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Aims: Despite the high prevalence rate of atrial high-rate episodes (AHREs) detected using cardiac implantable electronic devices (CIEDs), clinical guidelines and consensus documents have disagreed on a universal AHRE definition and a temporal cut-off related to subsequent thromboembolic events. This diagnostic test accuracy meta-analysis aims to derive the optimal temporal threshold of clinically significant AHREs from the available literature.



Methods: The PubMed/MEDLINE and EMBASE databases were screened for studies on CIED patients reporting the incidence of thromboembolic events related to at least one AHRE temporal cut-off. A total of 23 studies were included: 19 considering the longest single AHRE and four the AHRE burden, respectively. A random-effect diagnostic test accuracy meta-analysis with multiple cut-offs was performed. Two analyses were performed according to the AHRE temporal cut-off subtype (longest episode vs. cumulative burden).



Results: The analysis on the longest single AHRE indicated 0.07 min as the optimal duration to differentiate AHRE associated or not with thromboembolic events [sensitivity 65.4% (95% CI 48.8%–79.0%), specificity 52.7% (95% CI 46.0%–59.4%), and area under the summary receiver operating characteristic curve (AUC-SROC): 0.62]. The analysis on AHRE burden indicated 1.4 min as the optimal cut-off [sensitivity 58.2% (95% CI 25.6%–85.0%), specificity 57.5% (95% CI 42.0%–71.7%), and AUC-SROC 0.60]. A sensitivity analysis excluding patients with a history of atrial fibrillation and including high-quality studies only yielded similar results.



Conclusion: The presence of AHRE, rather than a specific duration, relates to an increased, albeit low, thromboembolic risk in CIED patients. Any AHRE should constitute an additional element in patient-specific thromboembolic risk assessment.
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Graphical Abstract
Graphical abstract reporting the main findings of the diagnostic meta-analysis.



Introduction

Atrial high-rate episodes (AHREs) are frequently detected using cardiac implantable electronic devices (CIED) during routine clinical practice. Based on the population involved, the AHRE prevalence rate can range from 18% to 50% (1–3).

In recent years, several efforts were made to clarify the association of AHRE with an increase in thromboembolic risk and, subsequently, the potential need for anticoagulation (4). Despite clinical guidelines and consensus documents all agreeing on the importance of tracking these episodes, the proposed definitions are heterogeneous and have evolved over time: from episodes lasting more than 5–6 min of atrial beats above 180 beats per minute (bpm) (5) to any event, independent of duration, faster than 190 bpm (6), or at least 5 min at 175 bpm (7). Similarly, the recommendation for oral anticoagulation (OAC) in patients with AHRE has been advocated, but randomized evidence is lacking. AHRE burden, along with patient-specific risk factors, have been proposed as a guiding parameter in the choice of starting OAC based on the hypothesis that longer episodes would confer an increased risk. However, a clear AHRE duration cut-off has not been identified (4, 8, 9), neither a clinically significant threshold.

A diagnostic meta-analysis with multiple cut-offs is a recent development in the statistical field that has been successfully adopted in cardiovascular research (10, 11). The present study aims to perform a diagnostic meta-analysis to identify the AHRE temporal threshold most related to the thromboembolic risk of CIED patients.



Methods


Search strategy, study selection, and quality assessment

The PubMed/MEDLINE and EMBASE databases were screened from inception to November 2022, with the following search strategy: ((AHRE OR subclinical OR asympt* OR silent OR occult OR PM OR ICD OR implantable OR loop recorder OR continuous monitoring) AND (atrial fibrillation OR AF OR afib OR atrial tachyarrhythmia)) AND (stroke OR embo* OR thromboemb* OR TIA OR transient ischemic attack). The references of the relevant literature on the topic were also examined [including all the reports from the database search assessed for eligibility and the meta-analysis by Sagris et al. (12)]. Randomized controlled trials and prospective and retrospective studies were included if


	•they reported the incidence of thromboembolic events [defined as stroke, transient ischemic attacks (TIA), and/or systemic thromboembolism] of patients with CIED (i.e., PM/ICD/CRT devices recording atrial activity) and

	•they provided the sensitivity/specificity (or the associated raw counts) related to at least one cut-off time of AHRE associated with the incidence of thromboembolic events.



