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ABSTRACT

Association Between Age at Diabetes Onset and Subsequent Dementia

: An Age-Attained Analysis

Jiwon Lee

Department of Health Informatics & Biostatistics,

Graduate School of Public Health Yonsei University

(Directed by Professor Sohee Park, Ph.D.)

Background: Traditional Cox Proportional hazards models (Time on study analysis),
which use absolute time as the time scale, may not adequately account for age-specific risks.
Previous studies have suggested that using attained age as the time scale may be more
appropriate in age-specific survival analyses. While association between diabetes and
dementia has been well established, limited research has explored how the age at diabetes
onset influenced the subsequent risk of dementia in Korea. Given the rising global
prevalence of diabetes-particularly among younger individuals-further investigation into

this relationship is essential. Therefore, the present study investigated the association

Vi



between diabetes onset age and subsequent dementia risk using different time scales,

addressing a gap in the existing literature.

Methods: This study utilized the National health Insurance Service-Health Screening
Cohort (ver.2.1.), which was constructed through simple random sampling of 514,866
individuals (10% of 515 million) who underwent general health screening in 2002-2003.
The study population consisted of individuals aged 40 or more, who were diagnosed with
diabetes and maintained eligibility for National Health Insurance coverage. The data spans
for 18-year period from 2002 to 2019. A two-year wash-out period was applied; individuals
diagnosed with diabetes in 2002 and 2003 were excluded. Following these criteria, a total

of 77,092 individuals were included in the final study cohort.

Time on study analysis is commonly employed for the analysis of time-to-event data.
However, in studies where age plays a critical role- such as the investigation of the
association between age at diabetes onset of developing dementia- it is more appropriate to
account for the influence of age on disease incidence by adopting age attained analysis,
which uses age rather than absolute time for time scale. Therefore, time on study analysis
and age attained analysis were conducted and compared to examine the association between
age at diabetes onset and the risk of developing dementia. In addition, the effects of several
covariates-including income level, sex, smoking frequency, alcohol consumption,
frequency of physical activity, and body mass index (BMI)-on dementia risk were also

evaluated. To further elucidate the impact of diabetes onset age on distinct dementia types

Vii



and to address the potential overestimation of dementia incidence due to competing

mortality, a competing risks analysis was also conducted.

Results: Analyses using two different times scales- time on study analysis and age attained
analysis-yielded contrasting results regarding the association between age at diabetes onset
and the risk of dementia. Using time on study analysis, later onset of diabetes was
associated with a higher risk of developing dementia. In contrast, when using attained age
as the time scale, earlier onset of diabetes was associated with an increased risk of dementia.
Regarding other factors, the results showed consistent directions of association across both
models. Higher income levels were linked to a reduced risk. With respect to sex, dementia
was found to be significantly more prevalent among females compared to males. A higher
frequency of smoking was associated with a decreased risk of dementia. Conversely,
increased alcohol consumption as correlated with a higher risk. Greater frequency of
physical activity was associated with a reduced risk of subsequent dementia, and higher
body mass index was similarly linked to a lower risk. An important finding of this study
was that the association between diabetes onset age and dementia risk yielded opposite
results depending on the choice of time scale in the Cox regression model. Given the strong
influence of age on both diabetes onset and dementia, using attained age as the time scale

provided a more appropriate framework for age-specific risk comparison across individuals.

Conclusions: This study investigated the association between age at diabetes onset and
dementia risk using a nationally representative Korean cohort. It also examined the

influence of various covariates and explored differences by dementia subtype. The results
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indicated that earlier-onset diabetes was associated with a higher risk of dementia,
underscoring the importance of timing and duration of diabetes in relation to cognitive
decline. Moreover, the comparison of models using different time scales emphasized that
using attained age as the time scale may be more appropriate when studying age-dependent
outcomes such as dementia. These findings contribute to the growing body of evidence on
the link between metabolic conditions and neurodegeneration and offer methodological

insight for future research.

Key words: Diabetes Mellitus, dementia, Time Scale, Cox proportional hazards regression
model, Age-attained analysis, Competing risk analysis



. INTRODUCTION

1. Background

The incidence of type 2 diabetes has escalated due to factors such as population aging,
lack of exercise, growing obesity trends and calorie-dense eating habits. (Chatterjee,
Khunti et al. 2017). Over the past four decades, the prevalence of diabetes in Korea has
risen dramatically, increasing from 1.5% to 9.9%, a six- to seven- fold rise. (Kim 2011).
Diabetes prevalence is not only rising overall, but is also increasingly observed in younger
individuals. National surveys conducted in Korea from 2001 and 2013 showed an age-
related increases in diabetes prevalence across all age groups, except for those aged 30-39
years (Ha and Kim 2015). According to the Health Insurance Review and Assessment
Service (HIRA) statistics, the number of diabetes patients in their 20s and 30s increased
from 139,682 in 2018 to 174,485 in 2022, showing a 24.9% increase. This growth rate
exceeds the overall increase in diabetes patients, which was 21% during the same period.
As the prevalence of diabetes itself increases and the age of diabetes onset decreases,

studies on the impact of diabetes on individuals have become more prevalent.

With the accelerating pace of population aging worldwide, dementia has also become
one of the most important public health problems globally. In particular, dementia imposes
the highest disease burden among the elderly population in Korea, with rates of 528 per
100,000 in the general population and 5,117 per 100,000 among individuals aged 65 and

older in 2008. This burden is expected to rise significantly as the population continues to



age (Park, Eum et al. 2013).

With growing interest in the link between diabetes and dementia, studies have started to
investigate how diabetes influences dementia development and its clinical implications.
Various studies related to these diseases have been conducted. Significant associations were
identified between early diabetes diagnosis and increased mortality from vascular diseases
and other non-neoplastic causes, especially those related to neurological, respiratory, and
infectious origins, with external causes (Kim 2024). Several large-scale multicohort meta-
analyses have been published demonstrating a significant association between diabetes and
dementia (Amidei, Fayosse et al. 2021). Furthermore, epidemiological reviews have
identified consistent cross-sectional and longitudinal association between type 2 diabetes
and moderate cognitive decline, especially in domains such as memory and executive
functioning (Pasquier, Boulogne et al. 2006). Another study estimated that diabetes
increase the risk of developing dementia by approximately 50% (Yu, Han et al. 2020). As
interest in this topic continues to grow, the association between diabetes onset age and
subsequent risk of dementia has also been increasingly explored in recent years. A
prospective cohort study conducted in the UK demonstrated that an earlier age at diabetes
onset is associated with a higher risk of developing dementia later in life (Amidei, C. B., et
al. 2021). Another study utilizing data from the UK Biobank similarly reported that
individuals with an earlier onset of diabetes exhibited a higher incidence of dementia
compared to those diagnosed later in life (Wang, Y., et al. 2023.). Although research on the

association between age at diabetes onset and dementia has been emerging in recent years,



studies on this topic remain limited in the Korean Population.



2. Study objectives

The main objective of this study is to discover the association between age at diabetes
onset and subsequent dementia in Korea. Furthermore, the study aims to conduct analysis
using two different time scales, time-on study and age attained study, to compare the results

based on the choice of time scale.

(1) To estimate the hazard risks of dementia in relation to diabetes onset age using
traditional Cox proportional hazard regression model using time on study as the

time scale.

(2) To estimate the hazard risks of dementia in relation to diabetes onset age using

Age attained analysis using attained age as the time scale

(3) To compare the association of diabetes onset age on subsequent dementia using

different time scales.

(4) To categorize dementia into 3 groups, Alzheimer’s disease/ Vascular dementia/
other dementia and estimate the hazard risks of each group in relation to diabetes

onset age using competing risk analysis.



3. Literature review

3.1. Diabetes and dementia

Alzheimer’s disease and diabetes mellitus are highly prevalent and pose serious health
burdens for the aging population. Several studies have confirmed a relationship between
diabetes and various types of dementia (Pasquier, Boulogne et al. 2006). Moreover, the
Lancet Commission on dementia prevention, intervention, and care classified diabetes as a
confirmed risk factor in the development of dementia (Savelieff, Chen et al. 2022). Among
studies investigating the impact of diabetes on dementia, a number of studies have focused
specifically on how the age at which diabetes or dementia occurs may influence their
association. A study examining risk factors for dementia among individuals with type 2
diabetes mellitus in Korea found that, with the exception of sex, most risk factors had a
stronger impact on young-onset dementia than late-onset dementia (Yu, Han et al. 2020).
The risk factors included factors such as smoking status, drinking frequency, exercise,
income level, depression and more. In another study focusing on the impact of duration of
diabetes on the risk of dementia in ischemic stroke patients, the results showed that
individuals who had diabetes for five years or longer had a higher risk of developing
dementia compared to participants who suffered diabetes for less than five years (Kim, Han
et al. 2025). From a study identifying factors that are modifiable on dementia risk using
UK Biobank showed that the influence of dementia risk varied by category, with lifestyle

contributing the most by 16.6%, followed by medical history of 14.0%, and socioeconomic



status of 13.5% (Zhang, Chen et al. 2023).
3.2. Sociodemographic features and dementia

Socioeconomic status, particularly income level, has repeatedly been shown to play as a
determinant of dementia risk. A study based on data from the Sao Paulo Ageing & Health
Study (SPAH) study showed that those who lacked literacy, were employed in unskilled
labor, and had lower earnings were more likely to experience dementia (Scazufca, Almeida
et al. 2010). In another study, both declining income levels and low income in later life
showed association with higher risk of dementia. The results were consistent regarding the

association between income levels and dementia.

