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using three different hyperparameter combinations. De novo clusters were derived
by open k-means analysis. Stability of de novo clusters was assessed by assignment
congruence over different variable sets and Jaccard indices. Distribution of polygenic
risk scores and diabetes complications in the respective clusters were described as an
indication of underlying heterogeneity.

Results: Original clusters did not replicate well, indicated by substantially different
assignment frequencies and cluster characteristics between the original and current
sample. De novo clustering using k=3 clusters and including high sensitivity
C-reactive protein in the variable set showed high stability (all Jaccard indices >0.75).
The three de novo clusters (h = 96, n = 172, n = 33, respectively) adequately cap-
tured heterogeneity within the sample and showed different distributions of poly-
genic risk scores and diabetes complications, that is, cluster 1 was characterized by
insulin resistance with high neuropathy prevalence, cluster 2 was defined as age-
related diabetes and cluster 3 showed highest risk of genetic and obesity-related
diabetes.

Conclusion: T2D subphenotyping based on its sample's own clinical characteristics

KEYWORDS

1 | INTRODUCTION

Diabetes is a rapidly growing global health concern.’? The underlying
causes of pancreatic beta-cell dysfunction are heterogeneous, and
individual trajectories of hyperglycaemia and subsequent diabetes
complications vary widely.>* Therefore, classifications of type 2 diabe-
tes (T2D) that predict the risk of complications and provide options
for a tailored treatment have been actively studied.>~®

Traditionally, diabetes is mainly classified into type 1 (T1D) and T2D,
primarily determined by the presence (T1D) or absence (T2D) of autoan-
tibodies. A novel approach to identify subphenotypes of diabetes was
the hallmark study by Ahlqvist et al.” They used six diabetes-related vari-
ables including age at diagnosis, body mass index (BMI), haemoglobin
Alc (HbA1c), homeostasis model assessment (HOMA) estimates of beta-
cell function (HOMA2-B) and insulin resistance (HOMA2-IR) and gluta-
mic acid decarboxylase antibodies (GADA) to categorize individuals with
diabetes into five clusters. Thereby, four clusters mainly represent T2D
subphenotypes and one cluster with severe autoimmune diabetes (SAID)
mainly corresponds to the T1D subphenotype. The four T2D subpheno-
types were labelled based on their distinctive features as severe insulin-
deficient diabetes (SIDD), severe insulin resistant diabetes (SIRD), mild
obesity-related diabetes (MOD) and mild age-related diabetes (MARD)
and exhibited different risks of disease progression and diabetes compli-
cations. These clusters have been replicated in diverse ethnic groups
such as British,’® German,'**2 American and Chinese,**'* Mexican,
Icelandic,*® Japanese!” and Asian Indian cohorts.*® Recently, subpheno-
types were characterized in more detail from a molecular perspective,

19,20

including potential underlying genetic determinants and cluster-

specific signatures of metabolomics and proteomics.?*?? There appear to
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leads to stable categorization and adequately reflects T2D heterogeneity.

clustering, cohort study, database research, diabetes complications, type 2 diabetes

be differences in biomarkers of inflammation between diabetes subphe-
notypes, which is in line with the involvement of inflammatory mecha-
nisms, most often assessed by C-reactive protein (CRP), in the
progression of diabetes.'??® Taken together, the current state of evi-
dence suggests that diabetes subphenotyping, including deep molecular
phenotyping, holds the potential to offer key insights into the underlying
pathophysiology of glucose dysregulation and the onset of comorbidities
among individuals with T2D, while it further enables the advancement of
personalized treatment of diabetes.

In the current study, we aimed to perform a comprehensive statisti-
cal assessment of T2D subphenotyping in the Cooperative Health
Research in the Region of Augsburg (KORA) FF4 cohort (Southern
Germany). Our aims were threefold: (1) to investigate to which extent
the original clusters from Ahlgvist et al.” could be replicated in the KORA
sample; (2) to derive novel T2D subphenotypes based on data-driven
clustering, also accounting for inflammation and (3) to investigate hetero-
geneity between the de novo derived subphenotypes by describing the
distribution of genetically predicted risk as captured by a polygenic risk
score (PRS), diabetes-related complications and parental history of diabe-

tes. An overview of the study design is shown in Figure 1.

