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Abstract

The 6-minute walk test (6MWT) is a well-known instrument for assessing cardiovascular patients’ functional capac-
ity; yet, little is known about its potential as a prognostic marker in the metabolic syndrome (MetS) population. Apart
from its main application in determining walking distance, the 6MWT provides insightful information about functional
capacity, response to therapy, and diagnostic potential for a wide range of disorders. In this work, we integrated wear-
able device-collected ECG data for heart-rate variability (HRV) analysis to improve our evaluation of cardiac function in
the MetS patient group. Our main objective was to assess, with a wrist-worn device, the respiratory and cardiovascular
system exercise tolerance using the 6MWT. We designed an Android-based mobile application for automated signal
monitoring and distance measurement to simplify data collecting and analysis. 27 individuals in all, ranging in age from
24 to 79, made up our cohort. Three key indicators were included into HRV analysis: Poincaré metrics, frequency domain,
and time domain. We found strong correlations between these 2/3/6 HRV parameters and 6MWT results. The aim of this
study was to use HRV analysis to evaluate the functional capacities of MetS patients in comparison to non-MetS people.

Article Highlights

e Advanced wearables monitor HRV, ECG, and SpO2 over the 6MWT, so improving cardiovascular assessments in MetS
patients.

e Lower HRV is associated with lower walking distance, hence it highlights its possible use as a cardiovascular risk
indicator in MetS.

e During the 6MWT, a user-friendly clinical mobile app supports real-time data collecting and analysis, so enhancing
functional assessments.

e Important predictors of 6MWT performance, including age and BMI, provide insightful information for individualized
treatment in MetS patients.
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1 Introduction

Cardiovascular diseases are the leading cause of death globally, taking an estimated 17.9 million lives annually [1]; 75
percent of these are in low- and middle-income countries [2]. These deaths account for about 31% of all deaths world-
wide. Following discharge from the hospital, patients who survive and are diagnosed with congestive heart failure (CHF)
face a 10% mortality rate and a 25% readmission rate within 30 days [3]. Furthermore, evidence shows that those at risk
are not only elderly people. In fact, middle-aged adults have been found to account for a third of all deaths related to
cardiovascular disease. Changes in lifestyle as well as numerous other factors have been linked to heart disease, and
countries spend billions of dollars each year to cope with this major healthcare crisis. Cardiovascular deaths occur twice
as frequently in developing countries because of insufficient diagnostic resources. Thus, with continually emerging
trends and innovations in technology, there is a need for greater collaboration between the information technology
(IT) and healthcare sectors.

Various methods are used at the clinical level for the accurate assessment of exercise performance. Some of these [4]
provide a full evaluation, while others present only the necessary data due to their noticeably poor technologies, such as
running and climbing stairs, including the endurance shuttle walk test (ESWT), and the 6-minute walk test (6MWT) that
exemplify everyday activities in the daily clinical routine. The 6MWT accommodates selective information on functional
capacity, response to remedy, and diagnosis in a range of diseases. It is simple to perform, reproducible, inexpensive,
and commonly used to measure exercise capacity. It requires no specialized (or expensive) exercise equipment or high-
level exercise. The patient simply needs to walk for 6 min. It is one of the most reliable methods used, especially for the
evaluation of cardiovascular diseases.

Metabolic syndrome (MetS) is a cluster of symptoms that combines cardiovascular conditions with type 2 diabetes
[5]. This is more evident in patients with obesity, and/or diabetes type 1, hypertension, abnormal glucose metabolism,
and dyslipidemia [6]. These factors are greatly related to Heart Rate Variability (HRV), which is the valuable non-invasive
physiological phenomenon of the variation in the time interval between consecutive heartbeats in a millisecond to
evaluate the autonomic function of the sinus node. A lower HRV score in relation to age should indicate some health risks
[7, 8]. However, this score is affected by other factors, from age and gender to aerobic fitness and psychological status.
This is evident in subjects with intellectual disability (ID), where the subjects HRV score is lower than the average [7].
MetS are associated with a lower HRV score. Unhealthy subjects have lower HRV than healthy subjects, and unhealthy
subjects with MetS have a significantly lower HRV score than unhealthy subjects without MetS. Concerning sex, females
with MetS are more prone to cardiovascular risks than males with MetS; this is concerning the HRV [6] and can be partly
explained by the vagal activity and sympathovagal balance variation in both genders [7, 9]. The autonomic cardiac
nervous system is also affected directly by MetS, where reduced autonomic cardiac control could increase the risk of
cardiovascular conditions [6, 7]. Age plays a big role in HRV levels and MetS. Through previous studies [10], it has been
shown that middle-aged and elderly subjects are correlated with lower HRV.