Most studies on the overall prevalence of dementia have reported that it is higher in
women than in men. According to information provided by the Korean Dementia
Association, Alzheimer’s disease, which is the most common neurodegenerative condition
causing dementia, is also known to occur at a significantly higher rate in women compared

to men. This gender difference becomes more pronounced with increasing age.
3.3. Health behavior characteristics and dementia

There have been various studies on the association between alcohol consumption and
dementia. Focusing on research conducted in South Korea, one study involving a cohort of
3,933,382 Korean individuals found that those who engaged in mild to moderate alcohol

consumption had a lower risk of developing dementia compared to non-drinkers. However,



individuals who engaged in heavy drinking had a higher risk of dementia. Moreover, those
who reduced their alcohol intake from heavy to moderate levels showed a decreased risk
of developing dementia (Jeon, Han et al. 2023). The results were consistent in another study
searching for the association between consumption of alcohol and risk of dementia with

patients suffering depression (Shin, Jung et al. 2025).

Studies conducted for searching association between smoking levels and dementia in
Korea also showed consistent results. A study conducted in Korea involving 789,532
participants showed the results that smoking cessation was associated with a reduced risk
of dementia. In addition, individuals who either increased or decreased their smoking levels
had a higher risk of developing dementia compared to those who maintained a consistent
level of smoking (Jeong, Park et al. 2023). In another study conducted in Korea including
46,140 men who were aged 60 years or older, the findings showed that never-smokers and
long term quitters had lower risk of dementia compared to continual smokers (Choi, Choi

et al. 2018).

In studies regarding association of exercise level and dementia also showed consistent
results. In a large Korean cohort of 62,286 individuals, higher levels of physical activity ,
even light-intensity activity, were linked to a lower risk of dementia among older adults
(Yoon, Yang et al. 2021). In another study held in Korea investigating the association
between physical activity and dementia among cancer survivors showed the result of

dementia risk increasing in inactive groups compared to exercise groups (Lee, Han et al.).



3.4. Medical characteristics and dementia

BMI also appeared to be a contributing factor influencing the risk of dementia. A study
conducted in Korea examining the association between BMI and dementia in newly
diagnosed diabetes patients reached the conclusion of a higher baseline BMI being
independently associated with a lower risk of dementia regardless of confounding factors
(Nam, Park et al. 2019). In another study using a cohort of 1,958,191 individuals from
United Kingdom Clinical Practice Research Datalink(CPRD), the results showed that
higher BMI showed a lower risk of dementia, showing consistent results to studies in Korea

(Qizilbash, Gregson et al. 2015).



Il. Methods

1. Data used

National Health Insurance Service-Health Screening Cohort (ver. 2.1) was used in this
study. To analyze healthcare utilization and health outcomes among recipients of general
health screenings, a cohort-based research database was constructed using a 10% sample
the 515 million individuals (514,866 individuals) who underwent general health screenings
in 2002—-2003. Simple random sampling was used. The cohort includes individuals aged 40
to 79 years as of December 2002 who maintained National Health Insurance qualification.
The database spans 18 years (2002—2019) and comprises information on qualification and
income (socioeconomic variables), records of medical utilization, health screening results,
and medical care. All data are fully anonymized to ensure that personal information is not
identified. The dataset includes qualification information that contains socioeconomic
status, disability status, and mortality data and health utilization information including
clinical and health screening records, and information on the status of healthcare

institutions.



2. Study population

The subjects of this study were diabetic patients aged more than 40. Diabetic patients
were identified using Korean Standard Classification of Diseases (KCD) code and the
usage of hypoglycemic agent. KCD code is established to classify diseases and other health
problems recorded in all types of heath and vital records in South Korea based on the
International Statistical Classification of Diseases (ICD) recommended by the World
Health Organization (WHO). Among the 217,304 subjects who had KCD codes “E11”,
“E12”, “E13”, “E14” in medical claims data, those who had received hypoglycemic agent
in either inpatient or outpatient prescription records were classified as diabetes patients
(116,519). For the Identification of users of hypoglycemic agent, the therapeutic drug
classification coded provided by the Hearth Insurance Service Review & Assessment
service (HIRA) was used. A two-year wash-out period was applied, and individuals
diagnosed with diabetes in 2002 and 2003 were excluded from the study leaving the number
0f 77,969. Among the 77,969 subjects, those who suffered Dementia prior to Diabetes were
excluded and a total of 77,092 individuals were selected as the final study population for

analysis.
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Who entered the
cohortin 2002
(n=514.866)

Exclusion of KCD codes
“E11”. “E12”. “E13”. “E14”
(n=297.562)

Exclusion

Who had KCD codes
“E117, “E127, “E13™. “E14~
(n=217.304)

Did not receive
Hypoglycemic agent
(n=100,785)

Exclusion

Diabetes patients who had
both KCD codes
“E11”, “E12”, “E13”, “E14”
And Hypoglycemic agent
(n=116.519)

Patients diagnosed of diabetes
during wash-out period
(n=38.550)

Exclusion

Suffered Dementia
prior to Diabetes
(n=877)

Exclusion

Final study population
(n=77.092)

Figure 1. Flow Chart of Study Population
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3. Variables

3.1. Outcome variable

In this study, the outcome variable is incidence of dementia. Dementia patients were
identified using KCD codes and the usage of dementia medications. Among those who had
KCD codes “F00”, “F01”, “F02”, “F03” in medical claims data, individuals who received
dementia medications in either inpatient or outpatient prescription records were classified
as dementia patients. Dementia medications were selected by the Clinical Practice
Guideline for Dementia (Diagnosis and Evaluation): 2021 Revised Edition (Korean
Dementia Association, 2021). Donepezil hydrochloride, Rivastigmine, Galantamine,
Memantine were used for the identification of Dementia patients. Of the 54,854 individuals

identified based on ICD codes, 34,016 had been prescribed dementia medications.

Table 1. KCD codes for different types of Dementia

Types of Dementia KCD-code
Alzheimer's disease F00.0 ~ F00.2 F00.9
Vascular dementia F01.0 ~ FO1.3 FO1.8 FO1.9
Other dementia FO3

KCD: Korean Standard Classification of Diseases, 8th version

12



Table 2. Dementia Medication Code from HIRA

Name of drug Code
148630ALQ, 148631ALQ, 148601APD, 148601ATB,
Donepezil hydrochloride 148601ATD, 148602APD, 148602ATB, 148604ATB,
148602ATD, 148603ATB
Rivastigmine 224501ACH, 224503ACH, 224504ACH
385203ACR, 385203ATR, 385204ACR, 385204ATR,
385205ACR, 385205ATR
190003ATD, 190004ATB, 190004ATD, 190005ATB,
190006ATD

Galantamine

Memantine

3.2. Main interest variable

The main interest variable of the study is age of diabetes onset. Diabetes patients were
identified using KCD codes and the usage of hypoglycemic agent. Among those who had
KCD codes “E117, “E12”, “E13”, “E14” in medical claims data, individuals who received
hypoglycemic agents in either inpatient or outpatient prescription records were classified
as Diabetes patients. Hypoglycemic agents were selected by the Clinical Practice
Guidelines for Diabetes (Korean Diabetes Association, 2023). Metformin, Voglibose,
Repaglinide, Dpp-4, Insulin, Meglitinide and Exenatide were used for the identification of
Diabetes patients. The variable containing diabetes onset age was made by the age of the
participant on the year of diabetes incidence during the study period. The age of diabetes

onset was categorized into 4 groups for the analysis: 40-49, 50-59, 60-69, 70+.

