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Abstract: Background: Wearable devices represent a new approach for monitoring key clinical
parameters, such as ECG signals, for research and health purposes. These devices could outcompete
medical devices in terms of affordability and use in out-clinic settings, allowing remote monitoring.
The major limitation, especially when compared to implantable devices, is the presence of artifacts.
Several authors reported a relevant percentage of recording time with poor/unusable traces for ECG,
potentially hampering the use of these devices for this purpose. For this reason, it is of the utmost
importance to develop a simple and inexpensive system enabling the user of the wearable devices
to have immediate feedback on the quality of the acquired signal, allowing for real-time correction.
Methods: A simple algorithm that can work in real time to verify the quality of the ECG signal
(acceptable and unacceptable) was validated. Based on simple statistical parameters, the algorithm
was blindly tested by comparison with ECG tracings previously classified by two expert cardiologists.
Results: The classifications of 7200 10s-signal samples acquired on 20 patients with a commercial
wearable ECG monitor were compared. The algorithm has an overall efficiency of approximately
95%, with a sensitivity of 94.7% and a specificity of 95.3%. Conclusions: The results demonstrate
that even a simple algorithm can be used to classify signal coarseness, and this could allow real-time
intervention by the subject or the technician.

Keywords: wearable devices; clinical reliability; ECG; low-cost technology; signal quality evaluation

1. Introduction

Over the past decade, the healthcare field has undergone rapid transformation, primar-
ily driven by the development and introduction of new technologies embedded in wearable
devices [1-3]. These devices can collect real-time data, such as the electrocardiogram (ECG),
enabling prolonged non-invasive monitoring, potentially helpful in monitoring clinical
parameters and the early detection of acute events [4,5]. However, a significant challenge
lies in ensuring optimal signal quality [6,7], often compromised by several factors, includ-
ing movement, sweating, and displacement of sensors, caused by suboptimal electrode
adherence and stability [8].

These limitations become particularly relevant when wearable sensors, chosen for
their simplicity, cost-effectiveness, and prolonged monitoring capabilities, are considered
as alternatives to traditional, more reliable, and more expensive medical equipment [9].
Several authors have proposed this for in-hospital monitoring (to increase the number of
monitored patients at a reduced cost [10]) and for out-of-hospital scenarios, where wearable
instrumentation could significantly decrease the healthcare burden [11-13]. Cost reduction
is not the only potential outcome of these technologies, since they can improve access to a
broader group of patients, mitigating disparities [14]. The benefits in terms of prevention
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and early diagnosis are potentially relevant. The COVID-19 pandemic served as a powerful
accelerator of this process, with increased interest from healthcare professionals and a rise
in the number of devices in the market. In this specific scenario, remote monitoring played
an additional role in controlling the spreading of the infection by minimizing the need for
patients to access hospitals physically, consequently reducing healthcare expenses [15-17].

Today, dedicated signal acquisition software automatically classifies signal quality [18]
with traditional and novel algorithms (for example, by implanting artificial intelligence—
Al) [19-24]. These methods have variable sensitivity and specificity, with an overall accu-
racy usually >90% [6]. However, these methods are applied during post-processing when
the ECG signal has already been acquired. Real-time verification of signal quality becomes
crucial when we want to rely only on these technologies [23,25]. Real-time verification
would improve users’ compliance, allowing them to check for noisy signals, enabling
sensor repositioning and ensuring better signal quality. This approach could improve
electrocardiographic diagnosis, enhancing device efficiency and avoiding the potential
need for repeating the evaluation. It is evident that achieving this result requires the imple-
mentation of simple algorithms that operate in real time and provide immediate feedback
to the device user.

In this study, we developed a simple, inexpensive, and lightweight algorithm capable
of distinguishing between a good quality and unreadable ECG in real time. ECG was
acquired by a commercial device and preventively classified by two expert cardiologists.
Then, ECG signals were automatically classified by the proposed algorithm. Statistical
comparison in terms of sensitivity and specificity was carried out [26].

2. Materials and Methods
2.1. Background

The current approach to improving signal quality involves heavy filtering, albeit
with the unintended consequence of diminishing or distorting valuable information and
altering the signal morphology. Addressing this challenge is particularly intricate due to
the inherent nature of these devices, designed for continuous and long-term monitoring
during users’ daily activities. This work proposes a novel strategy, as detailed herein,
which involves developing streamlined algorithms for real-time ECG analysis. These
algorithms are designed to be easily integrated, ensuring swift calculations for generating
ECG classifications. This approach aims to accomplish the following:

1.  Enhance post-processing by extracting relevant signal segments selectively, improving
signal processing efficiency;

2. Implement real-time algorithms that provide acoustic or haptic feedback when noise
compromises the signal. This possibility will empower users to take prompt correc-
tive actions, such as adjusting electrode placement, thus potentially preventing the
recording of hours of noisy signals.

