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OBJECTIVE

Genetic risk scores (GRS) aid classification of diabetes type in White European
adult populations. We aimed to assess the utility of GRS in the classification of
diabetes type among racially/ethnically diverse youth in the U.S.

RESEARCH DESIGN AND METHODS

We generated type 1 diabetes (T1D)- and type 2 diabetes (T2D)-specific GRS in
2,045 individuals from the SEARCH for Diabetes in Youth study. We assessed the
distribution of genetic risk stratified by diabetes autoantibody positive or nega-
tive (DAA+/2) and insulin sensitivity (IS) or insulin resistance (IR) and self-
reported race/ethnicity (White, Black, Hispanic, and other).

RESULTS

T1D and T2D GRS were strong independent predictors of etiologic type. The T1D
GRS was highest in the DAA+/IS group and lowest in the DAA2/IR group, with the
inverse relationship observed with the T2D GRS. Discrimination was similar
across all racial/ethnic groups but showed differences in score distribution. Clus-
tering by combined genetic risk showed DAA+/IR and DAA2/IS individuals had a
greater probability of T1D than T2D. In DAA2 individuals, genetic probability of
T1D identified individuals most likely to progress to absolute insulin deficiency.

CONCLUSIONS

Diabetes type–specific GRS are consistent predictors of diabetes type across
racial/ethnic groups in a U.S. youth cohort, but future work needs to account for
differences in GRS distribution by ancestry. T1D and T2D GRS may have particular
utility for classification of DAA2 children.

There is increasing recognition that various types of diabetes can occur at all ages
and that classification of diabetes type can be challenging. Type 1 diabetes (T1D) is
the most common diabetes type in children, accounting for >85% of pediatric dia-
betes in White populations. However, other types of diabetes, such as type 2 dia-
betes (T2D) and maturity onset diabetes of the young, also occur during this
period, and treatment differs by diabetes type. In T1D, rapid destruction of b-cells
necessitates insulin replacement to avoid acute, severe metabolic complications
and to aid long-term glycemic control. In T2D, the gradual decline of insulin secre-
tion in the presence of insulin resistance (IR) often allows for initial treatment with
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lifestyle and oral medications. Youth with
T2D occasionally present with severe
hyperglycemia or diabetic ketoacidosis
requiring insulin therapy. The increasing
prevalence of obesity has led to an
increase in youth-onset T2D (1) and an
increase in the proportion of people
with T1D who are overweight or obese.
A particular problem in the U.S. popula-
tion is the increased frequency of T2D,
especially among people of non-White
race and ethnicity (2–5). Because of the
overlap in presenting features of all dia-
betes types, there is no single biomarker
or clinical feature that can perfectly dis-
tinguish diabetes type (6).
SEARCH for Diabetes in Youth (SEARCH)

is a population-based, multicenter, and
multiethnic study of youth-onset (<20
years) diabetes in the U.S. With the aim
of rigorously characterizing the epidemiol-
ogy of diabetes in youth, this study
collected detailed clinical and patho-
physiological data on a large number
of youth. SEARCH described four etio-
logic categories of diabetes type in youth
across a bidimensional spectrum of auto-
immunity (defined by islet autoantibody
positivity) and insulin sensitivity (IS) (using
an equation validated against hyperinsuli-
nemic-euglycemic clamps) (7,8). While
most individuals fell into two catego-
ries that aligned with traditional fea-
tures of either T1D or T2D, 29% fell
into intermediate categories, raising a
question about diabetes etiology in
these individuals.
We have previously demonstrated

that a T1D genetic risk score (GRS),
comprising HLA and non-HLA T1D-asso-
ciated single nucleotide polymorphisms
(SNPs), can discriminate between T1D
and T2D in adults between the ages of
20 and 40 years (9) in addition to hav-
ing utility in prediction of T1D onset
(10–13). We also showed that accurate
classification of T1D can be achieved by
combining variables to aid classification
(9,14). Since, we have developed an
improved T1D GRS that incorporates a
greater diversity of HLA variation, includ-
ing alleles more commonly found in
non-White populations, and additional
loci not independently associated with
T2D (13). Advances in the genetic under-
standing of T2D mean that a T2D-specific
GRS containing >400 associated variants
may further increase power in classifica-
tion of diabetes type (15). There are very
few studies of the utility of T1D or T2D

