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Risk of diabetes-associated diseases in subgroups of patients 
with recent-onset diabetes: a 5-year follow-up study
Oana P Zaharia, Klaus Strassburger, Alexander Strom, Gidon J Bönhof, Yanislava Karusheva, Sofia Antoniou, Kálmán Bódis, Daniel F Markgraf, 
Volker Burkart, Karsten Müssig, Jong-Hee Hwang, Olof Asplund, Leif Groop, Emma Ahlqvist, Jochen Seissler, Peter Nawroth, Stefan Kopf, 
Sebastian M Schmid, Michael Stumvoll, Andreas F H Pfeiffer, Stefan Kabisch, Sergey Tselmin, Hans U Häring, Dan Ziegler, Oliver Kuss, 
Julia Szendroedi, Michael Roden, for the German Diabetes Study Group*

Summary
Background Cluster analyses have proposed different diabetes phenotypes using age, BMI, glycaemia, homoeostasis 
model estimates, and islet autoantibodies. We tested whether comprehensive phenotyping validates and further 
characterises these clusters at diagnosis and whether relevant diabetes-related complications differ among these 
clusters, during 5-years of follow-up.

Methods Patients with newly diagnosed type 1 or type 2 diabetes in the German Diabetes Study underwent 
comprehensive phenotyping and assessment of laboratory variables. Insulin sensitivity was assessed using 
hyperinsulinaemic-euglycaemic clamps, hepatocellular lipid content using magnetic resonance spectroscopy, hepatic 
fibrosis using non-invasive scores, and peripheral and autonomic neuropathy using functional and clinical criteria. 
Patients were reassessed after 5 years. The German Diabetes Study is registered with ClinicalTrials.gov, number 
NCT01055093, and is ongoing.

Findings 1105 patients were classified at baseline into five clusters, with 386 (35%) assigned to mild age-related diabetes 
(MARD), 323 (29%) to mild obesity-related diabetes (MOD), 247 (22%) to severe autoimmune diabetes (SAID), 
121 (11%) to severe insulin-resistant diabetes (SIRD), and 28 (3%) to severe insulin-deficient diabetes (SIDD). At 5-year 
follow-up, 367 patients were reassessed, 128 (35%) with MARD, 106 (29%) with MOD, 88 (24%) with SAID, 35 (10%) 
with SIRD, and ten (3%) with SIDD. Whole-body insulin sensitivity was lowest in patients with SIRD at baseline 
(mean 4·3 mg/kg per min [SD 2·0]) compared with those with SAID (8·4 mg/kg per min [3·2]; p<0·0001), MARD 
(7·5 mg/kg per min [2·5]; p<0·0001), MOD (6·6 mg/kg per min [2·6]; p=0·0011), and SIDD (5·5 mg/kg per min [2·4]; 
p=0·0035). The fasting adipose-tissue insulin resistance index at baseline was highest in patients with SIRD 
(median 15·6 [IQR 9·3–20·9]) and MOD (11·6 [7·4–17·9]) compared with those with MARD (6·0 [3·9–10·3]; both 
p<0·0001) and SAID (6·0 [3·0–9·5]; both p<0·0001). In patients with newly diagnosed diabetes, hepatocellular lipid 
content was highest at baseline in patients assigned to the SIRD cluster (median 19% [IQR 11–22]) compared with all 
other clusters (7% [2–15] for MOD, p=0·00052; 5% [2–11] for MARD, p<0·0001; 2% [0–13] for SIDD, p=0·0083; and 1% 
[0–3] for SAID, p<0·0001), even after adjustments for baseline medication. Accordingly, hepatic fibrosis at 5-year 
follow-up was more prevalent in patients with SIRD (n=7 [26%]) than in patients with SAID (n=5 [7%], p=0·0011), 
MARD (n=12 [12%], p=0·012), MOD (n=13 [15%], p=0·050), and SIDD (n=0 [0%], p value not available). Confirmed 
diabetic sensorimotor polyneuropathy was more prevalent at baseline in patients with SIDD (n=9 [36%]) compared 
with patients with SAID (n=10 [5%], p<0·0001), MARD (n=39 [15%], p=0·00066), MOD (n=26 [11%], p<0·0001), and 
SIRD (n=10 [17%], p<0·0001).