Studies were excluded if


	•the implantable cardiac monitoring device was a loop recorder,

	•more than 25% of the included patients presented clinical atrial fibrillation at baseline, and

	•the investigated population involved cryptogenic stroke survivors.



Non-English language studies, abstracts, editorials, letters, systematic reviews, and unpublished data were excluded. Two investigators (AB and CG) independently reviewed the titles/abstracts and studies to determine their eligibility based on the inclusion criteria. They extracted all relevant features, including general characteristics, baseline population data, type of implanted CIED, follow-up strategy, AHRE definition (including time specification), and clinical outcomes. A third investigator (AS) solved any disagreements. Literature screening was performed with the help of a semi-automatic tool [Rayyan.ai (13); see Supplementary Material for details]. Quality assessment of the included studies was performed using the Newcastle–Ottawa scale: studies were deemed high-quality if the total score was ≥7/9.



Primary outcome

The primary outcome of this diagnostic meta-analysis was defining the AHRE threshold most related to thromboembolic events. An ideal AHRE cut-off should theoretically differentiate between “aspecific” episodes and those significantly predicting clinical events. Thromboembolic events are defined as stroke, TIA, or systemic embolisms (SEs).



Statistical analysis

The baseline characteristics of pooled study populations are reported as median values between the included studies, along with their interquartile range (IQR). The statistical instruments of a diagnostic test accuracy meta-analysis were adopted, treating the duration of AHRE as the “diagnostic test” (a positive test if the patients experienced an AHRE lasting at least as long as the cut-off time under examination) and evaluating the performance of this “diagnostic test” in predicting the “disease” (thromboembolic events) across multiple cut-offs. We extracted data from all included studies providing information on the AHRE duration in patients with CIED. We also constructed 2 × 2 tables for each identifiable cut-off time using the following definitions:


	•true positives (TPs): patients with AHRE lasting at least as long as the cut-off time and suffering a thromboembolic event;

	•true negatives (TNs): patients without AHRE or with AHRE lasting less than the cut-off time and not suffering a thromboembolic event;

	•false positives (FPs): patients with AHRE lasting at least as long as the cut-off time and not suffering a thromboembolic event;

	•false negatives (FNs): patients without AHRE or with AHRE lasting less than the cut-off time and suffering a thromboembolic event.



Supplementary Material provides a detailed description of how the data were extracted for each study. Two analyses following the AHRE definition (single longest episode vs. cumulative burden during a 24 h monitoring period) and sensitivity analyses including patients without previous atrial fibrillation (AF) and high-quality studies were performed. The R package diagmeta (14), which implements the method suggested by Steinhauser et al. (11) for the meta-analysis of diagnostic test accuracy studies with multiple cut-offs, was used to perform a multi-level random-effect diagnostic meta-analysis. Briefly, this meta-analytic approach is based on the estimation of the distribution functions of the underlying “marker” (in the present case, AHRE duration) within the non-diseased (patients not suffering from thromboembolic events) and diseased (patients suffering from thromboembolic events) individuals. Assuming a logistic distribution, the condition is estimated in both groups, applying a linear mixed effects model to the transformed data, accounting for across-study heterogeneity and dependence on sensitivity and specificity. The final output of the model is a summary receiver operating characteristic (SROC) curve. The resulting sensitivity and specificity at every potential threshold and the area under the SROC curve (AUC-SROC) are then computed. This approach also enables the determination of an optimal threshold across studies by maximizing the Youden index. Finally, to estimate the positive (PPV) and negative (NPV) predictive values of the computed optimal meta-analytic threshold, the prevalence of the “disease” (the prevalence of thromboembolic events in the entire CIED population) was obtained by pooling the study-specific prevalence using a random-effect model (metaprop function of R package meta).

All analyses were performed using R software version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria). A P-value of 0.05 was considered statistically significant.




Results

The search retrieved 10,188 results; 135 articles were assessed for eligibility, and 23 (2, 15–36) were included in the final analysis. Figure 1 reports the PRISMA flow chart. The Supplementary Material describes the selection process, including the bibliographic references of the included studies. Supplementary Table S1 reports the study quality assessment using the Newcastle–Ottawa scale. Supplementary Table S2 reports the study-specific procedural details (e.g., type of CIED), follow-up strategies, and AHRE definitions.


