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A B S T R A C T

Aims: The HEAD2TOES schema was introduced to identify modifiable risk factors (RF) for atrial fibrillation (AF), 
including heart failure (HF), physical inactivity (PA), and sleep apnea (SA). Modern implantable cardioverter- 
defibrillators (ICDs) can detect SA, assess HF status, and measure daily PA. This study investigates the rela
tionship between atrial high-rate episodes (AHREs) and ICD-detected surrogates for these RF in HF patients.
Methods and results: Data were collected from 411 HF patients with ICDs. The HeartLogic Index measured HF 
status, Respiratory Disturbance Index (RDI) severe SA (≥30episodes/hour), and accelerometer detected reduced 
PA (≥1 h/day). Endpoints were daily AHRE burdens ≥ 5 min and ≥ 23 h. Over 26 months of median follow-up, 
IN-alert-HF state was 13 % of the total observation time, RDI ≥ 30 episodes/h occurred 58 % of time, and 2 % of 
weekly activity values were ≥ 1 h lower than usual. AHRE burden ≥ 5 min/day occurred in 139 (34 %) patients 
and ≥ 23 h/day in 68 (17 %). Both IN-alert-state and reduced activity were independently associated with AHRE 
burden (≥5 min/day and ≥ 23 h/day), while RDI ≥ 30episodes/hour was associated only with AHRE ≥ 5 min/ 
day. We defined a score predicting AHRE burden ≥ 5 min (2*HeartLogic_IN-alert + 1*RDI ≥ 30episodes/hour +
4*Reduction_in_activity ≥ 1 h), and a score predicting AHRE burden ≥ 23 h (1*HeartLogic_IN-alert +
2*Reduction_in_activity ≥ 1 h). Lower score levels (AHRE-5 min < 4 and AHRE-23 h < 2) comprised the largest 
proportion of follow-up duration (98 %), with higher scores linked to higher incidence rate ratios for AHRE (6.75 
[95 %CI:1.88–20.16] and 11.46 [95 %CI:3.34–31.72], respectively).
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Conclusions: In HF patients, AHRE occurrence is independently associated with ICD-detected HF status, severe 
SA, and decreased PA. These ICD-indexes might serve as surrogates for HEAD2TOES RF, aiding in continuous AF 
risk assessment.

1. Introduction

Increasing age is a prominent risk factor for atrial fibrillation (AF), 
but other comorbidities also significantly contribute to AF development 
and progression [1–5]. Risk factors for AF play a role in the formation of 
an abnormal substrate and are associated with poorer outcomes when 
using rhythm control strategies. Nowadays, evidence and general 
agreement exist that a comprehensive management of modifiable AF 
risk factors should be undertaken to improve patient outcomes. Indeed, 
in the AF-CARE algorithm introduced in the latest European Society of 
Cardiology (ESC) guidelines, comorbidity and risk factor management 
(letter C in the algorithm) was placed first to highlight its importance in 
both the management and the prevention of AF [6]. Furthermore, early 
intervention and control of modifiable risk factors could reduce incident 
AF and improve arrhythmia-free survival after catheter ablation [7]. 
However, although there have been variable results when targeting risk 
factors in isolation, comprehensive management has been shown to be 
effective in conferring tangible clinical improvements [8,9]. The 
HEAD2TOES schema was recently introduced to identify risk factors, 
guide comorbidity treatment and risk factor modification, particularly 
in the context of secondary prevention of AF [10]. The identified risk 
factors (i.e. the components of the HEAD2TOES acronym) include Heart 
failure (HF), physical inactivity (Exercise), Arterial hypertension, Dia
betes mellitus type 2, smoking (Tobacco), Obesity, alcohol consumption 
(Ethanol), Sleep apnea (SA). The management of these risk factors and 
possibly their modification require accurate monitoring. Modern cardiac 
implantable electronic devices allow long-term monitoring of multiple 
clinical variables in addition to the continuous monitoring of heart 
rhythm and detection of atrial high-rate episodes (AHREs) as an indi
cator of AF occurrence. Some implantable cardioverter defibrillators 
(ICDs) are equipped with algorithms that combine data from multiple 
sensors for the assessment of the HF condition [11], and automated al
gorithms for the detection advanced SA, by means of continuous mea
surement of thoracic impedance [12]. Moreover, most cardiac devices 
are equipped with sensors for day-to-day assessment of physical activity 
[13].

