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Abstract
Background
Growing evidences shows that fasting glucose target should be different according to their health condition in older adults with diabetes. However, there are limited data regarding the relationship between fasting glucose level and health outcomes in Korean older people with diabetes. We aimed to examine the association of fasting glucose with mortality and cardiovascular events in Korean older adults with type 2 diabetes.

Methods
From the Korean National Health Insurance System, 227,938 subjects (aged ≥ 65 years) with type 2 diabetes but no history of cardiovascular events (myocardial infarction or stroke) who underwent ≥ 2 health examinations from 2009 to 2010 and who were followed up until 2017 were identified. The primary exposure variable was the mean fasting glucose level. We estimated the relationship between the baseline fasting glucose level and incidences of all-cause death and cardiovascular events. Comorbidity load was assessed using the Charlson comorbidity index.

Results
Fasting glucose levels and all-cause mortality risk showed a J-shaped relationship regardless of sex and number of comorbidities. Fasting glucose levels associated with the lowest mortality and cardiovascular events were 110–124 and 95–124 mg/dL, respectively. Stratified analysis by comorbidity load using the Charlson comorbidity index revealed higher optimal fasting glucose levels for the lowest cardiovascular events in subjects with Charlson comorbidity index ≥ 3 than in those with Charlson comorbidity index ≤ 2 (119 vs. 112 mg/dL, P = 0.04).

Conclusions
J-shaped relationship existed between fasting glucose and all-cause mortality and cardiovascular events in Korean older adults with diabetes. We identified that fasting glucose levels associated with the lowest mortality and cardiovascular events were 110–124 and 95–124 mg/dL respectively. Increased risk of cardiovascular events with low fasting glucose level (< 95 mg/dL) was noted, especially in patients with high comorbidity. These findings suggested that less stringent targets of fasting glucose may be beneficial especially in older adults with multiple comorbidities.
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Background
Diabetes in individuals aged ≥ 65 years has globally become a growing public health burden. Type 2 diabetes is an age-related disease with an increasing prevalence of 33% in the US population aged ≥ 65 years [1]. In Korea, nearly 30% of older people meet the criteria for diabetes [2]. The fact that the prevalence of diabetes and diabetes-related complications, such as myocardial infarction (MI) and ischemic stroke, are increasing in older age groups [3], emphasizes the importance of glycemic control in these populations. However, the management of older adults with diabetes is clearly more complicated because they commonly have multiple comorbidities that can impact the clinical management. Therefore, healthcare for older adults with type 2 diabetes must consider this complexity when setting or prioritizing treatment goals [4].
Good glycemic control is associated with a lower risk of mortality and cardiovascular (CV) events in people with diabetes. Fasting glucose level is a fundamental element in managing diabetes to achieve good glycemic control. Some observational studies have shown J-shaped distributions for mortality and glycemic control, and both high and low fasting glucose levels are associated with a higher risk of mortality [5, 6]. The results of several observational and randomized control studies assessing glucose lowering strategies and health outcomes and current guidelines emphasize individualized and less stringent glycemic targets for older people with diabetes [7]. Furthermore, current guidelines suggest different glycemic target levels according to the underlying chronic conditions and comorbidities in these individuals. However, the benefits and risks of fasting glycemic thresholds especially in older East Asian adults with type 2 diabetes are unclear.
Using large-scale nationwide cohort data from the Korean population, we aimed to identify the optimal fasting glucose range associated with the lowest risk of mortality and CV events in older adults with type 2 diabetes. We also examined whether the optimal fasting glucose ranges for health outcomes differ according to comorbidities in Korean people with diabetes aged ≥ 65 years.

Methods
Study design and subjects
We used data from the National Health Insurance Service-National Health Screening (NHIS-HEALS) cohort in Korea. The insurance system was established by the Korean government and covers approximately 97% of residents. Subjects aged ≥ 40 years are entitled to a general health screening program every 2 years. The screening includes standardized self-reporting questionnaires on medical history and lifestyle behaviors, anthropometric and blood pressure measurements, and routine laboratory tests using blood and urine. Thus, NHIS-HEALS would be nationally representative cohort database consisting of nearly the whole South Korean population. The cohort profile of the NHIS-HEALS has been described previously [8]. Among individuals who underwent health examination provided by the NHIS at least once between January 1, 2009 and December 31, 2010, we excluded those with no prior diagnosis of diabetes (n = 15,819,273). The occurrence of diabetes mellitus was defined according to the following criteria: (i) at least two claims under International Classification of Diseases 10th Revision (ICD-10) codes or (ii) fasting glucose level ≥ 126 mg/dL. We further excluded subjects with a diagnosis of MI or stroke (n = 71,691) prior to enrollment and those aged ≤ 64 years (n = 1168,473). We also excluded those with any missing data on fasting glucose (n = 1953). To minimize bias caused by the single fasting glucose measurement, we used the mean fasting glucose value obtained from the 2009–2010 and 2011–2012 measurements. Thus, subjects who did not participate in the second health screening in 2011–2012 (n = 250,664) were excluded. The remaining 227,938 eligible individuals (110,123 men and 117,815 women) whose fasting glucose were checked twice at baseline, were included in the analyses and followed up until the date of death or until December 31, 2017. The flow chart for the selection process is shown in Additional file 1. This study was approved by the institutional review board of Yonsei University Wonju College of Medicine (CR318331). The requirement for written informed consent was waived by the review board because anonymous and de-identified information was used for analysis.

