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Income and risk of type 2 diabetes incidence ==
varied associations according to obesity
status: a nationwide study
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Abstract

Background We investigated the association between income parameters and the risk of type 2 diabetes (T2D)
influenced by obesity.

Methods We analyzed the Korean National Health Insurance Service data (2002-2022), including 3,462,002 adults
(aged > 30 years) without diabetes who underwent health examinations in 2012. Income status was assessed annually
from 2008 to 2012, and sustained income status was defined as maintaining the same income category for all five
consecutive years. Hazard ratios (HRs) for incident T2D were estimated according to income parameters, and stratified
by obesity status and BMI categories.

Results During a mean follow-up of 8.73 years, 447,688 T2D cases were identified. Individuals with sustained very
low-income (multivariable adjusted HR: 1.599; 95% Cl: 1.556—-1.642) had a higher hazard of T2D than those who had
never been in this condition These associations were stronger in participants without obesity, particularly those with
underweight (HR: 2.223; 95% Cl: 1.919-2.574 for sustained very low-income; p for interaction <0.0001). Conversely, a
reduced T2D hazard associated with sustained high-income (HR: 0.886; 95% Cl: 0.880-0.893) and an increased hazard
associated with high income variability (HR: 1.108; 95% Cl: 1.098-1.117) were more pronounced in individuals with
obesity (p for interaction <0.0001).

Conclusion Low-income had a greater impact on incident T2D risk among individuals without obesity, whereas

among those with obesity, the lower risk observed in sustained high-income groups and the adverse effect of income
variability were more pronounced.
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Background

Globally, type 2 diabetes (T2D) is one of the most sig-
nificant causes of mortality and morbidity [1] and is
also closely related to increased use of medical care and
expenditures [2, 3]. Owing to its high prevalence and pro-
jected increase in prevalence [4], it is anticipated that the
financial costs associated with T2D would rise further.
Therefore, as an important global public health issue,
identifying populations at high risk of T2D for whom
preventive strategies should be concentrated is crucial.

The risk of T2D is influenced by various parameters,
including social and environmental factors, collectively
expressed as social determinants of health (SDOH) [5].

Income status is a key aspect of SDOH [5]. In previ-
ous studies, a low-income state and income decline were
associated with excess T2D risk, whereas sustained high-
income and income rise were related to a lower risk of
T2D [6, 7].

Income status is closely related to obesity status,
including the risk of underweight, overweight, or obe-
sity [8, 9]. Furthermore, a systematic review and meta-
analysis revealed significant associations between
lower-income and the risk of obesity, as well as between
obesity and subsequent income. This indicates a pos-
sible bidirectional link between social causation and
reverse causality processes [10]. Additionally, the risk of
T2D varies unequivocally with obesity status and having
overweight or obesity pose significant increased risk [11].
Considering the potentially complicated links between
the aforementioned factors, it is likely that the association
between income status and T2D risk may be related to
the obesity status. Nevertheless, the association between
income and T2D risk in relation to obesity status catego-
rized by body mass index (BMI) remains unclear.

Therefore, we aimed to determine the longitudinal
associations between low- and high-income status and
the risk of incident T2D, assessed both cross-section-
ally and cumulatively using serial income measures
over 5 years. We also examined whether the association
between income parameters and incident T2D risk dif-
fered according to obesity status, as defined by BMI cat-
egories, among Korean adults without a prior history of
T2D.

Methods

Data sources

We analyzed the data from the Korean National Health
Insurance Service (KNHIS) from January 2002 to
December 2022. The KNHIS, operated by the Korean
government, is the sole nationwide insurer. This insurer
provides coverage to all residents in Korea through two
programs: the National Health Insurance (NHI), which
covers approximately 97% of the population, and Medi-
cal Aid (MA), which supports the remaining 3% with the