GRS in classification of pediatric diabetes
and in non-White, non-European ances-
try populations. In addition, it is not
known whether diabetes-type GRS can
be a useful tool for classification of pedi-
atric diabetes, whether GRS derived
from cohort studies of White Europeans
is useful for diabetes classification in
other ethnicities, and whether diagnostic
models integrating diabetes-type GRS
could aid classification.

In this study, we used the previously
described T1D GRS and a T2D GRS to
assess genetic associations within SEARCH
etiologic types and across U.S. racial and
ethnic groups represented in the SEARCH
study (13,15). We also assessed whether
GRS were able to aid classification of dia-
betes type in cases of difficult-to-classify
intermediate SEARCH etiologic types.

RESEARCH DESIGN AND METHODS

We performed analyses on data from
SEARCH, a multicenter prospective U.S.
cohort study (16). SEARCH investigators
conducted population-based ascertain-
ment of youth with incident diabetes
diagnosed at <20 years of age from 2002
through 2020. Participants were recruited
from four geographically defined popula-
tions in Ohio, Colorado, South Carolina,
and Washington; Indian Health Service
beneficiaries from several American
Indian populations; and enrollees in a
managed health care plan in California.
Participants with newly diagnosed diabe-
tes in 2002–2006 and 2008 were invited
to participate in a baseline research visit
(median duration of diabetes 8 months,
interquartile range [IQR] 4.5–14.5
months). Participants who had a base-
line research visit and diabetes duration
of at least 5 years were then invited to
participate in a follow-up visit, at which
timemedian diabetes durationwas 8 years.
At each research visit, fasting blood sam-
ples were obtained from metabolically sta-
ble participants (defined as no episode of
diabetic ketoacidosis during the previous
month), physical measurements taken,
and questionnaires administered. The
study was reviewed and approved by
the local institutional review boards that
had jurisdiction over the local study pop-
ulation, and all participants provided
informed consent and/or assent. Study
visits occurred after an 8-h overnight
fast. Participants did not take diabetes
medications on the morning of the visit;

if needed, long-acting insulin was admin-
istered on the evening before the visit
and then discontinued.

Inclusion criteria for these analyses
were participation in the SEARCH study
and the availability of DNA for genera-
tion of SNP array data, as well as meas-
ures used to define SEARCH etiologic
type (autoantibodies, lipid profile, HbA1c)
and of C-peptide. We used data from
SEARCH baseline visits and follow-up vis-
its for which key data elements were
available.

Blood Analyses
Fasting blood samples were used to
analyze diabetes autoantibodies (DAAs),
HbA1c, lipids, fasting C-peptide, and
fasting plasma glucose. Assays were
performed at the Northwest Lipid Metab-
olism and Diabetes Research Laboratories,
University of Washington, the central lab-
oratory for SEARCH. GAD antibody 65
(GADA), IA-2 antigen (IA-2A), and zinc
transporter 8 (ZnT8) autoantibodies were
analyzed using a standardized protocol
and a common serum calibrator devel-
oped by the National Institute of Dia-
betes and Digestive and Kidney Diseases
(NIDDK)-sponsored harmonization group
(17). The cutoff values for positivity were
33 NIDDK units (NIDDKU)/mL for GADA, 5
NIDDKU/mL for IA-2A, and 0.02 NIDDKU/
mL for ZnT8. ZnT8 testing was added to
the study protocol during the study, and
only a subset of individuals had ZnT8 test-
ing. HbA1c was measured in whole blood
within an automated nonporous ion-
exchange high performance liquid chro-
matography system (model G-7; Tosoh
Bioscience, San Francisco, CA). Measure-
ments of plasma cholesterol, triacyl-
glycerols, and HDL cholesterol were
performed on a Roche Modular-P
autoanalyzer (Roche Diagnostics, Indi-
anapolis, IN). Serum C-peptide con-
centration was determined by a two-
site immunoenzymetric assay (Tosoh
1800; Tosoh Bioscience) with a sensi-
tivity of 0.05 ng/mL. A subset of par-
ticipants did not fast for the study
visit, and so these individuals had non-
fasting C-peptide and glucose measure-
ments. We defined a surrogate of severe
insulin deficiency as fasting or nonfasting
C-peptide <0.24 ng/mL. Individuals who
had undetectable C-peptide at their
baseline visit were assumed to have
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undetectable C-peptide at follow-up,
even if no measurement was taken.