Interpretation Cluster analysis can characterise cohorts with different degrees of whole-body and adipose-tissue 
insulin resistance. Specific diabetes clusters show different prevalence of diabetes complications at early stages of 
non-alcoholic fatty liver disease and diabetic neuropathy. These findings could help improve targeted prevention and 
treatment and enable precision medicine for diabetes and its comorbidities. 
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Introduction
Findings of a Swedish cohort study published in 2018 
have challenged the current paradigm of classifying 
patients with adult-onset diabetes mellitus;1 patients were 

allocated into five clusters based on different 
pathophysiological and genetic profiles.2 This analysis 
comprised an unbiased cluster allocation1 using common 
variables such as autoimmunity, age at diagnosis, BMI, 
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glycaemic control, and homoeostasis model estimates of 
β-cell function (HOMA-B) and insulin resistance (HOMA-
IR).3 This innovative approach was aimed at developing 
stratified treatment strategies, in line with the idea of 
precision medicine,4,5 and has important impli ca tions for 
the diagnosis and manage ment of diabetes and for 
predicting diabetes-related comor bid ities. Although some 
evidence already exists for an association between cluster 
assignment and risk for nephropathy and cardiovascular 
diseases,1 risk stratifi cation for diabetic neuropathy 
and non-alcoholic fatty liver disease (NAFLD) using 
appropriate measure ments has not been addressed so far.

Diabetic neuropathy is a prevalent disabling disorder 
with a wide pattern of symptoms, a cause that is subject 
to much debate, and a broad spectrum of risk factors.6,7 
However, little is known about the clinical and metabolic 
features predicting the development or progression of 
diabetic neuropathy. Similarly, NAFLD is frequently 
associated with diabetes and has emerged as a major risk 
factor for end-stage liver disease and is a predictor of 
cardiovascular disease.8,9 Of note, risk for liver-related 
mortality grows exponentially with an increase in fibrosis 
stage.10

The prospective multicentre German Diabetes Study 
monitors the natural course of disease, from the first year 
after diagnosis, with a focus on comorbidities and 
complications, using comprehensive phenotyping.11 Here, 
we aimed to examine whether measurements of insulin 
sensitivity and secretion by gold standard methods endorse 
the diabetes clusters proposed in the Swedish study.1 
We postulated that specific cluster-based subphenotypes 
differently correlate with diabetes-related complications, 
therefore requiring targeted risk factor management.

Methods
Study population
We included in our study patients newly diagnosed with 
type 1 or type 2 diabetes who were participants in 

the prospective German Diabetes Study.11 Study group 
members and study centres are listed in the appendix 
(p 11). Patients had a known disease duration of less than 
12 months, were aged 18–69 years, and underwent 
comprehensive pheno typing. Diagnosis of diabetes was 
based on American Diabetes Association criteria.2 
Specific exclusion criteria were diabetes of other causes 
(ie, monogenic diabetes syndromes, diseases of the 
exocrine pancreas, and gestational diabetes), pregnancy, 
and acute or severe chronic heart, hepatic, renal, or 
psychiatric diseases.

The German Diabetes Study is approved by the ethics 
boards of Heinrich Heine University, Düsseldorf, 
Germany (ref 4508), and of associated centres. The study 
was done according to the Declaration of Helsinki. 
All participants provided written informed consent.

Procedures
Routine laboratory variables were analysed in a centralised 
laboratory (German Diabetes Center, Düsseldorf, 
Germany), as previously described.11 Patients underwent 
an identical protocol for blood sampling, following 
standard operating procedures, and diabetes-related auto-
antibodies were measured systematically in every study 
participant. In brief, glutamic acid decarboxylase anti-
bodies were measured by a radioligand assay11 (cutoff 
2 U/mL),12 islet-cell autoantibodies were measured by 
indirect immuno fluor e s cence (cutoff 20 JDF [Juvenile 
Diabetes Foundation] units), and insulin autoantibodies 
were measured by radio immunoassay (cutoff 0·4 U/mL).12 
The estimated glomerular filtration rate (eGFR) was 
calculated based on creatinine and cystatin C13 and 
used to define kidney function as normal (stage 1, 
eGFR >90 mL/min per 1·73 m²), mildly impaired (stage 2, 
eGFR 60–90 mL/min per 1·73 m²), or moderately 
impaired (stage 3, eGFR <60 mL/min per 1·73 m²). 
Urinary albumin levels of 20–200 mg/L defined micro-
albuminuria and levels greater than 200 mg/L defined 

Research in context 

Evidence before this study
A study of Swedish and Finnish cohorts published in 2018 
challenged the paradigm of classifying patients with diabetes. 
In that study, patients with adult-onset diabetes were categorised 
into five clusters based on autoimmunity, age at diagnosis, BMI, 
glycaemic control, and homoeostasis model assessment of β-cell 
function and surrogates of insulin resistance. Patients suggested 
to be insulin-resistant were at higher risk of diabetic nephropathy 
and—to some extent—cardiovascular diseases. 

