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OBJECTIVE

To characterize high type 1 diabetes (T1D) genetic risk in a population where type 2
diabetes (T2D) predominates.

RESEARCH DESIGN AND METHODS

Characteristics typically associated with T1D were assessed in 109,594 Million
Veteran Program participants with adult-onset diabetes, 2011–2021, who had
T1D genetic risk scores (GRS) defined as low (0 to <45%), medium (45 to <90%),
high (90 to <95%), or highest ($$95%).

RESULTS

T1D characteristics increased progressively with higher genetic risk (P < 0.001 for
trend). A GRS$$ 90% wasmore commonwith diabetes diagnoses before age 40 years,
but 95% of those participants were diagnosed at age$$40 years, and they resembled
T2D in mean age (64.3 years) and BMI (32.3 kg/m2). Compared with the low risk
group, the highest-risk group was more likely to have diabetic ketoacidosis (low 0.9%
vs. highest GRS 3.7%), hypoglycemia prompting emergency visits (3.7% vs. 5.8%), out-
patient plasma glucose <50 mg/dL (7.5% vs. 13.4%), a shorter median time to start in-
sulin (3.5 vs. 1.4 years), use of a T1D diagnostic code (16.3% vs. 28.1%), low C-peptide
levels if tested (1.8% vs. 32.4%), and glutamic acid decarboxylase antibodies (6.9% vs.
45.2%), all P < 0.001.

CONCLUSIONS

Characteristics associated with T1D were increased with higher genetic risk, and es-
pecially with the top 10% of risk. However, the age and BMI of those participants re-
semble people with T2D, and a substantial proportion did not have diagnostic
testing or use of T1D diagnostic codes. T1D genetic screening could be used to aid
identification of adult-onset T1D in settings in which T2D predominates.

Type 1 diabetes (T1D) was historically characterized as “juvenile onset,” reflecting
presentation in childhood or adolescence (1). However, T1D may also present in
adults, with an onset that can be more gradual than juvenile-onset T1D and fewer
features typically associated with severe insulin deficiency, such as diabetic ketoaci-
dosis (DKA) (2–4). Individuals with “adult-onset” T1D may also have age and BMI
similar to individuals with type 2 diabetes (T2D) (5). As a result, it may be difficult
at presentation to distinguish adult-onset T1D from T2D.
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Identification of adult-onset T1D in
populations where T2D predominates is
clinically important, because effective
management of T1D is more likely to in-
clude use of continuous glucose moni-
toring and other intensive modalities
(3,6). Moreover, a substantial propor-
tion of T1D may begin in adulthood. For
example, a recent UK Biobank (UKB)
analysis showed that 42% of individuals
with genetically defined T1D had onset
at age 31–60 years. Although the UKB
study was restricted to individuals of
White European (EUR) ancestry and there
have been few studies of multiancestry
populations (7), a recent review (2) con-
cluded that adult-onset T1D is more com-
mon than childhood-onset T1D, as shown
from epidemiological data from both
high-risk areas such as Northern Europe
and low-risk areas such as China.
Because individuals known to have T1D

generally precludes enlistment in the U.S.
military, nearly all veterans with adult-
onset diabetes are usually presumed to
have T2D (8,9). The VA Million Veteran
Program (MVP), launched in 2011, links
genomic data to clinical history in the
Veterans Administration’s (VA’s) elec-
tronic medical record (EMR) (10). We
used the MVP data set to examine the
distribution and characteristics associ-
ated with T1D genetic risk in a multian-
cestry U.S. population.

RESEARCH DESIGN AND METHODS

The MVP and MVP Participants
The MVP is an ongoing biobank study
(10). Participants provide a blood sam-
ple and fill out demographic and life-
style surveys, and DNA analysis and
survey information are linked to their
EMRs. Genotyping uses a 723,305-single
nucleotide polymorphism (SNP) Affymetrix
Axiom Biobank Array, with imputation to
the 1000 Genomes Project phase 3 panel
(11). All SNPs that are used in genotyping
have an information metric for imputation
quality score >0.3 and minor allele fre-
quency>0.001 for all genotyped veterans
in MVP. Supplementary Fig. 1 shows the

derivation of the MVP population and the
broader population of veterans receiving
healthcare through the VA. As of 13 Octo-
ber 2018, the MVP had enrolled 702,740
participants. Of these, genomic information
was available for 462,335; 111,657 (24.2%)
met the criteria for diabetes based on both
use of diabetes ICD codes and outpatient
prescription of diabetes medications (12),
and 109,594 (23.8%) had genomic data suf-
ficient to compute a genetic risk score
(GRS). They were generally representative
of veterans receiving VA healthcare, al-
though there were some differences in age
at diabetes onset, use of insulin, and other
metrics (Supplementary Table 1). The VA
Central Institutional Review Board has
characterized MVP analyses as exempt
from individual project review.

