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José Miguel Rivera-Caravaca

Faculty of Nursing,

University of Murcia,

Murcia, Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Personalized Medicine (ISSN 2075-4426) (available at: https://www.mdpi.com/journal/

jpm/special issues/arrhythmia precision medicine).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-8354-9 (Hbk)

ISBN 978-3-0365-8355-6 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents
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Atrial fibrillation (AF) is the most common cardiac arrhythmia in the general pop-
ulation. The high prevalence of this condition—which is expected to be even higher in
upcoming years [1]—has motivated in-depth studies, from mechanistic and pathophysio-
logical approaches to further understand how AF is initiated and perpetuated to analyses
of the role and impact of integrated care in its management. In this Special Issue of the
Journal of Personalized Medicine, some controversial and scarcely investigated topics related
to AF have been introduced, with the aim of providing holistic care and treatment in AF.
These topics include improving the detection, adverse outcome prevention, and risk factor
optimization in AF patients.

Escribano et al. aimed to conduct an analysis of the f-wave harmonic spectral structure
to improve catheter ablation (CA) outcome prediction through several entropy-based
measures computed on different frequency bands in 151 patients with persistent AF under
radio frequency CA. Remarkably, the authors demonstrated in this pioneering analysis
of the f-wave harmonic spectral structure that the presence of larger harmonics and a
proportionally smaller dominant frequency peak was strongly associated with a decreased
probability of AF recurrence after CA [2].

To better understand the CA process, Vraka and colleagues have decomposed crucial
CA steps, including coronary sinus catheterization and the impact of left and right pul-
monary vein isolation (PVI). In brief, they showed that left PVI is the critical part of the CA
of PVs for paroxysmal AF patients, significantly altering the P-wave duration, whereas the
effect of the CA of PVs on the coronary sinus is less straightforward and is demonstrated to
a lesser extent. The authors suggest that other atrial structures may be more indicative of
the ablation outcome and should be assessed as alternative references [3].

Osorio et al. compared the performance of cycle length estimations of three different
local activation wave detection methods: the hyperbolic tangent (HT) function, an adaptive
amplitude threshold (AAT), and a cycle length iteration (ACLI). For the HT method, the
accuracy, sensitivity, and precision were higher compared to the AAT and ACLI methods,
with even a lower cycle length error. The authors concluded that the high robustness and
precision demonstrated by the HT method promote its implementation on CA mapping
devices for a more successful location of ablation targets and improving the results of CA
procedures [4].

Currently, left atrial (LA) appendage surgical exclusion or percutaneous occlusion
have limitations. For this reason, an interesting study by Pasta et al. sought to quantify the
hemodynamic and structural loads of a novel potential procedure to partially invert the
“dead” LA appendage space to eliminate the auricle apex, called LA appendage inversion
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(LAAI). This procedure was simulated by pulling the elements at the LA appendage tip
and prescribing a displacement motion along a predefined path. Later, the authors used the
deformed configuration to develop a computational flow analysis of LAAI, demonstrating
that the inverted LAA wall in the inverted appendage undergoes a change in the stress
distribution from tensile to compressive, and this can lead to resorption of the LAA tissue
as per a reduced stress/resorption relationship [5].

From a clinical point of view, three original studies performed in-depth analyses of the
management of AF. Merino-Merino and collaborators, in a confirmatory study including
patients with AF and healthy controls, showed that NT-proBNP, high sensitivity troponin
T, and ST2, were significantly related to the presence of AF. Among these biomarkers
of cardiac dysfunction, inflammation, and damage, NT-proBNP exhibited the best dis-
crimination ability (with an area under the curve of 0.995) [6]. Pastori et al. identified
clinical phenotypes of AF patients to stratify the mortality risk by a cluster analysis per-
formed on 5171 AF patients from the nationwide START (survey on anticoagulated patients
register). In brief, cluster 3, characterized by men with diabetes, coronary disease, and
peripheral artery disease, and cluster 4, including mainly elderly women with previous
cerebrovascular events, had a higher risk of mortality (aHR 6.702, 95% CI 2.433–18.461, and
aHR 8.927, 95% CI 3.238–24.605; respectively) [7]. Roldán et al. presented the first study
analyzing the impact of adherence to the Atrial Fibrillation Better Care (ABC) pathway
on the quality of anticoagulation control in a cohort of AF outpatients starting vitamin
K antagonists. Amongst ABC pathway non-adherent patients, a greater proportion had
TTR < 65% or TTR < 70%, with a lower mean TTR in non-adherent patients (59.4 ± 22.3%
vs. 63.9 ± 21.1%; p = 0.004). Indeed, adherence to the ABC pathway was independently
associated with a TTR of ≥65% [8].

Additionally, two reviews aimed to shed light on very specific patient populations
and therapeutic interventions. In the first review, Badescu and colleagues summarized
the current evidence concerning the management of AF in people with hemophilia, which
is a complex combination in terms of the prevention of bleeding and thromboembolic
complications. These patients are often perceived as having a high bleeding risk due to
coagulation factor VIII/IX deficiency, but in the presence of AF they also have a high
risk of stroke and systemic embolism. Despite the lack of research in this population,
it should be highlighted that the treatment offered to the general population, including
CA and LA appendage occlusion, can be implemented in hemophiliacs if an appropriate
replacement therapy can be provided [9]. Buckley et al. reviewed, synthesized, and
proposed an AF-specific exercise rehabilitation guideline based on data from primary trials
and real-world cohort studies. According to their analysis, a minimum exercise threshold
of 360–720 metabolic equivalent minutes/week, corresponding to 60–120 min of exercise
per week at moderate-to-vigorous intensity, could be an evidence-based recommendation
for patients with AF. This would improve AF-specific outcomes, quality of life, and possibly
prevent long-term major adverse cardiovascular events. Non-traditional, low–moderate
intensity exercise, such as yoga, appears to have promising benefits to patient quality of
life and should therefore be considered in a personalized rehabilitation program [10].

Finally, AF is generally underdiagnosed, mainly because it can be present without
signs and symptoms. For this reason, the real prevalence of AF is assumed to be higher
than the known prevalence. In this Special Issue, Jones et al. described the protocol of an
interesting study with the objective of investigating the effectiveness of a hand-held device
embedded into the handles of supermarket trolleys in screening for AF in the general
population. This will be a mixed method two-phase study. The quantitative first phase
will be a cross-sectional observational study involving participants from a convenience
sample at four large supermarkets with pharmacies. The prospective participants will be
asked to conduct their shopping using a trolley embedded with a MyDiagnostick single-
lead electrocardiogram sensor. If the device identifies a participant with AF, the in-store
pharmacist will be dispatched to take a manual pulse measurement and a static control
sensor reading and offer a cardiologist consultation referral. In the qualitative second
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phase, semi-structured interviews carried out with those pharmacists and store managers
during the running of the trial period will be performed to explore the perceptions of staff
regarding the benefits of the device [11].

In summary, the studies included in this Special Issue cover different areas in the field
of AF and provide an updated overview of the complexities of AF management. These
novel insights are of great interest to healthcare professionals treating patients with AF and
may assist in decision-making processes.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Catheter ablation (CA) is a commonly used treatment for persistent atrial fibrillation (AF).
Since its medium/long-term success rate remains limited, preoperative prediction of its outcome is
gaining clinical interest to optimally select candidates for the procedure. Among predictors based
on the surface electrocardiogram, the dominant frequency (DF) and harmonic exponential decay
(γ) of the fibrillatory waves ( f -waves) have reported promising but clinically insufficient results.
Hence, the main goal of this work was to conduct a broader analysis of the f -wave harmonic spectral
structure to improve CA outcome prediction through several entropy-based measures computed
on different frequency bands. On a database of 151 persistent AF patients under radio-frequency
CA and a follow-up of 9 months, the newly introduced parameters discriminated between patients
who relapsed to AF and those who maintained SR at about 70%, which was statistically superior
to the DF and approximately similar to γ. They also provided complementary information to γ

through different combinations in multivariate models based on lineal discriminant analysis and
report classification performance improvement of about 5%. These results suggest that the presence
of larger harmonics and a proportionally smaller DF peak is associated with a decreased probability
of AF recurrence after CA.

Keywords: persistent atrial fibrillation; catheter ablation; outcome prediction; fibrillatory wave
analysis; electrocardiogram; spectral analysis; dominant frequency; harmonic content

1. Introduction

Atrial fibrillation (AF) is the most frequently encountered cardiac arrhythmia in
clinical practice [1]. This disruption of heart sinus rhythm (SR) affects roughly 37.5 million
people worldwide [2], thus making it one of the most important public health problems
and a significant cause of rising healthcare costs in developed countries [3]. Although
the mechanisms underlying AF are not fully understood, it requires a combination of
triggers, mainly located near the pulmonary veins (PVs), and a vulnerable atrial substrate
characterized by reentry circuits [4]. AF is commonly linked to life-altering symptoms such
as palpitations, fatigue, chest pain, shortness of breath, and dizziness [5]. This arrhythmia
is not a direct cause of death, but it is associated with a two-fold increase in mortality
because of a higher risk of heart failure and ischemic stroke [6].

Depending on the duration and recurrence of arrhythmic episodes, AF is classified into
several stages [7]. However, the disease is not static and often progresses from paroxysmal
to sustained forms over the course of a few years; this is usually correlated with irreversible
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electrical and structural remodeling of the atrial substrate that, in turn, promotes perpetua-
tion of the arrhythmia [4]. Hence, early diagnosis of AF and finding the best way to restore
SR as soon as possible is highly advisable [8]. To that purpose, pharmacological or electrical
cardioversion strategies are frequently used in clinical practice until they are no longer
effective or not recommended. In that case, catheter ablation (CA) has become a commonly
used alternative [9] thanks to its superior ability over antiarrhythmic drugs for restoring SR
in the midterm [10]. This therapy has evolved during the last two decades, and the most
common protocol remains based on PVs isolation (PVI) [11]. Despite its usually successful
initial outcome, it is not as effective in patients with persistent AF compared to patients with
paroxysmal AF in the medium/long term, since approximately 40% to 50% of them relapse
to AF within the first year [9]. Thus, the high complexity in the management of catheters
and the complications associated with the procedure encourage careful assessment of the
benefits and risks for each patient [12].

This tailored assessment, along with the clinical, social, and economic challenges that
AF will involve in the coming decades [2], motivate the emerging clinical interest in the
development of preoperative predictors of CA outcome, which could be helpful in the
selection of patients who would benefit the most from the procedure [13]. Some benefits of
choosing optimal candidates for CA are the reduction of hospitalization rates, limitation of
repeated procedures, assignment of more appropriate AF treatments to improve patient
quality of life, and minimization of the risks and costs associated with AF treatment [13].
So far, some clinical indices have been proposed to anticipate midterm CA outcome, such
as the total duration of AF, the duration of the last arrhythmic episode, left atrial diameter,
and history of hypertension or diabetes, among others. However, most of these parameters
have reported controversial results, so there is no strong evidence to consider them as
reliable single predictors of AF recurrence after the procedure [14].

Some authors have pioneered the use of parameters manually measured on the surface
electrocardiogram (ECG) obtained prior to CA. Uncoordinated electrical conduction in the
atria means the typical P-wave is replaced on the ECG by undulatory activity known as
fibrillatory waves ( f -waves). Manual measurement of the time between these waves, i.e.,
the AF cycle length (AFCL) [15], and their amplitude [16,17] have been positively correlated
with midterm CA results. During ablation, invasive measures of the AFCL or its inverse, i.e.,
the dominant frequency (DF), in different atrial structures have also been confirmed to have
a direct link with AF recurrence several months after the procedure [18–21]. However, these
indices have the disadvantage of being based on manual and/or invasive ECG metrics,
which entails a high degree of subjectivity in measurement during or after CA intervention.

To overcome these limitations and to achieve predictors available for the selection
of candidates for CA, more recent studies have addressed non-invasive extraction of the
aforementioned metrics through automated processing of the preoperative surface ECG.
Researchers have reported performance at least as good as previously proposed clinical
parameters and their manually or invasively derived versions [22]. Beyond the single DF
and f -wave amplitude (FWA), the presence of large harmonics of the DF has also been
identified as a promising predictor of CA outcome [18,23]. Higher harmonic content in the
f -wave spectral distribution has been associated with a greater degree of organization of
the atrial electrical activity and with higher probability of maintaining SR after different
AF treatments, including CA [18,23], electrical cardioversion [24,25], and pharmacological
therapy [26]. However, only the power contained by the DF and its harmonics has been
analyzed to date, and the main goal of the present work is, hence, to conduct a broader
analysis of the f -wave harmonic spectral structure to improve preoperative prediction of
CA outcome in persistent AF patients.

2. Materials and Methods

2.1. Study Population

The population enrolled in this work consisted of 151 AF patients (35 women and
116 men) between 20 and 82 years old, with 59 years being the rounded mean age of the
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group. They were consecutively treated with radiofrequency CA for the first time following
standard clinical indications at two Spanish hospitals (i.e., University Hospitals of Toledo
and Albacete), thus constituting a retrospective database. The ablation procedure started
with patient sedation using general anesthesia or conscious sedation after suspending
all antiarrhythmic drug therapy except amiodarone >5 half-lives before the intervention.
Anticoagulant drugs were also used to avoid thromboembolic complications. Indeed, an
initial bolus of heparin was administered, followed by additional doses properly activated
by coagulation-time monitoring throughout the procedure. Isolation of PVs was achieved
by creating electrically impenetrable boundaries surrounding their ostia using a radiofre-
quency source [27]. Thus, a catheter was used to generate point-by-point lesions through
the release of radiofrequency current for at least 30 s and then creating a contiguous antral
circumferential line around the PVs, whose location were determined using a mapping
catheter [28]. The procedure finished when all PVs were successfully isolated. If AF still
remained at that point, SR was restored by electrical cardioversion.

The procedure was initially successful in all patients, who were monitored for several
hours after the intervention without presenting any important complications. They received
anticoagulant and antiarrhythmic drugs according to clinical judgment and had a quite
standard follow-up with a visit, ECG, and 24 h Holter at 3 and 9 months, as recommended
by the current 2020 ESC guidelines [7]. Thereafter, visits each 12 months were planned.
A blanking period of 3 months was considered to define every episode of AF or other
arrhythmias lasting more than 30 s as recurrence, but the patients were advised to go at
any moment to an emergency room in case of AF-related symptoms.

2.2. Data Preprocessing

The database of this study consisted of a standard 12-lead ECG signal continuously
recorded just before starting the CA procedure while the patient was under AF. Hence, a
total of 151 ECG recordings with variable durations of between approximately 6 s and 5 min
were available. The signals were acquired by the equipment available in the hospitals, with
16-bit resolution and a sampling rate of 977 Hz. For the present study, lead V1 was selected
since it contains the f -waves with the greatest amplitude regarding ventricular activity,
thus favoring their automated extraction and accurate analysis. In fact, the electrode that
records this unipolar lead is located in a standard position very close to the atria, so it is the
most appropriate lead for recording AF activity [29].

The selected ECG signal was then preprocessed to minimize the perturbations un-
avoidably recorded together with the electrical heart activity and, consequently, to improve
further analysis of the f -waves. Since the patient was at rest during recording of the surface
ECG before CA, the main disturbances presented on the ECG consisted of baseline wander,
powerline interference, and disturbances associated with high-frequency noise sources [30].
The low-frequency component associated with baseline wander was estimated using a
low-pass filter with a cut-off frequency of 0.8 Hz and zero-phase distortion through an
IIR structure and forward/backward filtering and then subtracted from the original ECG
signal [30]. Powerline interference was removed by a denoising algorithm based on the
stationary wavelet transform. It applies a novel threshold function to the wavelet coeffi-
cients for filtering the unwanted frequency and its harmonics, simultaneously minimizing
the distortion of the rest of the components [31]. The algorithm was also able to remove
most of the high-frequency noise, but a low-pass forward/backward IIR filter with a cut-off
frequency of 70 Hz was additionally used to make the ECG signal as clean as possible [30].

Finally, f -wave characterization requires that ventricular activity is first canceled.
Although there are different techniques for this, f -waves were automatically extracted from
the preprocessed ECG signal using a well-established QRST cancellation technique based on
adaptive singular value cancellation (ASVC). The algorithm firstly obtained a cancellation
template from the singular-value decomposition of a set of QRST complexes that were
temporally aligned with regard to the R-peak. Then, the resulting template was adapted
in amplitude for the cancellation of each single QRST complex. Notably, this method
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avoids spikes caused by discontinuities between QRST complexes and the subsequent
TQ intervals through a softening approach that considers the differences between the
cancellation template and the QRST segment at its beginning and end to minimize sudden
transitions [32]. As an example, Figure 1 shows the f -waves obtained from a typical
preprocessed ECG interval.

(a)

(b)

Figure 1. Example of a common (a) preprocessed ECG interval and (b) its f -waves extracted via a
well-known QRST cancellation method [32].

2.3. Spectral Characterization of the f -Waves

Given the disparity in the ECG length acquired from the patients, the preprocessed
recordings were segmented into 6 s intervals. For each patient, five consecutive intervals at
most were considered, and the ECG-derived parameters from each one were averaged for
unbiased subject-based analysis and classification. In this way, comparable values were
obtained for all patients regardless of ECG signal duration, and slight variability noticed in
f -waves owing to extracardiac noise [33] was minimized.

The power spectral density (PSD) of each 6 s ECG excerpt was estimated using
the Welch Periodogram and is referred to as W( f ). The computational parameters of
this algorithm were selected to provide a spectral resolution of 0.1 Hz with a Hamming
window 4000 points long and with 3000 points overlapping between adjacent windowed
sections [23]. To serve as a reference, common spectral features previously proposed to
anticipate CA outcome were then automatically computed from the f -wave segments.
Thus, the DF was obtained as the frequency with the highest PSD amplitude [34,35], with
this power value also considered in the study. Both parameters hereafter are referred to as
f0 and W( f0), respectively. Making use of a 1 Hz bandwidth window centered on 2 · f0,
the first harmonic of the DF ( f1) and its spectral power (W( f1)) were also computed. The
harmonic exponential decay (γ) was additionally estimated as a measure of the presence of
harmonic components of the DF [25,26]. This parameter was defined as the logarithmic
ratio of the spectral power between the DF and its first harmonic, i.e.,

γ = ln
(W( f0)

W( f1)

)
. (1)

The power of the DF and its harmonics has also been typically quantified through the
well-known organization index (O). It was defined as the ratio of the cumulative power
under the DF and its first two harmonics and the area of the entire power spectrum between
3 and 25 Hz [36]. Both parameters γ and O consider only the power under the largest
frequency components in the spectral distribution of the f -waves, not the shape and mor-
phology of the harmonics, i.e., how the power is distributed around each frequency peak.
Hence, in the present work, some pioneering parameters were considered for broader spec-

8



J. Pers. Med. 2022, 12, 1721

tral characterization of the f -waves. More precisely, the shape of the DF and its harmonic
components were separately analyzed by dividing the f -wave spectral distribution into
two bands, as Figure 2 shows. The low-frequency (LF) band considered the spectral content
around the DF, whereas the high-frequency (HF) band accounted for harmonic content. The
cut-off frequency separating both bands was positioned approximately halfway between
the DF and its first harmonic, that is, at three means of the DF value ( f0). For a global
overview of the spectral distribution of the f -waves, the total frequency (TF) band ranging
from 3 to 25 Hz was also analyzed.

Frequency (Hz)

LF band HF band

TF band

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Figure 2. Spectral distribution of a common excerpt of f -waves divided into two frequency bands,
i.e., low-frequency (LF) band and high-frequency (HF) band. Both form the total frequency (TF) band,
ranging between 3 and 25 Hz.

The power distribution within each one of the three frequency bands was assessed
through several entropy-based measures. Particularly, Wiener entropy, also known as
spectral-flatness measure (F ), was firstly computed by dividing geometric and arithmetic
means of the power contained by each band [37,38]; that is

F =

N
√

∏
fu
f= fl

W( f )

1
N ∑

fu
f= fl

W( f )
, (2)

where fl and fu are the lower and upper frequency band limits, respectively, and N is
the total number of frequency samples. This index estimates the uniformity of signal-
energy distribution in the frequency domain, so high values indicate more uniform or flat
distributions, and low values are more peaky ones [38]. Another measure providing similar
information is spectral entropy (S), but this index was defined in a completely different
way. In fact, S quantifies spectral complexity of a signal by computing the sparseness of its
spectral distribution via Shannon entropy [39,40]. In brief, the PSD of the signal has to first
be normalized by the total power of the frequency band of interest to obtain a probability
function with unit area, i.e.,

W̃( f ) =
W( f )

∑
fu
f= fl

W( f )
. (3)

9



J. Pers. Med. 2022, 12, 1721

Then, S is estimated by computing the Shannon entropy from the resulting probability
function, so that

S = − 1
ln(N)

fu

∑
f= fl

W̃( f ) · ln
(
W̃( f )

)
. (4)

It should be noted that S is normalized by the highest possible value, i.e., ln(N),
and thus ranges between 0 and 1. A high value of S implies a flat, uniform spectrum
with a broad spectral content, whereas a low value implies a spectrum with all the power
condensed into a single frequency bin, i.e., a less complex, more predictable signal [41].

A generalized version of S can be obtained by replacing the Shannon entropy with
the Rényi entropy, thus obtaining Rényi spectral entropy (R) as

R =
1

ln(N)
· 1

1 − α
ln

(
fu

∑
f= fl

W̃( f )α

)
, (5)

where α (α ≥ 0 and α �= 1) is a bias parameter. Note that the Shannon entropy is an instance
of Rényi entropy for α = 1, and therefore, R might be a more sensitive tool than S to detect
subtle changes in spectral distribution of a time series if α is appropriately chosen [41].

Finally, another measure of the spectral complexity of a signal is C0 complexity. This
index is more robust to conditions of nonlinearity and non-stationarity than previous
ones [42]. For its computation, the normalized PSD of the f -waves was modified to only
preserve its most irregular part, i.e.,

Ŵ( f ) =

{
W̃( f ), i f W̃( f ) ≤ T,
0, i f W̃( f ) > T,

(6)

with T being a threshold computed from the mean spectral power, so that

T =
2
N

fu

∑
f= fl

W̃( f ). (7)

Then, the C0 complexity is computed as the power ratio of the irregular part to the
original signal [42], i.e.,

C0 =
fu

∑
f= fl

Ŵ( f )

W̃( f )
, (8)

resulting in a real number between 0 and 1, so that the greater the predominance of the
irregular part of the signal, the higher the value of C0.

2.4. Statistical Analysis and Classification Performance

Normality and homoscedasticity of continuous variables were firstly assessed using
Lilliefors and Levene’s tests, respectively. When both conditions were met, a parametric
Student’s t-test was used to measure statistical differences between the two groups of
patients, i.e., those who maintained SR and those who relapsed to AF after a follow-up of 9
months. A non-parametric Mann–Whitney U-test was used for the same purpose when
data distributions were non-normal but homoscedastic. Since most parameters showed
normal and homoscedastic distributions, values of all the features are summarized along
the manuscript in terms of mean ± standard deviation. Regarding categorical variables,
they are reported as number and percentage, and were compared using a Fisher exact test.
In all cases, a value of significance p < 0.05 was considered as statistically significant.

On the other hand, the classification performance of each single feature was evaluated
through a repeated, patient-based, 10-fold cross-validation approach [43]. Precisely, in
each cross-validation procedure, the data were first partitioned into 10 equally sized folds.
Subsequently, 10 iterations of training and validation were performed, such that within
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each one a different fold of the data was held out for validation while the remaining nine
folds were used for learning. The data were stratified by ensuring that each fold was a
good representative of the whole. Linear discriminant analysis (LDA) was used to train a
prediction model in each iteration. This analysis assumes that different classes generate
data based on Gaussian distributions, such that training an LDA model involves finding the
parameters for a Gaussian distribution for each class. In fact, the procedure searches for a
projection hyperplane of the observations for which the variance of each class is minimized
and the distance between the means of the classes is maximized [44].

The classification results for each 10-fold cross-validation procedure are summarized
by means of a receiver operating characteristic (ROC) curve computed on the classification
scores provided by the obtained LDA models. This plot is the result of plotting the fraction
of true positives out of total positives (sensitivity) against the fraction of false positives out
of total negatives (1-specificity) at various thresholds. Sensitivity (Se) was considered to be
the rate of patients who were correctly classified as relapsing to AF, whereas specificity (Sp)
was the percentage of patients properly identified as maintaining SR. An optimal threshold
for separating both groups was selected to provide the best balance between Se and Sp,
although in this way, the highest percentage of patients correctly classified, i.e., accuracy
(Acc), could not be achieved [45]. The area under the ROC curve (AUC) was also obtained as
an aggregate performance measure across all possible thresholds [45]. To provide additional
information about the proportions of positive and negative samples that were true positives
and true negatives, the positive predictive value (PPV) and negative predictive value
(NPV) were also computed. The described validation process was repeated 100 times to
obtain general and unbiased classification outcomes [43]. The data were reshuffled and
re-stratified before each 10-fold cross-validation approach, and Se, Sp, Acc, AUC, PPV, and
NPV values were averaged for the 100 cycles.

Finally, to explore complementary information among single features and to improve
prediction of CA outcome after a follow-up of 9 months, a multivariate analysis was
conducted. In this case, a LDA was also used to build prediction models based on linear
combinations of those features automatically selected by making use of a forward sequential
selection technique. In this analysis, features were sequentially added to an empty candi-
date set until the addition of further features did not decrease the criterion function, i.e.,
the prediction error [46]. That error was assessed inside repeated cross-validation loops to
avoid any bias in feature selection [43]. Hence, variables that were selected more frequently
for the models were used last to build several LDA-based prediction algorithms and were
evaluated as single features, i.e., by running the patient-based 10-fold cross-validation 100
times. The classification improvement achieved by these models regarding single features
was statistically evaluated using an asymptotic McNemar’s test. To compare the accuracies
of two classification models, the algorithm first compared their predicted labels against the
true labels and then detected whether the difference between the misclassification rates
was statistically significant [47].

3. Results

After a follow-up of 9 months, 103 patients maintained SR, and the remaining 48
relapsed to AF. This implies that the CA procedure was unsuccessful in the mid-term for
31.79% of the patients, which is consistent with current AF recurrence statistics [9,11]. The
baseline clinical characteristics of both groups are provided in Table 1. As can be seen,
none of the features collected for the patients, i.e., gender, age, AF duration before the CA
procedure, body mass index, and left atrium diameter, presented statistically significant
differences between the patients who maintained SR and those who relapsed to AF.
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Table 1. Baseline clinical characteristics of the population enrolled in the study with their correspond-
ing statistical significance to distinguish between the two groups of patients.

Clinical Feature
Rhythm after Follow-Up

p-Value
SR AF

Number of patients (%) 103 (68.21%) 48 (31.79%) −
Male (%) 79 (76.70%) 37 (77.08%) 1.000
Age (years) 59.37 ± 12.24 57.23 ± 12.82 0.326
With AF <1 year (%) 6 (5.83%) 6 (12.50%) 0.198
With AF 1–3 years (%) 70 (67.96%) 31 (64.58%) 0.713
With AF >3 years (%) 27 (26.21%) 11 (22.92%) 0.841
Body mass index (kg/m2) 27.79 ± 3.55 29.06 ± 4.86 0.073
Left atrium diameter (mm) 44.11 ± 5.70 45.65 ± 5.32 0.117

Regarding the wide range of features considered in the present work to characterize f -
wave spectral distribution, Table 2 shows the values obtained for the two group of patients
and the corresponding statistical significance (p-value). Among the parameters commonly
proposed in previous works, f0, f1, and γ provided statistically significant differences
between patients who maintained SR and relapsed to AF, with the former having lower
values for the three indices. Similarly, the four proposed entropy- and complexity-based
features also provided statistically significant differences between both groups of patients
when the TF band covering the whole f -wave distribution between 3 and 25 Hz was
considered. In the case of the LF band, mainly containing the DF component, F and C0
also provided statistically significant differences between the two groups of patients, and
R reported a tendency close to being significant. On the contrary, no relevant differences
between the groups of patients were noticed in any of the four indices in the frequency
band covering the harmonic content, i.e., the HF band. It should be noted that several
values of α between 0.1 and 2 were tested to compute the Rényi spectral entropy, but the
best results (i.e., those presented in Table 2) were obtained for α = 0.1.

The classification performance of the single features reporting statistically significant
values of p < 0.05 is displayed in Table 3. Most indices presented values of Se, Sp, Acc, and
AUC greater than 60%, but only γ and C0TF exhibited performance metrics higher than 70%.
Both parameters reported similar classification performances, which were statistically better
than that provided by f0 for all the conducted validation cycles according to McNemar’s
test. These two variables also provided the highest values of PPV and NPV, about 52% and
83%, thus improving the DF results by more than 15 and 10%, respectively. Similarly, the
classification results reported by Wiener entropy and Rényi spectral entropy for the TF
band (i.e., FTF and RTF) were also statistically superior to that of f0, but in this case, values
of Acc and AUC of about 67%, values of PPV of about 47%, and values of NPV of about
81% were obtained. Contrarily, no statistically significant differences in the classification
performance was noticed between f0 and the entropy-based indices computed on the LF
band, i.e., FLF and C0LF.

On the other hand, multivariate analysis showed that the parameters most frequently
selected for the LDA-based models built throughout the validation cycles were γ and
FTF. Nonetheless, instead of the last parameter, C0TF and RTF were sometimes selected,
along with the index γ. The classification performance of these three LDA-based models
is presented in the first rows of Table 4. As can be observed, they were very similar for
the three cases, reaching values of Acc and AUC of about 75% and values of PPV and
NPV of about 58% and 86%, respectively. Notably, the three prediction models obtained
classification results statistically better than those of the included single features (i.e., γ,
FTF, C0TF, and RTF) and better than f0 for most validation cycles according to McNemar’s
test. In fact, improvements in values of Acc, AUC, PPV, and NPV greater than 5% were
obtained by the LDA-based models compared to those of the included single features and
by about 20% compared to those of the DF. Finally, the inclusion of a third variable to
these prediction models did not improve the classification results. For instance, the last
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three rows of Table 4 display how Acc and AUC slightly decreased when the models were
complemented with another feature, even when it was related to the DF component (such
as RLF) and was sometimes chosen by the automated feature selection algorithm. Along a
similar line, the inclusion of any clinical and/or echocardiographic variables presented in
Table 1 improved classification performance of the prediction models.

Table 2. Mean and standard deviation values for the analyzed metrics from the two groups of patients
and their corresponding statistical significance (p-value).

Feature
Rhythm after the Follow-Up

p-Value
SR AF

f0 (Hz) 5.69 ± 1.12 6.14 ± 0.99 0.009
W( f0) (mV2) 0.00051 ± 0.00091 0.00060 ± 0.00092 0.059
f1 (Hz) 11.34 ± 2.25 12.28 ± 1.98 0.008
W( f1) (mV2) 0.00013 ± 0.00041 0.00005 ± 0.00009 0.754
γ 2.20 ± 0.77 2.80 ± 0.57 <0.001
O 0.52 ± 0.15 0.53 ± 0.12 0.488

FLF 0.48 ± 0.15 0.43 ± 0.12 0.017
SLF 0.82 ± 0.08 0.81 ± 0.06 0.224
RLF 0.980 ± 0.010 0.978 ± 0.008 0.065
C0LF 0.45 ± 0.14 0.41 ± 0.11 0.045

FHF 0.49 ± 0.13 0.50 ± 0.10 0.865
SHF 0.86 ± 0.07 0.87 ± 0.05 0.828
RHF 0.985 ± 0.007 0.986 ± 0.005 0.967
C0HF 0.48 ± 0.10 0.49 ± 0.08 0.550

FTF 0.28 ± 0.10 0.22 ± 0.06 <0.001
STF 0.76 ± 0.07 0.73 ± 0.06 0.008
RTF 0.974 ± 0.008 0.971 ± 0.006 <0.001
C0TF 0.32 ± 0.07 0.28 ± 0.05 <0.001

Table 3. Classification between patients who relapsed to AF and maintained SR during the follow-up
based on the most-predictive single parameters.

Feature Se (%) Sp (%) Acc (%) AUC PPV (%) NPV (%)

f0 56.25 56.42 56.36 0.617 37.56 73.45
f1 56.33 56.68 56.57 0.620 37.73 73.58
γ 69.29 69.18 69.22 0.728 51.17 82.86

FLF 60.27 60.33 60.31 0.606 41.45 76.52
C0LF 56.54 56.71 56.66 0.587 37.84 73.68

FTF 66.13 66.22 66.19 0.676 47.71 80.75
STF 58.83 59.28 59.14 0.623 40.24 75.55
RTF 66.10 66.18 66.16 0.675 47.67 80.73
C0TF 70.83 70.91 70.89 0.703 53.16 83.92

Table 4. Classification between patients who relapsed to AF and maintained SR during the follow-up
provided by the prediction models obtained from multivariable linear discriminant analysis.

Features in the Model Se (%) Sp (%) Acc (%) AUC PPV (%) NPV (%)

γ and FTF 72.75 75.14 74.38 0.758 57.69 85.54
γ and RTF 72.77 74.89 74.22 0.748 57.46 85.51
γ and C0TF 73.04 74.66 74.15 0.759 57.33 85.60
γ, FTF, and C0TF 72.15 74.56 73.79 0.751 56.93 85.17
γ, FLF, and RTF 73.90 73.12 73.36 0.743 56.16 85.74
γ, RTF, and C0TF 70.31 74.90 73.44 0.753 56.63 84.41
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4. Discussion

Despite its limited success rate in the medium/long term, CA remains a commonly
used treatment for persistent AF [9]. Hence, clinical interest in the preoperative prediction
of the outcome of this intervention has substantially grown in the last years [1], since it
might anticipate those patients with a high probability of early AF recurrence [48]. Keeping
in mind that CA often involves long-lasting procedures and high costs and risks for patients
unable to maintain SR for prolonged periods of time, the selection of optimal candidates for
this treatment would have interesting benefits. In this respect, not only could the huge costs
associated with AF treatment be reduced, but the risks related to the CA procedure would
be limited, tailored approaches could be enabled, and the number of repeated interventions
could be minimized in many patients, among other benefits [13].

So far, some clinical predictors of arrhythmia recurrence after CA have been ex-
plored, such as AF duration, anatomical characteristics of the left atrium, presence of
concomitant diseases, etc. However, they have only provided controversial results with
limited predictive ability, which is usually lower in persistent rather than paroxysmal
AF patients [14,49,50]. Accordingly, in the present study, none of the evaluated clinical
variables were relevant in the prediction of patients who relapsed to AF versus those who
maintained SR after a follow-up of 9 months. On the other hand, several previous works
have introduced the development of predictors based on quantitative analysis of atrial elec-
trical conduction. Invasive studies have shown that the DF and its inverse (i.e., the AFCL)
have a moderate predictive capacity of midterm SR maintenance after CA [18–21,51,52].
However, these predictors require invasive recordings of the atrial electrical activity by
means of electrograms acquired during the procedure, thus entailing an unnecessary risk
in those patients for whom the CA procedure will not be successful.

Subsequently, non-invasive studies have also proven the predictive potential of man-
ual measurement of the AFCL on surface ECGs, yielding a higher preoperative value
for patients with higher probability of long-term SR maintenance after CA [15]. More
recently, once f -waves were extracted from the surface ECG, the automated measurement
of the DF has also shown a reasonable ability to anticipate CA outcome in persistent AF
patients, associating lower values of frequency with a lower probability of AF recurrence
in the medium/long term [34,35]. The results obtained by the DF in the present work are
consistent with that tendency (see Table 2), and since this index has been directly linked to
the degree of electrical remodeling presented by the atria [34], it can be considered a good
reference for comparison with other predictors. The frequency of the DF’s first harmonic
( f1) also presented the same trend in the results for both groups of patients, exhibiting
predictive ability similar to that of the DF with Acc, AUC, PPV, and NPV values about 57%,
62%, 38%, and 74%, respectively (see Table 2).

In contrast to these results, the power peak both for the DF and its first harmonic did
not reveal statistically significant differences between patients who relapsed to AF and
those who maintained SR after the follow-up. Along the same line, the organization index
O was also unable to discern between the two groups of patients, thus suggesting that the
power globally concentrated around the DF and its first harmonic is not relevant in the
prediction of CA outcome. Similar results have also been reported in other works [23,36].
However, the power ratio of the first harmonic to the DF, i.e., the index γ, proved to be one
of the best single predictors, with values of Acc and AUC of about 70%, and values of PPV
and NPV of about 51% and 83%, respectively (see Table 2). A similar finding was previously
outlined in a previous work, where γ was the only spectral parameter able to report a
statistically relevant significance on a limited dataset of 22 persistent AF patients under
radio-frequency CA [23]. In the present work, that outcome has been corroborated on a
much wider database of 151 patients. According to the definition of γ, low values indicate
the presence of strong harmonics of the DF, and the obtained results hence suggest that the
higher the harmonic content of the DF, the lower the probability of AF recurrence after CA.
This finding is confirmed in Figure 3, which shows mean spectral distributions for all the 6
s ECG segments from the patients who relapsed to AF compared to those who maintained
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SR after the follow-up once they were aligned with respect to the DF. As can be seen, on
average, the patients who maintained SR exhibited greater harmonics of the DF than those
who relapsed to AF. Interestingly, the presence of larger harmonics has also been associated
with increased probability of AF termination during CA [18] and with medium/long-term
maintenance of SR after diverse AF therapies, including pharmacological cardioversion [26]
and internal [24] and external electrical cardioversion [25].

Frequency (Hz)

Figure 3. Averaged spectral distributions for all the 6 s ECG segments from patients who relapsed to
AF (dashed, gray line) and those who maintained SR after the follow-up (solid, black line) once they
were aligned with respect to the DF.

