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Background

Glycemic variability (GV) has been associated with vascular complications in patients with diabetes. However, the relationship between GV and risk of atrial fibrillation (AF) remains not fully determined. We therefore conducted a systematic review and meta-analysis to evaluate the above association.





Methods

Medline, Embase, Web of Science, Wanfang, and China National Knowledge Infrastructure were searched for longitudinal follow-up studies comparing the incidence of AF between patients with higher versus lower GV. A random-effects model incorporating the potential heterogeneity was used to pool the results.





Results

Nine cohort studies with 6,877,661 participants were included, and 36,784 (0.53%) participants developed AF during follow-up. Pooled results showed that a high GV was associated with an increased risk of AF (risk ratio [RR]: 1.20, 95% confidence interval [CI]: 1.11 to 1.30, p < 0.001, I2 = 20%). Subgroup analyses suggested consistent association between GV and AF in prospective (RR: 1.29, 95% CI: 1.05 to 1.59, p = 0.01) and retrospective studies (RR: 1.18, 95% CI: 1.08 to 1.29, p = 0.002), in diabetic (RR: 1.24, 95% CI: 1.03 to 1.50, p = 0.03) and non-diabetic subjects (RR: 1.13, 95% CI: 1.00 to 1.28, p = 0.05), in studies with short-term (RR: 1.25, 95% CI: 1.11 to 1.40, p < 0.001) and long-term GV (RR: 1.18, 95% CI: 1.05 to 1.34, p = 0.006), and in studies with different quality scores (p for subgroup difference all > 0.05).





Conclusion

A high GV may predict an increased risk of AF in adult population.
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Introduction

Atrial fibrillation (AF) is one of the most common arrhythmia, particularly in older population (1, 2). Although in recent decades, continuous efforts have been made to develop novel treatments for AF, substantial patients with AF still have poor clinical outcomes, such as a higher incidence of stroke and increased overall mortality (3, 4). Therefore, identification of risk factors for AF is important for the prevention of AF and related adverse events (5).

Accumulating evidence from clinical observations suggests that diabetes may be a risk factor of AF (6, 7). In diabetes patients, persistent hyperglycemia evidenced by elevated glycosylated hemoglobin (HbA1c) is widely accepted as being responsible for cardiovascular complications (8). Subsequent investigations suggest that besides persistent hyperglycemia, hypoglycemia may also be independently associated with the risk of cardiovascular events in patients with diabetes, including AF (9, 10). The concept of glycemic variability (GV) is therefore raised during the recent decades, which reflects the extent of glucose fluctuation within days (short-term GV) and months/years (long-term GV) (11). Independent of persistent hyperglycemia, high GV has been shown to be a predictor of adverse cardiovascular events in both the diabetic and the non-diabetic population (12). Indeed, a high GV has been related to a higher incidence of coronary artery disease (CAD) (13), stroke (14), and overall cardiovascular mortality (15). Besides, an increased acute GV has also recently been identified as a potential predictor of poor survival in patients with sepsis (16). However, previous studies investigating the relationship between GV and AF showed inconsistent results (17). Some studies showed that a high GV may be a risk factor of AF (18–23), while other studies did not support this association (24–26). Therefore, in this study, we conducted a systematic review and meta-analysis to systematically evaluate the association between GV and the incidence of AF.





Methods

The meta-analysis was performed in accordance with the MOOSE (Meta-analysis of Observational Studies in Epidemiology) (27) and Cochrane’s Handbook (28) guidelines.




Literature search

Studies were identified via systematic search of electronic databases including Medline, Embase, Web of Science, Wanfang, and China National Knowledge Infrastructure (CNKI) from inception to September 19, 2022. A combined search strategy was used, which included: (1) “glycemic” OR “glyceamic” OR “glucose” OR “hemoglobin A1c” OR “A1C”‘; (2) “variability” OR “variation” OR “fluctuation”; and (3) “atrial fibrillation” OR “AF”. The search was limited to clinical studies published in English. The reference lists of related original and review articles were also analyzed using a manual approach.





