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Abstract: Biomarkers have already been proposed as powerful classification features for use in
the training of neural network-based and other machine learning and artificial intelligence-based
prognostic models in the scientific field of personalized nutrition. In this paper, we construct and
study cascaded SVM-based classifiers for automated metabolic syndrome diagnosis. Specifically,
using blood exams, we achieve an average accuracy of about 84% in correctly classifying body mass
index. Similarly, cascaded SVM-based classifiers achieve a 74% accuracy in correctly classifying
systolic blood pressure. Next, we propose and implement a system that achieves an 84% accuracy in
metabolic syndrome prediction. The proposed system relies not only on prediction of the body mass
index but also on prediction from blood exams of total cholesterol, triglycerides and glucose. For
the aim of self-completeness of the paper, the key concepts with regard to metabolic syndrome are
summarized, and a review of previous related work is included. Finally, conclusions are drawn and

indications for related future research are outlined.

Keywords: biomarkers; metabolic syndrome (MetS); body mass index (BMI); systolic blood pressure
(SBP); personalized medicine; support vector machine (SVM); support vector classifier (SVC); neural
network; data analytics

1. Introduction

In the recent years, there is a growing interest in the incorporation of artificial in-
telligence technologies—including machine learning and deep learning—in healthcare
and medicine. These technologies are expected to have a transformative role in patient
treatment and disease management via automating tasks, streamlining processes, keeping
manual intervention at a minimum and simplifying mundane operations for all parties
involved [1].

On the other hand, biomarkers are objective measurements drawn from blood and
other bodily fluids or tissue that form medical signs or indicators of a disease or, more
generally, the health state of a person. Biomarkers can comprise either a sole metric or a
combination of metrics and observations [2]. In Table 1, some commonly used biomarkers
are presented, including waist-to-hip ratio, total cholesterol, systolic blood pressure (SBP)
and fasting glucose. Currently, biomarkers are seen as key drivers of the personalization of
patient management and treatment and drug development.

In this paper, we report on recent findings from our research on investigating the link
between a person’s standard biochemistry profile (based on blood exams), his/her body
mass index (BMI), metabolism as health state and SBP. Our current findings expand upon
our previous related research, which was based on the use of deep neural networks and
other machine learning paradigms in relation to BMI and nutrition [3-6].

The motivation for this research was to compress tasks and improve outcomes by
using more common variables to predict health states and, in a sense, simplify the patient’s
journey via minimizing response time between test, result and recommended action. At the

Electronics 2022, 11, 857. https:/ /doi.org/10.3390/ electronics11060857

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11060857
https://doi.org/10.3390/electronics11060857
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-9421-141X
https://orcid.org/0000-0002-2716-4035
https://doi.org/10.3390/electronics11060857
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11060857?type=check_update&version=1

Electronics 2022, 11, 857

20f19

same time, another motivation was to find methods to optimize operational issues via
applying machine learning methodologies that can be easily transcribed into telemedicine
applications. For example, Big Data and artificial intelligence can be used to improve
decision making, support interventions [7] and add more pathways in healthcare analyt-
ics [8]. Mathematical tools and Big Data, as part of advanced machine learning pipelines
and artificial intelligence, will eventually become the basis for analysis in diagnostics and
pathology [9].

Table 1. Examples of biomarkers.

Name Description Health Results

Hypertension, CHD, insulin-

Waist to hip ratio Abdominal obesity index dependent diabetes and stroke

At middle age: Coronary heart
Helps in the synthesis of bile disease (CHD) and mortality
acids and steroid hormones of all causes at an older age: u-

shaped relation to death

Total cholesterol

Cardiovascular activity index:
maximum pressure in an
artery when the heart supplies
the body with blood

Cardiovascular death (CVD),
stroke, coronary heart disease
(CHD)

Systolic blood pressure (SBP)

Measures the amount of sugar ~ Diabetes, CHD, mortality,

Fasting gl ) - . - .
Sung glucose in the diabetes index poor cognitive function

Childhood obesity is a very important issue and is connected to genetic predispositions
and behavior. According to the CDC and based on recent studies, obesity prevalence rises
to approximately 13% in the age group of 2 to 5 years, 20% in the age group 6 to 11 years
and 21.2% among 12 to 19 year olds [10]. Furthermore, childhood obesity is commonly
associated with certain communities and specific populations [10]. The age ranges of our
dataset can be seen in Figure 1. Clearly, mostly young adults and people above the age
of 18 are included, with only a small number of them belonging to the 7-14 age group.
Thus, additional datasets need to be collected to draw reliable conclusions with regard to
childhood obesity. Demographics and lifestyle determinants could also prove to be useful
tools if used as inputs, alongside other nutritional factors and laboratory data, for machine
learning classifiers and should be investigated further. Machine learning tools could be
used as predictors of child obesity or deployed for automating targeted interventions. This
research avenue is, in fact, being followed, and its results will be announced in other fora.