Added value of this study
In our study, we did comprehensive phenotyping of an 
independent cohort of patients at the time of diagnosis, 
with reassessment after 5 years. Whole-body and adipose-tissue 
insulin resistance distinguished clusters of patients with type 2 

diabetes. Cluster analysis identified patients at incipient stages 
of diabetic neuropathy and those at increased risk for 
progression of non-alcoholic fatty liver disease (NAFLD) within 
5 years after diagnosis. Measurement of more than one 
islet-directed antibody augmented the detection of patients 
with autoimmune diabetes. Cluster allocation changed during 
the course of disease in individuals at the periphery of a cluster.

Implications of all the available evidence
Distinct diabetes clusters can show specific risk patterns of 
diabetes-related complications. Present evidence advocates 
for further studies on these clusters to validate their role for 
targeted prevention and treatment of diabetic neuropathy 
and NAFLD in clusters at highest risk and their contribution 
to precision medicine in diabetes.
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macroalbuminuria.14 The adipose-tissue insulin resistance 
index was calculated from fasting concen trations of 
insulin and free fatty acids.15 The fatty liver index, NAFLD 
fibrosis score, and aspartate amino transferase-to-platelet 
ratio index were calculated from routine laboratory 
variables.16

To measure insulin secretion and sensitivity, we did 
the modified Botnia clamp test, which consists of an 
intravenous glucose tolerance test followed by a hyper-
insulinaemic-euglycaemic clamp test, with repeated 
measurements of blood glucose, C-peptide, and insulin 
concentrations, as previously described.11 Total C-peptide 
secretion was ascertained from the incremental area 
under the curve (AUC) during the intravenous glucose 
tolerance test. Whole-body insulin sensitivity (M value) 
was assessed from mean glucose infusion rates during 
the steady state.17 To assess hepatocellular lipid content, 
we did proton magnetic resonance spectroscopy with a 
stimulated echo acquisition mode (STEAM) sequence in 
a 3 T scanner (Achieva X-series, Philips Healthcare, Best, 
Netherlands), as described previously.18

To measure peripheral nerve function, we did electro-
physiological testing, quantitative sensory testing, and 
clinical neuropathy score surveys, as described.19 Motor 
nerve conduction velocity in the peroneal nerve, 
sensory nerve conduction velocity, sensory nerve action 
potentials in the sural nerve, and vibration and thermal 
detection thresholds were measured as described.19 
The neurological examination was done using the 
Neuropathy Disability Score, and neuropathic symptoms 
were assessed with the Neuropathy Symptom Score.20 
Diabetic sensorimotor polyneuropathy was defined 
according to modified Toronto Consensus criteria.21

To measure autonomic nerve function, we did cardio-
vascular autonomic reflex tests, including heart rate 
changes after the Valsalva manoeuvre (Valsalva ratio) and 
orthostatic posture (maximum-to-minimum 30:15 ratio), 
with findings recorded using a VariaCardio TF5 system 
(MIE Medical Research, Leeds, UK). The presence of 
three abnormal results among seven autonomic 
cardiovascular indices—ie, coefficient of variation, low-
frequency and mid-frequency power spectrum at rest, 
mean circular resultant, postural change in systolic 
blood pressure, maximum-to-minimum 30:15 ratio, and 
Valsalva ratio—confirmed the diagnosis of cardiac 
autonomic neuropathy.22,23

To examine eye conditions in patients we did fundus 
photography. Images were assessed by trained ophthal-
mologists. Retinopathy was diagnosed in accord ance 
with international guidelines.24

Statistical analysis
Patients with complete datasets at baseline and 5-year 
follow-up with respect to age, BMI, glycaemia, homo-
eostasis model estimates calculated using C-peptide 
values (HOMA-IR and HOMA-B), and glutamic acid 
decarboxylase antibodies were included in the analysis. 

At baseline, we applied the sex-specific classification rules 
published by Ahlqvist and colleagues1 using the nearest 
centroid approach, so every patient was assigned to a 
predefined cluster—ie, mild age-related diabetes (MARD), 
mild obesity-related diabetes (MOD), severe insulin-
resistant diabetes (SIRD), or severe insulin-deficient 
diabetes (SIDD). Patients with positive glutamic acid 
decarboxy lase antibodies were allocated to the severe 
autoimmune diabetes (SAID) cluster.1 The classification 
algorithm was applied again at 5-year follow-up to assess 
cluster migration patterns.

Data are presented as mean (SD), median (IQR), or 
proportion (%). Further logistic regression analyses were 
done to assess the predictive power of clustering and 
diabetes-related complications. Data are given as 
unadjusted AUCs and corresponding 95% CIs. Skewed 
data were log-transformed before analysis. To account for 
multiple group comparisons, Tukey-Kramer correction 
was applied. We judged p values less than 0·05 significant. 
Statistical analyses were done with SAS version 9.4 
(SAS Institute, Cary, NC, USA). Figures were drawn 
using GraphPadPrism version 7.03 (GraphPad Software, 
San Diego, CA, USA).

