bioengineering

Article

MEF: Multidimensional Examination Framework for
Prioritization of COVID-19 Severe Patients and Promote
Precision Medicine Based on Hybrid Multi-Criteria
Decision-Making Approaches

Karrar Hameed Abdulkareem 122, Mohammed Nasser Al-Mhiqani 30, Ahmed M. Dinar 4@,
Mazin Abed Mohammed (", Mustafa Jawad Al-Imari ¢, Alaa S. Al-Waisy 77, Abed Saif Alghawli 8*
and Mohammed A. A. Al-Qaness %10

check for
updates

Citation: Abdulkareem, K.H.;
Al-Mhigani, M.N.; Dinar, A.M.;
Mohammed, M.A.; Al-Imari, M.J.;
Al-Waisy, A.S.; Alghawli, A.S.;
Al-Qaness, M.A.A. MEF:
Multidimensional Examination
Framework for Prioritization of
COVID-19 Severe Patients and
Promote Precision Medicine Based on
Hybrid Multi-Criteria Decision-Making
Approaches. Bioengineering 2022, 9,
457. https://doi.org/10.3390/
bioengineering9090457

Academic Editors: Dangdang Shao
and Sai Zhang

Received: 9 August 2022
Accepted: 4 September 2022
Published: 8 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Agriculture, Al-Muthanna University, Samawah 66001, Iraq

College of Engineering, University of Warith Al-Anbiyaa, Karbala 56001, Iraq

Center for Advanced Computing Technology, Faculty of Information and Communication Technology,
Universiti Teknikal Malaysia Melaka, Malacca 75300, Malaysia

Computer Engineering Department, University of Technology- Iraq, Baghdad 19006, Iraq

College of Computer Science and Information Technology, University of Anbar, Anbar 31001, Iraq
Department of Medical Laboratory Techniques, Al-Mustagbal University College, Hillah 51001, Iraq
Computer Technologies Engineering Department, Information Technology Collage,

Imam Ja’afar Al-Sadiq University, Baghdad 10064, Iraq

Computer Science Department, College of Sciences and Humanities, Prince Sattam Bin Abdulaziz University,
Aflaj 16278, Saudi Arabia

College of Physics and Electronic Information Engineering, Zhejiang Normal University, Jinhua 321004, China
Faculty of Engineering, Sana’a University, Sana’a 12544, Yemen

w

N G e

10

Correspondence: a.alghauly@psau.edu.sa

Abstract: Effective prioritization plays critical roles in precision medicine. Healthcare decisions are
complex, involving trade-offs among numerous frequently contradictory priorities. Considering the
numerous difficulties associated with COVID-19, approaches that could triage COVID-19 patients
may help in prioritizing treatment and provide precise medicine for those who are at risk of serious
disease. Prioritizing a patient with COVID-19 depends on a variety of examination criteria, but due to
the large number of these biomarkers, it may be hard for medical practitioners and emergency systems
to decide which cases should be given priority for treatment. The aim of this paper is to propose a
Multidimensional Examination Framework (MEF) for the prioritization of COVID-19 severe patients
on the basis of combined multi-criteria decision-making (MCDM) methods. In contrast to the existing
literature, the MEF has not considered only a single dimension of the examination factors; instead, the
proposed framework included different multidimensional examination criteria such as demographic,
laboratory findings, vital signs, symptoms, and chronic conditions. A real dataset that consists of
data from 78 patients with different examination criteria was used as a base in the construction of
Multidimensional Evaluation Matrix (MEM). The proposed framework employs the CRITIC (CRiteria
Importance Through Intercriteria Correlation) method to identify objective weights and importance
for multidimensional examination criteria. Furthermore, the VIKOR (VIekriterijumsko KOmpromisno
Rangiranje) method is utilized to prioritize COVID-19 severe patients. The results based on the
CRITIC method showed that the most important examination criterion for prioritization is COVID-19
patients with heart disease, followed by cough and nasal congestion symptoms. Moreover, the
VIKOR method showed that Patients 8, 3, 9, 59, and 1 are the most urgent cases that required the
highest priority among the other 78 patients. Finally, the proposed framework can be used by medical
organizations to prioritize the most critical COVID-19 patient that has multidimensional examination
criteria and to promptly give appropriate care for more precise medicine.
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1. Introduction

The global COVID-19 epidemic outbreak has a serious impact on people’s daily life
and healthcare systems. To stop the spread of this epidemic, the entire globe has struggled
and fought [1]. Therefore, the growing cases of COVID-19 present a new issue to the
healthcare system, together with the expected daily service delivery, where it is expected
that the rate of death would be significant and the diagnosis procedure will take a long
time [2]. The early diagnosis and isolation of infected people are crucial in combating the
COVID-19 pandemic. Furthermore, it is important to make sure that the right response is
provided for critical cases in order to decrease the mortality rate [3].