In this study, we are looking into the spectrum of metabolic syndrome (MetS) as
seen in Figure 2. We follow a more holistic method by looking into engineering shortcuts
using linked automation. Via building on related literature [11] and expanding on related
conclusions [12], we propose a more complete approach via linking factors to states and
via using said states to extract actions. MetS being a specific health state and weight
being a factor related to MetS and triglyceride combined with glucose and cholesterol are
accompanied by defining factors; we utilize all three to finalize a conclusion and calculate
related risk factors and recommendations. In this paper, we implement and test various
classifiers towards linking a person’s standard biochemistry profile (based on blood exams),
his/her BMI, metabolism as health state and SBP. We show that support vector machine-
based classifiers are very promising. We also provide a brief comparison with results on
previous works of ours that were based on deep neural networks [3—6]. Moreover, a more
extensive look into related literature is provided in Section 3.
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Figure 1. Characteristics of sample.

More specifically, the paper is organized as follows: In Section 2, the key concepts
with regard to MetS are summarized, laying the theoretical ground work on which our
research is based. In Section 3, previous related work is highlighted. In Section 4, we
discuss the datasets used in our research, as well as important statistical measures to
characterize them. In Section 5, we develop and comparatively evaluate various classifiers
for BMI prediction based on blood exams, including neural network-based and SVM-based
classifiers. Furthermore, we show that a cascaded SVM-based classifier is most promising,
achieving an average correct classification rate of about 84%. In Section 6, we propose and
implement a system for MetS prediction, which relies not only on BMI prediction but also
on the prediction from blood exams of all MetS defining factors, i.e., total cholesterol,
triglycerides and blood pressure (Figure 2). In Section 7, we itemize the key findings of our
research and discuss their significance. Finally, in Section 8, we draw conclusions and point
to future research avenues in this area.

*Related Variables tested

Visceral Obesity

Total
Cholesterol* ' Glucose*
4

J _ Metabolic Syndrome _ B | J

MetS

|
Triglyceride . . . . Systolic blood
Levels* High Triglycerides HyperTension pressure*

Figure 2. MetS Predictors.

2. Metabolic Syndrome

Noncommunicable diseases (NCDs) are considered a major cause of morbidity and
mortality in the developed world but more significantly so in underdeveloped countries.
MetS has been prominent among the NCDs. Specifically, MetS, also known as syndrome
X or dysmetabolic syndrome, refers to a cluster of metabolic conditions that can lead,
among other things, to heart disease. The main features of MetS include insulin resistance,
hypertension (i.e., high blood pressure), abnormal cholesterol and an increased risk for
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clotting. The results of most studies have documented overweight and obesity as the
strongest predictors of MetS. On the other hand, thyroid dysfunction is also one of the most
common endocrine disorders in MetS patients [13].

2.1. Metabolic Syndrome Markers

MetS is one of the many risk factors for atherosclerotic cardiovascular disease (ASCVD)
and, thus, represents a combination of determinants of risk that compares to that of cigarette
smoking, hypertension, hypercholesterolemia and diabetes [14]. Atherogenic dyslipidemia,
high blood pressure, high glucose, prothrombotic condition and pro-inflammatory condi-
tion are components frequently found in MetS. Clinical hyperglycemia (Type 2 diabetes) is
also observed in more advanced stages of MetS. MetS is labeled as a strong cardiovascular
risk feature and, even without diabetes being present, it doubles the relative risk for car-
diovascular disease. MetS is also considered a worldwide problem and, as urbanisation
leads to obesity expansion among the population due to lifestyle shifts, MetS becomes
proportionally more frequent. In the latest studies, the presence of MetS has also been
associated with higher risk of acute respiratory distress syndrome (ARDS) and increase
in deaths for patients with COVID-19 [15]. Currently, a medical rule of thumb associates
metabolic disorders (MetS) with at least three of the conditions (biomarkers) mentioned in
Figure 2, upon which we further elaborate in the following.

2.1.1. A Large Waist

BMI is more commonly used than waist circumference as a measure of adiposity in
clinical and research settings [16]. Multiple factors have been proven to have some relativity
or to contribute to MetS. However, it is rather uncommon to detect MetS when excess body
fat is absent. Thus, MetS is more ubiquitous where obesity increases. In obese individuals,
excess adipose tissue releases a variety of factors that may be contributing to metabolic
risk factors. Specifically, excessive release of non-esterified fatty acids predisposes the
individual to accumulation of ectopic fat in the liver, muscles and visceral adipose tissue
stores [17].

2.1.2. A High Triglyceride Level

This is determined by blood tests that are used to gauge the amount of triglycerides,
which constitute a type of fat in the blood. Levels are high when more fat is consumed than
the amount necessary for body functions.