2 | METHODS
21 | Study population and clinical data
KORA comprises several deeply phenotyped population-based epide-

miological surveys.?* The current analysis is based on data from the
KORA-FF4 study, conducted between 2013 and 2014. Details about
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KORA FF4 (N = 1658)
T2D = 301, control = 1357

Replication of ANDIS clusters for T2D samples in KORA De novo derivation of T2D clusters by k-means (N = 301) and

evaluation of the heterogeneity in KORA (N = 1658)

(N = 301)

Fixed number of clusters k = 4 Scaling/centroids
Fixed variable set as ANDIS study KORA/KORA (T2D = 301)
Scaling/centroids Scaling/centroids Scaling/centroids Determine the optimal

ANDIS/ANDIS KORA/ANDIS KORA/KORA number of clusters
for T2D samples

L |
[ for T2D samples

Explore variable sets ]

Characterization of T2D clusters and
evaluation the cluster’s heterogeneity

U

Polygenic risk Diabetes complications and
scores (N = 1658) parental history (T2D = 301)

FIGURE 1  Study design. The left part in orange corresponds to aim (1) whereas the right part in blue corresponds to aims (2) and (3). The
fixed variable set contained the basic variables: Age, body mass index, haemoglobin Alc, homeostasis model assessment (HOMA) estimates of
beta-cell function (HOMAZ2-B) and insulin resistance (HOMA2-IR), corresponding to the original ANDIS study. Variable sets in KORA contained
the basic variables plus one additional variable, respectively: High sensitivity C-reactive protein, triglycerides, HDL-cholesterol or systolic blood
pressure. ANDIS, Swedish All New Diabetics in Scania cohort; KORA, ‘Cooperative Health Research in the Region of Augsburg’ cohort; T2D, type
2 diabetes; PRS, polygenic risk score.

TABLE 1 Characteristics of the KORA FF4 participants for men and women.

Men (N = 178) Women (N = 123) p
Age at examination (years) mean (SD) 69.6 (10.0) 69.4(10.2) 0.83
BMI (kg/m?) mean (SD) 30.3 (4.9) 32.2(5.7) 0.003
HbA1c (mmol/mol) mean (SD) 46.9 (11.7) 47.9 (10.9) 0.48
HOMA2-B % mean (SD) 72.3 (38.4) 71.5(31.8) 0.85
HOMAZ2-IR (SD) 2.1(1.2) 2.0(1.0) 0.52
hsCRP (mg/L) mean (SD) 2.7 (3.3) 4.5 (6.0) 0.001
TG (mmol/L) mean (SD) 1.9 (1.1) 1.6 (0.8) 0.025
HDL-C (mmol/L) mean (SD) 1.4 (0.4) 1.6 (0.4) <0.001
SBP (mmHg) mean (SD) 130.4 (17.8) 122.3(19.9) <0.001
Fasting glucose (mmol/L) mean (SD) 7.6 (2.0) 7.5(1.9) 0.543
Use of metformin 84 (47.2) 57 (46.3) 0.94
Any oral antidiabetic medication or insulin treatment 96 (53.9) 64 (52.0) 0.80
Known diabetes (%) 123 (69.1%) 84 (68.3%) 0.982

Note: Mean and standard deviation (SD) are provided for quantitative variables and differences were evaluated by student's t test. Count and percentage
are provided for categorical variables and differences were evaluated by chi square test.

Abbreviations: BMI, body mass index; HbA1C, haemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; hsCRP, high sensitivity C-reactive protein;
HOMAZ2-B, homeostasis model assessment estimates of beta-cell function; HOMA2-IR, homeostasis model assessment estimates of insulin resistance;
Known diabetes, the diabetes diagnosis was known prior to the study; TG, triglycerides; SBP, systolic blood pressure.
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the study sample and the assessment of clinical data are presented in
Supplementary Material.

