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INTRODUCTION

Relevance of the research

Atrial fibrillation (AF) is the most common cardiac arrhythmia, estimated to
affect more than 50 million individuals worldwide [1,2]. However, the true prevalence
may be much higher due to asymptomatic AF cases, especially at the beginning of
arrhythmia development [3,4]. AF poses a significant burden on the healthcare system
due to serious complications such as stroke and heart failure [5]. In addition, the global
incidence and prevalence of AF continue to rise due to aging, increasing obesity rates,
and cardiovascular diseases. In Europe and the US, it is estimated that one out of four
individuals aged over 55 years will develop AF in their lifetime [6].

The effectiveness of managing AF complications largely depends on early de-
tection, which is still a challenging task [7]. However, even if detected early, the man-
agement is often restricted to oral anticoagulants and antiarrhythmic drugs, both asso-
ciated with serious side effects [8,9,10]. An increasing number of studies have identi-
fied modifiable factors, under the name of AF triggers, that can potentially contribute
to AF episode occurrence [11]. AF triggers should not be misunderstood as AF risk
factors, like diabetes, hypertension, obesity, sleep apnea, or smoking [12], but rather
as an exposure contributing to the occurrence of AF episodes. The most commonly
studied AF triggers are alcohol consumption [13, 14], physical exertion [15, 16], and
psychophysiological stress [17, 18]. A better understanding of triggers in individual
patients would enable clinicians to address the underlying causes of AF episode occur-
rence and empower patients to actively participate in their AF management through
lifestyle modifications. This strategy closely aligns with a key direction in advanced
medicine, which is to emphasize personalized disease management [2, 5].

Many prior studies investigating AF triggers relied on subjective trigger identi-
fication through questionnaires [11,19,20,21]. A considerable number of AF patients
were able to identify a few trigger types, suggesting confirmation bias [11]. Con-
versely, the fact that certain triggers were not reported by some patients may be at-
tributed to recall bias, such as reluctance to acknowledge events that are harmful to
health [11]. To mitigate these biases, quantitative approaches are needed to supple-
ment questionnaires and enhance the understanding of triggers.

Technological advancements have led to the development of wearable devices
equipped with biosensors capable of acquiring various physiological signals, which
can potentially be used for detecting suspected AF triggers and obtaining AF episodes
by using a single device. Nevertheless, detecting AF episodes is more challenging than
merely identifying the presence of AF [22]. This requires long-term, continuous moni-
toring because interruptions or poor signal quality often results in missed AF episodes,
thereby complicating the assessment of a relation between the suspected trigger and
AF occurrence. Currently, the only commercial options for reliable long-term mon-
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itoring are implantable devices and ECG (electrocardiogram) patches. Implantable
devices, however, are expensive, and they also carry risks associated with the implan-
tation procedure [23], while even modern ECG patches can be inconvenient due to
adhesive electrodes [24]. Wrist-worn devices capable of acquiring a photoplethysmo-
gram (PPG) are more convenient but less accurate in detecting AF [25,26]. Addition-
ally, there has been no research focused on detecting suspected triggers in physiolog-
ical signals or relating trigger information with the occurrence of AF episodes.

The other important challenge that remains to be solved is understanding the re-
lation between the suspected trigger and the AF episode occurrence on an individual
level. Since timestamps of suspected triggers and onsets and offsets of AF episodes
are represented by nonstationary binary data, conventional methods for assessing the
relation, such as Granger causality or causal forecasting, are not easily applicable,
while distance- and correlation-based methods [27, 28] are only useful for finding
similarities between two processes. Quasi-experimental approaches, such as regres-
sion discontinuity design [29], have limited practical application due to the need for
data points in both pre- and post-effect periods. Unfortunately, methods for identify-
ing the relation between the suspected triggers and the AF episode occurrence on an
individual patient basis are lacking, thereby highlighting the need for research in this
area.

An AF trigger — acute exposure (e.g., alcohol consumption, physical ex-
ertion, psychophysiological stress) that contributes to the occurrence of
an atrial fibrillation episode due to the interplay between the arrhythmo-
genic substrate in the atria and modulating factors (e.g., the state of the
autonomic nervous system).

A suspected AF trigger — an event commonly reported by patients as
their trigger for AF, which is detected in physiological signals acquired
using wearable devices, recorded by patients using a dedicated smart-
phone app, or self-reported via a questionnaire.

Control AF triggers — AF triggers randomly placed throughout the ob-
servation interval, matching the number of detected suspected triggers,
to enable the comparison of relational strengths.

Scientific-technological problem

Detection of suspected AF triggers in physiological signals and the identification
of the relation between the suspected trigger and the occurrence of AF episodes in an
individual patient.
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Research object
A method for personalized identification of suspected AF triggers from physio-
logical signals obtained by using wearable devices.

Aim of the research
This doctoral thesis aims to develop and investigate a method for personalized
identification of AF triggers.

Objectives of the research

1. To propose a methodology for detecting suspected AF triggers in physiological
signals.

2. To develop a model for simulating an effect of a trigger on the occurrence of AF
episodes.

3. To propose an approach for assessing the relation between the suspected trigger
and the occurrence of AF episodes.

4. To investigate the relation between the suspected AF trigger and the occur-
rence of AF episodes by using physiological signals acquired from patients with
paroxysmal AF.

Scientific novelty

Identifying individual triggers and implementing behavioral changes can be an
effective strategy to supplement conventional pharmaceutical treatment. In this doc-
toral thesis, a methodology has been proposed to detect suspected AF triggers in phys-
iological signals. Additionally, the feasibility of using long-term PPG-based AF de-
tection as an alternative to conventional ECG-based detection was investigated.

Due to the absence of databases with annotated triggers and AF episodes, this
doctoral thesis also proposes an alternating, bivariate Hawkes model for simulating
trigger-affected AF episode occurrence. To illustrate the principle, the effect of al-
cohol on AF episodes is represented by an alcohol body reactivity function whose
properties depend on the amount of consumed alcohol.

Currently, the main approach for the identification of suspected triggers relies
on questionnaires. To mitigate the biases related to the subjectivity of trigger iden-
tification, a quantitative approach for assessing the relational strength between the
suspected trigger and AF occurrence for an individual patient has been proposed. One
of the strengths of the proposed approach is that it overcomes the limitations posed by
non-stationary and binary data.
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Finally, the proposed method for identifying suspected AF triggers has been
investigated by using a database of wearable-based physiological signals, collected
from patients diagnosed with paroxysmal AF at their homes.

Practical significance

1. The proposed method, model, and methodology for personalized identification

of suspected AF triggers can be used in the following applications:

(a)

(b)

(©

The algorithms that use ECG and acceleration signals enable the detection
of suspected AF triggers due to physical exertion, psychophysiological
stress, lying on the left side, and sleep disorders.

The model for simulating the effect of the trigger allows to model trigger-
affected AF episode occurrence. Various triggers, such as alcohol con-
sumption, large meals, cold drinks or cold food, acute stress and anxiety
can be simulated, by relying on available scientific evidence. The model
addresses the problem of the lack of annotated databases; therefore, it is
valuable for testing the approaches for assessing the relation between the
suspected triggers and the AF episode occurrence.

The approach for quantifying the relational strength between the suspected
trigger and the occurrence of AF episodes has the potential to facilitate
the implementation of longitudinal studies and can serve as a less biased
alternative to the conventional questionnaire-based approaches.

2. The methods provided in this thesis have been developed in the framework of
the project Wearable technology for personalized identification and manage-

ment of paroxysmal atrial fibrillation triggers — TriggersAF funded by the Eu-
ropean Regional Development Fund (01.2.2-LMT-K-718-03-0027) under grant
agreement with the Research Council of Lithuania (LMTLT), 2020-2023.

3. Some parts of algorithms presented in the thesis have been described in the
European patent application Method for Establishing a Causality Score Between

Atrial Fibrillation Triggers and Atrial Fibrillation Pattern, Kaunas University
of Technology, Vilnius University. EP21179681.8. 16 June 2021.

Approval of the results

The doctoral thesis relies on two main papers published in international scientific
journals referred in the Clarivate Analytics Web of Science database. The essential

results have been presented in two international worldwide recognized conferences:
the 49'" and the 50" conferences of Computing in Cardiology.
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The statements presented for defense

1. The suspected AF triggers can be detected in physiological signals acquired in
free-living. ECG and acceleration signals can be used to compute time-varying
parameters, with distinct thresholds for specific trigger detection.

2. Trigger-affected AF episode occurrence can be simulated by using an alter-
nating, bivariate Hawkes model by accounting to the body reactivity function
which represents the trigger effect.

3. A relation between the suspected trigger and the AF episode occurrence can be
quantified by relying on the pre- and post-trigger AF burden within the specific
analysis time interval, dependent on the duration of the trigger effect.

4. The proposed approach for establishing the relational strength between the sus-
pected AF trigger and the occurrence of an AF episode is a less-biased alterna-
tive to questionnaire-based approaches.

Structure of doctoral thesis

The doctoral thesis is organized as follows. Section 1 analyzes the relevant
scientific literature with respect to the clinical significance of AF triggers, together
with the information on available technologies that provide signals indispensable for
detecting AF episodes and suspected AF triggers. Section 2 presents algorithms for
detecting suspected triggers in physiological signals, a model for simulating the effect
of a trigger on the AF episode occurrence, and an approach for assessing the relational
strength between the suspected triggers and the AF occurrence. Section 3 describes
the two databases used in the work: a simulated database, with various effects of al-
cohol and a week-long physiological signals database obtained from paroxysmal AF
patients. Section 4 presents results obtained from the detection of suspected triggers
in physiological signals, modeling of trigger-affected AF episode occurrence, and in-
vestigation of the relational strength between the suspected AF triggers and the AF
episode occurrence in simulated and physiological signals. The findings of the doc-
toral thesis are generalized by providing its conclusions in Section 5.

Parts of the thesis have been quoted verbatim from the previously published
articles: [30,31,32,33].

The thesis consists of 112 pages, 28 figures, 7 tables, and 141 references.

Work done in collaboration

The proposed method was developed collaborating with Leif S6rnmo from Lund
University (Lund, Sweden). The ECG- and PPG-based detectors for obtaining the
occurrence of AF episodes were earlier developed by Andrius SoloSenko [25] and
Andrius Petrénas [34], respectively.
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1. OVERVIEW

This chapter discusses the limitations and emerging opportunities for AF man-
agement and reviews the technologies for AF detection, while focusing on long-term
monitoring. The chapter also introduces the concept of AF triggers, reviews poten-
tial approaches to identifying the relation between the suspected triggers and the AF
episode occurrence, and discusses the suitability of the available technologies for de-
tecting suspected triggers in physiological signals.

1.1. Atrial Fibrillation Background

Atrial fibrillation is characterized by irregular and rapid atrial activity, with atrial
cells depolarized at rates of 300-600 times per minute, far exceeding the normal rate
of approximately once per second. The atrioventricular node acts as a filter between
the electrical systems of the atria and the ventricles, thus allowing only a fraction of
these rapid atrial impulses to reach the ventricles.

Clinical diagnosis of AF requires documentation of an episode lasting more than
30 seconds, recorded in a 12-lead ECG [35,36]. Key features of AF visible on an ECG
include an irregular rhythm, the absence of P waves, and the presence of fibrillatory
waves (Fig. 1.1).

Normal sinus rhythm Atrial fibrillation

Abnormal
electrical
pathways

Normal
electrical
pathways

Atrioventricular
(AV) node

RR-intervals 7 RR-intervals
Figure 1.1. Electrophysiological heart activity during non-AF and AF and
corresponding ECG signals
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When arrhythmia is at an early stage of development, AF episodes are often
short and self-terminating. However, AF is often a progressive disease [37], and it
may progress to persistent, when episodes last continuously for more than 7 days.
Ultimately, it can develop into permanent, when the rhythm does not restore to the
sinus rhythm without medical treatment or a surgery [38]. The serious complication
of AF is the formation of blood clots in the atria due to impaired atrial contraction and
blood stasis. Blood clots can reach the brain, lungs, kidneys, or become lodged in an
artery, thereby posing significant health risks [39].

According to the latest understanding of AF initiating mechanisms, AF episodes
occur due to the interplay between the arrhythmogenic substrate, modulating factors,
and potentially modifiable acute exposures — AF triggers [40,41,42]. Since prolonged
AF leads to electrical and structural remodeling of the atria, maintaining sinus rhythm
for as long as possible is a crucial challenge [43].

Despite advancements in arrhythmia treatment, managing AF remains a com-
plex challenge [44]. Current management options are largely confined to oral anti-
coagulants and antiarrhythmic medications, both of which carry the risk of serious
or potentially life-threatening side effects, such as bleeding, hypotension, alterations
in the hemodynamics and autonomic nervous system (ANS), and even lead to life-
threatening arrhythmias [9, 10, 36, 45, 46]. Modern treatment approaches, such as
catheter ablation, involve substantial costs and can be unsuccessful, resulting in AF
recurrence following the procedure [47]. Thus, an effective strategy may include in-
tegrating the lifestyle and modifiable factor interventions alongside the conventional
AF management approaches [12] (see Fig.1.2) and, in such a way, lead to a reduced
AF burden.

1.2. Commercial Wearable Devices for Monitoring Atrial Fibrillation

AF episode occurrence can only be obtained from continuous long-term cardiac
activity-reflecting signals, such as ECG or PPG. Further, an overview of the currently
available commercial wearable devices that potentially can be used to obtain the oc-
currence of AF episodes is provided. Also, the devices are reviewed regarding the
possibility of accessing the unprocessed physiological signals that can be used for the
detection of suspected AF triggers.

1.2.1. Electrocardiogram-based technologies

Information on AF episode occurrence can be obtained by using physiological
signals from implantable devices or external ECG recorders equipped with specialized
software for AF detection. However, implantable devices are both costly and risky due
to the surgical implantation procedure [23]. For ambulatory monitoring, the Holter
monitor remains one of the most commonly used devices offering continuous ECG
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Figure 1.2. Four AF management strategies according to American Heart
Association [12]

recording for 1-2 days, or up to two weeks with newer models [48]. While the Holter
monitor is suitable for obtaining AF episode occurrence, the adhesive electrodes and
connecting wires can cause discomfort during extended use.

More convenient alternatives of Holter monitors are ECG patches. These patches
enable continuous monitoring without the need of wires, thanks to sticky electrodes.
The Zio-Patch (iRhythm Technologies, USA), for example, acquires single-lead ECG
for up to 14 days without needing a battery replacement. The patch has shown a high
diagnostic yield for AF detection which is similar and even better to the Holter mon-
itor, since the patch can we worn for longer periods of time [49, 50]. Bittium Faros
(Bittium, Finland) offers another patch-based solution which can acquire single-lead
or three-lead ECG for up to 7 days without needing a charge. Unlike most other
patches, the Bittium Faros is reusable. In addition to ECG, the device acquires sev-
eral other signals, such as acceleration and temperature. The advantage of Bittium
Faros is that the device provides access to unprocessed signals. Other ECG patches
approved by the US Food and Drug Administration include BardyDx CAM (Bardy
Dx, USA), BodyGuardian (Preventice Solutions, USA), BioTel Heart (BioTelemetry,
USA), MediBioSense MBS HealthStream (MediBioSence, UK), Nuvant MCT (Con-
ventis Inc., USA), SmartCardia (SmartCardia SA, Switzerland) [51]. Some of these
patches support real-time data transmission for continuous AF monitoring, although
the duration of monitoring varies depending on the device. Most patches use a single
lead, but some incorporate multiple electrodes to capture a multi-lead ECG. The low-
profile design and water-resistant properties of patches allow patients to perform their
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daily activities with minimal disruption [50]. The downside is that adhesive elec-
trodes, which are required to attach the patch to the skin, may cause irritation after
prolonged use.

ECG chest straps is another technology without adhesive electrodes. For in-
stance, Polar H7 and Polar H10 (Polar Electro, Finland) have been found to be resis-
tant to signal loss [52,53]. Nevertheless, most chest straps are limited to tracking the
heart rate (HR) rather than providing ECG signals, thus limiting their utility for the
detection of suspected triggers.

KardiaMobile (AliveCor, USA) is a credit-card-sized, non-wearable device for
AF detection that can acquire a single-lead ECG and provides real-time ECG analysis
for AF, bradycardia, and tachycardia.

1.2.2. Photoplethysmogram-based technologies

The use of PPG signals for long-term AF monitoring is gaining popularity, es-
pecially as a tool for AF screening [54,55]. When using the PPG signal, AF detection
is based on the irregularity of pulse-to-pulse intervals or signal morphology [56]. De-
spite the convenience for AF monitoring, PPG poses challenges due to artifacts caused
by movement or a poor sensor contact. Moreover, there are currently no established
guidelines for diagnosing AF solely based on the PPG signal, and a diagnosis still
requires an ECG for confirmation.

Many commercially available wearable smart devices incorporate PPG sensors,
appearing in various forms such as wristbands, smartwatches, smartphone cases, or
apps for smartphones. For instance, Apple Watch Series 6 along with its later ver-
sions has integrated modalities for acquiring both PPG and ECG. Therefore, when the
device detects a rhythm irregularity in PPG, the ECG is acquired for the confirmation.

It is expected that smartwatches could eventually serve as a non-invasive al-
ternative to implantable loop recorders for AF monitoring [57]. In a recent study,
five commercial smartwatches with capability to detect AF were compared. In terms
of sensitivity, Apple Watch 6 (Apple, USA) and Samsung Galaxy Watch 3 (Samsung,
South Korea) were the best, both reaching 85% (72%-91%); while Fitbit Sense (Fitbit,
USA) demonstrated the highest specificity at 79% (70%-86%) [57].

TeltoHeart (Teltonika, Lithuania) is a multifunctional smart wristband with an
integrated PPG-based AF detector and capability to acquire a six-lead ECG for rhythm
confirmation [58]. The device has shown promising results, with a sensitivity of 94.2%
and a specificity of 96.9% for AF detection.

Similarly to smartwatches, wrist or arm bands can also acquire PPG signals.
A recent study showed that the Polar Verity Sense (Polar, Finland) armband may be
an alternative to chest straps since the detected rhythm corresponded to that obtained
by chest strap devices during high intensity workouts [59]. Corsano 287 (MMT SA,
Switzerland) is one of wristbands that provide access to unprocessed PPG signals.
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These bands are usually more affordable than smartwatches due to their less expensive
hardware. In addition, armbands typically offer a longer battery life.

Other PPG-based wearables include rings, such as Oura Ring (Oura, Finland)
and Motiv Ring (Motiv, USA), which monitor HR, the physical activity, and sleep
patterns. Additionally, smart earrings and earbuds, like Joule Earrings (BioSensive,
India) and Jabra Sport Pulse (Jabra Corporation, China), are available on the market.
These devices may be less prone to movement artifacts, while providing more reliable
HR during specific types of exercise, such as power-lifting [60]. However, none of
these devices have been validated for AF detection yet.