2.1.3. Reduced HDL (“Good” Cholesterol)

In our body, we accumulate both good (HDL) and bad (LDL) cholesterol. Bad choles-
terol accumulates in arteries, whereas good cholesterol scavenges and removes it, keeping
bad cholesterol from building up in the arteries. Ranges of acceptable values of both HDL
and LDL differ between men and women.

On the other hand, the total cholesterol score is calculated using the following equa-
tion: HDL level + LDL level + 20% of the triglyceride level. Total cholesterol equals the
overall amount of cholesterol in the blood, including both high density lipoprotein (HDL
cholesterol) and low density lipoprotein (LDL cholesterol). High total cholesterol levels rep-
resent increased ischemic stroke probability [18]. HDL decreases the likelihood of heart
problems and, invertedly, LDL increases the risk of stroke.

2.1.4. Elevated Fasting Blood Sugar (Fasting Glucose)

Carbohydrates are received from the consumption of foods and, through them, glucose
(“blood sugar”) is produced. Glucose is required by the body as an energy provider. Insulin
is necessary for glucose to travel to cells and for energy to be released. In the absence of
insulin, glucose levels rise; thus, diabetes occurs because of the disability of the pancreas to
produce sufficient the levels of insulin required for metabolic processes to occur [19].



Electronics 2022, 11, 857

50f19

2.1.5. Increased Blood Pressure

High blood pressure or hypertension is the condition where the force of blood against
the artery walls is so strong that, in the mid- to long-term, it can be a main cause of major
health problems and, more likely, heart disease. The peak (systolic) number is the pressure
when the heart beats. The lowest (diastolic) number is the pressure when the heart is resting
between pulses. Normal blood pressure is below 120/80 mm Hg. High blood pressure is
a systolic pressure of 140 mm Hg or greater and/or a diastolic pressure of 90 mm Hg or
greater, which remains at high levels over time [20]. Blood pressure ranges are defined in
more detail in Figure 3.

Blood Pressure Estimator

Cateao Systolic(mm HG- Diastolic(mm HG-
gory upper#) loweri)
Less than 120 and Less than 80
120-129 and Less than 80
130-139 or 80-89
140 or higher or 90 or higher

Hypertensive Crisis

Figure 3. Blood pressure estimator.

2.2. Genetics—Cardiac Effects of Obesity and MetS

The genome contains numerous markers associated with MetS. In fact, there are
hundreds of markers in the genome that are associated with the biological traits of MetS.
Each genetic component can exist at many levels, e.g., within adipose tissue, in insulin
signaling pathways and as regulatory functions of the individual components of the
syndrome. Each level exhibits its own genetic background. As such, no common genetic
trait has been identified for MetS [21].

The observed association of obesity with hypertension prompted a body of work
exploring causes and effects of obesity on the heart [22]. Chronic increases in body weight
and adiposity can result in significant neurohormonal changes and adaptations in the
cardiovascular system [23]. The ratio of total cholesterol over high-density lipoprotein
cholesterol (HDL-C) and the ratio of low-density lipoprotein cholesterol (LDL-C) over
high-density lipoprotein cholesterol (HDL-C) are commonly used to predict ischemic heart
disease risk [24].

3. Related Work and Methodology Comparison

In our previous study [3], we tested and evaluated the ability of neural networks to
classify people in classes based on their BMI and using a basic biochemical profile extracted
via routine blood exams (Figure 4). The classification process was firstly realized in four
classes, then in three and finally in two (2) and a general understanding of the relation was
established. Specifically, four BMI classes are defined in the relevant literature, namely
“obese”, “overweight”, “normal” and “underweight”. At each stage, accuracy increased
while classes were thinned into smaller groups, as in Figure 5. Thus, the idea of a cascaded
classifying method was conceived in accordance with similar previous approaches with

regard to the recommendation problem [25,26]. At the same time, it became apparent that
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blood exams held sufficient information for a system to be tested in a greater variety of
health states. Going forward, the data used would be thoroughly analyzed to ensure that
no bias was intended in the classification system. The results of each classifier would be
cross-examined by using comparison matrices. In the current paper, we report on our study
of binary and one-class support vector machine (SVM)-based classifiers, which we also
compare with several other classifiers.

‘— Included with - related to — Consisted of Full Biochemistry Profile

-

,,'jﬁ: Lactate dehydrogenase

Aspartate amino transferase

¥ Globulin

Alanine amino transferase i G
Total Protein
Alkaline phosphatase

Calcium iron m
. .
Blood urea nitrogen Blood urea nitrogen

amma glutamyl transferase

Phosphorus

Figure 4. Full biochemistry profile—blood exams.