13



Table 3. Diabetes Medication Code from HIRA

Name of drug Code

191501-191504ATB, 191504ATR, 191505ATR, 443400ATB,
443500ATB, 471900ATB, 474200ATB, 474300ATB, 474300ATR,
497200ATB, 498100ATB, 498600ATB, 502300ATB, 502300ATR,
502900ATB, 507000ATB, 507100ATB, 513700ATB, 513700ATR,
518500ATR, 518600ATR, 518800ATB, 519600ATB, 520500ATB,
520600ATB, 520700ATB, 523600ATB, 523700ATB, 523800ATR,
524700ATR, 631900ATB, 632000ATR, 632100ATB, 635600ATB,
635700ATB, 637200ATB, 639800ATR, 641400ATR, 641800ATR,
641900ATR, 642000ATR, 644900ATB, 645000ATR, 648400ATB,
648500ATB, 648600ATB, 649900ATR, 650000ATR, 650100ATR,
653800ATR, 653900ATR, 654000ATR, 654100ATR, 655700ATR,
191502ATR

249001ATB, 249001ATD, 249002ATB, 249002ATD, 523600ATB,
523700ATB

Repaglinide 379501ATB, 379502ATB, 379503ATB, 632100ATB, 637200ATB

500801ATB, 501101ATB, 501101ATB, 501101ATB, 501102ATB,
501102ATB, 501102ATB, 501103ATB, 501103ATB, 501103ATB,
501103ATB, 501103ATB, 501103ATB, 501103ATB, 502300ATB,
502300ATR, 502900ATB, 507000ATB, 507100ATB, 513700ATB,
513700ATR, 518500ATR, 518600ATR, 519600ATB, 520500ATB,
520600ATB, 520700ATB, 523800ATR, 524700ATR, 613301ATB,
613302ATB, 616401ATB, 619101ATB, 624201ATB, 624202ATB,
624203ATB, 627301ATB, 630300ATB, 630400ATB, 630500ATB,
630600ATB, 632000ATR, 635600ATB, 635700ATB, 639601ATB,
641900ATR, 642000ATR, 645000ATR, 645301ATB, 648400ATB,
648500ATB, 648600ATB, 649900ATR, 650000ATR, 650100ATR,
654100ATR

170130B1J, 170131B1J, 170430B1J, 170431B1J, 17533081,

175331BIJ, 175332B1J, 175333B1J, 441330B1J, 441331B1J,

Insulin 441332B1J, 441333B1J, 441334B1J, 461830B1J, 461831BIJ,
461832B1J, 484930B1J, 484931B1J, 488730B1J, 626830B1J,
626831B1

Exenatide 512130B1J, 512131B1J

Metformin

Voglibose

Dpp-4

14



3.3. Covariates

Several factors were accounted for in the analysis when assessing the association of
diabetes onset on subsequent dementia. The covariates considered in this study included
sociodemographic characteristics (sex and income level), health behavior factors
(frequency of alcohol consumption, smoking and physical activity), and medical

characteristics (BMI).

The Income level was categorized into three groups based on the health insurance
premium percentile. Individuals in the 1st to 3rd quintiles were classified as the low-income
group, those in the 4th to 7th quintiles as the middle-income group, and those in the 8th to
10th quintiles as the high-income group. The frequency of alcohol consumption was
categorized into four groups: less than three times per month, 4-10 times per month, 10—
16 times per month, and 17 or more times per month. Smoking frequency was categorized
into four groups: fewer than 10 cigarettes per day, 10-20 cigarettes per day, 20—40
cigarettes per day, and more than 40 cigarettes per day. Physical activity frequency was
categorized into four groups: 0—1 time per week, 2—3 times per week, 45 times per week,
and 67 times per week. BMI was categorized into three groups: less than 25, 25 to less

than 30, and 30 or higher.

15



4. Statistical Methods

4.1. Statistical tests for Difference

To examine the general characteristics of the study participants, a Chi-square test was
conducted to examine the differences between 4 groups categorized by age of diabetes
onset (40-49, 50-59, 60-69, 70+). Kaplan-Meier survival analysis and log-rank test were
performed additionally to compare the cumulative incidence rates of the 4 groups

categorized by age of diabetes onset.

4.2. Time on study analysis (Traditional Cox proportional hazards model)

Cox Proportional Hazard Regression is a statistical method commonly used in medical
research and epidemiology to estimate the effect of covariates on survival time. It is a semi-
parametric model used for analyzing time-to-event data. Cox regression is considered a
semi-parametric model as it shows both parametric and non-parametric features. There is
no assumption about the distribution of survival times; however, the model assumes
proportionality hazards assumption, meaning that the effects of different variables on
survival are constant over time and additive on a specific scale (Abd ElHafeez, D’ Arrigo
et al. 2021). The Cox regression model is based on the hazard function. Mathematically,

the Cox model is written as follows:
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h(t

Xj = Iy I:ﬁ L*}{lhf."fj;tfj + Faxa 4o 4 }J;Ef},]

Ho(t) is the baseline hazard at time t representing the hazard for an individual when all
predictor variables are set to zero. The variables x; through x, represent the set of variables
that are used to model the relationship between covariates and the outcome of interest. By
computing the exponential of the regression coefficient b, through b,, the hazard ratio of a
given risk factor or predictor can be calculated in the model. Cox regression does not
estimate the baseline hazard directly. Instead, the regression coefficients b, through b, are
estimated using partial likelihood. The regression coefficients are estimated using partial
likelihood maximization. The equation for calculating the regression coefficients is written

as follows:

n

T
L — ‘ ‘ exp(B” X;)
(5) ZjeR(t)) exp(BTX )

i=1

For each observed event time t;, the likelihood contribution is the probability that
individual i (who experienced the event) has a higher hazard than others at risk at ti. R(t;)
is the risk set at time ti, meaning individuals still at risk just before time ti. The denominator
sums over all individuals still at risk at time t;. This function is maximized numerically to

estimate beta. The followed figure shows the Time-on study scale.
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Figure 2. At Risk Set using Time on Study Scale

Time on study analysis was used in this study to estimate the risk of Dementia effected
by the several factors of individuals. The factors used in this study were sociodemographic
characteristics (sex and income level), health behavior factors (frequency of alcohol
consumption, smoking and physical activity), and medical characteristics (BMI). Time to
event was defined as the duration from the onset of diabetes to the earliest occurrence of

either dementia diagnosis, death, or the end of the study period.

4.3. Age attained analysis

Time on study analysis uses absolute time as the time scale. However, using time-on

study as the time scale does not account for the influence of age on disease incidence. For
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example, if a 20-year-old and a 60-year-old enters the cohort at the same time, using time-
on study as the time scale would mean that they would be given the same time-to-event.
Treating as if their risks for a disease were the same would lead to incorrect results as it is
a relevant thought that the 60-year-old participant would have a higher chance of
developing a disease. Using attained age as the time scale can be a solution to the previously
mentioned problem. Employing attained age as the time scale offers maximal flexibility in

adjusting for age-related effects (Han, 2018).

Unlike time on study analysis, age attained analysis uses attained age as the time scale
for Cox proportional hazards regressions. This means when an individual is observed at a
certain age, their risk is compared to others of the same attained age, regardless of when
they entered the study. When attained age is used as the time scale of the hazard function,
it can be directly interpreted as an age-specific incidence function. Mathematically, the age

attained analysis is written as follows:
I ’
/z(a|A0,l- =ay,Z; = z) = /zo(a) -e?h

The equation denotes the hazard function at attained age a, given covariates z. ho'(a) is
the baseline hazard as a function of attained age. ¢*® captures the effect of covariates. Using
attained age as a time scale gives correct adjustment for the age at entry which is crucial in

reducing bias of the estimated coefficients (Pencina, Larson et al. 2007).
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In this study, an age attained analysis was chosen, as entry age played a critical role in
examining the association between age at diabetes onset and the subsequent risk of
dementia. Additional consideration was needed for the proper choice of time scale. As no
individuals in the data is followed from birth until the event of interest and as individuals
enter cohort at different point of times, left-truncation was taken into account as the most
appropriate refinement. Mathematically, the left-truncated age attained analysis is written

as follows:

i(aldo; = ag, Z; = 2) = /Zg(a|ao) oy

The point of origin is defined at A=A, ; which shows the hazard also depends on ao. The
conditioning on ao controls for the truncated individuals, who have developed the event
prior to the ages at entry of the cohort. Figures for Age scale and Left truncated Age scale

is provided for better understanding.
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Figure 4. At Risk Set using Age as the Time Scale with Left Truncation

Different from Figure 2, Figure 3 and Figure 4 has the time scale controlled as age.
Comparing the two different choice of time scales, individuals included at risk are different.
In Figure 2, individuals who are at risk are {a, b, c, d, e} of t1, as in Figure 3, individuals

who are at risk are {b, d, e} as it is the time point when participants {a, ¢} did not enter the
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cohort yet. That is, the choice of the time scale determines the composition of the risk set,

altering the group of individuals who remain at risk of experiencing the event after time t;.