Measurements and definitions
Information on current smoking and alcohol consumption was obtained using a questionnaire. Heavy alcohol consumption was defined as ≥ 5 or ≥ 4 alcoholic drinks per week for males and females, respectively. Regular exercise was defined as physical activity that was performed at least five times per week. Blood samples for the measurement of serum fasting glucose and cholesterol levels were drawn after an overnight fast. Hospitals wherein these health examinations were performed were certified by the NHIS and subjected to regular quality control. Baseline comorbidities (hypertension, dyslipidemia, congestive heart failure, chronic obstructive pulmonary disease, depression, chronic kidney disease, and dementia) were identified based on the combination of past medical history, ICD-10 Clinical Modification (ICD-10-CM), and prescription codes. To assess the overall comorbidity load, we used the primary care equivalent of the Charlson comorbidity index (CCI) [9]. The CCI provides a way of quantifying this impact in terms of survival and is also used as a prognostic comorbidity index. CCI was developed empirically 26 years ago as a prognostic index of comorbid conditions for patients admitted for general medical service with a variety of medical conditions. Such conditions, alone or in combination, might alter the risk of short-term mortality in patients enrolled in longitudinal studies.

Outcomes and exposures
The endpoints of this study were newly diagnosed CV events (MI or ischemic stroke) and all-cause mortality. MI was defined as ICD-10 codes I21 or I22 during hospitalization or when these codes were recorded at least two times. Ischemic stroke was defined as ICD-10 codes I63 or I64 during hospitalization with claims for brain magnetic resonance imaging or brain computerized tomography [10]. Mortality data were extracted from the death statistics from the Korean National Statistical Office. Subjects without MI or stroke during follow-up periods were considered to have completed the study at the date of their death or at the end of follow-up, whichever came first. The study population was followed up from the date of the second fasting glucose measurement in 2011–2012 to the date of death or CV events, or until December 31, 2017, whichever came first.

Statistical analysis
Data are expressed as means with standard deviations, n (%), or hazard ratios (HRs) with 95% confidence intervals (CIs). We compared means in two groups using the Student’s t test and compared categorical variables using the Chi-square test. Subjects were classified into ten groups according to the fasting glucose levels at increasing intervals of 15 mg/dL. The risk of overall mortality and CV events (MI or stroke) was calculated using Cox proportional hazards model with fasting glucose level as the dependent variable. In addition, to reduce the impact of competing risk bias on the result, we performed competing risk model analysis to assess the risk of CVD, with death considered as a competing event, using subdistribution hazard model by Fine-Gray [11]. The following covariates: age, sex, income, place of living (urban vs. rural), smoking, duration of diabetes, alcohol, exercise, body mass index, systolic blood pressure, CCI, and cholesterol were included in the multivariable model. The incidence rate of outcomes was calculated by dividing the number of incidences by the total follow-up duration (person-years). A restricted cubic spline transformation of fasting glucose was used to evaluate nonlinear associations. In the subgroup analysis, the presence of interaction was assessed in multivariate models by testing the significance of two-way interaction terms.
Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA), and a P-value < 0.05 indicated statistical significance.


Results
Baseline characteristics
Overall, 227,938 subjects were included in the analysis. The mean age of the study subjects was 72.5 years (Additional file 2). Of the study subjects, males were 48% (n = 110,123), while in about 67% of patients, the diabetes duration was ≥ 5 years. Hypertension and dyslipidemia prevalence were 74% and 46%, respectively. About 61% of the study population had CCI ≥ 3, while almost all the subjects (94%) were receiving pharmacological treatment for diabetes.

Risk of all-cause mortality according to fasting glucose level
Overall, in this cohort, 27,212 deaths occurred in a median of 5 years (mean 5.7 ± 1.1 years) of the follow-up period. The fasting glucose levels and the risk of all-cause mortality showed a J-shaped relationship, with both the too low and high fasting glucose levels showing a higher risk of mortality (Fig. 1a). The optimal glucose level associated with the lowest risk of all-cause mortality was 122 mg/dL in cubic spline analysis. In categorical analysis, the glucose range of 110–124 mg/dL was associated with the lowest risk of all-cause mortality (Table 1).[image: A12933_2020_1021_Fig1_HTML.png]
Fig. 1Hazard ratios for all-cause mortality (a) and cardiovascular events (b) according to fasting glucose levels at baseline. *Hazard ratios were calculated by Cox models after adjusting for age at baseline, sex, family income, residential area, smoking status, diabetes duration (≥ 5 years/< 5 year), alcohol intake, regular exercise, body mass index, systolic blood pressure, Charlson comorbidity index and total cholesterol



Table 1Hazard ratios and 95% confidence intervals of all-cause mortality, cardiovascular events (myocardial infarction or stroke) by 10 categories of fasting glucose level at baseline


	Event
	Fasting glucose (mg/dL)
	Number of subjects
	Number of event
	Follow-up duration (person-years)
	Incident rate (per 1000 person-years)
	Crude hazard ratio (95% confidence interval)
	Adjusted hazard ratioa (95% confidence interval)

	All-cause mortality
	≤ 79
	1913
	349
	10,637.92
	32.81
	1.85 (1.66–2.06)
	1.54 (1.38–1.72)

	80–94
	13,151
	1857
	74,421.57
	24.95
	1.40 (1.33–1.48)
	1.25 (1.19–1.32)

	95–109
	36,921
	4238
	211,544.25
	20.03
	1.12 (1.08–1.17)
	1.08 (1.04–1.13)

	110–124
	51,028
	5260
	293,999.64
	17.89
	1 (reference)
	1 (reference)

	125–139
	50,469
	5373
	290,389.59
	18.50
	1.03 (0.99–1.07)
	1.06 (1.02–1.11)

	140–154
	31,763
	3671
	182,174.08
	20.15
	1.13 (1.08–1.18)
	1.16 (1.11–1.21)

	155–169
	17,381
	2227
	99,423.1
	22.40
	1.25 (1.19–1.32)
	1.25 (1.19–1.31)