The aforementioned ECG- and PPG-based wearable devices and their modifica-
tions are shown in Fig. 1.3, while Table 1.1 emphasizes their potential for detecting
AF episodes and suspected AF triggers.

ECG-based

Patches
Hand-held

Holter 1 Chest strap -
\\ =
=\ L
5 \\\\ \ 5
\\ A “& ,
\ &
PPG-based
Smartwatches Arm or wrist band Earbuds Ring Earrings

3 &) 0 JA S

Figure 1.3. Types of wearable devices capable of obtaining cardiac information

1.3. Atrial Fibrillation Triggers

AF triggers are gaining research interest due to their potential role in contribut-
ing to AF initiation in certain patients. Therefore, patient-specific detection of triggers
can become an important aspect of personalized AF management. Several studies
have demonstrated that AF patients can describe exposures that potentially lead them
to AF [11]. In the study which investigated patient-reported suspected triggers [11],
the majority of AF patients reported at least one suspected trigger possibly related
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Table 1.1. Suitability of commercial wearable devices for accessing physiological
signals for the purpose of detecting suspected triggers and AF episodes

Device Access to physiological sig- Detection of AF episodes
nals

Patch [49,50,51] Some devices provide unpro-  1-2 weeks
cessed ECG and acceleration
signals

Chest strap [52,53] Only research-grade devices Continuous  long-term
provide unprocessed ECG and ~ AF monitoring
acceleration signals; typically,
only HR is provided to the
user

ECG-based

Handheld [51] Short-term user-initiated ~ Not possible; only short-
ECGs are accessible term ECGs

Band [59] Some devices provide PPG to  Continuous  long-term
users; most devices provide AF monitoring
only processed HR and blood
oxygen saturation

Smartwatch [58,61] Most consumer-grade devices  Continuous  long-term

do not provide unprocessed AF monitoring

PPG to the user; some

research-focused devices or

developer platforms offer

application programming

interfaces or tools to access

physiological signals

PPG-based

Ear buds [60] Do not provide unprocessed Not investigated
PPG, only HR and acceler-
ation signals for fitness and
wellness metrics

Ring [60] Access to unprocessed signals  Not investigated
is limited; provides continu-
ous HR, HR variability, sleep
tracking for the user

to their AF episode occurrence, with alcohol consumption being the most frequently
reported; see Fig. 1.4 for commonly reported suspected triggers.

In another study, based on self-identified suspected triggers [13], caffeine was
the most commonly reported. However, caffeine did not show any relation with AF
in the dedicated study [62]. With nearly 1400 older adults involved, no evidence was
found that habitual coffee, tea, or chocolate consumption could be associated with AF.

Among many suspected AF triggers [11, 19], alcohol is the most extensively
studied, and also consistently found to be associated with AF episode occurrence [20].
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Figure 1.4. Suspected AF triggers commonly reported in questionnaire-based studies

Abstaining from alcohol for several months reduces arrhythmia recurrence twofold
in habitual drinkers [21], while the consumption of two or more standard alcoholic
beverages is associated with a threefold increase in the prevalence of AF within the
next four hours [63]. Although the precise mechanism is not fully understood, alcohol
may contribute to AF by affecting atrial electrical properties through direct cardiac
toxicity or by effect on the autonomic tone [14, 64].

Evidence suggests a J-shaped relation between physical activity and the risk of
AF, indicating that light and moderate physical activity can reduce the risk of AF,
while both inactivity and vigorous physical activity can elevate the risk of AF [16].
However, the precise mechanisms through which vigorous physical activity may trig-
ger AF are not elucidated. One plausible explanation involves the interplay between
the ANS and atrial remodeling, leading to AF episodes [65]. Regarding vagally in-
duced AF, patients who engage in regular physical activity tend to experience AF
episodes more frequently than their sedentary counterparts [66]. Furthermore, in-
creased vagal activity is associated with a shortened atrial refractory period, facilitat-
ing re-entry and potentially triggering AF [67].

Psychophysiological stress has an adverse impact on the cardiac system, poten-
tially elevating the risk of developing AF [68]. Their potential role as triggers for
AF is indicated by findings from laboratory-induced stress tests and several observa-
tional studies [42,68,69]. While experiencing stress and negative emotions, the body
releases stress hormones, including adrenaline, noradrenaline, and cortisol. These
hormones impact the blood flow by triggering mechanisms such as elevated HR and
increased blood pressure. Moreover, stress exerts direct effects on the heart, inducing
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alterations in the cardiac electrical activity, which in turn may contribute to the initi-
ation and perpetuation of AF. The interplay between stress, physiological responses,
and cardiac electrophysiology underscores the multifaceted nature of the relation be-
tween psychophysiological stress and AF, warranting further investigation to elucidate
the underlying mechanisms and targeted interventions.

Patients frequently report that a left lateral body position triggers AF episo-
des [11]. Twenty-two percent of the patients noted a particular body posture that in-
duced their AF symptoms. Among those, the left lateral position has been identified
as the triggering posture in 57% of all cases [70]. The AF triggering mechanism of a
left lateral body position can be explained by a heightened stretch of the pulmonary
veins, which are known to be proarrhythmic for AF. Changing from a supine to the left
lateral position causes the heart to shift in an anterior-left lateral direction within the
thorax. This alteration leads to an increase in the left atrial volume and an elevation in
the local wall stress in the pulmonary vein regions [71].

Sleep disorders, including poor sleep quality, insufficient sleep duration, snor-
ing, or obstructive sleep apnea, may contribute to the development of AF and the on-
set of AF episodes. Individuals with sleep-disordered breathing have AF episodes
during sleep five times more frequently than those without breathing issues [72],
whereas sleep apnea is the most established risk factor for AF [73, 74]. One po-
tential mechanism by which sleep apnea induces AF is through the increase in blood
pressure caused by bursts of sympathetic activity triggered by reduced oxygen levels
and chemoreflex near the end of a sleep apnea episode. This can lead to an increased
pressure and stretching on the left atria ant trigger an AF episode to occur [75,76].

Table 1.2 summarizes the studies that investigated triggers in AF patients.

Parts of this subsection have been quoted verbatim from the previously pub-
lished article: [33].

1.4. Physiological Mechanisms Contributing to Initiation of Atrial Fibrillation

Due to the complexity of arrhythmia, the pathophysiological mechanisms that
trigger AF still remain poorly understood. Some studies have shown that ectopic
beats originating from the muscle sleeves of the pulmonary veins precede AF episodes
about 90% of the time [77, 78]. However, the factors driving this increased ectopic
activity are still unclear, and the mechanisms leading to AF episodes are difficult to
distinguish. Additionally, numerous well-established AF risk factors, such as diabetes,
hypertension, smoking, obesity, and underlying heart disease should be considered, as
they may interact with triggers [79].

Triggers may alter the physiological systems, for example, the ANS, and, in this
way, contribute to AF [2,80,81]. The autonomic activation affects the intracellular cal-
cium dynamics, leading to a reduction in action potential duration and refractoriness,
which in turn may result in ectopic firing in atrial muscles surrounding the pulmonary
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Table 1.2. Studies on self-reported AF triggers with the corresponding percentage to
study sample size

Trigger Study Sample size Reported as trigger
Alcohol Groh et al. 2019 [11] 1295 35%
Hansson et al. 2004 [19] 100 34%
Marcus et al. 2021 [63] 100 —
Marcus et al. 2022 [20] 446 10%
Voskoboinik et al. 2020 [21] 140 —
Physical exertion ~ Groh et al. 2019 [11] 1295 23%
Hansson et al. 2004 [19] 100 42%
Marcus et al. 2021 [63] 100 30%
Stress Groh et al. 2019 [11] 1295 20%
Hansson et al. 2004 [19] 100 54%
Lampert et al. 2014 [69] 95 —
Lying on the left ~ Groh et al. 2019 [11] 1295 16%
side Hansson et al. 2004 [19] 100 17%
Gottlieb et al. 2021 [71] 20 —
Gottlieb et al. 2021 [70] 94 22%
Lack of sleep Groh et al. 2019 [11] 1295 22%
Marcus et al. 2021 [63] 100 31%
Dehydration Groh et al. 2019 [11] 1295 21%
Marcus et al. 2021 [63] 100 20%
Large meals Groh et al. 2019 [11] 1295 20%

‘—’ indicates that study focused on a single suspected trigger

veins [82]. A noteworthy observation is that AF patients without structural heart dis-
ease tend to exhibit an increase in the vagal tone before AF onset. Conversely, patients
with structural heart disease have an increased sympathetic tone before AF onset [83].
Sympathetic activation increases calcium entry and the spontaneous release of cal-
cium, leading to atrial ectopies — forming a trigger loop. Increased parasympathetic
activation, combined with AF-induced atrial electrical remodeling, shortens the ac-
tion potential duration, facilitating re-entry and thereby promoting AF, i.e., creating an
electrical loop. Also, there is the third — structural loop, where the atrial stretch during
conditions including congestive heart failure, hypertension, or obstructive sleep apnea
activates numerous profibrotic pathways resulting in atrial structural alterations and
conduction disturbances, also facilitating re-entrant mechanisms (see Fig 1.5) [84].
The alterations in the ANS can be studied by using HR variability indices, potentially
enhancing the understanding of the processes that contribute to the initiation of AF.

The long-term experience of cardiologists points to hypothesis that changes in
arterial blood pressure constitute another important element in the AF occurrence.
This reasoning is further supported by a notable correlation between an elevated blood
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pressure and an increased risk of developing AF [85]. Even a slight increase of
1 mmHg in blood pressure is linked to approximately a 2% rise in the relative risk
of AF [86]. The relation between a high blood pressure and AF is bidirectional and
complex, involving both the left atrial and ventricular myocardium. Central to this
process is atrial cardiomyopathy, which is a combination of changes in the left atrium,
affecting its contractility and electrophysiology. These changes in the atrial tissue
are likely to trigger ectopic focal firing, create re-entry, and disrupt atrial conduc-
tion due to the heterogeneity of impulse conduction. The pathophysiology of AF in
hypertensive patients involves a range of coexisting processes, including structural,
hemodynamic, and neuroendocrine changes [87].

Parts of this subsection have been quoted verbatim from the previously pub-
lished article: [33].

AF triggers —— ANS
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Figure 1.5. Potential interaction of the ANS with different mechanisms of AF [84].
‘|’ indicates shortening
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1.5. Current Approaches to Identifying Atrial Fibrillation Triggers

1.5.1. Questionnaire-based collection of suspected atrial fibrillation triggers

The identification of suspected triggers remains a research gap because, so far,
there are no established quantitative methods. In majority of previous studies, AF
triggers were identified subjectively, as they were self-reported through question-
naires [11,13,19,21]. This approach presents a major limitation, as many patients
in questionnaire-based studies are able to identify several types of suspected triggers,
although their responses can be influenced by confirmation bias [11]. Conversely,
recall bias —such as the hesitation to disclose behaviors harmful to health, like al-
cohol consumption—might explain why some patients failed to report any suspected
trigger [11].

1.5.2. Application of sensors for collecting signals related to suspected triggers

The first attempt to mitigate the effect of questionnaire-related bias was to em-
ploy a wearable ECG monitor and a transdermal alcohol sensor [63]. In such a way,
self-reported drinking events were complemented with sensor-based data.

Accelerometers and gyroscopes integrated into wearable devices can detect chan-
ges in the body position, including lying down, standing, and sitting. With a single
accelerometer, the best posture detection performance is obtained when the sensor is
positioned on the chest or thighs [88].

1.5.3. Limitations of computational methods for quantifying the relation be-
tween the suspected triggers and atrial fibrillation occurrence

Understanding the relation between the suspected triggers and AF episode oc-
currence on the individual level is challenging because the trigger information in-
cludes only timestamps when the suspected trigger occurs. Also, the onset and end of
AF episodes represents non-stationary binary data. Therefore, methods for causality
assessment, e.g., Granger causality or causal forecasting, are not easily applicable.
On the other hand, methods such as distance- and correlation-based ones [27, 28],
are only useful for finding similarities between two processes. The practical applica-
tion of quasi-experimental approaches, such as regression discontinuity design [29],
is limited because data points are required in both the pre- and the post-effect periods
to estimate the regression and compute the difference between them.

Joint modeling-based approaches are commonly utilized in analyzing time-to-
event data in groups of patients, with various applications ranging from AF risk assess-
ment to the prediction of new-onset AF in the distant future [89]. In one application,
a univariate Cox proportional-hazards model was employed to analyze the time to
AF recurrence among groups characterized by alcohol abstinence and regular alcohol
consumption [21]. Although these models offer the advantage of adjusting for patient
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characteristics and other risk factors, they are less suitable for analyzing individual-
level data. Additionally, to obtain reliable estimates, joint modeling-based approaches
typically require a minimum number of the event/trigger of interest, generally exceed-
ing 20 [90]. Given that AF episodes can manifest without the effect of a specific
trigger, relying on the time to the onset of AF may prove unreliable for identifying
suspected AF triggers.

[32].

1.6.

1.

This subsection has been quoted verbatim from the previously published article:

Conclusions of the Chapter

Patient-specific detection of suspected triggers may be an important aspect of
personalized AF management, enabling clinicians to focus on the underlying
causes of AF episodes in individual patients. In addition, patients would be
encouraged to actively participate in managing their AF by making lifestyle
changes.

. Limited knowledge exists on the effects of triggers that contribute to AF episode

occurrence. Most commonly investigated suspected triggers include alcohol,
psychophysiological stress, physical exertion, and sleep disturbances. This gap
in knowledge is also due to the lack of algorithms capable of detecting short-
term physiological changes associated with suspected AF triggers.

. Existing studies on the identification of suspected triggers rely on question-

naires. However, this approach suffers from confirmation bias when patients
believe that certain events lead to AF episode occurrence. Additionally, patients
may be hesitant to provide information about harmful events, such as alcohol
consumption. Solutions beyond questionnaires to detect a broader range of sus-
pected triggers are still lacking.
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2. METHODS

This chapter describes the algorithms for detecting suspected AF triggers in
physiological signals, the proposed approach for assessing the relation between trigger
and AF episode occurrence, and a model for simulating trigger-effected AF episode
occurrence.

2.1. Detection of Suspected Atrial Fibrillation Triggers in Physiological Signals

The AF triggers investigated in this thesis were chosen based on the findings
in questionnaire-based studies [11, 19]. The principles of the detection of suspected
triggers are described in the following text. Each type of trigger is based on a detection
parameter computed in successive intervals throughout the ECG and/or acceleration
signals, resulting in a time series which is subject to threshold-based detection. For
simplicity, physical exertion, psychophysiological stress, lying on the left side, and
sleep disturbances are in the following referred to as suspected triggers irrespective of
whether AF occurs or not.

2.1.1. Physical exertion

Participating in higher-intensity exercise is considered a contributing factor to
AF occurrence, both in athletes and the general population [91]. The metabolic equiv-
alent of task (MET), serving as a physiological measure of the energy expenditure
associated with various physical activities relative to the resting metabolic rate, is
used for detecting physical exertion.

MET is estimated by using acceleration and HR to account for patient-specific
variability, as patients may exhibit different HR responses to the same physical activity
due to variation in the fitness level and health condition. The following regression
equation is used to estimate MET [92]:

ymer = 0.0043zacc + 0.047xHrR + 1.4238, 2.1

where x 5cc denotes the vector magnitude of the tri-axial acceleration signals and xygrg
denotes HR reserve, which depends on the heart’s ability to increase HR during phys-
ical activity.

To eliminate the gravitational acceleration component, the tri-axial acceleration
signals were high-pass filtered with a cut-off frequency of 0.7 Hz [93]. Then, the
vector magnitude was computed and averaged within 1-min intervals to yield zacc.

The HR reserve xygrr is defined as follows [94]:
x —x
THRR = ~HR,a — “HRr 100, (2.2)
THR,m — THR,r
where ryR , 1s the mean HR in 1-min intervals, and zyg - is the mean of the 5-min
HR during daytime sedentary activities, determined as the mean amplitude deviation
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(MAD) of the tri-axial, unfiltered acceleration signals within the range of 3 to 15
milligravity. The measure zyg , is the maximum HR determined using the standard
formula 220 minus age.

A suspected trigger is detected if the mean yyger, computed for 1-min intervals
with non-AF rhythm, exceeds 5 units. Considering that most patients were elderly, the
threshold for detecting physical exertion was adjusted to 5 instead of 6 units typically
used to characterize vigorous activity in a younger population [95]. This adjustment
accommodates activities such as stair climbing, brisk walking, and table tennis [96].

2.1.2. Psychophysiological stress

When experiencing psychophysiological stress, the body releases stress hor-
mones, thereby contributing to elevated HR and intensified cardiac contractions, po-
tentially leading to the occurrence of AF episodes [68]. Detection of psychophysio-
logical stress relies on the assumption that a sudden elevation in HR, not attributable
to notable physical activity or arrhythmia, is indicative of a stress-inducing event.

A suspected trigger is detected when the elevation in HR exceeds 15 beats per
minute within a 1-min interval [97], provided that no physical activity is present and
no suspected trigger has been detected during the preceding 4 hours. Physical activity
is considered absent when both the average MAD of the 5-min interval before and
the analyzed 1-min interval remain below 22.5 miligravity, which is a level indicating
sedentary behavior such as sitting and standing still [98]. To reduce the impact of
outliers, the elevation is not determined directly from the HR series, i.e., the inverse
of the RR intervals, but by computing the difference between the end and the onset of
a first-degree polynomial fitted to the HR series in the 1-min interval.

2.1.3. Lying on the left side

A left lateral lying position has been self-reported as a suspected trigger of AF
episodes [11,70]. This finding can be explained by the left lateral position exerting
heightened pressure on the walls of the atrial and pulmonary vein, thereby functioning
as a proarrhythmic factor [71,99, 100].

A suspected trigger is detected when the acceleration signal of the mediolateral
axis (ACC,), i.e., the signal best reflecting the left lateral lying position, remains be-
low -600 miligravity for at least 1 hour, and no suspected trigger has been detected
during the preceding 4 hours. Given that changes in the lying position occur multiple
times during the night, only the first detected suspected trigger is considered for the
preceding 4 hours.

2.1.4. Sleep disorders

Sleep disorders, particularly obstructive sleep apnea, have been identified as
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suspected triggers for AF [74,101]. Given that episodes of obstructive sleep apnea
are often accompanied with cyclic variations in HR, certain HR variability indices are
well-suited for detecting such episodes [102]. In this work, nocturnal alterations in
HR are explored by using the standard deviation of normal-to-normal RR intervals
(SDNN), serving as an indicator of the dominant component of sympathetic and vagal
activity [103].