4.4. Competing risk analysis

In trials involving survival data, competing risks frequently arise, necessitating the
classification of failure events not only by their occurrence of failure and censoring, but
also by their specific cause, commonly designated as type I or type II (Lunn and McNeil
1995). Competing risk analysis is needed when multiple types of events occur, and one
prevents the occurrence of another while studying time-to-event outcomes. Traditional
survival analysis such as Kaplan-Meier and Cox models assumes that all individuals would
eventually experience the event of interest if followed long enough. However, this

assumption is not true in real data when competing risks exist.

To analyze competing-risk data, cause-specific hazard function was used in this study.
The cause-specific hazard function gives the instantaneous risk of experiencing a particular
event at a given time, assuming the individual has survived up to that time. Mathematically,

the cause-specific hazard function is written as follows:

. Pt <T<t+Ateventtype =k|T =t)
4 (t) = lim
k At—0 At
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The Cox proportional hazards model can be effectively extended to analyze the cause-
specific hazards functions from different event types. For cause k, a separate hazards model

can be assumed,

4 (812) = 4 (Oexp (B',2)

Where hyo(t) is the baseline of the cause-specific hazard function and the vector P
represents the covariate effects on the event of interest. Because the K models are mutually
exclusive, each can be analyzed independently. The coefficients Px are estimated by

maximizing the modified partial likelihood.
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I1l. Results

1. Characteristics of study population

There were 77,092 individuals selected as the final study population, and the general
characteristics of study population were shown in Table 4. Firstly, the association between
income level and the groups of diabetes onset age is significant(p<0.0001). As shown in
the table, the income level of the study participants mainly belonged to high-income. Low-
income group accounted for 24.24%, middle-income group accounted for 33.79% and
high-income group accounted for 41.97% of the study population. Male occupied a higher
percentage by 59.40% than Female participants with 40.50%. However, as the age group
increases, the proportion of female participants tends to rise. The occupation of Female
participants exceeds the male participants from age group of 70-79. Majority of the
participants smoke less than 10 cigarettes a day (Less than 10 cigarettes per day: 90.36%,
10-20 cigarettes per day: 2.23%, 20-40 cigarettes per day: 5.03%, more than 40 cigarettes
per day: 2.38%). The drink group of the study population mainly belonged to the group
who drinks less than 3 times per month with 73.07%, followed by 4-8 times per month
(11.59%), 12-16 times per month (7.34%), more than 17 times a month (8.00%). The
percentage occupied by participants who drank less than 3 times per month took a bigger
portion with the group who were late at diabetes onset. As for frequency of physical activity,
the group with 0-1 times per week accounted for more than half of the participants (0-1

times per week: 58.43%, 2-3 times per week: 15.71%, 4-5 times per week: 6.08%, 6-7 times
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per week: 19.78%). The groups categorized by BMI rate of less than 25, 25-30 and 30 or
higher took 51.30%, 4,25% and 6.45%. The percentage occupied by participants who had
a BMI rate less than 25 took a bigger portion with the group who were late of diabetes
onset. Participants who had BMI rate that is 30 or higher had a tendency to be in a group
with lower age of diabetes onset. Lastly, 7.32 percent of the participants developed
dementia during the study period. Late age of diabetes onset seems to take a bigger
percentage of Dementia. Since the study period spans 16 years, it appears that the older the

entry age, the higher the risk of developing dementia.

For the study participants in the study period, the variables used for the model (Income
level, sex, smoking frequency, drinking frequency, frequency of physical activity, BMI,
Occurrence of dementia) showed statistically significant differenced by the 4 groups of

diabetes onset age (age 41-59, 60-69, 70-79, 80+).
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Table 4. General Characteristics of the Study Population

Age of diabetes onset

Variables Total
Age (40-49) Age (50-59) Age (60-69) Age (70+) P-value
Total 77,092 35,136 26,315 13,358 2,283
Income level <0.0001
Low 18,684 (24.24) 7,103 (20.22) 7,021 (26.68) 3,887 (29.10) 673 (29.48)
Middle 26,051 (33.79) 11,835 (33.68) 9,189 (34.92) 4,399 (32.93) 628 (27.51)
High 32,357 (41.97) 16,198 (46.10) 10,105 (38.40) 5,072 (37.97) 982 (43.01)
Sex <0.0001
Male 45794 (59.40) 23,672 (67.37) 14,657 (55.70) 6,426 (48.11) 1,039 (45.51)
Female 31,298 (40.50) 11,464 (32.63) 11,658 (44.30) 6,932 (51.89) 1,244 (54.49)
Smoke <0.0001
<10 per day 69,657 (90.36) 31,630 (90.02) 23,734 (90.19) 12,202 (91.35) 2,091 (91.59)
10-20 1,721 (2.23) 986 (2.81) 564 (2.14) 156 (1.17) 15 (0.02)
20-40 3,878 (5.03) 1,923 (5.47) 1,380 (5.24) 500 (3.74) 75 (3.29)
> 40 1,836 (2.38) 597 (1.70) 637 (2.42) 500 (3.74) 102 (4.47)
Drink <0.0001
<3 times per month 56,331 (73.07) 23,387 (66.56) 20,053 (76.20) 10,951 (81.98) 1,940 (84.98)
4-10 times 8,932 (11.59) 5,362 (15.26) 2,654 (10.09) 822 (6.15) 94 (4.12)
10-16 times 5,664 (7.34) 3,401 (9.68) 1,613 (6.13) 581 (4.35) 66 (2.89)
>17 times 6,168 (8.00) 2,986 (8.50) 1,995 (7.58) 1,004 (7.52) 183 (8.02)
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Table 4. General Characteristics of the Study Population (Cont.)

Variables

Total

Age of diabetes onset

Age (41-59) Age (60-69) Age (70-79)  Age (80+) P-value
Total 77,092 35,136 26,315 13,358 2,283
Physical activity <0.0001
0-1 times per week 45,044 (58.43) 19,277 (54.86) 15,767 (59.92) 8,367 (62.64) 1,633 (71.53)
2-3 12,115 (15.71) 5,271 (15.00) 4,186 (15.91) 2,331 (17.45) 327 (14.32)
4-5 4,686 (6.08) 2,553 (7.27) 1,431 (5.44) 617 (4.62) 85 (3.72)
6-7 15,247 (19.78) 8,035 (22.87) 4,931 (18.74) 2,043 (15.29)  238(10.42)
BMI <0.0001
Less than 25 39,549 (51.30) 17,094 (48.65) 13,461 (51.15) 7,547 (56.50) 1,447 (63.38)
25-30 32,569 (42.25) 15,474 (44.04) 11,215 (42.62) 5,121 (6.64) 759 (33.25)
30 or higher 4,974 (6.45) 2,568 (7.31) 1,639 (6.23) 690 (5.17) 77 (3.37)
Dementia <0.0001
Yes 5,642 (7.32) 515 (1.47) 2,104 (8.00) 2,509 (18.78) 514 (22.51)
No 71,450 (92.68) 34,621 (98.53) 24,211 (92.00) 10,849 (81.22) 1,769 (77.49)
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2. Cumulative Incidence Curve and Gray’s test

Cumulative Incidence functions were used to analyze the probability of developing
dementia over time across different age at diabetes onset groups, while accounting for the
competing risk of death. In Figure 5, the x-axis represents time in days, and the y-axis
shows the cumulative incidence of dementia. The blue line represents the dementia
incidence among individuals with diabetes onset at ages 40-49, the red line for ages 50-59,
the green line for ages 60-69, and the brown line for those diagnosed at age 70 or older.
The cumulative incidence of dementia was higher among those diagnosed with diabetes at
younger ages, indicating that earlier onset of diabetes was associated with a greater risk of
developing dementia over time. Gray’s test was conducted to assess whether the differences
among the four age-at-onset groups were statistically significant, and a significant

difference was observed (p <0.0001).

28



Currulative Incidence Functions
Cumulative Incdence Plot

1

Ty S TEST S, o
0.8
0.6
0.4
0.2
0.0
DIFF
LABEL —— 4049 —— B0-5% —— 8069 —— T+

Figure 5. Cumulative Incidence Curves for Dementia Risk by Diabetes Onset Age
Group

29



3. Time on study analysis

Before performing a time on study analysis, a log-log plot was drawn to assess the
proportional hazards assumption. This assumption states that the hazard ratio between
groups remains constant over time. The parallel lines in Figure 6 suggest that the
proportional hazards assumption is satisfied. Table 5 shows the result of the time on study

analysis.

