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Abstract: The objective of this study is to assess the efficiency of the operations strategy matrix in the
healthcare system of U.S. states amid COVID-19. Output-Oriented Data Envelopment Analysis was
used to assess the efficiency of the operations strategy matrix. Strategic Decision Areas (Capacity,
Supply Network, Process Technology, and Development and Organization) were considered inputs
while competitive priorities (Quality, Cost, Delivery, and Flexibility) were considered outputs. Ac-
cording to results; Alaska, Alabama, Arkansans, Florida, Hawaii, Iowa, Idaho, Louisiana, Minnesota,
Missouri, Mississippi, Montana, North Carolina, New Jersey, New York, Oklahoma, South Carolina,
South Dakota, Texas, Vermont, Wisconsin, and Wyoming are relatively efficient. Additionally, Con-
necticut, Louisiana, Minnesota, New Jersey, Rhode Island, Tennessee, Utah, Vermont, Washington,
and Wyoming are fully efficient while South Dakota is the state that needs the most improvement in
terms of strategic decision areas and competing priorities. On the other hand, inefficient states have
larger population and GDP than efficient states. Based on these results, implications for sustainable
development goals (SDGs) are drawn.

Keywords: efficiency assessment; operations strategy matrix; data envelopment analysis; healthcare
systems; COVID-19

1. Introduction

A novel coronavirus named COVID-19 was identified in Wuhan/China on 31 Decem-
ber 2019, and the World Health Organization (WHO) assessed that COVID-19 could be
characterized as a pandemic on 11 March 2020. The first case was confirmed on 22 January
2020 and as of 27 June 2021, due to COVID-19, there were 34,494,677 confirmed cases and
619,424 confirmed deaths in the USA [1].

Centers for Disease Control and Prevention (CDC), a service organization that protects
the public’s health, has prepared a global response to COVID-19. It includes the goals
limiting human-to-human transmission, minimizing the impact of COVID-19 in some
states with limited healthcare delivery capacity, and reducing certain threats that pose a
risk to the United States” healthcare system [2]. In this context, public health, and social
measures have been implemented to prepare and respond to the pandemic [3]. Although
there have been many actions implemented to cope with the pandemic, the increasing
number of COVID-19 cases poses a major threat to healthcare delivery [4].

WHO has provided comprehensive guidance to community and service providers to
minimize the spread of the disease [5]. Since the early experience shows that COVID-19
requires unprecedented mobilization of health systems, it is recommended to assess the
health systems to mitigate the outbreak’s impact [6].

Although health is only one of the UN Sustainable Development Goals (SDGs), many
other health-related goals comprise determinants of health [7]. The SDGs represent a
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unique opportunity to promote and assess public health [8]. The healthcare assessment
process seeks to measure how care affects individuals or populations” health and well-
being [9]. The assessment is also vital for achieving the SDGs, especially Goal 3, described
as ensuring healthy lives and promoting well-being for all at all ages [10]. because sus-
tainability is a managerial trend that plays an important role [11], and implications drawn
based on healthcare assessment help to help policymakers for favorable policymaking [12].
Mentioned assessment depends on the development of standards [13]. There are some
standards and tools for assessing healthcare systems such as effectiveness, efficiency, hu-
manity, and equity [14]. As a novel evaluation tool, Operations Strategy Matrix describes
the operations strategy as the intersections of an organization’s performance objectives
(competitive priorities) with its decision areas [15]. According to Slack and Lewis (2017);
the matrix can be considered a checklist of the issues required to be assessed and helps
operations to be extensive. Additionally, all intersections on the matrix don’t have equal
importance. Some intersections are more critical than others. This depends on the nature of
operations. The matrix has four strategic decision areas (capacity, supply network, process
technology, and development and organization), and four competitive priorities (quality,
cost, delivery, and flexibility) [15].

The research question of this study is as follows: are US states efficient in the healthcare
system amid the COVID-19 pandemic, and how do the efficient or inefficient conditions
affect Sustainable Development Goals (SDGs).

The objective of this study is (i) to assess the efficiency of the operations strategy matrix
in the healthcare system of US states amid COVID-19. For this purpose, 50 US states were
considered as Decision Making Unit (DMU), and output-orientated Data Envelopment
Analysis (DEA) was used; and (ii) to draw implications for sustainable development goals
(SDGs) based on DEA results. The unique contribution of this study lies in the use of
the Operations Strategy Matrix to assess the healthcare system of US states and to draw
the implications for Sustainable Development Goals (SDGs). To validate the Operations
Strategy Matrix, Data Envelopment Model was used.

The research paper is organized as follows. The following section presents the exiting
literature review associated with COVID-19 and the healthcare system. Section 3 describes
the DEA methodology. Section 4 presents the results. Section 5 discusses the findings and
draws implications for sustainable development goals (SDGs). The final section portrays
the conclusion and opportunities for future work.

2. Related Research

The section presents the existing literature about COVID-19 and the healthcare system.

