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ABSTRACT Cardiovascular disease (CVD) is reported to be the leading cause of mortality in the middle east-
ern countries, including Qatar. But no comprehensive study has been conducted on the Qatar specific CVD
risk factors identification. The objective of this case-control study was to develop machine learning (ML)
model distinguishing healthy individuals from people having CVD, which could ultimately reveal the list
of potential risk factors associated to CVD in Qatar. To the best of our knowledge, this study considered
the largest collection of biomedical measurements representing the anthropometric measurements, clinical
biomarkers, bioimpedance, spirometry, VICORDER readings, and behavioral factors of the CVD group
from Qatar Biobank (QBB). CatBoost model achieved 93% accuracy, thereby outperforming the existing
model for the same purpose. Interestingly, combining multimodal datasets into the proposed ML model
outperformed the ML model built upon currently known risk factors for CVD, emphasizing the importance
of incorporating other clinical biomarkers into consideration for CVD diagnosis plan. The ablation study on
the multimodal dataset from QBB revealed that physio-clinical and bioimpedance measurements have the
most distinguishing power to classify these two groups irrespective of gender and age of the participants.
Multiple feature subset selection techniques confirmed known CVD risk factors (blood pressure, lipid profile,
smoking, sedentary life, and diabetes), and identified potential novel risk factors linked to CVD-related
comorbidities such as renal disorder (e.g., creatinine, uric acid, homocysteine, albumin), atherosclerosis
(intima media thickness), hypercoagulable state (fibrinogen), and liver function (e.g., alkaline phosphate,
gamma-glutamyl transferase). Moreover, the inclusion of the proposed novel factors into the ML model
provides better performance than the model with traditional known risk factors for CVD. The association
of the proposed risk factors and comorbidities are required to be investigated in clinical setup to understand
their role in CVD better.

INDEX TERMS Cardiovascular disease, coronary heart disease, cerebrovascular disease, risk factor,
machine learning, Qatar Biobank (QBB), Qatar.

I. INTRODUCTION heart failure, cerebrovascular accident (CVA-also known as
Cardiovascular disease (CVD) is a group of diseases stroke), peripheral vascular disease (PVD), ischemic heart
that includes hypertension, coronary heart disease (CHD), disease, etc. and is taking a massive toll on the public health

([1]1, [2]). The World Health Organization (WHO) consid-
The associate editor coordinating the review of this manuscript and ers CVD as a primary cause of death worldwide [3]. In its
approving it for publication was Xianzhi Wang . 2018 report on noncommunicable diseases (NCD), the WHO
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stated that NCDs accounted for 71% of worldwide death
in 2016 in which CVDs alone contributed to 44% (31%)
of the total NCDs (overall global deaths) [4]. In the East
Mediterranean region, this rate is even higher and CVD
caused 54% of the total NCDs deaths [5]. In Gulf Cooperation
Countries (GCC), including Qatar, CVD is reported to be the
primary death cause [6]. According to the Ministry of Public
Health (MoPH) in Qatar, CVD is the primary cause of death
among Qataris and is now considered an economic burden for
this small wealthy country of the gulf [7].

Risk factor identification for CVD is an active and open
research area, and many studies exist along this line [8], [9]
[10], [11] [12]. The INTERHEART study focused on risk
factors identification for acute myocardial infarction (AMI)
across 52 countries, considering more than 15000 partici-
pants from AMI and control group [13]. The study reported
smoking, lipid profile, diabetes, hypertension, psychosocial
factors (stress, depression, life events, and locus of con-
trol), abdominal obesity, fruits and vegetables daily intake,
physical activity, and alcohol as potential risk factors asso-
ciated with AMI. The first phase of the INTERSTROKE
study focused on risk factors identification for intracerebral
haemorrhagic and ischaemic from 22 countries [14]. In the
INTERSTROKE study’s second phase [15], the number of
countries increased to 32 regions worldwide, and the sample
size also increased to cover more than 13000 stoke cases
and additional 13000 cases as control. In the second phase,
hypertension, diet, diabetes, physical activity, smoking habit,
alcohol consumption, apolipoprotein ratio, waist-to-hip ratio,
and psychosocial factors (stress, depression) were identified
as being associated with stroke. It is important to stress that
both the INTERSTROKE and INTERHEART studies high-
lighted nine common risk factors, i.e., diabetes, hypertension,
obesity, lipid profile, diet, alcohol consumption, smoking,
physical activity, and psychosocial factors that, collectively,
could be attributed to 86% of the CVD cases [16]. The
Prospective Urban Rural Epidemiology (PURE) is another
large scale study that focused on recruiting participants from
low, middle, and high-income countries to study the associ-
ation of social influence on lifestyle, CVD risk factors and
NCD incidents [17]. Yusuf et al. studied modifiable risk
factors on CVD and mortality based on 21 countries from
the PURE study and mentioned lipid profile, blood pressure
(BP), diabetes, obesity and behavioral factors (e.g., use of
tobacco, diet, physical activity, alcohol, and sodium intake)
were significantly associated with CVD [9]. There exist only
a few studies along this line focusing on CVD risk factors
identification from the Middle East countries. Alhabib et al.
investigated a CVD cohort from Saudi Arabia and reported
obesity, diabetes, hypertension, hypercholesterolemia, smok-
ing, physical inactivity, and diabetes as potential CVD risk
factors [10]. Al-Shamsi et al. presented a retrospective cohort
study on CVD within 9-year (2009-2018) incidents and
its related risk factors in the United Arab Emirates [11].
The findings from their study suggested that men, com-
pared to women, were at greater risk of getting CVD.
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For both genders, elevated level of systolic BP (SBP), esti-
mated glomerular filtration rate, Hemoglobin Alc (HbAlc)
were observed. The study also suggested that age and
smoking in men and total cholesterol to high-density
lipoprotein (HDL) cholesterol ratio among women could be
considered as potential risk factors. Recently machine learn-
ing (ML) based models have gained a lot of attention from the
scientific community to predict CVD-associated risk factors.
Hu et al. presented a study that considered health behaviors,
sociodemographic factors, prevention and environmental data
to predict CVD in US [12]. The authors utilized Bayesian
Additive Regression Trees (BART) to rank those factors
and showed that obesity, physical activity, cholesterol, binge
drinking, and age (> 65 years) are the top predictors for
CVD. Many CVD risk score calculators also exist in clinical
setups to determine the susceptibility of CVD for the pop-
ulation. Framingham risk calculator considered age, gender,
BP, cholesterol amount, and smoking as risk factors for CVD
([18], [19]). Atherosclerotic Cardiovascular (ASCVD) risk
calculator considered age, gender, BP, cholesterol amount,
diabetes, race, and smoking as risk factors for CVD [20].
In QRISK calculator, atrial fibrillation, body mass index
(BMI), kidney disease, rheumatoid arthritis, ethnicity, and
family history of CVD were considered along with the tra-
ditional CVD risk factors [16]. Table 1 presents a summary
of the literature focusing on the identification of associated
risk factors for CVD.

