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Background: We investigated whether fasting glucose (FG) variability could predict the risk of dementia.
Methods: This cohort study analyzed data from Koreans with diabetes after at least three health examinations by the Korean Na-
tional Health Insurance Corporation between 2005 and 2010, which included at least one examination between 2009 and 2010. A 
total of 769,554 individuals were included, excluding those aged <40 years and those with dementia. FG variability was measured 
using the variability independent of the mean (FG-VIM). The incidence of dementia was defined by the International Classifica-
tion of Diseases 10th Revision codes and prescription of anti-dementia medication and was subdivided into Alzheimer’s disease 
(AD) and vascular dementia (VD).
Results: During the 6.9-year follow-up, 54,837, 41,032, and 6,892 cases of all-cause dementia, AD, and VD, respectively, were 
identified. Cox proportional regression analyses showed that as the FG-VIM quartile increased, the risk of dementia serially in-
creased after adjustment for metabolic factors, income status, and diabetes-related characteristics, including the mean FG. Partici-
pants in FG-VIM quartile 4 showed a 18%, 19%, and 17% higher risk for all-cause dementia, AD, and VD, respectively, than those 
in quartile 1; this particularly included non-obese patients with a longer duration of diabetes, high FG levels, dyslipidemia, and 
those taking glucose-lowering medications. Conversely, the baseline FG status and dementia showed a U-shaped association.
Conclusion: Increased FG variability over 5 years can predict the risk of dementia in individuals with diabetes in Korea. This 
finding was more pronounced in patients with less favorable metabolic profiles. 
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INTRODUCTION

With the global increase in aging population, dementia is con-

sidered the primary cause of disability and dependency, with 
its prevalence nearly doubling every 20 years [1,2]. A growing 
body of evidence shows the adverse effects of diabetes on cog-
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nitive function and a 73% higher risk of all-cause dementia in 
people with diabetes than in those without [3,4]. Therefore, 
early correction of modifiable risk factors is essential to reduce 
the incidence of dementia. 

Although the predictive value of diabetes-related biochemi-
cal indicators of cognitive disorders was inconsistent in previ-
ous studies, a recently published meta-analysis proved that ele-
vated fasting glucose (FG), glycosylated hemoglobin (HbA1c), 
and insulin levels are associated with a high risk of dementia, 
and FG illustrated a nonlinear positive association with cogni-
tive disorders [5]. However, another population-based study 
suggested that a history of hypoglycemia correlated with the 
risk of dementia [6]. Thus, considerable oscillation in FG levels 
is also a risk factor for the incidence of dementia. 

Numerous population-based studies showed the effects of 
variability in cardiometabolic parameters, including blood 
pressure (BP) variability, weight change, and metabolic health 
status, on the development of dementia in patients with [7] or 
without diabetes [8,9]. In individuals with diabetes, high short-
term glucose variability (GV), assessed through a continuous 
glucose monitoring system, has been shown to predict cogni-
tive decline independent of FG or HbA1c levels [10,11]. Fast-
ing glucose variability (FGV) over several months to years, re-
flecting the stability of medication effect, adherence, and resid-
ual insulin secretion, was independently associated with de-
mentia in two large population-based studies [12,13]. Howev-
er, the risks of all-cause dementia, Alzheimer’s disease (AD), 
and vascular dementia (VD) were evaluated separately. 

Therefore, we aimed to investigate the relationship between 
FGV over several years and the future risk of dementia from all 
causes, AD, and VD. We also explored the factors that modify 
this association using a nationwide cohort database in Korea. 

METHODS

Study design 
We analyzed the datasets of Korean individuals with diabetes 
obtained from the National Health Insurance Corporation 
(NHIC) of Korea that record information regarding health 
check-ups and claims information between January 2005 and 
December 2017. The NHIC is a universal healthcare system 
operated by the Korean government that covers approximately 
97% of the Korean population. It contains eligibility informa-
tion, an annual or biannual health examination database pro-
vided by the NHIC and claims data for prescriptions under the 

International Classification of Diseases, 10th Revision (ICD-
10). Income status was estimated by the pricing of health in-
surance premiums or eligibility for medical care [14,15]. The 
health examination consisted of blood and urine tests, lifestyle 
questionnaires, and anthropometric measurements. The data-
base is accessible to all researchers. 

Study participants
As shown in Supplementary Figs. 1 and 2, we selected individ-
uals with diabetes who underwent health check-ups at least 
twice from 2005 to 2008 and concomitantly at least once from 
January 2009 to December 2010 (baseline examination). Thus, 
the study participants underwent at least three health exami-
nations during the 5 years from 2005 to 2010 (referred to as the 
GV assessment period). The presence of diabetes was defined 
as at least one claim per year for the prescription of a glucose-
lowering medication (GLM) under ICD-10 codes E10–14 or a 
fasting plasma glucose level ≥126 mg/dL. We subdivided the 
participants into type 1 and type 2 diabetes mellitus based on 
ICD-10 codes E10 and E11–14, respectively. 

Among them, participants aged <40 years, those with a his-
tory of dementia, those with missing data, and those diagnosed 
with dementia 1 year after baseline were excluded. In total, 
769,554 individuals were included in the study. The present 
study was approved by the official review committee of the 
NHIC and the Institutional Review Board of the Korea Uni-
versity Ansan Hospital (2019AS0138) and was conducted in 
accordance with the Helsinki Declaration of 1975. Written in-
formed consent by the patients was waived due to a retrospec-
tive nature of our study. 

