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ABSTRACT

Introduction: Early onset type 2 diabetes
(T2D), diagnosed before age 40 years, is poten-
tially more aggressive than later-onset disease
and is increasing in prevalence globally. We
examined the prevalence of early onset T2D in
the USA and characterised this population.

Methods: Data from the longitudinal series
of NHANES cross-sectional surveys conducted
between 1999 and 2020 were analysed retrospec-
tively. The prevalence of diagnosed and undiag-
nosed early onset T2D was estimated across this
period and the demographics, clinical charac-
teristics and frequency of comorbidities in this
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population were described. Findings were com-
pared with the US later-onset T2D population
during the same period.

Results: The prevalence of diagnosed and
undiagnosed early onset T2D increased from
1.42% (standard error 0.19) and 0.18% (0.09),
respectively, during the 1999-2000 survey cycle
to 1.72% (0.24) and 0.35% (0.06), respectively,
during the 2017-2020 cycle. Compared with
those with later-onset disease, participants with
early onset T2D had a lower mean poverty-
income ratio, were more likely to be Hispanic
or have no health insurance and less likely to be
non-Hispanic white or have private or Medicare
insurance (all p<0.05). Individuals with early
onset T2D generally had a worse cardiometa-
bolic profile, with higher mean glycated haemo-
globin, Homeostatic Model Assessment for Insu-
lin Resistance score, fasting insulin and glucose,
body mass index and waist circumference but
were less likely to have congestive heart failure,
coronary heart disease, stroke, chronic kidney
disease or cancer (all p<0.05). All comparisons
remained statistically significant after adjust-
ment for T2D duration among participants with
diagnosed T2D.

Conclusions: These findings suggest that early
onset T2D may disproportionately affect under-
served populations with a higher likelihood of
having cardiometabolic risk factors, suggest-
ing a more aggressive disease that warrants the
need for better diagnoses and treatment. Further
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research is needed to explore the potential link
between cardiometabolic profile, risk of com-
plications and longer-term cardiovascular out-
comes in people with early onset T2D.

PLAIN LANGUAGE SUMMARY

The number of people affected by type 2 diabe-
tes (T2D) before the age of 40 years (early onset
T2D) is increasing globally, and these individu-
als may have more diabetes-related medical
issues than those who develop the disease later
in life. We estimated the number of people with
early onset T2D in the USA and described their
characteristics using data from a series of sur-
veys conducted between 1999 and 2020. In par-
ticular, we examined their demographics (e.g.
age, gender, race/ethnicity, income), important
clinical characteristics that give us information
about their health (e.g. insulin and glucose lev-
els, weight, cholesterol levels, blood pressure,
liver function, etc.) and coexisting medical dis-
orders. We compared these results with people
diagnosed with T2D at>40 years of age (later-
onset T2D). Between 1999-2000 and 2017-2020,
the number of people with diagnosed and undi-
agnosed early onset T2D increased in the USA
from 1.42% and 0.18%, respectively, to 1.72%
and 0.35%, respectively. Compared with people
with later-onset T2D, people with early onset
T2D had a lower poverty-income ratio (mean-
ing they were, on average, poorer), were more
likely to be Hispanic or have no health insuz-
ance, were less likely to be white or have private
or Medicare insurance and had a worse clinical
characteristic profile but were less likely to have
coexisting disorders, regardless of how long ago
they were diagnosed. Our findings suggest that
early onset T2D disproportionately affects cer-
tain ethnicities and underserved populations,
is associated with higher health risks and may
be a more aggressive disease, warranting better
diagnoses and treatment.

Keywords: Characteristics; Comorbidities;
Early onset; Later-onset; National Health and

Nutrition Examination Survey; Prevalence; Type
2 diabetes; USA

Key Summary Points

Why carry out this study?

Early onset type 2 diabetes, diagnosed before
40 years of age, is increasingly prevalent glob-
ally and may be a more aggressive disease
than later-onset type 2 diabetes, diagnosed
at>40 years of age; however, the prevalence
of early onset type 2 diabetes in the USA

is unknown, as is the frequency of comor-
bidities related to early onset disease among
affected individuals.

We aimed to characterise the prevalence

of undiagnosed and diagnosed early onset
type 2 diabetes in the USA as well as the
demographics, clinical characteristics and
frequency of disease-related comorbidities in
these individuals.

What was learned from the study?

Our findings indicate that the prevalence of
undiagnosed early onset type 2 diabetes has
increased over time in the USA; early onset
disease disproportionately affects under-
served populations; and people with early
onset type 2 diabetes generally have a worse
cardiometabolic profile than those with later-
onset disease.