O’Leary et al. (2021) have documented the healthcare policies developed during the
initial wave of widespread COVID-19 transmission in Ireland, and they have developed six
category headings to describe to focus VOVID-19 policies: (i) infection prevention and con-
trol, (ii) residential care settings, (iii) maintaining non-COVID-19 healthcare services, and
supports, (iv) testing and contact tracing, (v) guidance for healthcare workers concerning
COVID-19, and (vi) treating COVID-19 [16]. Tsai and Yang (2020) have examined the impact
of the COVID 19 outbreak on voluntary demand for non COVID-19 healthcare, and their
research has indicated a substantial decline in healthcare use is caused by the prevention of
measures for COVID-19 [17]. Adwibowo (2020) has recorded the daily COVID-19 cases
and has continued with the forecasting of the average daily demand (ADD) of healthcare
facilities including beds, ICUs, and ventilators using the ARIMA model, and the model
has shown that the healthcare ADD is different in each population [18]. Alshammari
et al. (2021) have evaluated the potentiality of emerging technologies for controlling the
COVID-19 transmission and ensuring health safety and their study has revealed that most
people receive information from social networking sites, health professionals, and televi-
sion without facing any challenges [19]. Brodie et al. (2021) have explored how adopting a
service ecosystem perspective provides insight into the complexity of healthcare systems
during times of COVID-19, and they have provided an understanding of the relevance
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of managerial flexibility, innovation, learning, and knowledge sharing [20]. Arlotti and
Ranci (2021) have argued that the negative impact of COVID-19 stems from the poor
development of long-term care policy and the marginality of residential institutions within
the Italian healthcare system [21]. Rodriguez and Hignett (2021) have presented a model
for integrating Human Factors/Ergonomics into healthcare systems to make them more
robust and resilient during the COVID-19 pandemic, and they have argued that it is crucial
to have a systems vision focused on optimizing the interactions people and other health-
care systems elements [22]. Akiyama et al. (2020) have described how their experience
with inpatient care has changed in the wake of COVID-19 and they have determined that
COVID-19 hospital discharge rates surpass admission rates [23]. Tasri and Tasri (2020) have
analyzed the competency influence of medical records and health information management
on the planning and decision making of healthcare services, and they have concluded that
the new tools or systems can be an alternative to improve healthcare management [24].
Bel et al. (2021) have built a theoretical model and used it to develop an empirical strat-
egy, analyzing the drivers of policy-response agility during the outbreak, and according
to their model, healthcare system capacity and cost-related variables have a significant
influence on reaction time; therefore, this situation has negatively affected government
strategy [25]. Chamboredon et al. (2020) have presented a brief history of the development
of the pandemic in France, including the political decisions that have been taken to combat
the outbreak, and they have argued that the history of the development of the pandemic
helps explain the establishment of the state of health emergency and containment of the
population. [26]. Leite et al. (2020) have evaluated the impact of the COVID-19 pandemic
on healthcare systems’ demand, resources, and capacity. Then they have discussed that the
sustainability of lean post-pandemics is a new modern operational issue [27].

Currently, the world is facing a global health crisis COVID-19; however, ensuring
healthy lives and promoting well-being at all ages is essential to sustainable development,
and the pandemic provides a milestone for health emergency preparedness and investment
in critical 21st-century public services [28]. The SDGs aim to be relevant to all countries
to promote prosperity, and almost all of the other 16 goals are related to health, or their
achievement will contribute to health implicitly [29]. The SDGs are a tremendous oppor-
tunity to improve the health of the people of the world, and to make progress on the
SDGs, states/countries must invest more heavily in health services research [30]. To meet
the SDG targets and improve health system quality, states/countries need to undertake
a measurement agenda [31]. Measuring and assessing the efficiency of health systems
has been explored to ensure the sustainability of countries’/states’ health and social sys-
tems [32]. Furthermore, gaps in the efficiency of the healthcare system will interrupt
achieving SDGs [33].

All of these research findings reveal that there is a close relationship between the
efficiency of the healthcare system and the implications for sustainable development goals
amid the COVID-19 pandemic.

3. Materials and Methods
3.1. Background of Data Envelopment Analysis (DEA)

DEA is a nonparametric method of evaluating the relative efficiency of DMUs that use
the same inputs to produce the same outputs, such as firms or public sector agencies [34-36].
DEA is widely used in many areas such as healthcare, banking, education, auditing, market
research, and agriculture [37-40].

DEA has been used as a benchmarking and assessment tool in healthcare world-
wide [21]. In addition, DEA is considered one of the most effective techniques for relative
efficiency assessments, as it can evaluate multiple inputs and outputs simultaneously [22].
According to Ozcan (2009), since it is a multi-dimensional construct, the assessment of effi-
ciency is often troublesome. Nevertheless, DEA addresses the limitations of ratio analysis
and regression. Additionally, DEA uses multiple outputs and multiple inputs to identify
efficiencies and inefficiencies and also to project how inefficient DMUs can become more
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efficient, by identifying reference sets (best practices). A reference set function can be built
from observed inputs and outputs [23].

DEA models can be divided into two main types; constant returns to scale (CRS), also
known as CCR (Charnes-Cooper-Rhodes) model, was initially introduced by Charnes et al.
in 1978 [41], and variable returns to scale (VRS), also known as BCC (Banker-Charnes-
Cooper) model, was later developed by Banker et al. in 1984 [42]. While the CCR (CRS)
model yields an objective assessment of overall efficiency, identifies the sources, and
estimates the number of inefficiencies in this way, the BCC (VRS) model distinguishes
between technical and scale inefficiencies by estimating pure technical efficiency and
identifying possible increasing, decreasing, or constant returns to scale [20]. Unlike CCR
(CRS) models, input and output efficiency are equal, BCC (VRS) models yield different
input and output efficiencies [21]. In addition, while CCR (CRS) models can assume
that economies of scale don’t change as the size of service facility increases, BCC (VRS)
models cannot assume that economies of scale don’t change as the size of service facility
increases [26].

DEA models can be either input-orientated or output-orientated. In the input-orientated
case, the DEA method defines the frontier by seeking the maximum possible proportional
reduction in input usage, with output levels held fixed for each DMU; in the output
orientated case, the DEA method seeks the maximum proportional increase in output
production, with input levels held constant for each DMU [43,44].

There are four DEA model classifications, also known as Basic Envelopment Models:
CCR (CRS)-Input Orientation, CCR (CRS)-Output Orientation, BCC (VRS)-Input Orienta-
tion, and BCC (VRS)-Output Orientation [26].