Medically, examination criteria such as C-reactive protein (CRP) levels can be em-
ployed in the early diagnosis of pneumonia, and patients presented with severe pneumonia
had high CRP levels [4]. Additionally, shortness of breath is caused by hypoxia, which is
defined as SpO, 90%. However, with COVID-19, the normal level of SpO; is decreased
and may even drop to 70%, 60%, or 50%, even if the patient did not have a feeling of
being out of breath. An important component in understanding and managing patient
care is SpO;. It compares how much hemoglobin is currently bound to oxygen to how
much hemoglobin remains unbound. A pulse oximeter, a non-invasive medical gadget, is
placed over a person’s finger to measure blood oxygen saturation. It is commonly utilized
in a hospital’s intensive care unit (ICU), operation unit, and postoperative ward. Other
examinations, such as normal WBC or low total WBC, high C-reactive protein (CRP), neu-
trophil, lymphocyte ratio, lymphopenia, bilateral pneumonia in CXR, low procalcitonin,
ground-glass opacity (GGO), significant elevation of D-dimer, serum ferritin level, and
crazy paving appearance in chest CT scan, indicate the existence of COVID-19 [5]. Dry
cough, fever, headache, tiredness, sore throat, vomiting, sneezing, dyspnea, myalgia, nasal
congestion, and rhinorrhea are the most common critical symptoms. Critical consequences
such as cardiac damage, pulmonary edema, septic shock, and acute renal injury occur in
patients with severe COVID-19 infection [6,7].

All of these criteria are crucial in monitoring a COVID-19 patient’s status, but the
large number of these indicators poses a challenge for doctors and emergency services
to decide or predict the patients” severity [8]. Furthermore, the old and those suffering
from chronic diseases such as diabetes, cancer identification, chronic respiratory disease,
cardiovascular disease, and chronic respiratory disease are at a higher risk of contracting
a serious infection [9]. A new approach of prioritizing services could be a solution to
such challenges. However, such difficulties are increased when patients have several
examination results, each with a separate set of references. Due to the large number of
COVID-19 patients, specifically in the United States, and various European countries, the
treatments and healthcare provided to infected individuals should be prioritized [10]. The
issues described in the literature have emphasized the challenge of distinguishing between
mild and severe health conditions for infected patients in terms of examination criteria
specific to each patient [11,12].

Prior studies in a specific disease perspective have demonstrated that precision
medicine and health outcome priorities of patients and healthcare professionals can dif-
fer [13]. Moreover, some studies have pointed to a disparity between what practitioners
understand to be their patients’ priorities and what their patients actually prioritize [14].
Considering the various problems associated with COVID-19 [15], approaches that could
triage COVID-19 patients may be able to help prioritize treatments for patients who are
at high risk of serious disease. Furthermore, effective prioritization plays critical roles
in precision medicine. COVID-19 severity levels are as follows: ordinary, mild, critical,
and severe [16]. Severe cases require extra medical energy and attention than minor and
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regular ones. A high percentage of false-positive severe or critical cases may overload
healthcare facilities (i.e., beds in the intensive care unit). Delays in reporting severe or
urgent cases might also lead to patients at a higher risk of death receiving delayed care. As
a result, finding acute conditions as soon as possible is crucial in order to deploy services
and intensify care [17].

This goal could be fulfilled by employing a prioritizing approach that ranks patients
and displays the priority they are given based on their situations in order to facilitate
the process of finding patients with the most urgent cases. Prioritization is usually used
to ensure that care is provided in an appropriate and timely way. As a result, patient
prioritizing is mainly concerned with determining which patients can safely wait and
which cannot. In accordance with medical principles, the main tool for determining priority
should be the patient’s condition. This strategy can improve medical staff’s workflow
by allowing them to focus their attention and efforts on providing the best treatment for
patients who require immediate care. Other patients can wait at indoor healthcare providers
(such as clinics and hospitals) in the meanwhile [18].

Multi-criteria decision-making (MCDM) approaches have played vital roles in patients’
prioritization. Two main approaches are used for this: one for defining the importance of
criteria (weighting approach) and another one to state the final rank (ranking approach)
for patients based on the identified criteria. The weighting methods are also divided
into two directions namely subjective and objective weighting methods. The analytic
hierarchy process (AHP) method [18] is used by respiratory experts to set the subjective
weights for the biological laboratory examination criteria for COVID-19 patients. However,
despite the success of AHP, the weighting procedure has a significant drawback, namely its
inconsistency issue, as well as being affected by expert opinion, as there is no guarantee
that the expert cannot produce any bias toward any examined criteria. Objective methods
such as CRITIC and Entropy consider the variability in the information. The effects of
decision-makers in the calculation of weights are eliminated, as objective methods’ weights
are assigned by a mathematical method to the criteria [19].

For the purpose of ranking, each of the Vlekriterijjumsko KOmpromisno Rangiranje
(VIKOR) and Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS)
methods have been used widely for patients ranking [18,20]. TOPSIS’s guiding premise is
the distance between positive and negative answers. In contrast, it ignores the significance
of comparing these distances [21]. The VIKOR procedure is compatible with the discrete
alternative because it takes into account the most realistic way of dealing with such situa-
tions in the real world. The main advantage of VIKOR is that the best alternative can be
quickly identified. VIKOR is thus appropriate in circumstances with several alternatives
and attributes [22]. VIKOR utilizes an approach that compromises the priority for vari-
ous response optimizations. This technique simply ranks the various alternatives based
on their closeness to the optimal solution and quickly and accurately identifies the best
model [23]. Furthermore, the combination of the weighting method and ranking method
in one platform is recommended in the medical domain [20,24]. Thus, the proposed work
adopted a hybrid approach based on CRITIC and VIKOR methods. The basis of integration
is formed when the weights for the criteria are allocated in accordance with CRITIC. VIKOR
is suggested for prioritizing patients with COVID-19.

