
ARTICLE

Validation of the classification for type 2 diabetes into five
subgroups: a report from the ORIGIN trial

Marie Pigeyre1,2,3 & Sibylle Hess4 & Maria F. Gomez5 & Olof Asplund6,7
& Leif Groop6,7

& Guillaume Paré1,2,8,9
&

Hertzel Gerstein1,2,3,9

Received: 9 March 2021 /Accepted: 14 July 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Aims/hypothesis Data analyses from Swedish individuals with newly diagnosed diabetes have suggested that diabetes could be
classified into five subtypes that differ with respect to the progression of dysglycaemia and the incidence of diabetes conse-
quences. We assessed this classification in a multiethnic cohort of participants with established and newly diagnosed diabetes,
randomly allocated to insulin glargine vs standard care.
Methods In total, 7017 participants from the Outcome Reduction with Initial Glargine Intervention (ORIGIN) trial were assigned to
the five predefined diabetes subtypes (namely, severe auto-immune diabetes, severe insulin-deficient diabetes, severe insulin-resistant
diabetes, mild obesity-related diabetes, mild age-related diabetes) based on the age at diabetes diagnosis, BMI, HbA1c, fasting C-
peptide levels and the presence of glutamate decarboxylase antibodies at baseline. Differences between diabetes subtypes in cardio-
vascular and renal outcomeswere investigated usingCox regressionmodels for amedian follow-up of 6.2 years.We also compared the
effect of glargine vs standard care on hyperglycaemia, defined by having amean post-randomisation HbA1c ≥6.5%, between subtypes.
Results The five diabetes subtypes were replicated in the ORIGIN trial and exhibited similar baseline characteristics in
Europeans and Latin Americans, compared with the initially described clusters in the Swedish cohort. We confirmed differences
in renal outcomes, with a higher incidence of events in the severe insulin-resistant diabetes subtype compared with the mild age-
related diabetes subtype (i.e., chronic kidney disease stage 3A: HR 1.49 [95% CI 1.31, 1.71]; stage 3B: HR 2.25 [1.82, 2.78];
macroalbuminuria: HR 1.56 [1.22, 1.99]). No differences were observed in the incidence of retinopathy and cardiovascular
diseases after adjusting for multiple hypothesis testing. Diabetes subtypes also differed in glycaemic response to glargine, with a
particular benefit of receiving glargine (vs standard care) in the severe insulin-deficient diabetes subtype compared with the mild
age-related diabetes subtype, with a decreased occurrence of hyperglycaemia by 13% (OR 1.36 [1.30, 1.41] on glargine; OR 1.49
[1.43, 1.57] on standard care; p for interaction subtype × intervention = 0.001).
Conclusions/interpretation Cluster analysis enabled the characterisation of five subtypes of diabetes in a multiethnic cohort.
Both the incidence of renal outcomes and the response to insulin varied between diabetes subtypes. These findings reinforce the
clinical utility of applying precision medicine to predict comorbidities and treatment responses in individuals with diabetes.
Trial registration ORIGIN trial, ClinicalTrials.gov NCT00069784.
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Abbreviations
ADOPT A Diabetes Outcome Progression Trial
ANDIS All New Diabetics in Scania
DEVOTE Trial Comparing Cardiovascular

Safety of Insulin Degludec
Versus Insulin Glargine in Subjects
With Type 2 Diabetes at
High Risk of Cardiovascular Events

LEADER Liraglutide Effect and Action
in Diabetes: Evaluation of
Cardiovascular Outcome Results

MARD Mild age-related diabetes
MOD Mild obesity-related diabetes
ORIGIN Outcome Reduction with

Initial Glargine Intervention
RECORD Rosiglitazone Evaluated for

Cardiac Outcomes and Regulation
of Glycaemia in Diabetes

SAID Severe auto-immune diabetes
SIDD Severe insulin-deficient diabetes
SIRD Severe insulin-resistant diabetes
SUSTAIN-6 Trial to Evaluate Cardiovascular

and Other Long-term
Outcomes With Semaglutide in
Subjects With Type 2 Diabetes

Introduction

The doubling of the prevalence of diabetes over the past
25 years and the high risk it confers of serious health-related
consequences has made diabetes a major public health chal-
lenge [1]. Despite progress in the discovery and development
of pharmacological treatments, one in four people with diabetes
will develop macrovascular complications and half will devel-
op microvascular complications [2]. Given the heterogeneity in
clinical presentation and disease progression, the identification
of diabetes subgroups, beyond the usual classification into type
1 and type 2 diabetes, may improve risk stratification for
complications and optimise treatment strategies [3].