The primary focus of this study is the offline validation of an algorithm designed for
signal classification into the following two categories:

1. Clean/good quality/acceptable: All primary waves constituting the ECG (P, QRS,
and T) are visible.

2. Compromised/bad/unacceptable: The signal is partially unreadable, making it im-
possible to correctly identify the QRS complex, and P and Q waves.

The main idea of the proposed solution is based on a simple assumption: for a wearable
device, the noise sources are mainly represented by muscular artifacts and by displacement
or loss of adhesion of the electrodes. In both cases, the noise occurs with waves of variable
amplitude (often near saturation) and variable frequency. Therefore, we can state that a
readable ECG is characterized by the following:

1.  Limited variability in the isoelectric line;
2. Alimited range of signal variation (maximum (max)-minimum (min) values);
3. Alimited statistical variability (quantified through the standard deviation, SD).
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Figure 1 shows an example of the typical morphologies of the ECG signal.
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Figure 1. Example of electrocardiographic signals: (a) clean signal; (b) signal with a slight fluctuation
of the isoelectric line; (c) noise due to electrodes movements and loss of adhesion; (d) signal with a
high isoelectric line variability and muscle artifacts. The dotted green lines represent the maximum
(max) and minimum (min) values, the red line is the mean value (mean), and the dashed blue lines
represent the mean values + standard deviations (SD).

A noisy signal presents a wide range of short-time variability (max-min) with values
sometimes close to saturation and a higher standard deviation. By choosing appropriate
thresholds, it is possible to discriminate the trace based on simple parameters easily calcu-
lable in real-time: mean value (mean), standard deviation (S.D.), maximum value (max),
and minimum value (min). The choice of thresholds can be made in three ways: (a) man-
ually, allowing the operator to extract these values from a template selected directly on
the ECG; (b) automatically, using a dedicated algorithm capable of extracting the template
from the signal (therefore performed with the patient in stationary conditions); (c) with a
pre-set template, based on the technical characteristics of the device (amplification, A.D.
conversion range, electrodes positions). For the validation of the algorithm, the second
proposed solution was chosen.

2.2. Experimental Design

For the validation of the algorithm, ECG tracings of 20 patients (age: 55.3 years
(SD 21.5), sex: 10 females and 10 males) were provided with a t-shirt equipped with
polymer-based sensors (YouCare, AccYouRate Group S.p.A., L'Aquila, Italy) and capable of
recording a differential ECG lead between two electrodes located close to the diaphragm,
just below the pectoralis major muscle. A third electrode is positioned on the back of the
chest belt, and it has the function of the right leg lead used to reduce the noise and artifacts
present on the other two electrodes. The embedded ADC has an 18bit resolution and an
input range of £500 mV. ECG data are sent to the patient’s smartphone (with dedicated
software) and recorded.

The patients were enrolled within the protocol number 156 /2022 /Disp/AOUBo (ap-
proved by the Ethics Committee Area Vasta Emilia Centro—CE-AVEC—Bologna). The
study was conducted following the Declaration of Helsinki, and each participant provided
written informed consent after being informed about the nature and potential risks of the
studies. Since this work aimed to validate a signal quality classification algorithm, neither
inclusion nor exclusion criteria were considered.

The t-shirt was used as a Holter recorder, mounted, and activated in a clinical setting,
and patients were free to move and conduct the actions of their everyday life. The first
hour of monitoring was extracted from each patient. As such, for algorithm validation, 20 h
of ECG signals were considered.
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Signal quality assessment was made by two expert cardiologists who marked the
acceptable parts of the signal (clearly identifiable P, QRS, and T waves) and those considered
compromised due to the difficulty of identifying even the QRS wave of multiple adjacent
complexes. Moreover, a signal with no P wave but with definite R.R. intervals and a Q
wave was considered acceptable in the case of atrial fibrillation.

The manual classification was performed using Anscovery software (SparkBio Srl, San
Lazzaro di Savena, Bologna, Italy).

Cardiologists worked on the whole traces and performed the classifications, putting
two digital markers at the beginning and end of each classified period. The length of
each period can be different and as long as at least one beat (resolution). To make their
classification comparable (with the one performed by the algorithm), consecutive samples
of 10 s, starting at the beginning of the recording, were considered. Each 10 s sample was
labeled “acceptable” or “unacceptable” depending on the prevalent classification (lasting
at least 5 s) over each sample. At the end of the process, 360 samples (10 s windows) were
extracted together with their category (“acceptable” or “unacceptable”) for each patient.