Three distinct models were constructed, each employing different covariate adjustment.
Model 1 performed time on study analysis using only the diabetes onset age as a variable.
In Model 2, sex, income level and age at baseline was added. Model 3 included all the
variables which added Frequency of smoking, drinking, physical activity and BMI level to
Model 2. From the result of time on study analysis, most of the variables used in model
1,2,3 showed a statistically significant association with the occurrence of dementia. The

significant determinants were diabetes onset age, income level, sex, age at baseline,

smoking frequency, drinking frequency and frequency of physical activity (Table 5).

Especially, after adjusting other risk factors, diabetes onset age showed a statistically
significant difference in occurrence of dementia. Compared to diabetes onset age of 40-49,
the diabetes onset age group of 50-59 had a 3.02 times higher risk of developing dementia.
The diabetes onset age group of 60-69 showed a 7.38 times higher risk of developing
dementia than the diabetes onset age group of 40-49. The 70+ diabetes onset age group had

a 15.77 times higher risk compared to diabetes onset age group of 40-49 (diabetes onset
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age 50-59: HR 3.02, 95% CI 2.66-3.43, diabetes onset age 60-69: HR 7.38, 95% CI 6.38-
8.54, diabetes onset age 70+: HR 15.77, 95% CI 13.12-18.95). Regarding the income level,
the middle-income level had 1% lower risk of developing dementia compared to the low-
income group. The high-income group showed a 22% lower risk of developing dementia
compared to low-income group and it was statistically significant (middle-income: HR 0.99,
95% CI 0.92-1.05, high-income: HR 0.78, 95% CI 0.74-0.84). Female had a 1.52 times
higher risk of developing dementia and the difference was statistically significant (HR 1.52,
95% CI 1.43-1.61). In addition, compared to individuals who smoked less than 10
cigarettes a day, individuals who smoked from 10 to 20 cigarettes had a 13% lower risk of
developing dementia, individuals who smoked from 20-40 cigarettes per day had a 14%
lower risk and who smoked more than 40 cigarettes per day had a 28% lower risk of
developing dementia and the difference was statistically significant (10-20 per day: HR
0.87, 95% CI 0.72-1.06, 20-40 per day: HR 0.86, 95% CI 0.65-1.13, >=40 per day: HR
0.72, 95% CI 0.63-0.83). With frequency of drinking alcohol, compared to the group that
had alcohol less than 3 times per month, the group that consumed alcohol 4-10 times per
month had a 1 percent higher risk of developing dementia, the group consuming alcohol
11-16 times per month had a 8% higher risk of developing dementia and the group that
consumed alcohol more than 17 times per month had a 1.16 times higher risk of developing
dementia (4-10 times per month: HR 1.01, 95% CI 0.90-1.14, 11-16 times per month: HR
1.08, 95% CI 0.94-1.24,>17 times per month: HR 1.16, 95% CI 1.04-1.29). With frequency

of physical activity, compared to the group that worked out 0-1 times per week, the group
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who worked out 2-3 times per week had the same risk of developing dementia, the group
that worked out 4-5 times per week had a 13% lower risk and the group that worked out 6-
7 times per week had a 24% lower risk of developing dementia and the difference was
statistically significant (2-3 times per week: HR 1.00, 95% CI 0.93-1.07, 3-4 times per
week: HR 0.87 95% CI 0.77-0.99, 5-6 times per week: HR 0.76, 95% CI 0.70-0.83). Lastly,
compared to the group who had BMI less than 25, the BMI group of 25-30 had a 6% lower
risk and the group who had BMI of 30 or higher had a 8% lower risk of developing
dementia and the difference was statistically significant (BMI 25-30: HR 0.94, 95% CI

0.89-1.00, BMI 30+: HR 0.92, 95% CI 0.82-1.04).
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Figure 6. Log-Log Plot of Survival Curves by Diabetes Onset Group
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Table 5. Results of time on study analysis on Dementia Associated with Diabetes Onset Age

Dementia
Variables Model 1 Model 2 Model 3
HR 95% CI HR 95% CI HR 95% CI

Diabetes onset age

40-49 1.00 1.00 1.00

50-59 5.88 (5.34 - 6.47) 2.99 (2.64 - 3.40) 3.02 (2.66 3.43)

60-69 16.15 (14.69 - 17.76) 7.34 (6.34 - 8.49) 7.38 (6.38 8.54)

70+ 21.90 (19.38 - 24.75) 1571 (13.08 - 18.88) 1577 (13.12 18.95)
Income level

Low 1.00 1.00

Middle 098 (091 - 104 099 (092 - 1.05)

High 0.77 (0.72 - 0.82) 0.78 (0.74 0.84)
Sex

Male 1.00 1.00

Female 143 (135 - 151) 152 (143 - 161)
Age

40-49 1.00 1.00

50-59 274 (232 - 324 267 (226 - 3.15)

60-69 484 (402 - 582 469 (390 - 5.64)

70+ 5.00 (4.08 - 6.12) 4.66 (3.80 5.72)

Model 1: Adjusted only for Diabetes onset age
Model 2: Adjusted for Diabetes onset age, sex and income level

Model 3: Adjusted for Diabetes onset age, sex and income level, smoke, drink, physical activity and BMI
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Table 5. Results of time on study analysis on Dementia Associated with Diabetes Onset Age (Cont.)

Dementia
Variables Model 1 Model 2 Model 3
HR 95% ClI HR 95% ClI HR 95% ClI

Smoke

<10 per day 1.00

10-20 0.87 (0.72 - 1.06)

20-40 0.86 (0.65 - 1.13)

> 40 072 (063 - 0.83)
Drink

<3 times 1.00

4-10 times 1.01 (0.90 - 1.14)

11-16 times 1.08 (0.94 - 1.24)

>17 times 1.16 (1.04 - 1.29)
Physical activity

0-1 times 1.00

2-3 1.00 (0.93 - 1.07)

9 087 (077 - 0.99)

6-7 0.76 (0.70 - 0.83)
BMI

Less than 25 1.00

25-30 0.94 (0.89 - 1.00)

30 or higher 0.92 (0.82 - 1.04)

Model 1: Adjusted only for Diabetes onset age
Model 2: Adjusted for Diabetes onset age, sex and income level

Model 3: Adjusted for Diabetes onset age, sex and income level, smoke, drink, physical activity and BMI

35



4. Age attained analysis

Results of time on study analysis indicated that an increase in the age of diabetes onset
was associated with a higher risk of developing dementia. However, given that this study
focuses on the incidence of dementia, it is crucial to adjust for individual’s age at cohort
entry. Several studies have demonstrated that simply adjusting for baseline age when using
time on study analysis is not sufficient to appropriately account for the influence of age at
cohort entry. Therefore, an age attained analysis was conducted. By using this analytical
approach, the time scale was set to age, thereby adjusting for entry age into the cohort.
Additionally, since this study was conducted on individuals with diabetes, left truncation

was applied at the age of diabetes onset.

After adjusting for other risk factors, a higher age at diabetes onset was associated with
areduced risk of developing dementia. Comparing to diabetes onset age of 40-49, diabetes
onset age of 50-59 had a 10% lower risk of developing dementia, diabetes onset age of 60-
69 showed a 22% lower risk of developing dementia and diabetes onset age over 70 showed
a 36% lower risk of developing dementia. The difference was statistically significant except
for the age of 50-59 group (diabetes onset age 50-59: HR 0.90, 95% CI 0.78-1.03, diabetes
onset age 60-69: HR 0.78, 95% CI 0.67-0.91, diabetes onset age70+: HR 0.64, 95% CI
0.52-0.77). As for income level, higher income showed a tendency to have a lower risk of
dementia. Comparing to the low-income group, middle-income group showed a 0.02%
decrease in the risk of developing dementia and the high-income group had a 26% lower

risk of developing dementia (middle-income: HR 0.998, 95% CI 0.93-1.07, high-income:

36



HR 0.74, 95% CI 0.74-0.85). Female had a 1.5 times higher risk of developing dementia
compared to male individuals (HR: 1.50, 95% CI 1.41-1.60). Regarding to smoking
frequency, the group with higher smoking levels had a tendency for a lower risk of dementia.
Comparing to the group who smoked less than 10 cigarettes per day, the group who smoked
10-20 cigarettes per day had a 13% lower risk of developing dementia, the group that
smoked 20-40 cigarettes per day had a 10% lower risk of developing dementia and the
group that smoked more than 40 cigarettes per day had a 26% lower risk of developing
dementia (10-20 per day: HR 0.87, 95% CI 0.71-1.07, 20-40 per day: HR 0.90, 95% CI
0.68-1.19, >=40 per day: HR 0.74, 95% CI 0.64-0.85). For frequency of consuming alcohol,
higher levels of alcohol consumption showed an increased risk of dementia. Compared to
the group that consumed alcohol less than 3 times per month, the group that consumed
alcohol 4-10 times a month showed a 1.04 times higher risk of developing dementia, the
group that consumed alcohol 11-16 times per month showed a 1.09 times higher risk and
the group that consumed alcohol more than 17 times per month showed a 1.13 times higher
risk of developing dementia but only the group that consumed alcohol more than 17 times
per month were statistically significant (4-10 times per month: HR 1.04, 95% CI1 0.93-1.17,
11-16 times per month: HR 1.09, 95% CI 0.94-1.25, >17 times per month: HR 1.13, 95%
CI 1.02-1.27). Related to frequency of physical activity, comparing to the group who
worked out 0-1 times per week, the group that worked out 2-3 times per week showed a
1.02 times higher risk of developing dementia, the group who worked out 4-5 times per

week had a 10% lower risk of developing dementia and the group who worked out 6-7
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times per week had a 21% lower risk of developing dementia (2-3 times per week: HR 1.02,
95% CI 0.95-1.09, 3-4 times per week: HR 0.90 95% CI 0.79-1.02, 5-6 times per week:
HR 0.79, 95% CI1 0.73-0.86). Lastly, the higher BMI showed a tendency for lower dementia.
Compared to the group that had lower BMI than 25, the BMI group of 25-30 showed a 4%
lower risk of developing dementia and the group with BMI of 30 or higher showed a 7%
lower risk of developing dementia but the results were not statistically significant (BMI

25-30: HR 0.96, 95% CI1 0.91-1.02, BMI 30+: HR 0.93, 95% CI 0.83-1.05).
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Table 6. Results of Age Attained Analysis on Dementia Associated with Diabetes Onset Age

Dementia
Variables Model 1 Model 2 Model 3
HR 959% CI HR 95% CI HR 95% CI

Diabetes onset age

40-49 1.00 1.00 1.00

50-59 0.93 (0.81 - 1.06) 0.90 (0.78 1.02) 0.90 (0.78 1.03)

60-69 0.82 (0.71 - 0.96) 0.79 (0.68 0.92) 0.78 (0.67 0.91)

70+ 0.69 (0.57 - 0.83) 0.66 (0.54 0.80) 0.64 (0.52 0.77)
Income level

Low 1.00 1.00

Middle 0.99 (0.93 1.06)  1.00 (0.93 1.07)

High 0.78 (0.73 0.84) 0.74 (0.74 0.85)
Sex

Male 1.00 1.00

Female 1.42 (1.34 150) 150 (141 1.60)
Smoke

<10 per day 1.00

10-20 0.87 071 - 1.07)

20-40 0.90 (0.68 1.19)

> 40 0.74 (0.64 0.85)
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Table 6. Results of Age Attained Analysis on Dementia Associated with Diabetes Onset Age (Cont.)

Dementia
Variables Model 1 Model 2 Model 3
HR 95% CI HR 95% CI HR 95% ClI

Drink

<3 times a month 1.00

4-10 1.04 (0.93 1.17)

11-16 1.09 (0.94 1.25)

>17 1.13 (1.02 1.27)
Physical activity

0-1 times a week 1.00

2-3 1.02 (0.95 1.09)

4-5 0.90 (0.79 1.02)

6-7 0.79 (0.73 0.86)
BMI

Less than 25 1.00

25-30 0.96 (0.91 1.02)

30 or higher 0.93 (0.83 1.05)

Model 1: Adjusted only for Diabetes onset age
Model 2: Adjusted for Diabetes onset age, sex and income level

Model 3: Adjusted for Diabetes onset age, sex and income level, smoke, drink, physical activity and BMI
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5. Comparison of results using different time scales

The findings from time on study analysis and age attained analysis were evaluated to
determine the influence of diabetes onset age on the risk of developing dementia. The

comparison of results among analysis is summarized in Table 7.

Income level showed an association with risk of dementia occurrence. Higher income
level showed a lower risk of subsequent dementia in both models. ([Time on study analysis]:
middle-income: HR 0.93 95% CI 0.87-0.99 high-income: HR 0.80, 95% CI 0.75-0.85),
[Age attained analysis]: middle-income: HR 0.998, 95% CI 0.93-1.07, high-income: HR
0.74, 95% CI 0.74-0.85). Female had a higher risk of developing dementia in both models
([Time on study analysis]: HR 1.64, 95% CI 1.54-1.74, [ Age attained analysis]: HR: 1.50,
95% CI 1.41-1.60). A trend was observed where higher smoking levels were associated
with a lower risk of dementia ([Time on study analysis]: 10-20 per day: HR 0.70, 95% CI
0.58-0.85, 20-40 per day: HR 0.60, 95% CI 0.45-0.79, >=40 per day: HR 0.61, 95% CI
0.53-0.70, [ Age attained analysis]: 10-20 per day: HR 0.87, 95% CI 0.71-1.07, 20-40 per
day: HR 0.90, 95% CI 0.68-1.19, >=40 per day: HR 0.74, 95% CI 0.64-0.85). As for
consumption of alcohol, there was a tendency for higher alcohol consumption to be
associated with a higher risk of dementia in both models ([Time on study analysis]: 4-12
times per month: HR 0.86, 95% CI 0.77-0.97, 12-16 times per month: HR 0.92, 95% CI
0.80-1.06, >17 times per month: HR 1.13, 95% CI 1.01-1.252, 5-6 times per week: HR
0.62, 95% CI 0.57-0.67, [ Age attained analysis]: 4-12 times per month: HR 1.04, 95% CI

0.93-1.17, 12-16 times per month: HR 1.09, 95% CI 0.94-1.25, >17 times per month: HR
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1.13, 95% CI 1.02-1.27). Furthermore, there was a tendency for higher exercise frequency
to be associated with a lower risk of dementia ([Time on study analysis]: 2-3 times per
week: HR 0.89, 95% CI 0.83-0.95, 3-4 times per week: HR 0.72 95% CI 0.63-0.82, 5-6
times per week: HR 0.62, 95% CI 0.57-0.67, [Age attained analysis]: 2-3 times per week:
HR 1.02, 95% CI 0.95-1.09, 3-4 times per week: HR 0.90 95% CI 0.79-1.02, 5-6 times per
week: HR 0.79, 95% CI 0.73-0.86). Additionally, higher BMI levels showed a lower risk
of developing dementia in both models ([Time on study analysis]: BMI 25-30: HR 0.87,
95% CI 0.82-0.92, BMI 30+: HR 0.80, 95% CI 0.71-0.90, [Age attained analysis]: BMI

25-30: HR 0.96, 95% C1 0.91-1.02, BMI 30+: HR 0.93, 95% CI 0.83-1.05).

Although the two models exhibited similar trends for other factors, they showed opposite
results regarding diabetes onset age. Using time on study analysis, higher diabetes onset
age was associated with an increased risk of dementia. This suggests that a later onset of
diabetes is associated with a higher risk of dementia. However, when selecting attained age
as a time scale using Age attained analysis and left truncating it by diabetes onset age,
higher diabetes onset age showed relations to lower risk of dementia, suggesting a later
onset of diabetes having association to a lower risk of dementia ([ Time on study analysis]:
diabetes onset age 40-49: HR 5.30, 95% CI 4.81-5.84, diabetes onset age 50-59: HR 13.74,
95% CI 12.48-15.12, diabetes onset age 60-69: HR 17.71, 95% CI 15.65-20.05, [Age
attained analysis]: diabetes onset age 40-49: HR 0.90, 95% CI 0.78-1.03, diabetes onset
age 50-59: HR 0.78, 95% CI 0.67-0.91, diabetes onset age 60-69: HR 0.64, 95% CI 0.52-

0.77).
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In conclusion, time on study analysis and Age attained analysis identified notable
correlations between demographic characteristics, heath behavior and healthcare factors
and the risk of developing subsequent dementia. Income level, sex, frequency of smoking,
frequency of alcohol consumption, frequency of physical activity and BMI level showed
were consistently linked to the risk of subsequent dementia in both of the models. In
contrary, the relationship between diabetes onset age and subsequent dementia yielded

reverse results depending on the analytical approach employed.
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Table 7. Comparison of results among analyses

Time on Study Age Attained
Variables Analysis Analysis
HR 95% CI HR 95% ClI

Diabetes onset age

40-49 1.00 1.00

50-59 3.02 (266 - 343 0.90 (0.78 - 1.03)

60-69 7.38 (6.38 - 8.54) 0.78 (0.67 - 0.91)

70+ 15.77 (13.12 - 18.95) 0.64 (052 - 0.77)
Income level

Low 1.00 1.00

Middle 0.99 (0.92 - 1.09) 1.00 0.93 - 1.07)

High 0.78 (0.74 - 0.84) 0.74 (0.74 - 0.85)
Sex

Male 1.00 1.00

Female 1.52 (1.43 - 1.61) 1.50 (1.41 - 1.60)
Age

40-49 1.00

50-59 2.67 (226 - 3.19)

60-69 4.69 (3.90 - 5.64)

70+ 4.66 (380 - 5.72)
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Table 7. Comparison of results among analyses (Cont.)