4 Class Classifiers (hidden_layer_sizes=(4,), activation='logistic', solver='adam’,

alpha=1e-5,learning_rate='adaptive', random_state=100, max_iter=1000)

Crosevandationt N

Average

Testing 0.56 22,500

Training 0.561
15,000

10 fold
SVC CrossValidatio
n Average 7500
Testing E

0

Training L Overweight  Normal Obese  Underweight

Figure 5. Four-class classifier.

In other related works, a relation between electrocardiogram (ECG) and MetS has been
suggested via deploying neural network-based classifiers [22]. A link between MetS and
a variety of demographic data and specific blood tests has also been established with the
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deployment of neural networks, while other statistical methods were also compared [27].
The prediction of MetS, using artificial neural networks and clinical data, has also been
explored, where BMI, age, HDL and LDL were identified as defining factors [28]. In other
studies, an extreme learning machine approach was explored to identify the overweight
class by using blood exams [12] using a sample of 500 data points of men and women. In a
recent paper, a general diagnosis of MetS was pursued using clinical symptoms integrated
with physio-chemical indexes in a smaller study of 586 cases where 450 participants had
MetS and 136 others did not [29]. What is worth noting is also a recent paper with an
extensive literature review related to MetS statistics and machine learning paradigms [11].

More precise comparisons of machine learning methodologies for predicting MetS and
BMI can be seen in Tables 2 and 3, respectively. The main difference between our proposed
methodologies and methodologies previously followed by other authors is that the latter,
even though technically sound, lack a solid medical corroboration. The comparison is
limited to papers that follow a similar pattern to ours, as per feature selection. Important
differences between this work and previous related works include the size of samples and
the fact that samples were in most cases imbalanced and could, thus, result in biased results,
as outlined in Section 4. Another important factor that can add usability to a system is a
feature selection methodology. We have ensured that our classification method explores
methods that can assist medical prognosis in a novel manner by not using major defining
factors that are already explored (e.g., triglycerides, cholesterol, BMI and glucose), as is the
case in previous related works described in Tables 2 and 3.

Table 2. Comparison of methodologies— MetS.

Metrics Cascaded SVC QPHRT1 [30] ANN [28]
Accuracy (%) 84 >95 >95
Size of sample 5000 15,000 410
Balanced sample yes no no
Standard Uses defining factors to

Uses defining factors  predict MetS (BMI,

Biochemistry profile.

Features . to predict MetS diastolic blood pressure,
Mets defining factors h . .
not included (triglycerides, Bmi) HDL-cholesterol,
LDL-cholesterol)
Table 3. Comparison of methodologies— BMI.

. 4 Class Neural 3 Class Neural Extreme
Metrics Network [5] 4 Class SVC Network [6] 3 Class SVC Cascaded SVM LM [12]
Accuracy (%) 56 55 58 62 85 90.54
Size of sample 75,000 15,000 33,000 15,000 10,000 500
Balanced no no es es es no
sample y y y

» no (Overweight
All Classes? yes yes no no yes class)
Full Full Full Full Z\ijﬁ?:t factors Blood Indexes
Features Biochemistry Biochemistry Biochemistry Biochemistry 8 (39 features) +
. . . . of MetS
Profile Profile Profile Profile age

(15 features)

Our aim is to create a streamlined machine learning pipeline that can cover as big a
part of the patient’s journey, minimize manual interventions and improve outcomes via
minimizing required data to be fed in the process. We should also mention that for our
experiments, a very broad dataset has being utilized of about 70,000 data points in both
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balanced and imbalanced states. Clearly, this is a great increase over previous related
studies that have incorporated small samples of an average of 500 imbalanced data points.

4. Exploratory Data Analysis and Bias Evaluation

Initially, the data were analyzed as per the BMI via deploying frequency histograms
and probability density distributions to define how the sample used is represented. Data
were also analyzed via deploying the same techniques as per each variable (blood exams—
standard biochemistry profile) to determine average values, correlation between each vari-
able and other statistical metrics, as in Figure 6. Variables were tested in both a generic way
(complete data-set) and a more precise way as per weight category.

Key observations were drawn via examining important statistical metrics (e.g., mean,
median, mode or standard deviation) to better understand the sample set under examina-
tion, to create the basis of available tools for future research endeavors and to develop a
tool for missing value prediction through entity alignment. The results of this analysis can
be seen in Figure 1. Clearly, the sample is well-balanced among the two genders and the
age classes appear normally distributed. Thus, we can safely conclude that the network fed
with this particular data is less likely to be biased, since gender is equally represented and
a representative group is used for all age classes.

When examining the biochemistry profile, we observe mostly normally distributed
values among all variables, as can be seen in Figure 7. The long tails observed in some
variables suggest that more investigation could lead to the retrieval of valuable information.

mode 26.1
mean 27.82

mean 26.8
Standard deviation 6.92

HistogramProbability Density

20 40 60 80 100 120
BMXBMI

Figure 6. Key observations BMIL
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Figure 7. Histograms and densities of blood variables.