Study selection

The inclusion criteria for the studies were: (1) observational studies that are designed to follow up over time, such as cohort studies, post-hoc analyses of clinical trials, or nested case-control studies; (2) included adult population who were evaluated for GV at baseline; (3) incidence of AF during follow-up was observed and recorded; and (4) the incidence of AF between patients with higher versus lower GV was compared and reported as risk ratio (RR) and corresponding 95% confidence interval [CI], or these data could be calculated or estimated. Measuring methods and definition of GV were consistent with the criteria applied among the included studies. Reviews, editorials, preclinical studies, cross-sectional studies, studies that did not evaluate GV, studies that did not report the incidence of AF, or other studies that were irrelevant to the aim of the meta-analysis were excluded.





Data extracting and quality evaluation

Literature search, data extraction, and quality assessment of the included studies were independently performed by two authors according to the predefined criteria. Discrepancies were resolved by consensus or discussion with the corresponding author. The extracted data included: (1) general information of the study (author, year, and country); (2) study design characteristics; (3) patient characteristics (diagnosis, age, sex, and diabetic status); (4) exposure characteristics (parameter for GV, cutoff for defining high GV, and number of subjects with high GV at baseline); (5) follow-up and outcome (follow-up durations, methods for validation the diagnosis of AF, and number of patients with AF incidence); and (6) potential confounding factors that were adjusted or matched when the association between GV and the incidence of AF was estimated. The quality of each study was evaluated using the Newcastle-Ottawa Scale (29) which ranges from 1 to 9 stars and judges each study regarding three aspects: selection of the study groups; the comparability of the groups; and the ascertainment of the outcome of interest.





Statistical analyses

The methods of the statistics are generally consistent with those used in the previous meta-analysis of cohort studies (30). We used RR and corresponding 95% CI as the general measure for association between GV at baseline and the incidence of AF during follow-up. Data of RR and the corresponding stand error (SE) were calculated from 95% CI or P values, and were logarithmically transformed to stabilize the variance and normalize the distribution (28). The Cochrane’s Q test was used to evaluate the heterogeneity among the included studies (31). Besides, the I2 statistic was also estimated (31). A significant heterogeneity was considered if I2 > 50%. We used a random-effect model to synthesize the RR data because this model is considered as a more generalized method which incorporates the potential heterogeneity among the included studies (32). Sensitivity analysis was used to evaluate the possible influence of each study on the pooled results (33). Predefined subgroup analyses were also performed to evaluate the influences of study characteristics on the association, such as study design, diabetic status of the participants, type of GV (short-term or long-term), and quality scores of the studies. The potential publication bias was assessed by funnel plots with the Egger’s regression asymmetry test (34). A P value < 0.05 indicates statistically significance. We used the RevMan (Version 5.1; Cochrane Collaboration, Oxford, UK) and Stata 12.0 software for the meta-analysis and statistical analysis.






Results




Literature search

The process of database search is summarized in Figure 1. Briefly, 466 articles were found via initial literature search, and 384 articles were left after excluding the duplicated records. Subsequently, 363 articles were excluded by screening the titles and abstracts because they were not relevant to the objective of the meta-analysis. Accordingly, 21 articles underwent full-text review, and 12 of them were further excluded for the reasons listed in Figure 1. Finally, 9 studies were included in the meta-analysis (18–26).




Figure 1 | Flowchart of literature search and study retrieval.







Study characteristics and quality evaluation

The characteristics of the included studies are summarized in Table 1. Overall, nine studies, including 3 prospective cohort studies (19, 25, 26) and 6 retrospective cohort studies (18, 20–24), were included in the meta-analysis. These studies were published between 2012 and 2021, and carried out in China (18, 19, 22–24, 26), Singapore (25), Korea (21), and the United States (20). Fours studies included patients with CAD who underwent coronary artery bypass graft (CABG) (20, 24–26), one study included patients with acute coronary syndrome (ACS) (19), three studies included subjects with diabetes (18, 22, 23), and the remaining one study included healthy population (21). The mean ages of the patients varied between 59.3 and 68.2 years, and the proportions of men ranged from 16.4% to 80.2%. Various GV parameters were applied in the included studies, such as the mean or largest amplitude of glycemic excursion (MAGE or LAGE) for as the indicators of short-term GV (19, 20, 24–26), and the standard deviation (SD) or coefficient of variation (CV) of HbA1c or blood glucose (BG) as the indicators of long-term GV (18, 21–23). The follow-up durations were within hospitalization or 30 days for studies with short-term GV, and from 5.3 to 9.1 years for studies with long-term GV. Patients with incidental AF were generally validated with electrocardiograph or Holter, and a total of 36,784 (0.53%) patients developed AF during follow-up. Possible confounding factors, such as age, sex, smoking, alcohol drinking, and comorbidities were adjusted to a varying degree among the included studies. The NOS scores of the included studies ranged from six to eight, indicating moderate to good study quality (Table 2).