Weight and height were measured
using standardized procedures and used
to calculate BMI z score. Waist circumfer-
ence was measured using the National
Health and Nutrition Examination Survey
(NHANES) III protocol (18).

Race/Ethnicity
Data on self-reported race and eth-
nicity were collected using 2000 U.S.
Census questions and classified as His-
panic, non-Hispanic White, non-Hispanic
Black, American Indian, and Asian/Pacific
Islander (19). We defined four racial sub-
groups based on self-reported race and
ethnicity where we had sufficient power
to study diabetes classification: Hispanic,
non-Hispanic individuals self-reporting as
White, non-Hispanic individuals self-
reporting as Black, and all other races/
ethnicities.

Definition of Diabetes Type
For this report, SEARCH etiologic diabe-
tes type was used and assigned from the
baseline study visit. Data on diabetes
type assigned by the participant’s health
care provider was extracted from the
participant’s medical record but was not
used in these analyses. Etiologic diabetes
type was previously defined by the
SEARCH study across a bidimensional
spectrum of autoimmunity (defined by
islet autoantibody positivity) and IS (7,8).
DAA1 was defined as being positive for
any GADA, IA-2A, or ZnT8 autoantibodies
and DAA� as negative for all three.

IS was estimated on the basis of the
following equation:

IS5e4:64725�ð0:02032�waist cm½ �Þ
� ð0:09779�ðHbA1c %½ �Þ
� ð0:00235� trigylcerides½mg=dL�Þ

This equation was developed and val-
idated using direct measurements of
glucose disposal rate from euglycemic-
hyperinsulinemic clamps (7). IR was
defined as an ISI <25th percentile (IS
<8.15) of 2,860 nondiabetic youth from
multiple race/ethnic groups aged 12–20
years participating in the U.S. National
Health and Nutrition Examination Sur-
vey (NHANES) in 1999–2004. SEARCH
participants were categorized by DAA1/�

status and IS or IR into four mutually
exclusive groups: DAA1/IS, DAA1/IR,
DAA�/IS, and DAA�/IR.

Genotyping
We performed genotyping using the Infin-
ium Multi-Ethnic Global Array (MEGA; Illu-
mina) with 1,697,069 genotyped variants,
including 748,291 with minor allele fre-
quency <0.01. Genotyping and pre-
liminary quality control checks where
performed at the Colorado Center for
Personalized Medicine. After addi-
tional quality control, 2,238 samples
and 900,743 variants remained. The
cohort genotyped on MEGA was cate-
gorized using SEARCH etiologic type
and consisted of predominantly T1D
cases (n 5 2,051) as well as those of
other diabetes (n 5 133 T2D; n 5 52
other diabetes, including monogenic
diabetes [genetic confirmation with
either a genetic clinical test or test
performed as an ancillary study to
SEARCH]). The median reported age at
DNA collection was 11.2 years (IQR
7.6–14.1 years) with a minimum age
of 1.9 years and maximum of 21.9
years.