Definition of dementia
Dementia was defined using ICD-10 codes (F00, G30, F01, 
F02, F03, G23.1, G31.0, G31.1, G31.82, G31.83, G31.88, or 
F10.7), and concurrently, based on the prescription of one or 
more anti-dementia medications (acetylcholinesterase inhibi-
tor [donepezil, rivastigmine, or galantamine] or N-methyl-D-
aspartate receptor antagonist [memantine]) [16]. To define the 
subtypes of dementia, we grouped incident dementia into AD 
(ICD-10 codes F00 or G30) or VD (ICD-10 code F01), accord-
ing to the diagnosis at the first visit [7,8]. If both AD and VD 
were identified, the ICD-10 code for the main diagnosis was 
used. When codes for both AD and VD, as additional diagno-
ses, were recorded at the first visit, we used the main diagnosis 
at the next visit. In cases where neither AD nor VD was the 
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main diagnosis until the second visit, the subtype of dementia 
was defined as “other dementia.”

Definition of GV 
Using at least three measurements of FG levels during the 
5-year variability assessment period, we calculated the vari-
ability independent of the mean (VIM) of FG as a primary GV 
indicator. 

To compare the predictive effect between parameters, the 
average real variability (ARV), standard deviation (SD), and 
coefficient of variation (CV, which is SD/mean) of the FG were 
computed. 

β is obtained from a nonlinear regression analysis based on 
the natural logarithm of the SD over the natural logarithm of 
the mean [17].

n is the number of FG assessments and k ranges from 1 to 
n–1. 

Measurements of covariates 
Demographic information, lifestyle behavior, and medical his-
tory were recorded from the self-reported questionnaire dur-
ing the health examination. Alcohol drinking habits were clas-
sified as near abstinence, moderate (<30 g/day), and heavy 
(≥30 g/day). Smoking history was graded as never smoker, ex-
smoker, or current smoker. Regular exercise was defined as 
>30 minutes of moderate-intensity activity at least five times a 
week or >20 minutes of vigorous-intensity exercise at least 
three times a week [18]. 

Body mass index (BMI) was calculated as weight (kg) divid-
ed by the square of height (m). The BP was measured after ≥5 
minutes of rest. 

Blood sampling via vein was performed in the morning after 
at least 8 hours of overnight fasting to identify the concentra-
tions of plasma glucose, total cholesterol, triglycerides, high-
density lipoprotein cholesterol, creatinine, and hemoglobin. 
Low-density lipoprotein cholesterol levels were calculated us-
ing the Friedewald formula [19]. Quality control was per-
formed in accordance with the guidelines of the Korean Asso-
ciation for Laboratory Quality Control. 

Operational definition of comorbidities
Hypertension was defined as systolic BP ≥140 mm Hg, dia-
stolic BP ≥90 mm Hg, or at least one prescription of antihy-
pertensive medications per year under ICD-10 codes I10–I15. 
A total cholesterol level ≥240 mg/dL or at least one prescrip-
tion of an antihyperlipidemic agent under ICD-10 code E78 
was defined as dyslipidemia. 

History of stroke or ischemic heart disease was identified 
based on self-reports of patients’ experiences after a physician’s 
diagnosis of stroke, angina, or myocardial infarction. The pres-
ence of chronic kidney disease was defined as an estimated 
glomerular filtration rate <60 mL/min/1.73 m2, calculated by 
the Modification of Diet in Renal Disease formula [20]. At 
least one recognition per year for the ICM-10 codes F32 or F33 
was regarded as the presence of a depressive disorder. The low-
est 20% income proportion was dichotomized into a low-in-
come status. 

Over an 1-year period before the baseline examination, the 
prescription histories for oral GLMs among metformin, sulfo-
nylurea, meglitinide, thiazolidinedione, inhibitors of dipepti-
dyl peptidase 4, α-glucosidase inhibitors (AGIs), and insulin 
were identified. 

Statistical analysis
Data are presented as the mean±SD, number (%), or median 
(interquartile range [IQR]). Study participants were stratified 
according to the FG VIM quartile. Baseline characteristics 
were compared using the chi-square test for categorical vari-
ables and analysis of variance for continuous variables. Vari-
ables, including triglyceride levels, that did not follow a normal 
distribution were log-transformed.

To estimate the risk of dementia according to the FG VIM 
quartile, we conducted a Cox proportional hazards analysis 
with quartile 1 as the reference group. The risk is presented as 
hazard ratio (HR) and Bonferroni-adjusted 95% confidence 
interval (CI). Deceased individuals were identified by the Ko-
rean National Statistical Office. Follow-up was defined as the 
period from baseline to the first diagnosis of dementia, the 
date of death, or December 31, 2017.

We adjusted for several previously well-known metabolic 
factors: age, sex, BMI, smoking status, alcohol consumption, 
regular exercise, presence of chronic kidney disease, dyslipid-
emia, and hypertension; the lowest 20% income status; and he-
moglobin levels in model 1. At least 5-year duration of diabe-
tes, number of prescriptions for GLMs, mean FG levels during 
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the 5-year variability assessment period, and presence of a de-
pressive disorder were additionally adjusted for in model 2.