Considering the above backdrop, it is essential to empha-
size that there exist no unanimous agreement of the risk
factors for CVD and it may vary across cohorts from different
ethnicity, countries and risk calculators [16]. Moreover, most
of the studies conducted on CVD were based on population
from North America or Europe [23], and none of the large
scale comprehensive studies like INTERSTROKE, or PURE
considered the Qatari cohort as part of their analysis. Based
on our literature review, we found only two studies focus-
ing on the risk factor identification for CVD considering
the Qatari population. Rehman et al. adopted ML-based
approach to report potential group of CVD risk factors in
Qatar [22]. The authors designed a case-control study based
on a Qatar Biobank (QBB) cohort to differentiate CVD group
from the control group. Several ML models were applied, and
Decision Tree achieved the highest accuracy of 82.98% on the
testing set. Based on that study, Bioimpedance measurements
and clinical biomarkers contributed to the better classifica-
tion accuracy of the proposed model. Zainel et al. designed
a cross-sectional study to investigate CVD risk factors in
Qatar [2]. The study conducted on electronic medical records
collected from the Primary Health Care Corporation health
centers in Qatar, reported that modifiable CVD risk factors
(e.g., diet and lifestyle) can be controlled by raising aware-
ness among the Qatari population. The reported risk factors
for CVD in the Qatari population were age (old people have
high risk of developing CVD), gender (men have a high risk),
nationality (Northern African, West and South Asian nation-
alities have high CVD risk), high BP, insulin resistance and
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TABLE 1. Related studies focusing on the CVD risk factor identification in chronological order of publication year.