To further delve into the analysis of the f -wave harmonic spectral structure, four
entropy-based indices were computed for the first time from three frequency bands. All
intended to quantify how power was distributed along the spectra and then to separately
and globally characterize the shape of the DF and its harmonic content. However, each
index presented a different mathematical definition and were thus sensitive to different
shades in a time series [53]. The Wiener entropy F has been widely studied to predict the
results of electrical defibrillation in ventricular fibrillation [37] and is computed by dividing
geometric and arithmetic means of the signal spectrum. In a completely different way,
spectral entropy S and Rényi spectral entropy R treat the normalized power distribution of
the f -waves as a probability distribution and calculate Shannon entropy and Rényi entropy,
respectively. The first index has already been proposed to discern between patients with
persistent and permanent AF [39] and to anticipate spontaneous termination of paroxysmal
AF episodes [40]. It should be noted that Rényi entropy is a generalization of Shannon
entropy and is thus able to provide additional information [41]. In fact, in the present work,
R provided notably better results than S when computed on the LF and TF bands. In
the former case, although both indices did not provide statistically significant differences
between patients who relapsed to AF versus those who maintained SR after the follow-up,
the index RLF reported a nearly significant difference (p = 0.065, see Table 2). Regarding
the TF band, RTF provided statistically significant improvements of about 5% in values of
Acc, AUC, PPV, and NPV compared to STF according to McNemar’s test. Finally, the C0
complexity divides spectral distribution of a time series to estimate its regular and irregular
parts and then obtains an organization estimate highly robust to noise and non-stationary
artifacts [42].

Despite slight differences in their results, the indices F , R, and C0 reported similar
general trends on the three analyzed frequency bands of the f -waves. In the case of the LF
band, negligible differences on the edge of being statistically significant were noticed by
the three parameters (see Table 2). This finding suggests that the DF component presented
a kindred shape for the patients who relapsed to AF versus those who maintained SR
after the follow-up. However, the higher values of entropy and complexity noticed in the
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patients who maintained SR, along with the trend to higher power peaks (W( f0)) in those
who relapsed to AF, point toward the presence of a mildly larger and more-peaked DF
component when the probability of AF recurrence after CA increased. This suggestion
is supported by Figure 3, where a slightly larger and wider dominant peak can be seen
on average for the patients who relapsed to AF. Regarding the HF band, no differences
were noticed by any entropy-based parameter, suggesting that both groups of patients
presented a similarly well-defined structure of harmonic components of the DF, regardless
of the power contained by them. This assumption can also be visually corroborated in
Figure 3. Nonetheless, it should be remarked that the indices F , R, and C0 consider the
power distribution along the spectrum, but not the absolute level of power [53], which
was highly variable within each group of patients according to the values provided by the
variable W( f1) in Table 2.

These results for the LF and HF bands contrast with those obtained when the TF band,
ranging from 3 to 25 Hz, was analyzed. In this case, the parameters FTF, RTF, and C0TF
found highly marked, statistically significant differences and notably high classification
performance between the patients who relapsed to AF and those who maintained SR after
the follow-up. Indeed, they presented statistically significant improvements of about 10%
in values of Se, Sp, Acc, AUC, PPV, and NPV regarding the DF and their computation
on the LF band, i.e., FLF, RLF, and C0LF (see Table 3). Moreover, along with the index γ,
the variable C0TF reported the highest performance metrics, with values about 70%. This
wide disparity among frequency bands and the good results of the index γ suggest that
the most useful information for preoperative prediction of CA outcome lies in the relation
between the DF and its harmonic structure and not in the single information individually
provided by each one. In this respect, it is interesting to highlight that the parameters FTF,
RTF, and C0TF globally evaluated the whole spectrum of the f -waves before taking into
consideration both the DF and its harmonic content. The greater entropy and complexity
values observed in the patients who maintained SR during the follow-up could hence be
explained by the fact that they presented larger harmonics and a proportionally smaller
peak DF than those who relapsed to AF. This assumption can be visually corroborated in
Figure 3 on average for the two groups of patients.

The same idea of the presence of a larger DF component with low-amplitude harmonics
in the patients who relapsed to AF also underlies the values reported by the variable γ.
However, the relation of this index with FTF, RTF, and C0TF was not as strong as initially
expected. In fact, parametric analysis reported notably low correlation values, which were
on the edge of being statistically significant, of 16.36% (p = 0.045), 11.96% (p = 0.144),
and 17.96% (p = 0.027) for the pairs γ and FTF, γ and RTF, and γ and C0TF, respectively.
Moreover, the conducted multivariable analysis also provided that the combination of
these pairs of parameters in LDA-based prediction models obtained statistically significant
improvements of about 5% in values of Se, Sp, Acc, and AUC regarding the single variables
(see Tables 2 and 3), thus achieving the best performance metrics of about 75%. Similarly,
PPV and NPV also experienced a statistically significant increase of about 5% regarding
the single parameters combined in these models and of up to 20% in comparison with the
DF. As a consequence, the index γ and the entropy-based parameters computed on the TF
band could contain complementary information, and therefore, joint analysis of both the
power ratio between the DF and its first harmonic and the global distribution of the power
along the spectrum seems to play a key role to improve the preoperative prediction of CA
outcome in persistent AF patients.

Extensive ablation based on linear lesions or complex fractionated electrogram (CFE)
ablation in addition to PVI has been widely proposed in the cientific literature and widely
used in clinical practice. However, large, multicenter and prospective studies comparing
these CA strategies with PVI alone have failed to provide any additional benefit, but pro-
long the duration of the procedure [54,55]. Thereby, all patients enrolled in the present
study were treated with PVI alone. The adoption of this CA strategy provides the fairest
comparison between patients. In fact, all subjects received the same atrial substrate modifi-
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cation, thus avoiding a potential bias in the study and allowing the analyzed preoperative
predictors to focus on quantifying main differences between atrial electrophysiological
features of the patients with high and low risk of midterm AF recurrence. Contrarily, when
a tailored CA protocol is applied to each patient by PVI plus a variable number of linear
lesions or targeted CFEs, it is reasonable to think that the preoperative predictors could
be impacted by the different degree of modification provoked in the atrial substrate of
each patient. However, to the best of our knowledge, this hypothesis has still not been
corroborated. Some previous works have considered individualized protocols for each
patient, but disaggregated data on each kind of intervention (i.e., PVI alone, PVI plus linear
lesions, and PVI plus CFE ablation) have not been provided to date [15,34–36,52,56]. These
studies have reported a high disparity in the predictive power and cut-off point for some
well-established parameters, such as the DF, and the use of different CA protocols could
partially explain this finding. Clearly, the proposed predictors based on the f -wave har-
monic spectral structure could be similarly impacted by the use of tailored CA approaches,
but this aspect will have to be addressed in further studies.

Finally, some limitations of the study merit comment. Following current clinical
guidelines [7], follow-up of patients after CA was mainly based on standard ECG and
24 h Holter monitoring at different scheduled visits and, in case of symptoms, additional
exploration and ECG recordings in the emergency room. However, since continuous ECG
monitoring for the whole follow-up was not used, some asymptomatic, non-sustained AF
episodes may have been overlooked, and the number of patients with AF recurrence may
have been underestimated. Moreover, a follow-up of 9 months could be considered a short
period of time to assess CA outcome; however, this midterm AF recurrence prediction is
still clinically interesting to select optimal candidates for the intervention. In fact, many
previous works have addressed CA outcome predictions at similar or even shorter periods,
such as [15–17,34–36]. Nonetheless, a longer follow-up period will be considered in future
work, since visits every 12 months are scheduled for all the patients. On the other hand,
the sole analysis of the V1 lead precluded specific information from the electrical activity
registered at many atrial regions. Although this lead has proved to be the best to reflect
global activation of the atria and has, moreover, been widely analyzed in the scientific
literature [16,17,23,57], there is recent evidence that the study of spatial variability of ECG-
based parameters could be helpful to improve CA outcome prediction [58]. Hence, a
multi-lead extension of f -wave harmonic structure analysis will be conducted in the future.
Lastly, although a comparable [34–36] or much larger number of patients [23,52,56,58] than
in previous works also dealing with CA outcome prediction has been analyzed in the
present study, the database was retrospective and only came from two centers. Hence, in
the future, the conclusions will be corroborated in wider datasets prospectively collected
from a higher number of hospitals. A broader analysis will also be performed, considering
more predictors, since the results provided by the indices of this study had a limited PPV
value in comparison to NPV.

5. Conclusions

The present work has conducted a pioneering analysis of the f -wave harmonic spectral
structure to improve preoperative prediction of CA outcome in persistent AF patients. The
results show that the relation between the DF and its harmonic content contains more-
relevant information for prediction than separate analysis of each frequency component.
While the DF and its harmonic structure individually presented similar global shapes
both for patients who relapsed to AF and those who maintained SR after the follow-up,
the power ratio between both components had the best discriminant ability. Indeed, the
presence of larger harmonics and a proportionally smaller DF peak was strongly associated
with a decreased probability of AF recurrence after CA. Moreover, analysis of the global
distribution of the f -wave power along the spectrum through diverse entropy-based indices,
jointly considering both the DF and its harmonic content, also revealed complementary
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information with respect to their power ratio, thus significantly improving the preoperative
prediction of CA outcome.
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Abstract: Atrial cycle length (CL) is an important feature for the analysis of electrogram (EGM)
characteristics acquired during catheter ablation (CA) of atrial fibrillation (AF), the commonest
cardiac arrhythmia. Nevertheless, a robust ACL estimator requires the precise detection of local
activation waves (LAWs), which still remains a challenge. This work aims to compare the performance
in (CL) estimation, especially under fractionated EGMs, of three different LAW detection methods
relying on different operation strategies. The methods are based on the hyperbolic tangent (HT)
function, an adaptive amplitude threshold (AAT) and a (CL) iteration (ACLI), respectively. For
each method, LAW detection has been assessed with respect to manual annotations made by two
experts and performance has been estimated by confusion matrix and mean and individual (CL)
error calculation by EGM types of fractionation. The influence of EGM length on the individual
(CL) error has been additionally considered. For the HT method, accuracy, sensitivity and precision
were 92.77–100%, while for the AAT and ACLI methods they were 78.89–99.91% for all EGM types.
The CL error on the HT method was lower than AAT and ACLI methods (up to 12 ms versus up to
20 ms), with the difference being more prominent in complex EGMs. The HT method also showed the
lowest dependency on EGM length, presenting the lowest and least variable error values. Therefore,
the HT method achieves higher performance in (CL) estimation in comparison with previous LAW
detection techniques. The high robustness and precision demonstrated by this method suggest
its implementation on CA mapping devices for a more successful location of ablation targets and
improved results during CA procedures.

Keywords: atrial fibrillation; electrogram; complex fractionated atrial electrograms; local activation
waves; detection; invasive recordings; cycle length; comparison

1. Introduction

Being the most common cardiac arrhythmia in clinical practice, atrial fibrillation
(AF) affects more than 43 million people worldwide [1]. The risks of stroke, myocardial
infarction, heart failure or dementia are increased in patients suffering from AF, which
is also associated with increased mortality [1,2]. The ever-growing life expectancy in
comparison to the high AF prevalence for older individuals [1] and the significant economic
burden that AF provokes [1,3] highlight the need for an efficient treatment.

So far, catheter ablation (CA) is considered the star AF treatment due to its high effec-
tiveness and safety [1,4,5]. The aim of the CA procedure is to eliminate the ectopic atrial
beats that can trigger or sustain AF by electrically isolating the areas that are thought to
present arrhythmogenic activity or fibrosis, respectively [1,6]. Pulmonary veins (PVs) are
the most common AF foci, especially for patients in paroxysmal AF [1,7,8]. Nevertheless,
other atrial sites may contribute to AF perpetuation, especially in persistent AF patients,
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where the atrial remodeling takes place to a higher extent [1,9]. Consequently, additional
CA may be necessary in order to achieve freedom from AF [10]. Areas targeted for ad-
ditional CA are defined via electrogram (EGM) analysis, which allows the detection of
remodeled tissue favoring AF perpetuation or even triggering AF. Low-voltage, high domi-
nant frequency (DF), low AF cycle length (CL) or highly complex EGMs, called complex
fractionated atrial electrograms (CFAEs), are some of the most established techniques to
define candidate CA targets, albeit showing controversial results [11–16]. These types of
EGMs are thought to correspond to areas of slow conduction or pivotal points of reentrant
wavelets, revealing the presence of atrial fibrosis which provokes AF perpetuation [17].

For many of the aforementioned techniques, the detection of local activation waves
(LAWs) is an elemental step. In low fractionated EGMs, LAWs can be easily detected, hence
facilitating the analysis [18]. However, in CFAEs and highly fractionated EGMs, LAWs
detection can become a hard task often misleading the CL estimation and, consequently,
the procedures and assessments based on this feature [13]. Moreover, the possibility of
ambiguous LAWs annotations in CFAEs may be an explanation for the low impact of
non-PV CA on the freedom from AF [14,15]. Therefore, the development and disposal
of a reliable and robust LAW estimator are of paramount importance. Although various
approaches to the development of LAWs detectors have been attempted so far [19–27],
most of them focus on unipolar EGMs [20,21,25–27], where LAWs detection is a much
easier task [13]. Nevertheless, as LAWs detection in bipolar EGMs is more complicated due
to the nonstationary nature of the recorded dynamics as well as the high dependency on
the wavefront direction, not but a few techniques for bipolar EGMs have been developed
so far [19,22–24].

One of the first and most cited works employed an adaptive amplitude-based thresh-
old which varied according to the last detected peaks, showing low error values for regular
or low fractionated EGMs but increased rates for fractionated signals [19]. The CL-based
method is another highlighted work [22]. Search is performed with an initial amplitude
threshold which is then modified according to CL. This method has also shown low error
rates for regular EGMs. Nevertheless, when CL becomes irregular, as normally happens in
CFAEs, error rates increase. The DF-based method detects LAWs corresponding to periodic
peaks of the EGMs [23]. Although this method showed good performance compared to
previous methods regarding periodic EGMs, it also failed to show satisfactory results for
aperiodic signals, which is a much more frequent event in highly fractionated EGMs. Thus,
it will not be considered in this study. Finally, the newer of the aforementioned methods
is based on the application of the hyperbolic tangent (HT) function on CFAEs in order to
highlight and facilitate low amplitude detections as well as to limit very high amplitude
activations using a hybrid methodology combining attributes of the CL- and adaptive
amplitude-methods, showing high performance in CFAEs and complex EGMs [24].

Given the advantage of bipolar over unipolar EGMs in being insensitive to ventricular
activity and the high use of the former in AF studies, the appropriate strategy choice
for works that may need to implement LAWs detection in their analysis can be quite
confusing yet inevitable. Despite the results shown in the aforementioned studies, each
one of them has used a different database. Hence, a direct comparison would be unfair or
would not be directly performed. The main objective of the present work is to perform a
straightforward comparison between the three most robust aforementioned LAW detectors,
the adaptive amplitude threshold (AAT) [19], the atrial CL iterator (ACLI) method [22] and
the hyperbolic tangent (HT) method [24], by reproducing each one of them and comparing
the results over the same database. Since the common denominator of LAWs detection
in any of the aforementioned studies is the CL estimation, using this parameter as a
performance evaluation metric seems a fair option. Comparison is performed over a range
of factors that could affect or create biased results, such as the length of EGMs or different
fractionation levels. In this way, a multidimensional assessment can be performed in order
to offer a more reliable and direct comparative measure for future studies.
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The manuscript is organized as follows. Section 2 presents the dataset used in this
study and the preprocessing methods applied, as well as a brief presentation of the method-
ology of the strategies under comparison and the evaluation methods used. Section 3
includes the results of the comparison, while Section 4 provides an overview of the meth-
ods under comparison and analyzes the main conclusions derived from the results, which
are then summarized in Section 5.

2. Methods

The dataset employed in this study consisted of 119 EGMs of 10 s in length, recorded
by a Labsystem™ PRO EP recording system (Boston Scientific, Marlborough, MA, USA)
after obtaining the written consent of 22 patients undergoing CA procedures. EGMs were
sampled at 1 kHz and filtered by an adaptive notch filter to reduce powerline interference
together with a 0.5–500 Hz band-pass filter to limit high-frequency noise. The dataset
was manually annotated and classified by EGM types by two expert physicians according
to Wells’ classification [28]. Type I EGMs consisted of clear LAWs and almost isoelectric
baseline, type II contained low perturbations in the baseline and a higher number of
deflections at each LAW while type III contained a high fluctuating baseline and low-
amplitude fragmented LAWs. Sixteen EGMs were classified by the experts as AF type
I, 19 as AF type II and 84 as AF type III, so that the vast majority of the EGMs selected
pertained to the most difficult AF type to delineate. Signals were denoised by a Wavelet
Transform-based technique, which has been proved to perform better than regular filtering,
providing quick results, effective noise elimination and optimal preservation of the signal
morphology [29].

2.1. LAW Detection Methods

The methodology of each of the studied LAW detection strategies is presented briefly
in the next subsections, followed by a comparative example of the preprocessing method
adopted by each strategy.

2.1.1. Adaptive Amplitude Threshold Method

The first method implemented was the AAT algorithm [19]. This technique is based
on Botteron and Smith preprocessing [18], a technique developed to generate waveforms
proportional to the amplitude of the EGM components with frequencies within the band-
pass filter cutoffs. This method includes 40–250 Hz band-pass filtering, followed by signal
rectification and low-pass filtering with the cut-off frequency at 20 Hz. The AAT algorithm
employs an AAT based on the last ten detected activations with exponentially decreasing
weights (sw), resulting from the application of the Botteron filtering, using a blanking
period of 55 ms between activations. Lastly, the modulus of the original signal is filtered by
a non-causal moving average filter with 90 coefficients, resulting in a new signal s f , where
the positive zero crossings closer to a local peak of sw define the activation times. A more
detailed description of the algorithm can be found elsewhere [19].

2.1.2. Atrial Cycle Length Iteration Method

The ACLI method [22] is based on a modified Botteron and Smith [18] preprocessing,
replacing the band-pass filter with a 40 Hz high-pass filter and increasing the low-pass
filter cut-off to 30 Hz. The algorithm performs an iterative LAW detection, starting with the
highest amplitude peak and moving to the next peak according to an amplitude descending
order, making use of a blanking period of 50 ms, until the average CL is lower than 275 ms.
Once this condition is fulfilled, a second condition has to be accomplished so that the
iteration stops: either the mean CL has to be less than the median CL plus 5 ms or the
amplitude of the current peak has to be 20% less than the amplitude of the previous peak.
Finally, a loop control checks the existence of intervals longer than 1.5 × the median CL
and adds, in case such intervals are found, the highest peaks within these intervals to the
activation set. More details on the methodology can be found elsewhere [22].
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2.1.3. Hyperbolic Tangent Method

The HT method [24] also modifies the Botteron and Smith preprocessing steps, ex-
panding the range of the bandpass filter cutoffs from 40–250 to 20–250 Hz. Studies on
the original preprocessing effect on CFAEs demonstrated that slower components of ac-
tivations were being lost, provoking an insufficient waveform response, leading the al-
gorithm to miss the respective activations [24]. Therefore, a reduction in the minimum
band-pass filter cut-off was necessary, with 20 Hz being the optimal frequency based on
analyses performed.

The preprocessing of this method also used a novel technique, the HT function, aiming
to reduce high amplitude variability observed in CFAEs in order to facilitate the detection
process that follows next. For this purpose, each recording is segmented into 7-second
intervals with 25% overlapping and classified according to their fractionation level by their
kurtosis calculated at each 1 s and averaged, so that the HT function is applied exclusively
on CFAEs. The detection process is initiated by an amplitude-based localization of all peaks
higher than 0.4 mV, taking into consideration the minimum refractory period of 50 ms.
The process continues with the median CL calculation and a secondary search on intervals
longer than the median CL is performed, reducing the amplitude threshold proportionally
to the difference between the median CL and the current interval. The process finishes with
the calculation of the barycenter of each LAW, defined as the sample point that equally
divides the area of the modulus of the LAWs, in order to estimate the activation time. More
details on this algorithm are provided elsewhere [24].

A comparative example of these three different preprocessing strategies applied over
the same EGM is shown in Figure 1, where it can be observed how the HT method produces
a signal in which activations are easier to detect automatically in later stages because small
peaks are enhanced and large peaks are limited. Additionally, block diagrams of each
technique’s methodology are presented in Figure 2.
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Figure 1. Comparative analysis of the preprocessing stage of each of the compared LAW detection
methods applied on the same EGM: (a) Denoised EGM to be processed; (b) Result of AAT prepro-
cessing; (c) Result of ACLI preprocessing; (d) Result of HT preprocessing. The dashed line in (d)
corresponds to the application of the hyperbolic tangent.
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Figure 2. Block diagrams of the LAW detection methods compared. Underlined values in the
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BP: band-pass filtering; LP: low-pass filtering; HP: high-pass filtering; Pi: amplitude of the i-th peak;
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2.2. Performance Evaluation

Confusion matrix and CL error metrics were employed in order to evaluate the
performance. Regarding the confusion matrix, Accuracy, Sensitivity and Precision were
calculated. True positive (TP) were the LAWs annotated both by the experts and by the
method under analysis. False positives (FP) were the LAWs that were only annotated by
the method, while false negatives (FN) were the LAWs that were annotated only by the
experts. Since there are no true negatives (TN), these metrics were calculated as follows:

Accuracy =
TP

TP + FP + FN
, (1)

Sensitivity =
TP

TP + FN
, (2)

and
Precision =

TP
TP + FP

. (3)

Details on CL error calculation are provided next. The effect of EGMs duration as well
as fractionation has also been considered.

2.2.1. Detection Performance

The number of LAWs successfully detected at each method was calculated by com-
paring the annotations made by the algorithm with the manual annotations made by the
experts, allowing a threshold of 40 ms. Performance was evaluated in terms of Accuracy,
Sensitivity and Precision, providing an overall perspective on performance, including the
undersensing and oversensing rates of each algorithm.
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2.2.2. Mean CL Error Estimation

The error in estimating the average CL at any of the three methods was measured as
the absolute difference between the mean CL of the manual and algorithm’s annotations,
as can be seen from Figure 3, which will be explained more in-depth later for individual
CL error estimation. Nevertheless, considering that oversensing or undersensing can have
an effect on the mean CL, producing misleading results as can be seen in Figure 3B, mean
CL error can not be considered as a reliable performance indicator. Thus, an analysis of
individual CL errors was additionally developed in order to obtain more realistic results.

Situation A

Situation B

Situation A

Situation B

–

–

–

Figure 3. Comparative example for calculating the CL estimation error. (A) EGM with experts’ (circle)
and method’s annotations: (a) expert’s CL (b) method’s CL and (c) errors in CL estimation. Top:
Situation 1 (squares) undersensing case (missing activation-red). The arrow shows the starting points
in case of unequal CLs for the undersensing case; Bottom: Situation 2 (triangles) undersensing and
oversensing case (false positive activation-red). (B) Error estimation for the two example situations.
(left) Mean CL error; (right) Individual CL error. Notice how the simultaneous existence of under-
and oversensing in Situation 2 may create erroneous CL calculation for the mean CL case.

2.2.3. Individual CL Error Estimation

As previously stated, this metric was introduced in order to reliably calculate the CL
error for each algorithm, without any bias inserted from possible under- or oversensing
tendencies. In this case, the error at each CL is defined by the absolute difference between
the manual annotations, called reference annotations, and the algorithm’s annotations. The
individual CL error is finally calculated by the sum of errors found at each CL divided by
the number of reference intervals. The formula for the calculation of the individual CL
error is given in the right column of Figure 3B. If the CL was the same for the manual and
algorithm annotations, the respective error was set to zero. However, if there was some
under- or oversensing detected, the evaluation process was able to quantify the error.

For the undersensing case, as the given CL was longer for the algorithm than for the
manual annotations case, the corresponding error is calculated by subtracting the reference
CL from the algorithm’s CL. However, in that case, the next interval under comparison will
involve the following reference segment, while the algorithm’s segment will remain the
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same as before, considered to be starting from the reference segment’s initiation point so
that a double counting on error will be avoided. An example of this process can be seen
in Figure 3A, with experts’ (circle) and method’s (square, triangle) annotations. The top
panel shows Situation 1 (square) with an undersensing case where the arrow shows the
beginning of the algorithm’s segment (missed activation-red). For each interval between
annotations, line (a) indicates the expert’s CL, line (b) the method’s CL and line (c) errors
in the estimation of each CL. The bottom panel shows Situation 2 (triangles) with both
undersensing (missed activation-red) and oversensing cases (falsely detected activation-
red). Regarding the oversensing case, the error at the given interval will be calculated
by subtracting the algorithm’s CL from the reference CL, for each one of the algorithm’s
intervals between a reference interval, as can be seen from Situation 2 of Figure 3A. Finally,
as the mean CL of Situation 1, with one missed activation, is 120 ms, then the mean error is
20 ms. Nevertheless, the simultaneous existence of under- and oversensing in Situation
2 will create an erroneous mean CL calculation of 0 ms, as this method had a mean CL
of 100 ms, even though not all the activations corresponded to the experts’ annotations.
On the contrary, the individual error of Situation 2 was 33.33 ms, both indicating a non-
perfect annotator and showing a higher error than Situation 1 (16.67 ms), which only had
one mishit.

2.2.4. Influence of Electrograms Duration

Another aspect analyzed in this study was the influence of the EGMs duration on
the individual CL error of each method. For each type of EGM, the three methods were
applied progressively from 1 to 10 s of duration over the dataset, computing the individual
CL error as a measure of the CL estimation precision.

3. Results

3.1. Detection Results

An example of the three AF-type EGMs along with LAWs annotations from experts
and the compared techniques can be seen in Figure 4. While LAWs detection is pretty
straightforward for AF types I and II, LAWs detection in AF type III EGMs is significantly
complicated, with each algorithm presenting some false positive or negative detections.
Results on detection performance for the methods under comparison are shown in Table 1
for EGMs of all AF types. Both ACLI and HT methods show optimal results for types I and
II. On the contrary, the AAT method showed lower accuracy and precision rates, which is
especially unusual for AF type I. This fact is provoked by the high variability in amplitude
observed in several type I EGMs of the dataset used for the present analysis. Figure 3
corresponds to a type I EGM example, in which the impact of amplitude variability on
the AAT method’s detection performance can be seen. Although AAT’s accuracy rate is
not lower than 90% in type I EGMs, this relatively low performance implies significant
deficiencies of the AAT method and a higher CL error, provoked by the longer CL of AF
type I EGMs, leading to the lower number of intervals and, consequently, the higher weight
of each mishit.
Table 1. Electrogram detection performance results for all AF types of the three LAW detectors
compared in this study in terms of Accuracy (Acc), Sensitivity (Se) and Precision (Pr).

Type I Type II Type III
Method

Acc [%] Se [%] Pr [%] Acc [%] Se [%] Pr [%] Acc [%] Se [%] Pr [%]

AAT 91.82 95.60 95.66 95.90 97.35 98.33 78.89 85.38 91.11
ACLI 98.58 99.91 98.68 98.78 99.73 99.05 85.13 87.51 96.89
HT 100.00 100.00 100.00 100.00 100.00 100.00 92.77 95.30 97.24

The results for type III EGMs, also shown in Table 1, are of great importance in
understanding the performance of each method, as this type of EGM coincides with the
most fragmented signals and CFAEs. Firstly, the AAT method shows the lowest accuracy
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results, while sensitivity and precision are quite compensated, with values of 85.38% and
91.11%, respectively, due to higher undersensing than oversensing incidents. The ACLI
method shows improved results in comparison with the AAT method. However, a quite
intense discrepancy can be seen between undersensing and oversensing tendencies of this
method, as can be observed from the difference between sensitivity and precision rates
at 87.51% and 96.89%, respectively. Finally, the HT method presents the most satisfactory
results for all confusion matrix parameters, with a balance observed between undersensing
and oversensing tendencies, expressed by the 95.30% and 97.24% of sensitivity and precision
values, respectively, while showing the highest accuracy rates as well.
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Figure 4. One-second example of the three EGM types and the annotations made from the three
algorithms as well as from the experts. Experts’ annotations are considered as ground truth. For
AF type I, activations were clearly distinguished from the baseline and all the methods were able
to identify them. For AF type II, although the baseline shows little perturbation, lower amplitude
activations slightly complicate the procedure, leading to a mishit for the AAT algorithm. Finally, for
AF type III EGMs, mishits and false positives are observed for all methods across the EGM.

3.2. Cycle Length Estimation

Regarding CL results, Figure 5a shows the mean and individual CL errors on type I
EGMs. The mean CL error in ACLI and HT methods is close to 0, as expected from the
high detection accuracy and the equilibrium between sensitivity and precision. Individual
CL error in these methods is also quite low, yet slightly higher than mean CL error since
bias from undersensing or oversensing behavior is removed in this parameter. Regarding
AAT results, both mean and individual CL error are significantly higher, at about 10 ms
and 12 ms, respectively. This is explained by the relatively low accuracy of this method in
type I EGMs. As before, higher individual CL errors are explained by the balance between
the undersensing and oversensing rates of these EGM types.
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Figure 5. Comparative analysis of errors estimating CL using the mean CL and the individual CL
methods for the three LAW detectors compared: (a) Results for type I electrograms; (b) type II
electrograms; and (c) type III electrograms. Values indicated with + stand for outliers.

The results for type II EGMs are presented in Figure 5b. ACLI and HT methods
show results similar to those from type I EGMs, with an increased difference between
individual and mean CL errors. As previously mentioned, mean CL estimation for the AAT
method compensated for the errors provoked by under- or oversensing. Lower amplitude
variability in the employed dataset led to better performance in AF type II than type I
EGMs for the AAT method, as was observed from the detection results. According to
this performance improvement, the error in type II EGMs was lower than type I for the
AAT method.

Finally, Figure 5c shows the CL error on type III EGMs, which include CFAEs. Being
the most complicated case, analysis of this type of EGM clearly demonstrates that individual
CL error estimation is a more suitable parameter, efficiently removing any impact of external
factors on the CL error calculation, as can be seen from the discrepancies between the mean
and individual CL error estimation of each method, leading to invalid conclusions in the
case of the AAT and ACLI methods. Error on all methods is higher in this EGM type, with
the HT technique showing the best results both in mean (about 4 ms in HT vs. 9 ms in AAT
vs. 11 ms in ACLI) and individual (about 12 ms in HT vs. 20 ms in AAT vs. 17 ms in ACLI)
CL error analysis.

3.3. EGM Length Influence

The results of the application of each method over the dataset for different EGM
lengths are presented in Figure 6, where individual CL error is analyzed. The HT method
shows the most stable results regarding length, being additionally improved in comparison
with the other methods. For type I EGMs, the ACLI method shows similar results. As
the fractionation level increases, however, ACLI performance falls, showing significantly
worse results. Finally, AAT error is the highest regarding all AF types, while this method
also shows a higher dependency on the EGM length.
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Figure 6. Individual CL error depending on EGM length for the three LAW detection methods
analyzed: (a) Results for type I electrograms; (b) type II electrograms; and (c) type III electrograms.
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4. Discussion

Due to the high importance of precise AF substrate mapping, several methods for
LAW detection have been developed [19,20,22–26] until the present. However, some of
these techniques cannot be reproduced or directly applied on CA devices, due to either
the particularity of the database [20] used or to the controversial methodology followed,
using computational models premised on assumptions about tissue’s geometry [25,26].
Other techniques can be directly implemented on substrate mapping devices, such as the
AAT [19], the ACLI [22], the dominant frequency (DF) [23] and the HT [24] methods. Each
one of these studies has shown promising results, the correct choice for future works in
need of a reliable LAWs detector, though, can be confusing as the database used is different.

The present study has performed a direct comparison of three of the aforementioned
methods, the AAT, the ACLI and the HT method. The reason why the DF method was not
included in the comparison is the lack of individual CL estimation of the DF method, which
is one of the main evaluation parameters of the present study. In addition, the DF method
failed to provide satisfactory results under aperiodic signals, which is the most typical
situation in highly fractionated EGMs.The results indicate that HT is the most robust and
reliable method, showing higher accuracy and precision and lower CL errors, suggesting
its recruitment for both future studies and CA devices.

The high performance of the HT method can be assigned to the alternative preprocess-
ing strategy and the recruitment of the HT function, which prevented the detector from
missing low amplitude LAWs in CFAEs. What is more, this method also adopted a segmen-
tation strategy that allowed the adaptation to various signal lengths, while the combination
of an adaptive amplitude threshold with CL correction allowed the detection of LAWs in
segments with high amplitude variability [24]. Finally, activation time estimation through
the barycenters led to an estimation closer to the experts’ annotation.

4.1. Evaluation on Different Levels of Fractionation

EGM fractionation plays a significant role in the performance of each method. Nor-
mally, in low fractionation environments, performance is high and only a few errors are
observed. Thus, low performance in low fractionation EGMs implies a lack of reliability.
As EGMs become more fractionated, with indiscernible activations, the LAW detector’s
accuracy tends to drop. However, since CFAEs, which are highly fractionated EGMs, are
the main challenge of any LAW detector, the performance of each method on that kind of
recording is crucial and serves as an index to evaluate reliability and robustness.

This study has utilized the Wells’ classification for types of EGMs, with ascending
levels of fractionation from type I to type III EGMs. In this way, insufficient results in
type I EGMs indicate a less reliable method, while competent results on type III EGMs
affirm the reliability of another method. The final assessment is a trade-off among the
performance of each EGM type, with special weight to type III EGMs, which are the
distinguishing parameter.

The HT method showed the highest results in terms of a confusion matrix for all EGM
types, being considered this way the most reliable method, achieving high performance.
On the contrary, the AAT method showed relatively low results in AF type I EGMs, due to
the high amplitude variability present in this EGM type of the current database.

4.2. Cycle Length as an Evaluation Parameter

The main implementation of LAWs detection in real-time mapping devices is related
to CL estimation. Consequently, the error in CL estimation was included in the evaluation
procedure. As it was shown, mean CL error can be affected by under- or oversensing
incidence, and hence, its employment is not recommended. Contrarily, individual CL
estimation is an impartial method. Individual CL error was the lowest in the HT method
for all EGMs, implying again the high reliability and performance of this technique, while
the AAT and ACLI methods have shown poor results, especially for type III EGMs.
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4.3. Effect of Signal Length

Adaptability and proper function regardless of external factors are keys to optimized
performance. As signal length varies from study to study, the ability of an algorithm to
perform optimally under any length should be taken into consideration for the evaluation
of its performance. Additionally, signal length could affect the conclusions of the conducted
comparison. For the aforementioned reasons, the individual CL error on each method was
assessed over various EGM lengths.

The robustness of the HT algorithm was proved not only by the fact that the error was
minimal for any EGM type and length but also because it was not significantly affected
by the signal length. This means that this method can perform regardless of the duration
of the database used, providing flexibility both to prospective studies and to CA devices.
On the other side, the AAT method showed the highest individual error for all EGM
types, especially high for EGM type I. Moreover, this algorithm showed unusually high
dependence on EGM length for types I and II EGMs, possibly due to high discrepancies
between amplitude values in various segments of the same recording.

5. Conclusions

The HT method is an optimal LAW detector, showing higher performance than the
AAT and ACLI techniques in every aspect under investigation. The high accuracy and
robustness of the HT method contribute to precise CL length estimation, regardless of the
signal length or the EGM fractionation. The high adaptability of this method suggests its
implementation on real-time mapping devices aiming to localize CA targets or its adoption
by future studies, providing reliable LAW detection results and precise CL estimation.
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Abstract: Atrial fibrillation (AF) is explained by anatomical and electrophysiological changes in the
atria determined by high pressure, dilatation, infiltration and inflammation in the myocardium. There
are some biomarkers implicated in these processes, namely, NT-proBNP, high sensitivity troponin
(Hs-Tn), urate, galectin-3, ST2, C reactive protein and fibrinogen. The aim of this study was to assess
differences in these biomarkers between patients with AF and healthy controls. We designed a
cross-sectional study consecutively including all patients undergoing electrical cardioversion in our
hospital for persistent AF and matched healthy controls. We included 115 patients with persistent
non-valvular AF and 33 healthy subjects. The biomarkers NT-proBNP, ST2 and Hs-Tn T were
significantly related to the presence of AF (1054 ± 833.30 vs. 58.31 ± 59.40, p < 0.001; 35.43 ± 15.89 vs.
27.43 ± 10.95, p < 0.001 and 10.25 ± 6.11 vs. 8.42 ± 6.85, p < 0.001, respectively). NT-proBNP was the
best biomarker differentiating AF patients (area under the curve 0.995). The best NT-proBNP cut-off
point to differentiate AF was 102 pg/mL; for Hs-Tn T it was 11.5 ng/L and for ST2 it was 37.7 ng/mL.
It is possible that these biomarkers intervene at the onset of AF and have no role in AF maintenance.

Keywords: atrial fibrillation; biomarkers; NT-proBNP

1. Introduction

Atrial fibrillation (AF) is the most frequent arrhythmia. It is explained by anatomical
and electrophysiological changes in the atrial myocardium determined by high pressure,
dilatation, infiltration and inflammation. Identification of biomarkers associated with AF
may advance knowledge of AF, increasing our understanding of the pathophysiological
mechanisms of the arrhythmia. Including biomarkers associated with AF in risk scales may
yield predictions of AF risk with more precision in the future. Moreover, biomarkers may
be used in the development of pharmacological pathways for AF preventive therapies [1].

Some biomarkers are implicated in processes involved in AF onset and progression,
namely, NT-proBNP (implicated in mechanical stress and myocardial stretch), high sen-
sitivity troponin T (Hs-Tn T) (a myocardial damage biomarker), urate (associated with
oxidative stress), galectin-3 and ST2 (implicated in remodeling and fibrosis), C reactive
protein (CRP) and fibrinogen (implicated in inflammation) [2–4].

The relationship between biomarkers and AF has been previously shown [5], but the
potential value of combining several biomarkers to achieve an integrated assessment is still
not fully established [6].

The aim of this study was to assess differences in these biomarkers between AF
patients and healthy subjects.

J. Pers. Med. 2022, 12, 1406. https://doi.org/10.3390/jpm12091406 https://www.mdpi.com/journal/jpm
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2. Materials and Methods

2.1. Design and Population

This cross-sectional study included all consecutive stable patients presenting with
non-valvular persistent AF, non-urgently submitted to our unit for electrical cardioversion
between 17 April 2015 and 14 July 2017. We selected 1:3 aged-paired controls.