We used additional data genotyped
on the Affymetrix 500K imputation scaf-
fold chip with 239,279 genotyped var-
iants. After additional quality control,
537 samples and 235,967 variants
remained. This cohort consisted of pre-
dominantly T2D cases (n 5 417) as well
as those of T1D (n 5 104) and other dia-
betes types (n 5 16). The median
reported age at collection was 11.2 years
(IQR 8.1–14.2 years) with a minimum of
2.0 years and a maximum of 21.1 years.

Combined Genetic Data
A subset of samples (n 5 137 after
quality control) was genotyped in both
batches to assess concordance between
the data sets. The data sets had
230,228 genotyped variants in common,
and concordance between the geno-
types was high (mean correlation r2 for
SNPs used in GRS 5 0.95). We used the
1000 Genomes reference panel to
impute each data set separately, result-
ing in a total of 34.5 and 27.8 million
well-imputed variants (r2 >0.8) for the
MEGA and Affymetrix data sets, respec-
tively. We combined high-quality imputed
variants for analysis.

GRS
Two previously published T1D GRS were
generated for analyses, including a 30-
SNP score used in many studies (9) and
a more recent 67-SNP score with a

greater diversity of HLA variation, includ-
ing 18 interactions between major HLA
class 2 alleles and additional indepen-
dent variants. We generated these GRS
as per previous publications (9,13). Addi-
tionally, we generated a T2D GRS from
summary statistics of a previously pub-
lished comprehensive genome-wide asso-
ciation study in individuals of White
European ancestry (15). We used all
genome-wide–associated variants from
this study where we had either directly
genotyped or well-imputed SNP results
available (r2 >0.8). Details of variants
used are in the Supplementary Material,
and the code to generate the scores
used in this article can be found on
an open GitHub repository (https://
github.com/sethsh7/hla-prs-toolkit).
To allow for comparison of T1D and
T2D genetic risk, we generated stan-
dardized z scores within the cohort
(Supplementary Fig. 5).

Clustering by Genetic Risk
We included the T1D and T2D GRS in a
multivariate clustering model. We used
Gaussian mixture modeling with the
assumption that polygenic risk across a
population is well represented by a mix-
ture of Gaussian distributions. We used
unsupervised clustering, specifying two
clusters with DAA1/IS and DAA�/IR indi-
viduals to identify two distinct groups of
genetic risk. This enabled unbiased com-
parison with intermediate groups.

Statistical Methods
We assessed the validity of the 30 SNP
and 67 SNP T1D GRS among SEARCH par-
ticipant samples stratified by self-reported
race/ethnic group, with SEARCH etiologic
type as an outcome. We used SEARCH
etiologic types with concordant features
(DAA1/IS and DAA�/IR as reference T1D
and T2D groups, respectively) for compar-
ison. In regression analyses, we compared
receiver operating characteristic areas
under the curve generated by DeLong
algorithm to assess power of the GRS as
a classifier of diabetes type. We com-
pared differences in GRS and other con-
tinuous variables using parametric and
nonparametric tests as appropriate. Basic
statistical analysis was performed in Stata
and R software. Gaussian mixture model
clustering was performed using the SKLearn
package for Python.
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RESULTS

A total of 2,045 individuals had baseline
assessments and associated genetic data
sufficient to generate all GRS described
and sufficient phenotype information to
define SEARCH etiologic type. Cohort char-
acteristics are described in Supplementary
Table 1.

A 67-SNP T1D GRS Incorporating
Greater HLA Diversity Outperforms
Previous GRS in Non-White Race/
Ethnicity
We tested our original 30-SNP T1D GRS
against a recently published 67-SNP score
incorporating greater HLA diversity by
comparing the discriminative power bet-
ween the two most clearly defined etio-
logic groups as a gold standard: DAA1/IS
versus DAA�/IR. Overall, the 67-SNP score
was more discriminative than the 30-SNP
score (receiver operating characteristic
area under the curve 0.903 [95% CI
0.886–0.920] vs. 0.852 [0.830–0.873], P <
0.0001) (Supplementary Fig. 1). This was
particularly evident in Hispanic partici-
pants (0.935 vs. 0.825, P < 0.0001) and
to a lesser extent in Black participants
(0.851 vs. 0.807, P 5 0.11) (Supple-
mentary Figs. 1 and 2). We therefore
used the 67-SNP score for the remainder
of the analyses.