The innovations and contributions of this work can be summarized as follow:

e  Creation of a Multidimensional Evaluation Matrix (MEM) based on real data for differ-
ent COVID-19 patients’ examination characteristics, such as demographic, laboratory
findings, vital signs, symptoms, and chronic conditions.

e Based on multidimensional examination criteria and CRITIC (CRiteria Importance
Through Intercriteria Correlation) approach, we provide an evaluation for the most
examination criteria for sever COVID-19 patients.

e  Develop a framework for prioritization of COVID-19 severe patients on the basis of the
real data of constructed MEM and hybrid decision-making approaches (CRITIC and
Vlekriterijjumsko KOmpromisno Rangiranje (VIKOR)). Therefore, we can help health
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authorities prioritize sever patients by considering the results of different examination
criteria for patients infected with COVID-19 to provide the desired intensive care
facilities and manage the health conditions of patients.

The rest of this paper is organized as follows: Section 2 summarizes the most related
studies on Al with COVID-19 diagnosis. A detailed description and an overview of the
steps for the proposed multidimensional framework for COVID-19 patients’ prioritization
based on the most urgent cases are presented in Section 3. Section 4 presents the results and
a discussion of the prioritization framework of the COVID-19 patients based on the CRITIC
weighting and VIKOR ranking methods. Section 5 confirms the validity of proposed work
results based on a sensitivity analysis. Finally, Section 6 concludes the study findings, and
the future direction presented in this section.

2. Related Works

Infectious disease modeling is a method that has been used to explore the mechanisms
by which diseases spread, forecast the future course of an outbreak, and assess epidemic
control strategies [25]. Mathematics has permeated biology in a variety of ways, including
statistics in experimental design; pattern-seeking in bioinformatics; models in evolution,
ecology, and epidemiology; and much more [26,27].

In addition to applying mathematical models and Al models for assessing and pre-
dicting the significance of factors for evaluating healthcare systems, there are several
publications in which the evaluation of healthcare systems is performed by using multi-
criteria decision-making (MCDM) tools. Utilizing MCDM in prioritization is a popular
topic and a complex issue for patients with COVID-19, especially for multidimensional
criteria [28]. The term “multidimensional” is used in the sense that no single value is
sufficient alone to determine which patients should receive hospital resources. However,
this requires building a robust framework that can be adapted [29]. For more clarity, the
traditional way of treating people “first come, first served” should not apply during the
pandemic in general and COVID-19 specifically [30]. Therefore, prioritizing some fac-
tors (multidimensional factors) should be a better approach to consider the large number
of patients.

Prioritization methods have solved many challenges, especially when patients have
multi-biological laboratory examination results and vital functions called multi-perspective
criteria [31,32]. In clinical prioritization, MCDM methods have proven effective in many
healthcare data-focused applications. M. Abdel-Basst et al. applied a model to differentiate
between COVID-19 and four other viral chest diseases in an uncertain environment, using
the viruses’ primary symptoms and CT scans. The proposed model employs the best worst
method (BWM) and the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) [33].

We next discuss several studies that deal with the aspects that we explained earlier:
MCDM, prioritization, and the multidimensional aspect. Moreover, these related works
are discussed in terms of the aim of the research, case study utilized, and criteria used, as
shown in Table 1.

Recently, Albahri et al. published two detection-based prioritization frameworks. The
first study presented a new multi-biological laboratory examination framework for priori-
tizing patients with COVID-19 based on integrated MCDA methods. The experiment was
conducted based on three phases: patient datasets containing eight biological laboratory
examination criteria for six patients with COVID-19 were derived and discussed. The
analytic hierarchy process (AHP) method was then used by respiratory experts to set the
subjective weights for the biological laboratory examination criteria, and in the final phase,
the Vlekriterijumsko KOmpromisno Rangiranje (VIKOR) method was employed to priori-
tize patients in the context of individual and group decision-making (GDM). The second
study developed a new integrated decision-making framework for prioritizing COVID-19
patients and detecting the health conditions of asymptomatic carriers. The findings suggest
and explain the multiple advantages of the proposed framework for detecting/recognizing
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patients’ health issues prior to discharge. In the evaluation and benchmarking of COVID-19
ML models, M. A. Mohammed et al. developed a methodology for selecting the best
COVID-19 diagnostic model based on Entropy and TOPSIS methods, and they evaluated
the proposed methodology by using 50 samples from the COVID-19 Chest X-ray Dataset.

Table 1. Related works on COVID-19 identification and prioritization.

