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1 INTRODUCTION
1.1 Background and Relevance of the Study

Atrial fibrillation (AF), the most prevalent cardiac arrhythmia globally,
affects approximately 60 million individuals and contributes to over 8 million
disability-adjusted life years (DALYs) (1). In terms of paroxysmal
supraventricular tachycardia (PSVT), it affects about one in 300 people (2).
The prevalence in the United States ranges from 1.26 million, excluding those
with concomitant diagnoses of AF or atrial flutter, to 2.06 million when
including these conditions. As the prevalence of AF continues to rise, a
significant number of cases remain undiagnosed (3,4). This includes not only
asymptomatic individuals but also those whose symptoms, often paroxysmal,
are not captured by standard 12-lead electrocardiograms (ECG) or
conventional methods like Holter monitoring. The presence of undiagnosed
AF poses serious health risks. Therefore, prompt diagnosis and management
of AF are essential (5).

The increasing availability of wearable technologies is improving the
detection of AF and other arrhythmias in asymptomatic individuals and those
with symptoms but no confirmed diagnosis (6). Typically, devices that use
PPG are preferred for initial screening over pulse palpation. However, if PPG
screening suggests AF, only an ECG-based method should be used to confirm
the diagnosis of AF, and it is preferred over PPG-based devices (7).
Furthermore, wearables are a recognized option by EHRA for intermittent
postablation rhythm monitoring in clinical practice or research trials (8),
potentially benefiting even frail or elderly patients through long-term digital
health monitoring (9).

In real life, numerous potential barriers hinder the widespread adoption of
digital health tools, including the unmet perspectives of users and healthcare
professionals, developers and industry partners (10). Key barriers encompass
the lack of integration into healthcare systems, MDR regulatory approval,
cost-effectiveness, tailored clinical applications, patient expectations, data
logistics, and cybersecurity concerns (11). These obstacles can significantly
impact patients by delaying the detection and treatment of arrhythmias. For
instance, in 40% of European countries, the primary method to exclude AF
following a transient ischemic attack relies solely on conventional ECG,
without the benefits of long-term cardiac monitoring (12).

Within the parameters of wearable technology, the quality of the ECG
signal is a critical factor affecting the diagnostic accuracy for arrhythmia
detection. Even in conventional multi-lead ECG Holter monitoring, providing
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additional ECG channels leads to more accurate interpretations of arrhythmias
when artifacts are present (13). Similarly, artifacts, noise, and other
concomitant arrhythmias that produce irregular heart contractions, such as
premature beats, pose the most common challenges for ECG-based AF
detection in wearables (14). Most current smartwatches only record a lead-I-
like ECG, which we are convinced leads to a high number of false positives,
consuming substantial additional healthcare resources.

To address the aforementioned issues, this PhD research aimed to
significantly advance the field of digital health. The author co-invented the
first MDR CE-marked wrist-worn device that combines a PPG-based
algorithm for AF screening with an intermittent, wire-free 6-lead ECG for AF
confirmation (15-21). Furthermore, in addition to securing a patent, four
papers were published during this PhD: two on the diagnostic performance of
the device challenged with a large group of patients with premature beats, and
two on Al and ECG-based risk stratification to address the hurdles of long-
term monitoring.

1.2 The Aim of the Study

To invent and/or evaluate the diagnostic accuracy of novel medical tools
for the detection and prediction of atrial fibrillation, incorporating a wearable
electronic device with PPG and multi-lead ECG, software algorithms, and Al-
based approaches.

1.3 The Objectives of the Study

The objectives of the study are:

1. To create the world’s first wearable that offers a combination of
continuous PPG for screening of AF together with the possibility of
recording an intermittent 6-lead standard-limb-like ECG without any
wires for rhythm confirmation by a physician (Patent, MDR
Certification).

2. To validate the device by assessing the diagnostic performance of the
PPG-based algorithm, wire-free, wearable-recorded six-lead ECGs
and a system of both in short-term monitoring for suspecting and
diagnosing AF, with a specific emphasis on evaluating the impact of
frequent PVCs/PACs in the control group on specificity (Paper I).

3. To investigate whether a six-lead wearable-recorded ECG brings an
additional benefit for AF detection compared to a single lead-I-like
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ECG commonly used in most smartwatches and automatic PPG-based
AF detector (Paper II).

4. To compare the diagnostic performance of the AI algorithm’s
arrhythmia detection with the conclusions of certified ECG
technicians in long-term Holter ECGs (Paper III).

5. To find the risk markers of AF in a single-day Holter ECG dataset,
which could stratify patients who would potentially benefit from long-
term monitoring with wearable or other monitoring strategies (paper
1v).

1.4 Defense Statements of the Doctoral Thesis

1. The first wearable technology to combine a PPG-based algorithm
with a 6-lead ECG represents a significant innovation, meriting patent
protection. There is substantial demand for a reliable diagnostic
device among patients and healthcare institutions, leading to its
successful commercialization, MDR certification, and
implementation into clinical practice as a new CE-marked medical
device (Patent, MDR Certification, Commercialization).

2. Despite the presence of frequent PVCs/PACs in the control group,
physicians can detect and diagnose AF with high specificity during
short-term monitoring using the device, which integrates a PPG-based
algorithm and a wire-free, six-lead ECG into a cohesive system
(Paper I).

3. A six-lead wearable-recorded ECG does bring a clear additional
diagnostic benefit for AF detection compared to a single lead-I-like
ECG commonly used in most smartwatches and automatic PPG-based
AF detector (Paper II).

4. The Al algorithm’s arrhythmia detection demonstrates superior
diagnostic performance compared to that of certified ECG technicians
in long-term Holter ECGs (Paper III).

5. ECG-based risk markers identified within the first 24 hours of single-
day Holter monitoring (up to 30 days) can successfully predict the
occurrence of AF between the following 2-30 days (Paper 1V).

1.5 Novelty and Practical Value

The use of over-the-counter devices without MDR CE certification for
medical purposes, akin to using drugs without prescriptions or relying on food
supplements, falls outside the realm of evidence-based medicine. While these
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devices may theoretically offer value in isolated diagnostic methods, they
often lack critical elements such as open-access validation of accuracy,
consideration of real-world diagnostic scenarios, a clearly defined target
population, or seamless integration into the workflows of medical institutions.

The novelty of this research lies in addressing the aforementioned
challenges by developing and validating a new diagnostic medical tool. This
work encompasses the entire process, starting from the author’s initial concept
of recording a six-lead ECG without wires using a wrist-worn device, to
building a prototype that combines a PPG-based algorithm with six-lead ECG
functionality. Additionally, the research team explored the use of an Al
algorithm for long-term ECG analysis to tackle big data challenges. They also
investigated pro-arrhythmic risk markers in target patients undergoing long-
term Holter monitoring, identifying individuals who could benefit from
extended monitoring and early AF diagnosis.

A significant practical indirect outcome of this research is the
commercialization and global mass production of a device now known as
TeltoHeart. The device has received full recognition from the European
Medicines Agency (EMA) with Medical Device Regulation (MDR)
certification: Class I for the hardware component (the device itself) and Class
Ila for the software system operating within the device and its remote
platform. Furthermore, the author has identified clear target patient groups and
proposed workflows for the practical implementation of TeltoHeart in long-
term monitoring, aligning with the guidelines and consensus documents of
EHRA and ESC.
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2 LITERATURE REVIEW

2.1 Multiple-Lead, Wire- and Patch-Free ECG Technology in Wearables
for Detection of Atrial Arrhythmias

Among wrist-worn wearables available on the market, no device that is
CE-marked and/or FDA-approved combines a PPG-based algorithm with a
six-lead ECG (22). Other watches or wristbands typically feature either an
intermittent single-lead ECG, with or without a PPG-based algorithm, or
solely a PPG-based algorithm for arrhythmia detection, as outlined in the
review above. Therefore, a direct comparison between the invented wearable
and these existing devices is not possible.

Currently, only two commercial wearable devices, Kardia Mobile 6L
(KM) and Istel HR 2000 (IS), can record six-lead ECG without wires. Of note,
both serve as event recorders, exclusively providing intermittent six-lead ECG
for opportunistic AF screening, unlike the wrist-worn device in this PhD
research, which also includes a PPG-based AF detector for continuous
screening and the possibility to detect asymptomatic episodes of arrhythmia
(23).

Krzowski et al. conducted a head-to-head comparison of KM and IS in 98
patients with manual interpretation by physicians (24). KM yielded a
sensitivity of 88.1% and a specificity of 89.7% in diagnosing SR, while IS
yielded a sensitivity of 91.5% and a specificity of 84.6%. For AF detection,
KM’s sensitivity was higher (86.4% vs. 77.3%), but their specificities were
similar (97.4% vs. 98.7%). Notably, their control group only included patients
with SR without premature contractions.

Scholten et al. found that KM’s six-lead ECG outperformed single-lead
ECGs from Withings and Apple Watch in sensitivity (98.9% vs. 95.4% and
96.2%) and specificity (96.7% vs. 94.9% and 94.4%) for AF detection (25).
Their study also lacked a control group with premature contractions, only
including patients with stable SR post-electrical cardioversion.

These findings affirm the diagnostic superiority of six-lead over single-
lead ECG for AF detection. Of note, there is a gap in research concerning
patients with SR and frequent premature contractions.

2.2 Automated Analysis of Single-Lead ECG in Smartwatches for
Detecting Atrial Arrhythmias

Automated ECG analysis in wearables provides critical immediate
feedback to users for detecting AF. However, as per EHRA guidelines, only a
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board-certified physician can officially diagnose the condition (26). In a
comparative study of wearables recording single-lead ECGs, the proportion
of inconclusive tracings—where the algorithm could not determine the heart
rhythm—was 18% for Apple Watch 6, 17% for Samsung Galaxy Watch 3,
24% for Withings Scan Watch, 21% for Fitbit Sense, and 26% for AliveCor
KardiaMobile (27). Importantly, no control group of sinus rhythm with
frequent premature contractions was included. Further research is necessary
to determine if the automated analysis from the six-lead ECG of the invented
device offers superior AF detection compared to the automated analysis of
these single-lead ECGs.

When applying smartwatches for ambulatory monitoring, in addition to
AF, the reason for feeling palpitations may also be paroxysmal
supraventricular tachycardias, sinus tachycardia, among others. In a recent
analysis involving the Move-ECG smartwatch (Withings, Issy-les-
Moulineaux, France), remote monitoring was conducted for an average
duration of 17 = 14 weeks for patients experiencing paroxysmal symptoms
(28). All diagnoses were made based on symptom-triggered ECG recordings,
identifying conditions such as AF (n=6), sinus tachycardia (n=6), normal ECG
(n=2), premature ventricular complexes (n=1), sinus bradycardia (n=1), and
atrioventricular nodal reentrant tachycardia (n=1), with no diagnoses arising
from routine weekly ECGs. The smartwatch’s automated ECG analysis for
detecting AF yielded a sensitivity of 80% and specificity of 75% when
unclassified ECGs were considered false results; excluding unclassified
ECGs, the sensitivity was 95% and specificity was 96%, illustrating their
utility even in stressful palpitation-induced situations. Although all 17/31
patients were diagnosed with symptom-triggered ECG recordings, the routine
recording of prophylactic ECGs is important for the learning curve and
preserving these skills, particularly in older populations.

2.3 Artificial Intelligence for Direct-to-Physician Ambulatory ECG
Reporting

The role of artificial intelligence (Al) in medicine (29), including clinical
electrophysiology, continues to grow, accompanied by recent standardization
efforts in Al-related research reporting (30). A notable advancement is the
first randomized controlled trial which showed a significant increase in
freedom from documented atrial fibrillation (AF) among patients with
persistent AF who underwent Al-guided catheter ablation in addition to
conventional pulmonary vein isolation (PVI), achieving 88% success
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compared to 70% with PVI alone at 12 months (P < 0.0001 for superiority)
3.

In ambulatory ECG monitoring, the daily production of a high volume of
ECGs coincides with a global shortage of healthcare workers projected at 15
million, highlighting the need for efficient Al-guided ECG analysis (32). If Al
could replace technician analysis and safely enable direct-to-physician
reporting, it could significantly improve healthcare accessibility.

In prior research, a deep neural network analyzed 328 thirty-second ECG
strips and achieved an average area under the receiver operating characteristic
curve (AUC ROC) of 0.97, with the ground truth determined by consensus
among three cardiologists and a mean inter-annotator agreement of 72.8%
(33). In another study, this network analyzed 828 ten-second, 12-lead resting
ECGs, yielding a mean AUC ROC of 0.983 (34). Based on the examples
presented and to the best of our knowledge, there is a lack of comprehensive
evaluation of Al-guided models for standalone use in direct-to-physician ECG
reporting. Additionally, robust validation demands a large dataset of
ambulatory ECGs and collaboration among multiple expert cardiologists to
establish a dependable consensus ground truth when validating Al-based ECG
analysis results.

2.4 Role of PPG in Atrial Arrhythmia Detection and Large-Scale AF
Screening

The role of the PPG method is acknowledged in the latest European Society
of Cardiology Council on Stroke and EHRA consensus document, where it is
recognized that a PPG recording may be used to provide an adequate estimate
of AF burden (35). The AF burden is a valuable quantitative measure of
classifying intermittent AF (rather than just paroxysmal/ persistent AF) and
justifying the results of AF treatment modalities (rather than just qualitative
assessment of recurrence as yes/ no). The document is the first standardization
of using AF burden in clinical practice, which may lead to further
development of digital health technologies and deeper knowledge of using
PPG in everyday practice (36,37). The knowledge on how to use PPG-based
monitoring indeed plays an important role, as presented in a recent survey on
physician preferences in using novel digital devices (38). Even in the second
case with an asymptomatic high-risk-of-AF patient, where an intermittent
event-recorder-type ECG arguably has a lower chance of detecting AF with
no symptoms, the overall number of respondents who would start PPG-based
monitoring remained as low as 9.8%. Of note, physicians experienced with
PPG would rather use a PPG-based device compared to other physicians in
this scenario (13.6% vs. 7.2%, P =0.026), suggesting the role of experience.

21



Also, it may represent a lack of available wearables with both a PPG-based
algorithm and a reliable multiple-lead ECG in one device.

To date, two large-scale trials screening for AF with the use of wrist-worn
devices with PPG-based algorithms have been published. In the Apple Heart
study, in a fraction of the participants who returned the ECG patches and
completed the study in relation to those who received irregular rhythm
notification (450/2161, 20.1%), the notification algorithm of the device had a
positive predictive value of 84% (95% CI, 76% - 92%) for observing AF on
the ECG simultaneously with a subsequent irregular pulse notification (39).
The overall probability of receiving notifications of irregular pulse was
relatively low (over 117 days of monitoring, 2161/419297, 0.52%).
Nevertheless, among those patients, frequent premature contractions
significantly lowered the specificity of PPG-based notifications for irregular
rhythm detection. A substudy reported that 40% of participants who received
an irregular pulse notification from the Apple Watch exhibited no AF on
subsequent ECG patches and were found to have other types of arrhythmias,
primarily atrial or ventricular ectopic beats (40).

In another large-scale trial—the Fitbit Heart Study—the irregular heart
rhythm detection was lower (4728/455699, 1%) (41) despite a potentially
slightly younger population (median age 47 [35-58] yrs. vs. mean age 41+13
yrs. in Apple Heart Study). Based on AF detection on subsequent analyzable
ECG patch monitor, the positive predictive value of irregular heart rhythm
detection was 98.2% (95% CI, 95.5%—-99.5%). The algorithm achieved high
specificity (98.4%), minimizing false-positive detections primarily by a
requirement of at least 30 minutes of an irregular pulse to detect AF, and by
operating only during sedentary periods. This, however, significantly lowers
the chance of detecting AF with durations shorter than 30 minutes. Among the
reasons for lower sensitivity (67.6%), the most common was that AF occurred
during the daytime when fewer periods of inactivity were available for the
algorithm (56/110 of false-negative episodes) (41). This illustrates why
detection of AF during periods of active motion remains a challenge and, thus,
such algorithms are adapted to obligatory function only during sedentary
periods.

Similarly, the negative effect of motion on the quality of the PPG signal
has also been reported by other research groups in most daily activities, but it
has a reasonably good quality for analysis during sleep (42). This is also
relevant for PPG-based heart rate estimation with more accurate results during
the nighttime than daytime (97% vs. 91 %, P<0.001) and during low mobility
compared to high mobility (96% vs. 92%, P<0.001) (43).
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More randomized controlled trials are needed to provide evidence with
enhanced detection of treatment-relevant arrhythmias using PPG-based
devices. For instance, a published paper demonstrating a certified PPG-based
app on smartphone doubled the detection of treatment-relevant AF compared
to usual care with odds ratios of 2.12 (95% confidence interval (CI), 1.19—
3.76; P=0.010) and 2.75 (95% CI, 1.42-5.34; P = 0.003) in the first phase and
a cross-over in the second phase, respectively (44). However, just like in
Apple Heart and Fitbit Heart studies, additional ECG monitoring with a
separate ECG patch or ECG event recorder is usually later provided for final
diagnosis establishment. In the opinion of this PhD research author, the
approach of having a PPG-based algorithm for screening and multiple ECG-
based confirmation already all-in-one device could save logistical resources,
be more comfortable to the patient, and result in a more time-efficient
workflow. This needs to be investigated in future studies.
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3 METHODS

3.1 Overall Design and Rationale of the Series of Papers

This dissertation follows a cohesive methodological approach across the
patent and four consecutive interrelated papers (Table 1):

This invention (Patent) was originally conceptualized by the author
to record a six-lead ECG from the wrist without wires and was
developed in collaboration with the Biomedical Engineering Institute
at Kaunas University of Technology (KTU).

Paper 1 (doi: 10.3389/fcvm.2022.869730) was a prospective case-
control validation study in Vilnius (Lithuania). It tested a novel wire-
free, wrist-worn device integrating PPG and six-lead ECG
technology, assessing whether the device could accurately detect
atrial fibrillation (AF) even in the presence of frequent premature
beats.

Paper II (doi: 10.3389/fcvm.2023.1160242), also prospective and
conducted in Vilnius, compared the diagnostic benefit of six-lead
ECG with that of a single-lead ECG and the PPG-based algorithm.
Paper III (doi: 10.1038/s41591-025-03516-x) was an Al validation
study leveraging a large-scale ambulatory ECG dataset from the
United States, comparing a deep-learning model with board-certified
technician annotations for arrhythmia detection.

Paper IV (doi: 10.1111/anec.13090), a retrospective case-control
study using 24-hour Holter data from the United States, identified
ECG-based risk markers predictive of AF during the subsequent 2—30
days.

Collectively, these papers span from the initial invention and validation of

a new device to large-scale Al analysis and practical implementation

considerations for AF monitoring.
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Table 1. Patents and Study Design Characteristics of the Published Papers

Paper 1

Paper 11

Paper 111

Paper IV

Patents

Patent registration

NA

NA

NA

NA

Wearable device:

the PPG-based
algorithm, 6-lead
ECQG, and a system of
both can accurately
differentiate between
AF and SR when
challenged by a
substantial group of
patients with
PVCs/PACs.

potential diagnostic
benefit of six-lead
ECG compared to
single-lead ECG and
PPG-based algorithm
for AF detection of the
wrist-worn device.

only analysis to technician
analysis for detection of
arrhtyhmia in ambulatory
ECG.

Panel beat-by-beat
annotations by 17 teams of 3
expert cardiologists provided
the ground truth for
comparison.