	170–184
	10,067
	1416
	57,331.8
	24.70
	1.38 (1.31–1.47)
	1.35 (1.27–1.43)

	185–199
	6008
	992
	33,796.48
	29.35
	1.65 (1.54–1.77)
	1.60 (1.49–1.71)

	≥ 200
	9237
	1829
	51,389.79
	35.59
	2.01 (1.90–2.12)
	1.89 (1.79–1.99)


aHazard ratios were calculated by Cox models after adjusting for age at baseline, sex, family income, residential area, smoking status, diabetes duration (≥ 5 years/< 5 year), alcohol intake, regular exercise, body mass index, systolic blood pressure, Charlson comorbidity index and total cholesterol



Multivariable adjusted HRs (95% CI) of mortality associated with fasting glucose levels < 80, 80–95, 95–110, 125–140, 140–155, 155–170, 170–185, 185–200, and > 200 mg/dL were 1.54 (1.38–1.72), 1.25 (1.19–1.32), 1.08 (1.04–1.13), 1.06 (1.02–1.11), 1.16 (1.11–1.21), 1.25 (1.19–1.31), 1.35 (1.27–1.43), 1.60 (1.49–1.71), and 1.89 (1.79–2.0) respectively, compared with the 110–124-mg/dL level.

Risk of cardiovascular events according to the fasting glucose level
During the mean 5.6 ± 1.2 years of follow-up, 17,406 newly diagnosed CV events (6398 MI and 11,863 ischemic stroke) occurred. The relationship between fasting glucose and CV events also showed a J-shaped distribution in study subjects. The fasting glucose level associated with the lowest CV event risk was 116 mg/dL in cubic spline analysis (Fig. 1b). Among the different fasting glucose level categories, those ranging between 95 and 124 mg/dL were associated with the lowest risk of CV events. Multivariable adjusted HRs (95% CI) of CV events associated with fasting glucose levels of < 80, 80–95, 95–110, 125–140, 140–155, 155–170, 170–185, 185–200, and > 200 mg/dL were 1.27 (1.10–1.48), 1.14 (1.06–1.22), 0.99 (0.94–1.05), 1.05 (1.01–1.10), 1.12 (1.06–1.18), 1.25 (1.17–1.32), 1.36 (1.27–1.46), 1.47 (1.35–1.60), and 1.76 (1.64–1.88) respectively, compared with the 110–124 mg/dL level (Table 2). Similar pattern was observed in the competing risk model analysis (Additional file 3).Table 2Hazard ratios and 95% confidence intervals of cardiovascular events (myocardial infarction or stroke) by 10 categories of fasting glucose level at baseline


	Event
	Fasting glucose (mg/dL)
	Number of subjects
	Number of event
	Follow-up duration (person-years)
	Incident rate (per 1000 person-years)
	Crude hazard ratio (95% confidence interval)
	Adjusted hazard ratioa (95% confidence interval)

	Cardiovascular events
	≤ 79
	1913
	178
	10,196.6
	17.46
	1.41 (1.21–1.64)
	1.27 (1.10–1.48)

	80–94
	13,151
	1063
	71,565.21
	14.85
	1.20 (1.12–1.29)
	1.14 (1.06–1.22)

	95–109
	36,921
	2545
	204,466.84
	12.45
	1.01 (0.96–1.06)
	0.99 (0.94–1.05)

	110–124
	51,028
	3503
	284,218.61
	12.33
	1 (reference)
	1 (reference)

	125–139
	50,469
	3540
	280,507.05
	12.62
	1.03 (0.98–1.07)
	1.05 (1.01–1.10)

	140–154
	31,763
	2392
	175,497.47
	13.63
	1.11 (1.05, 1.17)
	1.12 (1.06–1.18)

	155–169
	17,381
	1492
	95,226.41
	15.67
	1.27 (1.20–1.35)
	1.25 (1.17–1.32)

	170–184
	10,067
	949
	54,660.29
	17.36
	1.41 (1.31–1.51)
	1.36 (1.27–1.46)

	185–199
	6008
	613
	32,133.93
	19.08
	1.55 (1.42–1.69)
	1.47 (1.35–1.60)

	≥ 200
	9237
	1131
	48,310.17
	23.41
	1.89 (1.77–2.03)
	1.76 (1.64–1.88)


aHazard ratios were calculated by Cox models after adjusting for age at baseline, sex, family income, residential area, smoking status, diabetes duration (≥ 5 years/< 5 year), alcohol intake, regular exercise, body mass index, systolic blood pressure, Charlson comorbidity index and total cholesterol




Interaction of comorbidity on the relationship between fasting glucose and adverse event
When the analysis was separately performed in subjects with low (CCI ≤ 2) and high (CCI ≥ 3) comorbidity load, J-shaped relationship between fasting glucose and all-cause mortality was observed in both groups (Fig. 2a). The optimal fasting glucose levels associated with the lowest risk of all-cause mortality were 121 mg/dL in subjects with both CCI ≤ 2 and ≥ 3 in cubic spline analysis. Patients with fasting glucose levels of 110–124 mg/dL showed the lowest risk for all-cause mortality among the different fasting glucose level categories in both comorbidity groups (Table 3). There was no significant difference in the trend of mortality risk between the two groups (P for interaction = 0.12).[image: A12933_2020_1021_Fig2_HTML.png]
Fig. 2Hazard ratios for all-cause mortality (a) cardiovascular events (b) according to fasting glucose levels at baseline stratified by Charlson comorbidity index (≤ 2, ≥ 3). CCI Charlson comorbidity index; *Hazard ratios were calculated by Cox models after adjusting for age at baseline, sex, family income, residential area, smoking status, diabetes duration (≥ 5 years/< 5 year), alcohol intake, regular exercise, body mass index, systolic blood pressure, Charlson comorbidity index and total cholesterol