Ref. Aim of the Study Case Study Criteria Used Multidimensional
Differentiate between
COVID-19 and other four
[33] viral ches.t d1sezlises under Based on ot.her Primary symptoms and CT scans No
uncertain environment cases studies
using the viruses primary
symptoms and CT scans
. COV ID,-19 patient Real data of 6 patients . .
[18] prioritization dependent . Laboratory characteristics No
. i from the literature
on their health conditions
Real data from the
Prioritization literature were .
201 of asymptomatic carriers extended to 56, using Laboratory characteristics No
simulated data
Benchmarking
Methodology for Selection Real data
[24] of Optimal COVID-19 (publicly available) CT scans data No
Diagnostic Model
Identify and select the
[34] significant risk factor and Real data Confirmed and death cases No
continuous monitoring of (publicly available) number of COVID-19
death due to COVID-19
Identify some of the
suggested activities not to Real data 1
[35] be performed during the (publicly available) WHO Guidelines No
pandemic period
(General factors
COVID-19 patient Real data of 78 patients and comorbidities),
Proposed prioritization based on (self-collected or (multi-clinical characteristics Yes

multidimensional criteria

own dataset)

with SpO; sensor) and

(multi-biological characteristics)

On the other hand, MCDM methods have been utilized in non-clinical prisonization.
A new TOPSIS MCDM approach and GMDH can identify and select the significant risk
factors and continuously monitor death due to COVID-19 [34]. Another work that was
recently published talks about the prioritization of activities. In this work, the authors
attempted to identify several activities that should not be performed during the pandemic
time. Some selected activities were explored in this paper, and their relevance in preventing
COVID-19 was also evaluated. These activities were considered criteria [35].

However, as can be concluded from Table 1, we can raise several issues that we must
take into account in order to achieve a robust and reliable prioritization system that is
beneficial for health systems:

(a) Real data: With the spread of SARS-CoV-2 worldwide, understanding the basic
epidemiological parameter values of COVID-19 from real-world data in mega-cities is
essential for disease prevention and control [36]. Comparing them with other models
depends on simulated data, which need more validation before being adopted [37].
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(b) Dependent criteria: Many studies have shown that symptoms and biomarkers are
independently associated with in-hospital death and decisions about the severity of
cases [38,39].

(c) Multi-perspective (multidimensional): The identification of hospitalized COVID-19
patients at risk for severe deterioration can be performed by using risk scores that
combine several factors, including age; sex; and comorbidities, i.e., diseases such as
hypertension, diabetes, and cancer or tumor [40—-42]. Some risk scores also include
additional markers of severity, such as low level of oxygen in the blood, clinical
symptoms, and biological factors reflecting multi-organ failures [42-46]. However,
there are many unresolved interferences between these factors, including both clinical
and biological markers [47]; therefore, there is a need for a comprehensive decision
matrix that is inclusive of all of the markers mentioned earlier.

Therefore, the main focus of this study was the prioritization of severe COVID-19
patients based on multidimensional examination criteria that were extracted from real data,
as well as the determination of how important these criteria are.

3. The Proposed Multidimensional Framework for COVID-19 Patients’ Prioritization

This section presents a detailed description and an overview of the steps for the
proposed multidimensional framework for COVID-19 patients’ prioritization based the
most urgent patients. The final output of this proposed framework is patients’ prioritization
ranking based on multidimensional medical sources’ criteria used in monitoring COVID-19
patients. The CRITIC weighting method is used to provide criteria weight, while the
VIKOR is used for COVID-19 patients’ prioritization ranking. All components of our study
are illustrated in the methodology framework in Figure 1.

3.1. Construction of Multidimensional Evaluation Matrix (MEM)

The Multidimensional evaluation matrix contains an important element of the pro-
posed framework for COVID-19 patients’ prioritization. It consists of a list of COVID-19
patients, who are considered to be alternatives, and medical sources, which are considered
to be the evaluation criteria. The real dataset that was used in our proposed study was
extracted from References [8,48]. The total number of people infected with the COVID-
19 virus was 78; they were diagnosed under the supervision of specialized doctors and
were distributed into Al-Aziziyah Hospital in Wasit Governorate of Iraq. This dataset
contains five examination criteria for COVID-19 patients, namely demographic, labora-
tory findings, vital signs, symptoms, and chronic conditions. Each criterion represents
a single dimension in our proposed MEM, as well as MEF. Moreover, each one of these
five examination criteria is categorized into sub-criteria, giving a total of 25 sub-criteria.
Based on the selected sub-criteria from another study [48], we selected only 15 out of the
25 sub-criteria as the basis for our prioritization process as shown in Figure 2. For instance,
the demographic dimension consists of the age of the patients, and the laboratory-findings
dimension consists of four sub-criteria, which are lymphocyte count, C-reactive protein
(mg/L), urea (mmol/L), and creatinine (umol/L). The vital-signs dimension consists of
two sub-criteria, namely oximetry saturation (%), and body temperature (°C), while the
symptoms dimension of the patients consists of five sub-criteria, which are pleuritic chest
pain, nasal congestion, cough, lost sense of smell (1/0), and lost sense of taste (1/0). Lastly
the chronic-conditions dimension consists of three sub-criteria, which are heart disease,
diabetes disease, and cancer. In addition, to summarize the abovementioned scenario,
the evaluation criteria in the proposed MEM consist of the main and sub-criteria, which
are used to monitor COVID-19 patients from five perspectives. Therefore, a doctor can
benchmark the COVID-19 patients according to their urgent situation in consideration
of their medical condition. Table 2 illustrates the proposed Multidimensional Evaluation
Matrix (MEM) for COVID-19 patients.
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Figure 1. Multidimensional Examination Framework for the prioritization of COVID-19 severe patients.
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Main Examination Criteria Sub-Examination Criteria
( Demographic 7 |’
=] Age ]
dimension J

—DJ‘ Lymphocyte count

Laboratory —Dg C-reactive protein (mg/L)
findings dimension '

s —'J Urea (mmol/L)

—’I Creatinine (umol/L)

—> Oximetry saturation (%)
Vital signs dimension

—> Body temperature (°C)

—> Pleuritic chest pain

5 Nasal congestion
Symptoms dimension
—> Lost sense of smell

—> Lost sense of taste

Cough
—> Heart disease
Chronic —> Diabetes disease
conditions dimension
—> Cancer

Figure 2. Main and sub-criteria for examination of COVID-19 patients.