Manual classification was then erased, and ECG signals were processed with the
automatic algorithm.

The algorithm is composed of the following four main blocks:

(1) Reference values calculation: search for the first stable signal period (constant isoelec-
tric line and amplitude variability less than 70% of the maximal acquisition range for
at least 10 s). Maximum (max;), minimum (min;), and standard deviation (SD¢) values
were used as a reference for the subsequent steps.

(2) Starting from the trace starting point, selection of consecutive signal 2 s windows for
quality evaluation. Calculation of maximum (maxy), minimum (miny,), and standard
deviation (SDy) over the 2 s window;

(3) Comparison between the maximum (max,,) and minimum (min,,) values of the
unknown signal and the reference analog to digital conversion range of the YouCare
system (£500 mV, rangeyc);

(4) Comparison of the standard deviation (SDyy) and the variability range (maxy,,—min,,)
of the signal to be classified with the reference values (maxi—min; and SDy).

The first block allows the automatic extraction of the reference values of an acceptable signal.

Then, the algorithm was applied to consequent 2 s windows. This period was chosen
to be sure that at least one complete beat was present. For each window, maximum (maxy),
minimum (minyy), and SD (SDy,) values were extracted.

The third block allows the first primary classification of the signal quality:

(a) If the trace oscillates between values close to saturation ((maxy—miny,) > 0.95 X (rangeyc))
(e.g., Figure 1c in a short period (2 s), a short-time significant isoelectric line’s oscilla-
tion compromises the reading and the signal is classified as unacceptable;

(b) If the signal’s range (max,,—min,,) is lower than 5% of the template’s range (maxi—miny),
QRS, P, and T waves are very low or absent. The signal is classified as unacceptable.

The fourth block directly permits comparing the unknown signal and the reference
values. The signal is considered unacceptable if the SDy, is higher than twice the reference
SD¢. By comparing only the SD values, it is possible to classify a signal as readable, even a
signal whose isoelectric line oscillates, without compromising its quality (Figure 1b).

Figure 2 shows the algorithm flowchart and some possible cases.

As carried out for the cardiologists’ evaluation, after the 2 s windows analysis per-
formed using the Anscovery System, the classification on 10 s samples was extracted
(considering the most prevalent category over this period).

Therefore, the algorithm was tested on a total of 7200 samples. The efficiency of the
proposed method was evaluated in terms of sensitivity and specificity [26].
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Figure 2. Schematic view of the proposed algorithm. References values are extracted from a stable
period of at least 10 s. Then, the algorithm is applied to consecutive ECG 2 s windows, and maximum,
minimum, and SD values are extracted. In the first step, the range of variability of the signal
(maxy-miny) is compared with the ADC range of the wearable device (rangeyc). If the signal
saturates, it is classified as unacceptable. Then, the algorithm verifies and rejects the signal if ECG
is absent or with a negligible amplitude. The last step compares the SD of the 2 s windows and the
reference template. The signal is classified as unacceptable if the SDy, is higher than twice the SD;. On
the right, some examples of “bad” signals are shown. On the left, some examples of “good” signals
are reported. If the ECG is present, even if the baseline is not comparable with the baseline of the
reference template, the signal is considered acceptable (blue dotted line: maximum and minimum
values of the reference signals; blue dashed lines: mean + SD of the reference signal; red dotted line:
maximum and minimum values of the 2 s window; red dashed lines: mean =4 SD of the 2 s window;
yellow boxes” height: ADC range).
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3. Results

Figure 3 shows samples considered acceptable by cardiologists; Figure 4 shows some

examples of unacceptable signals.
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Figure 3. (a—f): Examples of samples classified as acceptable by the expert cardiologists (the y-scale is
different for each plot to make the signal morphology more readable and precise). Classifications
were made with a time resolution of a cardiac beat and then reported on 10 s windows considering
the predominant type. The consequence is visible in the (c—f) plots, where the sample was classified
as acceptable despite a few seconds of signal with significant oscillations in the isoelectric line.
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Figure 4. (a—f): Examples of samples classified as unacceptable by the expert cardiologists (the
y-scale is not the same for each plot to make the signal morphology more readable and precise).
Classifications were made with a time resolution of a cardiac beat and then reported on 10 s windows
considering the predominant type. The consequence is visible in the (e,f) plots, where despite some
beats being visible, they are inserted in a 10 s window with prevalent unreadable parts.
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A total of 3325 samples (46%) were classified as unacceptable and 3875 (54%) were
classified as acceptable. A prevalence of 46% is adequate to test the algorithm’s efficacy.