Focused

Year Reference Data used Countries in Levl\e/figed Proposed CVD Risk Factors Summary and Limitations
the study
This study, also known as INTERHEART
52 countries study, aimed at identifying risk factors
from Europe, Smoking, lipid profile, dia- | associated with AMI from low- and
A combination of clinical and be- Asia, Middle betes, hypertension, psycholog- | medium-income countries. Since the focus
Yusuf et al. havioral measurements. such as East, Africa, No ical factors, abdominal obesity, | was on AMI, this could have affected the
2004 [13] smoking and physical ac}ivi " Australia, fruits and vegetables daily in- | accuracy of the collected data for partici-
& poy ¥ North America take, physical activity, and alco- | pants with AMI if they have a history of a
and Sout ol. revious condition which could have
d South hol previous CVD conditi hich could h:
America®?:¢ led to changes in their lifestyle or the risk
factors’ level prior to AMI.
The study used data collected in the IN-
Age, apolipoprotein | TERHEART study to find risk factor as-
Gehani et Leveraged data collected from the Elgh,t Mlddle ‘(jéio)B(Ap oAl ra;llo, smok}ng, scl)c‘llatg,d )N{[h AM}I{ "l?muglh F.he S“}‘?y n-
2014 al. [21] INTERHEART study Edbteljn No iabetes, _hypertension, | clude Qatar, yet the sample size was very
. Countries abdominal obesity, fruit and | small (total number of participants from
vegetable intake and depression. | three Middle eastern countries (including
Qatar) was 257)
The study, also known as INTERSTROKE
study, aimed at measuring risk factors as-
32 countries . di diabetes sociated with stroke from multiple regions
from Europe, 11;1}3/ }i ?iflnblo:cqtivitl;l’ sifloitii; around the world. Although several limi-
O’Donnell et ﬁehg\?ir:rb;lnE;Ez:mfefm:rilt?iﬂcharﬁ I\A/Isil(;i(’il?t]g;? No habit, alcohol  consumption, tefi/t;(rm;osfcg:iizt!gzu?::ijgslfis Saet(rii’a?%wb:
. . . . apolipoprotein ratio, waist-to- T . .
2016 s S s st, polipoprotei . b 8 s
al. [15] smoking and physical activity. North America . . . rillation in low- and middle-income coun-
and South hip ratio, cardiac causes, and tries, affected cases had more measure-
. sychosocial factors. : P
America®? P ments compared to controls which indi-
cates that atrial fibrillation could be preva-
lent higher than what was recorded.
This study aimed at estimating the 9-year
Patients data from Tawam hospi- Men (age, smoking), Women Ss\l?)falcnti)lr(ieiittf;el;/zg 1firil”(l)tlllfyha:;:1‘2?;tiii
Al-Shamsi tal, UAE between A ril—Decenﬁfer (Total Cholesterol to HDL- fa;ctors wére identiﬁed' the s;gud did ﬁot
: P o UAE No cholesterol ratio), Both sexes | . . M y )
2019 et.al [11] 2008 and yearly follow-ups till (SBP, estimated glomerular fil- include important measurements such as,
2018. N & family history, diet, waist circumference,
tration rate, HbAlc). . L
menopausal status, and physical activity
due to their unavailability.
21 countries The study, also known as PURE study,
A combination of behavioral (such f/:(;:]:l EMuirc(i)gfé Lipid profile, blood pressure Zgilor;ﬂhmg(\jflgabilrf Ir,‘(s)tv—faflioi(riiﬂ:—sszgé
Yusuf et al as smoking, alcohol, etc.) and East’ Africa. (BP), diabetes, obesity, and be- high-income countries l-iowever Aus-
2020 [9] ' metabolic rér’l’easuremer’lts (s.uch as 1<Iorth ' No havioral factors (e.g., use of to- Lraglia west and north /.Xfrica was ’not in-
. - A . bacco, diet, physical activity, al- y .
BP, obesity, etc.). America, and cohol, and sodium intake) cluded, and the number of middle eastern
South ’ ‘ ’ participants was small which make the
America®? study outcomes not generalizable.
Dataset used from three different Yes: Top predictors for stroke were The' stqdy focused on rapkmg and in-
) . . . L vestigating the effect of different factors
data sources: (a) e-Centers for Dis- root-mean- cholesterol, binge drinking, no Lo .
. . 3 - .. . on cardiovascular health from 500 major
ease Control and Prevention, (b) squared- physical activity, age 65 years, oo X .
. . USA cities. Sociodemographic factors, en-
Hu et al. American Community Survey 5- USA error was and dental checkup. Top pre- vironmental factors. brevention measures
2020 [12] Year Estimates from the US Cen- 0.47 for dictors for CHD were choles- ors. p . PR
. . o . and health behaviors were considered. The
sus Bureau and (c¢) Environmental CHD and terol, no physical activity, binge | . . X
i . . L . study did not include a important measure-
Justice Screening database from the 0.97 for drinking, aged 65 years, and low . .
. N N ments related to CVD such as BMI, family
Environmental Protection Agency stroke income. . ..
history, hip circumference etc.
This study focused on KSA participants as
Demographics, health behavior, so- . . part of the I.)URE study Vand aimed at ﬁnc_l-
. . . . Hypercholesterolemia, obesity, | ing CVD risk factors from demographic
. cioeconomic, medical history and . . . ..
Alhabib et - . hypertension, diabetes, smok- | and behavioral factors. The participants of
data on family members living KSA No . L . . .
2020 al. [10] . . ing, physical inactivity, and di- | this study were recruited from the cen-
with participants from the central . ? Lo
. N abetes tral province of KSA making it difficult
province of KSA .
to generalize the outcome to the whole
population.
Yes;
82.98%
accuracy - The study aimed at differentiating CVD
Clinical biomarkers Bio- as Clinical markers and from non-CVD groups using different
Rehman et impedance. lSpiromet!ry alnd Qatar ac}?ileved Bioimpedance  show  better biomedical measugrel;llsntsuf;orgrl a1 Qatari
2020 al. [22] VICORDER with girtfl?:g:l?gg’azg El (():;)l;ggestlon cohort. But no specific clinical factors
decision o were suggested as part of this study.
tree
classifier
This study considered data from medi-
Blood sugar, Blood pressure, . . .
. Lo . age, gender (men), nationality, | cal records in the State of Qatar to find
Zainel et al. | Waist circumference, BMI, fasting c o PR o . ) - .
. . . R . Qatar No high blood pressure, insulin re- | associated risk factors. The study is not
2020 [2] triglyceride, Fasting high-density . . L .
lipoprotein sistance and low serum HDL. nationally representative since Qataris and
Pop non-Qataris participants were considered.
¢ MENA region was included.
b At least one member of the Gulf Cooperation Countries was included
¢ Qatar was included.
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low serum high-density lipoprotein (HDL). The lack of study
focusing on risk factor identification for the Qatari population
motivated us to explore if the current known traditional risk
factors of CVD are prevalent in Qatar and, moreover, to find
any other factors that could be considered as novel risk factors
for the Qatari population. To fulfill this goal, we collected
the largest collection of biomedical measurements from QBB
to identify the associated risk factors and comorbidities for
Qatari CVD cohort. The objective of this case-control study
was to develop an ML model distinguishing CVD group
from the control group focusing on a Qatari adult cohort to
identify CVD-associated risk factors and comorbidities. The
contributions of this study can be summarized as follows:

o« We introduced a novel clinical dataset describing
lifestyle and behavioral factors, carotid artery related
measurements, vicorder, bioimpedance, spirometry and
physio-clinical biomarkers from a Qatari CVD group
covering more than 150 measurements.

o We proposed a highly accurate ML model to distin-
guish the CVD group from the control group within the
dataset. To the best of our knowledge, this case-control
study is the first, which considered such a large vari-
ety of clinical measurements to distinguish CVD from
the control group leveraging ML techniques for Qatari
nationals.

« We identified a list of potential novel risk factors which
are linked to CVD comorbidities such as renal disorder,
hypercoagulable state and liver function and recom-
mended additional clinical attributes to be integrated in
real life clinical setup.

The rest of this article is organized as follows:
Section II provides the details of the dataset we used, data
pre-processing steps, and the development of ML models.
Section III presents the details of the results from differ-
ent experimental setups; Section IV compares the proposed
model against the existing model and the possibility of
incorporating additional clinical parameters in risk score
calculation. Additionally, the association of novel risk factors
to other comorbidities are also highlighted. In Section V we
describe the limitations of this study, and finally, Section VI
concludes the article.

Il. MATERIALS AND METHODS

A. ETHICAL APPROVAL

We conducted this study under the regulation of the Ministry
of Public Health, Qatar. The Institutional Review Board,
Hamad Medical Corporation, Qatar approved this study and
only de-identified dataset was collected from QBB.