3.2. Hybridization of CRITIC and VIKOR

The proposed benchmarking method and evaluation methodology were developed
by using the techniques of MCDM. Based on the hybridization of the CRITIC weighting
method and VIKOR ranking method, this methodology was developed for weighting,
ranking, and selecting the most and least critical conditions COVID-19 patients in the
proposed matrix for the doctors. The following steps are discussed below. CRITIC and
VIKOR are the appropriate methods for ranking and benchmarking of COVID-19 patients.
The CRITIC method is used to overcome problems relevant to (1) conflict and trade-off
and (2) the encountered evaluation of multi-criteria in the suggested evaluation matrix.
VIKOR is often proposed to implement criteria ranking and (3) the value of relational
criteria to the suggested matrix of decisions. Consequently, it is justified to combine the
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CRITIC weighting method and VIKOR ranking method to rank the COVID-19 patients and
benchmark them.

Table 2. Proposed Multidimensional Evaluation Matrix (MEM) for COVID-19 prioritization.
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3.2.1. Weighting of COVID-19 Examination Criteria Based on CRITIC Method

The CRITIC (CRiteria Importance Through Intercriteria Correlation) method is one
of the weighting methods which determines objective weights for criteria. The method
was initially proposed by Diakoulaki et al. (1995) [49]. The method was used to derive
criterion weights since it tries to determine objective weights of relative relevance in MCDM
problems. The proposed approach is based on an analytical examination of the evaluation
matrix in order to extract all of the information included in the evaluation criteria. In other
words, objective weights are calculated by measuring each evaluation criterion’s intrinsic
information. The procedure of determining criteria weights in this method incorporates
both the criterion’s standard deviation and its association with other criteria.

An initial evaluation matrix is given in Equation (1), which contains n criteria and
m alternatives, where x;; denotes the performance of the ith alternative in relation to the
jth criterion. The following notations are used to calculate the weight of the jth criteria
Wij: the quantity of information included in the jth criterion is denoted by C;, the standard
deviation of the jth criterion is denoted by ¢;, and the correlation coefficient between the
jth and kth criteria is denoted by rjk.

The CRITIC method’s calculating stages are shown below based on these nota-
tions [50]:

1st step: The X evaluation matrix is created. It compares the performance of several
alternatives based on numerous criteria:
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X =[x mn = | X1 Xz oo Xan | (i=1,2,..,mandj=1,2,.,n). (1)
Xm1 Xmz oo X

The performance value of the ith alternative on the jth criterion is represented by xij.
2nd step: The following equation is used to normalize the evaluation matrix:

xl']' — x}”i”
1’1‘]‘ = Tnax min’ (2)
X =g

3rd step: Using Equation (3), compute the correlation between criterion pairs:

Yy (rij —7p) (rix — Tx)

Pik = - 3)
VI (= 7) T (e — 7
4th step:Using Equations (4) and (5), compute the weights of the criterion (5).
n
¢ =0; ) (1- o) 4)
k=1
n
ZU] = C]/ Z Ck (5)
k=1

wherei=1,2,... ,mandj k=1,2,... ,n

3.2.2. Ranking of COVID-19 Severe Patients Based on VIKOR Method

Typically, during the decision-making process, the weighted matrix serves as the
starting point for ranking the alternatives. The prior section covers how to obtain the
weights that are assigned to each criterion in the EM, giving the weighted EM. During
this process, the COVID-19 patients are evaluated and eventually ranked based on the
weighted EM. The ranking procedure is as follows:

1st step: Define the best f;". value and worst f;~ value for all criteria functions:

fz'* = maxjfij, fi_ = mzn]flj 6)

where f;;. is the ith criterion function value for the x; of alternative. An ideal positive
solution increases the benefit criterion while minimizing the cost criteria, whereas the cost
criterion is maximized by the ideal negative solution while minimizing the benefit criterion.
2nd step: Using the entropy approach, compute the weights of each criterion. A
weight set w = wy, wyp, w3, -+, Wi, -+, Wy from a decision-maker is accommodated in
the EM. This set is equal to 1. The following formula can be used to compute the resulting
matrix: .

WM:wi*ifi flj. @)

fi=fi

A weighted EM serves as the output of this step.
3rd step: Using the following equations, calculate the values of S;and R; (j=1, 2, 3,

.mandi=1,2,3,... n):

. fi —fij
S = PR 8
! z;w fi*ifi ( )
Ry = maxaw, « L1 ©)

fi=f
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where S; and R; denote the measure of the utility and regret for the alternative f;, and w;
specifies the relative weights of the criterion.
4th step: Using the following relation, calculate the values of Q; (j = (1,2, -+, ])):

o U(S]'—S*) 4 (1—0)(Rj—R*)
s~ R-—R*

(10)

where §* = minS;, S© = maxS;, R* = minR;, R~ = maxR;, and v is defined as the
] ] )

strategy weight of “the majority of criteria” (or “the maximum group utility”) and v = 0.5.