ECG data can predict AF
detection on extended
cardiac monitoring of the
following 2-30 days.

databases 1) State Patent Bureau of
the Republic of
Lithuania (17)
2) WIPO (19)
3) EPO (18)
4) US Patent and
Trademark Office (20)
5) JPO(21)
Additional patent:
1) EPO (45)
Study design Prospective case- Prospective case- Al validation study of the Retrospective case-control NA
control validation control patient cohort
study
Main inclusion site Vilnius, Lithuania Vilnius, Lithuania United States of America United States of America NA
Study population Inpatient and Inpatient and Outpatient adults, aged >18 Outpatient adults, aged >18 NA
outpatient adults, aged | outpatient adults, aged | yrs. yIS.
>18 yrs. >18 yrs.
Population size 344 patients in final 249 patients in final 14.606 patients 18.220 patients NA
analysis analysis
Aim To evaluate whether To investigate the To compare DeepRhythmAlI- | To determine whether 24 h NA
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Paper 1 Paper 11 Paper 111 Paper IV Patents
Length of 1) 2-3 min of ECG 1) 2-3 min of ECG 14 days Up to 31 days NA
monitoring 2) 2-30 min of PPG 2) 2-30 min of PPG
Devices used for a) Investigational a) Investigational PocketECG Holter ECG PocketECG Holter ECG NA
monitoring wrist-worn device wrist-worn device device device
(prototype of (prototype of (MEDICALgorithmics, (MEDICALgorithmics,
TeltoHeart) TeltoHeart) Warsaw, Poland) Warsaw, Poland).
b) a reference ECG b) a reference ECG
Holter monitor Holter monitor
(eMotion Faros, (eMotion Faros,
Kuopio, Finland). Kuopio, Finland)
Investigational Patients with a current | Patients with a current | ECG recordings of random “High-risk” patients defined NA
group ECG-based diagnosis ECG-based diagnosis arrhythmic episodes as predicted AF risk >10%
of AF. of AF. including critical (matched on age in 5-year
arrhythmias: atrial fibrillation | strata, sex, and recording
>30s, ventricular tachycardia | duration).
>10s +>120 bpm,
supraventricular tachycardia
>30s, 3rd degree AV-block,
asystole >3.5s
Control group (-s) Patients with a current | Patients with a current | NA “Low-risk” patients defined NA
ECG-based diagnosis ECG-based diagnosis as predicted AF risk <5%
of: of SR with frequent (matched on age in 5-year
a) stable SR PVCs/PACs (= one strata, sex, and recording
b) SR with frequent ectopic beat in 2 min). duration).
PVCs/PACs (= one
ectopic beat in 2 min).
Number of ECG a) 6-lead ECG withno | a) 6-lead ECG withno | 2-channel ECG using three 2-channel ECG using three NA
leads used in wires (wrist-worn wires (wrist-worn electrodes with wires, one of | electrodes with wires, one of
monitoring device) device) which serves as a ground which serves as a ground

b) 3-lead ECG with
wires (Holter
reference)

b) single-lead ECG
with no wires (wrist-
worn device)

(Holter device).

(Holter device).
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Paper 1 Paper 11 Paper 111 Paper IV Patents
c) 3-lead ECG with
wires (Holter
reference)
Outcomes Accuracy of AF Accuracy of AF False negative reporting of Occurrence of AF episodes NA
detection detection critical arrhythmia events and | >30 s on days 2-30
general accuracy of
arrhythmia detection by Al
network
Statistical analysis Sensitivity, specificity, | Sensitivity, specificity, | Sensitivity, specificity, Lasso model to predict AF NA

accuracy, positive and
negative likelihood
ratio; independent
sample Student's T-
test/ Mann-Whitney U
test; chi-square test/ a
two-tailed Fisher's
exact test; Cramer's V
test.

accuracy, positive and
negative likelihood
ratio; independent
sample Student's T-
test/ Mann-Whitney U
test; chi-square test/ a
two-tailed Fisher's
exact test; Cramer's V
test; Cohen's kappa.

accuracy, positive and
negative predictive value, F1
score; absolute rates of true
and false positives and
negatives.

episodes; high-risk and low-
risk groups compared using
conditional logistic
regression analysis; ROC
statistics. Prediction model
’ECG-only’ included only
ECG markers, while *full
model” added age and sex as
well.
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3.2 Inclusion and Exclusion Criteria

For Papers I and II, patients were recruited from both inpatient and
outpatient wards of the Cardiology Department at Vilnius University Hospital
Santaros Klinikos, irrespective of the time of day. All participants provided
written informed consent prior to enrolment. The trial was approved by a
regional bioethics committee (registration No. 158200-18/7-1052-557) and is
registered at ClinicalTrials.gov (NCT04281927).

In Paper I, eligible participants were adults aged 18 to 99 years with an
ECG-based diagnosis of atrial fibrillation (AF), stable sinus rhythm (SR), or
SR with frequent premature ventricular or atrial contractions (PVCs/PACs,
defined as at least one ectopic beat every 2 minutes). Exclusion criteria
included subjects with a regular pulse wave despite AF (e.g., paced ventricular
beats), individuals with other arrhythmias, and those who refused or were
unable to provide informed consent. In Paper II, the same exclusion criteria
were applied, with the additional exclusion of patients with stable SR.
Notably, Paper II is a substudy of Paper I, dedicated to comparing the
accuracy of wearable-recorded six-lead ECG versus single-lead ECG for AF
diagnosis.

In Paper III and Paper IV a pre-recorded dataset from the United States
was used for either prospective Al analysis in comparison to the analysis of
technicians (Paper III) or retrospective analysis to predict the occurrence of
AF (Paper 1V).

In Paper III monitoring indications were provided through the device for
14,596 patients. The most common monitoring indications were palpitations,
syncope, dizziness, and examination of paroxysmal or unspecified AF. Other
indications were transient ischemic attack, dyspnea, tachycardia, bradycardia,
atrial flutter, premature ventricular complexes, persistent AF, stroke and other.

In Paper IV, the study included patients in the United States who had
undergone ambulatory ECG monitoring for a duration of 2 to 30 full days in
2017. The index day was defined as the first complete day of recording.
Exclusion criteria included cases with atrial fibrillation (AF) or atrial flutter
observed on the index day and subjects older than 100 years. A separate
analysis was conducted on a subgroup of patients who were monitored due to
indications of stroke or transient ischemic attack (TIA).
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3.3  Flow of Participant Inclusion

Attached below are the flowcharts or written information about the patient
inclusion.

435 patients assessed for eligibility:
159 AF
123 SR
103 SR with PVCs
50 SR with PACs

15 excluded:
duplicate file (2)
missing ECG file of the wrist-worn device (4)

- missing reference ECG file (8)
insufficient quality of reference ECG (1)
420 patients included in initial analysis:

150 AF

120 SR

101 SR with PVCs

49 SR with PACs

76 excluded:

missing PPG signal of the wrist-worn device (8)
insufficient PPG quality of the wrist-worn device (13)

- missing ECG signal of the wrist-worn device (11)

insufficient ECG quality of the wrist-worn device (43)

' atrial flutter with good signal quality (1)
344 patients included in final analysis:
121 AF
95 SR

88 SR with PVCs
40 SR with PACs

Figure 1. Flow chart of patients in Paper I (DoubleCheck-AF). AF, atrial
fibrillation; SR, sinus rthythm; PVC, premature ventricular contraction; PAC,
premature  atrial  contraction; ECG, electrocardiography; PPG,
photoplethysmography.

In Paper II from the database of DoubleCheck-AF (Paper I) 249 adults were

enrolled in AF group (n=121) or control group of SR with frequent premature
ventricular (PVCs) or atrial (PACs) contractions (n=128) (Figure 2).
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435 patients assessed for eligibility:
159 AF
123 stable SR —’l 123 patients with stable SR excluded
153 SR with premature beats
103 SR with PVCs
50 SR with PACs

12 excluded:
duplicate file (2)
missing ECG file of the wrist-worn device (1)
missing reference ECG file (8)

L 4 insufficient quality of reference ECG (1)

v

300 patients included in initial analysis:
150 AF
150 SR with premature beats
101 SR with PVCs
49 SR with PACs 51 excluded:
missing PPG signal of the wrist-worn device (8)
I insufficient PPG quality of the wrist-worn device (13)
v missing ECG signal of the wrist-worn device (4)
insufficient ECG quality of the wrist-worn device (25)
atrial flutter with good signal quality (1)

249 patients included in final analysis:
121 AF
128 SR with premature beats
88 SR with PVCs
40 SR with PACs

Figure 2. Flowchart of patients. AF, atrial fibrillation; SR, sinus rhythm; PVC,
premature ventricular contraction; PAC, premature atrial contraction; ECG,
electrocardiography; PPG, photoplethysmography.

In paper III the study population consisted of 14,606 patients (mean
age =65.5+ 10 years, 42.8% males), who were monitored for a mean of
14 £ 10 days (Figure 3).

Study population
14,606 individual clinical patient recordings, mean 1410 days
211,010 days of ECG

= =0

Beat-by-beat annotation by

Automated search and
selection of max 1
arrhytmia per type and

Beat-by-beat annotation

by DRAI patient, certified
oY [ 500/250 per class ECG technicians (n=167) in
i clinical practice
3,415 Al detected episodes 1,830 technician detected episodes

| Beat-to-beat annotation by 3-expert physician panels |

| |

True positives | False positives || False negatives | True negatives

Reported per 1,000 patient recordings, by retaining the number of patient
recordings that were searched to yield the strips for each arrhythmia

Figure 3. Flowchart and Analysis of Paper IIl. Courtesy MD PhD Linda
Johnson, Lund University and MEDICALgorithmics.
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In paper IV the study population was derived from patients who had recorded
an ambulatory ECG with a duration of 2-30 full days of registration in the
United States in 2017 (n=19,947). Patients with AF or atrial flutter on the
index day were excluded (n=1719) as were subjects aged >100 years (n = 8).
The final study population consisted of 18,220 patients and was randomly
divided into equally sized training and testing datasets (n=9110 each).

3.4 Technical Description of the Devices, PPG-Based Algorithm,
Wearable-Recorded ECG, and DeepRhythmAI Model

In paper I and II cardiac rhythm monitoring was conducted using the
investigational wrist-worn device, the description of which is cited here from
previous publications (15,16). It is capable of providing continuous PPG-
based AF monitoring and recording an intermittent, on-demand, six-lead ECG
without any wires (Figure 4). Simultaneously, a reference ECG was registered
using a medically-certified Holter monitor (Bittium Faros, Bittium, Finland).

Figure 4. Prototype of the wearable device (left panel); acquisition of a 6-lead
ECG without any wires (right panel).

The PPG signals are analyzed using an embedded AF detector (23), whose
structure is inspired by the rhythm-based detector used for ECG signals (46). The
sensor employs a green light-emitting diode, although it is also capable of recording
red and infrared light channels, and uses a photodetector to continuously measure
changes in blood flow. The algorithm relies on the analysis of peak-to-peak intervals
using 4-8-beat long sliding window. It has several solutions to reduce the false alarm
rate, including filtering of ectopic beats, bigeminy suppression, sinus arrhythmia
suppression and continuous signal quality assessment. The sampling rate of the
PPG signal is 100 Hz, the amplitude resolution is 18 bits, and the bandwidth is 0—
50 Hz. The algorithm for AF detection is flexible with respect to the briefest
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duration of possible AF episode (46). In this study, the algorithm was tuned to detect
as short AF episodes as 30 seconds, accounting to the clinical definition of the
minimal duration of paroxysmal AF. Therefore, the PPG-based algorithm triggers
the AF alarm after an average duration of 30 seconds in AF if the condition of
sufficient signal quality index is met (Figure 5) (23). It should be noted that the
duration from the onset of AF to the alarm may vary depending on the heart rate
irregularity. That is, the alarm can be triggered as soon as after 5 seconds in case of
highly irregular AF, but no later than after 1 minute in case of AF with very low
irregularity of heartbeats. Once the PPG-based algorithm detects a possible AF
episode, it triggers a vibration alarm for the user.

(a)

-0
®  Detected poaks Alpl e threshold

JRANNRRN YN AN AN AN Y AN NN
{tnate T AR |

——— Extracted pulse Template 3

RPN

fma\( k

[

2

min

Time, s

Figure 5. Illustration of signal quality assessment: synchronously wearable-recorded
(a) ECG signal (displayed for reference) and, (b) PPG signal, (c) template matching
(vertical lines show the boundaries of the extracted PPG pulses), (d) maximum
correlation Cmax, k between the extracted pulse and the template, (¢) corresponding
correlation lag 8y, and (f) resulting SQI s.. Signal quality is assessed by comparing the
lowest correlation value within a window of four to eight beats to a fixed threshold of
0.7. If this minimum value falls below 0.7, the PPG segment is classified as poor
quality. Lag denotes the temporal shift in samples at which the template achieves
optimal alignment with the extracted pulse. Courtesy PhD Andrius Solosenko.

Following the alarm notification, a wearable 6-lead ECG is acquired (Figure 6).

During our study, even if no notification occurred in at least 1 minute of wearing it,
an ECG was recorded as well to confirm the rhythm and investigate the method.
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Figure 6. The 6-lead ECGs recorded by the wearable device with the examples of atrial fibrillation (top left panel); SR with
frequent premature atrial contractions (top right panel); SR with frequent premature ventricular contractions with superior axis
(lower left panel); SR with frequent premature ventricular contractions with inferior axis (lower right panel).
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The recorded ECG leads resemble standard Einthoven-like limb leads and
are measured through contact with three skin electrodes. Two electrodes are
located on the outer surface: one atop the device enclosure, touched by the
right index finger, and another on the bracelet, positioned against the left upper
abdomen. The third electrode, situated on the inner surface adjacent to the
PPG sensor, makes contact with the left wrist (Figure 4). Additional three
ECG leads (Goldberger augmented limb leads aVR, aVL, and aVF) were
calculated from Einthoven leads L, II, and III. The sampling rate of the ECG
is 500 Hz, the amplitude resolution is 24bit, and the bandwidth is 0—-130 Hz.

In papers III and IV, the devices used are commercially available and are
summarized in Table 1. In paper III, the Deep Rhythm Al algorithm was
used, the description of which is cited in the following five paragraphs from a
previous publication (47).

The DeepRhythmAI model (v3.1; Medicalgorithmics) utilizes a mixed
network architecture that incorporates both convolutional neural networks and
transformers with custom-built components to perform QRS and noise
detection, beat classification, and rhythm identification (48—51). The main
network components for QRS detection and rhythm classification were pre-
trained on 1,716,141 five-minute-long ECG strips and subsequently fine-
tuned on 60,549 ECG strips that were each less than 30 seconds long. An
overview of this comprehensive algorithm is provided in Figure 7, which
includes preprocessing steps such as channel selection, signal amplitude
scaling, and resampling at 300 Hz. In addition to initial CNN-based detection
of QRS complexes, the predictions of DeepRhythmAl are based on all parts
of the raw ECG signal using 7 different transformer models. This incorporates,
e.g., P-waves, PR intervals, and any other parameters. The output from the
deep learning model includes predictions on the presence of QRS complexes
and signal readability (48), which are then integrated into an ensemble of
models for final analysis.

The QRS complex detector employs a sophisticated design featuring
custom residual modules inspired by MobileNetV2 (51). Each module
consists of a sequence of three one-dimensional convolutional layers: a
pointwise convolution that expands the feature dimensions, a convolutional
layer with a 3-length kernel and variable dilation rates for detailed feature
extraction, and a final pointwise convolution that restores the feature
dimensions to their original size. The dilation rate in each module doubles
during the first half of the model and decreases to one by the output layer.
These processed features are then converted into probabilities of QRS
complex presence and signal readability through a final linear layer. The
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system applies thresholding and morphological operations to accurately
identify QRS positions and highlight nondiagnostic ranges.

The signal-detail architecture is centered around transformer encoder
layers that process the ECG signals, which are segmented into patches. Each
patch is embedded by a linear layer before being processed by the transformer
layers, with the resulting outputs generating logits for each QRS complex class
from only those patches containing QRS complexes. This precise approach
ensures focused and accurate rhythm detection. A dedicated asystole filter
module mirrors the wide-context model's structure but is specially trained with
unique hyperparameters and datasets suited for asystole detection.

For training, the same dataset was used across the QRS complex and noise
detectors, as well as the main components of the heartbeat classification
ensemble, which includes three wide-context models and three signal-detail
models (Figure 7). Data augmentation techniques tailored to each task, such
as generating noise artifacts or synthesizing heartbeats with rare features, were
implemented to enhance the diversity of the training dataset and prevent
overfitting. Additionally, a classifier specializing in asystole events was
developed using a wide-context analysis architecture fed with a carefully
selected mix of 11,670 strips with asystole or sinus arrest and 20,292 strips
with noise or electrode dysfunction. The latter is typically caused by poor
contact of adhesive ECG electrodes and is a well-recognized source of false-
positive asystole detections or artefacts. The ensemble model output is
adjusted by the asystole filter model output when necessary, providing refined
probabilities for each QRS complex class.

The ECG recordings analyzed in this study had never been previously
presented to the DeepRhythmAI model or any related Al model. As part of
the study protocol, the entire raw ECG signal data was analyzed using the
DeepRhythmAI model to perform detection and detailed beat-to-beat
classification of all heartbeats.
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Figure 7. Schematic overview of the DeepRhythmAI model. The raw ECG
signal, in timestamp + mV format, is preprocessed and analyzed by a CNN
classifier that detects QRS complexes and identifies noisy segments. The
output feeds into a network of seven models that analyze the data in two
contexts: a wide context, assessing heart rate trends and beat morphology, and
a narrow context, focusing on signal details. Three deep neural networks,
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combining CNN and transformer layers, handle the wide context. The narrow
context is addressed by three transformer models, tailored for 1D multichannel
ECG signals based on Vision Transformer principles. An asystole filter,
aligned with the wide context architecture but optimized for asystole
detection, can override and replace other outputs when asystoles are detected
or average them otherwise. Courtesy MD PhD Linda Johnson, Lund
University and MEDICALgorithmics.

3.5 Analysis and Interpretation of ECG and PPG Data

In papers I and II two independent diagnosis-blinded cardiologists
classified all ECG tracings as 'AF', 'SR' or 'Cannot be concluded'. In case of
disagreement, a third diagnosis-blinded cardiologist was consulted. Reference
ECQG, six-lead ECG (papers I and II) and single-lead ECG (paper II) from
each patient were evaluated. In Paper 11, to ensure that episodes of arrhythmia
appeared equivalent in a single-lead ECG, the six-lead wearable-recorded
ECG was trimmed to the width of a lead-I-like ECG (marked in grey in Figure
6). Consequently, the accuracy comparisons between both methods at the
preprocessing stage were not confounded by differences in recording
complexity, as the exact same arrhythmia episodes—captured
simultaneously—were used for both six-lead and single-lead ECG
evaluations.

In Papers I and II, the diagnostic measures for both PPG-based and
wearable ECG-based AF detection methods were calculated separately.
Additionally, in paper I these methods were evaluated jointly as a 'double-
check' system for detecting AF. In this latter strategy, an embedded PPG-
based detector continuously monitors for AF episodes. If AF is suspected and
the patient is alerted, only then is a matched wearable 6-lead ECG included in
further data analysis for confirmation of diagnosis, mirroring the device's
intended real-life operation. While this approach does not address false
negatives from the PPG algorithm, i.e., sensitivity, it significantly helps
reduce the number of false positives, thereby improving specificity.

All participants used the wearable device to record at least two minutes
each of PPG and six-lead standard-limb-like ECG (Table 1). Additionally,
each subject was simultaneously monitored with a validated ECG Holter
monitor (eMotion Faros, Kuopio, Finland), which recorded a continuous
three-lead ECG. The Holter monitor's ECG served as a gold standard for
cardiologists to verify heart rhythms and provide a reliable reference for
comparing the PPG-based algorithm and the wearable six-lead ECG of the
device under study.
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In Paper III ECGs underwent three separate interpretations: initially by
technicians, subsequently by an Al system, and finally, the ground truth was
established by expert cardiologists.

For the technician analysis, patients were referred by 1,079 different
physicians across 166 clinics. The recordings were then analyzed in clinical
practice at an independent diagnostic testing facility by one of 167 certified
ECG technicians, each licensed in the U.S. following two years of specialized
education. These technicians utilized a features-based algorithm that
employed adaptive beat morphology template generation and comparison,
ensuring that each QRS complex in the recording was annotated beat-by-beat
by the technician. The work of ECG technicians was comprehensive,
encompassing a thorough review of the entire ECG recording and the
confirmation of all detected events by the algorithm, including pauses,
asystoles, bradycardia events, missed heartbeats, and both 2nd and 3rd degree
AV blocks, as well as all ventricular and supraventricular arrhythmias and
episodes identified as atrial fibrillation. During this process, artefacts and
issues with electrode functionality were corrected. Technicians also examined
all sections of the recording flagged for ‘patient triggered symptoms’ and
analyzed the data at the moments of the fastest, slowest, and average minutely
heart rates. They utilized specialized software that facilitated manual
inspections of heart rate trends for irregularities, allowed filtering of beats by
heart rate, and enabled grouping of beats by morphology. Following the
review, selected episodes were compiled into reports for physicians.