Before SDNN is computed, the RR interval series is corrected with respect
to missed beats, false detections, and ectopic beats, using the algorithm described
in [104]. False detections are eliminated, and, for a missed beat, a new beat is inserted
to divide the prolonged RR interval into two RR intervals of the same length. Ectopic
beats are handled by interpolation of the adjacent RR intervals.

To detect sleep disorders, the nighttime interval from midnight to 7:00 was ana-
lyzed, computing SDNN within 1-h increments. A threshold of 116 ms is employed to
determine the large variations in HR based on the SDNN [102]. When the SDNN ex-
ceeds the threshold in a 1-h interval, the onset of the interval is taken as the occurrence
time of the suspected trigger.

Parts of Section 2.1 have been quoted verbatim from the previously published
article: [33].

2.2. Modeling of Trigger-Affected Atrial Fibrillation Episode Occurrence

Identification of individual triggers related to AF episode occurrence is a dif-
ficult task since the available quantitative approaches to relation assessment either
involve large groups of patients (e.g., randomized control trials) or are suitable at an
individual level but have serious restrictions (e.g., Granger causality). One solution to
understanding the suitability of relation assessment is to employ simulated databases
that allow to control the properties of generated AF episode occurrence.

The alternating, bivariate Hawkes model [105] is used to simulate AF episode
occurrence. The counting processes Np(t), describing transitions from non-AF to
AF, and Ny(t), describing transitions from AF to non-AF, are associated with the
conditional intensity functions A1 (¢) and A2(t), respectively, defined by:

2
Am(t) = ptm + >0 D0 a7, (2.3)
n=1{kit>t, 1}
where (i, > 0, amp = 0, By = 0form,n = 1,2, and t,, ;, are transition times. The
main characteristic of the Hawkes model is that \;(¢) increases by a,; immediately
after a transition (‘self-excitation’) and then decreases exponentially, defined by the
decay parameter 31 1, to the base intensity j1; the same characteristic applies to Ao (t)
but then defined by s 2, £2 2, and ps. In addition to self-excitation, ‘cross-excitation’
exists when Ny (t) affects IV;(¢) and vice versa: it is defined by the parameters o 2,
B1,2 and as 1, B2 1, respectively.
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Assuming, for simplicity that 311 = 812 = 1 and B21 = S22 = B2 [105], the
Hawkes model is defined by a total of eight parameters: ju1, 1,1, a1 2, and 31 describ-
ing A1(t) and po, a2 1, g 2, and o describing A2 (t). Thus, the model parameters can
be compactly represented by the vector:

0 = |1, p2, 1,1, Bi, 12, 00,1, B, a2 2] (2.4)

When using statistical goodness-of-fit analysis, the Hawkes model was found to fit
the AF episode occurrence in the vast majority of recordings in three databases of
long-term ECGs [105].

2.2.1. Trigger transformation to body reactivity function

Alcohol pharmacokinetics is characterized by a body reactivity function which
depends on several factors: the number of consumed units, the consumption time, the
time needed for ethanol to be eliminated from the blood, as well as the absorption and
elimination rates.

Alcohol consumption is typically quantified by standard alcohol units, providing
a measure of the amount of ethanol in a beverage. For example, a shot (40 ml) of 40%
alcohol (e.g., vodka) contains about one alcohol unit, a glass (200 ml) of 10% wine
contains about two alcohol units, and a bottle (500 ml) of 5% beer contains about three
alcohol units [106]. Absorption starts immediately after the alcohol has reached the
stomach, lasting from as short as 10 min, when gastric emptying is fast, to as much as
one hour. Alcohol metabolism follows zero-order kinetics, meaning that one alcohol
unit is typically metabolized per hour [107]. In the present work, it is assumed that
one standard alcoholic drink consists of 10 ml of pure ethanol [108].

In practice, a patient can provide the type and amount of the consumed alcohol
and the exact time of a drinking event, which are quantities that can be included in
the body reactivity function. Based on [109], a number of assumptions are made
to reduce the number of degrees of freedom: absorption and elimination rates for a
standard male weighing 70 kg, 30 min to absorb one standard alcohol unit, and one
hour to eliminate one alcohol unit under non-fasting conditions. Alcohol absorption
is modeled by a bounded exponential growth function defined as

y(t;u) =u(l —e ), a>0, (2.5)

where w is the number of alcohol units, and a is the growth parameter, here set to
10.6/u units/h [109]. Alcohol elimination from the body is modeled by a linear func-
tion whose downslope b is set to 1 unit/h [107]. Assuming that the alcohol is consumed
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at time ¢ = 0, the body reactivity function is defined as

y(ts;u), 0 <t <ty
r(tiu) = S ylts;u) —b(t —ts), ts <t <ts+y(ts;u)/b; (2.6)
0, otherwise,

where ¢ is the onset of alcohol elimination. Then, the ‘multi-trigger’ body reactivity
function is defined as

N;
R(t;T) = Z r(t — i w), 2.7)
i=1
where the vector T contains the timestamps 71, ...,7n,, u; is the number of alco-

hol units of the 7:th drinking event, and /V; is the number of drinking events. In the
following, u; = 1fori =1,..., Ny.

The body reactivity function for three drinking events is illustrated in Fig. 2.1. It
should be noted that the third drinking event at 21:30 occurs before the second alcohol
elimination has been completed. Because of this, the body reactivity function starts at
0.5 and reaches 1.5 alcohol units.

Figure 2.1. Body reactivity function with drinking events occurring at 18:30, 20:30,
and 21:30, when one alcohol unit is consumed at each event

Other triggers, e.g., physical load, large meals, cold beverages [11], can also
be represented as time series signals and used to affect AF episode occurrence in the
Hawkes model.

Large meal intake may be expressed in terms of energy production and the di-
gestion time. Following ingestion of a large meal, energy production increases up to
a maximum level, which depends on the meal type and size. The maximum level can
be defined based on the food energy (kJ) and digestion time (h). A large meal (e.g., a
serving of beef, pork, fried fish) provides about 1000 kJ and takes about 5 h to digest,
resulting in the maximum level of 200 kJ/h. An increase in energy production can
be characterized by a bounded exponential growth function, where b is the maximum
level set to 200 kJ/h, while ag is the growth parameter set to —3.8 kJ/h. Digestion
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starts after 2 h and may be characterized by a linear function with a decay parameter
a set to —40 kJ/h [110].

Cold beverages and foods may stimulate the parasympathetic system due to a de-
creased intragastric temperature and thus contribute to the initiation of an AF episode
or a cluster of episodes. Intragastric temperature, which is about 37 °C, drops to about
22 °C after 10 ingestions of 400 ml of cold drink (of about 4 °C) and returns to body
temperature within 30 minutes. A decrease in temperature may be characterized by
a linear function with the decay parameter set to —15 °C/min. The return to body
temperature may be characterized by a bounded exponential growth, where b is intra-
gastric temperature, i.e., 37 °C, with the growth parameter set to —0.2 °C/min [111].

Psychological stress, in particular, anger or hostility, is known to produce per-
turbations in autonomic activity. Here, a surge in sympathetic activity and rise in
catecholamines together with a decrease in vagal activity [112]. During an episode
of acute emotional stress or anxiety, the sympathetic system is activated to the ‘fight
or flight’ response which results in an increase in skin conductance due to sweat pro-
duction and an increase in HR. Body’s response, to the acute emotional stress may
be characterized by a bounded exponential growth function, where 20 b is stress units,
with the growth parameter a set to —1.1 stress units/min. Meanwhile, the body recov-
ery from stress may be characterized by an exponential decay function with a decay
parameter a set to —0.3 stress units/min [113].

Table 2.1 summarizes parameters to transform triggers to time-series signals.

Table 2.1. Functions and parameters to transform triggers to time-series signals

No Trigger Growth function, growth pa- Decay function, decay param-
rameter a eter b
1.  Alcohol Bounded exponential, 10.6/u  Linear, 1 unit/h

units/h, where u is a number of
alcohol units
2. Large meals Bounded exponential, —3.8kJ/h  Linear, —40 kJ/h
where b is the maximum energy
production level

3. Cold beverages and Linear, —15 °C/min Bounded exponential, —0.2

foods °C/min where b is intragastric
temperature

4. Physiological stress ~ Bounded exponential, —1.1 Exponential, —0.3 stress unit-

stress units/min, where b is  s/min
stress units
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2.2.2. Modeling of atrial fibrillation episode occurrence affected by alcohol con-
sumption

While information on the relation between alcohol consumption and AF episode
occurrence is quite limited, a recent study reports a fairly linear relation [63]. Another
study found that alcohol consumption increases the AF burden and the risk of AF
recurrence [21]. Based on these findings, in this work, it is assumed that the likelihood
of AF occurrence is linearly proportional to consumed alcohol units.

Given that the transition from non-AF to AF is determined by the conditional in-
tensity function A (¢), a higher base intensity p; leads to a higher transition probabil-
ity. The effect of alcohol on the AF episode occurrence is modeled by a time-varying
base intensity 1 (t), defined by the sum of a base intensity 1 and R(¢; ),

pa(t) =n+ R(t;T). (2.8)

Depending on the number of consumed alcohol units, p;(t) increases during the al-
cohol absorption phase and then slowly returns to 7 during the elimination phase.
Simulated AF episode occurrence is illustrated in Fig. 2.2, where the top panel in (a)
and (b) shows p;(t), which is constant as long as there is no alcohol drinking event,
the impact of the alcohol body reactivity function on y4 (¢) is visible in (b) where three
alcohol units at 10:00 were consumed. The second panel in (a) and (b) shows \; (¢),
which is responsible for transitions from the sinus rhythm to AF. The resulting AF
episode occurrence is shown in the third panel, where the high level corresponds to
AF and the low level is applicable to the sinus rhythm. Prior to the alcohol drinking
event, the AF episode occurrence stays the same, but after the transitions are counted
separately, it will differ.

Parts of Section 2.2 have been quoted verbatim from the previously published
articles: [30,32].

2.3. Assessment and Interpretation of the Relational Strength between the Sus-
pected Trigger and Occurrence of Atrial Fibrillation Episodes

2.3.1. Assessment of the relational strength

The identification of suspected AF triggers is based on the assumption that the
post-trigger AF burden By ,, of the n:th trigger is larger than the pre-trigger AF burden
By . The analysis time interval 7", used for computing B ,,, is chosen based on the
expected duration of the trigger effect; for simplicity, the same interval length is used
for computing By ,,. For instance, the effect of alcohol consumption on AF occurrence
may last up to 12 hours [13]. The relational strength v between pre- and post-AF
burden is defined by

N,
Y By,
= X _H(B1, ~ By, 2.9
K T+ By, 1 (B = Bon) (2.9)

n=1

38



T
M TS, G ¢
non_i:oﬂj_m | | | | I | | \| | | |

2 4 6 8 10 12 14 16 18 20 22 0
Time, h

Figure 2.2. Modeled AF episode occurrence (a) without and (b) with the effect of
alcohol. Note that the base intensity u1(t), whose shape is determined by alcohol
consumption, influences the conditional intensity function \;(¢), and, consequently,
the AF episode occurrence. The red area shows the interval of alcohol effect. The
following model parameter values were used for simulation:

= [0.1,0.5,2,2.5,2,1,5,2] - 103 where the first element defines 7 in (2.8)

where [V; is the number of triggers during the observation interval which represents
the overall monitoring duration. The Heaviside step function H(+) is included in (2.9)
to exclude cases when the pre-trigger AF burden is higher than the post-trigger burden
(Bo,n > B1,n), as no causal relation can be inferred in such cases.

A cumulative principle governs Equation 2.9 since there is no basis to assume
that the trigger will always affect the AF burden. Most likely the following is true: the
trigger will occasionally induce AF depending on the manifestation of other factors
that increase the propensity for AF [40,42]. The parameter + is illustrated for different
AF episode occurrence in Fig. 2.3.

Figure 2.4 shows -y as a function of By ,, for different By ,,. For a single trigger,
v reaches 1 when there is no AF before the trigger (Bo,1 = 0) and the trigger immedi-
ately initiates AF, which then lasts the entire analysis time interval 7" (B11 = 1), see
Fig. 2.4(a). On the other hand, « can take much larger values for multiple triggers, see
Fig. 2.4 (b). The amount of the AF burden plays a larger role on v than does the ratio
between By, and By j,: 7y is only 0.18 for By ;1 = 0.2 and Bp; = 0.1, but 0.67 for
Bi12 = 1and Bp2 = 0.5 (the ratio is 2 for both cases). A greater influence of a larger
AF burden is introduced to increase the insensitivity of v against falsely detected AF
episodes which are common in ambulatory monitoring [45,46].
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Figure 2.3. Illustration of the relational strength y for different AF episode
occurrence assuming (a) a single trigger in six different AF episode occurrences
spanning one day, and (b) three triggers occurring at the same time of the day during
three consecutive days. The onset time of a trigger is displayed in red. The analysis
time interval " for pre-trigger AF burden By 1 and post-trigger AF burden By 1,
based on the expected duration of the trigger effect, is set to 12 h for the entire AF
episode occurrence in (a) and (b)
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Figure 2.4. The relational strength -y as a function of B ,, for different By ,,
assuming (a) a single trigger and (b) multiple triggers
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2.3.2. Interpretation of the relational strength

Table 2.2 presents the interpretation of +y, derived from the properties of (2.9).
For a single trigger, v = 1 indicates moderate strength and is obtained when AF
starts immediately after a trigger and persists throughout the analysis time interval
(B1,, = 1), with no pre-trigger AF burden (B ,, = 0). When By ,, = 1 and By ,, > 0,
then 0.5 < 7 < 1, suggesting a weak relational strength. When B ,, and By, are
close to 0, then, v < 0.5, suggesting a very weak relational strength. On the other
hand, when By, > By, a strong relational strength is established when at least two
triggers occur.

Table 2.2. Interpretation of v as a measure of relational strength between pre- and
post-trigger AF burden.

Relational strength 0%

Very weak v <0.5
Weak 05 <y<1
Moderate 1<vy<15
Strong 1.5 <y

2.4. Detection of Atrial Fibrillation in Physiological Signals

Automatic ECG- and PPG-based AF detectors were employed to gather AF
episodes to gain insight into the utility of wearable devices for assessing the relation
between suspected AF triggers and the occurrence of AF episodes.

2.4.1. Electrocardiogram-based atrial fibrillation detection

The ECG-based detector relies on the fact that the RR intervals during AF are
irregular and often associated with an elevated HR [34]. The detector, designed to
find short AF episodes, incorporates filtering to remove ectopic beats, suppression of
bigeminy, quantification of RR interval irregularity, and signal fusion.

Poor-quality ECG segments were excluded from further analysis. The assess-
ment of the signal quality relies on the bsqi index which explores the difference in
performance of two different QRS detectors [114]. The first detector (jgrs) is from
the PhysioNet Cardiovascular Toolbox [115], whereas the second detector is from the
R-DECO toolbox [92]. The index is defined by the percentage of beats aligning be-
tween the two detectors, here set to 90% if a segment is to be considered for further
analysis. Moreover, only segments without premature atrial contractions, atrial flutter,
and atrial tachycardia were analyzed.
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2.4.2. Photoplethysmogram-based atrial fibrillation detection

The PPG-based detector relies on the analysis of peak-to-peak intervals, while
using an adaptive threshold for peak detection [25]. To increase robustness against
false alarms, the detector involves blocks of signal quality assessment, suppression of
ectopic beats, bigeminy, and respiratory sinus arrhythmia. Irregularity of peak-to-peak
intervals g, is characterized by

2

N—-2 N-1
2
Tpy = ——— H(|gr—i — qu—j| — ), (2.10)
NN =1) z'z(:) jzi;rl ’

where N is the number of peak-to-peak intervals, H (-) is the Heaviside step function,
and ~ is the difference of peak-to-peak intervals in seconds.
The parameter 7T}, is then adjusted by HR:

I, = @2.11)

T
ar’
where T}, and qr are smoothed versions of T}, and gj, processed by using second-
order exponential averaging. The degree of smoothing is determined by the smoothing
factor which is set to 0.02 as done in [25, 34].

The PPG quality is evaluated by comparing it to a template pulse at different
time shifts. The first template pulse is a predefined pulse with a dicrotic notch. The
subsequent template pulse is derived from the previous pulse, but only if its quality is
deemed acceptable. If the quality is unacceptable, the template pulse is reinitialized to
the initial pulse. The correlation coefficient between the PPG pulse and the template
pulse is computed, and, whenever the correlation coefficient exceeds 0.7, the PPG
pulse quality is considered acceptable.

Both AF detectors offer flexibility in determining the minimum duration of a
detected episode, controlled by the smoothing coefficient of exponential averaging
filters; for details, see [34]. In this work, the smoothing coefficient was set to 0.02,
resulting in the detection of AF episodes as brief as 60 beats. Given that HR often
increases during AF, this duration is in agreement with the clinical definition of the
minimum duration of an AF episode [116].

The annotated and detector-based AF episode occurrence is exemplified in Fig.
2.5. It should be noted that the ECG-based AF detector emphasizes sensitivity, while
the PPG-based detector emphasizes specificity, thus, at times, resulting in rather dif-
ferent AF episode occurrence. As a result, ECG-derived episode occurrence may
contain more falsely detected episodes, while PPG-derived episode occurrence may
miss some episodes due to preferred specificity.

Parts of Section 2.4 have been quoted verbatim from the previously published
articles: [31,32].
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Figure 2.5. An example of AF episode occurrence obtained by (a) annotation, (b)
ECG-based detection, and (c) PPG-based detection. (c) Dropouts, indicated by a
lowered non-AF baseline, represent non-wear time of the PPG device

2.5. Practical Implementation

A potential practical implementation of the method for identifying personal AF
triggers in a patient diagnosed with paroxysmal AF is illustrated in Fig. 2.6. Physio-
logical signals acquired by using a wearable device are analyzed to detect suspected
triggers and obtain AF episode occurrence. Subsequently, the relational strength be-
tween each detected suspected trigger and the AF occurrence is assessed. If a strong
relation is identified, the suspected trigger is recommended for avoidance.

AF episode occurrence

Wearable-based AR Assessment of
physiological signals relational strength Identification Recommendation
of the personal to avoid the
e i non—Al-0 3

x ) v
7= 3 T H (B - Boa) trigger trigger
AT+ Bon

1 2
Observation interval, days

Detected suspected triggers Relational strength 7 7‘0’-‘ P
> g0l . PN 5<y

Weak
Moderate
Strong

Figure 2.6. A practical implementation of the method for identifying personal AF
triggers

Two approaches to establishing the relational strength in practice can be consid-
ered. The first approach involves computing the relational strength during screening
and confirmation periods, while the second approach compares the relational strength
computed for suspected and control triggers, which implies triggers that do not affect
the AF episode occurrence.
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When using the first approach, to establish a strong relation between the trigger
and the altered AF burden, the patient should be monitored during the screening pe-
riod until ~ reaches 1.5, see Table 2.2. Then, the patient should be advised to avoid
the trigger for a confirmation period of the same duration as the screening period,
see Fig. 2.7. Finally, trigger timestamps during the screening period should be trans-
ferred to compute v during the confirmation period. If the difference between v of the
screening period and ~ of the confirmation period exceeds a threshold o, the trigger is
likely causal. Figure 2.8 illustrates the second approach where the relational strength

2571

Screening period

---------- Confirmation period

Duration, weeks

Figure 2.7. [llustration of the approach to identifying a causal relation between a
trigger and an altered AF burden when screening and confirmation periods are
involved

is computed by using control triggers 7. and detector-based triggers 4 for one patient.
If the computed relational strengths, . and 4, differ significantly, it can be assumed
that the detected trigger has an effect on the AF episode occurrence.