B. DATA COLLECTION

The methodology of the data collection by QBB can be
found in [24], [25]. Briefly, participants were invited at QBB
and they were interviewed by the clinicians and nurses to
collect data on background, family history, dietary habit, and
other lifestyle-related information. Then bloods samples were
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collected from the participants to measure different biochem-
ical markers. For bioimpedance measurements analyzer from
Seca GmbH & Co. KG, Hamburg, Germany was considered.
Anthropometric measurements (e.g. hip circumference, waist
circumference, height, weight, etc.) were captured using Seca
Stadiometer. Pneumotrac Vitalograph from Vitalograph Ltd,
Ireland was used to assess the respiratory function of the par-
ticipants. VICORDER device from SMT medical GmbH &
Co. KG; Bristol, UK was utilized for assessing participants’
arterial stiffness. A total of 153 measurements were obtained
from each participant. The dataset is not publicly available
in accordance with the Qatar Biobank data-sharing policy.
Table 2 summarizes the list of clinical measurements that
were incorporated as part of this study.

TABLE 2. Summary of the information obtained from each participant at
QBB.

Total
Variables

Measurement
Type

Lifestyle

and habitual 3

factors

Examples

Smoking habit, Sedentary Pattern

Mean and standard deviation
of intima media thickness

on left and right side.

Heart rate, Heart beats,

Pulse pressure index,

Pulse wave.

Body composition measurements.
Forced expiratory flow,
Forced vital capacity,

Forced expiratory time, etc.
Hip waist circumference,
Systolic blood pressure (SBP),
Diastolic blood pressure (DBP),
Cholesterol,

76 Glucose,

White blood cells,

Red blood cells, Lymphocyte,
Hemoglobin, Platelet count,
Urea, Sodium, etc.

Smoking and sedentary
habitual factors,

Spirometry,

Physio-clinical Biomarkers,
Bioimpedance,

VICORDER,

Carotid artery

Carotid artery 4

VICORDER 6

Bioimpedance 31

Spirometry 33

Physio-clinical
Biomarkers

All 153

C. COHORT DESCRIPTION

From the QBB cohort, the CVD group was comprised of adult
participants, aged above 18 years, and having self-reported
history of heart attack, stroke, angina, high BP, transient
cerebral ischemic attacks and abnormalities of heartbeat
or heart revascularization (bypass, angioplasty, coronary
atherectomy). All the CVD group participants were free from
self-reported diabetes, cancer, and other diseases. As control,
a group of participants with no history of CVD, stroke, dia-
betes, hypertension, sleep disorder, or cancer were selected.
These groups were determined by QBB medical practitioners
and nurses. All the participants were Qatari nationals. The
cohort consisted of 500 participants where 250 participants
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were from the CVD group and 250 were from the control
group.

D. DATA PRE-PROCESSING
For all participants, we collected the clinical measurements
(will be considered as variables/features for downstream
computational analysis) from QBB. Variables with more
than 30% missing values were discarded. For the remaining
variables, we replaced missing values by the mean value
which was calculated from the respective group. CVD and
control groups were considered as the positive and negative
classes respectively in the proposed classification model. The
remaining variables were then normalized using the min-max
method (also known as range normalization) [26]. Since all
variables have values with various scale differences, we nor-
malized them to be within the range [0,1] using the following
equation:
, x; — min;{x;}
X; =

. ()
maxi{x;} — min;{x;}

where for each feature (x;), the normalized feature (x;)
is calculated using its minimum (min;{x;}) and maximum
(maxi{x;}) values.

E. STATISTICAL SIGNIFICANCE OF THE CLINICAL
VARIABLES

We considered the Anderson-Darling test [27] to ver-
ify if variables are normally distributed. Student’s t-test
[28] was applied on the normally distributed variables to
determine the statistical significance of each variable (p-
value<0.05) when comparing both groups (i.e., CVD vs.
control). Mann-Whitney [29] test was applied on the other
variables for the same purpose.

F. MACHINE LEARNING MODEL DEVELOPMENT

We considered six different ML algorithms: Decision Tree
(DT) [30], Artificial Neural Network (ANN) ( [31], [32]),
Random Forest (RF) [33], Extreme Gradient Boosting
(XGBoost) [34], CatBoost [35] and Logistic Regression (LR)
[36] to separate the CVD group from the control group. For all
models, we used GridSearchCV from Python’s Scikit-learn
package for hyperparameter tuning with 10-fold nested cross
validation [37]. GridSearchCV finds the parameters that con-
tribute to the best performance from a set of given ranges of
values for some parameters [38]. The details of parameter
optimization for the models are provided in Supplementary
File 1. Figure 1 shows the workflow adopted for this study to
select the features and compare ML models’ performances.

G. MODEL EVALUATION

The training and validation of the ML models were performed
considering 10-fold nested cross validation approach [37].
Therefore, 90% of the available data was used for training
and 10% thereof were used for independent testing. This was
repeated for ten times following the principle of nested cross
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FIGURE 1. Workflow adopted in this study to discover the important
features and ML model development.

validation. The performance of different machine learning
models was analyzed with several metrics for performance
evaluation (Eq.2 — Eq.6): accuracy, sensitivity, precision, F;
score and Matthews Correlation Coefficient (MCC).

tp+1in

Accuracy = ————— 2
+tm+fp+f
. p
Sensitivity(recall) = 3
y( ) P 3)
Precisi Ip ()
recision =
p+Jp
2 % Precision * Recall
Fscore = — 5)
Precision + Recall
1, n —
MCC D x tnh — fp x fn ©)

Vp + fp)ap + fn)(mn + fp)(in + fn)

Here tp, tn, fp, and fn stand for the number of true posi-
tive, true negative, false positive, and false negative samples,
respectively. As our dataset was balanced, we considered
accuracy as the prominent metric for performance compar-
ison of different ML models.

H. FEATURE SUBSET SELECTION

We applied various feature subset selection techniques to
filter out redundant or un-correlated features. We applied both
the Pearson correlation coefficient and Spearman correlation
coefficient on the features against the class label (positive
class: CVD, negative class: control). The range of correla-
tion values from Pearson correlation coefficient and Spear-
man correlation coefficient were (—0.49, 0.46) and (—0.48,
0.48), respectively (Supplementary File 2). This indicated
that none of the individual variable had high correlation with
the class label. Therefore, we considered all the features in the
downstream computational analysis and ranked them based
on Pearson correlation coefficient and Spearman correlation
coefficient. We considered ANOVA F-test to rank the features
and determine their relative importance in distinguishing
CVD group from the control group. We also applied recur-
sive feature elimination (RFE) and particle swarm optimiza-
tion (PSO) based method with cross validation to identify
a subset of features from the pool of all features. For RFE,
we used RF as an estimator and evaluated the model on all
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features one by one to select only features that contributed
best to achieve the highest accuracy. For PSO based feature
subset selection, we evaluated the performance with different
classifiers (i.e., RF, DT, XGBoost, and ANN) on the whole
dataset [39].