From an unselected patient population (n=14,606) an algorithm randomly
searched for the presence of arrhythmic events within each rhythm class,
selecting 34-second strips containing these events (Figure 8). Beyond just
critical and noncritical rhythm classes, sinus rhythm, sinus bradycardia, and
unreadable signals due to noise or electrode dysfunction were included. This
inclusion aimed to assess the Al model’s performance across these conditions
and to provide physician annotators with a varied sample set, obscuring which
strips contained critical arrhythmias. Ultimately, 5,245 strips were selected;
of these, 2,240 contained critical arrhythmias. However, due to errors in
uploading, ten strips were lost, resulting in a final count of 5,235 strips, with
2,236 containing critical arrhythmias.
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Unselected patient population, n=14,606

}

Strip sampling script
- random sampling

—

Rhythm events detected by Al

356 VT210s
304 SVT=30s
266 Atrial fibrillation230s
320 Sinus arrest/asystole>3.5s
210 3 degree AV block
428 2nd degree AV block
173 22.0s pauses
136 Premature atrial complexes
150 Premature ventricular complexes
150 Ectopic atrial rhythm
134 SVT<30s
171 VT<10s
203 IVR
164 AIVR
125 Noise/electrode dysfunction
125 Sinus rhythm

Upload errors, n=10

- _
_— —

——p

—_

Rhythm events detected by technicians

99 VT210s
197 SVT=30s
227 Atrial fibrillation230s
181 Sinus arrest/asystole 23.5s
80 3™ degree AV block
72 2nd degree AV block
77 22.0s pauses
116 Premature atrial complexes
101 Premature ventricular complexes
98 Ectopic atrial rhythms
117 SVT<30s
79 VT<10s
48 IVR
86 AIVR
125 Noise/electrode dysfunction
127 Sinus rhythm

Total number of strips = 5235 (2236 critical)

Figure 8. Strip Selection. VT = Ventricular tachycardia; AF = Atrial fibrillation; SVT = Supraventricular tachycardia; AIVR=
Accelerated idioventricular rhythm; IVR = Idioventricular rhythm; EAR = Ectopic atrial rhythm. Courtesy MD PhD Linda Johnson,
Lund University and MEDICALgorithmics.
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Following the initial technician/Al analysis, all 34-second strips were
meticulously annotated beat-to-beat by 17 panels, each consisting of three
expert annotators to provide the ground truth for comparison. These panels
included at least two board-certified cardiologists and were supplemented by
either board-certified clinical physiologists (n = 2) or final-year cardiology
residents. The physicians on the panels independently performed the
annotations, blinded to the criteria used for strip selection. Strips were
randomly distributed among the panels and presented in random order, with
annotations being made using a custom-built software platform. Each strip
was annotated beat-by-beat by the physicians, and any discrepancies at the
beat level were resolved through consensus by a panel of three experts. The
resulting gold-standard annotations were then compared to the beat-to-beat
annotations made by the Al model and technicians based on prespecified
acceptance criteria. Arrhythmic events were considered concordant with the
panel annotations if there was >80% overlap in beat type and duration for all
sustained tachyarrhythmias, and 90% overlap in duration for asystole events
and pauses. For second- or third-degree AV block, the presence of any such
event within the strip was deemed a concordant annotation. Single ectopic
atrial and ventricular beats were deemed concordant within +45 samples (150
ms). Noise annotations were deemed concordant if they matched at least 80%
of the panel annotation in duration. Thus, minor discrepancies between the
Al/technician annotations and the consensus panel annotations, on the beat-
to-beat level, were permissible, such as a low number of supraventricular beats
or beats with unknown types within AF episodes.

In Paper 1V, as referenced here from a previous publication (52), all
arrhythmias were detected using a deep learning algorithm, which performed
beat-to-beat labeling of the entire recording for up to 31 days and included
manual verification. Atrial fibrillation (AF) was defined as >30 seconds of
irregular thythm without discernible P-waves. Premature atrial complexes
(PACs) were identified as premature complexes (QRS duration <120 ms) with
incomplete compensatory pauses, while wide complex PACs due to aberrant
conduction were specifically categorized. Premature ventricular complexes
(PVCs) were defined as premature wide complexes with complete
compensatory pauses. For both PACs and PVCs, prematurity was determined
by a beat preceded by a rate interval that was >20 beats per minute faster than
the preceding normal-to-normal interval.

A Lasso model with cross-validation and penalized coefficients was
derived in a random 50% of the cohort (the training dataset) with AF as
outcome. For inclusion, we specified a total of 28 predictors: age, sex, and
ECG-derived variables including mean, minimum, and maximum heart rate
during sinus rhythm; the lowest heart rate during bradycardia; the rate and
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pattern of occurrence of PACs and PVCs as singles, couplets, triplets, SVTs,
and VTs, as well as heart rate during couplets, triplets, and SVT, AIVR, or VT
events. Arrhythmia frequencies were derived from total diagnostic signal
time. In order to account for possible nonlinear relationship and highly skewed
data, heart rate variables and variables describing the frequency of PAC and
PVC occurrence were stratified according to deciles; the resulting strata were
entered into the model as continuous variables. This model was denoted the
“full model.” For comparison, we also derived an “*ECG-only’ model” based
only on ECG-derived variables, without age and sex.

Since the Lasso model is a parsimonious model based on goodness of fit,
the selected variables may not include all clinically relevant 24-h ECG risk
markers. We therefore wanted to analyze differences in the 24-h ECG pattern
among patients with a high risk of AF compared to patients with a low risk of
AF. In order to do so, we performed a nested case—control study where “high-
risk” patients, defined as predicted AF risk >10% were matched on age in 5-
year intervals, sex, and recording duration, to “low-risk” patients, defined as
predicted AF risk <5%. The resulting matches were then compared to each
other using conditional logistic regression analysis adjusted for age, sex, and
recording duration.

The statistical analysis measures from all papers are summarized in Table 1.
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4 RESULTS

4.1 Intellectual Property and Development Contributions: Patents, MDR
Certification, and Commercialization of the Wearable Technology

4.1.1 Patents

The major author’s intellectual property contribution was the original
creation of an idea in 2015-2016 to record a six-lead standard-limb-like ECG
without any wires for diagnosis confirmation. This method was then co-
developed into a practical application with the Bioengineering Institute of
Kaunas University of Technology, led by Vaidotas Marozas and Andrius
Petrenas, who were essential in transforming the concept into a tangible
device. In addition, this device incorporates a PPG-based algorithm for AF
detection, further enhancing the long-term monitoring and detection of
asymptomatic arrhythmias. Moreover, the author made significant
contributions through his practical observations, which included but were not
limited to optimizing the placement of electrodes on the device and ensuring
their correct positioning on the patient’s skin to address potential issues. He
focused on configuring the most user-friendly arrangement of the Einthoven-
triangle-like electrode configuration on the skin, identifying the most optimal
anatomical locations for electrode placement, and investigating how
variations in electrode localization affect ECG signals and other aspects.

This innovative work led to the creation of the world’s first wearable
device that offers both continuous PPG for screening of AF and the capability
to record intermittent, six-lead standard-limb-like ECG without wires for
rhythm confirmation by a physician. The initial patent was filed as a national
patent in Lithuania before the start of this PhD on November 22, 2018 (Priority
Data) (17), co-authored by JB and colleagues, led by Andrius Petrenas.
Subsequently, the patent was extended internationally on November 21, 2019,
under WIPO (19) with the PCT Number: WO/2020/104986A, and has since
been successfully published by the United States Patent and Trademark Office
(20), Japan Patent Office (JPO) (21), and European Patent Office (EPO) (18).

The main patent, titled 'A Long-Term Non-Invasive System for Monitoring
and Characterizing Atrial Arrhythmias in Patients with Post-Stroke
Conditions,' is currently registered with five patent offices. The essential
claims extracted from the patent are as follows:

1. Claim #1: A system for detection and long-term monitoring of atrial
arrhythmias as well as for time distribution characterisation of atrial
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arrhythmia’s episodes in a patient non-invasive way, comprising the
following components:

e a portable patient coupled device,

e apatient’s smart device,

e aphysician's smart device,

e a server intended for data transferring between the devices, data
storage, processing, visualisation and report development.

2. Claim #5: A method for heart arrhythmia monitoring and
characterisation according to claim 1, characterized in that, the a long-
term arrhythmia monitoring is carried in non-invasive way, in which
the continuous analysis of photoplethysmography signal is used to
detect pulse irregularities, as well as a short-term electrocardiography,
recorded by simultaneously touching with a finger the portable device
(I lead), chest, abdomen or leg ( modified I, I, III, aVR, aVL, aVF
leads), which is used to reduce the number of false alarms.

The embodiments for system implementation are demonstrated below in
Figure 9 and Figure 10.

Pulse rate 75 bpm

] | |
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Figure 9. The view of the main components of the patient-coupled device.

43



{

Figure 10. Presents one of the options of the device use, designed to record a
6-lead electrocardiogram not utilising the sticky electrodes (17).

Additionally, the author has contributed to another patent entitled 'Method
for Establishing a Causality Score Between Atrial Fibrillation Triggers and
Atrial Fibrillation Pattern,’ which details a methodological approach for
determining the relationship or causality between specific triggers of atrial
fibrillation and the resulting patterns of the condition (45).

4.1.2 MDR Certification

From the inception of the device concept, designed to record PPG and 6-
lead ECG, there was a deliberate strategy to position it as a professional
medical device, distinguishing it from many consumer-grade lifestyle
wearables available over the counter. Accordingly, the device underwent
MDR certification and other certifications (53). The commercial version,
now branded as Teltoheart, has successfully completed a comprehensive
certification process. It has achieved Class I CE marking for the hardware
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and Class Ila CE marking for the software and remote cloud platform.
Throughout this process, the author of this PhD thesis played a pivotal role as
the main clinical advisor.

4.1.3 Commercialization

Regarding the successful commercialization of the invention, the author
has been significantly involved in the Research & Development department at
Teltonika Telemedic. Specifically, leading the MDR certification process has
been a key aspect of the work, contributing substantially to the device's global
sales within the medical device and Internet of Things industries. Due to
significant demand for a CE-marked PPG-based device capable of recording
a multiple-lead ECG without wires, as of April 2025, TeltoHeart has been
adopted by over 30 clinics worldwide, becoming an integral part of their
treatment services. Each day, numerous physicians rely on data from
TeltoHeart to make clinical decisions. Currently, the device is sold in 30
countries across 5 continents, with major buyers highlighted in Figure 11.

&

Figure 11. Global sales map of TeltoHeart as of April 2025, highlighting
major buyers. Courtesy of Teltonika Telemedic.

4.2 Contributions in Scientific Papers

The author of this PhD thesis served as the principal investigator in Paper
I and Paper II, with main responsibilities including study design and
execution. These studies represented the first comprehensive clinical
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investigations of the invented device in patients with heart rhythm disorders.
The author was also directly involved in patient-related tasks such as
recruitment and inclusion, conducted the majority of the statistical analyses,
drafted both manuscripts, and contributed to their critical revision.

In Paper III, the author coordinated the Lithuanian panel of three
cardiologists during the annotation process, completed full annotation of
presented ECG recordings, and participated in the critical revision of the
manuscript, resulting in co-authorship of the final scientific publication.

In Paper IV, the author contributed to the critical revision of the
manuscript, which led to co-authorship of the published paper.

4.3 Paper I: Validating the Device by Assessing Diagnostic Accuracy

All three diagnostic methods of the invented device were tested not only
against a control group with stable sinus rhythm (SR) but also against a control
group with SR that exhibited frequent premature beats. The latter group
consisted of 128 individuals with dominant PVCs (n = 88) or PACs (n = 40)
(Table 2). The results in this chapter are cited from the previous publication

(15).

Table 2. Baseline characteristics

Characteristic AF Stable SR SR with frequent
(n=121) (n=95) premature contractions
(n=128)
Age (yrs.), mean + SD 65.6 + 64.0 +£13.8 673 +14.2
11.2

Male, n (%) 64 (52.9) 55 (57.9) 69 (53.9)
Paroxysmal: Persistent: 101:14:6 NA NA
Permanent AF
Type and frequency of
premature contractions

Dominant PVC: Dominant NA NA 88:40
PAC type

Cases with frequent runs of 0(0) 0(0) 12 (9.4)
>3 PACs/ PVCs, n (%)

Cases with frequent 0(0) 0(0) 31 (24.2)
bigeminy/ trigeminy episodes, n
(%)

PVCs, median beats/min <0.5 <0.5 6.7 (16.4-2.6)
(IQR)

PACs, median beats/min <0.5 <0.5 5.5(14.6-2.9)
(IQR)

Total, median beats/min <0.5 <0.5 6.2 (16.1-2.8)
(IQR)
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Characteristic AF Stable SR SR with frequent

(n=121) (n=95) premature contractions
(n=128)

CHADS2VASc risk score
(categorical)

0-1, n (%) 37 (30.6) 4 (18.2) 1(3.2)0

2-4,1n (%) 64 (52.9) 14 (63.6)* 21 (67.7)°
>5,n (%) 20 (16.5) 4 (18.2) 9 (29)°
CHADS2VASc risk score 27+1.7 3.1+£14 3.8+1.7°
(quantitative), mean = SD
HAS-BLED score, mean + SD 09+0.8 0.8+0.62 1.4+1.0°
OAC, n (%) 91 (75.2) 19 (20) 23 (18)
DOAC, n (%) 67 (55.4) 15 (15.8) 15 (11.7)
Warfarin, n (%) 23 (19) 4(4.2) 8(6.3)
LMWH, n (%) 1(0.8) 0(0) 0(0)

2Calculated for patients with a history of AF, thus the denominator is 22. ®Calculated for patients
with a history of AF, thus the denominator is 31. AF, atrial fibrillation; SR, sinus rhythm; PVC,
premature ventricular contraction; PAC, premature atrial contraction; OAC, oral anticoagulant;
DOAC, direct oral anticoagulant; LMWH, low molecular weight heparin; IQR, interquartile
range.

To meet a threshold for a sufficient frequency of at least one extrasystole
per 2 min, a Holter ECG of validated device was thoroughly examined. The
real burden of PVCs/PACs exceeded the threshold to a large extent and
comprised a median of 6.2 (16.1-2.8) premature beats per minute.
Importantly, almost a quarter of this group (31/128, 24.2%) had episodes of
bigeminy or trigeminy and almost a one-tenth (12/128, 9.4%) had runs of >3
PACs/PVCs which were often irregular (Figure 12). The mentioned
arrhythmogenicity parameters reflect the significant pressure we have put on
both the PPG algorithm and the ECG of the device to differentiate between
SR and AF.
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. aVF

Speed: 25mm/s, 10mm - 0.8mV  Signal time: 0:04:12 - 0:04:20  Frequency: 500Hz

Figure 12. PPG (top panel) and wearable 6-lead ECG (lower panel) of the atrial run, which may also be called “micro-AF”. By
definition, it is a sudden onset of irregular tachycardia with episodes of >5 consecutive supraventricular beats and total absence of

P-waves, lasting less than 30 s (54).
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4.3.1 Automated PPG-Based Algorithm of the Device for AF Detection

The total duration of the PPG recordings of 344 individuals was 8§933.8 min,
averaging 26.0 + 29.9 min per patient. The PPG-based detector embedded in the
wrist-worn device analyzed the rhythm and successfully detected AF with an
overall accuracy of 99.9% when AF was compared to the stable SR group (Table
3). In addition, if we included patients with frequent PVCs/PACs into the control
group, it resulted in seven false-positive cases (three due to frequent PVCs and
four due to frequent PACs) compared to none in stable SR group (P < 0.001).
Consequently, the overall accuracy dropped to 96.8%.

Table 3. Diagnostic measures of automated PPG-based algorithm for AF detection

Measure AF vs. stable SR AF vs. both SR groups
group (n=216) including frequent
PVCs/PACs (n=344)
Sensitivity (%), (95% CI) 94.2 (88.4-97.6) 94.2 (88.4-97.6)
Specificity (%), (95% CI) 100 (96.2-100) 96.9 (93.6-98.7)
Accuracy (%), (95% CI) 99.9 (98.2-100) 96.8 (94.4-98.4)
LR (+), (95% CI) - 30.01 (14.46-62.31)
LR (-), (95% CI) 0.06 (0.03-0.12) 0.06 (0.03-0.12)

AF, atrial fibrillation; SR, sinus rhythm; PVC, premature ventricular contraction;
PAC, premature atrial contraction; LR (+), positive likelihood ratio; LR (-), negative
likelihood ratio.

As anticipated, the median of premature beats per minute in our false-
positive cases of the PPG-based algorithm reached 13.2 (IQR 41.2-10),
(n="7) and tended to be higher compared to the burden of ectopy in the rest
of cases in the group of SR with frequent PVCs/PACs, which comprised 5.6
(IQR 16-2.5), (n=121) (P = 0.053) (Figure 13). In contrast, among false-
positive cases subgroup none of the patients had bigeminy/trigeminy episodes
(0 of 7, P=0.124) and only a minority had frequent runs of >3 PACs/PVCs
(2 of 7, P=0.073).
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Figure 13. Association between count of premature beats per minute and type
I error of the PPG-based algorithm for AF detection in the control group of
SR with frequent premature beats (n = 128). PPG, photoplethysmography;
AF, atrial fibrillation; SR, sinus rhythm.

4.3.2 Six-Lead-ECG of the Device for AF Detection When Assessed by
Independent Cardiologists

When three diagnosis-blinded cardiologists assessed wearable ECG
recordings (n=344), three of them were classified as 'Cannot be concluded'
(n=3). The rest of the tracings (n=341) yielded a sensitivity of 99.2%, a
specificity of 100% and an accuracy of 100% when comparing the AF group
vs. the stable SR group (Table 4). Extending the control group with all SR
patients including frequent PVCs/PACs led to a sensitivity of 99.2%, a
specificity of 99.1% and an accuracy of 99.1%. Similarly to PPG-based AF
detection results, the group of SR with frequent premature contractions here
added two false-positive cases and thus slightly decreased the specificity.
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However, the difference of type I error due to inclusion of patients with
frequent PVCs/PACs was not significant compared to the stable SR group (P
=0.065).

Table 4. Diagnostic measures of the 6-lead ECG of the device for the detection of AF

Measure AF vs. stable SR AF vs. both SR groups
group (n=214) including frequent
PVCs/PACs (n=341)
Sensitivity (%), (95% CI) 99.2 (95.4-100) 99.2 (95.4-100)
Specificity (%), (95% CI) 100 (96.2-100) 99.1 (96.8-99.9)
Accuracy (%), (95% CI) 100 (-) 99.1 (97.4-99.8)
LR (+), (95% CI) - 110.07 (27.70-437.41)
LR (-), (95% CI) 0.01 (0.00-0.06) 0.01 (0.00-0.06)

AF, atrial fibrillation; SR, sinus rhythm; PVC, premature ventricular contraction;
PAC, premature atrial contraction; LR (+), positive likelihood ratio; LR (-), negative
likelihood ratio.

4.3.3 The Cohesive System of the PPG-Based Algorithm and the Six-Lead-
ECG of the Device for AF Detection

The model of integrated 'double-check' system with both methods together, as
described in the measurements section, yielded a sensitivity of 94.2%, a
specificity of 100% and an accuracy of 99.9% when differentiating between AF
vs. stable SR (Table 5). Furthermore, comparing AF vs. all patients with SR
including frequent PVCs/PACs led to a sensitivity of 94.2%, a specificity of
99.6% and an accuracy of 99.5%. Of seven initially false-positive cases by the
PPG-based algorithm, the diagnosis-blinded cardiologists were able to correct the
diagnosis to SR in six of them (P = 0.012). The system of both methods
demonstrated a high Cramer's V association (0.949, P <0.001) (Figure 14).

Table 5. Diagnostic measures of the system combining monitoring with an automated
PPG-based algorithm together with the 6-lead wearable ECG confirmation

Measure AF vs. stable SR AF vs. both SR groups

group (n=216) including frequent
PVCs/PACs (n=344)

Sensitivity (%), (95% CI) 94.2 (88.4-97.6) 94.2 (88.4-97.6)

Specificity (%), (95% CI) 100 (96.2-100) 99.6 (97.5-100)

Accuracy (%), (95% CI) 99.9 (98.2-100) 99.5 (98.0-100)

LR (+), (95% CI) - 210.10 (29.71-1485.76)

LR (-), (95% CI) 0.06 (0.03-0.12) 0.06 (0.03-0.12)

AF, atrial fibrillation; SR, sinus rhythm; PVC, premature ventricular contraction; PAC,
premature atrial contraction; LR (+), positive likelihood ratio; LR (-), negative likelihood ratio.
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4.3.4 Summary

To summarize, the system of both PPG-based algorithm and six-lead ECG
yielded a sensitivity of 94.2% and a specificity of 99.6%. A separate method
of manual six-lead ECG interpretation yielded a sensitivity of 99.2% and a
specificity of 99.1% (Paper I).

Cramer’s V=0.910, P < 0.001 Cramer’s V=0.981, P < 0.001  Cramer’s V=0.949, P < 0.001
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Figure 14. Performance of PPG-based algorithm, 6-lead ECG and the system
of both methods to detect AF (n =341). The group of AF is compared to both
control SR groups, including patients with frequent PVCs/PACs. PPG,
photoplethysmography; ECG, electrocardiography; AF, atrial fibrillation; SR,
sinus rthythm; PVC, premature ventricular contraction; PAC, premature atrial
contraction.

52



Despite the presence of frequent PVCs/PACs in the control group,
physicians can detect and diagnose AF with high specificity during short-term
monitoring using the device, which integrates a PPG-based algorithm and a
wire-free, six-lead ECG into a cohesive system.