An echocardiogram performed at our Cardiac Image Unit in the 6 months prior to the
electrical cardioversion was required (main echocardiographic measurements are shown
in Supplementary Table S1). We excluded patients with significant structural cardiac
abnormalities (moderate or severe valvular disease, valvular prosthesis, history of LVEF
less than 40%, hypertrophic cardiomyopathy and infiltrative cardiomyopathy), presence
of atrial flutter or arrhythmias other than AF, previous cardioversion or pulmonary vein
ablation, patients with clinical instability and asymptomatic patients. None of the controls
had a history of AF or any other cardiovascular disease in any of its forms.

In the basal clinical interview, a cardiologist checked the inclusion and exclusion
criteria and recruited patients and controls agreeing to sign the informed consent form.
The local Ethics Committee’s approval was obtained for this study (reference number,
CEIC-1407). The study was performed in accordance with the Declaration of Helsinki.
Prior to cardioversion, blood samples of all patients were obtained. Blood samples of
the controls were obtained on the day of inclusion. The biomarkers determined by our
center’s laboratory were NT-proBNP, Hs-Tn T, galectin-3, ST2, fibrinogen, urate and CRP.
Glomerular filtration rates were estimated using the CKD-EPI equation.

2.2. Statistical Analysis

SPSS version 20.0 for Windows (IBM, Chicago, IL, USA) was used to perform the
statistical analysis. Quantitative variables were expressed as mean and standard deviation
or medians, and as interquartile ranges when a normal distribution was not observed, as
per the Kolmogorov–Smirnov goodness-of-fit test. Qualitative variables were expressed as
frequency and percentage. In order to assess differences in biomarker levels and clinical
variables in subjects with or without AF, a univariate analysis was performed using the t-
test for normal quantitative variables, the U–Mann–Witney test for non-normal quantitative
variables, and the Chi-square test for qualitative variables. Receiver operating characteristic
(ROC) curves were obtained to assess the biomarkers’ most accurate diagnostic cut-off
values. The best cut-off point corresponded to the maximum vertical distance between
the ROC curve and the diagonal line. Finally, we performed multivariate analysis using
logistic regression analysis including those variables that showed statistical significance
(p < 0.05) in the univariate analysis.

3. Results

3.1. Clinical Differences between Cases and Controls

We included 115 patients with AF and 33 healthy controls. Differences in clinical
characteristics between cases and controls are shown in Table 1. Only the male sex was
significantly related to the presence of AF (71.30% vs. 51.51%; p = 0.033).

Table 1. Clinical differences between cases and controls.

Cases (N = 115) Controls (N = 33) p

Age 63 ± 9 62 ± 10 0.464
Men 82 (71.30%) 17 (51.51%) 0.033

Hypertension 65 (56.52%) 15 (45.45%) 0.261
Diabetes 15 (13.04%) 4 (12.12%) 0.889
COPD 5 (4.34%) 1 (3.03%) 0.729

Smoking 19 (16.52%) 8 (24.24%) 0.322
CRD 2 (1.739%) 1 (3.03%) 0.643

Stroke 3 (2.60%) 1 (3.03%) 0.895
Previous myocardial infarction 6 (5.21%) 1 (3.03%) 0.602

OSAHS 10 (8.69%) 2 (6.06%) 0.625
CRD: Chronic Renal Dysfunction; COPD: Chronic Obstructive Pulmonary Disease.
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3.2. Analytical Differences between Cases and Controls

Differences in analytical characteristics (including biomarkers) between cases and
controls observed in the univariate analysis are shown in Table 2. Renal function, measured
as creatinine levels and glomerular filtration (0.95 ± 0.19 mg/dl vs. 0.79 ± 0.12 mg/dl;
p < 0.001 and 79.45 ± 15.23 mL/min vs. 90.54 ± 10.07 mL/min; p < 0.001, respectively), was
significantly related to the presence of AF. Biomarkers NT-proBNP (1054.20 ± 833.30 pg/mL
vs. 58.31 ± 59.40 pg/mL; p < 0.001), ST2 (35.43 ± 15.89 ng/mL vs. 27.43 ± 10.95 ng/mL;
p < 0.001) and Hs-Tn T (10.25 ± 6.11 ng/L vs. 8.42 ± 6.85 ng/L; p < 0.001) were also
significantly related to the presence of AF.

Table 2. Analytical differences between cases and controls.

Cases (N = 115) Controls (N = 33) p

NT-proBNP (pg/mL) 1054.20 ± 833.30 58.31 ± 59.40 <0.001
Galectin-3 (ng/mL) 16.87 ± 4.89 22.71 ± 21.94 0.139

ST2 (ng/mL) 35.43 ± 15.89 27.43 ± 10.95 <0.001
Fibrinogen (mg/dl) 329.40 ± 75.87 315.33 ± 73.31 0.346

Hs-Tn T (ng/L) 10.25 ± 6.11 8.42 ± 6.85 <0.001
Urate (mg/dl) 6.11 ± 1.45 6.38 ± 7.68 0.845
CRP (mg/L) 5.06 ± 14.8 2.46 ± 2.10 0.326

Hemoglobin (g/dl) 14.97 ± 1.43 14.56 ± 1.29 0.150
Creatinine (mg/dl) 0.95 ± 0.19 0.79 ± 0.12 <0.001

Glomerular filtration (mL/min) 79.45 ± 15.23 90.54 ± 10.07 <0.001
CRP: C-reactive protein; Hs-Tn T: High sensitivity troponin T.

3.3. ROC Test

To assess the biomarkers’ yield, we performed ROC tests including those biomarkers
that showed a significant relationship with the presence of AF in the univariate analysis.
The area under the ROC curve for NT-proBNP was 0.995, for Hs-Tn T it was 0.655 and for
ST2 it was 0.648. ROC curves are shown in Figure 1.

Figure 1. ROC curves. Hs-Tn: High sensitivity troponin.

We used the deLong test to compare the AUCs of three biomarkers. NT-proBNP was
significantly better than Hs-Tn T (p < 0.001) and better than ST2 (p < 0.001), but there were
no significant differences between Hs-Tn T and ST2 (p = 0.99). NT-proBNP was the best
biomarker for differentiating patients with AF.
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From this test, we obtained the best cut-off points to differentiate cases and controls for
three biomarkers. The best cut-off point for NT-proBNP was 102 pg/mL (99% sensibility
and 76% specificity), for Hs-Tn T it was 11.5 ng/L (28% sensibility and 82% specificity) and
for ST2 it was 37.7 ng/mL (40% sensitivity and 82% specificity).

3.4. Multivariate Analysis

To perform multivariate analysis we included those clinical variables and biomarkers
that showed a statistical significance in the univariate analysis: male sex, glomerular
filtration (we included this instead of creatinine because it provides information regarding
renal function that is more accurate) and biomarkers Hs-Tn T, NT-proBNP and ST2. We
present the results with no dichotomized biomarkers levels, and then with dichotomized
biomarkers levels, using the best cut-off points from the ROC curve.

In the first analysis (Table 3), NT-proBNP was the only variable independently related
to the presence of AF (odds ratio 1.03; 95% confidence interval 1.01–1.04; p < 0.001).

Table 3. Multivariate analysis.

Odds Ratio 95% Confidence Interval p

NT-proBNP (pg/mL) 1.03 1.01–1.04 <0.001
ST2 (ng/mL) 1.25 0.88–1.79 0.215

Hs-Tn T (ng/L) 0.81 0.61–1.08 0.159
Men 37.60 0.51–2770.86 0.098

Glomerular filtration (mL/min) 0.93 0.82–1.04 0.220
Hs-Tn T: High sensitivity troponin T.

In the second analysis, NT-proBNP was the only variable independently related to
the presence of AF (odds ratio 442.16; 95% confidence interval 46.27–4224.83; p < 0.001).
The odds ratio in this case was remarkably high. We found two possibilities that explain
this, including the small sample size and that the vast majority of patients (97.39%) showed
NT-proBNP levels above the cut-off point. As a result, in samples such as ours, the odds
ratio is particularly high and should not be taken into account.

4. Discussion

In our sample, we detected higher levels of cardiac biomarkers in AF patients than
in healthy controls. NT-proBNP showed the best performance in discriminating cases
and controls.

We found a higher proportion of men in the patient group with AF than in healthy
controls (71.30% vs. 51.51%; p = 0.033). According to previous studies, this might be due to
the high prevalence of cardiovascular risk factors among men [7]. We paired controls by
age, but not by sex; therefore, differences may have been found by chance. Nevertheless,
we included sex in the multivariate analysis to avoid confounding factors.

NT-proBNP, ST2 and Hs-Tn T were the only biomarkers significantly related to the
presence of AF. Similar to our study, NT-proBNP has previously been independently related
to the presence of AF [8,9]. Moreover, it has been demonstrated that the development and
progression of AF (from paroxysmal to persistent) is associated with a gradual increase in
NT-proBNP levels [10].

Although NT-proBNP levels are related to a higher risk of AF, cut-off points and
treatments based on those points are not yet established. In our study, the best NT-proBNP
cut-off point was 102 pg/mL (99% sensitivity and 76% specificity). Palà et al. [11] noted
a similar cut-off point for NT-proBNP (95 pg/mL, 95% sensibility and 66.2% specificity).
The association between NT-proBNP and the presence of AF can be explained by atria
remodeling (in which NT-proBNP is implicated) when it is expressed secondary to atrial
distension and dilatation. Our research group has previously shown a relationship between
NT-proBNP and recurrences of AF. Patients with persistent high values of this biomarker
have active processes of atrial stretch, remodeling and fibrosis; these mechanisms are
probably the most important contributors to AF maintenance. Furthermore, it seems that a
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new onset of AF can reactivate inflammation and fibrosis in the acute phase, and over the
time this mechanism might decrease [12].

ST2 has previously been related to AF and has been shown to have higher values in
patients with persistent AF compared to patients with paroxysmal AF, which can translate
progression of the AF [13]. In contrast, ST2 values were significantly higher in patients
with persistent and permanent AF compared to patients in sinus rhythm; however, no
significant differences were found between persistent and permanent AF [14].

In our study, the best ST2 cut-off point to discriminate AF was 37.7 ng/mL (40%
sensitivity and 82% specificity). The association between ST2 and AF can be explained by
the implication of ST2 in fibrosis and remodeling processes that initiate and maintain AF.
A performance algorithm has been described in maintaining sinus rhythm based on ST2
values [15]. This algorithm was based on the hypothesis that elevated ST2 levels translate
into excess myocardial fibrosis. Therefore, patients with high ST2 levels (considering the
cut-off point of 35 ng/mL) would not benefit from performing electrical cardioversion and
should be evaluated in a specialized consultation to assess pulmonary vein ablation [16].

Hs-Tn T has not been classically related to AF, but it has been shown that high levels
of this biomarker are associated with the incidence of AF [17]. Increased levels of Hs-Tn T
in AF patients in our study was probably a result of the myocyte damage that can occur
in AF.

In our study, the best Hs-Tn T cut-off point to discriminate AF was 11.5 n/L (28%
sensitivity and 82% specificity). A relationship between Hs-Tn and AF has been previously
shown. A metanalysis including 27 studies showed significantly higher Hs-Tn levels in AF
patients than in subjects without AF [18].

In a recent study that included more than 3000 patients with mild or moderate chronic
kidney disease with a 7-year follow-up, Hs-Tn T values were associated with a higher
risk of AF onset [19]. Another study with 241 AF patients and 824 subjects with no
cardiovascular disease showed increased Hs-Tn T levels in those with AF. Moreover,
patients with persistent AF showed higher levels of Hs-Tn T than those with paroxysmal
AF. That study also showed a relationship between Hs-Tn T and the presence of low
voltage areas in the left atria. The authors explained that these areas translate remodeling
and fibrosis zones with proapoptotic processes; however, the progression of AF does not
necessarily translate the destruction of cardiomyocytes [20].

In a multicenter study of hospitalized patients with COVID-19, troponin and NT-
proBNP levels were significantly higher in patients with a history of AF than in patients
without a history of AF. Nevertheless, there were no differences in other biomarkers, such
as CRP [21].

Several biomarkers (urate, galectin-3, fibrinogen and CRP) did not show any rela-
tionship with the presence of AF in our sample. Our AF patients presented different AF
durations, but they all had persistent AF. It is possible that these biomarkers intervene at
the onset of AF and have no role in AF maintenance; it can also be explained by the small
sample size.

Regarding the rest of the analytical values, creatinine levels were higher in AF cases
than in controls and glomerular filtration were lower in AF cases than in controls. A bidi-
rectional relationship exists between kidney disease and cardiovascular disease (including
AF) [22]. In fact, chronic kidney disease is a predictor of cardiovascular disease as well
as the onset of AF; it is two or three times more likely than in patients without chronic
kidney disease [23]. On the other hand, the presence of AF is related to the progression of
kidney disease [24].

Our study has some limitations. We only included patients with symptomatic persis-
tent AF; therefore, our results cannot be extrapolated to other populations. We did not take
differences in AF duration between our patients into account. We did not analyze different
variables, such as previous electrical cardioversion or pulmonary veins ablation, which
could impact biomarker levels and might also be affected by the presence of AF. Finally,
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given our study design, we cannot elucidate whether the increase in biomarker levels in
our study’s sample population was a cause or a consequence of AF.

On the other hand, to our knowledge this is the first study analyzing a wide battery
of biomarkers in AF patients and healthy controls. The identification of pathophysiolog-
ical phenomena of atrial remodeling could be useful in detecting individuals at risk of
developing AF. Using biomarkers to detect AF risk could facilitate the application of more
exhaustive diagnostic procedures for affected patients.

5. Conclusions

In our sample, NT-proBNP, ST2 and Hs-Tn T were related to the presence of AF. NT-
proBNP showed the highest yield in differentiating patients with AF from healthy subjects,
and was the only biomarker independently related to the presence of AF.
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Abstract: In atrial fibrillation (AF), thromboembolic events can result from the particular conforma-
tion of the left atrial appendage (LAA) bearing increased clot formation and accumulation. Current
therapies to reduce the risk of adverse events rely on surgical exclusion or percutaneous occlusion,
each of which has drawbacks limiting application and efficacy. We sought to quantify the hemody-
namic and structural loads of a novel potential procedure to partially invert the “dead” LAA space to
eliminate the auricle apex where clots develop. A realistic left atrial geometry was first achieved from
the heart anatomy of the Living Heart Human Model (LHHM) and then the left atrial appendage
inversion (LAAI) was simulated by finite-element analysis. The LAAI procedure was simulated
by pulling the elements at the LAA tip and prescribing a displacement motion along a predefined
path. The deformed configuration was then used to develop a computational flow analysis of LAAI.
Results demonstrated that the inverted LAA wall undergoes a change in the stress distribution from
tensile to compressive in the inverted appendage, and this can lead to resorption of the LAA tissue
as per a reduced stress/resorption relationship. Computational flow analyses highlighted a slightly
nested low-flow velocity pattern for the inverted LAA with minimal differences from that of a model
without inversion of the LAA apex. Our study revealed important insights into the biomechanics of
LAAI and demonstrated the inversion of the stress field (from tensile to compressive), which &can
ultimately lead the long-term resorption of the LAA.

Keywords: finite element method; atrial fibrillation; atrophy; fibrosis

1. Introduction

Atrial fibrillation (AF), the most common sustained arrhythmia, affects 3–6 million
Americans and increases the risk of stroke by 4 to 6 times on average [1,2]. AF prevalence
and disease burden increase with age, accounting for 15% of all strokes, and with greater
associated morbidity and mortality than non-AF related strokes [3]. In people >80 years old,
AF is the direct cause of 1 in 4 strokes [1]. AF and related disorders have high individual
and societal costs, ~$26 B per year in the US [4], and incidence is projected to more than
double by 2035 [5].

The left atrial appendage (LAA) extends from the LA and creates a side chamber,
which can be a site of increased clot formation and accumulation in AF. The LAA in a
low-flow state as in AF is the nidus for >90% of thrombus formation [6,7], where the
rapid contraction of the heart that accompanies AF can initiate the release of emboli
and the consequent risk of stroke. Although the risk of thromboembolic events is re-
duced with long-term oral anticoagulation therapy, it is contraindicated in 7.8% of newly
diagnosed AF patients [8], and only 50–60% of eligible patients with AF receive it [9].
Percutaneous [10–12] and surgical strategies [13,14] to occlude or exclude the LAA have
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been developed to reduce the risk of thromboembolic events, but current devices have ma-
jor complications (e.g., perforation, migration, and incomplete closure) and disadvantages
(e.g., high-cost and foreign body retention). Compared to endocardial occlusion, epicardial
clipping or exclusion seems to have better hemodynamic and neurohormonal effects, but it
is technically more difficult to achieve [12,15,16].

In this study, the feasibility of resorption of the “dead” LAA space without the need
of a specific device left behind was investigated by computational modeling. Specifically,
the procedure for the treatment of LAA uses a suction-based catheter device to latch the
distal portion of the LAA endocardium (Figure 1), enabling partial LAA inversion (LAAI)
as shown previously by our group [17]. The fundamental hypothesis is that the partial
inversion of the LAA changes the stress distribution (from tensile to compressive) in the
inverted appendage. An increase in tensile stress is known to cause tissue growth (e.g.,
hypertrophy in hypertension), whereas a decrease will cause resorption (e.g., atrophy in
hypotension) as per a stress-growth law [18]. To test this hypothesis, the LAAI procedure
was simulated using the realistic and accurate heart anatomy of the Living Heart Human
Model® (LHHM) [19]. Then, the fluid flow circulating in the inverted appendage was
assessed by computational-fluid dynamics and compared to that of LAA. Several structural
and hemodynamic parameters were extrapolated to assess the feasibility of the LAAI
procedure.

Figure 1. Schematic of LAA closure device and approach. The progression of the procedure is from
(A–H). (A): Insert device into the LAA. (B): Deploy suction flute. (C): Suction onto inside distal wall
of the LAA. (D): Pull the LAA inward and invert it. (E): Extend needle into inverted space. (F) Inject
adhesive through needle-tip hypo-tube wire with side holes (blind closed tip). (G): Retract needle and
maintain suction until adhesive cures. (H): Remove closure device leaving only tissue glue behind.
The inversion of the LAA apex is not to scale, and can be much less, depending on the length of
the LAA.

2. Materials and Methods

2.1. LAAI Structural Analysis

The geometry of the left atrium (LA) including the ear-shaped sac of the LAA was
extrapolated from that of the LHHM representing the ideal average heart anatomy of a
middle-aged healthy male. No human data was used in this study, and thus no autho-
rization is needed by ethical committee. The LA geometry was then discretized with
33,632 triangular elements (S3) as a shell layer with uniform thickness of 2 mm [20]. A
nearly incompressible material with an infinitesimal value of D and material density of
ρ = 1.06 × 10−9 kg/mm3 was used. Moreover, the biomechanical behavior of the LA tissue
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wall was modeled as a hyper-elastic and isotropic material using the third-order Ogden’s
strain energy function:

W =
3

∑
i = 1

μi
αi
(λαi

1 + λ
αi
2 + λ

αi
3 − 3) (1)

where λ1 are the principle stretches with three pairs of material parameters μ and α.
Specifically, material descriptors were μ1 = −56.13 MPa, α1= 8.65, μ2 = 42.88 MPa, α2 = 10.03,
μ3 = 13.59 MPa and α1 = 6.82 as obtained from the fitting of the passive myocardium [20].

To model the LAAI procedure, we first simulated the catheter clamping of the LAA
by constraining the element nodes at the distal apex of the LAA. Then, the inversion was
simulated pulling the clamped elements inside the heart by prescribing a displacement
motion along a predefined path (i.e., the LAA centerline). Specifically, the clamped nodes
were coupled to the centerline end point of LAA while the motion was implemented though
connector assignments of constrained nodes in ABAQUS commercial software (ABAQUS
v2020, Dassault Systèmes, Waltham, MA, USA). For each time increment, the displacement
was 0.03 mm and was kept upon LAA inversion. To account for blood pressure, a uniform
pressure of 1.3 mmHg was applied to LA inner surface. For boundary conditions, the distal
ends of the pulmonary veins were fixed in all directions. The general contact algorithm
with frictionless condition was adopted to consider the interaction of LAA tissue wall with
itself during the retraction process. Simulations were carried out using ABAQUS/Explicit
solver to account for the non-linear problem with large deformation and complex contact
conditions. Energy was monitored to ensure the ratio of kinetic energy to internal energy
remained less than 10%, and a variable mass-scaling technique was adopted to keep the time
step less than 10−6. Post-processing was carried out with Ensight software by overlaying
the geometry of the whole LHHM heart.

2.2. LAAI Fluid Dynamic Analysis

Once simulation of LAAI was accomplished, the deformed configuration of the LAA
was exported to generate the fluid domain and thus assess the left heart hemodynamic
environment by unsteady computational flow analysis. Specifically, the inner volume
of the LAA wall was meshed with 2,411,143 tetrahedral elements using the ICEM CFD
(v21.0, ANSYS Inc., Canonsburg, PA, USA). Mesh quality check was evaluated by grid-
convergence index analysis to quantify the discretization error using the pressure gradient
on the LAA wall as convergence parameter, as previously [21]. The blood flow was
assumed as laminar and incompressible with non-Newtonian viscosity described by the
Carreau model [22]. The Navier–Stokes equations governing fluid motion were solved
with an implicit algorithm in FLUENT (v21, ANSYS Inc., Canonsburg, PA, USA), which
has been previously used to resolve high-frequency, time-dependent flow instabilities
encountered in complex cardiovascular anatomies [23,24]. Pressure-implicit with splitting
of operators (PISO) and skewness correction as pressure–velocity coupling, along with a
pressure staggering option (PRESTO) scheme as pressure interpolation method and with
second order accurate discretization was adopted. Convergence was enforced by reducing
the residual of the continuity equation by 10−6 at every time step. For boundary conditions,
the LAA wall was rigid with no-slip condition while flow velocity inlet (i.e., pulmonary
veins) and outlet (mitral valve) with zero-pressure condition were set as flow conditions.
For mitral valve outflow, a representative flow waveform with duration of 0.8 s at the mitral
valve section was considered [25]. Afterwards, the inflow conditions were achieved by
splitting the mitral outflow with a criterion based on proportionality of each pulmonary
vein cross-sectional area on the basis of mass balance conservation. Each inlet and outflow
were extended four times to ensure a fully developed flow at the entrance. To reduce the
effect of transient flow, simulations were continued for three cardiac beats with the last
cycle used for flow evaluation. The optimal solution was found for a time step of 0.02 s (i.e.,
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400 steps for each cardiac cycle). For comparison, a reference model using the undeformed
LAA configuration was also developed.

3. Results

Figure 2 shows the left atrial model with the LAA mesh at both undeformed and
deformed configurations. The inversion of LAA was successfully simulated upon the neck
region of the appendage tissue wall.

Figure 2. LA model (green) as extrapolated from the LHHM (grey); insertions show LAA mesh at
undeformed and deformed configurations.

Figure 3 displays the map of the circumferential stress of LAA tissue wall at different
steps of the inversion procedure. Compressive stress occurred in correspondence of the
LAA tip as it was 20% inverted. Compressive, as well as some tensile, stresses were visible
in the folded region of the LAA wall after simulation reached the 60% inversion. Only
compressive stress was found in the LAA wall after the procedure was at 80% and 100% of
the inversion. Local maxima of ~2.97 MPa compressive stresses were found at the end of
the LAAI procedure.

Specifically, Figure 4A shows the stress profile as a function of the displacement of the
LAA tip, and Figure 4B shows the pull force to invert the LAA. The stress at the end of
simulation remains at the compressive state, with an average force to pull the LAA tip wall
of 1.7 N for the whole simulation procedure.

Flow velocity at LAA was analyzed by streamlines at mitral valve flow peak of the
E-wave and early diastole for both the non-inverted and LAAI models (Figure 5). At
the peak velocity of E-wave, flow patterns were similar between the reference and LAAI
models and were characterized by parallel flow streamlines with pronounced flow velocity
at the branch of the pulmonary veins. At the early diastole, just after the deceleration phase
of the A-wave, the flow velocity at the LAA was low with magnitude comparable to that
of LA.
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Figure 3. Color-coded stress distributions in the human left atrium during inversion of the LAA.
Highest compressive (negative) stress (-1 MPa) is shown in dark blue; highest tensile (positive) stress
(1 MPa) is shown in dark red. The progression of the procedure is from #1 to #6. #1: Baseline,
before any LAA inversion. #2: LAA is 20% inverted; compressive stress is seen near tip of LAA.
#3: LAA is 40% inverted; compressive stress is seen over a larger portion of the LAA. #4: LAA is 60%
inverted; compressive, as well as some tensile stress, is visible in LAA. #5: LAA is 80% inverted; only
compressive stress is visible in LAA. #6: LAA is 100% inverted; only compressive stress is visible
in LAA.

Figure 4. (A) Average stress at LAA tip as a function of displacement of the clamped nodes:
(B) pulling force needed for LAAI as a function of simulation time.

From a qualitative perspective, there was a minimal difference in the flow pattern of
the LAAI model versus the non-inverted reference model (Figure 6). Specifically, the LAAI
model was characterized by a minimally-nested helical flow pattern with low velocity
magnitude near the tip of the inverted appendage.
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Figure 5. Flow velocity streamlines in the atrial chamber at peak systole of E-wave (top row) and
diastole (bottom row) for both the non-inverted and inverted LAA.

Figure 6. Flow velocity streamlines (top row) and velocity vector at a cross section for both the LAA
and LAAI.

Figure 7 highlighted that the mean flow velocity in a cross section at the LAAI tip over
one cardiac cycle was slightly higher than that computed for the non-inverted reference
model during diastole and the E-wave.
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Figure 7. Mean flow velocity over one cardiac cycle at the tip of LAAI and in a cross-section of LAA
(see inset).

4. Discussion

Using realistic left atrial anatomy as extracted from the LHHM, the LAA tip was virtually
clamped, and the retraction procedure was simulated to reveal insights into the biomechanics
of the inverted LAA tissue wall (Figures 1 and 2). The simulation confirmed the fundamental
hypothesis of our study, suggesting a change in the stress distribution of the LAAI tissue wall
from tensile to compressive (Figure 3) because of the inversion procedure. The circumferential
stress of the LAAI tissue wall decreased upon 2.2 MPa at the end of inversion procedure, with
the inversion process requiring a mean pull force of 1.7N (Figure 4). This compressive stress
field can ultimately lead to resorption of the tissue as per reduced stress/resorption relation.
Current LAA closure devices, whether epicardial or endocardial, must leave a device in the
heart permanently, which may cause LAA perforation, migration, incomplete closure, new
thrombus formation, and even thromboembolic events [26–28]. The concept of LAAI here
proposed to promote resorption has not been previously reported and requires no permanent
devices or implants (tissue glue or “stich” can be placed to ensure inversion configuration).
We have here demonstrated the feasibility of such an approach by numerical simulation of
LAAI in a realistic human model.

It has long been recognized that mechanics play a fundamental role in tissue growth
and remodeling, especially in cardiac diseases. Mechanobiological control mechanisms
in the myocardial wall tend to restore values of stress (or strain) toward preferred home-
ostatic values in response to diverse perturbations from normal conditions. For instance,
hypertrophic growth of cardiomyocytes is the primary response by which the left ventricle
reduces the stress on the myocardial wall imposed by pressure overload (e.g., hyperten-
sion) [29]. An increase in the tensile stress leads to intracellular signaling cascades that
promote protein synthesis with consequent increases in the size and organization of car-
diomyocytes and ultimately increasing the myocardium mass. Conversely, cardiac atrophy
is a prevalent pathology associated with failed hearts after prolonged use of ventricular
assist devices [30], resulting in an unloaded condition that causes tissue resorption. Based
on these considerations, we expect that the compressive stress distribution generated on
LAA wall by the inversion procedure could result in the resorption of the LAA tissue. Since
the inverted state of the LAA offloads the stress (see Figure 3), we expect to resorb the apex
(“blind end”) of the LAA and hence eliminate the dead space. This hypothesis requires
validation in chronic experiments because, although changes in atrial cardiomyocytes
may occur within hours, changes at the cardiac wall level occur over days to weeks or
months. The distribution of stress changes in the LAAI model can be considered as the
basis for the development of mathematical models of cardiac growth and remodeling. Such
an approach would be especially useful in understanding and predicting the long-term
biological response of LAAI and its mechanistic link with the stress level exerted on the
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LAA wall. The coupling of finite-element analysis with growth and remodeling, however,
is complicated by the complexity of cardiac tissue.

From a hemodynamic perspective, the computational flow analysis revealed minimal
differences in the flow patterns of the non-inverted LAA versus the LAAI (Figures 5 and 6),
which was characterized by slightly reduced flow velocities. In this context, computational
flow analysis has been used to predict the hemodynamic disturbances of LAA and the risk
of complications in the setting of treated and untreated AF. Using moving wall capability,
simulations predicted well the risk of LAA thrombosis in a small cohort of patients and
demonstrated that both wall kinetics and LAA shape contribute the development of blood
stagnation to the LAA [31]. Computational flow analysis also demonstrated that not only
complex LAA shapes have low velocities and vorticity indexes and consequently high
risk of thrombogenic events, but even simple morphologies may have thrombogenic risk
equal to, or even higher than, more complex auricles [32]. Among LAA phenotypes, the
Windsock LAA shape is associated with a high risk of thrombosis as compared to that of
Cauliflower morphology, according to computational estimations of blood washout [33]
and clinical evidence [34]. Our findings from computational flow analysis corroborate
the low blood flow velocity pattern in the LAA geometry, and this suggests the risk of
thrombosis for the LAAI model given the low velocity, which appeared similar to that of
the non-inverted LAA. It is evident, however, that the LAAI procedure remarkably reduced
the area of blood stasis because of inverted tissue wall occupying the auricle, ultimately
determining AF-related ischemic stroke by detachment of thrombus material. Given the
association between LAA phenotype and function, further studies on different LAA shapes
are needed to better understand the development of thrombus formation after simulation
of the LAAI procedure.

There are several limitations in this numerical proof of concept study. First, for the
sake of simplicity, the LAA tissue wall was assumed to be a passive and isotropic material
with uniform thickness. During heart beating, contractile material force is initiated through
changes in the electrical potential and depends on reference tension, the primary fiber
stress ratio, the fiber-stretch velocity and the current cellular state. Second, knowledge of
myofiber orientation is a crucial for model development even in a non-contracting my-
ocardium because myocardial mechanical properties are significantly stiffer in the local
myofiber direction than in a plane transverse to the myofiber direction. Our group has ex-
tensively studied and developed constitutive material law to account for the active material
contraction and includes myofiber orientation as validated against in-vivo measured strain
data [35,36]. Further studies will be undertaken to consider a more realistic constitutive
behavior for the atrial chamber to refine predictions of LAAI biomechanics and reduce the
impact of model assumptions. Third, in computational flow analyses, the rigid LA wall did
not allow us to include the LA volume variation induced by the atrial contraction, likely
resulting in a flow-rate change over the cardiac cycle. Fourth, no turbulence model was
included, even though recent studies demonstrated the presence of a transitional flow in
specific regions of the atrial chamber, but depending on patient anatomy. Indeed, The LAA
morphology can play an important role in the development of turbulent flow conditions.
In fact, the cauliflower-type LAA may lead to low blood flow velocity and vorticity. In
future studies, the impact of turbulence on the resulting hemodynamic of LAAI will be
therefore investigated. However, this study was carried out to assess the overall impact of
the LAAI hemodynamic, rather than perfecting the model representation and fidelity. Most
importantly, this study was not developed to test the resorption of the inverted appendage
for which a stress-growth law modeling the resorption of the biological tissue subjected to
stress reduction is required. Finally, the present study was developed only on a single LAA
geometry. Thus, the simulation framework here proposed will be applied in a large patient
cohort to validate the results of the current proof of concept study.
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5. Conclusions

As a proof-of-concept, this study demonstrated the feasibility of the LAAI procedure
for removal of the dead space of the appendage without leaving any device behind. Al-
though further model improvements are needed, the simulation framework here proposed
can be used not only to quantify the biomechanics and hemodynamic of LAAI but also to
optimize LAAI procedure development towards translation in clinical practice.
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Abstract: Patients with atrial fibrillation (AF) still experience a high mortality rate despite optimal
antithrombotic treatment. We aimed to identify clinical phenotypes of patients to stratify mortality
risk in AF. Cluster analysis was performed on 5171 AF patients from the nationwide START registry.
The risk of all-cause mortality in each cluster was analyzed. We identified four clusters. Cluster 1 was
composed of the youngest patients, with low comorbidities; Cluster 2 of patients with low cardiovas-
cular risk factors and high prevalence of cancer; Cluster 3 of men with diabetes and coronary disease
and peripheral artery disease; Cluster 4 included the oldest patients, mainly women, with previous
cerebrovascular events. During 9857 person-years of observation, 386 deaths (3.92%/year) oc-
curred. Mortality rates increased across clusters: 0.42%/year (cluster 1, reference group), 2.12%/year
(cluster 2, adjusted hazard ratio (aHR) 3.306, 95% confidence interval (CI) 1.204–9.077, p = 0.020),
4.41%/year (cluster 3, aHR 6.702, 95%CI 2.433–18.461, p < 0.001), and 8.71%/year (cluster 4, aHR
8.927, 95%CI 3.238–24.605, p < 0.001). We identified four clusters of AF patients with progressive
mortality risk. The use of clinical phenotypes may help identify patients at a higher risk of mortality.

Keywords: atrial fibrillation; all-cause mortality; phenotype; risk factors

1. Introduction

Atrial fibrillation (AF) is a highly prevalent cardiac disease characterized by an in-
creased risk of thromboembolic events and cardiovascular disease, such as myocardial
infarction [1]. In addition to ischemic complications, patients with AF experience a high
rate of mortality, which is estimated at ≥4%/year [2,3]. Of note, at least one-third of causes
of death are related to non-cardiovascular disease [4,5], which are indeed not significantly
modified by antithrombotic treatments.

Despite the extensive use of scores for risk stratification in AF, this approach presents
several limitations.

Thus, a recent study confirmed that in AF patients the predictive performance of
common risk scores against mortality was limited, with c-indexes generally <0.65 [6]. Some
other scores are also difficult to calculate, requiring many clinical and laboratory variables
and are therefore not easy to be used in daily clinical practice [7,8]. Furthermore, in the
need of a simple approach, some important clinical characteristics are often not included in
current risk stratification schemes, neglecting some potential important factors that need
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to be addressed. In many cases, scores are also applied to cohorts with missing variables
or with single items not properly calculated as in the case of retrospective registries using
codes. Of note, in patients with AF, only one risk score, the BASIC-AF risk score has been
proposed to predict mortality in AF patients [9]. However, this score includes imaging and
laboratory variables that are not always available for outpatients [9].

Cluster analysis may play a role in overcoming these limitations, especially in the
case of overlapping risk factors. Previous studies showed that clustering may allow a
better characterization of the disease phenotype in different clinical settings such as heart
failure [10,11] and chronic obstructive pulmonary disease [12]. This approach may have an
important impact in clinical practices by implementing risk stratification.

The aim of the study was to analyze in patients enrolled in the large cohort of the
START (Survey on anTicoagulated pAtients RegisTer) registry, clinical phenotypes of AF by
cluster analysis, and the association with mortality risk.

2. Materials and Methods

Details of the multicenter nationwide START registry were previously described [13].
Briefly, the START-register is an observational, multicenter, ongoing cohort study that
includes patients (≥18 years) who start anticoagulation therapy. The present analysis
is limited to patients with non-valvular AF starting oral anticoagulants, either vitamin
K antagonists (VKAs) or direct oral anticoagulants (DOACs). Patients treated with low-
molecular weight heparin were excluded. Patients with life expectancy <6 months, or
non-residents in the participant region, or planning to leave in the next 6 months, were not
included in the registry, as well as patients already enrolled in phase II or III clinical studies.
Patients enrolled in other observational or phase IV studies were considered eligible for
the study.

2.1. Ethics

All patients signed an informed written consent at study entry. The registry was
approved in October 2011 (ref. 142/2010/0/0ss) by the Ethical Committee of the Insti-
tution of the Coordinating Member (University Hospital “S. Orsola-Malpighi”, Bologna,
Italy). The study is registered at clinicaltrials.gov identifier: NCT02219984 and is still
ongoing/recruitment is still open. The study is conducted according to the declaration
of Helsinki.

In particular, the START registry (Survey on anTicoagulated pAtients RegisTer,
NCT02219984), is promoted by the Arianna Anticoagulazione Foundation, Bologna. The
registry is investigator-driven, non-sponsored, and was approved by the ethics committee
of each participating institution (Campus Bio-Medico University of Rome, Italy; Monaldi
Hospital and “Luigi Vanvitelli” University of Campania, Italy; “Federico II” University of
Naples, Italy; University of Perugia, Italy; University Hospital of Padua, Italy; Sapienza
University of Rome, Italy; University of Florence, Italy).

2.2. Patient and Public Involvement Statement

Patients or the public were not involved in the design, conduct, reporting, or dissemi-
nation plans of our research.

2.3. Statistical Analysis

Data are expressed as mean and standard deviation or the median and interquartile
range (IQR) depending on the variable distribution. Group comparisons were performed
by the unpaired Student’s t-test. Proportions and categorical variables were tested by the
χ2 test.