Early onset type 2 diabetes may be associated
with higher cardiometabolic risk that should
be better diagnosed and treated.

Further research is needed to explore the
potential link between the cardiometabolic
profile of people with early onset type 2
diabetes, the risk of complications and longer
term cardiovascular outcomes.

INTRODUCTION

Early onset type 2 diabetes (T2D), defined as
diagnosis before 40 years of age, is increasingly
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prevalent globally and may be a more aggres-
sive disease than later-onset T2D, defined as
diagnosis at>40 years of age [1, 2]. Evidence
suggests that early onset T2D is associated with
increased insulin resistance and the accelerated
loss of B-cell function compared with later-onset
T2D, as well as a lack of response to anti-hyper-
glycaemic treatment such as metformin [2-4].
Furthermore, earlier onset of T2D leads to a
longer lifetime exposure to hyperglycaemia and,
consequently, a greater propensity for long-term
diabetes-related complications [3]. Moreover, the
accelerated deterioration of B-cell function and
development of insulin resistance in early onset
T2D compounds the risk for earlier development
of these complications [5-9]. In addition, the
impact of obesity in early onset T2D appears
to be different from that in later-onset T2D in
terms of higher prevalence and greater liver fat
accumulation associated with obesity [10-13].

The Global Burden of Disease Study 2019
described a significant increase in the age-stand-
ardised incidence rate (per 100,000 population)
of T2D in people aged 15-39 years of age across
204 countries from 117.22 in 1990 to 183.36 in
2019 [14]. However, although the prevalence of
early onset T2D is increasing globally, the prev-
alence in the USA is unknown. Furthermore,
most evidence on the propensity for and onset
of long-term diabetes-related complications is
derived from studies of youth-onset T2D popu-
lations; therefore, the frequency of comorbidi-
ties related to early onset disease among affected
individuals is also unknown. Our objective was
to characterise the US population with early
onset T2D, examining the prevalence of undi-
agnosed and diagnosed early onset T2D and the
demographics, clinical characteristics and fre-
quency of disease-related comorbidities in these
individuals.

METHODS

Data Source

The National Health and Nutrition Examination
Survey (NHANES) is a nationally representative
survey of the US civilian, non-institutionalised

population conducted by the National Center
for Health Statistics (NCHS) and the Centers for
Disease Control and Prevention [15]. Since 1999,
NHANES has examined a nationally representa-
tive sample of about 5000 persons each year
via interviews and physical examinations [15].
NHANES is the only US national health survey
that includes health exams, laboratory tests by
highly trained medical professionals and inter-
views about health, diet, and personal, social
and economic characteristics for participants of
all ages. Furthermore, NHANES uses a random,
scientific process to select the people invited to
participate. This process ensures that this group
of people can accurately represent the health
and nutritional status of everyone in the USA
[15]. This study used NHANES data provided up
to March 2020, including from demographic,
socio-economic, dietary and health-related
interview questions, as well as medical records,
physiological measurements and laboratory test
results. Continuous NHANES data were reported
for a series of 2-year cycles from 1999 to 2016;
however, data for 2017-2020 were combined
in a 3.25-year cycle owing to the COVID-19
pandemic.

This was a secondary research study con-
ducted using data from the publicly available
deidentified NHANES database; therefore, nei-
ther institutional review board review nor for-
mal participant consent to release (or publish)
information was required. Ethical approval for
the NHANES study was obtained from the NCHS
Research Ethics Review Board (NHANES-NCHS
Research Ethics Review Board Approval; https://
www.cdc.gov/). No additional ethical consent
was necessary for the secondary data analyses in
this study. This study was performed in accord-
ance with the Helsinki Declaration of 1964 and
its later amendments.

Population

Data from the longitudinal series of NHANES
cross-sectional surveys of US participants con-
ducted between 1999 and 2020 were analysed
retrospectively. Participants with early and later-
onset T2D were identified, respectively, based
on a diagnosis of T2D at<40 or =40 years of age
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(diagnosed T2D) or a fasting glucose>126 mg/
dL or glycated haemoglobin (HbA1c¢)26.5% in
those aged <40 years or 240 years without a T2D
diagnosis (undiagnosed T2D). Women who self-
reported pregnancy, had a positive pregnancy
test or reported a diagnosis of T2D only during
pregnancy were excluded.

Obijectives

The primary objective of this study was to char-
acterise the US population with early onset T2D,
examining the prevalence of diagnosed and
undiagnosed early onset T2D, and the demo-
graphics, clinical characteristics and frequency
of comorbidities in these individuals. As an addi-
tional objective, we also compared individuals
with early onset T2D with those with later-onset
T2D (diagnosed and undiagnosed) with respect
to prevalence, demographics, clinical character-
istics and frequency of comorbidities.