Parts of Section 2.5 have been quoted verbatim from the previously published
article: [32].
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Figure 2.8. Illustration of triggers detected from physiological signals and computed
relational strength 4 and 7. between the occurrence of AF episodes and triggers

2.6.

1.

Conclusions of the Chapter

A methodology has been proposed to detect suspected triggers related to physi-
cal exertion, psychophysiological stress, lying on the left side, and sleep distur-
bances in physiological signals. For each trigger type, a detection parameter is
computed at successive intervals from ECG and/or acceleration signals, result-
ing in a time series which is subject to threshold-based detection.

. A model has been proposed to simulate the occurrence of AF episodes influ-

enced by triggers, aimed at evaluating methods for assessing their relation. The
episode patterns are modeled by using an alternating bivariate Hawkes process,
where the conditional intensity function defines transitions between non-AF and
AF states. The impact of a trigger is incorporated through a body reactivity
function, and exemplified by alcohol consumption.

. Due to the lack of quantitative approaches for assessing the relational strength

between the suspected triggers and the occurrence of AF episodes, a measure
of relational strength between pre- and post-trigger burden was proposed, ac-
counting for the cumulative effect of the suspected triggers contained in the
observation interval.

45



3. DATABASES

Both simulated and clinical signals have been used in this thesis. Since there
is lack of databases with annotated triggers and related AF episode occurrence, sim-
ulated signals with various effects of a trigger were used to explore the proposed ap-
proach to assessing the relation strength. Clinical signals were used to individually
detect suspected AF triggers and investigate the relational strength between the de-
tected suspected triggers and the AF occurrence when using the proposed approach.

3.1. Simulated Signals

The database containing long-term ECG signals with annotated AF episodes
serves as the starting point for designing a simulated AF episode occurrence databa-
se [105]. The database is comprised of 36 three-lead ambulatory ECG recordings,
each lasting from 1 to 7 days, summing up to a total of 158 days of monitoring. The
database was manually annotated, by showing that AF is present during 19% of the
monitoring time [117].

The following three distinct types of AF episode occurrence were identified and
used for simulation:

1. many clustered episodes, most of these lasting several minutes,

2. many clustered episodes, with durations ranging from several minutes to several
hours, and

3. several episodes, most of these lasting several hours.

The model parameters were estimated for each of these three types, resulting in
the following vectors for simulation:

6, = [0.03,1.7,0.001, 14, 28,4.3,6.5,0.001] - 10>
6, = [0.04,0.47,3.2,8.9,13,5.5,13,0.001] - 103
65 = [0.007,0.02, 10, 22, 19, 188,231, 10] - 1073

For each AF episode occurrence type, sets of 100 AF episode occurrence profiles
of one-month duration were generated, with each set being with different numbers of
triggers (0, 2, 4, 6, 8, and 10) and alcohol units (3, 6, 9, and 12). Thus, the simulated
dataset contains a total of 3 - 100 - 6 - 4 = 7200 AF profiles. To avoid an overlap
of consecutive analysis time intervals 7', AF episode occurrence was simulated while
assuming that the next drinking event occurs at least 12 hours after the preceding
trigger. The trigger timestamps were generated according to a uniform distribution.

The three types of AF episode occurrence are illustrated in Fig. 3.1. Only the
first week of the one-month AF episode occurrence is shown.

46



01
non_AF 1 1 1 1 1
0 1 2 3 4 5 6 7
02
non-AF L - : .
0 1 2 3 4 5 6 7
0
3
AF|’ |—‘
non_AF 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Days

Figure 3.1. Examples of different types of AF episode occurrence used for
simulation without the trigger effect added

A smaller database of 50 24-h-long AF episode occurrence profiles for each
number of alcohol units, ranging from O to 15, were simulated to investigate the model
for simulating alcohol-affected AF episode occurrence performance. In total, 300
AF profiles were simulated. The results were determined in terms of the AF burden,
defined as the percentage of time spent in AF during the monitored period, the number
of AF episodes, and the aggregation of AF episodes. Parameters were computed for
all the simulated AF episode occurrence. In this work, it is assumed that all drinking
events were entered at once.

3.2. Clinical Signals
3.2.1. Study population

One hundred and eighty-two patients diagnosed with paroxysmal AF were re-
cruited from inpatient and outpatient wards of the Cardiology Department at Vilnius
University Hospital Santaros Klinikos. Prior to their involvement, all eligible patients
provided a signed, written informed consent in agreement with the ethical principles
of the Declaration of Helsinki. Approval of the study was granted by the regional
bioethics committee (reference number 158200-18/7-1052-557). Only those patients
who had at least one AF episode during the observation interval were included for
further analysis, resulting in a database of 35 patients, see Table 3.1.
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Table 3.1. Demographic and clinical characteristics of patients with paroxysmal AF.
Data is presented as mean * standard deviation and absolute frequencies

Variable Subgroup of patients (n = 35)
Women, n 21
Men, n 14
Age, yrs 61 £13
Height, cm 175 £ 10
Weight, kg 89 £ 20
Body mass index, kg/m? 284 +5.0
Observation interval, days 7.0+0.7
Medication (#patients)
Beta adrenoblockers 26
Antihypertensive drugs 31
Comorbidities (#patients)
Hypertension 29
Hyperthyroidism 3
Metabolic syndrome 15

3.2.2. Data acquisition

The database is comprised of physiological signals recorded during unrestrained
daily activities, by using a Bittium OmegaSnap™ one channel ECG patch (Bittium,
Finland), and a wrist-worn device developed at the Biomedical Engineering Institute
of Kaunas University of Technology [58]. The ECG patch was positioned directly on
the sternum to record a continuous ECG sampled at 500 Hz and tri-axial acceleration
signals sampled at 25 Hz. The wrist-worn device captured a continuous PPG sampled
at 100 Hz. The signal database is available on a multi-disciplinary open repository
Zenodo [118]. The placement of ECG- and PPG-based devices used to acquire physi-
ological signals can be seen in Fig. 3.2.

3.2.3. Database annotation

For a reference AF episode occurrence, a preliminary annotation of AF episodes
was provided by using the ECG-based detector, followed by a manual review to re-
fine the annotations by searching for undetected episodes, excluding falsely detected
episodes, and improving the temporal precision of the episode onset and end. Cardi-
ology residents performed the manual review, while consulting an experienced cardi-
ologist in uncertain cases. In addition, the residents annotated premature atrial con-
tractions, atrial tachycardia, and atrial flutter.
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Figure 3.2. Placement of wearable devices for acquiring ECG and PPG signals

3.2.4. Database subset

While the clinical trial was still ongoing, self-reported triggers from 37 patients
were used to investigate the pre- and post-trigger burden for different analysis time
intervals in annotated and PPG-derived AF episode occurrence. Although, only 15 pa-
tients had paroxysmal AF episodes during the observation interval. Figure 3.3 displays
the annotated and PPG-derived AF episode occurrence along with the timestamps of
the manually entered self-reported suspected triggers.

Annotated ECG-based AF pattern
AF
( | N H [ [ i H I [
non-AF I L1 | | | L1 |
PPG-based AF pattern

PO 1 | I N Y

3 4 5 6 7
Days

Figure 3.3. Example of annotated ECG-derived and PPG-derived AF episode
occurrence. Black dashed lines show suspected triggers logged by the patients. A red
area indicates an interval of non-wear time when the wrist-worn device was not being
used. In the given example, a low signal quality (signal not displayed) and non-wear

time account for 63% and 12.7% of the total observation period, respectively
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3.3.

50

Conclusions of the Chapter

. Due to the lack of databases with annotated triggers and the corresponding AF

episode patterns, and the fact that the relation between the suspected triggers
and episode patterns has yet to be established, a simulated database using al-
ternating bivariate Hawkes processes was employed. The modeled AF patterns
incorporate various real-world characteristics, offering an opportunity to better
understand the proposed approach for assessing the relational strength.

. To explore the utility of the proposed method for identifying AF triggers by

using patient data, week-long physiological signals, collected during everyday
activities from patients with paroxysmal AF, employing an ECG patch attached
to the chest and a PPG-based wrist-worn device, were used.



4. RESULTS

This chapter presents the findings regarding the detection of suspected triggers
in physiological signals, the modeling of trigger-affected AF episode occurrence, the
development of the approach for assessing the relational strength between the sus-
pected trigger and the AF occurrence, and the investigation of the proposed approach
by using physiological signals acquired from patients with paroxysmal AF.

4.1. Suspected Triggers Detected in Physiological Signals

An example of the four series of parameter values used to detect the suspected
AF triggers in physiological signals, the detected suspected triggers, and the annotated
AF episodes, is shown in Fig. 4.1. The separate graph displays how each suspected
trigger was detected and the times when they occurred. For example, the most fre-
quently detected suspected triggers during the 7-day monitoring interval were the left
lateral lying position and sleep disturbances, both detected four times.

Figure 4.2 shows the number of each trigger type detected in each patient. At
least one suspected trigger of physical exertion, psychophysiological stress, lying on
the left side, and sleep disorders was detected in 80%, 74%, 71%, and 89% of the pa-
tients, respectively. A median of 2 (IQR 1-3), 2 (1-5), 4 (1-6), and 5 (4-7) suspected
triggers was detected for physical exertion, psychophysiological stress, lying on the
left side, and sleep disorders, respectively (Figure 4.2b); the related interquartile range
is given within the parentheses.

4.2. Investigation of Trigger-Affected Atrial Fibrillation Occurrence in Mod-
eled Data

Trigger-affected AF occurrence in modeled data shows that the AF burden in-
creases almost linearly by increasing alcohol consumption, see Fig. 4.3 (a). Without
added alcohol, the AF burden was 17.2%, and it increased twice with 9 alcohol units.
A similar tendency can be seen with the number of AF episodes (Fig. 4.3 (b)). Without
added alcohol, the mean was 12.9 episodes, whereas it increased by a factor of two
with 8 alcohol units. The aggregation tends to decrease after 6 alcohol units (Fig. 4.3
(c)), which means that episodes tend to occupy a large part of the monitoring duration.
As expected, alcohol consumption increased the likelihood of AF episodes to occur.

Modeled 24-h long AF episode occurrence shows a fairly high AF burden (17.2%);
this was expected because model parameters were obtained from AF databases with
more exceptional cases of paroxysmal AF patients with relatively many AF episodes.
In this case, the most important thing was to obtain a change in the AF parameters
after alcohol consumption.

Parts of Section 4.2 have been quoted verbatim from the previously published
article: [30].
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Figure 4.2. (a) Stacked diagrams of the number of suspected triggers detected in each
patient, with patients ranked in a descending order based on the total number of
detected suspected triggers. (b) The proportion of patients with a particular number of
suspected triggers detected over the observation interval

4.3. Investigation of the Relation between the Suspected Trigger and the Occur-
rence of Atrial Fibrillation Episodes in Modeled Data

Figure 4.4 shows B ,, and 7 as functions of the maximum value of 1 (¢). No-
tably, v increases proportionally to By, for all AF episode occurrence types, with
the AF episode occurrence type 62 showing the most substantial increase from 0 to
12 alcohol units. In addition, By ,,, which is represented by B ; at 0 alcohol units,
depends to a large extent on the episode occurrence type and is smaller for 8, than for
02 and 03.
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Figure 4.4. Relational strength v and B ,, as functions of the maximum value of
1 (t) when T' = 12 h. The numbers within parentheses indicate the corresponding
number of alcohol units. The results are presented as mean + CI (95%). Only the AF
episode occurrence adjusted to the first trigger is considered for the computations

Figure 4.5 illustrates the relation between the analysis time interval, the AF
episode occurrence type, and the number of consumed alcohol units. The figure high-
lights that the selection of the analysis time interval to compute ~ should consider both
the AF episode occurrence profile type and the amount of consumed alcohol. ~ for
type 1 increases 3—10 times when 12 alcohol units are consumed, to be compared to
the same profiles when no alcohol is consumed. On the other hand, « increases only
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1.5-3.5 times for AF episode occurrence types 2 and 3.
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0.6 0.6 0.6
0.4 0.4 0.4
-
0.2 0.2 0.2
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Figure 4.5. Relational strength ~ as a function of the number of alcohol units for
different values of the analysis time interval 7. The results are presented as mean +
CI (95%). Only the AF episode occurrence adjusted to the first trigger is considered

for the computations

Figure 4.6 shows the robustness of the proposed approach against suspected
triggers that do not alter the AF episode occurrence, i.e., suspected triggers that are
not causal for AF. As expected, non-causal suspected triggers result in 3—6 times lower
~ compared to the causal triggers depending on the AF episode occurrence type; this
~ ratio was obtained by comparing the episode occurrence with a trigger effect of 12
alcohol units to occurrence with non-causal triggers.

Figure 4.7 illustrates how a causal trigger can be identified. Since the suspected
trigger is not causal for AF in Fig. 4.7 (a), v is similar for both the screening and
the confirmation periods. On the other hand, the absence of a trigger during the con-
firmation period results in a substantially lower « than that of the screening period
(Fig. 4.7(b)).

A set of one-month-duration AF episode occurrence with 10 triggers and a dif-
ferent number of alcohol units was studied. The computation of v was terminated
when v = 1.5. To compute ~ for non-causal triggers, AF episode occurrence without
the trigger effect was used. Figure 4.8 shows that the number of causal relations de-
creases when ¢ increases for all episode occurrence types, especially for type 3. Most
causal relations were found for type 1 with 9 and 12 alcohol units. On the other hand,
only four out of 100 causal relations were found for type 1 AF episode occurrence
with 3 alcohol units.

Parts of Section 4.3 have been quoted verbatim from the previously published
article: [32].
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Figure 4.6. Relational strength y as a function of the number of triggers for different
alcohol units (a.u.). The results are presented as mean + CI (95%). 0 a.u. means that
the AF episode occurrence was modeled without triggers
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Figure 4.7. An application of the proposed approach to identifying individual AF
triggers by using simulated data. The trigger is either (a) not causal for AF, or (b)
causal for AF. An arrow shows the change in -y between the screening and the
confirmation periods. Note that the screening period was 4 weeks, but only two
weeks were required to identify a trigger in (b)
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Figure 4.8. Numbers of causal relations for different choices of o when T' = 12 h

4.4. Investigation of the Relation between the Suspected Triggers and Atrial
Fibrillation Episodes Occurrence in Physiological Signals

4.4.1. Self-identified suspected triggers

In patient data, the average AF burden of the 15 patients with paroxysmal AF
determined from annotated AF episode occurrence was 0.15, with a range of less
than 0.001 to 0.68. Additionally, the average duration of AF episodes was 54.7 min,
ranging from 30.2 sec to 115.3 hours. A total of 288 suspected triggers were recorded
by 37 patients, with 237 of them being logged while wearing a wrist-worn device; see
Table 4.1.

Table 4.2 displays the performance measures for different post-trigger analysis
time intervals. Assuming that the post-trigger effect on AF occurrence varies depend-
ing on a trigger type and amount, analysis time intervals of 4, 8, 12, and 16 hours were
chosen for investigation. The entire analysis time interval was considered to contain
AF if it had at least one AF episode of =30 s. PPG-based detection performance is
assessed by sensitivity (Se), representing the proportion of the correctly identified AF
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Table 4.1. Number of suspected triggers logged

Suspected trigger Total number
Coftee 126
Lack of sleep 43
Physical exertion 38
Emotional stress 36
Alcohol 33

Cold food/drink 6
Overeating 6

cases within the post-trigger interval, and specificity (Sp), representing the proportion
of the correctly identified non-AF cases. To account for the substantial imbalance be-
tween AF and non-AF cases, the Matthews correlation coefficient (M cc), normalized
to the range [0, 1], is used to reflect the overall performance.

Overall, the AF detection performance, as reflected by M cc, tends to improve
as the analysis time interval becomes increasingly longer. Se of AF detection ranged
from 0.43 for the 4-h interval to 0.76 for the 16-h interval, whereas Sp remained
consistently high for all intervals under analysis, ranging from 0.95 to 0.98.

Table 4.2. Performance measures for different post-trigger analysis time intervals

Post-trigger analysis time interval

4-h 8-h 12-h 16-h
Se 0.429 0.609 0.678 0.758
Sp 0.981 0.962 0.961 0.949
Mcc 0.748 0.780 0.813 0.833

Figure 4.9 illustrates the AF burden computed for pre- and post-trigger analysis
time intervals in both annotated ECG-based and PPG-based AF episode occurrence.
The results show a tendency towards a larger average post-trigger AF burden for both
annotated ECG-based and PPG-based episode occurrence. Nonetheless, the average
AF burden for the PPG-based AF episode occurrence is half of that of the annotated
ECG-based episode occurrence. This can be explained by the property of a PPG-based
detector to favor specificity over sensitivity.

4.4.2. Suspected triggers detected in physiological signals

The analysis time interval T, used to compute the pre- and post-trigger AF bur-
den, respectively By ,, and By ,, is set to the anticipated duration of the trigger effect,
here taken to be 4 hours [63]. Depending on whether +y is based on detector-based or
annotated AF episodes, it is denoted 4 and ~y,, respectively.

To assess 7y unrelated to the trigger, a control v, was computed by using ran-
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domly placed control triggers throughout the AF episode occurrence. The number of
control triggers used for computing . is identical to the number of detected suspected
triggers.

Figure 4.10 shows . as a function of the number of suspected triggers for dif-
ferent numbers of random initializations. In the computation of 7, /Ny uniformly dis-
tributed timestamps were generated in the observation interval. To ensure robustness
of v, a median of 100 random initializations was used.
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Figure 4.10. Control relational strength ~, as a function of the number of suspected
triggers for different numbers of random initialization
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The normality of the relational strength v computed for detected and random
triggers was assessed by using the Shapiro—Wilk test, and, given the non-normal dis-
tribution, boxplots are employed to summarize the results. The Wilcoxon signed-rank
test is used to compute p-values for the assessment of differences between dependent
groups, while the Mann—Whitney U test is used for the assessment of differences be-
tween independent groups.