For the current analysis, only participants with T2D were included
for cluster analysis. Participants with T1D (n = 6) were excluded from
all analyses. Moreover, participants with missing values for clustering
variables (described below) were excluded (n = 20). Finally, the cluster
analysis comprised N = 301 individuals with T2D (Table 1). For the
assessment of genetically T2D risk, a PRS was calculated for all indi-
viduals with T2D (N = 301) and without T2D (N = 1357) as the con-
trol group (Table S1).

2.2 | Genotyping and polygenetic risk score
Genetically predicted T2D risk was calculated by an established PRS,

as described in Supplementary Material.

2.3 | Statistical analysis

Statistical analysis was conducted using R version 4.1.1. A two-sided
p value <0.05 was considered statistically significant. A detailed
description of (1) the replication of original clusters, including different
combinations of scaling and centroid hyperparameters, (2) de novo
cluster derivation in the KORA study and (3) assessment of differ-
ences between clusters with respect to PRS, parental history of diabe-
tes and diabetes complications is presented in Supplementary
Material.

3 | RESULTS

3.1 | Studysample

The final sample included 301 individuals with T2D, thereof
94 (31.2%) with newly detected diabetes by oral glucose tolerance
test (oGTT). Comparison between women and men showed higher
BMI, hsCRP and HDL-C values in women and higher TG and SBP
levels in men, whereas medication intake (metformin and any other
oral antidiabetic medication or insulin treatment) was similar (Table 1).
Fasting glucose and HbA1lc values over time are presented in
Figure S1.

3.2 | Replication of the four ANDIS T2D clusters
3.21 | Assignment by using ANDIS scaling and
ANDIS centroids

First, clinical variables of the KORA participants were scaled based on
ANDIS's scaling parameters, and each participant was assigned to a
single cluster based on the Euclidean distance to the ANDIS cen-

troids.?> The characteristics of four clusters are shown in Table S2
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and Figure 2A. The SIDD cluster in KORA was characterized by a rela-
tively younger age, lower insulin secretion (HOMA2-B) and highest
HbA1c; the SIRD cluster had the highest level of insulin resistance
(HOMAZ2-IR) and insulin secretion (HOMAZ2-B); the MOD cluster had
a high BMI but younger age and the MARD cluster showed low insulin
resistance, low BMI and older age. The relative cluster sizes in KORA
were not comparable to those found in the ANDIS study. SIDD made
up only 2% of the T2D cases in KORA compared to 17.5% in ANDIS.
More than 80% of participants in KORA were assigned to the MARD
cluster, compared to only around 40% in ANDIS.

3.2.2 | Assignment by using KORA scaling and
ANDIS centroids

Second, the clinical variables of KORA participants were scaled
based on own scaling parameters derived from the KORA sample
and then assigned to a single cluster based on the Euclidean dis-
tance to the ANDIS centroids.?! The characteristics of four clusters
are shown in Table S2 and Figure S2A. The SIDD cluster in KORA
was characterized by a relatively younger age, lower insulin secre-
tion (HOMAZ2-B) and poorer glycaemic control (higher HbA1c); the
SIRD cluster had the highest level of insulin resistance (HOMA2-IR)
and insulin secretion (HOMAZ2-B); the MOD cluster had a high BMI
and individuals were younger and the MARD cluster had low insulin
resistance and low BMI, but an older age. All these variables
followed the same trend in KORA and ANDIS. The relative cluster
sizes in KORA were comparable to those found in the ANDIS study,
for example, most participants were allocated to MARD for both
KORA (46.8%) and ANDIS (39.1%), and 15.3% of individuals in
KORA were assigned to SIDD which was similar to the ANDIS
study (17.5%).

We then investigated the transfer of individuals when using
ANDIS centroids, with either ANDIS scaling or KORA scaling. Sixty-
five percent of participants were assigned to the same clusters
(Figure S2B). Compared to ANDIS scaling, clusters were more
evenly distributed when using KORA scaling. Most strikingly, a
substantial part of the MARD cluster when using ANDIS scaling
was allocated to the SIDD, SIRD and MOD clusters using KORA

scaling.

