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Abstract: The most commonly used techniques for addressing each Emergency Department (ED)
problem (overcrowding, prolonged waiting time, extended length of stay, excessive patient flow time,
and high left-without-being-seen (LWBS) rates) were specified to provide healthcare managers and
researchers with a useful framework for effectively solving these operational deficiencies. Finally,
we identified the existing research tendencies and highlighted opportunities for future work. We
implemented the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
methodology to undertake a review including scholarly articles published between April 1993 and
October 2019. The selected papers were categorized considering the leading ED problems and
publication year. Two hundred and three (203) papers distributed in 120 journals were found to meet
the inclusion criteria. Furthermore, computer simulation and lean manufacturing were concluded to
be the most prominent approaches for addressing the leading operational problems in EDs. In future
interventions, ED administrators and researchers are widely advised to combine Operations Research
(OR) methods, quality-based techniques, and data-driven approaches for upgrading the performance
of EDs. On a different tack, more interventions are required for tackling overcrowding and high
left-without-being-seen rates.
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1. Introduction

Emergency departments (EDs) are perceived as 24/7 portals where a rapid and efficient diagnosis,
urgent attention, primary care, and inpatient admission is provided for stabilizing seriously ill and
wounded patients, including those with life-threatening conditions ranging from different head injuries
to heart failures. EDs have assumed a wider role in the integrated healthcare system and are therefore
cataloged as the cornerstone of the safety net. Furthermore, EDs play a key social role by offering access
to the healthcare system for both insured and uninsured patients. Their importance in the healthcare
system is also underpinned by the fact that more than half of the hospital activity takes place in their
settings. Besides, as a “care hub”, it is a point of interaction between communities and hospitals.

Nonetheless, several serious problems have become glaring in EDs, even in developed countries,
and must be therefore thoroughly addressed to ensure low early mortality rates and complications,
increased patient satisfaction, timely emergency care, and long-term morbidity. Not surprisingly,
these growing deficiencies greatly contribute to the acceleration of healthcare costs which increases
the financial pressures on hospitals and shrinks their profits. The problem is even more critical as
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demands on ED services are expected to continue to steadily and dramatically rise in the near future
which will end up amplifying the negative effects here described, while keeping EDs under a constant
strain [1]. There is then an urgent need for aggressive improvements through the efficient use of
inpatient resources and the implementation of operational changes in the healthcare delivery.

From this perspective, it is essential to count on the support of suitable methodological approaches
to assist decision makers along the emergency care journey. The novelty of the study then lies on
the need of providing orientation as well as a scientific evidence base to healthcare administrators,
clinicians, researchers, and practitioners on what process-improvement methodologies can be used
to fully understand and tackle the top-five leading problems presented in EDs [2,3]: Overcrowding,
prolonged waiting time, extended length of stay (LOS), excessive patient flow time, and patients who
leave without being seen (LWBS). Previous reviews have been conducted relating to this topic; some of
them focused on critically reviewing the implementation of specific approaches to address different
ED problems. For instance, some authors analyzed the use of lean thinking and its effects on ED
processes [4–6], while others studied the contribution of discrete-event simulation implementations to
tackle overcrowding and model the ED performance [7–9]. Saghafian et al. [10] have also discussed the
contribution of operations research/management methods to the optimization of patient flow within
EDs. Other works directly concentrated on assessing the effectiveness of interventions to reduce the
number of frequent users of EDs [1,11], minimize ED utilization [12], decrease overcrowding [13,14],
diminish the number of non-urgent visits [15], shorten the total flow time (TFT) [16] and reduce the
number of patients who leave the ED without being seen [17]. Despite the considerable effort made in
these studies, the review of the evidence base is still scant and narrow since: (i) the above-cited reviews
are mostly focused on a particular ED problem, (ii) the aforementioned works are predominantly
skewed to the use of a specific technique or approach in the ED context; therefore, there are no studies
considering the wide variety of process-improvement methodologies that can be applied for the
solution of the leading ED deficiencies (overcrowding, prolonged waiting time, extended length of
stay, excessive patient flow time, and patients who leave without being seen - LWBS), and (iii) the use
of hybrid methods has not been incorporated in the aforementioned works, thereby greatly restricting
their application in the wild and the subsequent achievement of better operational outcomes. This
paper hence addresses these gaps in knowledge through a systematic review focused on establishing
the most popular process-improvement approaches that have been used for tackling each of the five-top
leading problems in EDs. Thereby, our article lays the groundwork for analyzing the continuing
evolution of this research field, devising and implementing cost-effective solutions to the leading ED
problems, detecting the limitations in current practice, and identifying promising opportunities for
future investigation.

Although more deficiencies have been addressed and reported throughout the literature, we
particularly focused on the above-mentioned problems due to their big impact on financial sustainability
and emergency care delivery. Indeed, these problems are interconnected in several ways along the
ED patient journey as described in Figure 1 (where the red and blue arrows represent feedback and
dependence interrelations, respectively). On one hand, crowded emergency departments hamper the
delivery of timely care which ends up increasing the total flow time within the ED setting. Indeed, some
patients decide to leave the ED without being seen when these units experience long overcrowding
episodes. The LWBS rates are also correlated to excessive patient flow time, long waits in the ER, and
extended LOS as also pointed out in [17]. In the meantime, long stays in ED settings break the balance
between demand and ED capacity which leads to overcrowding, long queuing time, and non-optimal
patient journey. The aforementioned statements are evidence of strong interrelations among the
foremost leading problems in EDs which is often found in healthcare environments [17]. It can be
therefore inferred that improvement initiatives on some of these elements may cause a positive effect
on the entire emergency delivery system by contributing to the solution of highly correlated problems.
Our study will delve into these deficiencies for better understanding on their causes and consequences
while identifying the methodological approaches used for their solution.
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To face this problem, health authorities have incorporated policies to decrease ED-LOS as outlined 
with the 4-hour target in the UK [23]. Some of them have led to fewer extended LOS within the ED. 
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1.1. The Top-Five Leading Problems in EDs: Causes and Consequences

1.1.1. Overcrowding

Overcrowding in EDs is the result of the imbalance between the demand for emergency care and
their physical or staffing capacity. Overcrowding has become a global serious concern and continues
to cause excessive waiting time, poor clinical results, patient dissatisfaction, aggressive behavior and
augmented suffering for patients on pain [16]. In some cases, this problem has reached desperate
proportions and crisis levels [18]. After critical analysis, it was found that this phenomenon is caused
by a set of mismatches along the supply chain within the healthcare systems [19]. Some mismatches are
inpatient bed availability, demand growth, and the increased proportion of non-urgent visits. It is then
urgent to devise a variety of initiatives for alleviating this problem and minimizing the aforementioned
negative effects on patients.

1.1.2. Prolonged Waiting Time

Waiting time (WT) is defined as the interval between patient arrival and the first contact with
a doctor. This is a common measure in EDs which are interested in delivering timely medical care.
In addition, multiple studies have concluded that timeliness is an essential contributor to patient
satisfaction with EDs [20,21]. In fact, prolonged waiting times result in patient dissatisfaction, delayed
admission of new patients, more severe complications and increased morbidity. In this regard, WTs are
considered as barriers to access to healthcare which is one of the primary concerns of governments and
control agencies. As noted above, long waits for care are dangerous for patients, it is thus necessary
to examine the determinants responsible for this problem and attempts to tackle it by implementing
effective initiatives that better comply with government healthcare standards.

1.1.3. Extended Length of Stay (LOS)

Emergency department length of stay (ED-LOS) is described as the time elapsed from a patient
is admitted to the ED until the patient is physically discharged from this unit [22]. An extended
ED-LOS may cause bypass, critical-care divert status, increased inpatient costs, higher risk of adverse
events and low patient satisfaction. ED-LOS is also an important indicator of crowding and provides a
decision-making basis for performance and efficiency improvement. Delays in delivery of lab and/or
radiology test results, lack of hospital beds, hospital transfers taking a long time, insufficient medical
staff during peak hours and other factors have been found to explain ED-LOS variation [22]. To face
this problem, health authorities have incorporated policies to decrease ED-LOS as outlined with the
4-hour target in the UK [23]. Some of them have led to fewer extended LOS within the ED. However, it
is still necessary to deploy interventions along the entire ED patient journey with a special focus on
each component of the acute care chain.
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1.1.4. Excessive Patient Flow time

Patient flow is critical for delivering high quality care to patients admitted within EDs. Being
aware of its importance; ED managers should continuously tackle the factors hampering the emergency
care provided along the patient journey. Major causes contributing to prolonged flow time include
departmental layout, insufficient medical staff, and inefficiencies of parallel assisting processes. Also,
mismatches between the demand on emergency services and ED capacity have been associated to
this problem [2]. If improved, elevated patient satisfaction rates and reductions in mortality and
morbidity can be expected in conjunction with a significant lessening of the consequent financial
burden assumed by healthcare systems. However, as patient journey is affected by intrinsic factors
and multiple interactions with other services, more robust and advanced methodological approaches
are required for assisting decision-makers in designing cost-effective interventions considering both
the complexity of emergency care systems and the expected increased demand.

1.1.5. High Number of Patients Who Leave the ED without Being Seen

Patients who leave without being seen (LWBS) are more prone to experience worsening health
compared to those who were attended. Additionally, LWBS are more likely to be readmitted within
the next few hours with more severe complications which results in the use of more complex services
and increased healthcare costs. The rate of LWBS is then considered as a quality metric of concern
in healthcare systems [17]. Meanwhile, restricted ED capacity, long WT for triage classification, and
diversion status are among the most common causes of this problem. It is therefore important to ensure
a correct provision of ED services by developing effective initiatives that consider the above-mentioned
factors and their interactions.

2. Methods

2.1. Framework for Literature Review

This review aims at identifying research papers published in high-quality journals and focused
on interventions addressing the above-mentioned leading problems in EDs. A paper is considered
in this review if it evidences and discusses the implementation of methodological approaches for
process improvement in EDs. The articles also had to be written in English and present data
supporting the results obtained from the application. Research articles presenting conceptual models
without validation in the wild were discarded from this study. Moreover, conference papers, doctoral
dissertations, textbooks, master’s thesis, and review papers were excluded from this study. Based on
this perspective, we followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA). PRISMA guidelines help to report systematic reviews, especially appraisal of interventions
as aimed in this study. By using different search algorithms (Figure 2) in a set of high-quality
databases, we covered an extensive range of methodological approaches that have been implemented
for the solution of the leading ED problems. Initially, we conducted an extensive review of the
international literature published from April 1993 (the date in which the first paper was published)
until October 2019, in multiple databases including ISI Web of Science, Scopus, PubMed, IEEE, Google
Scholar, ACM Digital Library and Science Direct. The search algorithms used in this review are
presented in Figure 2. Such algorithms include the most popular improvement techniques and the
top-five leading problems in EDs. In particular, techniques like “simulation”, “lean”, “six sigma”,
“queuing”, “critical pathways”, “continuous quality improvement”, “regression”, “decision-making”,
“integer programming”, “linear programming”, “optimization”, “game theory”, and “markov” were
considered in these algorithms. Although our coverage is limited to approaches from the industrial
engineering domain, other strategies including clinical-related interventions, personnel training, the
ABCDE of Emergency care, and Triage can be also implemented for minimizing the impact of the
leading ED problems.
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Figure 2. Search algorithms used in the literature review.

Figure 3 shows the PRISMA flow diagram describing the review process. Two independent
reviewers studied the paper abstracts returned by the search engines for first screening. After
initial selection, both reviewers thoroughly revised the papers to determine whether they met the
aforementioned inclusion criteria. The articles satisfying these conditions were thoroughly examined in
full size for a deeper understanding of the methodological approach. The papers were then independently
extracted and classified according to the targeted ED problem (overcrowding, prolonged waiting time,
extended length of stay, excessive patient flow time, and patients who leave without being seen - LWBS).
In this classification scheme, we also pointed out the techniques that have been used for tackling each of
these deficiencies so that healthcare managers, researchers, and practitioners can effectively implement
them in the wild. The articles were further categorized and analysed considering the publication time.
After applying this review scheme, we narrowed the initial list of papers (n = 1178) to 203 distributed in
120 journals. The classification results are presented in the next section.
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2.2. The Process-Improvement Methodologies Used for Tackling the 5-Top Leading Problems in EDs

The increasing concern of policy makers, ED managers, practitioners, and researchers for constantly
improving the emergency care delivered to patients while reducing cost overruns is the main motivation
for classifying the selected papers according to the targeted ED problem. In this scheme, 203 papers
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were categorized as follows: (1) Extended length of stay (LOS) (2) Prolonged waiting time (3) Excessive
patient flow time in ED (4) Overcrowding, and (5) High number of patients who leave without being
seen (LWBS). Table 1 summarizes the number and percentage of selected papers contributing to the
solution of each problem. Table 1 also presents useful information in reference to the annual frequency
of publication. Then, Tables 2–6 list the articles per each of the 5-top leading problems in conjunction
with the related process-improvement techniques. These tables also specify whether the studies have
used either a single or hybrid approach for solving the related ED problem. Further comments are
made on these studies for identifying useful insights that can be considered for implementations in the
real ED context. Additionally, the most popular techniques solving each ED problem are identified
and discussed on the use of single/hybrid approaches. Thereby, we provide decision-makers with a
robust methodological framework underpinning the design of cost-effective solutions.

Table 1. Classification of papers according to the targeted ED problem and publication year.

Period N
(Papers/Period)

Extended
LOS

Prolonged
Waiting Time

Excessive Patient
Flow Time in ED Overcrowding High

LWBS

1993–2004 11 (5.41%) 4 2 8 0 1
2005–2006 5 (2.46%) 2 2 0 1 2
2007–2008 7 (3.44%) 3 3 3 0 1
2009–2010 9 (4.43%) 8 2 2 1 2
2011–2012 26 (12.80%) 14 19 8 7 3
2013–2014 20 (9.85%) 10 6 10 9 1
2015–2016 34 (16.74%) 17 21 12 10 5
2017–2018 64 (31.52%) 34 22 19 18 5

2019 27 (13.30%) 16 18 9 9 5

N (papers/problem-period) 108 95 71 55 25
Participation (%) 53.20 46.79 34.97 27.09 12.31

According to Table 1, the ED problems with the highest number of papers evidencing the use of
process improvement methodologies were (Table 1): “Extended length of stay” (53.20%; n = 108 papers)
and “Prolonged waiting time” (46.79%; n = 95 papers). On a different tack, only 25 papers (12.31%)
were related to targeting a reduced LWBS which proves that this research field as at the earlier stages.
Further details on these papers are commented below for deeper understanding and analysis.

3. Results

Identifying the process-improvement approaches that have been implemented for addressing the
top-five leading problems is critical for guiding healthcare managers, decision-makers, researchers,
and other stakeholders towards the design of effective interventions improving the emergency care
provided to patients while shortening the operational costs. For this purpose, the following sub-sections
will focus on pointing out the most prominent techniques, either single of hybrid, in each ED problem
whereas highlighting the main advantages justifying their use in the practical clinical scenario.

3.1. Papers Focusing on Reducing the Extended LOS

Table 2 lists all the contributions targeting a reduced LOS within EDs. According to the reported
literature, this is the ED problem with major interest among researchers and practitioners. This is
since extended LOS has become an international threat to public health considering its significant
association with decreased disaster response, cost overruns, patient dissatisfaction, and poor clinical
outcomes including increased mortality rates [24]. In an effort to address this problem, several studies
have presented different process improvement approaches with implementation in the real ED context.
Based on the review, 66.66% (n = 72 papers) of the papers evidenced the use of a single approach whilst
33.34% (n = 36 papers) tackled the extended LOS using a combination of two or more techniques. In
particular, 63.88% (n = 23 papers) out of the hybrid-approached papers employed two methods, 30.55%
(n = 11 papers) integrated three techniques, and 5.55% (n = 2 papers) mixed four methods as evidenced
in Easter et al. [25] and Fuentes et al. [26].
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Table 2. Papers evidencing the use of process improvement techniques for shortening LOS within EDs.