Though a lot of study [11-15] has been done on the 6MWT and HRV, integrating these metrics with contemporary
wearable technology for continuous and thorough monitoring still leaves a gap. This work intends to close this gap by
monitoring HRV and other physiological parameters during the 6MWT using a reasonably affordable wearable device
[16-18] coupled with a mobile application. By means of real-time data and tailored insights, this method promises to
improve the evaluation of walking capacity and cardiovascular health in patients with MetS. The contribution of this
paper is threefold:

e We developed a user-friendly mobile application that gives clinical practitioners the ability to control and monitor
the 6MWT as a whole without involving the patient in using the application. The application provides real-time data
as well as graphic displays.

e We proposed a system using HRV analysis during the 6 min Walk and Run Test (6MWT) to evaluate the functional
abilities of patients diagnosed with metabolic syndrome (MetS).

e We demonstrated that analyzing the dataset entails finding correlations of independent features that impact the
6MWD as well as predictors through our models. These methods will contribute to further studies on the 6MWT as a
guideline and reference for improved 6MWT development and analysis.
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2 Related works

Since the development of 6MWT to evaluate functional capacity [19], the test has been used in different aspects of
clinical practice to determine an individual’s endurance of [20]. It involves a straightforward course of action in which
a patient walks forth and back as fast as possible in a 30-meter-long area [21]. The validity and effects of the 6MWT
have been established for clinical purposes in diverse groups [20] for a variety of disease conditions, including car-
diovascular disease [2], lung capacity, obesity[22], and many others [23]. The usefulness of the 6MWT is not confined
to diseases; it can be used with other populations and for other purposes, including to assess the characteristics of
the six-minute walk (6MW) in patients with multiple sclerosis (MS), subjects with various disabilities, and controls
[24]. It has also proven useful in assessing age- and gender-related test performance in community-dwelling older
people, and for persons with transtibial amputation [25].

In addition to exercise tolerance in chronic respiratory diseases, the test has been used as a measure of func-
tional exercise capacity in a variety of conditions and diagnosis including physical [26] or musculoskeletal condi-
tions (fibromyalgia, and scleroderma) [27], multiple sclerosis [28, 29], arthritis and joint conditions [30], Parkinson’s
disease and neurologic rehabilitation [31], spinal cord injury [32], stroke recovery [33], and neuromuscular diseases
[34]. Although the test is widely used on subjects with different health statuses and mostly in older age groups, the
impact of the subject’s health status on the 6MWD in the older age group is unclear. Research on this issue has also
been conducted with an older population to determine the health status impact on the 6MWD [35]. Over time, the
tests have gone further to include not only older individuals who are ill but also healthy individuals and children.
This has helped physicians and researchers gain greater insight into health conditions and acted as a detection
technique as well. On the aspect of 6MWT being used to test the physical capability of patients, one relatable yet
interesting study by Lin et al. [25] involves the use of patients with transtibial amputations. This study was to report
the within-day test-retest reliability and the measurement properties of the six-minute walk test (6MWT) in persons
with lower-limb (transtibial) amputation. The population of test subjects (N=13) with transtibial amputations (9 men
and 4 women; mean age, 46 years) participated in the test. The study concluded that 6MWT could be considered a
reliable measure of functional capacity because it involves a moderate degree of exercise intensity and is related, to
a moderate degree, to postural control abilities in persons with transtibial amputation.

Recent research have underlined several elements influencing 6MWT performance in patients with chronic heart
failure (CHF). Pepera et al.[36] looked at how walking speed and step length affected 6MWT results. With the CHF
group showing no appreciable minute-by- minute changes in these parameters during the test, they found that CHF
patients had shorter step lengths and slower walking speeds than healthy controls. This study found that body mass
index (BMI) is a major determinant of 6MWT performance and proposed that changed gait mechanics help to lower
exercise capacity in CHF patients. Pepera et al. [37] conducted a separate study concentrating on variables influenc-
ing 6BMWT performance in CHF sufferers. Age and height were found to be rather correlated with test performance;
poor performance was independently predicted by BMI 25 kg/m? and age 75 years. A good fraction of the variance
in 6BMWT results could be ascribed to gender-specific regression equations. This study underlines the need of con-
sidering demographic and anthropometric aspects while interpreting 6MWT results in patients with heart failure.
Also, another study on metabolic syndrome and short-term heart rate variability in young adults aimed at finding
the association between HRV and MetS; this study showed that MetS is associated with lower HRV in young adults
[38]. Despite this, the study also concluded that the individual components of MetS are deferentially associated
with HRV in men and women. A similar approach is MetS and short-term HRV in adults with intellectual disabilities
[7]. The study aimed at assessing the prevalence of MetS in adults with intellectual disabilities (ID), the difference in
short-term HRV between the healthy and ID populations, and the association of short-term HRV with MetS.

With the advancement of smartphones with sensory hardware integration, a mobile application to improve con-
gestive heart failure (CHF) outcomes and reduce hospital readmissions [39]. Mobile applications have been used
with 6MWT, as seen in the study by Capela et al. [40] which involved the use of a novel algorithm and the develop-
ment of a calibration-free 6MWT smartphone application that uses the test’s inherent conditions and smartphone
accelerometer-gyroscope data to report the total distance walked, step timing, gait symmetry, and walking changes
over time. Since there has been a debate on the accuracy of the 6MWT between hospital environments and home/
non-hospital environments, a validation study [41] was conducted to measure the accuracy and usability of the self-
administered 6MWT smartphone application (SA-6MWTapp). The study concluded that the SA-6MWTapp is easy to
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use and yields accurate, repeatable measurements in the clinic and at home. With the backing of numerous tests,
the 6MWT has proven to be more practical and efficient than other previous long-distance tests.