3.2.3 | Assignment by using KORA scaling and
KORA centroids

Third, clusters were derived based on hyperparameters from KORA
data alone, using k-means clustering on the same variable set (age,
BMI, HbA1c, HOMA2-B and HOMA2-IR) forcing the same number of
clusters (k = 4) as in the ANDIS cohort. As shown in Figure S3, cluster
1 was characterized by low insulin secretion (low HOMAZ2-B), high
BMI and poor metabolic control (high HbA1c); thus, we labelled clus-
ter 1 as SIDD. Cluster 2 had insulin resistance as evidenced by a high
HOMAZ2-IR which could be compared to SIRD. Cluster 3 featured
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FIGURE 2 Distributions of age at examination, body mass index (BMI), haemoglobin Alc (HbA1c), homeostasis model assessment (HOMA)
estimates of beta-cell function (HOMAZ2-B) and insulin resistance (HOMA2-IR) in the KORA FF4 cohort for each cluster (A) using ANDIS scaling
and ANDIS centroids or (B) with additional high sensitivity C-reactive protein (hsCRP) derived from de novo k-means with k = 3. The upper and
lower bounds of boxes represent the first and third quartiles, box centres represent the median values and circles represent outliers. (C) Sankey
diagram displaying the transfer of individuals between the clusters identified using KORA scaling and ANDIS centroids (left side) and the clusters
identified using KORA scaling and KORA centroids (right side), (D) transition of individuals between the clusters originally replicated using KORA
scaling and KORA centroids (left side, corresponding to the right side of Figure 2C) and de novo derivation (right side) and (E) transition of
individuals between the de novo clusters identified using basic variables (left side) and with the additional variable hsCRP (right side). MARD, mild
age-related diabetes; MOD, mild obesity-related diabetes; SIDD, severe insulin-deficient diabetes; SIRD, severe insulin resistant diabetes.

elderly individuals with relatively mild metabolic irregularities which is
similar to MARD in the ANDIS study. Cluster 4 represented a novel
distinct subphenotype with the overall most modest metabolic impair-
ments and low BMI and was thereby distinct from the ANDIS
cluster MOD.

We also generated the Sankey diagram to visualize and compare
the cluster assignment based on the second approach (using KORA
scaling and ANDIS centroids) and the third approach (using
KORA scaling and KORA centroids). We observed consistent cluster
assignments for only 45% of the individuals between the second and
third approach (Figure 2C). Taken together, these results suggest that
the original ANDIS clusters do not fully reflect the characteristics of
the KORA sample.
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3.3 | De novo cluster derivation in KORA

3.3.1 | Determination of k and cluster derivation

Both silhouette width and the elbow plot methods agreed that k = 3
rather than k = 4 was the optimal number of clusters for the KORA
data (Figure S4). Subsequently, k-means was used on the basic vari-
able set to categorize KORA participants into three clusters represent-
ing three T2D subphenotypes. Clinical characteristics according to
each subphenotype are shown in (Figure S5A). Cluster 1 (n = 96,
31.9%) was characterized by hyperinsulinemia and insulin resistance
(most similar to the SIRD cluster in the ANDIS cohort); participants in
cluster 2 (n =172, 57.1%) had older age, low BMI and low insulin
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resistance which could be compared to MARD in the ANDIS cohort;
and cluster 3 (n=33, 11.0%) showed insulin deficiency (low
HOMAZ2-B), high BMI and poor glycaemic control (high HbA1c), which
is a distinct cluster from those present in the ANDIS cohort. We then
compared participant transitions from the original cluster replication
using KORA centroids and KORA scaling (third approach as described
above) with the de novo derived clusters (Figure 2D). Individuals pre-
viously allocated to the MARD subphenotype were reallocated to the
new cluster 1 and cluster 2. Individuals previously allocated to
the novel distinct subphenotype were mainly reallocated not only to
the new cluster 2, but also to the new cluster 3 (distinct). Individuals
previously allocated to the SIRD subphenotype were reallocated to
the new cluster 3.