The BCC (VRS) efficiency scores are considered pure technical efficiency scores, while
CCR (CRS) efficiency scores are considered technical efficiency scores. On the other hand,
scale efficiency can be calculated by dividing CCR (CRS) efficiency scores by BCC (VRS)
efficiency scores [28].

The efficiency of each DMU is evaluated relative to optimal production patterns,
which are computed from the performance of DMUs with input and output combinations
that are the best of any peer DMU [40]. These evaluations result in an efficiency score
that represents the degree of efficiency [45]. When the efficiency score for each DMU is
a score of 1, it represents efficiency [40]. While DMUs with an efficiency score ranging
from zero to one are defined as inefficient in the input-oriented models, DMUs with an
efficiency score greater than 1 are defined as inefficient in the output-oriented models [43].
Once the efficiency frontier is set, the performance of inefficient DMUs can be improved by
increasing the outputs quantities or decreasing the inputs quantities [46]. For this purpose,
a reference set, also known as best practices, is identified for each inefficient DMUs [40,43].

According to Ozcan (2014), the performance of DMUs can be assessed either as fully
efficient or weakly efficient. If one DMU'’s efficiency score is 1 and slack values (both input
slack and outputs slacks) are 0, it is considered fully efficient [26]. On the other hand, while
the slack value in an input “i” represents an additional inefficient use of input “i”, the slack
value in an output “r” represents an additional inefficient in the production of output “r” [21].

The basic efficiency measure is the ratio of total outputs to total inputs [17,21]. The
mathematical structure and formulations of Basic Envelopment Models can be found in the
studies of Cooper et al. (2006), Ozcan (2014), and Emrouznejad and Cabanda (2014) [20,22,24].

3.2. Sample

DMUs used in this study consist of 50 US states. The correct selection of DMUS to be
compared is essential and DMUs should be homogeneous. In other words, DMUs should
be performing the same tasks with similar objectives using the same inputs and outputs
under the same set of market conditions [47]. The sample size is expected to be at least 2 or
3 times larger than the sum of the number of inputs and outputs [34]. This requirement
was met, as the study has 50 DMUs, 4 inputs, and 4 outputs. Descriptive statistics of the
sample are presented in Table 1.
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Table 1. Descriptive statistics of the sample.
DMU Population GDP (2021 1st Quarter—$) Region
Alaska (AK) 731,545 54,629 Far West
Alabama (AL) 4,903,185 238,726 Southeast
Arkansas (AR) 3,017,804 137,312 Southeast
Arizona (AZ) 7,278,717 394,490 Southwest
California (CA) 39,512,223 3,237,389 Far West
Colorado (CO) 5,758,736 413,578 Rocky Mountain
Connecticut (CT) 3,565,287 294,546 New England
Delaware (DE) 973,764 79,124 Mideast
Florida (FL) 21,477,737 1,151,608 Southeast
Georgia (GA) 10,617,423 653,938 Southeast
Hawaii (HI) 1,415,872 92,541 Far West
Iowa (IA) 3,155,070 205,694 Plains
Idaho (ID) 1,787,065 89,826 Rocky Mountain
Illinois (IL) 12,671,821 909,487 Great Lakes
Indiana (IN) 6,732,219 397,134 Great Lakes
Kansas (KS) 2,913,314 184,184 Plains
Kentucky (KY) 4,467,673 222,880 Southeast
Louisiana (LA) 4,648,794 257,593 Southeast
Massachusetts (MA) 6,892,503 611,917 New England
Maryland (MD) 6,045,680 442,858 Mideast
Maine (ME) 1,344,212 69,409 New England
Michigan (MI) 9,986,857 542,566 Great Lakes
Minnesota (MN) 5,639,632 396,994 Plains
Missouri (MO) 6,137,428 340,144 Plains
Mississippi (MS) 2,976,149 122,015 Southeast
Montana (MT) 1,068,778 55,107 Rocky Mountain
North Carolina (NC) 10,488,084 619,595 Southeast
North Dakota (ND) 762,062 58,777 Plains
Nebraska (NE) 1,934,408 137,268 Plains
New Hampshire (NH) 1,359,711 89,605 New England
New Jersey (NJ) 8,882,190 649,829 Mideast
New Mexico (NM) 2,096,829 106,380 Southwest
Nevada (NV) 3,080,156 185,163 Far West
New York (NY) 19,453,561 1,758,071 Mideast
Ohio (OH) 11,689,100 713,507 Great Lakes
Oklahoma (OK) 3,956,971 198,008 Southwest
Oregon (OR) 4,217,737 262,587 Far West
Pennsylvania (PA) 12,801,989 821,117 Mideast
Rhode Island (RI) 1,059,361 63,053 New England
South Carolina (SC) 5,148,714 255,468 Southeast
South Dakota (SD) 884,659 58,878 Plains
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DMU Population GDP (2021 1st Quarter—$) Region
Tennessee (TN) 6,829,174 386,444 Southeast
Texas (TX) 28,995,881 1,879,785 Southwest
Utah (UT) 3,205,958 209,203 Rocky Mountain
Virginia (VA) 8,535,519 579,860 Southeast
Vermont (VT) 623,989 34,565 New England
Washington (WA) 7,614,893 651,107 Far West
Wisconsin (WI) 5,822,434 357,365 Great Lakes
West Virginia (WV) 1,792,147 79,690 Southeast
Wyoming (WY) 578,759 39,061 Rocky Mountain

In this table, population data were provided from CovidActNow [48], and gross
domestic product (GDP) and region data were provided Bureau of Economic Analysis
(BEA) [49].