Authors Technique Type

Single

Ajdari et al. [27]; Best et al. [28]; Bokhorst and van der Vaart [29]; Coughlan, Eatock, and Patel [30]; Gul and
Guneri [31]; Hung and Kissoon [32]; Ibrahim et al. [33]; Keyloun, Lofgren, and Hebert [34]; Khare et al. [35];
Konrad et al. [36]; La and Jewkes [37]; Medeiros et al. [38]; Oh et al. [39]; Paul and Lin [40]; Rasheed et al. [41];
Rosmulder et al. [42]; Saoud, Boubetra, and Attia [43]; Steward, Glass, and Ferrand [44]; Thomas Schneider et al.
[45]; Wang et al. [46]; Zeng et al. [47]

Simulation or Discrete-event simulation (DES)

Allaudeen et al. [48]; Arbune et al. [49]; Carter et al. [50]; Dickson et al. [51–53]; Elamir [54]; Hitti et al. [55];
Kane et al. [56]; Migita et al. [57]; Murrell, Offerman, and Kauffman [58]; Ng et al. [59]; Peng, Rasid, and Salim
[60]; Polesello et al. [61]; Rotteau et al. [62]; Sánchez et al. [63]; Sayed et al. [64]; Van der linden et al. [65];
Vermeulen et al. [66]; White et al. [67]

Lean manufacturing

Cheng et al. [68]; Forero et al. [69]; Kaushik et al. [70]; Maniaci et al. [71]; Singh et al. [72]; Street et al. [73];
Van der Veen et al. [74]; Yau et al. [75]; Regression

Brent et al. [76]; Fernandes and Christenson [77]; Fernandes, Christenson, and Price [78]; Higgins III and Becker
[79]; Lovett et al. [80]; Preyde, Crawford, and Mullins [81]; Rehmani and Amatullah [82] Continuous quality improvement

Ajmi et al. [83]; Agent-based dynamic optimization

Haydar, Strout, and Baumann [84]; Prybutok [85] PDSA (Plan, Do, Study, Act) cycle

Oueida et al. [86]; Derni, Boufera, and Khelfi [87] Petri nets

Bellew et al. [88]; Than et al. [89] Critical pathways

Brouns et al. [90] Cohort study

Chan et al. [91] Rapid Entry and Accelerated Care at Triage (REACT)

Christensen et al. [92] Pivot nursing

Christianson et al. [93] Six sigma

DeFlitch et al. [94] Process redesign

Liu et al. [95] Agent-based model

Oueida et al. [96] Resource Preservation Net (RPN)

Sloan et al. [97] Evidence-base care pathways

Stone-Griffith et al. [98] ED dashboard and reporting application
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Table 2. Cont.

Authors Technique Type

Hybrid

Ashour and Kremer [20] Dynamic grouping and prioritization (DGP), Discrete-event simulation

Bish, McCormick, and Otegbeye [99] Simulation, Queuing analyses
Blick [100] Lean Six Sigma

Chadha, Singh, and Kalra [101] Lean manufacturing, Queuing theory

Chen and Wang [102] Non-dominated sorting particle swarm optimization (NSPSO), Multi-objective computing budget allocation (MOCBA),
Discrete-event simulation

Easter et al. [25] Discrete-event simulation, Analysis of Variance (ANOVA), Linear regression, Non-linear regression

Elalouf and Wachtel [103] Approximation algorithm, Simulation

Feng, Wu, and Chen [104] Non-dominated sorting genetic algorithm II (NSGA II), Multiple computing budget allocation (MOCBA),
Discrete-event simulation

Ferrand et al. [105] Simulation, Dynamic priority queue (DPQ)

Fuentes et al. [26] Logistic regression, Linear regression, Paired t test, Wilcoxon signed rank

Furterer [106] Lean Six Sigma

Ghanes et al. [107] Optimization, Discrete-event simulation

Goienetxea Uriarte et al. [108] Discrete-event simulation, Simulation-based multi-objective optimization, Data mining

He, Sim, and Zhang [109] Mixed integer programming, Queuing network, Stochastic Programming

Huang et al. [110] Descriptive statistics, Two-sample t-test, Multivariate linear regression

Kaner et al. [111] Discrete-event simulation, Design of experiments

Lee et al. [112] Machine learning, Simulation, Optimization

Lo et al. [113] Lean principles, Simulation, Continuous process improvement

Oueida et al. [114] Discrete-event simulation, Optimization

Rachuba et al. [115] Process mapping, Discrete-event simulation

Romano, Guizzi, and Chiocca [116] System dynamics simulation, Lean techniques, Causal loop diagram

Ross, Johnson, and Kobernick [117] Critical pathways, Continuous quality improvement
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Table 2. Cont.

Authors Technique Type

Hybrid

Ross et al. [118] Multivariate logistic regression, Ordinary least squares regression

Shin et al. [119] Discrete-event simulation, Linear integer programming

Sinreich and Jabali [120] Linear optimization model (S-model), Heuristic iterative simulation based algorithm

Sinreich, Jabali, and Dellaert [121] Discrete-event simulation, Optimization

Sir et al. [122] Classification and regression trees, Mixed integer programming

Techar et al. [123] Multivariate logistic regression, Negative binomial models

Visintin, Caprara, and Puggelli [124] Simulation, Experimental design

Yousefi and Ferreira [125] Agent-based simulation, Group Decision Making

Yousefi et al. [126] Agent-based simulation, Chaotic genetic algorithm, Adaptive boosting (AdaBoost)

Yousefi et al. [127] Agent based modeling, Ordinary least squares regression

Zeltyn et al. [128] Simulation, Queuing theory
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Different process improvement methods have been combined for better assisting ED managers
in addressing the prolonged stays in EDs. The first hybrid-approached contribution was produced
by Ross et al. [117] who mixed continuous quality improvement with critical pathways to diminish
the LOS at the emergency department of Macomb Hospital Center (Warren, MI, USA). Thanks to this
approach, LOS decreased from 7.52 days to 6.33 days for stroke patients. Other studies have combined
simulation with other operations research (OR) methods. For instance, Ashour and Kremer [129]
integrated simulation with Multi-attribute Utility Theory (MAUT) and Fuzzy Analytic Hierarchy
Process (FAHP) for developing a triage algorithm that classifies emergency patients. The simulation
evidenced that MAUT-FAHP outperforms the Emergency Severity Index for ESI levels 2–5 with a
significant reduction of ED-LOS. Another related work is presented by Bish et al. [99] who merged
simulation with queuing analysis for shortening the median LOS in an adult ED located in New Jersey.
In this case, the results evidenced that this measure was shortened from 192 to 112 min. Other studies
combining simulation and queuing theory can be found in Ferrand et al. [105] and Zeltyn et al. [128].
Another related study was presented by Chen and Wang [102] who proposed an integrated approach
integrating non-dominated sorting particle swarm optimization (NSPSO), multi-objective computing
budget allocation (MOCBA) and discrete-event Simulation (DES) aiming at meeting the government
LOS targets in Sunnybrook Hospital emergency department.

The combination between simulation and design of experiments (DOE) has been also employed
for the scientific community and decision-makers when targeting shortened LOS. An interesting
related intervention is exposed by Kaner et al. [111] who used this approach for formulating
improvement scenarios with data derived from a real-life ED environment. Such framework is
called to replace the well-known trial-and-error experiments often used when pretesting interventions
on ED-LOS. Other works implementing the simulation-DOE approach are described in Aroua and
Abdulnour [130] and Visintin et al. [124]. Integrating simulation and lean techniques is another
alternative adopted by researchers and practitioners when dealing with excessive stays in EDs.
For example, Romano et al. [116] used this approach in conjunction with causal loop diagrams for
minimizing the LOS and waiting times in Italian hospitals. Specifically, a new ED configuration
was pretested considering the partial reassignment of unused beds and medical staff to patients
with white code only. Another research using this integration is presented by Lo et al. [113] who
implemented an electronic provider documentation (EPD) in a pediatric ED. In this case, simulation
allowed testing potential affectations on ED-LOS when transitioning from paper charting to EPD.
Other integrated methodologies including simulation are reported by Abo-Hamad and Arisha [131],
Ashour and Kremer [20], Easter et al. [25], Yousefi et al. [127], and Yousefi and Ferreira [125]; however,
their application has not been replicated throughout the literature.

Also, hybrid approaches excluding simulation techniques were considered to address the
prolonged ED-LOS. Some of them are a mix of OR approaches as noted in He et al. [109] and
Sir et al. [122]. Other papers combine different statistical techniques as evidenced in Fuentes et al. [26],
Huang et al. [110], Techar et al. [123], and Ross et al. [118]. Another category includes the mix of lean
manufacturing and other techniques as exposed in Blick [100], Chadha et al. [101], and Furterer [106].
LM encompasses a wide variety of process-improvement techniques focusing on eliminating wastes
detected in the value chain of ED processes. Besides, it provides a comprehensive way of shortening
buffering costs, increasing process efficiency, and fostering CQI culture. Likewise, it has become a
good alternative for delivering the upmost value to ED patients by delivering effective care.

As presented above, single methods have been widely used by decision-makers and researchers
when targeting shortened stays in EDs. Some studies have addressed this problem through a quality
improvement technique (i.e., lean manufacturing, continuous quality improvement). One of the most
popular approaches in this domain is lean manufacturing (LM, 20 papers = 27.77%). In this regard,
Allaudeen et al. [48] performed a multidisciplinary lean intervention where root causes of delays were
properly identified and tackled. In fact, the ED LOS for medicine admissions decreased by 26.4% from
8.7 to 6.4 h (p-value < 0.01). Another application is presented by Carter et al. [50] who applied LM
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techniques for improving the clinical operations of an ED located in Ghana. Their article provides
important lessons to be considered during the implementation of LM in the ED context.

The second most used method from quality domain was continuous quality improvement (CQI)
(n = 7 papers = 9.72%). The most recent work employing QI is cited in Lovett et al. [80] who reported
an intervention at a multi-campus academic health system where immediate improvements were
enhanced in relation to LOS. Other works employing QI can be seen in Brent et al. [76], Fernandes and
Christenson [77], Fernandes et al. [78], Higgins III and Becker [79], Preyde et al. [81], and Rehmani and
Amatullah [82]. The application of six sigma [93], PDSA cycle [84,85], and ED dashboard/reporting
application [98] were also detected in the literature as part of the multiple quality-based methods that
have been applied for solving the excessive LOS problem in EDs.

Simulation was also employed in a single way to address the prolonged stays in emergency
departments. Indeed, its use was reported in 29.16% (n = 21 papers) of the studies using single
methods. One of the simulation-related interventions is observed in Gul and Guneri [31] who applied
this method in an attempt to the patient average LOS in an ED of a regional university hospital in
Turkey. In consequence, LOS was shortened with an improvement rate of 30%. A more recent work is
exposed by Keyloun et al. [34] who modeled the implementation of a new treatment pathway taking
advantage of long-acting antibiotics (LAs) aiming at estimating its effects on patient throughput rate,
LOS, and cost. The outcomes evidenced a 68% reduction in patient LOS; in other words, 7.2 h less
compared to the initial performance.

There is also an interest from research community in applying statistical techniques for reducing
prolonged stays in emergency care settings. The reported literature revealed that 12.5% (n = 9 papers)
of the papers using single approaches, incorporate the application of these methods when addressing
the extended LOS problem. In this respect, Kaushik et al. [70] used multivariate regression analysis for
identifying how a 1-minute decrease in laboratory turnaround time is associated with the emergency
room LOS. In addition, Maniaci et al. [71] used linear regression based on the log of LOS for pinpointing
factors associated with excessive stays in EDs. In this case, median ED LOS was found to be associated
with blood alcohol concentration, urine drug test (UDT), and UDT positive for barbiturates.

OR methods were also applied in a single form for dealing with the extended LOS within EDs.
For example, Ajmi et al. [83] developed an agent-based dynamic optimization model for improving
several performance indicators (LOS, remaining patient care load, and cumulative waiting time) in EDs.
OR-based studies addressing long LOS are evidenced in Chan et al. [91], Derni et al. [87], Liu et al. [95],
and Oueida et al. [86,96]. Apart from the aforementioned single techniques, less popular methods
like critical pathways [88,89,97], pivot nursing [92], and process redesign [94] were also used by some
practitioners and researchers to diminish the total burden produced by long ED-LOS.

3.2. Papers Focusing on Reducing the Waiting Time

Table 3 presents all the papers aiming at shortening the door-to-physician time in EDs. Based on
the scanned literature, this is the second most popular ED deficiency addressed by decision-makers
and researchers. Prolonged waiting time has been considered as major problem within EDs given
its significant association with patient dissatisfaction, increased number of complaints, and poor
outcomes for patients (increased morbidity and mortality). Nonetheless, shortening waiting times
at the ED is pretty challenging since it encompasses diagnosis, prioritization of patients, monitoring
and management of waiting times, and provision of suitable resources. In an attempt to solve this
problem, various authors have exposed different process improvement methodologies with validation
in the real-world. In this respect, 55.78% (n = 53 articles) of the contributing works used a single
method while 44.22% (n = 42 articles) dealt with the waiting time problem by applying an integration
of two or more techniques. Explicitly, 64.28% (n = 27 articles) out of the hybrid-approached articles
implemented 2 methods, 26.19% (n = 11 articles) mixed three techniques, and 9.52% (n = 4 articles)
merged four methods as exposed in Acuna et al. [132], Ala and Chen [133], Easter et al. [25] and Yousefi
and Yousefi [134].
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Table 3. Articles evidencing the use of process improvement techniques for minimizing the ED waiting time.

Authors Technique Type

Single

Coughlan, Eatock, and Patel [30]; Duguay and Chetouane [135]; Hung and Kissoon
[32]; Ibrahim et al. [33,136]; Joshi, Lim, and Teng [137]; Kaushal et al. [138];

Konrad et al. [36]; Lamprecht, Kolisch, and Pförringer [139]; Medeiros et al. [38];
Paul and Lin [40]; Rasheed et al. [41]; Saoud, Boubetra, and Attia [43]; Taboada et al.

[140]; Wang et al. [141]; Yang et al. [142]; Zeng et al. [47]

Simulation or Discrete-event simulation

Carter et al. [50]; Elamir [54]; Hogan, Rasche, and Von Reinersdorff [143]; Ieraci et al.
[144]; Improta et al. [145]; Kane et al. [56]; Murrell, Offerman, and Kauffman [58];

Ng et al. [59]; Piggott et al. [146]; Rees [147]; Rutman et al. [148]; Sánchez et al. [63];
Sayed et al. [64]; Vashi et al. [149]; Vermeulen et al. [66]; White et al. [150];

Lean manufacturing

Ajmi et al. [83]; Bordoloi and Beach [151]; Meng et al. [152]; Optimization

Leo et al. [153]; Nezamoddini and Khasawneh [154] Integer programming

Queuing theory

Preyde, Crawford, and Mullins [81]; Rothwell, McIltrot, and Khouri-Stevens [155] Continuous quality improvement

DeFlitch et al. [94]; Spaite et al. [156] Process redesign

Derni, Boufera, and Khelfi [87]; Oueida et al. [86] Petri nets

Doupe et al. [157]; Eiset, Kirkegaard, and Erlandsen [158] Regression

Chan et al. [91] Rapid Entry and Accelerated Care at Triage (REACT)

Christensen et al. [92] Pivot nursing

Cookson et al. [159] Value Stream Mapping (VSM)

Fulbrook, Jessup, and Kinnear [160] Nurse navigator

Oueida et al. [96] Resource Preservation Net (RPN)

Popovich et al. [161] Iowa Model of Evidence-Based Practice

Stone-Griffith et al. [98] ED dashboard and reporting application
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Table 3. Cont.

Authors Technique Type

Hybrid

Abo-Hamad and Arisha [131] Simulation, Balance Scorecard (BSC), Preference ratios in multi-attribute evaluation (PRIME)

Acuna, Zayas-Castro, and Charkhgard [132] Mixed integer programming, game theory, single and bi-objective optimization models

Ala and Chen [133] Integer programming, Tabu search, L-shaped algorithm, Discrete-event simulation

Aminuddin, Ismail, and Harunarashid [162] Simulation, Data Envelopment Analysis (DEA)

Andersen et al. [163] Integer linear programming, Markov models, Discrete-event simulation

Aroua and Abdulnour [130]; Zhao et al. [164] Simulation, Design of experiments (DOE)

Ashour and Kremer [20] Dynamic grouping and prioritization (DGP), Discrete-event simulation

Azadeh et al. [165] Mixed integer linear programming, Genetic algorithm (GA)

Bal, Ceylan, and Taçoğlu [166] Value Stream Mapping (VSM), Discrete-event simulation

Benson and Harp [167] Discrete-event simulation, System thinking

Bish, McCormick, and Otegbeye [99] Simulation, Queuing analyses

Daldoul et al. [168] Stochastic mixed integer programming, Sample average approximation

Diefenbach and Kozan [169] Simulation, Optimization

Easter et al. [25] Discrete-event simulation, ANOVA, Linear regression, Non-linear regression

EL-Rifai et al. [170] Stochastic mixed-integer programming, Sample average approximation, Discrete-event simulation

Ferrand et al. [105] Simulation, Dynamic priority queue (DPQ)

Gartner and Padman [171] Discrete-event simulation, Machine learning

Ghanes et al. [107] Optimization, Discrete-event simulation

Goienetxea Uriarte et al. [108] Discrete-event simulation, Simulation-based multi-objective optimization, Data mining

González et al. [172] Markov decision process, Approximate dynamic programming

He, Sim, and Zhang [109] Mixed integer programming, Queuing network, Stochastic Programming

Izady and Worthington [173] Discrete-event simulation, Queuing models, Heuristic Staffing Algorithm

Kuo [174] Simulation-optimization
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Table 3. Cont.

