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A B S T R A C T   

Aims: Newly-defined subgroups of type 2 diabetes mellitus (T2DM) have been reported from real-world cohorts 
but not in detail from randomised clinical trials (RCTs). 
Methods: T2DM participants, uncontrolled on different pre-study therapies (n = 12.738; 82 % Caucasian; 44 % 
with diabetes duration > 10 years) from 14 RCTs, were assigned to new subgroups according to age at onset of 
diabetes, HbA1c, BMI, and fasting C-peptide using the nearest centroid approach. Subgroup distribution, char
acteristics and influencing factors were analysed. 
Results: In both, pooled and single RCTs, “mild-obesity related diabetes” predominated (45 %) with mean BMI of 
35 kg/m2. “Severe insulin-resistant diabetes” was found least often (4.6 %) and prevalence of “mild age-related 
diabetes” (23.9 %) was mainly influenced by age at onset of diabetes and age cut-offs. Subgroup characteris
tics were widely comparable to those from real-world cohorts, but all subgroups showed higher frequencies of 
diabetes-related complications which were associated with longer diabetes duration. A high proportion of “severe 
insulin-deficient diabetes” (25.4 %) was identified with poor pre-study glycaemic control. 
Conclusions: Classification of RCT participants into newly-defined diabetes subgroups revealed the existence of a 
heterogeneous population of T2DM. For future RCTs, subgroup-based randomisation of T2DM will better define 
the target population and relevance of the outcomes by avoiding clinical heterogeneity.   

1. Introduction 

Diabetes mellitus is a chronic and heterogeneous disease affecting 
537 million people worldwide in 2021, most of them presenting with 
type 2 diabetes mellitus (T2DM) [1,2]. As T2DM varies considerably in 
clinical presentation, disease progression, and development of compli
cations [3–6] approaches have been made to improve the subclassifi
cation of disorders within the blanket term of T2DM by applying k- 
means clustering of simple clinical variables [7–16]. Four new sub
groups of T2DM have been derived from real-world cohorts which differ 

significantly in age at onset of diabetes, HbA1c, residual β-cell function, 
presence of obesity or insulin resistance, risk of developing diabetes- 
related complications and the need for insulin. The subgroups are cat
egorised as follows: “severe insulin-deficient diabetes (SIDD)”, “severe 
insulin-resistant diabetes (SIRD)”, “mild obesity-related diabetes (MOD)”, 
and “mild age-related diabetes (MARD)” [7]. A fifth subgroup with “severe 
autoimmune diabetes (SAID)” has been added characterised by the pres
ence of glutamic acid decarboxylase-65 autoantibodies (GADA) and 
comprised of people with type 1 diabetes mellitus (T1DM) and latent 
autoimmune diabetes in adults (LADA). 
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Traditionally the efficacy and safety of glucose-lowering drugs, 
including oral medications, insulins, and glucagon-like peptide-1 re
ceptor agonists (GLP-1 RA) have been tested in randomised clinical trials 
(RCTs) involving both T1DM and T2DM. In phase 3/4 T2DM studies, in 
particular, recruitment of participants relied on broad clinical charac
teristics for inclusion/exclusion criteria and regimens to be tested, 
rather than considering disease-related markers such as degree of insulin 
deficiency/resistance, age at onset diabetes or diabetes duration. 
Therefore, conducting a post hoc classification of study participants into 
the newly-defined T2DM subgroups should reveal the level of patient 
heterogeneity and allow re-analyses of subgroup-specific responses to 
treatments tested in RCTs. A few cardiovascular outcome trials in T2DM 
have now assessed MACE and other outcomes according to the new 
T2DM subgroups [17–20]. However, underlying methodology and var
iables applied for subgroup assignments were not consistent across these 
RCTs or between real-world cohorts making it difficult to compare 
outcomes related to subgroup characteristics [21]. Therefore, the aim of 
the present analysis was to examine the distribution of the proposed 
newly-defined T2DM subgroups within a broad set of RCTs by applying 
the methodology of Ahlqvist et al [7]. The chosen studies involved 
participants diagnosed conventionally as having T2DM with either short 
(<5 years) or long-standing (>10 years) duration of disease, inade
quately controlled on different pre-study treatments (e.g., oral glucose 
lowering drugs, basal insulin, or GLP-1 RAs). Specifically, we were 
interested in how clinical factors such as age at onset of T2DM, BMI, C- 
peptide levels, and diabetes duration, influenced subgroup distributions 
and characteristics. In addition, RCT T2DM subgroups were compared 
with those originally identified in the Swedish All New Diabetics in 
Scania (ANDIS) and the Diabetes Registry Vaasa (DIREVA) real-world 
cohorts [7] involving people with new-onset diabetes (ANDIS) and 
long-standing diabetes (DIREVA). 