4.4 Paper II: Comparison of Six-Lead ECG with Single-Lead ECG for
AF Detection

A crucial aspect of comparing the diagnostic methods involved challenging
the device's performance with a significant presence of premature beats in the
control groups. In the control subgroup of SR with PACs and PVCs, the
median burden of premature beats per minute was recorded at 5.5 beats/min
(IQR 3, 13.9) and 6.7 beats/min (IQR 2.7, 16.4), respectively (Table 6).
Patients with frequent PVCs were more likely to exhibit bigeminy/trigeminy
(31.8%, 28/88) and less likely to present with runs of >3 beats (5.7%, 5/88),
compared to patients with frequent PACs, who showed rates of 7.5% (3/40)
for bigeminy/trigeminy and 17.5% (7/40) for runs of >3 beats. These findings
highlight not just the occurrence of discrete single premature beats but also
the patterns of grouped extrasystoles or very frequent bigeminy/trigeminy
episodes, contributing to significant irregularity.

In the group of AF the median duration of an ECG and the median number
of six-lead or single-lead ECG recordings per patient was 166.5 s (130, 222.5)
and 1 recording (1, 1), respectively.

In the control group of frequent PACs/PVCs the median duration of an
ECG and the median number of six-lead or single-lead ECG recordings per
patient was 156 s (125.5, 209.8) and 1 recording (1, 2), respectively.

Accordingly, the duration of PPG signal per patient was 1,358 seconds
(892, 2,206) in patients with AF and 1,113 seconds (915.8, 1,718.8) in patients
with frequent premature beats.

Table 6. Baseline characteristics

Characteristic AF (n=121) SR with frequent premature
contractions (n=128)
SR with SR with
frequent frequent PVCs
PACs (n=40) (n=88)
Age (yrs.), mean = SD 65.6+11.2 709 +11.6 65.7+15.0
Male, n (%) 64 (52.9) 20 (50) 49 (55.7)
Paroxysmal: Persistent: Permanent 101:14:6 NA NA
AF
Type and frequency of premature
contractions
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Characteristic AF (n=121) SR with frequent premature
contractions (n=128)

SR with SR with
frequent frequent PVCs
PACs (n=40) (n=88)
Cases with frequent runs of >3 PACs/ 0 (0) 7(17.5) 5(5.7)
PVCs, n (%)
Cases with frequent bigeminy/ 0(0) 3(7.5) 28 (31.8)
trigeminy episodes, n (%)
PACs, median beats/min (IQR) <0.5 54(2.6,12.8) <0.5
PVCs, median beats/min (IQR) <0.5 <0.5 5.6(2.4,16.4)
Total, median beats/min (IQR) <0.5 5.5(3,13.9) 6.7(2.7,16.4)
CHADS2VASc risk score
(categorical)
0-1, n (%) 37 (30.6) 1(7.1)7 0 (0)°
2-4, n (%) 64 (52.9) 8 (57.1 13 (76.5)°
>5,n (%) 20 (16.5) 5(35.7)® 4(23.5)°
CHADS2VASc risk score 27+1.7 4+2.1° 3.6+1.2°
(quantitative), mean = SD
HAS-BLED score, mean += SD 09+0.8 1+£0.72 1.7+£1.2b
OAC, n (%) 91 (75.2) 10 (25) 13 (14.8)
DOAC, n (%) 67 (55.4) 6 (15) 9(10.2)
Warfarin, n (%) 23 (19) 4 (10) 4 (4.5)
LMWH, n (%) 1(0.8) 0 (0) 0(0)

Calculated for patients with a history of AF, thus the denominator is 14. *Calculated for patients
with a history of AF, thus the denominator is 17. AF, atrial fibrillation; SR, sinus rhythm; PVC,
premature ventricular contraction; PAC, premature atrial contraction; OAC, oral anticoagulant;
DOAC, direct oral anticoagulant; LMWH, low molecular weight heparin; IQR, interquartile
range.

4.4.1 Single-Lead ECG, Six-Lead ECG and PPG-Based Algorithm for AF
Detection when Controlled by SR with PACs and PVCs

When compared to the control group, AF detection based on six-lead ECG,
single-lead ECG, and PPG-based detector yielded a sensitivity of 99.2% (95%
CI: 95.4-100), 95.7% (95% CI: 90.3-98.6), and 94.2% (95% CI: 88.4-97.6),
respectively (Table 7). Due to type I error, the specificity of the same
diagnostic tools was 98.4% (95% CI: 94.4-99.8), 92.5% (95% CI: 86.2-96.5)
and 94.5% (95% CI: 89.1-97.8), respectively. The six-lead ECG
demonstrated the highest overall accuracy with 98.4% (95% CI: 89.1-97.8),
followed by the PPG-based detector with 94.5% (95% CI: 90.9-97) and
single-lead ECG with 92.5% (95% CI: 88.4-95.5).
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Table 7. Diagnostic measures of the wrist-worn device for AF detection controlled by SR with PVCs/PACs

Measure

Single-lead ECG

Six-lead ECG

PPG-based detector

aSensitivity, % (95% CI)
aSpecificity, % (95% CI)

#Accuracy, % (95% CI)

95.7 (90.3-98.6)
92.5 (86.2-96.5)
92.5 (88.4-95.5)

99.2 (95.4-100)
98.4 (94.4-99.8)
98.4 (96.0-99.6)

94.2 (88.4-97.6)
94.5 (89.1-97.8)
94.5 (90.9-97)

False positive cases, n (%) 9/120 (7.5) 2/127 (1.6) 7/128 (5.5)

False negative cases, n (%) 5/117 (4.3) 1/119 (0.8) 7/121 (5.8)

Cannot be concluded by a physician, n (%) 12/249 (4.8) 3/249 (1.2) NA

Cramer's V, PACs subgroup 0.803, P <0.001 0.950, P <0.001 0.823, P <0.001
“Inter-rater agreement, PACs subgroup 0.803, P <0.001 0.950, P <0.001 NA

Cramer's V, PVCs subgroup 0.918, P <0.001 0.990, P <0.001 0.903, P <0.001
“Inter-rater agreement, PVCs subgroup 0.918, P <0.001 0.990, P < 0.001 NA

AUC, PACs subgroup (95% CI) 0.898 (0.849-0.946) 0.971 (0.948-0.994) 0.921 (0.881-0.962)
AUC, PVCs subgroup (95% CI) 0.961 (0.935-0.987) 0.996 (0.988-1.00) 0.954 (0.926-0.982)
PACs/PVCs in false positive cases, median beats/min (IQR)  18.8 (11.6, 22.6) 64.3 (41.2,87.4) 13.2(10,41.2)

3Calculated for the overall control group of SR with PACs and PVCs. "Measured as Cohen's kappa. AF, atrial fibrillation; SR, sinus rhythm;
PVC, premature ventricular contraction; PAC, premature atrial contraction; IQR, interquartile range. Both wearable-recorded ECGs were
interpreted manually by diagnosis-blinded cardiologists. The PPG-based AF detector operated automatically.
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False positive cases were more common for single-lead ECG (9/120, 7.5%)
or tended to be more common for PPG-based detector (7/128, 5.5%) compared
to six-lead ECG (2/127, 1.6%) (P=0.02 and P = 0.08, respectively).

The higher number of premature beats per minute was the main factor
associated with false positive cases in comparison to true negative cases for
each diagnostic method, namely the single-lead ECG (18.80 vs. 5.40
beats/min, P <0.01), the six-lead ECG (64.3 vs. 5.8 beats/min, P =0.018) and
the PPG-based detector (13.20 vs. 5.60 beats/min, P =0.05) (Figure 15). Of
note, six-lead ECG was the most robust tool as it required 3.4 times more
premature beats to result in a false positive outcome compared to single-lead
ECG and 4.9 times more premature beats compared to the PPG-based
detector. A single-lead ECG (12/249) was more frequently labeled “Cannot
be concluded” than six-lead ECG (3/249) (P=0.01).

Witann—Whitney = 221.3, p = 0.006 Witann—Whitney = 2.0, p = 0.018
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False-positive detection of AF by single-lead False-positive detection of AF by six-lead
wearable-recorded ECG in the control group wearable-recorded ECG in the control group

Figure 15. Association between count of premature beats per minute and type
I error of the wearable-recorded single-lead ECG (left panel) vs. six-lead ECG
(right panel) in the control group of SR with frequent premature beats. AF,
atrial fibrillation.

There was no trend of AF with higher rates of beats per minute in false
negative cases. The median beats per minute in false negative cases of PPG-
based detector (7/121) was 92 bpm (58, 116). Accordingly, in a single false
negative case of six-lead ECG (1/119) the median was 76 bpm and in 5 cases
of single-lead ECG the median was 92 bpm (92, 94).
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4.4.2 Single-Lead ECG, Six-Lead ECG, and PPG-Based Algorithm for AF
Detection when Controlled by SR with Frequent PACs

When compared to the control subgroup of PACs, the specificity of AF
detection by six-lead ECG, single-lead ECG, and PPG-based detector dropped
to 95% (95% CI: 83.1-99.4), 83.8% (95% CI: 68-93.8), and 90% (95% CI:
76.3-97.2), respectively (Figure 16). Interestingly, further analysis of single-
lead ECGs (AUC 0.898; Cramer's V association 0.803, P <0.001; inter-rater
agreement Cohen's kappa 0.803, P <0.001) showed lower diagnostic value not
only compared to six-lead ECG (AUC 0.971; Cramer's V association 0.950,
P <0.001; inter-rater agreement Cohen's kappa 0.950, P <0.001), but also
lower than PPG-based detection (AUC 0.921; Cramer's V association 0.823,
P <0.001).
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Figure 16. Performance of single-lead ECG (n =237), six-lead ECG (n = 246)
and the PPG-based algorithm (rn=249) to detect AF. The group of AF is
compared to either a control subgroup of SR with frequent PVCs or PACs.
PPG, photoplethysmography; ECG, electrocardiography; AF, atrial
fibrillation; SR, sinus rthythm; PVC, premature ventricular contraction; PAC,
premature atrial contraction.
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4.4.3 Single-Lead ECG, Six-Lead ECG, and PPG-Based Algorithm for AF
Detection when Controlled by SR with Frequent PVCs

When compared to the control subgroup of PVCs, the specificity of AF
detection by six-lead ECG, single-lead ECG, and PPG-based detector yielded
a specificity of 100% (95% CI: 95.9-100), 96.4% (95% CI: 89.8-99.3), and
96.6% (95% CI: 90.4-99.3), respectively (Figure 16). In this case the
diagnostic value of single-lead ECG (AUC 0.961; Cramer's } association
0.918, P<0.001; inter-rater agreement Cohen's kappa 0.918, P<0.001) was
lower compared to six-lead ECG (AUC 0.996; Cramer's V association
0.990, P <0.001; inter-rater agreement Cohen's kappa 0.990, P <0.001), but
non-inferior to PPG-based detector (AUC 0.954; Cramer's V association
0.903, P<0.001).

4.4.4 Summary

To summarize, single-lead ECG required 3.4 times fewer extrasystoles
than six-lead ECG to result in a false positive outcome. A six-lead wearable-
recorded ECG does bring a clear additional diagnostic benefit for AF detection
compared to a single lead-I-like ECG commonly used in most smartwatches
and automatic PPG-based AF detector (paper II).

4.5 Paper III: Al vs. Technicians' Detection of Arrhythmia in Direct-to-
Physician Ambulatory ECG Reporting

The comparative analysis distinguished between two types of

arrhythmias, namely, critical and non-critical.
1) Critical arrhythmias included:

e atrial fibrillation >30s,

e ventricular tachycardia >10s + >120 bpm,

e supraventricular tachycardia >30s,

e 3rd degree AV-block,

e asystole >3.5s.
2) The non-critical arrhythmias included:

e premature atrial complexes and premature ventricular complexes,

e second-degree AV block,

e pauses 0f2.0-3.5s,

e VT episodes <10s,

e idioventricular/accelerated idioventricular rhythms,

e SVT episodes <305,

e ectopic atrial thythm.
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The most common monitoring indications were palpitations, syncope,
dizziness and examination for AF (Table 8).

Table 8. Monitoring indications reported on device. Several answers per
patient possible.

Indication N Age, mean+SD % males
Palpitations 7026 61.7£17.3 36.3
Syncope/collapse 2231 68.5+16.7 437
Dizziness and giddiness 1500 69.0+14.9 45.7
Atrial fibrillation, paroxysmal 1481 71.7+10.7 49.6
Atrial fibrillation, unspecified 1222 71.3£11.7 51.6
Transient Ischemic Attack 1035 71.7£10.3 43.1
Dyspnea 946 66.8£15.2 39.1
Tachycardia 811 59.9£19.7 39.0
Bradycardia 890 70.2+15.3 55.1
Atrial flutter 651 68.6£12.2 56.5
Premature ventricular complexes 477 64.5+16.7 333
Persistent AF 382 62.1+17.2 49.0
Stroke 322 70.9£10.5 432
Other 222 61.0£19.6 414

Further described results are cited from the previously published Paper I11 (47).
4.5.1 Critical Arrhythmias

The AI model had superior sensitivity for the primary endpoint of false-
negative findings (all instances of the arrhythmia missed for the full recording) of
critical arrhythmia (98.6% (95% confidence interval (CI)=97.7-99.4) versus
80.3% (95% CI=77.3-83.3%) (Table 9). The Al model analysis had 3.2 false
negatives per 1,000 patients, compared to 44.3 per 1,000 for technicians
(Figure 17), resulting in a relative risk (RR) of a false-negative finding of critical
arrhythmias of 14.1 (95% CI=10.4-19.0) for technician analysis compared to
DeepRhythmAI model analysis. Table 10 reports these results for individual
arrhythmias. The RR for false-negative findings over the full recording increased
with increasing monitoring duration (RR=7.8 (95% CI=3.1-19.8) for 1-2 days
of monitoring, RR=9.1 (95% CI=3.9-21.1) for 3-7 days of monitoring and
RR=17.9 (95% CI=11.9-26.9) for >8 days of monitoring). Overall, the negative
predictive value for critical arrhythmias was 99.9% (95% CI=99.9—100%) for
the Al model compared to 99.1% (95% CI=98.9-99.2) for technicians, and the
Al model had superior negative predictive values for all individual critical
arrthythmia classes (Table 9). The Al model detection rates of true-positive VTs,
SVTs, asystoles and third-degree AV blocks were substantially higher than the
technicians, and the Al model detected numerically more AF events (Figure 18).
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Table 9. Performance of DeepRhythmAI and ECG technicians compared to the consensus panel of cardiologists for critical arrhythmias.

Accuracy (95% CI), % True-positive True-negative PPV, % (95% CI) NPV, % (95% CI) F1 score, %
rate/sensitivity, rate/specificity,
% (95% CI) % (95%CT)
Al Technician Al Technician Al Technician Al Technician Al Technician Al Technician
1
g?j;:l AVETAEC 051 98.4 98.6 80.3 98.1 99.2 713 82.7 99.9 99.1 82.7 815
arthythmias (97.9-98.2)  (98.1-98.5) (97.7-994)  (77.3-83.3) (97.9-98.2) (99.0-99.3) (68.5-73.9) (79.4-85.6) (99.9-100) (98.9-99.2) (80.9-84.5)  (79.0-83.6)
VT>10s 98.2 99.5 98.0 64.4 98.2 99.8 272 67.7 99.98 99.7 42.6 66.0
= (98.1-983)  (99.4-99.6)  (94.8-100)  (54.9-73.8) (98.1-98.3) (99.7-99.8) (22.8-323) (58.2-76.6) (99.96-100) (99.6-99.8) (37.1-48.6) (57.4-73.2)
AF>30s 972 97.4 99.1 90.5 96.9 98.4 82.3 88.9 99.9 98.6 90.0 89.7
= (96.5-97.9)  (96.6-98.0)  (97.7-100)  (86.8-94.0) (962-97.7) (97.8-98.9) (77.8-86.8) (84.7-92.6) (99.7-100) (98.0-99.2) (87.1-92.7)  (86.7-92.3)
SVT>30s 97.4 96.1 973 62.9 97.4 98.1 70.6 65.8 99.8 97.8 81.8 64.3

07.1-97.9)  (955-96.7)  (94.9-99.1)  (56.6-69.3) (97.0-97.9) (97.7-98.4) (65.9-75.7) (59.3-722) (99.7-99.9) (97.2-98.3) (783-75.2) (58.7-69.8)

98.5 99.2 100 80.6 98.4 99.8 65.7 91.2 100 99.4 79.2 85.8

>
Asystole23.5' (98.2-98.7)  (99.0-99.4)  (100-100)  (75.0-86.0) (98.2-98.6) (99.7-99.9) (60.5-70.4) (87.8-95.6) (100-100) (99.2-99.6) (75.4-82.6)  (82.1-89.5)

Third-degree AV 99.3 9.5 96.4 52.6 993 99.9 512 76.3 100 9.6 66.9 622
block (99.2-994)  (99.3-99.6)  (925-99.2) (44.0-61.6) (99.2-99.4) (99.8-99.9) (44.6-48.2) (67.1-85.4) (99.9-100) (99.5-99.7) (612-72.8)  (53.9-70.0)

1. The bold values denote nonoverlapping CIs between methods.
2. NPV, negative predictive value; PPV, positive predictive value.
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Table 10. Relative risks of false-negative findings for technicians compared
to artificial intelligence.

Critical arrhythmia Relative risk ~ 95% confidence intervals P value
Any critical arrthythmia  14.1 10.4-19.0 <0.0001
AF>30s 10.2 6.2-16.8 <0.0001
SVT=30s 12.5 8.2-18.9 <0.0001
Asystole>3.5s 82.0 11.0-589.0 <0.0001
31 degree AV block 13.8 5.0-37.9 <0.0001
VT=10s 18.5 4.5-76.7 <0.0001

Al analysis resulted in no false negatives for asystoles >3.5 seconds, results
are calculated with the addition of 1 false negative for Al in this category.
Two-sided P values were derived using Fischer’s exact test. VT, ventricular
tachycardia; AF, atrial fibrillation; SVT, supraventricular tachycardia.
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Figure 17. False-negative critical arrhythmias per 1,000 patients by Al and
technician analysis. Error bars represent 95% Cls derived using bootstrapping.
AVB, AV block.
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Figure 18. True-positive critical arrhythmias per 1,000 patients by Al and
technician analysis. Error bars represent 95% Cls derived using bootstrapping.

DeepRhythmAI model analysis resulted in more false-positive findings of
asystoles, third-degree AV block and >10s VT (Figure 19). Panel
classifications of patients for whom strips were extracted are reported in
Figure 20.
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Figure 19. False-positive critical arrhythmias per 1,000 patients by Al and
technician analysis. Error bars represent 95% Cls derived using bootstrapping.
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Figure 20. Diagnoses of patients with critical arrhythmias by DeepRhythmAlI
and ECG technicians. Sankey diagram showing arrhythmic event durations
for critical arrhythmias as detected by each of the two methods. Cardiologist
panel annotations are used to classify DeepRhythmAl and ECG technician
annotations into TP, FP or FN. For FP and FN detections, we also report
whether these were annotated by the cardiologist panels as another critical
arrhythmia class or as a noncritical arrhythmia/moise or NSR. TP, true
positives; FP, false positives; FN, false negatives; NSR, normal sinus rhythm.

Full confusion matrix statistics for individual critical arrhythmias for both
the Al model and technicians compared to panel annotations are reported in
Table 9. DeepRhythmAI model analysis was superior in terms of sensitivity
but had lower specificity for >10s VT, asystole and third-degree AV block.
The Al model analysis had similar positive predictive value to technicians for
AF and sustained SVTs but lower positive predictive values for sustained VT,
third-degree AV block and asystoles. The overall F1 score, which is the
harmonized mean of positive predictive value and sensitivity, was similar for
the Al model and technicians. However, the F1 scores for Al were superior
for sustained SVT, and the F1 score for technicians was better for VT.

