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Background: The published literature linking diabetes mellitus (DM) to intracranial aneurysm (IA) ruptured has been controversial and limited by methodology. Thus, this study was performed to examine whether hyperglycemia control status is independently associated with single IA rupture in patients with DM.

Methods: We conducted a cross-sectional study on two Chinese hospitals between January 2010 and November 2017. Medical records of 223 patients with single IA and DM were reviewed and analyzed. We used glycosylated hemoglobin (GHB) as the independent variable of interest, and the outcome variable was ruptured status of IA. Covariates included data on demographics, morphological parameters, lifestyle habits, clinical features, and comorbidities.

Results: Multivariable adjusted binary logistic regression and sensitivity analyses indicated that GHB was not associated with IA rupture (odds ratio OR, = 1.07, 95% CI 0.84–1.35). A nonlinear association between GHB and IA rupture was observed, whose inflection points were 5.5 and 8.9. The OR values (95% confidence intervals) were 0.38 (0.16–0.9) at the range of 1.88–5.5% of GHB, 1.6 (1.03, 2.5) at the range of 5.5–8.9%, and 0.56 (0.06–5.34) at the range of 8.9–10.1, respectively.

Conclusion: The independent correlation between GHB and risk of IA rupture presented is nonlinear. The good glycemic control in single IA patients with DM can reduce the risk of IA rupture, and vice versa.
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INTRODUCTION

Previous animal studies have suggested that long-term hyperglycemia duration is associated with intracranial aneurysm (IA) pathogenesis (1–5). However, findings obtained from a review indicates that diabetes mellitus (DM) may be a protective factor for IA rupture (6). Can et al. (7) attributed these paradoxical results to methodological flaws. They suggest that lack of reliability of blood glucose level measurements in patients with ruptured IA is an important limitation (7).

Glycated hemoglobin (GHB, main HbA1c) is a reliable indicator for reflecting long-term blood glucose control (8). Glycated hemoglobin is more stable compared to fasting and random blood glucose. Given that published literature reporting DM mellitus duration can reduce the risk of IA rupture has been limited by methodology, using more reliable indicators to address this issue is needed.

We performed a large-scale cross-sectional study to investigate the association between GHB and rupture risk in Chinese patients with single IA.



PARTICIPANTS AND METHODS


Study Design

This is a cross-sectional study. We used GHB as the independent variable of interest to explore whether it was independently associated with the rupture status of single IA (dichotomous variable: 1 = rupture, 0 = unruptured).



Study Population

A total of 1,847 patients with single IA were non-selectively and consecutively collected between January 2010 and November 2017 at the Department of Neurosurgery of Zhujiang Hospital, Southern Medical University, Guangzhou city, China and the Department of Neurosurgery, the First Affiliated Hospital of Zhengzhou University, Zhengzhou University, Zhengzhou City, China. Our inclusion criteria were: (1) patients diagnosed with IA by digital subtraction angiography (DSA); (2) patients with a clear history of diabetes (based on previous medical or health checkup records), and (3) patients taking/not taking blood sugar control drugs. Our exclusion criteria were as follows: (1) patients with multiple IAs, (2) patients with feeding artery aneurysm-associated arteriovenous malformations; (3) patients with fusiform IA; (4) patients with dissecting aneurysms; (5) patients with previous subarachnoid hemorrhage (SAH) history. After screening with the above inclusion and exclusion criteria, 223 patients with IA were left for data analysis (Supplementary Figure 1 for flowchart). The clinical information of the patients that were left were compiled from hospital electronic medical record systems. Informed consent of the participants was not required in this study because of the retrospective nature of the study. The hospital institutional review boards of the two institutions approved this study.



Variables

We obtained baseline GHB and recorded it as continuous variable. The measurement of GHB was tested by the central laboratories of the hospitals. The detailed process of definition of IA rupture was described in our published reports (9).

The covariates used in this study can be classified as follows:

(1) demographic data: age (year) and sex (male, female);

(2) morphological factors (9, 10): position (PcoA: posterior communicating artery; AcoA: anterior communicating artery; ICA: internal carotid artery; ACA: anterior cerebral artery; MCA: middle cerebral artery; VA: vertebrobasilar artery), Willis variation (yes, no), shape of IA (regular or irregular), and neck status of IA (henceforth neck; wide or narrow);

(3) other risk factors examined associated with rupture of IA (11–19): cerebral microbleed (identified by T2-weighted gradient-recalled-echo sequence on MRI, coded as yes or no), hypertension history (yes, no), DM history (yes, no), atherosclerosis (yes, no), and hyperlipidemia (yes, no);

(4) risk factors according to our clinical experience: coronary artery disease (CAD, yes, no), current smoker (yes, no), current alcohol consumption (yes, no), and duration time of diabetes (year).