Page 2 of 13

lowest-income [12, 13]. The KNHIS constructs a public
database by consolidating medical treatments, health-
screening records, and eligibility data [14]. This com-
prehensive database includes demographics, monthly
health insurance premiums determined by income status,
residential region, diagnoses according to the Interna-
tional Classification of Diseases-10th Revision (ICD-10),
prescription details, medical procedures, dates of hos-
pital visits, and admissions for all residents of Korea,
as well as dates of death for the deceased. Additionally,
the KNHIS administers a nationwide health screen-
ing program, advocating standardized health examina-
tions at least every 2 years. These health examinations,
conducted exclusively by KNHIS-accredited hospitals,
are also integrated into the database. The recorded data
includes smoking and alcohol consumption history, phys-
ical activity metrics, height, weight, waist circumference,
blood pressure, fasting plasma glucose (FPG) level, lipid
profile, and estimated glomerular filtration rate (eGFR).
A detailed description of this database is available in pre-
vious publications [12—14].

The study protocol was approved by the Institutional
Review Board (IRB) of the Samsung Medical Center
(SMC 2023-11-025). This study utilized anonymized pub-
lic data that had already been secured for other purposes
and only involved reviewing this anonymized database
without any additional interventions. Thus, it falls under
the category of minimal risk research with no addi-
tional risk to the subjects. Furthermore, the researchers
received data from the KNHIS with all personal identi-
fication information removed, making it impossible to
identify the participants included. As such, given that
the data provided by the KNHIS was anonymized, the
requirement for informed consent was waived by the
IRB. After obtaining IRB approval, we accessed the data
under the permission of the KNHIS for a limited period
of utilization. All methods were performed in accordance
with the relevant guidelines and regulations.

Study cohort, outcomes, and follow-up

This was a nationwide population-based longitudinal
cohort study. Using systematic stratified random sam-
pling with proportional allocation in each stratum, a
sample cohort representing 40% of all adults (aged>20
years) who underwent at least one health examinations
in 2012 was selected. The stratifications were based on
age and sex. In this sample population, only individuals
aged>30 years were selected to exclude economically
inactive young adults. The timepoint of the health exami-
nation in 2012 was considered the baseline. We excluded
individuals with any missing variable to assess household
income status; those who had FPG=>126 mg/dL or pre-
scriptions for antidiabetes medication or claims under
ICD-10 codes E11-14 at or before baseline; those with
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missing data for at least one other variable; and those
who died or developed T2D within a year after baseline
data collection (Fig. 1).

The end point was incident T2D, which was defined
as at least one claim per year for the prescription of
anti-diabetes medication under ICD-10 codes E11-14
or having a FPG>126 mg/dL [15-17]. Follow-up data
were collected from baseline until the date of outcome
development, death, or December 31, 2022, whichever
occurred first.

Assessment of income status

Each year, the KNHIS assesses the household income of
all enrollees and designates the lowest-income individuals
(bottom 3%) for enrollment in the MA. For the remaining
97% covered by the NHI, the monthly health insurance
premium in each year is determined by household wage
income (for employees insured) or by income and house-
hold property value (for the self-employed insured), mak-
ing it a useful proxy for household income status [6, 18].
Low-income status included MA beneficiary individuals
or those having health insurance premiums in the low-
est quartile for a given year. Very low-income status was
defined as qualifying as an MA recipient. High-income
status was defined as having health insurance premiums
in the highest quartile, and the very high-income group
as those in the top 5% for a given year. for a given year.
To determine the prebaseline income status, income was
assessed from the baseline year (2012) and preceding 4
years (until 2008) [18]. For income parameters, includ-
ing the cumulative number of years in very low-, low-,
or high-income status; income variability; and baseline
income status, were used. Thus, sustained income status
was defined as maintaining the same income category for

4,910,068 Sample population of individuals (aged >20 years)
who underwent at least one health examination in 2012
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all five consecutive years. Parameter definitions as per
previous studies [18] are summarized in Additional file 1:
Table S1.

Measurements and definitions

Smoking/alcohol consumption history and physical
activity data were collected using questionnaires. Venous
samples drawn after overnight fasting, were used for
blood tests, including FPG and lipid profiles. eGFR was
calculated using the Chronic Kidney Disease Epidemi-
ology Collaboration Egs. [19, 20]. Definitions of BMI,
abdominal obesity, alcohol consumption status, regular
exercise, hypertension, dyslipidemia, and chronic kidney
disease (CKD) are presented in Additional file 1: Table
S2.