3 Methodology
3.1 Participants and recruitment

This research is conducted with volunteers at the Cerrahpasa Medical Faculty in Istanbul, Turkey. The Ethics Committee
of Istanbul Cerrahpasa Medical Faculty Hospital’s use in human subjects approved the study, all experimental proto-
cols, and its experiments with decision #215833. This study comprised a well chosen cohort of Metabolic Syndrome
(MetS) sufferers as well as a control group comprising healthy individuals. The participants included in this study were
hospitalized for various cardiovascular and related health issues. Specifically, their reasons for hospitalization included
acute exacerbations of chronic heart failure, uncontrolled hypertension, and complications associated with metabolic
syndrome. This diversity in hospitalization reasons was intended to capture a range of severe and acute conditions that
could affect cardiovascular function and HRV measurements.

3.1.1 Study protocol

All methods were carried out in accordance with relevant guidelines and regulations, and informed consent was obtained
from all subjects. To obtain accurate data on the HRV measurement, the test was conducted in a room-temperature
environment. The participants were instructed about the steps to follow before and during the test as indicated in the
guidelines for the Six-Minute Walk Test [21]. All participants were instructed not to ingest any stimulants within 24 h of
the scheduled start of the test. In addition, they were not to engage in any vigorous activities within 2 h of the test. Before
the test, participants went through an examination that included measuring their systematic blood pressure to assess
their eligibility to go through with the test. The health history of each participant was thoroughly scrutinized to determine
if there were any conditions, medications, or habits that might affect their health and their assessment during the test.
The following important measurements were assessed before and after the test: systolic blood pressure, diastolic blood
pressure, blood temperature, oxygen saturation (SPO2), and heart rate. The test was conducted once, closely following
all the 6BMWT guidelines by ATS statement [21]. Before the test was initiated, a trial was conducted without measurement
to prevent learning effects on participants. Participants were required to walk up and down with incremental speed in
an enclosed, level, 10-meter measured corridor as described by ATS statement.

3.1.2 Study population

A total of 27 hospitalized subjects (females: n=17, males: n=10) were selected for the test by a cardiologist physician. The
population included both young individuals, middle-aged, and older subjects ranging from 24 to 79 years old (mean:
43.83+16.49 years; females mean age: 39.87 + 4.58 years; males, mean age: 43.5 + 12.18). The subjects were categorized
according to three age groups (20-29 years, 30-49 years, and 50-80 years) with three (25%), five (41.67%), and four
(33.33%) subjects respectively.

3.1.3 Inclusion criteria

e MetS Group: Adults between the ages of 40 and 75 who were diagnosed with MetS depending on criteria from the
MetS ATP lll criteria [42] including at least three of the following: abdominal obesity, high triglycerides, low HDL cho-
lesterol, hypertension, and elevated fasting glucose levels.

e Control Group: Adults between the ages of forty and 75 years, without a history of MetS or cardiovascular disease,
and with normal metabolic and cardiovascular values.

3.1.4 Exclusion criteria

¢ Individuals with acute or chronicillnesses that might limit their capacity to engage in the 6MWT, such severe ortho-
paedic or respiratory problems.
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e Pregnant or nursing mothers.
e Those having recent trauma or major surgery within the past six months.
e Those unable to follow research protocols or offer informed permission.

3.1.5 Recruitment process

Medical professionals from the Cardiology department at Cerrahpasa Medical Faculty Hospital supported participants
to be sought out. Medical records and a first assessment by clinical staff first screened possible candidates. Those who
qualified were then invited to participate in an orientation session whereby the study goals, methods, and possible
hazards were discussed.

3.1.6 Data collection

As both subjects with and without cardiovascular abnormalities were chosen for the study, one or both of the following
conditions were observed: cardiac condition, subjects having both cardiac and hypertension conditions, diabetes and
hypertension, and anemia and kidney disease. Among the sample population, 41.67% had chronic conditions and 58.33%
were considered healthy. Other independent conditions and statuses recorded were rheumatoid arthritis, dyspnea,
fatigue level, c-reactive protein levels, creatinine level, mental status, chronic kidney disease, atrial fibrillation, angina or
heart attack in a first-degree relative, and migraine. Other habits and treatment procedures observed included smoking
status, blood pressure treatment, availability of stents in arteries, atypical antipsychotic medication, and treatment for
erectile dysfunction.

3.1.7 Metabolic syndrome diagnosis

The conditions used to diagnose subjects as having metabolic syndrome (MetS) was adopted from the National Cho-
lesterol Education Program Adult Treatment Panel (ATP Ill) [43, 42]. These criteria include having at least three of the
following MetS components: high-density lipoprotein (HDL) cholesterol ( <40 mg per 100 ml in men and <50 mg per
100 ml in women), fasting glucose (> 100 mg per 100 ml), and blood pressure (systolic blood pressure > 130 mm Hg and/
or diastolic blood pressure > 85 mm Hg ). Instead of waists circumference, BMI > 25 kg/m? as overweight and > 30 kg/
m? as obesity was used based on World Health Organization criteria [44, 45]. Other supporting components were high
low-density lipoprotein (LDL) cholesterol >100 mg/dL and high total cholesterol >200 mg/dL.