In order to identify subgroups of patients with the most similar baseline characteristics
we selected a pool of variables and proceeded with cluster analysis. We decided to use the
following clinical variables: age, sex, diabetes, previous cerebrovascular events (defined as
ischemic stroke or transient ischemic attack), previous cardiovascular events, heart failure,
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peripheral artery disease (PAD), use of non-vitamin K oral anticoagulants, cancer, pul-
monary disease, smoking habit, previous major bleeding. The following clinical variables
were instead not used for the cluster analysis: persistent/permanent AF, body mass index
(BMI), hypertension. We excluded these variables as their use would have led to a large
number of groups, which would not have been useful for clinical purposes. Concomitant
drugs were not used for clustering to avoid bias by indication. Furthermore, composite
variables, such as CHA2DS2-VASc and HAS-BLED scores were not used since we used
their components. For cluster analysis we proceeded using a model based procedure where
continuous variables in each cluster were assumed to follow the multivariate Gaussian
distribution, and categorical variables to follow a multinomial distribution, as in Hennig
and Liao [14]. Model-based clustering allows us to use a formal criterion for selecting the
optimal number of groups. In this work, we selected the optimal number of clusters by
comparing minimizing the Bayesian information criterion.

The incidence of all-cause mortality by each cluster was estimated using a Kaplan–
Meier product-limit estimator. Survival curves were formally compared using the log-rank
test. Univariable and multivariable Cox proportional hazard regression analyses were used
to calculate the (adjusted) relative hazard ratios (HRs) of death. In the multivariable model,
we adjusted for variables not used to define the clusters, not using composite variables
(such as risk scores) to avoid overadjustment.

All tests were two-tailed, a p-value < 0.05 was considered statistically significant.
Analyses were performed using computer software IBM® SPSS® Statistics version 25 (IBM,
Armonk, NY, USA). and R version 3.6.2 (RStudio, Boston, MA, USA).

3. Results

3.1. Description of Clusters

Table 1 shows clinical and biochemical characteristics of patients according to each cluster.
Cluster 1 (n = 512). Youngest and low comorbidities. This cluster included patients

with the lowest mean age (55.6 ± 7.9 years) and with a low prevalence of women (23.6%),
and with the overall lowest burden of cardiovascular comorbidities with only 14.6% of
patients with a history of cerebrovascular events (second lowest prevalence). These patients
were less likely to be treated with DOACs (only 10%). In this cluster, there was the highest
proportion of obese patients (30.1%) and the highest use of anti-arrhythmic drugs (32.8%),
probably related to the low proportion of patients with persistent/permanent AF (51.4%).

Cluster 2 (n = 2201). Low cardiovascular risk and high cancer. This was the largest
cluster including patients with a relatively high mean age (75.0 ± 6.0 years) and 54% of
patients were women (second highest group). This group was characterized by the lowest
prevalence of cardiovascular risk factors and the highest proportion of patients with cancer
(18.2%). Regarding anticoagulant treatment, the use of DOACs was present in 27% of
patients. Among medications, aspirin was prescribed in 5.2% of patients despite a very
low prevalence of cardiovascular disease at baseline (1.5%). The prevalence of anemia was
significantly higher than cluster 1 (19.3% versus 11.3%, respectively).

Cluster 3 (n = 1268). High cardiovascular risk and more men. This cluster displayed
the lowest prevalence of women (8.1%) while the mean age was similar to cluster 2. Cardio-
vascular risk factors were highly prevalent, being the cluster with the highest proportion
of diabetes (35.0%), previous cardiovascular disease (53.5%), PAD (16.1%), and chronic
pulmonary disease (27.8%). Moreover, previous cerebrovascular events (17.2%) and heart
failure (29.2%) were common, with the second highest prevalence among clusters. This
cluster disclosed the highest use of aspirin in 21.1%. Among variables not used for cluster-
ing, this group was the first for highest for the use of proton pump inhibitors (58.7%) and
statins (54.7%) and for the prevalence of thrombocytopenia (14.7%), and the second highest
for the prevalence of anemia and hypertension.

Cluster 4 (n = 1190). Oldest, more women, and cerebrovascular disease. This cluster
was composed mainly by elderly patients (mean age 83.7 ± 4.2) with the highest number
of women (78.2%) and persistent/permanent AF (70.8%). The prevalence of previous
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cerebrovascular events in this group was the highest among clusters with 23.9% of pa-
tients, as well as heart failure (31.1%); the second highest proportion of chronic pulmonary
disease (21.0%) and previous cardiovascular disease (18.1%) was found. This was the
group with the highest use of DOACs (33.8%). Regarding other comorbidities, this group
had the highest prevalence of chronic kidney disease (78.8%), anemia (34.6%), and hy-
pertension (88.2%). Concerning medications, this cluster had the highest use of DOACs
(33.8%), digoxin (15.8%), and the second highest use of statins (29.5%) and proton pump
inhibitors (53.1%).

Table 1. Clinical and biochemical characteristics of patients according to each cluster.

Cluster Denomination
Whole
Cohort

Cluster 1 Cluster 2 Cluster 3 Cluster 4
p-Value
(among
Groups)

Youngest and Low
Comorbidities

Low Cardiovascular
Risk and High Cancer

High Cardiovascular
Risk and More Men

Oldest, More Women
and Cerebrovascular

Disease

Cluster size n 5171 512 2201 1268 1190

Variables used to define clusters

Age (years) 75.0 ± 9.6 55.6 ± 7.9 75.0 ± 6.0 74.6 ± 7.0 83.7 ± 4.2 <0.001

Women (%) 45.3 23.6 54.0 8.1 78.2 <0.001

Diabetes (%) 20.2 10.7 16.5 35.0 15.1 <0.001

Previous cerebrovascular
events (%) 16.5 14.6 12.5 17.2 23.9 <0.001

Previous cardiovascular
disease (%) 18.6 6.8 1.5 53.5 18.1 <0.001

Heart failure (%) 15.5 7.0 1.1 29.2 31.1 <0.001

Peripheral Artery Disease (%) 6.4 0.8 0.6 16.1 9.1 <0.001

Cancer (%) 13.6 2.9 18.2 15.1 8.1 <0.001

Pulmonary disease (%) 12.6 3.1 1.5 27.8 21.0 <0.001

Smoking (%) 13.2 21.9 2.7 39.4 1.1 <0.001

Previous major bleeding (%) 3.5 1.4 1.9 4.5 6.1 <0.001

DOACs (vs. VKAs) (%) 25.8 10.0 27.0 22.7 33.8 <0.001

Variables not used for cluster analysis

Persistent/permanent AF (%) 63.3 51.4 60.7 65.7 70.8 <0.001

BMI (kg/m2) 26.9 ± 4.7 28.1 ± 5.5 26.7 ± 4.5 27.6 ± 4.6 25.8 ± 4.6 <0.001

Obesity (BMI ≥ 30 kg/m2) 21.1 30.1 19.9 24.1 16.6 <0.001

Creatinine Clearance
(mL/min) 66.8 ± 28.3 103.8 ± 33.6 67.6 ± 22.8 68.6 ± 26.8 47.6 ± 17.4 <0.001

Chronic kidney disease
(Creatinine clearance

<60 mL/min) (%)
45.1 5.1 39.5 39.4 78.8 <0.001

Hemoglobin (g/dl) 13.5 ± 1.8 14.5 ± 1.6 13.6 ± 1.6 13.6 ± 1.8 12.7 ± 1.6 <0.001

Anemia (<12 g/dL for women
and <13 g/dL for men) (%) 24.7 11.3 19.3 30.0 34.6 <0.001

Platelet count (×109/L) 222.2 ± 68.9 223.3 ± 62.0 223.0 ± 69.6 213.8 ± 70.7 229.2 ± 67.7 <0.001

Thrombocytopenia
(<150 × 109/L, %) 10.7 9.0 10.3 14.7 7.9 <0.001

Hypertension (%) 80.6 59.6 78.1 86.3 88.2 <0.001

CHA2DS2 VASc score 3.6 ± 1.5 1.5 ± 1.1 3.3 ± 1.2 3.9 ± 1.4 4.7 ± 1.2 <0.001

HAS-BLED score 1.3 ± 0.7 0.4 ± 0.6 1.2 ± 0.6 1.5 ± 0.8 1.5 ± 0.6 <0.001

Aspirin (%) 9.7 6.3 5.2 21.1 7.5 <0.001

Statins (%) 33.7 21.3 26.8 54.7 29.5 <0.001

Anti-arrhythmic drugs (%) 25.2 32.8 26.2 25.1 20.3 <0.001

Digoxin (%) 9.2 6.1 7.2 8.0 15.8 <0.001

Proton pump inhibitors (%) 45.9 32.6 37.8 58.7 53.1 <0.001

BMI: body mass index; DOAC: direct oral anticoagulant; VKA: vitamin K antagonist; AF: atrial fibrillation;
BMI, body mass index.
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3.2. Clusters and Mortality Risk

During a mean follow-up of 22.9 ± 16.7 months yielding 9857 person-years of observa-
tion, 386 deaths (3.92%/year) were registered. Incidence rate of mortality was 0.42%/year
(95%CI 0.11–1.10) in cluster 1 (reference group), 2.12%/year (95%CI 1.71–2.59) in cluster 2
(HR 5.068, 95%CI 1.863–13.784, p = 0.001 versus cluster 1), 4.41%/year (95%CI 3.60–5.35) in
cluster 3 (HR 10.513, 95%CI 3.872–28.544, p < 0.001 versus cluster 1), 8.71%/year (95%CI
7.50–10.1) in cluster 4 (HR 20.708, 95%CI 7.690–55.761, p < 0.001 versus cluster 1) (Figure 1).

Figure 1. Description of clusters characteristics and incidence rates of mortality. Abbreviations:
AF: atrial fibrillation; CAD: coronary artery disease; PAD: peripheral artery disease; PPI: proton
pump inhibitors; HF: heart failure; CKD: chronic kidney disease; DOACs: direct oral anticoagulants.

Kaplan–Meier curves (Figure 2) showed a significant difference in the incidence of
mortality across clusters, which increased from cluster 1 to 4 (log-rank test p < 0.001).

Figure 2. Kaplan–Meier curves for risk of mortality according to different clusters.
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At the multivariable Cox proportional regression analysis, clusters remained associ-
ated with mortality after adjustment for confounding factors and medications (Table 2).

Table 2. Multivariable Cox proportional regression analysis of factors associated with mortality.

Variables Hazard Ratio 95% Confidence Interval p-Value

Cluster 2 (vs. 1) * 3.306 1.204 9.077 0.020
Cluster 3 (vs. 1) * 6.702 2.433 18.461 <0.001
Cluster 4 (vs. 1) * 8.927 3.238 24.605 <0.001

Persistent/permanent AF 1.231 0.975 1.553 0.081
Statin 0.655 0.519 0.828 <0.001

Digoxin 0.963 0.692 1.339 0.822
Proton pump inhibitors 1.367 1.108 1.686 0.004

Hypertension 1.009 0.747 1.363 0.953
Obesity 1.217 0.930 1.592 0.152
Anemia 1.618 1.313 1.993 <0.001

Thrombocytopenia 1.418 1.060 1.898 0.019
Chronic kidney disease 2.347 1.821 3.024 <0.001
Anti-arrhythmic drugs 0.713 0.552 0.922 0.010

Aspirin 0.880 0.620 1.248 0.472
* Global p-value p < 0.001. Abbreviation: AF: atrial fibrillation. Statistically significant values are marked
with bold

4. Discussion

From the large dataset of the Italian START registry, we identified four groups of AF
patients with specific characteristics and graded progressive risk of all-cause mortality.

The four clusters showed specific clinical characteristics. Cluster 1 was the group with
the lowest incidence of mortality and was composed of the youngest patients, with obesity
and low comorbidities. This group was coincidentally characterized by a relatively lower
proportion of paroxysmal AF, compared to the other clusters. The lower risk of mortality in
patients with paroxysmal AF was reported in the post hoc analysis of the ENGAGE AF-TIMI
48 Trial (Effective Anticoagulation with Factor Xa Next Generation in Atrial Fibrillation-
Thrombolysis in Myocardial Infarction 48), which showed a lower risk of mortality in
paroxysmal versus permanent AF (1.49%/year and 1.95%/year, respectively) [15]. This
cluster was also characterized by a higher proportion of obese patients. Regarding obesity,
the real meaning of this association is hard to explain, as BMI does not take into account
fat composition and visceral adiposity. A recent analysis showed a U-shaped association
between body weight and mortality in AF [16].

Cluster 2 included patients with low cardiovascular risk factors and a high proportion
of cancer. Patients in this group disclosed a five-fold increased risk of mortality compared to
patients without cancer. This finding is in line with a previous finding showing that cancer
is an important risk factor for mortality in the AF population [5,17], requiring specific
management of anticoagulation according to cancer-specific treatments [18].

Cluster 3 was composed of mainly men with diabetes and coronary and PAD, a high
proportion of thrombocytopenia, and a high use of aspirin, proton pump inhibitors, and
statins. This cluster clearly defines patients with vascular disease. Coronary disease and
PAD are frequently associated in patients with AF and increase the risk of cardiovascular
events [19]. Thus, it is not surprising that in this cluster there was a high use of statins,
which are recommended to prevent cardiovascular events in patients with PAD [20] and
have been shown to improve outcomes in the AF population [21].

Cluster 4 included the oldest patients, mainly women, with previous cerebrovascular
events, persistent/permanent AF, heart failure, kidney disease and anemia. The lowest
prevalence of obesity in this cluster may reflect the association of sarcopenia with advancing
age. The high proportion of patients with heart failure in this cluster (>30%) confirms the
pivotal role of this comorbidity as the leading cause of death in patients with AF, even more
important than ischemic stroke [22,23].
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Our analysis has significant differences when compared to two previous studies
that analyzed the clinical phenotype of AF patients [24,25]. The first study developed
clusters from a Japanese cohort with very different clinical characteristics than our cohort,
such as low prevalence of hypertension, which is actually one of the leading causes of
mortality worldwide [24]. Furthermore, about 11% of patients with an indication to
oral anticoagulation, i.e., a CHA2DS2-VASc score equal to or above 2, were not taking
anticoagulants [26]. Another study included 9749 patients with AF in the US [25], and
identified four clusters which, however, were not easy to use; thus, cluster 3 shared similar
characteristics of cluster 4 regarding the proportion of hypertension, respiratory and chronic
kidney disease, along with a similar age [25]. Furthermore, the proportion of diabetes was
very similar between clusters 3 and 2 [25]. This overlap of risk factors was also evident in
the external cohort from the ORBIT-AF [25]. All these factors make the allocation of patients
in a specific cluster difficult. Finally, cancer was not considered for cluster formation in
either of the two studies; this is an important point as we believe that it may define a
specific subgroup of AF patients with peculiar characteristics.

The identification of clinical clusters of AF patients at different mortality risks may be
complementary to the integrated approach proposed by recent guidelines for the manage-
ment of AF patients [26,27]. In this view, the application of the ABC pathway may differ in
the four clusters. For instance, patients in cluster 1 may benefit from an early rhythm and
symptoms control, whilst patients in clusters 3 and 4 from a tight control of cardiometabolic
diseases, such as diabetes, hypertension, and dyslipidemia. This tailored approach may
lead to a reduction of mortality in this population of high-risk patients.

Our study has some strengths and limitations to acknowledge. Cluster analysis is
an unbiased approach to identify patients at a higher risk of death. Thus, apart from oral
anticoagulation, which is a common indication for all patients, we did not use concomitant
drugs to define clusters, to avoid any bias by indication. Moreover, we also considered
risk factors not included in the current risk stratification scores, providing information on
additional comorbidities that need to be managed in AF patients. The large sample size
of the study cohort, which recruited patients from any region of our country, is another
strength of our work, which makes our study representative of our general AF population
and adequate to perform the cluster analysis. Despite the advantage provided by a cluster-
based approach to identify subgroups of patients within a specific disease, the problem
with the cluster analysis is the generalization of results to other populations [28].

As a limitation, and an open field for future research, we could not investigate the
association of clusters with specific causes of death. We only included patients of Caucasian
ethnicity; thus, clinical phenotypes may be different in other populations.

In conclusion, we identified specific phenotypes of AF patients showing a different
association with mortality. A correct global risk stratification strategy should include
clinical phenotypes of patients beyond risk scores application.
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Abstract: The Atrial Fibrillation Better Care (ABC) pathway was proposed for a more integrated
atrial fibrillation (AF) care. We investigated if adherence to the ABC pathway was associated to the
quality of anticoagulation control in a cohort of AF outpatients starting vitamin K antagonists (VKAs)
between July 2016 and June 2018. Patients were considered adherent to the ABC pathway if they
met all of its components. The time in therapeutic range (TTR) was estimated at one year. In total,
1045 patients (51.6% female; median age 77 years; 63% ABC pathway adherent) were included. At one
year, 474 (51.6%) of 919 patients with international normalized ratio (INR) data for TTR estimation
had a TTR < 65%. Among ABC pathway non-adherent patients, a greater proportion had TRT < 65%
(56.4% vs. 43.6%, p = 0.025), and TTR < 70% (64.9% vs. 35.1%, p = 0.033), with lower mean TTR
in non-adherent patients (59.4 ± 22.3% vs. 63.9 ± 21.1%; p = 0.004). Logistic regression models
demonstrated that the ABC pathway adherence in its continuous (aOR: 0.75, 95% CI 0.59–0.96) and
categorical (aOR: 0.75, 95% CI 0.57–0.98) forms was independently associated with TTR ≥ 65%. In
this ‘real-world’ cohort of AF patients starting VKAs, the ABC pathway adherent patients had better
TTR, and more ABC criteria fulfilled increased the probability of achieving good TTR.

Keywords: atrial fibrillation; vitamin K antagonists; time in therapeutic range; Atrial Fibrillation
Better Care (ABC) pathway

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia, with a prevalence of ~2%
in the overall population and up to 15% in the elderly aged ≥80 years old [1]. AF is
associated with high morbidity and mortality mainly due to its increased risk of stroke and
thromboembolism [2], and oral anticoagulation (OAC, either with vitamin K antagonists
[VKAs] or non-vitamin K antagonists [NOACs]) is effective in reducing these risks [3,4].
Despite OAC therapy, cardiovascular complications such as acute coronary syndrome and
cardiovascular death are frequent, due to the coexistence of others cardiovascular risk
factors such as high blood pressure or diabetes mellitus.

Thus, a more holistic and integrated care approach to managing AF has been pro-
posed, not only focused on stroke prevention, but also efforts to reduce cardiovascular risk
factors/comorbidities, including broader approaches such as nurse-led interventions, edu-
cation and lifestyle modifications (e.g., obesity management, physical exercise and healthy
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diet) [5,6]. This is proposed in the Atrial Fibrillation Better Care (ABC) pathway, where
‘A’ refers to ‘Avoid stroke’; ‘B’ refers to ‘Better symptom management’ and ‘C’ refers to
‘Cardiovascular and comorbidity risk reduction’ [7]. Recently, the 2020 European Society of
Cardiology guidelines on the management of AF, as well as other international guidelines,
have recognized this need for a more integrated care, by including for the first time the
ABC pathway as a simplified and concise approach that integrates the care of AF patients
across various levels of healthcare professionals and between specialties [8–10].

Despite the increasing use of NOACs, VKAs are still the most commonly used an-
ticoagulants for stroke prevention in AF in several countries. However, the efficacy and
tolerability of VKAs depends on the quality of anticoagulant control, as reflected by the
mean time in therapeutic range (TTR) of international normalized ratio (INR) 2.0 to 3.0 [11].
Indeed, a high TTR translates into a lower risk of adverse events [12–14]. However, there is
no evidence to date whether a more holistic approach to management of AF as reflected by
the ABC pathway is associated with better quality of anticoagulation control in VKA users.

In the present study, we investigated the relationship between the ABC pathway and
the quality of anticoagulation control in a contemporary cohort of real-world AF patients
starting VKA therapy.

2. Materials and Methods

Detailed methods of the present study have been previously published [15]. Briefly,
this was a prospective observational cohort study including outpatients newly diagnosed
with AF and OAC-naïve attending an anticoagulation clinic of a tertiary hospital (Murcia,
Spain), from 1 July 2016 to 30 June 2018. The inclusion criteria were as follows: adult AF
patients (i.e., ≥18 years old) with documented evidence of AF on ECG and not previously
taking OAC for another reason, starting VKAs for the first time. Patients with prosthetic
heart valves and severe (mainly rheumatic) valvular AF were excluded. No other exclusion
criteria were established.

At baseline, a complete medical history was recorded, including socio-demographic
and anthropometric data, comorbidities, concomitant therapies and results of the most
recent lab test. Stroke risk (CHA2DS2-VASc) and bleeding risk (HAS-BLED) were estimated.
We also calculated the SAMe-TT2R2 score [Sex, Age (<60 years); Medical history (at least
2 of the following: hypertension, diabetes, coronary artery disease/myocardial infarction,
peripheral arterial disease, congestive heart failure, previous stroke, pulmonary disease,
hepatic or renal disease); Treatment (interacting drugs, e.g., amiodarone for rhythm control):
all 1 point; the current Tobacco use (2 points); and Race (non-Caucasian; 2 points)] as
a measure of whether the patient was likely to have good anticoagulation control on
VKA [16].

The study protocol was approved by the Ethics Committee from the University Hos-
pital Morales Meseguer (reference: EST: 20/16), and was carried out in accordance with
the ethical standards established in the 1964 Declaration of Helsinki and its subsequent
amendments. Informed consent was required for participation in this study.

2.1. ABC (Atrial Fibrillation Better Care) Pathway Assessment

The ABC pathway was evaluated according to its original definition, as follows:
‘A’ Criterion: At baseline, a patient would qualify for this criterion if properly pre-

scribed and treated with an OAC. As all patients were included in the context of starting
VKA therapy and no previous data about the TTR were available, the ‘A’ criterion was
considered fulfilled if VKA was correctly prescribed according to thromboembolic risk (i.e.,
CHA2DS2-VASc ≥ 1 in males or CHA2DS2-VASc ≥ 2 in females).

‘B’ Criterion: Defined as the presence of symptoms, classified by the European Heart
Rhythm Association (EHRA) symptom scale. Any patient with an EHRA score of I (no
symptoms) or II (mild symptoms not affecting daily life) qualified for this criterion. Data
on symptoms were collected at baseline.
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‘C’ Criterion: Defined as the optimal management/medical treatment of the main car-
diovascular comorbidities: hypertension, coronary artery disease, peripheral artery disease,
heart failure, stroke/transient ischaemic attack (TIA), and diabetes mellitus. Optimal medi-
cal treatment was defined as follows: (i) for hypertension, this was considered controlled if
blood pressure <160/90 mmHg was recorded at baseline and treated with appropriate anti-
hypertensive drugs; (ii) for coronary artery disease, treatment with angiotensin-converting
enzyme (ACE) inhibitors, beta-blockers, and statins; (iii) for peripheral artery disease or
previous stroke/TIA, treatment with statins; (iv) for heart failure, treatment with ACE
inhibitors/angiotensin receptor blockers and beta-blockers; and (v) for diabetes mellitus,
treatment with insulin or oral antidiabetics. To be included as adherent to ‘C’ criterion, all
main risk factors should have been controlled and/or treated with appropriate drugs.

A patient was considered as fully ABC pathway adherent (‘ABC adherent care’) if all
the three criteria were fulfilled.

2.2. Follow-Up and Study Outcomes

Follow-up was performed according to the standard of care at each routine visit to the
outpatient anticoagulation clinic or visits for the anticoagulation control. Medical records
and telephone calls were used to obtain the information needed and vital status, if the
patient never attends to these visits. No specific interventions and no specific visits were
performed for study purposes. During one-year of follow-up, all INR measurements were
recorded. The therapeutic range was established at INR 2.0–3.0 according to national and
international recommendations.

For the present study, the primary endpoint was the quality of anticoagulation with
VKA by using the TTR calculated by the linear interpolation method of Rosendaal at
one-year after entry [17]. The linear interpolation proposed by Rosendaal is based on the
assumption that moving from one INR to a different one in two determinations separated
by a certain number of days occur in a linear way, crossing the difference between the two
INR values during those days. Thus, it estimates that the difference between two different
INR determinations belonging to different days was produced by increasing or decreasing
the INR each day [17]. The secondary endpoint was the quality of anticoagulation with
VKA by using the proportion of INRs in range (PINRR, the so-called direct method). This
simple method estimates the quality of anticoagulation by taking into account how many
INRs are within the therapeutic range (i.e., INR 2.0–3.0) over the total INRs measured [18].
The TTR and PINRR were calculated, excluding the first month of anticoagulation, and
we used two cut-off points for the definition of not well controlled VKA therapy (<65%
and <70%).

2.3. Statistical Analyses

Continuous variables were expressed as mean ± standard deviation (SD) or median
and interquartile range (IQR) as appropriate, whilst categorical variables were expressed as
absolute frequencies and percentages. The Pearson chi-squared test was used to compare
proportions, and differences between continuous and categorical variables were assessed
using the Mann–Whitney U test or the Student t test, as appropriate. The correlation
between the ABC pathway and TTR was tested using the Pearson’s r.

Multivariate logistic regression analyses were performed to determine the association
between the ABC pathway and the primary/secondary endpoints. A univariate significance
level of 0.05 was required to allow a variable into the multivariate model (SLENTRY = 0.05)
and a multivariate significance level of 0.05 was required for a variable to stay in the model
(SLSTAY = 0.05). Results were reported as adjusted odds ratios (aOR) with a 95% confidence
interval (CI).

A p-value < 0.05 was accepted as statistically significant. Statistical analyses were
performed using SPSS v. 25.0 (SPSS, Inc., Chicago, IL, USA), and MedCalc v. 16.4.3
(MedCalc Software bvba, Ostend, Belgium) for Windows.
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3. Results

Overall, 1254 patients with AF were initially screened and 1064 were included. Of
these, 14 patients were lost to follow-up and 5 patients had no all data for the ABC pathway
estimation, giving a final study cohort of 1045 patients (Figure 1) (51.6% female; median
age 77, IQR 70–83 years) with a median CHA2DS2-VASc of 4 (IQR 3–5) and HAS-BLED of
2 (IQR 2–3). Baseline data are summarized in Table 1.

Figure 1. Flow-chart of the study. AF = atrial fibrillation; INR = international normalized ratio;
OAC = oral anticoagulation; TTR = time in therapeutic range.

Table 1. Baseline clinical characteristics.

N = 1045

Demographic
Male sex, n (%) 506 (48.4)

Age (years), median (IQR) 77 (70–83)
BMI (kg/m2), median (IQR) 30.0 (26.8–33.3)

Comorbidities, n (%)
Hypertension 874 (83.6)

Diabetes mellitus 393 (37.6)
Heart failure 261 (25.0)

History of stroke/TIA/thromboembolism 162 (15.5)
Renal impairment 197 (18.9)

Coronary artery disease 190 (18.2)
Peripheral artery disease 66 (6.3)

Hypercholesterolemia 608 (58.2)
Current smoking habit 157 (15.0)

Current alcohol consumption 71 (6.8)
History of previous bleeding 173 (16.6)

COPD/OSAH 230 (22.0)
Hepatic disease 68 (6.5)

Concomitant malignant disease 150 (14.4)
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Table 1. Cont.

N = 1045

Concomitant treatment, n (%)
Antiarrhythmics 214 (20.5)

Calcium antagonist 317 (30.3)
Beta-blockers 723 (69.2)

Statins 555 (53.1)
Diuretics 571 (54.6)

Antiplatelet therapy 256 (24.5)
ACE inhibitors 255 (24.4)

Angiotensin II receptor blockers 456 (43.6)
Oral antidiabetics/insulin 279 (26.7)

CHA2DS2-VASc, median (IQR) 4 (3–5)
HAS-BLED, median (IQR) 2 (2–3)

SAMe-TT2R2, median (IQR) 1 (1–2)
ACE inhibitors = angiotensin-converting enzyme inhibitors; COPD/OSAH = chronic obstructive pulmonary
disease/obstructive sleep apnoea/hypopnoea; BMI = body mass index; IQR = interquartile range; TIA = transient
ischemic attack.

With regards to the ABC pathway, 1017 (97.3%) of patients fulfilled the “A” criterion
at baseline; 890 (85.2%) fulfilled the “B” criterion; and 809 (77.4%) fulfilled the “C” criterion.
Overall, 32 (3.1%) were adherent to one criterion, 355 (34.0%) were adherent to two criteria,
and 658 (63.0%) were adherent to all three criteria. Thus, 658 (63%) were categorized as
adherent to the ABC pathway at baseline, whereas 387 (37%) were considered not adherent.

However, enough INR data for TTR estimation was available in 919 patients at one-
year of follow-up (Figure 1). The mean TTR of these patients was 62.3% ± 21.7%; 474 (51.6%)
of them did not achieve a TTR over 65% (mean TTR 45.9% ± 16.2%) and 555 (60.4%) did not
achieve a TTR over 70% (mean TTR 49.0% ± 16.8%). Among those non-adherent to the ABC
pathway at baseline, a higher proportion presented a TTR < 65% than TTR ≥ 65% (56.4% vs.
43.6%, p = 0.023), as well as a higher proportion had TTR < 70% compared to TTR ≥ 70%
(64.9% vs. 35.1%, p = 0.031) at one year. Of note, the mean TTR was lower in those non-
adherent to the ABC pathway compared to ABC-adherent patients (59.4% ± 22.3% vs.
63.9% ± 21.1%; p = 0.002).

3.1. ABC Pathway Adherence and Quality of Anticoagulation Control

The ABC pathway as a continuous parameter and the TTR were significantly correlated
(p < 0.001) (Figure 2). A logistic regression model showed that the ABC pathway in its
continuous form was associated with the quality of anticoagulation control, even after
adjusting for the SAMe-TT2R2 score. A greater number of ABC pathway criteria fulfilled
was independently associated with a TTR ≥ 65% (adjusted OR 0.75, 95% CI 0.59–0.96,
p = 0.020), and with a TTR ≥ 70% (aOR 0.73, 95% CI 0.57–0.94, p = 0.015).

Figure 2. Scatter diagram showing the graphical correlation of the ABC pathway and TTR.
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Patients adherent to the three ABC pathway criteria had a significantly higher proba-
bility of achieving TTR ≥ 65% (aOR 0.41, 95% CI 0.18–0.95, p = 0.038) when compared to
patients adherent to one or two criteria only. Fulfilling the “C” criterion alone was also
significantly related to TTR ≥ 65% (aOR 0.67, 95% CI 0.49–0.91, p = 0.010). Importantly, the
results were consistent when using the TTR ≥ 70% as the cut-off (Table 2).

Table 2. Association of ABC components with quality of anticoagulation therapy by different
thresholds.

TTR < 65% TTR < 70%

aOR (95% CI) p-Value aOR (95% CI) p-Value

ABC pathway (1 criterion) Ref. Ref.
ABC pathway (2 criteria) 0.51 (0.22–1.20) 0.125 0.30 (0.10–0.88) 0.028
ABC pathway (3 criteria) 0.41 (0.18–0.95) 0.038 0.25 (0.08–0.72) 0.010

ABC pathway (A criterion) 0.56 (0.24–1.33) 0.191 0.42 (0.16–1.15) 0.092
ABC pathway (B criterion) 1.02 (0.70–1.48) 0.923 0.99 (0.68–1.46) 0.974
ABC pathway (C criterion) 0.67 (0.49–0.91) 0.010 0.66 (0.48–0.92) 0.013

aOR = adjusted odds ratio; CI = confidence interval; TTR = time in therapeutic range.

In its categorical form (i.e., adherent vs. non-adherent), the ABC pathway was sig-
nificantly associated with the quality of anticoagulation control in the model adjusted for
SAMe-TT2R2. Patients categorized as adherent to the ABC pathway had a higher probabil-
ity of TTR ≥ 65% (aOR 0.75, 95% CI 0.57–0.98, p = 0.039), although a non-significant trend
was seen when the cut-off point for TTR was 70% (aOR 0.77, 95% CI 0.58–1.02, p = 0.065)
(Figure 3).

Figure 3. Probability of poor TTR in relation to the ABC pathway.

3.2. ABC Pathway Compliance and PINRR

With regard to the secondary outcome, after adjusting for the SAMe-TT2R2 score,
the ABC pathway was independently associated with a PINRR ≥ 65%, with an aOR of
0.76 (95% CI 0.59–0.98, p = 0.044) for the continuous form and an aOR of 0.72 (95% CI
0.54–0.97, p = 0.029) for the categorical form (adherent vs. non-adherent). This was not
statistically significant for PINRR ≥ 70% (aOR 0.76, 95% CI 0.56–1.02, p = 0.067 and aOR
0.75, 95% CI 0.54–1.04, p = 0.087; respectively).

4. Discussion

In this study, we demonstrated that an integrated management according to the ‘ABC
pathway’ could lead to better anticoagulation therapy with VKAs in terms of TTR. This
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is central since the efficacy and safety of VKA depends on the quality of anticoagulant
control, as reflected by the average TTR of INRs 2.0 to 3.0. Various studies have shown how
a high TTR translates into a lower risk of stroke and bleeding while on OAC [12,13,19]. The
maintenance dose of VKA is influenced by many different factors, including race, dietary
vitamin K intake, comorbidities (e.g., liver disease and acute illness), or whether the patient
may be taking interacting drugs [20]. The average individual TTR range generally increases
over time, but even in very well and experienced patients, the TTR can decrease during
follow-up [3]. In this context, drug adherence is important in TTR maintenance; indeed,
non-adherence and low anticoagulation control levels are associated [21,22]. Adherence
is also linked to a better knowledge of the patient about its disease and the treatment. In
patients taking warfarin in an anticoagulation clinic who completed a questionnaire survey
about knowledge, satisfaction and concerns regarding warfarin treatment, those with better
knowledge and higher satisfaction were those with higher warfarin adherence and better
INR control [23–25].

The SAMe-TT2R2 score was proposed to identify those AF patients that would be less
likely to do well with good anticoagulation control on VKAs [16]. As the SAMe-TT2R2 score
includes several comorbidities/cardiovascular risk factors, it not only predicts poor antico-
agulation control but also adverse events [26]. Indeed, the SAMe-TT2R2 score sums up the
influence of comorbidities and adjunctive treatment on the response to VKA treatment. The
ABC pathway goes beyond this, since it demonstrates that correctly managed AF patients
and the ABC-adherent might have higher TTR, beyond the presence of comorbidities alone.
In this setting, we demonstrated in the present study that the ABC pathway is associated
with well-managed VKA treatment, independently of the SAMe-TT2R2 score.

Despite the limitations of VKAs (narrow therapeutic range, multiple food and drugs
interactions), investing in education and counselling would improve the quality of antico-
agulation control amongst VKA-anticoagulated patients [27]. One pilot study showed that
even a brief educational intervention can help to improve the knowledge about anticoagu-
lation therapy for AF, focused on patient’s knowledge of the target INR range and factors
that may affect INR levels [28].

Since its first publication, several studies have demonstrated that ABC pathway-
adherent-patients have better outcomes that those who are not adherent [29–31]. In a
systematic review including eight studies and more than 285,000 AF patients, there was
a pooled prevalence of 21% who were ABC-adherent patients [32]. Importantly, adher-
ence to the ABC pathway was associated with a reduction in the risk of major adverse
outcomes [32]. However, most of the evidence about the ABC pathway today derives from
NOAC-treated AF cohorts. Nevertheless, a low TTR is associated with worse outcomes [33],
including higher risk of mortality [13]. Thus, TTR and clinical outcomes are intimately
related. In this context, our study addresses the fact that patients who fulfilled the ABC
pathway showed a higher TTR value perhaps because of better clinical management. AF
patients are considered as a clinical complex group with multiple comorbidities, polyphar-
macy and multiple cardiovascular events, so a holistic approach would result in better
management and a reduction not only for worse clinical outcomes but also for higher
quality of anticoagulation control with VKA therapy. Despite NOACs have changed the
landscape of OAC in AF patients, there are still regional differences in the prescription of
these drugs (for example, in Spain, whereby NOACs are only reimbursed if AF patients ful-
fill very specific conditions). There are also patients for whom NOACs are contraindicated,
for example, AF patients with a mechanical heart valve, who need good anticoagulation
control with VKAs. The PLECTRUM study, which includes 2111 patients with mechanical
heart valves, showed that hypertension, diabetes and heart failure were independently
associated with a low TTR, providing clinical evidence that comorbidities directly affect
anticoagulant management and better INR control [34].

In summary, adherence with ABC pathway management is not only associated with a
lower number of cardiovascular events but also results in better anticoagulation control,
which in turn is associated with a better prognosis. This strategy is useful for both types of
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OACs, as NOACs require a close follow-up to ensure good adherence, while VKAs need a
high TTR for optimal clinical benefit.

Limitations

Our study has some limitations. The main limitation of the study lies in its observa-
tional nature, with a Caucasian-based population and single centre design, performed in a
unique anticoagulation clinic. It has been previously demonstrated that anticoagulation
clinics have better results in terms of the TTR achieved [35], so data from other anticoagula-
tion management models should be explored. We included patients who were VKA-naïve,
which has two drawbacks: first, the start of anticoagulation with VKA is a complex period,
with a greater number of adverse events; and second, not all patients reach the therapeutic
range at the same time.

5. Conclusions

In this ‘real world’ prospective cohort of AF patients starting VKA therapy, manage-
ment adherent to the ABC pathway was related to the quality of anticoagulation control at
one year. Adherent patients to the ABC pathway had better TTR, and more ABC criteria
fulfilled were associated with higher probability of achieving good TTR.
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Abstract: Since the discovery of pulmonary veins (PVs) as foci of atrial fibrillation (AF), the common-
est cardiac arrhythmia, investigation revolves around PVs catheter ablation (CA) results. Notwith-
standing, CA process itself is rather neglected. We aim to decompose crucial CA steps: coronary
sinus (CS) catheterization and the impact of left and right PVs isolation (LPVI, RPVI), separately. We
recruited 40 paroxysmal AF patients undergoing first-time CA and obtained five-minute lead II and
bipolar CS recordings during sinus rhythm (SR) before CA (B), after LPVI (L) and after RPVI (R).
Among others, duration, amplitude and atrial-rate variability (ARV) were calculated for P-waves and
CS local activation waves (LAWs). LAWs features were compared among CS channels for reliability
analysis. P-waves and LAWs features were compared after each ablation step (B, L, R). CS channels:
amplitude and area were different between distal/medial (p ≤ 0.0014) and distal/mid-proximal
channels (p ≤ 0.0025). Medial and distal showed the most and least coherent values, respectively.
Correlation was higher in proximal (≥93%) than distal (≤91%) areas. P-waves: duration was sig-
nificantly shortened after LPVI (after L: p = 0.0012,−13.30%). LAWs: insignificant variations. ARV
modification was more prominent in LAWs (L: >+73.12%, p ≤ 0.0480, R: <−33.94%, p ≤ 0.0642).
Medial/mid-proximal channels are recommended during SR. CS LAWs are not significantly affected
by CA but they describe more precisely CA-induced ARV modifications. LPVI provokes the highest
impact in paroxysmal AF CA, significantly modifying P-wave duration.