To investigate the influence of the cutoff value of VIM and 
the variability parameter, we stratified the participants accord-
ing to the VIM decile, SD, CV, and ARV quartile and analyzed 
the risk of dementia using the previously described Cox re-
gression analysis with decile 1 or quartile 1 as the reference 
group. 

To explore the factors modifying the association between 
GV and the risk of dementia, we conducted interaction analy-
ses after stratifying the participants according to several demo-
graphic factors and diabetes characteristics. Using the same 
adjustment strategy, we calculated HRs and 95% CIs of FG 
VIM quartile 4 compared with quartile 1–3 for dementia. 

As competing death was prevalent and shared similar risk 
factors with dementia, we conducted a sensitivity analysis after 

excluding deceased individuals during the follow-up period 
using the same model. 

To compare the association between a single FG concentra-
tion and the risk of dementia, we repeated the Cox regression 
analyses according to the five groups of baseline FG levels, with 
100 to 119 mg/dL as the reference group. The mean FG level 
was excluded as a confounding factor in the analysis. 

The variable inflation factor for all covariates was less than 
2.0, indicating that there was no multicollinearity. Statistical 
analyses were performed using SAS version 9.4 (SAS Institute 
Inc., Cary, NC, USA). Statistical significance was set at P<0.05.

RESULTS

As shown in Table 1, compared with the participants in FG 
VIM quartile 1, those in FG VIM quartile 4 were younger and 

Table 1. Baseline characteristics of the study participants according to quartiles of fasting glucose variabilitya

Characteristic VIM Q1 
(n=192,387)

VIM Q2 
(n=192,390)

VIM Q3 
(n=192,389)

VIM Q4 
(n=192,388) P value

Age, yr 61.1±9.8 60.1±9.9 59.6±10.1 59.2±10.4 <0.001

Male sex 108,883 (56.6) 115,446 (60) 119,618 (62.2) 124,812 (64.9) <0.001

Body mass index, kg/m2 24.8±3.0 24.9±3.1 24.9±3.1 24.8±3.2 <0.001

Systolic BP, mm Hg 128.3±15.2 128.7±15.2 128.8±15.3 128.5±15.3 <0.001

FG, mg/dL 125.1±34.0 130.2±35.5 135.8±39.0 146±53.4 <0.001

TC, mg/dL 193.6±39.1 194.9±39.9 195.6±40.7 194.4±41.5 <0.001

Triglyceride, mg/dL 132.9 (132.6–133.2) 138.51 (138.2–138.9) 143.1 (142.7–143.5) 146.4 (146.1–146.8) <0.001

HDL-C, mg/dL 52.6±22.7 52.3±21.6 52±21.8 51.5±21.2 <0.001

FG_VIM, % 8.2±3.0 16.6±2.3 25.5±3.0 43.6±11.1 <0.001

FG_SD, mg/dL 8.1±5.3 16.8±8.5 26.7±13.1 49±25.2 <0.001

FG_CV, % 6.2±2.6 12.8±2.8 19.9±4.3 35±11.2 <0.001

FG_ARV, mg/dL 10±7.2 20.3±11.9 31.7±18.3 56.5±34.3 <0.001

Current smoker 31,515 (16.4) 36,711 (19.1) 42,474 (22.1) 49,993 (26.0) <0.001

Heavy drinking 12,345 (6.4) 13,803 (7.2) 14,628 (7.6) 14,245 (7.4) <0.001

Regular exercise 49,632 (25.8) 48,136 (25) 46,054 (23.9) 43,129 (22.4) <0.001

Comorbidities

   Hypertension 118,250 (61.5) 116,410 (60.5) 114,378 (59.5) 111,527 (58.0) <0.001

   Dyslipidemia 101,550 (52.8) 97,619 (50.7) 94,080 (48.9) 89,773 (46.7) <0.001

   CKDb 22,748 (11.8) 22,675 (11.8) 23,351 (12.1) 25,858 (13.4) <0.001

   IHD 28,227 (14.7) 26,090 (13.6) 24,489 (12.7) 23,436 (12.2) <0.001

   Stroke 10,356 (5.4) 9,681 (5.0) 9,347 (4.9) 9,239 (4.8) <0.001

   Depressive disorder 13,266 (6.9) 12,147 (6.3) 11,513 (6.0) 10,802 (5.6) <0.001

(Continued to the next page)
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Table 1. Continued

included a higher proportion of men, current smokers, and 
heavy drinkers, with a lower proportion of comorbidities, ex-
cept for chronic kidney disease. 

 Regarding the characteristics of diabetes, participants in FG 
VIM quartile 4 had a higher proportion of those receiving in-
sulin treatment, taking at least two classes of GLM for 1 year 
before baseline, and duration of diabetes of at least 5 years. 

During 6.9 years (IQR, 6.3 to 7.4) of the follow-up period, a 
total of 54,837, 41,032, and 6,892 cases of all-cause dementia, 
AD, and VD were identified, respectively (Table 2). As the FG 

VIM quartile increased, the age-and sex-adjusted HRs for all-
cause dementia, AD, and VD also serially increased. In the ful-
ly adjusted model 2, the significance remained consistent. The 
HRs for all-cause dementia, AD, and VD of individuals in FG 
VIM quartile 4 compared to those in quartile 1 were 1.18 (95% 
CI, 1.15 to 1.21), 1.19 (95% CI, 1.15 to 1.22), and 1.17 (95% CI, 
1.09 to 1.25), respectively. This finding did not change when 
the participants were divided into FG VIM deciles (Supple-
mentary Table 1).