Statistical Analysis

The study sample size was determined by the
availability of data from NHANES between 1999
and 2020. The prevalence of diagnosed and
undiagnosed early onset T2D was described dur-
ing the first (1999-2000) and last (2017-2020)
NHANES cycles, as well as estimated patient
numbers, and analyses compared changes in
prevalence over time by 10-year time intervals
(with odds ratios [ORs]). Early onset T2D preva-
lence estimates were calculated using the SAS
procedure SURVEYFREQ, based on NHANES
interview sampling weights for each cycle of
NHANES. Sensitivity analyses compared changes
in prevalence over time by 10-year time intervals
using ORs adjusted for age, gender and race/eth-
nicity using the SAS procedure SURVEYLOGIS-
TIC (logistic regression). Equivalent additional
analyses were undertaken to evaluate the preva-
lence of diagnosed and undiagnosed later-onset
T2D.

The characteristics of participants with diag-
nosed and undiagnosed early onset T2D (includ-
ing demographics, clinical characteristics and fre-
quency of comorbidities) were calculated using
the SAS procedures SURVEYFREQ for categorical

variables and SURVEYMEANS (often referred to as
survey means analysis) for continuous variables.
Additional across-group comparison analyses
assessed the overall differences in the character-
istics of participants with early versus later-onset
T2D (diagnosed and undiagnosed). For categorical
variables with more than two subcategories (e.g.
race/ethnicity), pairwise comparisons assessed the
differences between participants with early ver-
sus later-onset T2D by individual subcategory. All
additional analyses were conducted using Wald
chi-squared tests. Significance level for statistical
tests was set at a two-sided a level of 0.05.

Sensitivity analyses adjusted for T2D duration
and stratified participants with diagnosed early
and later-onset T2D by years since T2D diagnosis.
Post-stratification weighting provided the same
distribution of T2D duration in the diagnosed
early and later-onset groups for comparison. All
analyses used the strata, clusters and weighting of
the complex survey design of NHANES so that the
analyses were generalised to the non-institutional-
ised population of the USA. Descriptive summary
statistics were reported as mean (standard error
[SE]) for continuous variables and weighted per-
centage (excluding number missing in denomina-
tor) for categorical variables. To maintain privacy,
cell suppression was used to conceal data when
data were available for fewer than 11 participants.

Missing data were handled according to the
NHANES: Analytic Guidelines [16]. If<10% of data
for a variable were missing from the analytic data-
set, the analysis was continued without further
evaluation or adjustment. If>10% of the data for
a variable were missing, it was determined whether
the missing values were distributed equally across
sociodemographic characteristics, and missing val-
ues were further imputed or adjusted weights were
used, as necessary. No multiplicity adjustments
were made for additional analyses. All statistical
analyses were performed using SAS, Version 9.4
(SAS Institute Inc., Cary, NC, USA).

Role of the Funding Source

The funder of the study, Eli Lilly and Company,
had a role in the study design, data collection,
data analysis, data interpretation and writing of
the report.
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RESULTS

The NHANES data set provided information on
6665 participants diagnosed with T2D and 1942
participants with undiagnosed T2D between
1999 and 2020.

Prevalence of Early Onset T2D

The prevalence of diagnosed early onset T2D
in the USA increased from 1.42% (SE 0.19) duzr-
ing the 2-year 1999-2000 survey cycle to 1.72%
(SE 0.24) during the 3.25-year 2017-2020 cycle
(Fig. 1); however, the prevalence between the
two 10-year periods remained stable (OR 1.130,
p=0.1229, not significant). The corresponding
estimated number of people with diagnosed
early onset T2D increased from 3.869 million in
1999-2000 to 5.560 million in the 2017-2020
cycle.

The prevalence of undiagnosed early onset
T2D in the USA increased from 0.18% (SE 0.09)
during the 1999-2000 survey cycle to 0.35% (SE
0.06) during the 2017-2020 cycle (Fig. 1); addi-
tionally, the prevalence increased significantly
by 46% per 10-year time-period between 1999
and 2020 (OR 1.461, p=0.0136). This increase

2% 1

1% A

0.18%

oL 7777

N (millions) 0.493 1.112

Estimated percentage of population (SE)

Undiagnosed early-onset T2D

N 1999-2000

Fig. 1 Prevalence of early onset T2D in the US NHANES
population (1999-2020). *NHANES data were reported
for 2-year cycles from 1999 to 2016; however, data for

remained significant when adjusted for age,
gender and race/ethnicity in a sensitivity anal-
ysis (adjusted OR 1.391, p=0.0324). The coz-
responding estimated number of people with
undiagnosed early onset T2D increased from
0.493 million in 1999-2000 to 1.112 million in
2017-2020.