2. Methods 

2.1. RCT populations 

We used participant-level data from a large clinical database 
composed of T2DM RCTs that had been conducted by Sanofi or prede
cessor companies between 2000 and 2019 to which full access was 
granted for screening of baseline cluster variables. A total of 14 T2DM 
RCTs [22–33] were identified of which 12,738 study participants had 
complete data available for assignment to subgroups (Fig. S1, Supple
mentary data). Original enrolment of these individuals was based 
solely on clinical parameters and inclusion criteria across studies 
(Table S1). All baseline participant-level data including demographics, 
clinical and laboratory parameters, vital signs, and medical history of 
diabetes-related complications (retinopathy, neuropathy, nephropathy) 
were collected from each study and used for characterisation of diabetes 
subgroups. Of note, macrovascular co-morbidities (e.g., myocardial 
infarction, stroke) were not assessed at baseline as people with those 
events were excluded in 13 out of 14 RCTs. Chronic kidney disease 
(CKD) was defined by the diagnosis of impaired renal function (eGFR <
60 ml/min/m2). Missing baseline values (others than the cluster vari
ables) were not replaced except for eGFR which was calculated from 
serum creatinine levels by using the CKD-Epi formula in those partici
pants where baseline eGFR data were absent [34]. 

2.2. Assignment of study participants to diabetes subgroups 

Classification of T2DM individuals into the newly-defined diabetes 
subgroups was performed as reported by Ahlqvist et al [7]. Because 
GADA status was not available in most study participants a two-step 
approach was chosen to identify T1DM or LADA participants who 
constituted the SAID subgroup. In a first step, RCT participants who had 
GADA positive measurements but were erroneously included in these 
T2DM RCTs, were assigned to SAID (n = 64). In a second step, 

individuals with no GADA measurements but having both FCP < 0.25 
nmol/L and no previous use of sulfonylurea at baseline (n = 440) were 
deemed as having either T1DM (undiagnosed or undetected) or LADA 
and therefore were assigned to SAID subgroup (Fig. S1). All remaining 
study participants (n = 12.234) were classified as having T2DM; a sex- 
specific nearest centroid approach was used, adapted for the use of 
FCP alone, rather than calculating homeostasis model assessment 
(HOMA2) estimates of β-cell function (HOMA2-B) and insulin resistance 
(HOMA2-IR) [7] for the assignation of participants into the four T2DM 
subgroups SIDD, SIRD, MOD, and MARD. Using FCP instead of HOMA2 
parameters has been proven to identify identical subgroups as validated 
in the ANDIS cohort and shown in the ORIGIN trial population [17]. 
Subgroup variables, including age at onset of diabetes, HbA1c, BMI and 
FCP levels for each participant were scaled and centred. Participants 
were then assigned to one of the four subgroups (clusters) using the 
smallest Euclidean distance to cluster centroids, derived from ANDIS 
coordinates. Distribution of values of the four subgroup (cluster) vari
ables across the single and pooled T2DM RCTs are represented in Fig. S2 
and Fig. S3. Notably, FCP values were not normally distributed because 
some extreme outliers at high values were observed in a few RCTs 
[22,24,25]. The distributions of diabetes subgroups were determined for 
each T2DM RCT separately. For investigating the impact of various 
diabetes durations (<5, ≥10 years), different pre-study medications 
(OADs, insulin ± OAD, GLP-1RA ± OAD), and race/ethnicity on sub
group distribution and characteristics, the single subgroups from all 
RCTs were pooled and used for comparisons. Pooled subgroups from 
RCTs were also used for comparison with those from the real-world 
ANDIS and DIREVA cohorts [7]. 