The characterisation of five distinct diabetes subgroups using
sex-stratified, data-driven cluster analyses in the All New
Diabetics in Scania (ANDIS) cohort marked an important mile-
stone [4]. Using six clinico–biological variables routinely collect-
ed at diabetes diagnosis, such as age at diagnosis, BMI, HbA1c

level, GAD antibodies, fasting glucose, and HOMA2 estimates
of beta cell function and insulin resistance based on C-peptide
levels, Ahlqvist et al categorised adults with newly diagnosed
diabetes into five mutually exclusive clusters, distinguished by
different underlying pathophysiology—i.e., severe auto-immune
diabetes (SAID), severe insulin-deficient diabetes (SIDD), severe
insulin-resistant diabetes (SIRD), mild obesity-related diabetes
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(MOD) or mild age-related diabetes (MARD). These clusters
exhibited distinct baseline phenotypic characteristics and diabetic
complication trajectories. For instance, participants in the most
insulin-resistant cluster had a 2–3-fold higher risk of developing
chronic kidney disease and macroalbuminuria whereas those in
the most insulin-deficient cluster had a 1.5-fold higher risk of
developing retinopathy. Independent analyses demonstrated that
Iraqi immigrants were more often assigned to the SIDD cluster
compared with the native Swedes, and had higher risk of coro-
nary artery diseases but lower risk of chronic kidney diseases [5].
The distribution of clusters and baseline patient characteristics
was replicated in two cross-sectional populations in China and
the USA, respectively [6]. In a Japanese cohort, participants with
SAID or SIDD had the highest incidence of retinopathy and
those with SIRD had the highest incidence of chronic kidney
disease over approximately 15 years of follow-up [7]. In an
Asian Indian population, the SIDD cluster had the highest
hazards for developing retinopathy, while the combined
insulin-resistant and -deficient diabetes cluster had the highest
hazards for kidney disease [8]. These observations were also
consistently made in the German Diabetes Study [9], and in the
ADOPT, RECORD [10], DEVOTE, LEADER and SUSTAIN-
6 trials [11], in which the clustering approach was similarly
applied.

This refined diabetes classification system thus seems to be
a powerful tool that is consistent with a precision medicine
approach to diabetes care [3], although evidence is required to
ensure its applicability in clinical practice. For instance, this
clustering approach has not been evaluated in populations
with diverse ethnic groups within which factors related to
diabetes progression and complications may vary [2].
Moreover, the effects of different glucose-lowering therapeu-
tic strategies have not been fully evaluated between clusters.

The Outcome Reduction with Initial Glargine Intervention
(ORIGIN) trial was a randomised controlled trial that enrolled
participants from multiple ancestries with dysglycaemia.
Participants were randomly allocated to insulin glargine vs
standard care groups and monitored for cardiovascular and
renal events for a median follow-up of 6.2 years. Herein, we
replicated the clustering method described by Ahlqvist et al to
categorise ORIGIN participants with newly diagnosed or
established diabetes into the five aforementioned subgroups.
We investigated whether either incident selected diabetes
consequences (cardiovascular events, chronic kidney diseases
and/or severe retinopathy) or participant glycaemic response
to insulin differed between clusters.

Methods

Study population The design of the ORIGIN trial has been
described previously [12]. Between 2003 and 2005, a total of
578 clinical sites in 40 countries enrolled 12,537 participants

aged ≥50 years with established or newly detected diabetes
(with HbA1c levels ≤75 mmol/mol [9%]), impaired glucose
tolerance (IGT) or impaired fasting glucose (IFG) levels, and
additional cardiovascular risk factors. Following random allo-
cation of participants to two therapies using a factorial design
(either one daily injection of insulin glargine [Sanofi Aventis
Deutschland, Frankfurt am Main, Germany] with the dose
titrated to achieve a fasting plasma glucose level ≤5.3 mmol/
l [95 mg/dl] or standard care; and either omega 3 fatty acid
supplement or placebo), participants were monitored for a
median duration of 6.2 years for cardiovascular events and
other health outcomes. The ORIGIN trial complies with the
Declaration of Helsinki and was approved by the Ethical
Committee at each site and each participant provided written
informed consent. A subset of 8494 participants also
consented to provide blood samples at baseline for further
analyses (including C-peptide and GAD antibodies). A total
of 7017 participants with established diabetes or newly diag-
nosed diabetes and available baseline data (i.e., age at diabetes
diagnosis, BMI, HbA1c, fasting C-peptide levels and GAD
antibodies) were included in these analyses.