In this study, we investigated the relationship between the occur
rence of AHRE and device-detected indexes that could serve as surro
gates for HEAD2TOES factors, during follow-up in patients with ICDs.

2. Materials and methods

2.1. Patients selection

This study was a prospective, non-randomized multicenter evalua
tion of patients receiving an ICD or Cardiac Resynchronization Therapy 
ICD (CRT-D) equipped with the HeartLogic algorithm and the ApneaS
can diagnostic feature. Consecutive HF patients with reduced left ven
tricular ejection fraction (≤35 % at the time of implantation) who had 
received a device in accordance with guidelines indications [14,15] and 
were enrolled in the LATITUDE (Boston Scientific Inc., Marlborough, 
Massachusetts, U.S.A.) remote monitoring platform, were enrolled at 27 
study centers and followed up in accordance with the standard practice 
of the participating centers. Clinical data were collected at the study 
centers within the framework of a prospective registry. The Institutional 
Review Boards approved the study, and all patients provided written 
informed consent for data storage and analysis. This general project 
including this analysis was registered on ClinicalTrials.gov (identifier: 
NCT02275637).

2.2. Device characteristics

The HeartLogic algorithm [11] combines data from multiple sensors: 
accelerometer-based first and third heart sounds, intrathoracic imped
ance, respiration rate, the ratio of respiration rate to tidal volume, night 
heart rate, and patient activity. Daily, the device calculates the degree of 
worsening in sensors from their moving baseline and computes a com
posite index. An alert for impending HF decompensation is issued when 
the index crosses a programmable threshold (nominal value 16). When 
the index enters an alert state, the “exit-alert” threshold is automatically 
dropped to a recovery value (nominal value 6). Devices were also 
equipped with the ApneaScan diagnostic feature, which continuously 
measures thoracic impedance changes to assess respiration rate and 
depth [12]. At night, the algorithm automatically detects apnea/hypo
pnea events by counting the inter-breath time-intervals that exceed a 
minimum baseline value. The algorithm defines an apnea episode as 2 
consecutive deep breaths with an interval > 10 s between breaths, and a 
hypopnea episode as an interval > 10 s between deep breaths which 
additionally contains consecutive small breaths. The total number of 
apnea and hypopnea events is stored and the respiratory disturbance 
index (RDI) is calculated by dividing the number of events by the pro
grammed sleep duration. Finally, the embedded accelerometer of the 
ICDs is used to measure physical activity and to count the number of 
minutes the person is active each day. All these aspects are illustrated in 
Fig. 1.

2.3. Device diagnostic parameters and atrial high-rate events occurrence

The objective of the analysis was to investigate the association be
tween the incidence of AHRE during the post-enrollment follow-up 
period and ICD-detected indexes measured in isolation or in combina
tion, with the aim of using them as surrogates for known modifiable risk 
factors for AF development and recurrence. The HeartLogic IN-alert 
state was considered as a surrogate for HF decompensation. Indeed, 
the algorithm was demonstrated to predict impending worsening HF 
events with high sensitivity and low unexplained alert rate [11]. 
Moreover, the rate of HF events was demonstrated to be 10-fold higher 
while IN- than OUT-of-alert state [16]. The RDI was used to continu
ously quantify SA severity. Indeed, RDI value ≥ 30 episodes/hour was 
shown to accurately identify severe SA, with 87 % sensitivity and 56 % 
specificity [12]. Finally, the accelerometer sensor was used to measure 
changes in physical activity. Indeed, a 1 h decrease in daily physical 
activity during the last week was shown to increase the odds of AF onset 
the next day by about 25 % [13]. Current guidelines for the diagnosis 
and management of AF consider AHRE to be an expression of subclinical 
AF [6]. The incidence and duration of AHRE were derived from device 
data, which comprise the total time spent by the patient in AHRE on 
each day of the follow-up period. As recommended, AHRE were visually 
inspected by a local expert electrophysiologist for excluding artefacts or 
other causes of inappropriate detection [6]. In the present study, pa
tients were considered to have experienced AHRE episodes as surrogate 
of AF episodes if the device detected a cumulative daily duration ≥ 5 
min and ≥ 23 h, in agreement with previous studies [17]. For each 
patient, only the first day on which the AHRE burden met the defined 
threshold (≥5 min or ≥ 23 h) was used as the event date. Patients were 
censored after this first event, and subsequent days with elevated AHRE 
burden were not included in the analysis.

