN. A system dynamics glossary. Syst Dyn Rev. 2019;35(4):369-79.
Currie DJ, Smith C, Jagals P. The application of system dynamics model-
ling to environmental health decision-making and policy - a scoping
review. BMC Public Health. 2018;18(1):402.


https://github.com/paulagoetz/resilientsupplystrategiespandemicsSD
https://laborcenter.berkeley.edu/economic-and-health-benefits-of-a-ppe-stockpile/
https://laborcenter.berkeley.edu/economic-and-health-benefits-of-a-ppe-stockpile/
https://www.oecd.org/coronavirus/policy-responses/stocktaking-report-on-immediate-public-procurement-and-infrastructure-responses-to-covid-19-248d0646/#section-d1e2249
https://www.oecd.org/coronavirus/policy-responses/stocktaking-report-on-immediate-public-procurement-and-infrastructure-responses-to-covid-19-248d0646/#section-d1e2249
https://www.oecd.org/coronavirus/policy-responses/stocktaking-report-on-immediate-public-procurement-and-infrastructure-responses-to-covid-19-248d0646/#section-d1e2249
https://www.oecd.org/coronavirus/policy-responses/stocktaking-report-on-immediate-public-procurement-and-infrastructure-responses-to-covid-19-248d0646/#section-d1e2249
http://resolver.tudelft.nl/uuid:0e0da51a-e2c9-4aa0-80cc-d930b685fc53
http://resolver.tudelft.nl/uuid:0e0da51a-e2c9-4aa0-80cc-d930b685fc53
https://doi.org/10.1007/978-1-4419-1153-7_314

GOtz et al. BMC Health Services Research (2024) 24:130

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Darabi N, Hosseinichimeh N. System dynamics modeling in health and
medicine: a systematic literature review. Syst Dyn Rev. 2020;36(1):29-73.
Davahli MR, Karwowski W, Taiar R. A system dynamics simulation applied
to healthcare: a systematic review. Int J Environ Res Public Health.
2020;17(16):E5741.

Homer JB, Hirsch GB. System dynamics modeling for public health: back-
ground and opportunities. Am J Public Health. 2006;96(3):452-8.

Ho WR, Maghazei O, Netland TH. Understanding manufacturing repur-
posing: a multiple-case study of ad hoc healthcare product production
during COVID-19. Oper Manag Res. 2022; Available from: https://doi.org/
10.1007/512063-022-00297-1. Cited 30 Oct 2022.

Queiroz MM, Ivanov D, Dolgui A, Fosso Wamba S. Impacts of epidemic
outbreaks on supply chains: mapping a research agenda amid the
COVID-19 pandemic through a structured literature review. Ann Oper
Res. 2020; Available from: https://doi.org/10.1007/510479-020-03685-7.
Cited 30 Oct 2022.

Singh A, Parida R. Decision-making models for healthcare supply chain
disruptions: review and insights for post-pandemic era. Int J Glob Bus
Compet. 2022;17(2):130-41.

Angerhofer BJ, Angelides MC. System dynamics modelling in supply
chain management: research review. In: Proceedings of the 32nd confer-
ence on Winter simulation. San Diego, CA, USA: Society for Computer
Simulation International; 2000. p. 342-51. (WSC '00).

Bam L, McLaren ZM, Coetzee E, von Leipzig KH. Reducing stock-outs of
essential tuberculosis medicines: a system dynamics modelling approach
to supply chain management. Health Policy Plan. 2017;32(8):1127-34.
Rebs T, Brandenburg M, Seuring S. System dynamics modeling for
sustainable supply chain management: a literature review and systems
thinking approach. J Clean Prod. 2019;208:1265-80.

He S, Peng Y, Sun K. SEIR modeling of the COVID-19 and its dynamics.
Nonlinear Dyn. 2020;101:1667-80.

Pagliacolo E, Pavka E. Design Takes Action: Innovations for the COVID-19

Crisis. Azure Magazine. 2020. Available from: https://www.azuremagazine.

com/article/design-innovations-covid-19-ppe/. Cited 11 Mar 2022.

UK Foreign, Commonwealth & Development Office (FCDO). 2020.
"COVID-19—PPE Demand and Supply Perspectives! Updated in March
2021. https://www.ifc.org/wps/wcm/connect/1d32e536-76cc-4023-
9430-1333d6b92cc6/210402_FCDO_GlobalPPE_Final+report_v14up
dated_gja.pdf?MOD=AJPERES&CVID=nyiUnTU.

Dixon M. KUDOS! The companies finding creative ways to help fight
COVID-19. Global Marketing Alliance. 2020. Available from: http://www.
the-gma.com/revealed-the-companies-finding-creative-ways-to-fight-
covid-19. Cited 28 Jan 2022.

Gandrup-Marino K, Pearson L, Alkenbrack S, Zhao F, Chawla M, Li L, et al.
Transforming the medical PPE Ecosystem. The Global Fund; 2021 p. 25.
Available from: https://www.theglobalfund.org/media/11243/publi
cation_ppe-synthesis_paper_en.pdf.