5th step: The alternatives can be performed in this step by sorting the values and
obtaining the values of S, R, and Q in ascending order. The lowest value represents the best
performance.

6th step: The alternative (a’) is provided as a solution alternative and ranked as the
best solution based on the minimal Q measure.

7th step: Propose alternative A!, which is ranked the best by the metric Q (minimum)
if the following two requirements are met, as a compromise solution:

1.  Cl1. Acceptable advantage:

(4?) - q(a') = pQ (1)

where A? represents the alternative ranked second in the list by Q, DQ = 1/(m — 1), and m
is the number of alternatives.

2. C2. Acceptable stability in decision-making:

According to this condition, the alternative Al which is best-ranked by Q, must also
be the best-ranked by S or/and R.

A set of compromise solutions are suggested if one of the conditions is not met, which
consists of the following: alternatives A' and A? if only condition C? is not satisfied; or
alternatives Al, A2, ..., AM if condition C1 is not satisfied. AM is determined by the
relation Q(AM) — Q(A!) < DQ for maximum M (the positions of these alternatives are “in
closeness”).

4. Results and Discussions

This section presents the results and discussion of the prioritization framework of
the COVID-19 patients based on the CRITIC weighting and VIKOR ranking methods.
Section 4.1 describes how the MEM data results were generated from the 78 COVID-19
patients. In Section 4.2, the CRITIC results are discussed, and the VIKOR method results
are presented and discussed in detail in Section 4.3.

4.1. MEM Results

Table 3 displays the structure of the proposed EM. The top two rows of the table show
the five main medical-source criteria, and the second row from the top shows the fifteen
sub-criteria, while the first column from the left shows the patients categorized according
to their severity; the COVID-19 patients in the list are considered as alternatives in the
EM. The values in the EM indicate all the diagnosis data for a total number of 78 people
who were infected with the COVID-19 virus and were diagnosed under the supervision of
specialized doctors from the Wasit Governorate of Iraq. The 78 patients are divided into
three main groups based on the patient’s severity, which was assessed and categorized
as being severe, moderate, and mild by doctors according to the Iraqi hospitals’ criteria
at admission.
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4.2. CRITIC Weighting Results

In this section, we discuss the use of the CRITIC method for finding the weights of each
criterion. First, the normalized evaluation matrix was determined based on Equation (2); the
normalized evaluation matrix is shown in Appendix A. The last row of Appendix A shows
the values of standard deviations for all criteria. The values of the correlation coefficient
were then calculated, and these are shown in Appendix B. Moreover, the quantity of info
(Cj) is shown in Appendix C. Finally, the criteria weights in Table 4 were determined by
using Equations (4) and (5).

Based on the result shown in Table 4, Appendices A-C, and Figure 3, the gained
values of W; and weights of the CRITIC method for the fifteen sub-criteria were obtained by
using Equations (4) and (5). Heart disease achieved the maximum CRITIC weight, at 0.118,
followed by cough and nasal congestion, with CRITIC weight 0.113 and 0.107, respectively.
On the other hand, creatinine achieved the minimum CRITIC weight, at 0.023. Based on
the results, the medical source criteria with the highest CRITIC weights are considered to
be the most important criteria, whilst the criteria with the lowest CRITIC weight are of
least importance.

Table 4. The criteria weights’ values.

Calculate Weight, W W;
Age 0.048
Lymphocyte count 0.049
C-reactive protein 0.077
Urea 0.024
Creatinine 0.023
Oximetry saturation 0.034
Body temperature 0.044
Pleuritic chest pain 0.099
Nasal congestion 0.107
Cough 0.113
Lost sense of smell 0.066
Lost sense of taste 0.063
Heart Disease 0.118
Diabetes Disease 0.089
Cancer 0.046