Statistical analysis

Statistical analyses were performed using the SAS soft-
ware (version 9.4; SAS Institute, Cary, NC, USA). Two-
sided p-values < 0.05 were considered significant. Baseline
characteristics are presented according to income param-
eter groups. We depicted continuous variables with nor-
mal distributions as mean tstandard deviation, those
with non-normal distributions as geometric means [95%
confidence intervals (ClIs)], and categorical variables as
frequency (percentage).

The incidence rates of T2D were determined by the
number of incident cases divided by the total follow-up
duration (person-years). Multivariable Cox regression
analysis was used to calculate the hazard ratios (HRs)
and 95% ClIs for the incidence of T2D in the groups of
income parameters. Model 1 was unadjusted (crude
model); Model 2 was adjusted for age, sex, and residential
area (metropolitan, urban, and rural areas); and Model

464,212 individuals aged <30 years were excluded

4,445,856 individuals aged >30 years

983,854 were excluded from analysis

322,242 with missing data on household income status

281,614 with fasting plasma glucose level of >126 mg/dL at or
before baseline

280,814 with prescriptions for anti-diabetes medication or claims
under ICD-10 codes E11-14 at or before baseline

64,799 with missing data on at least one variable*

34,385 who deceased or developed type 2 diabetes within one year
after baseline

3,462,002 were included

Fig. 1 Flow chart depicting the study population.*At least one variable indicates one or more of the following variables: region, fasting plasma glucose,
body mass index (height and weight), waist circumference, lifestyle factors (smoking status, alcohol consumption, regular exercise), blood pressure, lipid
profile (total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglycerides), liver enzymes, and serum creatinine
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3, in addition to the variables included in Model 2, was
adjusted for BMI, smoking history, alcohol consump-
tion, regular exercise, FPG, presence of hypertension,
dyslipidemia, and CKD. To examine the potential effect
modification by the presence of obesity (defined as a
BMI >25 kg/m?) [21] and categories of BMI in detail, the
HRs (95% ClIs) of T2D incidence according to the groups
of income parameters were estimated after stratifying the
study population by the BMI categories, and p for inter-
action was calculated.

Results

Baseline characteristics

A total of 3,462,002 individuals (aged > 30 years) without
diabetes mellitus at baseline were included in this study
(Fig. 1). Among them, during the 5 years (2008-2012),
2,309,458 (66.7%) had never been in a low-income sta-
tus, while 234,248 (6.8%) had been consistently in the
low-income status. Baseline characteristics are presented
according to the cumulative number of years of very
low-, low-, high, or very high-income status (Table 1).
Compared to individuals who had never been in very
low- or low-income status, those who had ever been in
very low- or low-income states were more likely to be
female, having higher eGER levels, and were less likely to
have CKD. As the cumulative number of years in the very
low- or low-income status advanced, while an increasing
trend toward the proportions of those who were under-
weight (BMI < 18.5 kg/m?) [22], never smokers, and non-
drinkers was noted, a trend of decrease was noted in the
proportion of alcohol consumers (heavy drinkers and
mild to moderate drinkers). Individuals being in very
low-income status for longer duration were more likely
to have class II or III obesity (BMI>30.0 kg/m?) [22] and
abdominal obesity, and were less likely to exercise regu-
larly. Furthermore, as the cumulative duration of high
and very-high-income status increased, trends toward an
increase were observed in the proportion of men, those
categorized in class I obesity (BMI 25-29.9 kg/m?) [22],
ex-smokers, mild to moderate drinkers, those exercising
regularly, and those with CKD. Conversely, individuals
with a longer duration of high-income status were less
likely to be current smokers, underweight, or have class
IT or III obesity.