Authors Technique Type

Hybrid

Lau et al. [175] Genetic algorithm, Cost-optimization model

Martínez et al. [176] Discrete-event simulation, Lean manufacturing

Mazzocato et al. [177] Lean manufacturing, ANOVA

Othman et al. [178] Multi-agent system, Multiskill task scheduling

Othman and Hammadi [179] Fuzzy logic, Evolutionary algorithm

Oueida et al. [114]; Sinreich, Jabali, and Dellaert [121] Discrete-event simulation, Optimization

Perry [180] Lean manufacturing, Code critical

Romano, Guizzi, and Chiocca [116] System dynamics simulation, Lean techniques, Causal loop diagram

Sir et al. [122] Classification and regression trees, Mixed integer programming

Stephens and Broome [181] Univariate analysis, Multivariate general linear regression, Binary logistic regression

Umble and Umble [182] Theory of constraints, Buffer management, Synchronous management

Visintin, Caprara, and Puggelli [124] Simulation, Experimental design

Xu and Chan [183] Simulation, Queuing, Predictive models

Yousefi and Ferreira [125] Agent-based simulation, Group Decision Making

Yousefi and Yousefi [134] Agent-based simulation, Adaptive neuro-fuzzy inference system (ANFIS), Feed forward neural network (FNN),
Recurrent neural network (RNN)

Zeinali, Mahootchi, and Sepehri [184] Discrete-event simulation, Metamodels, Cross validation

Zeltyn et al. [128] Simulation, Queuing theory
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As evidenced in the aforementioned statistics, the use of hybrid approaches has received increasing
attention from decision-makers and the scientific community when targeting reduced door-to-treatment
times in emergency departments. The first contribution employing this methodological framework
was provided by Benson and Harp [167] who merged DES and system thinking for reducing ED
waiting times. After several simulations of different improvement scenarios, the ED managers decided
to reorganize the patient flow and automat hospital-wide bed control. Thanks to these interventions,
door-to-doctor times were slackened by 19% in parallel to increases in patient satisfaction rates. The
evidence base also reveals that 66.66% (n = 28 articles) out of the integrated-approached studies have
adopted this technique as part of their methodological framework. Merging simulation with other
OR methods has been a popular alternative for addressing the waiting time problem. For example,
Zeinali et al. [184] combined metamodel techniques and simulation for minimizing the total average
waiting time of an Iranian ED considering capacity and budget constraints. After intervention, the total
waiting time of ED patients was reduced by approximately 48%. A similar research was presented by
Kuo [174] used a simulation-optimization algorithm to support the waiting time improvement in an
ED located in Hong Kong. The results revealed that the implementation of staggered shifts is helpful
to decrease this metric.

The OR technique that has been mostly mixed with simulation is Queuing theory. In this regard,
Izady and Worthington [173] applied discrete-event simulation, queuing models, and a heuristic
staffing algorithm in a real emergency care setting for meeting the target established by the UK
government (98% of the patients to be discharged, transferred, or admitted to emergency care within
4 h of arrival) and consequently applying for incentive schemes. In this case, it was concluded that
meaningful improvement on the target can be gained, even without augmenting total medical staff

hours. A second study utilizing this combination was performed by Xu and Chan [183]. These
authors demonstrated that, based on this predictive approach, decision-makers can identify when
congestion is going to increase, thus facilitating a rapid intervention on patient flow for ensuring
reduced waiting times. Such an approach was proved to outperform the current policies due to its
ability of reducing lengthy waiting times by up to 15%. Interesting interventions employing this
integration can be also evidenced in Bish et al. [99], Ferrand et al. [105], and Zeltyn et al. [128]. Other
papers integrating OR methods and simulation can be found in Ala and Chen [133], Diefenbach and
Kozan [169], El-Rifai et al. [170], Ghanes et al. [107], Goienetxea Uriarte et al. [108], Oueida et al. [114],
Sinreich et al. [121], and Yousefi and Yousefi [134].

Over the recent years, the use of computer simulation and DOE also set out to receive attention
from practitioners related to emergency care field. For instance, Aroua and Abdulnour [130] mixed
these methods for improving patient LOS of a university emergency hospital. Specifically, DOE
underpinned the evaluation of improvement scenarios based on LOS variations. Other contributions
employing this hybrid approach are available in Visintin et al. [124] and Zhao et al. [164]. Meanwhile,
the use of DES-lean methodology is beginning to become prominent when addressing patient waiting
time within EDs. Bal et al. [166] provide a walk-through of how computer simulation and lean
manufacturing can be utilized for tackling the waiting time problem. In this paper, the very-well
known “Value Stream Mapping” was found to be useful for detecting non-value added times within Sadi
Konuk hospital ED. Similar implementations can be also found in studies such as Martínez et al. [176]
and Romano et al. [116]. As a step towards reducing lengthy waiting times, other methods have been
integrated with simulation: BSC and PRIME [131], DEA [162], DGP [20], statistical methods [25],
machine learning [171] and group decision-making [125]. This demonstrates the flexibility and
adaptability of this tool in hybridized methodologies.

Mixing OR methods, excluding simulation, has also become a popular approach among researchers
and practitioners with major interest in diminishing ED waiting times. In one case, mixed integer linear
programming and genetic algorithm (GA) were coupled for minimizing the total waiting time of patients
in the emergency department laboratories. The proposed combination was proved to significantly
reduce the total waiting time of prioritized patients [165]. More recently, Acuna et al. [132] opted to
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use a robust approach integrated by mixed integer programming, game theory, and single/bi-objective
optimization models for improving ambulance allocation and consequently reducing patients’ waiting
time in 11 EDs located in Florida. Other examples in the application of integrated OR methods when
dealing with lengthy ED waits are provided in Daldoul et al. [168], He et al. [109], Lau et al. [175],
Othman et al. [178], Sir et al. [122], and Umble and Umble [182]. Other combinations aiming at facing
the extended waiting times are simplified in Mazzocato et al. [177], Othman and Hammadi [179],
Perry [180], and Stephens and Broome [181].

Overall, single methods are also common for supporting improvement strategies targeting
decreased door-to-doctor times. Undoubtedly, simulation has provided good support for reducing
door-to-physician times in EDs even when used in a single way (n = 17 papers; 32.07% of
single-approached contributions). Coughlan et al. [30] developed a simulation model to cope with the
lengthy door-to-treatment times in a district general hospital in London. Such an approach allowed
decision-makers assessing its capability to meet the government target in regard to this metric. A
simulation model is also used in Joshi et al. [137] for helping managers of a real emergency department
to balance workload, reduce burnout and decrease patient waiting time. In this case, the patient flow
was improved and the average wait dropped by 73.2%.

Equal number of contributions addressing the waiting time problem is based on single lean
manufacturing (LM) applications (n = 17 papers; 32.07% of single-approached papers). For instance,
Cookson et al. [159] pinpointed over 300 instances of waste along the ED patient journey by employing
VSM. Such intervention helped healthcare leaders to improve the time to initial assessment. Generally
speaking we also observe some papers that have validated the effectiveness of LM when facing
the lengthy waiting times in EDs. Kane et al. [56] demonstrated that ED patient experience can be
significantly improved by incorporating lean approaches. More recently, Sánchez et al. [63] applied
lean thinking in triage acuity level-3 patients to improve waiting time of a tertiary hospital ED. As
a result, significant reductions were achieved in waiting time (71 vs. 48 min, p < 0.001) and other
critical measures.

The literature also reports a growing trend (n = 8 papers; 15.09%) in the use of OR methods
(different from simulation) in a single form upon addressing lengthy door-to-treatment times in EDs.
Oueida et al. [86] used petri nets for improving LOS, resource utilization, and patient waiting time in a
real emergency care institution. Similar objectives were pursued by Bordoloi and Beach [151] who,
unlike the previous work, used optimization models encompassing the entire patient journey within
the ED. Single OR-based approaches are also extensively used in Ajmi et al. [83], Derni et al. [87],
Leo et al. [153], Meng et al. [152], Nezamoddini and Khasawneh [154], and Oueida et al. [96]. Other
non-hybrid methods that have been employed for tackling this ED deficiency are as follows: REACT [91],
pivot nursing [92], process redesign [94,156], regression [157,158], nurse navigator [160], Iowa model
of evidence-based practice [161], CQI [81,155], and ED dashboard/reporting [98].

3.3. Papers Focusing on Tackling the Overcrowding

Table 4 presents all the interventions focused on reducing overcrowding in EDs. As discussed
in previous studies [7–9] and evidenced in this review, there is an increased interest on solving the
overcrowding problem in EDs. Such interest is motivated by the negative effects that have been
pinpointed in several congested EDs. These effects include delayed diagnosis and treatment, extended
pain and suffering, and risk for poor outcomes. As the population ages and life expectancy augments,
aggressive solutions are expected from practitioners and research community. In this regard, several
studies have suggested a variety of process improvement approaches that can be also adopted by
the emergency department directors for addressing this serious problem. In these studies, either a
single approach (n = 32 papers; 58.18%) or a hybrid method (n = 23 papers; 41.81%) was proposed for
counteracting this international issue.
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Table 4. Articles evidencing the use of process improvement techniques for tackling the ED overcrowding.

Authors Technique Type

Single

Ahalt et al. [185]; Ajmi et al. [83]; Best et al. [28]; Fitzgerald et al. [186]; Hung and
Kissoon [32]; Ibrahim et al. [33,136]; Paul and Lin [40]; Peck et al. [187]; Rasheed et al.

[41]; Restrepo-Zea et al. [188]; Thomas Schneider et al. [45]; Yang et al. [142]
Simulation or Discrete-event simulation

Aaronson, Mort, and Soghoian [189]; Al Owad et al. [190]; Elamir [54]; Hitti et al.
[55]; Migita et al. [57]; Murrell, Offerman, and Kauffman [58]; Van der linden et al.

[65]; Vose et al. [191]; White et al. [67,150]
Lean manufacturing

Nezamoddini and Khasawneh [154] Integer programming

Eiset, Kirkegaard, and Erlandsen [158]; Hu et al. [192]; Singh et al. [72];
Van der Veen et al. [74] Regression

Popovich et al. [161] Iowa Model of Evidence-Based Practice

Wang [193] Separated continuous linear programming (SCLP)

Fulbrook, Jessup, and Kinnear [160] Nurse navigator

DeFlitch et al. [94] Process redesign

Hybrid

Abo-Hamad and Arisha [131] Simulation, Balance Scorecard (BSC), Preference ratios in multi-attribute
evaluation (PRIME)

Acuna, Zayas-Castro, and Charkhgard [132] Mixed integer programming, game theory, single and bi-objective
optimization models

Aldarrab et al. [194] Lean Six Sigma

Ashour and Kremer [129] Fuzzy Analytic Hierarchy Process (FAHP), Multi-attribute Utility Theory (MAUT),
Discrete-event simulation

Ashour and Kremer [20] Dynamic grouping and prioritization (DGP), Discrete-event simulation

Bal, Ceylan, and Taçoğlu [166] Value Stream Mapping (VSM), Discrete-event simulation

Beck et al. [195] Lean Six Sigma

Chen and Wang [102] Non-dominated sorting particle swarm optimization (NSPSO), Multi-objective
computing budget allocation (MOCBA), Discrete-event simulation
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Table 4. Cont.

Authors Technique Type

Hybrid

Elalouf and Wachtel [103] Approximation algorithm, Simulation

El-Rifai, Garaix, and Xie [196] Integer linear program (ILP), Sample Average Approximation (SAA)

Fuentes et al. [26] Logistic regression, Linear regression, Paired t test, Wilcoxon signed rank

Garrett et al. [197] Regression analysis, Vertical split flow

González et al. [172] Markov decision process, Approximate dynamic programming

He, Sim, and Zhang [109] Mixed integer programming, Queuing network, Stochastic Programming

Hussein et al. [198] Six Sigma, Discrete-event simulation

Kaner et al. [111] Discrete-event simulation, Design of experiments

Kuo [174] Simulation-optimization

Landa et al. [199] Multi-objective optimization, Discrete-event simulation

Othman et al. [178] Multi-agent system, Multiskill task scheduling

Peltan et al. [200] Multivariate regression, Markov multistate models

Romano, Guizzi, and Chiocca [116] System dynamics simulation, Lean techniques, Causal loop diagram

Sinreich, Jabali, and Dellaert [121] Discrete-event simulation, Optimization

Visintin, Caprara, and Puggelli [124] Simulation, Experimental design
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Given the multifactorial origin and complexity of ED congestion, robust approaches are beginning
to be often considered in the literature. Unsurprisingly, most of these approaches include simulation
techniques (n = 13 papers; 54.16%). For example, some authors have proposed the integration of
optimization models and simulation to determine the best bed allocations considering both tactical
and operational decisions as exemplified in Landa et al. [199]. In this work, the simulation model
represented the patient flows of a medium-size hospital ED located in Genova, Italy. The intervention
was motivated by the increased congestion experience in this department and the growing concern on
decreasing the number of inpatient ward beds. Similar applications using DES and optimization models
can be found at Kuo [174] and Sinreich et al. [121]. Other studies expose the integration of simulation
with BSC and PRIME [131], FAHP and MAUT [129], DGP [20], lean manufacturing [116,166], six
sigma [198], DOE [111,124], approximation algorithm [103], and other OR methods [102] for reducing
overcrowding within emergency departments. However, none of these integrations has been widely
adopted in the ED context.

Different OR methods were also merged for addressing the overcrowding problem in EDs.
Initially, Othman et al. [178] used multi-agent system along with multiskill task scheduling for helping
physicians of a French pediatric ED to anticipate the feature of overcrowding. Another intervention
using a mix of OR methods can be seen in El-Rifai et al. [196] where a two-stage stochastic integer linear
program and sample average approximation were conjointly used for managing staff allocation and
consequently coping with congestion in an ED located in Lille, France. Decreasing overcrowding by
combining OR methods were also found in González et al. [172], Acuna, et al. [132], and He et al. [109].
Apart from these works, some authors proposed the use of lean six-sigma [194,195] and regression
analysis [26,197,200].

Various methods were also employed separately by authors as an aid to reduce crowding in
emergency departments. For example, the ability of simulation to model the multi-causality nature of
ED overcrowding in a great level of detail makes this technique a potential tool for administrators
and policy makers, even when employed in a single form. In fact, our review reports 12 papers
(37.5%) evidencing the use of this technique in congested EDs. We noted that as Ahalt et al. [185]
discuss, simulation can serve as a way of measuring crowdedness, a metric that avoids efforts being
expanded on unnecessary interventions and guides administrators towards the design of cost-effective
solutions. On the other hand, Fitzgerald [186] described how simulation has propelled cultural changes
in congested Australian EDs through providing fast and accurate predictions on change outcomes.
Since then, innovative studies endorsing the use of simulation in overcrowded EDs has been ample.

The use of lean manufacturing also continues to rise among researchers and practitioners who are
concerned on systematically evaluating interventions as well as implementing evidence-base policies. In
this review, 10 papers (31.25%) were found to offer solutions to the overcrowding problem after employing
LM. A fruitful LM program is exposed in Van der Linden et al. [65] where after a 9-month intervention,
the modified National ED Overcrowding Score (mNEDOCS) dropped from 18.6% to 3.5%. An earlier LM
project is presented in Al Owad et al. [190] where voice of costumer, voice of process, and voice of staff
were integrated for diminishing overcrowding in a hospital ED located in Saudi Arabia.

Regression applications are relatively new in the literature in relation to supporting improvements
in busy emergency departments. Eiset et al. [158] adopted a transition regression model based on past
departures and pre-specified risk factors to predict the expected number of departures and waiting
time in the ED unit at Aarhus University Hospital (Denmark). The authors concluded that the number
of arrivals has the biggest effect on departures with an odds ratio of 0.942. Multipronged efforts
in tackling this problem were also demonstrated in Singh et al. [72] where a multivariate logistic
regression model was developed considering four ED crowding scores, patient-related, system-related,
and provider-related risk factors. Other contributing studies utilizing regression are available at
Hu et al. [192] and Van der Veen et al. [74]. Less explored single approaches include: agent-based
dynamic optimization [83], process redesign [94], Fulbrook et al. [160], integer programming [154],
SCLP [193], and Iowa model of evidence-base practice [161].
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Table 5. Articles evidencing the use of process improvement techniques for minimizing patient flow time within EDs.

Authors Technique Type

Single

Coughlan, Eatock, and Patel [30]; Joshi, Lim, and Teng [137]; Khanna et al. [201];
Konrad et al. [36]; Lamprecht, Kolisch, and Pförringer [139]; Rasheed et al. [41];
Thomas Schneider et al. [45]; Vile et al. [202]; Yang et al. [142]; Zeng et al. [47]

Simulation or Discrete-event simulation

Al Owad et al. [190]; Dickson et al. [51]; Elamir [54]; Ieraci et al. [144]; Improta et al.
[145]; Matt, Arcidiacono, and Rauch [203]; Ng et al. [59]; Rees [147]; Rotteau et al.
[62]; Sánchez et al. [63]; Vermeulen et al. [66]; Vose et al. [191]; White et al. [67];

Lean Manufacturing

Fernandes and Christenson [77]; Fernandes, Christenson, and Price [78];
Goldmann et al. [204]; Henderson et al. [205]; Jackson and Andrew [206]; Lovett et al.