Quartiles of SD, CV, and ARV, instead of VIM, also showed 

Characteristic VIM Q1 
(n=192,387)

VIM Q2 
(n=192,390)

VIM Q3 
(n=192,389)

VIM Q4 
(n=192,388) P value

Income (lower 20%) 34,619 (18.0) 36,476 (19.0) 38,776 (20.2) 43,129 (22.4) <0.001

Oral GLM

   Metformin 71,746 (37.3) 74,741 (38.9) 78,666 (40.9) 84,539 (43.9) <0.001

   Sulfonylurea 69,720 (36.2) 76,044 (39.5) 83,883 (43.6) 91,683 (47.7) <0.001

   Meglitinide 3,926 (2.0) 4,258 (2.2) 4,767 (2.5) 5,895 (3.1) <0.001

   Thiazolidinedione 11,549 (6.0) 12,336 (6.4) 13,279 (6.9) 14,556 (7.6) <0.001

   DPP-4 inhibitor 7,517 (3.9) 7,775 (4.0) 8,205 (4.3) 8,425 (4.4) <0.001

   α-Glucosidase inhibitor 18,679 (9.7) 20,872 (10.9) 23,989 (12.5) 28,594 (14.9) <0.001

Number of oral GLM <0.001

   0 96,069 (49.9) 92,826 (48.3) 88,128 (45.8) 82,178 (42.7)

   1 34,001 (17.7) 31,634 (16.4) 29,259 (15.2) 26,576 (13.8)

   2 41,699 (21.7) 44,149 (23.0) 47,255 (24. 6) 50,910 (26.5)

   3 17,080 (8.9) 19,466 (10.12) 22,559 (11.7) 26,347 (13.7)

   ≥4 3,538 (1.8) 4,315 (2.24) 5,188 (2.7) 6,377 (3.3)

Insulin 8,029 (4.2) 9,406 (4.9) 11,803 (6.1) 19,440 (10.1) <0.001

Duration of diabetes (≥5 years) 56,320 (29.3) 58,809 (30.6) 62,606 (32.5) 67,659 (35.2) <0.001

E10 2,921 (1.52) 3,325 (1.73) 4,079 (2.1) 6,139 (3.2) <0.001

Number of exams <0.001

   3 165,083 (85.8) 150,451 (78.2) 144,273 (75.0) 140,434 (73.0)

   4 13,841 (7.2) 19,425 (10.1) 22,308 (11.6) 24,602 (12.8)

   5 13,463 (7.0) 22,514 (11.7) 25,808 (13.4) 27,352 (14.2)

Time interval between adjacent 
exams, yr

1.9 (1.3–2.1) 1.8 (1.11–2.1) 1.76 (1.1–2.1) 1.7 (1–2.1) <0.001

Values are presented as mean±standard deviation, number (%), or median (interquartile range). One-way analysis of variance and the chi-
square test were used to compare the characteristics of the study participants at baseline. Post hoc multiple comparison analysis was performed 
using Bonferroni correction, and triglyceride levels were log-transformed for analysis.
VIM, variability independent of mean; BP, blood pressure; FG, fasting glucose; TC, total cholesterol; HDL-C, high-density lipoprotein choles-
terol; SD, standard deviation; CV, coefficient of variation; ARV, average real variability; CKD, chronic kidney disease; IHD, ischemic heart dis-
ease; GLM, glucose-lowering medication; DPP-4, dipeptidyl peptidase 4.
aQ1: 0–12.7; Q2: 12.8–20.5; Q3: 20.6–31.2; Q4: ≥31.3, bPresence of chronic kidney disease represents estimated glomerular filtration rate 
<60 mL/min/1.73 m2.
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a positive association between high GV and the risk of the 
three dementia outcomes (Supplementary Table 2). 

In the subgroup analyses, a higher risk of all three outcomes 
of VIM quartile 4 compared with those of VIM quartiles 1–3 
was found, regardless of the eligibility features, lifestyle habits, 
comorbidities, and diabetes-related characteristics (Tables 3 
and 4). However, there was a significant interaction between 
FG VIM and the risk of all-cause dementia according to the 
presence or absence of obesity, dyslipidemia (Table 3), dura-
tion of diabetes, baseline FG levels, and prescription of metfor-
min, sulfonylurea, thiazolidinedione, AGI, and insulin (Table 
4). These interactions were partially observed during AD and 
VD development. In the sensitivity analysis after excluding 
64,656 deceased participants, similar trends were observed 
(Supplementary Table 3).

Conversely, the relationship between the range of FG con-

centrations and the risk of the three dementia outcomes exhib-
ited a U-shaped association (Supplementary Table 4). Consid-
ering individuals with FG levels of 100 to 119 mg/dL as the ref-
erence group, those with FG <100 or ≥180 mg/dL had a high-
er risk for all three outcomes.