IIl. RESULTS

A. BASELINE CHARACTERISTICS OF THE COHORT

The baseline characteristics as well as their smoking habit
and sedentary lifestyle pattern of the cohort are summarized
in Table 3. In the CVD group, 54.8% (45.2%) of participants
were male (female); where in the control group, the samples
were distributed evenly (i.e., 50% each). The mean of the
age of the CVD group was 42 where it was 30.276 for
the control group. Furthermore, all participants used in this
study were Qatari nationals. The mean BMI for the CVD
group was 26.172 where it is 23.29 for the control group (p-
value <0.001); this indicates that the CVD group participants
were having higher weight in comparison with the control
participants [40]?. Waist and hip sizes were elevated in the
CVD group compared to the control group. CVD group was
spending more time in sports, but alarmingly, they are still
smoking more than the control group. This is in perfect align
with the other Qatari CVD cohort that we studied earlier [41].

TABLE 3. Baseline characteristics for the CVD group and the control
group. (FMI stands for fat mass index).

CVD Control

Attribute Unit Sandard Sandard p-value
Mean o Mean o
Deviation Deviation

Age year 42 13.144 30.276 8.338 <.001

BMI kg/m2 26.127 2.867 23.29 2.817 <.001

Weight kg 72.375 11.347 64.235 10.774 <.001

Z-FMI - 0.536 0.78 -0.243 0.709 <.001

_ Waist cm 0.839 0.113 0.75 0.086 <.001
circumference

_Hip cm 84268 | 10369 | 75.024 8.599 <001
circumference

HbAlc "‘r;“(:;” 5278 | 0397 5.146 0.27 <.001

Number of cigaretes/ 17.367 | 10.961 14.747 9.269 0.004

cigars/pipes per day

Moderate Sport

(swimming, yoga, Minutes | 71.132 182.406 101.128 217.137 0.03

gym, etc.)
Heavy Sport
(running, fast swimming, | Minutes | 47.184 142.476 70.888 163.497 0.017
weightlifting, etc.)

B. PERFORMANCE OF ML MODELS BASED

ON ABLATION STUDY

To check the effectiveness of different types of clini-
cal measurements, we developed machine learning models
considering individual data categories as well as their com-
binations. Based on ablation study, the contribution of fea-
tures representing sedentary and smoking habits, Spirometry,
VICORDER were not high (Table 4). Considering carotid
artery related measurements (e.g., intima medium thickness),
the models achieved nearly 75% accuracy. But the most dom-
inant set of features were the set of physio-clinical biomarkers
and Bioimpedance achieving over 84% and 91% accuracy,
respectively (Table 4). Interestingly, when the models were
developed based on all clinical features, sedentary lifestyle
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TABLE 4. Performance of ML models for ablation study. Numbers in bold
highlight the highest value of evaluation metric considering the specific
experimental setup.

Property Evaluation

(No. of features) Parameter DT ANN RF XGBoost | CatBoost LR
Accuracy 0.52 | 0546 [ 0.522 0.492 0.516 0.548
Sedentary lifestyle Precision | 0.510 [ 0.499 | 0.519 0.490 0.510 0.517
and Smoking (3) Recall 0.728 | 0.708 | 0.648 0.720 0.668 0.692
Fl-score 0.598 | 0.555 | 0.575 0.583 0.575 0.576
MCC 0.051 | 0.05T | 0.045 -0.012 0.037 0.114
Accuracy | 0.584 [ 0.602 [ 0.616 0.594 0.604 0.682
Precision | 0.583 | 0.543 | 0.633 0.599 0.625 0.685
Spirometry (33) Recall 0.596 | 0.696 | 0.564 0.584 0.544 0.688
Fl-score 0.585 | 0.600 | 0.593 0.591 0.578 0.686
MCC 0.171 | 0.208 | 0.236 0.189 0.212 0.366
Accuracy | 0.646 [ 0.624 [ 0.648 0.636 0.640 0.664
Precision | 0.685 [ 0.440 | 0.667 0.648 0.667 0.683
VICORDER (6) Recall 0.580 | 0.396 | 0.608 0.608 0.564 0.616
Fl-score 0.616 | 0.415 | 0.632 0.625 0.608 0.646

MCC 0.304 | 0.251 | 0.300 0.274 0.285 0.331
Accuracy | 0.742 | 0.696 | 0.730 0.724 0.738 0.732
Precision [ 0.827 | 0.684 | 0.811 0.819 0.827 0.758
Carotid artery (4) Recall 0.616 | 0.632 | 0.612 0.588 0.612 0.688
FI-score 0.705 | 0.646 | 0.695 0.68 0.699 0.718
MCC 0.503 | 0.398 | 0.478 0.471 0.497 0.469
Accuracy | 0.790 | 0.750 | 0.822 0.844 0.846 0.800
Physio-clinical Precision 0.847 | 0.707 | 0.859 0.888 0.901 0.816
Biomarker (76) Recall 0.716 | 0.744 | 0.772 0.792 0.784 0.780
Fl-score 0.773 | 0.715 | 0.812 0.835 0.834 0.793
MCC 0.591 | 0.503 [ 0.65 0.697 0.703 0.605
Accuracy | 0.878 | 0.812 | 0.902 0.892 0.910 0.892
Precision 0.920 | 0.868 | 0.929 0.927 0.968 0.938
Bioimpedance (31) Recall 0.832 | 0.852 | 0.872 0.852 0.848 0.840
FI-score 0.871 | 0.838 | 0.899 0.888 0.903 0.886
MCC 0.762 | 0.632 | 0.807 0.787 0.827 0.790
All Clinical + Acc!{rz.xcy 0.926 | 0.872 | 0916 0.922 0.914 0.882
Sedentary + Precision 0.986 | 0.898 | 0.947 0.977 0.977 0.916
Smoking Recall 0.864 | 0.840 | 0.884 0.864 0.848 0.844
(15042+1=153) Fl-score 0.921 | 0.867 [ 0.915 0.918 0.907 0.878
MCC 0.859 | 0.747 | 0.835 0.850 0.836 0.767
Known risk factors: Age, Accuracy | 0.824 | 0.672 | 0.812 0.826 0.824 0.740
Gender, SBP, DBP, BMI, Precision 0.989 | 0.537 | 0.904 0.946 0.972 0.761
lipid profile, HbAlc, Recall 0.656 | 0.500 | 0.704 0.692 0.668 0.708
Sedentary lifestyle Fl-score 0.785 | 0.517 | 0.789 0.797 0.79 0.731
and smoking (13) MCC 0.689 | 0.347 | 0.642 0.679 0.683 0.483