T1D and T2D GRS in SEARCH
Etiologic Types
We analyzed the T1D and T2D GRS
across all SEARCH etiologic categories.
The T1D GRS was highest in the DAA1/
IS group and lowest in the DAA�/IR
group (Fig. 1A and B). The mean GRS in
the DAA1/IR and DAA�/IS groups was
between these (Fig. 1B). Both groups
had a mean score closer to the DAA1/
IS group (Fig. 1B). T2D GRS showed an
inverse pattern to this (Fig. 1A and B),
and T2D GRS in the DAA1/IR and
DAA�/IS groups had a closer mean
score to the DAA1/IS group.

The Impact of Race/Ethnicity on T1D
and T2D GRS Across Diabetes Types
We examined patterns of T1D and
T2D GRS across SEARCH etiologic type,
stratified by self-reported ethnicity and
genetically defined race/ethnicity. Self-
reported ethnicity was highly concordant
with genetically defined ethnicity. (Supp-
lementary Fig. 3 shows principle compo-
nent plots stratified by self-reported eth-
nicity, and Supplementary Fig. 4 shows

concordance of genetically defined most
likely ethnicity against self-reported eth-
nicity.) We had sufficient numbers for
analysis of participants self-reporting as
either non-Hispanic White, Hispanic, or
Black, with the remainder of participants
grouped together as other race/ethnicity.
Our primary analysis focused on self-re-
ported ethnicity, as this is routinely avail-
able to clinicians.

We observed a similar pattern of high
T1D GRS and low T2D GRS in the DAA1/
IS group and the inverse for the DAA�/IR
group in all races/ethnicities (White, Black,
Hispanic, and other). However, within
each racial/ethnic group, the distribution
and mean GRS in each type differed (Fig.
2A). Non-Hispanic White children had a
very close clustering of T1D and T2D GRS
in DAA1/IS, DAA1/IR, and DAA�/IS. Black,
Hispanic, and other children had a higher
overall T2D GRS. DAA1/IS Hispanic chil-
dren had higher T1D and T2D GRS than
White children (Fig. 2A). We stratified all
children by progression to insulin defi-
ciency, an alternate outcome that can be
used to define T1D defined by fasting or
nonrandom C-peptide <0.24 ng/mL (Fig.
2B). This demonstrated a similar trend of
genetic risk, with the highest T1D GRS in
those with severe insulin deficiency and
the lowest T2D GRS in those with persis-
tent endogenous insulin. As highlighted in
Fig. 2A and B, even if GRS are discrimina-
tive of diabetes type across major ethnic
groups, population stratification is still
important to consider.

Combined Clustering Shows an
Increased Probability of T1D in
Intermediate Etiologies
We combined both T1D and T2D GRS in
an unsupervised multivariate Gaussian
mixture model. Restricting the data to
the well-defined etiologic types (DAA1/
IS and DAA�/IR), we trained two distinct
genetic clusters of high T1D risk versus
high T2D risk (Fig. 3A and B, modeled
distributions represented by red and
blue). We used the model to generate a
probability of T1D as the probability of
being in the DAA1/IS cluster. Within
intermediate groups, the DAA1/IR group
clustered most like the well-defined
DAA1/IS group (median [IQR] probability
DAA1/IS 0.959 [0.782–0.991] vs. DAA1/
IR 0.937 [0.638–0.987]) (Fig. 3D). The
DAA�/IS intermediate group clustered
with a lower overall probability but still

had higher T1D probability (mean DAA�/
IS 0.876 [0.140–0.979]) (Fig. 3C).