2.3. Statistical analysis 

Characterisation of diabetes subgroups and comparisons between 
subgroups are shown descriptively. Data are presented as the mean (SD), 
median (range), or proportion (%). Mapping and pooling of databases 
were performed using SAS software (version 9.4; SAS Institute, Cary, 
NC, USA). 

3. Results 

3.1. Characteristics of study participants before classification 

Demographics, clinical inclusion criteria, medical history, and pre- 
study medications across eligible RCTs are shown in Table S1 and 
Table S2. Overall, 68 % (n = 8.702) of participants were insulin-naïve 
and 3.9 % (n = 501) were GLP-1 RA pre-treated. Metformin was allowed 
as a pre-study medication in all RCTs and 81 % received this first-line 
medication prior to enrolment. Sulfonylureas and thiazolidinediones 
(TZDs) were allowed in at least 11 RCTs and 55 % and 8 % of partici
pants received these OADs as pre-study medications, respectively. 
Around 36 % of all participants had a history of at least one diabetes- 
related complication at baseline. Study participants had a median 
(range) age of 60 (19–93) years with a median diabetes duration of 8.5 
(0–58) years. However, duration of diabetes varied considerably from 
short-term (<5 years, 27 %), to long-standing (≥10 years; 44 %). Mean 
(SD) HbA1c was 8.23 (1.23) % [66.5 mmol/mol], BMI 31.2 (5.9) kg/m2, 
and FCP 0.86 (0.61) nmol/L (Table S2). Most study participants were of 
Caucasian (white) origin (n = 10.394; 81.6 %), a small proportion were 
Asian/Oriental (n = 869, 6.8 %) or Black/Afro-Americans (n = 602, 4.7 
%). A total of n = 2.218 (17.4 %) participants were of Hispanic/Latino 
ethnicity. 

3.2. Distribution of study participants into the newly-defined diabetes 
subgroups 

A small proportion of RCT participants (4.0 %; n = 504) was assigned 
to SAID, most of them (3.3 %; n = 415) originated from the large ELIXA 
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trial [33] in which GADA status was not available and assignment was 
made as described under Methods. Distribution of the remaining RCT 
participants (n = 12,234) into the T2DM subgroups for each RCT is 
shown in Fig. 1. Across all RCTs, most study participants were assigned 
to the MOD subgroup (n = 5.734; 45.0 %), followed by MARD (n =
3.040; 23.9 %) and SIDD (n = 2.877; 22.5 %), whereas SIRD (n = 583; 
4.6 %) represented the smallest group of participants. Distribution of the 
four subgroup-determining variables across the pooled T2DM RCTs 
showed that baseline mean (SD) BMI was markedly greater in SIRD 
(32.3 [4.9] kg/m2) and MOD (35.0 [5.6] kg/m2) whereas SIDD (27.5 
[3.6] kg/m2) and MARD (27.5 [3.4] kg/m2) had the lowest BMI (Fig. 2, 
Table S2). Mean age at onset of diabetes was higher in the MARD and 
SIRD subgroups (57–59 years) than in the other subgroups (45–48 
years). Highest mean FCP levels were found in the SIRD subgroup (2.51 
nmol/L) compared to other T2DM subgroups (0.72–0.90 nmol/L), and 
lowest FCP levels were characteristic for SAID (0.16 nmol/L). Glycaemic 
control (mean HbA1c at baseline) was poorest in the SIDD subgroup 
(9.5 %; 80 mmol/mol) while the lowest mean HbA1c of 7.3 % (56 
mmol/mol) was observed in MARD. No relevant differences in blood 
chemistry, electrolytes, and liver enzymes were observed between dia
betes subgroups (Table S2). 