3.3. Inputs, Outputs, and Data

Since the input-output combination preferred by DMUs should produce an output
bundle from the input bundle, it should be technically feasible [35]. In these bundles,
both good (desirable) and bad (undesirable) inputs and outputs factors may be available
[24]. When evaluating DMUSs’ efficiency, the desirable and undesirable factors should
be addressed differently. Because in the standard DEA model, increases in undesirable
inputs and desirable outputs are allowed, similarly, decreases in undesirable outputs and
desirable inputs are allowed [50].

The operations strategy matrix mentioned earlier was used as the primary measure-
ment tool.

Data used for inputs and outputs were collected from many databases, public and
private agencies, web pages, etc. in the US for 17 months (from 22 January 2020 to 27 June
2021). The data source of each input and output is mentioned in its description.

There are four inputs used in the analysis; these are Decision Areas/Strategic Decision
Areas in the Operations Strategy Matrix adapted from Slack and Lewis (2017) and Karuppan
et al. (2016) as the main input framework [15,51].

Capacity (i1): An operation’s capacity is the maximum level of value-added activity
that it can perform under normal conditions [15]. Capacity measures can be based on
outputs or the availability of inputs [52]. Most healthcare facilities’ capacity indicators
are composed of volume measures per reporting period [53]. The capacity of healthcare
systems is determined by the capacity of each server and the number of servers being
used [40]. According to the CDC, as an essential disease control measure used by local
and state health department personnel for decades, contact tracing is a key strategy for
preventing the further spread of COVID-19. Thus, it requires people with the training [54].
On the other hand, Donabedian’s Model has argued that personnel is an input measure
of healthcare quality [13]. The Capacity, therefore, is represented by the “Contact Tracer
Capacity Ratio” in this study. Data were provided from CovidActNow [48].

Supply Network (i2): Since a supply network perspective is defined as setting an
operation with all the other operations, it interacts with materials, parts, ideas, information,
data, knowledge, and people all flow through the supply network formed by all these
operations [55]. The Supply network involves the design and management of seamless inter
and intra-organizational processes [39]. Moreover, material, information, and capital flows
must be sustainable [40]. However, COVID-19 has created trouble to manage a sufficient
supply network [41]. Since COVID-19 vaccines reduce the risk of people spreading the
virus, vaccinations are vital to get population immunity [56-59]. COVID-19 vaccines and
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ancillary supplies are procured and distributed by the US federal government at no cost
to jurisdictions (states, territories, tribes, and local entities) [60,61]. The transportation
ecosystem provides the technologies, services, and processes necessary to facilitate market
penetration [44]. According to CDC, distribution is the process of shipping vaccines to
provider locations, as directed by jurisdictions, federal agencies, and pharmacy partners
who are enrolled in the COVID-19 Vaccination Program. Vaccine delivery is the last part
of the distribution process. Deliveries represent the vaccine doses that have arrived at
their destination [62]. The Supply Network, therefore, is represented by the “Distributed
Vaccine Amount/Per Capita” in this study. Data were provided from Covid ActNow [48].

Process Technology (i3): Process technology refers to the machines, devices, and
equipment that create and deliver products and services [55]. Process technologies can be
classified into three types: material processing technologies such as flexible manufacturing
systems, information processing technologies such as optical character-recognition ma-
chines, and customer processing technologies such as medical equipment/devices [15]. The
successful delivery of health care depends on medical devices; therefore, the Management
of Medical Equipment (MME) is considered the most critical component within Health
Systems [63]. The SEIR model attempts to predict how a disease will evolve in a population.
Accordingly, all of the COVID-19 deaths have progressed from ICU cases [64]. On the other
hand, Donabedian’s Model has argued that facilities and equipment are input healthcare
quality measures [13]. The Process Technology, therefore, is represented by the “Intensive
Care Unit (ICU) Bed Capacity/Per 100,000 Population” in this study. Data were provided
from CovidActNow [48].

Development and Organization (i4): This input is concerned with a broad and long-
term set of decisions governing how the operation is run continuingly due to different
employees having different tolerance for risk and ambiguity [15]. Additionally, it includes
the workforce organization, planning and control, and improvement activities as an in-
frastructural decision [55]. Since COVID-19 has swept across the USA, it became clear
that certain factors—such as healthcare systems—make some states more vulnerable to its
impact [65]. Vulnerability is a state of sensitivity to disaster [66]. States with higher vulner-
ability have pre-existing economic, social, and physical conditions that may make it hard
to respond to the COVID-19 outbreak [67]. According to Surgo Ventures, the COVID-19
Community Vulnerability Index (CCVI), developed by Surgo Ventures, evaluates how well
any state could respond to the health, economic and social consequences of COVID-19
without appropriate response and additional support. It ranges from 0 to 100 and con-
stitutes seven themes: Socioeconomic Status, Minority Status & Language, Household
& Transportation, Epidemiological Factors, Healthcare Systems Factors, High-Risk En-
vironments, and Population Density. Theme 5, Healthcare System Factors, measure the
capacity, strength, accessibility, and preparedness of the healthcare system to respond to the
COVID-19 outbreak [68]. Development and Organization, therefore, is represented by the
“The COVID-19 Community Vulnerability Index (Theme 5: Healthcare System Factors)” in
this study. Data were provided from Surgo Ventures (Precision for COVID) [68].

There are four outputs, two of which undesirable output, used in the analysis: these
are Competitive Priorities or Performance Objectives in the Operations Strategy Matrix
adapted from Slack and Lewis (2017) and Karuppan et al. (2016) as the main output
framework [15,51].