[image: Figure 1]
FIGURE 1
PRISMA flow chart.


Out of 46,189 patients with CIED, 1,167 experienced a thromboembolic event (3.0%, 95% CI 2.2–4.0). The median follow-up was 40.75 (IQR 28.25–52.80) months, with a minimum duration of 12 months. Table 1 reports the baseline characteristics. The median age was 70.0 years (IQR 66.6–75.5), with nearly two-thirds of male patients (males 60.6%, IQR 53.0%–69.0%). Hypertension (57.7%, IQR 45.3%–72.2%) is the most frequent concurrent comorbid condition, whereas heart failure (15.4%, IQR 5.9%–38.5%; median left ventricular ejection fraction of the entire population 54.0%, IQR 29.0%–65.0%) and coronary/ischemic heart disease (25.0%, IQR 17.5%–34.2%) were present in a minority of patients. The median left atrial antero-posterior diameter was 39.8 mm (IQR 38.0–41.0 mm). A median of 8.7% (IQR 6.9%–12.1%) of patients had a history of previous stroke/TIA or systemic thromboembolism. The median CHA2DS2-VASc score was 3.2 (IQR 2.8–3.8); 3.1% (IQR 0–10.2) were on oral anticoagulants at baseline.


TABLE 1 Baseline characteristics.
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Supplementary Tables S3, S4 report TP, TN, FP, and FN counts in the included studies at each evaluated cut-off for single longest AHRE and cumulative AHRE burden analyses, respectively. Supplementary Tables S5, S6 report the distribution of temporal cut-offs for the primary analyses. The pooled prevalence rate of thromboembolic events in patients with CIED recording single episodes and AHRE burden was 3.4% (95% CI 2.5%–4.6%) and 1.6% (95% CI 1.0%–2.4%), respectively. In five out of 19 studies, 2 × 2 tables were designed for at least two cut-off times, with the study by Nakano et al. (27) providing the highest number of cut-offs (7). A meta-analysis of diagnostic test accuracy studies with multiple cut-offs for the analysis of the single longest AHRE [19 studies: total number of cut-offs 36, number of different cut-offs 11, and median follow-up 49.1 months (IQR 37.5–57)] indicated 0.07 min as the optimal duration to differentiate AHRE associated or not to thromboembolic events. The sensitivity and specificity at optimal cut-offs were 65.4% (95% CI 48.8%–79.0%) and 52.7% (95% CI 46.0%–59.4%), respectively, with an AUC-SROC of 0.62. The analysis on cumulative AHRE burden [four studies: total number of cut-offs 9, number of different cut-offs 8, and median follow-up 17.9 months (IQR 12.6–23.3)] indicated 1.4 min as the optimal burden to differentiate AHRE associated or not to thromboembolic events. The sensitivity and specificity at optimal cut-offs were 58.2% (95% CI 25.6%–85.0%) and 57.5% (95% CI 42.0%–71.7%), respectively, with an AUC-SROC of 0.60.

Figures 2, 3 report the Youden index as a function of test thresholds (panel a), study-specific ROC curves (panel b), the resulting meta-analytic SROC curve (panel c), and the meta-analytic sensitivity/specificity as a function of different test thresholds (panel d) for the analyses on single longest and cumulative AHRE burden, respectively. Figures 4, 5 report the meta-analytic forest plots assessing the prevalence of thromboembolic events in patients with single longest and cumulative AHRE burden, respectively.


[image: Figure 2]
FIGURE 2
Meta-analysis of diagnostic test accuracy studies with multiple duration cut-offs assessing the differential performances of various single longest AHRE thresholds in predicting thromboembolic events. (A) Youden index as a function of test thresholds; (B) study-specific ROC curves; (C) meta-analytic SROC curve; (D) meta-analytic sensitivity/specificity as a function of different test thresholds.
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FIGURE 3
Meta-analysis of diagnostic test accuracy studies with multiple burden cut-offs assessing the differential performances of various cumulative AHRE burden thresholds in predicting thromboembolic events. (A) Youden index as a function of test thresholds; (B) study-specific ROC curves; (C) meta-analytic SROC curve; (D) meta-analytic sensitivity/specificity as a function of different test thresholds.
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FIGURE 4
Meta-analytic forest plot (random effects model) reporting the prevalence of thromboembolic events in patients with CIED based on the single longest AHRE duration.
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FIGURE 5
Meta-analytic forest plot (random effects model) reporting the prevalence of thromboembolic events in patients with CIED based on cumulative AHRE burden.