DISCUSSION

Major findings of the present study
Using a Korean nationally representative database, this study 
clarified that FGV calculated over 5 years was positively related 
to the risk of all-cause dementia, AD, and VD among individu-
als with diabetes. Moreover, this significance was maintained 
regardless of previously well-known confounding factors and 
detailed characteristics of diabetes, including the mean FG. 
The impact of a higher GV was more prominent in patients 

Table 2. Hazard ratios and 95% confidence intervals for the incidence of dementia by quartiles of variability independent of mean 
of fasting glucosea

Variable No. of events
Follow-up 
duration, 
person-yr

Incidence rate, 
/1,000 person-yr

Age- and 
sex-adjusted HR 

(95% CI)

Multivariate adjusted HR (95% CI)

Model 1 Model 2

All-cause dementia

   Q1 (n=192,387) 13,842 1,255,840.2 11.02 1 (Ref) 1 (Ref) 1 (Ref)

   Q2 (n=192,390) 12,800 1,265,367.2 10.12 1.02 (0.99–1.04) 1.01 (0.99–1.04) 1 (0.98–1.03)

   Q3 (n=192,389) 13,291 1,264,308.9 10.51 1.11 (1.08–1.14) 1.10 (1.08–1.13) 1.07 (1.04–1.09)

   Q4 (n=192,388) 14,904 1,253,722.4 11.89 1.29 (1.26–1.32) 1.26 (1.23–1.29) 1.18 (1.15–1.21)

   P for trend <0.001 <0.001 <0.001

Alzheimer’s disease

   Q1 (n=192,387) 10,336 1,255,840.2 8.23 1 (Ref) 1 (Ref) 1 (Ref)

   Q2 (n=192,390) 9,610 1,265,367.2 7.59 1.02 (0.99–1.05) 1.02 (0.99–1.05) 1.01 (0.98–1.04)

   Q3 (n=192,389) 9,964 1,264,308.9 7.88 1.12 (1.09–1.15) 1.11 (1.08–1.14) 1.08 (1.05–1.11)

   Q4 (n=192,388) 11,122 1,253,722.4 8.87 1.29 (1.26–1.33) 1.26 (1.23–1.30) 1.19 (1.15–1.22)

   P for trend <0.001 <0.001 <0.001

Vascular dementia

   Q1 (n=192,387) 1,730 1,255,840.2 1.38 1 (Ref) 1 (Ref) 1 (Ref)

   Q2 (n=192,390) 1,582 1,265,367.2 1.25 0.99 (0.93–1.07) 0.99 (0.93–1.06) 0.98 (0.91–1.04)

   Q3 (n=192,389) 1,681 1,264,308.9 1.33 1.11 (1.04–1.18) 1.09 (1.02–1.17) 1.06 (0.99–1.13)

   Q4 (n=192,388) 1,899 1,253,722.4 1.51 1.30 (1.22–1.38) 1.26 (1.18–1.35) 1.17 (1.09–1.25)

   P for trend <0.001 <0.001 <0.001

Model 1 was adjusted for age, sex, body mass index, alcohol consumption, smoking, regular exercise, presence of hypertension, dyslipidemia, 
chronic kidney disease, lower 20% income, and hemoglobin levels. Model 2 is the same as model 1, with additional adjustment for the duration 
of diabetes for at least 5 years, the prescription number of glucose-lowering medications, prescription history of insulin, mean fasting glucose, 
and presence of depressive disorder.
aQ1, 0–12.7; Q2, 12.8–20.5; Q3, 20.6–31.2; Q4, ≥31.3.
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Table 3. Subgroup analysis according to clinically relevant factors in quartile 4 versus fasting glucose variability of quartiles 1–3

Variable
All-cause dementia Alzheimer’s disease Vascular dementia

IR per 1,000 HR (95% CI) IR per 1,000 HR (95% CI) IR per 1,000 HR (95% CI)

Age, yr

   40–64 (n=522,120) 2.81 1.17 (1.12–1.22) 1.91 1.15 (1.09–1.22) 0.51 1.21 (1.09–1.35)

   ≥65 (n=247,434) 36.48 1.15 (1.13–1.18) 27.74 1.16 (1.13–1.18) 4.23 1.14 (1.07–1.21)

   P for interaction 0.620 0.861 0.314

Sex

   Men (n=468,759) 8.18 1.17 (1.13–1.20) 5.91 1.18 (1.14–1.22) 1.18 1.13 (1.05–1.22)

   Women (n=300,795) 18.86 1.14 (1.11–1.17) 14.43 1.14 (1.1–1.17) 2.15 1.18 (1.09–1.27)

   P for interaction 0.263 0.127 0.417

BMI, kg/m2

   <25 (n=420,549) 13.85 1.17 (1.14–1.20) 10.32 1.16 (1.13–1.20) 1.70 1.15 (1.08–1.24)

   ≥25 (n=349,005) 9.60 1.12 (1.09–1.16) 7.19 1.13 (1.09–1.18) 1.30 1.15 (1.06–1.25)

   P for interaction 0.034 0.263 0.984

Current smoking

   No (n=608,861) 13.94 1.16 (1.14–1.18) 10.49 1.16 (1.13–1.19) 1.70 1.16 (1.09–1.23)

   Yes (n=160,693) 6.15 1.11 (1.05–1.17) 4.35 1.11 (1.04–1.18) 0.99 1.12 (0.98–1.28)

   P for interaction 0.114 0.189 0.624

Income lower 20%

   No (n=653,030) 12.05 1.16 (1.13–1.18) 9.01 1.16 (1.13–1.19) 1.52 1.17 (1.10–1.24)

   Yes (n=116,524) 11.33 1.13 (1.08–1.18) 8.40 1.13 (1.08–1.18) 1.48 1.11 (0.99–1.24)

   P for interaction 0.264 0.320 0.417

Hypertension

   No (n=308,989) 7.56 1.14 (1.1–1.18) 5.68 1.13 (1.09–1.18) 0.94 1.21 (1.09–1.34)