The distribution of diabetes subgroups by race/ethnicity is illus
trated in Fig. S4. The small Asian/Oriental, Black/Afro-American and 
Hispanic/Latino subpopulations differed in diabetes subgroup distribu
tions compared to the largest subpopulation of Caucasians who domi
nated the T2DM RCT pool. SIDD and MARD subgroups were largest in 
Asian/Oriental (37/35 %), whereas MOD was the largest subgroup in 
Black/Afro-Americans (58 %) and Hispanic/Latino people (38 %). 

3.3. Diabetes duration across RCT diabetes subgroups 

Study participants showed a wide range of median diabetes duration 
from 6 to 15 years across RCTs. The SAID subgroup had the longest mean 
diabetes duration overall, followed by MOD and SIDD subgroups, and 
the shortest mean diabetes duration was observed in SIRD and MARD at 
randomisation (Fig. 3A). High proportions of long-standing diabetes 
(>10 years) were found in SAID, SIDD and MOD subgroups, whereas 
SIRD and MARD subgroups were characterised by individuals with 

rather short-term diabetes (<5 years) (Fig. 3B). 
The prevalence of diabetes subgroups changed when study partici

pants were analysed by categories of diabetes duration (<5 vs ≥ 10 
years). Long-standing diabetes increased the prevalence of SAID (6.3 vs 
2.1 %), SIDD (25.6 vs 16.6 %) and MOD (49.9 vs 37.9 %) whereas short- 
term duration of diabetes increased the prevalence of SIRD (6.6 vs 2.5 
%) and MARD (36.8 vs 15.7 %) more than twice (Fig. 5). 

3.4. Diabetes-related complications in RCT diabetes subgroups 

Diabetes-related complications including retinopathy, neuropathy, 
nephropathy, and CKD (eGFR < 60 ml/min/1.73 m3) have been docu
mented as part of the medical history and prevalence at randomisation 
across RCTs is presented in Table S1. The highest prevalence of com
plications was found in the EDITION-1 and EDITION-2 studies [33,34] 
which had participants with the longest mean duration of diabetes 
compared to other studies. In those studies in which participants had 
similar diabetes duration, the prevalence of complications was compa
rable (Table S1). After classification in diabetes subgroups, retinopathy 
was more prevalent in SAID, SIDD and MOD compared to SIRD and 
MARD across all study participants and was found to be 2 to 5-fold 
higher in those with long-standing compared to short-term diabetes 
(Fig. 4, Table S2). Diabetes-related neuropathy was most prevalent (24 
%) in the SIRD subgroup with short-term diabetes compared to other 
diabetes subtypes (10–16 %) and was equal in all subgroups with long- 
standing diabetes (26–35 %). CKD was most prevalent in SAID, SIRD and 
MARD subgroups, both in participants with short-term and long- 
standing diabetes. 

Diabetes-related nephropathy was slightly more frequently diag
nosed in those participants with short-term diabetes and assigned to 
SIRD (10 %) compared to other subtypes (4–7 %) but was found most 
prevalent in SAID (23 %), MARD (17 %) and MOD (16 %) subgroups 
with long-standing diabetes compared to SIDD and SIRD (each 12 %) 
(data not shown). 

3.5. Pre-study medications in RCT diabetes subgroups 

Subgroup distributions by pre-study medications (OADs, insulins, 

Fig. 1. Participant distributions into newly-defined diabetes subgroups (clusters) across fourteen eligible T2DM RCTs Diabetes subgroups were determined based on 
age at onset of diabetes, HbA1c, BMI and fasting C-peptide (see under Methods). SAID = severe autoimmune diabetes; SIDD = severe insulin-deficient diabetes; SIRD 
= severe insulin-resistant diabetes; MOD = mild obesity-related diabetes; MARD = mild age-related diabetes. 
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GLP-1 RA) are shown in Fig. S4. MOD was found to be the dominating 
subgroup regardless of pre-study treatments. Interestingly, in OAD- 
pretreated (insulin-naïve) participants 25.8 % contributed to the SIDD 
subgroup. 