Figure 4.11 shows 74 for the detected suspected triggers and control triggers .
in patients with at least one suspected trigger. The results show that, for some pa-
tients, 4 increases substantially for all the four suspected trigger types relative to ..
Overall, physical exertion emerged as the most significant suspected trigger associ-
ated with the largest increase in ~yg across the largest number of patients (p < 0.01).
On the other hand, no significant difference was observed between -4 and 7. for psy-
chophysiological stress and sleep disorders. Additionally, no significant difference
in 74 was found between females and males, with p-values of 0.06, 0.34, 0.49, and
0.66 for physical exertion, psychophysiological stress, lying on the left side, and sleep
disturbances, respectively. Scatter plots are used to show the degree of association

(a) (b)
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8 : o
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Z" : 7, . & g e
o /8 05 /Z; ®
=< L&
Control Trigger Control Trigger
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Figure 4.11. (a) . and 4 computed for each patient. (a) Physical exertion, (b)
psychophysiological stress, (c) lying on the left side, and (d) sleep disorders. Females
are represented by white circles

between v, computed for each suspected trigger type, either for annotated or detector-
based AF episode occurrence. The association is assessed by using linear regression,
and the results are presented by employing the Spearman correlation coefficient. Fig-
ure 4.12 shows that ~y, is moderately correlated with 4. The correlation coefficients
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are r = 0.66 and » = 0.62 for ECG- and PPG-derived AF episode occurrence, re-
spectively.

2571

ECG-based AF detection

— — — PPG-based AF detection g = 0.66

Figure 4.12. Association between ~,, obtained by using annotated AF episodes, and
74, obtained by using detected episodes, for pooled data encompassing all four types

of suspected triggers. Bright squares and dark circles represent ECG- and

PPG-derived AF episodes, respectively

Parts of Section 4.4 have been quoted verbatim from the previously published

articles: [31,32].

4.5.

1.

Conclusions of the Chapter

When using the proposed methodology, suspected triggers related to physical
exertion, psychophysiological stress, lying on the left side, and sleep distur-
bances were detected in 80%, 74%, 71%, and 89% of patients, respectively.

AF episode patterns were modeled by using a Hawkes process for alcohol con-
sumption ranging from 0O to 15 units. The mean AF burden without alcohol was
17.2%, which doubled with the intake of 10 alcohol units, while the number of
AF episodes doubled from 12.9% with the intake of 9 alcohol units.

The simulation study shows that the relational strength between AF triggers and
the trigger-affected occurrence of AF episodes when using the alcohol effect de-
pends on the type of the AF pattern. For patterns with many short, clustered AF
episodes, the relational strength increases 3 to 10 times with the consumption
of 12 alcohol units, compared to the same patterns without the alcohol effect. In
contrast, for patterns with clustered episodes lasting several minutes and a few
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episodes lasting several hours, the relational strength increases only 1.5 to 3.5
times.

. For some patients, the relational strength increases substantially for all the four

types of suspected triggers. Overall, physical exertion emerged as the most
significant suspected trigger, associated with the largest increase in relational
strength across the highest number of patients (p < 0.01). Additionally, no
significant difference was found between females and males.



5. DISCUSSION

5.1. Detection of Suspected Triggers

An increasing number of studies are investigating the utility of MET units as a
measure for determining thresholds in classifying the intensity of physical activity [94,
119, 120]. However, the majority of these studies have predominantly focused on
young or middle-aged adults, while less so on the elderly. Considering the variable
effort levels required by patients of different age groups to execute identical activities,
discernible differences in energy expenditure become apparent [121]. Relying solely
on the estimation of MET from acceleration and HR may inadequately capture the
true energy expenditure, potentially resulting in an underestimation of MET [122].

Sleep disorders, such as poor sleep quality, snoring, and obstructive sleep ap-
nea, are frequently associated with AF [17,18,74]. Research has shown a 15% higher
risk of experiencing an AF episode following a night of poor sleep [101]. Additionally,
prolonged instances of poor sleep have been associated with longer AF episodes [101].
Since most adverse health conditions tend to decrease the HR variability [123], SDNN
appears to be robust against false detections of sleep disturbances. This can be sub-
stantiated by the findings in [102], where a nocturnal SDNN exceeding 116 ms de-
tects sleep apnea with 90% specificity. However, dedicated wearable devices for sleep
monitoring may offer a greater accuracy in detecting sleep disturbances. For exam-
ple, commercial sleep analyzers equipped with pneumatic and acoustic sensors can be
used to identify the onset and the end of sleep, as well as detect episodes of snoring
and sleep apnea [124].

Alterations in the ANS were also explored by using the widely adopted HR
variability index, the low frequency/high frequency ratio, serving as an indicator of
the dominant component of sympathetic and vagal activity [103]. However, no differ-
ence was observed between post- and pre-trigger intervals in the low frequency/high
frequency ratio. This outcome was likely influenced by the collection of physiologi-
cal signals during unrestricted daily activities, leading to ECG signals of lower quality
due to motion artifacts and noise. Additionally, physical activity has an impact on the
ANS [125], which makes it challenging to accurately assess its relation to suspected
triggers during daily activities.

5.2. Modeling of Trigger Effect on Atrial Fibrillation Occurrence

One approach to understanding the suitability of the causality assessment is to
employ simulated signals where the characteristics of the generated AF episode oc-
currence can be controlled. The modeling of such episode occurrence is here accom-
plished by the alternating, bivariate Hawkes model [105], accounting for alternating
transition times from non-AF to AF, and vice versa, and clustered AF episode occur-
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rence. Using three distinct types of AF episode occurrence, the results show that v is
more reliable when the AF burden is rather low and the AF episode occurrence con-
sists of shorter episodes. When the AF burden exceeds 50%, the trigger effect is, as
one would expect, less noticeable, and contributes less to +.

The Hawkes model is used for simulation purposes only; however, the model
could also serve as a potential candidate for estimating the impact of alcohol con-
sumption on AF occurrence. For example, the function R(¢; 7) in (2.8) may be scaled
by an unknown, multiplicative factor which, together with the other eight model pa-
rameters, is subject to maximum likelihood estimation. The impact of alcohol would
then be related to the estimated factor, thus serving the same purpose as ~y. Since at
least 10 AF episodes, i.e., 20 points, are recommended to achieve an acceptable accu-
racy of the eight parameter estimates [105], the model-based approach is not practical
as 10 episodes are not always present during 24-h (12 h before and after the trigger),
far less during the shortest interval (2 h before and after the trigger). In two popu-
lar, public AF databases (MIT-BIH Atrial Fibrillation Database and Long-Term AF
Database), with recording lengths ranging from 10 to 25 h, the number of episodes is
less than 10 in as many as 58% of the recordings [126].

The proposed approach was exemplified by using alcohol as a trigger since it is
the most commonly recognized acute exposure of AF [13]. However, the approach is
not limited to alcohol, but it can be applied to identifying other reported triggers as
well. Evidence supports the existence of links between AF occurrence and alcohol [13,
21], physical exertion [15, 16], and sleep disorders [17, 18]. Meanwhile, studies based
on questionnaires also revealed that dehydration, stress, large meals, lying on the left
side, and cold food may trigger AF [11, 19], although a recent study opposes these
findings and shows that only alcohol is clearly associated with more AF episodes [13].

5.3. Assessment of the Relational Strength

To assess the relational strength of the AF burden, a cumulative principle was
proposed which would account for all suspected triggers within the observation inter-
val. Such a principle poses an obvious limitation when many suspected triggers occur
that are not causal for AF. For multiple suspected triggers, simply by chance alone,
B, will be higher than By, in some cases, resulting in large « values. Dividing
v by the total number of suspected triggers would reduce and normalize -y, however,
such a principle would not be useful since not all patients are prone to certain triggers,
and obviously not in all cases. For example, in [63], almost half of the patients with
AF who consumed alcohol did not experience AF during the study period, possibly
suggesting that alcohol was not their trigger. Therefore, if alcohol is the trigger, it
may not necessarily contribute to AF occurrence every time, but it may as well de-
pend on other factors manifested at the moment. The parameter +y is less sensitive to
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short episodes occurring after the trigger. However, in long-term monitoring, there is
an inevitable trade-off considering that technologies for the collection of AF episode
occurrence are prone to false alarms [45].

The analysis time interval used to compute the pre- and post-trigger burdens
is another influential factor on . A compromise is needed because an insufficiently
long interval may include only a part of the trigger effect, whereas an overly extended
interval may involve regions outside the trigger effect. The simulation study showed
that the choice of 7" has a considerable effect on -y, and, therefore, must be selected
carefully by accounting for the best available clinical evidence. Based on the findings
in [63], the time between alcohol consumption and AF episodes was found to be
associated with the prevalence of AF occurrence. The highest prevalence was found
to be in the interval of 2—4 hours following the onset of a drinking event, however, an
increase in prevalence was observed for up to 10 hours. Thus, a flexible time interval
proportional to consumed alcohol may be a better choice. It is equally important to
take into account the fact that the time lag between a drinking event and AF occurrence
may decrease due to the consumption of food, which would shorten the time of alcohol
absorption [127].

The AF burden is chosen for computing  since evidence shows that the AF
burden, on average, is larger among those consuming alcohol [21]. However, the ap-
proach is not limited to the AF burden, but AF episode occurrence characterizing pa-
rameters reflecting episode aggregation [128], AF density [129], and clustering [105]
can be used instead in (2.9). For example, post-trigger AF episode clustering may
become more pronounced than pre-trigger clustering, causing = to grow.

The main finding of the work is a substantial increase in vy relative to v, found
in certain patients. This finding is consistent with those of questionnaire-based stud-
ies [11, 19], which indicate the absence of a universal AF trigger. On the contrary, it
appears that some triggers occasionally induce AF in certain patients, contingent upon
the manifestation of other factors that increase the propensity for AF. To evaluate the
temporal relation between a detected suspected trigger and AF occurrence, one might
assume that the number of episodes would increase after the trigger. However, the
number of episodes in pre- and post-trigger intervals was found to be similar in this
work. Therefore, employing a cumulative principle as the one in the definition of ~
might prove to be more effective in identifying triggers.

In this investigation, an ECG patch attached to the chest was employed to ac-
quire physiological signals. While wrist-worn PPG-based devices have attracted in-
creasing attention for continuous monitoring in everyday settings, their suitability for
the detection of suspected triggers remains unclear. This is primarily due to two fac-
tors: a lack of a stable reference point for accelerations and a lower accuracy in HR
estimation. Commonly, the mean absolute percentage error of estimated HR from a
PPG is 5-20% [130, 131, 132]. Furthermore, the error increases by up to 30% during
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high-intensity physical activity compared to resting states. Such large errors pose a
limitation for detecting physical exertion, psychophysiological stress, or sleep distur-
bances when using HR variability analysis. An additional challenge is the detection
of lying on the left side based on wrist-derived acceleration signals since the sleep
posture varies considerably between individuals, and behavior is less controlled dur-
ing sleep. Unsurprisingly, the wrist location was found to be the least reliable for
accelerometer-based detection of lying posture [88].

PPG-based AF detection in everyday settings is affected by other factors, such
as non-wear time and motion artifacts [133]. In this work, the AF burden, determined
from AF episode occurrence acquired by the PPG-based detector, exhibited a reduc-
tion of approximately 70% when compared to annotated AF episodes. This reduction
was primarily attributed to the exclusion of a substantial portion of the PPG signal due
to poor quality and non-wear time. These findings are consistent with those reported
in [26], where a coverage rate of 52% was achieved, although the patients were en-
couraged to wear a device overnight. This reduction in the estimated AF burden is
important, particularly in light of the fact that trigger-induced increments in the AF
burden are typically on the order of a few percentage points [21].

5.4. Limitations and Future Work

The four suspected triggers were chosen based on their feasibility for detection
in physiological signals. However, there may exist several other suspected triggers
that are not easily detected in physiological signals, e.g., alcohol consumption, dehy-
dration, large meals, and cold food, which potentially could serve as suspected triggers
for AF as suggested by questionnaire-based studies [11, 19].

The simultaneous occurrence of multiple suspected triggers and their overlap-
ping effects were not taken into consideration. Assessing any overlap is a complex
task requiring more knowledge about the duration of the effect of each type of the
suspected trigger. One solution is to group types of the suspected trigger based on the
activated components of the ANS [11]. While physical exertion and psychophysio-
logical stress activate the sympathetic nervous system, the effect of lying on the left
side on the ANS is unknown.

Within the initial cohort of patients diagnosed with paroxysmal AF, merely 24%
encountered at least one AF episode throughout the one-week observation interval.
Consequently, the results may be affected by individual variation. Moreover, a rel-
atively low AF burden among those who had AF episodes influenced the relational
strength ~, which is less sensitive to a lower AF burden.

Most patients (74%) were administered with beta-blockers which block the re-
lease of the stress hormone adrenaline and thus reduce HR. Since HR is directly in-
volved in detecting physical exertion and psychophysiological stress, this may have
led to fewer detected suspected triggers.

66



This work outlines the principles of the detection of suspected triggers in physi-
ological signals but does not address the issue of missed and falsely detected suspected
triggers. This is due to several reasons, primarily the fact that the data were collected
in the patients’ homes. The occurrence times of the reference suspected triggers can
be gathered through mobile apps or questionnaires, but both methods suffer from no-
table limitations. Triggers are self-reported, leading to bias and a time delay between
the actual event and when it is logged. The use of specific sensors, such as ethanol
detectors, could shorten such delays for certain suspected triggers. For example, self-
reported alcohol consumption closely matched the results obtained from transdermal
alcohol sensors [63]. However, not all suspected triggers can be detected by using
sensors. Validating physical exertion or psychophysiological stress is even more chal-
lenging because these suspected triggers are subjective and therefore may differ from
the effects observed on physiological signals. Meanwhile, sleep disturbances can be
detected in sleep laboratories or by using a sleeping mat, which offers a cheaper but
less reliable alternative.

The flexibility to model AF episode occurrence of various characteristics, which
is difficult to achieve in a real-world scenario, is an obvious advantage. On the other
hand, the use of simulated signals is a limitation of the work, mainly due to the absence
of ECG databases with known effects of AF triggers. Therefore, the assumptions
supporting the simulation model may be too simplistic considering the large variety
of the effects of alcohol [134,135,136]. The interpretation of v may change following
the application of the proposed approach to clinical research, as simulated AF episode
occurrence involving the effect of a single trigger is employed. It is important to note
that real-world AF episode occurrence can be influenced by multiple triggers, which
in turn can affect the interpretation of . Therefore, the proposed approach should be
investigated on patients to better understand what is the difference in vy between the
screening and confirmation periods to pinpoint the effect of alcohol.

Another limitation of the work is the modeling of trigger timestamps generated
while assuming a uniform distribution. This distribution was chosen to simplify the
simulations and avoid overlap of the analysis time intervals, however, in real life,
timestamps may not occur uniformly.

The model for simulating alcohol-affected AF episode occurrence should prefer-
ably account for other factors than merely the number of alcohol units. The proposed
approach was illustrated assuming that the patient is an average male who consumes
all alcohol at once. However, the intake level and the pharmacokinetics of alcohol
differ between men and women, largely depending on the body mass index, drink-
ing history, eating habits, and age [135, 137]. Other confounders include high salt
intake and decreased sleep duration, which, together with alcohol use, may increase
the likelihood of AF occurrence [138].

Alcohol may have the strongest effect on AF occurrence, and, therefore, may
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act as a confounder or affect the modifier of other triggers. Although acute alcohol
intoxication typically causes temporary ECG changes, such as P-wave prolongation,
QT prolongation, T-wave abnormalities, and QRS complex prolongation [139], these
changes can also result from other conditions, such as the use of certain medications
or electrolyte imbalances. Therefore, information on alcohol consumption is usually
obtained through questionnaires or ethanol detectors [63]. In this work, the effect of
alcohol on other suspected AF triggers was not explored. However, it constitutes a
challenging future research topic, particularly when analyzing the intermediate pro-
cesses from the initial trigger to the occurrence of an AF episode.

Triggers in females and males is yet another interesting research question to
explore, but so far such data are lacking. In a questionnaire-based study [11], females
were 2-3 times more likely to report lack of sleep and lying on the left side as a
suspected trigger. In the present study, the number of suspected triggers was similar in
both sexes, i.e., lying on the left side was detected in 14 females and 12 males, sleep
disturbances in 13 females and 14 males, physical exertion in 14 females and 12 males,
and only psychophysiological stress was more common among males (14 versus 9).
Given that differences may exist between males and females in terms of how triggers
are experienced [140, 141], physiological signal-based detection of suspected triggers
may provide a more accurate assessment compared to relying solely on self-reported
data.

The proposed relational strength approach is expected to have a number of prac-
tical applications. Firstly, the identification of suspected AF triggers, and the subse-
quent recommendation to avoid them, may increase the patient’s interest to participate
more actively during the course of treatment. The incorporation of behavioral changes
next to the conventional AF treatment was part of the American Heart Association
scientific statement, suggesting lifestyle and risk factor management next to antico-
agulation, HR, and heart rhythm control [5]. Secondly, the approach is intended for
individual patients with diagnosed AF; however, it can also be useful in longitudinal
studies for groups of patients. Thirdly, the proposed approach can be applied to iden-
tify positive effects, such as the efficiency of antiarrhythmic medication. Assuming
that the AF burden reduces after taking medication, and swapping By, with By, in
the relational strength computation Equation (2.9), v will indicate whether a positive
effect is achieved.

This investigation represents the first exploration of the relation between sus-
pected triggers detected in long-term physiological signals and AF occurrence. Given
the limited understanding of how triggers influence AF occurrence in individual pa-
tients, the present work is a step towards resolving this circular problem. The de-
velopment of a technology capable of collecting long-term AF episode occurrence
together with the detection of suspected triggers will contribute to comprehending the
mechanisms governing trigger effects on AF occurrence.
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Parts of Sections 5.1-5.4 have been quoted verbatim from the previously pub-
lished articles: [31,33].
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6. CONCLUSIONS

70

1. A methodology for detecting suspected triggers due to physical exertion, psy-

chophysiological stress, lying on the left side, and sleep disturbances in physio-
logical signals has been proposed and explored. Sleep disturbances emerged as
the most frequently detected suspected trigger in physiological signals, occur-
ring with a median of 5 times per week (interquartile range: 4—7).

. The model for simulating trigger-affected AF episode occurrence has been pro-

posed for the purpose of testing the relation assessment approaches. The al-
ternating bivariate Hawkes model has been modified to account for the effects
of trigger and used to simulate alcohol-affected occurrences of AF episodes.
Without added alcohol, the AF burden was 17.2%, and it doubled with 9 alco-
hol units. The model for simulating the trigger effects can be further enhanced
by customizing the body reactivity function based on factors such as gender,
weight, and age.