and smoking habit related features, we obtained the best per-
formance with over 92% accuracy (using DT and XGBoost)
(Table 4). We also developed ML models with the known
CVD risk factors. However, the highest achieved accuracy
was slightly over 82% (82.6% with XGBoost; 82.4% with DT
and CatBoost) (Table 4). This clearly indicates the superiority
of our model developed by integrating variety of clinical mea-
surements, rather than relying upon the known risk factors
that are heavily used in current clinical setup for the diagnosis
plan of CVD.

C. PERFORMANCE OF ML MODELS BASED ON AGE- AND

GENDER-STRATIFIED SAMPLES

Considering all the features, we developed ML models on
age- and gender-stratified samples. Among the ML models,
CatBoost achieved the highest accuracy of 93.9% and 88.2%
for distinguishing CVD group form the control group for
male and female participants, respectively (Figure 2). This
indicates that the ML models were able to perform slightly
better for males than females considering gender-stratified
samples.

Based on the age-stratified samples, ML models achieved
the highest MCC of 0.82, and 0.86 for the middle-aged
(30 to 39 yrs), and senior (40 and above) groups, respectively
(Figure 3). This is very close the performance of the models
considering the full dataset achieving 0.85 MCC (Table 4).
But the performance of the ML models for the young adult
group (18 to 29 yrs) were relatively lower (MCC = 0.66).
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FIGURE 2. Performance of different ML models based on
gender-stratified groups.

This might be due to the few CVD cases (only 43 in CVD
compared to 134 in the control group) in this age group
(Supplementary File 3), and ML models could not learn from
such a small number of samples. We may conclude the ML
models were more effective in detecting middle-aged and
senior CVD participants than the small number of young
CVD participants.

D. PERFORMANCE OF ML MODELS BASED ON SELECTED
SUBSET OF FEATURES

To filter out redundant features, we used multiple feature
subset selection techniques to identify a smaller number of
features which can represent the whole dataset. Considering
the ANOVA F-test based feature ranking, we developed ML
models using top ranked 1%, 5%, 10%, 15%, 20%, 25%
and 30% features. Using the top 5% and 10% features,
we achieved 92.8% accuracy using DT model (Figure 4).
When RFE and PSO was applied on the dataset, a subset
of 10 and 9 features were selected, respectively (Supplemen-
tary File 2). Considering the selected features from RFE and
PSO, we achieved the highest accuracy of 92.4% and 92.6%,
respectively (Table 5). After combining the feature subsets

Age Group (18-29)

1.00-

©
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o
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TABLE 5. Performance of ML models on the selected features by
different methods.

Evaluation

Method P DT ANN RF XGBoost | CatBoost LR

arameter

Accuracy | 0.928 | 0.800 | 0918 | 0976 0916 | 0.864

ANOVA | _Precision | 09T [ 0799 | 0.964 | 0986 0973 1 0897

(o) Recall | 0.864 | 0.748 | 0.868 | 0.864 0856 | 0828

Fl-score | 0.922 | 0.758 | 0912 | 0920 0909 | 0.858

MCC | 0.865 | 0.600 | 0.842 | 0.860 0840 [ 0.734

Accuracy | 0.922 | 0.770 | 0924 | 0916 0920 | 0872

RFE Precision | 0.982 | 0.700 | 0975 | 0974 0980 | 0916

(10 Peutures) |__Recall | 0860 | 0.688 [ 0572 | 085 0860 | 0828

Fl-score | 0.915 | 0.682 | 0.918 | 0908 0913 | 0.864

MCC | 0852 | 0.546 | 0855 | 0.840 0849 [ 0.754

Accuracy | 0.918 | 0.880 | 0.924 | 0918 0926 | 0316

SO Precision | 0.974 | 0.924 | 0971 | 0.953 0976 | 0.836

(0 Features) |__Recall | 0560 [ 0828 | 0576 | 0850 0876 [ 0.792

Fl-score | 0.9T1 | 0.872 [ 0.919 | 0915 0922 | 0811

MCC | 0.844 [ 0.765 | 0855 | 0.840 0859 [ 0.636

Accuracy | 0.924 | 0.820 | 0930 | 0926 0930 | 0.874

Precision | 0.983 | 0.860 | 0.971 | 0.979 0991 | 0918

ggf:fa‘tﬁrse?) Recall | 0.864 | 0.876 | 0.888 | 0.872 0868 | 0828

Fl-score | 0.919 | 0.850 | 0.927 | 0922 0925 | 0.868

MCC | 0856 | 0.645 | 0.865 | 0.85 0868 [ 0.755

returned by RFE and PSO we got in total 16 features and
slightly better level of accuracy (93.0%) was achieved with
RF and CatBoost (Table 5).