4.3. Ranking Results based on VIKOR Method

This subsection discusses the results of the 78 COVID-19 patients ranking based
on the weighted EM. The weighted EM can be obtained by using Equations (5) and (6)
and is shown in Table 5. Notably, we considered the age of the patients, lymphocyte
count, C-reactive protein (mg/L), urea (mmol/L), creatinine (umol/L), body temperature
(°C), pleuritic chest pain, nasal congestion, cough, lost sense of smell (1/0), lost sense of
taste (1/0), heart disease, diabetes disease, and cancer as benefit criteria, while oximetry
saturation (%) is considered as cost criteria. Then Equations (7) and (8) were used to
calculate alternative distances from the positive ideal solutions and negative ideal solutions.
Last, based on Equation (9), the Qi values for the 78 COVID-19 patients were calculated.
Hence, using VIKOR principles, the 78 COVID-19 patients were ranked based on their
urgent situation in consideration of their medical condition. Table 5 shows the result of the
weighted EM, while Table 6 displays the final result of VIKOR ranking.
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Table 5. Weighted MEM of COVID-19 patients.
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Table 6. Final ranking of COIVID-19 patients.
Patient Patient
No. S R Q Rank No. S R Q Rank
8 0.077 0.035 0.000 1 48 0.575 0.113 0.768 40
3 0.156 0.046 0.116 2 49 0.585 0.113 0.774 41
9 0.171 0.046 0.125 3 32 0.545 0.118 0.784 42
59 0.178 0.047 0.136 4 57 0.555 0.118 0.790 43
1 0.216 0.046 0.153 5 26 0.563 0.118 0.795 44
5 0.279 0.089 0.449 6 45 0.566 0.118 0.797 45
76 0.369 0.089 0.503 7 44 0.569 0.118 0.798 46
55 0.370 0.089 0.503 8 17 0.573 0.118 0.801 47
39 0.365 0.099 0.557 9 21 0.623 0.118 0.831 48
13 0.293 0.107 0.564 10 66 0.625 0.118 0.833 49
6 0.189 0.118 0.568 11 53 0.649 0.118 0.847 50
11 0.304 0.107 0.571 12 50 0.712 0.113 0.851 51
68 0.486 0.089 0.574 13 37 0.661 0.118 0.854 52
20 0.277 0.113 0.588 14 34 0.662 0.118 0.855 53
10 0.336 0.107 0.590 15 25 0.663 0.118 0.856 54
28 0.351 0.107 0.599 16 29 0.666 0.118 0.857 55
19 0.386 0.107 0.621 17 31 0.680 0.118 0.866 56
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P‘;:Ii;f‘t S R Q Rank P‘;:Ii:f‘t S R Q Rank
56 0.387 0.107 0.621 18 38 0.681 0.118 0.867 57
12 0391 0.107 0.624 19 47 0.683 0.118 0.867 58
2 0.286 0.118 0.627 20 15 0.686 0.118 0.869 59
2 0.347 0.113 0.630 21 40 0.697 0.118 0.876 60
43 0.353 0.113 0.633 22 62 0.698 0.118 0.877 61
18 0.382 0.113 0.651 23 67 0.702 0.118 0.879 62
7 0.349 0.118 0.665 24 16 0.709 0.118 0.884 63
46 0.463 0.107 0.667 25 60 0.713 0.118 0.886 64
61 0.467 0.107 0.670 26 74 0.715 0.118 0.887 65
63 0473 0.107 0.674 27 65 0.715 0.118 0.887 66
52 0.478 0.107 0.676 28 35 0.715 0.118 0.887 67
4 0.369 0.118 0.677 29 75 0.719 0.118 0.890 68
14 0.385 0.118 0.687 30 51 0.732 0.118 0.897 69
58 0.390 0.118 0.690 31 72 0.744 0.118 0.904 70
36 0.482 0.113 0.712 32 69 0.843 0.113 0.931 71
41 0.461 0.118 0.733 33 27 0.796 0.118 0.936 72
54 0.577 0.107 0.736 34 78 0.835 0.118 0.960 73
24 0.533 0.113 0.743 35 73 0.839 0.118 0.962 74
30 0.542 0.113 0.748 36 70 0.842 0.118 0.964 75
33 0.544 0.113 0.749 37 64 0.847 0.118 0.967 76
23 0.554 0.113 0.755 38 71 0.899 0.118 0.998 77
42 0.564 0.113 0.761 39 77 0.901 0.118 1.000 78

As shown in Table 6, the first five patients, namely Patients 8, 3, 9, 59, and 1, were the
most urgent cases that required the highest priority among the other 78 patients, and they
obtained minimum values in terms of Qi, with 0, 0.116101, 0.125431, 0.136293, and 0.152904,
respectively. Therefore, Patient 8 is ranked as the highest priority, and Patients 3, 9, 37, and
1 are next highest priority. Therefore, a rank based on Table 6 was the final outcome of the
VIKOR ranking, and the validation processes are based on it.

5. Evaluation and Sensitivity Analysis

Numerous authors in their research emphasized that a sensitivity analysis in multi-
criteria problems is an indispensable step to confirm the robustness of the obtained solu-
tions [51,52]. Some authors [53,54] suggest checking the robustness of solutions in MCDA
problems by changing the input parameters of the model. According to Reference [55],
the changing process could be on weight coefficients of the criteria or other parameters
into decision-making method. Therefore, our study followed three scenarios to show the
robustness of proposed framework in the prioritization of the most critical COVID-19 cases:

First: A compromise solution is determined from the alternative that has the best
ranking by the measure Q (minimum) if the following two conditions are satisfied:

Condition 1: Acceptable advantage:

1 1 1
DQ = =1~ (78=1) _ 7= 0.012987013

Q(patient 3) — Q(patient 8) = 0.116101 — 0 = 0.116101
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The value of Q (Patient 3) — Q (Patient 8) < DQ. Thus, the acceptable advantage
conditions are satisfied.

Condition 2: Acceptable stability in decision-making.

The best ranking results, Q, are for Patient 8, obtaining the lowest Q, R, and S values
with 0, 0.034901, and 0.076941, respectively, as shown in Table 6. So, it can be proved that
the condition of acceptable stability in decision-making is satisfied.

Based on the abovementioned details, the two conditions mentioned in Step 7 are
satisfied. This can conclude that Patient 8 exhibited the most urgent case and received the
highest priority level.

Second: In accordance to Reference [56], changing the value of V in the VIKOR method
was used to examine the rationality and stability of the proposed framework. Due to the
high number of patients in our study, we chose only the first ten patients for the sensitivity
analysis as a baseline to verify the ranking of the proposed framework. Furthermore, the
V value changed nine times, from 0.1 to 0.9, and was compared to the baseline rank, as
shown in Figure 4.