Figure 5 shows two examples of different classifications by the cardiologists and the
algorithm. Figure 5a reports the same signal already present in Figure 4e: for cardiologists,
the sample is of bad quality; for the algorithm, the signal is acceptable. This difference
depends on the classification of the central part of the sample (from about the 4th to the
7th second) and its length concerning the whole 10 s duration. Since cardiologists put the
starting and ending markers by hand with the resolution of 1 beat and the algorithm works
on windows of 2 s, even a few seconds of difference in the central part of good sample
quality can lead to a different global classification.

(a) (b)

Time (s) Time (s)

Time (s) Time (s)

Figure 5. (a) Signal classified as unreadable by the cardiologists but acceptable by the algorithm (false
negative); (b) sample considered not acceptable by cardiologists but acceptable by the algorithm (false
negative); (c,d) signal classified as acceptable by the cardiologists but unreadable by the algorithm.

Figure 5b shows a different but no less critical mistake: the cardiologists classified
the signal with 50 Hz noise as unacceptable, but the algorithm considered it acceptable.
This evidence represents a limitation of our approach that does not consider the signal’s
harmonic content. Figure 5¢,d shows two samples classified as suitable by the cardiologists
but not acceptable by the algorithm. In these cases, the misclassification is probably due
to baseline oscillation at the samples” end and duration concerning the time resolution
differences between cardiologists and the algorithm.

Table 1 shows the global agreement between each classified sample of 10 s extracted
from the 20 recordings of 1 h-ECG. The algorithm presents a global efficiency of 95.1%,
calculated as the total number of correct classifications over the total number of considered
samples (7200).

Table 1. Agreement between classifications.

Classification by Cardiologists

Not acceptable Acceptable Total

Classification by g 17 obtable 3150 (94.7%) 177 (4.6%) 3327
algorithm

Acceptable 175 (5.3%) 3698 (95.4%) 3873

The algorithm presents a sensitivity of 94.7% (with a 95% confidence interval of 0.8%)
and a specificity of 95.4% (95%CI: £0.7%). The positive and negative predictive values
(PPV and NPV) are 94.7% and 95.5%, respectively, and confirm the algorithm’s efficacy for
ECG quality classification.

The positive and negative likelihood ratios (LR+ and LR—) are 20.7 and 0.055, respectively.
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Among the 20 patients, the global algorithm efficiency ranges between 0.89 and 1.00,
with a median value of 0.95, equal to the mean value.

4. Discussion

The transition to a more widespread and inclusive healthcare system, reaching all those
in need, must necessarily involve two equally crucial successive steps: firstly, education on
the use of simple yet efficient medical devices; secondly, and no less critically, wearable
devices must be able to address issues arising from the poor quality of recorded signals [27].
In practice, continuous but flawed monitoring would make the device’s use futile, nullifying
the time and money invested up to that point. Therefore, cost reduction must be effective,
and the mobile devices that acquire relevant physiological signals must work correctly and
be reliable [8,28-30]. Paradoxically, the instrument ensuring the best acquisition technology
with advanced analysis systems is often the most expensive. This statement poses an
unsolvable question: how do we reduce costs while maintaining good-quality recorded
information? We propose to equip acquisition devices with a simple and economical
method for recognizing artifacts and noise (due to electrode detachment and movements),
improving the signal quality essential for clinical assessment. Quality control must be
performed during acquisition, allowing the wearer or the remote monitoring technician to
intervene promptly to restore optimal quality. Without timely intervention, there is a risk
of acquiring clinically unusable signals.

In this study, we focused on the ECG signal, probably the most interesting clinical
parameter for which most devices on the market are equipped. Electrocardiographic moni-
toring is crucial for detecting arrhythmias (e.g., atrial fibrillation, ventricular tachycardia or
bradycardia, bundle branch blocks, etc.) [31]. The ECG quality is vital for signal processing,
which is a fundamental step in QRS detection [32], and for signal interpretation by medical
doctors or computers. The proposed algorithm can work in real time (with a few seconds’
delay) and immediately assess the acquired signal’s quality. This feedback, for example, in
the form of a sound alarm, could assist the device user or the remote monitoring technician
in correcting hardware issues and improving signal acquisition. We are aware that our
approach is “invasive” and may be disruptive for the individual, especially during phases
of life where artifacts are “necessary” (e.g., during movement). But, when the device is
used for clinical screening and monitoring, the potential data loss could make it impossible
for the physician to evaluate the ECG signal. In these cases, auditory and visual feedback
are crucial to help the device and restore adequate quality. As is often the case, it is a
trade-off: on the one hand, total freedom of movement, with the risk of rendering the
acquisition useless and wasting money, and on the other, a more conscious procedure that
may become intrusive in the patient’s daily life but would allow effective monitoring. If
the device’s use aims to reduce disparities and reach as many people as possible, a slight
inconvenience for the individual can and should be tolerated to achieve the desired goal. As
a demonstration of these statements, it is interesting to highlight that in the present paper,
the total number of samples considered not acceptable by expert cardiologists is about 46%:
this percentage suggests that the presence of artifacts can be very invasive and makes an
essential percentage of the acquired ECG noisy and not usable for clinical purposes. A
solution to this problem is mandatory to make these wearables perform effectively.