Metformin, sulfonylureas, and TZDs were permitted as pre-study 
glucose-lowering medications in at least 11 or more RCTs (Table S1). 
First-line recommended metformin was widely used across all T2DM 
subgroups (73–85 %) (Fig. S5). Sulfonylurea was more often prescribed 
in the SIRD (82 %) and SIDD (73 %) subgroups compared to MARD (54 
%) and MOD (49 %). Among the few pre-study prescriptions of TZDs, the 
SIDD and MOD subgroups showed about twice the frequency (8–9 %) 
than SIRD (5 %) and MARD (5 %). 

Lipid-lowering therapy was allowed in all T2DM individuals enrolled 
in the RCTs. After classification of RCT participants into diabetes sub
groups only about 50 % or less of T2DM individuals in SIDD and SIRD 
subgroups received lipid-lowering treatment, and the SIRD subtype 
showed the worst lipid profile and highest TG/HDL-C ratio compared to 
other subgroups (Fig. S6, Table S2). 

3.6. RCT diabetes subgroups compared to real-world subgroups 

Compared to the Scandinavian ANDIS and DIREVA real-world 

cohorts, distributions of T2DM subgroups in RCTs differed. The most 
striking differences were found in the prevalences of MOD, SIRD and 
MARD subgroups between cohorts. In RCTs, MOD was the greatest and 
SIRD the smallest subgroup, whereas in ANDIS/DIREVA MARD was the 
predominant subgroup and SIRD was also more prevalent in the real- 
world studies irrespective of diabetes duration (Fig. 1, Fig. 5). 

Key characteristics of T2DM subgroups from pooled RCTs and 
ANDIS/DIREVA real-world cohorts are summarised in Table S3. The 
most conformable subgroup characteristic was mean BMI irrespective of 
diabetes duration, whereas the most striking difference was found in the 
prevalence of diabetes-related complications between RCT and real- 
world (ANDIS) participants. Differences in age at onset, FCP and 
HbA1c were also observed between subgroups from RCTs and real-world 
cohorts. 

4. Discussion 

While the new diabetes subgroups have been described in Scandi
navian real-world cohorts, their contribution in randomised clinical 
trials has not been explored. Therefore, data of 12,738 individuals with 
T2DM who had participated in 14 RCTs between 2000 and 2019 were 
analysed to determine the distribution of these proposed new diabetes 

Fig. 2. Distributions of age at diagnosis, HbA1c, body mass index, and fasting C-peptide across replicated pooled new diabetes subgroups from fourteen 
T2DM RCTs (n ¼ 12,738). SAID = severe autoimmune diabetes; SIDD = severe insulin-deficient diabetes; SIRD = severe insulin-resistant diabetes; MOD = mild 
obesity-related diabetes; MARD = mild age-related diabetes; FCP, fasting C-peptide; BMI, body mass index; boxes are the median, and 25th and 75th percentiles; 
whiskers are the 1st and 99th percentiles. Values outside these percentiles are represented by open circles. 

Fig. 3. Mean diabetes duration of pooled RCT participants at baseline according to newly-defined diabetes subgroups (A) and distribution of different 
categories of diabetes duration across diabetes subgroups (B). SAID = severe autoimmune diabetes; SIDD = severe insulin-deficient diabetes; SIRD = severe 
insulin-resistant diabetes; MOD = mild obesity-related diabetes; MARD = mild age-related diabetes. Whiskers represent 25th and 75th percentiles. 
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subgroups. In the present cluster assignment analysis that was based on 
four clinical variables (HbA1c, BMI, FCP, age at onset) all five newly- 
defined subgroups have been replicated across the RCTs. Most T2DM 
RCT participants were assigned to the MOD and the least to the SIRD 
subgroup across the studies. In addition, a smaller number of partici
pants with confirmed or potential T1DM/LADA (4.0 %) overall were 
identified. It is in part likely that the SAID subgroup in T2DM RCTs was 
included because GADA had not been measured at screening. Large 
cardiovascular outcome trials without GADA measuring have been a 
source for enrolment of SAID patients as demonstrated by the findings 
from the ELIXA [35] and ORIGIN trials [17,37] where 8.2 % and 3.4 % 
of participants respectively were assigned retrospectively to the SAID 
subgroup. Therefore, in order to avoid individuals with T1DM/LADA to 
be recruited in T2DM trials it would be desirable to include mandatory 
measurements of GADA when screening potential participants to avoid 
diagnostic failures. 