Study measurements Age at diabetes diagnosis and measured
BMI were collected at the recruitment visit of the ORIGIN
trial. HbA1c levels were assayed at local laboratories at base-
line, annually and at the end of the treatment period for all
participants [13]. GAD antibodies were assayed at the Clinical
Research Laboratory and Biobank at the Population Health
Research Institute in Hamilton, Canada, using the commer-
cially available Kronus anti-GAD ELISA kit (Star, ID, USA).
The results were considered negative if the concentration was
<5 U/ml [14]. C-peptide was measured in fasting samples
using a multiplex assay including 237 cardiometabolic
biomarkers (Luminex, Myriad RBM, Austin, TX, USA), as
previously reported [15, 16]. All assays were performed
blinded to the treatment allocation, and without knowledge
of any clinical participant information.

Study outcomes ORIGIN participants were asked about serious
health outcomes every 4 months. Major cardiovascular events
were defined as death from cardiovascular causes, nonfatal
myocardial infarction, nonfatal stroke or a composite of them
[12]. Eye disease informationwas collected for retinopathy requir-
ing retinal photocoagulation or vitrectomy. Serum creatinine was
measured in local laboratories at baseline, after 2 years and upon
study completion. First-voided urine sampleswere collected at the
research sites following the same schedule and forwarded to the
Clinical Research Laboratory and Biobank at the Population
Health Research Institute in Hamilton, Canada for the measure-
ment of urine albumin and urine creatinine concentrations. Urine
albumin was measured using a turbidimetric method (with the
Beckman MA reagent) and urine creatinine was measured using
a modified Jaffé reaction (with the Beckman CR-S reagent) on a
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Beckman UniCel DxC 600 Instrument (Beckman Coulter,
Fullerton, CA, USA) [17]. The eGFR was calculated based on
the Modification of Diet in Renal Disease (MDRD) formula, and
used to define kidney function as normal (stage 1, eGFR
>90 ml min−1 1.73 m−2), mildly impaired (stage 2, eGFR 60–
90 ml min−1 1.73 m−2) or moderately impaired (stage 3A,
45≤eGFR<60 ml min−1 1.73 m−2; and stage 3B,
30≤eGFR<45 ml min−1 1.73 m−2). An albumin/creatinine ratio
equal to or greater than 25mg/mmol inmen and ≥35mg/mmol in
women defined macroalbuminuria [18]. Hyperglycaemia was
defined as a mean post-randomisation HbA1c ≥47.5 mmol/mol
(6.5%). The mean HbA1c was calculated using the mean value of
all available annual measurements, excluding the baseline value,
and including the 1 year value, up to and including the 5 years
value [13].All clinical outcomeswere adjudicated by a committee
that was blinded to the treatment allocation.

Statistical analyses We applied the clustering methodology
provided by Ahlqvist et al on ORIGIN participants with
established or newly diagnosed diabetes. The SAID cluster
included participants with positive GAD antibodies. We used
the sex-specific nearest centroid approach, adapted for the use
of C-peptide only (rather than HOMA2-B and HOMA2-IR as
initially described), to assign the remaining participants into
the four predefined clusters, SIDD, SIRD, MOD and MARD.
Variables including age at diabetes diagnosis, BMI, and
HbA1c and C-peptide levels for each participant were scaled
and centred. Participants were then assigned to one of the four
clusters based on the cluster they were most similar to, esti-
mated as the nearest Euclidean distance to the cluster centre,
derived from ANDIS coordinates (see electronic supplemen-
tary material [ESM] Table 1 for cluster centre coordinates).
Data are presented as the mean (SD), median (IQR) or propor-
tion (%). Cox regression models were used to test the predic-
tive values of baseline clustering on the incidence of diabetes-
related consequences over 6.2 years of follow-up. The propor-
tional hazards assumption was first verified, and then Cox
regression models were performed including each of the
diabetes-related consequences (i.e., coronary event, stroke,
retinopathy, mildly impaired kidney function, moderately
impaired kidney function, macroalbuminuria) as dependent
variables, and the categorical cluster variable as the indepen-
dent variable of interest, with the MARD cluster used as refer-
ence. Models were adjusted for age at diabetes diagnosis, sex,
self-reported ethnicity, diabetes duration at recruitment,
allocation of glargine, allocation of fish oil and usage of other
glucose-lowering medications.