[80]; Markel and Marion [207]; Preyde, Crawford, and Mullins [81];
Continuous quality improvement

Ajmi et al. [83]; Bordoloi and Beach [151] Optimization

Yau et al. [75] Regression models

Courtad et al. [208] Mixed integer programming,

DeFlitch et al. [94]; Spaite et al. [156] Process redesign

Derni, Boufera, and Khelfi, M [87] Colored petri net

Fulbrook, Jessup, and Kinnear [160] Nurse navigator

Haydar, Strout, and Baumann [84] PDSA (Plan-do-study-act) cycle

Iyer et al. [209] Acute care model

Mohan et al. [210] Critical pathways

Ollivere et al. [211] Fast track protocols

Oueida et al. [96] Resource Preservation Net (RPN)

Popovich et al. [161] Iowa Model of Evidence-Based Practice
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Table 5. Cont.

Authors Technique Type

Hybrid

Ala and Chen [133] Integer programming, Tabu search, L-shaped algorithm, Discrete-event simulation

Andersen et al. [163] Linear programming, Discrete-event simulation

Azadeh et al. [212] Fuzzy logic, Simulation

Benson and Harp [167] Discrete-event simulation, System thinking

Bish, McCormick, and Otegbeye [99] Simulation, Queuing analyses

Brenner et al. [213] Simulation, What-if analysis

Diefenbach and Kozan [169] Simulation, Optimization

Easter et al. [25] Discrete-event simulation, ANOVA, Linear regression, Non-linear regression

Elalouf and Wachtel [103] Approximation algorithm, Simulation

Ferrand et al. [105] Simulation, Dynamic priority queue (DPQ)

Garrett et al. [197] Regression analysis, Vertical split flow

Gartner and Padman [171] Discrete-event simulation, Machine learning

González et al. [172] Markov decision process, Approximate dynamic programming

Guo et al. [214] Random boundary generation with feasibility detection (RBG-FD), Discrete-event simulation

Hajjarsaraei, Shirazi, and Rezaeian [215] Discrete-event simulation, System dynamics

Huang and Klassen [216] Six Sigma, Lean manufacturing, Simulation

Keeling, Brown, and Kros [217] Capability analysis, simulation

Lau et al. [175] Genetic algorithm, Cost-optimization model

Romano, Guizzi, and Chiocca [116] System dynamics simulation, Lean techniques, Causal loop diagram

Ross et al. [118] Multivariate logistic regression, Ordinary least squares regression

Ryan et al. [218] Lean manufacturing, Theory of constraints, Logistic regression

Shirazi [219] Simulation-based optimization

Stanton et al. [220] Lean Six Sigma

Weimann [221] Standardized project management, Change management, Continuous quality improvement, Lean manufacturing

Yousefi and Ferreira [125] Agent-based simulation, Group Decision Making

Zeinali, Mahootchi, and Sepehri [184] Discrete-event simulation, Metamodels, Cross validation
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3.4. Papers Focusing on Diminishing the Patient Flow Time in ED

The papers targeting decreased patient flow times within EDs are enlisted in Table 5. According
to our review, lengthy patient flow time has received increasing attention due to its complexity
and importance on clinical outcomes. Across many emergency care settings, patient flow problems
have reached epidemic proportions. In fact, longer patient journey times are associated with patient
dissatisfaction, more severe clinical complications, and increased mortality rates. The problem is even
more sharpener considering the ineffective response of EDs to the growing demand of emergency care
services. To substantially counteract this problem, several single (n = 45 articles; 63.38%) and integrated
(n = 26 articles; 36.62%) approaches from different research fields have been proposed by authors.

As we will next briefly describe, the combined approaches have provided sustained support for
restructuring patient flows within EDs. Most studies have emerged proposing the use of simulation as
the cornerstone of several combined methodologies (n = 19 papers; 82.6%). In particular, the literature
reports several studies mixing OR methods and simulation to cope with the patient flow problem.
Zeinali et al. [184] used a simulation-based metamodeling approach to deal with patient’s congestion in
an Iranian ED. The experimental outcomes confirmed that patient flow can be substantially improved
with this approach even under budget and capacity constraints. The continuous strain caused by
the increased number of emergency admissions also motivated Elalouf and Wachtel [103] to develop
an approximation algorithm whose results were later embedded in a simulation procedure. Such
procedure underpinned the design of cost-effective triage solutions facilitating the patient flow within
an ED located in Israel. The problem here considered was extended by incorporating uncertainty
inherent to the real-life scenario.

A few studies presented a comprehensive combination between simulation and lean to additionally
eliminate non-value added activities along the ED patient journey. A tremendous effort, for instance,
was documented in Huang and Klassen [216] who also incorporated six-sigma for improving the
phlebotomy process in the ED of the St. Catharines Site of the Niagara Health System. Such integration
led decision-makers to identify potential improvement opportunities and propose solutions with an
estimated 7-minute flow time reduction. The amount of time spent in EDs was also evaluated in
Romano et al. [116] through the combination of lean healthcare, simulation, and causal loop diagrams.
This framework was implemented in an Italian ED where positive results in patients’ flow were
further evidenced with subsequent reductions of profit loss. Scientific evidence also point out the
presence of simulation-based hybrid approaches incorporating other less prominent techniques such
as: fuzzy logic [212], what-if analysis [213], capability analysis [217], statistical methods [25], and
decision-making [125]. In addition, a highlighted study is presented by Gartner and Padman [171] who
integrated machine learning and DES to improve the patient flow of a real ED. The results revealed
that changing staffing patterns can lead to shorter patient journey times.

Some investigators have tackled the patient flow problem through mixing other
process-improvement methods. It is worth noting, for example, the use of lean manufacturing
combined with quality management techniques. A related case is exposed by Stanton et al. [220] who
implemented lean six-sigma for improving the patient flow from the ED to the wards of an Australian
hospital. The LSS project also had significant positive impact on involved staff and resource leveraging.
Similar lean-based hybrid applications can be also found at Ryan et al. [218] and Weimann [221].
To substantially redesign ED patient journey other authors preferred using integrated approaches
including statistical methods [118,197] or only OR methods as cited in González et al. [172] and
Lau et al. [175].

As evidenced above, a considerable percentage of the studies targeting reduced patient flow
(63.6%) employed a single approach as a methodological basis. The most popular method used
in a single way upon facing the patient flow challenge is lean manufacturing (13 papers; 28.88%).
Dickson et al. [51] reported a 2-year experience of an academic emergency treatment center employing
LM for continuously improving the patient flow. After implementation, the direct expense per patient
has dropped by 9% (from US$112 to US$102.5) and patient satisfaction has increased by almost 10%.
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A similar work is seen in Matt et al. [203] where a LM program demonstrated to be beneficial for
four different ED hospitals in Northern Italy. The results revealed that the patient lead-time from
registration to discharge was significantly lessened by 17%.

Definitively, simulation is one of the most used techniques for underpinning improvements in
emergency department even when employed separately. Door-to-discharge times are not the exception
to this rule. A comprehensive simulation model implemented in Khanna et al. [201] confirms the
previous statement. The DES model here designed was employed for evaluating operationally realistic
scenarios on flow performance. As a result, the National Emergency Access Target (NEAT) performance
increased by 16% whilst average bed occupancy diminished by 1.5%. Patient pathways from hospital
presentation to discharge were also studied in Vile et al. [202] where a DES model was implemented for
helping a major UK hospital ED to enhance the key ED performance target to admit or discharge 95%
of patients within 4 h of arrival. This implementation has propelled the continuous use of simulation
as a robust platform supporting the design of flexible EDs. Thereby, managers can establish whether
the resources are well managed while providing high-quality emergency care to patients.

Another quality-related methodology found to offer solutions to the patient flow problem is CQI.
Although most of this literature was published between 1996 and 2003, meaningful insights can be
extracted by policy makers for addressing this burden properly. Goldmann et al. [204] presented
a CQI program whose implementation led to a 71-minute reduction in the time from triage to
discharge experienced by patients attending to a pediatric teaching hospital ED. Over the recent years,
Preyde et al. [81] exposed a CQI program whose implementation led to a reduction of 1.16 h in the
total time spent for patients admitted at a Canadian hospital ED. Other single techniques were used for
tackling lengthy patient journey times within EDs; however, their application has been poorly explored
as further evidenced throughout the literature. These include optimization models [83,151], petri
nets [87,96], process redesign [94,156], mixed integer programming [208], nurse navigator [160], acute
care model [209], critical pathways [210], fast track protocols [211], Iowa model of evidence-based
practice [161], and regression analysis [75].

3.5. Papers Focusing on Diminishing the Number of Patients Who Leave the ED Without Being Seen

Table 6 depicts the articles focusing on diminishing the number of patients who leave the ED
without being seen. Given the low number of papers contributing to this research field (n = 25 papers),
we can conclude that improvement processes in this area are at the earlier stages and more interventions
from research community are therefore expected for building a solid evidence base. Moreover, there
is a great need for addressing the increased LWBS rates reported internationally [17] which, in the
meantime, are associated with elevated readmission rates and patient dissatisfaction. Such deficiencies
may result in reputational damage, profit loss, and other financial implications related to repeated
episodes of presentation. Additionally, there is a potential risk of ambulance misuse considering that
approximately a third of LWBS patients arrive by ambulance. In response, several initiatives based on
single (n = 19 articles; 76.0%) and multi-methods (n = 6 articles; 24.0%) approaches. Unsurprisingly,
simulation tools continue to be the most preferred technique in multi-methods approaches addressing
the leading problems in emergency departments. For instance, simulation has been applied along with
statistical methods to deal with the LWBS problem. This is the case exposed in Yousefi et al. [127] who
integrated agent-based simulation and ordinary least squares regression for representing the behavior
of patients leaving a public hospital emergency department. In this study, four preventive policies were
pretested for minimizing the LWBS rate. After intervention, the average LWBS and ED-LOS diminished
by 42.14% and 6.05% respectively. A similar research study is reported in Easter et al. [25] who used
DES, ANOVA, linear regression, and non-linear regression for evaluating different improvement
scenarios in terms of LWBS and other critical emergency care measures. The results evidenced that
LWBS can decrease between 0.66% - 2% if an additional internal-waiting room is adopted within the
emergency department. Much effort was also evidenced in papers integrating simulation with other
approaches. For example, Lee et al. [112] coupled machine learning, simulation, and optimization to
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reduce the number of patients who leave without being seen in the ED at Grady Memorial Hospital
(Atlanta, Georgia). As a result, the LWBS was reduced by more than 30% along with cost savings and
annual revenue of approximately $190 million. The rest of studies based on integrated methods used a
combination of statistical methods [222] and a mix of OR techniques [125,223] for tackling elevated
LWBS and their consequences mainly affecting the financial sustainability of EDs.

In general, single methods were found to be most popular compared to hybrid approaches when
targeting minimized LWBS. International evidence reveals that most of research studies focused on
this problem used a quality-improvement approach (n = 16 papers; 84.21%). These approaches have
provided an excellent step forward in counteracting the LWBS causes by removing special causes
of variation, non-value added activities, and unpleasant environment conditions in waiting rooms.
Evidently, the most prominent technique was Lean Manufacturing (n = 11 papers; 57.89%) which entails
a variety of tools perfectly addressing the above-mentioned causes. The first related contribution was
presented by Dickson et al. [52] who described the lean effects on the percentage of patients who left
without being seen associated with two hospital EDs. After 1 year post-lean the LWBS in the hospital A
dropped from 8% to 5% while hospital B experienced a 22% decrease after 3 years of implementation.
More recently, Peng et al. [60] used lean healthcare for reducing the LWBS rates of rural EDs. After
intervention, this metric was reduced from 4.1% to 2.0% (p < 0.001) while LOS was also significantly
diminished with a p < 0.001.

Another quality-improvement approach found to address the left-without-being-seen rates
was CQI. In particular, Rothwell et al. [155] struggled to manage this problem in an Arabic ED by
implementing a 3-month quality improvement project including a new fast-track unit. A longer project
is observed in Preyde et al. [81] where a 6-month process improvement program was applied for
reducing LWBS patients of a Canadian hospital ED. After implementation, fewer patients (n = 425) left
without being seen was reported along with additional improvements in other important emergency
care metrics. Other studies using CQI-based implementations for addressing this problem can be
found at Rehmani and Amatullah [82] and Welch and Allen [224]. Aside from the above-cited single
methods, investigators have employed REACT, pivot nursing, process redesign, and statistical process
control as correspondingly evidenced in Chan et al. [91], Christensen et al. [92], DeFlitch et al. [94], and
Schwab et al. [225]. Surprisingly, simulation tools have not used in a single way for coping with this
problem and its side effects.
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Table 6. Articles evidencing the use of process improvement techniques for reducing LWBS.

Authors Technique Type

Single

Carter et al. [50]; Dickson et al. [52]; Kane et al. [56]; Murrell, Offerman, and
Kauffman [58]; Ng et al. [59]; Peng, Rasid, and Salim [60]; Sánchez et al. [63];

Sayed et al. [64]; Van der linden et al. [65]; Vashi et al. [149]; Vermeulen et al. [66]
Lean manufacturing (S)

Preyde, Crawford, and Mullins [81]; Rehmani and Amatullah [82]; Rothwell, McIltrot,
and Khouri-Stevens [155]; Welch and Allen [224] Continuous quality improvement (S)

Chan et al. [91] Rapid Entry and Accelerated Care at Triage (REACT)

Christensen et al. [92] Pivot nursing

Schwab et al. [225] Statistical Process Control

DeFlitch et al. [94] Process redesign

Hybrid

Easter et al. [25] Discrete-event simulation, ANOVA, Linear regression, Non-linear regression

Hitti et al. [222] Logistic regression, Case-control study

Jiang, Chin, and Tsui [223] Deep neural network (DNN), Genetic algorithm (GA)

Lee et al. [112] Machine learning, Simulation, Optimization

Yousefi and Ferreira [125] Agent-based simulation, Group Decision Making

Yousefi et al. [127] Agent-based simulation, Ordinary least squares regression
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4. Discussion

Our review reveals a considerable growth in the number of papers exposing process improvement
methodologies addressing the main problems reported in EDs. In particular, the increasing
publication trend initiated around 2011 concentrates 84.23% of the total related scientific contribution
(n = 171 papers). This, of course, evidences the growing interest of policy makers, ED administrators,
decision makers, researchers, and practitioners in this research field and the latent need for providing
a high-quality and sustainable emergency care to patients. This is also consistent with the recent bunch
of interventions that have been propelled by governments from different countries (as the 4-hour target
– NEAT – established by the UK) searching for reducing mortality and morbidity rates, cost overruns,
and adverse events. On the other hand, most of the evidence base is provided by journals from
medical sciences, operations research, and quality fields, which demonstrates the multidimensional
nature of ED context and the wide variety of process improvement approaches that can be used by ED
administrators when facing the ED problems cited in this review.

One of the major findings from the review is the prominent use of simulation and LM techniques
in the solution of ED deficiencies (Figure 4). The only exception was evidenced in High LWBS where
LM was found as the most preferred approach. Authors have mostly employed this approach since:
i) it provides a reliable representation of the patient journey within EDs so that factors and interactions
affecting emergency care can be easily identified, ii) it records individual entity experience which is
desirable for analyzing inefficiency patterns, iii) it facilitates engagement with decision-makers through
animation, and iv) it allows ED managers to pretest potential improvement scenarios [226–229]. It
is also noteworthy that researchers have decided to utilize lean manufacturing preferentially since
it i) allows ED managers identifying and removing the causes of emergency care variability, thus
minimizing prolonged stays within these departments, ii) enables managers to detect and reduce
wastes of resources (including time and cost overruns), iii) increases patient satisfaction rates, and iv)
promotes collaborative work and increases the competences of medical staff. Another major benefit
of LM is the ability to reduce the service lead time by adopting standard operating procedures that
diminish expenses, increase efficiency, and improve operations. Lean thinking, as a bunch of concepts
and tools directed towards the operational excellence, empowers medical and administrative staff to
continuously identify significant opportunities in the ED which ends up increasing their technical
competences whilst leading to a sustainable reduction of patient flow time, behavioral changes, and
increased throughput. On a different note, the simplicity and efficiency of Queuing theory endorses its
application on improving the emergency care experienced by ED patients. Also, the use of optimization
techniques is a desired alternative when decision-makers need to maximize the impact of investments
(for example, minimizing ED-LOS) under constrained resources as often observed in public EDs.
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We also noted that 36 different methods have been employed by authors for dealing with the
excessive stays in emergency department. To date, most of work has focused on the use of OR
methods. This is validated by the presence of simulation (n = 45 papers = 41.7%), optimization
(n = 7 papers = 6.5%), and queuing theory (n = 5 papers = 4.6%) in the top-five of most popular
techniques. On a different tack, quality improvement techniques can be also highlighted as a good
option for addressing this problem. For instance, some authors are skewed to continuous quality
improvement interventions (n = 10 papers = 9.3%) given their easy adoption by administrative and
clinical staff, patient centered nature, and ability of constantly upgrading ED performance (as expected
with LOS and other critical ED measures). Surprisingly, regression (n = 17 papers = 15.7%) was ranked
third in the list of popular improvement tools. This technique has been often applied due to its ability
of evidencing improvement or decline in key operational variables (such as LOS). It is clear from these
findings that there is much room for the application of combined approaches considering the most
popular OR (simulation, queuing theory, and optimization), regression, and quality improvement
(lean manufacturing, CQI) techniques which is highly suggested for ED managers, decision-makers,
practitioners, and researchers when dealing with long stays in emergency care settings. Such integration
lays the groundwork for implementing a high-performance system-wide approach that would greatly
lower ED stays even in the presence of growing and peak demands. In addition to this research
opportunity, the reported literature revealed various gaps that should be properly addressed within
the upcoming interventions targeting shortened LOS: (i) There are only a few initiatives considering
data-driven approaches and behavioral aspects of emergency care, (ii) There is no reported literature
concerning how LOS can be reduced in emergency care networks, (iii) There are no case studies
considering patient heterogeneity and multiple care options, (iv) Only few works contemplate the
participation of EDs, government, and academic sector in the design of improvement strategies
shortening ED LOS.