The German Diabetes Study is registered at 
ClinicalTrials.gov, number NCT01055093, and is ongoing.

Role of the funding source
The funder had no role in study design, data collection, 
data analysis, data interpretation, or writing of the report. 
The corresponding author had full access to all data in 
the study and had final responsibility for the decision to 
submit for publication.

Results
1105 patients with newly diagnosed diabetes in the German 
Diabetes Study cohort were included in our study at 
baseline. Anthropometric and clinical data for these 
patients are shown in table 1, stratified by cluster. 247 (22%) 
of 1105 patients were assigned to the SAID cluster. Patients 
with SAID had positive glutamic acid decarboxylase 
antibodies and were more likely to be of a younger age, 
have relatively low BMI, have poor glycaemic control, and 
have overt insulin deficiency compared with patients 
allocated to other clusters. Furthermore, patients with 
SAID seemed to have a more favourable lipid profile 
compared with those allocated to other clusters. Among 
patients with SAID, 158 (67%) received insulin on 
diagnosis (appendix p 2). 28 (3%) of 1105 patients were 
assigned to the SIDD cluster and showed similarities 
with patients with SAID, but none had glutamic acid 
decarboxylase antibodies. Among patients with SIDD, 
12 (44%) were treated with insulin on diagnosis (appendix 
p 2). 121 (11%) of 1105 patients were assigned to the SIRD 
cluster. Patients with SIRD were characterised by high 
BMI and whole-body and adipose-tissue insulin resistance 
compared with patients allocated to other clusters. 
323 (29%) of 1105 patients were assigned to the MOD 
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cluster. Similar to patients with SIRD, individuals in the 
MOD cluster were characterised by obesity and substantial 
adipose tissue insulin resistance, but they had moderate 
whole-body insulin resistance. 386 (35%) of 1105 patients 
were assigned to the MARD cluster. Patients with MARD 
were generally older than those in other clusters and 
showed only minor metabolic abnormalities. By measuring 
islet-cell autoantibodies and insulin autoantibodies, 
59 (7%) of 858 patients in clusters other than SAID were 
identified as having autoimmune diabetes at baseline.

Of 421 eligible patients, 54 (13%) dropped out during 
the period between baseline and the 5-year reassessment. 
367 patients with baseline data were reassessed in our 
study after 5 years; baseline data for these individuals are 
shown in the appendix (p 3). Patients’ characteristics at 
the 5-year reassessment are shown in table 2, stratified 
by cluster at baseline. Six (2%) of 279 patients in clusters 
other than SAID developed glutamic acid decarboxylase 
antibodies during this 5-year period.

Drugs taken by the study population at baseline and 
follow-up are shown in the appendix (p 2). After 5 years of 
disease progression, overall use of glucose-lowering 
drugs (p<0·0001), lipid-lowering drugs (p<0·0001), and 
blood pressure-lowering drugs (p<0·0001) increased in 
all clusters. 

The metabolic characteristics of patients with newly 
diagnosed diabetes, and the changes in these variables 

over 5 years, are shown in figure 1; p values for all 
comparisons are shown in the appendix (pp 4–6). Fasting 
blood glucose was highest in patients assigned to the 
SIDD cluster at baseline compared with all other clusters 
(figure 1A). After 5 years of disease progression, patients in 
all clusters had achieved similar fasting blood glucose 
levels, with decreased levels in patients with SIDD and 
increased levels in all other clusters (figure 1A). At baseline, 
C-peptide secretory capacity during the intra venous 
glucose tolerance test was lowest in the SAID cluster 
(median 29 ng/dL [IQR 13–61]) and SIDD cluster 
(38 ng/dL [23–53]) compared with other clusters (SIRD 175 
ng/dL [107–235], p<0·0001; MOD 104 ng/dL [71–163], 
p<0·0001; and MARD 94 [58–129], p<0·0001; figure 1B). 
These results were similar at 5-year follow-up, with 
patients in the SAID cluster showing lower total C-peptide 
secretion (median 5 ng/dL [IQR 0–11]) compared with 
those with SIRD (124 ng/dL [58–196], p<0·0001), MOD (71 
ng/dL [38–117], p<0·0001), and MARD (94 ng/dL [58–129], 
p<0·0001), and similar values in the SIDD cluster 
(18 ng/dL [4–37], p=0·80), indicating the progressive 
reduction of β-cell reserve in these two clusters. After 
5 years of disease progression, C-peptide secretion had 
declined significantly in patients with SAID and MARD 
(figure 1B). Whole-body insulin sensitivity was lowest 
in patients with SIRD at baseline (mean 4·3 mg/kg per min 
[SD 2·0]) compared with those with SAID 

