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Earlier Age at Type 2 Diabetes Diagnosis Is Associated with
Increased Gene�c Risk of Cardiovascular Disease

Hyunsuk Lee, Jaewon Choi, Na Yeon Kim, Jong-Il Kim, Min Kyong Moon, Seunggeun Lee, Kyong Soo Park, and Soo Heon Kwak

People diagnosed with T2D at an early age had a higher gene�c risk of coronary artery disease (CAD),

and their increased risk was largely mi�gated by a healthy lifestyle.

Background:

Earlier age at type 2 
diabetes (T2D) diagnosis is 
associated with increased
risk for incident 
cardiovascular disease 
(CVD). 

Objec�ve: 

To inves�gate whether there 
is a differen�al gene�c
impact on incident CVD
according to age at T2D
diagnosis and its interac�on
with lifestyle.

This work was supported by Ministry of Health & Welfare of Korea; Seoul Na�onal University Hospital; and NIH/NHGRI
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A. UK Biobank (N=12,321)

B. Seoul Na�onal University Hospital T2D Cohort (N=1,165) 

Age at T2D 
Diagnosis

30-39

40-49

50-59

60-69

30-39

40-49

50-59

60-69

Adjusted hazard ra�o (HR) (95% CI) 
for CAD per one SD increment of CAD 

polygenic risk score

2.25 (1.56-3.26)

1.51 (1.30-1.75)

1.36 (1.24-1.50)

1.30 (1.14-1.48)

1.75 (1.18-2.62)

1.71 (1.30-2.24)

1.54 (1.16-2.03)

1.48 (0.93-2.36)

0.71 1.0 1.41 3.5

HRinterac�on = 1.01
Pinterac�on = 0.47

HRinterac�on = 1.01
Pinterac�on = 0.0031

Pinterac�on, meta-analysis = 0.0030

ARTICLE HIGHLIGHTS

• Earlier age at type 2 diabetes (T2D) diagnosis is associated with increased risk of incident cardiovascular
disease (CVD). Whether genetic heterogeneity associated with age at T2D diagnosis affects the development of
CVD remains largely unknown.

• In this study of two independent prospective cohorts, individuals with earlier age at T2D diagnosis had higher
genetic predisposition for developing coronary artery disease, and their increased risk was largely mitigated by a
healthy lifestyle.

• Genetic information of individuals with early-onset T2D could be used to identify those at increased risk of CVD
and provide opportunity for early lifestyle interventions.
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OBJECTIVE

We investigated genetic risk of cardiovascular disease (CVD) by age at type 2
diabetes (T2D) diagnosis.

RESEARCH DESIGN AND METHODS

We compared incident CVD events by age at T2D diagnosis using UK Biobank (N =
12,321) and the Seoul National University Hospital (SNUH) cohort (N = 1,165). Genetic
risk was quantified using polygenic risk score (PRS).

RESULTS

Individuals with earlier T2D diagnosis had higher CVD risk. In UK Biobank, the effect
size of coronary artery disease (CAD) PRS on incident CAD was largest in individuals
diagnosed with T2D at ages 30–39 years (hazard ratio 2.25; 95% CI 1.56–3.26) and
decreased as age at diagnosis increased: ages 40–49 (1.51; 1.30–1.75), 50–59 (1.36;
1.24–1.50), and 60–69 years (1.30; 1.14–1.48) (Pinteraction = 0.0031). A similar trend
was observed in the SNUH cohort. This increased genetic risk associated with earlier
T2D diagnosis was largely mitigated by a healthy lifestyle.

CONCLUSIONS

Individuals with an earlier T2D diagnosis have a higher genetic risk of CAD, and
this information could be used to tailor lifestyle interventions.

Individuals diagnosed with type 2 diabetes (T2D) at a young age are increasing in prev-
alence and have an elevated risk of cardiovascular disease (CVD) (1). Previous studies
have suggested that diabetes subgroups divided by age at diagnosis exhibit differences
in genetic risk factors (2) and that those with early-onset T2D have higher T2D poly-
genic risk score (PRS) (3). However, whether genetic heterogeneity associated with
age at T2D diagnosis affects excess CVD risk remains largely unknown. In line with the
common soil hypothesis (4), we postulated an increased genetic predisposition to CVD
in individuals with early-onset diabetes. We analyzed data from two prospective co-
horts to investigate whether there is an increased genetic impact on incident CVD
with earlier T2D diagnosis. Moreover, because a healthy lifestyle is suggested to offset
the increased genetic risk of CVD (5,6), we explored whether the genetic effect on
CVD was modified by a healthy lifestyle stratified by age at T2D diagnosis.