The proposed algorithm is simple and undoubtedly basic compared to what is avail-
able today, often combined with sophisticated and expensive devices. We do not employ
advanced methods (for example, artificial intelligence approaches) but analyze only the
mean, range of variability, and standard deviation.

The algorithm was blindly tested on ECG signals acquired using a commercial device
(YouCare, AccYouRate). Since this research aims to validate an algorithm, population
characteristics (i.e., age, sex, pathologies) were not considered, since they did not constitute
a discriminant for the final analysis.

Samples were classified as “good” with P, QRS, and T visible. The P wave can be
negligible if a diagnosis of atrial fibrillation is present or performed by the cardiologist. Only
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the visibility of P, QRS, and T waves does not always mean the possibility of measuring such
parameters as ST elevation, and this can be considered a limit of our approach. However,
the balance between benefits and costs was kept tending towards “minimal benefits”;
otherwise, a larger quantity of samples would be rejected, reducing the possibility even
for an essential (but valuable) evaluation. This issue is critical in contexts where expensive
devices are absent, and wearables can be an excellent alternative to them, allowing a
clinical evaluation despite the lack of funding. The algorithm’s application to a cohort of
7200 samples demonstrated an overall effectiveness of 95.1%, with high sensitivity and
specificity (94.7% and 95.4%). More sophisticated algorithms exist [18] but are undoubtedly
more complex and costly.

On the other hand, a sensitivity and specificity of around 95% are excellent and would
allow efficient, targeted intervention to solve the problem. Even if the algorithm wrongly
considered 5% of cases readable when the signal is genuinely unusable, it would be a short
period and undoubtedly not crucial for clinical evaluation. PPV, NPV, LR+, and LR- values
confirm the reliability of our proposal, considering a prevalence of unacceptable samples
of 46%. Moreover, the algorithm efficiency ranges from 0.89 to 1.00. Even if the signal is
more difficult to classify, the algorithm performance can be considered acceptable.

Additionally, the classifications by cardiologists and the algorithm were subsampled
over 10 s windows for the final comparison. This choice was made to make the obtained
results comparable. While better temporal resolution is always desirable and may have
ensured a better outcome (as illustrated in the examples in Figure 5), considering the per-
spective of using the algorithm as a real-time classifier, frequent acoustic or light feedback
would render the acquisition device unusable. For a practical application of the algorithm,
10 s windows are too short and should be extended to 1 min intervals or more. The pro-
cessing time needed for the algorithm to analyze 1 h of signal entirely was less than 5 s.
Implementing the method in real-time means that the mean, max, and SD can be calculated
at each sample acquisition. Classification results can be available with the delay of the
chosen window length (in the paper, 10 s). The proposed algorithm needs to be improved
in correctly identifying 50 Hz noise, as illustrated in Figure 5b. Electromagnetic noise
could be caused by poor electrode placement and inadequate shielding against external
electromagnetic fields that interfere with the device. Fortunately, this network noise seems
to occur in only one patient, suggesting that it is rare. It is worth noting that despite this
limitation, the algorithm can still detect QRS complexes, enabling an assessment of heart
rhythm variability, even if the P and T waves cannot be accurately identified. A possible
solution can be to extract the frequency spectrum for each considered window and to
evaluate the amplitude of the 50 Hz harmonic compared to the same value of the clean
reference signal.

5. Conclusions

In a healthcare context where lower-performing and low-cost sensors are often used
instead of much more expensive medical equipment, the subject undergoing evaluation
must be active in collecting signals of biomedical interest. It is impossible to hope that a
passive attitude will lead to reliable and usable results in a clinical context. The acquisition
of a clean ECG signal is essential for diagnosis, and the presence of noise or artifacts due
to the movement or positioning of the electrodes makes monitoring useless and, thus,
generates a significant economic loss.

The proposed algorithm represents an excellent solution for the real-time classification
of ECG quality. It can be implemented with economical and computationally meager costs
in all commercially available devices. If the wearable device is connected to a smartphone
(as in our experimental setup), algorithm embedding can be elementary, and further
improvements (for example, visual feedback) can be made.

In conclusion, despite further investigations being necessary to validate the algorithm
in real time, the results are practical and encouraging.