Data Extraction and GRS
Construction
Clinical data were taken from the VA In-
formatics and Computing Infrastructure
Corporate Data Warehouse from 2002
until 13 October 2018. Major race and
ethnicity groups were assigned by the
Harmonized Ancestry and Race/Ethnicity
(HARE) algorithm combining self-reported
and genetic information (13). MVP partici-
pants with EUR, Hispanic (HIS), and Asian
(ASN) ancestry were evaluated with a
30-SNP GRS generated as described and
validated previously in the UKB and Well-
come Trust Case Control Consortium in
subjects with EUR ancestry (14). The
30-SNP GRS categorized relatively few Af-
rican (AFR) ancestry participants as having
high T1D genetic risk (Supplementary
Table 2), and provided relatively weak
prediction of glutamic acid dehydroxylase
(GAD) antibodies or low C-peptide levels
in receiver operating characteristic analy-
ses (Supplementary Fig. 2).With the 30-SNP
GRS, the area under the receiver operat-
ing characteristic curve (AUC) was 0.784
to predict GAD antibodies or low C-peptide
levels for participants with EUR ancestry,
but 0.718 to predict those characteristics
for those with AFR ancestry (P = 0.0045).
In contrast, use of a 7-SNP AFR ancestry-

specific GRS, generated as described previ-
ously, provided an AUC of 0.782 to predict
those characteristics for participants with
AFR ancestry (15). The AUCs using the
30-SNP GRS to predict those characteris-
tics were 0.694 and 0.713 for HIS and ASN
ancestry, respectively (not shown). Be-
cause of this difference in performance,
T1D genetic risk in participants with AFR
ancestry was evaluated with the AFR an-
cestry-specific GRS. This approach also re-
sulted in GRS values that were similar with
AFR and EUR ancestry, while use of an al-
ternative 67-SNP GRS in the SEARCH for
Diabetes in Youth study resulted in values
that were much lower for individuals with
AFR ancestry who were diabetes autoanti-
body positive, were insulin sensitive, or
had low C-peptide levels, compared with
those of similar individuals with EUR an-
cestry (16). With each GRS, T1D genetic
risk was expressed as a percentile, and
participants were characterized in ventile
groups as GRS 0 to <45% (low), 45 to
<90% (medium), 90 to <95% (high), and
$95% (highest).

Variables
Age and sex were obtained from the EMR
and self-report. Diabetes onset was de-
fined as the earliest date that criteria for
diabetes were met (use of ICD doses and
outpatient prescription of a diabetes medi-
cation), as used previously (12). Age, BMI,
and level of hemoglobin A1c (HbA1c) were
reported at diabetes onset. Screening for
T1D was assessed as measurement of GAD
antibodies (positive $5.0 IU/mL) and/or
C-peptide levels (low <0.50 ng/mL). DKA
was defined as use of the ICD code, and hy-
poglycemia variables as described. Since
MVP does not allow chart review in order
to preserve participant confidentiality, we
examined convenience samples of the re-
cords of veterans at the Atlanta, GA VA; for
example, at hospitalizations where the DKA
ICD codewas used, 100% had glucose levels
>250 mg/dL, and 94% had HCO3 levels
<18 mEq/L and/or b-hydroxybutyrate lev-
els>1.0mmol/L.
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Estimated glomerular filtration rate
(eGFR) (using the Chronic Kidney Disease
Epidemiology Collaboration equation)
was obtained at MVP enrollment, and the
level of non-HDL cholesterol was obtained
from the most recent outpatient determi-
nation prior to 13 October 2018 (17). Car-
diovascular disease (CVD), heart failure,
hypertension, chronic obstructive pul-
monary disease (COPD), coronary artery
disease, chronic kidney disease, hyperlip-
idemia, atrial fibrillation, and peripheral
vascular disease were determined by use
of ICD-9 or ICD-10 codes (Supplementary
Table 3). Pharmacologic therapy to reduce
CVD risk, including statins and antihyper-
tensives, was assessed from outpatient
prescriptions.