On a different tack, 48 different techniques have been utilized by authors for coping with the
lengthy door-to-doctor times in emergency departments. Most of the research has been skewed
to the application of OR methods as observed in interventions reducing LOS. In fact, four OR
methods were listed among the six most popular approaches: simulation (n = 46 articles = 48.4%),
optimization (n = 11 articles = 11.6%), integer programming (n = 10 articles = 10.5%), and queuing
theory (n = 6 articles = 6.3%). An interesting finding is related to the use of integer programming for
decreasing the door-to-treatment times. The increasing use of this method is founded on its ability
to achieve near optimal solutions in a realistic time frame. On the other hand, it is seen that some
practitioners have preferred using lean manufacturing (n = 22 articles = 23.2%) and regression (n = 5
articles = 5.3%) for reducing waiting times within EDs as similarly found in the previous ED problem.
Moreover, 43 interventions targeting shortened ED stays were simultaneously directed towards the
improvement of door-to-treatment times. The above-mentioned findings endorse the integration of
these methods as a powerful and robust framework addressing extended waiting times and lengthy
stays in emergency departments. This approach is then highly attractive and useful for decision-makers
considering their need for allocating scarce resources in high-impact solutions. There are, however,
very few studies evidencing the use of hybrid methods for this particular aim. The reported related
literature also revealed that data-driven approaches were not considered when tackling the waiting
time problem. Besides, there is no research dealing with this phenomenon in emergency care networks.
Therefore, future efforts in this research field should be directed towards the aforementioned lines.

It is also noteworthy that 30 different methods have been used by researchers and practitioners to
deal with ED “admission hold”. A great portion of the interventions has mostly adopted OR methods
as also observed in the above-cited ED problems. In this case, three OR methods were ranked among
the most prominent approaches: simulation (n = 25 articles = 45.5%), optimization (n = 6 articles =

10.9%), and integer programming (n = 3 articles = 5.5%). We also see a high percentage of research
considering lean thinking (n = 14 articles = 25.5%) and regression models (n = 7 articles = 12.7%) for
tackling ED overcrowding as also detected in the previous ED problems. The multifaceted nature of
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these approaches is then attractive for ED directors, administrators, and policy makers who search
for methodological frameworks able to address different problems at once. This is motivated by
the need for continuously providing urgent care and allocating scarce resources properly. It is also
important to stress the inclusion of six-sigma as an alternative for minimizing process variability in
supporting services like radiology and laboratory which often contribute to ED congestion. In light
of these facts, combining all these techniques can be a fruitful path for research and interventions
underpinning the day-to-day management of ED congestion. On a broader scale, decisions such as
hiring or firing new doctors or nurses, buying new beds and building new observation rooms can be
properly assessed through the use of these methodologies. Other gaps detected in the related literature
are as follows: (i) A small number of interventions are related to overcrowding in developing countries,
(ii) The methodological approaches here cited do not consider patient heterogeneity and multiple care
options, and (iii) Most overcrowding-related case studies do not evidence close collaborations amongst
academic sector, government, and EDs.

Not coincidentally, the presence of OR (simulation and optimization), quality-improvement
(lean manufacturing and CQI) and regression techniques was also evidenced in studies targeting
reduced door-to-discharge times in EDs. Using the aforedescribed methods in a combined approach
may be then useful for administering patient flows robustly. These methods can suitably deal with an
operational context compounded by multiple transient stages, interactions, treatment alternatives, and
outcomes. Thereby, decision makers may better predict the potential impact of demand changes and
ED configurations on downstream operations, critical emergency care measures, and financial metrics
of interest. Other research challenges related to this problem are the following: (i) The implementation
of data-driven approaches (i.e., data mining, process mining) combined the large amount of data
derived from emergency care, (ii) The replication of the aforementioned interventions in developing
countries where the financial budget is highly restricted, and (iii) The application of multi-phase models
that better represent the multifactorial context of emergency care while outlining the interrelations
with other healthcare services (i.e., hospitalization, surgery, intensive care unit, radiology).

The review also led to identify the variety of process-improvement methods (n = 15) that have
been trialed for reducing the left-without-being-seen rates in different countries. In this case, lean
manufacturing (n = 11 papers; 44.0% out of the total contributions) was found to be the most prominent
technique when addressing this problem. The second place in the rank is shared by CQI (n = 4 papers =

16% of the total contributions) and computer simulation (n = 4 papers = 16% of the total contributions)
while regression (n = 3 paper = 12.0%) was also listed among the most popular approaches addressing
elevated LWBS rates. This evidence supports the integration of simulation approaches and process
improvement techniques originated from the automotive industry (such as LM and CQI) in an
effort to improving several critical emergency care measures (i.e., average LWBS) [10]. A concern,
however, is the availability of high-quality and suitable data, an aspect also pointed out in Clarey
and Cooke [17]. Modelers require detailed and intricate data for providing a good representation of
patient pathways directly affecting ER waiting times, one of the major factors associated with high
LWBS rates. Decision makers should then establish strategies for ensuring proper data collection
underpinning the deployment of the aforementioned combined approach. As discussed above, this
research field is at the earlier stages and more advanced contributions are hence expected for expanding
the evidence base of improvements addressing this problem. Apart from the previous considerations,
future investigations should consider the inclusion of behavioral aspects explaining the LWBS rates.
Moreover, more interventions are needed in developing countries where this problem has reached
desperate proportions [226].

Our vision is also consistent with the WHO document entitled as “Delivering quality health
services: A global imperative for universal health coverage” [230] which reinforces the need for the
continuous collaboration between EDs, government, and academic partners for ensuring scale-up and
sustainable improvement interventions in emergency care. The techniques here described will serve as a
platform for interventions focused on upgrading the emergency care performance in terms of lead-time,



Int. J. Environ. Res. Public Health 2020, 17, 2664 29 of 41

equity, coordination, and efficiency as pursued by WHO. It is, however, critical to tackle some general
methodological limitations that became evident from the literature. For instance, the use of hybrid
approaches emerging from the combination of several prominent approaches is at the earlier stages
and more contributions are then expected to increase the evidence base related to these applications.
In particular, the use of combined interventions using simulation and lean manufacturing remains
limited in the reported literature [113,115,116,166,176,216]. Likewise, researchers are advised to take
into account the methodological trends regarding process improvement in emergency departments.
For example, over the recent years, there has been a growing tendency to undertake multi-objective
interventions as cited in Easter et al. [25] and Ajmi et al. [83]. Furthermore, there has been a downward
trend in recent years concerning the use of CQI-based approaches which may be explained by the
adoption of more robust approaches like LM. By considering the findings discussed in this section,
decision-makers and other stakeholders can better define short-term and long-term improvement
plans pursuing high-quality emergency care and reduced operational cost whereas providing new
evidence base for the development of more effective interventions and research.

5. Concluding Remarks and Future Directions

A wide variety of process improvement methodologies have been employed by researchers and
practitioners for addressing leading emergency department inefficiencies including Overcrowding,
Prolonged waiting time, extended length of stay (LOS), excessive patient flow time, and High number
of patients who leave the ED without being seen (LWBS). In order to lay groundwork for devising
and implementing cost-effective solutions as well as detecting limitations in current practice, this
paper provided a comprehensive literature review comprising of 203 papers spread over the period
ranged between April 1993 and October 2019. The papers, distributed in 120 journals, were then
examined and classified according to the: (i) targeted ED problem and (ii) publication year. We also
identified the most prominent process-improvement approaches that have been used for tackling each
of the aforementioned ED deficiencies. In particular, we particularly noted that process-improvement
studies in EDs are ample when coping with prolonged waiting time, extended LOS, and excessive
patient flow time; nonetheless, there is still a lack of interventions tackling overcrowding and high
left-without-being-seen rates. This is mainly caused by the poor involvement of ED administrators,
policy makers, and other stakeholders in the design of multifaceted suitable strategies addressing the
complexity and implementation conditions inherent to the real ED context.

It is noteworthy that simulation has been the most popular approach for addressing the
leading operational problems due to their capability to deeply analyse the current performance
of emergency services, pre-test improvement scenarios, and facilitate user engagement through the
animation of patient flows and resources. Lean manufacturing, regression analysis, optimization,
and CQI were also found to be highly used by practitioners and researchers when addressing
the ED deficiencies. In particular, authors employed OR methods (simulation and optimization),
quality-improvement techniques (lean manufacturing and CQI), and regression for tackling extended
patient flow times and lengthy ED stays. On a different tack, researchers utilised lean manufacturing,
simulation, optimization, regression, and integer programming for addressing overcrowded emergency
departments. Meanwhile, CQI, lean manufacturing, simulation, and regression were mostly used for
decreasing the left-without-being-seen rates. However, we look for hybrid approaches using these
methods for fully exploiting the advantages of each technique so that more robust results can be
achieved in the real-life scenario.

Unsurprisingly, the application of single approaches is more widespread compared to integrated
techniques when addressing the above-mentioned ED problems. There is, however, a growing trend in
the use of hybrid methods justified by the complexity of emergency care operations, the interactions
with other services, and the continued increased demand. There are no, however, studies combining
simulation, lean manufacturing, optimization, CQI, and regression for tackling any of the leading
ED problems. Both combinations are projected to effectively underpin ED operations for delivering
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optimized emergency care under reasonable costs. Therefore, such approaches are expected to be
fruitful paths for future research.

There are also a limited number of studies addressing different emergency department deficiencies
at once. Hence, more similar contributions are expected to expand the current research body and
widespread the use of these approaches in real-life EDs. Furthermore, there is a definite need for
implementing these methods in emergency care networks (ECNs) to identify key lessons underpinning
the deployment of effective and timely ECNs in the future. We also expect to see more advancement
regarding the use of data-driven approaches considering behavioral aspects inherent to emergency
care. Thereby, more realistic and representative models can be designed for supporting multifaceted
interventions encompassing upstream services.

In conclusion, future research should be directed towards: (i) more contributions integrating
simulation and lean manufacturing, (ii) studies combining optimization, CQI, lean manufacturing,
simulation, and regression, (iii) interventions based on data-driven approaches and behavioral aspects
of emergency services, (iv) implementations of process improvement methodologies underpinning
emergency care networks, (v) more projects addressing different emergency department problems at
once, vi) interventions tackling overcrowding and high left-without-being-seen rates, (vii) the design
and implementation of new modelling frameworks considering patient heterogeneity and the multiple
care options with the goal of underpinning the deployment of strategic plans within emergency care
and its associated services, viii) the promotion of international collaboration to develop comparative
studies among countries and new guidelines for process improvement, (ix) propel the widespread
application of the identified approaches in developing countries where financial budget is largely
limited, (x) foster closest collaborations among EDs, government, and academic partners for designing
scale-up and sustainable improvement interventions in emergency care, (xi) review research progress
related to interventions addressing non-urgent ED admissions considering the high waste of resources
reported by hospitals and clinics, especially on weekends, and (xii) review the literature regarding
improvement strategies including clinical-related interventions, personnel training, the ABCDE of
Emergency care, and Triage which have not been covered in this paper. If properly addressed, these
research lines will provide decision makers with a potent decision-making platform for effectively
facing the expected growing demand at a minimum operational cost.

Author Contributions: Conceptualization, M.A.O.-B. and J.-J.A.-S.; methodology, M.A.O.-B. and J.-J.A.-S.;
software, M.A.O.-B. and J.-J.A.-S.; validation, M.A.O.-B. and J.-J.A.-S.; formal analysis, M.A.O.-B. and J.-J.A.-S.;
investigation, M.A.O.-B. and J.-J.A.-S.; resources, M.A.O.-B. and J.-J.A.-S.; data curation, M.A.O.-B. and J.-J.A.-S.;
writing—original draft preparation, M.A.O.-B. and J.-J.A.-S.; writing—review and editing, M.A.O.-B. and J.-J.A.-S.;
visualization, M.A.O.-B. and J.-J.A.-S.; supervision, M.A.O.-B. and J.-J.A.-S.; project administration, M.A.O.-B. and
J.-J.A.-S.; funding acquisition, M.A.O.-B. and J.-J.A.-S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to thank Giselle Paola Polifroni Avendaño and Giuseppe Polifroni
Avendaño for their valuable support during this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Soril, L.J.J.; Leggett, L.E.; Lorenzetti, D.L.; Noseworthy, T.W.; Clement, F.M. Reducing frequent visits to the
emergency department:A systematic review of interventions. PLoS ONE 2015, 10, e0123660. [CrossRef]
[PubMed]

2. Jarvis, P.R.E. Improving emergency department patient flow. Clin. Exp. Emerg. Med. 2016, 3, 63. [CrossRef]
[PubMed]

3. Emergency Department Quality Improvement: Transforming the Delivery of Care. Available online:
https://www.healthcatalyst.com/insights/emergency-department-quality-improvement-transforming-
delivery-care (accessed on 20 March 2020).

http://dx.doi.org/10.1371/journal.pone.0123660
http://www.ncbi.nlm.nih.gov/pubmed/25874866
http://dx.doi.org/10.15441/ceem.16.127
http://www.ncbi.nlm.nih.gov/pubmed/27752619
https://www.healthcatalyst.com/insights/emergency-department-quality-improvement-transforming-delivery-care
https://www.healthcatalyst.com/insights/emergency-department-quality-improvement-transforming-delivery-care


Int. J. Environ. Res. Public Health 2020, 17, 2664 31 of 41

4. Migita, R.; Yoshida, H.; Rutman, L.; Woodward, G.A. Quality Improvement Methodologies: Principles and
Applications in the Pediatric Emergency Department. Pediatr. Clin. N. Am. 2018, 65, 1283–1296. [CrossRef]
[PubMed]

5. Holden, R.J. Lean thinking in emergency departments: A critical review. Ann. Emerg. Med. 2011, 57, 265–278.
[CrossRef] [PubMed]

6. Mazzocato, P.; Savage, C.; Brommels, M.; Aronsson, H.; Thor, J. Lean thinking in healthcare: A realist review
of the literature. Qual. Saf. Health Care 2010, 19, 376–382. [CrossRef]

7. Günal, M.M.; Pidd, M. Discrete event simulation for performance modelling in health care: A review of the
literature. J. Simul. 2010, 4, 42–51. [CrossRef]

8. Paul, S.A.; Reddy, M.C.; Deflitch, C.J. A systematic review of simulation studies investigating emergency
department overcrowding. Simulation 2010, 86, 559–571. [CrossRef]

9. Vanbrabant, L.; Braekers, K.; Ramaekers, K.; Van Nieuwenhuyse, I. Simulation of emergency department
operations: A comprehensive review of KPIs and operational improvements. Comput. Ind. Eng. 2019, 131,
356–381. [CrossRef]

10. Saghafian, S.; Austin, G.; Traub, S.J. Operations research/management contributions to emergency department
patient flow optimization: Review and research prospects. IIE Trans. Healthc. Syst. Eng. 2015, 5, 101–123.
[CrossRef]

11. Althaus, F.; Paroz, S.; Hugli, O.; Ghali, W.A.; Daeppen, J.; Peytremann-Bridevaux, I.; Bodenmann, P.
Effectiveness of interventions targeting frequent users of emergency departments: A systematic review.
Ann. Emerg. Med. 2011, 58, 41–52. [CrossRef]

12. Flores-Mateo, G.; Violan-Fors, C.; Carrillo-Santisteve, P.; Peiró, S.; Argimon, J. Effectiveness of organizational
interventions to reduce emergency department utilization: A systematic review. PLoS ONE 2012, 7, 1–7.
[CrossRef] [PubMed]

13. Boyle, A.; Beniuk, K.; Higginson, I.; Atkinson, P. Emergency Department Crowding: Time for Interventions
and Policy Evaluations. Emerg. Med. Int. 2012, 2012, 1–8. [CrossRef] [PubMed]

14. Crawford, K.; Morphet, J.; Jones, T.; Innes, K.; Griffiths, D.; Williams, A. Initiatives to reduce overcrowding
and access block in Australian emergency departments: A literature review. Collegian 2014, 21, 359–366.
[CrossRef] [PubMed]

15. Uscher-Pines, L.; Pines, J.; Kellermann, A.; Gillen, E.; Mehrotra, A. Deciding to Visit the Emergency
Departement for Non-Urgent Conditions: A Systematic Review of the Literature. Am. J. Manag. Care 2013,
19, 47.