. A quantitative approach has been proposed to assess the relational strength be-

tween the suspected AF triggers and the occurrence of AF episodes, relying
on the pre- and post-trigger AF burden. The simulation study demonstrates
that, depending on the type of the AF pattern, the relational strength increases
by 3 to 6 times when the trigger effect is added compared to when it is ab-
sent. The proposed approach can facilitate the implementation of longitudi-
nal studies aimed at identifying the suspected AF triggers and complement the
questionnaire-based approaches.

. When using physiological signals acquired from patients with paroxysmal AF

and annotated AF episode occurrence, physical exertion emerged as the sus-
pected trigger associated with the largest increase in relational strength among
the largest number of patients (p < 0.01); no significant differences were ob-
served for psychophysiological stress and sleep disorders. To evaluate the utility
of wearable devices in assessing the relational strength, both electrocardiogram-
and photoplethysmogram-based AF detectors were used to detect AF episodes.
The relational strength of the detected AF episodes showed a moderate correla-
tion with that of annotated AF, » = 0.66 for electrocardiogram-based detection,
and r = 0.62 for photoplethysmogram-based detection.



7. SANTRAUKA

IVADAS

Tyrimo aktualumas

PrieSirdziy virpéjimas (PV) yra labiausiai pasaulyje paplitusi Sirdies aritmija,
diagnozuota daugiau nei 50 milijony Zmoniy [1, 2], taciau tikrasis paplitimas gali
buti daug didesnis dél besimptomiy aritmijos atveju [3,4]. PV apkrauna sveikatos
priezitros sistema, ypa¢ dél komplikacijy, tokiy kaip insultas ir Sirdies nepakankamu-
mas [5]. Sergamumas PV sparciai auga visame pasaulyje dél tokiy faktoriy, kaip sens-
tanti populiacija, didéjantis nutukusiy Zmoniy skaiCius ir gretutinés Sirdies ir krauja-
gysliy sistemos ligos [6]. Prognozuojama, kad Europoje ir JAV vienas iS keturiy
vyresniy nei 55-eriy mety asmuo susirgs PV [6].

PV komplikacijy valdymo efektyvumas daugiausia priklauso nuo ankstyvos di-
agnozés, kuri dél daZnai besimptomiy ligos atvejy yra sudétinga [7]. Taciau, net ir
anksti diagnozavus PV, jprastai apsiribojama geriamyjy antikoagulianty ir antiaritmi-
niy vaisty, kurie siejami su Salutiniu poveikiu, skyrimu [45,46]. Vis daugiau tyrimy
ivardija potencialiai modifikuojamus paroksizminj PV provokuojancius veiksnius, li-
teratiiroje vadinamus trigeriais [11]. DaZniausiai mokslingje literatiiroje tirti poten-
cialis PV trigeriai yra alkoholio vartojimas [13, 14], fizin¢ perkrova [15, 16] ir psi-
chofiziologinis stresas [17, 18]. Geresnis asmeniniy trigeriy supratimas leisty gydy-
tojams valdyti pagrindines PV epizody pasireiSkimo prieZastis ir jgalinty pacientus
aktyviai dalyvauti aritmijos valdyme keiciant gyvenimo biida [2, 5].

Daugelis ankstesniy tyrimy, tyrusiy PV trigerius, rémési subjektyviu identi-
fikavimu pasitelkiant klausimynus [11, 19,20,21]. Tokiuose tyrimuose nemaza dalis
pacienty identifikuodavo kelis skirtingus trigerius, kam jtakos galéjo turéti pacienty
SaliSkumas, tikint, kad tam tikri veiksniai jiems sukelia aritmijos epizodus [11]. Atve-
jai, kai pacientai nenurodé né vieno trigerio, gali biiti siejami su prisiminimo Sa-
liskumu, pavyzdZziui, nenoru nurodyti sveikatai Zalingy jprociy [11]. Norint i§vengti
$iy SaliSkumy, reikalingi kiekybiniai metodai, kurie papildyty klausimynais grindZia-
ma trigeriy identifikavimg ir padéty geriau suprasti veiksnius, prisidedancius prie PV
epizody pasireiskimo.

Technologiné pazanga paskatino neSiojamyjy iSmaniy jrenginiy su jvairiais bio-
jutikliais kurima, kurie potencialiai gali biiti naudojami PV trigeriams identifikuoti
bei rinkti PV epizody pasireiSkimo profilius vienu jrenginiu. Reikia pabréZti, kad
PV epizody pasireiskimo stebésena — kur kas sudétingesnis procesas nei vien tik PV
epizodu atpazinimas [22]. Tam reikalinga ilgalaiké, nepertraukiama PV stebésena, nes
deél signalo trikiy ir nepakankamos signalo kokybés prarandami PV epizodai, kurie
padaro rySio tarp potencialiy trigeriy ir PV epizody pasireiSkimo vertinimg sunkiai
imanoma. Siuo metu vienintelés ilgalaikés PV stebésenos priemonés yra implantuo-

71



jami ir elektrokardiografiniai (EKG) pleistro tipo jrenginiai. Implantuojami jrenginiai
brangiis ir rizikingi gyvybei dél implantavimo procediiros [23], o EKG pleistro tipo
irenginys ilgainiui gali kelti diskomforta ar dirginti oda [24]. Ant rieSo dévimi jrengi-
niai, registruojantys fotopletizmogramos (FPG) signala, patogesni, taiau maZiau tiks-
lus atpazjstant PV [25,26]. Be to, iki Siol néra atlikta tyrimy trigeriams identifikuoti
fiziologiniuose signaluose ir triikksta duomeny baziy su paZymétais potencialiais trige-
riais ir PV epizodais.

vidualiems pacientams. Trigeriy laiko Zymos bei PV epizody pradzios ir pabaigos yra
nestacionarls dvejetainiai duomenys, todél jprasti prieZastingumo vertinimo metodai,
tokie kaip Grangerio prieZastingumas arba prieZastinis prognozavimas, néra lengvai
pritaikomi, o atstumo ir koreliacijos metodai [27, 28] tinka tik dviejy procesy panasu-
mui vertinti. Néra metody, jgalinanciy jvertinti rySj tarp potencialiy trigeriy ir PV
epizodo pasireiskimo individualiam pacientui, o tai lemia tolesniy Sios srities tyrimy
poreikij.

Moksliné ir technologiné problema
Kaip fiziologiniuose signaluose identifikuoti potencialius PV trigerius ir jvertinti
rysj su PV pasireiSkimu individualiam pacientui?

Tyrimo objektas
Dévimiems jrenginiams pritaikytas metodas, skirtas asmeniniams potencialiems
PV trigeriams identifikuoti.

Tyrimo tikslas
Sios daktaro disertacijos tikslas yra sukurti ir iStirti metoda, jgalinantj individu-
aliai identifikuoti PV trigerius.

Tyrimo uzdaviniai

1. Pasiiilyti metodika potencialiems PV trigeriams fiziologiniuose signaluose at-
paZinti.

2. Sukurti modelj skirtg trigerio poveikiui PV epizody pasireiskimui simuliuoti.

3. Pasiiilyti buda, skirtg jvertinti rySiui tarp potencialaus PV trigerio ir PV epizody
pasireiskimo.

4. I8tirti ry§j tarp potencialiy PV trigeriy ir PV epizody pasireiSkimo naudojant
paroksizminiu PV sergantiems pacientams uZregistruotus fiziologinius signalus.
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Mokslinis naujumas

Individualiy trigeriy identifikavimas ir elgsenos poky¢iy jgyvendinimas gali biiti
veiksminga strategija papildant tradicinj farmakologinj aritmijos valdyma. Sioje dak-
taro disertacijoje pasiiilyta metodika skirta potencialiems PV trigeriams fiziologiniuose
signaluose identifikuoti. Taip pat iStirta ilgalaikés FPG pagrindu pagristo PV atpaZi-
nimo galimyb¢ kaip alternatyva tradiciniam EKG pagrjstam atpaZinimui.

D¢l duomeny baziy su anotuotais trigeriais ir PV epizodais trikumo §i dak-
taro disertacija sitlo Hawkes modelj, leidZiantj simuliuoti trigerio poveikj PV epizody
pasireiSkimui. Modeliavimo principui iliustruoti naudojamas alkoholio poveikis, kuris
PV epizodams paveikti modeliuojamas kaip alkoholio organizmo reaktyvumo funkcija,
kurios savybés priklauso nuo suvartoto alkoholio kiekio, iSreikSto standartiniais etano-
lio vienetais.

Siuo metu potencialiy trigeriy identifikavimo tyrimai remiasi klausimynais. Sie-
kiant sumaZzinti SaliSkuma dél subjektyvaus principo, siilomas kiekybinis metodas,
leidZiantis jvertinti rysj tarp potencialaus trigerio ir PV epizody pasireiskimo individu-
aliam pacientui. Metodas iSsprendZia nestacionariy ir dvejetainiy duomeny problema.

Pasitilytas potencialiy PV trigeriy identifikavimo metodas iStirtas naudojant dévi-
mais jrenginiais uZregistruotus fiziologinius signalus, uzregistruotus pacientams, ku-
riems diagnozuotas paroksizminis PV.

Praktiné reikSmeé

1. Sitlomas metodas potencialiems PV trigeriams identifikuoti svarbus dél Zemiau
iSvardinty prieZasciy:

(a) Metodika, kuri naudoja EKG ir akcelerometro signalus, jgalina atpaZinti
potencialius PV trigerius dél fizinés perkrovos, psichofiziologinio streso,
guléjimo ant kairiojo Sono ir miego sutrikimy ilgalaikiuose fiziologiniuose
signaluose, uZregistruotuose paciento kasdienés gyvensenos salygomis.

(b) Trigerio poveikj simuliuojantis modelis leidZia modeliuoti su trigerio povei-
kiu siejamas PV epizody sekas. Remiantis moksliniais jrodymais, modeliu
galima simuliuoti jvairiy trigeriy poveikj, tokiy kaip alkoholis, didelis
maisto kiekis, Salti gérimai ar Saltas maistas, Gmus stresas ir nerimas.
Modelis sprendZia anotuoty duomeny baziy trikumo problema, taip pat
naudingas testuojant rysio tarp potencialaus trigerio ir PV epizody pasi-
reiskimo vertinimo metodus.

(c) Kiekybinis jvertis ry$io stiprumui tarp potencialaus trigerio ir PV epizody
atsiradimo jvertinti turi potencialo palengvinti ilgalaikiy tyrimy jgyvendini-
mga ir gali biiti naudojamas kaip maZiau Saliska alternatyva klausimynais
pagristam PV trigeriy identifikavimui.
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2. Siame darbe pateikti sprendimai vystyti vykdant projekta ,,Personalizuotas pa-
roksizminio prieSirdZiy virpé€jimo trigeriy atpazinimas ir valdymas naudojant
dévimas technologijas — TriggersAF*, kurj finansavo Europos regioninés plétros
fondas pagal sutartj su Lietuvos mokslo taryba (LMTLT), (01.2.2-LMT-K-718-
03-0027), 2020-2023.

3. Europos patento paraiskoje ,,PrieZastingumo balo tarp prieSirdZiy virpéjimo tri-
geriy ir prieSirdZiy virpéjimo epizody nustatymo metodas (Kauno technologi-
jos universitetas, Vilniaus universitetas. EP21179681.8. 2021-06-16) apraSytos
kai kurios disertacijoje naudojamy algoritmy dalys.

Tyrimo aprobavimas

Daktaro disertacija remiasi dviem pagrindiniais straipsniais, publikuotais tarp-
tautiniuose moksliniuose Zurnaluose, turinciuose cituojamumo rodiklj ,,Clarivate An-
alytics Web of Science” duomeny bazéje. Esminiai rezultatai pristatyti tarptautinéje
pasaulyje pripaZintoje konferencijoje: 49-oji ir 50-0ji ,,Computing in Cardiology*
konferencijos.

Ginti teikiami teiginiai

1. Potencialiis PV trigeriai gali biiti atpazjstami fiziologiniuose signaluose. EKG ir
pagreicio signalai gali biti naudojami nuo laiko priklausomiems parametrams,
kuriy specifinés slenkstinés vertés naudojamos potencialiems trigeriams identi-
fikuoti, apskaiciuoti.

2. Trigerio paveikty PV epizody pasireiskima galima modeliuoti naudojant kintantj
dviejy biiseny Hawkes procesa, atsiZvelgiant j organizmo reaktyvumo funkcija,
kuri apibiidina trigerio poveikj.

3. RySys tarp potencialaus trigerio ir PV epizody pasireiskimo gali buti kieky-
biskai jvertintas remiantis santykine PV trukme pries ir po trigerio tam tikrame
analizés laiko intervale, kuris priklauso nuo trigerio poveikio trukmes.

4. Siilomas biidas rySio stiprumui tarp potencialaus PV trigerio ir PV epizody
pasireiskimo jvertinti yra maziau SaliSka alternatyva nei klausimynais pagristi
metodai.

Bendradarbiavimas

Pasiiilytas metodas buvo sukurtas bendradarbiaujant su Leifu S6rnmo i§ Lundo
universiteto (Lundas, Svedija). Tyrime naudojami prie§irdZiy virpéjimo detektoriai
buvo anksc¢iau sukurti Andriaus Solosenko [25] ir Andriaus Petréno [34].
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71 APZVALGA

PrieSirdZiy virpéjimui biidingas nereguliarus ir itin greitas prieSirdZiy susitrauki-
my daznis, kai depoliarizacija jvyksta 300-600 karty per minutg. Tokiu atveju at-
rioventrikulinis mazgas veikia kaip filtras tarp priesirdZiy ir skilveliy elektrinio laidu-
mo sistemy, leisdamas tik daliai impulsy pasiekti skilvelius. Kol aritmija ankstyvy
stadijy, PV epizodai daZnai biina trumpi ir savaime nutrikstantys. Ilgainiui PV gali
progresuoti j nuolatinj PV [37], kai epizodai trunka nepertraukiamai ilgiau nei 7 die-
nas. Galiausiai PV gali pereiti j nenutrikstama stadija [38]. Pavojinga PV kompli-
kacija — kraujo kresuliy, kurie gali patekti j smegenis, plaucius, inkstus arba uzkimsti
arterijas, susidarymas [39].

Klinikinei PV diagnozei reikalingas dokumentuotas, ilgiau nei 30 sekundziy
trunkantis PV epizodas, uZregistruotas 12 derivacijyu EKG [35,36]. Pagrindiniai PV
pozymiai, matomi EKG, yra nereguliarus Sirdies ritmas, P bangy nebuvimas ir virpéji-
mo bangy atsiradimas.

Remiantis naujausiu PV mechanizmy supratimu, PV epizodai pasireiskia dél

aritmogeninio substrato, moduliuojanciy ir potencialiai modifikuojamy veiksniy, dar
vadinamy PV trigeriais, saveikos [40, 41, 42]. Uzsitgses PV sukelia elektrinius ir
struktiirinius prieSirdZiy pokycius, todél svarbu kuo ilgiau islaikyti pacienta ne PV
busenos [43].
Dabartinés gydymo galimybés daugiausia apsiriboja antikoaguliantais ir antiaritmi-
niais vaistais, kurie siejami su pavojingais Salutiniais poveikiais, pvz., vidiniu krauja-
vimu, hipotenzija, hemodinamikos ir autonominés nervy sistemos (ANS) pokyciais, ar
net gali sukelti gyvybei pavojingas aritmijas [9, 10, 36,45, 46]. Siuolaikiniai gydymo
metodai, tokie kaip abliacija, yra brangls ir ne visada sékmingi, nes po procediiros
PV gali pasikartoti [47]. Veiksminga PV valdymo strategija galéty apimti gyvenimo
budo pokycius ir modifikuojamy veiksniy kontrole kartu su farmakologiniu PV gy-
dymu [12].

PV trigeriai sulaukia vis didesnio mokslininky ir gydytojy susidoméjimo dél
galimos jtakos PV epizodams pasireiksti, todél asmeniniy potencialiy trigeriy kon-
trole gali tapti svarbiu PV valdymo aspektu. Keletas tyrimy parodé¢, kad PV pacientai
gali apibudinti veiksnius, kuriems pasireiSkus prasideda PV [11]. Tyrime, kuriame
pacientai klausimynuose turéjo nurodyti potencialius PV trigerius [11], dauguma jy
ivardijo bent po viena, kuriy dazniausi pavaizduoti 7.1 pav.

I8 iSvardyty potencialiy PV trigeriy [11, 19] alkoholis labiausiai istirtas [20].
Buvo parodyta, kad kelis ménesius visiskai atsisakius alkoholio, PV epizody sumazéja
dvigubai [21]. Taip pat nustatyta, kad dviejy ar daugiau standartiniy alkoholio vienety
suvartojimas siejasi su tris kartus padidéjusia PV epizoduy pasireiskimo tikimybe per
artimiausias keturias valandas [63]. Nors tikslus alkoholio poveikis, prisidedantis prie
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7.1 pav. Potencialiis PV trigeriai, daZniausiai nurodyti klausimyny pagrindu
atliktuose tyrimuose

Fiziné @ ‘ Guléjimas

PV epizody pasireiskimo, neiSaiskintas, keliama hipotezé, kad alkoholis tiesiogiai
veikia prieSirdZiy elektrines savybes dél toksiSko poveikio Sirdziai arba ANS [14,64].

Moksliné literatira nurodo J formos rysj tarp fizinio aktyvumo ir PV, kas reiskia,
jog lengvas ir vidutinio intensyvumo fizinis aktyvumas maZzina PV rizika, o nejudru-
mas ir intensyvus fizinis kraivis — didina [16].

Psichofiziologinis stresas neigiamai veikia Sirdies ir kraujagysliy sistema bei gali
padidinti PV epizody pasireiSkimo rizika [68]. Streso ir neigiamy emocijy metu orga-
nizmas i$skiria streso hormonus, tokius kaip adrenalinas, noradrenalinas ir kortizolis,
kurie veikia kraujotaka, suaktyvindami mechanizmus, tokius kaip padidéjes Sirdies
ritmas (SR) ir padidéjes kraujospidis.

Pacientai daznai nurodo, kad guléjimas ant kairiojo Sono prisideda prie PV
epizody pasireiskimo [11]. Sis potencialus PV trigeris gali biiti aiskinamas padidéjusiu
tempimu plauciy venose.

Miego sutrikimai, jskaitant prasta miego kokybe, nepakankama miego trukme,
knarkima ir obstrukcing miego apnéja, gali prisidéti prie PV vystymosi ir PV epizody
pasireiSkimo [73, 74]. Vienas i§ galimy mechanizmy yra kraujospudZio padidéjimas
deél sumazéjusio deguonies lygio kraujyje, sukeliant chemorefleksa, galintj didinti
tempima kairiajame prieSirdyje [75,76].