Statistical Analyses
Statistical analyses were performed using
R 4.0.5. Variation across genetic risk cate-
gories was assessed using multinomial
Cochrane-Armitage tests for discrete var-
iables and ANOVA for continuous varia-
bles, with and without stratification by
ancestry. Tests of association between
T1D genetic risk and diabetes or CVD
outcomes used linear regression for con-
tinuous variables and logistic regression
for categorical variables, with the low ge-
netic risk group as the referent and ad-
justing for age, sex, genetic ancestry, and
BMI at diabetes onset.
Some MVP participants appeared to

have been diagnosed with diabetes out-
side the VA, some of those participants
were already being treated with glucose-
lowering medications, and some were
already using insulin. To avoid possible
confounding because some participants
met criteria for diabetes when they first
appeared in the database, we conducted
a sensitivity analysis of MVP participants
who had no outpatient prescription of
insulin for at least 3 months after they
first met criteria for diabetes. The analy-
sis was aimed to identify participants
who met robust criteria for the diagnosis
of diabetes at their first visit to the VA
(use of diabetes ICD codes and prescrip-
tion of glucose-lowering medications)
but were not prescribed insulin at that
visit. If such individuals had hyperglyce-
mia and had an urgent need for insulin,
3 months should be sufficient to identify
them.

Data Availability Statement
Data will be shared upon request in a for-
mat available per VA mechanisms. After
the data have been published, all requests
will be reviewed, and data sets deemed
appropriate for release will be provided
to the requestor in electronic format.
Data will be stored and maintained in an
approved location as described in the VA
Research Data Inventory Form kept on
file in the research office. Curated risk fac-
tor levels and outcomes will be made
available on the Genomic Information Sys-
tem for Integrative Science server and the
Massachusetts Veterans Epidemiology Re-
search and Information Center MVP Phe-
notyping Core through Dr. Kelly Cho and
her colleagues.

RESULTS

Table 1 shows that the MVP partici-
pants with adult-onset diabetes were
predominantly male (95.3%), of EUR and
AFR ancestry (67.4% and 23.1%, respec-
tively), with follow-up of 12.0 ± 4.9 years
(mean ± SD). There was a higher percent-
age of HIS ancestry and lower percentage
of EUR ancestry individuals in the highest
genetic risk levels (Supplementary Table 4).
At diabetes onset, the higher T1D genetic
risk groups also tended to have lower age
and BMI, and higher HbA1c (all P < 0.0001
for trend). However, the groups were clini-
cally comparable, with less than a 5%
difference in these characteristics be-
tween the highest- versus the low-risk
groups. The two highest-risk groups com-
prised 10% of participants with diabetes
in MVP, and those groups had mean age
and BMI at diabetes onset that were
64.3 years and 32.3 kg/m2, respectively—
more typical of T2D.
With higher T1D genetic risk, MVP par-

ticipants weremore likely to have had DKA
(highest versus low genetic risk 3.7% vs.
0.9%, respectively), hypoglycemia suffi-
cient to prompt an emergency department
(ED) visit (5.8% vs. 3.7%), and an outpa-
tient visit when a random plasma glucose
level was <50 mg/dL (2.8 mmol/L, 13.5%
vs. 7.5%). A history of DKA, emergency vis-
its because of hypoglycemia, and outpa-
tient hypoglycemia were more frequent in
participants with GAD antibodies (19.7%,
37.7%, and 23.0%, respectively) or low
C-peptide levels (24.8%, 48.5%, and
21.9%, respectively). The trends for
T1D-associated characteristics to be
more common in participants with a

higher GRS were all statistically signifi-
cant (Table 2)—even between the low-
and medium-risk groups, where typical
T1D characteristics such as DKA were
infrequent. Compared with the low-risk
group, and adjusting for demographics
and BMI at diabetes onset, the medium-
risk group had increased odds of having
hadDKA, an ED visit because of hypoglyce-
mia, outpatient hypoglycemia, and earlier
use of insulin, all P < 0.0001. In contrast,
there were no differences in time to use
of sulfonylureas, and differences in risk of
CVD and other conditions were generally
not significant after adjustment.