Table 1 | Characteristics of the included cohort studies.




Table 2 | Quality of the included studies evaluated via the Newcastle-Ottawa Score.







GV and the risk of AF

Pooled results of the nine cohort studies showed that overall, a high GV was associated with a higher risk of AF in adults population (RR: 1.20, 95% CI: 1.11 to 1.30, p < 0.001; Figure 2) with mild heterogeneity (p for Cochrane’s’ Q test = 0.26, I2 = 20%). Sensitivity analysis by excluding one study at a time did not significantly affect the results (data not shown). Subgroup analyses showed consistent association between a high GV and increased incidence of AF in prospective (RR: 1.29, 95% CI: 1.05 to 1.59, p = 0.01) and retrospective studies (RR: 1.18, 95% CI: 1.08 to 1.29, p = 0.002; p for subgroup difference = 0.44; Figure 3A), in diabetic (RR: 1.24, 95% CI: 1.03 to 1.50, p = 0.03) and non-diabetic subjects (RR: 1.13, 95% CI: 1.00 to 1.28, p = 0.05; p for subgroup difference = 0.43; Figure 3B), in studies with short-term (RR: 1.25, 95% CI: 1.11 to 1.40, p < 0.001) and long-term GV (RR: 1.18, 95% CI: 1.05 to 1.34, p = 0.006; p for subgroup difference = 0.56; Figure 4A), and in studies with quality scores of 6~7 (RR: 1.22, 95% CI: 1.05 to 1.42, p = 0.009) and in those of 8 (RR:1.21, 95% CI: 1.09 to 1.35, p < 0.001; p for subgroup difference = 0.94; Figure 4B).




Figure 2 | Forest plots for the meta-analysis of the association between GV and the risk of AF.






Figure 3 | Subgroup analyses for the meta-analysis of the association between GV and the risk of AF. (A) subgroup analysis according to the study design; and (B) subgroup analysis according to the diabetic status of the subjects.






Figure 4 | Subgroup analyses for the meta-analysis of the association between GV and the risk of AF. (A) subgroup analysis in studies with acute or long-term GV; and (B) subgroup analysis in studies with different quality scores.







Publication bias

The funnel plots for the meta-analysis of the association between GV and risk of AF are shown in Figure 5. The plots were symmetrical on visual inspection, suggesting low risk of publication bias. Egger’s regression test also suggested a low-risk publication underlying the meta-analysis (p = 0.23).




Figure 5 | Funnel plots for the meta-analysis of the association between GV and the risk of AF. □ indicates each study included in the meta-analysis.








Discussion

In this systematic review and meta-analysis, by pooling the results of nine cohort studies, we found that subjects with a high GV at baseline was associated with a higher risk of AF as compared to those with a low GV. The stability of the finding was confirmed by similar results of sensitivity analyses by excluding one study at a time. Moreover, subsequent predefined subgroup analyses showed that the association between a high GV and the increased risk of AF was consistent in prospective and retrospective cohort studies, in diabetic and non-diabetic subjects, in studies with short-term and long-term GV, and in studies with different quality scores. Taken together, these results indicate that a high GV at baseline may be a risk factor of AF in adult population. Although large-scale prospective studies are needed to validate these findings, results of the meta-analysis suggest that measuring GV may be useful to predict the risk of AF.

To the best of our knowledge, this study may be the first systematic review and meta-analysis which investigated the potential relationship between GV and the incidence of AF. We extensively searched for relevant studies in five electronic databases, and nine up-to-date cohort studies were retrieved, with about half of them published within the recent 3 years. Besides, only cohort studies were included, which could therefore provide a longitudinal association between GV and AF. Moreover, multivariate analyses were used to estimate the association between GV and AF among all the included studies, and potential confounding factors such as age, sex, and comorbidities etc. were adjusted, which therefore could indicate an independent relationship between GV and AF. Finally, consistent results were obtained in multiple sensitivity and subgroup analyses, which further confirmed the robustness of the finding. Taken together, this meta-analysis confirmed that a high GV may be a risk factor of AF in adult population, which expanded the previous observations that a high GV is associated with an increased risk of adverse cardiovascular events, such as CAD, stroke, and cardiovascular deaths.