3.1.8 Heart rate variability (HRV)

The HRV indices were calculated according to the standards of the Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology [46]. The consecutive peak-to-peak intervals (RR) were the
basis for calculating the HRV. The subjects were positioned in a supine position for 20 min before and after the 6MWT to
ECG signal to extract the RR intervals. The HRV was analyzed in the frequency domain using the selected RR intervals. The
frequency domain was analyzed using low-frequency range (LF): 0.04Hz to 0.15Hz and high-frequency range (HF): 0.15
Hz to 0.4 Hz in spectral density (ms?), total power TP (%) and normalized units (nu). The ratio of LF/HF was calculated to
determine the sympathetic nervous system activity. The low- and high-frequency bands were preferred to total power
(TP) ms? because they include a wide frequency range and are thus prone to more errors. The time domain of HRV indices
was observed in a short-term period of 6 min and was as follows: Max HR, Min HR, Mean HR RMSSD, NN50, pNN50, and
RR triangular index. The geometric and non-linear measurements SD1 (standard deviation of short-term NN interval vari-
ability) and SD2 (standard deviation of the long-term NN interval variability) were computed by fitting ellipse curves in
Poincaré plots (Poincaré plot analysis, PPA). The unpredictability of the RR time series was measured using the SD1/SD2
(%) ratio, which measures autonomic activities when the sympathetic nervous system is activated.

3.2 Development of mobile exercises testing environment

We used a wrist-worn embedded device [16] (Fig. 1) designed to collect data from participants through signals using
sensors mounted on the wrist. The temperature sensor, SPO2 pulse oximeter, ECG sensors, and GSR sensors are attached
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Fig. 1 Sensor platform to
obtain biosignal

to the sensor platforms. The device is connected to a Bluetooth module to allow real-time time series data transfer from
the sensors to the mobile application.

Our study proposed the development of a mobile application (Fig. 2) to control and monitor a wrist-worn embedded
system responsible for collecting data. This provides a comprehensive data-monitoring system. The mobile application
was developed using the Android operating system due to the vast range of Android users and the easy deployment of
the application. The mobile application is designed to have a simple user interface to improve user experience. To give
healthcare practitioners greater control over the mobile application, we included a functionality where the practitioner is
the person responsible for adding patients who meet the criteria to participate in the test. Other necessary patient data
and information about medical history are to be collected from the hospital database system, allowing the healthcare
practitioner to easily manage, monitor, and analyze each patient’s data about their medical history.

A connection through the Bluetooth module needs to be established. The application then proceeds to receive data
collected by the sensors via the Bluetooth module. At that moment, the user will be able to access real-time readings from
the application’s home page. Other screens available are the testing and static graph screens, which the user can easily
navigate. The testing allows the user to control the test cycle from its start, resuming to stopping the test. Apart from HR,
temperature, SPO2, time, and distance readings, the testing screen displays a continuous graph of real-time GSR and ECG
data. The user will be able to view peaks of the final graph of the ECG and GSR datasets as a static graph using the data
stored in the database when the test has been completed.To measure the amount of time walked, the application has
a built-in timer from 6 min decrementing to zero. We also used the estimated step length multiplied by the step count
to estimate the distance walked, StepCount X Steplength e, (m) = 6MWD(m). In addition, data visualization is possible

S GO TO 6MW CONNECT HR Temp SPO2 Time

Distance

Heart Rate 0 PM 0.0°C 0
User Narme: \U Galvanic Skin Response: 0.63
— -
i — . Temperature : 45.01

Not Registered ?

4
q’ Oxygen Saturation: 0.62 24
Signin o,

Q b
g Accelometer : 0.0 et

= 1 ECG: 0.84

HOME GRAPHS MW

HOME ECG MW GRA
START PAUSE RESUME

HOME GRAPHS oMW

Fig.2 Mobile app interfaces: (i) 6MWT screen; (i) measurements; (iii) 6MWT; (iv) signal monitoring
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through dynamic graphs that portray real-time continuous data as well as a static graph of data collected after the test.
This provides the healthcare practitioner with the ability to analyze the data through the graph.

3.3 Experimental results

A total of 27 subjects were screened for MetS. Through the diagnosis, n=13 (n=4 female, n=9 male) subjects were diag-
nosed with MetS, and n=14 (n=8 female, n=6 male) subjects were not diagnosed with MetS (non-MetS). The experimental
results of MetS components and HRV indices for both genders were recorded and compared according to their MetS
status as presented in Table1. The MetS subjects recorded lower HRV values compared to subjects without MetS. Inversely,
MetS subjects were observed to have higher values of metabolic syndrome components than subjects without MetS,
as predicted. The mean age associated with MetS was 63 + 8.3 years, and for non-MetS subjects, it was 34 + 2.9 years,
as shown in Table 1. BMI is used instead of waist circumference to show the association between MetS and HRV. From
the table, it is evident that MetS is associated with higher BMI but diminished mean distance covered during the 6MWT.

According to the comparison of mean HRV index results + SEM per minute of the 6MWT for MetS and non-MetS, HRV
values are positively correlated with time as the HRV indices increase with the increase in minutes for all subjects and
genders. This is caused by increased activity in the sympathetic nervous system due to the walking exercise.