SAID (n=247) SIDD (n=28) SIRD (n=121) MOD (n=323) MARD (n=386)

Female 100 (40%) 5 (18%) 39 (32%) 148 (46%) 100 (26%)

Male 147 (60%) 23 (82%) 82 (68%) 175 (54%) 286 (74%)

Age (years) 37·7 (27·7–50·5) 43·8 (33·8–51·0) 58·6 (52·9–64·1) 45·7 (39·3–51·7) 58·8 (53·0–64·2)

BMI (kg/m2) 26·5 (5·4) 27·0 (3·7) 34·2 (4·5) 34·7 (6·4) 27·4 (3·4)

Waist-to-hip ratio 0·90 (0·09) 0·94 (0·06) 1·00 (0·08) 0·96 (0·09) 0·95 (0·08)

HOMA-B 56·1 (36·8–82·1) 39·3 (25·2–47·3) 172·7 (147·7–209·9) 96·7 (73·7–128·3) 86·0 (64·6–109·8)

HOMA-IR 1·1 (0·7–1·7) 1·7 (1·2–2·9) 3·9 (3·2–5·1) 2·7 (2·0–3·4) 1·9 (1·3–2·4)

Fasting blood glucose (mg/dL) 126 (34) 185 (58) 111 (29) 128 (29) 120 (25)

HbA1c (%) 6·4% (0·9) 8·7% (1·3) 6·2% (0·7) 6·5% (0·9) 6·3% (0·7)

HbA1c (mmol/mol) 46 (10) 72 (14) 44 (8) 48 (10) 45 (8)

hsCRP (mg/dL) 0·11 (0·06–0·27) 0·21 (0·08–0·42) 0·30 (0·18–0·55) 0·32 (0·16–0·60) 0·16 (0·08–0·32)

eGFR (mL/min per 1·73 m2) 98·2 (15·1) 104·5 (15·8) 78·2 (16·3) 93·1 (15·4) 87·9 (13·9)

Cystatin C (mg/L) 0·89 (0·13) 0·84 (0·13) 1·05 (0·19) 0·92 (0·16) 0·92 (0·14)

Total cholesterol (mg/dL) 186 (36) 199 (34) 198 (43) 200 (43) 199 (43)

LDL-cholesterol (mg/dL) 113 (32) 126 (32) 125 (38) 129 (36) 127 (36)

HDL-cholesterol (mg/dL) 57 (17) 51 (13) 43 (10) 45 (13) 50 (13)

Triglycerides (mg/dL) 87 (60–128) 148 (68–205) 160 (119–226) 139 (96–189) 120 (86–167)

FFA (µmol/L) 616 (252) 687 (279) 611 (203) 671 (230) 628 (241)

GADA >2 U/mL 247/247 (100%) 0/28 (0%) 0/121 (0%) 0/323 (0%) 0/386 (0%)

ICA >20 JDF 210/247 (85%) 3/28 (11%) 3/118 (3%) 13/312 (4%) 8/378 (2%)

IAA >0·4 U/mL 97/203 (48%) 3/17 (18%) 7/98 (7%) 18/250 (7%) 8/286 (3%)

Data are n (%), mean (SD), or median (IQR). SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes. 
MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes. HOMA-B=homoeostatic assessment model for β-cell function. HOMA-IR=homoeostatic 
assessment model for insulin resistance. hsCRP=high-sensitivity C-reactive protein. eGFR=estimated glomerular filtration rate. FFA=free fatty acids. GADA=glutamic acid 
decarboxylase autoantibodies. ICA=islet-cell autoantibodies. JDF=Juvenile Diabetes Foundation units. IAA=insulin autoantibodies.

Table 1: Patients’ characteristics at baseline, by cluster allocation 
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(8·4 mg/kg per min [3·2], p<0·0001), MARD (7·5 mg/
kg per min [2·5], p<0·0001), MOD (6·6 mg/kg per min 
[2·6], p=0·0011), and SIDD (5·5 mg/kg per min [2·4]; 
p=0·0035). Whole-body insulin sensitivity was similar to 
HOMA-IR estimates, even after adjustments for 
medication at baseline. At 5-year follow-up, insulin 
sensitivity was lowest in patients with SIRD (mean 3·9 
mg/kg per min [SD 1·3]) and MOD (5·2 mg/kg per min 
[2·3]) compared with the other clusters, but insulin 
sensitivity also decreased significantly from baseline over 
the 5-year period in patients with SAID (8·9 mg/kg per min 
[2·9] vs 6·5 mg/kg per min [2·5], p=0·0071) and MARD 
(7·4 mg/kg per min [2·3] vs 6·2 mg/kg per min [2·2], 
p<0·0001) irrespective of statistical adjustments for 
baseline medication (figure 1C). Patients with MOD and 
SIRD had the highest levels of high-sensitivity C-reactive 
protein at both baseline and 5-year follow-up compared 
with individuals assigned to other clusters (figure 1D). 
Levels of high-sensitivity C-reactive protein decreased 
significantly over 5 years in patients with MOD (figure 1D). 
Serum triglycerides were lowest in patients assigned to the 
SAID cluster compared with those in other clusters 
(figure 1E). Amounts of serum triglycerides increased 
significantly in patients with MOD and MARD over 5 years 
(figure 1E). The fasting adipose tissue insulin resistance 
index was highest in patients with SIRD and MOD at 
baseline (respectively, median 15·6 [IQR 9·3–20·9] and 