C. La Greca et al.                                                                                                                                                                                                                               IJC Heart & Vasculature 59 (2025) 101731 

2 

http://ClinicalTrials.gov


2.4. Statistical analysis

Descriptive statistics are reported as means ± standard deviation for 
normally distributed continuous variables, or as medians [25th–75th 
percentiles] in the case of skewed distribution. Normality of distribution 
was tested by means of the nonparametric Kolmogorov–Smirnov test. 
Categorical data are expressed as percentages. We investigated the as
sociation between AHRE episode onset and the ICD-indexes (HeartLogic 
alert state, RDI value, and within-individual changes in physical activ
ity) during the previous week (not including the day used to determine 
the outcome–AHRE onset or not). HeartLogic IN-alert periods were 
defined from the time the index crossed the threshold until it fell below 
the recovery threshold or until the end of follow-up. Weekly average RDI 
values were considered, stratified according to an RDI value ≥ or < 30 
episodes/hour [12]. Changes in physical activity were computed by 
comparing recent daily average (previous 7 days) with the usual daily 
average (preceding 100 days) [13]. ICD-indexes were calculated for 
each day for each participant, moving one day at a time, using a 7-day 
sliding window ending the day before each potential AHRE event. In 
this way, several overlapping time epochs were defined, and the data 
were extended to include one data point per monitoring day per 
participant. Logistic regression was used to estimate the association 
between AHRE episode onset and weekly ICD-index values. The model 
was adjusted for baseline risk factors of the HEADS2TOES schema [10]: 
hypertension, diabetes, smoking, obesity (Body Mass Index ≥ 30 kg/ 
m^2), alcohol consumption (>3 standard drinks/week). The model 
accounted for repeated measures using robust standard errors clustered 
by patient. All variables displaying statistical significance (p-value <
0.05) were entered into a multivariate regression analysis. To build a 
combined score, we scaled and rounded the odds ratios in the final 
model to the nearest integer and we used them as coefficients for each of 
the predictors. A P value < 0.05 was considered significant for all tests. 

All statistical analyses were performed by means of R: a language and 
environment for statistical computing (R Foundation for Statistical 
Computing, Vienna, Austria).

3. Results

3.1. Study population

From 2018 to 2021, 411 patients received an ICD or CRT-D and were 
enrolled in the remote monitoring platform (with HF algorithm acti
vated) and in the study. Table 1 shows the baseline clinical variables of 
all patients in analysis.

Fig. 1. The HeartLogic algorithm combines data from multiple sensors: accelerometer-based first (S1) and third (S3) heart sounds, intrathoracic impedance, 
respiration rate, the ratio of respiration rate to tidal volume (not shown on standard HeartLogic reports), night heart rate, and patient activity. When the index crosses 
a programmable threshold, it enters into an impending HF decompensation alert state. The embedded accelerometer of the ICDs is used to measure physical activity 
and to count the number of minutes the person is active each day. The ApneaScan diagnostic feature continuously measures thoracic impedance changes in order to 
count respiration and calculate the respiratory disturbance index (RDI) by dividing the number of apnea/hypopnea events by the programmed sleep duration. Device 
data comprise the total time spent by the patient in atrial high-rate episodes (AHRE) on each day of the follow-up period.

Table 1 
Demographics and baseline clinical parameters.