Bioengineering 2024, 11, 222 10 of 11

Author Contributions: Conceptualization, L.N. and I.C.; data curation, L.N.; formal analysis, I.G.,
M.D. and I.C,; investigation, L.N. and J.L.; methodology, I.D. and 1.C.; project administration, C.B.
and I.C.; software, L.N. and 1.C.; validation, C.B. and I.D.; writing—original draft, L.N. and 1.C.;
writing—review and editing, L.N. and I.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee Area Vasta Emilia Centro—CE-AVEC—Bologna
(protocol number 156/2022/Disp / AOUBo).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to the privacy policies of the Ethics
Committee Area Vasta Emilia Centro—CE-AVEC—Bologna.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Huhn, S.; Axt, M.; Gunga, H.-C.; Maggioni, M.A.; Munga, S.; Obor, D.; 5ié, A.; Boudo, V.; Bunker, A.; Sauerborn, R.; et al.
The Impact of Wearable Technologies in Health Research: Scoping Review. [MIR Mhealth Uhealth 2022, 10, e34384. [CrossRef]
[PubMed]

Gargiulo, G.D.; Naik, G.R. (Eds.) Wearable/Personal Monitoring Devices Present to Future; Springer: Singapore, 2022;
ISBN 9789811653230.

Statistics & Facts on Wearable Technology | Statista. Available online: https://www.statista.com/topics/1556 /wearable-
technology /#topicOverview (accessed on 27 December 2023).

Prieto-Avalos, G.; Cruz-Ramos, N.A.; Alor-Hernandez, G.; Sanchez-Cervantes, ].L.; Rodriguez-Mazahua, L.; Guarneros-Nolasco,
L.R. Wearable Devices for Physical Monitoring of Heart: A Review. Biosensors 2022, 12, 292. [CrossRef] [PubMed]

Neri, L.; Oberdier, M.T.; van Abeelen, K.C.J.; Menghini, L.; Tumarkin, E.; Tripathi, H.; Jaipalli, S.; Orro, A.; Paolocci, N.; Gallelli, I;
et al. Electrocardiogram Monitoring Wearable Devices and Artificial-Intelligence-Enabled Diagnostic Capabilities: A Review.
Sensors 2023, 23, 4805. [CrossRef] [PubMed]

van der Bijl, K,; Elgendi, M.; Menon, C. Automatic ECG Quality Assessment Techniques: A Systematic Review. Diagnostics 2022,
12,2578. [CrossRef] [PubMed]

Satija, U.; Ramkumar, B.; Manikandan, M.S. A Review of Signal Processing Techniques for Electrocardiogram Signal Quality
Assessment. IEEE Rev. Biomed. Eng. 2018, 11, 36-52. [CrossRef] [PubMed]

Steinberg, C.; Philippon, E; Sanchez, M.; Fortier-Poisson, P.; O'Hara, G.; Molin, F; Sarrazin, J.-F.; Nault, I; Blier, L.; Roy, K; et al.
A Novel Wearable Device for Continuous Ambulatory ECG Recording: Proof of Concept and Assessment of Signal Quality.
Biosensors 2019, 9, 17. [CrossRef] [PubMed]

Bouzid, Z.; Al-Zaiti, S.S.; Bond, R.; Sejdi¢, E. Remote and Wearable ECG Devices with Diagnostic Abilities in Adults: A
State-of-the-Science Scoping Review. Heart Rhythm 2022, 19, 1192-1201. [CrossRef] [PubMed]

Gao, L.; Moodie, M.; Freedman, B.; Lam, C.; Tu, H.; Swift, C.; Ma, S.; Mok, V.C.T,; Sui, Y.; Sharpe, D.; et al. Cost-Effectiveness of
Monitoring Patients Post-Stroke with Mobile ECG During the Hospital Stay. . Am. Heart Assoc. 2022, 11, €022735. [CrossRef]
Liverani, M.; Ir, P,; Perel, P.; Khan, M.; Balabanova, D.; Wiseman, V. Assessing the Potential of Wearable Health Monitors for
Health System Strengthening in Low- and Middle-Income Countries: A Prospective Study of Technology Adoption in Cambodia.
Health Policy Plan. 2022, 37, 943-951. [CrossRef]

Zhang, J.; Peng, S.; Hou, J.; Ma, G.; Liu, Y,; Fan, Y.; Luo, L.; Shi, Z. Nurses” Willingness and Demand for Internet+Home Care Services
and the Associated Factors in Municipal Hospitals in China: Cross-Sectional Survey. J. Med. Internet. Res. 2023, 25, e45602. [CrossRef]
Teng, X.-F.; Zhang, Y.-T.; Poon, C.C.Y.; Bonato, P. Wearable Medical Systems for P-Health. IEEE Rev. Biomed. Eng. 2008, 1, 62-74.
[CrossRef] [PubMed]