Esami potencialiy trigeriy identifikavimo budai remiasi savarankiskai identi-
fikuotais trigeriais, naudojant i§ anksto sudarytus sarasus arba klausimynus, taciau
tokie metodai gali biiti paveikti patvirtinimo SaliSkumo, kai pacientai mano, kad tam
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tikri jvykiai lemia PV epizody pasireiskima. Be to, pacientai gali neprisiminti tam
tikry jvykiy arba gali gédytis pateikti informacija apie Zalingus veiksnius, pvz., alko-
holio vartojima. Dél to prasminga klausimynus papildyti kiekybiniais potencialiy
trigeriy identifikavimo metodais.
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7.2 METODAI

7.2.1 Potencialiy trigeriy atpazinimo fiziologiniuose signaluose algoritmai

Sioje disertacijoje tirti trigeriai pasirinkti remiantis klausimyny pagrindu atlik-
tais tyrimais [11, 19]. Kiekvienas potencialus trigeris remiasi susijusiu parametru,
apskaiciuojamu nuosekliuose intervaluose EKG ir (arba) pagrei€io signaluose. D¢l
paprastumo fiziné perkrova, psichofiziologinis stresas, guléjimas ant kairiojo Sono
ir miego sutrikimai jvardijami potencialiais trigeriais, neatsizvelgiant j tai, ar po jy
pasireiskia PV.
7.2.1.1 Fiziné perkrova

Didelio intensyvumo fizinis kriivis laikomas veiksniu, galinCiu prisidéti prie
PV epizody pasireiskimo tiek sportininkams, tiek bendrai populiacijoje [91]. Fizinio
kriivio intensyvumui jvertinti naudojamas metabolinio ekvivalento (MET) jvertis, kuris
matuoja energijos sanaudas, reikalingas jvairiomis fizinémis veiklomis atlikti.

Dél fizinio pasirengimo ir sveikatos biiklés skirtumy pacientams biidingos skirtin-
gos SR reakcijos i fizines veiklas. MET jvertis leidZia individualiai vertinti pacienty
fizines pastangas atliekant tam tikras veiklas, lyginant su energijos sanaudomis ramybés
busenoje. Fizinei perkrovai atpaZinti naudojama regresijos lygtis ir skai¢ivojamas ymer
ivertis, pasitelkiant pagrei¢io ir SR duomenis [92]:

ymeT = 0,0043xacc + 0,047xHRrRr + 1, 4238,

¢ia zacc yra trijy pagreiCio aSiy atstojamasis vektorius, xyrr — SR rezervas, kuris
priklauso nuo Sirdies gebéjimo reaguoti j fizinj aktyvuma.

Atstojamasis pagreicCio vektorius xacc apskaiCiuotas paSalinus gravitacinio pa-
grei¢io komponente, filtruojant triasj pagreicio signala auks$ty daZniy filtru, kurio pjuvio
daznis 0,7 Hz [93], vidurkinant minutés trukmés intervaluose [94].

SR rezervas rprg apskaiciuotas pagal:

THR,a — THR,r

THRr = ————— - 100,
THR,m — THR,r

¢ia whRr,q — vidutinis SR 1 minutés intervale, THR,» — 5 minuciy vidutinis SR dienos
metu ramybéje, jvertintas i$ nefiltruoto triaSio pagreicio signalo vidutinés amplitudés
nuokrypio 3—15 miligravitacijos jégos vienety intervale. g, yra didZiausias SR,
apskaiCiuotas naudojant standarting formulg: 220 minus amZius.

Potencialus trigeris identifikuojamas, kai vidutinis yygr, apskai¢iuotas 1 minutés
intervalui ne PV metu, virSija 5 MET vienetus. AtsiZzvelgiant j tai, kad dauguma
pacienty vyresnio amziaus, fizinés perkrovos atpazinimo slenkstis sumazintas iki 5
vietoje 6, kuris paprastai naudojamas jaunesnés populiacijos didelio intensyvumo fizi-
niam aktyvumui apibiidinti [95].
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7.2.1.2 Psichofiziologinis stresas

Psichofiziologinio streso metu organizmas isskiria streso hormonus, todél iSauga
SR ir $irdis susitraukia stipriau, o tai gali turéti jtakos PV epizody pasireiikimui [68].
Psichofiziologinio streso aptikimas remiasi prielaida, kad staigus SR padidéjimas, ne-
susijes su reik§mingu fiziniu aktyvumu ar aritmija, gali atspindéti stresa sukeliancia
situacija.

Potencialus trigeris identifikuojamas, kai SR padidéja 15 diiZiy per minute vienos
minutés intervale [97], jeigu tuo metu nebuvo reik§Smingo fizinio aktyvumo ir per
pastarasias 4 valandas nebuvo aptiktas kitas potencialus trigeris. Fizinio aktyvumo
nebuvimu laikoma, kai vidutinis 5 minuciy intervalo ir analizuojamo 1 minutés in-
tervalo vidutinis triaSio pagreicio amplitudés nuokrypis mazesnis nei 22,5 miligra-
vitacijos jégos vienetai, kas atitinka sédima veiklg arba stovéjima [98]. Vertinant SR
padidéjima ir siekiant sumazinti i$skir¢iy poveikj, SR apskai¢iuojamas 1 minutés SR
verciy sekoje kaip pirmo laipsnio polinomo pirmos ir paskutinés verciy skirtumas.

7.2.1.3 Gulé¢jimas ant kairiojo Sono

Tam tikri pacientai nurodo guléjima ant kairiojo Sono kaip potencialy PV trigeri
[11,70]. Sis galimai aritmija provokuojantis veiksnys ai$kinamas tuo, kad kairioji
gulima Soniné padétis sukelia spaudimg prieSirdZiy ir plauciy veny sienelése, o toks
poveikis tam tikriems pacientams veikia proaritmiskai [71,99, 100].

Potencialus trigeris atpaZjstamas, kai jrenginio pagreicio vidurinés Soninés aSies
(ACC,) signalas, kuris geriausiai atspindi kair¢ Soning gul¢jimo padétj, iSlieka Zemiau
-600 miligravitacijos vienety bent 1 valanda. Atsizvelgiant j tai, kad guléjimo padétis
keiciasi kelis kartus per naktj, potencialiu trigeriu laikomas pirmasis jvykis 4 valandy
intervale.

7.2.1.4 Miego sutrikimai

Miego sutrikimai, ypac¢ obstrukciné miego apnéja, gali prisidéti prie PV epizody
pasireiSkimo [74, 101]. AtsiZvelgiant  tai, kad obstrukcinés miego apnéjos epizo-
dus daznai lydi cikligki SR poky&iai, SR variabilumo parametrai gali biiti panaudoti
sutrikusio miego epizodams aptikti [102]. SR poky¢iai nakties metu atpaZjstami stan-
dartiniu normaliy RR intervaly nuokrypio (SDNN) parametru, kuriuo galima spresti
apie dominuojanc¢ia ANS komponentg [103].

Pries skaic¢iuojant SDNN, RR intervaly seka koreguojama atsizZvelgiant j pra-
leistus, klaidingai aptiktus ir prieSlaikinius Sirdies susitraukimus [104]. Klaidingi RR
intervalai pasalinami, praleisty atveju jterpiami nauji, o esant per ilgam RR intervalui,
intervalas padalijamas j du tokio pat ilgio RR intervalus. PrieSlaikiniai Sirdies susi-
traukimai paSalinami interpoliuojant gretimus RR intervalus.

Potencialiems miego sutrikimams atpaZinti analizuojama naktis nuo 00.00 iki
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7.00 val., apskaiciuojant SDNN vertes 1 valandos trukmés intervaluose. Kai SDNN
virsija 116 ms slenkstj [102], intervalo pradzia laikoma potencialaus trigerio pradZia.

7.2.2 Trigerio paveikty prieSirdziy virpéjimo epizody sekuy modeliavimas

Identifikuoti asmeninius trigerius, susijusius su PV epizody pasireiSkimu, sudé-
tinga uzduotis, nes esamiems kiekybiniams rysio vertinimo metodams reikalingos
didelés pacienty grupés (pvz., atsitiktiniy im¢iy kontroliniai tyrimai), arba metodai turi
esminiy apribojimy, tokiy kaip nepakankamas patikimumas esant nestacionariems ir
dvejetainiams duomenims (pvz., Grangerio prieZastinis rySys). Vienas i§ budy, kuris
leisty suprasti ry$io jvertinimo metody tinkamuma, — naudoti simuliuotas duomeny
bazes, kuriose Zinomas trigerio poveikis PV epizody pasireiskimui.

Zemiau apragomas modelio jgyvendinimo principas, kuris iliustruojamas alko-
holio poveikiu PV epizody pasireiSkimui. Alkoholio pasisavinimui ir pasiSalinimui i§
organizmo apibiidinti naudojama organizmo reaktyvumo funkcija, kuri priklauso nuo
keliy veiksniy: suvartoty standartiniy alkoholio vienety skaiciaus, laiko, reikalingo
etanoliui iki galo pasisalinti i§ organizmo, bei pasisavinimo ir pasalinimo greicio.

Alkoholio suvartojimas paprastai jvertinamas standartiniais alkoholio vienetais,
atsizvelgiant j gryno etanolio kiekj alkoholiniuose gérimuose [106]. Organizmas pra-
deda pasisavinti alkoholj, kai jis pasiekia skrandj, ir tai vidutiniSkai gali trukti nuo 10
minudiy iki valandos [107]. Siame darbe priimama, kad vienas standartinis alkoholio
vienetas atitinka 10 ml gryno etanolio [108].

Remiantis alkoholio kiekiu galima sudaryti organizmo reaktyvumo funkcija,
kuria modeliuojant daroma keletas prielaidy [109]: vidutiniam 70 kg svorio vyrui
vieno standartinio alkoholio vieneto pasisavinimas uZtrunka 30 minuciy, o visiskas
pasalinimas — viena valanda. Siame darbe alkoholio pasisavinimas modeliuojamas
naudojant apribota eksponenting augimo funkcija, kuri apraSoma:

y(t;u) = u(l —e ™), a>0,

¢ia u —alkoholio vienety skaiCius, o a — eksponentés augimo parametras 10,6/« vnt./val.
[109]. Alkoholio paSalinimas i§ organizmo modeliuojamas tiesine funkcija, kurios
nuolydis b atitinka 1 vnt./val. [107].

Trijy standartiniy alkoholio suvartojimo laike organizmo reaktyvumo funkcija
pavaizduota 7.2.1 pav. Svarbu atkreipti démesj, kad treCiasis alkoholio vartojimas,
kurio pradZia 21.30 val., yra anksciau nei baigiasi antrojo alkoholio vieneto paSalini-
mas. Dél Sios prieZasties organizmo reaktyvumo funkcija prasideda nuo 0,5 ir pakyla
iki 1,5 alkoholio vienety.

Kiti daznai literatiroje minimi trigeriai, kurie taip pat gali buti modeliuojami
organizmo reaktyvumo funkcijomis, yra fizinis kriivis, persivalgymas, Salti gérimai ir
Saltas maistas [11].
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Laikas, val.

7.2.1 pav. Trijy standartiniy alkoholio vienety suvartojimo laike organizmo
reaktyvumo funkcija

Nors Zinios apie rysio tarp alkoholio vartojimo ir PV epizody pasireiSkima gana
ribotos, manoma, kad egzistuoja tiesinis rySys [63]. Kitas tyrimas parodé¢, kad alkoho-
lio vartojimas padidina santyking PV trukme ir PV epizody pasireiskimo rizika. Re-
miantis tuo, kuriant modelj daroma prielaida, kad PV epizody pasireiSkimo tikimybé
tiesiskai didéja, augant suvartotam standartiniy alkoholio vienety skaiciui.

Kintantis dviejy biiseny Hawkes modelis leidZia simuliuoti jvairius PV epizody
pasirei$kimo profilius [105]. Sioje disertacijoje modelis patobulintas integruojant
trigerio poveikj apibiidinancia organizmo reaktyvumo funkcija, kuri padidina PV epi-
zody pasireiskimo tikimybe trigerio poveikio laiko intervaluose. 7.2.2 pav. pateikti
simuliuoti PV epizody pasireiskimo profiliai: (a) be trigerio jtakos ir (b) su trigerio
itaka, kai pridétas triju alkoholio vienety poveikis ties 10.00. Cia (t) yra laike
kintantis Hawkes modelio parametras, kuris modifikuojamas pagal organizmo reak-
tyvumo funkcija, o A\1(¢) — modelio funkcija, kuri nulemia biisenos persijungimus i§
ne PV ritmo j PV.

7.2.3 Rysio stiprumo tarp potencialaus trigerio ir priesirdziu virpéjimo epizodu
pasireiskimo jvertinimas ir interpretavimas

Potencialiy trigeriy identifikavimo biidas remiasi prielaida, kad PV santykiné
trukmé po trigerio didesné nei pries§ trigeri. Analizés laiko intervalas 7', naudojamas
skaiCiuojant santyking PV trukme po trigerio Bj 5, parenkamas atsiZvelgiant j nu-
manoma trigerio efekto trukme. Dél paprastumo toks pat intervalo ilgis naudojamas
skaiCiuojant PV santyking trukme po trigerio By ,. RySio stiprumo jvertis -, kuris
susieja santykines PV trukmes prieS ir po trigerio, randamas pagal:

N, By
= —" _H(Bi, — Bon,),
v 7;1 1 + BO,n ( 1n 0,n)

Cia Ny yra trigeriy skaiCius stebéjimo intervale. Hevisaido Zingsnio funkcija H(-)
panaudota siekiant atmesti atvejus, kai santykiné PV trukmé pries trigerj didesné nei
po trigerio (By ., > Bi ), nes tokiais atvejais negalima daryti prielaidos, kad trigeris
daré poveikj PV epizody pasireiskimui.
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7.2.2 pav. Simuliuoti PV epizody pasireiskimo profiliai (a) be ir (b) su alkoholio
poveikiu. Raudoname fone parodomas trigerio poveikio intervalas

Rysio stiprumo jverciui skaiciuoti taikomas kaupiamasis principas, nes néra pa-
grindo manyti, kad trigeris visada paveiks santyking PV trukmg. Labiausiai tikétina,
kad trigeris tik kartais darys jtakgq PV epizody pasireiSkimui, taip pat priklausomai nuo
kity lygiagreciai veikianciy veiksniy, didinan¢iy PV epizody pasireiskimo tikimybg [40,
42]. 7.2.3 pav. parodytas sarySio stiprumo jvertis y skirtingy PV epizodu pasireiSkimo
profiliy atveju.

Interpretuojant rySio stiprumo jvertj -y, reikia atsizvelgti i tai, kad vieno trigerio
atveju, kai PV epizodas prasideda iSkart po trigerio ir nesibaigia per visa analizés
laiko intervala (B1, = 1), o analizés laiko intervale prie§ trigeri nebuvo né vieno
PV epizodo (B, = 0), tuomet v = 1, o tai priskiriama vidutiniam rySio stiprumui.
Atvejais, kai By, = 1, 0 By, > 0, tada jvertis gali jgyti vertes nuo 0,5 iki < 1, o tai
rodo silpna sary$j. Kai By, ir By, artéja prie 0, tada v < 0, 5, o tai rodo labai silpna
ry8j. Atvejais, kai yra bent du trigeriai ir jiems abiem esant santykiné PV trukmé po
trigerio yra didesné nei pries trigeri (B1,, > By ), laikoma, kad rySys stiprus.

7.2.4 PrieSirdziu virpéjimo epizody atpazinimas fiziologiniuose signaluose

Siekiant jvertinti neSiojamyjy jrenginiy panaudojimo galimybes vertinant rysj
tarp potencialiy trigeriy ir PV epizody pasireiskimo, pasitelkti EKG ir FPG pagrindu
veikiantys PV detektoriai.

EKG analizuojantis detektorius remiasi tuo, kad PV metu padidéja SR ir RR
intervalai tampa nereguliartis [34]. Detektorius sukurtas ypa¢ trumpiems PV epizo-
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7.2.3 pav. Rysio stiprumo jvertis -y skirtingiems PV epizody pasireiSkimo profiliams,
kai (a) SeSiuose skirtinguose PV epizody pasireiSkimo profiliuose per para buvo
vienas trigeris ir (b) trys trigeriai jvyko tuo paciu paros metu trijy dieny laikotarpiu.
Trigerio pradZios laikas paZymétas raudonai. Visais atvejais pries ir po trigerio
analizés laiko intervalas 7" parinktas 12 valandy

dams atpaZinti, o klaidingy aliarmy skaiciui maZinti jgyvendinti prieslaikiniy Sirdies
susitraukimy ir bigeminy poveikj slopinantys blokai. Analogisku principu veikia ir
FPG signala analizuojantis detektorius, taciau papildomai jgyvendintas signalo kokybés
vertinimo algoritmas [25].
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7.3 DUOMENU BAZES

7.3.1 Simuliuoti duomenys

D¢l duomeny baziy su anotuotais trigeriais ir PV epizodais trikumo Sioje di-
sertacijoje panaudota modeliuota signaly su jvairiu trigerio poveikiu duomeny bazé.
Si duomeny bazé ypal vertinga, tiriant siiloma rySio tarp trigerio ir PV epizody
pasireiskimo jvertinimo metoda dél galimybés turéti informacija apie trigerio pasireis-
kimo trukme. Trys PV epizody pasireiSkimo tipai panaudoti trigeriu paveikty PV
epizody pasireiSkimo profiliams modeliuoti, zr. 7.3.1 pav.:

1. daug epizody klasteryje, kuriy kiekvienas trunka keleta minuciy,

2. daug epizodu klasteryje, kuriy kiekvienas trunka nuo keliolikos minuciy iki
keliy valandy,

3. keli epizodai, kuriy kiekvienas trunka keliolika valandy.

01
ne-PV ! ! ! ! !
0 1 2 3 4 5 6 7
0
2
ne-PV L L L | .
0 1 2 3 4 5 6 7
0
PV, ’, 3
ne-PV L L 1 | . ) |
0 1 2 3 4 5 6 7
Dienos

7.3.1 pav. Modeliuoty PV pasireiskimo profiliy tipy pavyzdziai be pridéto trigerio
poveikio. Iliustracijoje pavaizduota tik pirmoji simulivoty PV epizody pasireiSkimo
profiliy savaité

Kiekvienam PV epizody pasireiSkimo tipui sumodeliuota po 100 vieno ménesio
trukmeés PV epizody pasireiSkimo profiliy, i§ kuriy kiekvienas rinkinys su skirtingu
trigeriy (0, 2, 4, 6, 8 ir 10) ir alkoholio vienety (3, 6, 9, ir 12) skaiiumi. IS viso
sumodeliuotame duomeny rinkinyje yra 3 - 100 - 6 - 4 = 7200 ménesio trukmés
PV epizody pasireiskimo profiliy. Siekiant iSvengti analizés laiko intervaly 71" per-
sidengimo, PV epizody pasireiSkimas modeliuotas darant prielaida, kad kitas trigerio
1vykis pasireik§ praéjus maziausiai 12 valandy po ankstesnio trigerio. PV epizody
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pasireiSkima paveike trigeriai laike iSdéstyti generuojant atsitiktinius skaicius i§ toly-
giojo skirstinio.