Prevalence of Later-Onset T2D

The prevalence of diagnosed later-onset T2D
increased from 2.87% (SE 0.25) in 1999-2000
to 6.60% (SE 0.34) in 2017-2020 and increased
significantly by 56% per 10-year time-period
between 1999 and 2020 (OR 1.557, p<0.0001).
This increase remained significant when
adjusted for age, gender and race/ethnicity
(adjusted OR 1.385, p<0.0001). The correspond-
ing estimated number of people with diagnosed
later-onset T2D increased from 7.822 million in
1999-2000 to 21.284 million in 2017-2020.
The prevalence of undiagnosed later-
onset T2D increased from 1.18% (SE 0.13) in
1999-2000 to 1.73% (SE 0.14) in 2017-2020,
and increased significantly by 21% per 10-year
time-period between 1999 and 2020 (OR 1.208,
p=0.0005). When adjusted for age, gender and

3.869 5.560

Diagnosed early-onset T2D

| 2017-2020%

2017-2020 were combined owing to the COVID-19 pan-
demic. NHANES National Health and Nutrition Exami-
nation Survey, SE standard error, 72D type 2 diabetes
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race/ethnicity, this increase was not significant
(OR 1.055, p=0.3054). The corresponding esti-
mated number of people with undiagnosed
later-onset T2D increased from 3.215 million
in 1999-2000 to 5.579 million in 2017-2020.

Demographics

Age, race/ethnicity, health insurance type and
poverty-income ratio significantly differed

between participants with early and later-onset
T2D (diagnosed or undiagnosed) (Table 1). Par-
ticipants with early onset T2D were on average
poorer (i.e. had a lower poverty—income ratio;
both p<0.0001), more likely to be Hispanic
(both p<0.0001), and less likely to be non-His-
panic white (both p<0.0001) than those with
later-onset disease (Table 1 and Supplementary
Table S1). Participants with diagnosed early
onset T2D were more likely to be non-Hispanic
Black (p=0.0002; undiagnosed not significant),

Table 1 Demographic characteristics of participants with diagnosed and undiagnosed early- and later-onset T2D

Characteristic Diagnosed T2D Undiagnosed T2D
Earlyonset  Later onset p-value Earlyonset  Lateronset  p-value
(n=1408) (n=5257) (n=267) (n=1675)
Age at diagnosis, mean (SE) 28.8(0.3) 54.9 (0.2) <0.0001 N/A N/A N/A
Current age (years), mean (SE) 478 (0.5)  641(02)  <0.0001 32.8(05)  60.5(0.4) <0.0001
Gender, % 0.0067 0.1792
Male 46.1 51.5 615 55.3
Female 53.9 485 385 447
Race/ethnicity, % <0.0001 <0.0001
Non-Hispanic white 49.3 63.7 37.2 61.7
Non-Hispanic Black 18.9 14.9 18.0 14.0
Hispanic 23.2 12.9 30.9 16.2
Non-Hispanic other 85 8.6 13.8 8.1
Health insurance, % <0.0001 <0.0001
No insurance 20.8 8.9 45.5 16.8
Private 51.9 57.9 40.1 58.1
Medicare 9.1 19.4 1.5 14.9
Other public 18.1 13.8 12.9 10.2
Poverty—income ratio, mean (SE) 2.3 (0.1) 2.7 (0.0) <0.0001 2.1(0.1) 2.8(0.1) <0.0001
Education, % 0.1473 0.3597
< High school 29.6 26.0 30.0 26.2
High school diploma 25.3 26.1 284 25.9
Some college or higher 45.0 47.9 41.7 47.9
Current smoker (yes), % 21.1 15.0 <0.0001 30.4 17.6 0.0004

N/A not applicable, SE standard error, 72D type 2 diabetes
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and participants with undiagnosed T2D were
more likely to be non-Hispanic other (p=0.0167;
diagnosed not significant) than those with diag-
nosed or undiagnosed later-onset T2D, respec-
tively (Supplementary Table S1).

Participants with early onset T2D were
more likely to have no health insurance (both
p<0.0001) and less likely to have private (diag-
nosed p=0.0061; undiagnosed p=0.0003) or
Medicare (both p<0.0001) insurance than
those with later-onset disease (Supplementary
Table S1). Participants with diagnosed early
onset T2D were more likely to have other pub-
lic insurance (diagnosed p=0.0035; undiagnosed
not significant) than those with diagnosed later-
onset T2D (Supplementary Table S1).