Statistical Analysis

We presented continuous variables in two forms. In the first form, we expressed continuous variables with normal distribution as mean ± standard deviation. In the second form, we presented continuous variables with skewed distribution as medium (min, max). Categorical variables were expressed in frequency or percentage. We used χ2 (categorical variables), and performed Student t-test (normal distribution) or Mann-Whitney U-test (skewed distribution) to test for differences between the non-rupture and rupture IA groups.

Addressing linear relationship: univariate and multivariate binary logistic regressions were employed. We constructed two models: model 1 (no covariates were adjusted), and model 2 (covariates presented in Table 1 were adjusted).


Table 1. Baseline characteristics of patients with intracranial aneurysm (IA) and diabetes history.
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Addressing nonlinearity: to address nonlinearity of GHB and rupture risk, a generalized additive model was used, and smooth curve fitting (penalized spline method) was conducted. If nonlinearity was detected, we calculated the inflection point first using a recursive algorithm and then constructed a two-piecewise binary logistic regression model on both sides of the inflection point. In the end, the model that was more suitable for fitting (standard binary logistic regression model vs. two-piecewise model) the association between the target independent variable and the outcome variable was mainly determined by log likelihood ratio test.



Sensitivity Analysis

To ensure the robustness of the data analysis, we did a series of sensitivity analyses including:

(1) we converted GHB into a categorical variable according to quartile, and calculated the P for trend. The purpose was to verify the results of GHB as the continuous variable and to observe the possibility of nonlinearity.

(2) Due to differences in baseline characteristics, propensity score (PS) matching was performed to ensure that patients with ruptured IA and those with unruptured IA had similar baseline characteristics (20, 21). PS was calculated with a multivariable logistic regression model. The parameters, which were used to estimate PS, are listed in Supplementary Table 1. A balanced evaluation of post-PS matching is shown in Table 1.

(3) We considered that some eligible patients were unmatched during the matching process. Therefore, to prevent selection bias caused by patient lost, additional exploratory analyses by inverse-probability treatment weighting (IPTW) based on PS were performed. The equation of weight was as follows: when patients have no ruptured IA, weight = 1/(1–PS), and when patients have a ruptured IA, weight = 1/PS. Weighted binary logistic regression models were, therefore, used to estimate odds ratio (OR) and 95% confidential interval (CI) (22).

It was noted that the purpose of both PS matching and IPTW using was only to verify the results of multivariate logistic regression (the matching variable is IA rupture), rather than in real-world research which were used for the purpose of post hoc randomization (the matching variable is exposure variable) (20).

All the analyses were performed with the statistical software package R (http://www.R-project.org, The R Foundation). P-values < 0.05 (two-sided) were considered statistically significant.




RESULTS


Baseline Characteristics of Selected Participants

In this study, a total of 84 cases were ruptured IA (84/223, 37.67%). Table 1 describes the baseline characteristics of the study population across categories of IA with or without rupture at admission. The average age of the 223 participants was 58.68 ± 11.8 years, and about 51.57% of the participants were male. No statistically significant differences were detected in age, IA size, size ratio, GHB, CMBs, atherosclerosis, hyperlipidemia, current smoking status, current alcoholic use, Willis variation, and hypertension history between patients with DM and IA rupture and those with DM but without IA rupture (all P-values > 0.05). Compared to non-rupture group, participants in rupture group had lower aspect ratio (AR), and they more likely to be located in PcoA or MCA, reported less history of CAD, more female and longer duration time of diabetes. Besides, patients in the rupture group had a more irregular shape and wide neck than the those in the non-rupture group. In addition, we also present the variable distribution results after PS matching in Table 1. We used PS 0.05 as the caliper value and matched at a ratio of 1:1 (see Supplementary Table 1 for matching methodological parameters). Finally, 64 pairs of patients were successfully matched. After matching, no statistically significant differences were detected in the distribution of these variables between patients with ruptured aneurysms and those without. This proves that the PS matching basically achieves its purpose. In addition, we also observed slight changes in the proportions of some categorical variables and values of continuous variables after matching, but the changes were all <10%.



Results of Unadjusted and Adjusted Binary Logistic Regressions

In this study, we constructed two models to analyze the independent association of GHB with risk of IA rupture with univariate and multivariate binary logistic regression models. OR and 95% CI are listed in Table 2. In the unadjusted model, the model-based OR can be explained as the difference in per 1% change of GHB associated with differences in risk of IA rupture. For example, a 1.1 OR means that a difference in per 1% change in GHB is associated with increase of 10% in risk of IA rupture (1.1, 95% CI 0.94–1.29). In the fully adjusted model (all covariates presented in Table 1 were adjusted), GHB difference was not associated with IA rupture (1.07, 95% CI 0.84–1.35). For the purpose of sensitivity analysis, we performed PS matching and IPTW to verify our results (Table 2). Although there is a slight change in the range of ORs and CIs, the direction of the ORs has not changed, and the CI is roughly the same. We also converted GHB from continuous variable to categorical variable (quartile), the P for the trend of GHB with categorical variables in the fully adjusted model was consistent with the result when GHB was handled as continuous variable. Besides, we also found that the trend of the OR among different GHB groups was non-equidistant. This non-equidistant variation of OR values indicates the possibility of nonlinearity.