Groups of income parameters and T2D incidence

During a mean follow-up period of 8.73 years (30,213,293
person-years), the cohort had 447,688 cases of T2D
(12.9% of the study participants). A significant dose—
response relationship was observed across baseline
income percentiles, with a monotonic increase in the
hazard of type 2 diabetes toward the lowest income cat-
egories (p for trend<0.001, Table S3 and Fig. S1,). The
accumulated number of years of very low- or low-income
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status was significantly associated with an increased haz-
ard of T2D; the increase being dose-responsive (Table 2).
Compared to individuals who had never been in the very
low- or low-income status (reference), the highest haz-
ards were demonstrated in those with sustained very
low- or low-income status for 5 years [Model 3, HR (95%
CI): 1.599 (1.556-1.642) in those with sustained very
low-income and 1.148 (1.136-1.160) in those with sus-
tained low-income status]. In contrast, individuals with
consecutive high-income status for 5 years had an 11.3%
lower hazard of T2D incidence (Model 3, 95% CI 0.880—
0.893). Similar findings were observed among those in
the very-high-income status. With respect to baseline
status, when individuals in the high-income status were
used as a reference, those in lower-income status were
seen to be associated with increased hazards of T2D [HR,
1.678 (95% CI, 1.640-1.717) among MA beneficiaries].
Likewise, higher income variability was also associated
with increased hazards of T2D [Model 3, Q1 vs. Q4 for
SD: HR 1.108 (95% CI 1.098-1.117)] (Table S4).

Similar results were observed in individuals aged <65
and > 65 years (Table S5 and S6).

Stratified analyses according to obesity status and BMI
categories
We further investigated the association between vari-
ous income parameters and the hazards of T2D after
stratifying the study population according to the pres-
ence of obesity (Fig. 2, Table S7). Regardless of the pres-
ence of obesity, increased hazard of T2D in individuals
with higher cumulative durations of very-low-income
status was consistently observed. Thus, individuals with
obesity and sustained very-low-income status demon-
strated the highest hazard [0 years without obesity vs.
5 years with obesity: HR 2.715 (95% CI 2.612-2.823)]
in the fully adjusted model (Model 3). However, the
associations between cumulative duration in the very-
low-income group and the hazard of T2D were more
prominent in individuals without obesity (p for interac-
tion <0.0001). While a sustained very low-income status
for 5 years was associated with a 51.8% increased hazard
in the subpopulation with obesity [Model 3, 0 vs. 5 years:
(95% CI 1.460-1.578)], it was associated with a 69.8%
higher hazard in the subpopulation without obesity [0
vs. 5 years: (95% CI 1.636-1.763)]. The analyses replac-
ing the income parameter with the cumulative number
of years in the low-income group yielded similar patterns
of interaction by the presence of obesity (p for interac-
tion <0.0001). In addition, the increased hazard of T2D
associated with baseline very-low-income status was
more pronounced in participants without obesity (p for
interaction < 0.0001).

In contrast, the lower hazard of T2D associated with
advanced cumulative duration in the high-income status
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Table 2 Hazard ratios and 95% confidence intervals for incident type 2 diabetes according to income parameters
Income N Events Duration Incidence Hazard ratios (95% Cls)
parameters (n) Person-years rate, per 1000 Model 1 Model 2 Model 3
person-years
Cumulative number of years being in the very low-income status
0 3403061 435754 29,728,852 14.66 1 (Ref) 1 (Ref) 1 (Ref)
1 9,805 1,890 81,101 23.30 1.600 (1.529, 1.674) 1409 (1.347,1.474) 1.345(1.285, 1.407)
2 9,570 2,135 76,664 27.85 9(1.839,2.002) 1.509 (1.446, 1.575) 1.355(1.299, 1.414)
3 6,266 1,187 52,478 2262 1.551 (1.465, 1.641) 1.624 (1.534,1.719) 1.504 (1420, 1.592)
4 6,859 1,359 56,362 2411 1.657 (1.571,1.748) 1499 (1.421,1.581) 1.409 (1.336, 1.486)
5 26,441 5363 217,837 24.62 1.689 (1.644, 1.735) 1.763 (1.716,1.811) 1.599 (1.556, 1.642)
p for trend <0.0001 <0.0001 <0.0001
Cumulative number of years being in the low-income status
0 2,309458 289,849 20,212,831 14.34 1 (Ref) 1 (Ref) 1 (Ref)
1 360,725 44,740 3,160,362 14.16 0.987(0.977,0.997) 1.075 (1.064, 1.085) 1.072 (1.061, 1.083)
2 238,446 30,215 2,083,986 145 1(0.999,1.023)  1.079(1.066,1.092)  1.082 (1.069, 1.095)
3 175,687 23,580 1,529,117 1542 1.076 (1.062, 1.091) 1.110(1.096, 1.125) 1.111(1.096, 1.126)
4 143,438 20,544 1,239,908 16.57 1.158 (1.141,1.174) 1.113(1.097, 1.129) 1.115(1.099, 1.131)
5 234,248 38,760 1,987,089 19.51 1.367(1.353,1.382)  1.175(1.162,1.187)  1.148(1.136, 1.160)
p for trend <0.0001 <0.0001 <0.0001