For the single longest AHRE episode above the optimal meta-analytic threshold (0.07 min), PPV and NPV were 4.7% and 97.7%, respectively. For a cumulative AHRE burden above the optimal meta-analytic threshold (1.4 min), PPV and NPV were 2.1% and 98.9%, respectively.

During the sensitivity analysis considering studies reporting data on patients without previous AF (16 studies all analyzing single longest AHRE duration: total number of cut-offs 29, number of different cut-offs 10), 0.3 min emerged as the optimal AHRE duration. In this subgroup, the sensitivity and specificity at optimal cut-offs resulted in 67.8% (95% CI 46.2%–83.9%) and 62.3% (95% CI 53.2%–70.6%), respectively, with an AUC-SROC of 0.70 (Supplementary Figure S1). PPV and NPV (Supplementary Figure S2) were 6.2% and 98.2%, respectively. After including high-quality studies only (15 studies, all analyzing single longest AHRE), the results were similar to those of the primary analysis (optimal AHRE duration of 0.07 min; sensitivity and specificity of 64.9% and 52.9%, respectively; AUC-SROC: 0.62; Supplementary Figure S3). PPV and NPV are 4.7% and 97.7%, respectively (Supplementary Figure S4).



Discussion

The main findings of the present meta-analysis (Graphical Abstract) are the following:


	•Thromboembolic events are not frequent in the CIED population, and the presence of AHRE does not extensively increase this risk (suboptimal PPV).

	•In patients with CIED, the thromboembolic risk poorly relates to AHRE duration, both in terms of the longest single episode and cumulative burden (overall modest AUC-SROC).



Although the topic has been extensively discussed for several years, an evidence-based strategy to manage AHRE in CIED patients is lacking. Even terminologies have been inconsistent: the 2016 ESC guidelines on AF defined AHRE as atrial episodes at a rate >180 bpm lasting more than 5–6 min (5); the 2017 HRS/EHRA/ECAS/APHRS/SOLAECE Consensus included any event, independent of duration, faster than 190 bpm (6); and eventually, the 2020 ESC AF guidelines update stated that the AHRE definition is “usually set” at atrial rate episodes ≥175 bpm lasting more than 5 min (7).

The thromboembolic risk of CIED patients with AHRE differs from that of subjects presenting clinical AF (37). Therefore, in this setting, the need for anticoagulation is poorly defined and must be carefully balanced against the hemorrhagic risk (38). Current guidelines recommend against the routine use of oral anticoagulants in patients with AHRE, suggesting their use only in selected patients with long episodes (>24 h) and high clinical thromboembolic risk (7, 20, 22). Nevertheless, the 24 h cut-off is based mainly on experts’ consensus, not high-grade evidence. A recent meta-analysis by Sagris et al. (12) confirmed previous findings, showing that an AHRE longer than 30 s and a cumulative burden of more than 24 h related to an increased risk. However, a linear relationship between AHRE duration and thromboembolic events was not observed. A new cut-off time for AHRE duration was not proposed nor investigated. A previous report from the RATE registry (39) failed to find a significant association between very short atrial tachycardia episodes detected with CIED interrogation and clinical events or progression to clinical arrhythmia. However, these findings were limited by the fact that short episodes were defined as episodes limited to a single electrogram recording without a clear temporal definition, including any atrial tachycardia of more than three consecutive premature atrial complexes.

Since AHREs are a dynamic entity, which might progress to longer duration and higher burden (40), a stricter follow-up is surely advocated to identify clinical or symptomatic AF. Interestingly, a sub-analysis of the IMPACT trial (26) showed that the duration of AHRE correlates with comorbidities, concurrent risk factors, and CHA2DS2-VASc score, with a higher percentage of patients with clinical AF or atrial flutter in those with AHRE longer than 24 h. Conversely, previous studies (41, 42) did not demonstrate a clear temporal association between AHRE and stroke, suggesting that AHRE likely represents a marker of increased stroke risk rather than a direct cause (9, 43). Therefore, managing AHRE detected at routine device control or outpatient visits remains a frequently incurred clinical challenge for cardiologists.