Supplementary Table 5 shows that,
with higher T1D genetic risk the character-
istics of MVP participants with diabetes
who had EUR ancestry were generally
similar when risk was expressed as ven-
tiles as in Table 1, or in centile cutoffs as
previously reported by Oram et al. (14).
Supplementary Table 6 demonstrates that
increasing T1D genetic risk in each of the
ancestry subgroups also tended to be as-
sociated with more DKA, hypoglycemia,
use of T1D ICD codes, and T1D diagnostic
testing, although some features were less
common than in EUR participants. Supple-
mentary Table 7 shows the median time
to meet different random plasma glucose
criteria for hypoglycemia at an outpatient
visit. For each definition, among those
meeting the criteria, participants with
higher T1D genetic risk experienced hypo-
glycemia more quickly than those with
lower T1D risk.
The numbers of participants and the dis-

tributions of their T1D genetic risk by deca-
des of age at diabetes onset are shown in
Fig. 1, and characteristics are shone in
Supplementary Table 3. The greatest num-
ber of participants were age 50–59 years
at diabetes onset (n = 46,940).More partic-
ipants diagnosed before age 40 years were
in the top 10% of the GRS distribution
(GRS 90 to <95%, and $95%): age 20–
29 years (20.3%), and age 30–39 years
(12.0%), but 95% of participants in these
two highest GRS groups were diagnosed at
age$40 years. Those with later age of on-
set were less likely to have had DKA or use
insulin, and had lower HbA1c levels at dia-
betes onset, but the prevalence of GAD
antibodies or low C-peptide levels was sim-
ilar across age groups.
Table 1 also shows the relationship of

T1D genetic risk to “clinical suspicion” of
T1D: diagnostic testing (measurement
of GAD antibodies and/or C-peptide
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levels) and use of T1D ICD codes. Diag-
nostic testing increased with higher ge-
netic risk (P < 0.0001 for trend for both
GAD antibodies and C-peptide levels),
but was infrequent, even in the highest
genetic risk group (5.9% were tested for
GAD antibodies and 9.3% for C-peptide).
Among those tested, the frequency of
abnormal test results increased progres-
sively across genetic risk levels for both
GAD antibodies (low genetic risk 8.3%
vs. highest 43.2%) and low C-peptide
levels (7.3% vs. 45.2%). Use of T1D diag-
nostic codes was also infrequent: only
7.7% in the highest-risk group had over
50% use (a criterion for EMR-based
identification of T1D), and less than
30% in the highest-risk group had any
use (18).
Fig. 2 and Supplementary Table 8 show

that higher T1D genetic risk in MVP par-
ticipants was associated with earlier out-
patient use of insulin. Those without
diagnostic testing had the longest delay
of insulin initiation after diabetes onset
(mean 4.4 ± 4.3 years for no testing for
GAD antibodies and 4.4 ± 4.3 years for
measurement of C-peptide levels). Those
tested but negative had earlier initiation
of insulin (mean 2.3 ± 3.4 and 3.3 ± 3.9
years, respectively), while those with
GAD antibodies or low C-peptide levels
had the earliest use of insulin (1.1 ± 2.2
and 0.7 ± 1.7 years, respectively). How-
ever, within each group, higher T1D ge-
netic risk tended to be associated with
earlier initiation of insulin. This relation-
ship was statistically significant among
those with normal C-peptide levels or no
measurement of C-peptide (both P <
0.0001), but not among those with low
C-peptide levels, although the sample
size was small. Findings were similar
with testing for GAD antibodies, and in
sensitivity analyses that excluded AFR
ancestry or were restricted to AFR ances-
try (Supplementary Table 9).
To avoid possible confounding because

some MVP participants met criteria for di-
abetes when they first appeared in the
database, we conducted a sensitivity anal-
ysis of 49,384 participants who had no
outpatient prescription of insulin for at
least 3 months after they first met criteria
for diabetes (Supplementary Table 10).
Such participants tended to be older than
those with earlier use of insulin (mean
54.1 ± 9.6 years vs. 53.4 ± 9.6 years, re-
spectively), and had shorter follow-up
(mean 9.1 ± 3.2 years vs. 12.6 ± 5.0 years,

respectively). The patterns with differ-
ences in T1D genetic risk remained similar
to those in Table 1: participants with
higher genetic risk tended to be younger,
to be less obese, and to have higher
HbA1c levels at the time of diagnosis,
more DKA and hypoglycemia, more T1D
diagnostic testing and use of T1D ICD co-
des, and earlier use of insulin, despite age
and BMI at onset that resembled typical
T2D.