Cumulative number of years being in the very high-income status

0 3,089,254 395,248 26,979,230 14.65 1 (Ref) 1 (Ref) 1 (Ref)
1 114,951 15,242 1,001,646 15.22 1.039 (1.022, 1.056) 0.908 (0.894, 0.923) 0.934 (0.919, 0.949)
2 65,310 9,019 567,033 1591 1.086 (1.063,1.109)  0.908 (0.889,0.927)  0.935(0.916,0.955)
3 50,008 7,109 434,142 16.37 8(1.092, 1.144) 0.899 (0.878,0.921) 0.933(0.911,0.955)
4 46,168 6,689 399,969 16.72 1. 142( 15,1.170) 0.890 (0.869, 0.912) 0.918 (0.896, 0.941)
5 96,311 14,381 831,273 173 1.182(1.163,1.202)  0.851(0.837,0.866)  0.888 (0.873,0.903)
p for trend <0.0001 <0.0001 <0.0001
Cumulative number of years being in the high-income status
0 1,540,014 200,863 13,413,730 14.97 1 (Ref) 1 (Ref) 1 (Ref)
1 311,780 38,322 2,732,846 14.02 0.935 (0.925, 0.946) 0.943 (0.933,0.954) 0.954 (0.943,0.964)
2 228,445 28,321 2,001,681 14.15 0.944 (0.932,0.956)  0.929(0.917,0.941)  0.948 (0.936, 0.960)
3 214,657 26,963 1,879,507 14.35 0.957 (0.945, 0.969) 0.919(0.907,0.931) 0.943 (0.931,0.955)
4 214,021 27,601 1,869,582 14.76 0.985(0.972,0.997)  0.909 (0.897,0.920)  0.930(0.919,0.942)
5 953,085 125618 8315948 15.11 1.008 (1.001,1.015)  0.854(0.848,0.860)  0.886 (0.880, 0.893)
p for trend 0.0113 <0.0001 <0.0001
Baseline income status
MAB 38,231 7,728 315,354 2451 1.656 (1.618, 1.694) 1.881(1.838,1.924) 1.678 (1.640,1.717)
Q1 578,605 83,444 4,995,409 16.70 1.124(1.115,1.133) 1.134(1.124,1.143) 1.116 (1.107, 1.126)
Q2 668,388 82,783 5,848,218 14.16 0.951(0.943,0959)  1.120(1.111,1.130)  1.096 (1.086, 1.105)
Q3 937,374 112,505 8,229,330 13.67 8(0.911,0.925) 1.094 (1.086, 1.102) 1.057 (1.049, 1.065)
Q4 1,239404 161228 10,824,983 14.89 (Ref.) 1 (Ref) 1 (Ref)
p for trend <0.0001 <0.0001 <0.0001

Baseline income status was categorized as MAB (very low-income status) and health insurance premium quartiles 1 (the lowest quartile), 2, 3, and 4 (the highest
quartile), constructing a total of five groups

Model 1: Unadjusted
Model 2: Adjusted for age, sex, and residential area (metropolitan, urban, and rural)

Model 3: Adjusted for the variables included in Model 2 and body mass index, smoking history, drinking, regular exercise, fasting plasma glucose, hypertension,
dyslipidemia, and chronic kidney disease