3.3.2 | Different variable sets and final clusters

We assessed the stability of cluster assignments when using differ-
ent sets of variables for clustering: basic variables (age at examina-
tion, BMI, HbA1lc, HOMA2-B and HOMAZ2-IR) plus hsCRP, TG,
HDL-C or SBP, respectively. In general, the addition of these vari-
ables did not substantially influence the distribution of the basic
variables between clusters and did not lead to substantial transition
of participants between clusters (Figure 2B,D, Figures S5, Sé6 and
S7). In detail, 90%, 93%, 90% and 98% of participants were allo-
cated to the same cluster when using basic variables compared to
when adding hsCRP, TG, HDL-C or SBP, respectively. To account
for the role of systemic inflammation in diabetes differentiation, we
defined the clusters derived from the variable set of age, BMI,
HbA1c, HOMA2-B and HOMA2-IR plus hsCRP as the final subphe-
notypes, presented in Figure 2B, Tables S3 and S4. Cluster

1 included 91 participants (30.2%) and was characterized by insulin
resistance (high HOMA2-IR) and hyperinsulinemia, with a high pro-
portion of newly diagnosed diabetes cases (most similar to the
SIRD cluster in ANDIS). Cluster 2 included 182 individuals (60.5%)
and was characterized by high age, low BMI and low insulin resis-
tance (most similar to the MARD cluster in ANDIS). Cluster
3 included 28 participants (9.3%) and was characterized by a high
BMI, poor glycaemic control, high level of subclinical inflammation
(high hsCRP) and relative insulin deficiency, broadly resembling a
typical patient seen in clinical practice (most similar to SIDD/MOD
cluster in ANDIS).

The assessment of cluster stability showed that Jaccard indices
of all final clusters were above 0.75, indicating reasonably high
cluster stability for the final variable set (Table S5). Of note, with
additional variables TG, HDL-C or SBP, stability slightly decreased
for all clusters and cluster 3 even showed Jaccard indices below
0.75 (Table S5). Besides, the majority of individuals (95%) were
assigned to the same cluster as in the initial data analysis, and both
men and women showed the same trend on the clinical variable
distribution (Figure S8), suggesting a lack of substantial sex-specific

effects.

3.4 | Cluster differences in genetic risk, diabetes-
related complications and parental history

34.1 | Polygenic risk score

The overall distribution of the PRS in the KORA FF4 sample is given
in Figure 3A. Participants with T2D had significantly higher PRS
values (p < 0.001) compared to those without T2D and were

(A) Density Plot of PRS (B) PRS versus T2D Prevalence (C) Boxplot of PRS
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FIGURE 3 (A) Density plot shows the polygenic risk score (PRS) distribution in the KORA FF4 sample without (light green) and with (light red)
type 2 diabetes (T2D). Data beyond the two vertical lines indicate extreme values of the PRS distribution, and the corresponding numbers reflect
the proportion of individuals without (light green) and with (light red) T2D who showed extreme PRS values. (B) Percentile of increasing PRS (x-
axis) versus the prevalence of T2D (y-axis). (C) Distributions of PRS in control group (marked as 0) and three clusters representing T2D

subphenotypes.
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overrepresented in the highest quantiles of the distribution
(Figure 3A,B). When comparing the distribution of PRS in the respec-
tive clusters to individuals without diabetes (Figure 3C), the PRS in
cluster 2 and cluster 3 was significantly different to the control group
(both p < 0.001, respectively) but the PRS in cluster 1 was not differ-
ent to the control group. An additional t test confirmed that cluster
3 had a significantly higher PRS than cluster 1 (p = 0.034), whereas

there was no significant difference between cluster 1 and cluster 2.

3.4.2 | Diabetes-related complications and parental
history of diabetes

We evaluated the prevalence of diabetes-related complications and
parental history of T2D in the three clusters. As shown in Figure S9
and Table S7, in general, individuals in clusters 1 and 2 had a substan-
tially higher prevalence of myocardial infarction, stroke and chronic
kidney disease (CKD). Individuals in cluster 3 had a more frequently
positive parental history of diabetes.

Moreover, compared to cluster 1, cluster 2 had a lower frequency
of neuropathy (p = 0.043) but a higher prevalence of stroke (not sig-
nificant) and CKD (p = 0.030).