Unlike real-world registries, which seldom impose the strict inclu
sion criteria of RCTs, it is not unexpected that distributions of T2DM 

subgroups in RCTs differ from real-world populations and mainly 
depend on thresholds applied to inclusion criteria. For example, the 
lower prevalence of the SIRD and MARD subgroups observed in the 
present group of RCTs, both characterised by a higher mean age of onset 
diabetes, could be explained by the age cut-off (<75 years) applied in 
most, resulting in a younger population with a lower mean age of onset 
of diabetes and longer diabetes duration. However, another explanation 
for the lower prevalence of SIRD and MARD subgroups may exist that 
older people are enrolled less frequently into RCTs, as supported by the 
observations from studies with no age cut-off [31–35] where the mean 
age of the participants was comparable to studies which had an age cut- 
off. The SIRD subgroup appears to increase only through the number of 
participants with high FCP levels, and the MARD subgroup with higher 
mean age of onset of diabetes (or shorter diabetes duration). In contrast, 
the predominant MOD and SIDD subgroups in our RCTs appeared to be 
strongly determined by diabetes duration and the presence of over
weight/obesity, and to a certain degree by (high) baseline HbA1c levels 
of participants. Our data suggest that the proportion of MOD is lower in 

Fig. 4. Prevalence of (A) diabetes-related retinopathy, (B) neuropathy, and (C) chronic kidney disease (eGFR < 60 ml/min/1.73 m2) in pooled diabetes 
subgroups from T2DM RCTs (overall and stratified by diabetes duration at baseline). SAID = severe autoimmune diabetes; SIDD = severe insulin-deficient 
diabetes; SIRD = severe insulin-resistant diabetes; MOD = mild obesity-related diabetes; MARD = mild age-related diabetes. 
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participants with shorter diabetes duration but remains higher than 
those generally found in real world populations [7–12,15], presumably 
as a result of preferred inclusion criteria that were widely used across the 
selected RCTs or by an unknown selection bias applied to RCTs. In 
addition, a higher prevalence of MOD, in parallel to a lower one of SIDD, 
was observed at higher mean BMI whereas higher mean HbA1c sug
gested a reduction of MOD and an increase of SIDD in RCTs. 

Interestingly, in two studies [31,32] involving insulin-pretreated 
T2DM individuals with long-standing diabetes (mean duration 13–16 
years) and low average FCP levels, pretreated with either a basal-bolus 
or high dose of basal insulin regimen, the proportion of the SIDD sub
group was surprisingly low in both studies compared to other RCTs. The 
reason for this observation is unclear, but high average BMI values > 34 
kg/m2 in these T2DM individuals have probably assigned many of them 
to the MOD rather than to the SIDD subgroup despite low FCP levels. 
Similar high proportions (≥63 %) of the MOD subgroup have been 
observed in a few more of our RCTs [23,26,27,32] with high average 
BMIs of > 32 kg/m2. In contrast, in studies where average BMI was 
lower, the proportion of SIDD was always higher demonstrating an in
verse relationship between these two subgroup variables. These findings 
from the present group of RCTs raise the question as to whether k-means 
clustering coordinates and centroids derived from ANDIS individuals 
with new-onset diabetes will need some adjustment when applied in 
individuals with long-standing diabetes. 

Another important finding from the present analysis is that diabetes 
duration of RCT participants was a significant modulating factor for the 
distributions of diabetes subgroups and the prevalence of diabetes- 
related comorbidities. “Severe autoimmune diabetes” (SAID, 6 % vs 2 %) 
and “severe insulin-deficient diabetes” (SIDD, 26 % vs 17 %) subgroups 
were markedly more prevalent in people with long-term (≥10 years) as 
compared to those with shorter-term (<5 years) diabetes. Similar find
ings were reported from a real-world cohort involving more than 2.000 
individuals with established diabetes where SAID (11 % vs 6 %) and 
SIDD (25 % vs 14 %) subgroups were twice as prevalent in patients with 
long-term (mean: 11 years) as compared to those with new-onset 

diabetes [17], and also found for the SIDD subgroup (16 % vs 11 %) 
in the Finnish DIREVA real-world cohort. The prevalence of diabetes- 
related complications in all five diabetes subgroups was consistently 
higher in study participants with long-standing diabetes compared to 
those with shorter-term duration of diabetes. Not surprisingly, study 
participants with long-standing diabetes had a higher prevalence of all 
types of diabetes-related complications than has been reported in real- 
world cohorts composed of people who were newly-diagnosed [7,15]. 