Arising from the aforementioned contradictory background, this meta-analysis aims to identify an ideal temporal cut-off to define clinically significant AHRE. To the best of our knowledge, this is the first analysis specifically focused on establishing a clear temporal definition of significant AHRE based on all available evidence. The single longest episode analysis advocates that the optimal threshold tends toward very short episodes (0.07 min), suggesting that the presence determines an increase in the thromboembolic risk more than the duration of the specific AHRE. Similarly, the optimal cut-off identified by the model ran on cumulative AHRE burden also identified a short time frame (1.4 min). Since these limits were statistically derived from the distribution of duration values in the model, they should not be considered new cut-offs for implementation in clinical practice. Instead, the key point is that cut-off points are brief, suggesting that the duration of the atrial episodes poorly relates to the thromboembolic risk. Interestingly, when examining PPV and NPV at different AHRE cut-offs (Table 2 and Graphical Abstract), no substantial difference in thromboembolic risk can be appreciated between longer and shorter episodes. Moreover, the consequent ischemic risk was not extensively higher than that at baseline.


TABLE 2 Sensitivity, specificity, PPV, and NPV at different cut-offs.
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Therefore, these findings suggest that AHRE may be considered a marker of atrial cardiomyopathy (44, 45), a complex derangement of the anatomic, electrical, and physiological features of the atrial chamber. Atrial cardiomyopathy correlates, at least partially, with an increased risk of stroke, independent of the underlying heart rhythm. The need for OAC in this setting must be confirmed by a prospective and randomized study. Most likely, other elements (e.g., left atrial size, NT-proBNP levels, and CHA2DS2-VASc score) must be considered to guide the initiation of anticoagulation in patients with AHRE. From this perspective, the present analysis supports this theory and should be regarded as hypothesis-generating for future investigations, aiming to identify a common AHRE temporal cut-off to be used in the design of prospective studies.

Altogether, the present analysis documents that neither the longest single AHRE duration nor the cumulative burden is linearly associated with the thromboembolic risk, supporting the hypothesis that any documented AHRE constitutes an additional element in assessing patient-specific thromboembolic risks. These results suggest that short AHRE episodes might not indicate per se the need for anticoagulation but should be considered in evaluating the clinical risk of a patient. In fact, the recently published NOAH-AFNET trial supports these results by indicating that a careful assessment of the global risk is necessary, as the bleeding risk of the anticoagulation therapy may offset the beneficial protection from ischemic events (46). Nevertheless, further studies, including the termination of the ARTESiA (47) trial, will shed further light on the topic.


Limitations

The following limitations need to be addressed. First, the between-study variations in AHRE definitions as well as end-point identifications might have partially affected the relationship between AHRE and thromboembolic events. Second, sensitivity analyses on patients without previous history of AF or including high-quality studies only could not be performed on cumulative AHRE burden analysis due to the limited number of studies reporting multiple cut-offs. Although AHRE refers to asymptomatic patients without prior AF, patients with AF history were not censored in the primary analysis since this small proportion of patients was considered in most of the included studies. In addition, a small percentage of patients were on OAC. Given that this may affect the incidence of thromboembolic events, as emerged in the sensitivity analysis on patients without prior AF, OACs were also prescribed for conditions other than AF, representing routine clinical practice well. Finally, the present meta-analysis was not based on individual patient data, and the included studies exhibit heterogeneity in methods, populations, and assessments of outcomes.




Conclusions

The detection of AHRE in CIED patients is a frequent clinical challenge. This study aims to evaluate the thromboembolic risk of patients with CIED and AHRE, without implying a recommendation for using OACs in this patient cohort. Based on the present diagnostic meta-analysis with multiple cut-offs, it emerges that presence, rather than AHRE duration, confers an increased, albeit low, thromboembolic risk. In the absence of a linear relationship between AHRE duration (both in terms of single longest episode than cumulative burden) and thromboembolic events, any AHRE reported in CIED patients should constitute an additional element in assessing patient-specific thromboembolic risks.
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