Keywords: atrial fibrillation; catheter ablation; coronary sinus; catheter channels; P-waves; local
activation waves; left pulmonary veins; heart rate variability

1. Introduction

Atrial fibrillation (AF) is the prevailing cardiac arrhythmia in the western world.
Prolonged lifespan and the connection with a plenty of other comorbidities contribute
to the ever-growing AF incidence. Health and economic burden caused by AF alert
the need for thorough investigation on its pathophysiology [1]. AF springs principally
from pulmonary veins (PVs) [2] and propagates through cardiac structures [3]. The main
mechanism assisting the AF propagation is structural remodeling and fibrosis is especially
contributing to the alteration of the cardiac anatomy, causing conduction heterogeneity,
hence favoring the AF perpetuation [1,4]. Although conduction heterogeneity is more
prominent during AF, the anatomical substrate can still be present for both atria even
when patients are in sinus rhythm (SR) [5–7]. As PVs are the main AF foci, their electrical
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isolation, called catheter ablation (CA), is the star AF treatment [1,8]. Despite the high
CA success rates for paroxysmal AF patients, persistent AF cases often require the CA of
additional cardiac structures that trigger or propagate the AF activity, known as non-PV
triggers [1,3,4,9–12].

Many techniques exist to localize non-PV triggers, with complex fractionated atrial
electrograms (CFAEs) during AF [4,13,14] or low voltage electrograms (EGMs) during
SR [4,15,16] being two of the most established ones. A combination of both techniques
along with highly proportioned EGM fractionation has recently indicated sites showing
fibrosis, with a high correlation between these areas in AF and SR [6]. Nevertheless, the
effect of CA on additional non-PV triggers remains quite controversial. Evidence shows
that additional ablation of these sites offers little or no improved results with respect to
single PVs ablation [17–19]. It remains unclear, however, whether failure of additional
CA applications to provide significant improvement in termination of AF stems from the
incapacity of CA on sites other than PVs to terminate AF or from a vague and unclear
definition of areas in need of ablation due to highly complex EGMs, thus highlighting the
need for more reliable algorithms able to properly evaluate the atrial substrate [6,14].

So far, CA outcome on paroxysmal AF patients is primarily assessed from the analysis
of the characteristics of P-waves, which represent the activation of the atria or heart-
rate (HR) variability (HRV) analysis, which assesses the ventricular response, controlled
by the autonomous nervous system (ANS). P-wave duration (PWD) is the most popular
P-wave feature, reflecting the overall time that the wavefront needs to be propagated
throughout the atria. Existence of prolonged or short PWD is considered an indicator of AF
recurrence in paroxysmal or persistent AF patients, caused by conduction heterogeneity
and scarring or shortening of the atrial refractory period, respectively [20–25]. PWD
shortening is connected with the elimination of the conduction heterogeneity, hence being
a favorable CA marker, while it is the second P-wave part, corresponding to left atrial
depolarization, that is mainly modified after CA, possibly due to vicinity with PVs, the
main object of CA [26–29]. PWD analysis goes beyond CA procedures, with application
in studies predicting the AF occurrence or the risk for higher AF burden after pacemaker
implantation [25,30,31].

Apart from PWD, P-wave dispersion, amplitude, area or P-wave to R-peak interval
are popular features utilized to predict AF recurrence [26,27,32,33]. P-wave analysis has
been additionally applied to frequency domain in order to discern among healthy and
AF subjects [34]. HRV is a marker of fine tuning of ANS, which consists of sympathetic
and parasympathetic systems and controls sinus rhythm. Evidence shows that people
with low HRV are susceptible to AF [35–37]. Energy delivered by radiofrequency (RF) CA
(RFCA) can disturb the balance between sympathetic and parasympathetic systems, by
stimulating the former and leading to temporary withdrawal of the latter, hence causing
HRV attenuation, which in turn has been associated with AF recurrence [38–40].

The number of studies and techniques aiming to analyze the CA effect on the atrial
substrate is endless. At the same time, critical CA steps and their impact on the atrial
substrate alteration is a rather neglected analysis field. Firstly, the aforementioned studies
observing P-wave and HRV alterations only employ recordings acquired before and after
CA. This postulates the theory of a uniform impact of left (LPVI) and right PVs isola-
tion (RPVI). It should be considered, though, the possibility of each PV side playing a
different role in atrial substrate alteration and hence, in AF activity, a conjecture that can
be easily verified by employing signals recorded in between the ablation of LPVI and RPVI,
which are already available in the recordings of any electrophysiology laboratory during
stepwise CA procedures.

Coronary sinus’ (CS) strategical position between left (LA) and right atrium (RA)
allows the detection of non-PV triggers and PV reconnection gaps throughout the atria
during CA procedures via CS catheterization [41–49]. Despite its extensive use as a CA
reference, whether CS analysis could provide reliable information with respect to the AF
substrate modification or which channels of CS catheter are the most appropriate for the
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analysis are two vital issues that remain unexplored. During CS cannulation, the most
proximal pair of electrodes (9–10) is placed close to RA and the most distal pair (1–2)
close to LA [44,47]. Notwithstanding, CS catheterization may be rather challenging due to
variable CS anatomy and shape, aggrravated by myocardial contraction or the existence of
CS dilation, factors that can lead to unstable recordings, especially from the distal tip of the
catheter [50–53]. Additionally, anatomical alterations of the, adjacent to CS extremes, mitral
annulus across the cardiac cycle in SR may affect furthermore the stability of recordings
acquired from distal and proximal electrodes of the CS catheter [54,55]. Considering the
aforementioned factors, information recorded across the CS catheter electrodes could vary
significantly and the choice of the appropriate channel recruited for the analysis should be
made with extreme caution.

The present work aims to elucidate the aforeposed issues regarding the CA procedure,
in order to arise the understanding on the mechanisms of important CA steps and their
interaction with the CA result. In the first place, the ability of CS channels to describe with
the highest precision possible the AF dynamics during SR is assessed and the most and
least recommended CS channels are defined. Afterwards, the relevance of CS in substrate
modification evaluation due to CA is investigated via analysis of features traditionally
applied to ECG recordings and cross-referenced by P-waves and HRV analysis of the
ECGs. Finally, the evolution of P-waves and CS LAWs after isolation of either sides of
PVs is tracked in order to define the PV side that has the highest impact in atrial substrate
modification due to CA.

The manuscript is organized as follows. Section 2 briefly describes the database
recruited for the analysis, as well as the preprocessing and analysis steps. Section 3 presents
the results, which are further interpreted in Section 4. Main findings are stated in Section 5.

2. Materials and Methods

2.1. Database

Initial database consisted of 61 paroxysmal AF patients without any previous CA
sessions. Twenty-one patients were discarded due to extremely low amplitude or presence
of noise and artifacts in the extreme channels of the CS recordings, probably due to dy-
namical change of mitral annulus anatomy during SR and vigorous myocardial contraction
causing the movement of the CS cathether. The final database consisted of the remaining
40 patients.

Recordings from a standard 12-lead electrocardiogram (ECG) and a decapolar CS
catheter with sampling frequency at 1 kHz were acquired by a Labsystem™ PRO EP record-
ing system (Boston Scientific, Marlborough, MA, USA). Five-minute continuous segments
before RFCA initiation (step B), after LPVI (step L) and after RPVI, which coincides with
the end of the RFCA procedure ( step R), were chosen. The evolution of each ablation step
is illustrated in Figure 1a. Step B corresponds to 0% of the procedure, step L corresponds
to 100% of LPVI, 0% of RPVI and 50% of the total ablation procedure, while step R corre-
sponds to 100% of the overall procedure. The effect of ablation of each PV side is shown in
Figure 1b. A statistically significant difference in features between steps B and L indicates
that LPVI is critical in atrial substrate modification, while a difference between steps L and
R or between B and R but without the difference between steps B and L being statistically
significant, proves a significant effect of RPVI. Surface analysis was limited to lead II, as
P-waves are more prominent in this lead [56].

For the study of the reliability of CS channels in preserving the AF dynamics, final
database consisted of a total of 58 step B or R recordings from the 40 patients of the
database. CS catheter consisted of the following channels of bipolar signals: distal (D),
mid-distal (MD), medial (M), mid-proximal (MP) and proximal (P), with D channel being
the closest to LA and P channel to the RA. Firstly, a multichannel comparison allowed
us to define the channels that can record the AF dynamics to the most reliable degree.
Selection of the analysis channel for the CS study was then performed among the most
robust channels, with unique favorable criteria the high signal amplitude and low baseline
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fluctuation. Specific attention was paid so that the same channel would be employed for all
CA steps for the same patient.

LPVI
RPVI

Procedure

(a)

(b)

0% 

0% 

0% 

Significant effect in features

             0%                                100%

50%

B                L                                                   R

LPVI: B        L                                 RPVI: L      R            OR               B      R                   AND B      L

           100%                                      100%

            100%

            100%

Figure 1. (a) Steps of CA procedure for which recordings were extracted and analyzed. In step B,
no ablation has been performed yet (0%). In step L, LPVI has been completed (100%) and hence,
we are in the middle of the procedure (50%). Step R corresponds to RPVI and to the end of the
procedure. Therefore, each step is completed (100%). (b) Conditions in order for LPVI or RPVI to have
a significant effect on the features under analysis. LPVI: left pulmonary vein isolation; RPVI: right
pulmonary vein isolation.

Regarding the CA procedure, all patients underwent circumferential RFCA of PVs,
guided by 3-D electroanatomical mapping during SR. RFCA was initiated by performing
a crown surrounding left PVs (step L), followed by a crown surround right PVs (step R).
Non-inducibility of AF was confirmed by pacing in all patients and was the endpoint of
the procedure.

2.2. Preprocessing

For ECG recordings, powerline interference and high frequency muscle noise were
removed by a wavelet-based denoising method [57] followed by a bidirectional low-pass
filter with cut-off requency at 70 Hz [58]. Baseline wander was also removed [58].

EGM denoising and mean removal were the first preprocessing steps for CS recordings
analysis [59]. Although presence of ventricular activity is not dominant in atrial bipolar
signals, far-field activity in line with the R-peak of the ECG recordings has been observed in
some cases. Removal of ventricular activity was performed with an adaptive cancellation
method [60].

Next, ectopic beats correction was performed. Ectopic beats are premature atrial
or ventricular contractions that affect the HRV. In our analysis, ectopic beats in ECGs, if
present, did not exceed 4% of total beats. Their correction included the detection and
cancellation of the premature complexes and their replacement by a new beat via linear
interpolation [61]. Among various ectopic replacement methods, linear interpolation was
chosen due to its better performance for time-domain HRV features [62].

Finally, detection and delineation of atrial activations was carried out. P-waves
were firstly detected by an adaptive search window prior to the R-peak [63] and then
delineated [64]. Local activation waves (LAWs) of CS were detected with an algorithm
based on an alternative Botteron’s technique [65]. Delineation was performed by firstly
smoothing the LAW with a five-point moving average filter [66]. Delineation of both ECG
and intracardiac recordings was visually inspected and corrected, if needed, by an expert.

2.3. Main Analysis

Once preprocessed, the duration, amplitude, root mean square (RMS) value, area,
number of deflections and inflections (NODI) and slope rate were calculated for P-waves
and LAWs, as shown in Figure 2. Final values of these features were calculated by signal-
averaging. A brief description of these characteristics is provided as follows. Further details
are described elsewhere [66].
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Figure 2. (a): Duration, amplitude, RMS and area (shaded) for a P-wave. (b): Duration, amplitude,
RMS, area (shaded) and NODI for a LAW. Upward arrows represent an inflection, while downward
arrows a deflection. In the figure, LAW has 3 major inflections and 2 major deflections. RMS: root
mean square; NODI: number of deflections and inflections; LAWs: local activation waves.

1. Duration: Distance between the onset and offset of each activation.
2. Amplitude: Amplitude of positive and negative maximum of each activation were

considered as positive (PosAmp) and negative amplitude (NegAmp), respectively. Peak-
to-peak amplitude (PPAmp) was the distance between positive and negative maximum
points. As P-waves are positive in lead II, only maximum amplitude was calculated
for ECG analysis.

3. RMS: Let Xn be a time-series, so that Xn = {x1, x2, . . . , xn}. RMS value is the quadratic
mean of the function that defines the time-series. In our case, this function is defined
by either the P-wave or LAW waveform.

4. Area: Area is calculated as the integration of the signal over the time interval. Trape-
zoidal method allows this integration, by splitting each signal into smaller and easier
to calculate trapezoids. Final area is defined by the cumulative sum of these trape-
zoids. As LAWs contain both positive (PosAr) and negative (NegAr) parts, this method
was separately applied to each one of them.

5. NODI: Deflections and inflections were calculated from the points that cross two
auxiliary baselines, at ±25% of the signal amplitude. This metric was only calculated
for LAWs, as P-waves do not show multiple major deflections and inflections.

6. Slope rate: The rhythm of increasing or decreasing slope was calculated at sample
points equal to i% of the activation duration, with i = 5, 10, 20. Slope rate at the
maximum point was also computed. The equation calculating these slope rates was
the following:

Si =
Amp(ti)− Amp(tonset)

ti − tonset
, (1)

where Amp(ti) is the amplitude at the i% of the activation duration, Amp(tonset) is
the amplitude at the onset of the activation, ti is the sample point at the i% of the
activation duration and tonset is the sample point corresponding to the onset of the
activation.

Afterwards, features calculated across each recording were analyzed: morphology
variability (MV), dispersion and time-domain HRV features.

1. MV: A reference signal was firstly created by the 20 most similar activations of the
channel under analysis and then correlated with each and every activation, using
an adaptive signed correlation index (ASCI) with 12% tolerance [67]. MV was then
defined as the percentage of signals that correlated <95% with the reference signal.

2. Dispersion: Traditionally, for the calculation of dispersion, more than one ECG lead is
employed and the difference between maximum and minimum activation duration
across channels is computed. Alternatively, in our case, lead II was just extracted
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and P-wave dispersion analysis was performed in this channel because atrial activity
presents the highest amplitude. Dispersion was then defined as the difference between
the 25th and 75th percentiles of the atrial activations duration of each recording. This
way, the effect of signal delineation accuracy is minimized and an extremely long or
short activation caused by various factors will not affect significantly the results [68].
Dispersion of EGM recordings was calculated in the same way.

3. Time-domain HRV features: HRV analysis is normally performed on R-R intervals,
thus describing ventricular response. As in the present work we are focused on
atrial analysis, we modified the techniques by substituting R-R peaks by P-wave to
P-wave for ECG and LAW to LAW for EGM recordings. As these features describe
the atrial response, thus neglecting the effect of the atrioventricular node and other
cardiac structures, they will be referred in the remainder of this document as atrial
rate variability (ARV) features. Standard deviation of normal-to-normal beat interval
(SDNN), variance of normal to normal beat interval (VARNN) and RMS of successive
interbeat differences (RMSSD) were calculated for each recording.

Heart Rate Adjustment

Time-domain features of P-wave analysis are affected by variable HR [69]. More
specifically, as HR increases, intervals between fiducial points of ECGs shorten. Therefore,
HR adjustment is proposed in order to moderate this effect. For this purpose, additionally to
the original analysis, a simple HR-adjustment factor is performed. As sampling frequency
is 1 kHz, a 60 beat-per-minute recording would show one activation every 1000 sample
points. However, as HR is diverse and often deviant from these values, the adjustment
factor for the ith activation was set as

adj(i) =
1000
IBIi

, (2)

where IBIi is the interbeat interval between the ith and the (i − 1)th activations. Duration
and area were normalized by this factor, while slope rates were inversely scaled by it.
HR-adjusted values will be shown as HRA(y), where y = duration, area or Si.

2.4. Statistical Analysis

Normality and homoscedasticity were tested with Saphiro-Wilk and Levene tests,
respectively [70,71]. According to the results, non-parametric tests were employed for the
comparison between populations.

Reliability analysis of the CS channels with respect to AF dynamics was performed on
Duration, Amplitude, RMS, Area and NODI. In the first place, a multichannel comparison via
a Kruskal-Wallis (KW) test was employed [72]. Comparison in pairs of two channels was
performed with a Mann-Whitney U-test (MWU) [73] with Bonferroni correction. Median
values were also calculated at each channel and any significant differences between each
one and the remaining channels was explored by as well using a MWU with Bonferroni
correction. Afterwards, a reference signal for each channel was calculated as described
from MV analysis in Section 2.3. Then, the correlation between the morphology of each
channel’s reference signal in pairs of two was calculated for each recording, using an ASCI
with 12% tolerance.

For P-waves, LAWs and ARV analysis, comparison between ablation steps is per-
formed with KW and post-hoc tests to define which step is crucial are performed with
MWU with Bonferroni correction and median and interquartile range calculations. Analy-
sis is performed for P-waves and CS LAWs separately. Percentage of variation (POV) of
features was specified for each recording and between two ablation steps as

POV(ri) = (
V2

V1
− 1)× 100 [%], (3)
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where ri is the recording of the ith patient, V2 is the value of each feature at the posterior
step and V1 is the value of the same feature at the prior step. How POV was modified
between ablation steps B-L and L-R for both P-waves and LAWs was tested with MWU.
Finally, HR was measured at each ablation step and compared among all steps with KW.

3. Results

3.1. Analysis of CS Features between Channels

Table 1 shows the results of the multichannel comparison as well as the comparison
in pairs of channels, for the selected features. Amplitude and Area show different values
among the CS catheter channels. Paired analysis showed that differences are mostly located
between D and M or D and MP channels. A trend has also been observed between values
of MD and M channels. Due to Bonferroni correction, α is 0.005, as 10 paired comparisons
have been performed. Comparison between D-MD, MD-P and M-MP channels are not
illustrated, as they did not show any statistically significant differences (p > 0.03, 0.38 and
0.35, respectively).

Table 1. Multichannel comparison (KW) and paired comparison (MWU) for the features defined
in CS channels. Statistically significant results are shown with an asterisk (*). In MWU analysis,
α = 0.005. D: distal; MD: mid-distal; M: medial; MP: mid-proximal; P: proximal.

KW MWU

D-M D-MP D-P MD-M MD-MP M-P MP-P

Duration 0.2136 0.0188 0.0893 0.4355 0.3502 0.8927 0.2232 0.7001
PosAmp <0.0001 * <0.0001 * <0.0001 * 0.0140 0.0053 0.0038 * 0.0355 0.0502
NegAmp 0.0005 * 0.0002 * 0.0016 * 0.4162 0.0087 0.0587 0.0080 0.0428
PPAmp 0.0001 * <0.0001 * 0.0002 * 0.1476 0.0087 0.0182 0.0112 0.0491
RMS 0.0003 * 0.0001 * 0.0007 * 0.1644 0.0053 0.0409 0.0182 0.0950
PosAr 0.0008 * 0.0003 * 0.0020 * 0.1826 0.0080 0.0491 0.0182 0.0950
NegAr 0.0024 * 0.0014 * 0.0025 * 0.3384 0.0119 0.0347 0.0207 0.0758
Deflections 0.7925 0.6217 0.2458 0.3258 0.9749 0.5681 0.6126 0.7430
Inflections 0.8045 0.6324 0.7477 0.3711 0.9840 0.4349 0.7831 0.2354

Figure 3 shows the median values obtained for each analyzed feature from the CS.
As can be seen, the distal channel showed the longest LAWs Duration and lowest LAWs
Amplitude and Area values for most of the features. Medial channel contained the shortest
LAWs Duration and highest LAWs Amplitude values. Area was higher in mid-proximal
channel, followed by medial channel. Mid-proximal channel showed overall similar
behavior as medial channel, with rather high Amplitude and short LAWs Duration values.

  Duration            MaxAmp MinAmp             PPAmp               RMS               PosAr                NegAr

1
2
3
4

5

60
70
80

Distal
Mid-distal
Medial
Mid-proximal
Proximal

Figure 3. Bar graph for the median values of the analyzed features at each one of the CS channels.
Note the break in the vertical scale for the feature Duration.
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The analysis of channels that varied significantly with respect to the others at each
feature is shown in Table 2. Statistical comparison allows the detection of the channels that
show the most and least deviant values and can corroborate the results shown in Figure 3.

Table 2. One-vs.-all analysis of defined features for each one of CS channels. Asterisks (*) indicate
statistically significant values. Due to multiple comparison, α has been modified to 0.01.

Features Distal Mid-Distal Medial Mid-Proximal Proximal

Duration 0.0472 0.8617 0.0837 0.6755 0.7345
PosAmp <0.0001 * 0.1688 0.0021 * 0.0061 * 0.8176
NegAmp 0.0038 * 0.4720 0.0019 * 0.0446 0.1317
PPAmp 0.0008 * 0.2669 0.0017 * 0.0204 0.3261
RMS 0.0014 * 0.2762 0.0018 * 0.0394 0.3717
PosAr 0.0022 * 0.3799 0.0027 * 0.0610 0.3555
NegAr 0.0103 0.2427 0.0049 * 0.0526 0.3113
Deflections 0.3181 0.8899 0.8099 0.3745 0.6235
Inflections 0.6108 0.7069 0.7779 0.3422 0.4243

None of the channels showed a statistically different LAWs Duration comparing to
the remaining ones. Nevertheless, a trend was observed for distal and medial channels.
Distal and medial channels showed additionally statistically different values with respect
to the remaining channels regarding LAWs Amplitude and Area features. Mid-proximal
channel also showed statistically significant difference than the other channels for positive
Amplitude and a trend for the remaining Amplitude and Area features. Combining the
aforementioned observations with the median values of the LAWs features for each CS
channel presented in Figure 3, we can conclude that Ampitude and Area are statistically
smaller in distal channel and higher in medial channel of the catheter, while duration tends
to be longer in distal and shorter in medial channels. Mid-proximal channel shows a trend
for high Amplitude and Area values as well.

Finally, how LAWs morphology of each channel correlated with the morphology of
LAWs at each of the remaining channels can be appreciated from Figure 4. Channels of
proximal area (MP, P) show higher correlations between their LAWs morphology compared
to correlations from distal area (D, MD). Additionally, medial channel showed stronger cor-
relation with proximal (93–95%) than distal area (86–91%). Although all adjacent channels
showed relatively strong correlations, the highest values were observed in proximal area.

86
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Figure 4. Correlations, as percentage, between the LAWs morphology in various CS catheter channels.
The upper ellipse area contains the strongest and the bottom ellipse area the weakest correlations.
Stronger correlations are found in proximal area, while moderate or weaker correlations are observed
in distal area or between channels that are spatially far away (distal-proximal area).
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3.2. Analysis of Features from P-waves and LAWs

The HR measurements did not reveal any statistical difference between HR at different
ablation steps. However, a decrease in HR was observed in step L, as shown in Table 3.

Table 3. Heart-rate at each ablation step and comparison between three steps (KW). As result
indicated a non-significant comparison, no MWU has been performed. KW: Kruskal-Wallis; MWU:
Mann-Whitney U-test; B: before CA; L: after LPVI; R: after RPVI.

B L R

Median (iqr) 57.2 (17.0) 55.0 (12.0) 58.6 (13.4)
KW 0.7713

Table 4 shows the median and interquartile range for the calculated features in P-
waves at each ablation step. Multiple comparison among ablation steps is then shown in
the fifth column (KW) and comparison of each feature between ablation steps in pairs of
two using Bonferroni correction can be observed in the last three columns (MWU). Duration
varied statistically among channels. When analysis in pairs was conducted, this variation
was detected between steps B-L and B-R. As L-R comparison did not show any significant
variation, the B-R significance is probably due to the B-L significance. Hence, step L is
considered the critical step for the reduction in Duration, which falls from 120 ms in the
beginning of the procedure to 104 ms, almost the final value observed after the end of CA
of PVs.

Table 4. Median (interquartile) values for each feature and results for KW and MWU tests for P-waves.
Statistically significant results are shown in (*). Due to Bonferroni correction, threshold for MWU
(last three columns) is α = 0.0167.

Median KW MWU

Features B L R B-L B-R L-R

Duration [ms] 120.0 (12.00) 104.0 (13.00) 106.5 (21.00) 0.003 * 0.001 * 0.009 * 0.558
PosAmp [mV] 0.428 (0.303) 0.354 (0.290) 0.374 (0.232) 0.084 0.055 0.097 0.319
PPAmp [mV] 0.431 (0.303) 0.356 (0.290) 0.374 (0.232) 0.084 0.056 0.097 0.319
RMS [mV] 0.263 (0.179) 0.214 (0.179) 0.230 (0.232) 0.144 0.103 0.150 0.275
PosAr [mV×ms] 24.63 (12.94) 16.57 (14.62) 20.39 (9.98) 0.141 0.103 0.103 0.438
S5 [mV/ms] 0.005 (0.002) 0.007 (0.004) 0.006 (0.002) 0.162 0.110 0.235 0.211
S10 [mV/ms] 0.007 (0.002) 0.008 (0.004) 0.007 (0.003) 0.178 0.117 0.420 0.150
S20 [mV/ms] 0.010 (0.005) 0.011 (0.003) 0.009 (0.005) 0.336 0.384 0.693 0.133
Smax[mV/ms] 0.010 (0.004) 0.009 (0.004) 0.008 (0.004) 0.823 0.987 0.602 0.602
HRA(Duration) 119.5 (57.39) 106.9 (26.04) 101.0 (36.91) 0.159 0.141 0.079 0.740
HRA(PosAr) 26.10 (16.94) 19.40 (14.16) 22.12 (14.01) 0.144 0.085 0.110 0.716
HRA(S5) 0.004 (0.004) 0.006 (0.006) 0.006 (0.003) 0.367 0.261 0.235 0.537
HRA(S10) 0.006 (0.003) 0.007 (0.007) 0.007 (0.004) 0.441 0.248 0.402 0.558
HRA(S20) 0.010 (0.005) 0.010 (0.008) 0.009 (0.006) 0.801 0.693 0.837 0.517
HRA(Smax) 0.009 (0.007) 0.008 (0.006) 0.008 (0.006) 0.994 0.962 1.000 0.912
MV 0.605 (0.329) 0.753 (0.335) 0.675 (0.467) 0.476 0.189 0.624 0.646
Dispersion [ms] 12.00 (4.000) 11.00 (7.000) 10.00 (4.000) 0.310 0.208 0.176 0.949
SDNN 94.25 (55.32) 99.91 (71.96) 84.28 (62.10) 0.136 0.133 0.862 0.060
VARNN 8.8 × 103 9.9 × 103 7.1 × 103 0.136 0.133 0.862 0.060

(1.07 × 104) (1.77 × 104) (1.21 × 104)
RMSSD 95.44 (59.68) 126.79 (95.29) 92.51 (61.73) 0.136 0.052 0.962 0.069

In the same context, amplitude showed a downward trend after step L. Despite the
key role of step L in the modification of Duration, when HR adjustment was performed,
this step did not show any effect in HRA(Duration) and neither did step R. However,
modification of HRA(Duration) showed a trend when values in the beginning and the
end of the procedure were measured (B-R comparison), possibly due to a cumulative effect
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of CA in AF substrate which can be better appreciated quantitatively when isolation is
totally performed. Although Area modification was not originally found to be statistically
significant at each of the ablation steps, HR adjustment revealed for it a trend in B-L

comparison, falling from 26.10 mV×ms to 19.40 mV × ms. Finally, it can also be observed
that measurements after step L showed, in a non-significant level, lower Amplitude and
Area values and higher ARV, MV values and Slope rate values than steps B and R.

Regarding LAWs, comparison of each feature among all channels revealed a significant
variation of RMSSD. Apart from this observation, none of the features varied statistically at
any of the ablation steps. However, some trends have been observed. The respective results
are shown in Table 5. LAWs showed a trend for shortening between steps B-R, as shown by
both Duration and HRA(Duration) results. MV showed a trend for amplification after step
L (B-L comparison) which was almost statistically significant. All ARV features employed
in this study showed an increasing trend after step L (B-L comparison) and a decreasing
trend after step R (L-R comparison). Note that threshold for MWU is α = 0.0167 due to
Bonferroni correction.

Table 5. Median (interquartile) values for each feature and results for KW and MWU tests for CS
LAWs. Statistically significant results are shown in (*). Due to Bonferroni correction, threshold for
MWU (last three columns) is α = 0.0167. As highest peak is often found in negative amplitude in
LAWs, slope rate in HRA(Smax) is negative.

Median KW MWU

Features B L R B-L B-R L-R

Duration [ms] 100.5 (14.00) 97.50 (18.00) 90.00 (23.00) 0.108 0.241 0.055 0.217
PosAmp [mV] 0.492 (0.987) 0.509 (0.893) 0.641 (0.775) 0.835 0.646 0.887 0.602
NegAmp [mV] −0.831 (1.572) −0.779 (0.772) −0.915 (0.486) 0.892 0.740 0.912 0.646
PPAmp [mV] 1.361 (2.624) 1.382 (1.495) 1.570 (1.462) 0.942 0.740 0.937 0.837
RMS [mV] 0.150 (0.345) 0.151 (0.195) 0.181 (0.218) 0.847 0.740 0.912 0.558
PosAr [mV×ms] 4.407 (5.175) 3.718 (5.160) 3.985 (4.836) 0.896 0.670 0.837 0.788
NegAr [mV×ms] 4.085 (5.485) 3.818 (4.045) 3.992 (4.655) 0.864 0.624 0.937 0.693
Deflections 3.000 (1.000) 3.000 (1.000) 3.000 (1.000) 0.916 0.682 0.889 0.828
Inflections 3.000 (1.000) 3.000 (1.000) 2.500 (1.000) 0.915 0.878 0.810 0.695
S5 [mV/ms] 3.2 × 10−4 3.9 × 10−4 3.8 × 10−4 0.732 0.624 0.837 0.438

(2.1 × 10−4) (3.4 × 10−4) (5.0 × 10−4)
S10 [mV/ms] 4.3 × 10−4) 4.4 × 10−4) 4.9 × 10−4 0.767 0.764 0.558 0.558

(6.0 × 10−4) (5.2 × 10−4) (4.8 × 10−4

S20 [mV/ms] 3.8 × 10−4 4.7 × 10−4 5.3 × 10−4 0.932 0.887 0.962 0.669
(0.003) (0.001) (0.001)

Smax[mV/ms] −0.018 (0.058) −0.019 (0.027) −0.021 (0.044) 0.996 0.937 0.987 0.987
HRA(Duration) 104.8 (32.83) 102.1 (23.50) 91.25 (33.19) 0.159 0.669 0.060 0.200
HRA(PosAr) 4.446 (6.861) 3.503 (4.345) 3.832 (4.737) 0.882 0.669 0.693 0.937
HRA(S5) 3.6 × 10−4 4.1 × 10−4 3.4 × 10−4 0.753 0.558 0.837 0.517

(1.9 × 10−4) (3.9 × 10−4) (4.1 × 10−4)
HRA(S10) 4.4 × 10−4 4.2 × 10−4 4.7 × 10−4 0.771 0.912 0.558 0.537

(0.001) (3.6 × 10−4) (0.001)
HRA(S20) 4.1 × 10−4 3.9 × 10−4 5.1 × 10−4 0.836 0.710 0.812 0.580

(0.003) (0.001) (0.001)
HRA(Smax) −0.015 (0.049) −0.016 (0.030) −0.019 (0.047) 0.967 0.887 0.788 0.912
MV 0.028 (0.048) 0.100 (0.103) 0.067 (0.351) 0.056 0.018 0.113 0.692
Dispersion [ms] 2.500 (3.000) 2.000 (4.000) 2.000 (6.000) 0.676 0.461 0.923 0.451
SDNN 74.18 (57.56) 96.51 (94.74) 61.75 (73.48) 0.056 0.048 0.912 0.041
VARNN 5.5 × 103 9.4 × 103 3.4 × 103 0.056 0.048 0.912 0.041

(7.9 × 103) (2.0 × 104) (1.1 × 104)
RMSSD 98.87 (86.99) 127.4 (119.8) 90.40 (74.41) 0.049 * 0.026 0.764 0.064
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POV of all features between each two ablation steps are illustrated in Table 6 for both
P-waves and LAWs. Comparison of POV that corresponds to successive step transitions
B-L and L-R can also be seen in the last two columns. In general, POV in P-waves seem to
be more prominent than respective POV values in LAWs, especially in the B-L comparison.
Duration in P-waves got reduced by −13.30% after step L, while in LAWs by −5.49%. Step
R did not additionally modify at average the P-waves at all (0.00% POV in L-R comparison).
For LAWs, step R did reduce LAW Duration by an additional −1.93%. Comparison between
B-L and L-R alterations in P-wave Duration presented a significant difference (p < 0.0001),
which was not observed in LAWs, indicating a different effect of LPVI and RPVI in P-wave
but not in CS LAWs Duration alteration.

Table 6. POV for between every two ablation steps for P-waves and LAWs and comparison between
POV of successive step transitions B-L and L-R. Statistically significant results are shown in (*).
POV: percentage of variation.

B-L [%] L-R [%] B-R [%] MWU (BL-LR)

Features P-Waves LAWs P-Waves LAWs P-Waves LAWs P-Waves LAWs

Duration −13.30 −5.49 0.00 −1.93 −11.01 −7.46 <0.0001 0.6576
PosAmp −16.65 −3.58 3.86 0.52 −11.25 −6.51 0.0556 0.6464
PPAmp −16.04 −7.79 3.80 −2.15 −11.52 −5.09 0.0556 0.7397
RMS −18.51 0.82 7.51 19.91 −12.39 20.89 0.1032 0.7397
PosAr −25.68 −5.23 6.50 −1.74 −20.72 −4.06 0.1032 0.6693
S5 30.95 22.47 −13.75 −1.82 12.95 20.24 0.1101 0.6239
S10 15.75 1.34 −11.23 11.74 −0.73 13.24 0.1173 0.7637
S20 12.84 25.89 −18.35 12.20 −7.87 41.24 0.3843 0.8868
Smax −5.40 4.37 −6.96 7.75 −11.99 12.46 0.9874 0.9370
HRA(Duration) −13.73 −3.89 1.60 −4.46 −14.49 −9.84 0.1412 0.6693
HRA(PosAr) −24.54 −2.90 6.60 −3.86 −19.65 −19.94 0.0847 0.6693
HRA(S5) 58.69 14.18 −9.34 −16.49 43.87 −4.65 0.2614 0.5583
HRA(S10) 13.41 −4.10 −4.38 11.80 8.45 7.21 0.2482 0.9118
HRA(S20) 3.35 −5.64 −6.44 32.58 −3.30 25.10 0.6925 0.7160
HRA(Smax) −6.60 4.11 −1.21 17.70 −7.74 22.53 0.9621 0.8868
MV 15.00 144.9 −6.11 −5.93 −0.42 172.1 0.1892 0.0176 *
Dispersion −22.42 0.00 22.22 80.00 −9.55 0.00 0.2084 0.4613
SDNN 28.39 79.80 −24.27 −33.94 0.28 0.92 0.1249 0.0480 *
VARNN 64.86 225.9 −42.64 −55.91 0.57 1.93 0.1249 0.0480 *
RMSSD 45.15 73.12 −28.30 −36.30 0.26 5.43 0.0445 * 0.0257 *

HR-adjustment did not have a different effect in B-L comparison of P-waves with re-
spect to the same comparison for non-normalized Duration variation (−13.73% vs. −13.30%,
respectively). However, HR-adjustment revealed a slightly higher, albeit not statistically
significant, effect of step R in HRA(Duration), showing an incrementation of +1.60%. For
LAWs, HRA(Duration) slightly mitigated the effect of step L (−3.89% for HR-adjustment)
and potentiated the effect of step R (−4.46%). These results were not statistically significant
either. Amplitude and HRA(PosAr) values showed the same kind of variations for P-waves
and LAWs, with comparison between B-L and L-R transitions showing a trend for P-waves
and low statistical power for LAWs.

For the remaining features, MV showed a rather strong magnification after step L by
+144.90% in LAWs, whereas the corresponding step in P-waves showed only a +15.00% of
MV magnification. After step R, MV dropped by −5.93% in LAWs and by −6.11% in P-
waves. Due to very intense variations in MV of LAWs, POV evolution between transitions
from B-L and L-R varied significantly (p = 0.0176). As already observed in Tables 4 and 5,
ARV features showed a notable incrementation after step L in both P-waves and LAWs.
This is even more prominent in POV analysis, where ARV got increased by up to +225.90%
in LAWs and up to +64.86% in P-waves (in VARNN in both cases). However, ARV after the
end of the procedure (step R) got decreased by up to −55.91% in LAWs and −42.64% in
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P-waves (in VARNN in both cases). These very high variations in LAWs analysis led the B-L

and L-R comparison to be statistically significant for all ARV features. As P-waves POV
analysis also showed considerable variations but to a lesser extent, only POV in RMSSD
varied statistically between B-L and L-R. Figure 5 then shows the POV box and whisker
plots for the features that showed any kind of significant alteration or a trend, so that
alterations in POV can be better illustrated. From y−axis can be additionally observed that
POV in LAWs shows more scattered values that span along a wider range than P-waves
analysis. This is noticeable at most of the boxplot pairs of Figure 5, but can be especially
seen in the subplot of MV, where POV in P-waves is in the range of 0 to 1200% while in
LAWs in the range of 0 to 12,000%.
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Figure 5. Representation of significant alterations illustrated as boxplots of POV for P-waves features
(each top, blue) and LAWs features (each bottom, gray) between the defined ablation steps for
selected features. Beware of the different vertical scale in each case for the same feature.
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4. Discussion

This multi-approach study had three main objectives. First of all, to define the CS
channels that can record with the highest precision and robustness the AF dynamics during
SR. The analysis revealed the existence of variability among CS channels especially in
Duration and Amplitude features. Differences were mostly found betweeen distal and medial
and between distal and mid-proximal, with a trend between mid-distal and medial channels.
A combined interpretation of the analysis of medians and the one-vs-all analysis indicates
that distal channel showed the longest Duration, whilst the shortest Duration has been
recorded by the medial channel. Regarding Amplitude and Area values, these were smaller
in distal channel and larger in medial and mid-proximal channels. Proximal area showed
the strongest morphological correlations between its channels. On the contrary, correlations
in distal area or between distal and proximal channels were weaker. Hence, being the least
susceptible channels to exogenous factors during SR, medial and mid-proximal channels
are recommended while distal and mid-distal channels are not suggested.