4.5.2 Noncritical Arrhythmias

Results for noncritical arrhythmias are reported in Table 11. The Al model
had superior sensitivity for all noncritical arrhythmias and a superior F1 score
for pauses and idioventricular/accelerated idioventricular rhythms but lower
specificity for all noncritical arrhythmias except SVT episodes <30s and
ectopic atrial rhythms.
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Table 11. Performance of DeepRhythmAlI and ECG technicians compared to the consensus panel of cardiologists for noncritical arrhythmias
Accuracy, % (95% CI) Sensitivity, % (95% CI) Specificity, % (95% CI) PPV, % (95% CI) NPV, % (95% CI) F1 score, %
Al Technician Al Technician Al Technician Al Technician Al Technician Al Technician
Second-
o ay 923 96.7 100 386 919 99.5 419 778 100 97.1 59.1 516
o Ogck ©17-929)  (957-97.4)  (100-100) (309-46.1)  (913-92.5) (993-99.7)  (37.3-463) (68.9-87.0)  (100-100) (96.1-979)  (543-633)  (43.7-592)
20-35s 950 903 97.8 488 ( 945 97.8 780 805 99.5 913 86.8 608
pauses (937-963)  (874-925)  (95.1-100.0)  40.1-57.7)  (93.0-96.0) (96.7-98.8)  (71.9-843) (704-89.3)  (99.0-100.0)  (88.1-93.6)  (82.8-90.5)  (52.0-68.0)
VT 3beats, 81.9 84.7 100.0 583 7538 95.7 58.5 84.8 100.0 84.7 738 69.1
10 (186-852)  (80.0-88.7)  (100.0-100.0) (48.8-67.7) (72.6-79.3) (93.6-97.8)  (509-66.1) (76.8-92.4)  (100.0-100.0) (792-89.0)  (675-79.6) (613-76.7)
AIVR 85.5 813 100.0 525 81.1 90.1 616 616 100.0 86.2 76.2 56.7
(82.6-884)  (772-848)  (100.0-100.0) (424-620) (78.1-843) (87.5-92.4)  (538-692) (50.6-71.1)  (100.0-100.0) (81.5-90.2)  (70.0-81.8)  (47.3-64.6)
VR 93.0 92.8 100.0 297 924 98.9 540 729 100.0 93.6 70.1 42
(92.0-941)  (904-94.6)  (100.0-100.0) (22.1-382) (91.4-935) (98.4-99.4)  (47.5-61.1) (60.0-85.7)  (100.0-100.0) (91.0-954)  (64.4-75.9)  (32.9-51.1)
SVT3 79.1 76.9 100.0 90.3 55.8 62.9 716 71.8 100.0 86.2 835 80.0
beats, 30s  (73.1-84.6)  (71.0-823)  (100.0-100.0) (842-96.0) (49.6-62.9) (564-704)  (634-79.1) (635-794)  (100.0-100.0) (77.7-941)  (77.6-884)  (73.9-85.1)
EAR>3 830 64.8 99.1 56.6 70.1 68.9 7.1 480 99.0 75.8 838 519
beats (187-87.6)  (594-702)  (96.8-100.0)  (45.9-674) (65.0-75.9) (647-732)  (657-79.7) (38.0-580)  (96.5-100.0)  (68.7-82.2)  (78.9-88.7)  (43.0-60.5)

1. The bold values denote nonoverlapping CIs between methods.
2. AIVR, accelerated idioventricular rhythm; IVR, idioventricular thythm; EAR, ectopic atrial rhythm.
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4.5.3 Summary

To summarize, the diagnostic accuracy of the Al algorithm’s arrhythmia
detection outperforms the accuracy of certified ECG technicians’ conclusions
in long-term Holter ECGs (Paper III). The DeepRhythmAl model
outperformed the technician analysis with an excellent negative predictive
value of 99.9% (false negatives in 3.2/1,000 patient days) for critical
arrhythmias compared to 99.1% (44.3/1,000 patient days). This substantial
reduction in false-negative findings comes with a modest increase in false-
positive findings (12/1,000 vs. 5/1,000 patient days, respectively).

4.6 Paper IV: ECG-Based Risk Markers and Predictive Modeling for AF in
Long-Term Holter Monitoring

The results are cited from a previously published Paper IV (52). Study
population characteristics are reported in Table 12. The mean (SD)
monitoring duration was 18.6 (9.6) days overall and 23.5 (7.7) days among
patients monitored for stroke/TIA. During follow-up, there were 1290 AF
events (7.1%) after a median recording duration of 5 days (interquartile range
(IQR) 2—11). Among patients monitored for stroke/TIA, there were 55 AF
events (3.7%) after a median recording duration of 11 days (IQR 5-16). On
the first monitoring day, 19.7% of the overall population had excessive
supraventricular ectopic activity (ESVEA).

Table 12. Study population characteristics.

Full population Poststroke/TIA patients
Number 18,220 1492
Age, mean (SD) 64.4(17.3) 71.1 (11.8)
Male sex 3862 (42.4%) 697 (46.7%)
Mean heart rate, mean (SD) 72.8 (11.3) 71.9 (10.1)
Maximum heart rate, mean (SD) 112.0 (20.9) 107.6 (16.9)
Minimum heart rate, mean (SD) 56.1 (9.4) 56.8 (9.1)

Total beats, mean (SD)

Total PACs, median (IQR)

94,588 (21,007)

54 (11, 315)
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Full population Poststroke/TIA patients

Single PACs, median (IQR) 41 (8, 238) 47 (13,211)
PAC couplets, median (IQR) 1 (0, 6) 1(0,6)
PAC triplets, median (IQR) 0(0,2) 0(0,2)
SVTs >4 beats, median (IQR) 0(0,2) 1(0,2)
AIVR beats, median (IQR) 0(0,0) 0(0,0)
Total PVC count, median (IQR) 19 (2, 245) 29 (3, 238)
Single PVC count, median (IQR) 18 (1, 236) 28 (2, 230)
PVC couplets, median (IQR) 0(0,1) 0(0,1)
PVC triplets, median (IQR) 0(0,0) 0(0,0)

VT runs >4 beats, median (IQR) 0(0,0) 0(0,0)

AIVR, accelerated idioventricular rhythm; PAC, premature atrial complex; PVC, premature
ventricular complex; SVT, supraventricular tachycardia.

4.6.1 Prediction Model Discrimination

Odds ratios (OR) and penalized coefficients for the full model and the ECG
only model are reported in Table 13, along with the formula with which one
can calculate the PocketECG risk score for AF using the B-coefficients in the
table. The full model included eight covariates and the “ECG-only” model
included seven. In the testing dataset, the main model and the “ECG-only”
model both had good, and almost identical, discrimination, full model ROC
statistic 0.7497 (95% CI 0.7336-0.7658), and “ECG-only” model ROC
statistic 0.7497 (95% CI 0.7336-0.7659). The ROC curves for the logistic
regression model in the testing dataset based on the predicted risk of outcome
are presented in Figure 21 and Figure 22. A model based only on age and sex
had substantially poorer discrimination, ROC statistic 0.6542 (95% CI
0.6364—-0.6720) (Figure 23), as did a model including age, sex, and ESVEA;
ROC statistic 0.6990 (95% CI 0.6827—-0.7152).
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Table 13. Penalized odds ratios and coefficients for AF risk.

Main model “ECG-only” model

Odds ratio f-coefficient Odds ratio f-coefficient
Age, per year 1.033 0.0324 - -
Male sex - _ _
Mean heart rate, per bpm - _ _
Maximum heart rate, per bpm 0.734 —0.3091 0.726 —0.3200
Minimum heart rate, per bpm - _ _
Lowest rate during bradycardia, per bpm - - -
Single PACs, per decile of population distribution® 1.514 0.4150 1.526 0.4226
Number of PAC couplets - _ _
Fastest rate during PAC couplet, per bpm 1.036 0.0351 1.040 0.0390
Number of PAC triplets - - — _
Fastest rate during PAC triplet, per bpm 1.179 0.1648 1.181 0.1664
Number of SVTs >4 beats - - — _
Longest duration of SVT, per beat 1.022 0.0221 1.022 0.0222

Fastest rate during SVT >4 beats, per bpm
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Main model “ECG-only” model
Odds ratio [-coefficient Odds ratio [-coefficient

Total number of AIVR events - - _ _
Fastest rate during AIVR, per bpm - - - _
Longest duration of AIVR, per beat — - _ _
Total PVC count, per 1 beat - - — _
Single PVC count, per 1 beat - - — _
Total number of PVC couplets - - - _
Fastest rate during PVC couplet, per bpm 1.040 0.0394 1.042 0.0411
Number of PVC triplets - - — _
Fastest rate during PVC triplet, per bpm - - — _
VT runs >4 beats 1.032 0.0315 1.032 0.0314
Fastest rate during VT run >4 beats, per bpm - - _ _

Longest duration of VT run, per beat - - - -

Predicted risk for the models can be calculated as P = eBo+BrXa+BaXot+BnXn) /(1 4 Bo+BrXa+B2Xa++BnXn)) ATVR, accelerated idioventricular rhythm;
bpm, beats per minute; PAC, premature atrial complex; PVC, premature ventricular complex; SVT, supraventricular tachycardia. * Decile cut points at 0, 1,
3,7, 18, 50, 140, 406, and 1680.
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Figure 21. ROC curves for AF occurrence by predicted risk on 24hECG, full
model.
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Figure 22. ROC curve for AF occurrence by predicted risk on 24hECG,
“ECG-only” model.
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Figure 23. ROC curve for AF occurrence by predicted risk using age and sex
only model.

The prevalence of observed AF in the testing dataset in ‘ECG-only’” model
increased by quintile of predicted risk: 0.4% in Q1, 2.7% in Q2, 6.2% in Q3,
11.4% in Q4, and 15.9% in QS. In Q1, the negative predictive value for AF in
‘ECG-only’ model was 99.6%.

4.6.2 Characteristics of Patients with “High-" versus “Low-Risk” of AF

A case—control study was conducted in which “high-risk” patients, defined
as having a predicted AF risk >10%, were matched to “low-risk” patients,
defined as having a predicted AF risk <5%, based on age (in 5-year intervals),
sex, and recording duration. Using predicted probabilities of AF from the
“ECG-only” model, a successful match was created between 2465 “high-risk”
and “low-risk™ pairs, with a similar gender distribution as the larger cohort
and a mean age of 72 years (Table 14). Median (IQR) predicted probability
of AF was 12.5% in the high-risk group and 3.8% in the “low-risk” group,
while the observed rates of AF occurrence during mobile cardiac telemetry
monitoring were five times more common in the “high-risk” group (15.4%)
compared to 3.5%. The “high-risk” group differed substantially from the
“low-risk” group as regards mean, maximum, and minimum heart rate, which
were all significantly lower, as well as the occurrence of PACs, which were
significantly more common. The median PAC count in the “high-risk” group
was relatively low, at 1049 PACs per 24 h. In contrast, the median PAC count
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in the “low-risk” group was 15. There were also substantial differences as
regards the occurrence of PAC couplets, triplets, and runs of four beats or
more, all of which were substantially more common among “high-risk”
compared to “low-risk” patients. Finally, in “high-risk” patients, we also
observed significantly higher heart rates during couplets and triplets of PACs

compared to “low-risk” patients.

Table 14. Characteristics of patients with high versus low risk of AF during

<30 days of monitoring, matched for age, sex, and recording duration.

Low risk High risk p-Value
N 2465 2465
Age, mean (SD) 71.5(8.2) 71.6 (8.1) Matching

variable
Probability of AF, median (IQR) 3.8(3.14.4) 12.5 (11.1-14.5)
Observed AF outcome events, % 3.5% 15.4% <.001
Male sex 1089 (44.2) 1089 (44.2) Matching
variable

Mean heart rate, mean (SD) 75.4 (9.8) 67.3 (10.0) <.001
Max heart rate, mean (SD) 114.7 (16.7) 99.3 (14.8) <.001
Minimum heart rate, mean (SD) 59.0 (9.0) 53.0 (8.6) <.001
Total PACs, median (IQR) 15 (6, 30) 1049 (311, 3799) <.001
Single PACs, median (IQR) 12 (5, 23) 839 (233, 3069) <.001
Occurrence of any PAC 4.9 72.9 <.001
couplet, 1 (%)
Number of PAC couplets, 0(0,1) 14 (5, 54) <.001
median (IQR)
Occurrence of any PAC 8.5 90.9 <.001
triplet, n (%)
Number of PAC triplets, median 0(0,0) 3(1,10) <.001
(IQR)
Occurrence of any SVT >4 216 (8.7) 2254 (91.3) <.001
beats, n (%)
SVTs >4 beats, median (IQR) 0(0,0) 3(1,8) <.001
AIVR events, median (IQR) 0 (0, 0) 0(0,0) 23
Total PVCs, median (IQR) 18 (2, 202) 88 (11, 566) .96
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Low risk High risk p-Value

Single PVCs, median (IQR) 17 (2, 198) 84 (10, 548) .60
Occurrence of any PVC 41.3 67.6 <.001
couplet, 1 (%)

Number of PVC couplets, 0(0,0) 0(0,3) .08
median (IQR)

Occurrence of any PVC 47.8 69.4 <.001
triplet, n (%)

Number of PVC triplets, median 0(0,0) 0(0,0) .01
(IQR)

Occurrence of any VT run >4 79 (3.2) 218 (8.8) <.001
beats

Number of VT runs >4 beats, 0(0,0) 0 (0, 0) .002
median (IQR)

Fastest pair interval rate of PAC 123 (22) 137 (26) <.001
couplet, bpm mean (SD)

Fastest rate of PAC triplets, 116 (22) 130 (26) <.001
mean (SD)

Fastest rate of SVT runs, mean 127 (24) 132 (24) .003
(SD)

Fastest pair interval rate of PVC 136 (32) 135 (32) 74
couplet, mean (SD)

Fastest rate of PVC triplets, 125 (29) 122 (34) .80
mean (SD)

Fastest rate of VT runs, mean 129 (23) 134 (26) .69
(SD)

'High-risk' patients are defined as those with a predicted AF risk of >10%; 'low-risk' patients
are defined as those with a predicted AF risk of <5%. AIVR, accelerated idioventricular rhythm;
bpm, beats per minute; PAC, premature atrial complex; PVC, premature ventricular complex;
SVT, supraventricular tachycardia.

4.6.3 Summary

To summarize, ECG-based risk markers identified within the first 24 hours
of long-term Holter/ECG patch monitoring (up to 30 days) can successfully
predict the occurrence of AF between the following 2-30 days (Paper 1V).
Reliable markers of the ‘ECG-only’ prediction model include the number of
single PACs, the fastest rate during PAC couplets, the fastest rate during PAC
triplets, the longest duration of SVT, the fastest rate during VT runs of >4
beats, and the maximum heart rate.
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5 DISCUSSION

This PhD research series outlines a cohesive trajectory from the

conceptualization of a novel device to its practical implementation in clinical
workflow. The research can be categorized into two essential parts:

1.

The technological invention and development of PPG- and multiple
ECG-based diagnostic methods, aimed at meeting the needs of an
ideal medical MDR-certified device for patients with arrhythmias
(covered in the Patent, MDR Certification, Paper I, and Paper 1I),
The development of solutions for potential clinical implementation,
by addressing big data challenges in telemedicine using Al (discussed
in Paper I1I), exploring the potential target population for monitoring
(analyzed in Paper IV), and providing recommended use case
guidelines for clinical application (7.1 Recommended Practical
Applications of TeltoHeart).

5.1 Diagnostic Challenges: Key Requirements Guiding the

Development of a Wearable Device

The clinical challenges associated with monitoring arrhythmias using

various available wearables have inspired technological solutions dedicated to

addressing these issues, resulting in the creation of a CE-marked, user-friendly
invention. This led to the specific combination of diagnostic parameters

implemented in the novel wrist-worn device. Ideally, a diagnostic wearable

should meet the following requirements:

1)

2)

3)

4)

It should be user-friendly and comfortable, allowing unobtrusive wear
without wires or glued sticky patches, thus avoiding wire
entanglements, electrode detachment, and discomfort to the patient.
It should enable long-term monitoring capable of detecting not only
frequent episodes of arrhythmia but also rare and short episodes,
crucial for identifying early stages of arrhythmia to prevent disease
progression.

It should provide continuous monitoring to detect not only
symptomatic but also asymptomatic arrhythmias.

It should offer the opportunity for the user to instantly record a reliable
multiple-lead ECG for rhythm confirmation, allowing differentiation
between frequent premature beats and AF, approximate localization
of arrhythmia origin, and maintain the quality of at least one lead ECG
even if one of three electrode contact on the skin is insufficient.
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5)

6)

7)

The ECG should be recorded from electrodes that are not closely
spaced on the skin to avoid low voltage amplitudes and limitations in
localizing the arrhythmia origin.

It should be non-invasive to eliminate the need for skin incisions,
thereby reducing the risks of migration and infection, and minimizing
the (in-)direct costs associated with the occupation of operation lab
for implantation and the high price of invasive devices.

It should be recognized as a professional medical device by respected
regulatory bodies such as the European Medicines Agency (EMA)
and the Food and Drug Administration (FDA). Consequently, it must
undergo the certification process to comply with the Medical Device
Regulation (MDR) or other relevant legislation. This ensures that the
device meets high-quality standards.

5.2 Uniqueness of the Invented Wearable: Addressing the Key

Diagnostic Requirements in the Development of a Wearable Device

In the author’s view, the invention fulfills all the aforementioned
requirements (Section 5.1, Requirements 1-7), having been granted patents
and successfully achieved Class I CE MDR marking for the hardware, along
with Class I1a CE MDR marking for the software and remote cloud platform.

Consequently, this innovation has led to the development of the world’s

first and only device that integrates the following features into a single, user-

centric design:

1)

2)

3)

User-Centric and Long-Term Monitoring Design: a wrist-worn, non-
obtrusive, and non-invasive MDR-certified wearable device that is
compatible with long-term monitoring,

Continuous Detection of (A-)symptomatic Arrhythmias: A
continuous PPG-based algorithm capable of detecting both
symptomatic and asymptomatic arrhythmias, including variations in
heart rate such as tachycardia and bradycardia.

Reliable 6-Lead ECG for Rhythm Confirmation: An instant six-lead,
standard-limb-like, wire-free ECG that maintains high specificity,
even in the presence of frequent premature beats.

In contrast, current wearable technologies generally exhibit the following
limitations:

1)

Limited Monitoring Options: Most devices offer either PPG or ECG
capabilities but not both, with many lacking continuous monitoring
features. Devices with only ECG capabilities often fail to detect
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asymptomatic episodes as patients do not know precisely when to
initiate an ECG recording.

2) Limited Diagnostic Specificity with only Single-Lead ECGs: almost
all available wearables use single-lead ECGs (except Kardia6L),
which are susceptible to artifacts and loss of ECG if one of two
contacts are insufficient. Furthermore, the presence of premature
beats often leads to significantly decreased diagnostic specificity in
real-world applications.

The following published papers further test the accuracy of the device,
highlight the importance of six-lead ECG compared to single-lead ECG, and
address practical issues related to the implementation into the clinical practice
like interpreting big data and the selection of target patients for long-term
monitoring.

5.3 Discussion of Paper I: Validating the Device by Assessing Diagnostic
Accuracy

In Paper I, significant emphasis was placed on the challenge posed by
ectopic contractions—a factor that often lowers specificity and is frequently
underestimated in the realistic evaluation of emerging digital Health
technologies.

5.3.1 Impact of Premature Contractions on the PPG-Based Algorithm for
AF Detection

PPG-based algorithms for AF detection are prevalent in wearables but lack
comprehensive validation, especially for patients with frequent premature
contractions. The routine selection of stable sinus rhythm (SR) for control
groups fails to reflect the variability seen in everyday clinical settings,
contributing to a reduced trust among physicians regarding the specificity of
these devices. This skepticism is supported by a survey where 36% of
respondents reported reimbursement denials for wearable diagnostics (55).

Our study addressed the issue by reporting a comprehensive analysis of
premature contractions as beats per minute, cases with frequent runs of
PACs/PVCs or bigeminy/trigeminy episodes. This rigorous approach revealed
that frequent PVCs/PACs significantly lowered the specificity of the PPG-
based AF detection algorithm, with all seven false-positives originating from
this group. Interestingly, specific episodes like bigeminy/trigeminy or runs of
>3 PACs/PVCs did not affect diagnostic accuracy, likely due to the
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algorithm's bigeminy suppression capability, although a higher burden of
premature beats per minute tended to increase type I errors (Figure 13).

Frequent premature contractions significantly lower the specificity of PPG-
based notifications for irregular rhythm detection by Apple Watch. A substudy
reported that 40% of participants who received an irregular pulse notification
from the Apple Watch exhibited no AF on subsequent ECG patches and were
found to have other types of arrhythmias, primarily atrial or ventricular ectopic
beats (40). This observation is crucial for the application of PPG-based
technologies in extensive population research, such as the Apple Heart Study
(39) or the TeleCheck-AF project (56). Although intended for screening, these
technologies can lead to adverse outcomes, including unnecessary medical
interventions and increased patient anxiety, particularly in individuals with
frequent PVCs/PACs.

In the realm of wearables using continuous PPG algorithms for AF
screening, the importance of maintaining high specificity cannot be
overstated. Continuous, long-term, unobtrusive monitoring significantly
increases the likelihood of detecting arrhythmias, underscoring the necessity
for these technologies to adhere to the medical principle of "first, do no harm."