3.4 Short-term variation analysis with HRV

Short-term variation estimates were used for the HRV components and figure 3 shows the relationship between RMSSD
and pNN50 and visualizes the relationship between pNN50 and NN50 for MetS and non-MetS subjects.
The analysis of HR also constitutes the maximum and minimum HR. Figure 4 below shows the gradual elevation per
minute of both max HR (mean: 126.31 + 3.68), min HR (mean: 89.90 + 2.58) and the mean HR (mean: 107.45 + 2.69).
High values of HR (max HR, min HR, and mean HR) are correlated with the increase in test minutes. These are related
to increased walking exercise during the test activating the sympathetic nervous system which in turn elevates the

Table 1 Comparison of mean Values MetS NonMets
values + SEM of MetS and
healthy subjects Age 63+83 34+29
BMI 28.45 +4.44 21.33+0.85
Distance 6344 +£2.17 95.91+3.85
TotalBeats 91.89+2.75 112.92 +2.81
MeanHR(bpm) 91.95+2.73 11293 +2.73
Min HR(bpm) 81.62+234 92.95 + 2.65
MaxHR(bpm) 108.62 £ 6.55 131.82+£2.73
Time Domain
RMSSD (ms) 77.26 + 84.41 +5.27
NN50 (beats) 20.56 +4.19 33.75+0.98
pPNN50(%) 2224 +4.03 29.19+0.55
RRTri Index 6.79 £ 0.82 7.83+£0.33

Frequency Domain

VLF ms? 325.69 £137.80 203.29 £ 36.60
LF ms? 2811.45 £ 172747 1829.76 + 186.39
HF ms? 4474.10 £ 2392.68 3217.52 44247
LFn.u 3242 +4.63 48.71 £ 2.25
HFn.u 67.24 +4.60 51.07+225
Total Power ms? 7618.93 £ 4239.03 4984 + 669.81
LF/HF ratio 0.65+0.23 1.82+0.47
Non-Linear dynamics

SD1 56.95+12.15 64.39 + 2.86
SD2 67.20 £14.43 72.25+2.40
SD1-SD2 ratio 1.09 £ 0.09 1.19£0.07
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Fig. 3 (i) Relationship
between RMSSD and pNN50
(r=0.81, p =0.0013) (ii) Rela-
tionship between NN50 and
pNN50 (r = 0.98, p<0.001)
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Fig. 5 Comparison of LF and HF bands between MetS (red) and non-MetS (green); (i) Comparison of LF and HF relative power per minute;
(if) Comparison of LF/HF ratio per minute

HRV. It is important to note that the low values of HR were also largely contributed by the MetS status of subjects,
where low mean values were recorded by MetS subjects compared to non-MetS subjects (min HR: 81.62 + 2.34 vs
92.95 + 2.65 bpm, mean HR: 91.95 £ 2.73 vs 112.93 + 2.73 bpm max HR: 108.62 + 6.55 vs 131.82 + 2.73). The normal-
ized LF and HF powers were compared between MetS and non-MetS subjects using mean values per minute as
depicted in Fig. 5. As portrayed, MetS subjects are associated with elevated HFn.u power (mean: 67.24 + 4.60 ) and
deprived LFn.u power (mean: 32.41 + 4.63). Non-MetS subjects inversely are associated with lower HFn.u power
(mean: 51.07 £ 2.25) and higher LFn.u (mean: 48.71 + 2.24) compared to MetS. In contrast to difference, LFn.u and
HFn.u bands for both subject groups mirror each other forming a perfect balance; non-MetS subjects maintained a
higher LF/HF ratio (mean: 1.815 + 0.47) than MetS subjects (mean: 0.6461 + 0.2260) across the test minutes except
for the minute 4 where Mets subjects recorded a spiked elevation. Despite the high values of LFHF ratio in non-MetS,
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they recorded a general depreciation, but with a sharp decline in the first half of the test (from minute 1 to minute 3)
and a continuous elevation thereafter. MetS subjects recorded unstable values with a maximum (1.7533) at minute
4 and a minimum (0.2667) at minute 6.

In addition to the frequency domain, the SD1/SD2 ratio was used to compare the time domain between the two
groups (MetS and non-MetS) as shown in Fig. 6.

We can conclude that there was a statistically significant difference per minute in the LFn.u band (t=—3.167, p =
0.0100), HFn.u band (t = 3.157, p = 0.0102), and LF/HF band ratio (t = —2.23, p < 0.05) between MetS and non-MetS
subjects. In contrast, there was no statistically significant difference in the SD1/SD2 ratio per minute between the
two groups (p>0.05).

To understand the distribution of HRV values, the association between HRV and other factors such as age, gender,
and 6MWD score is necessary. The distribution of mean HR vs the average distance covered per minute by subjects of
different age groups (20-29, 30-49, 50-80 years). No significant differences were found between the distance covered
by age groups 20-29 and 30-49 compared to 50-80 years to the rest of the group (median: 94.83 vs 94.25 vs 65.61
m) respectively. We observed a significant difference in mean HR between the groups (median: 122.01 vs 113.13 vs
94.78 bmp) respectively. In general, the 50-80 age group had a significant difference in distance and mean HR to
other age groups. This is also supported by the MetS status of the subjects as those in the 50-80 age group exhibit
high MetS components compared to those below age 50. From the results, we can infer that increase in biological
age is associated with an increase in MetS components and, thus, a decrease in mean HR (r=—0.757, p=0.0044) and
6MWD score.

The inclusion of gender as a factor in the comparative analysis of distance and mean HR distribution had no
statistical difference between males and females (p>0.05), and although the male subjects had a maximum record,
there was also no statistical difference in the distance covered compared to the female subjects (p>0.5). Conversely,
a statistically significant difference was observed in mean HR and distance by MetS status as a cluster. MetS subjects
were associated with impaired mean HR (t=—2.97 p=0.01) and distance (t=—4.415, p=0.0013) compared to non-MetS
subjects. Age is an important factor in HRV analysis. Higher HRV values are associated with younger age and better
fitness, while lower HRV values are associated with increased biological age. Short-term measurements have also
proved the influence of gender on HRV values: women depict higher HRV values (RMSSD, pNN50, HF) and lower LF
and LF/HF as shown in Table 2 mean HRV values + SE.