Department of Health & Social Care UK. Experimental statistics — personal
protective equipment distributed for use by health and social care
services in England: 6 July to 12 July 2020. GOV.UK. 2021. Available from:
https://www.gov.uk/government/statistics/ppe-deliveries-england-6-
july-to-12-july/experimental-statistics-personal-protective-equipment-
distributed-for-use-by-health-and-social-care-services-in-england-6-july-
t0-12-july-2020. Cited 9 Oct 2021.

Lane DC. Diagramming conventions in system dynamics. J Oper Res Soc.
2000;51(2):241-5.

Forrester JW, Senge PM. Tests for Building Confidence in System Dynam-
ics Models. In: Lagasto AA, Forrester JW, Lyneis JM, editors. TIMS Studies
in the Management Sciences. TIMS Studies in the Management Sciences.
14. Amsterdam, Netherlands: North-Holland Publishing Company; 1980.
p. 209-28.

Oreskes N, Shrader-Frechette K, Belitz K. Verification, validation, and con-
firmation of numerical models in the earth sciences. Science Magazine.
1994,263(5147):641-6.

Allain-Dupré D, Chatry |, Kornprobst A, Michalun MV. The territorial
impact of COVID-19: Managing the crisis across levels of government.
OECD; 2020. Available from: https://www.oecd.org/coronavirus/policy-
responses/the-territorial-impact-of-covid-19-managing-the-crisis-across-
levels-of-government-d3e314e1/#section-d1e182. Cited 6 Mar 2022.
Gifford R, Fleuren B, van de Baan F, Ruwaard D, Poesen L, Zijlstra F,

et al. To uncertainty and beyond: identifying the capabilities needed

Page 14 of 14

by hospitals to function in dynamic environments. Med Care Res Rev.
2021;10775587211057416.

58. Kasprzyk JR, Nataraj S, Reed PM, Lempert RJ. Many objective robust deci-
sion making for complex environmental systems undergoing change.
Environ Model Softw. 2013;42:55-71.

59. Kwakkel JH.The exploratory modeling workbench: an open source
toolkit for exploratory modeling, scenario discovery, and (multi-objective)
robust decision making. Environ Model Softw. 2017;96:239-50.

60. Bryant BP, Lempert RJ. Thinking inside the box: a participatory, computer-
assisted approach to scenario discovery. Technol Forecast Soc Change.
2010;77(1):34-49.

61. HisoMedical. Top 9 Surgical Gown Manufacturers in China - HisoMedical.
2020. Available from: https://www.hisomedical.com/surgical-gown-
manufacturers-china/. Cited 10 Feb 2022.

62. Madewell ZJ, Yang Y, Longini IM Jr, Halloran ME, Dean NE. Household
transmission of SARS-CoV-2: a systematic review and meta-analysis. JAMA
Netw Open. 2020;3(12):e2031756.

63. Qiu X, Nergiz Al, Maraolo AE, Bogoch Il, Low N, Cevik M. The role of
asymptomatic and pre-symptomatic infection in SARS-CoV-2 transmis-
sion — a living systematic review. 2021. p. 2020.09.01.20135194. Available
from: https://doi.org/10.1101/2020.09.01.20135194v4. Cited 20 Nov 2021.

64. McKay MD, Beckman RJ, Conover WJ. A comparison of three methods
for selecting values of input variables in the analysis of output from a
computer code. Technometrics. 1979;21(2):239.

65. Friedman JH, Fisher NI. Bump hunting in high-dimensional data. Stat
Comput. 1999;9(2):123-43.

66. Frauscher K, Hussain H, Brown S. 5 procurement strategies for navigating
the COVID-19 crisis from around the world. Open Contracting Partner-
ship. 2020. Available from: https://www.open-contracting.org/2020/04/
08/5-procurement-strategies-for-navigating-the-covid-19-crisis-from-
around-the-world/. Cited 9 Oct 2021.

67. Okeagu CN, Reed DS, Sun L, Colontonio MM, Rezayev A, Ghaffar YA, et al.
Principles of supply chain management in the time of crisis. Best Pract
Res Clin Anaesthesiol. 2021:35(3):369-76.

68. VecchiV, Cusumano N, Boyer EJ. Medical supply acquisition in Italy
and the United States in the era of COVID-19: the case for strategic
procurement and public-private partnerships. Am Rev Public Adm.
2020;50(6—7):642-9.

69. ChenYJ, Chiang PJ, Cheng YH, Huang CW, Kao HY, Chang CK, et al. Stock-
pile model of personal protective equipment in Taiwan. Health Secur.
2017;15(2):170-4.

70. Huang HC, Araz OM, Morton DP, Johnson GP, Damien P, Clements B,
et al. Stockpiling ventilators for influenza pandemics. Emerg Infect Dis.
2017,23(6):914-21.

71. Greenawald LA, Moore SM, Wizner K, Yorio PL. Developing a meth-
odology to collect empirical data that informs policy and practices
for stockpiling personal protective equipment. Am J Infect Control.
2021,49(2):166-73.

72. Mehrabi A, Dillon P, Kelly K, Hitchins K, Malatino E, Gorman S, et al. Experi-
mental studies on performance of ventilators stored in the Strategic
National Stockpile. J Emerg Manag. 2018;16(5):321-36.