To test whether the effect of glargine on diabetes-related
consequences differed by cluster, we performed Cox regression
models, including each of the diabetes-related consequences as
dependent variables, and glargine allocation, cluster and the
interaction between glargine and cluster as independent
variables, in addition to the aforementioned adjustment

covariates. Post hoc pairwise comparisons of the effects across
clusters were also performed. To determine whether the effect
of glargine on hyperglycaemia differed by cluster, a logistic
regression model was performed with the dependent variable
being hyperglycaemia and the independent variables being
glargine allocation, cluster and interaction between the two.
Glargine allocation was compared with standard care, and the
MARD cluster was used as reference. This model was adjusted
for age at diabetes diagnosis, sex, self-reported ethnicity, diabe-
tes duration at recruitment, allocation of fish oil, usage of other
glucose-lowering medications and the inverse probability of
selection weighting to minimise the bias related to post-
randomisation subgroup analyses. All statistical analyses were
conducted using R (version 3.6.0) [19]. Two-tailed p values
<0.05 were considered statistically significant, with adjust-
ments for multiple hypothesis testing applied, as appropriate.

Results

A total of 6492 ORIGIN participants with established diabetes
and 525 ORIGIN participants with newly detected diabetes
were assigned to one of the five clusters. The individual distri-
bution and baseline characteristics of participants are present-
ed in Table 1 and Fig. 1. The MARD cluster of older partic-
ipants (median [IQR] age at diagnosis, 63 [58–69] years) with
modest metabolic abnormalities (median HbA1c level, 43.2
[38.8–47.8] mmol/mol; 6.1% [5.7–6.5%]; median BMI, 27.4
[25.2–29.7] kg/m2; and median C-peptide level, 0.40 [0.29–
0.53] nmol/l) included 38% of the ORIGIN participants.
Twenty-three per cent of participants were assigned to the
MOD cluster and were consistently characterised by the
highest BMI (33.9 [31.2–37.3] kg/m2), as well as a median
HbA1c level of 47.1 mmol/mol (42.1–52.2 mmol/mol; 6.5%
[6.0–6.9%]) and a median C-peptide level of 0.53 nmol/l
(0.40–0.70 nmol/l). Another 23% of participants were
assigned to the SIDD cluster and were characterised by low
C-peptide levels (0.43 [0.28–0.57] nmol/l) and high HbA1c

levels (60.7 [57.1–65.5] mmol/mol; 7.7% [7.4–8.1%]). A total
of 13% of participants were categorised into the SIRD cluster
and exhibited the highest C-peptide levels (1.03 [0.83–1.30]
nmol/l). A minority of participants (3%) had positive GAD
antibodies and were assigned to the SAID cluster. Those
participants had a median age at diagnosis of 59 years (52–
66 years), a median BMI of 29.2 kg/m2 (26.4–32.0 kg/m2), a
median HbA1c level of 47.6 mmol/mol (41.0–55.6 mmol/mol;
6.5% [5.9–299 7.2%]) and overt insulin deficiency
(C-peptide level, 0.43 [0.32–0.61] nmol/l). Given the multi-
ethnic ancestries of ORIGIN participants, we further
characterised the population by performing descriptive analy-
ses separately in the two major ethnic groups (87% of the
overall sample), namely Europeans (n = 3661) and Latin
Americans (n = 2428), after clusters were established in the
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overall sample. The participant distributions showed that a
larger proportion of individuals of Latin American ancestries
were assigned to the SIDD cluster compared with the individ-
uals of European ancestries (28% vs 18%, respectively) (Fig.
1). The baseline characteristics of participants from each clus-
ter were consistent across ethnic groups (ESM Table 2).

We next performed Cox regression analyses to determine
whether the incidence of diabetes-related consequences
differed between clusters. HRs of incident cardiovascular
diseases, retinopathy and nephropathy over the 6.2 years of
follow-up are presented for each cluster in Fig. 2 (see ESM
Table 3 for number of participants and person-years, and ESM
Table 4 for pairwise comparisons). Participants in the SIRD

Table 1 Baseline description of ORIGIN participants, overall and stratified by diabetes cluster

Baseline characteristic Total (n=7017) SAID (n=241) SIDD (n=1594) SIRD (n=914) MOD (n=1595) MARD
(n=2673)

Established/newly detected
diabetes, n (%)

6492 (92.5)/525
(7.5)

231 (95.9)/10
(4.1)

1556 (97.6)/38
(2.4)

778 (85.1)/136
(14.9)

1523 (95.5)/72
(4.5)

2399 (89.7)/274
(10.3)

Duration of diabetes (years),
mean±SD

5.16±5.74 5.10±5.69 6.73±6.41 3.08±3.45 6.43±6.96 4.00±4.39

Male/female, n (%) 4616 (65.8)/2401
(34.2)

149 (61.8)/92
(38.2)

1110 (69.6)/484
(30.4)

608 (66.5)/306
(33.5)