   Yes (n=460,565) 15.16 1.16 (1.13–1.18) 11.29 1.16 (1.13–1.19) 1.95 1.14 (1.07–1.21)

   P for interaction 0.479 0.312 0.325

Dyslipidemia

   No (n=386,532) 11.06 1.13 (1.1–1.16) 8.25 1.13 (1.09–1.17) 1.46 1.18 (1.10–1.28)

   Yes (n=383,022) 12.84 1.17 (1.14–1.21) 9.58 1.18 (1.14–1.21) 1.58 1.12 (1.04–1.21)

   P for interaction 0.047 0.070 0.323

Depressive disorder

   No (n=733,973) 10.94 1.16 (1.13–1.18) 8.16 1.16 (1.13–1.19) 1.41 1.15 (1.09–1.22)

   Yes (n=35,581) 29.31 1.12 (1.07–1.183) 21.97 1.12 (1.05–1.18) 3.44 1.17 (1.00–1.37)

   P for interaction 0.300 0.252 0.829

CKD

   No (n=674,922) 10.03 1.15 (1.13–1.18) 7.47 1.15 (1.12–1.18) 1.29 1.16 (1.09–1.23)

   Yes (n=94,632) 24.91 1.15 (1.11–1.19) 18.69 1.16 (1.11–1.21) 3.09 1.15 (1.03–1.28)

   P for interaction 0.801 0.802 0.935

Adjusted for age, sex, body mass index, alcohol consumption, smoking, regular exercise, presence of hypertension, dyslipidemia, chronic kidney 
disease, lower 20% income, hemoglobin levels, duration of diabetes for at least 5 years, prescription number of glucose-lowering medications, 
prescription history of insulin, mean fasting glucose, and presence of depressive disorder. 
IR, incidence rate; HR, hazard ratio; CI, confidence interval; CKD, chronic kidney disease.
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Table 4. Subgroup analysis according to the characteristics of diabetes in quartile 4 versus fasting glucose variability of quartiles 1–3

Variable
All-cause dementia Alzheimer’s disease Vascular dementia

IR per 1,000 HR (95% CI) IR per 1,000 HR (95% CI) IR per 1,000 HR (95% CI)

Duration of diabetes, yr

   <5 (n=524,160) 8.57 1.10 (1.07–1.12) 6.45 1.11 (1.07–1.14) 1.07 1.07 (0.99–1.15)

   ≥5 (n=245,394) 18.37 1.22 (1.18–1.25) 13.60 1.21 (1.17–1.24) 2.38 1.25 (1.16–1.35)

   P for interaction <0.001 <0.001 0.004

Baseline fasting glucose, mg/dL

   <126 (n=345,225) 15.72 1.11 (1.08–1.14) 11.86 1.12 (1.09–1.16) 1.93 1.10 (1.02–1.19)

   ≥126 (n=424,329) 9.74 1.20 (1.17–1.23) 7.20 1.19 (1.15–1.23) 1.28 1.21 (1.12–1.30)

   P for interaction <0.001 0.016 0.110

Subtype of diabetes

   E11–14 (n=753,090) 11.59 1.15 (1.13–1.17) 8.66 1.15 (1.12–1.18) 1.47 1.14 (1.08–1.21)

   E10 (n=16,464) 21.72 1.22 (1.11–1.33) 15.68 1.19 (1.07–1.32) 3.07 1.37 (1.07–1.76)

   P for interaction 0.225 0.564 0.153

Metformin

   No (n=459,862) 9.83 1.12 (1.09–1.15) 7.36 1.12 (1.09–1.16) 1.21 1.07 (0.99–1.16)

   Yes (n=309,692) 14.58 1.19 (1.16–1.22) 10.85 1.18 (1.15–1.22) 1.91 1.24 (1.15–1.34)

   P for interaction 0.001 0.014 0.007

Sulfonylurea

   No (n=448,224) 8.86 1.12 (1.08–1.15) 6.63 1.12 (1.09–1.16) 1.09 1.07 (0.98–1.16)

   Yes (n=321,330) 15.30 1.18 (1.15–1.21) 11.40 1.17 (1.14–1.21) 1.99 1.21 (1.13–1.30)

   P for interaction 0.007 0.055 0.023

Meglitinide

   No (n=750,708) 11.66 1.15 (1.13–1.17) 8.70 1.15 (1.12–1.18) 1.49 1.16 (1.10–1.22)

   Yes (n=18,846) 19.39 1.20 (1.09–1.32) 14.45 1.24 (1.12–1.38) 2.36 1.04 (0.81–1.35)

   P for interaction 0.379 0.158 0.439

Thiazolidinedione

   No (n=717,834) 11.84 1.15 (1.12–1.17) 8.83 1.14 (1.12–1.17) 1.51 1.15 (1.09–1.22)

   Yes (n=51,720) 12.47 1.24 (1.15–1.33) 9.37 1.26 (1.16–1.36) 1.52 1.19 (0.97–1.45)

   P for interaction 0.036 0.031 0.754

DPP-4 inhibitor

   No (n=737,632) 11.91 1.15 (1.13–1.17) 8.89 1.15 (1.12–1.18) 1.53 1.15 (1.09–1.22)

   Yes (n=31,922) 11.36 1.19 (1.08–1.31) 8.53 1.19 (1.07–1.33) 1.27 1.14 (0.86–1.51)