140 Patient 10

120 Patient 9

100 + — Patient 8
80 Patient 7

=@==Patient 6
&g ———————_——

==ie=Patient 5
40
Patient 4
20 ==fe=Patient 3
W A
0 T T T T T T T T T 1 «=l==Patient 2
Base 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 Patient 1

rank

Figure 4. Sensitivity analysis of V value for 10 patients.

As stated before, this work used the disparity of V values to validate that none of
them impacts the final rank for patients, as shown in Figure 4. The ranking orders of ten
patients are the same, and Patient 8 is still the most critical case. Thus, the analysis study
can confirm that the results acquired by using the proposed model are reliable and effective.
Furthermore, the proposed framework is not sensitive to a change of VIKOR parameters.

Third: The sensitive analysis based on changing sub-criteria coefficient weights is
the third method that was used to verify the proposed framework’s ranking order. In this
analysis, we have changed the weight by adding an identified percentage to the original
weights. Specifically, all sub-criteria have 10%, 20%, and 30% extra weight than the base
weight, as shown in Figure 5.

Based on Figure 5 analysis results, it can be seen there is a high variation into ranking
of Patients 2, 4, 6, and 7 but with more high priority rate than base rank. While each
of Patients 3, 5, and 9 have very less variation into ranking order with one more high-
ranking step. However, Patients 1 and 8 have the same ranking order for three analysis
scenarios. Furthermore, still the Patient 8 is the most critical case no matter how the weights
change proving the top-ranked patients achieves extraordinarily in different circumstances.
It can be verified that the top-ranked-patients results from using the Multidimensional
Examination Framework for the prioritization of COVID-19 severe patients is robust and
effective. This study can distinguish the priorities of COVID-19 severe patients more easily,
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and thus help medical staff and decision-makers evaluate and identify the most critical
COVID-19 case.

120
100
80 f ,
1 0,
60 I/ \\ / A adding 30%
adding 20%
W7\ I/ \\ //\\ 7/ adding 10%
—&—base rank

Figure 5. Sensitivity analysis on changing criteria weights by adding (10%, 20%, and 30%).

6. Conclusions

This study proposed a framework for prioritization of COVID-19 severe patients that
have different combination examination criteria that were extracted from different resources.
Apart from the existing literature, the MEF has not only considered one dimension of
examination factors but multidimensional examination criteria for the prioritization of
COVID-19 severe patients such as demographic, laboratory findings, vital signs, symptoms,
and chronic conditions.

The five main criteria and fifteen sub-criteria were included in the construction of
the multidimensional evaluation matrix. The most effective criteria and sub-criteria for
the prioritization of severe COVID-19 patients were identified through given weights by
the CRITIC method. Accordingly, COVID-19 patients with different examination criteria
were prioritized by using the VIKOR method. From a pool of 78 patients, the proposed
intelligent framework succeeded in prioritizing most of the COVID-19 severe patients
with different aspects of obtained real data. However, in this study, the authors confirmed
several limitations that may be considered for future work. For example, the weighting-
based objective method may not consider all environmental conditions; therefore, this may
affect the real importance for the examination criteria. Fifteen out of twenty-five sub-criteria
were selected based on the Gini Information method for the prioritization of COVID-19
severe patients.

The proposed framework can help health authorities prioritize patients by considering
the results not only from a single dimension but from multidimensions. Thus, more complex
scenarios are presented for medical staff in order to prioritize the most critical COVID-19
patients. This situation could be even more difficult specifically when critical resources
such as beds and ventilators (respirators) in ICUs and medical staff are becoming scarce.
Besides that, the proposed methodology can aid healthcare organizations in providing the
desired intensive-care services and handling patients’ medical problems. Furthermore, it
can help them distinguish among health conditions for large-scale admission process.

However, the number of selected sub-criteria is varied and restricted according to
the used mathematical model. Thus, this may affect the selection of the most common
examination criteria that consistent of theory and practical domains. When the condition
of COVID-19 patients changes, dynamic, more accurate weighting and ranking methods
are needed. However, weighting methods that are based on an objective context lack
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consideration for the changes in a patient’s health circumstance, thus affecting the definition
of important examination criteria. Therefore, such methods may not present very accurate
ranking for most critical COVID-19 cases. In future work, authors should implement a
more robust weighting method based on the integration of subjective and objective contexts
to tackle the mentioned issues.
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Appendix A

Table A1l. The normalized MEM based on the CRITIC method.
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Appendix B

Table A2. The correlation coefficient values of the criteria.
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Appendix C

Table A3. The quantity of information (C;).

Medical Source Sigma Sum G
Age 0.232 11.015 2.550
Lymphocyte count 0.201 13.032 2.621
C-reactive protein 0.382 10.873 4.148
Urea 0.123 10.475 1.293
Creatinine 0.113 10.721 1.213
Oximetry saturation 0.199 9.167 1.827
Body temperature 0.231 10.229 2.359
Pleuritic chest pain 0.502 10.530 5.284
Nasal congestion 0.497 11.529 5.733
Cough 0.495 12.173 6.027
Lost sense of smell 0.288 12.251 3.524
Lost sense of taste 0.268 12.678 3.400
Heart Disease 0.502 12.615 6.329
Diabetes Disease 0.439 10.867 4.776
Cancer 0.247 10.059 2.480
Sum 53.564
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