16. Oredsson, S.; Jonsson, H.; Rognes, J.; Lind, L.; Göransson, K.E.; Ehrenberg, A.; Asplund, K.; Castrén, M.;
Farrohknia, N. A systematic review of triage-related interventions to improve patient flow in emergency
departments. Scand. J. Trauma Resusc. Emerg. Med. 2011, 19. [CrossRef]

17. Clarey, A.J.; Cooke, M.W. Patients who leave emergency departments without being seen: Literature review
and English data analysis. Emerg. Med. J. 2012, 29, 617–621. [CrossRef]

18. Marcozzi, D.; Carr, B.; Liferidge, A.; Baehr, N.; Browne, B. Trends in the Contribution of Emergency
Departments to the Provision of Hospital-Associated Health Care in the USA. Int. J. Health Serv. 2018, 48,
267–288. [CrossRef]

19. Bellow, A.A.; Gillespie, G.L. The evolution of ED crowding. J. Emerg. Nurs. 2014, 40, 153–160. [CrossRef]
20. Ashour, O.M.; Okudan Kremer, G.E. Dynamic patient grouping and prioritization: A new approach to

emergency department flow improvement. Health Care Manag. Sci. 2016, 19, 192–205. [CrossRef]
21. Tiwari, Y.; Goel, S.; Singh, A. Arrival time pattern and waiting time distribution of patients in the emergency

outpatient department of a tertiary level health care institution of North India. J. Emerg. Trauma Shock 2014,
7, 160–165.

22. Driesen, B.E.J.M.; Van Riet, B.H.G.; Verkerk, L.; Bonjer, H.J.; Merten, H.; Nanayakkara, P.W.B. Long length of
stay at the emergency department is mostly caused by organisational factors outside the influence of the
emergency department: A root cause analysis. PLoS ONE 2018, 13, 1–15. [CrossRef] [PubMed]

23. Mason, S.; Weber, E.J.; Coster, J.; Freeman, J.; Locker, T. Time patients spend in the emergency department:
England’s 4-hour rule—A case of hitting the target but missing the point? Ann. Emerg. Med. 2012, 59,
341–349. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.pcl.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30446063
http://dx.doi.org/10.1016/j.annemergmed.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/21035904
http://dx.doi.org/10.1136/qshc.2009.037986
http://dx.doi.org/10.1057/jos.2009.25
http://dx.doi.org/10.1177/0037549709360912
http://dx.doi.org/10.1016/j.cie.2019.03.025
http://dx.doi.org/10.1080/19488300.2015.1017676
http://dx.doi.org/10.1016/j.annemergmed.2011.03.007
http://dx.doi.org/10.1371/journal.pone.0035903
http://www.ncbi.nlm.nih.gov/pubmed/22567118
http://dx.doi.org/10.1155/2012/838610
http://www.ncbi.nlm.nih.gov/pubmed/22454772
http://dx.doi.org/10.1016/j.colegn.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25632734
http://dx.doi.org/10.1186/1757-7241-19-43
http://dx.doi.org/10.1136/emermed-2011-200537
http://dx.doi.org/10.1177/0020731417734498
http://dx.doi.org/10.1016/j.jen.2013.01.013
http://dx.doi.org/10.1007/s10729-014-9311-1
http://dx.doi.org/10.1371/journal.pone.0202751
http://www.ncbi.nlm.nih.gov/pubmed/30216348
http://dx.doi.org/10.1016/j.annemergmed.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/22088495


Int. J. Environ. Res. Public Health 2020, 17, 2664 32 of 41

24. Herring, A.; Wilper, A.; Himmelstein, D.U.; Woolhandler, S.; Espinola, J.A.; Brown, D.F.M.; Camargo Jr, C.A.
Increasing length of stay among adult visits to U.S. emergency departments, 2001–2005. Acad. Emerg. Med.
2009, 16, 609–616. [CrossRef] [PubMed]

25. Easter, B.; Houshiarian, N.; Pati, D.; Wiler, J.L. Designing efficient emergency departments: Discrete event
simulation of internal-waiting areas and split flow sorting. Am. J. Emerg Med. 2019, 37, 2186–2193. [CrossRef]

26. Fuentes, E.; Shields, J.; Chirumamilla, N.; Martinez, M.; Kaafarani, H.; Yeh, D.D.; White, B.; Filbin, M.;
DePesa, C.; Velmahos, G.; et al. “One-way-street” streamlined admission of critically ill trauma patients
reduces emergency department length of stay. Intern. Emerg. Med. 2017, 12, 1019–1024. [CrossRef]

27. Ajdari, A.; Boyle, L.N.; Kannan, N.; Wang, J.; Rivara, F.P.; Vavilala, M.S. Simulation of the Emergency
Department Care Process for Pediatric Traumatic Brain Injury. J. Healthc. Qual. 2018, 40, 110–118. [CrossRef]

28. Best, A.M.; Dixon, C.A.; Kelton, W.D.; Lindsell, C.J.; Ward, M.J. Using discrete event computer simulation to
improve patient flow in a Ghanaian acute care hospital. Am. J. Emerg. Med. 2014, 32, 917–922. [CrossRef]

29. Bokhorst, J.A.C.; van der Vaart, T. Acute medical unit design – The impact of rearranged patient flows.
Socio-Econ. Plan. Sci. 2018, 62, 75–83. [CrossRef]

30. Coughlan, J.; Eatock, J.; Patel, N. Simulating the use of re-prioritisation as a wait-reduction strategy in an
emergency department. Emerg. Med. J. 2011, 28, 1013–1018. [CrossRef]

31. Gul, M.; Guneri, A.F. A computer simulation model to reduce patient length of stay and to improve resource
utilization rate in an emergency department service system. Int. J. Ind. Eng. Theory Appl. Pract. 2012, 19,
221–231.

32. Hung, G.R.; Kissoon, N. Impact of an observation unit and an emergency department-admitted patient
transfer mandate in decreasing overcrowding in a pediatric emergency department: A discrete event
simulation exercise. Pediatr. Emerg. Care 2009, 25, 160–163. [CrossRef] [PubMed]

33. Ibrahim, I.M.; Liong, C.; Bakar, S.A.; Najmuddin, A.F. Performance improvement of the yellow zone in
emergency department using discrete event simulation approach. Int. J. Eng. Technol. 2018, 7, 102–105.

34. Keyloun, K.R.; Lofgren, E.; Hebert, S. Modeling operational quality metrics and costs of long-acting antibiotics
for acute bacterial skin and skin structure infection treatment in the emergency department. J. Med. Econ.
2019, 22, 652–661. [CrossRef] [PubMed]

35. Khare, R.K.; Powell, E.S.; Reinhardt, G.; Lucenti, M. Adding More Beds to the Emergency Department
or Reducing Admitted Patient Boarding Times: Which Has a More Significant Influence on Emergency
Department Congestion? Ann. Emerg. Med. 2009, 53, 575–585. [CrossRef]

36. Konrad, R.; DeSotto, K.; Grocela, A.; McAuley, P.; Wang, J.; Lyons, J.; Bruin, M. Modeling the impact of
changing patient flow processes in an emergency department: Insights from a computer simulation study.
Oper. Res. Health Care 2013, 2, 66–74. [CrossRef]

37. La, J.; Jewkes, E.M. Defining an optimal ED fast track strategy using simulation. J. Enterp. Inf. Manag. 2013,
26, 109–118. [CrossRef]

38. Baia Medeiros, D.T.; Hahn-Goldberg, S.; Aleman, D.M.; O’Connor, E. Planning Capacity for Mental Health
and Addiction Services in the Emergency Department: A Discrete-Event Simulation Approach. J. Healthc.
Eng. 2019, 2019, 8973515. [CrossRef]

39. Oh, C.; Novotny, A.M.; Carter, P.L.; Ready, R.K.; Campbell, D.D.; Leckie, M.C. Use of a simulation-based
decision support tool to improve emergency department throughput. Oper. Res. Health Care 2016, 9, 29–39.
[CrossRef]

40. Paul, J.A.; Lin, L. Models for improving patient throughput and waiting at hospital emergency departments.
J. Emerg. Med. 2012, 43, 1119–1126. [CrossRef]

41. Rasheed, F.; Lee, Y.H.; Kim, S.H.; Park, I.C. Development of emergency department load relief area-gauging
benefits in empirical terms. Simul. Healthc. 2012, 7, 343–352. [CrossRef]

42. Rosmulder, R.W.; Krabbendam, J.J.; Kerkhoff, A.H.M.; Houser, C.M.; Luitse, J.S.K. Erratum to: Computer
Simulation Within Action Research: A Promising Combination for Improving Healthcare Delivery? (Syst Pract
Action Res, 10.1007/s11213-011-9191-y). Syst. Pract. Action Res. 2011, 24, 273. [CrossRef]

43. Saoud, M.S.; Boubetra, A.; Attia, S. A simulation knowledge extraction-based decision support system for
the healthcare emergency department. Int. J. Healthc. Inf. Syst. Inform. 2016, 11, 19–37. [CrossRef]

44. Steward, D.; Glass, T.F.; Ferrand, Y.B. Simulation-Based Design of ED Operations with Care Streams to
Optimize Care Delivery and Reduce Length of Stay in the Emergency Department. J. Med. Syst. 2017, 41,
162. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1553-2712.2009.00428.x
http://www.ncbi.nlm.nih.gov/pubmed/19538503
http://dx.doi.org/10.1016/j.ajem.2019.03.017
http://dx.doi.org/10.1007/s11739-016-1511-x
http://dx.doi.org/10.1097/JHQ.0000000000000119
http://dx.doi.org/10.1016/j.ajem.2014.05.012
http://dx.doi.org/10.1016/j.seps.2017.08.003
http://dx.doi.org/10.1136/emj.2010.100255
http://dx.doi.org/10.1097/PEC.0b013e31819a7e20
http://www.ncbi.nlm.nih.gov/pubmed/19262424
http://dx.doi.org/10.1080/13696998.2019.1591423
http://www.ncbi.nlm.nih.gov/pubmed/30838908
http://dx.doi.org/10.1016/j.annemergmed.2008.07.009
http://dx.doi.org/10.1016/j.orhc.2013.04.001
http://dx.doi.org/10.1108/17410391311289578
http://dx.doi.org/10.1155/2019/8973515
http://dx.doi.org/10.1016/j.orhc.2016.03.002
http://dx.doi.org/10.1016/j.jemermed.2012.01.063
http://dx.doi.org/10.1097/SIH.0b013e31825ded80
http://dx.doi.org/10.1007/s11213-011-9196-6
http://dx.doi.org/10.4018/IJHISI.2016040102
http://dx.doi.org/10.1007/s10916-017-0804-6
http://www.ncbi.nlm.nih.gov/pubmed/28879622


Int. J. Environ. Res. Public Health 2020, 17, 2664 33 of 41

45. Thomas Schneider, A.J.; Luuk Besselink, P.; Zonderland, M.E.; Boucherie, R.J.; Van Den Hout, W.B.; Kievit, J.;
Bilars, P.; Jaap Fogteloo, A.; Rabelink, T.J. Allocating emergency beds improves the emergency admission
flow. Interfaces 2018, 48, 384–394. [CrossRef]

46. Wang, T.; Guinet, A.; Belaidi, A.; Besombes, B. Modelling and simulation of emergency services with ARIS
and Arena. case study: The emergency department of Saint Joseph and Saint Luc hospital. Prod. Plan.
Control. 2009, 20, 484–495. [CrossRef]

47. Zeng, Z.; Ma, X.; Hu, Y.; Li, J.; Bryant, D. A Simulation Study to Improve Quality of Care in the Emergency
Department of a Community Hospital. J. Emerg. Nurs. 2012, 38, 322–328. [CrossRef]

48. Allaudeen, N.; Vashi, A.; Breckenridge, J.S.; Haji-Sheikhi, F.; Wagner, S.; Posley, K.A.; Asch, S.M. Using Lean
Management to Reduce Emergency Department Length of Stay for Medicine Admissions. Qual Manag.
Health Care 2017, 26, 91–96. [CrossRef]

49. Arbune, A.; Wackerbarth, S.; Allison, P.; Conigliaro, J. Improvement through Small Cycles of Change: Lessons
from an Academic Medical Center Emergency Department. J. Healthc. Qual. 2017, 39, 259–269. [CrossRef]

50. Carter, P.M.; Desmond, J.S.; Akanbobnaab, C.; Oteng, R.A.; Rominski, S.D.; Barsan, W.G.; Cunningham, R.M.
Optimizing clinical operations as part of a global emergency medicine initiative in Kumasi, Ghana:
Application of lean manufacturing principals to low-resource health systems. Acad. Emerg. Med. 2012, 19,
338–347. [CrossRef]

51. Dickson, E.W.; Anguelov, Z.; Bott, P.; Nugent, A.; Walz, D.; Singh, S. The sustainable improvement of patient
flow in an emergency treatment centre using Lean. Int. J. Six Sigma Compet. Advant. 2008, 4, 289–304.
[CrossRef]

52. Dickson, E.W.; Anguelov, Z.; Vetterick, D.; Eller, A.; Singh, S. Use of Lean in the Emergency Department:
A Case Series of 4 Hospitals. Ann. Emerg. Med. 2009, 54, 504–510. [CrossRef] [PubMed]

53. Dickson, E.W.; Singh, S.; Cheung, D.S.; Wyatt, C.C.; Nugent, A.S. Application of Lean Manufacturing
Techniques in the Emergency Department. J. Emerg. Med. 2009, 37, 177–182. [CrossRef]

54. Elamir, H. Improving patient flow through applying lean concepts to emergency department. Lead. Health
Serv. 2018, 31, 293–309. [CrossRef] [PubMed]

55. Hitti, E.A.; El-Eid, G.R.; Tamim, H.; Saleh, R.; Saliba, M.; Naffaa, L. Improving Emergency Department
radiology transportation time: A successful implementation of lean methodology. BMC Health Serv. Res.
2017, 17, 625. [CrossRef] [PubMed]

56. Kane, M.; Chui, K.; Rimicci, J.; Callagy, P.; Hereford, J.; Shen, S.; Norris, R.; Pickham, D. Lean manufacturing
improves emergency department throughput and patient satisfaction. J. Nurs. Admin. 2015, 45, 429–434.
[CrossRef] [PubMed]

57. Migita, R.; Del Beccaro, M.; Cotter, D.; Woodward, G.A. Emergency department overcrowding: Developing
emergency department capacity through process improvement. Clin. Pediatr. Emerg. Med. 2011, 12, 141–150.
[CrossRef]

58. Murrell, K.L.; Offerman, S.R.; Kauffman, M.B. Applying Lean: Implementation of a rapid triage and treatment
system. West. J. Emerg Med. 2011, 12, 184–191.

59. Ng, D.; Vail, G.; Thomas, S.; Schmidt, N. Applying the Lean principles of the Toyota Production System to
reduce wait times in the emergency department. Can. J. Emerg. Med. 2010, 12, 50–57. [CrossRef]

60. Peng, L.S.; Rasid, M.F.; Salim, W.I. Using modified triage system to improve emergency department efficacy:
A successful Lean implementation. Int. J. Healthc. Manag. 2019. [CrossRef]

61. Polesello, V.; Dittadi, R.; Afshar, H.; Bassan, G.; Rosada, M.; Ninno, L.D.; Carraro, P. Improving pre-analytical
laboratory turnaround time for the emergency department: Outcomes of a pneumatic tube system
introduction. Biochim. Clin. 2019, 43, 150–155.