Quality (ol): Since quality usually means the high specification of a product or
service [15], it can be defined as consistent conformance to customers’ expectations [15,55].
Because quality has two dimensions, high-performance design and, goods and services
consistency [69], in the healthcare area, quality means that patients receive the most
appropriate treatment and that their treatment is carried out correctly [55]. Adopting
the most effective prevention and treatment practices for the leading causes of mortality,
and enabling healthy living are healthcare systems’ priorities [51]. On the other hand,
Donabedian’s Model has argued that patient experience, restoration of function, recovery,
and survival are the output measure of healthcare quality [13]. Therefore, as an undesirable
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output, Quality, is represented by the “Deaths/1M Population” in this study. Data were
provided from Worldometers [1].

Cost (02): As a competitive priority, cost means offering a product or a service at a
low price relative to the substitute’s product or service prices [69]. Even organizations
that compete on things other than price are interested in keeping their costs low [15].
Economic efficiency considers whether a given output is produced at a low cost [13]. In the
healthcare area, the total cost includes the costs of resources such as material, equipment,
people, facilities, and the costs inherent in the transformation process [51]. According
to USASpending.Gov; in early 2020, the U.S. Congress appropriated funds in response
to the COVID-19 pandemic. These funds were made possible through the Coronavirus
Aid, Relief, and Economic Security (CARES) Act and other supplemental legislation. In
March 2021, additional funds were appropriated through the American Rescue Plan Act.
Once the federal government has determined that an individual, organization, business, or
state, local, or tribal government will receive an award, the money is obligated (promised)
and then outlay (paid) according to the terms of the contract or financial assistance [70].
Therefore, as an undesirable output, the cost is represented by the “Award Outlays/Per
Capita Spending” in this study. Data were provided from USASpending.Gov [70].

Delivery (03): Delivery, as a competitive priority, refers to the ability to provide
services on time (on-time delivery) or to deliver the services faster (rapid delivery) than the
competitors [51]. Rapid delivery means how quickly an order is received, while on-time
delivery means how often deliveries are made on time [69]. Healthcare delivery includes
many repetitious workflows, such as filling prescriptions, reporting laboratory test results,
and completing radiology images [71]. Donabedian’s Model has argued that preventive
management, coordination, and continuity of care, acceptability of care to the recipient
are the process measure of healthcare quality [13]. Inmunization with a safe and effective
COVID-19 vaccine is a critical component of the United States strategy to reduce COVID-
19-related conditions [60]. Vaccines are widely accessible in the United States and are
available for everyone at no cost [59]. Percent vaccinated is the percentage of the total
population of a state that has started the vaccination process by receiving at least their first
dose [67]. Therefore, delivery is represented by the “Vaccinated Rate (+1 Dose)” in this
study. Data were provided from CovidActNow [48].

Flexibility (0o4): Flexibility means being able to change the operation anywise [55].
Competing on flexibility refers to responding to changes with minimal penalties [51]. One
operation that can exhibit a wide range of abilities is more flexible than another [15]. As
customer demand is increasing, organizations are increasingly promoting different models
of their products and service [72]. A flexible system can rapidly increase or decrease the
quantity of production to meet demand fluctuations [69]. Some operational uncertainties
can be balanced by systematic flexibility [73]. In the healthcare area, excess capacity or a
flexible workforce is often required to meet demand fluctuations [52]. An essential metric
for coping with demand fluctuations caused by COVID-19 is whether hospitals can handle
the increased load of new COVID-19 cases without resorting to crisis standards of care [64].
Flexibility, therefore, is represented by the “Available ICU Capacity (by percentage)” in
this study. Data were provided from Covid ActNow [48].

According to the explanations above, it is assumed that the input bundle used by
DMUs can produce the output bundle in the Operations Strategy Matrix.

Summary statistics of inputs and outputs are presented in Table 2.
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Table 2. Summary statistics of inputs and outputs.

Inputs Min. Max. Mean
Capacity (il) 0.200 8.5700 1.8162
Supply Network (i2) 0.8705 1.4739 1.1311
Process Technology (i3) 14.25 41.10 25.38
Development and Organization (i4) 0.0000 1.0000 0.5212
Quality (o1) 364 2976 1692
Cost (02) 2316 25,947 4063
Delivery (03) 0.3590 0.7350 0.5244
Flexibility (04) 0.1800 0.6000 0.3368

3.4. Analysis Design

The analysis consists of two stages. In the first stage; since there are two undesirable
(bad) outputs in the dataset, BCC (VRS)-Output Orientation DEA model was employed in
this study. The model proposed by Seiford and Zhu (2002) was applied for undesirable
outputs [50]. Then, DMUs were evaluated using pure technical efficiency scores, a reference
set was identified for each inefficient DMUs, and improvement options of inefficient DMUs
were calculated. In addition to this, fully efficient DMUs are determined based on efficiency
scores and slack values. All analyses were performed using the deaR package in the R
project [74].

In the second stage; an independent-samples t-test was conducted to compare DMUs
populations in the efficiency and inefficient conditions and an independent-samples ¢-test
was conducted to compare DMUs’ gross domestic product (GDP) in the efficiency and
inefficient conditions.

7

4. Results

Pure technical efficiency scores and inputs/outputs values of US states are shown in
Table 3.

Table 3. Pure technical efficiency scores and input/output values.