Table 3Hazard ratios and 95% confidence intervals of all-cause mortality by 10 categories of fasting glucose level at baseline stratified by Charlson co-morbidity index (CCI)


	All-cause mortality

	 	Fasting glucose (mg/dL)
	Number of subjects
	Number of event
	Follow-up duration (person-years)
	Incident rate (per 1000 person-years)
	Crude hazard ratio (95% confidence interval)
	Adjusted hazard ratioa (95% confidence interval)
	P for interaction

	CCI (≤ 2)
	≤ 79
	579
	72
	3316.07
	21.71
	1.6 (1.26–2.03)
	1.33 (1.05–1.68)
	0.12

	80–94
	4344
	432
	25,071.35
	17.23
	1.27 (1.14–1.41)
	1.17 (1.06–1.31)
	 
	95–109
	13,120
	1148
	76,002.87
	15.10
	1.11 (1.03–1.20)
	1.09 (1.01–1.18)
	 
	110–124
	19,268
	1527
	112,249.59
	13.60
	1 (reference)
	1 (reference)
	 
	125–139
	21,556
	1808
	125,243.71
	14.44
	1.06 (0.99–1.14)
	1.04 (0.97–1.12)
	 
	140–154
	13,930
	1286
	80,764.71
	15.92
	1.17 (1.09–1.26)
	1.14 (1.06–1.23)
	 
	155–169
	7284
	752
	42,089.97
	17.87
	1.32 (1.21–1.44)
	1.25 (1.14–1.36)
	 
	170–184
	4046
	460
	23,372.6
	19.68
	1.45 (1.31–1.61)
	1.41 (1.27–1.56)
	 
	185–199
	2349
	336
	13,361.23
	25.15
	1.86 (1.65–2.09)
	1.71 (1.52–1.92)
	 
	≥ 200
	3484
	557
	19,744.85
	28.21
	2.09 (1.90–2.30)
	1.96 (1.77–2.16)
	 
	CCI (≥ 3)
	≤ 79
	1334
	277
	7321.85
	37.83
	1.86 (1.65–2.11)
	1.59 (1.41–1.80)
	 
	80–94
	8807
	1425
	49,350.22
	28.88
	1.41 (1.33–1.50)
	1.28 (1.20–1.36)
	 
	95–109
	23,801
	3090
	135,541.38
	22.80
	1.11 (1.06–1.17)
	1.08 (1.03–1.14)
	 
	110–124
	31,760
	3733
	181,750.05
	20.54
	1 (reference)
	1 (reference)
	 
	125–139
	28,913
	3565
	165,145.88
	21.59
	1.05 (1.00–1.10)
	1.07 (1.02–1.12)
	 
	140–154
	17,833
	2385
	101,409.37
	23.52
	1.15 (1.09–1.21)
	1.15 (1.09–1.21)
	 
	155–169
	10,097
	1475
	57,333.12
	25.73
	1.25 (1.18–1.33)
	1.23 (1.16–1.31)
	 
	170–184
	6021
	956
	33,959.21
	28.15
	1.37 (1.28–1.48)
	1.32 (1.23–1.42)
	 
	185–199
	3659
	656
	20,435.25
	32.10
	1.57 (1.45–1.71)
	1.53 (1.40–1.66)
	 
	≥ 200
	5753
	1272
	31,644.94
	40.20
	1.98 (1.85–2.11)
	1.84 (1.73–1.97)
	 

aHazard ratios were calculated by Cox models after adjusting for age at baseline, sex, family income, residential area, smoking status, diabetes duration (≥ 5 years/< 5 year), alcohol intake, regular exercise, body mass index, systolic blood pressure, and total cholesterol



When assessing the risk of CV events, similar trends were observed. The optimal fasting glucose levels associated with the lowest risk of CV events were 112 mg/dL and 119 mg/dL in subjects with CCI ≤ 2 and ≥ 3, respectively, in cubic spline analysis (Fig. 2b). Among subjects with CCI ≤ 2, those with fasting glucose level below the optimal value (< 112 mg/dL) showed a gentle slope curve with wide CI compared with those with CCI ≥ 3 who showed a steeper slope of HR curve with less wide CI. When assessing the risk of CV events according to the different categories of fasting glucose, the group with a fasting glucose level of 95–124 mg/dL showed the lowest risk of CV events in both comorbidity groups (Table 4).Table 4Hazard ratios and 95% confidence intervals of cardiovascular events (myocardial infarction or stroke) by 10 categories of fasting glucose level at baseline stratified by Charlson co-morbidity index (CCI)


	Cardiovascular events

	 	Fasting glucose (mg/dL)
	Number of subjects
	Number of event
	Follow-up duration (person-years)
	Incident rate (per 1000 person-years)
	Crude hazard ratio (95% confidence interval)
	Adjusted hazard ratioa (95% confidence interval)
	P for interaction

	CCI (≤ 2)
	≤ 79
	579
	36
	3231.06
	11.14
	1.17 (0.84–1.63)
	1.09 (0.78–1.51)
	0.04

	80–94
	4344
	250
	24,425.72
	10.24
	1.07 (0.93–1.23)
	1.04 (0.91–1.19)
	 
	95–109
	13,120
	715
	74,074.88
	9.65
	1.01 (0.92–1.11)
	1.00 (0.91–1.10)
	 
	110–124
	19,268
	1050
	109,502.23
	9.59
	1 (reference)
	1 (reference)
	 
	125–139
	21,556
	1230
	121,947.97
	10.09
	1.05 (0.97–1.14)
	1.05 (0.97–1.14)
	 
	140–154
	13,930
	895
	78,409.27
	11.41
	1.19 (1.09–1.30)
	1.16 (1.06–1.27)
	 