Vasan, A.; Friend, J. Medical Devices for Low- and Middle-Income Countries: A Review and Directions for Development. J. Med.
Device 2020, 14, 010803. [CrossRef] [PubMed]

Ha, S.; Ho, S.H.; Bae, Y.-H.; Lee, M.; Kim, ].H.; Kim, ].H.; Lee, J. Digital Health Equity and Tailored Health Care Service for People
With Disability: User-Centered Design and Usability Study. J. Med. Internet. Res. 2023, 25, €50029. [CrossRef] [PubMed]
Investing in the Radical Reorientation of Health Systems towards Primary Health Care: The Best and Only Choice to Achieve Uni-
versal Health Coverage. Available online: https://www.who.int/news/item/09-11-2023-investing-in-the-radical-reorientation-
of-health-systems-towards-primary-health-care--the-best-and-only-choice-to-achieve-universal-health-coverage (accessed on
27 December 2023).

Mukhopadhyay, A.; D’Angelo, R.; Senser, E.; Whelan, K.; Wee, C.C.; Mukamal, K.J. Racial and Insurance Disparities among
Patients Presenting with Chest Pain in the US: 2009-2015. Am. |. Emerg. Med. 2020, 38, 1373-1376. [CrossRef] [PubMed]


https://doi.org/10.2196/34384
https://www.ncbi.nlm.nih.gov/pubmed/35076409
https://www.statista.com/topics/1556/wearable-technology/#topicOverview
https://www.statista.com/topics/1556/wearable-technology/#topicOverview
https://doi.org/10.3390/bios12050292
https://www.ncbi.nlm.nih.gov/pubmed/35624593
https://doi.org/10.3390/s23104805
https://www.ncbi.nlm.nih.gov/pubmed/37430719
https://doi.org/10.3390/diagnostics12112578
https://www.ncbi.nlm.nih.gov/pubmed/36359421
https://doi.org/10.1109/RBME.2018.2810957
https://www.ncbi.nlm.nih.gov/pubmed/29994590
https://doi.org/10.3390/bios9010017
https://www.ncbi.nlm.nih.gov/pubmed/30669678
https://doi.org/10.1016/j.hrthm.2022.02.030
https://www.ncbi.nlm.nih.gov/pubmed/35276320
https://doi.org/10.1161/JAHA.121.022735
https://doi.org/10.1093/heapol/czac019
https://doi.org/10.2196/45602
https://doi.org/10.1109/RBME.2008.2008248
https://www.ncbi.nlm.nih.gov/pubmed/22274900
https://doi.org/10.1115/1.4045910
https://www.ncbi.nlm.nih.gov/pubmed/32328210
https://doi.org/10.2196/50029
https://www.ncbi.nlm.nih.gov/pubmed/38015589
https://www.who.int/news/item/09-11-2023-investing-in-the-radical-reorientation-of-health-systems-towards-primary-health-care--the-best-and-only-choice-to-achieve-universal-health-coverage
https://www.who.int/news/item/09-11-2023-investing-in-the-radical-reorientation-of-health-systems-towards-primary-health-care--the-best-and-only-choice-to-achieve-universal-health-coverage
https://doi.org/10.1016/j.ajem.2019.11.018
https://www.ncbi.nlm.nih.gov/pubmed/31843328

Bioengineering 2024, 11, 222 11 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ardeti, V.A,; Kolluru, V.R,; Varghese, G.T.; Patjoshi, R K. An Overview on State-of-the-Art Electrocardiogram Signal Processing
Methods: Traditional to Al-Based Approaches. Expert Syst. Appl. 2023, 217, 119561. [CrossRef]

Xie, J.; Peng, L.; Wei, L.; Gong, Y.; Zuo, F; Wang, J.; Yin, C.; Li, Y. A Signal Quality Assessment-Based ECG Waveform Delineation
Method Used for Wearable Monitoring Systems. Med. Biol. Eng. Comput. 2021, 59, 2073-2084. [CrossRef]

Holgado-Cuadrado, R.; Plaza-Seco, C.; Lovisolo, L.; Blanco-Velasco, M. Characterization of Noise in Long-Term ECG Monitoring
with Machine Learning Based on Clinical Criteria. Med. Biol. Eng. Comput. 2023, 61, 2227-2240. [CrossRef]

Li, Q.; Rajagopalan, C.; Clifford, G.D. A Machine Learning Approach to Multi-Level ECG Signal Quality Classification. Comput.
Methods Programs Biomed. 2014, 117, 435-447. [CrossRef]