RESEARCH DESIGN AND METHODS

Participants in UK Biobank were recruited between 2007 and 2010 (7). Participants
with T2D and their age at diagnosis were defined using a previously validated algo-
rithm (8). Participants were observed until February 2018, and incident CVD
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events were defined as nonfatal myo-
cardial infarction, nonfatal stroke, and
death resulting from CVD that occurred at
least 1 year after T2D diagnosis (Supple-
mentary Table 1). Based on the definition
of incident CVD event, participants with
CVD events prior to or within 1 year after
T2D diagnosis were excluded. The Seoul
National University Hospital (SNUH) T2D
cohort is a hospital-based prospective
study that enrolled individuals with T2D
between January 2001 and September
2018 as previously described (9).

UK Biobank participants were geno-
typed and imputed centrally by the UK

Biobank team (7). Standardized PRSs for
T2D, coronary artery disease (CAD),
and stroke were calculated via Bayesian
regression with continuous shrinkage pri-
ors (10) for participants of European
ancestry, using summary statistics of
DIAGRAM (Diabetes Genetics Replica-
tion and Meta-analysis), CARDIoGRAM-
plusC4D (Coronary Artery Disease Genome-
Wide Replication and Meta-analysis Plus
Coronary Artery Disease [C4D] Genetics),
and MEGASTROKE consortia, respectively
(11–13). SNUH T2D cohort participants
were genotyped using the Affymetrix Ax-
iom Biobank Plus Genotyping Array and

imputed using the 1000 Genomes Project
reference panel (9). PRSs for T2D and CAD
were calculated using common variants
and weights derived from transancestry
meta-analysis of DIAGRAM, MEDIA (Meta-
analysis of Type 2 Diabetes in African
Americans) Consortium, and Biobank
Japan (14) and transancestry meta-anal-
ysis of Biobank Japan, UK Biobank, and
CARDIoGRAMplusC4D (15), respectively.

We adapted four lifestyle components
associated with primary prevention of ath-
erosclerotic CVD (ASCVD) (16): no current
smoking, no obesity (BMI <30 kg/m2),
healthy diet pattern, and physical activity at

Table 1—Baseline characteristics of UK Biobank participants by age at diagnosis of T2D

Age at T2D diagnosis, years

P* Ptrend†
30–39

(n = 353)
40–49

(n = 2,219)
50–59

(n = 5,820)
60–69

(n = 3,929)

Age at enrollment, years 49.8 (7.9) 53.3 (6.4) 60.7 (4.4) 65.8 (2.5) <0.001 <0.001

Age at T2D diagnosis, years 36.3 (2.9) 45.5 (2.9) 55.2 (2.9) 63.3 (2.4) <0.001 <0.001

Male sex, n (%) 211 (59.8) 1,469 (66.2) 3,745 (64.3) 2,339 (59.5) <0.001 <0.001

Duration of T2D, years 13.5 (8.9) 7.8 (6.2) 5.5 (4.1) 2.6 (2.3) <0.001 <0.001

Family history of T2D, n (%) 166 (47.0) 976 (44.0) 1,964 (33.7) 1,025 (26.1) <0.001 <0.001

HbA1c, % 7.56 (1.43) 7.17 (1.25) 6.92 (1.05) 6.72 (0.94) <0.001 <0.001

Insulin use, n (%) 35 (9.9) 100 (4.5) 184 (3.2) 52 (1.3) <0.001 <0.001

BMI, kg/m2 33.7 (7.5) 33.5 (6.4) 32.2 (5.7) 30.9 (5.2) <0.001 <0.001

Current smoking, n (%) 52 (14.7) 325 (14.6) 562 (9.7) 327 (8.3) <0.001 <0.001

Blood pressure, mmHg

Systolic 136 (16) 139 (16) 142 (17) 145 (17) <0.001 <0.001
Diastolic 82 (9.2) 84 (9.4) 82 (9.5) 81 (9.5) <0.001 <0.001