Total (N ¼ 411)

Age, years 69 ± 10
Male, n (%) 317 (77)
Body Mass Index, kg/m^2 26 ± 4
Ischemic Heart Disease, n (%) 193 (47)
NYHA Class III/IV, n (%) 142 (35)
LV Ejection Fraction, % 32 ± 8
History of Atrial Fibrillation, n (%) 136 (33)
Secondary Prevention, n (%) 49 (12)
CRT device, n (%) 297 (72)
Diabetes mellitus type 2, n (%) 113 (27)
Chronic Kidney Disease, n (%) 107 (26)
Pulmonary disease, n (%) 70 (17)
Hypertension, n (%) 223 (54)

NYHA = New York Heart Association; LV = Left ventricular; CRT = Cardiac 
resynchronization therapy.
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3.2. Follow-up

The median follow-up was 26 [16–35] months. During the obser
vation period, an AHRE burden of ≥ 5 min/day was documented in 139 
(34 %) patients and ≥ 23 h/day in 68 (17 %) patients. During follow-up, 
the HF index crossed the threshold value 869 times (1.00 alerts/patient- 
year) in 268 patients. The median time IN the alert state was 7 % [0–20 
%]. The overall median of the weekly ICD-detected RDI was 33 [24–45] 
episodes/hour, and the maximum value on a patient basis was 54 ± 14 
episodes/hour. Overall, the RDI value was ≥ 30 episodes/hour during 
58 % of the total observation period. During the follow-up period, the 
median daily physical activity for the patients was 105 [67–147] min/ 
day. Overall, 2 % of the weekly average values were at least 1 h lower 
than the average physical activity during the prior 100 days.

3.3. Association between ICD-measured indexes and AHRE occurrence

The results of the regression analysis of HEAD2TOES variables 
associated with AHRE occurrence are shown in Table 2, according to a 
threshold of daily AHRE burden of 5 min and 23 h. Baseline clinical 
variables were not associated with the AHRE occurrence. The weekly IN- 
alert state (IN versus OUT – observed during approximately 15 % of the 
follow-up period) and the decrease in physical activity (≥ versus < 1 h/ 
day – during 2 % of the follow-up period) were independently associated 
with the AHRE occurrence, regardless of the daily AHRE burden 
threshold. Furthermore, the weekly mean RDI ≥ 30 episodes/h (versus 
< 30 episodes/h – during 59 % of the observation period) was associated 
with AHRE burden ≥ 5 min/day, but not with AHRE burden ≥ 23 h/day. 
Starting from the model for the prediction of AHRE burden of ≥ 5 min, 
we defined the combined AHRE-5 min SCORE as (2*HeartLogic IN-alert 
+ 1*RDI ≥ 30episodes/h + 4*Reduction in activity ≥ 1 h). It ranges 
from 0 to 7 and is associated with AHRE burden of ≥ 5 min (odds ratio, 
1.25; 95 % confidence interval, 1.09 – 1.42; p < 0.001). Likewise, we 
defined the AHRE-23 h SCORE as (1*HeartLogic IN-alert + 2*Reduction 
in activity ≥ 1 h) for the prediction of AHRE burden of ≥ 23 h. It ranges 
from 0 to 3 and predicts AHRE burden of ≥ 23 h (odds ratio, 2.20; 95 % 
confidence interval, 1.60–3.04; p < 0.001).

Event rates were calculated according to the HF alert status, the 
weekly RDI value and the decrease in physical activity (Fig. 2). Event 
rates were also calculated for the combined score levels. Lower score 
levels comprised the largest proportion of follow-up duration (98 % with 
AHRE-5 min SCORE < 4 and with AHRE-23 h SCORE < 2). During 
follow-up, only 166 (40 %) patients had elevated score levels (AHRE-5 
min SCORE ≥ 4 or AHRE-23 h SCORE ≥ 2). During high score periods 
the risk of AHRE occurrence was higher, with incidence rate ratios of 
6.75 for AHRE burden ≥ 5 min/day and 11.46 for AHRE burden ≥ 23 h/ 

day (Table 3). Repeating the analysis in the subgroup of 275 patients 
without a history of AF at baseline, these associations were confirmed 
(Table 3).