All significant comparisons remained statisti-
cally significant after adjustment for duration
of T2D among participants with diagnosed T2D
(Supplementary Table S2 and Supplementary
Table S3).

There were no significant differences in level
of education between participants with early
onset T2D (diagnosed or undiagnosed) and
corresponding participants with later-onset
T2D (Table 1 and Supplementary Table 2). Par-
ticipants with diagnosed early onset T2D were
more likely to be female than those with diag-
nosed later-onset disease (p=0.0067) (Table 1),
although this result was not statistically signifi-
cant after adjustment for duration of T2D (Sup-
plementary Table S2).

Clinical Characteristics

Participants with early onset T2D (diagnosed or
undiagnosed) had higher mean HbAlc, Homeo-
static Model Assessment for Insulin Resistance
(HOMA-IR) score, fasting insulin and glucose,
body mass index (BMI) and waist circumference
than corresponding participants with later-onset
T2D and were more likely to have a family his-
tory of T2D (all p<0.05) (Table 2). Furthermore,
according to BMI category, participants with
early onset T2D were more likely to have obe-
sity (defined as BMI>30 kg/m?) than those with
later-onset disease (diagnosed p<0.0001; undi-
agnosed p=0.0008).

Participants with diagnosed early onset T2D
were more likely to be receiving no medication
or insulin only (both p<0.0001), and less likely
to be receiving an oral antidiabetic drug only
(p<0.0001), than those with diagnosed later-
onset T2D (Supplementary Table S1). Mean
systolic blood pressure was lower, but mean
diastolic blood pressure was higher, in partici-
pants with early onset T2D (diagnosed or undi-
agnosed) than in corresponding participants
with later-onset T2D (all p<0.05) (Table 2).
The proportion of participants receiving statins
was lower (35.1% versus 54.5%, respectively;
p<0.0001) and mean non-high-density lipo-
protein cholesterol (non-HDL-c) was higher
(p<0.0001) in participants with diagnosed early
onset T2D than those with diagnosed later-onset
disease. Mean alanine transaminase (ALT) was
higher in participants with early onset T2D
(diagnosed or undiagnosed; both p<0.05), but
mean aspartate transaminase was only higher
in participants with undiagnosed early onset
disease than in corresponding participants with
later-onset disease (p=0.00365).

All comparisons in participants with diag-
nosed T2D remained statistically significant after
adjustment for duration of T2D, except fasting
insulin in participants with diagnosed early ver-
sus later-onset T2D (Supplementary Table S3 and
Supplementary Table S4).

Frequency of Comorbidities

Overall, there were no significant differ-
ences in general health (rated excellent to
poor) between participants with early versus
later-onset T2D (diagnosed or undiagnosed)
(Table 3). Participants with diagnosed early
onset T2D were more likely to have asthma
than those with diagnosed later-onset disease
(p=0.0110); however, participants with early
onset T2D (diagnosed or undiagnosed) were
less likely to have congestive heart failure
(CHF), coronary heart disease (CHD), stroke,
chronic kidney disease (CKD) or cancer than
corresponding participants with later-onset
T2D (all p<0.05). All significant compari-
sons remained statistically significant after
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Table 2 Clinical characteristics of participants with diagnosed and undiagnosed early- and later-onset T2D

Characteristic Diagnosed T2D Undiagnosed T2D
Early Later onset p-value  Earlyonset Later onset p-value
onset (n=5257) (n=267) (n=1675)
(n=1408)
Family history of diabetes, % 81.5 68.8 <0.0001 64.8 49.5 0.0013
Duration of diabetes, mean (SE) 19.0 9.3 <0.0001 N/A N/A N/A
Type of anti-hyperglycaemic medication, % <0.0001 N/A*
No medication 215 14.2 95.0 79.8
Insulin only 22.5 13.8 0.0 2.0
OAD only 40.4 58.9 5.0 17.9
Insulin+ OAD 15.6 13.1 0.0 0.2
HbA1c (%), mean (SE) 7.74(0.08) 7.20(0.03)  <0.0001 7.34 (0.16)  6.96(0.05)  0.02979
HOMA-IR, mean (SE) 162(27)  9.6(0.6) 0.0174315.1 (2.6) 6.7 (0.4) 0.00172
Fasting insulin, mean (SE) 352(5.5) 23.5(1.4) 0.0365638.9 (6.6) 18.8(0.9)  0.00377
Fasting glucose, mean (SE) 184.6 (7.0) 157.1(2.8) 0.00072168.1 (11.3) 143.9 (2.5) 0.03992
BMI (kg/m?), mean (SE) 349(0.3) 323(02)  <0.0001363(0.7)  32.6(03)  <0.0001
BMI > 30 kg/m?, % 714 58.5 <0.0001 74.4 60.3 0.0008
Whaist circumference (cm), mean (SE) 1132(0.7) 110.1(0.4)  0.00015114.8 (1.6) 110.1 (0.6) 0.00774
SBP (mmHg), mean (SE) 127.7(0.7) 131.5(0.4)  <0.0001 121.9 (1.1)  133.2(0.7)  <0.0001
DBP (mmHg), mean (SE) 732(05) 683(03)  <0.0001752(1.0)  729(05)  0.0387
Non-HDL-c (mg/dL), mean (SE) 149.3 (1.9) 135.1(1.1)  <0.0001 1565 (3.7) 156.0(1.7)  0.90404
Receiving a statin, % 35.1 54.5 <0.0001 1.9 28.5 <0.0001
ALT, mean (SE) 29.6 (1.5) 257 (0.4) 0.0094 462 (3.5)  30.8(0.8)  <0.0001
AST, mean (SE) 263 (1.0) 25.6(0.3) 0.4680734.7 (22)  28.0(0.5)  0.00365