4 | DISCUSSION

The T2D subphenotype classification scheme proposed by Ahlqvist
et al.” has been replicated in different populations and has proven to
be a useful tool to further characterize potential pathophysiological
pathways and diabetes progression. Our study aimed at a comprehen-
sive assessment of original cluster replication, including a systematic
illustration of participant transitions between replicated clusters, de
novo cluster derivation, including the assessment of cluster stability,
and underlying genetic risk and complication distribution. We found
that the original clusters only partially reflected the characteristics of
individuals with T2D in the KORA sample, whereas de novo derived
clusters showed excellent stability and captured the underlying het-
erogeneity between the T2D subphenotypes. Our results therefore
underscore the importance of subphenotyping by illustrating the
importance of individual study characteristics, and we contribute
another potential T2D subphenotype to the existing panel.

Our results align with recent findings, which indicated that 11 of
18 studies either delineated distinct subphenotypes or failed to iden-
tify all ANDIS subphenotypes.?® Part of the lack of replicability of the
original clusters may be attributed to differences in the study setup
and participants' characteristics. For example, we used age at exami-
nation for clustering, since age of diabetes onset for most T2D partici-
pants was not available. Therefore, the average age used in the KORA
sample was significantly higher compared to the ANDIS cohort
(Table S1), especially in the de novo cluster 2 (comparable to MARD).
Moreover, individuals in KORA had better glycaemic control and less
insulin resistance compared to the ANDIS sample (Table S1), indicat-

ing that KORA potentially included a larger proportion of T2D cases
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with less severe disease. Furthermore, our HOMA models were based
on insulin instead of C-peptide, which might have led to differences in

estimates. Some studies?”:?8

suggested that C-peptide better
reflected insulin secretion, while another study?’ suggested that both
of them performed similar in evaluating beta cell function.

Employing different scaling parameters generated a big difference
in cluster allocation, and different studies applied different
approaches.?2?> The incongruence of cluster assignment, together
with the identification of a novel, distinct subphenotype not present
in ANDIS when using KORA centroids, shows that the original clusters
do not capture the characteristics of the KORA sample as well. We
consider this finding important for personalized prevention. While the
ANDIS cohort captured crucial subphentoypes, these clusters might
take different shapes or not fully reflect the underlying sample in
other cohorts with different characteristics. Contributions from multi-
ple studies are therefore needed to expand and refine the current
panel of T2D subphenotypes.

Determination of the optimal number of clusters k based on sil-
houette and elbow plot showed that in the KORA sample, k = 3 was
the best number of clusters, which is consistent with the Danish DD2
study.?> A head-to-head comparison between the clusters from KORA
and DD2 revealed major similarities (Table S8). Consistent with the
research from Safai et al.’® which did not identify an evident
MOD-like cluster in their de novo cluster analysis (when using k = 5,
including SAID), the clusters with the highest BMI also exhibited sig-
nificantly higher insulin resistance. Besides the clinical characteristics
used for clustering, multiple other factors are associated with T2D.
We thus assessed cluster stability across different variable sets, addi-
tionally including hsCRP, HDL-C, TG or SBP, respectively. We found
that these additional variables did not contribute much to the reallo-
cation of individuals, as more than 90% individuals were still assigned
to the same cluster, indicating high cluster stability and robustness
towards different variable sets. One could thus hypothesize that the
original variables already capture a major part of T2D heterogeneity
and are adequate to identify clinically meaningful T2D subpheno-

183031 3ls0 applied analytical approaches for a

types. Other studies
wider range of clusters or included different variables than the ANDIS
study but did not systematically evaluate how participants were real-
located when using different clustering variables.