The difference in HRV values between males and females is supported by a study by [47] revealing that men
typically have lower HRV than women within the same age group. Figure 7 demonstrates a decrease in LF/HF ratio
with an increase in biological age (20-29, 30-49,50-80 years, median: 1.24 vs 0.96 vs 0.64) respectively. This is
due to elevated HFn.u. values and diminished LFn.u. values with an increase in biological age. Males tend to have
higher LF/HF ratios than females (median: 1.3 vs 0.7); therefore, based on the analysis, we can propose that men
exhibit stronger sympathetic and parasympathetic tendencies compared to women (although other factors such as
menstrual cycle in women can alter this result). This hypothesis is supported by the study by [48] study on gender
differences in sympathetic nervous system regulation, which also confirmed that females are less sensitive and/or
less responsive to adrenal medullary activation, and the regulation of the SNS in females is altered such that sympa-
thoadrenal activation is attenuated or sympathoadrenal inhibition is augmented [48].

The SD1/SD2 ratio is used as a measure of autonomic activity and reinforces the sympathetic activity hypothesis
as they are positively correlated with the LF/HF ratio (r=0.7, p=0.01). A decline in SD1/SD2 ratio (median: 1.20 vs 1.20
vs 1.04) is associated with an increase in biological age (20-29, 30-49, 50-80) respectively, and in females compared
to males (1.16 vs 1.13).
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Table2 Comparison of HRV  ppy/ a1 es Age 20-29 30-49 50-80
values by age and gender
RMMSD Female 95.65 + 84.20 118.99 + 38.75 95.10 + 42.14
Male 63.27 46.40 = 37.40 10.98
NN50 Female 45.67 = 44.17 3794 £ 18.26 28.78 £ 9.78
Male 29.00 2332 £14.82 1.66
pNN50 Female 36.82 £ 35.18 32.38 £ 14.09 2993 = 11.62
Male 29.39 20.80 £ 12.21 1.9
LFm? Female 3366.79 + 3284.00 2338.13 £1142.38 3100.86 = 2545.43
Male 925.69 633.81 + 579.59 12.67
HFm? Female 5290.77 £5279.93 4594.27 + 1974.08 4975.14 + 4013.40
Male 1016.92 1079.91 £ 1065.92 18.59
LFn.u. Female 5399 + 11.38 40.37 £ 1.53 3592 £ 0.46
Male 51.42 61.39 £ 12.90 28.53
HFn.u. Female 45.77 £ 11.34 5945 + 1.51 63.77 £ 049
Male 48.38 38.47 = 12.87 70.99
LF/HF Female 3.12+£2.34 0.83 £0.08 0.62 £ 0.04
Male 1.24 2.83+£147 0.85
SD1 Female 79.17 £71.04 90.42 +37.55 69.67 +32.52
Male 44.97 32.98 + 26.59 7.82
SD2 Female 94.11+83.5 104.44 £ 47.78 77.79 £43.30
Male 48.21 36.28 + 24.45 9.13
SD1/SD2 Female 1.25+0.050 1.08 = 0.065 1.00 = 0.098
Male 1.09 1.50 £ 0.300 1.12
Fig.7 Influence of age and
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3.5 MetS walking capacity assessment under metabolic biomarkers and biosignals

The MetS analysis was conducted using the National Cholesterol Education Program Adult Treatment Panel (ATP IIl) [43,
42] criteria as a reference. The following MetS components were analyzed: blood pressure (systolic and diastolic), BMI,
total cholesterol, LDL cholesterol (>100 mg/dL), HDL cholesterol (<40 mg/dL), and fasting glucose levels (>100 mg/dL).
The systolic and diastolic blood pressure was measured before and after the test using the following scale: hypotension
(< 90 mm Hg systolic and/or < 60 mm Hg diastolic for); normal (90-120 mm Hg systolic and/or 60-80 mm Hg diastolic);
elevated level (120-129 mm Hg systolic and/or <80 mm Hg diastolic); stage 1 hypertension (130-139 mm Hg systolic and/
or 85-89 mm Hg diastolic); stage 2 hypertension (>140 mm Hg systolic and/or >90 mm Hg diastolic); and hypertensive
crisis at (>180 mm Hg systolic and/or >120 mm Hg diastolic). In regard to hypertension, 25% of subjects had stage one
hypertension and 8.3% had stage 2 hypertension. Moreover, 50% of those with hypertension also suffered a cardiac con-
dition and the other half had diabetes. In terms of developing hypertension, 25% of subjects were at higher risk, while
33.33% were already on antihypertensive medication. The BMI was calculated in kg/m? (weight divided by height); 8.3%
of subjects were found to be underweight, 60.67% had normal weight, 16.67% were overweight, and 8.33% were obese.

Results showed that 25% of all subjects had elevated cholesterol levels and were at risk of developing cardiovascular
conditions. Fasting glucose level was recorded in the morning before any prior food and medicine intake. The normal
glucose level was 72-99 mg/dL without food. 58.33% of subjects were found to have high glucose levels and 57.41% of
those with high glucose levels also exhibited other conditions, i.e. diabetes, hypertension, anemia, or kidney disease.
Table 3 compares the MetS components’values between MetS and non-MetS subjects by using the average values £SEM.