ALT alanine transaminase, 457 aspartate transaminase, BMI body mass index, DBP diastolic blood pressure, HbAlc gly-
cated haemoglobin, zon-HDL-c non-high-density lipoprotein cholesterol, HOMA-IR Homeostatic Model Assessment for
Insulin Resistance, N/A not applicable, 04D oral antidiabetic drug, SBP systolic blood pressure, SE standard error, 72D

type 2 diabetes

*At least one characteristic category has a value of 0%; therefore, the p-value cannot be computed for this comparison, as the
SE cannot be computed, and chi-squared is undefined in the SAS procedure SURVEYFREQ

adjustment for duration of T2D among par-

ticipants with diagnosed T2D (Supplementary

Table S5).

DISCUSSION

We have characterised the US population with
diagnosed and undiagnosed early onset T2D
(<40 years of age at diagnosis), examining the
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Table 3 Comorbidities of participants with diagnosed and undiagnosed early- and later-onset T2D
Comorbidity Diagnosed T2D Undiagnosed T2D
Early onset Lateronset  p-value Early onset Later onset p-value
(n=1408) (n=5257) (n=267) (n=1675)
Asthma, % 19.6 15.6 0.0110 17.5 12.8 0.1621
CHE % 7.9 11.0 0.0101 0.9 5.5 0.0071
CHD, % 8.3 14.0 0.0001 0.5 7.1 0.0002
COPD, % 13.0 15.3 0.1535 5.7 9.7 0.1374
Stroke, % 6.8 10.3 0.0024 1.0 5.7 0.0056
CKD, % 18.3 27.6 <0.0001 10.0 17.7 0.011
Dialysis, % 8.4 7.5 0.6541 0.0 0.0 N/A*
Cancer, % 7.9 19.1 <0.0001 3.6 13.8 0.0098
General health, % 0.0569 0.5619
Excellent 22 2.4 6.0 6.2
Very good 11.7 16.0 19.2 22.4
Good 394 40.4 49.1 40.9
Fair 35.7 31.7 22.5 254
Poor 11.0 9.5 32 5.1

CHD coronary heart disease, CHF congestive heart failure, CKD chronic kidney disease, COPD chronic obstructive pulmo-
nary disorder, N/A not applicable, SE standard error, 72D type 2 diabetes

east one comorbidity categor as a valuc o 0; crerore, e p-value cannot be computed for this comparison, as ¢
At least bidity category h lue of 0%; therefore, th | th puted for th p th

SE cannot be computed, and chi-squared is undefined in the SAS procedure SURVEYFREQ

prevalence, demographics, clinical character-
istics and frequency of comorbidities in these
individuals and comparing these details with
those of the US population with diagnosed and
undiagnosed later-onset disease using NHANES
data from 1999 to 2020. These data indicate
that undiagnosed early onset T2D has increased
in prevalence over time in the USA, suggesting
more attention is needed to screen and diagnose
younger adults with T2D. Overall, individuals
with early onset T2D (both diagnosed and undi-
agnosed) generally had a worse cardiometabolic
profile including higher central obesity, dias-
tolic blood pressure and ALT than those with
later-onset T2D, which may increase the risk of
future cardiovascular disease [17]. Furthermore,
the NHANES data show that individuals diag-
nosed with early onset T2D were more likely to

be untreated, or treated with insulin only, than
people with later-onset disease, despite having
higher HbA1lc, suggesting that more attention
is also needed to ensure that people diagnosed
with early onset T2D receive the appropriate
treatment.