5.3.2 Impact of Premature Contractions on the ECG of the Wearable for AF
Detection

In our study, the influence of premature beats on ECG-based AF detection
was minimal. The 6-lead ECG of the wearable effectively reduced Type I
errors associated with the PPG algorithm. Notably, both false-positive cases
involved complex tracings of sinus rhythm with multiple irregular runs of
PACs, which might represent the early stages of atrial fibrillation or what the
STROKESTOP study group at Karolinska Institute terms 'micro-AF'—a
sudden onset of irregular tachycardia with episodes of >5 consecutive
supraventricular beats and a total absence of P-waves, lasting less than 30
seconds (54). This condition has been linked to an increased risk of AF (HR
4.3; 95% CI 2.7-6.8) and mortality (HR 2.0; 95% CI 1.1-3.8) in a large-scale
screening study involving 7,173 individuals (57). Additionally, a false-
negative case in our study featured f-waves mimicking irregular P-waves,
posing diagnostic challenges. Interestingly, short strips of reference Holter
ECG corresponding to these two false-positive and one false-negative cases
were also falsely recognized as AF and SR, respectively. Only after thorough
examination of long reference Holter ECG tracings cardiologists were able to
confirm the diagnosis of these challenging cases. It suggests that diagnostic
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measures of a 6-lead-ECG of the wearable without any wires could be non-
inferior to regular 3-lead Holter ECG recordings.

5.3.3 Impact of Premature Contractions on Automated ECG Algorithm for
AF Detection

The impact of frequent PVCs/PACs on the accuracy of automated ECG
algorithms is likewise important, especially in devices like implantable loop
recorders known for prolonged monitoring and high compliance. Despite the
mentioned advantages, these devices use only a single-lead ECG of closely
spaced electrodes and often yield a significant number of false positives. A
prospective study of 559 patients using implantable loop recorders for AF
monitoring reported a false-positive rate of 46% (201/440) (58). False
diagnoses of AF accounted for 50% of scheduled transmissions and 32% in
alert transmissions, with premature ventricular or atrial ectopy being the
leading cause (52%). Reviewing these false-positive transmissions and
consulting with electrophysiologists typically required 30 to 45 minutes per
case.

5.3.4 Limitations

The generalizability of this study may be limited by its specific population.
According to a comprehensive review (59), the accuracy and cost-
effectiveness of mHealth technologies for AF detection are influenced by
various factors such as incidence rates, risk profiles, and types of AF. Notably,
all participants in this study were White, and diverse skin pigmentation could
affect the results of PPG-based AF detection. Additionally, the selection of
predefined groups of patients with AF and SR might introduce bias. Patients
with atrial flutter, who exhibit different pulse wave patterns, were not included
in this study, though the wearable 6-lead ECG shows potential for future
research in these cases (Figure 24). Some recordings were not analyzed for
specified reasons (Figure 1), potentially leading to additional costs or clinic
visits in real-life scenarios. Moreover, the findings are based on short-term,
in-hospital recordings, and diagnostic performance may vary in outpatient
settings. Specifically, the quality of PPG measurements tends to decrease
during daily activities but remains adequate during sleep (42), suggesting that
AF screening accuracy may be higher during nocturnal monitoring.
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Figure 24. A 6-lead ECG of typical counterclockwise atrial flutter with variable atrioventricular conduction recorded by the wearable
device.
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5.4 Discussion of Paper II: Comparison of Six-Lead ECG with Single-Lead
ECG for AF Detection

5.4.1 Major findings

The primary objective of this analysis is a direct comparison between
single-lead and six-lead ECGs, as well as the automatic PPG-based AF
detector, all within the same wearable device. Major findings are cited from
Paper II (16) as follows: (1) comparing to any control subgroup of SR with
premature beats (PACs or PVCs) the diagnostic value of six-lead ECG was
significantly superior to single-lead ECG and PPG-based AF detector both
regarding type I and type Il errors. (2) The sensitivity of single-lead ECG was
slightly higher compared to PPG-based detector in both control subgroups. (3)
Single-lead ECG demonstrated lower specificity not only vs. six-lead ECG
but also vs. PPG-based automatic AF detection when controlled by a subgroup
of frequent PACs. (4) The specificity of single-lead ECG and PPG-based
detector were equivalent when controlled by a subgroup of frequent PVCs. (5)
The number of premature beats per minute was the main factor associated with
false positive cases compared to true negative cases for all diagnostic tools.
(6) Six-lead ECG was the most robust tool as it required 3.4 times more
premature beats to result in a false positive outcome compared to single-lead
ECG and 4.9 times more premature beats compared to the PPG-based
detector. (7) Based on previous findings, the widespread use of single-lead
ECGs recorded by smartwatches significantly increases the risk of type I error
in populations with frequent premature contractions.

The choice of control group in this study, which included sinus rhythm (SR)
with frequent premature contractions and excluded stable SR, contrasts
sharply with most other mHealth studies (24,25,27,60). This decision was
based by findings from the DoubleCheck-AF trial, which showed that stable
SR does not adequately test the specificity of diagnostic tools (15).

5.4.2 Why Six is Smarter than One: Impact of Electrode Contact in
Wearables and Relation to the Topographic Anatomy of Sinus Node

The original concept of Einthoven’s triangle, which arises from the
placement of three electrodes and was described by Prof. W. Einthoven,
illustrates why certain ECG leads in modern mHealth technologies vary in
signal quality (61). When recording a single-lead ECG, like lead-I in
smartwatches, one poor contact on either arm can result in the loss of ECG
signal or generate artifacts, complicating interpretation. Conversely, in a six-
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lead ECG using three electrodes, one poor contact may affect only two leads,
leaving the others intact. This redundancy is why a wearable-recorded six-lead
ECG is more effective than a single-lead ECG at accurately distinguishing AF
from SR with frequent premature beats.

Another factor contributing to the superior performance of six-lead ECG
compared to single-lead ECG is the anatomical location of the sinus node in
the right atrium (RA). Chen X. et al. (62) utilized 3D electroanatomical
mapping to identify the earliest atrial activation (EAA), indicative of the sinus
node exit site, in patients with AF undergoing superior vena cava (SVC)
isolation. Most patients displayed EAA above the RA SVC junction,
particularly prevalent in persistent AF cases (52.9% overall; 60.5% in
persistent AF). This high positioning influences the P wave characteristics in
ECG readings: in sinus rhythm, the P wave by definition presents with a larger
amplitude in lead II than in lead I, which is less discernible in lead-I-like ECGs
commonly used in smartwatches. This subtle difference in P wave amplitude,
combined with common artifacts in wearable-recorded ECGs, partly explains
why single-lead ECGs underperform relative to six-lead ECGs in detecting
AF. Moreover, even if a smartwatch records a single-lead-II-like ECG (63,64),
it arguably still cannot match the diagnostic accuracy of six-lead ECGs, which
allow for cross-validation of P wave reproducibility across multiple leads,
helping to distinguish genuine signals from the mimicking artifacts.

These hypotheses are partly validated by a study of 220 patients (25), in
which manual interpretation of lead-Il-like ECGs from Withings or Apple
Watch showed a numerically higher correct classification rate (54%)
compared to lead-I-like ECGs by Withings (28%, P = 0.076) or Apple Watch
(33%, P =0.246) for atrial flutter detection. Furthermore, Kardia 6L's six-lead
ECG proved most effective, accurately diagnosing atrial flutter in 63% of
cases (P < 0.001 versus Withings and Apple Watch). Notably, the study did
not include a control group of SR patients with frequent PACs/PVCs.

5.4.3 ECG Examples of False Negative, False Positive and Inconclusive
Cases in Single-Lead vs. Six-Lead ECGs

Ideally, even a single PQRST complex in single-lead ECGs might suffice
to differentiate AF from SR with premature beats when there are no major
artifacts (Figure 6). However, the real-world diagnostic accuracy often suffers
due to lower signal quality, where artifacts are prevalent not just in wearable
ECGs but also in traditional ambulatory ECG monitoring. El-Sherif et al. (13)
found artifacts in 4.8% (48/1,000) and misinterpretations in 3.5% (35/1,000)
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of ambulatory ECG recordings, often misclassifying movements as pseudo-
ventricular tachycardia or pseudo-AF/atrial flutter.

In our study, six-lead ECG consistently outperformed single-lead ECG in
terms of sensitivity. The ECG signal quality was predominantly compromised
in isolated leads, such as lead-I-like. Single-lead ECGs occasionally showed
repetitive artifacts at typical P wave locations, with regularly-irregular R-R
intervals mimicking SR with PACs (Figure 25), leading to false negatives in
AF detection, while six-lead ECGs more accurately identified true positive
cases. Interestingly, there was no trend of increased heart rates in false
negative cases; median beats per minute did not exceed 100 bpm.
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The specificity of the six-lead ECG surpassed that of the single-lead ECG
due to several reasons. First, a likely poor electrode contact resulted in
distorted signals on two leads of Einthoven's triangle, including the lead-I-
like, while leaving the third lead unaffected. Second, the amplitude of P waves
in lead-I-like appeared smaller than in lead-II-like ECGs. Consequently, the
six-lead ECG more effectively prevented false positives compared to the
single-lead ECG in control groups with frequent PACs (Figure 26) and PVCs
(Figure 27). Additionally, in a few cases (2/127), runs of PACs caused false
positives in both six-lead and single-lead ECGs, likely due to the low
amplitude of abnormal P waves and irregular R-R intervals during rapid PAC
bursts (Figure 28).
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(marked in gray) vs.
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artifacts in single-lead
ECG, true negative in
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These ECG examples demonstrate that the six-lead ECG was the most
resistant to frequent premature contractions and least likely to yield
inconclusive results. Looking ahead, the six-lead ECG offers the added
potential to reconstruct the axes of both QRS complexes and P waves. While
beyond the current study's scope and without showing precordial leads, this
capability could facilitate the localization of arrhythmias with rare clinical
presentations, similar to existing ECG algorithms used for idiopathic
ventricular tachycardia/PVC and atrial tachycardia (65-67).

5.4.4 Results of Other Wearable Devices with Six-Lead ECG for AF
Detection

As comprehensively presented in the literature review (Section 2.1), only
two commercially available devices—Kardia Mobile 6L and Istel HR 2000—
are capable of recording a wire-free six-lead ECG. However, both function
exclusively as event recorders, meaning they are not worn continuously on the
body. Consequently, they lack any continuous monitoring for arrhythmia,
such as a PPG-based algorithm, making asymptomatic episodes likely to
remain undetected.

With that being said, the ability of Kardia Mobile 6L and Istel HR 2000 to
detect AF still supports the superior diagnostic accuracy of six-lead ECGs
compared to single-lead recordings (24,25). However, both studies included
only a control group with stable sinus rhythm and did not account for patients
with frequent premature contractions. This is a significant limitation,
particularly when considering the real-world application of wearables for AF
screening in individuals over 65 years of age, who are more likely to exhibit
concomitant arrhythmias.

5.4.5 Limitations

Here the same limitations apply as in section 5.3.4. In addition, Paper II is
a substudy of DoubleCheckAF (Paper I), which originally was not intended
for recording a single-lead ECG. In order to display a single-lead ECG, the
six-lead wearable-recorded ECG was trimmed to a width of lead-I-like ECG.
However, there is also an advantage to it as the accuracy of both diagnostic
tools was not influenced by any potential difference in the complexity of
recording since it was exactly the same episode of arrhythmia.
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5.5 Discussion of Paper III: Al vs. Technicians' Detection of Arrhythmia
in Direct-to-Physician Ambulatory ECG Reporting

The analysis of big data is a critical concern in both wearable-recorded
intermittent ECG and, especially, in continuous traditional ECG-based
monitoring strategies, due to the substantial review burden and associated
costs. According to findings in the following sections cited from Paper III,
these challenges could be effectively mitigated by employing the
DeepRhythmAI model.

5.5.1 Major Findings

This large, carefully adjudicated analysis demonstrates that the
DeepRhythmAI model could safely replace technician interpretation of
ambulatory ECG recordings, with an impressive sensitivity for critical
arrhythmias and a modest increase of false-positive detections.

The DeepRhythmAI model:

1) had a negative predictive value for critical arrhythmias that exceeded
99.9%. Compared to technicians, it resulted in 17 times fewer patients with a
missed diagnosis of a critical arrhythmia;

2) this was at a cost of 2.4 times more false-positive detections of critical
arrhtyhmias, i.e. seven extra false-positive findings per 1,000 patient days of
recording (12 (6-74) for Al vs. 5 (2—153) for technicians).

Considering that the DeepRhythmAl model performance exceeds the
benchmarks of 99% negative predictive value and 70% positive predictive
value that guidelines have recommended for accepting a single high-sensitive
troponin to rule out major adverse cardiovascular events (68—72) we consider
DeepRhythmAI model-only analysis to be safe for the analysis of ambulatory
ECG data.

5.5.2 Comparison to Other Studies

The current study differs fundamentally from previous studies of Al for
arrhythmia classification in that we evaluate the use of Al as the only reader
for the majority of the health data, with physician confirmation only of Al
model-selected episodes. This may be necessary for the management of the
rising volume of ECG that will need to be accurately adjudicated without
missing critical events. The sample size in terms of annotated strips in this
study is 6-16 times larger than previous studies (33,34), and the patient
population negative predictive value, absolute false-positive and false-
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negative rates for Al-only analysis have never been reported before. These
data are necessary to determine whether an Al can safely be used for direct-
to-physician reporting and have not been shown in previous studies evaluating
Al for arrhythmia diagnostics. Direct-to-physician reporting of ambulatory
ECG results could unburden strained healthcare environments and result in an
appropriate expansion of access, which should result in more equitable access
to testing and subsequent care. We used a large, unselected clinical patient
population to estimate how the use of the DeepRhythmAl model analysis
instead of ECG technician analysis would affect the accurate detection and
false-positive rates, using the beat-to-beat classification of a large and
representative sample of arrhythmic events. Due to our sampling strategy, the
measures of sensitivity that we report are not directly comparable to the
sensitivity reported in selected rhythm strips in previous studies. We report as
false negatives only patients in whom a diagnosis was missed for the full
duration of the recording (that is, 14 £ 10 days of monitoring), arguably a more
relevant evaluation metric. With this in mind, the AI model we evaluated had
better sensitivity for all critical arrhythmias that were evaluated in both this
study and a study assessing a deep neural network architecture for rhythm
classification of single-lead ECGs (33), a study evaluating a convolutional
neural network for rhythm classification of 12-lead ECGs (34) and a study
comparing a deep neural network with physician over-reading of the full ECG
to an electrophysiologist review of a traditional Holter system (73). While the
technician sensitivity in this study is low, this finding is in line with previous
studies that show a low average accuracy in ECG interpretation for technicians
(74).

5.5.3 Why Al Outperformed the Manual Analysis of Technicians

The large difference in false-negative findings using the DeepRhythmAlI
model and technician analysis could be dependent on factors related to
algorithms and factors related to causes of human error. The higher rate of
technician false negatives is likely in part to be due to limitations of features-
based algorithms compared to Al models, but because technician work also
includes scanning the ECG manually and assessing heart rate trends, there
could also be effects of time pressure, information overload (75,76) and other
factors related to limits in human perception and memory (77,78), which do
not affect Al models. Thus, with increasing data volume that will require
analysis, the Al model increasingly outperforms technician interpretation,
giving consistent annotations not subject to fatigue. Rhythm analysis by
technicians depends on correctly identifying and retaining in memory a large
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number of visual features; for example, a single capture beat in a wide
complex tachycardia is pathognomonic for VT, but the human working
memory has a fixed upper limit, and high information loads, such as in the
analysis of ambulatory ECG recordings, can lead to reduced accuracy decision
quality (75,77).

5.5.4 Limitations

Some limitations in study design should be considered. First of all, the
technicians, but not the physician panels or the Al model, had access to
clinical information such as monitoring indication, age and sex, which may
have introduced a bias in favor of the technicians. At the same time, while the
technicians were performing their analysis during paid clinical work hours,
the cardiologist panels were performing their analysis as part of a research
protocol, and therefore the panel annotations do not exactly represent a clinical
workflow. Panel cardiologists may have been either more or less careful than
they would have been with clinical patients, which could have introduced
misclassification bias. We have not differentiated between second-degree AV
block types 1 and 2, and we do not report subgroups by monitoring indication.
Because monitoring indications were entered through the device, the absence
of a reported indication should not be interpreted as a lack of that indication.
The false-negative events in the study were patients in whom all episodes of
arrhythmia were missed for the entire recording duration by one method, but
at least one was detected by the other. While we consider this to be a robust
method for false-negative estimation, it is possible that there are additional
arrhythmic events that were undetected by both the Al model and technicians.
If any arrhythmias were missed by both methods, this would imply a lower
sensitivity and negative predictive value for both technicians and the Al model
but not affect the results showing a superior sensitivity and negative predictive
value for the Al model compared to technicians. It is also important to point
out that, while the technicians were aided by a Food and Drug Administration-
approved algorithm and also performed a manual review and reannotation of
the data, their use of a different algorithm may have yielded different results.
The underlying ECG data were recorded by a device providing leads II and
III. However, the use of devices with nonstandard lead configurations and
single-lead recording is becoming more prevalent. The results cannot be
generalized to other Al algorithms, and the DeepRhythmAI model may have
different performances on other signals, although, in view of the accuracy that
the DeepRhythmAI model demonstrated in this study, the model could be
tested on other ECG recording signals in the future. Finally, while we used an
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unselected patient population and extracted a large representative sample of
relevant arrhythmic episodes for evaluation, some evaluation metrics that we
report, such as the negative predictive value, are dependent on the population
prevalence of arrhythmia, which may differ between different populations and
may change over time.

5.6 Discussion of Paper IV: ECG-Based Risk Markers and Predictive
Modeling for AF in Long-Term Holter Monitoring

An essential application of wearables and other ambulatory ECG
monitoring strategies is the primary detection of AF. As cited below from
Paper IV we found an ECG-based target group identified through single-day
Holter monitoring. These patients could potentially benefit from extended
monitoring, incorporating the wearable technology developed in this PhD
research or other monitoring modalities.

5.6.1 Predicted Target Group for Long-Term Monitoring

In “ECG-only” model a clear group of patients who are not likely to benefit
from long-term monitoring are in the lowest quintile of predicted AF. In this
group, AF was detected in approximately only one of 250 (7/1816, 0.4%)
patients, yielding a negative predictive value of 99.6%. In addition, a useful
comparison matched by gender and age between 2465 “high-risk” and “low-
risk” pairs was done. The observed rates of AF occurrence during mobile
cardiac telemetry monitoring were five times more common in the “high-risk”
group (15.4%) compared to 3.5%, which suggests patients in “high-risk”
group may benefit from long-term monitoring.

5.6.2 ECQG features for Predicting AF

A previous study employing a machine learning approach to predict AF
from shorter ambulatory monitoring did not demonstrate significantly
improved ROC statistics (79). The current approach offers a distinct
advantage due to its relative simplicity and clear linkage between ECG
features and AF risk. Several ECG characteristics have been shown to predict
the incidence of AF over extended follow-up periods. For instance, both PACs
and supraventricular tachycardia episodes (SVTs) have been associated with
future AF occurrences in both population-based and clinical settings (80—82).
PACs originating from the pulmonary veins are particularly noted for
triggering AF episodes (83). Furthermore, a low resting heart rate and mean
heart rate during ambulatory ECG have also been linked to subsequent AF
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(80,84). Our study not only confirms that these factors predict concurrent
paroxysmal AF detectable through extended monitoring but the first to show
that the pattern of occurrence of PACs and PVCs has clinical relevance: PAC
couplets and triplets were notably more prevalent and exhibited a higher
maximum heart rate in "high-risk" compared to "low-risk" patients, marking
anovel finding. Additionally, the count of PACs, rate of couplets, triplets, and
SVTs as well as the duration of SVTs were the only variables incorporated
into the ECG-only model.

Including age and sex with ECG variables led to the selection of more
variables, yet it did not enhance discrimination or calibration. This suggests
that the influence of biological age on AF risk is largely captured by these
basic ambulatory ECG variables. In short, a 24-hour ECG that suggests an
elevated risk of AF typically shows a moderate increase in PACs and PVCs,
presenting as rapid couplets, triplets, and SVTs, coupled with a low mean
heart rate. Enhancements in predicting AF might be attainable through more
comprehensive ECG data, such as p-wave indices, or by incorporating clinical
data.

5.6.3 Limitations

A significant limitation of this study is the lack of access to clinical data for
the participants. Thus, it is not possible to evaluate whether the ECG-based
prediction remains effective across different levels of CHA>DS,-VASc (85),
CHA:DS,-VA (26) or other risk scores (86,87). Also, limitations of a
retrospective design apply.

6 CONCLUDING REMARKS

1. The first wearable wrist-worn device that combines a PPG-based
algorithm with a 6-lead wire-free ECG has proven to be a significant
innovation, having successfully achieved patent protection. This
innovation has met with substantial demand from both patients and
healthcare institutions, leading to its commercialization, MDR
certification, and integration into clinical practice as a new CE-
marked medical device (Patent, MDR Certification,
Commerecialization).

2. Despite the presence of frequent PVCs/PACs in the control group,
physicians were able to effectively detect AF using the PPG-based
algorithm and diagnose it using the six-lead, wire-free ECG with high
specificity during short-term monitoring. The integrated system of
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both methods demonstrated a specificity of 99.6% (95% CI 97.5-100)
and an overall accuracy of 99.5% (95% CI 98.9-100) (Paper I).