Stratification by Genetic Probability
of T1D Within Etiologic Types
We investigated how the probability of
being in the T1D cluster was split
among the four etiologic groups and
how this probability affected progres-
sion to C-peptide deficiency within
groups (Fig. 4 and Supplementary Fig.
6A and B). In both DAA1/IS and DAA1/
IR, irrespective of IR, there was very lit-
tle relationship between progression to
insulin deficiency and model probability
of T1D, with the majority of children
progressing to severe insulin deficiency,
and those with persistent endogenous
insulin also having high T1D probability
(Fig. 4A). It is therefore likely that auto-
antibody-positive children with persis-
tent C-peptide are likely to have T1D
but less b-cell destruction. However,
genetically defined probability of T1D
was strongly associated with progres-
sion to insulin deficiency in DAA�/IS
and DAA�/IR. The majority of children
with persistent endogenous insulin had
low genetic T1D probability, and the
majority who progressed to insulin defi-
ciency had high T1D probability, inde-
pendent of etiologic type (Fig. 4). This
finding suggests that the greatest clini-
cal utility of T1D and T2D genetic risk
for classification may be in classifying
autoantibody-negative children.

CONCLUSIONS

Our study builds on previous work by
showing that a T1D GRS is discrimina-
tive of T1D in a racially and ethnically
diverse youth cohort from the U.S. The
finding that a 67-SNP T1D GRS is simi-
larly discriminative in non-White U.S.
race/ethnicity highlights that incorporat-
ing greater diversity of genetic variation
in the HLA region may be key in gener-
ating autoimmune disease GRS with
multiethnic utility. The strong associa-
tion of T1D and T2D GRS with SEARCH
etiologic types supports the notion that
the majority of youth with intermediate
etiologic types (DAA1/IR, DAA�/IS) are
likely to have T1D, particularly in non-
Hispanic White children. By studying an
independent outcome of progression to
C-peptide deficiency defined by follow-
up fasting C-peptide measurements, we
were able to show that a model
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combining T1D and T2D genetic risk
may predict progression to insulin defi-
ciency in autoantibody-negative children.

We and others have previously dem-
onstrated that a T1D GRS was discrimi-
native of T1D in both prediction and
diagnosis (9,10). Winkler et al. (10) used
HLA alleles and 40 non-HLA SNPs to
quantify T1D genetic risk and demon-
strated improved prediction of T1D com-
pared with HLA alone. In our 67-SNP
score, we captured more T1D HLA risk
alleles and interactions and included
additional independent loci from more
recent studies (13). A limitation across
genetic association studies is a focus on
White European populations. Perry et al.

(20) described the utility of a T1D GRS in
discriminating diabetes type in Hispanic
individuals but found less benefit in peo-
ple self-reporting as Black (independent
of Hispanic status). Onengut-Gumuscu
et al. (21) highlighted genetic similarities
in T1D associations between African
Americans and Europeans, as well as dif-
ferences in SNPs at associated risk loci,
with improved discrimination of T1D
using an African American–specific GRS.
The 67-SNP T1D GRS used in this study
outperformed our original risk score per-
haps because it more robustly assesses
HLA alleles that carry a similar risk inde-
pendent of ethnicity. Importantly, T1D
and T2D GRS showed ethnic strati-

fication so that even if scores aid in dia-
betes discrimination, it is clear that an
adjustment for ethnicity is needed to
apply any cutoffs for classification.
Increased population admixture may
make racial and ethnic groups less well
defined by self-report or genetically, and
therefore, an approach that can incorpo-
rate this, or account for ethnic differ-
ences, is important for future work.

We were able to assess genetic risk
for both T1D and T2D across the major
etiologic types previously defined by
SEARCH (8). We previously demonstrated
that people in the DAA1/IS, DAA1/IR,
and DAA�/IS groups were enriched for
T1D HLA risk (8), suggesting that the
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Figure 1—T1D and T2D GRS overlap across SEARCH etiologic types but show an inverse relationship when comparing T1D and T2D genetic risk. A:
The standardized distribution of the 67-SNP T1D GRS and 397-SNP T2D GRS stratified by SEARCH etiologic type: DAA1/IS, DAA1/IR, DAA�/IS, and
DAA�/IR. Boxes represent median and IQR of each score, with whiskers representing the range, excluding outliers (defined by 1.5 × IQR outside
the upper or lower quartile). B: The mean T1D GRS z score plotted against mean T2D GRS z score for SEARCH etiologic types. Error bars are the
SEM.