Various studies corroborate these conclusions. CS EGM fractionation analysis was
related with AF recurrence during SR in proximal and medial but not in distal channel in
a recent study [47]. Fractionation of proximal CS EGMs indicated AF patients in another
study employing recordings during AF [74]. Another work found that AF cycle length
analysis in distal channel failed to predict AF termination after CA. In the same study, only
mid-proximal channel predicted freedom from AF recurrence [75].

The second objective of the present study was to investigate if CS recordings can
describe adequately the substrate modification due to CA, as observed by P-wave analysis.
Parallel P-waves and LAWs analysis has been conducted for this purpose. The former
represent the entire atria while the latter provide very specific yet crucial information on
CS function. Variations were observed to a higher degree in most of the features in P-waves
than LAWs. MV and ARV features were modified to an exceptionally higher extent in
LAWs than P-waves. As CS recordings are closer to the tissue under ablation than surface
ECG recordings, variability caused by RF energy deliverance may be illustrated with higher
precision by LAWs [38,39]. Variation was more consistent in P-waves than LAWs, while
the latter showed higher Dispersion in values across all features.

The last but not least purpose of this work was the evaluation of additional recordings
acquired during CA in order to understand the role that the ablation of each PV side plays
to the modification of the studied features and, as a consequence, to the atrial substrate
alteration. A significant P-wave shortening was observed after CA of both PV sides,
in line with a plethora of previous studies mainly attributed to fibrotic areas causing
conduction delays [20–23]. Interestingly enough, this reduction was observed right after
LPVI, with RPVI not showing any additional effect to this feature. Duration before CA was
120 ms, dropping down to 104 ms after LPVI and showing a minor increase after RPVI, to
106.5 ms. P-wave Amplitude also tended to show a lower value after LPVI which was slightly
increased after RPVI, but remained overall smaller than the pre-ablative measurements.

HRV attenuation after CA is considered an indicator of CA success [38–40]. In line
with previous studies, ARV in the present study showed a non-significant reduction after
the end of the procedure. Nevertheless, recordings obtained after LPVI showed a trend for
amplification of ARV values by up to +64.86%. Previous works studying the effect of RF
energy in rabbits and students in lying position found that RF exposure can cause HRV
incrementation and HR attenuation [76,77]. These findings explain the aforementioned
results of the present study. Additionally, HR was indeed found to decrease after LPVI
in the present work. Finally, HR-adjustment preserved the variation that was observed
in Duration after LPVI, although losing statistical power. It also incremented the different
effect that RPVI had on Duration, showing a slight non-statistical increase of +1.60% after
RPVI. The reason for this slight incrementation is the HR acceleration after the end of
CA procedure with respect to recordings after LPVI, where RF energy deliverance was
still going on. Higher HR leads to generally narrower P-waves, the size of which is
retrieved after HR-adjustment. An additional factor that may have a minor effect on this
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incrementation is a possible deviation of 1–2 ms in P-wave delineation precision, which
due to its size (<+2.00% of duration values range) is considered acceptable.

Amplitude in P-waves showed a trend for reduction after LPVI. Although final Am-
plitude was non-statistically reduced with respect to the beginning of the procedure, as
in previous studies [27], RPVI slightly but non-significantly increased Amplitude values.
Contrastly, Slope rate was non-significantly increased after LPVI but decreased after RPVI
in most of the studied time instances. It is highly possible that RF exposure also has had an
effect on Amplitude and Slope rate features, explaining these variations.

Regarding LAWs, variations of most features show weaker statistical power and lower
POV at each ablation step with respect to P-waves analysis. As mentioned afore, MV and
ARV varied more prominently in LAWs than P-waves. MV showed a high incrementation in
the order of +144.9% after LPVI and a decrease of −5.93% after RPVI. The reasons for these
dramatic changes are not clear. Exposure to RF energy, not only affecting ARV but also MV
may be an explanation. Recently a study found MV in lead V1 P-waves of paroxysmal AF
undergoing CA of PVs to decrease after the procedure, as a sign of a successful ablation [78].
Apart from the fact that these results come from P-waves analysis, which in our case show
a slight attenuation overall, MV in the present analysis was extracted by a template of
the 20 most similar activations and not by considering all activations of one recording.
ARV was also increased after LPVI in LAWs and to a higher extent than P-waves (up to
+225.9%), possibly due to proximity to the tissue under ablation as explained previously.

To our knowledge, this is the first complete comparative study to perform simultane-
ous P-waves and LAWs analysis on recordings obtained not only before and after but also
during CA of PVs. Recently, a relevant study calculated the organization of ECG recordings
before, during and after CA of PVs and did not find any step to affect significantly the
organization indices under calculation [79]. As many differences exist with respect to our
study, a comparison would not be straightforward. In the first place, individuals studied
were persistent AF patients while the present study employed exclusively paroxysmal AF
patients. As persistent AF shows more complicated atrial substrate and often presents AF
drivers outside of PVs, efficiency of CA of PVs is notably lower with respect to success rates
in paroxysmal AF patients [19,80]. Secondly, the procedure consisted of CA of PVs, CA of
CFAEs and linear CA of LA. Recordings during the procedure were the recordings after
CA of PVs and before CA of CFAEs and linear CA of LA. Hence, the intermediate stage
of their analyis would be the final stage of ours and no information is provided about the
contribution of left or right PVs. Finally, features employed are different from the features
employed in the present study.

The key aspects of CA of PVs for paroxysmal AF patients investigated in the present
study improve significantly the understanding of the AF mechanisms during SR and con-
tribute to the knowledge on how these mechanisms respond to each step of CA. Moreover,
the CA procedure itself is reconsidered and the most reliable means to analyze CS EGMs
are explored. Overall, a more detailed perspective of the CA procedure and the effect of RF
exposure to atrial tissue is obtained.

5. Conclusions

LPVI is the critical part of CA of PVs for paroxysmal AF patients, altering significantly
the P-wave duration. RF exposure tends to cause temporary ARV incrementation, which
is reversed right after the end of the CA procedure. The effect of CA of PVs on CS is less
straightforward and takes place to a lesser extent. Thus, other atrial structures may be more
indicative of the ablation outcome and should be assessed as alternative references.

It should be noted, however, that ARV modifications regarding RF energy are more
prominently observed in CS LAWs, possibly due to the vicinity with the tissue under RF
exposure. Hence, the employment of CS recordings may be beneficial for the study of ARV
alterations during and after CA of PVs.

Finally, studies interested in employing CS analysis are encouraged to extract and
investigate medial or mid-proximal channels, as they were found to be the most robust,
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showing the highest coherence between LAWs morphologies. Distal and mid-distal chan-
nels, on the other hand, should be avoided as they were prone to variable morphology and
less clear activations.
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Abstract: Regular physical activity and exercise training are integral for the secondary prevention
of cardiovascular disease. Despite recent advances in more holistic care pathways for people with
atrial fibrillation (AF), exercise rehabilitation is not provided as part of routine care. The most
recent European Society of Cardiology report for AF management states that patients should be
encouraged to undertake moderate-intensity exercise and remain physically active to prevent AF
incidence or recurrence. The aim of this review was to collate data from primary trials identified
in three systematic reviews and recent real-world cohort studies to propose an AF-specific exercise
rehabilitation guideline. Collating data from 21 studies, we propose that 360–720 metabolic equivalent
(MET)-minutes/week, corresponding to ~60–120 min of exercise per week at moderate-to-vigorous
intensity, could be an evidence-based recommendation for patients with AF to improve AF-specific
outcomes, quality of life, and possibly prevent long-term major adverse cardiovascular events.
Furthermore, non-traditional, low-moderate intensity exercise, such as Yoga, seems to have promising
benefits on patient quality of life and possibly physical capacity and should, therefore, be considered
in a personalised rehabilitation programme. Finally, we discuss the interesting concepts of short-
term exercise-induced cardioprotection and ‘none-response’ to exercise training with reference to
AF rehabilitation.

Keywords: rehabilitation medicine; physical activity; exercise; atrial fibrillation; cardiovascular
disease; preventive cardiology; vascular health; atrial health; secondary prevention

1. Why Do We Need AF-Specific, Exercise-Based Rehabilitation?

Regular physical activity and exercise training are integral for the secondary preven-
tion of cardiovascular disease (CVD), as demonstrated in both interventional and real-world
studies [1–4]. However, 42% of general western populations do not meet the recommended
physical activity guidelines (i.e., 150 min of moderate or 75 min of vigorous intensity
physical activity/week) [5]. Further, those with CVD are typically less active than the
general population yet stand to benefit the most from exercise training [6]. For example,
Jeong et al. [6] demonstrated that, in 131,558 individuals with CVD, every 500 metabolic
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equivalent (MET)-minute/week increase in physical activity resulted in a 14% risk re-
duction in mortality, whereas in 310,240 participants without CVD, risk reduction was
only 7%. Interestingly, while individuals without CVD benefited the most between 1 and
500 METs-min/week of physical activity, the benefit in those with CVD continued above
500−1000 METs-min/week. Thus, exercise interventions, such as cardiac rehabilitation, are
an essential component of secondary and tertiary cardiovascular disease management. It is
also apparent that for rehabilitation programmes, one size does not fit all [7], and optimised
interventions should be developed to enhance outcomes for different population groups.

There is increasing interest for a more personalised approach to exercise-based car-
diovascular rehabilitation, especially since cardiac (chronotropic incompetence, diastolic
dysfunction, and systolic dysfunction), non-cardiac (vascular function/structure, skeletal
myopathy, and autonomic control), comorbidities (ageing, metabolic diseases, and car-
diovascular diseases), and external (exercise adherence/dose/intensity) factors influence
individual responses [8]. In particular, these factors have been shown to moderate baseline
and even the relative change in cardiorespiratory fitness (V˙O2-peak) following exercise
training [8].

From the cardiac and comorbidity perspective, there are specific exercise guidelines
for a number of cardiovascular conditions, including ischaemic heart disease, heart failure,
hypertension, and peripheral artery disease [9,10]. These condition-specific guidelines help
to personalise exercise prescription at a group level and represent an initial step towards
the optimisation of individual patient benefit.

The most recent European Society of Cardiology (ESC) guidelines for the diagnosis
and management of atrial fibrillation (AF) repeatedly highlight the importance of car-
diopulmonary exercise testing (CPET) and cardiorespiratory fitness, as well as stating that
‘patients should be encouraged to undertake moderate-intensity exercise and remain physically
active to prevent AF incidence or recurrence’ [11]. Furthermore, the latest ESC Guidelines
on Sports Cardiology and Exercise in Patients with Cardiovascular Disease emphasise
the primary and secondary preventive effects of physical activity and present specific
guidelines for healthy individuals and those with cardiovascular disease risk factors [9].
Specific secondary preventive exercise guidelines are, however, not provided for people
with AF.

Exercise rehabilitation presents an important and potentially impactful initiative
for people with AF and the health services they use. However, more specific exercise-
rehabilitation guidelines are needed for people with AF. We, therefore, conducted a narrative
review of the literature, supported by recent systematic reviews and primary studies, to
produce more nuanced exercise rehabilitation thresholds for people with AF. By working
towards such an objective, we can better guide both healthcare professionals and patients
by recommending AF-specific exercise-based rehabilitation and/or guide future research
to help contribute to this research gap.

2. Methods

Original trials were included from a Cochrane systematic review of exercise-based
cardiac rehabilitation [12] and three more recent systematic reviews investigating exercise-
based cardiac rehabilitation [13,14] and different types of exercise interventions [15] for
adults with AF. In addition, we included recent and relevant prospective and retrospective
studies that investigated the impact of exercise or physical activity on health outcomes for
people with AF.

It is well known that there is a seemingly counterintuitive increased risk of AF for some
who engage in excessive amounts of vigorous-intensity exercise (i.e., ‘athletic AF’) [16].
However, athletic AF is only observed following exceptionally high levels of vigorous
endurance training, such as >5000 MET-min/week or 5 to 10-fold the existing physical
activity guidelines [16]. Given that athletic AF represents a relatively small percentage of
the AF population, the present review will focus on the impact of physical activity and
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exercise training on the secondary prevention of AF and associated outcomes in non-athletic
populations only.

Data from relevant and eligible primary studies were extracted by one reviewer to
define the AF population, exercise intervention or physical activity behaviour details
(i.e., frequency, intensity, time, and type (FITT) principles), follow-up time points, and
subsequent health outcomes, stratified by study design (Table 1). All extracted data were
quality checked for accuracy by a second reviewer. Given the heterogeneity in investigated
outcome measures across the literature, we decided to focus on a priori serious adverse
events (SAE; mortality, hospitalization, and stroke), physical capacity (including the 6 min
walk test and V˙O2-peak), AF specific outcomes (including recurrence and/or time in
AF), and quality of life (QoL). These data were then used to determine if more nuanced
exercise recommendations could be proposed and highlight where further research is
needed. Aligned with the extracted data regarding AF-specific exercise rehabilitation, we
then discuss the hypothesised mechanisms of long-term (Figure 1) and possible acute AF
protection following exercise training and physical activity. Finally, we conclude with key
take-home messages and recommendations for future research in this area.

Table 1. Intervention components/physical activity profile and outcomes of interest from
included studies.

First Author, Year
AF Population

n = Sample; Age (Years); Sex (%);
AF Subtype

Exercise Intervention
Frequency; Intensity; Time; Type

Follow-Up and Impact on Health Outcomes
(SAE, Physical Capacity, AF Specific Outcomes, and QoL)

Randomised Controlled Trials

Luo, 2017 [17]

n = 382
63 years

16% female
AF and heart failure (excluded if

sustained fast AF)

Frequency: 3 sessions/week for
36 sessions, followed by transition to
a home-based exercise program for

2 years.
Intensity: NR

Time: 90 min/week for 3 months,
followed by 120 min/week thereafter

Type: Aerobic exercise (walking,
treadmill, or cycle ergometer)

Follow-up: median of 2.6 years
SAE: AF was associated with a 24% per year higher rate of
mortality/hospitalisation in the control group compared to
intervention group (HR: 1.53; 95% CI: 1.34 to 1.74; p < 0.001)
in unadjusted analysis; this did not remain significant after

adjustment (HR: 1.15;95% CI: 0.98 to 1.35; p > 0.09). No
interaction between AF and exercise training (all p > 0.10). No

difference in AF event rates between groups (all p > 0.10).

Malmo, 2016 [18]

n = 51
Intervention:

56 years
77% female

Control: 62 years
88% male

Paroxysmal or persistent AF

Frequency: 3 sessions/week for
12 weeks

Intensity: Vigorous (85–95% of
maximal heart rate and Borg 6–20)

Time: 4 min intervals
Type: Walking or running on treadmill

Follow-up: 20 weeks
Mean time in AF: 10.4% (95% CI, 4.6–17.8) to 14.6%

(95% CI, 6.4–24.9)
in the control group vs. 8.1% (95% CI, 4.1–12.8) to 4.8%

(95% CI, 2.0–7.6) in the exercise group (p = 0.001).
V˙O2-peak change to follow-Up: Control group: −0.3 ± 4.3 vs.

Exercise group:
3.2 ± 2.5, p < 0.001.

Quality of life change to Follow-Up, SF-36:
Physical component score: Control group: −0.3 ± 5.4 vs.

exercise group: 2.2 ± 4.4
Mental component score: Control group: 1.4 ± 7.2 vs.

Exercise group: 3.6 ± 6.5, p > 0.05.
No serious adverse events, 2 patients in EG had bursitis

episodes, 2 patients in CG had a stroke and
ventricular tachycardia.

Osbak, 2011

n = 49
Intervention: 70 years

Control: 71 years
75% male

Permanent AF

Frequency: 3 sessions/week for
12 weeks

Intensity: Vigorous (70% of maximal
exercise capacity or Borg scale

14–16/20)
Time: 1 h

Type: Group-based aerobic training
including ergometer cycling, walking
on stairs, running, fitness training on

physioballs, and interval training.

Follow-up: 12 weeks
Physical capacity: 6MWT: Significantly increased within the

intervention group (from 504.4 (85.1) m to 569.9 (92.6) m
(p < 0.001) and between the groups (EG = 569.9 (92.6) m and

CG = 454.1 (95.7), (p = 0.001).
QoL: MLHF-Q score: intervention group: 21.1 ± 18.0 vs.

control group: 15.4 ± 17.5, p = 0.03.
SF-36 subscales: physical functioning (p = 0.02), general

health perceptions (p = 0.001), and vitality (p = 0.02) in favour
of the intervention group.

No adverse events

Pippa, 2007

n = 43
Intervention: 68 years

64% male
Control: 68 years

76% male
Permanent AF

Frequency: 2 sessions/week for
16 weeks

Intensity: NR (predict light)
Time: 90 min

Type: Qigong training (consists of slow
and graceful movements with a focus

on breathing)

Follow-up: 16 weeks
Physical capacity: 6MWT: Intervention group: 531(121)

meters at the end of intervention, 474 (109) meters at 16 weeks
after intervention vs. control group: 380 (97) meters at the end

of intervention, 350 (110) meters after 16 weeks. p < 0.001.
1 retinal embolism in the intervention and 1 case of deep vein

thrombosis during the follow-up in the control group.

Rienstra, 2018

n = 245
Intervention: 64 years

79% male
Control: 65 years

79% male
Persistent AF

Frequency: 2–3 sessions/week for
9–11 weeks

Intensity: NR
Time: 20–30 min exercise,

Type: Cardiac rehabilitation

Follow-up: 1 year
AF specific: At 1 year, sinus rhythm was present in 89 (75%)
patients in the intervention vs. 79 (63%) in the conventional

group (odds ratio 1.765, lower limit of 95% confidence
interval 1.021, p = 0.042).
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Table 1. Cont.

First Author, Year
AF Population

n = Sample; Age (Years); Sex (%);
AF Subtype

Exercise Intervention
Frequency; Intensity; Time; Type

Follow-Up and Impact on Health Outcomes
(SAE, Physical Capacity, AF Specific Outcomes, and QoL)

Risom, 2016
Long-term follow
up: Risom, 2020

n = 210
Intervention: 60 years

Male 70%
Control: 59 years

73% male
Paroxysmal or persistent AF

Frequency: 3 sessions/week for
12 weeks

Intensity: Intensity was
progressively increased

Time: 1 h
Type: Comprehensive cardiac

rehabilitation. Cardiovascular training
and strength exercises

Follow-up: 6 and 12-months
SAE: Mortality: one death in each group at 6- and 24-months

follow-up (p > 0.99). All hospital admissions: Intervention
group: n = 71 (68%) vs. control group: n = 60 (57%).

Physical capacity: V˙O2-peak at four months: (Intervention
group: 24.3 mL kg−1 min−1 vs control group:

20.7 mL kg−1 min−1, p = 0.003).
VO2 peak at twelve months: (Intervention group:

25.8 mL kg−1 min−1 vs control group: 22.4 mL kg−1 min−1,
p = 0.002).

OoL: SF-36: General health
Perception (Intervention group: 67.16 points vs. control

group: 66.9 points. p = 0.02, of Interaction between
Intervention and time). No significant difference between

groups was found at six or 24 at the other domains.
AFEQT: The results are in favour of the intervention group:
Global score: (Intervention group: 81.64 points vs. control

group: 82.87 points p = 0.04, of
Interaction between Intervention and time) and the treatment
satisfaction p = 0.03, of Interaction between Intervention and

time score at 24 months.
Two serious adverse events (AF intervention- related and

unrelated to intervention death in the EG and 1 unrelated to
intervention death in the CG group. 16 non-serious adverse

events EG and 7 in the CG.

Skielboe, 2017

n = 76
Low intensity: 64 years

58% male
High intensity: 61 years

59% male
Paroxysmal or persistent AF

Frequency: Two sessions/week for
12 weeks

Intensity: exercise at either low or high
intensity (50% (Borg scale 11–13/20)

and 80% (Borg scale 16–18/20) of
maximal perceived exertion,

respectively)
Time: 60 min

Type: 20 min interval exercising on
ergometer bike, 20 min varying circuit

exercise on the floor.

Follow-up: 16 weeks.
SAE: All hospital admissions: 19 patients in each group.

Physical capacity: V˙O2-peak: No difference between groups:
Mean diff. -0.76 mL O2/kg/min, 95% CI -3.22 ± 1.70.

AF specific outcomes: Burden of AF measured by daily
electrocardiography-reporting for 12 weeks. Results: No

statistical difference between low and high intensity exercise
for both unadjusted (IRR 0.983, 95% CI 0.39–2.46, p = 0.971)

and adjusted analyses (IRR 0.742, 95% CI 0.29–1.91, p = 0.538).
No serious adverse events in both groups. Three unserious

adverse events reported in low intensity group and 5 in high
intensity group, including symptoms of arrhythmia, hospital

admission, AF ahead of an exercise session, and
noncardiac complaints.

Wahlström, 2017

n = 80
Intervention: 64 years

48% male
Control: 63 years

72%male
Paroxysmal AF

Frequency: One session/week for
12 weeks

Intensity: NR (predict light)
Time: 30 min

Type: Mediyoga (a therapeutic form of
yoga evolved from Kundalini yoga). It

is calm, meditative yoga based on
deep breathing.

Follow-up: 14 weeks
QoL: SF-36, Mental component scale improved in the

intervention but not control: Intervention group: baseline 42.1
(17.6–53.5) to follow-up 50.6 (24.0–55.2) points vs. control

group: baseline 53.0) 14.7–56.0) to follow-up 52.7 (24.5–57.1)
points, p = 0.016.

Physical component scale no difference within or between
groups: Intervention group: 50.2 (27.6–59.1) points vs. control

group: 49.0 (29.1–61.6) points, p = 0.837.

Joensen, 2019

n = 52
Intervention: 62 years

61% male
Control: 60 years

71% male
Paroxysmal or persistent AF

Frequency: 2 sessions/week for
12 weeks

Intensity: Moderate-to-vigorous
intensity (≥ 70% of maximum exercise

capacity or 14–16 on the Borg scale)
Time: 60 min

Type: Cardiac rehabilitation

Follow-up: 3, 6 and 12-months
Physical capacity: Maximum exercise capacity improved in

the intervention group from baseline (176 W (SD 48)) to
6 months (190 W (SD 55)). There was no change in the

control group.
6MWT was improved in the EG form 613 m (96) to 644 m (84)
with no statistically significant differences within or between

the groups.
AF-QoL-18 significantly improved in the intervention group
from 48.4(22.8) to 68.0(15.2) compared with the control group

(baseline 51.6 (SD 22.3), 6 months 59.2 (SD 27.3), p = 0.031.
There was no statistical difference at 12-months.

No statistical difference in AFEQT and EQ-VAS between
intervention and control.

20 readmissions for cardiac reasons (mostly AF) in the
intervention group and 18 in the control group. 13 direct

current cardioversions in the intervention group and 12 in the
control group. 7 radiofrequency ablations in the intervention

group, and 4 in the control group.
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Table 1. Cont.

First Author, Year
AF Population

n = Sample; Age (Years); Sex (%);
AF Subtype

Exercise Intervention
Frequency; Intensity; Time; Type

Follow-Up and Impact on Health Outcomes
(SAE, Physical Capacity, AF Specific Outcomes, and QoL)

Kato, 2019

n = 68
Intervention: 67 years

71% male
Control: 65 years

90% male
Persistent AF

Frequency: 1–2 sessions/week, for
24 weeks

Intensity: Moderate intensity
Time: 60 min

Type: Cardiac rehabilitation

Follow-up: 6 months
Physical capacity: Significant increases in the 6MWT form

545(123) m to 596 (95) m and also the V˙O2-peak from
17.8 (3.4) mL kg−1 min−1 to 19.8 (4.6) mL kg−1 min−1 in the

intervention group after 6 months with no significant changes
in the control group.

AF specific: During the six-month follow-up period, 21.4%
(6 patients) of the intervention group had AF recurrence and
25.8% (8 patients) in the control group with a risk ratio of 0.83

(95%CI, 0.33 to 2.10).
1 thoracic compression fracture not intervention-related,

1 developed hypothyroidism during the intervention period
and no cardiovascular adverse events in either group.

Melo, 2019

n = 63
Intervention: 69 years

79% male
Control: 66 years

75% male
Persistent AF

Frequency: 2 sessions/week, for
6 months

Intensity: Vigorous intensity
Time: 60 min
Type: HIIT

Follow-up: 6 months
QoL: HQL-14 improved between the groups but with no

significant differences.
Physical capacity: Significant increases in V˙O2-peak after

6 months in both intervention and control; from
12.6 (1.7) mL kg−1 min−1 to 15.0 (2.3) mL kg−1 min−1 in

intervention and 12.1 (1.7) mL kg−1 min−1

15.6 (2.3) mL kg−1 min−1 in the control.

Wahlström, 2020

n = 152
Intervention

65 years
47% male

Active control: 63 years
52% male

Control: 64 years
49% male

Paroxysmal AF

Frequency: 1 session/week, for
12 weeks

Intensity: NR (predict light)
Time: 60 min/session

Type: Yoga

Follow-up: 12 weeks
QoL: SF-36 significantly improved within Medi-yoga

intervention group in the Bodily Pain from 70 (27) to 83 (19),
(p = 0.014), General Health from 61 (18) to 70 (17), (p = 0.037),

Social Function from 75 (28) to 88 (18), (p = 0.029), Mental
Health from 64 (16) to 72 (16), (p = 0.030) and Mental

Component Summary score from 40 (11) to 46 (9), (p = 0.019),
subscales, however, no significance between group effects.

No adverse events.

Cohort studies

Ahn, 2021

n = 66,692
60 years

64% male
Newly diagnosed AF

Cohort stratified by: Persistent
non-exercisers (30.5%)

New exercisers (17.8%),
Exercise dropouts (17.4%)

Exercise maintainers (34.2%)
Exercise “Yes” = performing moderate

(>30 min) or vigorous intensity exercise
(>20 min), at least once a week. Exercise
“No” = not engaging in any moderate or

vigorous intensity exercise. Therefore,
persistent non-exercisers (No to No), new
exercisers (No to Yes), exercise dropouts

(Yes to No), and exercise maintainers (Yes
to Yes).

Follow-up: 2 years
SAE: The new exerciser and exercise maintainer groups were
associated with a lower risk of HF compared to the persistent
non-exerciser group: the hazard ratios (HRs) (95% Cis) were
0.95 (0.90–0.99) and 0.92 (0.88–0.96), respectively (p < 0.001).
Performing exercise any time before or after AF diagnosis
was associated with a lower risk of mortality compared to

persistent non-exercising: the HR (95% CI) was 0.82
(0.73–0.91) for new exercisers, 0.83 (0.74–0.93) for exercise

dropouts, and 0.61 (0.55–0.67) for exercise maintainers
(p < 0.001).

For ischemic stroke, HRs were 10%–14% lower in patients of
the exercise groups, yet differences were statistically

insignificant (p = 0.057).
Energy expenditure of 1000–1499 MET-min/wk (regular

moderate exercise 170–240 min/wk) was consistently
associated with a lower risk of each outcome based on

a subgroup analysis of the new exerciser group.

Bonnesen, 2021

n = 1410
75 years

46% female
Participants had AF risk factors

but no prior AF diagnosis

A dynamic parameter describing
within-individual changes in daily
physical activity, i.e., average daily

activity in the last
week compared to the previous

100 days, was computed and used to
model the onset of AF.

Follow-up: 3.5 years
A 1 h decrease in average daily physical activity was

associated with AF onset the next day (odds ratio 1.24
(1.18–1.31)). This effect was modified by overall level of

activity (p < 0.001 for interaction), and the signal was
strongest in the tertile of participants with lowest activity

overall (low: 1.62 (1.41–1.86), mid: 1.27 (1.16–1.39), and high:
1.10 (1.01–1.19)).

Buckley, 2021a

n = 23,894
68 years

30% female
Included paroxysmal, persistent

and permanent AF

Comprehensive cardiac
rehabilitation programme *

Follow-up: 18 months
Exercise-based CR was associated with 68% lower odds of

all-cause mortality (odds ratio, 0.32; 95% CI, 0.29–0.35), 44%
lower odds of rehospitalisation (0.56; 95% CI, 0.53–0.59), and
16% lower odds of incident stroke (0.84; 95% CI, 0.72–0.99)

compared with propensity-score matched controls.
The beneficial association of exercise-based CR on all-cause
mortality was independent of sex, older age, comorbidities,

and AF subtype.

Buckley, 2021b

n = 9808
70 years

32% female
Included paroxysmal AF

Comprehensive cardiac
rehabilitation programme *

Follow-up: 2 years
Progression from paroxysmal AF to sustained AF
(persistent/permanent) at 2-year follow-up was

proportionally lower with 19.3% (n = 617 of 3197 patients) in
the exercise-based CR cohort compared to 24.5% (n = 909 of

3716 patients) in the matched controls (OR 0.74,
95% CI: 0.66–0.83).
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Table 1. Cont.

First Author, Year
AF Population

n = Sample; Age (Years); Sex (%);
AF Subtype

Exercise Intervention
Frequency; Intensity; Time; Type

Follow-Up and Impact on Health Outcomes
(SAE, Physical Capacity, AF Specific Outcomes, and QoL)

Garnvik, 2020

n = 1117
Inactive: 73 years

61% male
Not meeting: 71 years

67% male
Meeting: 69 years

78% male
All AF subtypes

Cohort stratified into 3 groups:
(1). Inactive, reflecting no PA or less

than once a week.
(2). Below guideline amount,

reflecting < 150 min of moderate
intensity or <75 min of vigorous

intensity/week.
(3). At or above guideline amount,
≥150 min moderate or ≥75 min

vigorous intensity/week.

Follow-up: up to 9 years or an event
Atrial fibrillation patients meeting PA guidelines had lower

risk of all-cause (hazard ratio (HR) 0.55, 95% confidence
interval (CI) 0.41–0.75) and CVD mortality (HR 0.54, 95% CI
0.34–0.86) compared with inactive patients. The respective

HRs for CVD morbidity and stroke were 0.78 (95% CI
0.58–1.04) and 0.70 (95% CI 0.42–1.15).

Each 1-MET higher eCRF was associated with a lower risk of
all-cause (HR 0.88, 95% CI 0.81–0.95), CVD mortality (HR 0.85,
95% CI 0.76–0.95), and morbidity (HR 0.88, 95% CI 0.82–0.95).

Hegbom, 2006
(Originally
an RCT, but

results presented
as a single arm
pre-post study)

n = 30
62 years

88% male
Permanent AF

Frequency: 3 sessions/week for
8 weeks

Intensity: 70–90% of maximum
heart rate

Time: 1.25 h
Type: Three 15 min periods of aerobics

at HRmax, interrupted by
strengthening exercise for the back,

thighs, and stomach
15 min of stretching and relaxation

Follow-up: 8 weeks
Physical capacity: Increase in cumulated work at Borg-17

scale: The intervention group (39% ± 38%) and control group
(42% ± 35%).

Quality of life change to follow-up, SF-36 (within intervention
group): from 49 ± 6 pre-training to 52 ± 6 post-training

(p < 0.05).

Lakkireddy, 2013

n = 49
61 years

47% male
Paroxysmal AF

Frequency: 2 sessions/week for
12 weeks

Intensity: NR (predict light)
Time: NR

Type: Yoga

Follow-up: 12 weeks
AF specific: Yoga training reduced symptomatic AF episodes

(3.8 ± 3 vs. 2.1 ± 2.6, p < 0.001), symptomatic non-AF
episodes (2.9 ± 3.4 vs. 1.4 ± 2.0; p < 0.001), asymptomatic AF

episodes (0.12 ± 0.44 vs. 0.04 ± 0.20; p < 0.001).
QoL: SF-36 significantly improved after the intervention
period (Physical Functioning from 85.0 (80.0–95.0) to 90.0

(85.0–95.0), (p = 0.017), General Health from 65.0 (50.0–77.5) to
75.0 (65.0–82.5), (p < 0.001), Vitality from 84.0 (68.0–88.0) to
91.0 (80.0–95.8), (p < 0.001), Social Functioning from 100.0
(75.0–100.0) to 100.0 (90.0–100.0), (p = 0.019), and Mental

Health from 75.0 (65.0–85.0) to 80.0 (70.0–86.0), (p < 0.001).
No adverse events.

Younis, 2018

n = 304 (pre-post AF arm)
68 years

76% male
AF subtype NR

Frequency: 2 sessions/week for
6 months

Intensity: NR
Time: 60 min

Type: Cardiac rehabilitation

Follow-up: 6-months
Physical capacity: Significant improvement (delta > 5%) was

achieved among 194 (64%) patients with AF.

AFEQT, atrial fibrillation quality of life survey; AF, atrial fibrillation; AF-QoL-18, quality of life questionnaire for
patients with atrial fibrillation; MET, metabolic equivalent (one MET = 3.5 mL.g.min of oxygen consumption);
RCT, randomised controlled trial; SAE, serious adverse event; SF-36, 36-item short form survey; QoL, quality of
Life; 6MWT, 6 min walk test. * Individual exercise programme details unknown due to clustering of data from
multiple sites using a network research database.

 

Figure 1. Proposed mechanisms explaining the long-term AF protection from regular exercise

training. We propose atrial health has a direct impact on AF recurrence/burden and an indirect
impact on AF morbidity whereas vascular health has a direct impact on AF morbidity and an indirect
impact on AF recurrence/burden. Dark blue arrows represent a direct relationship. Light blue arrows
represent an indirect relationship.
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3. Evidence Informing AF-Specific Rehabilitation

3.1. Study Characteristics

Table 1 summarises the reviewed primary research and available data of interest ex-
tracted from each study. Of the included 21 studies (22 publications), 13 were randomised
controlled trials and 8 were pre-post or cohort studies. Sample size ranged between
66,692 [19] and 18 [20], and female representation ranged between 77% [18] and 12% [21],
with 11 studies investigating paroxysmal and/or persistent AF subtypes, [18,22–31],
4 permanent AF, [21,32–34], 2 all-AF subtypes [2,35], and 4 studies did not stratify their
results by AF subtype [17,19,36,37]. Included interventions were moderate-intensity con-
tinuous training, high-intensity interval training, cardiac rehabilitation (moderate-vigorous
intensity continuous training and resistance training), low-to-moderate continuous training
(Yoga, Qigong), inspiratory muscle training, and resistance plus moderate-intensity contin-
uous training (circuit training). Follow-up for outcomes of interest (SAE, physical capacity,
AF-specific outcomes, and quality of life) ranged between 8-weeks [21] and 9-years [35].

3.2. Intervention/Cohort Details and Long-Term Outcomes

Population-based studies. In a cohort study of 66,692 participants with newly diag-
nosed AF, performing > 30 min of moderate or >20 min of vigorous intensity exercise at least
once per week was associated with significantly lower risk of heart failure and mortality
(and a 10–14% lower risk of ischaemic stroke, although the latter was not significant) [19].
In subgroup analyses of patients with AF who went from previously inactive to active,
an energy expenditure of 1000–1499 MET-minutes/week, corresponding to 170–240 min
per week of moderate intensity exercise, was consistently associated with a lower risk
of mortality, stroke, and heart failure in patients with AF [19]. In another cohort study
of 1117 patients with AF, participants were stratified by activity level (i.e., inactive, not
meeting physical activity guidelines, and meeting physical activity guidelines). The authors
reported that meeting the 150 min of moderate-intensity physical activity guidelines was
associated with lower risk of all-cause mortality, cardiovascular-related mortality, cardio-
vascular morbidity, and stroke compared to those not meeting the guidelines and those
who were inactive [35]. This work highlights the potential potency of meeting (150 min
of moderate intensity physical activity/week) and exceeding the general physical activity
guidelines (170–240 min of moderate intensity physical activity/week) on long-term clinical
outcomes in patients with AF. However, as these data are from cohort studies, the findings
are associations, not causal.

Intervention studies. The most researched exercise-based intervention included in this
review was cardiac rehabilitation with seven included studies across four RCTs [22,24,28,29]
and three cohort studies [2,30,37]. There were consistent benefits shown in studies that
investigated comprehensive cardiac rehabilitation or an intervention designed to reflect
cardiac rehabilitation. The various types of intervention included an exercise programme
consisting of 1–3 sessions/week of 30–60 min moderate-to-vigorous intensity exercise for
9-weeks to 6-months. A variety of benefits was observed across all studies including fewer
major adverse cardiovascular events such as mortality, hospitalisation, and stroke; [2] less
progression of AF subtype from paroxysmal to sustained AF; [30] lower AF recurrence; [22]
higher physical capacity; [24,28,29,37] and better quality of life [24,28].

A total of four included studies investigated less traditional low-moderate intensity
continuous exercise programmes including Yoga, [31] Mediyoga (a therapeutic form of
meditative yoga based on deep breathing) [26,27], and Qigong (slow and graceful move-
ments with a focus on breathing) [33]. In a pre-post study, Lakkireddy et al. showed that
following 12-weeks of Yoga twice a week, episodes of AF were significantly reduced and
quality of life significantly improved (including Physical Functioning, General Health,
Vitality, Social Functioning, and Mental Health subscales). More recently, Wahlström et al.
demonstrated that 12 weeks of Mediyoga once per week resulted in significantly increased
physical capacity (measured via 6MWT) and the mental component of quality of life com-
pared to a control [27]. In a later study, Mediyoga was shown to increase within arm
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improvements in bodily pain, general health, social function, mental health, and mental
component summary scores (as measured by the Short-Form Health Survey) within the
MediYoga group, but no significant differences were seen when compared to an active con-
trol or usual care [26]. Finally, two 90 min sessions of Qigong for 16-weeks demonstrated
increased physical capacity compared to controls (measured via the 6MWT) [33]. This
work provides promise for alternative low-moderate intensity continuous exercise, such
as Yoga, for improved quality of life and even physical capacity for people with AF. No
known study has yet explored whether these benefits also translate to clinical or AF-specific
outcomes following this type of exercise.