62. Rotteau, L.; Webster, F.; Salkeld, E.; Hellings, C.; Guttmann, A.; Vermeulen, M.J.; Bell, R.S.; Zwarenstein, M.;
Rowe, B.H.; Nigam, A.; et al. Ontario’s emergency department process improvement program: The experience
of implementation. Acad. Emerg. Med. 2015, 22, 720–729. [CrossRef] [PubMed]

63. Sánchez, M.; Suárez, M.; Asenjo, M.; Bragulat, E. Improvement of emergency department patient flow using
lean thinking. Int. J. Qual. Health Care 2018, 30, 250–256. [CrossRef] [PubMed]

64. Sayed, M.J.E.; El-Eid, G.R.; Saliba, M.; Jabbour, R.; Hitti, E.A. Improving emergency department door to
doctor time and process reliability: A successful implementation of lean methodology. Medicine 2015, 94,
e1679. [CrossRef] [PubMed]

http://dx.doi.org/10.1287/inte.2018.0951
http://dx.doi.org/10.1080/09537280902938605
http://dx.doi.org/10.1016/j.jen.2011.03.005
http://dx.doi.org/10.1097/QMH.0000000000000132
http://dx.doi.org/10.1111/jhq.12078
http://dx.doi.org/10.1111/j.1553-2712.2012.01311.x
http://dx.doi.org/10.1504/IJSSCA.2008.021841
http://dx.doi.org/10.1016/j.annemergmed.2009.03.024
http://www.ncbi.nlm.nih.gov/pubmed/19423187
http://dx.doi.org/10.1016/j.jemermed.2007.11.108
http://dx.doi.org/10.1108/LHS-02-2018-0014
http://www.ncbi.nlm.nih.gov/pubmed/30016921
http://dx.doi.org/10.1186/s12913-017-2488-5
http://www.ncbi.nlm.nih.gov/pubmed/28870249
http://dx.doi.org/10.1097/NNA.0000000000000228
http://www.ncbi.nlm.nih.gov/pubmed/26252725
http://dx.doi.org/10.1016/j.cpem.2011.04.001
http://dx.doi.org/10.1017/S1481803500012021
http://dx.doi.org/10.1080/20479700.2019.1655216
http://dx.doi.org/10.1111/acem.12688
http://www.ncbi.nlm.nih.gov/pubmed/25996451
http://dx.doi.org/10.1093/intqhc/mzy017
http://www.ncbi.nlm.nih.gov/pubmed/29447352
http://dx.doi.org/10.1097/MD.0000000000001679
http://www.ncbi.nlm.nih.gov/pubmed/26496278


Int. J. Environ. Res. Public Health 2020, 17, 2664 34 of 41

65. Van Der Linden, M.C.; Van Ufford, H.M.E.; De Beaufort, R.A.Y.; Grauss, R.W.; Hofstee, H.M.A.;
Hoogendoorn, J.M.; Meylaerts, S.A.G.; Rijsman, R.M.; De Rooij, T.P.W.; Smith, C.; et al. The impact
of a multimodal intervention on emergency department crowding and patient flow. Int. J. Emerg. Med. 2019,
12, 21. [CrossRef]

66. Vermeulen, M.J.; Stukel, T.A.; Guttmann, A.; Rowe, B.H.; Zwarenstein, M.; Golden, B.; Nigam, A.;
Anderson, G.; Bell, R.S.; Schull, M.J. Evaluation of an emergency department lean process improvement
program to reduce length of stay. Ann. Emerg. Med. 2014, 64, 427–438. [CrossRef]

67. White, B.A.; Chang, Y.; Grabowski, B.G.; Brown, D.F.M. Using lean-based systems engineering to increase
capacity in the emergency department. West. J. Emerg. Med. 2014, 15, 770–776. [CrossRef]

68. Cheng, I.; Zwarenstein, M.; Kiss, A.; Castren, M.; Brommels, M.; Schull, M. Factors associated with failure of
emergency wait-time targets for high acuity discharges and intensive care unit admissions. Can. J. Emerg.
Med. 2018, 20, 112–124. [CrossRef]

69. Forero, R.; Man, N.; McCarthy, S.; Richardson, D.; Mohsin, M.; Toloo, G.S.; FitzGerald, G.; Ngo, H.;
Mountain, D.; Fatovich, D.; et al. Impact of the national emergency access target policy on emergency
departments’ performance: A time-trend analysis for New South Wales, Australian capital territory and
queensland. EMA Emerg. Med. Australas 2019, 31, 253–261. [CrossRef]

70. Kaushik, N.; Khangulov, V.S.; O’hara, M.; Arnaout, R. Reduction in laboratory turnaround time decreases
emergency room length of stay. Open Access Emerg. Med. 2018, 10, 37–45. [CrossRef]

71. Maniaci, M.J.; Lachner, C.; Vadeboncoeur, T.F.; Hodge, D.O.; Dawson, N.L.; Rummans, T.A.; Roy, A.;
Burton, M.C. Involuntary patient length-of-stay at a suburban emergency department. Am. J. Emerg. Med.
2019. [CrossRef]

72. Singh, N.; Robinson, R.D.; Duane, T.M.; Kirby, J.J.; Lyell, C.; Buca, S.; Gandhi, R.; Mann, S.M.; Zenarosa, N.R.;
Wang, H. Role of ED crowding relative to trauma quality care in a Level 1 Trauma Center. Am. J. Emerg. Med.
2019, 37, 579–584. [CrossRef] [PubMed]

73. Street, M.; Mohebbi, M.; Berry, D.; Cross, A.; Considine, J. Influences on emergency department length of
stay for older people. Eur. J. Emerg. Med. 2018, 25, 242–249. [CrossRef] [PubMed]

74. Van der Veen, D.; Remeijer, C.; Fogteloo, A.J.; Heringhaus, C.; de Groot, B. Independent determinants of
prolonged emergency department length of stay in a tertiary care centre: A prospective cohort study. Scand.
J. Trauma Resusc. Emerg. Med. 2018, 26, 81. [CrossRef] [PubMed]

75. Yau, F.F.; Tsai, T.; Lin, Y.; Wu, K.; Syue, Y.; Li, C. Can different physicians providing urgent and non-urgent
treatment improve patient flow in emergency department? Am. J. Emerg. Med. 2018, 36, 993–997. [CrossRef]
[PubMed]

76. Brent, A.S.; Rahman, W.M.; Knarr, L.L.; Harrison, J.A.; Kearns, K.L.; Lindstrom, D.S. Reducing cycle times in
pediatric emergency medicine. Pediatr. Emerg. Care 2009, 25, 307–311. [CrossRef] [PubMed]

77. Fernandes, C.M.B.; Christenson, J.M. Use of continuous quality improvement to facilitate patient flow
through the triage and Fast-Track areas of an emergency department. J. Emerg. Med. 1995, 13, 847–855.
[CrossRef]

78. Fernandes, C.M.B.; Christenson, J.M.; Price, A. Continuous quality improvement reduces length of stay for
fast-track patients in an emergency department. Acad. Emerg. Med. 1996, 3, 258–263. [CrossRef]

79. Higgins, G.L., III; Becker, M.H. A continuous quality improvement approach to IL-372 documentation
compliance in an academic emergency department, and its impact on dictation costs, billing practices, and
average patient length of stay. Acad. Emerg. Med. 2000, 7, 269–275. [CrossRef]

80. Lovett, P.B.; Illg, M.L.; Sweeney, B.E. A Successful Model for a Comprehensive Patient Flow Management
Center at an Academic Health System. Am. J. Med. Qual. 2014, 31, 246–255. [CrossRef]

81. Preyde, M.; Crawford, K.; Mullins, L. Patients’ satisfaction and wait times at Guelph General Hospital
Emergency Department before and after implementation of a process improvement project. Can. J. Emerg.
Med. 2012, 14, 157–168. [CrossRef]

82. Rehmani, R.; Amatullah, A.F. Quality improvement program in an Emergency Department. Saudi Med. J.
2008, 29, 418–422. [PubMed]

83. Ajmi, F.; Zgaya, H.; Othman, S.B.; Hammadi, S. Agent-based dynamic optimization for managing the
workflow of the patient’s pathway. Simul. Model. Pract. Theory 2019, 96, 101935. [CrossRef]

http://dx.doi.org/10.1186/s12245-019-0238-7
http://dx.doi.org/10.1016/j.annemergmed.2014.06.007
http://dx.doi.org/10.5811/westjem.2014.8.21272
http://dx.doi.org/10.1017/cem.2017.16
http://dx.doi.org/10.1111/1742-6723.13142
http://dx.doi.org/10.2147/OAEM.S155988
http://dx.doi.org/10.1016/j.ajem.2019.05.045
http://dx.doi.org/10.1016/j.ajem.2018.06.029
http://www.ncbi.nlm.nih.gov/pubmed/30139579
http://dx.doi.org/10.1097/MEJ.0000000000000452
http://www.ncbi.nlm.nih.gov/pubmed/28151752
http://dx.doi.org/10.1186/s13049-018-0547-5
http://www.ncbi.nlm.nih.gov/pubmed/30236125
http://dx.doi.org/10.1016/j.ajem.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29137906
http://dx.doi.org/10.1097/PEC.0b013e3181a3482b
http://www.ncbi.nlm.nih.gov/pubmed/19404221
http://dx.doi.org/10.1016/0736-4679(95)02023-3
http://dx.doi.org/10.1111/j.1553-2712.1996.tb03430.x
http://dx.doi.org/10.1111/j.1553-2712.2000.tb01074.x
http://dx.doi.org/10.1177/1062860614564618
http://dx.doi.org/10.2310/8000.2012.110590
http://www.ncbi.nlm.nih.gov/pubmed/18327371
http://dx.doi.org/10.1016/j.simpat.2019.101935


Int. J. Environ. Res. Public Health 2020, 17, 2664 35 of 41

84. Haydar, S.A.; Strout, T.D.; Baumann, M.R. Sustainable Mechanism to Reduce Emergency Department (ED)
Length of Stay: The Use of ED Holding (ED Transition) Orders to Reduce ED Length of Stay. Acad. Emerg.
Med. 2016, 23, 776–785. [CrossRef] [PubMed]

85. Prybutok, G.L. Ninety to Nothing: A PDSA quality improvement project. Int. J. Health Care Qual. Assur.
2018, 31, 361–372. [CrossRef] [PubMed]

86. Oueida, S.; Kotb, Y.; Aloqaily, M.; Jararweh, Y.; Baker, T. An edge computing based smart healthcare
framework for resource management. Sensors 2018, 18, 4307. [CrossRef]

87. Derni, O.; Boufera, F.; Khelfi, M.F. Coloured Petri net for modelling and improving emergency department
based on the simulation model. Int. J. Simul. Process. Model. 2019, 14, 72–86. [CrossRef]

88. Bellew, S.D.; Collins, S.P.; Barrett, T.W.; Russ, S.E.; Jones, I.D.; Slovis, C.M.; Self, W.H. Implementation of an
Opioid Detoxification Management Pathway Reduces Emergency Department Length of Stay. Acad. Emerg.
Med. 2018, 25, 1157–1163. [CrossRef]

89. Than, M.P.; Pickering, J.W.; Dryden, J.M.; Lord, S.J.; Aitken, S.A.; Aldous, S.J.; Allan, K.E.; Ardagh, M.W.;
Bonning, J.W.N.; Callender, R.; et al. ICare-ACS (Improving Care Processes for Patients with Suspected Acute
Coronary Syndrome): A Study of Cross-System Implementation of a National Clinical Pathway. Circulation
2018, 137, 354–363. [CrossRef]

90. Brouns, S.H.A.; Stassen, P.M.; Lambooij, S.L.E.; Dieleman, J.; Vanderfeesten, I.T.P.; Haak, H.R. Organisational
factors induce prolonged emergency department length of stay in elderly patients—A retrospective cohort
study. PLoS ONE 2015, 10, e135066. [CrossRef]

91. Chan, T.C.; Killeen, J.P.; Kelly, D.; Guss, D.A. Impact of rapid entry and accelerated care at triage on reducing
emergency department patient wait times, lengths of stay, and rate of left without being seen. Ann. Emerg.
Med. 2005, 46, 491–497. [CrossRef] [PubMed]

92. Christensen, M.; Rosenberg, M.; Mahon, E.; Pineda, S.; Rojas, E.; Soque, V.; Soque, V.; Johansen, M.L. Pivot
Nursing: An Alternative to Traditional ED Triage. J. Emerg. Nurs. 2016, 42, 395–399. [CrossRef] [PubMed]

93. Christianson, J.B.; Warrick, L.H.; Howard, R.; Vollum, J. Deploying Six Sigma in a health care system as a
work in progress. Jt. Commun. J. Qual. Patient Saf. 2005, 31, 603–613. [CrossRef]

94. DeFlitch, C.; Geeting, G.; Paz, H.L. Reinventing emergency department flow via healthcare delivery science.
Health Environ. Res. Des. J. 2015, 8, 105–115. [CrossRef] [PubMed]

95. Liu, Z.; Rexachs, D.; Epelde, F.; Luque, E. An agent-based model for quantitatively analyzing and predicting
the complex behavior of emergency departments. J. Comput. Sci. 2017, 21, 11–23. [CrossRef]

96. Oueida, S.; Kotb, Y.; Kadry, S.; Ionescu, S. Healthcare Operation Improvement Based on Simulation of
Cooperative Resource Preservation Nets for None-Consumable Resources. Complexity 2018, 2018, 4102968.
[CrossRef]

97. Sloan, J.; Chatterjee, K.; Sloan, T.; Holland, G.; Waters, M.; Ewins, D.; Laundy, N. Effect of a pathway bundle
on length of stay. Emerg. Med. J. 2009, 26, 479–483. [CrossRef]

98. Stone-Griffith, S.; Englebright, J.D.; Cheung, D.; Korwek, K.M.; Perlin, J.B. Data-driven process and
operational improvement in the emergency department: The ED Dashboard and Reporting Application.
J. Healthc. Manag. 2012, 57, 167–181. [CrossRef]

99. Bish, P.A.; McCormick, M.A.; Otegbeye, M. Ready-JET-Go: Split Flow Accelerates ED Throughput. J. Emerg.
Nurs. 2016, 42, 114–119. [CrossRef]

100. Blick, K.E. Providing critical laboratory results on time, every time to help reduce emergency department
length of stay: How our laboratory achieved a six sigma level of performance. Am. J. Clin. Pathol. 2013, 140,
193–202. [CrossRef]

101. Chadha, R.; Singh, A.; Kalra, J. Lean and queuing integration for the transformation of health care processes
A lean health care model. Clin. Gov. 2012, 17, 191–199. [CrossRef]

102. Chen, T.; Wang, C. Multi-objective simulation optimization for medical capacity allocation in emergency
department. J. Simul. 2016, 10, 50–68. [CrossRef]

103. Elalouf, A.; Wachtel, G. An alternative scheduling approach for improving patient-flow in emergency
departments. Oper. Res. Health Care 2015, 7, 94–102. [CrossRef]

104. Feng, Y.; Wu, I.; Chen, T. Stochastic resource allocation in emergency departments with a multi-objective
simulation optimization algorithm. Health Care Manag. Sci. 2017, 20, 55–75. [CrossRef]

105. Ferrand, Y.B.; Magazine, M.J.; Rao, U.S.; Glass, T.F. Managing responsiveness in the emergency department:
Comparing dynamic priority queue with fast track. J. Oper Manag. 2018, 58–59, 15–26. [CrossRef]

http://dx.doi.org/10.1111/acem.12967
http://www.ncbi.nlm.nih.gov/pubmed/26999707
http://dx.doi.org/10.1108/IJHCQA-06-2017-0093
http://www.ncbi.nlm.nih.gov/pubmed/29790446
http://dx.doi.org/10.3390/s18124307
http://dx.doi.org/10.1504/IJSPM.2019.097717
http://dx.doi.org/10.1111/acem.13457
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.031984
http://dx.doi.org/10.1371/journal.pone.0135066
http://dx.doi.org/10.1016/j.annemergmed.2005.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16308060
http://dx.doi.org/10.1016/j.jen.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26972370
http://dx.doi.org/10.1016/S1553-7250(05)31078-6
http://dx.doi.org/10.1177/1937586715580949
http://www.ncbi.nlm.nih.gov/pubmed/25929475
http://dx.doi.org/10.1016/j.jocs.2017.05.015
http://dx.doi.org/10.1155/2018/4102968
http://dx.doi.org/10.1136/emj.2008.058891
http://dx.doi.org/10.1097/00115514-201205000-00006
http://dx.doi.org/10.1016/j.jen.2015.06.003
http://dx.doi.org/10.1309/AJCPNUTIPQTRRG0D
http://dx.doi.org/10.1108/14777271211251309
http://dx.doi.org/10.1057/jos.2014.39
http://dx.doi.org/10.1016/j.orhc.2015.08.002
http://dx.doi.org/10.1007/s10729-015-9335-1
http://dx.doi.org/10.1016/j.jom.2018.03.001


Int. J. Environ. Res. Public Health 2020, 17, 2664 36 of 41

106. Furterer, S.L. Applying Lean Six Sigma methods to reduce length of stay in a hospital’s emergency department.
Qual. Eng. 2018, 30, 389–404. [CrossRef]

107. Ghanes, K.; Jouini, O.; Diakogiannis, A.; Wargon, M.; Jemai, Z.; Hellmann, R.; Thomas, V.; Koole, G.
Simulation-based optimization of staffing levels in an emergency department. Simulation 2015, 91, 942–953.
[CrossRef]

108. Goienetxea Uriarte, A.; Ruiz Zúñiga, E.; Urenda Moris, M.; Ng, A.H.C. How can decision makers be
supported in the improvement of an emergency department? A simulation, optimization and data mining
approach. Oper. Res. Health Care 2017, 15, 102–122.