A B

Figure 2—T1D and T2D GRS show ethnic stratification but similar patterns across race/ethnicity in the SEARCH study. A: T1D and T2D GRS z scores
stratified by SEARCH etiologic type: DAA1/IS, DAA1/IR, DAA�/IS, and DAA�/IR. B: T1D and T2D GRS z scores stratified by progression to insulin
deficiency defined by fasting or nonfasting C-peptide (C-pep) <0.24 ng/mg and self-reported race/ethnicity. Data are mean ± SEM.
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majority likely had T1D. Our study sup-
ports this conclusion, with elevated T1D
genetic risk in the DAA1/IS, DAA1/IR,
and DAA�/IS groups (Fig. 1) and an
inverse trend for T2D. Both DAA1/IR and
DAA�/IS groups had lower T1D GRS
than the DAA1/IS group, particularly in
participants who were Black or Hispanic,
likely reflecting a subset of individuals
within these groups who have T2D
(Fig. 2).

We used an unsupervised clustering
approach incorporating both T1D and
T2D GRS (Fig. 3). We identified two clus-
ters of T1D and T2D risk and evaluated
the continuous distribution of model
probability ranging from high to low
T1D probability. This enabled us to
examine the distribution of genetic risk
within the intermediate etiologic groups
compared with the DAA1/IS and DAA�/
IR groups, which we assumed repre-

sented T1D and T2D, respectively. Inter-
estingly, the utility of genetics to predict
insulin deficiency was most evident in
the DAA� participants, who formed
27% of the cohort. The DAA�/IS group
showed a lower mean probability of
T1D but still had an average higher T1D
than T2D probability. Larger cohorts
with heterogeneous diabetes types,
across all U.S. ethnicities, are needed
to validate this approach and allow

A B

C D

Figure 3—A Gaussian mixture model (GMM) was trained on the assumption that DAA�/IR and DAA1/IS were two groups defined by the relation-
ship of T2D GRS and T1D GRS. A and B: Black dots represent individuals in these groups, with the blue cloud representing the modeled DAA�/IR
probable T2D distribution and the red cloud representing the DAA1/IS probable T1D distribution. The model was trained on these individuals. C
and D: Where individuals in the DAA�/IS and DAA1/IR groups lay relative to these distributions.
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Figure 4—T1D and T2D GRS gaussian mixture model (GMM) derived probability of type 1 diabetes associates with progression to severe insulin
deficiency, particularly in autoantibody negative individuals. We compared GMM probability of being in the T1D (DAA1/IS) distribution (defined
by T1D and T2D GRS), to progression to insulin deficiency measured by follow up fasting C-peptide at a median of 8 years follow up in SEARCH. A:
Association of T1D probability in autoantibody-positive individuals (overlapping points includes random noise to highlight majority of points at
high probability of T1D). B: Association in autoantibody-negative individuals.
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generation of ethnicity specific or eth-
nicity-normalized cutoffs to aid classifi-
cation. Further analysis of clustering
methods is required to improve multi-
variate classification and investigation
of intermediate etiologies, including the
study of individual genetic associations
when sufficient power exists.