5. Predicting BMI Based on Blood Exams
5.1. Neural Networks vs. SVCs, Challenges and Objectives

We begin by comparing SVC and neural network-based classification accuracy in
predicting BMI using blood exams. The tests were conducted via splitting the dataset in
four and three weight classes. The accuracy of both systems is similar, and there is a slight
increase when the testing is restricted to three classes via removing the underweight outlier
for which fewer data-points are available. While on three classes, data were also balanced
(Figure 8). The fact that a class was much less defined due to lack of data led us to deploy a
one-class SVM to test the ability of the system to accurately define classes based on blood

exams for each case studied.
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The main challenges we faced in our previous studies was firstly the lack of data
for some classes, which we addressed by balancing the data equally during examination.
Another challenge was to find a way to limit classifications processes, in between classes
and by limiting the cost of resources (computing power and time) in order to reach a
conclusion and produce a classification result. This we achieved by using cascaded support
vector classifiers, as discussed in Section 5.4.

3 Class Classifiers (hidden_layer_sizes=(10,), activation='"logistic',

solver="adam', alpha=1e-5,learning_rate="'adaptive’,
_» random_state=100, max_iter=1000)

10 fold CrossValidation
Neural Net
Average

11,733
Testing 0.57

Training 0.58

10 fold CrossValidation
Average

SVC

Testing

Training

Overweight Normal Obese

Figure 8. Three-class classifier.

5.2. One-Class SVM Identifiers

The dataset, the same as earlier on, was tested as per weight category. The corre-
sponding results are summarized as the number of correct and incorrect predictions both
in known (i.e., training) and unknown (i.e., testing) data. As seen in Figure 9, the classifier
can easily correctly identify the class examined when data are unknown (testing sample).
To evaluate identification accuracy, the tested sample included random data points from all
classes to ensure high quality results and to simulate real world circumstances. The test
and evaluation results presented in Figure 10 are an indicator of a well-defined sample of
blood exams that can easily identify patterns and classify as per the task set for the system.
In all cases, precision was estimated to about 92-95% with a nu parameter of 0.05.

OneClass SVM Confusion matrix ClassOnly Data

Training Precision
Normal ‘
Obese
Underweight
gamma
Overweight 'scale’, nu 0.05

Testing Precision
Normal

Obese

Underweight

Overweight

Figure 9. One-class SVM.
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OneClass SVM - All data
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Figure 10. Confusion matrices.
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5.3. One-vs.-One SVC

An ensemble machine learning model combines the predictions from multiple other
models. It is a technique that may be used to improve model performance, ideally achieving
better performance than any single model used in the ensemble.

A voting ensemble works by combining the predictions from multiple models. It can
be used for classification or regression. In the case of regression, this involves calculating
the average of the predictions from the models. In the case of classification, the predictions
for each label are summed and the label with the majority vote is returned as the final and
overall prediction [31].

As observed in Figure 11, there is a tremendous increase in classifying accuracy
with a total average of 82% (for all cases calculated) when testing data are examined.
The one-vs.-one SVC classes in Figure 12 can formulate the basis of a hard voting ensem-
ble for categorising inputs as per weight category. However, a cascaded classifier was
eventually preferred and selected as it is shown in the following Section 5.4 to perform
significantly better.
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UnderWeight+Normal Vs g Underweight Vs Normal
Obese+OverWeight SVC Obese Vs Overweight

Super-Class Sub-Classes

Training = 0.83

Confusion Matrix

Testing = 0.81 . : Training = 0.84
Case 1: Underweight-Normal = Testing = 0.83

-
LIS

0
. - : Training = 0.94
Case 2: Obese-Overweight Testing = 0.93
1
N _/
0 1
\_ -/ Total Testing average 85%

Figure 11. Cascaded SVC system.

OneVsOne NeuralNet classifier Accuracy 10 fold Cross Validation

OverWeight UnderWeight |SubTotal Average

Obese
OverWeig

OverWeight UnderWeight |SubTotal Average

OverWeight

o
o ]
=

Figure 12. One-vs.-one classifier.

5.4. Cascaded SVC

Since the one-vs.-one SVC was found to be promising, we developed and tested
cascaded variations of it. Indeed, a one-vs.-one classifier cannot function as a standalone
classifier and must be considered as a testing substructure for a system to build upon. Since
a voting system could prove to be more costly and complicated, a cascaded methodology
using SVCs was developed, as in Figure 11.