Among the 16 features selected by RFE and PSO, three
features, namely BMI, SBP and bioimpedance hydration
are well known risk factors of CVD, and were selected by
both methods (Supplementary File 2). In addition to those
three features, PSO selected bicarbonate, beats, spirometry
forced expiratory time as well as bioimpedance vector anal-
ysis (which measures body composition) and bioimpedance
phase angle. On the other hand, RFE also selected free tri-
iodothyronine, mean intima media thickness (left and right)
and bioimpedance measurements for fat mass index, vis-
ceral adipose, and energy. Figure 5 shows the biplot of the
first two components of principal component analysis (PCA)
based on the 16 features selected by RFE and PSO. The two
principal components explained nearly 47% of the variance
from the selected features (Figure 5). The vectors (direc-
tion) in Figure 5 indicates the high correlation between
BMI and intima media thickness-right; bioimpedance energy

Age Group (40 and above)

RF XGBoosCatBoost XGBoosCatBoost

ML Models

- Accuracy - F1_score

B mcc

FIGURE 3. Performance of different ML models based on age-stratified groups.
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FIGURE 4. Top ranked (1% to 30%) feature selected by ANOVA F-test. Best accuracy (92.8%) was achieved by DT considering top ranked 5% and 10%.

content and fat mas index; SBP and bioimpedance vis-
ceral adipose tissue. On the other hand, the direction of
free triiodothyronine is nearly opposite to BMI and intima
media thickness-right. There was little or no correlation
between free triitodothyronine and bioimpedance phase angle;
bioimpedance hydration and fat mass index.

E. STATISTICAL SIGNIFICANCE OF THE FEATURES BY
COMPARING CVD GROUP AGAINST CONTROL GROUP
Based on statistical analysis, 38 physio-clinical biomark-
ers were found to be statistically significant (p-value <
0.05) (Supplementary File 2). This list includes known risk
factors for CVD such as: BMI, HbAlc, total cholesterol,
low-density lipoprotein (LDL)-cholesterol, high-density
lipoprotein (HDL)-cholesterol, SBP, and DBP. The total
cholesterol and the HDL-cholesterol (good cholesterol) read-
ings form CVD and the control group indicate that they
were within the standard reference range (i.e., reference
range for total cholesterol < 5.2 mmol/L; HDL-cholesterol
>1.04 mmol/L (male) and > 1.30 mmol/L (female)) [42].
However, comparing CVD group against the control group
(CVD: control) total cholesterol (4.93:4.70) and LDL-
cholesterol(2.96: 2.78) was higher, but HDL-cholesterol
(1.41:1.47) was lower in CVD group. Though the BP was
within a reference range for both groups (SBP > 140 and
DBP > 90 is considered as high [43]), SBP (119:104.58)
and DBP (71.36:62.38) were higher in CVD group compared
to the control group. Also, we found novel factors such as
triglycerides, potassium, bicarbonate, C-peptide, fibrinogen,
uric acid, homocysteine, free triiodothyronine, total protein,
albumin, etc. were significantly (p-value< 0.05) different
between two groups.
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We also discovered in total 26 statistically significant
(p-value< 0.05) features from bioimpedance measurement
(Supplementary File 2). A closer look at the features revealed
that almost all the bioimpedance measurements, except
hydration, were higher in the CVD group. Average fat mass
(24.49:18.38), relative fat mass (33.76: 28.573), visceral adi-
pose tissue (1.95:1.18), waist circumference (0.839: 0.75),
phase angle (27.36:23.58) were higher in the CVD group.
Almost all of the spirometry measurements related to forced
expiratory volume (FEV) were low in the CVD group (Sup-
plementary File 2) and this is in alignment with the outcome
of a recent study where FEV1 was linked with CVD and
mortality [44].

In summary, the results indicate that CatBoost was the
best performing model of all models tested considering MCC
(.868) and accuracy (93%) as the evaluation metrics. We also
found that the tested ML models attained a reasonable perfor-
mance on the task when applied to age- and gender-stratified
samples. Additionally, the ablation study we performed was
insightful in revealing the most dominant feature sets for the
CVD risk factor prediction are physio-clinical biomarkers
and Bioimpedance, which is also corroborated by our analysis
revealing statistically significant (p-value<0.05) 38- and 26-
count of these features.

IV. DISCUSSION

A. COMPARISON OF THE PROPOSED ML MODEL's
PERFORMANCE AGAINST THE EXISTING MODEL

A previous study proposed a decision tree based ML model
to differentiate the Qatari CVD group from the control
group with 82.98% accuracy [22]. In this study, we out-
performed the previous model by achieving 93% accuracy
(Table 5). Among the ML models we investigated, CatBoost
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model performed the best considering multiple evaluation
metrics such as accuracy and MCC. We also showed that
the performance of the proposed ML models for age- and
gender-stratified samples were very similar to the model
developed without stratification, and this clearly indicates
that proposed methodology fits well independent of the gen-
der and age of the CVD participants. Unlike the previous
study [22], we applied feature subset selection on the dataset.
Application of multiple feature ranking methods (e.g., Pear-
son correlation coefficient, Spearman correlation coefficient,
and ANOVA) and feature subset selected methods (e.g., RFE
and PSO) revealed a shorter list of 16 features from the pool
of all features.

B. APPLICABILITY OF EXISTING CVD RISK SCORE
CALCULATION METHODS FOR QATARI CVD PATIENTS

Both the Framingham scale ([18], [19]) and ASCVD scale
([20]) considered age, gender, smoking habit, diabetes status,
BP, cholesterol value to calculate the risk score for CVD.
Interestingly, statistically significant difference was observed
for all these variables in the Qatari CVD group compared
to the control group (Supplementary File 2). Diabetes status
(in terms of HbAlc), BP, cholesterol levels all were high
in the Qatari CVD group compared to the control group
(Supplementary File 2). This indicates that the existing CVD
risk score calculation mechanism could be applied for Qatari
CVD groups as well, though the effectiveness of different
multiple risk score calculation scales is out of the scope
of this study. To check the effectiveness of the proposed
clinical measurements from this study, we also compared the
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proposed ML model against the ML model with traditional
known risk factors for CVD such as: smoking habit, level
of physical activity, diabetes (HbA1lc), BMI, cholesterol and
BP. ML models considering traditional know risk factors
achieved 82.6% accuracy (Table 4). On the other hand, after
the inclusion of the clinical measurements proposed in this
study, CatBoost model achieved 93% accuracy (Table 5). This
clearly indicates the superiority of the proposed model as
well as the importance of integrating other measurements in
clinical setup for CVD diagnosis plan.