938 (58.8)/657
(41.2)

1811 (67.8)/862
(32.2)

Age at diabetes diagnosis (years),
median (IQR)

59 (53–65) 59 (52–66) 56 (50–62) 63.80 (59–68) 52 (48–56) 63 (58–69)

BMI (kg/m2), median (IQR) 29.51
(26.51–33.02)

29.17
(26.40–32.00)

28.13
(25.52–30.81)

32.92
(30.06–36.32)

33.89
(31.15–37.30)

27.44
(25.23–29.67)

WHR, mean±SD 0.96±0.09 0.95±0.07 0.96±0.08 0.97±0.10 0.96±0.10 0.95±0.09

HbA1c (mmol/mol), median (IQR) 47.55
(41.55–55.83)

47.64
(40.99–55.61)

60.66
(57.13–65.46)

46.38
(41.05–51.92)

47.12
(42.08–52.17)

43.17
(38.75–47.79)

HbA1c %, median (IQR) 6.50 (6.95–7.23) 6.51 (5.90–7.24) 7.70 (7.38–8.14) 6.39 (5.91–6.90) 6.46 (6.00–6.92) 6.10 (5.69–6.52)

C-peptide (nmol/l), median (IQR) 0.50 (0.33–0.70) 0.43 (0.32–0.61) 0.43 (0.28–0.57) 1.03 (0.83–1.30) 0.53 (0.40–0.70) 0.40 (0.29–0.53)

Glargine allocation, n (%) 3497 (49.8) 123 (51.0) 803 (50.4) 459 (50.2) 762 (47.8) 1350 (50.5)

Ethnicity

White, n (%) 3661 (52.2) 121 (50.2) 645 (40.5) 580 (63.5) 816 (51.2) 1499 (56.1)

Black, n (%) 331 (4.7) 10 (4.1) 53 (3.3) 19 (2.1) 97 (6.1) 152 (5.7)

South Asian, n (%) 409 (5.8) 10 (4.1) 176 (11.0) 24 (2.6) 50 (3.1) 149 (5.6)

Other Asian, n (%) 32 (0.5) 2 (0.8) 9 (0.6) 2 (0.2) 11 (0.7) 8 (0.3)

Latin American, n (%) 2428 (34.6) 93 (38.6) 673 (42.2) 268 (29.3) 582 (36.5) 812 (30.4)

Other, n (%) 156 (2.2) 5 (2.1) 38 (2.4) 21 (2.3) 39 (2.4) 53 (2.0)

Prior cardiovascular event, n (%) 4021 (57.3) 135 (56.0) 854 (53.6) 593 (64.9) 797 (50.0) 1642 (61.4)

Hypertension, n (%) 5614 (80.0) 196 (81.3) 1212 (76.0) 765 (83.7) 1343 (84.2) 2098 (78.5)

LDL-cholesterol (mmol/l),
mean±SD

2.91±1.02 2.89±1.02 3.02±1.01 2.70±0.99 2.99±1.03 2.88±1.02

HDL-cholesterol (mmol/l),
mean±SD

1.18±0.31 1.17±0.31 1.15±0.31 1.13±0.28 1.16±0.30 1.22±0.33

Triacylglycerols (mmol/l),
mean±SD

1.84±1.05 1.84±1.19 1.89±1.08 2.15±1.07 1.97±1.11 1.62±0.93

Prior renal disease, n (%) 429 (6.11) 9 (3.73) 102 (6.40) 78 (8.53) 89 (5.58) 151 (5.65)

GFR (ml min−1 1.73 m−2),
mean±SD

77.80±22.26 77.50±19.50 79.70±23.77 70.76±19.70 81.44±21.15 76.93±22.41

Albumin/creatinine ratio
(mg/mmol), mean±SD

6.69±26.44 5.09±14.61 9.03±31.35 6.52±22.29 6.16±22.44 5.81±27.51

Current smoker, n (%) 4006 (57.1) 119 (49.4) 865 (54.3) 585 (64.0) 927 (58.1) 1510 (56.5)

Use of oral glucose-lowering agent,
n (%)

4628 (66.0) 166 (68.9) 1240 (77.8) 496 (54.3) 1164 (73.0) 1562 (58.4)

Metformin, n (%) 2190 (31.2) 77 (32.0) 478 (30.0) 235 (25.7) 656 (41.1) 744 (27.8)

Sulfonylurea, n (%) 2282 (32.5) 84 (34.9) 727 (45.6) 240 (26.3) 460 (28.8) 771 (28.8)