	155–169
	7284
	529
	40,701.97
	13.00
	1.36 (1.22–1.51)
	1.29 (1.16–1.44)
	 
	170–184
	4046
	338
	22,453.28
	15.05
	1.57 (1.39–1.78)
	1.51 (1.34–1.71)
	 
	185–199
	2349
	204
	12,856.68
	15.87
	1.66 (1.43–1.93)
	1.54 (1.33–1.79)
	 
	≥ 200
	3484
	366
	18,811.37
	19.46
	2.04 (1.81–2.29)
	1.90 (1.69–2.14)
	 
	CCI (≥ 3)
	≤ 79
	1334
	142
	6965.54
	20.39
	1.44 (1.22–1.71)
	1.32 (1.11–1.56)
	 
	80–94
	8807
	813
	47,139.49
	17.25
	1.22 (1.13–1.33)
	1.16 (1.07–1.26)
	 
	95–109
	23,801
	1830
	130,391.96
	14.03
	1.00 (0.94–1.06)
	0.99 (0.93–1.05)
	 
	110–124
	31,760
	2453
	174,716.38
	14.04
	1 (reference)
	1 (reference)
	 
	125–139
	28,913
	2310
	158,559.08
	14.57
	1.04 (0.98–1.10)
	1.05 (0.99–1.11)
	 
	140–154
	17,833
	1497
	97,088.2
	15.42
	1.10 (1.03–1.17)
	1.09 (1.02–1.16)
	 
	155–169
	10,097
	963
	54,524.43
	17.66
	1.26 (1.17–1.35)
	1.21 (1.13–1.31)
	 
	170–184
	6021
	611
	32,207.01
	18.97
	1.35 (1.24–1.48)
	1.29 (1.18–1.41)
	 
	185–199
	3659
	409
	19,277.25
	21.22
	1.51 (1.36–1.67)
	1.42 (1.28–1.58)
	 
	≥ 200
	5753
	765
	29,498.8
	25.93
	1.83 (1.69–1.99)
	1.68 (1.55–1.82)
	 

aHazard ratios were calculated by Cox models after adjusting for age at baseline, sex, family income, residential area, smoking status, diabetes duration (≥ 5 years/< 5 year), alcohol intake, regular exercise, body mass index, systolic blood pressure, and total cholesterol



However, in subjects with CCI ≤ 2, the risk of CV events among those with fasting glucose level ≤ 94 mg/dL was not significantly higher than that among those with fasting glucose level of 110–124 mg/dL. A significant comorbidity interaction was noted (P = 0.04).