DMU Efficiency Score i1 i2 i3 i4 ol 02 03 o4
Alaska 1.64 1.1338 17.50 0.24 502.00 6287.97 0.484 0.27
Alabama 1.01025 0.44 0.9793 33.37 0.96 2312.00 2655.36 0.394 0.18
Arkansas 0.54 0.9400 32.18 0.70 1953.00 2316.43 0.416 0.29
Arizona 0.16 1.1121 30.36 0.82 2461.00 2695.86 0.492 0.50
California 1.01127 2.09 1.2408 17.58 0.90 1609.00 3544.20 0.608 0.31
Colorado 1.00959 0.62 1.2188 22.21 0.44 1211.00 3741.60 0.576 0.30
Connecticut 2.65 1.3218 29.51 0.12 2321.00 3701.11 0.666 0.51
Delaware 1.03175 2.29 1.3115 19.51 0.10 1740.00 4226.13 0.577 0.25
Florida 1.00605 0.33 1.1561 29.71 0.92 1759.00 3190.01 0.531 0.25
Georgia 1.06975 0.97 1.0511 26.01 0.98 2015.00 3963.08 0.425 0.25
Hawaii 1.48 1.3699 15.33 0.28 364.00 4628.79 0.694 0.42
Iowa 1.02645 1.18 1.0937 21.39 0.52 1943.00 3253.92 0.512 0.34
Idaho 0.51 0.9325 17.18 0.38 1200.00 3009.66 0.393 0.35
linois 1.04749 3.09 1.1558 26.52 0.88 2023.00 4596.03 0.588 0.40
Indiana 1.01591 1.12 0.9919 33.51 0.62 2053.00 2782.81 0.443 0.34
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Table 3. Cont.

DMU Efficiency Score i1 i2 i3 i4 ol 02 o3 o4
Kansas 1.02255 0.69 1.0558 29.11 0.40 1767.00 3419.46 0.489 0.31
Kentucky 1 1.88 0.9963 41.10 0.48 1612.00 2522.23 0.492 0.40
Louisiana 1 0.54 0.8705 39.71 0.50 2307.00 3374.14 0.378 0.38
Massachusetts 1 8.57 1.4103 19.91 0.36 2610.00 4225.28 0.700 0.27
Maryland 1.00622 5.14 1.3954 21.68 0.20 1610.00 3448.70 0.610 0.31
Maine 1 0.71 1.3775 24.10 0.16 638.00 3779.09 0.661 0.23
Michigan 1.02937 131 1.1600 24.62 0.68 2099.00 3277.50 0.512 0.27
Minnesota 1 2.27 1.1547 16.05 0.72 1358.00 25,947 .46 0.567 0.28
Missouri 1 0.02 0.9961 29.25 0.78 1611.00 2979.07 0.445 0.18
Mississippi 1 0.31 0.8937 28.26 0.60 2485.00 2554.42 0.359 0.30
Montana 1 0.78 1.0382 21.05 0.14 1555.00 4520.29 0.475 0.40
North Carolina 1 0.71 1.1117 22.88 1.00 1279.00 2540.43 0.450 0.23
North Dakota 1 7.14 0.9361 25.59 0.26 2005.00 6125.47 0.437 0.42
Nebraska 1 5.83 1.0791 29.05 0.18 1168.00 3829.86 0.514 0.37
New Hampshire 1.01757 1.32 1.3409 20.74 0.66 1008.00 3984.12 0.618 0.36
New Jersey 1 2.56 1.2890 34.05 0.56 2976.00 3848.45 0.644 0.60
New Mexico 1 0.89 1.1268 20.36 0.64 2067.00 2876.87 0.616 0.38
Nevada 1 0.31 0.9952 28.38 0.66 1840.00 312491 0.489 0.33
New York 1.05499 6.26 1.2284 27.51 0.94 2774.00 4278.89 0.596 0.39
Ohio 1.01952 1.28 1.0585 35.56 0.46 1735.00 3061.39 0.480 0.37
Oklahoma 1.02923 0.71 1.0137 24.59 0.34 1866.00 3644.81 0.446 0.35
Oregon 1 0.62 1.3349 19.28 0.58 655.00 3305.07 0.582 0.33
Pennsylvania 1.00539 1.70 1.2188 28.75 0.54 2168.00 3185.67 0.624 0.28
Rhode Island 1 2.14 1.4247 14.25 0.04 2575.00 4531.06 0.642 0.26
South Carolina 1 1.56 1.0255 22.53 0.42 1907.00 2346.02 0.438 0.33
South Dakota 1.08609 4.95 1.0824 26.34 0.32 2295.00 5348.51 0.503 0.44
Tennessee 1 2.52 0.9224 35.08 0.76 1838.00 2735.26 0.413 0.30
Texas 1.03728 0.59 1.0966 23.33 0.86 1811.00 3566.55 0.478 0.18
Vermont 1 0.73 1.0031 19.65 0.80 735.00 3117.00 0.481 0.40
Washington 1 2.00 1.2100 22.37 0.00 1335.00 3184.50 0.586 0.33
Wisconsin 1 2.32 1.4739 16.51 0.84 410.00 5277.58 0.735 0.27
Washington 1 0.92 1.2303 16.44 0.74 781.00 3369.97 0.607 0.28
Wisconsin 1 1.45 1.0489 27.62 0.30 1391.00 3251.07 0.534 0.46
West Virginia 1 0.82 1.0545 37.33 0.06 1605.00 2627.55 0.431 0.29
Wyoming 1 0.15 0.8911 24.02 0.22 1279.00 5343.58 0.390 0.60

According to Table 3, Alaska, Arkansans, Arizona, Connecticut, Hawaii, Idaho, Ken-
tucky, Louisiana, Massachusetts, Maine, Minnesota, Missouri, Mississippi, Montana, North
Carolina, North Dakota, Nebraska, New Jersey, New Mexico, Nevada, Oregon, Rhode
Island, South Carolina, Tennessee, Utah, Virginia, Vermont, Washington, Wisconsin, West
Virginia, and Wyoming have a score of 1, and they are relatively efficient.
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Based on Ozcan (2009) and Ozcan (2014), a reference set, also known as best practices,
was identified for each inefficient DMUs to become efficient [40,43].
Improvement options for the inefficient states are shown in Table 4.

Table 4. Improvement options for the inefficient states.