Ren, Y,; Liu, F; Xia, S.; Shi, S.; Chen, L.; Wang, Z. Dynamic ECG Signal Quality Evaluation Based on Persistent Homology and
GoogLeNet Method. Front. Neurosci. 2023, 17, 1153386. [CrossRef]

Smital, L.; Haider, C.R.; Vitek, M.; Leinveber, P; Jurak, P.; Nemcova, A.; Smisek, R.; Marsanova, L.; Provaznik, I.; Felton, C.L.; et al.
Real-Time Quality Assessment of Long-Term ECG Signals Recorded by Wearables in Free-Living Conditions. IEEE Trans. Biomed.
Eng. 2020, 67, 2721-2734. [CrossRef] [PubMed]

Martinez-Sellés, M.; Marina-Breysse, M. Current and Future Use of Artificial Intelligence in Electrocardiography. | Cardiovasc Dev
Dis 2023, 10, 175. [CrossRef]

Guk, K.; Han, G.; Lim, J.; Jeong, K.; Kang, T.; Lim, E.-K.; Jung, ]. Evolution of Wearable Devices with Real-Time Disease Monitoring
for Personalized Healthcare. Nanomaterials 2019, 9, 813. [CrossRef]

Hazra, A.; Gogtay, N. Biostatistics Series Module 7: The Statistics of Diagnostic Tests. Indian J. Dermatol. 2017, 62, 18-24. [CrossRef]
[PubMed]

Witvliet, M.P.; Karregat, E.P.M.; Himmelreich, ].C.L.; de Jong, ].S.5.G.; Lucassen, W.A.M.; Harskamp, R.E. Usefulness, Pitfalls and
Interpretation of Handheld Single-lead Electrocardiograms. J. Electrocardiol. 2021, 66, 33-37. [CrossRef] [PubMed]

Mannhart, D.; Lischer, M.; Knecht, S.; du Fay de Lavallaz, J.; Strebel, 1; Serban, T.; Voégeli, D.; Schaer, B.; Osswald, S.; Mueller, C.;
et al. Clinical Validation of 5 Direct-to-Consumer Wearable Smart Devices to Detect Atrial Fibrillation: BASEL Wearable Study.
JACC Clin. Electrophysiol. 2023, 9, 232-242. [CrossRef]

Choi, W.; Kim, S.-H.; Lee, W.; Kang, S.-H.; Yoon, C.-H.; Youn, T.-].; Chae, I.-H. Comparison of Continuous ECG Monitoring by
Wearable Patch Device and Conventional Telemonitoring Device. J. Korean Med. Sci. 2020, 35, e363. [CrossRef]

Perez, M.V.; Mahaffey, KW.; Hedlin, H.; Rumsfeld, ].S.; Garcia, A.; Ferris, T.; Balasubramanian, V.; Russo, A.M.; Rajmane, A.;
Cheung, L.; et al. Large-Scale Assessment of a Smartwatch to Identify Atrial Fibrillation. N. Engl. ]. Med. 2019, 381, 1909-1917.
[CrossRef]

Dagher, L.; Shi, H.; Zhao, Y.; Marrouche, N.F. Wearables in Cardiology: Here to Stay. Heart Rhythm 2020, 17, 889-895. [CrossRef]
[PubMed]

Neri, L.; Oberdier, M.T.; Augello, A.; Suzuki, M.; Tumarkin, E.; Jaipalli, S.; Geminiani, G.A.; Halperin, H.R.; Borghi, C. Algorithm
for Mobile Platform-Based Real-Time QRS Detection. Sensors 2023, 23, 1625. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.eswa.2023.119561
https://doi.org/10.1007/s11517-021-02425-8
https://doi.org/10.1007/s11517-023-02802-5
https://doi.org/10.1016/j.cmpb.2014.09.002
https://doi.org/10.3389/fnins.2023.1153386
https://doi.org/10.1109/TBME.2020.2969719
https://www.ncbi.nlm.nih.gov/pubmed/31995473
https://doi.org/10.3390/jcdd10040175
https://doi.org/10.3390/nano9060813
https://doi.org/10.4103/0019-5154.198047
https://www.ncbi.nlm.nih.gov/pubmed/28216720
https://doi.org/10.1016/j.jelectrocard.2021.02.011
https://www.ncbi.nlm.nih.gov/pubmed/33725506
https://doi.org/10.1016/j.jacep.2022.09.011
https://doi.org/10.3346/jkms.2020.35.e363
https://doi.org/10.1056/NEJMoa1901183
https://doi.org/10.1016/j.hrthm.2020.02.023
https://www.ncbi.nlm.nih.gov/pubmed/32354455
https://doi.org/10.3390/s23031625

	Introduction 
	Materials and Methods 
	Background 
	Experimental Design 

	Results 
	Discussion 
	Conclusions 
	References