With respect to demographics, we found that
individuals with early onset T2D (at<40 years
of age) had a lower mean poverty-income ratio,
were less likely to be non-Hispanic white and
were more likely to be Hispanic than those
with later-onset T2D. These results are broadly
aligned with those of another recent NHANES
analysis [18], a National Health Interview Survey
analysis [19], and prior published literature [20].
For example, McGavock et al. [20] reported that
32-59% of young people with T2D across six
cohort studies were living in socioeconomically
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disadvantaged households. Another analysis of
NHANES data for the period from 2001 to 2018
showed that the prevalence of early onset T2D
(diagnosed at<50.5 years of age) was higher
among non-Hispanic Black and Hispanic peo-
ple than among non-Hispanic white people
[18]. In fact, both non-Hispanic Black ethnicity
and Hispanic ethnicity were highly predictive
of early onset T2D. In the current study, pro-
portions of participants with undiagnosed and
diagnosed early onset T2D who were Hispanic
or non-Hispanic Black were higher than the
respective proportions of participants with later-
onset disease. Furthermore, a recent analysis of
National Health Interview Survey data between
2016 and 2022 found that minority groups and
socially disadvantaged individuals had a higher
incidence of diagnosed young-adult-onset T2D
(diagnosed at 18—44 years of age) compared with
their counterparts [19]. Combined, these data
highlight that young adults who are Hispanic or
non-Hispanic Black, and those from underserved
backgrounds, may be relatively at high risk of
developing T2D, and support the need for fur-
ther studies to better understand the biological
and/or environmental causes of incident T2D in
these populations.

Notably, individuals with early onset T2D
(both diagnosed and undiagnosed) included in
our analysis generally had a worse cardiometa-
bolic profile than those with later-onset T2D and
were more likely to have central obesity despite
their younger age. Participants with early onset
T2D had higher mean HbAlc, HOMA-IR, fasting
insulin and glucose, BMI and waist circumfer-
ence than participants with later-onset disease.
These findings remained consistent after adjust-
ing for duration of diagnosed disease. Further-
more, non-HDL-c was higher in participants
with diagnosed early onset T2D than in those
with diagnosed later-onset disease, and statins
were underused among those with early onset
disease. Interestingly, diastolic blood pressure
was higher in early onset versus later-onset T2D,
although the clinical relevance of this finding
remains to be understood. However, systolic
blood pressure was lower in early versus later-
onset disease, regardless of whether individuals
were diagnosed or undiagnosed, a result likely

driven by the biologically younger age of the
early onset T2D group.

These results are consistent with a study by
Wang et al. [21] that compared clinical charac-
teristics between people with early and later-
onset T2D and found that people with early
onset had worse glycaemic status than those
with later-onset during the T2D course, and
glycaemic status was worse at the onset of T2D.
In Wang et al.’s study [21], renal function meas-
urements (estimated glomerular filtration rate,
serum creatine and microalbumin creatinine
ratio) were better among people with early onset
in the course of T2D, while blood lipid meas-
urements (low-density lipoprotein cholesterol,
triglycerides and total cholesterol) were worse
among people with early versus later-onset T2D.
Similarly, a post hoc analysis of the SURPASS-1
to -3 clinical trials of tirzepatide showed that
participants with early onset T2D (<40 years of
age) had worse glycaemic control, higher mean
body weight and BMI and a similarly unfavour-
able lipid profile (i.e. elevated triglycerides and
low HDL-cholesterol) at baseline versus partici-
pants with later-onset T2D [22].

In addition, research has shown that young
people with T2D can have up to threefold
higher amounts of liver fat compared with BMI-
matched individuals without T2D and compared
with people who developed T2D in mid or later
life [13]. Similarly, we observed higher ALT liver
enzymes in adults with early versus later-onset
T2D in this study, regardless of whether indi-
viduals were diagnosed (16% higher) or undi-
agnosed (50% higher), though we did not have
liver imaging data to correlate with this finding
[23]. It is recognised that obesity, insulin resist-
ance and metabolic dysfunction-associated
steatotic liver disease tend to co-exist in the
paediatric population [24]. Therefore, the ris-
ing prevalence of metabolic dysfunction-asso-
ciated steatotic liver disease is of clinical con-
cern because it is associated with cardiovascular,
metabolic and renal comorbidities both in adults
and in children [25-27].