73. Wilgis J. Strategies for providing mechanical ventilation in a mass casualty
incident: distribution versus stockpiling. Respir Care. 2008;53(1):96-100.

74. Yorio PL, Rottach DR, Dubaniewicz M. Quality assurance sampling
plans in US stockpiles for personal protective equipment. Health Secur.
2019;17(2):140-51.

75.  Sodhi MS, Tang CS, Willenson ET. Research opportunities in preparing
supply chains of essential goods for future pandemics. Int J Prod Res.
2021,0(0):1-16.

76. Dey S, Cheng Q, Tan J. All for one and one for all: Why a pandemic prepar-
edness league of nations?. Health Policy Technol. 2020;9(2):179-84.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1007/s12063-022-00297-1
https://doi.org/10.1007/s12063-022-00297-1
https://doi.org/10.1007/s10479-020-03685-7
https://www.azuremagazine.com/article/design-innovations-covid-19-ppe/
https://www.azuremagazine.com/article/design-innovations-covid-19-ppe/
https://www.ifc.org/wps/wcm/connect/1d32e536-76cc-4023-9430-1333d6b92cc6/210402_FCDO_GlobalPPE_Final+report_v14updated_gja.pdf?MOD=AJPERES&CVID=nyiUnTU
https://www.ifc.org/wps/wcm/connect/1d32e536-76cc-4023-9430-1333d6b92cc6/210402_FCDO_GlobalPPE_Final+report_v14updated_gja.pdf?MOD=AJPERES&CVID=nyiUnTU
https://www.ifc.org/wps/wcm/connect/1d32e536-76cc-4023-9430-1333d6b92cc6/210402_FCDO_GlobalPPE_Final+report_v14updated_gja.pdf?MOD=AJPERES&CVID=nyiUnTU
http://www.the-gma.com/revealed-the-companies-finding-creative-ways-to-fight-covid-19
http://www.the-gma.com/revealed-the-companies-finding-creative-ways-to-fight-covid-19
http://www.the-gma.com/revealed-the-companies-finding-creative-ways-to-fight-covid-19
https://www.theglobalfund.org/media/11243/publication_ppe-synthesis_paper_en.pdf
https://www.theglobalfund.org/media/11243/publication_ppe-synthesis_paper_en.pdf
https://www.gov.uk/government/statistics/ppe-deliveries-england-6-july-to-12-july/experimental-statistics-personal-protective-equipment-distributed-for-use-by-health-and-social-care-services-in-england-6-july-to-12-july-2020
https://www.gov.uk/government/statistics/ppe-deliveries-england-6-july-to-12-july/experimental-statistics-personal-protective-equipment-distributed-for-use-by-health-and-social-care-services-in-england-6-july-to-12-july-2020
https://www.gov.uk/government/statistics/ppe-deliveries-england-6-july-to-12-july/experimental-statistics-personal-protective-equipment-distributed-for-use-by-health-and-social-care-services-in-england-6-july-to-12-july-2020
https://www.gov.uk/government/statistics/ppe-deliveries-england-6-july-to-12-july/experimental-statistics-personal-protective-equipment-distributed-for-use-by-health-and-social-care-services-in-england-6-july-to-12-july-2020
https://www.oecd.org/coronavirus/policy-responses/the-territorial-impact-of-covid-19-managing-the-crisis-across-levels-of-government-d3e314e1/#section-d1e182
https://www.oecd.org/coronavirus/policy-responses/the-territorial-impact-of-covid-19-managing-the-crisis-across-levels-of-government-d3e314e1/#section-d1e182
https://www.oecd.org/coronavirus/policy-responses/the-territorial-impact-of-covid-19-managing-the-crisis-across-levels-of-government-d3e314e1/#section-d1e182
https://www.hisomedical.com/surgical-gown-manufacturers-china/
https://www.hisomedical.com/surgical-gown-manufacturers-china/
https://doi.org/10.1101/2020.09.01.20135194v4
https://www.open-contracting.org/2020/04/08/5-procurement-strategies-for-navigating-the-covid-19-crisis-from-around-the-world/
https://www.open-contracting.org/2020/04/08/5-procurement-strategies-for-navigating-the-covid-19-crisis-from-around-the-world/
https://www.open-contracting.org/2020/04/08/5-procurement-strategies-for-navigating-the-covid-19-crisis-from-around-the-world/

	Contributing to health system resilience during pandemics via purchasing and supply strategies: an exploratory system dynamics approach
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	System dynamics to model the spread of COVID-19 and supply strategies
	SD Model: extended SEIR model to add supply strategies
	Exploratory modelling and analysis to find successful policies
	Experimental design

	Results
	Open exploration: exploring the behaviour of the system
	Characteristics of candidate policies
	Scenario discovery: impactful uncertainties

	Discussion
	Set-up times as an enabler for the success of responsive supply strategies
	The role of stockpiling
	Mitigating uncertainties
	Additional supply strategies to consider further
	Further research and limitations

	Conclusions
	Acknowledgements
	References