Siekiant istirti alkoholiu paveikto PV epizody pasireiSkimo modelio veikima,
buvo susimuliuota maZesné, 24 valandy trukmés PV epizody pasireiSkimo profiliy
duomeny bazé. Cia kiekvienam alkoholio vienety skaiciui, nuo 0 iki 15, simuliuota po
50 paros trukmés profiliy. IS viso susimuliuota 300 PV epizody pasireiskimo profiliy.

7.3.2 Klinikiniai duomenys

Vilniaus universiteto ligoninés Santaros kliniky Kardiologijos skyriaus pacien-
tai, kuriems diagnozuotas paroksizminis PV, buvo pakviesti dalyvauti tyrime. Prie§
dalyvavima pacientai pateiké raSytinj sutikima dalyvauti tyrime. Tyrimui pritaré re-
gioninis bioetikos komitetas (leidimo numeris 158200-18/7-1052-557). IS viso tyrime
dalyvavo 182 pacientai, taCiau tolesnei analizei naudoti 35 pacienty, kuriems per
stebéjimo laikotarpj pasireiské bent vienas PV epizodas, duomenys.

Duomeny bazg sudaro fiziologiniai signalai, uZregistruoti nevarZomos kasdienés
veiklos metu naudojant Bittium OmegaSnap™ vienos derivacijos pleistro tipo EKG
iraSymo jrenginj ,,Bittium*, Suomija) ir Kauno technologijos universitete, Biomedici-
nos inZinerijos institute, sukurta ant rieSo dévima jrenginj [58]. EKG jrenginys buvo
uzdétas tiesiai ant kriitinkaulio ir registravo nepertraukiama EKG 500 Hz diskretiza-
vimo daZniu bei trijy aSiy pagreicio signalus 25 Hz daZniu. AntrieSo dévimas jrenginys
registravo nuolating FPG 100 Hz daZniu. Pacientai taip pat suvedé, jy manymu,
PV epizody pasireiSkimui jtaka darancius trigerius, naudojant iSmaniajam telefonui
sukurta programélg. Duomeny bazé laisvai prieinama Zenodo duomeny saugyklo-
je [118].

Atraminiai PV epizody pasireiSkimo profiliai gauti naudojant EKG detektoriy ir
kardiologijos rezidentams rankiniu buidu atliekant signalo perZiiira, taip patikslinant
anotacijas surandant neaptiktus PV epizodus, nejtraukiant klaidingai aptikty epizody
ir patikslinant PV epizody pradZias ir pabaigas. Rezidentai neaiSkiais atvejais konsul-
tavosi su patyrusiu kardiologu. Tokiu paciu biidu suanotuoti prieslaikiniai priesirdZiy
susitraukimai, prieSirdZiy tachikardija ir prieSirdZiy plazdéjimas.

Dar vykstant klinikiniam tyrimui, 37 pacienty savarankiskai suvesti trigeriai ir
duomenys buvo naudojami tiriant santyking PV trukme¢ prie§ ir po trigerio anotuo-
tuose ir i§ FPG gautuose PV epizodu pasireiskimo profiliuose. IS Siy pacienty 15-kai
pasireiskée bent vienas PV epizodas stebésenos laikotarpiu. 7.3.2 pav. pateikti anotuoti
ir FPG atpaZinti PV epizodai kartu su pacienty jvestais trigeriais.
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7.3.2 pav. Anotuoto EKG ir i§ FPG gauto PV epizody pasireiSkimo profiliy
pavyzdziai. Juodos briiks$ninés linijos rodo paciento jvestus trigerius. Raudona sritis
atspindi ant rieSo dévimo jrenginio nedévéjima. Pateiktame pavyzdyje Zema signalo

kokybé (nerodoma) 63%, o jrenginio nedévejimo laikas 12,7%
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7.4 REZULTATAI

7.4.1 Potencialiy trigeriu atpazinimas fiziologiniuose signaluose

Pavyzdyje 7.4.1 pav. parodyti potencialiis trigeriai, atpaZinti fiziologiniuose
signaluose. Sio paciento atveju daZniausiai atpaZintas guléjimas ant kairiojo $ono
ir miego sutrikimai.

7.4.2 pav. (a) pateiktas kiekvieno atpaZinto potencialaus trigerio skaiCius atski-
riems pacientams. Bent vienas fizinés perkrovos, psichofiziologinio streso, guléjimo
ant kairiojo Sono ir miego sutrikimy potencialus trigeris atpazintas atitinkamai 80%,
74%, 71% ir 89% pacienty, o potencialiy trigeriy mediana atitinkamai 2 (tarpkvartili-
nis plotis: 1-3), 2 (1-5), 4 (1-6) ir 5 (4-7), Zr. 7.4.2 pav. (b).

7.4.2 Trigerio paveikty prieSirdziuy virpéjimo epizodu pasireiSkimo modelis

Tiriant PV pasireiSkimo modelj, nustatyta, kad santykin¢ PV trukmé didéja
beveik tiesiSkai didinant alkoholio kiekj, Zr. 7.4.3 pav. (a). Be pridéto alkoholio
poveikio, santykiné¢ PV trukmé 17,2%, o pridéjus 9 alkoholio vienetus — padidéja du
kartus. PanasSi tendencija matoma vertinant PV epizody skaiciy (7.4.3 pav. (b)) — be
alkoholio poveikio vidutiniskai sugeneruoti 12,9 epizodo, o esant 8 alkoholio viene-
tams epizody skaiCius padidéja du kartus. PV epizody agregacija pradeda maZéti po 6
alkoholio vienety (7.4.3 pav. (c)), kas rodo, kad PV epizodai maZiau klasterizuoti.

7.4.3 Rysio tarp trigerio ir prieSirdZiu virpéjimo epizodu pasireiSkimo stiprumo
tyrimas naudojant modeliuotus duomenis

7.4.4 pav. pateiktos PV santykinés trukmés po trigerio By ;, ir ry$io stiprumo -y
vertés didziausioms galimoms modelio parametro (), kuris nulemia PV epizodo
pasireiskimo tikimybe, reikSméms. RySio stiprumas ~ proporcingai didéja didéjant
B, visy tipy PV profiliy atveju. PV epizody pasireiskimo profilio tipo 82 atveju
matomas didZiausias v pokytis, kai naudojami modeliuoti PV profiliai be pridéto alko-
holio poveikio ir su 12 alkoholio vienety.

7.4.5 pav. iliustruoja rysj tarp analizés laiko intervalo T', PV epizody pasireiSkimo
profilio tipo ir alkoholio vienety skaiCiaus. Rysio stiprumas ~y 6; profilio tipui padidéja
3-10 karty esant 12 alkoholio vienety, palyginti su +, kai alkoholio poveikio néra (0
a.v.). 0y ir 05 tipy PV epizodu profiliams rySio stiprumas ~ padidéja tik 1,5-3,5 karto,
o tai rodo, kad ~ jautresnis, kai epizody daug.

RySio stiprumo jver¢io v priklausomybé nuo trigeriy skaiiaus esant skirtin-
giems alkoholio vienetams pateikta 7.4.6 pav. Priklausomai nuo PV epizody pasireiski-
mo profilio tipo, naudojant modeliuotus profilius su maZesniu alkoholio vienety skai-
¢iumi, gautas 3—6 kartus maZesnis ry$io stiprumas .

PV epizody pasireiskimo profiliui jtaka darancio trigerio identifikavimo princi-
pas iliustruojamas 7.4.7 pav. Principo esmé — vykdyti stebéseng ir skaiciuoti v dviem
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7.4.2 pav. (a) Atskiriems pacientams atpaZinty potencialiy trigeriy skaicius pateiktas
sudétinémis diagramomis, iSrikiuojant pacientus maZéjancia tvarka pagal bendra
atpazinty potencialiy trigeriy skai¢iy. (b) Pacienty, kuriems aptiktas tam tikras
trigeriy skaicius, proporcija

periodais: kai potencialus trigeris nepasalinamas (patikros periodas) ir kai nurodoma
potencialaus trigerio vengti (patvirtinimo periodas). Vykdant stebésena patikros ir
patvirtinimo periodais, skai¢iuojamas + ir jei -y vir§ija slenkstj o, kuris turéty biiti nus-
tatytas klinikinése studijose, trigeris laikomas jtaka daranc¢iu. Naudojant modeliuo-
tus duomenis susimuliuoti atvejai, kai trigeris nedaro jtakos PV epizody pasireiskimo
profiliui (7.4.7 pav. (a)) ir kai jtaka daroma (7.4.7 pav. (b)). 7.4.7 pav. (a) atveju
tiek patikros, tiek patvirtinimo periodais y gautas panasus, todél potencialus trigeris
laikomas nedaranciu jtakos PV epizody pasireiskimo profiliui. 7.4.7 pav. (b) atveju
patvirtino periodo ~ gautas kur kas mazesnis, o tai gali reiksti, kad potencialus trigeris
prisideda prie PV epizody atsiradimo.

7.4.4 Rysio tarp potencialiy trigeriu ir prieSirdziu virpéjimo epizody pasireiSkimo
tyrimas

7.4.4.1 Savarankiskai identifikuoti potencialiis trigeriai

Naudojant iSmaniajam telefonui sukurta programéle, 37 pacientai suvedé 288
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7.4.3 pav. Paroksizminio PV epizody pasireiSkimo profiliy charakteristikos esant
skirtingam alkoholio vienety skaiciui: (a) santykiné PV trukmé, (b) PV epizody
skaiCius ir (c) PV epizody agregacija. Rezultatai gauti naudojant 50 paros trukmeés
modeliuoty PV epizody pasireiSkimo profiliy ir pateikti vidurkiu ir standartiniu
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7.4.4 pav. RySio stiprumo jvercio v ir PV santykinés trukmés po trigerio By ,
priklausomybés nuo maksimalios pi1(t) vertés, kai 7' = 12 val. Skliausteliai nurodo
alkoholio vienety skaic¢iy modeliuotuose PV epizody pasireiSkimo profiliuose.
Rezultatai pateikiami vidurkiu ir pasikliautinuoju intervalu (95%)

potencialius trigerius (7.4.1 lentelé), taciau tik 15-kai pasireiské bent vienas PV epi-
zodas. Skaiciuojant i§ anotuoty PV epizody pasireiskimo profiliy vidutiné santykiné
PV trukmeé buvo 0,15. Vidutiné PV epizodo trukmeé — 54,7 min. DaZniausiai nurodyti
potencialiis PV trigeriai — kava (126), miego trukumas (43), fiziné perkrova (38), psi-
chofiziologinis stresas (36) ir alkoholis (33).

7.4.8 pav. pateikta santykiné PV trukmé skirtinguose analizés laiko interva-
luose 7' pries ir po nurodyto potencialaus trigerio, kai naudojami anotuoti PV profiliai
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7.4.5 pav. Rysio stiprumo jvertis v kaip alkoholio vienety skai¢iaus funkcija
skirtingiems analizés laiko intervalams 7'. Rezultatai pateikiami vidurkiu ir 95%
pasikliautinuoju intervalu. Skaic¢iavimams naudotas tik pirmas simuliuojant pridétas
trigeris

7.4.1 lentelé Jvesty potencialiy trigeriy skaicius

Potencialus trigeris Bendras skaicius
Kava 126
Miego trakumas 43

Fiziné perkrova 38
Psichofiziologinis stresas 36
Alkoholis 33

Saltas maistas / gérimas 6
Persivalgymas 6

ir PV profiliai, gauti naudojant PV epizody atpazinimo FPG signaluose detektoriy.
Rezultatai rodo, jog vidutiné santykiné PV trukmé po potencialiy trigeriy didesné tiek
anotuotuose, tiek detektoriumi gautuose PV epizody pasireiskimo profiliuose. Taciau
vidutiné santykiné PV trukmé FPG pagrindu veikian¢iu PV detektoriumi gautuose
profiliuose yra perpus mazesné nei anotuotuose.

7.4.4.2 Fiziologiniuose signaluose atpaZinti potencialus trigeriai

RysSio stiprumas tarp fiziologiniuose signaluose atpazinty potencialiy trigeriy
ir PV epizody pasireiskimo vertintas 4 valandy analizés laiko intervale 7. Rysio
stiprumo jvertis Zymimas -yq, kai vertinamas rySys tarp atpaZinty potencialiy trigeriy
ir detektoriumi gauto PV epizody pasireiSkimo, o v, — kai vertinamas rySys tarp
atpazinty potencialiy trigeriy ir anotuoto PV epizody pasireiskimo.

7.4.9 pav. pateikti rySio stiprumo jverciai fiziologiniuose signaluose atpaZin-
tiems potencialiems trigeriams -y ir kontroliniams trigeriams ., kurie stebésenos
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7.4.6 pav. Rysio stiprumo jvercio v priklausomybé nuo trigeriy skaiCiaus esant

skirtingiems alkoholio vienetams (a.v.). Rezultatai pateikiami vidurkiu ir 95%

pasikliautinuoju intervalu. O a.v. reiskia, kad PV epizody pasireiSkimo profiliai
modeliuoti be trigerio poveikio
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7.4.7 pav. Sitlomo biido identifikuoti asmeninius PV trigerius taikymo praktikoje
pavyzdys: kai potencialus trigeris (a) daro jtaka PV epizody pasireiSkimui ir (b)
nedaro jtakos. Rodyklé rodo v pokytj tarp patikros ir patvirtinimo periody

intervale paskirstyti atsitiktiniu bidu. Rezultatai rodo, kad kai kuriems pacientams
~4 smarkiai padidéja, palyginti su kontroliniu rySio stiprumu ~.. DidZiausias rysio
stiprumo padidéjimas gautas fizinei perkrovai (p < 0,01). ReikSmingy skirtumy
psichofiziologinio streso ir miego sutrikimy atvejais nepastebéta. Taip pat nerasta
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7.4.8 pav. Santykiné PV trukmé pries ir po potencialiy trigeriy, kai naudojami
skirtingi analizés laiko intervalai: (a) anotuotas PV epizody pasireiSkimo profilis, (b)
profilis, gautas naudojant FPG pagrindu veikiantj PV epizody detektoriy. Rezultatai

pateikiami vidurkiu ir 95% pasikliautinuoju intervalu

reik§mingy skirtumy tarp 4 motery ir vyry grupése: esant fizinei perkrovai, psichofiziolo-
giniam stresui, guléjimui ant kairiojo Sono ir miego sutrikimams, atitinkamai gautos p
verteés 0,06, 0,34, 0,49 ir 0,66.

7.4.10 pav. pateikta koreliacija tarp rySio stiprumo jvercio -, skai¢iuojant ano-
tuotuose PV epizody pasireiskimo profiliuose -y, ir detektoriumi gautuose PV epizody
pasireiSkimo profiliuose 4. Rezultatai rodo, kad =, vidutiniSkai koreliuoja su ~q.
Spearmano koreliacijos koeficientai gauti atitinkamai » = 0, 66 naudojant EKG anali-
zés pagrindu veikiantj PV detektoriy ir » = 0,62 FPG pagrindu analizés pagrindu
veikiant] detektoriy.
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7.4.9 pav. Kiekvieno paciento rysio stiprumo jverciai 7y ir v4: (a) fiziné perkrova, (b)
psichofiziologinis stresas, (c) guléjimas ant kairiojo Sono ir (d) miego sutrikimai.
Balti apskritimai Zymi motery ~y vertes

251

PV atpazinimas i§ EKG

— — — PV atpazinimas i§ FPG

7.4.10 pav. Rysio stiprumo jveréiy =, ir 74 koreliacija. Sviesiis kvadratai — -y jveréiai,
apskaiciuoti tarp atpazinty potencialiy trigeriy ir i§ EKG atpaZinty PV epizody
pasireiskimo profiliy; tamsis apskritimai — «y jverciai, apskaiciuoti tarp atpaZinty
potencialiu trigeriy ir i§ FPG gautu PV epizodu pasireiSkimo profiliy
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7.5 ISVADOS

1. Pasiilyta ir iStirta metodika, skirta potencialiems trigeriams atpaZinti fiziolo-
giniuose signaluose dél fizinés perkrovos, psichofiziologinio streso, guléjimo
ant kairiojo Sono ir miego sutrikimy. Paroksizminio PV pacienty signaly analizé
parodé, kad miego sutrikimai atpaZinti daZniausiai, pasireiSke vidutiniskai 5
kartus per savait¢ (tarpkvartilinis plotis: 4-7).

2. Pasitlytas modelis, skirtas trigerio paveiktiems PV epizody pasireiskimo pro-
filiams simuliuoti, kuris vertingas tiriant ry$io vertinimo metodus. Hawkes pro-
cesu pagristas modelis papildytas alkoholio poveikio organizmo reaktyvumo
funkcija. Modelio tyrimas parodé, kad be pridéto alkoholio poveikio santykiné
PV trukmé 17,2%, o 9 alkoholio vienety atveju padidéjo du kartus. Trigerio
poveikio PV epizody pasireiSkimo modelis gali biti tobulinamas adaptuojant
organizmo reaktyvumo funkcija, atsizvelgiant j lytj, svorj ir amZiy.

3. Pasiillytas kiekybinis PV trigeriy ir PV epizody pasireiSkimo rySio stiprumo
ivertinimo biidas, kuris remiasi santykinés PV trukmeés prie$ ir po potencialaus
trigerio vertinimu. Tyrimas, naudojant skirtingo tipo simuliuotus PV epizody
pasireiskimo profilius, parodé¢, kad, priklausomai nuo PV epizody profilio tipo,
rySio stiprumas su pridétu trigerio poveikiu padidéja 3-6 kartus, palyginti su
profiliais be trigerio poveikio. Pasiiilytas budas gali palengvinti ilgalaikiy tyrimy,
skirty PV trigeriams identifikuoti, jgyvendinima ir papildyti esamus, klausi-
mynais pagristus budus.

4. Naudojant paroksizminiu PV serganciy pacienty fiziologinius signalus ir ano-
tuotus PV epizody pasireiskimo profilius, didZiausias rysio stiprumo padidéji-
mas didZiausiam pacienty skaiciui gautas esant fizinei perkrovai (p < 0,01);
reikSmingy skirtumy psichofiziologinio streso ir miego sutrikimy atvejais nepas-
tebéta. Tiriant dévimy jrenginiy nauda vertinant rySio stipruma PV epizodams
atpazinti naudoti elektrokardiogramos ir fotopletizmogramos analizés pagrindu
veikiantys PV detektoriai. AtpaZinty PV epizody rySio stiprumo jvertis vidu-
tiniskai koreliuoja su anotuotu PV epizody jverciu: r = 0, 66 atpaZinty is elek-
trokardiogramos ir r = 0, 62 atpaZinty i$ fotopletizmogramos.
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