Firstly, two larger data groups (super-classes) were considered. The first group con-
tains samples from both the underweight and normal classes, while the second group
contains samples from both the overweight and obese classes. In this grouping, the samples
in the extreme classes are combined with the samples of their corresponding neighboring
classes, forming now only two major (super-)classes as opposed to the previous four weight
classes. Next, when a binary classifier returns one of the two major classes, a second
classifier returns a finer classification into one of the two (super-)classes that constitute it.
That is, when the first classifier returns the combined underweight-normal class, the second
classifier returns either the underweight or the normal class. Similarly, when the first
classifier returns the combined overweight—obese class, the second classifier returns either
the overweight or the obese class. In this cascade (two-level) classification scheme, one
out of four classes is eventually returned, similarly to the original one-vs.-one four-class
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classifier described earlier in Figure 12. However, the cascade classifier is shown to perform
significantly better when tested and evaluated. Indeed, the total testing average of all
processes achieves an accuracy of 85%, as shown in Figure 11. In all scenarios, about
4000 data-points were used distributed equally between classes (i.e., 2000 overweight vs.
2000 normal weight) from which a 10% sample was retained for verification(testing sample).
Experiments were run on Python. All data were scaled within the 0 to 1 interval and a
radial basis function kernel was used. Using grid search for the regularization parameter(C)
and gamma(G), we concluded that accuracy was maximized when Cis 1 and G is equal
to 0.05 or 1/n_features, where features are 17. The search was conducted in two stages.
In the first stage (line one of Figure 13), we incremented each run by one (step). When C
was closer to 1 and gamma closer to 0, the accuracy increased; thus, to limit the search loop,
we redesigned the grid search where C was in the range of 0.9 and 1 and gamma between
0.025 and 0.225, as can be seen in Figure 13. In Table 4, we show the kernels tested and their
respected accuracy.

-0.78
- 0.76
- 0.74
- 0.72
0.70
0.68
0.66

- 0.86

09 08 07 06 05 04 03 02 01
09 UB UT 06 05 04 03 02 01

y i v ' ' ' I '
01 02 03 04 05 06 07 08 09 Ul UZ U3 U4 05 UG UT DB DS

Gamma Gamma
- 0.810
- 0.850
- 0.808
o - 0.845 o - 0,806
o (=]
- 0.804
- 0.840
- 0.802
8] U
0.835 - 0,800
- 0.798
9 ]
= 0.830 -
0.796
0.794
0.825
0025 0.05 0.075 0.1 0125 015 0.175 0.2 0225 0025 005 0675 01 0125 015 6175 02 0225
Gamma Gamma

Figure 13. Grid search heatmap.

Table 4. Kernels in cascaded SVC and BMI super groups.

Set/Kernels rbf Linear Poly Sigmoid
training 0.83 0.804 0.8 0.7
testing 0.81 0.803 0.785 0.7

Even though the SVCs were the main approach used and thoroughly examined for the
purposes of this research, other classifiers were also examined and tested. More precisely,
Gaussian Naive Bayes, the Random Forest Classifier and Ada Boost were examined, as
shown in Table 5. It is important to note that random forest classifiers showed promise and
accuracy increased with increased test sample, but since they tend to over-fit we preferred
SVCs as they better define separability between the classes. Cascaded SVCs have been
proven to show great adaptability and accuracy in similar classification problems ([26]) and
usability as a the base of recommender systems ([25]).
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Table 5. Kernels in cascaded SVC and BMI super groups.

Set/Classifiers Gaussian Naive Bayes Random Forest Classifier AdaBooster
training 0.7511 0.83 0.805
testing 0.732 0.72 0.781

6. Implementing a More Precise System
6.1. MetS Prediction Model

Via application of the same methodology as previously described, a model was de-
ployed to classify the same population with regard to presence of MetS based on blood
exams. As seen in Figure 14, triglyceride, cholesterol and glucose levels simultaneously
being outside of normal/suggested ranges forms a defining factor of MetS. This is the,
so-called, “rule of three”. Ranges and criteria according to different methodologies and
guidelines can be seen in Figure 15 ([32]).

Triglyceride Levels - Cholesterol Levels - Glucose

A metabolic disorder is associated with at least three, if someone has out of range
values for all three —> Metabolic syndrome

Blood Exams —_— Normal|Not normal Ranges

Balanced Data = 8230 datapoints, test size 10%

10 fold CrossValidation

Training = 0.85

10 fold Cross Validation

Training = 0.85

Testing = 0.84

Confusion Matrix

Testing = 0.84

Confusion Matrix

o 0
1 1
Figure 14. MetS classifier—total cholesterol.
NCEP ATP il WHO EGIR IDF
Required None Insulin Resistnace Hyperinsulinemia Central obesity