Abbreviations: Cl confidence interval, MAB Medical Aid beneficiaries indicating a very low-income status, Q7 quartile 1 (the lowest quartile), Q2 quartile 2, Q3 quartile
3,Q4 quartile 4

was more prominent in the group with obesity than in
the group without obesity (p for interaction <0.0001). The
increased hazard of T2D associated with higher income
variability was more pronounced in individuals with

obesity (p for interaction <0.0001) (Table S8). In analyses
stratified by age group (Tables S9 and S10), the results
among adults aged < 65 years—who are largely unaffected
by retirement—were consistent with our initial findings.
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Income parameters and risk of type 2 diabets
according to the presence of obesity (BMI 2 25 kg/m2),
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Hazard ratio, 95 % Confidential Interval

(Model 3)

Fig. 2 Hazard ratios and 95% confidence intervals for incident type 2 diabetes according to income parameter groups, stratified by the presence of
obesity (BMI =25 kg/m?), Reference groups: individuals within each obesity category (non-obesity and obesity) who had never been in the very low-,
low-, high-, or very high-income statuses, or those who were in baseline health insurance premium quartile 4 (the highest income group) or the lowest
quartile of income variability. Baseline income status was categorized as MAB (very low-income status) and health insurance premium quartiles 1 (the
lowest quartile), 2, 3, and 4 (the highest quartile), constructing a total of five groups Adjusted for age, sex, residential area (metropolitan, urban, and rural
areas), body mass index, smoking history, drinking, regular exercise, fasting plasma glucose, hypertension, dyslipidemia, and chronic kidney disease

After stratifying the study population by BMI category,
the HRs (95% Cls) of T2D according to income param-
eter groups were further evaluated in detail (Fig. 3 and
Additional file 1: Table S11). In terms of the income

parameters of the cumulative number of years being in
the very low- or low-income status and baseline very
low-income status, the associations with the hazard
of T2D were stronger in individuals with lower BMI
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)
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Fig. 3 Adjusted hazard ratios and 95% confidence intervals for incident type 2 diabetes according to income status, stratified analyses by the BMI cat-
egories. Comparison between (A) cumulative number of years being in the very low-income status: 5 years versus 0 years (ref.); (B) cumulative number
of years being in the low-income status: 5 years versus 0 years (ref.); (C) cumulative number of years being in the very high-income status: 5 years versus
0 years (ref.); (D) cumulative number of years being in the high-income status: 5 years versus 0 years (ref); (E) baseline income: very low-income status
(medical aid beneficiaries) versus health insurance premium quartile 4 (the highest quartile, ref); (F) income variability: quartile 4 (the highest quartile)

versus quartile 1 (the lowest quartile, ref.)

categories; the most prominent association being dem-
onstrated in participants with underweight (p for interac-
tion <0.0001). The sustained very low-income status for
5 years exhibited 2.223-fold (95% CI 1.919-2.574), 1.803-
fold (95% CI 1.712-1.899), 1.629-fold (95% CI 1.537-
1.727), 1.535-fold (95% CI 1.470-1.604), and 1.239-fold
(95% CI 1.138-1.350) increased risk of T2D compared to
those who never experienced the very low-income sta-
tus in individuals with BMI<18.5, 18.5-22.9, 23.0-24.9,
25.0-29.9, and >30.0 kg/m?, respectively (All Model 3).
With respect to the cumulative number of years in the
high-income status and income variability groups, the
association was stronger in individuals with a higher BMI
(all p for interaction<0.0001). Compared to individuals
who never experienced high-income status, those with
sustained high-income status for 5 years had a 16.9%
lower risk of T2D (Model 3, 95% CI 0.810—0.853) in those
with a BMI of >30 kg/m? and a 6.5% lower risk (Model
3, 95% CI 0.878-0.995) in participants with underweight.
Similar results were observed in the sustained very-
high—income group.

Sensitivity analyses

Sensitivity analyses excluding participants with myo-
cardial infarction, stroke, and/or cancer (Tables S12
and S13), sub-distribution HRs accounting for all-cause
deaths as competing events using the Fine and Gray
method [23] (Tables S14 and S15), sensitivity analyses
excluding those who died or developed T2D within two
years after baseline data collection (Table S16 and S17)
showed results consistent with those from the main
analyses.