Time on Study

Age Attained

Variables Analysis Analysis
HR 95% ClI HR 95% ClI

Smoke

<10 per day 1.00 1.00

10-20 087 (072 - 1.06) 0.87 (071 - 1.07)

20-40 086 (065 - 113) 0.90 (0.68 - 1.19)

> 40 072 (063 - 0.83) 0.74 (0.64 - 0.85)
Drink

<3 times 1.00 1.00

4-12 times 1.00 (090 - 114) 1.04 093 . 1.17)

12-16 times 108 (094 - 124) 1.09 (094 . 1.25)

>17 times 116  (1.04 - 129 1.13 (.02 . 1.27)
Physical activity

0-1 times 1.00 1.00

2.3 1.00 (093 - 1.07) 1.02 (095 . 1.09

4-5 087 (077 - 0.99) 0.90 079 . 1.02

6-7 076 (0.70 - 0.83) 0.79 (0.73 - 0.86)
BMI

Less than 25 1.00 1.00

25-30 094 (089 - 1.00) 0.96 (091 . 1.02)

30 or higher 092 (082 - 1.04) 0.93 (0.83 . 1.05)
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6. Competing risk analysis

To clarify whether diabetes onset age differentially impacts the different types of
dementia and to prevent overestimation of dementia risk by accounting for death as a
competing risk, competing risk analysis was used for the study. Also, to adjust for the age

at the time of cohort entry, the time scale was chosen as age.

Dementia was classified into three groups, Alzheimer’s disease, vascular dementia and
other types of dementia. For income level, there was a trend of higher income level
associated with lower risk of dementia. It was consistent except for vascular dementia
where middle income level had a higher risk of dementia compared to low-income level
group ([Alzheimer’s disease]: middle-income: HR 0.98, 95% CI 0.91-1.06, high income:
HR 0.84, 95% CI 0.78-0.91 [Vascular dementia]: middle-income: HR 1.14 95% CI 0.94-
1.37 high-income: HR 0.97 95% CI 0.81-1.18 [Other dementia]: middle-income: HR 0.92
95% CI1 0.79-1.07, high-income: HR 0.81 95% CI 0.69-0.94). Female showed a higher risk
of dementia in all three dementia groups. Alzheimer’s disease showed the strongest effect
regarding to sex and vascular dementia showed the smallest effect ([Alzheimer’s disease]:
HR 1.74 95% CI 1.62-1.87 [Vascular dementia]: HR 1.15 95% CI 0.97-1.36 [Other
dementia]: HR 1.56 95% CI 1.3-1.80). For smoking frequency, the association exhibited
different patterns across the three types of dementia. In all three types of dementia, there
was no clear directional difference based on smoking frequency ([Alzheimer’s disease]:
10-20 per day: HR 0.85, 95% CI 0.66-1.08, 20-40 per day: HR 0.75, 95% CI 0.52-1.07,

>=40 per day: HR 1.09, 95% CI 0.91-1.30 [Vascular dementia]: 10-20 per day: HR 0.80,
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95% CI10.51-1.25, 20-40 per day: HR 0.70, 95% CI1 0.37-1.33, >=40 per day: HR 0.72, 95%
CI 0.51-1.02 [Other dementia]: 10-20 per day: HR 0.65, 95% CI 0.41-1.01, 20-40 per day:
HR 0.87, 95% CI 0.49-1.54, >=40 per day: HR 0.80, 95% CI 0.59-1.10). Frequency of
alcohol consumption showed a trend of heavier alcohol consumption with a higher risk of
Alzheimer’s disease but didn’t show a clear trend in vascular dementia and other types of
dementia ([Alzheimer’s disease]: 4-10 times per month: HR 1.00, 95% CI 0.87-1.15, 11-
16 times per month: HR 1.05, 95% CI 0.89-1.25, >17 times per month: HR 1.14, 95% CI
1.00-1.29 [Vascular dementia]: 4-10 times per month: HR 0.98, 95% CI 0.73-1.31, 11-16
times per month: HR 1.15, 95% CI 0.82-1.60, >17 times per month: HR 1.06, 95% CI 0.80-
1.40 [Other dementia]: 4-10 times per month: HR 0.96, 95% CI 0.73-1.25, 11-16 times per
month: HR 1.00, 95% CI 0.72-1.38, >17 times per month: HR 0.81, 95% CI 0.61-1.07).
Also, frequency of physical activity did not show a clear trend in all three types of dementia
([Alzheimer’s disease]: 2-3 times per week: HR 1.25, 95% CI 1.16-1.36, 3-4 times per
week: HR 1.23 95% CI 1.07-1.42, 5-6 times per week: HR 0.99, 95% CI 0.90-1.09
[Vascular dementia]: 2-3 times per week: HR 0.96, 95% CI 0.78-1.18, 3-4 times per week:
HR 0.62 95% CI 0.40-0.97, 5-6 times per week: HR 0.70, 95% CI 0.54-0.89 [Other
dementia]: 2-3 times per week: HR 0.95, 95% CI 0.80-1.13, 3-4 times per week: HR 0.76
95% CI 0.54-1.07, 5-6 times per week: HR 0.90, 95% CI 0.75-1.09). BMI level showed
different trends in dementia types. For Alzheimer’s disease, higher BMI showed a higher
risk of dementia. On the contrary, higher BMI showed a lower risk of dementia for vascular

dementia and other types of dementia ([Alzheimer’s disease]: BMI 25-30: HR 1.04, 95%
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C10.97-1.11, BMI 30+: HR 1.05, 95% CI 0.92-1.21 [Vascular dementia]: BMI 25-30: HR
0.93, 95% CI1 0.80-1.09, BMI 30+: HR 0.79, 95% CI 0.55-1.14 [Other dementia]: BMI 25-
30: HR 0.96, 95% CI 0.84-1.09, BMI 30+: HR 0.73, 95% CI 0.53-0.99). Lastly, when
examining the relationship between diabetes onset age -the variable of greatest interest-
and different types of dementia, a consistent trend was observed across all three types: the
later the onset of diabetes, the lower the risk of dementia. Vascular dementia seemed to
have the strongest effect of diabetes onset age followed by Alzheimer’s disease and other
types of dementia ([Alzheimer’s disease]: diabetes onset age 50-59: HR 0.92, 95% CI 0.82-
1.04, diabetes onset age 60-69: HR 0.73, 95% CI 0.66-0.82, diabetes onset age 70+: HR
0.48, 95% CI 0.42-0.55 [Vascular dementia]: diabetes onset age 50-59: HR 0.91, 95% CI
0.73-1.13, diabetes onset age 60-69: HR 0.71, 95% CI 0.57-0.88, diabetes onset age 70+:
HR 0.46, 95% CI 0.33-0.64 [Other dementia]: diabetes onset age 50-59: HR 0.88, 95% CI
0.72-1.08, diabetes onset age 60-69: HR 0.74, 95% CI 0.61-0.91, diabetes onset age 70+:

HR 0.61, 95% CI 0.47-0.78).

In summary, the analysis showed the differential impact of these factors across various
types of dementia. Income, sex and diabetes onset age exhibited a similar trend in all types
of dementia. As for Frequency of smoking and physical activity, there was no clear
directional difference in types of dementia. For frequency of alcohol consumption, a clear
trend was observed only in Alzheimer’s disease, while no distinct pattern was shown in
other types of dementia. Similarly, higher BMI showed higher risk only in Alzheimer’s

disease and lower risk in vascular dementia and other types of dementia.
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Table 8. Results of Competing Risk Analysis for Different Types of Dementia

Types of Dementia

Variables Alzheimer's disease Vascular dementia Other
95% CI 95% ClI 95% ClI
HR Lower Upper HR Lower Upper HR Lower Upper

Diabetes onset age

40-49 1.00 1.00 1.00

50-59 0.92 (0.82 1.04) 0.91 (0.73 1.13) 0.88 (0.72 1.08)

60-69 0.73 (0.66 0.82) 0.71 (0.57 0.88) 0.74 (0.61 0.91)

70+ 0.48 (0.42 0.55) 0.46 (0.33 0.64) 0.61 (0.47 0.78)
Income level

Low 1.00 1.00 1.00

Middle 0.98 (0.91 1.06) 1.14 (0.94 1.37) 0.92 (0.79 1.07)

High 0.84 (0.78 0.91) 0.97 (0.81 1.18) 0.81 (0.69 0.94)
Sex

Male 1.00 1.00 1.00

Female 1.74 (162 1.87) 1.15  (0.97 1.36) 1.56  (1.35 1.80)
Smoke

<10 per day 1.00 1.00 1.00

10-20 0.85 (0.66 1.08) 080 (051 1.25) 065 (041 1.01)

20-40 0.75 (0.52 1.07) 0.70 (0.37 1.33) 0.87 (0.49 1.54)

> 40 1.09 (0.91 1.30) 0.72 (0.51 1.02) 0.80 (0.59 1.10)
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Table 8. Results of Competing Risk Analysis for Different Types of Dementia (Cont.)