Table 2. Trend of model-based odds ratio (OR) in the unadjusted, fully adjusted, propensity score (PS)-matched, and inverse probability treatment weighting (IPTW) models.
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Results of Nonlinearity of GHB and Risk of IA Rupture

In this study, we further explored the nonlinear relationship between GHB and rupture of IA (Figure 1). The smooth curve fitting indicated that the relationship between GHB and IA rupture was nonlinear and independent of demography, morphology, comorbidities, and lifestyle. Using two-piecewise binary logistic regression and recursive algorithms, we calculated the inflection points of GHB, which were 5.5 and 8.9%. In the range of 1.88–5.5%, GHB was negatively associated with risk of rupture (OR 0.38; 95% CI 0.16–0.9); in the range of 5.5–8.9%, per 1% elevated GHB was associated with 60% increase in risk of IA rupture (OR 1.6; 95% CI, 1.03–2.50); in the range of 8.9–10.1% of GHB, the association of GHB with IA rupture was not detected (OR 0.56; 95% CI 0.06–5.34) (Table 3).


[image: Figure 1]
FIGURE 1. Nonlinear relationship between glycosylated hemoglobin (GHB) and risk of intracranial aneurysm (IA) rupture. The horizontal axis on the graph is the value of GHB, and the vertical axis is the risk of IA rupture.



Table 3. Addressing the nonlinearity of glycosylated hemoglobin with IA ruptured status.
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DISCUSSION

In summary, this analysis found a nonlinear correlation between IA rupture and GHB in Chinese patients with DM harboring single IA. Combining the trend of OR values in different GHB ranges and referring to the normal range of Chinese GHB (4–6%), our findings suggest that for Chinese patients with DM and single IA, good and stable glycemic control may be associated with reduced risk of IA rupture. Conversely, a high glycosylated hemoglobin ratio will significantly increase the risk of IA rupture.

The association between DM and IA rupture risk has been confusing. Lindgren et al. (6) reviewed eight studies investigating the correlation between DM and risk of IA rupture, with the size of the studies ranging from 254 to 1,596 patients. The pooled OR obtained from the fixed-effect model suggests that DM is a prospective factor in IA rupture. However, in the same study, they used their own data but found that DM was not associated with IA rupture. Other mechanism-driven studies have indicated that hyperglycemia is the main cause of vascular lesion. Besides, hyperglycemia also leads to vascular endothelial damage and dysfunction, and decrease in cerebral tight junction protein expression (1–5). Therefore, the negative link of DM to IA rupture is unexplained.

A large sample-size case-control study (n = 4,701) reported by Can et al. (7) explained this paradox. They suggest that unadjusted key confounders, unclear use of hypoglycemic drugs, imprecise diagnosis of diabetes, and lower IA rupture ratios have a bias on their results. In the study of Can et al. (7), they concluded that glucose-lowering agents are associated with decreased risk of aneurysmal subarachnoid hemorrhage, and that GHB levels were not significantly associated with rupture status. However, they did not explain why GHB is not associated with IA rupture, and why the use of hypoglycemic agents reduced the risk of IA rupture. In that study, Can et al. (7) evaluated hypoglycemic effect values calculated in the total population. However, those who do not have diabetes do not take hypoglycemic agents; In contrast, the association of GHB with aneurysm rupture is estimated in a population with diabetes only (4,062 cases of GHB were missing). Of particular importance is that they have not considered the nonlinear relationship between GHB and risk of IA rupture.

In our study, we restricted the study population to the DM population and assessed the association of GHB with IA rupture risk. Combining the Chinese GHB normal value reference range, we found that when GHB is within the approximate normal range, the risk of IA rupture decreases with increase in GHB. The results indicate that for diabetic patients with single IA, GHB is best controlled between 4 and 6 (not as low as possible). Conversely, in patients with poor glycemic control, GHB is positively associated with IA rupture risk, which indirectly confirms the results of Anil Can et al.; that is, use of hypoglycemic agents reduces the risk of IA rupture. However, this positive correlation has a saturation effect; that is, when GHB is >9, even if GHB increases again, the risk of IA rupture does not increase further.