Discussion

This nationwide study, which included 3,462,002 Korean
adults aged>30 years, including those 65 years and
above, demonstrated an increased risk of T2D associated
with cumulative exposure to very low- or low-income sta-
tus, baseline low-income status, and higher income vari-
ability. Conversely, a reduced risk of T2D was observed
with an increased cumulative duration in high-income
status. Furthermore, stratified analyses by BMI category
revealed that participants in lower BMI categories had
a more pronounced increased risk of T2D associated
with cumulative exposure to very low- or low-income
status and very low-income status at baseline. Among
participants with obesity and higher BMI categories, the

reduced risk of T2D associated with cumulative duration
in high-income status was more prominent, as was the
increased risk associated with higher income variability.

Consistent with our findings, a previous study that
included a Korean population demonstrated an elevated
T2D risk in individuals who experienced sustained low-
income status or income decline and a reduced T2D risk
in those with consecutive high-income status or income
rise [6]. The authors also found a more prominent impact
of sustained low-income in individuals without obesity
than those with obesity. However, unlike in the present
study, their analysis did not include individuals aged > 65
years. Furthermore, their study did not stratify obesity
status in as much detail as ours and considered only
the presence of obesity (BMI>25 kg/m?). To the best of
our knowledge, our study is the first to comprehensively
examine how the relationship between various income
parameters and T2D risk differs according to detailed
obesity categories.

With respect to the obesity status, compared to those
with prominent obesity, the impact of sustained very
low- and low-income status was more pronounced in the
population without obesity and not at risk of T2D. In our
analysis, among individuals with underweight, sustained
exposure to a very low-income status was associated with
a 2.184-fold higher hazard of T2D when compared to
nonexposure. This value is significantly higher than the
HR of 1.253 associated with sustained exposure to very
low-income status in individuals with a BMI>30.0 kg/
m> Moreover, the value was comparable to the HR of
T2D (1.843) observed in overweight individuals (BMI
23.0-24.9 kg/m? who had never experienced a very
low-income status when compared to their underweight
counterparts. The key to preventing the increasing global
burden of T2D is identifying high-risk individuals who
could benefit from diabetes screening and prevention,
similar to considering BMI as a significant factor. Our
findings indicate that individuals experiencing sustained
very low-income status for 5 years face a risk of T2D
similar to those who are overweight (BMI>23 kg/m?),
despite not being at risk of diabetes due to obesity.

Several factors may explain the strong relationship
between low-income status and excess T2D risk in indi-
viduals without obesity. First, unhealthy dietary and
physical activity patterns may have contributed [24, 25].
Earlier studies have hypothesized that poor diet qual-
ity and food insecurity, despite a lower overall caloric
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intake, play significant role [26, 27]. Individuals with
lower-incomes are more likely to choose cheaper, calorie-
rich foods over a balanced diet with protein and fiber.
Additionally, the financial and time constraints neces-
sary for maintaining employment may hinder regular
exercise, potentially leading to reduced muscle mass
[28]. Stress might force them into harmful habits such as
physical inactivity [29, 30]. Thus, individuals consistently
exposed to lower-income conditions may be more prone
to developing unhealthy body composition than their
nonexposed counterparts with similar BMI. The impact
of differences in body composition may be more pro-
nounced in individuals with a lower BMI than in those
already living with obesity and at risk of T2D. In addi-
tion, C-reactive protein, an inflammatory marker, has
also been reported to be associated with low socioeco-
nomic status (SES), including low-income, resulting in
unhealthy outcomes including T2D [31, 32]. The associa-
tion of this elevated inflammation with low-income may
be partly mediated by the development of obesity [32].
Further, regardless of exposure to low-income status, as
obesity itself is closely related to systemic inflammation
[33], the impact of low-income conditions may have been
even more pronounced in participants without obesity.