Given the biologically younger mean ages of
participants with early versus later-onset T2D,
it is perhaps unsurprising that individuals with
early onset T2D (diagnosed and undiagnosed)
were less likely to have relevant comorbidities,
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such as CHF, CHD, stroke, CKD or cancer in this
analysis. Similarly, Wang et al. [21] found that
the proportion of patients with cardiovascu-
lar disease, CKD, hypertension and hyperlipi-
daemia was higher in people with later-onset
T2D than in those with early onset during the
entire course of T2D. However, given that indi-
viduals with early onset T2D appear to have a
worse cardiometabolic profile and will generally
live with T2D for longer than individuals with
later-onset disease, it might be expected that
individuals with early onset T2D will develop
relevant comorbidities at a younger age and be
more likely to develop these comorbidities dur-
ing their lifetimes. In fact, over a median fol-
low-up period of 5.63 years in a retrospective
analysis of the Swedish National Diabetes Reg-
istry, patients with T2D diagnosed at<40 years
of age had the highest excess risk for most
adverse outcomes relative to controls from the
general population, with adjusted hazard ratios
(95% confidence intervals [Cls]) of 2.05 (95%
CI: 1.81-2.33) for total mortality, 2.72 (95% CI:
2.13-3.48) for cardiovascular-related mortality,
1.95 (95% CI: 1.68-2.25) for non-cardiovascular
mortality, 4.77 (95% CI: 3.86-5.89) for heart fail-
ure and 4.33 (95% CI: 3.82-4.91) for CHD [28].
Similarly, another study concluded that early
onset T2D was associated with a higher risk of
cardiovascular and all-cause mortality compared
with later-onset T2D based on weighted mul-
tivariate Cox regression analyses of data from
NHANES 1999-2018 [29]. The discrepancies
between these findings and those of the current
study are likely a result of varying data types
(e.g. longitudinal versus non-longitudinal data)
or the application of different additional statisti-
cal estimation methodologies.

Furthermore, a retrospective cohort study com-
pared age- and sex-matched people with T2D
onset at 18 to<40, 40 to<60 and 60-90 years of
age in the Taiwan National Health and Insurance
Research Database from 2000 to 2012 [30]. That
study found that people with T2D onset before
40 years and between 40 and 60 years of age were
associated with excess risks of death, macrovas-
cular and microvascular complications and leg
amputation compared with people with disease
onset after 60 years of age. However, Huang et al.
[31] determined, via a propensity score-matched

cohort analysis, that individuals with onset of dia-
betes at age<40 years had a higher risk of micro-
vascular complications, but not macrovascular
complications, compared with those with later-
onset disease. These studies support the need for
further research of long-term outcomes in indi-
viduals with early onset T2D.

Collectively, data on early onset T2D have
clinically important implications for clinical deci-
sion-making and guideline-directed care given
the evidence that age at T2D diagnosis may be
prognostically important for survival and cardio-
vascular risks [27]. Furthermore, the increasing
prevalence of early onset disease predicts larger
populations of adults with early onset T2D world-
wide in the future, particularly among certain
ethnicities. However, aspects of early onset T2D
remain incompletely understood, and further
research on better identification of early onset
T2D, related complications, long-term outcomes
and, ultimately, measures to prevent early onset
T2D is needed.

Strengths and Limitations

NHANES provides a large representative sample
of the non-institutionalised US population, and
the data included in this study spanned multiple
2-year cycles of continuous NHANES, combined
to increase the robustness of our estimates. Fur-
thermore, the inclusion of data on individuals
with undiagnosed T2D, in addition to those with
a T2D diagnosis, allowed for a more comprehen-
sive understanding of the epidemic burden of
T2D in the USA.

However, NHANES provides cross-sectional
data and includes non-institutionalised civilians
who participated in the survey. Furthermore, this
study is limited by self-reported data, with poten-
tial for recall bias, given that the data for each
cycle were collected over a 2- or 3-year period. It
should also be noted that cause-effect inferences
cannot be made on the basis of a cross-sectional
survey; for example, risk factors related to the
incidence of comorbidities could be evaluated.
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CONCLUSIONS

Our findings indicate that the prevalence of
undiagnosed early onset T2D has increased
over time in the USA. Early onset T2D dispro-
portionately affects certain ethnicities, such as
Hispanic people and non-Hispanic Black peo-
ple, as well as underserved populations. Indi-
viduals with early onset T2D generally have a
worse cardiometabolic profile than those with
later-onset disease, including higher HbAlc,
BMI, waist circumference, non-HDL-c and ALT,
even after adjustment for duration of diabe-
tes, suggesting that early onset T2D may be
a more aggressive disease with higher cardio-
metabolic risk that should be better diagnosed
and treated.

Further research is needed to explore the
potential link between the cardiometabolic
profile of people with early onset T2D, the risk
of complications and longer term cardiovascu-
lar outcomes.
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