Systolic BP (p=0.01), BMI, total cholesterol, LDL cholesterol, fasting glucose and c-reactive protein levels were found to
be significantly different, with p<0.05 between subjects with MetS and those without. In addition to MetS components,
c-reactive protein (CRP)level was used as an additional criterion for MetS and as an inflammatory biomarker in predict-
ing CVD. This is supported by the proposal to include high-sensitivity CRP (hsCRP) as a clinical criteria for MetS and for
the creation of a CRP-modified CHD risk score (low: <1.0 mg/, moderate: 1.0—3.0 mg/L, high: >3.0 mg/L) [49-51]. Several
studies have also confirmed the elevation of CRP levels in MetS subjects such as CRP in predicting CVD in women [50]
and more[52-54].

To assess the risk of subjects with metabolic syndrome developing cardiovascular disease within 10 years, the QRISK
algorithm was used to predict the score [55]. The QRISK algorithm uses the following risk factors: age, total cholesterol,
HDL cholesterol, systolic blood pressure, smoking status, and supporting factors including BMI, use of antihyperten-
sive medication, family history of cardiovascular disease and social deprivation; patients with preexisting diabetes are
excluded. Age is an important risk factor in MetS prediction. In general, MetS is common in the population over 50 years
of age; 100% of the subjects 50 years and older confirmed at least three criteria for MetS. Our study observed a strong
association of increased biological age (20-29, 30-49, 50-80) respectively with high levels of systolic blood pressure
(median: 119.0 vs 124.0 vs 132.5 mm Hg, mean: 115.33 £ 4.70 vs 122.60+3.08 vs 133.0 £ 2.35 mm Hg; p<0.001) and
diastolic blood pressure (median: 71 vs 81 vs 81 mm Hg, mean: 72.33 + 4.10 vs 80.60 + 4.82 vs 83.0 £ 6.14 mm Hg, p <
0.001), fasting glucose (median: 105.67 vs 95.60 vs 114.0 mg/dL; mean: 102 + 14.26 vs 94 £ 3.56 vs 114.0 + 9.31, p < 0.05)
and BMI (median: 19.92 vs 20.70 vs 25.76 kg/m?, mean: 20.68 + 1.39 vs 21.24 + 1.35 vs 27.38 +3.32, p < 0.001). An inverse
association was detected between age and low HDL-C (median: 53.67 vs 58.49 vs 53.0 mg/dL; mean: 60.0 + 6.33 vs 56.0

Table 3 Mean+SEM of MetS

. Metabolic components MetS Non-MetS

components in MetS and non-

MetsS subjects Age 63 +83 34+29
BMI 2845 +4.44 21.33+0.85
Diastolic BP (mmHg) 81.33+8.35 78.67 +3.15
Systolic BP (mmHg) 13433 +273 120.89 + 2.49
Cholesterol (mg/dL) 187.33 +3.53 179 +12.25
LDL Cholesterol (mg/dL) 110.33 +£0.88 108.07 + 8.95
HDL Cholesterol (mg/dL) 57.33 +8.69 54.78 + 345
Fasting Glucose (mg/dL) 118.67 +11.39 99.44 + 4.56
Triglyceride (mg/dL) 109.33 +11.22.33 150.87 + 25.58
hsC-Reactive Protein (mg/L) 4.36 + 1.945 1.27 +0.45
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+4.59vs 53.5 £ 7.52 mg/dL, p < 0.001) as shown in Fig. 8. Triglyceride levels were found to be statistically insignificant
in the association of MetS and age, with p>0.05.

To examine the effect of gender as a factor in MetS we analyzed the distribution of various MetS components grouped
by gender as shown in Fig. 9.
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We observed that being female is associated with elevated levels of systolic blood pressure, HDL cholesterol, and total
cholesterol. Although women have a lower risk of CVD, they tend to record higher levels of hsCRP than men, as seen in
our analysis (8.2 vs 1.89 mg/L) with (median: 2.70 vs 0.76 mg/L; mean: 2.525 + 0.94 vs 0.9125+ 0.39 mg/L, p < 0.0001).
This is supported by the data from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort [56]. Men had higher levels of
fasting glucose (median: 104.5 vs 98.0 mg/dL; mean: 124.86 + 25.90 vs 8.34 + 8.34 mg/dL) and the triglyceride levels also
remained high in men with a median of (169.4 vs 121.0mg/dL p < 0.0001), regardless of the highest value recorded by
a female subject. Using gender-adjusted scores, there was no statistically significant difference in BMI between women
and men as they recorded a median of (21.04 vs 23.98 kg/m? and a mean of 22.81 + 2.13 vs 23.8 + 1.64 kg/m? p<0.001).

3.6 Comparing HRV indices in MetS and non-MetS subjects

By comparing HRV indices in individuals with and without MetS, we were able to identify the factors that are linked to
HRV and MetS. Despite increases in HRV measurements due to aerobic exercise, general deterioration in health is asso-
ciated with lower HRV indices. The differences in HRV indices between subjects with MetS and controls were analyzed
using an independent student’s t-test, as shown in 10.