This research has several strengths of note. First, compared to most previous studies that only adjust morphological parameters or demographic characteristics, the adjustment strategy of this study is more complete and sufficient. Second, to our best knowledge, it is the first to address nonlinearity and test interaction on the association of GHB with IA rupture. Nonlinearity addressing makes our results have more clinical value. Third, the sensitivity analysis ensures the robustness of our findings. PS matching and IPTW are a good proof that our results regarding the linear association between GHB and IA rupture risk are robust.

Indeed, interpretation of the findings of this study should be made with caution. Several limitations are also noteworthy. First, conclusions can be generalized to patients with single IA only, and correlation of GHB with ruptured IA may be different in multiple IAs. Second, limited to actual clinical conditions, this study was only designed as a cross-sectional one, so the causal association between GHB and IA rupture could not be confirmed. However, GHB reflects long-term blood glucose control and is better than fasting blood glucose (high intra-individual variability). We can, therefore, think of GHB as one of the factors that influence the risk of IA rupture. Third, although we have adjusted for measurable confounders, as in all observational studies, there still might have been uncontrolled confounding due to unmeasured differences between IA with and IA without rupture. Although PSM and IPTW can weaken the impact of non-measured confounding factors on outcomes (21), they cannot be completely avoided.



CONCLUSION

For patients with single IA and DM, good glycemic control can effectively reduce the risk of IA rupture, and the results are independent of known risk factors such as demographics, morphology, lifestyle, and comorbidities.
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VA 31(22.30%) 3(357% 14.(21.9%) 3(4.7%) 05235
PcoA 37 (26.62%) 48 (57.14%) 22(34.4%) 34(53.1%) 0.3849
MCA 7 (5.04%) 8(9.529%) 5(7.8%) 5(7.8%) 0.0000
CMBs, No (%) 0.176 0.0000 1.0000
No 131 (94.24%) 75 (80.29%) 58 (90.6%) 58(00.6%)
Yes 8(5.76%) 9(10.71%) 6(9.4%) 6(9.4%)
Wills variation, No (%) 0757 0.0383 1.0000
No 29 (20.86%) 19 (22.62%) 13 (20.3%) 14.(21.9%)
Yes 110 (79.14%) 65 (77.38%) 51(79.7%) 50 (78.1%)
Aneurysm shape, No (%) 0010 0.0658 08524
Regular 101 (72.66%) 47 (55.95%) 43 (67.2%) 41(64.1%)
Irreguiar 38 (27.34%) 37 (44.05%) 21(32.8%) 23 (35.9%)
Aneurysm neck, No (%) <0.001 0.0335 1.0000
Wide 30 (21.58%) 37 (44.05%) 20 (31.2%) 21 (32.8%)
Narrow 109 (78.42%) 47 (55.95%) 44 (68.8%) 43 (67.2%)
Target independent variable
GHB, mean s d,% 748+ 1.76 746171 0250 - - - -
Cardiovascular risk factors
Duration of diabetes 9.00(1.00-30.00)  9.00(1.00-2600) 0678  800(1.00-26.00) 8.0 (1.00-28.00 0.1387 0.4343
Atherosclerosis, No (%) 0.069 0.0422 1.0000
No 107 (76.98%) 73 (86.90%) 53 (82.8%) 54 (84.4%)
Yes 32 (23.02%) 11(18.10%) 11(17.2%) 10 (15.6%)
Hyperlipideria, No (%) 0.420 0.0324 1.0000
No 87 (62.59%) 48 (57.14%) 40 (62.5%) 41 (64.1%)
Yes 52 (37.41%) 36 (42.86%) 24(37.5%) 23 (35.9%)
CAD, No (%) <0.001 0.1268 06331
No 126 (90.65%) 59 (70.24%) 52 (81.2%) 55 (85.9%)
Yes 13(9.35%) 25 (20.76%) 12 (18.8%) 9(14.1%)
Current smoker, No (%) 0086 0.1073 06861
No 102 (73.38%) 70 (83.33%) 49 (76.6%) 46 (71.9%)
Yes 37 (26.62%) 14 (16.67%) 15 (23.4%) 18 (28.1%)
Current drinker, No (%) 0098 0.0383 1.0000
No 114 (82.01%) 61 (72.62%) 51(79.7%) 50 (78.1%)
Yes 25 (17.99%) 23 (27.38%) 13 (20.3%) 14.(21.9%)
Hypertension history, No (%) 0340 0.0633 08580
No 77 (65.40%) 41 (48.81%) 36 (56.2%) 38 (69.4%)
Yes 62 (44.60%) 43(651.19%) 28 (43.8%) 26 (40.6%)

CMB, cerebral microbleed; AR, aspect ratio; SR, size ratio; PcoA, posterior communicating artery; AcoA, anterior communicating artery; ICA, internal carotid artery; ACA, anterior
cerebral artery; MCA, middle cerebral artery; VA, vertebrobasilar artery; CAD, coronary artery disease; GHB, glycosylated hemoglobin (HbATc).
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