C. ASSOCIATION OF POTENTIAL RISK FACTORS AND
COMORBIDITIES FOR CVD IN QATARI POPULATION

Our study confirmed the known risk factors (e.g., BMI, SBP,
diastolic BP (DBP), low-density lipoproteins (LDL) choles-
terol, high-density lipoprotein (HDL) cholesterol, diabetes
marker (HbAlc)) for CVD that are used in multiple risk
score calculators (e.g., Framingham and ASCVD ) [16]. SBP,
DBP, total cholesterol, LDL-cholesterol were higher in CVD
compared to the control group. In addition, the triglycerides
outcome (CVD: Control = 1.23:0.99) indicates desirable
results (<1.7 mmol/L) [42] for both groups?. This, in sum-
mary, indicates that CVD group in Qatar needs to improve
their lipid profile and it is in perfect alignment with the other
CVD groups [45].

BMI, cholesterol, bioimpedance, hip and waist circumfer-
ence, measurements for absolute fat mass, visceral adipose
tissue, etc., were higher in CVD and these all can be well
linked to fat disposition in the body and clear indicator of their
role in the atherosclerosis. Due to the high body fat content
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and low level of hydration, clot could be formed easily in
the CVD group [46]. Moreover, high level of HbAlc and
C-peptide (an indirect measurement of the insulin level in
the body and has longer half-life in comparison to insulin)
reflects insulin resistance among CVD group which is a risk
factor for atherosclerosis and CVD. Low level of free tri-
iodothyronine observed in the CVD group can be associated
with a lower metabolic rate and this may affect the people to
be overweight or obese as well.

It is well known that activated partial thromboplastin
time, fibrinogen, and platelet contribute to the formation of
clot [47]. Our results showed that fibrinogen was higher
but activated partial thromboplastin time and platelet were
lower in the CVD group compared to the control group.
Therefore, for the Qatari population, it could be hypothesized
that the role of activated partial thromboplastin time and
fibrinogen towards leading to CVD is higher than the role
of platelet, however further study is required in this regard.
Hypercoagulable state indicated by higher fibrinogen level
and lower activated partial thromboplastin time may increase
the clotting likelihood in the blood vessel. The intima media
thickness for both the left and right coronary artery was higher
in CVD group. This clearly indicates that thickness of intima
will shrink the lumen area for carotid artery. This reflects
the atherosclerotic condition of whole body, including renal
arteries; and may, ultimately, affect the renal function as
well [48]. Uric acid, homocysteine and creatinine all were
high in the CVD group. Creatinine is one of the known
biomarkers for renal function. Homocysteine is known to be
associated with CVD [49] and uric acid may cause gout which
is also arisk factor of CVD [50]. As total protein was high and
albumin was low in the CVD group compared to the control
group, this may due to the possible loss of albumin in urine
as a result of chronic kidney disease complications [51]. All
these factor, in summary, may indicate the comorbidity of
CVD group for chronic kidney disease [52].

Potassium, bicarbonate, alkaline phosphate, gamma-
glutamyl transferase level were higher in the studied CVD
group compared to the control group. High potassium level
tend to lower the risk of CVD, such as stroke [53], indicating
that either the food intake by the CVD group was rich in
potassium or they were taking CVD medications which are
known to increase serum potassium. Higher bicarbonate level
(> 26 which is similar to this study) is associated with
CVD mortality rate [54]. Elevated alkaline phosphate and
gamma-glutamyl transferase in the studied CVD group may
deranges the liver function ( [55], [56]), however further study
is required in this regard.

In summary, our findings revealed that while the stan-
dard CVD risk score calculation scales such as Framingham,
ASCVD, etc. could be used for effective CVD prediction in
Qatari cohort, incorporating the novel risk factors discovered
in this study into these schemes could significantly improve
the performance of the CVD detection task. Additionally,
the proposed novel risk factors from this study could be
shown to be linked to multiple CVD-related comorbidities.
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V. LIMITATIONS

Data set was relatively small having 500 participants from
Qatar only. So, the obtained results might be specific to Qatari
population only and this was one of the goals of this study.
We did not consider deep learning-based techniques such as
convolutional neural network, recursive neural networks etc.
for this study because the dataset we had from QBB is tabular
in nature, whereas the most popular deep learning-based
models, such as convolutional neural network and recursive
neural networks, are mostly suitable for image datasets and
sequence datasets, respectively. However, the interpretability
easiness of the models and more than 92% accuracy level
motivated us to rely on the models that we proposed. In the
future, this work will be extended on a larger cohort size from
Qatar.

VI. CONCLUSION

This work presented a case-control study to develop ML
models to differentiate CVD group from the control group.
We used a multimodal dataset from QBB covering more
than 150 attributes from various clinical measurements for
the Qatari population. A 93% accuracy was achieved by the
proposed CatBoost model which outperformed the existing
model developed for the same purpose. Multiple feature rank-
ing methods confirmed known risk factors of CVD such BP,
lipid profile, smoking, sedentary life, diabetes and proposed
novel risk factors linked to CVD-related comorbidities such
as renal disorder, liver function, atherosclerosis etc.

SUPPLEMENTARY FILES

1) Supplementary File 1: List of parameters that were
optimized for the development of ML models.

2) Supplementary File 2: List of features, their mean,
standard deviation and statistical significance. We also
highlighted the features selected by different feature
subset selection techniques

3) Supplementary File 3: ML model performance details
for age-stratified samples.
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