The mechanisms underlying the association between GV and AF remain to be fully understood. An early experimental study in streptozotocin-induced diabetic rats confirmed that glucose fluctuation in uncontrolled diabetes was associated with a high inducibility of AF (35). Meanwhile, an enhanced expression of markers of cardiac fibrosis (collagen type 1, collagen type 3, and α-smooth muscle actin) was also observed in rats with high glucose fluctuation, together with the unregulated markers of reactive oxygen species (ROS) and apoptosis (35). These findings may suggest that glucose fluctuation may accelerate the pathogenesis of AF via inducing oxidative stress, cardiomyocyte apoptosis, and atrial fibrosis. In addition, a previous clinical study in patients with newly diagnosed and well-controlled type 2 diabetes showed that a high GV may be associated with reduced cardiac autonomic modulation (36). Interestingly, changes of cardiac autonomic innervation or outflow have been shown to be involved in the pathogenesis of atrial arrhythmias, including AF (37), suggesting GV may induce AF via affecting the autonomic function. Finally, emerging evidence from preclinical studies suggested that a high glucose fluctuation may adversely affect the structural and electrical remodeling of the atrium, which may also be the underlying mechanisms for the association between GV and AF (38, 39). Studies are warranted in the future for determination of the molecular signaling pathways involved.

Our study has several limitations. First, the number of the included studies was limited, and some of them were of retrospective design. Therefore, results of the meta-analysis should be validated in large-scale prospective studies. Second, the parameters and definitions of patients with high GV varied among the included studies, which may be a main source of heterogeneity of the meta-analysis. However, as mentioned previously, no consensus has been reached regarding the optimal parameter and corresponding cutoff value for defining subjects with high GV. Additionally, AF is usually classified according to its temporal pattern as paroxysmal, persistent, or permanent (40). Studies are needed to determine if the association between GV and AF is consistent according to the different types of AF. Moreover, subgroup analysis was performed according to the diabetic status of the patients. In prediabetic patients, especially those with impaired glucose tolerance, postprandial glucose fluctuation has been closely related to cardiovascular complications (41). Accordingly, it could be hypothesized that GV in patients with prediabetes may be related to a higher risk of AF. However, to the best of our knowledge, no study has particularly investigated the association between GV and AF in this important population. Studies are warranted to investigate the potential relationship between GV and risk of AF in people with prediabetes. Additionally, although the results regarding the association between GV and AF in this meta-analysis were on the basis of studies with multivariate analyses, there may be residual confounding factors which may affect the association. For example, different antidiabetic strategies may affect the extent of GV differently (42). Accordingly, difference of antidiabetic drugs used in the included patients may affect the association between GV and the risk of AF. Among the strategies with low risk of hypoglycemia, the blood glucose fluctuation of patients is relatively small (43). Most of the new hypoglycemic drugs have low risk of hypoglycemia, and the GV is also small. Insulin-based treatment has a relatively high risk of hypoglycemia and high GV (43). Therefore, the effect of hypoglycemic strategies and drugs on GV and atrial fibrillation is important. On the other hand, insulin-based treatment has a relatively high risk of hypoglycemia and high GV (44). Moreover, the novel hypoglycemic agents such as sodium-glucose cotransporter (SGLT)-2 inhibitors can reduce heart load and improve the prognosis of heart failure, which may also reduce the risk of AF (45). However, for the three studies including diabetic population, none of them investigated the influences of hypoglycemic strategies on the potential relationship between GV and AF. Studies are needed in the future to determine if the potential differences in antidiabetic strategies may modify the relationship between GV and AF. Finally, a causative relationship between a high GV and an increased risk of AF could not be derived because this meta-analysis was based on observational studies. Clinical studies may be considered to determine if reduce the extent of GV could decrease or prevent the incidence of AF.

In conclusion, results of the meta-analysis indicate that a high GV may be a risk factor of AF in adults. Although the results should be validated in prospective studies and the mechanisms should be further determined, results of the meta-analysis suggest that measuring GV may be useful to predict the risk of AF in adult population.
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