Other, n (%) 159 (2.3) 5 (2.1) 35 (2.2) 22 (2.4) 49 (3.1) 48 (1.8)
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cluster had a 49% increase in the incidence of moderately
impaired kidney function (stage 3A; HR 1.49 [95% CI 1.31,
1.71], p = 4.1×10−9), a 125% increase in the incidence of
stage 3B kidney impairment (HR 2.25 [1.82, 2.78], p =
5.6×10−14) and a 56% increase in the incidence of
macroalbuminuria (HR 1.56 [1.22, 1.99], p = 0.0003),
compared with the participants in the MARD cluster.
Individuals in the SIDD cluster also exhibited a 36% increase
in the incidence of macroalbuminuria compared with the indi-
viduals in the MARD cluster (HR 1.36 [1.11, 1.66], p =

0.003). Incident retinopathy was nominally increased in the
SIDD cluster (HR 2.04 [1.16, 3.58], p = 0.01), as were inci-
dent coronary events in the SIRD cluster (HR 1.64 [1.15,
2.33], p = 0.01), compared with the MARD cluster.

Then, to determine whether the effect of glargine on
hyperglycaemia differed between clusters, logistic regression
was performed by including the interaction term between
glargine allocation and clusters. We found a significant inter-
action between glargine allocation and clusters on
hyperglycaemia in the SAID, SIDD and MOD clusters (Fig.

)
s

r
a

e
y

(
si

s
o

n
g

ai
d

t
a

e
g

A

B
M

I 
(
k
g

/m
2
)

H
b
A

1
c

(
m

m
o
l/
m

o
l)

C
-
p
e
p
ti
d
e
 (

n
m

o
l/
l)

t
a

e
g

A
si

s
o

n
g

ai
d

)
s

r
a

e
y(

B
M

I 
(
k
g

/m
2
)

H
b
A

1
c

(
m

m
o
l/
m

o
l)

C
-
p
e
p
ti
d
e
 (

n
m

o
l/
l)

b e

gf h i

dc

3.4% 3.3%

27.7%

11%

24%

33.4%

3.8%

17.6%

22.3%

40.9%

15.8%

22.7%

13%

22.7%

38.1%

1/SAID

2/SIDD

3/SIRD

4/MOD

5/MARD

ORIGIN-All ORIGIN-Eur ORIGIN-Lat

a

211Diabetologia  (2022) 65:206–215



3). Indeed, random assignment to glargine (vs standard care)
significantly decreased hyperglycaemia by 19% in the SAID
cluster (OR 1.10 [1.01, 1.19] on glargine, OR 1.29 [1.18,
1.42] on standard care, vs MARD cluster; p for interaction =
0.008), by 13% in the SIDD cluster (OR 1.36 [1.30, 1.41] on
glargine, OR 1.49 [1.43, 1.57] on standard care, vs MARD
cluster; p for interaction = 0.001) and by 9% in the MOD
cluster (OR 1.07 [1.02, 1.12] on glargine, OR 1.16 [1.10,
1.22] on standard care, vs MARD cluster; p for interaction =
0.006). No significant interaction was found in the SIRD clus-
ter (vs MARD cluster). However, we did not observe a differ-
ent effect of glargine allocation on incidence of diabetes-

related consequences between the clusters (all p for
interaction >0.05; ESM Fig. 1).

Discussion

When clustering ORIGIN participants based on five clinico–
biological measures related to diabetes, we found consistent
observations with the report from the ANDIS cohort and the
Scania Diabetes Registry (SDR) with respect to participant
distribution across clusters, baseline phenotypic characteris-
tics and the incidence of diabetes-related consequences. In
particular, insulin resistance has been consistently associated
with impaired renal function, since participants assigned to the
SIRD cluster showed an accelerated decline of eGFR and
macroalbuminuria in ORIGIN, here and in previous reports
[7, 9–11]. We nominally replicated the association between
the increased risk of retinopathy and the SIDD cluster
observed in the ANDIS cohort, although only severe

�Fig. 1 Distribution and characteristics of the five diabetes subtypes in
ORIGIN. (a) Distribution. (b–e) Characteristics of the overall population.
(f–i) Characteristics separately in European and Latin American
populations. Boxplots represent the median and 2nd and 3rd quartiles;
error bars represent the 95% CI. The key in (a) applies to all figure parts.
Eur, Europeans; Lat, Latin Americans