Discussion
In this study, we examined the optimal range of fasting glucose levels associated with the lowest risk of mortality and CV events in Korean older adults with type 2 diabetes using a nationwide database. We found J-curved associations between fasting glucose and clinical outcomes, including all-cause mortality and CV events, in these individuals. The optimal range of fasting glucose levels associated with the lowest risk of all-cause mortality was 110–124 mg/dL. The optimal range associated with the lowest risk of CV events was 95–124 mg/dL. This trend was observed consistently in both sexes (Additional file 4). Although the overall associations and fasting glucose range for lower mortality were similar for those with lower (CCI ≤ 2) and higher (CCI ≥ 3) comorbidity load, the optimal fasting glucose level associated with the lowest CV events was higher in those with a higher (CCI ≥ 3) comorbidity load than in those with a lower (CCI ≤ 2) load (119 vs. 112 mg/dL). Furthermore, the risk of CV events increased much more, as the fasting glucose decreased below the optimal fasting glucose level in those with CCI ≥ 3 compared to those with CCI < 2. This finding suggests that less stringent targets of fasting glucose may be favorable for CV outcome in older adults with multiple comorbidities. To our knowledge, this is the first nationwide study to investigate the optimal fasting glucose level associated with the lowest risk of adverse events in older East Asian adults with diabetes.
Consistent with our study, several previous studies have demonstrated the J-shaped relationship between fasting glucose level and adverse outcomes, including all-cause mortality and CV events, not only in people with diabetes but also in the healthy population [12–15]. Recent meta-analyses and a nationwide observational study revealed an increased risk of CV event in adults with pre-diabetes even in fasting glucose range (100–125 mg/dL) [16, 17]. On the contrary, our study showed that the fasting glucose range of 95–124 mg/dL seemed to be optimal for the prevention of CV events in patients with diabetes. Although the suggested optimal fasting glucose levels or ranges associated with the lowest risk of adverse outcomes vary (from 80 to 109 mg/dL) because of the different baseline characteristics in each study population, it is obvious that the risk of adverse events increases as the fasting glucose level deviates outside the optimal range [12–14]. The optimal fasting glucose levels for better health outcomes seem to be increased as patients become older or as diabetes progresses [13]. Since our study enrolled only older people with diabetes, the optimal fasting glucose range associated with the lowest risk of adverse events (about 95–124 mg/dL) could be higher than that reported in previous studies. These findings further support that the optimal cut-off point of the fasting glucose level may be different in the general population and in those with co-morbidities.
Interestingly, our study showed that the fasting glucose level associated with the lowest risk of all-cause mortality was higher than that associated with the lowest risk of CV events (122 vs. 116 mg/dL). Furthermore, the present study demonstrated a slightly increased risk of mortality in patients with even normal fasting glucose level (80–109 mg/dL) who did not have the hypoglycemic status. However, these observations are congruent with the finding of a previous randomized control study conducted in the Western population. In the Action to Control Cardiovascular Risk in Type 2 Diabetes trial, compared with standard therapy group, the intensive glycemic control group showed a higher incidence of all-cause mortality. Meanwhile, the incidence of composite CV outcomes of non-fatal MI, non-fatal stroke, and cardiac death was numerically fewer in the intensive glycemic control group [18]. Although the exact mechanism to explain this phenomenon could not be established in our study, we speculate that more stringent glycemic control in older adults was associated with a higher risk of severe hypoglycemia; consequently, this may result in higher number of deaths directly due to hypoglycemia [18, 19]. Regarding the conflicting impact of glucose levels of 95–110 mg/dL on mortality and CV events observed in our study, a more extensive study is warranted.
In our study, there was an increasing risk of mortality or CV events with fasting glucose values < 95 mg/dL or ≥ 125 mg/dL. These findings provide further evidence that not only too loose glucose control but also too stringent glucose control could increase the risk of adverse health outcomes in older patients with diabetes. There is substantial evidence indicating that too strict glucose control induces severe hypoglycemia and increases the risk of mortality and CV events [20, 21]. Hypoglycemia induces sympatho-adrenal activation and counter-regulatory hormonal secretion [22]. This condition can consequently trigger cardiac arrhythmia, vasoconstriction, thrombogenicity, vascular inflammation, and vasoconstriction, leading to cardiovascular event or mortality [23]. Although the optimal range for fasting blood glucose associated with lower risk, as suggested in our study (95–124 mg/dL), might be narrower than that suggested by the global guideline, it overlaps with the general target range of fasting glucose (90–130 mg/dL) recommended by a global diabetes guideline for older adults with diabetes [24].
The global guidelines recommend less stringent glycemic control in older adults with diabetes (aged ≥ 65 years) especially those with many comorbidities and impaired functionalities [7, 25]. Likewise, our study demonstrated that as the fasting glucose level decreases below the optimal range, much steeper increases in the risk of adverse events were noted in subjects with higher comorbidity (CCI ≥ 3) compared with those with lower comorbidity (CCI ≤ 2). This finding indicates that a more careful glycemic control is needed in fragile patients with both diabetes and multiple comorbidities to avoid hypoglycemia. In the American Diabetes Association guideline, the control level of fasting glucose within 90–150 mg/dL was recommended in older patients with both diabetes and multiple existing chronic illnesses, including MI, heart failure, and stroke [7]. Our suggested optimal fasting glucose range (110–124 mg/dL) associated with the lowest risk of mortality in patients with high comorbidity (CCI ≥ 3) falls under this target range of fasting glucose. Considering the narrow window with an abrupt increase in the risk of adverse event at the outer range of fasting glucose of 110–124 mg/dL, the proposed wide target range of fasting glucose (90–150 mg/dL) in the guideline might be suboptimal for our study population. However, we should not directly compare these target values because our subjects were relatively healthier persons without previous history of stroke or MI.
A major strength of the present study is that we used national data that included the entire Korean population. All detailed reimbursement claim data were searched. However, there were several limitations to this study. First, we used only fasting glucose level as a surrogate marker for the intensity of glycemic control because HbA1c measurement was not included the national health screening program in our country during the study period. However, the use of HbA1c as a marker for glycemic control also has some limitations, especially in patients with medical conditions that impact the red blood cell turnover. These medical conditions are commonly seen in older adults [26]. Second, fasting glucose measurement may show wide within-person variation. To minimize the bias caused by a single measurement of fasting glucose level, we used the mean fasting glucose level measured in both 2009–2010 and 2011–2012. Furthermore, glycemic variability, a strong predictor of CV events [27–30], could not be assessed because of the limited instance of fasting glucose measurements, in the present study. Third, the controlled fasting glucose levels during the future follow-up period could not be predicted. Fourth, in the categorical analysis, fasting glucose ranges were artificially set at every 15-mg/dL increase. Thus, the true optimal glucose ranges could be slightly different from those in this study. Fifth, we could not collect data on hypoglycemic episodes in the study population. However, when we assessed the risk after further adjustment for anti-hyperglycemic agents (including insulin secretagogue or insulin) that may cause hypoglycemic episodes, we observed similar pattern of results with those of models where anti-hyperglycemic agents were not adjusted for (Additional file 5). Finally, the specific cause of mortality could not be evaluated in our study.

Conclusion
In conclusion, J-shaped relationship existed between the fasting glucose levels and adverse events, including all-cause mortality and CV events, in Korean older adults with diabetes. The optimal fasting glucose range associated with the lowest risk of all-cause mortality and CV events was 110–124 and 95–124 mg/dL, respectively. Furthermore, steep increase in the risk of adverse events in the low fasting glucose range was noted in patients with high comorbidity load. Thus, there is need for special caution in this population, in terms of glycemic control.

Supplementary information
Supplementary information accompanies this paper at https://​doi.​org/​10.​1186/​s12933-020-01021-8.

Acknowledgements
National Health Information Database was provided by the National Health Insurance Service (NHIS) of Korea. The authors would like to thank the National Health Insurance Service for cooperation.
Potential conflict of interest related to project funding
The study sponsor was not involved in the design of the study; the collection, analysis, and interpretation of data; writing the report; or the decision to submit the report for publication.


Authors’ contributions
JHH conceived the study concept and design. KH acquired data and performed statistical analyses. JHH and JHL wrote the first draft, and conducted the literature search. JHH, KH and JHL analyzed and interpreted data. All authors contributed to critical revision of the manuscript. JHH is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. All authors read and approved the final manuscript.

Funding
This study was supported by a National Research Foundation of Korea (NRF) Grant funded by the Korean government (MSIP) (No. NRF-2019R1G1A109408).

Availability of data and materials
The datasets generated and analyzed during the current study are not publicly available due to rule of Korea National health insurance system.

Ethics approval and consent to participate
This study was approved by the institutional review board of Yonsei University Wonju College of Medicine (CR318331). Anonymous and de-identified information was used for analysis and, therefore, informed consent was not obtained.