11·6 [7·4–17·9]) compared with those with MARD (6·0 
[3·9–10·3], both p<0·0001) and SAID (6·0 [3·0–9·5], both 
p<0·0001), but not SIDD (9·4 [6·5–14·8]), p=0·096 and 
p=0·78, respectively). At 5-year follow-up, adipose tissue 
insulin resistance was similar across groups (median 17·3 
[IQR 7·4–24·3] for SIRD, 11·7 [6·8–19·9] for MOD, 6·6 
[4·0–11·1] for MARD, 4·6 [1·8–21·8] for SIDD, and 4·5 
[2·4–20·4] for SAID; differences were only significant for 
SIRD vs MARD [p=0·0081] and SAID [p<0·0001]). 

Markers of liver steatosis and fibrosis are shown in 
figure 2; p values for all comparisons are shown in the 
appendix (pp 7, 8). In patients with newly diagnosed 
diabetes, hepatocellular lipid content was highest at 
baseline in patients assigned to the SIRD cluster (median 
19% [IQR 11–22]) compared with all other clusters (7% 
[2–15] for MOD, p=0·00052; 5% [2–11] for MARD, 
p<0·0001; 2% [0–13] for SIDD, p=0·0083; and 1% [0–3] for 
SAID, p<0·0001), even after adjustments for baseline 
medication. After 5 years, hepatocellular lipid content was 
comparable between patients with SIRD (median 22% 
[IQR 8–24]), MOD (12% [6–20]), and MARD (8% [1–14]), 
lower in SIDD (1% [0–2]), but remained lowest in patients 
with SAID (median 0% [IQR 0–2], p<0·0001 vs SIRD, 
p<0·0001 vs MOD, and p=0·028 vs MARD). Clustering 
showed a predictive value (AUC) of 0·61 (95% CI 0·56–0·66] 
for NAFLD, defined as hepatocellular lipid content greater 
than 5%. The fatty liver index was highest at baseline in 

SAID (n=88) SIDD (n=10) SIRD (n=35) MOD (n=106) MARD (n=128)

Female 36 (41%) 1 (10%) 8 (23%) 46 (43%) 31 (24%)

Male 52 (59%) 9 (90%) 27 (77%) 60 (57%) 97 (76%)

Age (years) 39·6 (31·3–54·6) 43·0 (34·4–50·4) 60·7 (56·6–69·8) 50·2 (43·3–56·7) 64·4 (57·6–69·5)

BMI (kg/m²) 27·1 (5·5) 27·4 (5·9) 35·0 (4·7) 34·7 (5·9) 28·3 (3·7)

Waist-to-hip ratio 0·88 (0·08) 0·93 (0·05) 1·03 (0·06) 0·96 (0·08) 0·96 (0·06)

HOMA-B 32·3 (22·4–62·6) 34·5 (19·8–49·3) 109·3 (77·3–143·0) 61·5 (42·0–93·8) 72·6 (50·0–94·4)

HOMA-IR 1·3 (0·8–2·0) 1·1 (0·8–1·5) 4·1 (3·4–5·8) 2·7 (2·1–3·7) 2·1 (1·7–2·8)

Fasting blood glucose (mg/dL) 156 (55) 140 (45) 149 (42) 169 (59) 140 (33)

HbA1c (%) 7·1% (1·0) 7·3% (1·6) 6·7% (0·8) 7·3% (1·4) 6·7% (0·8)

HbA1c (mmol/mol) 54 (11) 56 (17) 49 (9) 56 (16) 49 (9)

hsCRP (mg/dL) 0·12 (0·06–0·33) 0·18 (0·05–0·23) 0·31 (0·19–0·55) 0·27 (0·13–0·39) 0·15 (0·08–0·29)

eGFR (mL/min per 1·73 m²) 97·8 (16·2) 98·2 (8·1) 72·9 (17·3) 92·3 (16·2) 84·8 (14·3)

Cystatin C (mg/L) 0·90 (0·13) 0·91 (0·08) 1·15 (0·21) 0·96 (0·17) 0·96 (0·15)