Lipid levels, mg/dL

Total cholesterol 176 (41) 172 (40) 172 (38) 173 (38) 0.056 0.301
HDL cholesterol 44 (10) 43 (11) 45 (11) 47 (12) <0.001 <0.001
LDL cholesterol 107 (29) 104 (30) 103 (28) 104 (28) 0.089 0.392

Use of antihypertensive medication, n (%) 205 (58.1) 1,365 (61.5) 3,836 (65.9) 2,620 (66.7) 0.09 <0.001

Use of lipid-lowering medication, n (%) 255 (72.2) 1,724 (77.7) 4,626 (79.5) 3,046 (77.5) 0.003 0.473

Incident event, n (%)

CVD 43 (12.2) 265 (11.9) 585 (10.1) 372 (9.5) 0.011 0.0018
CAD 34 (9.6) 180 (8.1) 400 (6.9) 227 (5.8) 0.001 <0.001
Stroke 17 (4.8) 108 (4.9) 222 (3.8) 165 (4.2) 0.177 0.278

PRS

T2D 0.18 (0.95) 0.11 (1.00) 0.00 (1.01) �0.07 (0.98) <0.001 <0.001
CAD 0.07 (1.03) 0.06 (1.00) 0.01 (1.00) �0.06 (1.00) <0.001 <0.001
Stroke 0.00 (1.01) 0.04 (0.99) 0.00 (0.99) �0.02 (1.01) 0.101 0.030

Healthy lifestyle score, n (%)‡

Favorable ($2 ideal factors) 190 (53.8) 1,207 (54.4) 3,684 (63.3) 2,809 (71.5) <0.001 <0.001
Unfavorable (0 or 1 ideal factor) 163 (46.2) 1,012 (45.6) 2,136 (36.7) 1,120 (28.5) <0.001 <0.001

Townsend deprivation index§ 0.22 (3.46) �0.26 (3.37) �0.97 (3.21) �1.13 (3.09) <0.001 <0.001

Data are given as mean (SD) unless otherwise indicated. *P values for the difference between groups divided by age at T2D diagnosis were
calculated with ANOVA and the x2 test for continuous and categorical variables, respectively. †P values for trend between groups divided by
age at T2D diagnosis were calculated with a linear regression test and the Cochran-Armitage test for continuous and categorical variables, re-
spectively. ‡Refers to lifestyle factors adapted from strategic goals of the American Heart Association for primary prevention of ASCVD: no
current smoking, no obesity, healthy diet pattern, and physical activity at goal levels. §Townsend deprivation index scores were derived from
national census data about car ownership, household overcrowding, owner occupation, and unemployment aggregated for postcode of resi-
dence. A greater score implies a greater degree of socioeconomic deprivation.
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goal levels (Supplementary Table 2). Par-
ticipants were categorized as having a fa-
vorable lifestyle (satisfying at least two
lifestyle goals) or an unfavorable lifestyle
(fewer than two).
Participants were divided into four

groups by age at T2D diagnosis (ages
30–39, 40–49, 50–59, and 60–69 years).
Risk of incident CVD compared with the
reference group (age 60–69 years) was

estimated using Cox proportional hazards
models. Follow-up time was calculated as
age, from birth to first incident CVD event,
death, or end of follow-up. Model 1 was
adjusted for age at enrollment and sex,
and model 2 was additionally adjusted for
ASCVD risk factors: ethnicity, systolic and
diastolic blood pressure, use of antihyper-
tensive medication, total cholesterol, HDL
cholesterol, and smoking status (17). Log-

minus-log plots and Schoenfeld residuals
were evaluated.

Genetic risk of incident CVD was esti-
mated with hazard ratio (HR) per one SD
increment of PRS using the Cox model
adjusting for the first 10 principal compo-
nents that reflected ancestry in the afore-
mentioned models. Effect modification of
genetic risk by lifestyle was examined by
categorizing genetic risk as high (PRS $0)
or low (PRS <0) and calculating HRs for
incident CVD in groups divided by genetic
risk and lifestyle compared with the ref-
erence group (favorable lifestyle with low
genetic risk).