CONCLUSIONS

Our analysis of U.S. military veterans who
were MVP participants—a population
usually presumed to have T2D, since a his-
tory of typical, juvenile-onset T1D gener-
ally precludes enlistment—demonstrates
that higher T1D genetic risk is associated
with a progressively higher prevalence of
T1D-related characteristics (8,9). Despite
having an average age greater than
50 years and BMI above 30 kg/m2 when
diabetes was first identified in the EMR—
resembling T2D—those with higher T1D
genetic risk had an increased likelihood of
having had DKA, hypoglycemia prompting
ED visits or found incidentally at outpa-
tient visits, GAD antibodies, and low
C-peptide levels. Although at least 10% of
participants with diabetes in the MVP
(GRS 90–95% and >95% categories) ap-
pear to have increased risk of having such
features, T1D may often be clinically un-
suspected, because less than 15% of this
group had diagnostic testing with mea-
surement of GAD antibodies or C-peptide
levels, and less than one-third had any
use of a T1D ICD code.
There is increasing recognition that

T1D may present after childhood and
adolescence (2); in a recent study, over
40% of individuals of EUR ancestry with
high T1D genetic risk had onset of T1D
after age 30 years (4). Differences in de-
sign and population make it difficult to
compare such observations with our find-
ing that, among MVP participants with di-
abetes, more than 95% of those with high
or the highest genetic risk of TID were di-
agnosed with diabetes at age $40 years,
but the results seem consistent with previ-
ous literature. Presentation of T1D at a
greater age tends to be associated with
higher C-peptide levels when diabetes
is first diagnosed and a slower fall in
C-peptide levels over time (19,20).
These characteristics could make it dif-
ficult to recognize adult-onset T1D in
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settings where T2D predominates, be-
cause relative preservation of insulin
secretion might make features typical
of severe insulin deficiency less fre-
quent early in the natural history of
disease. However, we found that T1D
genetic risk was associated with a sig-
nificantly increased frequency of both
DKA and hypoglycemia even in the me-
dium-risk group compared with the
low-risk group (Table 2), suggesting
broad clinical relevance.
Our findings of earlier use of insulin

with higher T1D genetic risk even in MVP
participants who were not tested for GAD
or C-peptide, or tested and not found to
have antibodies or low C-peptide levels
(Fig. 2 and Supplementary Table 7), differ
from those of Grubb et al. (21), who re-
ported that increased T1D genetic risk in
EUR individuals with onset of diabetes af-
ter age 35 years was associated with ear-
lier use of insulin only in individuals with
GAD antibodies. Because our GRS was the
same as that used in the Grubb study, ex-
cept for participants with AFR ancestry,
and sensitivity analyses yielded similar
results when participants with AFR an-
cestry were excluded, it is possible that
the discrepancy could be due to testing
for GAD antibodies in all participants in

the Grubb study, in contrast to measure-
ment prompted by clinical circumstances
in MVP.
Our findings indicate that, in T2D pre-

dominant populations, the 10% with
the highest genetic risk of T1D are at in-
creased risk of having clinical features
consistent with T1D. However, prototyp-
ical T1D characteristics, such as DKA or
hypoglycemia prompting ED visits, are
likely to be infrequent (Table 1). More
often, their endogenous insulin defi-
ciency may be suggested by hypoglyce-
mia at routine outpatient visits (Table 1
and Supplementary Table 7), and by a
relatively early need for insulin (Fig. 2).
Patients with such features could be
screened for T1D by testing for GAD anti-
bodies or C-peptide levels, and assess-
ment of genetic risk may also be useful.
The clinical importance of recognition