DMU i1 i2 i3 i4 ol 02 03 o4
Alabama 0.00 0.00 -1.78 -0.24 -216.39 -238.75 0.04 0.16
California -1.15 -0.03 0.00 -0.22 ~456.29 -252.56 0.01 0.01
Colorado 0.00 0.00 0.00 0.00 -67.33 -212.93 0.01 0.03
Delaware ~0.44 -0.06 0.00 0.00 -39.28 -689.72 0.02 0.06

Florida 0.00 0.00 -2.16 -0.29 -7.37 -137.73 0.00 0.10
Georgia 0.00 -0.03 0.00 -0.35 ~147.96 ~1533.55 0.03 0.06
Towa 0.00 -0.01 0.00 0.00 -27.35 -600.25 0.01 0.01
Tllinois -1.89 0.00 -4.02 -0.31 -4531 ~1429.02 0.03 0.02
Indiana 0.00 0.00 -1.81 -0.04 ~159.90 -368.61 0.01 0.01
Kansas 0.00 0.00 -1.12 0.00 -27.28 ~508.00 0.01 0.03
Maryland -2.62 -0.16 0.00 0.00 -850 ~139.93 0.00 0.02
Michigan -0.09 -0.08 -3.18 -0.15 -111.96 ~665.94 0.02 0.09
New Hampshire -0.36 ~0.05 -2.09 -0.17 -34.59 -385.83 0.01 0.01
New York -4.89 -0.05 -4.90 -0.43 —641.48 ~1191.63 0.03 0.02

Ohio 0.00 -0.01 0.00 0.00 —24.24 ~446.69 0.01 0.01

Oklahoma 0.00 0.00 -0.08 0.00 -343.73 ~651.85 0.01 0.01
Pennsylvania -0.27 ~0.05 -6.80 0.00 -39.73 -122.62 0.00 0.12
South Dakota -3.60 0.00 0.00 0.00 —648.11 ~1773.55 0.04 0.04

According to Table 4:

e  The DMU that needs the most improvement in terms of “i1” is New York.

e  The DMU that needs the most improvement in terms of “i2” is Maryland.

e  The DMU that needs the most improvement in terms of “i3” is Pennsylvania.

e  The DMU that needs the most improvement in terms of “i4” is New York.

e  The DMU that needs the most improvement in terms of “01” is South Dakota.

e  The DMU that needs the most improvement in terms of “02” is South Dakota.

e  The DMUs that need the most improvement in terms of “03” are South Dakota and
Alabama.

e  The DMU that needs the most improvement in terms of “04” is Texas.
As shown in Table 5, independent samples t-tests were conducted to compare DMUs’

populations and gross domestic product (GDP) in the efficiency and inefficient conditions.

Table 5. Independent sample ¢-test results.
Dependent Variable  Efficiency Condition N Mean Std. Deviation P
. Efficiency 31 3,988,512.03 2,803,864.465
Population 0.011
Inefficiency 19 10,731,047.42 10,285,057.50
Efficiency 31 252,090.90 199,971.078
GDP 0.018
Inefficiency 19 735,539.84 802,756.118

According to Table 5:
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e There was a significant difference in the scores for efficiency (M = 3,988,512.03,
SD = 2,803,864.465) and inefficiency (M = 10,731,047.42, SD = 10,285,057.50) condi-
tions; t (48) = —2.795, p = 0.011 (in terms of population)

o There was a significant difference in the scores for efficiency (M = 252,090.90,
SD = 19,9971.078) and inefficiency (M = 735,539.84, SD = 802,756.118) conditions;
t (48) =-2.577, p = 0.018 (in terms of GDP)

5. Discussion

COVID-19 pandemic is a complex and unprecedented public health crisis world-
wide. It is crucial to evaluate health systems for mitigating the impact of the COVID-19
pandemic [6].

Although all countries are affected by the pandemic, the United States is the country
with the highest number of COVID-19 cases and deaths reported as of 27 June 2021. Therefore,
both the CDC and each state’s health department are committed to stopping its spread.

CDC'’s global COVID-19 response works toward the goals mentioned above by meet-
ing the following objectives: strengthening healthcare system capacity to prevent, detect,
and respond to local COVID-19 cases; mitigating COVID-19 transmission in the community,
across borders, and in healthcare facilities; contributing to the scientific understanding of
COVID-19; ensuring readiness to implement and evaluate vaccination programs [2].

Since healthcare systems rely heavily on scientific analysis to find results that can be
generalized to a larger context [9], the evaluation should be both critical and as objective as
possible [14]. Operation Strategy Matrix is a novel and objective evaluation tool. The matrix
deal with how Strategic Decision Areas (Capacity, Supply Network, Process Technology,
Development and Organization) affect Competitive Priorities (Quality, Cost, Delivery,
Flexibility) [15].

DEA has been used widely in assessing healthcare efficiency in the United States and
around the world at different levels of decision-making units [43]. Therefore, each U.S
State’s Operation Strategy Matrix was evaluated using DEA in the context of the COVID-
19 pandemic. During the analysis, Strategic Decision Areas (Capacity, Supply Network,
Process Technology, and Development and Organization) were considered as inputs while
competitive priorities (Quality, Cost, Delivery, and Flexibility) were considered as outputs.
Capacity was represented by “Contact Tracer Capacity Ratio”. Supply Network was repre-
sented by “Distributed Vaccine Amount/Per Capita”. Process Technology was represented
by “Intensive Care Unit (ICU) Bed Capacity /Per 100,000 Population”. Development and
Organization was represented by “The COVID-19 Community Vulnerability Index (Theme
5: Healthcare System Factors)”. Quality was represented by “Deaths/ 1M Population”. The
cost was represented by “Award Outlays/Per Capita Spending”. Delivery was represented
by “Vaccinated Rate (+1 Dose)”. Flexibility was represented by “Available ICU Capacity
(by percentage)”. Additionally, since there are two undesirable (bad) outputs in the dataset,
BCC (VRS)-Output Orientation Data Envelopment Analysis model was employed. Inputs
(Capacity, Supply Network, Process Technology, and Development and Organization) are
essential components of any operations including healthcare operations while outputs
(Quality, Cost, Delivery, and Flexibility) are results of the inputs.