Three studies investigated the effect of vigorous-intensity exercise for patients with
AF. A programme of three sessions per week of vigorous-intensity exercise for 12-weeks
was shown to significantly improve time in AF (reduced AF burden), improve physical
capacity, and improve quality of life compared to usual care across two RCTs [18,32].
However, in one post hoc analysis from an RCT, two sessions of high-intensity interval
exercise per week for 6-months improved quality of life and V˙O2-peak in both intervention
and usual care groups (no significant difference between groups). However, the sample
of patients in this study underwent cardiac resynchronisation therapy and represented
only 18 participants with AF across both groups [20]. One RCT investigated low- vs high-
intensity exercise consisting of two sessions of interval and circuit-based training twice
per week for 12-weeks [25]. Both groups demonstrated an improvement in V˙O2-peak
but no group-time interaction was observed. Furthermore, there was no difference in AF
burden (measured as ECGs with AF/ECGs without AF) between the two exercise groups.
Although the measurement of AF burden with non-continuous methods (as conducted in
the latter study) has its limitations [38], this work highlights a topical argument regarding
whether we should focus on exercise duration or exercise intensity.

3.3. Should We Promote Increased Intensity or Duration of Exercise for Improved Outcomes?

By observing data from other more intensively researched cardiovascular
conditions [39,40], it is possible that the overall energy expenditure is the most impor-
tant variable for optimal patient outcomes. In line with this hypothesis, two systematic
reviews with meta-analyses and meta-regression have shown that total energy expenditure
of an overall exercise programme was the strongest predictor of improvement in exercise
capacity for patients with heart failure [39,40]. It was concluded that at least 460 kcal of
weekly energy expenditure may elicit the greatest changes in cardiorespiratory fitness for
patients with heart failure (regardless of how those kcals are achieved, i.e., high-intensity in-
terval training vs. moderate-intensity continuous training) [39]. Similarly, in a multi-centre
comparison, Williams et al. [41] found that in both healthy populations and participants
with cardiovascular disease, higher amounts and intensity of exercise increased the like-
lihood of cardiorespiratory fitness improvement. Furthermore, it has been shown (in
a healthy sample) that individual cardiorespiratory ‘non-response’ to exercise training is
abolished by increasing the volume of aerobic continuous exercise [42]. Therefore, it seems
that by increasing the overall exercise dose, whether by increasing the volume and/or in-
tensity of an exercise programme, more individuals (even those most likely not to respond)
have improved odds of benefiting from the programme. The overall dose of an exercise
programme is a product of the frequency of sessions, intensity, and time (duration of
individual sessions and programme). All of these can be manipulated to personalize the
exercise programme.

By taking an overall exercise dose approach, a minimum exercise threshold of
360–720 MET-minutes/week would correspond to 60–120 min of exercise training per
week at moderate-to-vigorous intensity (Graphical Abstract). This proposed threshold is
typical of a cardiac rehabilitation programme and the majority of aerobic-type exercise inter-
ventions included within this review, which have demonstrated clinical benefit. Nonethe-
less, exceeding this exercise dose would increase one’s likelihood of benefit, whether by
increasing the number of sessions per week or the intensity of exercise in an individual ses-
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sion. For example, in a rigorous between and within study design, 78 healthy participants
were divided into five groups comprising 1–5 60 min exercise sessions for 6-weeks. Non-
responders in V˙O2-peak at 6-weeks were prescribed an additional two sessions per week.
Findings showed that that in groups 1, 2, 3, 4, and 5, 69%, 40%, 29%, 0%, and 0% of
individuals, respectively, were non-responders. Interestingly, after increasing the exercise
programme by an additional two sessions for all non-responders across all groups, all
non-response in V˙O2-peak was eliminated [42]. This highlights the potency of increasing
the dose of an exercise programme via increased exercise volume. However, increasing
intensity and duration of exercise may enhance the befits from exercise further. Using
a multi-centre comparison of V˙O2-peak trainability between high- and low-volume inter-
val training and moderate-intensity continuous training, with a total of 677 participants
representing 18 different intervention studies, high-volume and high-intensity interval
training had more responders in V˙O2-peak improvement compared to low-volume and
high-intensity interval training and moderate intensity continuous training [41]. Thus,
gradually increasing both intensity and duration of exercise may be the optimal strategy for
reducing ‘non-response’ in clinical exercise programmes. This concept could be titrated on
an individualised basis for those who may not respond to the initial dose. This may explain
the previously discussed findings that increasing one’s activity level up to three-fold the
current exercise guidelines (1000–1499 MET-minutes/week) had the strongest association
with improved major adverse cardiovascular outcomes at 2-year follow-up in previously
inactive patients with AF [19]. However, this was based on self-reported data, which
can vary considerably from device-based measurement depending on the method used
and population investigated [43]. Therefore, this may represent an elevated threshold
for improved long-term prognosis in patients with AF. It is also important to note that
there has been no research investigating non-response to exercise training in patients with
AF, and this warrants future investigation. This may be particularly important for those
with concomitant conditions such as AF and heart failure (especially those with preserved
ejection fraction) who may be less responsive to initial training [44,45].

3.4. Mechanisms of AF Protection from Long-Term Exercise Training

Although exercise training improves individual risk factors, collectively, only ~50% of
the exercise-induced benefit to health can be explained by risk factor improvement [46,47].
There is now a clear body of work that has shown the favourable adaptations seen in
vascular structure and function following exercise training [48], which can help to explain
this so called “risk factor gap” [49–51]. Figure 1 depicts the hypothesised contribution of risk
factor modification, specifically physiological cardiac remodelling (enlargement in cardiac
dimension, improved contractility, and increased blood volume), atrial health (physiological
increase in atrial size with associated reduction in fibrosis and inflammation), and vascular
health (increased diameter size, improved vascular function) to explain the benefit of
regular exercise training on AF burden and major adverse events. Here, we propose that
the beneficial impact of exercise training on physiological cardiac remodelling [52] and
an AF substrate [16] has a direct impact on AF burden and recurrence and an indirect
impact on AF morbidity. Conversely, we propose that the beneficial impact of exercise
training on vascular structure and function [49,53] has a direct impact on AF morbidity
and an indirect impact on AF burden and recurrence (Figure 1).

When referring to increased cardiac remodeling and atrial health (particularly in-
creased atrial size), Figure 1 represents physiological hypertrophy/cardiac remodelling
as a direct result of exercise training. Physiological hypertrophy/cardiac remodelling
is associated with enhanced cardiac function whereas pathological hypertrophy/cardiac
remodelling is associated with increased fibrosis, cardiac dysfunction, and can be arrhyth-
mogenic. Vascular structure typically refers to the thickness of the arterial wall, measured
as the intima-media thickness (IMT), and the diameter of the lumen, measured using vas-
cular ultrasound. Vascular function refers to the ability of the artery to vasodilate and/or
vasoconstrict dependent on the stimulus used. Commonly used measures of vascular
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function include flow-mediated dilatation (largely endothelial dependent) and carotid
artery reactivity (largely catecholamine dependent) [48].

3.5. Is There an Acute, AF-Specific, Cardioprotective Effect of Exercise for People with AF?

In a novel prospective cohort study of 1410 participants with risk factors for AF and
stroke, Bonnesen et al. [36] created a dynamic parameter describing within-individual
changes in daily physical activity, i.e., average daily physical activity in the last week
compared to the previous 100-day average. They showed that a 1 h decrease in daily
physical activity during the last week increased the odds of AF onset the next day by
24%. This provides the first known data suggesting a possible acute AF-specific protective
effect of regular physical activity. Furthermore, the strongest association was observed
in the group with the lowest activity overall, where a 1 h reduction in an individual’s
physical activity increased the odds of AF by 60% for the those in the third lowest activity
stratum. Interestingly, the most physically active participants were somewhat protected
from transient reductions in physical activity with lower odds of AF following acute
physical inactivity. Although these findings are exciting, it is important to emphasise
that the analysis stems from a sub-study of a larger prospective study and there are
limitations with regard to the detail of physical activity data retrieved from implantable
loop recorders. Further, there is the possibility of reverse causality, whereby undetected AF
or other condition-specific symptoms may have affected physical activity levels prior to
an AF event.

The idea of immediate and acute cardioprotection from exercise is not a new concept
and has been previously termed cardiovascular preconditioning or short-term exercise-
induced cardioprotection, typically researched in patients with atherosclerotic CVD [54,55].
These short-term exercise-induced benefits stem from pre-clinical evidence that acute
exercise has the ability to activate multiple pathways to confer immediate protection against
ischaemic events, reduce the severity of potentially lethal ischaemic myocardiac injury,
and act as a physiological first line of defence [54]. From an AF-specific perspective, it is
possible that the balance between parasympathetic and sympathetic autonomic regulation
is involved in the relationship between acute physical (in)activity and AF. For example,
AF has been proposed as a disorder of autonomic tone [56] and in ‘athletic AF’, vagal
stimulation has an impact on both the atrial refractory period and action potential duration,
both of which are key in the development and progression of AF [16]. Nevertheless, in
an AF-specific context at least, the mechanisms of any potential acute cardioprotection
following short-term or even a single bout of exercise are unknown and warrant future
investigation. Other novel work by Linz et al. [57] reported, in 72 patients undergoing
pacemaker monitoring for both AF and respiratory disturbances, that nights with more
sleep-disordered breathing conferred a higher risk of subsequent AF. Within each patient,
nights with the highest sleep apnoea severity conferred a 1.7-fold increase in the risk of
having at least 5 min of AF during the same day, compared with the best rated night of
sleep. This provides further insight into the acute effects of lifestyle-related risk factors and
their potential impact on the heart. This may even partially explain the highly variable
patterns seen in paroxysmal AF. In general, AF detection is more likely if we “look longer,
look harder and look with more sophisticated methods . . . .” [58]. Therefore, more advanced
longitudinal monitoring of these dynamic risk factors (e.g., physical activity, sleep quality
etc.) may not only help explain the causes of arrythmia but also better inform clinical
management and lifestyle interventions beyond traditional risk factors.

4. Limitations

Although work in the area of AF-specific exercise rehabilitation is progressing, there
are few, relatively small RCTs that have measured AF-specific outcomes such as AF re-
currence, AFburden, and AF-specific quality of life. Moreover, detailed and consistent
reports of exercise dose (frequency, intensity, time, and type) can be improved to enhance
comparison and help determine the most effective interventions for people with AF. There
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may be differing effects of exercise training across different AF subtypes (paroxysmal, per-
sistent, and permanent); however, there is currently insufficient evidence to meaningfully
stratify results in this manner, and most research to date has included mixed AF subtype
cohorts. Although we aimed to propose a more nuanced AF-specific exercise rehabilitation
recommendation, this is only the first step towards a personalised exercise prescription for
people with AF. The latter necessitating individual views and preferences and the use of the
most relevant outcomes to those using the intervention, which is an area requiring further
research. It is important to note that interventional research in females is limited, with the
majority of patients across studies being male. As there are known sex-based differences in
terms of physical activity and incident AF (i.e., females may have a higher upper safe thresh-
old compared to males), which we have previously discussed [16]. Whether this is the case
for secondary prevention in patients with AF following an intervention warrants further
investigation. In the search for the most effective interventions, participant adherence is
critical; therefore, reporting intervention adherence and fidelity as part of a high-quality
process evaluation would help to determine real-world feasibility and would be integral to
ascertain ‘active ingredients’ of rehabilitation programmes.

5. Perspectives of Future Directions

Future work in this area should explore whether there are any negative consequences
of higher levels of physical activity and exercise training for secondary prevention in
patients with AF. In particular, given that at very high levels of vigorous endurance training,
such as >5000 MET-minutes/week or 5-to-10 fold the existing physical activity guidelines,
we observe an increased prevalence of AF, also known as athletic AF [16]. The exciting
prospect of the immediate effects of lifestyle-related risk factors, such as physical activity
and sleep quality, warrants further research to understand these dynamic factors and
explore strategies to implement such knowledge into personalised treatment strategies.
Moreover, suitably powered exercise-based rehabilitation interventions, which include
rigorous measures of AF-specific outcomes (e.g., AF burden measured via continuous
rhythm monitoring), are needed. The measurement of dynamic risk factors and AF burden
is becoming more feasible as new technology and smart devices allow continuous and non-
invasive measurement of biomarkers and AF rhythm detection. More research is needed
to investigate if there are potentially different therapeutic responses between different AF
subtypes. In particular, there is limited research for females and people with permanent
AF. Finally, it is central to remember the individual patient in clinical research and the
intervention components and outcomes that may be most important to them.

6. Conclusions

We propose that a minimum exercise threshold of 360–720 MET-minutes/week, cor-
responding to 60–120 min exercise per week at moderate-to-vigorous intensity, could be
an evidence-based recommendation for patients with AF to improve AF-specific outcomes,
quality of life, and possibly long-term major adverse cardiovascular events. This minimum
threshold is typical of a cardiac rehabilitation programme, although we would like to
emphasise that the dose could be progressively increased(via duration and/or intensity
of exercise) up to and perhaps even beyond 1000–1499 MET-minutes/week. This would
increase the likelihood of beneficial outcomes and reduce the number of ‘non-responders’.
This could be achieved as part of an individualised and progressive rehabilitation pro-
gramme. In addition, various forms of Yoga seem to have a consistently beneficial effect on
the quality of life in patients with AF and would, therefore, seem to be a promising adjunct
within an individualised rehabilitation programme.

Highlights

• Four systematic reviews and 21 primary studies were included that investigated
exercise training or physical activity for people with AF.

• Included studies represented a range of interventions and participant characteristics
including females, males, and all AF subtypes.
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• We propose 360–720 MET-minutes/week, corresponding to ~60–120 min of moderate-
vigorous intensity exercise per week as an evidence-based recommendation for pa-
tients with AF.

• This recommendation could be achieved in a variety of ways to suit the individual
i.e., two 60 min or four 30 min sessions of moderate-intensity exercise or three 20 min
sessions of high-intensity exercise, for example.

• Further work is needed to explore the potential of immediate effects of lifestyle-related
risk factors, such as physical activity and sleep quality, on AF recurrence and burden.

• Furthermore, adequately powered RCTs are needed to investigate the effectiveness of
exercise-based rehabilitation on AF-specific outcome measures.
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Abstract: Cardiovascular disease in hemophiliacs has an increasing prevalence due to the aging of
this population. Hemophiliacs are perceived as having a high bleeding risk due to the coagulation
factor VIII/IX deficiency, but it is currently acknowledged that they also have an important ischemic
risk. The treatment of atrial fibrillation (AF) is particularly challenging since it usually requires anti-
coagulant treatment. The CHA2DS2-VASc score is used to estimate the risk of stroke and peripheral
embolism, and along with the severity of hemophilia, guide the therapeutic strategy. Our work
provides the most complete, structured, and updated analysis of the current therapeutic approach
of AF in hemophiliacs, emphasizing that there is a growing interest in therapeutic strategies that
allow for short-term anticoagulant therapy. Catheter ablation and left atrial appendage occlusion
have proven to be efficient and safe procedures in hemophiliacs, if appropriate replacement therapy
can be provided.

Keywords: atrial fibrillation; anticoagulant; catheter ablation; left atrial appendage occlusion;
cardiovascular disease; hemophilia

1. Introduction

Hemophilia is a rare genetic disorder. It is caused by inherited X-linked mutations in
the genes encoding coagulation factor VIII (hemophilia A) or factor IX (hemophilia B). It is
characterized by a lifelong increased tendency to bleed, which is generally proportional
to the degree of coagulation factor deficiency. Of the two types, hemophilia A (HA) is six
times more prevalent than hemophilia B (HB) [1]. While women are carriers, men clinically
express the disease.

Due to advances in treating hemophilia, the life expectancy of hemophiliacs has
currently increased, approaching that of the general male population [2–6]. Once un-
common, age-related diseases have emerged in hemophiliacs and the number of cases is
growing. Among the most frequent non-hemophilia-related medical comorbidities are
cancer and cardiovascular disease, both associated with old age. Their diagnosis and
treatment are extremely challenging because it often requires procedures and drugs that
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may worsen the already deficient hemostasis. The treatment of cardiovascular diseases
in patients from the general population usually includes antithrombotic therapy, either
anticoagulant, antiplatelet agents, or both. Evidence-based guidelines for the management
of cardiovascular diseases in hemophiliacs are lacking and the antithrombotic treatment
is guided by the consensus of experts based on the international guidelines dedicated to
non-hemophilia patients [1,7–9].

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in the general
adult population. The prevalence is 2–4% and rises due to the increase in the number
of elderly people worldwide and the intensification of the effort to diagnose AF [10–12].
Observational studies note similar rates of AF in patients with hemophilia compared to
the general population [13,14]. Since its treatment usually involves anticoagulant therapy
and interventional techniques, AF poses unique therapeutic challenges in hemophiliacs
because these patients have a bleeding-prone hemostatic balance. Our work provides
an in-depth analysis of the modern therapeutic approach to AF in hemophiliacs, taking
into account the new advances in the field. In order to extract the necessary data, we
performed an extensive search in the Web of Science. The keywords “atrial fibrillation” and
(“hemophilia” or “haemophilia”) were searched in the titles and abstracts of the articles.
As this review aimed to provide information on the current treatment of atrial fibrillation,
the search was restricted to the last 10 years. We manually screened the titles and abstracts
of all 138 articles retrieved from the automatic search, removing duplicates and articles in
languages other than English.

2. AF Epidemiology and Risk Factors

Age and many of the comorbidities associated with aging are important risk factors
for AF [12,15–27]. Current evidence shows that hypertension, diabetes mellitus, dyslipi-
demia, obesity, and smoking are very common among hemophiliacs [28–32]. Moreover, of
these cardiovascular risk factors, hypertension is more prevalent in hemophiliacs than in
the general male population [29–33]. The clustering of cardiovascular risk factors is also
present, with more than a third of hemophiliacs having metabolic syndrome [33]. The unfa-
vorable cardiovascular risk profile sets in earlier in life in hemophiliacs than in the general
population [29,31,34] and the cardiovascular risk factor burden is present, irrespective of
hemophilia severity [32,35].

In men, the risk of AF increases steeply after the age of 50 [36]. Thus, with the
prolongation of the lifespan of hemophiliacs and the accumulation of risk factors for AF,
the number of patients with this arrhythmia is expected to increase. In the largest European
cohort of hemophiliacs analyzed to date, the prevalence of AF was 0.84% [13]. A low value
of 0.2% was found in patients younger than 60 years of age and seventeen times higher
(3.4%) in those over 60 years of age, similar to that of the general population [9]. While there
was a very important age-dependent upward trend, the prevalence of AF was inversely
correlated with the severity of hemophilia. Other European studies reported a prevalence of
2.2–2.4% [37,38]. The lowest prevalence of AF was found in Asian hemophiliacs (0.28%) [30],
and the highest in two North American cohorts, 5.4% in young hemophiliacs [39] and 7.5%
in those aged between 54 and 73 [32]. This highlights the negative impact of aging on the
prevalence of AF.

3. Assessment of the Ischemic Risk

Blood stasis in the left atrium and impaired contractility of the left atrial appendage are
the main contributors to cardioembolism [40]. It is considered that 20–30% of all ischemic
strokes and 10% of cryptogenic strokes are the consequence of AF [12]. Generally, AF
multiplies the risk of stroke by five [41]. This risk is not homogeneous in the general
population, but is dependent on comorbidities and ranges between 1% and 20% [42,43].
Moreover, strokes associated with AF are usually severe, highly recurrent, often fatal, or
with permanent disability [12].
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The risk of AF-related stroke is influenced by additional factors, therefore, risk scores
have been developed to stratify patients and guide the anticoagulant treatment [44–46].
The CHADS2 score was originally used [47], but the CHA2DS2-VASc score outperformed
the CHADS2 score and simplified the anticoagulation decision-making as it could iden-
tify individuals with a truly low thromboembolic risk that do not require anticoagulant
treatment (0 in men and 1 in women) [48,49].

Data on the risk of ischemic stroke in hemophiliacs compared to men in the general
population are scarce. Still, the rate of ischemic stroke is expected to be low [50]. A retro-
spective study showed that the prevalence of ischemic stroke was lower in hemophiliacs
with severe disease (0%) than in the general male population (1.5%), but this difference
was not statistically significant in hemophiliacs with mild-moderate disease [37]. Of four
patients with ischemic stroke, the event was correlated with the presence of AF in one.

Few data are available on the risk of ischemic stroke and systemic embolism in
hemophiliacs with AF. CHADS2 and subsequently CHA2DS2-VASc scores were used to
estimate this risk, but none have been prospectively validated in a population of hemophil-
iacs thus far. The CHA2DS2-VASc score was calculated in 33 patients with AF from a
large pan-European cohort of almost 4000 hemophiliacs [13]. The score ranged from 0
to 4, driven principally by age and hypertension. The score’s mean value was 1.3. Of
the 33 hemophiliacs with AF, 16 (48%) had hypertension, three (9%) peripheral vascular
disease, three (9%) diabetes, and two (6%) had previous stroke. None had congestive
heart failure. Eleven patients (33%) were between 65 and 74 years and three (9%) were
75 years or older. There were ten hemophiliacs with a CHA2DS2-VASc score of 0. Based
on the CHA2DS2-VASc score, in hemophiliacs with AF in this cohort, the risk of stroke
was low [13].

The French registry included 68 hemophiliacs requiring antithrombotic treatment
for acute coronary syndromes (ACS)/coronary artery disease (CAD), AF, or both [51].
Seventeen patients only had AF and one patient had both AF and CAD. The CHA2DS2-
VASc score ranged from one to seven. Sixteen patients had a CHA2DS2-VASc score ≥2. The
score’s mean value was three, much higher than previously reported [13]. This difference
was not determined by the age of the enrolled patients, but by the load of comorbidities.

Data also came from a short series of cases and case reports. In seven HA patients,
the CHA2DS2-VASc score ranged between one and six, with a mean value of three, where
age and hypertension were the most important contributors [52]. The patient with severe
hemophilia had the highest CHA2DS2-VASc score mainly due to advanced age, previous
stroke, and myocardial infarction. Cheung et al. reported the case of a HA patient with mild
disease who also had a score of six due to age, left ventricular dysfunction, hypertension,
history of stroke, and atherosclerotic carotid stenosis [53]. A very high CHA2DS2-VASc
score of seven was reported in a 79-year-old patient with mild HA, based on age, chronic
heart failure, hypertension, transient ischemic attack, and coronary artery disease [54].

Although the value of the CHA2DS2-VASc score varies widely in this population, it has
become evident that due to the multiple risk factors that accumulate with age, hemophiliacs
with AF have an increased risk of ischemic stroke and systemic embolism, regardless of the
severity of the disease. Therefore, stroke prevention measures should be discussed with
the patient and implemented by a cardiologist–hematologist team.

The first attempt to incorporate a stroke risk score in anticoagulation decision-making
was based on the CHADS2 score [55]. Currently, the CHA2DS2-VASc score is endorsed
by the ADVANCE (age-related developments and comorbidities in hemophilia) Work-
ing Group [8]. The proposed algorithm incorporates both the CHA2DS2-VASc score
and the severity of hemophilia. Still, caution is advised as the absolute risk of stroke
may be overestimated because the CHA2DS2-VASc score includes parameters that are
either irrelevant—female sex—or rarely relevant— peripheral arterial disease and very old
age—for the hemophilia population. It has been proposed that only hemophiliacs with a
CHA2DS2-VASc score ≥3 should be considered with a high risk of stroke [50]. Considering
the severity of hemophilia and the risk of bleeding, other researchers have considered
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that a CHA2DS2-VASc score ≥2 should be used to start anticoagulation in patients with
factor level ≥20% and a higher threshold—CHA2DS2-VASc score ≥4—was suggested in
hemophiliacs with a factor level <20% [8,9].

4. Assessment of the Bleeding Risk

The HAS-BLED score is used in the general AF population for estimating the basal
bleeding risk before and during the anticoagulant treatment [56]. A HAS-BLED score ≥3
indicates a high risk of bleeding, but this value should not be used as an absolute parameter
for withholding or withdrawing anticoagulation. This score must be seen as a tool to reduce
the bleeding risk by identifying those risk factors that can be avoided or reversed.

The reliability of this score in hemophiliacs has long been questioned because two
major determinants of the risk of bleeding in hemophiliacs—the severity of the disease and
the presence of inhibitors—are not directly assessed by this score.

The frequency of bleedings depends on the severity of hemophilia. The highest risk
is in patients with a factor level <1% of normal, who may bleed spontaneously or after
minimal trauma [57,58]. Hemophiliacs have a particular hemorrhagic profile. Bleedings
are usually recurrent and mainly affect the joints and muscles. Although it is a rare compli-
cation, intracranial hemorrhage (ICH) is the most feared because it is life-threatening. Its
incidence is higher in hemophiliacs than in the general population, especially in those with
severe disease [59,60]. The implementation of modern therapies has led to a major reduction
in ICH incidence so that currently, the patients on prophylactic treatment no longer develop
ICH [59–62]. Moreover, hypertension has long been associated with ICH [63]. Since hyper-
tension is very prevalent in hemophiliacs, its diagnosis and intensive treatment should be
promptly implemented to reduce the ICH risk in the entire hemophiliac population.

Hemophilia patients without inhibitors typically have a predictable response to clot-
ting factor replacement, and bleeding can be reliably prevented or treated. Those with base-
line factor levels >5% and those with severe hemophilia under clotting factor prophylaxis
have the lowest risk of bleeding [7]. Patients with inhibitors have a much less predictable
hemostatic response to bypassing agents. The problem with developing neutralizing
anti-FVIII antibodies is of great importance as it occurs in 25–33% of HA patients [64,65].
Studies have found that 10–20% of bleedings in hemophiliacs with inhibitors are either
unresponsive or only partially responsive to bypassing agents [66]. Therefore, the risk of
uncontrolled bleeding almost always outweighs the benefit of anticoagulation.

When reported, often in a small series of cases and case reports, the HAS-BLED score
was frequently three. In seven HA patients, the HAS-BLED score ranged between one and
three, with a mean value of three. Higher values of the score such as five or six have also
been reported [54,67].

Until 2021, when the results of the French registry were published, there was a general
agreement that the HAS-BLED score underestimated the bleeding risk in hemophiliacs and
was considered not suitable for use in this population [50,68]. The French registry provided
evidence to the contrary. The HAS-BLED score of the 18 hemophiliacs with AF ranged
from zero to four, with a mean value of two [51]. A HAS-BLED score ≥3 was associated
with increased bleeding risk. In the two years of follow-up under antithrombotic treatment,
five out of eight patients with a HAS-BLED score ≥3 reported bleeding episodes, while no
hemorrhagic events were reported in any of the 10 patients with a HAS-BLED score <3. Of
note, none of the hemophiliacs had inhibitors. The median coagulation factor level and the
proportion of patients on prophylaxis were similar between the two groups. This was the
first report to show that the HAS-BLED score is applicable to hemophiliacs.

The type, intensity, and duration of antithrombotic therapy are determined, on one
hand, by the ischemic risk, and on the other hand, by the risk of bleeding and need for
replacement therapy, which must ensure a level of coagulation factor that allows for safe
antithrombotic treatment. Intensive replacement therapy as required by anticoagulants is
unlikely to be sustainable in the long-term. In this context, finding alternative therapeutic
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solutions has become a priority. Of particular interest are the catheter ablation techniques
and the devices for closing the left atrial appendage.

5. Rhythm or Rate Control in AF

When choosing between rhythm and rate control, it should be considered that over
time, AF becomes less responsive to treatment or is irreversible [69] and that AF progression
leads to an increased risk of ischemic stroke or systemic embolism, a high risk of hospital-
ization for heart failure [70] and a decrease in the quality of life [71]. The current guideline
highlights the fact that the primary indication for rhythm control is to reduce the symptom
burden related to the arrhythmia and to improve the quality of life, especially when factors
favoring rhythm control are prevailing [12]. While no major differences were observed in
cardiovascular mortality or stroke rate [72], the rhythm control strategy improved the left
ventricular function and quality of life in patients with heart failure [73].

The drugs used for rate or rhythm control and the antiarrhythmic selection algorithm
in hemophiliacs mirror the guidelines for AF management in the general population [12].
One option to achieve rhythm control is through cardioversion and the currently available
data in hemophiliacs reflect a preference for the pharmacologic approach [74–78]. The
anticoagulant therapy should be started as soon as possible before cardioversion, and con-
comitant coagulation factor replacement therapy should be administered when necessary.
The algorithm that includes transesophageal echocardiography (TEE) should be considered
first—when available—because TEE can rule out atrial thrombi and the 3-week period
of anticoagulation prior to procedure is avoided [12]. Of note, successful cardioversion
does not imply that long-term anticoagulant treatment is no longer necessary. The stroke
occurrence in high-risk patients is the same, regardless of the rhythm or rate control strat-
egy adopted [79], therefore, the decision regarding long-term oral anticoagulant treatment
should be driven by the presence of the stroke risk factors [12]. Thus, other therapeutic
options should be considered in hemophiliacs with a CHA2DS2-VASc score of one or higher
in whom long-term anticoagulant therapy treatment is not feasible.

Patients with AF require both antiarrhythmic and anticoagulant treatment, therefore,
the guidelines provide specific recommendations to help in the selection of the appropriate
drug and dose [80]. Recent data on clinical implications of drug–drug interactions show
that in patients over 66 years old on anticoagulant treatment with a NOAC —apixaban,
dabigatran, rivaroxaban—the bleeding risk was not increased by the concomitant use of
amiodarone, diltiazem, and verapamil [81]. If dronedarone is used, it should be noted that
it increases the frequency of gastrointestinal bleedings when associated with dabigatran
and rivaroxaban and the risk of overall bleeding in patients receiving rivaroxaban [82].
Thus, when selecting AF treatment for hemophiliacs, it should be considered that the
underlying hemorrhagic risk will be increased by the administration of the antithrombotic
therapy and that some antiarrhythmic drugs may further potentiate this risk.

Due to the increased bleeding risk of hemophiliacs, there is a permanent pursuit for
the use of the minimum effective dose of anticoagulant. The increasing availability of
thrombin generation assays could facilitate this approach. While conventional coagulation
tests provide only partial information on hemostasis, the global coagulation tests evaluate
the functionality of all its components. By assessing the dynamics of clot formation, clot
resistance, and stability, global coagulation tests reflect the interaction between procoagu-
lants, natural anticoagulants, platelets, and the fibrinolytic system. Guided by a thrombin
generation assay, a reduced dose of low molecular weight heparin was safely administered
to a HA patient before cardioversion [68].

6. Surgical and Catheter Ablation of AF

AF catheter ablation for pulmonary vein isolation (PVI) is an efficient and safe rhythm
control strategy. It represents a first-line therapy in selected patients with symptomatic
AF and it is also recommended after antiarrhythmic drug therapy failure [12,83,84]. The
interest in catheter ablation is growing because this therapy is perceived as a way to avoid
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long-term treatment with oral anticoagulants. It was hypothesized that after successful
ablation, the risk of thromboembolic events in patients with AF will be the same as in
patients without AF [85–87], thus the anticoagulant treatment could be stopped. However,
discontinuation of oral anticoagulant therapy is associated with a low risk of stroke only in
patients with a low CHA2DS2-VASc score [84]. Patients with a previous stroke continue to
have a high risk of thromboembolic events despite the successful procedure [88].

Anticoagulant treatment is necessary during the procedure to prevent thrombus
formation on sheaths and catheters and at the sites of ablation. The standard protocol
using unfractionated heparin is also implemented in hemophiliacs given that during the
procedure, the coagulation is restored to normal by the factor replacement therapy [78,84].
Most centers adopt the 300–350 s interval [78], but a slightly lower activated clotting time
(ACT) target has been used [77]. There is evidence that even an ACT target range of
225–250 s is safe and effective in specified settings [89,90].

AF ablation is followed by a period of high embolic risk due to atrial stunning,
tissue damage caused by the procedure, and possible early recurrence of arrhythmia [77].
Therefore, the anticoagulant treatment is recommended for at least two months after the
procedure [12]. Because the predictive value of the CHA2DS2-VASc score is maintained
after AF ablation regardless of the arrhythmic outcome [88], it is recommended that the
decision to stop or continue anticoagulation beyond two months be made based on the
patient’s risk profile and not on the result of the ablation procedure [12,84].

Cardiac ablation includes the catheter, surgical, and hybrid surgical–catheter ablation.
Data on protocol and outcome of the catheter ablation procedure for AF treatment in
hemophiliacs are very recent (Table 1). Cryoablation was successfully performed in a HA
patient with symptomatic AF that could not be amended through multiple pharmacological
attempts [77]. Anticoagulant and replacement factor therapy were used during the PVI
procedure, but no long-term antithrombotic therapy was recommended due to the patient’s
CHA2DS2-VASc score of 0.

A total of seven PVI procedures for symptomatic AF—with an average duration of five
years—were performed in five HA patients [78]. Three patients remained in sinus rhythm
during follow-up, while in two cases, the procedure was repeated at nine and 16 months
after the first PVI due to AF recurrence. The success rate of PVI was comparable to that
reported in the general population [91] and the complications were only hematoma at the
femoral vein puncture site. Procedures were performed under anticoagulant treatment and
replacement factor therapy, aiming at a peak coagulation factor level of 80–100% during
ablation and in the following 24 h. On the first day after the procedure, the trough level
of the coagulation factor was kept above 50%. For at least four weeks after the procedure,
patients received either dabigatran 110 mg bid or VKA and bridging with low-molecular-
weight heparin (LMWH) until INR >2. A coagulation factor level of at least 20% was
considered safe during the anticoagulant treatment.

Surgical AF ablation performed concomitantly with cardiac surgery is an opportunity
to add supplementary benefits [92]. A 50-year-old HA patient with mild disease under-
went minimally invasive mitral valve repair for valve leaflets prolapse with severe mitral
regurgitation. Exclusion of the left atrial appendage and left and right atrial cryoablation
for concurrent AF was also performed [93]. His CHA2DS2-VASc score was one. At a 2-year
follow-up, the patient had sinus rhythm without AF paroxysms. No antithrombotic was
recommended after surgery.

Severe complications after catheter ablation occur in 5–7% of patients in the general
population, of which 2–3% are life-threatening. Stroke (<1%) and pericardial tamponade
(1–2%) are the most severe. Clinical relevant hematoma at the site of venous puncture
occurs in 0.9% of patients in the general population. Periprocedural inguinal bleeding has
been reported in hemophiliacs, in two cases with a significant decrease in the hemoglobin
level [78]. No fatalities have been reported in hemophiliacs to date.
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7. Percutaneous Left Atrial Appendage Occlusion

As more than 90% of emboli originate in the left atrial appendage (LAA) [99], percuta-
neous left atrial appendage occlusion (LAAO) arose from the need to provide protection
from ischemic stroke and systemic embolism in AF patients for whom long-term antico-
agulant treatment is contraindicated. Data provided by several studies confirmed that
LAAO is a feasible, effective and safe alternative to oral anticoagulant treatment [100].
LAAO has comparable efficacy with VKA at a lower rate of major bleedings, particularly
hemorrhagic stroke [101,102]. This strategy provides a 90% reduction in the rate of hemor-
rhagic stroke [103]. In high-risk AF patients, LAAO has comparable efficacy with NOAC in
stroke prevention and a similar or better safety profile [104,105]. To prevent device-related
thrombosis after implantation, antithrombotic treatment is required until the complete
endothelialization of the device surface. In patients without contraindications to oral anti-
coagulation, the postprocedural antithrombotic therapy consists of 45 days of VKA/NOAC
and aspirin, followed by six months of dual antiplatelet therapy (DAPT) with aspirin and
clopidogrel and then lifelong single antiplatelet therapy (SAPT) with aspirin [100].

Patients who have had bleeding complications or who have contraindications to
long-term oral anticoagulant treatment will receive DAPT with aspirin and clopidogrel
for 1–6 months, followed by lifelong SAPT with aspirin [100]. In naïve patients, loading
doses of aspirin and clopidogrel are indicated. Patients at extremely high risk of bleeding
should receive SAPT for at least 2–4 weeks. If no antithrombotic drug can be admin-
istered, epicardial LAA occlusion or thoracoscopic LAA clipping should be considered
instead of LAA occluder implantation [100]. Early data from an ongoing study suggest
that reduced doses of rivaroxaban (10 mg od and 15 mg od) may be an alternative to
postprocedural DAPT [106].

Watchman, Amplatzer Cardiac Plug, and Amulet devices are the most widely used
(Table 1). The Amplatzer device family is less thrombogenic than the Watchman de-
vice [107], therefore, postprocedural anticoagulation is never necessary [12]. The patients
receiving Amplatzer Amulet devices did not have a higher risk of device-related throm-
bosis while on antiplatelets, especially those on SAPT [108]. In patients at high risk of
stroke and contraindication to oral anticoagulant treatment, the implantation of Watchman
device followed by DAPT was also an effective strategy [109]. The first case of LAAO in a
hemophiliac with a high risk of stroke due to AF was published ten years ago [53]. Since
then, many successful implantations of Amplatzer Cardiac Plug and Amplatzer Amulet
devices have been reported [53,67,95,96]. Patients had high ischemic and bleeding risks.
Their CHA2DS2-VASc score ranged from three to six and the HAS-BLED score from three
to six. The postprocedural antithrombotic treatment consisted of antiplatelet agents.

Successful use of the Watchman device was also reported in hemophiliacs with
AF [54,98]. Postprocedural antithrombotic therapy varied widely, from anticoagulation
to no treatment. In a 60-year-old HB patient with mild disease, AF catheter ablation and
placement of the Watchman device were performed concomitantly in order to minimize the
patient’s exposure to the anticoagulant [94]. After the procedure, the patients received only
one month of VKA treatment. Still, the outcome was favorable at a 6-month follow-up.