We performed two sensitivity analyses:
1) including participants with CVD events
before T2D diagnosis and 2) changing the
start of observation from birth to age at
cohort entrance (Supplementary Methods).

RESULTS

Higher CVD Incidence by Earlier Age
at T2D Diagnosis
The percentages of UK Biobank partici-
pants diagnosed with T2D at ages 30–39,
40–49, 50–59, and 60–69 years were 2.9,
11.9, 47.2, and 31.9%, respectively (Ntotal =
12,321) (Table 1). During amedian diabetes
duration of 13.1 years, participants with an
earlier age at T2D diagnosis had a higher
risk of incident CVD (Fig. 1). Although ad-
justment for ASCVD risk factors attenuated
the estimates, the increased CVD risk re-
mained significant (Supplementary Table 3),

Figure 1—Cumulative event of CVD by age (years) at T2D diagnosis. Adjusted HRs for CVD in each
group according to age at T2D diagnosis are shown.The 95% CIs for the HRs are provided in paren-
theses. HRs were risk of incident CVD in each age at T2D diagnosis group compared with the refer-
ence group (age at T2D diagnosis between 60 and 69 years). The model was adjusted for age at
enrollment and sex.

Study Cohort

UK Biobank

SNUH T2D Cohort

Age at T2D
Diagnosis

30-39

40-49

50-59

60-69

30-39

40-49

50-59

60-69

HR (95% CI)

2.25 (1.56-3.26)

1.51 (1.30-1.75)

1.36 (1.24-1.50)

1.30 (1.14-1.48)

1.75 (1.18-2.62)

1.71 (1.30-2.24)

1.54 (1.16-2.03)

1.48 (0.93-2.36)

P-value

1.6x10-5

7.5x10-8

4.9x10-10

6.9x10-5

0.0059

1.3x10-4

0.0025

0.098

0.71 1.0 1.41 3.5

HRinterac�on = 1.01
Pinterac�on = 0.47

HRinterac�on = 1.01
Pinterac�on = 0.0031

Pinterac�on, meta-analysis = 0.0030

Figure 2—Genetic risk of CAD according to age (years) at T2D diagnosis. Adjusted HRs for CAD in each group according to age at T2D diagnosis are shown.
HRs were calculated for one SD increment of CAD PRS. The model was adjusted for age at enrollment, sex, and the first 10 principal components that re-
flected ancestry. The HR for the interaction term between age at T2D diagnosis and CAD PRS was estimated to express increased risk of CAD with earlier
T2D diagnosis.
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and sensitivity analysis showed similar
results (Supplementary Table 4). The
increased CVD risk with earlier T2D di-
agnosis was also observed in the SNUH
T2D cohort (Supplementary Tables 5
and 6).

Increased Genetic Risk of CVD by
Earlier Age at T2D Diagnosis
UK Biobank participants with an earlier
T2D diagnosis had a higher T2D PRS, as
expected (Table 1). However, the effect
of T2D PRS on incident CAD and stroke was
only marginal (HR 1.10; 95% CI 1.03–1.18
and 1.09; 1.00–1.19, respectively). There
was no difference in the effect size of

T2D PRS on CAD or stroke according to age
at T2D diagnosis (Supplementary Fig. 1).

In contrast, CAD PRS was significantly
associated with incident CAD, and its ef-
fect size was largest in participants diag-
nosed with T2D at age 30–39 years. The
effect size decreased as the age at diagnosis
increased: HR of 2.25 (95% CI 1.56–3.26)
for ages 30–39, 1.51 (1.30–1.75) for 40–49,
1.36 (1.24–1.50) for 50–59, and 1.30
(1.14–1.48) for 60–69 years (Fig. 2).
Notably, there was a significant interaction
between age at T2D diagnosis and CAD
PRS for incident CAD (HRinteraction 1.01;
95% CI 1.004–1.022; Pinteraction = 0.0031)
(Fig. 2). This translated into an additional