A reference standard for classification
is elusive in diabetes research and clinical
care, as no single metric is a perfect clas-
sifier or gold standard for diabetes type.
Unlike many diseases, biopsy to define
diabetes etiology is not possible. It is
therefore difficult to identify individuals
who may be potentially better classified.
Our study is limited to highlighting indi-
viduals who could be considered for
reclassification but has not investigated
whether this would be practical at an
individual level or would inform treat-
ment changes. Assessment of progression
to b-cell failure may have potential impli-
cations for treatment (e.g., the choice of
physiological replacement doses of insu-
lin, oral agents that rely on b-cell func-
tion). While not available at diagnosis,
progression to C-peptide deficiency is one
approach that we have previously taken
to validate diabetes classification models
(14,22). Our study is unique in its collec-
tion of data from close to diagnosis with
follow-up C-peptide testing >3 years
(median 8 years) postdiagnosis on a sub-
set of the sample, thus allowing assess-
ment of progression to insulin deficiency.

Our study has limitations. We per-
formed a primary analysis using self-
reported race/ethnicity, but genetically
defined race/ethnicity is a potentially
more precise method. However geneti-
cally defined race/ethnicity is not rou-
tinely available to clinicians, and our
primary analysis and stratification focused
on variables that could be available to
clinicians at the time of diagnosis. Our
study was also limited to race/ethnicities
presenting to the recruiting centers for
this study, of which the majority was
non-Hispanic White with a smaller sample
size of non-Hispanic Black and Hispanic
individuals, and cannot necessarily be
extrapolated to other populations. There
was a delay between diabetes diagnosis
and the assessment of autoantibody sta-
tus. It is possible that some individuals
who were autoantibody negative in this
study may have been autoantibody posi-
tive at diagnosis; however, the prevalence
of autoantibody positivity in SEARCH is

very similar to previously reported auto-
antibody-positive proportions at diabetes
onset, and the mean diabetes duration at
the time of the initial visit was <1 year.
Autoantibody testing for ZnT8 autoanti-
bodies was not available in all individuals;
it is possible that some individuals who
were autoantibody negative would have
been positive for ZnT8 autoantibodies or
had autoimmunity to other autoantigens
not measured. We used T1D and T2D
GRS primarily derived from White
European populations, but as more
transancestry analyses of larger case-
control cohorts emerge, it is likely that
more discriminative polygenic scores
will become available for clinical appli-
cation. We assumed that the variants
contributing to the GRS were acting
together, but it is possible that individ-
ual variants within these scores act
differentially across groups. More
detailed association analyses may
reveal differences in the impact on
individual variants, but we were not
able to analyze this as part of this
study. We performed the cluster anal-
ysis using the whole cohort. In the
future, it will hopefully be possible to
perform analyses stratified by ethnic-
ity in larger samples. We were not able
to assess individual genetic loci differ-
ences between diabetes types or other
molecular differences between the dia-
betes types or individuals of different
genetic risk. Further molecular character-
ization of individuals across the various
etiologic types and of opposing genetic
risk may help to explain the mechanism
of these differences. Currently, there is
no facility to routinely generate a T1D or
T2D GRS in clinical care. However, we
and others (23,24) have now developed
inexpensive and accurate genotyping
assays for a T1D GRS that could be used
for this purpose (24). Commercial avail-
ability and popularity of SNP genotyping
and genome sequencing data may also
make this more easily accessible and
effective in the near future.

In conclusion, in a large U.S. study of
youth with diabetes diagnosed before
age 20 years, we have shown that an
improved T1D GRS incorporating greater
HLA diversity is discriminative of diabetes
type across self-reported White, His-
panic, and Black race/ethnicity. We have
confirmed that the majority of youth
with intermediate etiologic diabetes
types likely have T1D. While our results

imply that autoantibody positivity in
pediatric diabetes is strongly associated
with progression to insulin deficiency,
we also highlight that the significant
number of children who are “atypical”
for pediatric T1D by being autoantibody
negative (27%) or who have intermedi-
ate biomarker and clinical features (30%)
may benefit from incorporating GRS into
clinical classification. A combined model
incorporating information from T1D and
T2D GRS may allow identification of chil-
dren most likely to have T1D, and there-
fore progress to insulin deficiency, but
needs further study in larger numbers of
individuals, particularly across all non-
White U.S. ethnicities.
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