Events (n)     Censored (n) Adjusted HR

Coronary events SAID 13 228 1.58 (0.88, 2.84) 0.12

SIDD 75 1519 1.27 (0.92, 1.76) 0.15

SIRD 58 856 1.64 (1.15, 2.33) 0.01

MOD 70 1525 1.25 (0.86, 1.81) 0.24

MARD 121 2552 REF REF

Stroke SAID 12 229 1.17 (0.64, 2.13) 0.61

SIDD 71 1523 1.02 (0.74, 1.40) 0.93

SIRD 47 867 1.20 (0.84, 1.71) 0.32

MOD 47 1548 0.74 (0.50, 1.10) 0.14

MARD 127 2546 REF REF

Retinopathy SAID 2 239 0.70 (0.16, 3.03) 0.63

SIDD 45 1549 2.04 (1.16, 3.58) 0.01

SIRD 6 908 0.62 (0.21, 1.80) 0.38

MOD 19 1576 0.68 (0.33, 1.39) 0.29

MARD 22 2651 REF REF

CKD 3A SAID 76 126 1.09 (0.85, 1.38) 0.50

SIDD 457 818 1.03 (0.91, 1.17) 0.61

SIRD 347 378 1.49 (1.31, 1.71) 4.1×10
-9

MOD 386 924 1.09 (0.94, 1.26) 0.26

MARD

SAID

SIDD

SIRD

MOD

MARD

SAID

SIDD

SIRD

MOD

MARD

822 1341 REF REF

CKD 3B 14 173 0.67 (0.39, 1.15) 0.15

156 1055 1.11 (0.89, 1.38) 0.34

153 508 2.25 (1.82, 2.78) 5.6×10
-14

111 1148 1.12 (0.86, 1.47) 0.40

256 1760 REF REF

Macroalbuminuria 18 158 0.79 (0.49, 1.28) 0.34

227 940 1.36 (1.11, 1.66) 0.003

104 504 1.56 (1.22, 1.99) 0.0003

163 1053 0.99 (0.78, 1.25) 0.92

236 1638 REF REF

HR (95% CI)

0.1 0.5 1.0 2.0 3.0 5.0

p

1/SAID

2/SIDD

3/SIRD

4/MOD

4/MARD

Fig. 2 Adjusted HRs of cardiovascular, renal and retinal outcomes in
ORIGIN. For ORIGIN, HRs were adjusted for sex, age at diagnosis of
diabetes, diabetes duration at recruitment, glargine allocation, fish oil
allocation, self-reported ethnicity and usage of other glucose-lowering

medications. The MARD cluster was used as referent group (REF) for
all the analyses. Error bars represent 95% CI. CKD, chronic kidney
disease
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retinopathy was recorded in ORIGIN participants, which
reduced our number of events and limited our power to detect
a significant effect after multiple hypothesis correction.
Consistent with the ANDIS cohort, no significant association
of clusters with incident coronary events and stroke was
observed in ORIGIN participants. This latter finding was in
contrast to the reports from the DEVOTE, LEADER and
SUSTAIN-6 trials [11], which showed an increased incidence
in cardiovascular events in the cluster characterised by the
highest HbA1c and lowest BMI, compared with the age-
related diabetes cluster. However, the populations in these
trials included participants with longer duration of diabetes
than participants in the ORIGIN and the ANDIS cohorts.
Finally, consistent with the German Diabetes Study [9], the
predictive value of diabetes-related consequences derived
from cluster analysis was preserved, regardless of the duration
of diabetes at the time when the clustering was applied [9].

There are no current clinical recommendations based on
the five diabetes clusters, but our findings, combined with
those of others, suggest that individuals with SIRD would
benefit from the early detection of kidney disease, and, thus,
from the prevention of major renal outcomes. While based on
a lower level of evidence, cautious screening for retinopathy
may also be warranted for individuals with SIDD. Indeed,
evaluation of cluster-specific complications may guide
personalised medical management of diabetes subgroups.
However, it has not been fully established whether diabetes
clustering is useful beyond risk stratification for complica-
tions. In particular, how such clustering may dictate responses
to different glucose-lowering therapies and help identify indi-
viduals who may benefit from a specific drug class for
hyperglycaemia and for diabetes-related comorbidities has
not been fully determined, and this latter assumes a homoge-
nous response to a given treatment within a cluster. Our study
is the first to show a particular benefit on hyperglycaemia with
the early use of insulin in the SIDD cluster. Clustering applied
in the RECORD and ADOPT trials, respectively, demonstrat-
ed more beneficial effects of thiazolidinediones allocation in
participants assigned to the SIRD cluster, and of sulfonylureas

in participants assigned to the MARD cluster [10]. Although
diabetes is caused by a combination of disrupted pathophysi-
ological processes rather than a single defect [20], assigning
individuals to one of the five mutually exclusive clusters to
which they were the closest helped to distinguish individuals
based on their dominant biological defect, and allowed us to
decipher who was more likely to develop specific diabetes
consequences or to have a better glycaemic response to a
given glucose-lowering therapeutic strategy.