14% increase (1.14; 1.05–1.25) in the ef-
fect of CAD PRS as age at T2D diagnosis
decreased by 10 years. We observed
similar results in various sensitivity anal-
yses: 1) fully adjusting for ASCVD risk
factors, 2) including participants with
CAD events before T2D diagnosis, and
3) changing the start of observation to
cohort entry (Supplementary Tables 7–9).
Results from the SNUH T2D cohort fur-
ther supported the findings with a similar
trend (Fig. 2 and Supplementary Table
10). After meta-analysis of the two stud-
ies, the interaction remained statistically
significant (Pinteraction, meta-analysis = 0.0030)
(Fig. 2).
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Figure 3—Risk of CAD according to age at T2D diagnosis, lifestyle, and genetic risk. Adjusted HRs for CAD according to lifestyle and genetic risk in
each group according to age at T2D diagnosis are shown: ages 30–39 (A), 40–49 (B), 50–59 (C), and 60–69 years (D). Participants with a favorable
lifestyle and low genetic risk of CAD served as the reference group (Ref) in these comparisons. The model was adjusted for age at enrollment, sex,
and the first 10 principal components that reflected ancestry.
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Lifestyle Mitigates Increased Genetic
Effect
Among UK Biobank participants diag-
nosed with T2D between ages 30 and
39 years, the relative risk of developing
CAD was 8.55-fold higher for those with
high genetic risk of CAD and an unfavor-
able lifestyle compared with those with
low genetic risk and a favorable lifestyle
(Fig. 3 and Supplementary Table 11). In-
terestingly, participants with low genetic
risk of CAD but an unfavorable lifestyle
had a similar but slightly higher risk
(4.43-fold) than those with high genetic
risk of CAD and a favorable lifestyle
(3.56-fold). The relative risk reduction of
adherence to a favorable lifestyle com-
pared with an unfavorable lifestyle was
69% (HR 0.31; 95% CI 0.15–0.64), whereas
the risk difference for having low genetic
risk of CAD compared with high genetic
risk was 66% (0.34; 0.16–0.74).

CONCLUSIONS

In this study of two independent pro-
spective cohorts with different ethnicities
and recruitment settings, we tried to de-
termine why individuals with earlier T2D
diagnosis had an increased risk of CVD.
We show that CAD PRS was higher in
participants with earlier T2D diagnosis
and that there was a significant interac-
tion between earlier age at T2D diagno-
sis and larger genetic effect of CAD PRS
on incident CAD (14% additional risk in-
crease for a 10-year earlier diagnosis).
Moreover, having a favorable lifestyle had
a similar risk-lowering effect to having a
low CAD PRS in individuals diagnosed with
T2D at age 30–39 years (69 and 66%,
respectively).
Previous studies have reported an in-

creased risk of CVD and mortality in indi-
viduals with early-onset T2D, even after
adjustment for T2D duration (18), but the
mechanism is not clearly understood. We
demonstrate an increased genetic effect
on CAD in individuals with earlier T2D di-
agnosis. One potential explanation is that
those with earlier T2D diagnosis may
have aggregation of multiple cardiome-
tabolic risk factors, as suggested by the
common soil hypothesis (4). The constel-
lation of these predispositions in individ-
uals with early-onset T2D might have
caused the increased genetic risk of incident
CAD. Second, there are shared genetic
risk factors between T2D and CAD (19),
and studies have identified T2D-related

genetic variants showing pleiotropic ef-
fects on CAD (20). Finally, interaction with
lifestyle factors might have increased the
genetic impact in individuals with earlier
T2D diagnosis (5).

The strengths of our study are that
we 1) evaluated the association of age
at T2D diagnosis and genetic risk of inci-
dent CVD in large-scale prospective co-
horts, 2) performed multiple sensitivity
analyses, and 3) evaluated the modifica-
tion of genetic effects by comprehen-
sive lifestyle factors. There were certain
limitations in our study. First, we ex-
cluded participants with CVD events be-
fore T2D diagnosis. Although CVD can
develop during the prediabetic stage,
we focused on incident CVD events that
were specifically related to T2D. Second,
we were not able to investigate more
detailed environmental risk factors or epi-
genetic factors, as they were beyond our
scope. Finally, the number of participants
with T2D diagnosed between ages 30
and 39 years was relatively small, and
T2D status based on self-report in UK Bi-
obank might have biased our results. In
conclusion, individuals diagnosed with
T2D at an early age have a higher ge-
netic predisposition for CAD, and their
increased risk was largely mitigated by a
healthy lifestyle.
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