4. Discussion

In this study, we found that the occurrence of AHRE is independently 
associated with three indexes automatically measured by ICD algo
rithms: a measure of the patient’s HF status (HeartLogic index), an in
dicator of SA severity (RDI), and accelerometer-detected reduced 
physical activity. Detection of these conditions appears to predispose 
patients to the onset of both short-term AHRE (cumulative daily dura
tion of episodes ≥ 5 min) and more sustained events (≥23 h). Although 
the combination of these conditions is rare, it is associated with a very 
high rate of AHRE occurrence.

The 2024 ESC Guidelines for the management of AF [6] proposed the 
AF-CARE approach, which aims to address associated health conditions 
to improve the effectiveness of AF therapies. This approach emphasizes 
the need for careful identification of comorbidities and risk factors [C] 
before addressing stroke and thromboembolism prevention [A] and 
optimizing heart rate and rhythm control [R]. The guidelines also 
highlight the importance of dynamic evaluation [E], recognizing that AF 
risk profiles change over time and require periodic reassessment to slow 
or reverse AF progression. Many risk factors for AF development and 
recurrence after catheter ablation are modifiable, including hyperten
sion, obesity, alcohol consumption, diabetes, smoking, as well as HF, SA, 
and physical inactivity.

Hypertension causes structural and functional changes in the heart, 
such as increased left atrial pressure, wall thickening, and fibrosis, 
which lead to atrial remodeling and promote AF [18]. Obesity has also 
been strongly linked to AF, with studies showing that higher body mass 
index correlates with increased AF incidence and post-ablation recur
rence [19], with pathophysiological mechanisms including structural 
remodeling, and particularly epicardial fat deposition around the LA. 
Excessive alcohol consumption [4], diabetes [1], and smoking [20] are 
additional recognized risk factors for both AF and AF recurrence 
following catheter ablation. Considerable evidence also supports the 
association between HF and AF, with studies showing that HF therapy 
for patients with reduced ejection fraction decreases AF recurrence, 
cardiovascular hospitalization, and mortality [21]. Hence, guideline- 
recommended HF treatments should be implemented in patients un
dergoing AF catheter ablation [6]. Obstructive SA is another critical risk 
factor for AF, contributing to atrial remodeling, fibrosis, and inflam
mation, which increase both the risk of AF onset and recurrence after 
catheter ablation[22,23]. Finally, sedentary behavior is linked to an 
increased risk of AF, while light-to-moderate exercise reduces this risk 
[24]. Exercise plays an essential role in secondary prevention, with 
studies showing improved cardiorespiratory fitness is associated with 
reduced AF recurrence [9,25]. The recently proposed HEAD2TOES 
schema summarizes all these factors and offers guidance on their 
modification for secondary AF prevention [10].

Previous studies investigated the efficacy of electrocardiographic 
parameters in predicting AHRE in patients with cardiac devices [26]. 
Modern ICD algorithms calculate device-detected indexes that can act as 
surrogates for HEAD2TOES factors and facilitate dynamic evaluation 
within the AF-CARE approach, reducing the need for unnecessary and 
costly follow-up in patients with ICDs. Novel HF monitoring algorithms, 
like HeartLogic, combine multiple physiological variables to provide 
accurate, continuous, and automatic HF diagnosis. The HeartLogic al
gorithm has been shown to be a sensitive and timely predictor of 
impending HF decompensation [11], as well as a measure of HF event 
risk, independent of baseline clinical variables [16]. The RDI index 
provides additional, independent information, quantifying the extent 
and frequency of nocturnal apneas and hypopneas. RDI has been 
demonstrated to accurately identify severe SA and shows good agree
ment with apnea-hypopnea index values measured by ambulatory 

Table 2 
Multivariate analysis of HEAD2TOES variables associated with AHRE 
occurrence.