A combined therapy consisting of LAA closure and cardioversion was successfully
performed in a 69-year-old patient with moderate HB while on apixaban 2.5 mg bid and
prophylaxis with eftrenonacog alfa [97]. After the procedure, he received one-month
apixaban, three months DAPT, and long-term clopidogrel with favorable outcomes.

The largest series of cases of percutaneous LAAO published to date included seven
patients with HA [52]. Three patients received the Amplatzer Amulet device and the rest
the Watchman device. Before the procedure, two patients were on NOAC, one on LMWH,
and one on DAPT and LMWH. After the device implantation, only antiplatelets were
recommended, mainly SAPT with aspirin. In two cases, short-term DAPT was used.

Procedural risks associated with LAAO are cardiac tamponade (2–4%), stroke (1–2%),
and inguinal hematoma (1%). Device embolization is extremely rare (<1%), but may
require emergency cardiac surgery [103,110]. Most complications in hemophiliacs were
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minor or significant bleedings at the site of venous puncture. In one case, periprocedural
arterial puncture occurred and in two cases, pericardial effusion without tamponade
was diagnosed [52,67].

Although periprocedural therapy varies between treating centers, prophylactic re-
placement of the coagulation factor is always necessary, as a very high factor level of ≥80%
must be achieved during the procedure [52–54]. This level of coagulation factor is the same
as that recommended for major surgery [57]. The percutaneous LAAO procedure is mini-
mally invasive and does not require such intense replacement therapy, but the high level is
considered necessary due to the risk of intracardiac lesions and the possible conversion to
thoracic surgery. Moreover, full heparinization is used during the procedure [52,54,94]. In
the first three days after the procedure, a trough level of the coagulation factor of 80% was
frequently used [52,53].

8. Long-Term Antithrombotic Treatment

Current guidelines do not support the use of antiplatelet therapy alone for stroke
prevention in AF patients in the general population [12]. It was proven that aspirin alone
has limited or no protective effect against ischemic stroke [111,112]. Adding clopidogrel
to aspirin reduced the stroke rate compared to aspirin alone, but major bleedings signifi-
cantly increased [113]. Moreover, DAPT with aspirin and clopidogrel did not offer better
protection from stroke than VKA at a similar rate of major bleedings [114].

AF patients requiring antithrombotic treatment receive an anticoagulant. VKA is
more effective than aspirin in preventing ischemic stroke, with similar rates of major
bleedings even in those older than 75 years [115]. Four NOACs—apixaban, dabigatran,
edoxaban, and rivaroxaban—are currently indicated for stroke prevention in AF patients.
A meta-analysis of their pivotal trials showed that NOACs reduced by 19% the risk of
stroke or systemic embolism, with 51% in the risk of hemorrhagic stroke, and with 10%
all-cause mortality comparative to VKA [116]. There was also a 14% reduction in the
risk of major bleedings with NOACs, most coming from a 52% reduction in intracranial
hemorrhages. Still, gastrointestinal bleedings increased by 25% with NOACs compared to
warfarin. Of note, fatal bleedings are halved by using a NOAC versus VKA [117]. Due to
the more favorable benefit–risk ratio, NOACs are preferred over VKAs in patients with
AF eligible for a NOAC—without prosthetic mechanical heart valves or moderate-severe
mitral stenosis [12].

In men with AF in the general population, the anticoagulant treatment should be
considered if the CHA2DS2-VASc score is ≥1 [12]. Since there is no evidence that hemophil-
iacs are protected from cardioembolism by their underlying coagulation defect [57], the
antithrombotic treatment should be considered in the presence of AF. Table 2 provides a
practical algorithm for the antithrombotic treatment.

The most recent therapeutic algorithm was proposed by Schutgens et al. and is based
on both the CHA2DS2-VASc score and the severity of hemophilia [8]. Among hemophiliacs
with baseline FVIII/IX level ≥20%, the anticoagulant treatment is recommended only if
the CHA2DS2-VASc score is ≥2. All oral anticoagulants are allowed, but the use of NOACs
over VKA is encouraged because of the superior safety profile of NOACs to that of VKA,
particularly regarding intracranial bleeding [116]. NOACs are preferred, especially in
patients with HB because VKA reduces plasma FIX levels and increases the severity of
hemophilia and consequently the risk of intracranial hemorrhage. While on VKA, these
patients will need even more intensive replacement therapy, which is burdensome and
may increase the frequency of inhibitor development. The high frequency of intravenous
coagulation factor infusion and the related costs make long-term VKA use prohibitive [94].

The plasma FVIII/IX level considered safe for oral anticoagulation is ≥30% [7,55].
Thus, only a few patients will benefit from anticoagulant treatment without requiring re-
placement therapy, namely the patients with very mild hemophilia and native factor activity
level above this threshold. For hemophiliacs with more severe disease, this high threshold
is difficult to maintain in the long-term because it requires very frequent administration of
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replacement products, often every 1–2 days [51]. Several studies have reported the safe use
of anticoagulant treatment in hemophiliacs with FVIII/IX levels ≥20% [118,119] including
after catheter ablation [78]. Therefore, it has been proposed to lower the threshold from
30% to 20% [8].

Table 2. Practical guide for long-term antithrombotic treatment.

Parameter Recommendation

1. Patient characteristics

The risk of stroke and systemic embolism

The CHA2DS2-VASc risk score assessment
If 0, long-term ACO treatment should not be
offered.
If ≥1, long-term ACO treatment is
recommended.

The bleeding risk

The HAS-BLED risk score assessment
An attempt will be made to reduce the risk by
intervening on modifiable factors.

Assessment of the severity of hemophilia
Coagulation factor level
Coagulation factor replacement therapy
Mandatory levels:
≥20% while on ACO
≥5–10% while on DAPT, SAPT

The presence of inhibitors is a contraindication
for ACO

2. Therapeutic intervention

Rate control The ACO indication is based on
CHA2DS2-VASc risk score

Ablation 2 mo ACO, then the ACO indication is based
on CHA2DS2-VASc risk score

LAAO DAPT 1–6 mo, then lifelong SAPT

3. The anticoagulant treatment

Type NOAC preferred over VKA in HA patients
NOAC preferred in HB patients

Dose

Low dose NOAC
Apixaban 2.5 mg bid
Dabigatran 110 mg bid
Edoxaban 30 mg od
Rivaroxaban 10 mg od
VKA for INR 2–3

4. Patient preferences

The patient should be informed of the advantages and disadvantages of the proposed treatments.
ACO = anticoagulant, DAPT = dual antiplatelet therapy, SAPT = single antiplatelet therapy, mo = month,
LAAO = left atrial appendage occlusion, NOAC = non-vitamin K oral anticoagulant, VKA = vitamin K antagonist,
HA = hemophilia A, HB = hemophilia B.

Dabigatran is a direct thrombin inhibitor. In its pivotal trial, the dose of 150 mg bid
reduced the risk of stroke by 36% compared to VKA at a similar rate of major bleedings.
The dose of 110 mg bid was associated with a similar risk of stroke and a lower rate of major
bleedings [120]. Of note, both regimes were associated with lower rates of hemorrhagic
stroke than VKA, but the 150 mg bid dose increased the incidence of gastrointestinal
bleeding by 50%. Dabigatran was successfully administered in hemophiliacs with AF
eligible for anticoagulant treatment [8,121]. The 110 mg bid regimen was used due to its
similar efficacy to VKA at a lower risk of bleeding.

116



J. Pers. Med. 2022, 12, 519

Apixaban is a direct inhibitor of FXa, more efficient and safe than VKA in preventing
stroke or systemic embolism in patients with AF eligible for a NOAC [122]. A recent
real-world data analysis evaluated the efficacy and safety of apixaban according to its
dose [123]. The rates of stroke/systemic embolism were reduced by 30% with the 5 mg bid
regimen and by 37% with the 2.5 mg bid regimen. The rates of major bleeding decreased
by 41% for each of the two regimes. To date, the successful use of low-dose apixaban has
been reported in hemophiliacs with AF [52,97].

Rivaroxaban is a direct inhibitor of FXa, non-inferior to VKA in preventing stroke
and systemic embolism in patients with AF eligible for a NOAC and with similar overall
safety [124]. In the pivotal trial, the intracranial bleedings were less frequent with rivaroxa-
ban than VKA, but the number of gastrointestinal bleedings increased. A recent real-world
dose-based data analysis of rivaroxaban showed that the 20 mg od regimen reduced the risk
of stroke and systemic embolism and was associated with fewer major bleedings compared
to VKA. The 15 mg od regimen was as effective and safer than VKA [125]. In Asians with
AF, the efficacy and safety of the 10 mg dose were also assessed [126]. Data from studies
conducted on the Asian population showed that rivaroxaban was associated with a lower
risk of stroke or systemic embolism than warfarin, regardless of dose [127]. In patients with
mild hemophilia, the 10 mg od regimen was used [52].

Edoxaban is a direct inhibitor of FXa non-inferior to VKA in preventing stroke or
systemic embolism in patients with AF eligible for a NOAC, with significantly lower rates
of major bleeding than VKA for both 60 mg od and 30 mg od regimen [128]. The 60 mg
od regimen was slightly more efficient than VKA. The rates of life-threatening bleeding,
intracranial bleeding, and major bleeding plus clinically relevant non-major bleeding were
favorable to edoxaban for both regimes, except for gastrointestinal bleedings that were
higher with 60 mg od edoxaban than with VKA and lower with 30 mg od edoxaban than
with VKA.

Thus, the preference for NOACs in hemophiliacs with AF is justified as they provide
protection against ischemic stroke at least as well as VKA, but with a lower hemorrhagic
risk including reduction in intracranial bleeding.

Hemophiliacs with baseline FVIII/IX level 1–19% and patients with the severe disease
under FVIII/IX prophylaxis are candidates for catheter ablation or antiplatelet therapy with
aspirin only if the CHA2DS2-VASc score ≥4 [8]. As VKA doubles the risk of intracranial
hemorrhage compared to aspirin [129], it is considered unsuitable in hemophiliacs with
basal FVIII/IX level <20% [8]. The plasma FVIII/IX level considered safe for SAPT is
≥5–10% [1,7,55].

Of note, apixaban is the only NOAC that has been compared in a large randomized
clinical trial with aspirin in AF patients considered unsuitable to receive a VKA [130]. The
rate of stroke/systemic embolism was more than halved, while the risk of major bleeding
or intracranial hemorrhage did not significantly increase. Thus, the administration of
apixaban could be a solution for those hemophiliacs receiving aspirin instead of VKA
because their risk of bleeding is considered too high or intensive prophylactic replacement
therapy is not feasible [75].

The oral anticoagulant treatment is not recommended in hemophiliacs with severe dis-
ease without prophylaxis because the thrombin generation is comparable to that in patients
with a therapeutic INR [131]. In hemophilia patients with inhibitors, the antithrombotic
therapy is generally contraindicated due to the less predictable hemostatic response to
bypassing agents [66].

9. Discussion

Modern replacement therapies of the deficient coagulation factor prolong the lifespan
of hemophiliacs, enabling the occurrence of diseases associated with old age. Atheroscle-
rotic cardiovascular disease challenges most physicians’ ability to provide adequate care
because it often requires antithrombotic therapy. Hemophilia is a rare disease, so there
are no conditions for conducting randomized clinical trials. Therefore, the therapeutic
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approach to cardiovascular diseases in hemophiliacs including AF is based on case reports,
observational studies, and the consensus of experts [1,7–9,55], which is unlikely to change
in the near future.

The management of patients with AF relies on three pillars: avoiding stroke, bet-
ter symptom management, and cardiovascular and comorbidity optimization [12]. The
CHA2DS2-VASc and HAS-BLED scores are recommended for the assessment of the risk of
stroke and bleeding in the general population, respectively. Stroke prevention has evolved
considerably in the last decade. Anticoagulant therapy with VKA or better with NOAC is
the mainstream treatment. Patients with contraindication to oral anticoagulants or at risk
of bleeding under anticoagulant therapy perceived as too high to be acceptable can now be
candidates for left atrial appendage occlusion/exclusion [12]. Rhythm control to reduce
the AF related symptoms and to improve the quality of life can be implemented through
drugs or more recently, cardiac ablation. Pulmonary vein isolation is usually performed,
but surgical or thoracoscopic ablation is also available in selected cases.

Although used to guide treatment in hemophiliacs with AF [7,8], the CHA2DS2-VASc
score has not been prospectively validated in this population. Still, high values of this score
have been found in hemophiliacs [52–54,67], suggesting that the risk of stroke and systemic
embolism may be higher than anticipated [13]. The exact risk of stroke/systemic embolism
in hemophiliacs with AF is still unknown, but it is certain that it is present even in patients
with severe hemophilia. The HAS-BLED score was rarely used in hemophiliacs to estimate
the bleeding risk because it was believed that the coagulation factor deficiency itself carries a
high risk of bleeding. Moreover, it has been hypothesized that this score underestimates the
bleeding risk in these patients [50,68]. However, recent evidence showed that a HAS-BLED
score ≥3 was associated with increased bleeding risk even in hemophiliacs [51].

The antithrombotic treatment increases the risk of bleeding in all hemophiliacs, regard-
less of the severity of the disease. It was found that during the anticoagulant treatment,
the bleeding risk of hemophiliacs with the mild disease increased eight times compared
to the controls [51]. In hemophiliacs eligible for long-term oral anticoagulants, a prefer-
ence for NOAC instead of VKA is highlighted, justified by their better efficacy and safety
profile. Moreover, low doses of NOACs prevent stroke equal to or more than warfarin,
with less major bleedings [120,122–128]. According to the available data, apixaban and
10 mg rivaroxaban seem to be the most suitable to recommend to hemophiliacs presenting
AF [75,127,132]. Reports of successful use of NOACs in hemophiliacs with AF have already
begun to appear [8,52,97].

HB patients benefit greatly from these recommendations. While a large fraction of
factor VIII in blood originates from liver sinusoidal endothelial cells [133], FIX is a vitamin
K-dependent coagulation factor produced in the liver. The treatment with VKA will
further reduce plasma FIX levels, increasing the severity of hemophilia and the need for
substitution therapy. Moreover, FIX replacement therapy may interfere with VKA and
make INR value unreliable [55]. Since the coagulation factors II, VII, and X are also vitamin
K-depending coagulation factors synthesized in the liver, VKA administration has the
potential to further aggravate the imbalance of the hemostasis in hemophiliacs.

The experience gained so far suggests that the anticoagulant therapy is safe for
hemophiliacs under appropriate replacement therapy, so working with a hematologist is
vital for therapeutic success. In general, levels ≥80% and aiming at 100% are recommended
intraprocedural and up to three days thereafter [52–54,78], ≥20% under anticoagulant
treatment and DAPT [8,9,78], and ≥5–10% under SAPT [1,7,55].

The management of AF in patients with hemophilia can be quite complex, particularly
for the reduction in the risk of stroke in the long-term and in the context of invasive proce-
dures. Since the anticoagulant treatment is considered safe at FVIII/FIX level ≥20% [8],
few hemophiliacs can receive it without coagulation factor replacement therapy. Many
will require frequent administrations, possibly every 1–2 days, which is burdensome in the
long run. It should be noted that this type of replacement therapy is also very expensive.
Avoiding the need for long-term anticoagulant therapy should be a priority, therefore, the
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optimal therapeutic solution must be sought with great care. Cardioversion helps to control
AF-related symptoms, improves left ventricular function, and quality of life, but long-term
anticoagulant therapy is often needed [12].

PVI with short-term replacement therapy during periprocedural treatment with VKA
or NOAC seems to be a good option [8]. NOACs appear safer than bridging VKA with
LMWH for PVI [78]. Catheter ablation proved to be effective for rhythm control and safe to
perform in hemophiliacs [77,78]. Although the mandatory duration of the anticoagulant
treatment is two months, it is recommended that the treatment be extended in patients
with high ischemic risk [12]. Still, it must also be considered that by continuing the oral
anticoagulant treatment beyond three months from the procedure, the thrombotic events
will slightly decrease while the major bleedings will increase [134].

Percutaneous LAAO is another possibility for these patients with a high bleeding
risk [135]. It attracts increasing interest due to its favorable antithrombotic therapy profile,
namely, the possibility of using short-time DAPT or anticoagulant, then lifetime SAPT.
While DAPT requires the same level of coagulation factor as the anticoagulant treatment [9],
SAPT may be safely recommended in hemophiliacs with factor level ≥5–10% [1,7,55]. This
is a feasible approach in hemophiliacs. Thus, advances in the treatment of hemophilia allow
for the implementation of the modern therapeutic solutions of AF in hemophilic patients.

This study has several limitations. First, there are little data on the management of AF
in hemophiliacs, especially on percutaneous cardiac ablation and LAA occlusion techniques,
therefore the conclusions cannot be generalized. Second, studies that have reported the use
of antithrombotic therapy in hemophiliacs have often included, in addition to patients with
AF, those with acute coronary syndromes or elective coronary procedures (coronary artery
bypass grafting and percutaneous coronary intervention with stent implantation), which
made it difficult to extract the necessary information. Moreover, data on the management
of AF in hemophiliacs have sometimes been reported along with those from patients with
other hereditary bleeding disorders.

10. Conclusions

Patients with hemophilia are often perceived as having only an increased risk of
bleeding. However, in the presence of AF and ischemic risk factors, they also have an
increased risk of stroke and systemic embolism. The choice of appropriate therapy is greatly
hampered by the lack of guidelines based on strong evidence. Although the physicians treat
hemophiliacs with AF on a case-by-case basis, it should be highlighted that the treatment
offered in the general population can be implemented in hemophiliacs if appropriate
replacement therapy can be provided. As far as we know, our work provides the most
complete, structured, and updated analysis of the current therapeutic approach of AF
in hemophiliacs.
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Abstract: Aims: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and a key
risk factor for ischaemic stroke. Following AF detection, treatment with oral anticoagulation can
significantly lower mortality and morbidity rates associated with this risk. The availability of several
hand-held devices which can detect AF may enable trained health professionals to adopt AF screening
approaches which do not interfere with people’s daily routines. This study aims to investigate the
effectiveness of a hand-held device (the MyDiagnostick single-lead Electrocardiogram (ECG) sensor)
in screening for AF when embedded into the handles of supermarket trolleys. Methods: A mixed
methods two-phase approach will be taken. The quantitative first phase will involve the recruitment of
2000 participants from a convenience sample at four large supermarkets with pharmacies. Prospective
participants will be asked to conduct their shopping using a trolley embedded with a MyDiagnostick
sensor. If the device identifies a participant with AF, the in-store pharmacist will be dispatched to take
a manual pulse measurement and a static control sensor reading and offer a cardiologist consultation
referral. When the sensor does not detect AF, a researcher will confirm the reading with a manual
pulse measurement. ECGs will be compiled, and the sensitivity, specificity and positive and negative
predictive values will be determined. A qualitative second phase will consist of semi-structured
interviews carried out with those pharmacists and store managers in-store during the running of the
trial period. These will explore the perceptions of staff regarding the merits of embedding sensors
in the handles of supermarket trolleys to detect AF. Conclusion: This feasibility study will inform a
larger future definitive trial.

Keywords: atrial fibrillation detection; cardiac arrhythmia; stroke prevention; electrocardiogram;
sensor devices; community screening
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1. Introduction

Cardiovascular disease accounts for almost a quarter (24.7%) of all premature deaths
in men and nearly a fifth (17%) in women in the U.K. [1]. Four percent of these deaths
are stroke-related [1]. Indeed, while stroke mortality rates have reduced over time, the
condition remains one of the major global causes of mortality and disability [2]. In the
U.K., stroke is the third most common cause of years of life lost and of disability [3] and is
estimated to cost the UK Health and Social Care system GBP 8.6 billion per annum [4]. This
cost equates to GBP 22,429 in the first year, with ongoing five-year costs of GBP 46,039 per
patient [2]. Eighty-seven percent of these admissions (126,640) are ischaemic stroke-related,
and atrial fibrillation (AF) is responsible for around a quarter of such strokes, which are
more likely to be severe and fatal compared to other causes of stroke [5,6]. Unlike many
other cardiac conditions, recent UK registry-based data has noted that the prevalence of
AF is increasing [1], which, if not treated effectively, will likely result in an increasing
number of strokes in the longer term, with a major impact on NHS healthcare costs related
to AF [7]. Moreover, Public Health England estimates that while around 123,000 people in
England are living with AF, around 20% of these people are undiagnosed and are therefore
untreated [8].

Whilst it is recognised that the risk of stroke in patients with AF is not homogeneous, all
patients with AF should be risk-assessed using the CHA2DS2-VASc score [9,10], with most
patients, except the very lowest risk (CHA2DS2-VASc score of 0 in men and 1 in women),
receiving oral anticoagulation therapy. Anticoagulant therapy, using either vitamin K
antagonists (VKAs) or non-vitamin K antagonist oral anticoagulants (NOACS), markedly
reduces the risks of stroke and mortality in AF patients [11,12]. More recent focus has been
placed on the detection and characterisation of AF patients, followed by a holistic approach
to AF care, given the improved clinical outcomes with integrated care management [13,14].

The detection and diagnosis of AF requires ECG rhythm documentation showing
the typical pattern of irregular RR intervals with an absence of discernible P waves [10].
By accepted convention, an episode lasting at least 30 s is considered diagnostic [10].
However, whilst an ECG provides documentary evidence, the presence of an irregular
pulse arouses suspicion of AF and whilst not as specific or as sensitive as the ECG, checking
an individual’s pulse is much less costly and requires fewer resources. A pulse check is
therefore an easy, low cost means of ruling out or raising suspicion of AF, as an approach
to AF screening [15].

However, the regularity of a person’s pulse and the normality of their ECG are usually
only confirmed as a result of either opportunistic screening [10] or post-event identification.
Silent or undetected AF is not uncommon [16,17], and although opportunistic screening is
considered cost-effective in some populations [18], it may be seen as an inconvenience to
those not currently experiencing symptoms and may be irrelevant to some socioeconomi-
cally deprived groups who do not engage with health professionals until a crisis occurs.
Therefore, alternative models of screening that can be delivered by appropriately quali-
fied personnel whilst not detracting people from their daily activities are required. Until
recently, such a process has been impractical; however, with the advent of new technology,
this may now be possible, as a number of validated hand-held devices are available that
allow irregular pulses to be detected.

MyDiagnostick is a cylindrical shaped MDD Class IIa medical device (length 26 cm,
diameter 2 cm) costing circa GBP 550 that records a single lead I ECG tracing when
a participant’s hands make contact with the metal electrodes (Figure 1). The device’s
algorithm-based internal software analyses the R-R interval of the ECG recording over a
one-minute period whilst contact is maintained. The presence of AF is signified by a red
light (Figure 2), whereas the absence of AF is signified by a green light (Figure 3). A single
lead tracing can then be downloaded via a USB port onto a computer as a PDF document
for further analysis. Whilst the MyDiagnostick algorithm is focussed solely on the presence
or absence of AF, the PDF generated allows a trained professional to identify additional
arrhythmias if present.
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Figure 1. MyDiagnostick single lead ECG sensor embedded into the handles of supermarket trolleys
to detect atrial fibrillation. A participant should place both hands around the device for 60 s.
Depending on the detection of atrial fibrillation or not, the sensor will present with a red cross or a
green tick, respectively.

Figure 2. A single lead ECG tracing showing AF.
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Figure 3. A single lead ECG tracing that was recorded as not AF.

We propose to embed a MyDiagnostick single lead ECG sensor into the handles
of supermarket trolleys to assess the person’s heart rhythm whilst they undertake their
shopping (Figure 1). If an abnormal heart rhythm is detected, the store’s pharmacist
is notified and is dispatched to meet with the shopper. Community-based pharmacies
have been identified as a potential location to undertake opportunistic screening and
lifestyle interventions [19]. Previous studies have demonstrated that pharmacists are able
to successfully screen and identify those at risk of cardiovascular disease [20,21] and is
acceptable to patients [22], but again, these studies have relied on self-presentation.

2. Methods

We are proposing to locate a research team in four large supermarkets that contain
pharmacies where shoppers will be asked to test the embedded technology, and store
managers and pharmacists will provide their views on the merits of the screening approach.
We will do this using a mixed methods two-phase approach.

2.1. Phase 1
2.1.1. Study Design

A cross-sectional observational study with a convenience sample will be used to
address the research objectives.

2.1.2. Eligibility Criteria

Members of the public who are visiting four large supermarkets in the North West of
England. We will recruit from four supermarkets for a period of two months each. To be
eligible for inclusion, participants must be aged ≥18 years, able to grip a shopping trolley
handle and provide written informed consent. Participants will be excluded if they have a
physical tremor as this affects the ability of the device to record the heart rhythm due to
movement artefact and previously participated in the study. Those with known AF will
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not be excluded from participation as the inclusion of this group of patients will aid the
assessment of the sensitivity of the sensor and minimise selection bias.

2.1.3. Sample Size

Large supermarkets attract an average footfall of 25,000 people per week [23], provid-
ing a potential total population across four stores per week of 100,000 people. Recognising
that many of these people are returning customers attending on a weekly basis, this study
aims to recruit around 2% of the total population, resulting in a sample of 2000 participants.
The prevalence of AF in the area of the North West of England from which participants
are to be recruited is estimated to be 2.1% [24,25], which would result in 42/2000 positive
results, including some who are known to experience AF. However, we recognise that those
most at risk of developing AF are ≥ 65 years. Unfortunately, neither the British Retail
Consortium nor YouGov provides age-related data for in-store supermarket shopping. One
American study estimated that those over the age of 60 years make up 24% of supermarket
consumers [26]. Recognising that the prevalence of AF is highest in this older age group,
ranging from 4–11% in those 65–79 years old, we estimate a total of 480/2000 people will be
screened from within this age group and between 19/480 and 53/480 people will be found
to be in AF. In addition, it is estimated that the remaining 1520 customers present between
0.1–1.5% risk of AF suggesting between 2/1520 and 23/1520 additional presentations.
In total, it is estimated that between 21 and 76 participants will be found to be suffering
AF [27]. The prevalence of undiagnosed AF differs dependent on age. A systematic review
of 30 single time-point AF screening studies including 122,571 participants (Lowres et al.,
2013) reported the incidence of previously unknown AF as 1.0% (CI, 0.89–1.04%), increasing
to 1.4% (CI, 1.2–1.6%) in those >65 years old. We recognise that we are recruiting a yonger
population than those included in these studies, we therefore estimate that up to 28 people
will be identified with undiagnosed AF.

2.1.4. Recruitment

A convenience sample of all those attending four designated supermarkets in the
North West of England. We will station a researcher at the entrance of each store who
will approach shoppers as they enter the store and invite them to participate in the study.
Participant information sheets on the trolley will outline the study and provide details of
how people can participate and also include details of the funder (Bristol Myers Squibb).
The supermarkets included in the study are located within the Liverpool City Region, a
region with pockets of high levels of deprivation. The supermarkets are situated within
community hubs and recognise their social responsibility.

2.1.5. Informed Consent

Verbal consent will be gained prior to recruitment, with written consent obtained for
all participants with an abnormal sensor reading whose personal data are required for
onward referral to a consultant cardiologist.

2.1.6. Sensor Technology

The sensor used within this study, MyDiagnostick has been shown to be highly
sensitive in detecting AF, with sensitivity levels ranging between 94% (95% CI 87–98%) [28]
to 100% (95% CI 93–100%) [29]. The specificity of MyDiagnostick also compares well
with other devices ranging between 93% (95% CI 85–97%) [28] to 95.9% (95% CI 91.3% to
98.1%) [29].

2.1.7. Study Procedures

We will recruit 2000 people attending one of four supermarkets in the North West of
England. Each participant will use a supermarket trolley to undertake his or her routine
shopping and, by doing so, will grip the trolley handle at differing points and for differing
time periods. It will be made clear to each participant that only one person should push the
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trolley during his or her visit to the store. During each contact with the trolley handle, the
sensor will assess the participant’s pulse and store a recording of the rhythm strip, which is
stored within the sensor’s file storage system. These data will be downloaded alongside
the personal data at the end of each day and deleted from the storage system. The handles
of all trolleys will be sanitised between participants to minimise the risk of infection.

If the pulse sensor detects AF, the store pharmacist will be alerted by the researcher,
and they will meet with the participant in the store to repeat the sensor check and undertake
a manual pulse check. If the pulse sensor does not detect AF whilst the person is pushing
the trolley, the researcher will meet with the participant and a manual pulse check will be
undertaken once the person has completed their shopping. The procedure to be followed
for each participant is outlined in Figure 4. An irregular pulse is defined as any irregularity
between pulse waveforms in the radial artery within a period of sixty seconds. Guidance
recommends pulse palpation as the first step for AF screening [10]. Two randomised
controlled trials have found that pulse palpation is an effective and cost-effective approach
for screening for AF [18,30]. All staff undertaking manual pulse checks will undertake
additional training using simulation manikins to ensure that they are practising in line with
the procedures outlined in the Royal Marsden Manual of Clinical Nursing Procedures [31].
However, a static sensor check (control) will provide an ability to differentiate between
normal irregular pulses, e.g., sinus arrhythmia and more harmful conditions, including AF.

2.1.8. Outcome of Interest

The primary objective is to determine the effectiveness of a MyDiagnostick sensor
embedded in the handle of a supermarket trolley in detecting AF.

The 12 lead ECGs of all participants referred for follow-up will be analysed for evi-
dence of AF by a Consultant Cardiologist (GL). AF is characterized on the ECG by rapid,
irregular waves that vary in size, form and timing. The results of this analysis will be
compared with the participant’s initial sensor recording and the static sensor recording to
establish concordance.

Within this phase, there are two secondary objectives [1] to establish what percentage
of the public will choose to carry out their shopping using a trolley with a pulse sensor in
the handle and [2] to establish if shoppers, who have been identified as having an irregular
pulse rate, would be willing to attend a local healthcare facility to have an ECG recorded.

The research team will introduce the new trolley to shoppers and the percentage uptake
will be identified. These data will provide both the research team and the designers with
valuable information that will inform the scalability of the device, if found to be effective.

With consent, details of all those who are found to have an irregular sensor reading
will be stored on a research database. A Consultant Cardiologist will review the sensor
recordings to eliminate those recordings that are uninterpretable and whereby the sensor
has been activated by the presence of the artefact. These participants will be invited to
return for an additional static check. The details of those with confirmed AF or suspected
AF will be referred to a local healthcare facility. These details will be compared against
those who attend a follow-up ECG. Anyone who has not attended an ECG assessment
will be contacted by telephone within one week of referral. During this telephone call,
the participant will again be made aware of the risks associated with an irregular pulse,
and a further invitation to attend a clinic for an ECG will be offered. Participants who do
not attend will be contacted on two occasions, after which, if they still have not attended,
a letter will be sent to their GP explaining that the detection of an irregular pulse was
found during a screening study. Follow-up care will then be provided by the GP as per
routine NHS care. All data will be aggregated, enabling comparisons to be made. As
the aim of the study is to assess the merit of the screening approach, the study follow-up
will discontinue once the participant has attended the cardiology clinic or failed to attend
despite two follow-up telephone calls. All treatment beyond this stage will be in line with
contemporary NHS AF pathways, and consequently, the likely incidence of stroke will be
extrapolated from the results of national datasets.
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Figure 4. Phase 1 (Quantitative) procedure to follow regarding those participants to be recruited in
a cross-sectional observational study determining the effectiveness of sensor technology to detect
atrial fibrillation (AF) when embedded in the handles of supermarket trolleys. A minimum of two
thousand participants will be recruited. A convenience sample will be used.

2.1.9. Statistical Analysis

A sensitivity of 95% and specificity of 90% is sufficiently accurate to be incorporated
into clinical practice. If confirmed, they will make supermarkets with in-store pharmacies
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a nationwide relevant and cost-effective point of screening AF. Such high sensitivity and
specificity values are also indicated as plausible by existing published papers, with 95%
confidence intervals of 93–100% and 91.3–98.1% [29] and 87–98% and 85–97% [28], for
sensitivity and specificity, respectively. In our proposed feasibility study, our precision cal-
culations show that with between 21 and 76 AF cases, we will estimate the 95% confidence
interval of sensitivity and specificity with interval widths of 19.0% and 9.8%. The most
likely precision will be 12.4%.

Descriptive statistics including simple percentages will be estimated from this feasi-
bility study to demonstrate uptake, rates of detection and successful referral. Generating
these data will enable the researchers to determine the number of shoppers who need to
be approached to recruit for an adequately powered future study. In addition, conditional
percentages will be used to describe the sensitivity and specificity of both the sensor and
the pulse check.

By recruiting from community supermarkets based in areas of high deprivation, it is
likely that we will recruit a greater number of individuals who are known not to typically
engage in traditional screening programmes. This approach attempts to correct the inverse
care law, bringing healthcare to the community.

2.2. Phase 2

The second phase of the study involves an embedded qualitative approach. The pri-
mary objective is to explore the views of supermarket-based pharmacists and store man-
agers on the merits of embedding pulse sensors in the handles of supermarket trolleys to
enable the detection of AF. The secondary objective is to explore the pharmacists’ perspec-
tives and experiences of performing manual pulse checks on participants.

2.2.1. Informed Consent

The Senior Store Manager will identify all those staffs who are eligible for the study and
will distribute a Participant Information Sheet and Consent Form accordingly. A member
of the research team will be available to explain the study to potential participants at a
mutually convenient time. All eligible participants will receive information about the
study outlining the purpose, potential risks and implications of participation. They will
be asked to sign and date an informed consent form that adheres to the ethical principles
that have their origin in the Declaration of Helsinki prior to enrolment. The participant
information sheet and informed consent form will acknowledge that the study data will be
used in academic publications. However, participants will be informed that no personal
or identifiable data will be shared outside the research team. All data will be anonymised
prior to publication.

2.2.2. Study Design

Qualitative interviews will be undertaken to explore the views of pharmacists and
store managers. All pharmacists and store managers from each supermarket will be invited
to participate in a qualitative interview. Store managers are defined as any manager with
responsibility for managing the store during the study period. Pharmacists are defined as
being General Pharmaceutical Council (GPhC) registered and employed in the store. All
participants must be able to provide written informed consent and devote time to attend
the interview. The exclusion criteria include previous participation in the study in the event
of a store manager or pharmacist transferring to a neighbouring store during the study
period and absence from the store during the entirety of the data collection period.

2.2.3. Recruitment

A convenience sample including store managers and GPhC registered pharmacists
employed within the supermarket within the study period will be recruited. Each store
manager will identify potential participants.
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2.2.4. Study Procedures

We will undertake individual semi-structured interviews with all store managers
and pharmacists that have engaged in the screening study. The interviews will focus on
exploring the supermarket employees’ views on the merits of embedding sensors in the
handles of the supermarket trolleys, the impact of using these trolleys to screen for AF on
the workload of the pharmacists and the efficiency of the stores and identify any additional
customer feedback that may have been received. The procedure for Phase 2 is outlined in
Figure 5.

Figure 5. Phase 2 (Qualitative) procedure to follow when conducting semi-structured interviews
exploring the views of supermarket-based pharmacists and store managers around the use of sensor
technology to detect atrial fibrillation (AF) when embedded in the handles of supermarket trolleys.

2.2.5. Data Analysis

Thematic analysis using the qualitative data generated from the interviews with
pharmacists and store managers will be independently analysed by two members of the
research team adopting Braun and Clarke’s (1996) framework for thematic analysis [32].

2.2.6. Patient and Public Involvement (PPI)

The Service Users for Research Endeavour (SURE) group at Liverpool Heart and
Chest Hospital and the patient and public involvement group at the Liverpool Centre for
Cardiovascular Science will review the research protocol, participant information sheet and
consent form. Their advice will be sought throughout the design of the study.

2.2.7. Ethical Considerations

The ethical review has been granted by Liverpool John Moores University’s University
Research Ethics Committee. The study will be undertaken in compliance with the research
protocol. During Phase 1, verbal consent will be obtained upon recruitment, with written
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consent secured for those with an abnormal sensor recording whose personal data will
be required for onward referral for 12 lead ECGs. For the qualitative sub-study (Phase 2),
written consent will be obtained for all participants.

3. Discussion

Many people with AF are undiagnosed, unaware and are subsequently at increased
risk of stroke and mortality compared with people with symptomatic AF [33–35]. The rea-
sons for these differences are unclear but are likely to occur because of limited preventative
treatment, such as anti-coagulation and inadequate management of additional risk factors.

The high economic and individual burden of AF makes early identification through
screening an attractive proposition to clinicians, patients and budget holders alike. How-
ever, trial data to support AF screening models are scarce [36,37]. Opportunistic screening
has been found to be cost-effective [38] but remains reliant on a substantial health resource.
Consequently, there is increasing interest in the use of patient-initiated ECG or photo-
plethysmography screening, with >100 mHealth apps and ≥400 wearable activity monitors
reportedly available [39]. However, patient-initiated screening can be expensive to the
consumer and consequently excludes those with lower household incomes. Moreover,
this form of screening is dependent on individuals with few or no symptoms actively
purchasing and participating in a screening ritual. Furthermore, the number of e-health
applications is increasing exponentially with little or no scrutiny of their efficacy. It is
therefore inevitable that the public will be exposed to poor-quality devices with limited
accuracy, the results of which will lead to a combination of false reassurance for some and
an inappropriate use of healthcare resources for others. Introducing sensor-based screening
into everyday activities with immediate access to resident health care professionals could
provide a means of capitalising on the improvements in technology whilst negating the
need for individuals to invest in said technology and, in doing so, revolutionise the way
that healthcare screening is offered.

This proposed study aims to introduce the concept of using sensor-based diagnostic
technology in everyday activities whilst ensuring that all participants have access to a
defined healthcare pathway, thus optimising the benefits that early diagnosis provides.
The study design will allow the researchers to assess the acceptability of the concept, the
efficacy of the sensors and the engagement of those found to be in AF. Finally, the study
will address the uncertainties in optimal trial design to inform a future definitive trial.
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