The strengths of our study included the use of data from a
large randomised trial that enrolled participants from multiple
ancestries, which enabled us to replicate the diabetes clustering
across ethnicities, and to describe the progression of diabetes-
related consequences and the response to glargine therapy
along clusters. As we positioned our analyses as a replication
of the clustering algorithm developed by Ahlqvist et al, we did
not perform a de novo clustering analysis, but instead used the
cluster coordinates determined in the ANDIS study, as was
similarly and previously performed in other populations with
diabetes [6–11]. The first limitation was that our clustering
method did not include HOMA indices as there were no fasting
plasma glucose measurements available concomitantly to the
C-peptidemeasurements in ORIGIN participants. Although our
results reinforce that the clusteringmethod can provide accurate
patient risk stratification without using HOMA-B and HOMA-
IR and using fasting C-peptide level alone as a surrogate for
both HOMA indices, this might explain the increased propor-
tion of ORIGIN participants in the SIDD cluster compared with
the proportion observed by Ahlqvist et al [4]. Nonetheless,
these observations provide realistic implications for the clinical
utility of diabetes clustering in patients, since the use of HOMA
indices is not recommended in daily practice. A second limita-
tion was that our results were observed for individuals enrolled
in a clinical trial, and, thus, were potentially not representative
of the general population due to the trial inclusion criteria. The
clinical trial design, in particular the inclusion criteria, could
also explain differences between cluster baseline characteristics
reported in ORIGIN compared with the ones previously report-
ed in other studies, in respect of age at diabetes diagnosis and

OR (95% CI)  for hyperglycaemia

Cluster Intervention Adjusted OR  interaction
cluster × intervention

SAID standard care 118 1.29 (1.18, 1.42) 1.07×10-7

glargine 123 1.10 (1.01, 1.19) 0.03
SIDD standard care 791 1.49 (1.43, 1.57)  < 2.0×10-16

glargine 803 1.36 (1.30, 1.41) < 2.0×10-16

SIRD s 455 1.05 (1.00, 1.11) 0.07
glargine 459 1.06 (1.01, 1.11) 0.02

MOD standard care 833 1.16 (1.10, 1.22) 3.86×10-8

glargine 762 1.07 (1.02, 1.12) 0.004
MARD standard care 1323 REF REF

glargine 1350 REF REF

0.008

0.001

0.83

0.006

REF

0.9 1.0 1.2 1.4 1.6 1.8

1/SAID

2/SIDD

3/SIRD

4/MOD

5/MARD

glargine

standard care

n p
p

tandard care

Fig. 3 ORs for hyperglycaemia with glargine allocation vs standard care, by clusters in the ORIGIN cohort. Hyperglycaemia was defined as a mean
post-randomisation HbA1c ≥6.5%. The MARD cluster was used as referent group for all analyses. Error bars represent 95% CI
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levels of HbA1c at baseline [6–11]. However, trial data have
advantages over real-world data as they are collected through a
protocol follow-up and enable a systematic assessment of
disease progression and therapy introduction. The third limita-
tion was that we were unable to assess other diabetes-related
outcomes, such as incidence of neuropathies, which has been
described to be highest in the SIDD cluster [9], or incidence of
non-alcoholic fatty liver diseases, reported to be highest in the
SIRD cluster [9]. Finally, our study was designed to assign
individuals to one of the five mutually exclusive clusters, and
did not have the purpose to compare the predictive performance
of these models with probabilistic individualised prediction
models combining the same clinical features as continuous
measures [21]. Moreover, whether the predictive performance
of models using simple continuous measures would be superior
to models using data-driven clusters is still conceptually
debated.

In total, our study shows that individuals with newly diag-
nosed or established diabetes, regardless of their ethnicity, can
be allocated to five specific clusters that show distinct meta-
bolic alterations and different risk patterns for the develop-
ment of diabetes-related comorbidities, and responses to insu-
lin glargine allocation. Indeed, we identified the highest inci-
dence of kidney diseases in the SIRD cluster, and a particular
benefit on hyperglycaemia with insulin glargine allocation in
the SIDD cluster. Our findings provide evidence that cluster-
ing for the management of diabetes would improve patient
risk stratification for diabetes-related consequences, and
further optimise screening for such complications and preven-
tion. However, further investigations are required to guide
cluster-specific treatment decisions, and potentially improve
the clustering approach by adding additional relevant
biomarkers and genetic information.
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