AHRE burden of ≥ 5 min AHRE burden of ≥ 23 h

OR 95 % CI p OR 95 % CI p

Heart Failure (1) 2.36 1.36–4.11 0.002 4.42 2.23–10.00 <0.001
Exercise (2) 3.82 1.52–9.60 0.004 8.48 3.18–22.63 <0.001
Arterial 

hypertension
0.78 0.56–1.08 0.138 0.97 0.60–1.57 0.905

Diabetes type 2 0.88 0.60–1.29 0.517 0.91 0.53–1.56 0.727
Tobacco 0.85 0.43–1.66 0.626 0.97 0.39–2.31 0.946
Obesity 0.94 0.65–1.35 0.721 1.03 0.62–1.72 0.897
Ethanol 1.01 0.63–1.84 0.846 1.06 0.73–2.04 0.626
Sleep Apnea (3) 1.44 1.02–2.46 0.048 1.43 0.64–3.16 0.382

AHRE ≥ 5 min: daily time epochs 200859, with AHRE 139; AHRE ≥ 23 h: daily 
time epochs 239247, with AHRE 68. (1) Weekly HeartLogic IN-alert state; (2) 
Reduction in daily physical activity ≥ 1 h/day; (3) Weekly Respiratory Distur
bance Index ≥ 30 episodes/h. AHRE: Atrial High-Rate Episode; CI: Confidence 
Interval; OR: Odds Ratio.
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polygraphy [12]. Furthermore, cardiac devices equipped with acceler
ometer sensors can reliably assess reduced daily physical activity by 
comparing daily values to prior period averages [13].

Previous studies have shown that these device-detected indexes 
correlate with AF occurrence. Patients who experience ICD-detected HF 
events are at higher risk of AF, with the HeartLogic IN-alert state iden
tifying those more likely to experience AHRE episodes based on various 
daily AF burden thresholds [27]. Similarly, RDI has been shown to 
predict AHRE occurrence in HF patients with ICDs [28] and in pace
maker recipients [29]. A decrease of one hour in physical activity over 
the prior week, measured by the device accelerometer, was associated 
with a 25 % increased likelihood of AF onset in the following day [13].

Our results build on previous findings by demonstrating that 
continuously measured HeartLogic status, weekly RDI values, and 
accelerometer-detected physical activity enable dynamic stratification 
of AHRE risk during follow-up. Although the analysis was performed on 
a daily basis, the use of 7-day windows for predictor variables may limit 
the detection of shorter-term associations and does not establish an 

immediate temporal link. However, this approach was chosen to smooth 
day-to-day variability and emphasize sustained physiological changes, 
which are more likely to reflect actionable clinical trends. Specifically, 
both HF and decreased physical activity were independently associated 
with short- (≥5 min/day) and long-lasting (≥23 h/day) AHRE episodes. 
HF involves prolonged elevated left atrial pressure, leading to structural 
and electrical remodeling of the myocardium, while left ventricular 
dysfunction triggers a neurohormonal response which fosters both AF 
onset and persistence. HF and AF also have a bidirectional relationship, 
resulting in a progressive increase in AF burden [30]. In line with our 
findings, a decline in physical activity has also been associated with both 
short- and long-lasting AHRE episodes, though the effect is more pro
nounced for longer AF episodes (AHRE burden ≥ 23 h/day) [13]. The 
exact mechanism behind this association is not fully understood, but it 
may involve either a direct link between reduced exercise and AF, or the 
presence of subclinical conditions that lead to both decreased activity 
and AF.

In contrast, our analysis found that ICD-detected SA only predicted 

Fig. 2. Event rates for HeartLogic alert status (light yellow shading for OUT-of-alert, dark yellow shading for IN-alert), RDI value (light blue shading for < 30 
episodes/h and dark blue shading for ≥ 30 episodes/h), Reduction in physical activity (light green shading for < 1 h/day and dark green shading for ≥ 1 h/day) and 
for the combined score values (red shadings). A: AHRE burden of ≥ 5 min; B: AHRE burden of ≥ 23 h. AHRE: Atrial High-Rate Episodes; RDI: Respiratory Disturbance 
Index; PA: Physical activity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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short-lasting AHRE episodes. Sleep apnea primarily induces acute he
modynamic changes, such as negative intrathoracic pressure, increased 
venous return, and alternating deoxygenation and reoxygenation [31], 
increasing the risk of AF paroxysms during obstructive events. While 
long-term SA exposure can result in atrial remodeling that sustains AF 
[32], this mechanism appears to be less significant.

Individually, we observed the three conditions during approximately 
15 % (HeartLogic IN-alert), 59 % (RDI ≥ 30 episodes/hour), and 2 % 
(physical activity decrease ≥ 1 h) of the follow-up period, with high 
incidence rate ratios for AHRE burden ≥ 5 min/day and AHRE burden ≥
23 h/day.