The replicated RCT T2DM subgroups largely differed in their mean 
residual beta cell function as expressed by FCP levels, with SIDD and 
MARD subgroups characterised by severe to moderate insulin deficiency 
but obviously also containing individuals with a preserved beta cell 
function. A similar distribution of FCP levels across the diabetes sub
groups was reported in the ORIGIN trial and these results also showed 
that the SIDD subgroup with the most advanced insulin deficiency 
derived the greatest benefit from the use of insulin (glargine) instead of 
standard-of-care therapy [17]. Moreover, previous findings from RCTs 
that enrolled only insulin-naïve T2DM RCT participants who were 
stratified by different FCP levels further suggest that T2DM subgroups 
may not only differ substantially in the need for timely insulin therapy 
(SIDD) and higher insulin dose requirements (SIRD), but also in hypo
glycaemia risk when being treated with basal insulin [36]. 

Interestingly, in the analysed RCTs that enrolled only insulin-naïve 
T2DM participants of whom most were pretreated with metformin and/ 
or sulfonylurea for many years, 22–50 % have been classified to the 
SIDD subgroup, which had the poorest glycaemic control at baseline 
compared to other subgroups. These findings may imply that the SIDD 
subgroup represents T2DM individuals who are difficult to diagnose in 
routine practice and the highest HbA1c levels observed in this subgroup 
further suggest either a failure to appreciate the urgency for insulin 
replacement therapy or proper insulin titration and/or timely intensi
fication of insulin treatment for those individuals as recommended by 
international guidelines [37,38]. 

The possibility may exist that the SIDD subgroup is barely distin
guishable from the MOD or MARD subgroup at the time of diagnosis, 

Fig. 5. Distribution of newly-defined diabetes 
subgroups in pooled RCT participants and in 
the Scandinavian ANDIS/DIREVA real-world 
cohorts stratified by diabetes duration cate
gories at baseline or sampling. AID = severe 
autoimmune diabetes; SIDD = severe insulin- 
deficient diabetes; SIRD = severe insulin- 
resistant diabetes; MOD = mild obesity-related 
diabetes; MARD = mild age-related diabetes; 
ANDIS, All New Diabetics in Scania; DIREVA, 
Diabetes Registry in Vaasa.   
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despite an expected difference in BMI, which is a useful differentiating 
factor, at least from the MOD subgroup. As individuals assigned to the 
MOD and MARD subgroups are sufficiently controlled with glucose- 
lowering drugs during the first years after diagnosis, this may also 
explain why the proportions of the SIDD, MOD and MARD subgroups in 
OAD-pretreated (insulin-naïve) and insulin-pretreated participants were 
similar in the present RCTs, and the SIDD subgroup, as expected, was 
neither more prevalent nor being the dominating subgroup in insulin- 
pretreated RCT participants. Moreover, high prescription rates of met
formin and, to a lesser degree of sulfonylurea, in these relatively lean 
people in the SIDD subgroup, who had lower BMI levels compared to 
MOD and MARD, further supports these assumptions. The “severe insulin- 
resistant (SIRD)” subgroup with substantial prescriptions of metformin 
and sulfonylurea and relatively low use of TZDs, is another T2DM 
population which requires more effort to improve glycaemic control and 
lipid-lowering profiles. Awareness of the need to measure FCP levels 
along with glycaemic parameters and BMI as main characteristics of this 
T2DM subgroups will also assist clinical decision-making to implement a 
personalised and optimal treatment strategy for those individuals. 