Criteria Any three of the five d_":’s"“" reisistance forh Hypen;in;ul;nemia_plu_s Obesity plus two of the
criteria ial _etes plus two of the two of the four criteria four criteria below
five criteria below below
Obecity Waist circumference Waist to hip ratio Waist circumference Central obesity
Hyperglycemia IRz @NEEEe =i Insulin resistance Insulin resistance IFESiliTg
ypergly mg/dl or Rx glucoce>=100mg/dI
Dyslipidemia Triglycerides>=150mg/dl Triglycerides>=150mg/dl  Triglycerides>177mg/dl  Triglycerides>150mg/dI

Dyslipidemia As a HDL cholesterol <40mgl/ HDL cholesterol <35mgl/ HDL cholesterol <40mgl/

HDL <39 mg/dI

separate critereia di(M), <50mg/dI(F) di(M), <39 mg/dI(F) di(M), <50mg/dI(F)
. >130 mmHg systolic|| >130 mmHg systolic||
Hypertension 85>mmHg diastolic >140/80 mmHg >140/90 mmHg 85>mmHg diastolic
Other Microalbuminuria

Figure 15. MetS guidelines and criteria.
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To address this issue and implement a more precise and reliable system, we make the
following four basic assumptions:

e  While classifying for BMI, blood exams did not include triglycerides, glucose or
cholesterol levels.

e  Total cholesterol is computed using both LDL (bad cholesterol) and HDL (good
cholesterol) and 20% of triglycerides. The out-of-bounds values of total cholesterol
when, at the same time, triglycerides are out of range suggests that LDL is more
prominent than HDL and that HDL has a greater probability of being low. To test
this hypothesis, results need to be compared for total cholesterol or only HDL used
as features.

*  Since it was previously shown that BMI can be predicted quite accurately by using
blood exams and BMI is a more common factor of MetS, there is good reason to believe
that the classifier can identify patterns related to metabolism and, as such, be used in
more refined calculations.

*  The tests will not be gender specific. Any gender specificities will probably be iden-
tified by the model. Data will be balanced, but the road is always open for further
experiments to be carried out in the future.

6.1.1. Total Cholesterol as a Feature

The SVC system has returned an average 10-fold classification accuracy in a tested
sample of 84%. The hypothesis was also tested (Figure 16), and it verified that LDL is
more prominent than HDL and that HDL has a greater probability of being low when total
cholesterol and triglycerides are simultaneously out of bounds. This became evident as
the prediction of BMI as a feature is not affected by the use of either the total cholesterol or
only HDL, as seen in Figure 14.

Triglyceride Levels - HDL levels - Glucose - Gender

Blood Exams —_— Normal|Not normal Ranges

Balanced Data = 3290 Balanced Data = 3860
datapoints, test size 10% datapoints, test size 10%
0 fold Cross Validation 0 fold CrossValidation
Training = 0.87 Training = 0.85

: Training =
ing = Testing = 0.82
Testlng =0.86 esting 0.86

Testing =
0.84

Confusion Matrix

Confusion Matrix

1]

0

Total Average

0 1 0 1

Figure 16. MetS classifier— HDL.

6.1.2. HDL as a Feature

In Figure 16, it is shown that the use of only HDL as a predictor instead of the total
cholesterol returns almost identical results. This suggests that either variable could be
utilized for classification purposes. Since the value ranges of HDL are dependent on
gender [33], the hypothesis is tested separately for females and males and confirmed for
both. Indeed, we performed a 10-fold cross validation run on a 10% testing sample of the
about 3500 total samples used in both cases. The corresponding results of the classifier
return an average classification accuracy of 86% for the male sample and 82% for the female
sample and a total (over both males and females) average accuracy of 84%, as seen in
Figure 16.
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6.2. Blood Pressure Predictor

Finally, to complete our system, we enhanced it with a preliminary blood pressure
predictor, which we plan to expand and improve further in a future system version. In cor-
responding experiments, we implemented optimized methods for increasing accuracy.
The results can be seen in Figure 17. Specifically, systolic blood pressure (SBP) was pre-
dicted within and outside of normal ranges. Blood exam:s, triglycerides, total cholesterol
and BMI were used as features. The 10-fold cross validation accuracy in the testing sample
was 74%, which is very encouraging and will be improved further.

It is important to note that when using the standard biochemistry profile, we tested
three different scenarios. For the first scenario, we used only blood exams, excluding the
defining factors of MetS used in this study, i.e., triglyceride, glucose and HDL or total
cholesterol measurements. In the second scenario, we used the full biochemistry profile,
while in the third scenario, we also included BMI. The third scenario prevails by about
7-8% in the 10-fold cross validation cycle when all other parameters are equal.

Since the third scenario is much better in predicting SBP, it is the one used and the one
proposed in the next section. By having MetS and BMI predicted per class as described
in the previous steps, the proposed methodology creates a valuable tool that can be used
when important values are missing.

Blood Pressure

most studies show a greater risk of stroke and heart disease related to higher systolic
pressures

Blood Exams —_— Normal|Not normal Ranges
+

Balanced Data = 10,000 datapoints, test

IR s 0

Confusion Matrix

10 fold CrossValidation

Training = 0.744

Testing = 0.742

Figure 17. Blood pressure classifier.