We also explored the combined value of these three ICD indexes for 
dynamic AHRE risk stratification. A combined score, weighting and 
incorporating the three continuously measured indexes, further 
improved patient risk stratification. High incidence rate ratios for AHRE 
burden ≥ 5 min/day and ≥ 23 h/day were observed during approxi
mately 2 % of the follow-up period when patients had elevated com
bined score levels. These associations were evident both in the overall 
population and in patients without a prior history of AF, suggesting the 
potential of this score to assess the risk of AF recurrence and incident AF.

To our knowledge, this is the first study to implement a dynamic, 
device-based evaluation of multiple clinically actionable varia
bles—originally included in the published evidence-based HEAD2TOES 
scheme—for AHRE stratification. This multiparametric approach may 
support earlier identification of at-risk patients and aligns with the dy
namic, condition-focused strategy outlined in the AF-CARE framework. 
However, further studies are needed to validate its clinical utility in 
guiding targeted interventions for AF prevention. Patients exhibiting 
elevated values in these ICD-detected indexes may benefit from more 
proactive or tailored interventions aimed at treating underlying 
comorbidities with the goal of potentially reducing AF burden and 
improving overall outcomes. Importantly, the clinical approach may 
differ depending on the patient’s AF history: in patients without a prior 
AF diagnosis, a high score may prompt earlier surveillance or preventive 
strategies, while in patients with known AF, it may support timely 
intensification of rhythm management or comorbidity treatment to 

reduce recurrence risk. Analysis of individual components can offer 
actionable insights for addressing specific risk factors that emerge dur
ing follow-up. Interventions may include early HF treatment (e.g., di
uretics for congestion, ACE inhibitors, or CRT optimization) [6,33], 
therapies for sleep-disordered breathing (such as CPAP, which improves 
AF outcomes after electrical cardioversion and ablation) [34–36], or the 
implementation and monitoring of exercise programs to reduce AF risk 
[9,24,25]. In the context of secondary prevention of AF, reversal of the 
arrhythmogenic substrate is likely to require sustained reduction of all 
modifiable risk factors in a given individual [10].

Future research could investigate whether this scoring system is 
capable of identifying progression to more sustained forms of AF or 
predicting AF-related healthcare utilization, in order to further evaluate 
its relevance to clinical decision-making.

4.1. Limitations

The limitations of our study should be acknowledged. First, its 
observational design may have introduced an inherent bias. Second, 
device-detected AHRE are a surrogate of subclinical − and not clinical −
AF, which has different implications in clinical practice. Third, our re
sults were obtained in a selected population of ICD patients and may not 
be generalizable to the overall HF population. Fourth, data on clinically 
diagnosed SA prior to device implantation were not available, limiting 
our ability to report baseline prevalence. Moreover, we have not per
formed conventional polysomnography to confirm diagnosis of SA and 
the algorithm for sleep disordered breathing detection does not distin
guish between obstructive and central SA. Fifth, although the Heart
Logic proved to be a sensitive predictor of impending HF 
decompensation, we have not confirmed diagnosis of acute HF. More
over, we used fixed cutoffs for each component of the combined score. 
While these thresholds were chosen based on prior validation studies for 
related clinical outcomes, optimizing them specifically for AF detection 
could further improve the predictive performance and clinical applica
bility of the combined score. Future studies with larger cohorts and a 
prospective design could investigate the use of adaptive or 

Table 3 
Incidence rate ratios of AHRE occurrence and proportion of follow-up duration for individual ICD-measured indexes and combined scores.