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no duality of interest associated with this manuscript.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

References
1.
Menke A, Casagrande S, Geiss L, Cowie CC. Prevalence of and trends in diabetes among adults in the United States, 1988–2012. JAMA. 2015;314:1021–9. https://​doi.​org/​10.​1001/​jama.​2015.​10029.CrossrefPubMed

2.
Won JC, Lee JH, Kim JH, Kang ES, Won KC, Kim DJ, et al. Diabetes fact sheet in Korea, 2016: an appraisal of current status. Diabetes Metab J. 2018;42:415–24. https://​doi.​org/​10.​4093/​dmj.​2018.​0017.CrossrefPubMedPubMedCentral

3.
Gregg EW, Li Y, Wang J, Rios Burrows N, Ali MK, Rolka D, et al. Changes in diabetes-related complications in the United States, 1990–2010. N Engl J Med. 2014;370:1514–23. https://​doi.​org/​10.​1056/​NEJMoa1310799.Crossref

4.
Blaum C, Cigolle CT, Boyd C, Wolff JL, Tian Z, Langa KM, et al. Clinical complexity in middle-aged and older adults with diabetes: the health and retirement study. Med Care. 2010;48:327–34. https://​doi.​org/​10.​1097/​mlr.​0b013e3181ca4035​.CrossrefPubMedPubMedCentral

5.
Huang ES, Liu JY, Moffet HH, John PM, Karter AJ. Glycemic control, complications, and death in older diabetic patients: the diabetes and aging study. Diabetes Care. 2011;34:1329–36. https://​doi.​org/​10.​2337/​dc10-2377.CrossrefPubMedPubMedCentral

6.
Yi SW, Won YJ, Yi JJ. Low normal fasting glucose and risk of accidental death in Korean adults: a prospective cohort study. Diabetes Metab. 2019;45:60–6. https://​doi.​org/​10.​1016/​j.​diabet.​2018.​01.​005.CrossrefPubMed

7.
American Diabetes Association. Older adults: standards of medical care in diabetes-2019. Diabetes Care. 2019;42(Suppl 1):S139–47. https://​doi.​org/​10.​2337/​dc19s012.Crossref

8.
Seong SC, Kim YY, Park SK, Khang YH, Kim HC, Park JH, et al. Cohort profile: the National Health Insurance Service-National Health Screening Cohort (NHIS-HEALS) in Korea. BMJ Open. 2017;7:e016640. https://​doi.​org/​10.​1136/​bmjopen-2017-016640.CrossrefPubMedPubMedCentral

9.
Khan NF, Perera R, Harper S, Rose PW. Adaptation and validation of the Charlson index for read/OXMIS coded databases. BMC Fam Pract. 2010;11:1. https://​doi.​org/​10.​1186/​1471-2296-11-1.CrossrefPubMedPubMedCentral

10.
Kim MK, Han K, Kim HS, Park YM, Kwon HS, Yoon KH, et al. Cholesterol variability and the risk of mortality, myocardial infarction, and stroke: a nationwide population-based study. Eur Heart J. 2017;38:3560–6. https://​doi.​org/​10.​1093/​eurheartj/​ehx585.CrossrefPubMedPubMedCentral

11.
Austin PC, Fine JP. Practical recommendations for reporting Fine-Gray model analyses for competing risk data. Stat Med. 2017;36:4391–400. https://​doi.​org/​10.​1002/​sim.​7501.CrossrefPubMedPubMedCentral

12.
Park C, Guallar E, Linton JA, Lee DC, Jang Y, Son DK, et al. Fasting glucose level and the risk of incident atherosclerotic cardiovascular diseases. Diabetes Care. 2013;36:1988–93. https://​doi.​org/​10.​2337/​dc12-1577.CrossrefPubMedPubMedCentral

13.
Yi SW, Park S, Lee YH, Balkau B, Yi JJ. Fasting glucose and all-cause mortality by age in diabetes: a prospective cohort study. Diabetes Care. 2018;41:623–6. https://​doi.​org/​10.​2337/​dc17-1872.CrossrefPubMed

14.
Wei M, Gibbons LW, Mitchell TL, Kampert JB, Stern MP, Blair SN. Low fasting plasma glucose level as a predictor of cardiovascular disease and all-cause mortality. Circulation. 2000;101:2047–52. https://​doi.​org/​10.​1161/​01.​cir.​101.​17.​2047.CrossrefPubMed

15.
Lu J, He J, Li M, Tang X, Hu R, Shi L, et al. Predictive value of fasting glucose, postload glucose, and hemoglobin A1c on risk of diabetes and complications in Chinese adults. Diabetes Care. 2019;42:1539–48. https://​doi.​org/​10.​2337/​dc18-1390.CrossrefPubMed

16.
Huang Y, Cai X, Mai W, Li M, Hu Y. Association between prediabetes and risk of cardiovascular disease and all cause mortality: systematic review and meta-analysis. BMJ. 2016;355:i5953. https://​doi.​org/​10.​1136/​bmj.​i5953.CrossrefPubMedPubMedCentral

17.
Lee G, Kim SM, Choi S, Kim K, Jeong SM, Son JS, et al. The effect of change in fasting glucose on the risk of myocardial infarction, stroke, and all-cause mortality: a nationwide cohort study. Cardiovasc Diabetol. 2018;17:51. https://​doi.​org/​10.​1186/​s12933-018-0694-z.CrossrefPubMedPubMedCentral

18.
Action to Control Cardiovascular Risk in Diabetes Study Group, Gerstein HC, Miller ME, Byington RP, Goff DC Jr, Bigger JT, et al. Effects of intensive glucose lowering in type 2 diabetes. N Engl J Med. 2008;358:2545–59. https://​doi.​org/​10.​1056/​NEJMoa0802743.Crossref