A six-lead wearable-recorded ECG did bring an additional diagnostic
benefit for AF detection as it was superior to a single lead-I-like ECG
commonly used in most smartwatches and automatic PPG-based AF
detector (Paper II). Six-lead ECG was the most robust tool as it
required 3.4 times more premature beats to result in a false positive
outcome compared to single-lead ECG and 4.9 times more premature
beats compared to the PPG-based detector.

The DeepRhythmAI model outperformed the technician analysis with
an excellent negative predictive value of 99.9% (false negatives in
3.2/1,000 patient days) for critical arrhythmias compared to 99.1%
(44.3/1,000 patient days). This substantial reduction in false-negative
findings comes with a modest increase in false-positive findings
(12/1,000 vs. 5/1,000 patient days, respectively) (Paper III).
ECG-based risk markers identified within the first 24 hours of long-
term Holter/ECG patch monitoring (up to 30 days) can successfully
predict the occurrence of AF between the following 2-30 days (Paper
IV). Reliable markers in the prediction model include the number of
single PACs, the fastest rate during PAC couplets and triplets, the
longest duration of SVT, VT runs of >4 beats, and the maximum heart
rate.
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7 THE FIRST LIFE SAVED BY THE INVENTED DEVICE: A
CASE REPORT OF PRACTICAL APPLICATION

This section discusses a case study with all personal and medical data
disclosed with the patient’s consent. A 51-year-old male was admitted for the
second time to the emergency department of Vilnius University Hospital
Santaros Klinikos after suddenly losing consciousness while driving, possibly
preceded by palpitations. However, the etiology remained unknown for the
second time as all examinations—including an ECG showing sinus rhythm
and laboratory tests such as high-sensitivity troponin I, electrolytes, and
creatinine clearance—returned normal results.

On this occasion, the patient was enrolled in the TriggersAF trial
(NCTO05526170) and was set to undergo a 7-day outpatient monitoring
regimen. He was equipped with a wrist-worn device for long-term screening
to detect potential arrhythmias, among other protocol devices. The initial wire-
free six-lead ECG revealed frequent ectopic atrial activity characterized by
quadrigeminal to bigeminal beats displaying P' waves with an inferior
rightward axis. As the 6-lead ECG allows for analysis in multiple channels,
according to the P-wave algorithm (65) to predict the site of origin, there was
a bifid positivity in lead II and positivity in lead I, in line with a possible
location in the right pulmonary veins of the left atrium (Figure 29). Later, the
patient experienced a sudden-onset arrhythmia, felt dizzy but did not lose
consciousness, and was able to record a six-lead ECG. The PPG signal and
the ECG captured rapid tachycardia at 152 bpm, with P-wave morphology
consistent with the earlier ectopic beats (Figure 29).
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Figure 29. The six-lead ECG of the wearable initially detected atrial ectopic activity with the following P-waves (purple arrows):
inferior rightward axis, bifid positivity in lead II with the second part bigger than the initial one, positivity in lead I, in line with a
possible location in the right pulmonary veins of the left atrium (upper panel). The photoplethysmogram of the wearable during the
tachycardia with sudden onset and 152 bpm (middle panel). The six-lead ECG of the wrist-worn device during the tachycardia
displayed the same P-wave (purple arrows) morphology as in ectopic beats (lower panel).
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Subsequently, the patient underwent invasive electrophysiological testing
and 3D electroanatomic mapping using the Ensite system. We observed a clear
difference in P'-wave of tachycardia (positive and bifid in II, positive in V1)
compared to the normal P-wave of SR (positive in II, positive-negative in V1)
(Figure 30). The high-density multipolar HD grid catheter localized the
earliest activation to the right superior pulmonary vein in the left atrium
(Figure 31). The clinical arrhythmia spontaneously and repeatedly induced
and terminated itself without pacing and displayed a centrifugal activation
map, prompting to the ectopic atrial tachycardia mechanism with TCL of 270-
290 ms (206-222 bpm). Ablation with an irrigated radiofrequency catheter
with 30W (TactiCath, Abbott) immediately terminated the arrhythmia at this
site. In addition, a full antral isolation of the right-sided pulmonary veins was
performed to prevent recurrence (Figure 32).
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Figure 30. Invasive electrophysiological testing: 1) intracardiac signals revealed atrial salves with concentric CS activation, A:V
ratio predominantly 1:1 and intermittently 2:1, and TCL 0f 270-290 ms; 2) simultaneous 12-lead ECG with differences of P-waves
in SR (beat #1: pos.-neg. in V1-V2, pos. in II) compared to tachycardia (all other beats: pos. in V1-V2, bifid pos.in II).
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Figure 31. Activation map of arrhythmia displays a centrifugal propagation, characteristic for ectopic atrial tachycardia. The
earliest activity is in the right superior pulmonary vein of left atrium in white colour (marked with light blue dot). The view is
posterior and slightly tilted rightwards.
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During annual follow-up calls, the patient consistently reported no
recurrence of arrhythmia symptoms, palpitations, or loss of consciousness for
over three years following the procedure. This success story, marking the first
life saved by the invented device, demonstrates the value of novel wearable
technology in enabling timely diagnosis of paroxysmal life-threatening
arrhythmias, which subsequently leads to life-saving interventions with
immediate and long-term effectiveness.

Figure 32. Ablation set: 1) a focal application on the source of arrhythmia

origin inside the right superior pulmonary vein and 2) additional full antral
isolation of the right-sided pulmonary veins to prevent recurrence.
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8 RECOMMENDED PRACTICAL APPLICATIONS OF THE
INVENTED DEVICE

Based on the insights from the EHRA consensus document (7) and
practical findings from investigating 435 patients in the short-term
DoubleCheck-AF trial (NCT04281927) (15,16) and 182 patients in the long-
term TriggersAF trial (NCT05526170) (88), the author delineates practical
applications for the commercialized version of the device, called TeltoHeart
(Teltonika Telemedic, Vilnius, Lithuania).

Two major scenarios for the use of the device are identified: patients with
no prior diagnosis of arrhythmia, for primary detection, and patients with a
known arrhythmia diagnosis, for monitoring recurrence.

8.1 Use of TeltoHeart in Patients Without an Established Diagnosis of AF/
Bradyarrhythmia/ Tachyarrhythmia

a. By Symptom Frequency (Figure 33): According to the EHRA
consensus, for patients experiencing symptoms less frequently than
weekly, conventional Holter monitoring may not be cost-effective due
to its limited ability to detect arrhythmias. A wearable-enabled long-
term diagnostic approach is recommended for these cases.

b. By age and comorbidities (Figure 34): Differentiates between
opportunistic versus systematic screening for AF, tailored to patient-
specific risk profiles.

c. Post-Intervention/Surgery: Particularly applicable for procedures
affecting the heart or potentially altering electrolyte balance (e.g.,
colorectal or cardiac surgery, TAVI). Consider TeltoHeart monitoring
6-12 months post-intervention if needed; otherwise, monitoring may
not be necessary.
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|

Every week
\

Conventional Holter ECG monitoring 1-3 days

v

Arrhythmia detected

Yes

Further treatment according to ESC guidelines:

- Atrial fibrillation Better Care (ABC) holistic pathway ('A' Anticoagulation/Avoid stroke;
‘B’ Better symptom management; ‘C’ Cardiovascular and Comorbidity optimization2-3

|

] Less than every week
Optional ‘L
5 TeltoHeart monitoring 30 days
No ‘l«
—] Arrhythmia detected

YesJ— No

|

1

Consider TeltoHeart monitoring

6-12 months if needed,
otherwise no monitoring

- Other arrhythmias accarding to applicable ESC guidelines

Figure 33. Use of TeltoHeart in patients without an established diagnosis of
AF/ bradyarrhythmia/ tachyarrhythmia by symptom frequency.
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Figure 34. Use of TeltoHeart in patients without established diagnosis of AF/
bradyarrhythmia/ tachyarrhythmia by age and comorbidities: opportunistic vs.
systematic screening for AF.

In addition, as reported in Paper IV, ECG-based risk markers identified
within the first 24 hours of Holter—predictive of AF occurrence during the
subsequent 2—30 days—may serve as an indication for initiating TeltoHeart
monitoring. These criteria, comparing low- vs. high-risk patients for predicted
AF, are as follows, respectively:
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1) Number of single PACs, median (IQR): 12 (5, 23) vs. 839 (233,
3069), p <.001

2) Fastest rate of PAC couplets, bpm mean (SD): 123 (22) vs. 137 (26),
p<.001

3) Fastest rate of PAC triplets, bpm mean (SD): 116 (22) vs. 130 (26),
p<.001

4) SVTs >4 beats, median (IQR): 0 (0, 0) vs. 3 (1, 8), p<.001

5) Occurrence of VT runs of >4 beats: 79 (3.2) vs. 218 (8.8), p<.001.
Note: In practice, these may represent short bursts of atrial tachycardia
or AF with aberrancy, potentially misclassified as VT in the 2-channel
ECG Holter monitoring.

6) the maximum heart rate, mean (SD): 114.7 (16.7) vs. 99.3 (14.8)
<.001

8.2 Use of TeltoHeart in Patients With an Established Diagnosis of AF/
Bradyarrhythmia/ Tachyarrhythmia

In cases where an arrhythmia has previously been diagnosed, TeltoHeart
facilitates ongoing monitoring to assess the effectiveness of treatment
modalities and the early detection of recurrence or drug-induced side effects
(e.g., QTc prolongation) (Figure 35).

Suggested use of TeltoHeart for management of patients with established diagnasis of arrhythmiz (AF/ bradyarrhythmial tachyarhtyhmia)

! 1 l

change & treatment Medical treatment: Interventions:
s Rhythm control (AAD] Catheter ablation

sily and weight loss - Rate contrel - Cardiac surgery
- Alcohol and caffeine use - QTe monitaring >C|
activity - Other - TAy!
Othe
disease
iabetes me
- Sleep apnoe:

TeltoHeart monitoring 3-8 months

Figure 35. Use of TeltoHeart in Patients With an Established Diagnosis of
AF/ Bradyarrhythmia/ Tachyarrhythmia.

Regarding the organization of this novel healthcare service, the typical
TeltoHeart pathway involves prescribing the monitoring during an initial
consultation with a physician (e.g., cardiologist), followed by 30 days of
device use, subsequent data analysis, and a follow-up consultation (Figure
36).
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Figure 36. Suggested pathway of TeltoHeart service.
8.3 Future Directions

The scientific development and practical application of the invented device
open several promising avenues for future research, which fall outside the
scope of this PhD thesis but are nonetheless important to highlight.

In the TriggersAF trial (88), one of the objectives was to assess the long-
term performance of the wearable device prototype during 7-day
telemonitoring. As a general principle, the longer the device is worn, the
greater its potential to detect atrial arrhythmias—especially in early-stage
disease characterized by rare and brief paroxysms. However, extended use
outside of hospital settings introduces additional challenges, such as patient
literacy on proper device usage and ensuring timely medical response when
needed.

Another direction—also developed independently of this thesis—involves
expanding the indications for rhythm and conduction disorder monitoring.
This includes conditions such as atrial flutter, ventricular arrhythmias, and
bundle branch blocks, as well as broader cardiology applications like acute
coronary syndrome. Notably, preliminary results from HRX 2024 on detecting
acute myocardial infarction using the wrist-worn device showed encouraging
potential and warrant further investigation.

Finally, multicenter clinical trials are planned to expand the use of the
technology across broader populations and healthcare systems. These efforts
could significantly contribute to the advancement of digital health and
telemedicine—supporting earlier primary diagnosis that enables timely
healthcare, improved secondary control following various treatment
modalities, and more personalized cardiovascular care overall.
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9.1 Ivadas
9.1.1 Tyrimo kontekstas ir aktualumas

PrieSirdziy virpéjimu (PV) — daZniausia Sirdies aritmija pasaulyje —
pasaulyje serga mazdaug 60 milijony Zmoniy. PV yra daugiau nei 8 milijony
ligos sukelto mety praradimo (LSMP) priezastis (1). Paroksizmine
supraventrikuline tachikardija (PSVT) serga apie vienas i$ trijy Simty asmeny
(2). Jungtinése Amerikos Valstijose sergamumas PSVT svyruoja nuo 1,26
milijono (nejtraukiant atvejy su gretutine PV ar prieSirdziy plazdéjimo
diagnoze) iki 2,06 milijono (jtraukiant gretutines diagnozes). PV paplitimui
vis did¢jant, reikSminga dalis atvejy lieka nediagnozuoti (3,4). Tai apima ne
tik besimptominius asmenis, bet ir tuos, kuriy simptomai, daznai epizodiniai,
néra uzfiksuojami standartine 12 derivacijy elektrokardiograma (EKG) ar
jprastiniais metodais, tokiais kaip Holterio monitoravimas. Nediagnozuotas
PV gali kelti rimtag grésme¢ sveikatai, todel ankstyvas diagnozavimas ir
valdymas yra labai svarbs (5).

Didéjantis neSiojamyjy prietaisy prieinamumas gerina PV ir kity
aritmijy nustatyma tiek besimptominiams, tiek simptomus turintiems, bet dar
nediagnozuotiems pacientams (6). Iprastai, pirminiam atrankiniam vertinimui
fotopletizmografijos (FPG) metodas yra tikslesnis uz pulso ¢iuopima. Taciau
jei FPG aptinka galimg PV, tik elektrokardiogramos (EKG) pagrindu
veikiantis prietaisas yra pakankamas S$iai diagnozei patvirtinti (7). Be to,
Europos §irdies ritmo asociacija (ESRA) teigia, kad nesiojamieji jrenginiai yra
tinkamas pasirinkimas pooperaciniam stebéjimui po abliacijos tiek klinikinéje
praktikoje, tiek moksliniuose tyrimuose (8), iskaitant ir vyresnio amziaus
pacientus ilgalaikéje nuotolingje sveikatos prieziiiroje (9).

Praktikoje skaitmeninés sveikatos technologijy diegimg gali riboti
jvairios kliGitys, susijusios su naudotojy, sveikatos prieziiiros specialisty,
kiiréjy bei pramonés atstovy pozidriais (10). Pagrindinés klititys apima
integracijos su sveikatos prieziiiros sistemomis triikumg, MDR reguliacinio
sertifikavimo nebuvima, kasty efektyvumo analizés triikkuma, ribotas
klinikines taikymo galimybes, nepamatuotus pacienty lukes¢ius, duomeny
logistika ir kibernetinio saugumo klausimus (11). Tokie barjerai gali
reikSmingai pakenkti pacientams, atidédami aritmijos nustatyma ir gydyma.
Pavyzdziui, net 40 % Europos Saliy, po pracinancio smegeny iSemijos
priepuolio (PSIP), PV atmetimui naudoja tik konvencing trumpalaike
ligoninés EKG, nesinaudojant ilgalaikio stebéjimo galimybémis (12).

Tarp nesiojamyjy jrenginiy parametry, EKG signalo kokybé yra vienas
svarbiausiy veiksniy, lemianciy aritmijy nustatymo tiksluma. Net ir
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jprastiniame keliy derivacijy EKG Holterio monitoravime, papildomy
derivacijy itraukimas leidzia tiksliau interpretuoti aritmijas esant artefaktams
(13). Analogiskai ir neSiojamuosiuose prietaisuose artefaktai, triukSmai ir
kitos gretutinés aritmijos, sukelian¢ios nereguliarius Sirdies susitraukimus,
kaip prieSlaikiniai susitraukimai, iSliecka didZiausiais i$§ukiais EKG pagrjstai
PV diagnostikai (14). Dauguma Siuo metu esancéiy iSmaniyjy laikrodziy
fiksuoja tik I derivacijos tipo EKG, o tai, misy jsitikinimu, sukelia nemaZzai
klaidingai teigiamy rezultaty, dél ko zenkliai padidéja sveikatos prieziiiros
kasty poreikis.

Sios daktaro disertacijos tikslas buvo reik§mingai prisidéti prie nayjyjy
nesiojamyjy prietaisy skaitmeninés sveikatos sektoriuje pazangos. Darbo
autorius yra vienas i$ iSradéjy pirmojo MDR CE sertifikuoto ant rieSo dévimo
jrenginio, kuris kombinuoja FPG pagrjstg PV atrankinio iStyrimo algoritma ir
gali uzrasyti intermituojanca, beviele 6 derivacijy EKG PV patvirtinimui (15—
21). Be patento sukiirimo, §io darbo metu buvo publikuoti keturi straipsniai:
du apie jrenginio diagnostinj tiksluma PV pacientams, kontroliuojant
grupémis su daznais prieslaikiniais Sirdies susitraukimais, ir du apie dirbtinio
intelekto algoritmg apdorojant didelius EKG duomeny srautus bei ilgalaikés
EKG markeriais paremtg rizikos stratifikavima atrenkant pacientus ilgesniam
EKG monitoravimui dél ankstyvos PV diagnostikos.

9.1.2 Tyrimo tikslas

Sukurti ir/ar jvertinti naujy medicininiy priemoniy diagnostinj tiksluma
priesirdziy virpéjimui nustatyti ir prognozuoti, apimant neSiojamajj
elektroninj prietaisg su FPG ir daugiakanale EKG, programinius algoritmus
bei dirbtinio intelekto metodus.

9.1.3 Tyrimo uzdaviniai

1. Sukurti pirmgjj pasaulyje ant rieSo dévima neSiojamajj prietaisa,
turintj iStising FPG, skirta PV jtarimui, bei galimybe jrasyti belaide
panasig ] 6 standartiniy galiininiy derivacijy EKG, leidziancia
gydytojui patvirtinti ritma (Patentai).

2. Validuoti diagnostinj prietaisg jvertinant FPG paremto algoritmo,
bevielés Sesiy derivacijy EKG ir sistemos i§ abiejy metody tiksluma
trumpalaikéje stebésenoje, siekiant jtarti ir diagnozuoti PV, jtraukiant
ir daznas ekstrasistoles kontrolinéje grupéje (Straipsnis I).

3. Istirti, ar SeSiy derivacijy bevielé prietaiso EKG prideda papildoma
diagnosting naudg PV nustatymui lyginant su panasia j I derivacijos
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EKG, kuri placiai naudojama daugumoje iSmaniyjy laikrodziy, bei
automatiniu FPG principu veikianciu detektoriumi (Straipsnis II).
Palyginti aritmijy nustatymo tikslumg panaudojant dirbtinio intelekto
algoritmg su kardiologijos eksperty iSvadomis ilgalaikése Holterio
EKG (Straipsnis III).

Nustatyti PV rizikos zymenis ilgalaikiuose Holterio EKG jrasuose,
atrenkanCius pacientus, kuriems potencialiai tolimesné ilgalaiké
stebésena neSiojamaisiais prietaisais ar kitais buidais galéty biiti
naudinga (Straipsnis IV).

9.1.4 Disertacijos ginamieji teiginiai

Pirmasis neSiojamasis ant rieSo dévimas prietaisas, kombinuojantis
FPG pagristg algoritma aritmijos jtarimui ir 6 derivacijy beviele EKG
aritmijos patvirtinimui, yra reik§minga inovacija, kuri pagrjstai gali
biiti patentuotina. D¢l patikimo diagnostinio prietaiso poreikio tiek
pacienty, tiek sveikatos priezitiros jstaigy tarpe, $is sprendimas buvo
sékmingai komercializuotas, gavo MDR sertifikavimg ir buvo
idiegtas ] kliniking praktika kaip naujas CE zenklinimu pazymétas
medicinos  prietaisas ~ (Patentas, MDR sertifikavimas,
Komercializacija).

Nepaisant dazny prieslaikiniy skilveliniy ir prieSirdiniy susitraukimy
(PrE/ SKE) kontrolinéje grupéje, gydytojai galéjo tiksliai jtarti ir
diagnozuoti priesirdziy virpéjima trumpalaikiy jrasy stebéjimo metu
naudojant prietaisa, kuris turéjo diagnosting sistema, sudarytg i§ FPG
algoritmo ir bevielés Sesiy derivacijy EKG (Straipsnis I).

Sesiy kanaly bevielé EKG, uzfiksuota dévimu jrenginiu, suteikia
papildoma diagnosting nauda nustatant prieSirdziy virpéjima, lyginant
su vieno kanalo EKG, primenancia I derivacija, kuri placiai
naudojama esamuose iSmaniuosiuose laikrodziuose, bei automatiniu
FPG algoritmu (Straipsnis IT).

Dirbtinio intelekto algoritmas aritmijy aptikimui buvo tikslesnis
lyginant su sertifikuoty EKG techniky rankine analize ilgalaikiuose
Holterio EKG jraSuose (Straipsnis III).