HRV component differences were computed using the mean values (mean HRV component of MetS - mean HRV indices
of non-MetS). As a result, most components revealed a negative difference as displayed in Fig. 10. Significant differences
that were computed include total power (TP) (p<0.05), NN50, high-frequency HF n.u, low-frequency LF n.u (all p<0.01),
SD1/SD2 ratio (p<0.005) and, mean HR (p<0.001). Among the HRV indices, RMSSD, VLF and LF/HF ratio were found to
be statistically insignificant with (p>0.05). The significant HRV indices related to MetS regarding time were LFn.u, HFn.u,
and LF/HF ratio while mean HR, TP, SD1/SD2 ratio, with HFn.u and LFn.u remaining significant in overall difference. We
can deduce from the results that HRV indices are lower in MetS subjects than in non-MetS subjects and that MetS com-
ponents are therefore strongly associated with low HRV regardless of gender.

4 Discussion
4.1 Research and practice

Our work presents several contributions to the field. First, we creatively combine sophisticated wearable technology
with HRV analysis during the 6-minute walk test (6MWT), so allowing the simultaneous gathering of several physiologi-
cal signals including ECG and SpO2. Unlike conventional 6MWT tests, which mostly gauge distance walked, our method
provides a complete assessment by continuously tracking body temperature, heart rate, oxygen saturation, and HRV.
This offers a more complex picture of the cardiovascular and autonomic state of patients. Second, our studies improve
knowledge of HRV in patients with metabolic syndrome (MetS) by showing that lower HRV indices correlate with shorter
walking distance. This result emphasizes the need of HRV as a marker of functional capacity and cardiovascular risk assess-
ment in MetS patients. We also created a simple mobile app to enable real-time 6MWT control and monitoring. This app
addresses pragmatic difficulties in managing 6MWT assessments and proves useful for both research and clinical uses
since it gives doctors instantaneous comments on patients’ performance and physiological reactions.

Fig. 10 Difference in HRV 1
indices in subjects with MetS l
compared to those without
MetS

Difference in HRV indices
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4.2 Clinical implications

Our study offer physicians a strong instrument for more thorough cardiovascular and autonomic health assessments
by combining wearable technology with HRV analysis during the 6MWT. Beyond conventional measures like walking
distance alone, the ability to continuously monitor HRV, oxygen saturation, heart rate, and body temperature lets one
evaluate patients’ physiological reactions and functional capacity in more detail. This method can improve the evalua-
tion of cardiovascular risk in patients with metabolic syndrome (MetS), so guiding more focused and successful therapy
plans. Moreover, the creation of our easy-to-use mobile application simplifies the procedures of running and evaluating
6MWT. The app helps doctors get instantaneous feedback by allowing real-time data collecting and analysis, so enhanc-
ing the accuracy and efficiency of patient assessments. Our study conforms with current results on tele-assessed 6MWT
(TL 6MWT) for patients with diabetes mellitus type 2, which shown high validity and dependability for remote functional
capacity evaluations[?]. Like TL 6MWT, our method offers a useful tool for doctors especially in environments with lim-
ited access to in-person evaluations and helps remote management. This development not only supports better clinical
decision-making but also has promise for more general application in both research and regular practice, so possibly
improving patient outcomes and more customized healthcare interventions.

4.3 Limitations and future directions

Although this study shows important progress, it is not without constraints. First of all, the rather small sample size of 27
individuals could restrict the generalizability of the results to more varied or bigger populations. Future research with
more sample sizes is required to improve the applicability of the outcomes over several demographics. Furthermore, the
6-minute walk test (6MWT) was carried out just once for each participant, thus it is possible that variability in walking
distance over time and heart rate variability (HRV) is not fully explained. Repeated tests could offer more reliable data and
assist to solve possible learning effects or daily performance fluctuations. Another restriction relates to technological-
related aspects; although the wearable devices used are affordable and small, their accuracy and dependability could be
compromised by device placement and surroundings. To guarantee data quality, next studies should investigate these
elements and test the devices under several circumstances. Moreover, although several possible confounders-systolic
and diastolic blood pressure-were under control, other elements like medication adherence and comorbid diseases were
not completely under control, so influencing the results of the study.

5 Conclusion

Utilising m-health applications to assess patients with metabolic syndrome’s walking capacity may provide important
information about their cardiovascular and physical health. Given that this approach incorporates ECG signals in the
assessment, it might offer a more comprehensive picture of the patient’s health. The findings indicate a greater frequency
of MetS symptoms in those 63 years of age and older. As risk factors for MetS, women were more likely to have high HDL
and high hs-CRP, whereas men tended to have high triglycerides and high fasting glucose levels. Test minutes increase for
all subjects at higher HRV values, irrespective of gender or MetS status. This is so because the walking exercise triggers the
sympathetic nervous system. The HRV index considers both gender and age; older persons typically have lower values.
Men have a lower HRV index when comparing the sexes at same age. These results bolster women’s higher immunity to
hypertension and cardiovascular disease than men’s. Support for this theory is further provided by the increased sym-
pathetic nerve activity in men, which is associated with a higher cardiovascular mortality rate (a phenomena more often
seen in women in premenopause). We draw the conclusion that the notable differences between MetS and non-MetS
subjects are linked to low HRV indices and short 6MWD in MetS patients. Our findings suggest that this approach might
be useful to doctors treating patients with metabolic syndrome. It will take more investigation to verify the effectiveness
of this approach and pinpoint its possible medical uses. All things considered, it appears like creating m-health applica-
tions to use HRV values to evaluate patients with metabolic syndrome’s walking ability is a promising field of research
that may result in improved patient outcomes and more customized and effective healthcare.
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