of adult-onset T1D is not simply education
and earlier initiation of insulin than in typi-
cal T2D (3), but earlier use of continuous
glucose monitoring. Use of this technol-
ogy in veterans is associated with im-
provement in HbA1c levels and reduced
hospitalizations (22), has been shown in
randomized trials to improve glycemic
control (6), and, in Australia, the technol-
ogy is provided free to people with T1D

who are less than 21 years of age (23),
and subsidized for people with T1D who
are older (24). The need for appropriate
management has been shown in the U.K.,
where HbA1c levels in study participants
with unrecognized adult-onset T1D were
worse than those in participants with
juvenile-onset T1D—despite generally
better preservation of b-cell function
(3). Moreover, our findings likely apply
to most patient populations with adult-
onset diabetes, not only to veterans.
The strengths of our study include

a large sample size, inclusion of MVP
participants across the U.S., and ancestral
diversity, which is greater than in most
other biobanks. Our study also had limita-
tions. First, generalizability could be limited
because participants are predominantly
male, although the genetic etiology of T1D
is thought to be autosomal (25). Second,
although a GRS provides strong predictive
potential for many diseases, we were un-
able to assess differences in environmental
exposure and other factors that could in-
fluence genetic expression (26). Third, HIS
and some other ancestries had relatively
small sample sizes. Fourth, although solici-
tation to participate in the MVP is VA
wide, our analysis found both similarities
and differences between the MVP and

Table 2—Association between GRS risk level and diabetes outcomes compared with lowest GRS

Medium versus low High versus low Highest versus low

Adj OR* 95% CI Adj OR* 95% CI Adj OR* 95% CI

Diabetes-related factors
Taking insulin 1.03 1.01, 1.06 P = 0.0192 1.13 1.07, 1.20 P < 0.0001 1.42 1.34, 1.51 P < 0.0001
DKA 1.35 1.20, 1.53 P < 0.0001 2.23 1.82, 2.73 P < 0.0001 3.28 2.76, 3.90 P < 0.0001
Hypoglycemia diagnosis at ED 1.08 1.02, 1.16 P = 0.0162 1.33 1.16, 1.52 P < 0.0001 1.56 1.38, 1.77 P < 0.0001
Outpatient glucose <50 mg/dL 1.13 1.08, 1.19 P < 0.0001 1.29 1.17, 1.42 P < 0.0001 1.91 1.76, 2.09 P < 0.0001
Years to insulin† 0.84 0.78, 0.90 P < 0.0001 0.62 0.53, 0.73 P < 0.0001 0.36 0.31, 0.42 P < 0.0001
Years to sulfonylurea† 1.00 0.95, 1.05 P = 0.9995 1.03 0.93, 1.15 P = 0.5670 0.91 0.82, 1.02 P = 0.1158
eGFR at enrollment† 1.05 0.76, 1.46 P = 0.7540 1.57 0.75, 3.26 P = 0.2294 0.58 0.28, 1.20 P = 0.1397
A1c at onset† 1.03 1.00, 1.07 P = 0.0224 1.09 1.02, 1.16 P = 0.0129 1.28 1.20, 1.37 P < 0.0001
BMI at onset† 0.91 0.84, 0.99 P = 0.0198 0.62 0.52, 0.74 P < 0.0001 0.30 0.26, 0.36 P < 0.0001

Cardiorenal status

Total cholesterol—HDL 1.09 0.65, 1.84 P = 0.7510 1.79 0.55, 5.74 P = 0.3311 0.17 0.05, 0.56 P = 0.0033
Heart failure 0.99 0.97, 1.02 P = 0.6423 0.95 0.89, 1.01 P = 0.1302 1.01 0.94, 1.07 P = 0.8721
Hypertension 1.04 0.97, 1.12 P = 0.2752 0.86 0.74, 1.00 P = 0.0452 1.00 0.86, 1.16 P = 0.9776
Chronic obstructive pulmonary

disease
0.99 0.97, 1.02 P = 0.4637 0.97 0.92, 1.03 P = 0.3428 0.99 0.93, 1.05 P = 0.7287