According to the results, 31 states are efficient, while 19 states are inefficient. Addi-
tionally, Connecticut, Louisiana, Minnesota, New Jersey, Rhode Island, Tennessee, Utah,
Vermont, Washington, and Wyoming are fully efficient DMU based on efficiency scores
and slack values.

A reference set was identified for each inefficient DMUs to become efficient. In the
reference sets:

New Mexico appeared eighteen times.

Arizona appeared seven times.

Oregon, Maine, and Idaho appeared six times.

South Carolina appeared five times.

Wyoming, West Virginia, Hawaii, and Arkansas appeared four times.
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Wisconsin, Massachusetts, and Connecticut appeared three times.
Washington, Virginia, North Carolina, New Jersey, Missouri, and Kentucky appeared
two times.

e Rhode Island, Nevada, and Mississippi appeared one time.

Additionally, the DMUs that need the most improvement are New York, Maryland,
Pennsylvania, South Dakota, Alabama, and Texas.

It is relatively hard limiting the human-to-human transmission of COVID-19 in large
communities because independent samples -test results demonstrate that inefficient states
have more population than efficient states. Moreover, 62.25% of the total US population
lives in inefficient states, and 9 out of 12 states in the 3rd Population Quartile (7,845,049.50)
are inefficient, while 9 out of 12 states in the 1st Population Quartile (1,790,876.50) are
efficient. Furthermore, only 10.70% of the total US population lives in fully efficient states.

Economic and human mobility is maximum in the states with high GDP. For this
reason, the spreading of the virus is fast. Hence, independent samples f-test results
demonstrate that inefficient states have more GDP than efficient states. Moreover, 64.14% of
the total US GDP is formed by inefficient states and 8 out of 12 states in the 3rd GDP Quartile
(587,874.25) are inefficient, while 9 out of 12 states in the 1st GDP Quartile (91,862.25) are
efficient. Additionally, only 13.69% of the total U.S GDP is formed by fully efficient states.

From the perspective of BEA region grouping [49]:

5 out of 6 states (83.3%) are efficient in the New England Region.

1 out of 5 states (20.0%) is efficient in the Mideast Region.

1 out of 5 states (20.0%) is efficient in the Great Lakes Region.

4 out of 7 states (57.1%) are efficient in the Plains Region.

9 out of 12 states (75.0%) are efficient in the Southeast Region.

2 out of 4 states (50.0%) are efficient in the Southwest Region.

4 out of 5 states (80.0%) are efficient in the Rock Mountain Region.
5 out of 6 states (83.3%) are efficient in the Far West Region.

New England and Far West are the most efficient regions while Mideast and Great
Lakes are the least efficient regions by percentages. These results are in line with the
population and GDP findings mentioned above. Additionally, three out of six states are
fully efficient in the New England Region and 1 of 6 states is fully efficient in the Far
West Region.

The SDGs are a universal agenda taking various aspects in development into account
and applying them to all countries [75-77]. According to the United Nations Department of
Economic and Social Affairs, SDG 3 is described as ensuring healthy lives and promoting
well-being for all at all ages, and COVID-19 has shortened life expectancy [10]. United
Nations has called the COVID-19 pandemic, beyond being a health emergency, as a systemic
crisis that is already affecting economies and societies in unprecedented ways [72]. United
Nations has created so that the countries cope with the pandemic, and the dashboards
include some indicators such as the capacity of the healthcare system, vulnerability, and
poverty [73]. These indicators are also included in our research model with the same or
close names.

This study had some limitations. Since COVID-19 is a global pandemic, it is difficult
to assess its effect on health systems. Additionally, data used for inputs and outputs were
collected from many databases, public and private agencies, web pages, etc., in the US
mentioned above. As such these databases were considered to be correct. Furthermore,
data include 17 months from 22 January 2020 to 27 June 2021.

6. Managerial Implication and Conclusions

This study provides the first overview of the healthcare systems of U.S. states in the
context of COVID-19, based on the first 17 months of the pandemic. The use of a novel
evaluation tool named Operation Strategy Matrix constitutes the unique aspect of the study.
Thus, the study is important for healthcare operations research literature.
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The study results might contribute to both the federal and state health authorities;
while the inefficient states can become efficient by applying our improvement suggestions,
the federal government can develop new strategies to mitigate the COVID-19 pandemic
considering our findings especially inductive statistical findings regarding population,
GDP, and region.

Since SGDs address the global challenges we face, it could be yielded some critical
projections for the future from the study’s findings. Moreover, our research findings might
help to ensure healthy lives in the context of COVID-19. The reference sets identified for
each inefficient DMUs to become efficient can be used for both the US and other countries
to achieve SDG Goal 3 amid COVID-19. Especially, fully efficient states (Connecticut,
Louisiana, Minnesota, New Jersey, Rhode Island, Tennessee, Utah, Vermont, Washington,
and Wyoming) can be served as a model to achieve Targets 3.8, 3. ¢, and 3.d.

Further studies can be developed new models applying different DEA approaches
(Fuzzy DEA, Two-Stage DEA, Network DEA, etc.) to prioritize issues, challenges, drivers, and
barriers related to healthcare systems and SDGs in the context of the COVID-19 pandemic.
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