   P for interaction 0.524 0.556 0.935

α-Glucosidase inhibitor

   No (n=677,420) 10.68 1.14 (1.12–1.17) 7.98 1.14 (1.11–1.17) 1.36 1.14 (1.07–1.20)

   Yes (n=92,134) 19.10 1.20 (1.15–1.25) 14.21 1.19 (1.14–1.25) 2.42 1.21 (1.08–1.36)

   P for interaction 0.039 0.119 0.362

Insulin

   No (n=720,876) 10.89 1.14 (1.11–1.16) 8.14 1.14 (1.11–1.17) 1.38 1.14 (1.07–1.20)

   Yes (n=48,678) 21.50 1.25 (1.19–1.32) 15.93 1.24 (1.17–1.32) 2.77 1.27 (1.10–1.47)

   P for interaction 0.001 0.008 0.172

Adjusted for age, sex, body mass index, alcohol consumption, smoking, regular exercise, presence of hypertension, dyslipidemia, chronic kidney disease, lower 
20% income, hemoglobin levels, duration of diabetes for at least 5 years, prescription number of glucose-lowering medications, prescription history of insulin, 
mean fasting glucose, and presence of depressive disorder. 
IR, incidence rate; HR, hazard ratio; CI, confidence interval; DPP-4, dipeptidyl peptidase 4.
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with less favorable metabolic features of diabetes. Conversely, 
in the analysis using baseline FG levels, individuals in both the 
low and high FG groups had an increased risk of all three out-
comes, representing a U-shaped association. 

Fasting glucose variability and cognitive decline or 
dementia outcomes
Prior clinical and epidemiological studies have reported the 
impact of GV on cognitive impairment or dementia [12,21-
23]. An analysis of young individuals aged 18 to 30 years with-
out diabetes in the Coronary Artery Risk Development in 
Young Adults (CARDIA) study showed that higher intra-indi-
vidual variability in FG was associated with worsening pro-
cessing, memory, and language fluency 25 years after the base-
line examination [21]. In a pooled analysis of two prospective 
studies including 6,237 participants, there was a significant re-
lationship between HbA1c variability over 8 years and cogni-
tive deficits among participants without diabetes, but this was 
not observed in participants with diabetes [23]. 

Another study conducted in individuals with diabetes 
showed that elevated 1,5-anhydroglucitol levels, a surrogate 
marker of glucose peaks [24], and postprandial glucose excur-
sions could lead to a decline in cognitive function or risk of de-
mentia [22]. Regarding FGV in diabetes, in an analysis of 16,706 
participants of the Taiwan Diabetes Study, an independent sig-
nificance between FG CV and HbA1c CV and the risk of AD in 
individuals with type 2 diabetes mellitus was found [12]. How-
ever, despite a long median follow-up period of 8.88 years and 
several confounding factors, the study outcome was confined to 
AD and not all-cause dementia. A recent publication analyzing 
457,902 individuals with diabetes also showed that high and 
unstable HbA1c levels were associated with increased dementia 
risk using the UK Clinical Practice Research Datalink [13]. 
However, they only showed all-cause dementia incidence, they 
did not specify the incidence of AD and VD risks. 

Nonetheless, in the present study, we included more than 
700,000 eligible individuals with diabetes among almost all Ko-
reans with diabetes and conducted a comprehensive assessment 
of dementia from all-cause, AD, and VD with various con-
founding factors at baseline and detailed subgroup analyses. 

Interpretation for the anticipating effect of glucose 
variability on dementia
Multiple mechanisms may contribute to the relationship be-
tween GV and cognitive decline or the development of demen-

tia [25]. Hyperglycemia, compensatory excessive insulin secre-
tion, and enhanced peripheral or cerebral insulin resistance 
can cause inflammatory cytokine secretion in astrocytes, nitric 
oxide-mediated vasodilation, and attenuated neuronal survival 
[26]. Glucose oscillation is more related to neuronal dysfunc-
tion or oxidative stress than to constant high glucose concen-
trations in individuals with diabetes and in vitro studies 
[27,28]. Moreover, this might induce hyperphosphorylation of 
the microtubule-associated protein tau, which could disrupt 
neuronal function, a typical pathology of AD [29]. Recently, it 
is suggested that glucose excursion in individuals with diabetes 
may be responsible for changes in apolipoprotein A1 and com-
plement C3 levels, which are AD-related proteins [30]. 

GLMs usage in individuals with diabetes could affect the 
natural course of GV, thereby weakening the association of GV 
with cognitive decline or dementia [23]. Previous studies have 
shown that insulin injection is associated with a 1.44-fold 
higher likelihood of dementia [5]. Conversely, the use of piogl-
itazone reduced the risk of dementia by 47% [10]. In the pres-
ent study, subgroup analysis revealed that a prescription histo-
ry of metformin, sulfonylurea, thiazolidinedione, AGI, and in-
sulin was significantly associated with an increased risk of de-
mentia. These findings should be interpreted cautiously rather 
than concluding that GLMs increase FGV. Considering that 
VIM quartile 4 consisted of a higher proportion of combina-
tion users of ≥2 GLMs, individuals with uncontrolled diabetes 
and high GV may be treated with various GLMs to reduce 
their blood glucose levels. If GLMs are not used for treatment, 
the association between GV and dementia would be stronger 
than the reported results. The above-mentioned drugs ac-
counted for the top five GLM classes during 2008 to 2009, the 
period during which prescription history was estimated [31]. 
Future randomized controlled trials should compare the ef-
fects of GLMs on GVs. 