19.
Seaquist ER, Miller ME, Bonds DE, Feinglos M, Goff DC Jr, Peterson K, et al. The impact of frequent and unrecognized hypoglycemia on mortality in the ACCORD study. Diabetes Care. 2012;35:409–14. https://​doi.​org/​10.​2337/​dc11-0996.CrossrefPubMedPubMedCentral

20.
Goto A, Arah OA, Goto M, Terauchi Y, Noda M. Severe hypoglycaemia and cardiovascular disease: systematic review and meta-analysis with bias analysis. BMJ. 2013;347:f4533. https://​doi.​org/​10.​1136/​bmj.​f4533.CrossrefPubMed

21.
Desouza CV, Bolli GB, Fonseca V. Hypoglycemia, diabetes, and cardiovascular events. Diabetes Care. 2010;33:1389–94. https://​doi.​org/​10.​2337/​dc09-2082.CrossrefPubMedPubMedCentral

22.
Wright RJ, Frier BM. Vascular disease and diabetes: is hypoglycaemia an aggravating factor? Diabetes Metab Res Rev. 2008;24:353–63. https://​doi.​org/​10.​1002/​dmrr.​865.CrossrefPubMed

23.
Reusch JE, Wang CC. Cardiovascular disease in diabetes: where does glucose fit in? J Clin Endocrinol Metab. 2011;96:2367–76. https://​doi.​org/​10.​1210/​jc.​2010-3011.CrossrefPubMedPubMedCentral

24.
American Diabetes Association. 6. Glycemic targets: standards of medical care in diabetes-2019. Diabetes Care. 2019;42(Suppl 1):61–70. https://​doi.​org/​10.​2337/​dc19-S006.Crossref

25.
Davies MJ, D’Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone G, Management of Hyperglycaemia in Type 2 Diabetes, et al. A consensus report by the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetologia. 2018;2018(61):2461–98. https://​doi.​org/​10.​1007/​s00125-018-4729-5.Crossref

26.
Munshi MN, Segal AR, Slyne C, Samur AA, Brooks KM, Horton ES. Shortfalls of the use of HbA1C-derived eAG in older adults with diabetes. Diabetes Res Clin Pract. 2015;110:60–5. https://​doi.​org/​10.​1016/​j.​diabres.​2015.​07.​012.CrossrefPubMed

27.
Cardoso CRL, Leite NC, Moram CBM, Salles GF. Long-term visit-to-visit glycemic variability as predictor of micro- and macrovascular complications in patients with type 2 diabetes: the Rio de Janeiro Type 2 Diabetes Cohort Study. Cardiovasc Diabetol. 2018;17:33. https://​doi.​org/​10.​1186/​s12933-018-0677-0.CrossrefPubMedPubMedCentral

28.
Wang A, Liu X, Xu J, Han X, Su Z, Chen S, et al. Visit-to-visit variability of fasting plasma glucose and the risk of cardiovascular disease and all-cause mortality in the general population. J Am Heart Assoc. 2017. https://​doi.​org/​10.​1161/​JAHA.​117.​006757.CrossrefPubMedPubMedCentral

29.
Slieker RC, van der Heijden A, Nijpels G, Elders PJM, t Hart LM, Beulens JWJ. Visit-to-visit variability of glycemia and vascular complications: the Hoorn Diabetes Care System cohort. Cardiovasc Diabetol. 2019;18:170. https://​doi.​org/​10.​1186/​s12933-019-0975-1.CrossrefPubMedPubMedCentral

30.
Echouffo-Tcheugui JB, Zhao S, Brock G, Matsouaka RA, Kline D, Joseph JJ. Visit-to-visit glycemic variability and risks of cardiovascular events and all-cause mortality: the ALLHAT study. Diabetes Care. 2019;42:486–93. https://​doi.​org/​10.​2337/​dc18-1430.CrossrefPubMedPubMedCentral



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/sidebar.gif





OEBPS/A12933_2020_1021_Fig2_HTML.png
Hazard ratio (95% Cl)

Hazard ratio (95% ClI)

a All cause mortality

4.0

3.5

3.0

2.5

2.0

1.5

1.0

CCl=s2

Reference:121

T T T T T T T T T T T T

50 80 110 140 170 200 230 260 290 320 350 380
Fasting serum glucose (mg/dL)

b Cardiovascular events

4.0

3.5

3.0

2.5

2.0

1.5

1.0

CCl=2

Reference: 112

T T T T T T T T T T T T

56 @0 110 149 170 200 230 280 280 320 350 380
Fasting serum glucose (mg/dL)

Hazard ratio (95% ClI)

Hazard ratio (95% ClI)

4.0

3.5

3.0

25

2.0

1.5

1.0

4.0

3.5

3.0

2.5

2.0

1.5

1.0

CClz3

Reference:121

50 80 110 140 170 200 230 260 290 320 350 380
Fasting serum glucose (mg/dL)

CClz23

Reference: 119

50 80 116 140 170 200 230 260 290 320 350 350
Fasting serum glucose (mg/dL)






OEBPS/cc-by.png
() _®





OEBPS/contact.gif





OEBPS/A12933_2020_1021_Fig1_HTML.png
Hazard ratio (95% ClI)

a All cause mortality

3.0

2.5+

2.0

Reference:122

T T T T T T T T T T T T

50 80 110 140 170 200 230 260 290 320 350 380
Fasting serum glucose (mg/dL)

Hazard ratio (95% ClI)

b Cardiovascular events

3.0

2.5+

Reference: 116

T T T T T T T T T T T T
50 80 110 140 170 200 230 260 290 320 350 380

Fasting serum glucose (mg/dL)