Total cholesterol (mg/dL) 187 (39) 186 (34) 202 (49) 205 (39) 204 (44)

LDL-cholesterol (mg/dL) 114 (34) 121 (32) 126 (39) 131 (35) 131 (40)

HDL-cholesterol (mg/dL) 64 (20) 58 (12) 43 (11) 45 (14) 52 (16)

Triglycerides (mg/dL) 76 (61–116) 73 (51–95) 186 (132–298) 161 (102–258) 131 (93–194)

FFA (µmol/L) 644 (337) 611 (311) 619 (246) 688 (257) 613 (234)

GADA >2 U/mL 73/89 (82%) 2/10 (20%) 1/35 (3%) 1/106 (1%) 2/128 (2%)

ICA >20 JDF 68/87 (78%) 4/10 (40%) 2/34 (6%) 7/105 (7%) 4/123 (3%)

IAA >0·4 U/mL 69/89 (78%) 8/10 (80%) 0/35 (0%) 15/106 (14%) 6/128 (5%)

Data are n (%), mean (SD), or median (IQR). SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes. 
MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes. HOMA-B=homoeostatic assessment model for β-cell function. HOMA-IR=homoeostatic 
assessment model for insulin resistance. hsCRP=high-sensitivity C-reactive protein. eGFR=estimated glomerular filtration rate. FFA=free fatty acids. GADA=glutamic acid 
decarboxylase autoantibodies. ICA=islet-cell autoantibodies. JDF=Juvenile Diabetes Foundation units. IAA=insulin autoantibodies. 

Table 2: Patients’ characteristics at 5-year follow-up, by cluster allocation 
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Figure 1: Progression of metabolic variables over 5 years
Metabolic characteristics of patients with newly diagnosed SAID, SIDD, SIRD, MOD, and MARD were assessed at baseline and after 5 years of disease progression. 
Plots show fasting blood glucose (A), total C-peptide secretion during the intravenous glucose tolerance test (B), insulin sensitivity (C), hsCRP levels (D), 
and triglycerides (E). The individual time course of each of the parameters is shown for patients who had data available at both baseline (circles) and follow-up 
(squares). Data are mean; whiskers show SD. Data were ln-transformed when applicable. Exact p values for all comparisons are provided in the appendix (pp 4–6).
SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes. MOD=moderate obesity-related diabetes. 
MARD=moderate age-related diabetes. hsCRP=high-sensitivity C-reactive protein.
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patients assigned to the SIRD cluster (mean 88 [SD 13]) 
compared with all other clusters (80 [25] for MOD, 
p=0·0004; 54 [27] for MARD, p<0·0001; 52 [31] for SIDD, 
p<0·0001; and 36 [31] for SAID, p<0·0001; figure 2A). At 
5 years, patients assigned to the SIRD cluster (mean 
91 [SD 10]) and MOD cluster (83 [24]) had the highest fatty 
liver index values compared with patients in the MARD 
cluster (64 [25], both p<0·0001), SIDD cluster (45 [27], 
p=0·0016 and p=0·017, respectively), and SAID cluster 
(54 [31], p<0·0001 and p=0·00084, respectively). Patients 
with MARD showed a significant increase over 5 years in 
the fatty liver index (p=0·00079; figure 2A). The fatty liver 
index value correlated positively with hepatocellular lipid 
content (r=0·69; p<0·0001). Patients with MARD showed 
a significant increase over 5 years in the aspartate 
aminotransferase-to-platelet ratio index (figure 2B), 
whereas the NAFLD fibrosis score increased significantly 
in patients with SAID, SIRD, and MARD (figure 2C). Both 
the aspartate aminotransferase-to-platelet ratio index 
(figure 2B) and NAFLD fibrosis score (figure 2C) showed 

highest estimates of hepatic fibrosis at baseline for patients 
assigned to SIRD cluster. At 5-year follow-up, the 
prevalence of hepatic fibrosis (NAFLD fibrosis score >0·6) 
was highest in patients with SIRD (n=7 [26%]) compared 
with those with SAID (n=5 [7%]; p=0·0011), MARD (n=12 
[12%]; p=0·012), MOD (n=13 [15%]; p=0·050), and SIDD 
(n=0 [0%]; p value not available).