CRP is regulated by proinflammatory cytokines derived from adi-
pose tissue.>?3 In individuals with T2D, CRP levels are chronically
elevated.®* In the current analysis, we included hsCRP for clustering
to account for the role of subclinical inflammation and assess potential
differences according to subphenotypes. The de novo derived cluster
3 could not be mapped to one of the original ANDIS clusters and was
characterized by high BMI, high hsCRP and relatively low HOMA2-B.
Increased CRP levels have been linked to excess body weight since
adipose tissue produces tumour necrosis factor a (TNF-a) and
interleukin-6 (IL-6), which are pivotal factors for CRP stimulation.3%%3
We could thus hypothesize that cluster 3 represents a T2D subpheno-
type with chronic, obesity-induced subclinical inflammation. The PRS
and the prevalence of self-reported parental history of diabetes were

both the highest in cluster 3. So, cluster 3 could represent a T2D
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subphenotype with higher genetically induced risk for both diabetes
and obesity, resulting in chronic subclinical inflammation (Table S6
and Figure S10). We note that the use of a PRS to define subgroups
of diabetes is still questionable and would render the algorithm less
readily applicable in clinical practice and other studies, which is why
we only use it descriptively. Since non-genetic risk factors might have
even stronger unfavourable impacts in individuals with genetic predis-
position, the group in cluster 3 would particularly benefit from rigor-
ous weight control, either through lifestyle modifications or drug
treatment. Moreover, these individuals should be monitored for
potential other causes of inflammation, such as infections or wounds.

The analysis of diabetes complications showed that in cluster
2, there was a higher proportion of CKD cases and a relatively higher
percentage of stroke (not significant) compared to cluster 3. This
could be due to the higher average age in cluster 2, since it is well-
established that age is a major risk factor for metabolic complications
in T2D.3>3¢ Because risk in cluster 2 is mainly conferred by aging pro-
cesses, and age is a non-modifiable factor, for this cluster in particular,
close monitoring of comorbidities and strict, potentially medication-
based, control of, for example, blood pressure and renal function is
advisable. Cluster 1 was characterized by hyperinsulinemia and a com-
paratively higher prevalence of neuropathy compared to cluster
2. Insulin dysregulation can contribute to neuropathic changes in sen-
sory neurons, and the peripheral nervous system is one of several
organ systems that are profoundly affected in diabetes.®” Interest-
ingly, HbA1c levels in cluster 1 were comparatively low, so it would
be crucial to investigate the use of glucose-lowering therapy in this
cluster to evaluate their role in the prevention of neuropathy in
this subphenotype. Medication therapy in this cluster was compara-
tively low, likely due to the high proportion of newly diagnosed diabe-
tes cases, so this would be an obvious target to tackle insulin
resistance in these individuals. Moreover, lifestyle interventions would
be beneficial, including dietary changes by reducing calorie intake and
limiting high glycaemic index carbohydrates and regular physical activ-
ity which enhances calorie burning and increases insulin sensitivity in
muscle tissue.®83? Evidence indicates that an increased level of hsCRP
is linked with diabetes-related complications,*>*! but cluster 3 with
the highest hsCRP levels was not characterized by a high load of com-
plications. This may be due to the younger age of individuals in cluster
3 (Figure 2B), since given the potential pathway discussed above
about a genetic predisposition to obesity-induced inflammation, it
would be possible that diabetes complications in cluster 3 have not
yet developed.

We acknowledge the limitations of our current study. The sample
size was relatively small compared to other population-based studies,
and although unsupervised clustering does not have strict sample size
requirements, the small number of individuals with diabetes-related
complications and family history information impedes the interpreta-
tion of shared disease characteristics. While the clusters represent a
true underlying structure in the data from a statistical perspective, this
structure could also have emerged due to other shared characteristics
of the respective individuals, for example, environmental factors, and

do not necessarily represent shared pathophysiology. Moreover, our
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results regarding diabetes complications need to be interpreted with
caution, since complications were self-reported, and the sample size
was small. We were unable to model medication effects, since medica-
tion could not be included as a variable in the clustering procedure, and
participants' individual medication regimes could not be disentangled.
Moreover, our participants were exclusively of white European ethnic-
ity, which limits the generalizability to other populations.

In conclusion, to exploit the full advantages of T2D subphenotyp-
ing, a potential mismatch between reported T2D clusters and the indi-
vidual study characteristics has to be taken into account. Since
adapting the clustering algorithm might not always be possible, further
efforts should be undertaken to identify further subtypes from differ-
ent well-characterized studies, in order to expand and refine the cur-
rent panel of T2D subphenotypes.
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