In the present study, we should note that patients who were 
not obese and those with a longer duration of diabetes, higher 
blood glucose levels, GLM treatment, and dyslipidemia were 
more vulnerable to GV. These results were partially in line with 
those of previous research regarding GV and various outcomes 
showing the accentuated effect of GV in individuals with dia-
betes with uncontrolled glycemia [32,33]. The combination of 
GV and these confounders may have additive or synergistic ef-
fects on dementia development.

Throughout this study, the lower significance of VD out-
comes than that of all-cause dementia or AD may be attributed 
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to the low incidence rate of VD. Furthermore, despite the in-
clusion of type 1 diabetes mellitus in this study, the impact is 
expected to be minimal considering the low proportion of 
ICD-10 E10 codes (2.1%). Following sub-analysis according to 
ICD-10 codes, similar trends were noted throughout the three 
study outcomes without any interaction (Table 4). 

There are no standardized methods for estimating glycemic 
variability. Although most previous studies adopted CV or SD, 
we selected VIM, which is independent of the mean value 
[17,34]. The CV and SD analyses were similar. 

Conversely, when we investigated the association between 
FG levels and the risk of dementia, individuals with FG <100 
mg/dL or FG ≥180 mg/dL had a higher risk of all-cause de-
mentia, AD, and VD. A prior meta-analysis of 144 prospective 
studies also clarified a nonlinear dose-response association be-
tween hypoglycemia and hyperglycemia, presenting an in-
creased risk for all-cause dementia, AD, and VD [5]. 

This is the first nationwide population-based study focusing 
on the predictive capacity of FGV on the risk of dementia from 
all-cause, AD, and VD in individuals with diabetes. Individuals 
with diabetes are vulnerable to dementia and cognitive impair-
ment, which makes comprehensive self-care management dif-
ficult [10]; thus, it is essential to identify modifiable factors re-
lated to dementia. 

 We demonstrated the anticipating capacity of FGV for fu-
ture dementia events even after adjusting for traditional diabe-
tes-related factors; thus, reducing FGV can be a treatment tar-
get for diabetes for dementia prevention beyond lowering the 
average glucose levels. Measuring FG levels is easier and 
cheaper than measuring HbA1c levels; thus, this simple strate-
gy for estimating FGV could help establish public health poli-
cies to identify and prioritize populations at high risk for de-
mentia among individuals with diabetes; this strategy can in 
turn aid the active prevention of dementia. 

Limitations of study
This study has several limitations. First, given that the defini-
tion of dementia is based on claims data from the NHIC, 
which lacks neuroimaging data and pathologic confirmation, 
incident dementia can be over-diagnosed. For improved accu-
racy of dementia diagnosis, we used information on prescrip-
tion history for anti-dementia drugs, although the misclassifi-
cation of patients with mild cognitive impairment (MCI) to 
AD patients persists. The incidence rate of all-cause dementia 
in the present study was 9.8 per 1,000 person-years, which is 

consistent with the rates reported in previous studies in Japan, 
China, and Europe [35-37], thus supporting the reliability of 
this study. In Korea, for reimbursement of the prescription of 
anti-dementia medications, there is a need for (1) Clinical De-
mentia Rating 1–3 or Global Deterioration Scale stage 3–7, 
and (2) Mini-Mental State Exam (MMSE) score ≤26, which 
suggests a low probability of misclassification of other neuro-
psychological diseases misdiagnosed as dementia [38]. This 
would be helpful in differentiating MCI/mild dementia pa-
tients from moderate to severe dementia patients to identify 
detailed prescription histories of anti-dementia medications in 
future studies. Second, we had no information about the edu-
cational status, familial history of dementia, psychiatric histo-
ry, or apolipoprotein E4 phenotype, which are well-known risk 
factors for AD and VD [39,40]. Instead, we considered a histo-
ry of depressive disorder from ICD-10 codes [5] and used the 
income level for socioeconomic status. Third, a reverse associ-
ation is also possible. People with dementia are more likely to 
be diagnosed with diabetes than those without dementia [41], 
and patients with undiagnosed dementia due to the absence of 
clinical manifestations could be included in this study. To over-
come this issue, we excluded the incidence of dementia within 
1 year of baseline examination. Fourth, we could not adjust for 
changes in FG levels and/or prescriptions for GLMs in study 
participants during the follow-up period. Finally, we did not 
have any information on HbA1c levels. However, as HbA1c 
levels indicate the average glucose status [42], FG levels are 
more suitable for estimating GV than HbA1c levels. Similar 
results were found in other studies that used GV and HbA1c 
variability [12]. 

In conclusion, we illustrated the positive association be-
tween FGV over 5 years and the risk of dementia in this exten-
sive nationwide population-based study. The highest quartile 
of FG VIM exhibited a 17% to 19% higher risk of all-cause de-
mentia, AD, and VD than the lowest quartile, which was more 
pronounced among individuals with less favorable metabolic 
profiles. This phenomenon underscores the notion that GV 
management and glycemic control are essential to reduce the 
increasing prevalence of dementia in individuals with diabetes. 

SUPPLEMENTARY MATERIALS

Supplementary materials related to this article can be found 
online at https://doi.org/10.4093/dmj.2021.0346.
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