Pirmyjy 24 valandy Holterio EKG stebésenos metu nustatyti EKG
rizikos Zymenys gali sékmingai prognozuoti priesirdziy virpéjimo
aptikimg per tolimesnes 2-30 dieny ir taip leisti atrinkti kandidatus
iSpléstiniam 1 ménesio trukmés iStyrimui siekant ankstyvos aritmijos
diagnostikos (Straipsnis IV).
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9.1.5 Naujumas ir praktiné verté

Naujyjy nesiojamyjy prietaisy naudojimas neturint medicininio prietaiso
MDR CE sertifikavimo medicininiais tikslais neatitinka jrodymais pagrjstos
medicinos principy. Nors teoriSkai $ie jrenginiai gali turéti tam tikrg verte kaip
atskiri diagnostikos metodai, vis délto daznai jiems triikksta svarbiy su MDR
sertifikavimo procesu susijusiy kokybés patikrinimy. DazZniausiai tokie
trukstami aspektai galéty biiti jvardijami kaip publikuoty straipsniy ar atviros
prieigos duomeny apie veikimo tiksluma trikumas, realiomis sglygomis
iSbandyti diagnostiniai ypatumai atsizvelgiant | papildomus veiksnius (pvz.
dazny ekstrasistoliy poveikis), aiSkiai apibrézta tiksliné prietaiso panaudojimo
pacienty grupé bei sklandi integracija j gydymo jstaigy darbo eiga.

Sio mokslinio darbo naujové yra tai, kad didele dalimi sprendziami
minéti i§§tikiai, sukuriant ir validuojant naujg diagnostinj medicinos prietaisa.
Darbe apimamas testinis nuoseklus procesas: nuo pradinés autoriaus id¢jos —
uzfiksuoti Sesiy derivacijy bevielg¢ EKG, panaudojant tik ant rieSo neSiojamag
jrenginj — iki prototipo sukiirimo, kuris sujungia tieck FPG pagrijsta algoritma
PV jtarti, tiek SeSiy derivacijy EKG funkcionaluma PV diagnozuoti. Taip pat
tyrimy grupé analizavo dirbtinio intelekto algoritmo panaudojimo galimybes
ilgalaikei EKG analizei, siekiant palengvinti dideliy EKG duomeny analizés
i$Sukius. Buvo nustatyti EKG rizikos zymenys pacienty grupéje, kuriai
atliktas ilgalaikis Holterio monitoravimas. Pavyko nustatyti kriterijus, kuriais
remiantis, galima atrinkti kandidatus iSpléstiniam EKG stebéjimui iki 1
ménesio, kuris leisty sudaryti prielaidas ankstyvai prieSirdziy virpéjimo
diagnostikai.

Vienas i§ svarbiy praktiniy Sio darbo rezultaty — komercializacija ir
pasauliné masiné gamyba jrenginio, dabar zinomo kaip TeltoHeart. Jrenginys
buvo pripazintas Europos vaisty agenttiros (EVA) ir gavo Medicinos prietaisy
reglamento (MDR) sertifikavima: I klasés — techninei jrangai (paciam
jrenginiui), Ila klasés — programinei jrangai, veikianciai jrenginyje ir
nuotolingje platformoje. Be to, autorius aiskiai identifikavo tikslines pacienty
grupes ir pasiilé darbo eigos praktinius algoritmus TeltoHeart taikymui
ilgalaikiame stebéjime, remiantis EHRA ir ESC gairémis bei konsensuso
dokumentais.
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9.2  Metodika: bendras straipsniy serijos dizainas ir pagrindimas

Si disertacija apima nuosekly kiirybinj procesa nuo sukurtos idéjos

patentavimo iki keturiy tarpusavyje susijusiy moksliniy straipsniy:

Isradimo idéja ir jos realizavimas (Patentas) buvo pradeéti ir jvykdyti
iki disertacijos pradZios autoriaus ir kolegy iniciatyva. Sios tezés
autoriaus esminis indélis yra bevielés Sesiy derivacijy EKG fiksavimo
metodo idéjos sugalvojimas panaudojant ant rieSo dévima prietaisa, ir
tolimesnis praktinis jgyvendinimas bendradarbiaujant su Kauno
technologijos universiteto (KTU) Biomedicininés inzinerijos instituto
kolegomis.

Straipsnis I (doi: 10.3389/fcvm.2022.869730) — tai prospektyvus
atvejo-kontrolés validacijos tyrimas, vykdytas Vilniuje (Lictuva).
Jame buvo testuojamas naujo tipo ant rieSo dévimas prietaisas,
integruojantis FPG ir SeSiy derivacijy belaidés EKG technologija,
siekiant jvertinti, ar prietaisas gali tiksliai aptikti priesirdziy virpéjima
(PV), net esant dazniems prieslaikiniams susitraukimams
kontrolinése grupése.

Straipsnis II (doi: 10.3389/fcvn.2023.1160242), taip pat
prospektyvus tyrimas, atliktas Vilniuje, palygino SeSiy derivacijy
EKG diagnosting naudg aptinkant PV lyginant su vienos derivacijos
EKG ir FPG pagrijsto algoritmo tikslumais.

Straipsnis III (doi: 10.1038/s41591-025-03516-x) — tai dirbtinio
intelekto (DI) validacijos tyrimas, kuriame naudota didelés apimties
ambulatoriné EKG duomeny bazé i§ JAV, lyginant automatizuotus
gilaus mokymosi modelio rezultatus su sertifikuoty techniky
anotacijomis aritmijy nustatymui.

Straipsnis IV (doi: 10.1111/anec.13090) — retrospektyvus atvejo-
kontrolés tyrimas, naudojant 24 valandy Holterio duomenis i§ JAV,
nustaté EKG pagrjstus rizikos Zymenis, galin€ius prognozuoti PV
atsiradimg per artimiausias 2—30 dieny.

ISvardyti straipsniai nagrinéja pirminj iSradimg, prietaiso diagnosting

validacijg, didelio EKG duomeny srauto analiz¢ DI pagalba bei praktinj
nenustatyto PV rizikos stratifikavimg atrenkant kandidatus ilgalaikei 1
ménesio trukmés stebésenai (Lentelé).
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Lentelé. Patentai ir tyrimy dizainas paskelbtuose straipsniuose

algoritmas, $esiy
derivacijy EKG bei $iy
metody sistema tiksliai
atskiria PV nuo SR,
kontroliuojant pacienty
grupe, turin¢ia gausias
prieslaikines
skilvelines ar

diagnosting verte atnesa
Sesiy derivacijy EKG
lyginant su vienos
derivacijos EKG bei
FPG algoritmu
nustatant PV su ant
rieSo dévimu prietaisu.

algoritmu paremta analizg su
rankine sertifikuoty techniky
analize aptinkant aritmijas
ambulatorinéje EKG.
Palyginimui naudotas
referentinis vertinimas gautas
i§ 17 komandy konsensuso,

Holterio EKG
parametrai gali
patikimai prognozuoti
PV aptikima per kitas
2-30 dienas, taikant
tolimesnj
monitoravima.

Straipsnis I Straipsnis 11 Straipsnis 11T Straipsnis IV Patentai
Patenty Netaikoma Netaikoma Netaikoma Netaikoma Nesiojamasis prietaisas:
registravimo 1) Lietuvos Patenty
duombazés Biuras (17)
2) PINO (19)
3) EPB(18)
4) JAV Patenty ir Prekiy
Zenkly Biuras (20)
5) JPB(21)
Papildomas patentas:
1) EPB (45)
Tyrimo dizainas Prospektyvinis Prospektyvinis atvejo- DI validacijos tyrimas Retrospektyvinis Netaikoma
atvejo-kontrolés kontrolés tyrimas vertinant pacienty EKG atvejo-kontrolés
validacijos tyrimas irasy kohorta tyrimas
Pagrindiné Vilnius, Lietuva Vilnius, Lietuva JAV JAV Netaikoma
jtraukimo vieta
Tyrimo populiacija | Stacionaro ar Stacionaro ar Ambulatoriniai pacientai, Ambulatoriniai Netaikoma
ambulatoriniaipacien | ambulatoriniai >18 m. pacientai, >18 m.
tai, >18 m. pacientai, >18 m.
Populiacijos dydis | 344 pacientai 249 pacientai galutinéje | 14.606 pacientai 18.220 pacientai Netaikoma
galutingje analizéje analizéje
Tikslas Ivertinti, ar FPG Istirti, kokig pridéting Palyginti tik DeepRhythm DI | Nustatyti ar 24 valandy | Netaikoma
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Straipsnis I Straipsnis I1 Straipsnis I11 Straipsnis IV Patentai
priesirdines kuriy kiekviena sudaryta i§ 3
ekstrasistoles. kardiology eksperty.
Monitoravimo 1) 2-3 min EKG 1) 2-3 min EKG 14 dieny Iki 31 dienos Netaikoma
trukme 2) 2-30 min FPG 2) 2-30 min FPG
Monitoravimo a) tirlamasis ant rieSo | a) tiriamasis ant rieSo PocketECG EKG Holteris PocketECG EKG Netaikoma
prietaisai dévimas prietaisas dévimas prietaisas (MEDICALgorithmics, Holteris
(TeltoHeart (TeltoHeart prototipas) Var$uva, Lenkija). (MEDICALgorithmics,
prototipas) b) referentinis EKG VarSuva, Lenkija).
b) referentinis EKG Holteris (eMotion
Holteris (eMotion Faros, Kuopijas,
Faros, Kuopijas, Suomija).
Suomija).
Tyriamoji grupé Pacientai su Pacientai su jtraukimo EKG jrasai su atsitiktiniais “Didelés rizikos” Netaikoma
jtraukimo metu metu esamu PV, aritmijos epizodais, pacientai, apibrézti
esamu PV, nustatytu | nustatytu EKG. iskaitant kritines aritmijas: kaip prognozuojama
EKG. PV >30s, skilveliné PV rizika 2-30
tachikardija >10s +>120 dienomis >10%
k/min, SVT >30s, 3 (iSlyginta pagal amziy,
laipsnio AV blokada, lytj ir jraso trukmg).
asistolija >3,5 s.
Kontroliné grupé Pacientai su jtraukimo | Pacientai su jtraukimo Netaikoma “Mazos rizikos” Netaikoma

(-¢s)

metu esamu ir EKG
nustatytu:

a) stabiliu SR

b) SR su daznomis
skilvelinémis ar
priesirdinémis
ekstrasistolémis (>1
ekstrasistolé per 2
min).

metu esamu ir EKG
nustatytu SR su
daznomis skilvelinémis
ar prieSirdinémis
ekstrasistolémis (>1

ekstrasistolé per 2 min).

pacientai, apibrézti
kaip prognozuojama
PV rizika 2-30
dienomis <5%
(iSlyginta pagal amziy,
lytj ir jraso trukmg).
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Straipsnis I Straipsnis I1 Straipsnis I11 Straipsnis IV Patentai

EKG derivacijy | a) 6 derivacijy a) 6 derivacijy belaidé 2 derivacijy EKG su 3 2 derivacijy EKG su3 | Netaikoma
skaiCius belaidé EKG (ant EKG (ant rieso dévimas | klijuojamais elektrodais ir klijuojamais
monitoravimo metu | rieSo dévimas prietaisas) laidais, vienas kuriy atlicka | elektrodais ir laidais,

prietaisas) b) 1 derivacijos belaidé | atskaitos funkcija vienas kuriy atlieka

b) 3 derivacijy EKG | EKG (ant rieso dévimas | (Holteris). atskaitos funkcija

su klijuojamais prietaisas) (Holteris).

elektrodais ir laidais | c) 3 derivacijy EKG su

(referentinis klijuojamais elektrodais

Holteris). ir laidais (referentinis

Holteris).

Tyrimo baigtys PV nustatymo PV nustatymo tikslumas | Klaidingai neigiamy kritiniy PV epizody >30 s Netaikoma

tikslumas aritmijy jvykiy kiekis ir bendras | atsiradimas 2—30

aritmijy aptikimo tikslumas dienomis
naudojant DI algoritma

Statistiné analizé Jautrumas, Jautrumas, Jautrumas, specifiSkumas, Lasso modelis PV Netaikoma

specifiSkumas, specifiSkumas, tikslumas, teigiama ir epizody

tikslumas, teigiamas | tikslumas, teigiamas ir neigiama prognostiné verté, | prognozavimui,

ir neigiamas neigiamas tikimybés F1 balas; absoliutiis didelés ir mazos

tikimybés santykis; santykis; teisingai ir klaidingai rizikos grupés

nepriklausomos nepriklausomas imties teigiamy bei neigiamy lyginamos naudojant

imties Studento T-
testas / Mann-
Whitney U testas;
chi kvadrato testas /
dvipusis Fisher
tikslusis testas;
Cramerio V testas.

Studento T-testas /
Mann-Whitney U
testas; chi kvadrato
testas / dvipusis Fisher
tikslusis testas;
Cramerio V testas,
Coheno kappa.

atvejy rodikliai.

logisting regresijos
analiz¢; ROC
statistika.
Prognozavimo modelis
,.tik EKG* apémé tik
EKG Zymenis, o
,pilnas modelis*
papildomai jtrauké
amziy ir lytj.
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9.3 Rezultatai

9.3.1 Intelektiné nuosavybé ir indélis | vystyma: patentai, MDR
sertifikavimas ir prietaiso komercializacija

Darbo pirminés idéjos naujumas ir tolimesnis vystymas sudaré
prielaidas sukurti pirmgjj pasaulyje ant rieSo dévimg prietaisa, kuris leidzia
atlikti nuolating FPG stebéseng dél priesirdziy virpéjimo (PV) aptikimo bei
galimybe registruoti belaide SeSiy derivacijy EKG, leidziancia gydytojui
diagnozuoti aritmijg. Pradinis patentas buvo pateiktas kaip nacionalinis
patentas Lietuvoje dar iki pradedant §ig disertacijg — 2018 m. lapkricio 22 d.
(prioriteto data) (17), bendradarbiaujant su KTU kolegomis. Véliau, 2019 m.
lapkricio 21 d., patentas buvo iSpléstas tarptautiniu mastu pagal Pasaulinés
intelektinés ~ nuosavybes organizacijos (PINO)  paraiskg  nr.
WO0/2020/104986A (19). Véliau jis buvo sékmingai paskelbtas Jungtiniy
Amerikos Valstijy patenty ir prekiy Zenkly biuro (20), Japonijos patenty biuro
(JPO) (21) ir Europos patenty biuro (EPO) (18) paraiskose.

Komerciné versija, §iuo metu parduodama prekés zenklu ,, TeltoHeart",
s¢kmingai pra¢jo medicinio prietaiso sertifikavimo procesg. Techninei jrangai
buvo suteiktas MDR 1 klasés CE Zenklinimas, o programinei jrangai ir
nuotolinei debesy platformai — Ila klasés CE Zenklinimas (53). Sios
disertacijos autorius atliko pagrindinio klinikinio konsultanto vaidmen;.

2025 m. balandzio mén. duomenimis, ,,TeltoHeart“ buvo jdiegtas
daugiau kaip 30 pasaulio gydymo jstaigy. Siuo metu jrenginys parduodamas
per trisdeSimt $aliy penkiuose pasaulio Zemynuose.

9.3.2  Straipsnis I: jrenginio diagnostinio tikslumo validacija

Sistema, apjungianti FPG pagrjsta algoritma ir SeSiy derivacijy EKG,
pasieké 94.2 % jautrumg ir 99.6 % specifiskumg. Atskirai vertinant tik Sesiy
derivacijy EKG, jautrumas sieké 99.2 % ir specifiSkumas — 99.1 % (Straipsnis
I). Nepaisant dazny prieslaikiniy skilveliy ir prieSirdziy susitraukimy
kontrolinéje grupéje, gydytojai galéjo tiksliai aptikti ir diagnozuoti priesirdziy
virpé€jima trumpalaikio steb&jimo metu.

9.3.3  Straipsnis II: $esiy derivacijy EKG palyginimas su vienos
derivacijos EKG nustatant prieSirdziy virp¢jima

Vienos derivacijos EKG metodui uzteko 3.4 karto maziau ekstrasistoliy
nei Sesiy derivacijy EKG, kad atsirasty klaidingai teigiamas rezultatas. Ant
rieSo nesiojamo prietaiso uzfiksuota Sesiy derivacijy EKG suteikia aiskia
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papildomg diagnosting naudg prieSirdziy virpéjimo nustatymui lyginant su
vienos derivacijos EKG, kuri daZniausiai naudojama iSmaniuosiuose
laikrodziuose, ir automatiniu FPG algoritmu (Straipsnis II).

9.3.4  Straipsnis III: dirbtinio intelekto ir rankinio aritmijy nustatymo
palyginimas ambulatoringje EKG

DI algoritmo diagnostinis tikslumas nustatant aritmijas pranoko
sertifikuoty EKG techniky iSvadas ilgalaikéje Holterio EKG analizéje
(Straipsnis III). DeepRhythm DI modelis aplenké techniky analizg,
pasiekdamas aukstg neigiama prognosting vertg — 99.9 % (klaidingai neigiami
atvejai — 3.2/1000 paciento dieny) kritiniy aritmijy kategorijoje, palyginti su
99.1 % (44.3/1000 paciento dieny). Sis reikimingas klaidingai neigiamy
rezultaty sumazéjimas pasiektas esant nedideliam klaidingai teigiamy atvejy
padidéjimui (12 /1000 vs. 5 /1000 paciento dieny).

9.3.5 Straipsnis IV: EKG rizikos Zymenys ir prognostinis priesirdziy
virpéjimo modeliavimas ilgalaikiame Holterio monitoravime

EKG rizikos zymenys, nustatyti per pirmasias 24 valandas ilgalaikés
Holterio stebésenos metu, gali sékmingai prognozuoti PV atsiradimg per
artimiausias 2-30 dienas (Straipsnis IV). Patikimi tik EKG paremti
prognostinio modelio Zymenys buvo pavieniy prieslaikiniy prieSirdziy
susitraukimy skaicius, didziausias priesirdiniy kuplety ir triplety sukibimo
greitis, ilgiausia SVT trukmé, didZiausias skilveliniy kuplety sukibimo greitis,
didziausias SkT su >4 susitraukimais greitis ir maksimalus Sirdies
susitraukimo daznis.
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9.4 ISvados

Sukurtas pirmasis ant rieSo dévimas prietaisas, apjungiantis FPG
algoritma su Sesiy derivacijy belaide EKG, tapo reik§minga inovacija,
verta biiti apsaugota tarptautiniu patentu. Reali paklausa tiek i$
sveikatos prieziliros jstaigy, tiek i§ pacienty 1émé Sio naujo
medicininio prietaiso sékmingg MDR sertifikavima,
komercializavimg ir integracija j kliniking praktika (Patentas, MDR
Sertifikavimas, Komercializavimas).

Nepaisant dazny prieslaikiniy skilveliniy ir priesirdiniy susitraukimy
(SKE/PrE) kontrolingje grupéje, gydytojai gal¢jo tiksliai jtarti PV
naudojant FPG algoritmg ir pilnai diagnozuoti PV naudojant $eSiy
derivacijy belaide EKG trumpalaikio stebéjimo metu islaikant auksta
specifiskumg. Abiejy metody, integruoty | vieng sistema,
specifiskumas buvo 99.6 % (97.5-100) ir bendras tikslumas buvo
99.5 % (98.9-100) (Straipsnis I).

Sesiy derivacijy belaidé EKG, jrasyta neiojamuoju prietaisu, suteiké
papildomos diagnostinés naudos aptinkant PV, nes buvo tikslesn¢ uz
vienos derivacijos EKG, daZniausiai naudojamg iSmaniuosiuose
laikrodziuose, bei automatinj FPG algoritma (Straipsnis IT). Sesiy
derivacijy EKG buvo atspariausia ekstrasistoléms — jai reikéjo 3.4
karto daugiau prieslaikiniy susitraukimy nei vienos derivacijos EKG
ir 49 karto daugiau nei FPG algoritmui, kad jvykty klaidingai
teigiamas atvejis.

DeepRhythm DI modelis pranoko techniky analize, pasizymédamas
aukSta neigiama prognostine verte — 99.9 % (klaidingai neigiami
atvejai — 3.2/1000 paciento dieny) kritiniy aritmijy kategorijoje,
palyginti su 99.1 % (44.3/1000 paciento dieny) (Straipsnis III).
ReikSmingas klaidingai neigiamy rezultaty sumaZzéjimas buvo
pasiektas su nuosaikiu klaidingai teigiamy rezultaty padidéjimu
(12/1000 vs. 5/1000 paciento dieny).

EKG rizikos Zymenys, aptikti per pirmasias 24 valandas ilgalaikéje
Holterio EKG stebésenoje, gali sékmingai prognozuoti PV atsiradima
per 2-30 dienas po stebésenos pradzios (Straipsnis IV). Patikimi
prognostiniai Zymenys buvo pavieniy prieslaikiniy priesirdziy
susitraukimy skaicius, didZiausias prieSirdiniy kuplety ir triplety
sukibimo greitis, ilgiausia SVT trukmé, didziausias skilveliniy
kuplety sukibimo greitis, didziausias SkT su >4 susitraukimais greitis
ir maksimalus §irdies susitraukimo daznis.
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