The finding that sustained high-income status atten-
uated the risk of T2D, particularly in those with a
BMI>30 kg/m? is notable. A previous Korean study
also reported a similar significant interaction, indicating
that the reduction in T2D risk associated with sustained
exposure to high-income status, was more pronounced
in individuals with obesity compared to nonexposure
[6]. However, as the authors had classified obesity status
solely by the presence of obesity (BMI>25 kg/m?), only
a minimal difference in HR (0.87 in individuals with-
out obesity vs. 0.83 in those with obesity) was observed.
Notably, through detailed stratification of obesity status,
we found that 5 years of sustained high-income status
reduced the hazard of T2D by twice as much in indi-
viduals with a BMI>30.0 kg/m? (17.1% reduction) than
those with a BMI<18.5 kg/m? (8.0% reduction). This
suggests that the protective effects of regular exercise
and high-quality, nutrient-balanced food beyond total
calorie intake [34, 35] related to high-income conditions
may be more pronounced in individuals with obesity and
already at high risk for T2D. Additionally, individuals
with obesity may generally be more susceptible to stigma
and discrimination owing to negative stereotypes, which
can lead to stress, reduced psychological resources, and
mental health problems, potentially increasing the risk of
adverse outcomes, including T2D [10]. However, those
with a high SES who maintain a sustained high-income
despite having obesity may experience much less social
discrimination, which could provide an additional pro-
tective effect.
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We also found that high income variability was asso-
ciated with an increased T2D risk. This association was
stronger in individuals in the advanced BMI category,
with a 15.1% higher risk in those with a BMI>30 kg/m?
However, no such association was noted in the those with
underweight. As in prior studies that reported the link
between income variability and various adverse outcomes
[36—41], those with high income variability might expe-
rience unpredictable and episodic low-income, which
may lack the protective benefit of social resources and is
associated with psychological depression [37]. Accord-
ing to previous systematic reviews and meta-analyses
[10], obesity may be associated with subsequent income,
with underlying mechanisms potentially including nega-
tive stereotypes about obesity and weight penalties in
the labor market, leading to higher job insecurity. The
high income variability in the population with obesity
is likely to stem from these stigma effects more than in
the population without obesity. Therefore, higher income
variability may be closely linked to increased experiences
of discrimination, maladaptive stress, and the loss of
psychological resources, particularly in individuals with
obesity. This could explain the more pronounced associa-
tion between income variability and T2D risk observed in
populations with obesity.

The limitations of this study should be acknowledged.
First, clarifying the causal relationships was not possible
due to the observational design. Second, as our study
population included only Korean adults, extrapolation of
the findings to other ethnicities or populations with dif-
ferent policies and/or healthcare systems need to be per-
formed with caution. Third, although we demonstrated
robust associations between income variability and T2D
risk using multiple variability metrics (SD, CV, ARV, and
VIM), these measures do not capture the directional
nature of income changes (i.e., increasing vs. decreas-
ing patterns), which could have distinct implications
for T2D risk. Future studies incorporating trajectory
analyses may better clarify the temporal and directional
aspects of income dynamics in relation to diabetes risk.
Finally, other social determinants of health, includ-
ing education, occupation, and housing in addition to
income, could not be captured due to the inherent struc-
ture of the KNHIS dataset. Because such information is
unavailable in this administrative database, income level
was the only feasible indicator that could be used as a
proxy for socioeconomic status. Nevertheless, our study
has several strengths. This study was based on a large
sample size of >3.4 million people from a representative
nationwide cohort database run by the Korean govern-
ment and included diverse variables of demographics,
lifestyle, comorbidities, and laboratory findings. This
permitted adjustment for these potential confounders.
Furthermore, we examined the cumulative income status
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in terms of repeated serial measures, thus demonstrat-
ing a dose-response relationship. Additionally, through
detailed stratified analyses according to obesity status,
the findings emphasized the implications of various
income parameters as potential risk factors for the inci-
dence of T2D across different obesity statuses.

Conclusions

In conclusion, this real-world, nationwide, population-
based study of Korean adults demonstrated that various
income parameters significantly affect the risk of T2D.
Additionally, the data reveal that the effects of these fac-
tors vary by obesity status, with individuals without obe-
sity being more affected by low-income exposure. Among
those with obesity, sustained high income appears to mit-
igate the risk more prominently, while they remain more
vulnerable to income variability. These findings under-
score the importance of considering both socioeconomic
and obesity status in diabetes prevention strategies.
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