Types of Dementia

Variables Alzheimer's disease Vascular dementia Other
HR 95% CI 95% CI HR 95% CI
Lower Upper Lower Upper Lower Upper

Drink

<3 times 1.00 1.00 1.00

4-10 times 100 (087 - 1.15) 098 (0.73 - 131) 096 (0.73 - 1.25)

11-16 times 105 (089 - 1.25) 115 (0.82 - 1.60) 100 (072 - 1.38)

>17 times 114  (1.00 - 1.29) 1.06  (0.80 - 1.40) 081 (061 - 1.07)
Physical activity

0-1 times 1.00 1.00 1.00

2.3 1.25 (1.16 1.36) 0.96 (0.78 1.18) 0.95 (0.80 - 1.13)

4-5 1.23 (1.07 1.42) 0.62 (0.40 0.97) 0.76 (0.54 - 1.07)

6-7 0.99 (0.90 1.09) 0.70 (0.54 0.89) 0.90 (0.75 - 1.09)
BMI

Less than 25 1.00 1.00 1.00

25-30 1.04 (0.97 1.11) 0.93 (0.80 1.09) 0.96 (0.84 - 1.09)

30 or higher 1.05 (092 - 1.21) 079 (055 - 114) 073 (053 - 0.99)
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V. DISCUSSIONS

The findings of this study are consistent with previous research on the relationship
between the age of diabetes onset and subsequent dementia. The results indicate that the
later the onset of diabetes, the higher the risk of developing dementia. Similar findings have
been reported in previous studies using UK Biobank data, further supporting this
association. Also, after adjusting for different factors, the strength of association between
diabetes and all-cause dementia increased with decreasing onset age of diabetes(Wang, Li
et al. 2023). In the 4 groups that were categorized on diabetes onset age (40-49, 50-59, 60-
69, 70+), there was a trend of higher diabetes onset age associated with lower risk of
dementia in every group. However, in the 50-59 age group, the difference was not
statistically significant, whereas in the 60-69 and 70+ age groups, the results were
statistically significant. This result aligns with the general characteristics of the study
population, where there is a significant difference in dementia incidence across age groups.
Given that dementia prevalence is significantly higher in older adults aged 65 and above,

these findings appear to be appropriate.

Apart from the main interest factor, the result of other factors was also consistent with
findings from previous studies. For instance, higher income levels showed lower risk of
dementia. This finding is consistent with a study using data from the Sao Paulo Ageing &
Health Study, which reported that dementia was more prevalent among participants who

were illiterate, had non-skilled occupations and had lower income levels (Scazufca,
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Almeida et al. 2010). Regarding gender, the study found Dementia was significantly more
prevalent in female than men(Kim, Han et al. 2014). This result is also consistent with
previous research findings in South Korea. In this study results, a higher frequency of
smoking was associated with a lower risk of dementia, which contradicts previous research
findings. However, this discrepancy may be due to an imbalanced group, as the majority of
participants in the study were in the group that smoked fewer than 10 cigarettes per day. To
address this issue, a competing risk analysis was conducted, which yielded results
consistent with previous studies. Specifically, the analysis demonstrated an increased risk
of Alzheimer’s disease with current smoking, as well as not significantly increased risk of
vascular dementia, dementia unspecified and cognitive decline(Peters, Poulter et al. 2008).
Furthermore, higher alcohol consumption showed higher risk of dementia which was
consistent with previous research in South Korea where decreased risk of dementia was
associated with maintaining mild to moderate alcohol consumption(Jeon, Han et al. 2023).
Moreover, higher frequency of physical activity showed a lower risk of subsequent
dementia. This was consistent with the established studies in Korea where increased
physical activity level was associated with a reduced risk of dementia in older adults(Yoon,
Yang et al. 2021). Lastly, higher BMI was associated with lower risk of dementia. This was
consistent with the previous studies where HRs for all-cause dementia tended to increase

as BMI decreased(Nam, Park et al. 2019).

An interesting finding of this study was that the results of time on study analysis using

time as the time scale and the result of age attained analysis using age as the time scale
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showed opposite results on relation of dementia onset age and risk of subsequent dementia.
There were studies with the choice of time scale for proportional hazard models in cohort
data and the studies showed that unless the baseline hazard is an exponential function of
age, using time as a time scale can yield different estimates of relative hazard than using
age as the time scale, even when age is adjusted for (Thiébaut and Bénichou 2004). Since
the main factor of interest in this study was diabetes onset age, and dementia are strongly
influenced by age, using age as the time scale allowed for a direct assessment of the age-
specific incidence function, allowing for the risk of participants to be compared to others
of the same attained age, regardless of what age they entered the cohort. This can be
considered a key strength of the study. Another strength of this study was that as clinical
mechanisms differ in different types of dementia, competing risk analysis was used to
determine whether the age of diabetes onset has varying effects on different types of
dementia and to avoid overestimating dementia risk by considering death as a competing

factor.

This study focused on examining the impact of diabetes onset age on dementia risk,
which may have limited its ability to fully explore the underlying clinical mechanisms of
dementia development. Furthermore, the analysis was based on National Health Insurance
Service-Health Screening Cohort, which restricted access to comprehensive health
information about participants. Also, the information on medications used for diabetes and
dementia was obtained from health insurance claims. Therefore, with cases where

prescriptions were not covered by insurance was not included. This means if a patient buys
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this medication from a pharmacy without a doctor’s prescription, the purchase may not be
documented in the data. Additionally, the potential influence of unidentified confounding
factors in the relationship between diabetes onset age and dementia should be carefully

considered.

Despite these limitations, this study successfully identified the association between
diabetes onset age and dementia risk using a dataset that is highly representative of the
Korean population by analyzing nationwide health data. Given the scarcity of research on
this topic in Korea, investigating this relationship seems particularly significant. As the age
of diabetes onset continues to decrease and both diabetes and dementia prevalence rise
among Koreans, this study provides valuable insights into an increasingly important public
health issue. From the outcome of the study, early cognitive monitoring is suggested for
younger-onset diabetes patients. Furthermore, the findings of this study may serve as

evidence supporting the importance of midlife and early diabetes prevention.
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V. CONCLUSION

This study aimed to investigate the impact of diabetes onset age on dementia using a
dataset representative of the Korean population. Also, it showed impact of income level,
sex, smoking frequency, frequency of alcohol consumption, frequency of physical activity
and BMI level on the risk of dementia. Additionally, it sought to examine whether the effect
of diabetes onset age on dementia varies by dementia subtype. In result, significant
relationship between age of diabetes onset and subsequent dementia risk was found,
emphasizing that later onset diabetes is associated with a lower risk of dementia compared
to earlier-onset diabetes. These findings contribute to the growing of evidence on the

interaction between metabolic disorders and neurodegeneration.

The outcome of the study suggests that duration and timing of diabetes onset are crucial
determinants of dementia risk, highlighting the importance of considering age at diagnosis
for future studies. Also, by comparing the two models using each time and age as a time
scale, this study suggests that using age as the time scale can be a recommendation for

research on diseases that are strongly age-related.

Given the decreasing age of diabetes onset, the rising prevalence of both diabetes and
dementia among Koreans, there seems to be a lack of studies on this topic. Future research
should consider several key areas. First, studies exploring the mechanisms linking diabetes

and dementia are needed to allow for further adjustments for more precise results.
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Additionally, since guidelines for diabetes prevention are already well-established, the
result of this study can provide evidence for lifestyle interventions aimed for dementia
prevention. While numerous studies have examined the impact of diabetes itself on
dementia and other diseases, research on how the timing of diabetes onset affects dementia
and other conditions remain limited. It is hoped that this study serves as a foundation for

future investigations in this field.
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