4.1. Study limitations 

We recognise that this post hoc cluster assignment analysis has some 
limitations as full access to patient-level data was available only for this 
clinical database. Therefore, the findings of this analysis are restricted to 
study participants of the database. Moreover, as one large study 
accounted for 40 % of the pooled study population and some studies had 
no upper limits for BMI as an inclusion criterion, this heterogeneity 
between studies may have introduced a bias in the interpretation of the 
pooled subgroup distributions. Another confounding factor influencing 
subgroup distributions in RCTs could be an unknown selection bias 
induced by investigator-based decisions to include only people who are 
generally compliant with advised medical care, availability of time, and 
with a high willingness to participate in RCTs. Those people might differ 
from the routine clinic populations in characteristics that could have 
impacted subgrouping. However, as characteristics of RCT and real- 
world subgroups did not substantially differ out of diabetes-related 
complications this impact should be considered as small. The unavail
ability of GADA status in most study participants may have introduced 
some uncertainty about the robustness of definition of the SAID sub
group. Therefore, it cannot be excluded that some participants with 
undetected or undiagnosed T1D or LADA have been assigned to sub
groups other than SAID, based on our approach of using FCP thresholds 
of 0.25 nmol/L and previous sulfonylurea intake as decision criteria. 
Moreover, a few T2DM participants with FCP < 0.25 nmol/L may have 
been assigned to SAID. However, as this uncertainty refers to a very 
small number of participants overall, the impact on distributions of 
participants to T2DM subgroups can be considered to be low and clinical 
characteristics of the assigned SAID subgroup compare very well with 
those reported in ANDIS. As FCP values across the 14 RCTs were assayed 
at different laboratories using different methodologies (ELISA, RIA, 
Luminex), and study participants had different pre-study treatments 
(sulfonylurea, insulin) which potentially could have affected baseline 
FCP levels, the absolute FCP values might have varied between RCTs. 
However, distribution of FCP values and mean values across studies 
(Table S1, Fig. S2) showed comparable patterns of FCP suggesting no, or 
only a minimal effect on the subgroup assignment. It can also be dis
missed that FCP levels might have been affected by reduced renal 
function (eGFR < 60 ml/min/1.73 m2) as C-peptide is mainly excreted 
via the kidney. Correlation of FCP levels with reduced kidney function 
did not indicate any relationship between those variables in the RCT 
population. 

5. Conclusions 

This cluster assignment analysis which has been applied to more than 

12,000 study participants of mainly Caucasian origin from 14 RCTs has 
identified five diabetes subgroups that were described previously in 
newly-diagnosed people from real-world populations. The present 
analysis indicates that RCT subgroups of varying diabetes duration and 
who were receiving different glucose-lowering therapies prior to 
enrolment do not differ markedly in their clinical characteristics 
(HbA1c, BMI, FCP, age at diagnosis) from real-world Scandinavian 
subgroups (ANDIS/DIREVA). However, distributions of RCT partici
pants to the five subgroups and prevalence of diabetes-related compli
cations moderately change when stratified by diabetes duration of the 
participants. The most important clinical observation of the present 
analysis is that people classified into either “severe-insulin deficient dia
betes (SIDD)” or “severe insulin-resistant diabetes (SIRD)” represent two 
T2DM subgroups in which both glycaemic and lipid levels are not 
adequately controlled, and the prescribed pre-study glucose-lowering 
therapy did not adhere to current international guidelines. These two 
vulnerable subgroups, which are also associated with an increased risk 
of developing microvascular complications, could benefit most from 
individualised diabetes and lipid management. The availability in the 
future of a “subgroup calculator/classifier” may facilitate the way towards 
precision medicine in diabetes by identifying T2DM subgroups based on 
four simple clinical parameters and thereby assist clinicians to facilitate 
treatment decisions. 

Through recognition of the different diabetes subgroups, study par
ticipants for future comparative T2DM RCTs could be selected according 
to these newly-defined diabetes subgroups by applying prior cluster 
assignment, in preference to using traditional clinical parameters alone. 
It is also proposed that T2DM study protocols should include mandatory 
GADA and FCP measurements at screening, to limit both clinical het
erogeneity and to exclude recruitment of people with T1DM or LADA. 
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