109. He, S.; Sim, M.; Zhang, M. Data-driven patient scheduling in emergency departments: A hybrid
robust-stochastic approach. Manag. Sci. 2019, 65, 4123–4140. [CrossRef]

110. Huang, D.; Bastani, A.; Anderson, W.; Crabtree, J.; Kleiman, S.; Jones, S. Communication and bed reservation:
Decreasing the length of stay for emergency department trauma patients. Am. J. Emerg. Med. 2018, 36,
1874–1879. [CrossRef]

111. Kaner, M.; Gadrich, T.; Dror, S.; Marmor, Y.N. Generating and evaluating simulation scenarios to improve
emergency department operations. IIE Trans. Healthc. Syst. Eng. 2014, 4, 156–166. [CrossRef]

112. Lee, E.K.; Atallah, H.Y.; Wright, M.D.; Post, E.T.; Thomas, C.; Wu, D.T.; Haley, L.L. Transforming hospital
emergency department workflow and patient care. Interfaces 2015, 45, 58–82. [CrossRef]

113. Lo, M.D.; Rutman, L.E.; Migita, R.T.; Woodward, G.A. Rapid electronic provider documentation design and
implementation in an academic pediatric emergency department. Pediatr. Emerg. Care 2015, 31, 798–804.
[CrossRef] [PubMed]

114. Oueida, S.; Kotb, Y.; Ionescu, S.; Militaru, G. AMS: A new platform for system design and simulation. Int, J.
Simul. Model. 2019, 18, 33–46. [CrossRef]

115. Rachuba, S.; Knapp, K.; Ashton, L.; Pitt, M. Streamlining pathways for minor injuries in emergency
departments through radiographer-led discharge. Oper. Res. Health Care 2018, 19, 44–56. [CrossRef]

116. Romano, E.; Guizzi, G.; Chiocca, D. A decision support tool, implemented in a system dynamics model, to
improve the effectiveness in the hospital emergency department. Int. J. Procure Manag. 2015, 8, 141–168.
[CrossRef]

117. Ross, G.; Johnson, D.; Kobernick, M. Evaluation of a critical pathway for stroke. J. Am. Osteopath Assoc. 1997,
97, 269–276. [CrossRef] [PubMed]

118. Ross, A.J.; Murrells, T.; Kirby, T.; Jaye, P.; Anderson, J.E. An integrated statistical model of Emergency
Department length of stay informed by Resilient Health Care principles. Saf. Sci. 2019, 120, 129–136.
[CrossRef]

119. Shin, S.Y.; Brun, Y.; Balasubramanian, H.; Henneman, P.L.; Osterweil, L.J. Discrete-Event Simulation and
Integer Linear Programming for Constraint-Aware Resource Scheduling. IEEE Trans. Syst. Man Cybern. Syst.
2018, 48, 1578–1593. [CrossRef]

120. Sinreich, D.; Jabali, O. Staggered work shifts: A way to downsize and restructure an emergency department
workforce yet maintain current operational performance. Health Care Manag. Sci 2007, 10, 293–308. [CrossRef]

121. Sinreich, D.; Jabali, O.; Dellaert, N.P. Reducing emergency department waiting times by adjusting work
shifts considering patient visits to multiple care providers. IIE Trans. 2012, 44, 163–180. [CrossRef]

122. Sir, M.Y.; Nestler, D.; Hellmich, T.; Das, D.; Laughlin, M.J.; Dohlman, M.C.; Pasupathy, K. Optimization
of multidisciplinary staffing improves patient experiences at the mayo clinic. Interfaces 2017, 47, 425–441.
[CrossRef]

123. Techar, K.; Nguyen, A.; Lorenzo, R.M.; Yang, S.; Thielen, B.; Cain-Nielsen, A.; Hemmila, M.R.; Tignanelli, C.J.
Early Imaging Associated With Improved Survival in Older Patients With Mild Traumatic Brain Injuries.
J. Surg. Res. 2019, 242, 4–10. [CrossRef]

124. Visintin, F.; Caprara, C.; Puggelli, F. Experimental design and simulation applied to a pediatric emergency
department: A case study. Comput. Ind. Eng. 2019, 128, 755–781. [CrossRef]

125. Yousefi, M.; Ferreira, R.P.M. An agent-based simulation combined with group decision-making technique for
improving the performance of an emergency department. Braz. J. Med. Biol. Res. 2017, 50. [CrossRef]

126. Yousefi, M.; Yousefi, M.; Ferreira, R.P.M.; Kim, J.H.; Fogliatto, F.S. Chaotic genetic algorithm and Adaboost
ensemble metamodeling approach for optimum resource planning in emergency departments. Artif. Intell.
Med. 2018, 84, 23–33. [CrossRef]

http://dx.doi.org/10.1080/08982112.2018.1464657
http://dx.doi.org/10.1177/0037549715606808
http://dx.doi.org/10.1287/mnsc.2018.3145
http://dx.doi.org/10.1016/j.ajem.2018.08.021
http://dx.doi.org/10.1080/19488300.2014.938281
http://dx.doi.org/10.1287/inte.2014.0788
http://dx.doi.org/10.1097/PEC.0000000000000600
http://www.ncbi.nlm.nih.gov/pubmed/26535503
http://dx.doi.org/10.2507/IJSIMM18(1)456
http://dx.doi.org/10.1016/j.orhc.2018.03.001
http://dx.doi.org/10.1504/IJPM.2015.066291
http://dx.doi.org/10.7556/jaoa.1997.97.5.269
http://www.ncbi.nlm.nih.gov/pubmed/9195788
http://dx.doi.org/10.1016/j.ssci.2019.06.018
http://dx.doi.org/10.1109/TSMC.2017.2681623
http://dx.doi.org/10.1007/s10729-007-9021-z
http://dx.doi.org/10.1080/0740817X.2011.609875
http://dx.doi.org/10.1287/inte.2017.0912
http://dx.doi.org/10.1016/j.jss.2019.04.006
http://dx.doi.org/10.1016/j.cie.2019.01.019
http://dx.doi.org/10.1590/1414-431x20175955
http://dx.doi.org/10.1016/j.artmed.2017.10.002


Int. J. Environ. Res. Public Health 2020, 17, 2664 37 of 41

127. Yousefi, M.; Yousefi, M.; Fogliatto, F.S.; Ferreira, R.P.M.; Kim, J.H. Simulating the behavior of patients who
leave a public hospital emergency department without being seen by a physician: A cellular automaton and
agent-based framework. Braz. J. Med. Biol. Res. 2018, 51. [CrossRef]

128. Zeltyn, S.; Marmor, Y.N.; Mandelbaum, A.; Carmeli, B.; Greenshpan, O.; Mesika, Y.; Wasserkrug, S.;
Vortman, P.; Shtub, A.; Lauterman, T.; et al. Simulation-based models of emergency departments: Operational,
tactical, and strategic staffing. ACM Trans. Model. Comput. Simul. 2011, 21, 1–25. [CrossRef]

129. Ashour, O.M.; Okudan Kremer, G.E. A simulation analysis of the impact of FAHP-MAUT triage algorithm
on the Emergency Department performance measures. Expert Syst. Appl. 2013, 40, 177–187. [CrossRef]

130. Aroua, A.; Abdulnour, G. Optimization of the emergency department in hospitals using simulation and
experimental design: Case study. Procedia Manuf. 2018, 17, 878–885. [CrossRef]

131. Abo-Hamad, W.; Arisha, A. Simulation-based framework to improve patient experience in an emergency
department. Eur. J. Oper. Res. 2013, 224, 154–166. [CrossRef]

132. Acuna, J.A.; Zayas-Castro, J.L.; Charkhgard, H. Ambulance allocation optimization model for the
overcrowding problem in US emergency departments: A case study in Florida. Socio-Econ. Plan. Sci. 2019.
[CrossRef]

133. Ala, A.; Chen, F. Alternative mathematical formulation and hybrid meta-heuristics for patient scheduling
problem in health care clinics. Neural Comput. Appl. 2019, in press. [CrossRef]

134. Yousefi, M.; Yousefi, M. Human resource allocation in an emergency department: A metamodel-based
simulation optimization. Kybernetes 2019, 49, 779–796. [CrossRef]

135. Duguay, C.; Chetouane, F. Modeling and Improving Emergency Department Systems using Discrete Event
Simulation. Simulation 2007, 83, 311–320. [CrossRef]

136. Ibrahim, I.M.; Liong, C.; Bakar, S.A.; Ahmad, N.; Najmuddin, A.F. Estimating optimal resource capacities in
emergency department. Indian J. Public Health Res. Dev. 2018, 9, 1558–1565. [CrossRef]

137. Joshi, V.; Lim, C.; Teng, S.G. Simulation Study: Improvement for Non-Urgent Patient Processes in the
Emergency Department. EMJ Eng. Manag. J. 2016, 28, 145–157. [CrossRef]

138. Kaushal, A.; Zhao, Y.; Peng, Q.; Strome, T.; Weldon, E.; Zhang, M.; Chochinov, A. Evaluation of fast track
strategies using agent-based simulation modeling to reduce waiting time in a hospital emergency department.
Socio-Econ. Plan. Sci. 2015, 50, 18–31. [CrossRef]

139. Lamprecht, J.; Kolisch, R.; Pförringer, D. The impact of medical documentation assistants on process
performance measures in a surgical emergency department. Eur. J. Med. Res. 2019, 24, 1–8. [CrossRef]

140. Taboada, M.; Cabrera, E.; Epelde, F.; Iglesias, M.L.; Luque, E. Agent-based emergency decision-making aid
for hospital emergency departments. Emergencias 2012, 24, 189–195.

141. Wang, J.; Li, J.; Tussey, K.; Ross, K. Reducing length of stay in emergency department: A simulation study at
a community hospital. IEEE Trans. Syst. Man Cybern. Part. A Syst. Hum. 2012, 42, 1314–1322. [CrossRef]

142. Yang, K.K.; Lam, S.S.W.; Low, J.M.W.; Ong, M.E.H. Managing emergency department crowding through
improved triaging and resource allocation. Oper. Res. Health Care 2016, 10, 13–22. [CrossRef]

143. Hogan, B.; Rasche, C.; Von Reinersdorff, A.B. The First View Concept: Introduction of industrial flow
techniques into emergency medicine organization. Eur. J. Emerg. Med. 2012, 19, 136–139. [CrossRef]

144. Ieraci, S.; Digiusto, E.; Sonntag, P.; Dann, L.; Fox, D. Streaming by case complexity: Evaluation of a model for
emergency department Fast Track. EMA Emerg. Med. Australas 2008, 20, 241–249. [CrossRef]

145. Improta, G.; Romano, M.; Di Cicco, M.V.; Ferraro, A.; Borrelli, A.; Verdoliva, C.; Triassi, M.; Cesarelli, M.
Lean thinking to improve emergency department throughput at AORN Cardarelli hospital. BMC Health Serv.
Res. 2018, 18, 914. [CrossRef]

146. Piggott, Z.; Weldon, E.; Strome, T.; Chochinov, A. Application of lean principles to improve early cardiac care
in the emergency department. Can. J. Emerg. Med. 2011, 13, 325–332. [CrossRef]

147. Rees, G.H. Organisational readiness and Lean Thinking implementation: Findings from three emergency
department case studies in New Zealand. Health Serv. Manag. Res. 2014, 27, 1–9. [CrossRef]

148. Rutman, L.E.; Migita, R.; Woodward, G.A.; Klein, E.J. Creating a leaner pediatric emergency department:
How rapid design and testing of a front-end model led to decreased wait time. Pediatr. Emerg. Care 2015, 31,
395–398. [CrossRef]

149. Vashi, A.A.; Sheikhi, F.H.; Nashton, L.A.; Ellman, J.; Rajagopal, P.; Asch, S.M. Applying Lean Principles to
Reduce Wait Times in a VA Emergency Department. Mil. Med. 2019, 184, E169–E178. [CrossRef]

http://dx.doi.org/10.1590/1414-431x20176961
http://dx.doi.org/10.1145/2000494.2000497
http://dx.doi.org/10.1016/j.eswa.2012.07.024
http://dx.doi.org/10.1016/j.promfg.2018.10.140
http://dx.doi.org/10.1016/j.ejor.2012.07.028
http://dx.doi.org/10.1016/j.seps.2019.100747
http://dx.doi.org/10.1007/s00521-019-04405-4
http://dx.doi.org/10.1108/K-12-2018-0675
http://dx.doi.org/10.1177/0037549707083111
http://dx.doi.org/10.5958/0976-5506.2018.01670.4
http://dx.doi.org/10.1080/10429247.2016.1199746
http://dx.doi.org/10.1016/j.seps.2015.02.002
http://dx.doi.org/10.1186/s40001-019-0390-9
http://dx.doi.org/10.1109/TSMCA.2012.2210204
http://dx.doi.org/10.1016/j.orhc.2016.05.001
http://dx.doi.org/10.1097/MEJ.0b013e32834bbd93
http://dx.doi.org/10.1111/j.1742-6723.2008.01087.x
http://dx.doi.org/10.1186/s12913-018-3654-0
http://dx.doi.org/10.2310/8000.2011.110284
http://dx.doi.org/10.1177/0951484814532624
http://dx.doi.org/10.1097/PEC.0000000000000455
http://dx.doi.org/10.1093/milmed/usy165


Int. J. Environ. Res. Public Health 2020, 17, 2664 38 of 41

150. White, B.A.; Yun, B.J.; Lev, M.H.; Raja, A.S. Applying systems engineering reduces radiology transport cycle
times in the emergency department. West. J. Emerg. Med. 2017, 18, 410–418. [CrossRef]

151. Bordoloi, S.K.; Beach, K. Improving operational efficiency in an Inner-city Emergency Department. Health
Serv. Manag. Res. 2007, 20, 105–112. [CrossRef]

152. Meng, F.; Teow, K.L.; Ooi, C.K.; Heng, B.H.; Tay, S.Y. Minimization of the coefficient of variation for patient
waiting system governed by a generic maximum waiting policy. J. Ind. Manag. Optim. 2017, 13, 1759–1770.
[CrossRef]

153. Leo, G.; Lodi, A.; Tubertini, P.; Di Martino, M. Emergency Department Management in Lazio, Italy. Omega
2016, 58, 128–138. [CrossRef]

154. Nezamoddini, N.; Khasawneh, M.T. Modeling and optimization of resources in multi-emergency department
settings with patient transfer. Oper. Res. Health Care 2016, 10, 23–34. [CrossRef]

155. Rothwell, S.; McIltrot, K.; Khouri-Stevens, Z. Addressing Emergency Department Issues Using Advanced
Practice in Saudi Arabia. J. Nurse Pract. 2018, 14, e41–e44. [CrossRef]

156. Spaite, D.W.; Bartholomeaux, F.; Guisto, J.; Lindberg, E.; Hull, B.; Eyherabide, A.; Lanyon, S.; Criss, E.A.;
Valenzuela, T.D.; Conroy, C. Rapid process redesign in a university-based emergency department: Decreasing
waiting time intervals and improving patient satisfaction. Ann. Emerg. Med. 2002, 39, 168–177. [CrossRef]

157. Doupe, M.B.; Chateau, D.; Chochinov, A.; Weber, E.; Enns, J.E.; Derksen, S.; Sarkar, J.; Schull, M.; Lobato de
Faria, R.; Katz, A.; et al. Comparing the Effect of Throughput and Output Factors on Emergency Department
Crowding: A Retrospective Observational Cohort Study. Ann. Emerg. Med. 2018, 72, 410–419. [CrossRef]

158. Eiset, A.H.; Kirkegaard, H.; Erlandsen, M. Crowding in the emergency department in the absence of
boarding—A transition regression model to predict departures and waiting time. BMC Med. Res. Methodol.
2019, 19, 68. [CrossRef]

159. Cookson, D.; Read, C.; Mukherjee, P.; Cooke, M. Improving the quality of Emergency Department care by
removing waste using Lean Value Stream mapping. Int. J. Clin. Lead. 2011, 17, 25–30.

160. Fulbrook, P.; Jessup, M.; Kinnear, F. Implementation and evaluation of a ‘Navigator’ role to improve
emergency department throughput. Australas Emerg. Nurs. J. 2017, 20, 114–121. [CrossRef]

161. Popovich, M.A.; Boyd, C.; Dachenhaus, T.; Kusler, D. Improving Stable Patient Flow through the Emergency
Department by Utilizing Evidence-Based Practice: One Hospital’s Journey. J. Emerg. Nurs. 2012, 38, 474–478.
[CrossRef]

162. Aminuddin, W.M.W.M.; Ismail, W.R.; Harunarashid, H. Resources improvement in emergency department
using simulation and data envelopment analysis. Sains Malays. 2018, 47, 2231–2240.

163. Andersen, A.R.; Nielsen, B.F.; Reinhardt, L.B.; Stidsen, T.R. Staff optimization for time-dependent acute
patient flow. Eur. J. Oper. Res. 2019, 272, 94–105. [CrossRef]

164. Zhao, Y.; Peng, Q.; Strome, T.; Weldon, E.; Zhang, M.; Chochinov, A. Bottleneck detection for improvement
of emergency department efficiency. Bus. Process. Manag. J. 2015, 21, 564–585. [CrossRef]

165. Azadeh, A.; Hosseinabadi Farahani, M.; Torabzadeh, S.; Baghersad, M. Scheduling prioritized patients in
emergency department laboratories. Comput. Methods Programs Biomed. 2014, 117, 61–70. [CrossRef]
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