7. Summary, Discussion, Itemization of Key Findings and Contribution

In this paper, we proposed a system (of superior performance) to predict MetS from
blood exams as in Figure 18. Specifically, blood exams were used as input, but our efforts
focused on the use of as small a number of parameters as possible for the initiation of the
classification process. The classifier in the system predicts the BMI class (“underweight”,
“normal”, “overweight” and “obese”) and MetS state (“MetS present” and “MetS not
present”) without using related factors.

Depending on identified states and using blood exams, the system classifies blood
pressure state or some other health state that is related to MetS. The system returns related
risk factors and related recommendations (e.g., diet suggestions, lifestyle changes or medi-
cal interventions more commonly used). We deployed one-class SVMs to test the validity of
our hypothesis and, thus, the ability of the classifier to identify body weight factors in blood
exams. Using cascaded classifiers, an average accuracy of 85% was achieved, and BMI
classification as per weight class, for all weight classes, based on standard biochemistry
profile was optimized. By validating our initial hypothesis, other pathways were explored
via applying similar methodologies.
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Proposed System
Input Process Output
. BMI Class
Blood - Classification ~ _— ~— _ Blood Exams+BMI _ Blood ]
Exams Process T — Class+Mets Class Pressure
Mets Class

Figure 18. Combination of methodologies.

Weight being associated with metabolism and weight class being identified via blood
exams, metabolic syndrome became the new classifying target. Using factors related to
MetS, a new system was engineered that can identify this particular health state with an
accuracy of 84%. Total cholesterol and HDL provided similar results when used alternately
as factors of MetS in the classifier, even though the medical literature suggests that HDL is
a key biomarker for MetS when combined with triglycerides and glucose.

High blood pressure, being both a factor and an outcome of MetS, was tested in a
similar fashion. At this stage, SBP was evaluated using a full biochemistry profile and
BMI. The final outcome was a 74% classification accuracy. Testing different scenarios,
as described in detail in previous sections, we concluded that by using all parameters, as
seen in Figure 18, a robust increase of about 8% in accuracy was achieved compared to
using only parts of the biochemistry profile. Having already expanded on methodologies
to identify the other parameters, this system as a whole can predict accurately systolic
blood pressure even when some values are missing(missing value prediction) by using the
available blood exams to classify BMI and MetS classes and, thus, enhancing the system
with increased accuracy. More research is being conducted on this and will be published
elsewhere in the near future. Finally, a basic system has been conceptualized (in Figure 18)
and will be deployed as an interface with the optimized classifier.

8. Conclusions and Future Research Avenues

We see this study as another stepping stone for more applied methodologies in the
area of artificial intelligence that could suggest novel methods for health care interventions
and optimization of outcomes in a variety of ways. Via streamlined processes in health
state prediction and general pathology, based on fewer variables and equally fewer exams,
this research could result in a decrease in both time and economic costs. Accumulated risks
via outcome prediction could be better evaluated. Basic diagnostic exams could be utilized
to define more complicated outcomes. The employment of streamlined pattern recognition
and machine learning technologies in population health metric analysis can lead to novel
biomarker discovery. Implementation of policies based on system recommendations as
per modeled outputs can be more easily achieved. Child obesity and age-specific analysis
form both important research avenues and it is our aim to pursue them further in the
future. A bigger spectrum of missing value identification by using pattern recognition
and regression analysis is also a point of interest and a current endeavor of ours. Other
research studies are currently underway, and their results will be presented elsewhere in
the near future.

Author Contributions: Doctoral research of D.P.P. under the supervision of G.A.T. and D.N.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work has been partly supported by the University of Piraeus Research Center.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Publicly available data were used, where anonymity was ensured by
the provider of the data.



Electronics 2022, 11, 857 18 of 19

Data Availability Statement: All data are available in the digital library of the center for disease
control and prevention (CDC) https://www.cdc.gov (accessed on 1 February 2022) from which the
National Health and Nutrition Examination Survey (NHANES 2001-2018) was utilized [34] for the
purposes of this research.

Acknowledgments: Theoretical /medical support and technical/medical advice as per the validity of
our hypothesis was provided by the doctors of Dermacen S.A https://www.dermatologikokentro.gr
(accessed on 1 February 2022). For the implementation of the project and the analysis of the data the
scikit-learn, Python libraries were used [35].

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

Abbreviations

The following abbreviations are used in this manuscript:

SBP Systolic blood pressure
METS Metabolic Syndrome
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LDL Low-density lipoprotein
NCD Noncommunable disease
SVM Support vector machine
SVC Support vector classifier
Trig Triglycerides

Cholestrl  Cholesterol
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