Coronary artery disease 0.98 0.95, 1.00 P = 0.0859 0.95 0.92, 1.04 P = 0.4934 1.00 0.91, 1.03 P = 0.3182
Chronic kidney disease 0.99 0.96, 1.01 P = 0.3888 0.98 0.92, 1.04 P = 0.5250 1.08 1.02, 1.15 P = 0.0093
Hyperlipidemia 1.03 0.97, 1.10 P = 0.3852 1.09 0.94, 1.26 P = 0.2462 1.00 0.87, 1.15 P = 0.9859
Atrial fibrillation 1.00 0.97, 1.03 P = 0.8734 1.00 0.93, 1.08 P = 0.8971 0.91 0.84, 0.98 P = 0.0090
Peripheral vascular disease 0.99 0.96, 1.01 P = 0.2829 0.99 0.93, 1.05 P = 0.6833 1.01 0.95, 1.07 P = 0.8194
Taking statins 1.03 0.97, 1.08 P = 0.3303 1.12 0.99, 1.26 P = 0.0687 0.93 0.83, 1.03 P = 0.1794
Taking antihypertensives 0.98 0.92, 1.05 P = 0.5816 1.16 0.99, 1.35 P = 0.0747 1.00 0.96, 1.16 P = 0.9979

*Odds ratio adjusted (Adj OR) for sex, age, HARE ancestry, and BMI at enrollment. †Tested association of continuous variables with genetic
risk using linear regression.

diabetesjournals.org/care Yang and Associates 7

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/doi/10.2337/dc23-1927/758564/dc231927.pdf by 33458 YO

U
N

G
 R

SR
C

H
 LIBR

AR
Y user on 29 April 2024

https://doi.org/10.2337/figshare.25438528
https://doi.org/10.2337/figshare.25438528
https://diabetesjournals.org/care


the broader VA population (Supple-
mentary Table 3). Fifth, the main T1D
GRS we used has been extensively char-
acterized, but was developed in a EUR
population (21); although we used a sep-
arate GRS for participants with AFR an-
cestry, our analysis may not apply to
other ancestries. Sixth, because assess-
ment of GAD antibodies and C-peptide

levels was infrequent and not system-
atic, patterns found in our study might
have been biased because of selection
based on clinical presentation and circum-
stances. Seventh, we evaluated outpatient
prescription of diabetes medications to
avoid possible misidentification based on
need for insulin to manage hyperglycemia
in the hospital, but we appreciate that,

once insulin is initiated, there may be no
attempt to withdraw it. Similarly, we de-
fined diabetes onset according to the
use of diagnosis codes and prescription
of medications, but some MVP partici-
pants may have had preexisting diabetes
upon entry into the EMR. Our findings
are supported by the observation of sim-
ilar patterns in the subset who had no
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Figure 1—Distributions of T1D genetic risk in groups with different ages (in years) at onset of diabetes (A) numbers of MVP participants within
each age category and (B) as a percentage of participants within each age category.
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prescription of insulin for 3 months after
they met diagnostic criteria. In addition,
setting GAD antibody and/or C-peptide
level cutoffs lower would increase sensi-
tivity but lower specificity, and conversely,
but it would be beyond the scope of this
article to include accounting for the po-
tential use of higher or lower cutoffs. Also,
it should be recognized that use of insulin
is associated with increased risk of hypo-
glycemia even when T1D is unlikely (e.g.,
in individuals with a low T1D genetic risk
such as those with GRS 0–45th percentile
[not shown]). Finally, while it would also
be of interest to compare T1D genetic risk
with GAD antibodies and/or C-peptide
levels as predictors of hypoglycemia,
DKA, and insulin use, direct comparisons
were not possible, because the GRS was
performed in all MVP participants but
measurements of GAD antibodies and
C-peptide levels were not; the MVP data
set is administrative, reflecting what tests
clinicians ordered, not a registry or a pro-
spective study.
In conclusion, a substantial proportion

of the participants with diabetes in MVP
who have a high genetic risk of T1D may
have clinical T1D despite its preclusion to
enlistment. However, among those with
the top 10% of genetic risk of T1D, less
than 15% were tested for GAD antibodies
or C-peptide levels, and less than 30% had
any use of T1D diagnostic codes. Because
adult-onset T1D may be unrecognized in

settings where T2D predominates, addi-
tional screening may be needed to guide
identification and facilitate appropriate
management. As the integration of ge-
netic data into healthcare evolves, our
study suggests that there may be a role
for using a T1D GRS to help identify indi-
viduals at higher risk for T1D who could
benefit from additional diagnostic testing.
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