All patients (N ¼ 411) Patients without history of AF at baseline (N ¼ 275)

% of Follow-up IRR [95 %CI] P-value % of Follow-up IRR [95 %CI] P-value

AHRE burden of ≥ 5 min ​ ​ ​ ​ ​ ​
HeartLogic IN-alert 14.9 % 2.21 [1.36–3.49] <0.001 12.8 % 2.69 [1.62–4.34] <0.001
RDI ≥ 30 episodes/h 58.9 % 1.40 [0.93–2.13] 0.096 58.2 % 1.33 [0.86–2.08] 0.180
Reduction in activity ≥ 1 h/day 1.9 % 3.54 [1.12–8.65] 0.004 1.9 % 2.88 [0.76–7.71] 0.032

AHRE-5 min SCORE * ​ ​ ​ ​ ​ ​
0 35.5 % ​ ​ 36.9 % ​ ​
1 48.9 % 1.56 [0.78–3.28] 0.181 49.1 % 1.56 [0.78–3.29] 0.184
2 5.0 % 2.75 [0.77–8.21] 0.045 4.2 % 2.69 [0.64–8.71] 0.071
3 8.6 % 3.53 [1.43–8.53] 0.001 7.7 % 4.00 [1.62–9.68] <0.001
4 0.6 % 5.13 [0.12–34.14] 0.079 0.7 % 4.49 [0.11–29.87] 0.113
5 0.9 % 6.15 [0.67–27.18] 0.006 1.0 % 5.38 [0.59–23.78] 0.013
6–7 0.5 % 10.26 [1.12–45.30] <0.001 0.4 % 6.73 [0.16–44.8] 0.033

AHRE-5 min SCORE ≥ 4 # 2.0 % 6.75 [1.88–20.16] <0.001 2.1 % 5.38 [1.28–17.4] <0.001

AHRE burden of ≥ 23 h ​ ​ ​ ​ ​ ​
HeartLogic IN-alert 14.9 % 4.10 [2.19–7.54] <0.001 12.8 % 5.77 [2.84–11.59] <0.001
RDI ≥ 30 episodes/h 58.9 % 1.54 [0.81–3.04] 0.165 58.2 % 1.37 [0.63–3.14] 0.397
Reduction in activity ≥ 1 h/day 1.9 % 7.61 [2.32–19.55] <0.001 1.9 % 7.25 [1.84–20.80] <0.001
AHRE-23 h SCORE * ​ ​ ​ ​ ​ ​

0 82.8 % ​ ​ 85.0 % ​ ​
1 15.2 % 4.31 [2.04–8.94] <0.001 13.1 % 5.22 [2.23–11.95] <0.001
2 1.4 % 6.43 [0.73–26.66] 0.004 1.5 % 3.77 [0.09–24.51] 0.167
3 0.5 % 24.12 [4.57–81.93] <0.001 0.5 % 33.93 [6.30–119.96] <0.001

AHRE-23 h SCORE ≥ 2 $ 1.9 % 11.46 [3.34–31.72] <0.001 1.9 % 11.31 [2.73–35.51] <0.001

*: versus SCORE = 0; #: versus SCORE < 4; $: versus SCORE < 2. AHRE: Atrial High-Rate Episode; CI: Confidence Interval, ICD: Implantable Cardioverter-Defibrillator; 
IRR: Incidence Rate Ratio; RDI: Respiratory Disturbance Index.
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individualized thresholds to refine AF risk prediction and further 
enhance the clinical utility of device-derived indexes. Finally, we did not 
perform a separate analysis of patients with a history of AF, which may 
limit the interpretation of the score’s utility in assessing AF recurrence 
risk, and the score was not developed and validated using independent 
datasets; rather, the entire cohort was used for analysis.

5. Conclusion

Device-detected indexes such as HeartLogic, RDI, and accelerometer- 
based physical activity provide valuable insights for the dynamic strat
ification of AHRE risk in ICD patients. A combined multiparametric 
monitoring score, integrating these indexes, significantly enhances the 
ability to predict the risk of AHRE. This novel approach could support 
more personalized and timely interventions, guiding the management of 
modifiable risk factors such as HF, SA, and physical inactivity. Early 
therapeutic actions, continuous monitoring, and lifestyle interventions 
could reduce the burden of AF, improve clinical outcomes, and optimize 
the long-term management of patients with cardiac devices. These 
findings highlight the potential of integrating automated device- 
detected data into clinical workflows to refine patient monitoring and 
reduce the need for frequent follow-ups, while ensuring targeted in
terventions based on dynamic and real-time risk assessments.
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