The prevalence of nephropathy and neuropathy is 
presented for each cluster in figure 3, at baseline and at 
5-year follow-up; numbers of patients are shown in the 
appendix (pp 9, 10). Patients in the SIRD cluster had 
the lowest eGFR at baseline (mean 78·2 mL/min 
per 1·73 m² [SD 16·3]) compared with those with 
SAID (98·2 mL/min per 1·73 m² [15·1], p<0·0001), SIDD 
(104·5 mL/min per 1·73 m² [15·8], p<0·0001), 
MOD (93·1 mL/min per 1·73 m² [15·4], p<0·0001), and 
MARD (87·9 mL/min per 1·73 m² [13·9], p<0·0001; 
table 1). Results were similar at 5-year follow-up, with the 
lowest eGFR in the SIRD cluster (mean 72·9 mL/min 
per 1·73 m² [SD 17·3]) compared with those with 

Figure 2: Progression of liver steatosis and liver fibrosis over 5 years
Liver testing was done at baseline and after 5 years of disease progression in patients with newly diagnosed SAID, SIDD, SIRD, MOD, and MARD. Liver steatosis was 
assessed non-invasively using FLI (A), liver fibrosis was measured by calculating APRI (B), and NAFLD was assessed with the NAFLD-FS (C). The individual time course 
of each of the variables is shown for patients who had data available at both baseline (circles) and follow-up (squares). Data are mean; whiskers show SD. 
Exact p values for all comparisons are provided in the appendix (pp 7, 8). SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe 
insulin-resistant diabetes. MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes. FLI=fatty liver index. APRI=aspartate 
aminotransferase-to-platelet ratio index. NAFLD-FS=non-alcoholic fatty liver disease fibrosis score.  

A

Newly diagnosed

0

50

150
5-year disease progression Individual time course

100

FL
I

B

0·1

0·2

0·4

0

0·3

0·5

AP
RI

C

–4

–2

2

0

N
AF

LD
-F

S

SAID SIDD SIRD MOD MARD
Diabetes type

SAID SIDD SIRD MOD MARD
Diabetes type

SAID SIDD SIRD MOD MARD
Diabetes type

Baseline Follow-up at 5 years



Articles

www.thelancet.com/diabetes-endocrinology   Vol 7   September 2019 691

SAID (97·8 mL/min per 1·73 m² [16·2], p<0·0001), SIDD 
(98·2 mL/min per 1·73 m² [8·1], p<0·0001), MOD 
(92·3 mL/min per 1·73 m² [16·2], p<0·0001), and 
MARD (84·8 mL/min per 1·73 m² [14·3], p=0·0045; 
table 2). This finding is consistent with having the 
highest prevalence of stage 2 and stage 3 nephropathy at 
baseline in the SIRD cluster (n=86 [77%]) compared with 
SAID (n=64 [30%]; p<0·0001), MARD (n=183 [55%]; 
p=0·0010), SIDD (n=4 [17%]; p<0·0001) and MOD (n=125 
[45%]; p<0·0001; figure 3A). Similar results were noted 
for urinary albumin excretion in the SIRD cluster at 
5-year follow-up (figure 3B). The AUC for diabetic 
nephropathy was 0·64 (95% CI 0·61–0·67).

The prevalence of diabetic sensorimotor polyneuro pathy 
is shown in figure 3C, and the prevalence of cardiac 
autonomic neuropathy is shown in figure 3D, both 
stratified for confirmed and borderline neuropathy. 
At baseline, patients with SIDD showed the highest 
prevalence of confirmed diabetic sensorimotor poly neuro-
pathy and cardiac autonomic neuropathy. At base -
line, confirmed diabetic sensorimotor polyneuro pathy 
(figure 3C) was most prevalent in patients with SIDD (n=9 
[36%]) compared with those with SAID (n=10 [5%]; 
p<0·0001), SIRD (n=10 [17%]; p<0·0001), MOD (n=26 
[11%]; p<0·0001), and MARD (n=39 [15%]; p=0·00066). 
At 5-year follow-up,  patients with SIDD also had the 
highest prevalence of confirmed diabetic sensorimotor 
polyneuro pathy (n=3 [50%]) compared with those with 
SAID (n=2 [12%], p<0·0001), SIRD (n=3 [12%], p<0·0001), 
MOD (n=14 [17%], p<0·0001), and MARD (n=9 [9%], 
p<0·0001). Clustering had a predictive value of 63% for 
diabetic sensorimotor poly neuro pathy (AUC 0·63, 
95% CI 0·59–0·66). At baseline, borderline and confirmed 
cardiac autonomic neuropathy (figure 3D) were most 
prevalent in patients with SIDD (n=4 [18%]) compared 
with those with SAID (n=18 [10%], p=0·0045), MOD (n=26 
[10%], p=0·014), and MARD (n=33 [13%], p=0·029), and 
prevalence was similar to SIRD (n=8 [15%]; p=0·11). After 
5 years, the prevalence of confirmed cardiac auto nomic 
neuropathy (figure 3D) was similar in patients with SAID 
(n=2 [8%]), SIRD (n=4 [13%]), MOD (n=9 [11%]), and 
MARD (n=10 [11%]), whereas no patients with SIDD had 
this disorder, most likely attributable to the low number of 
observations in patients with SIDD at the 5-year timepoint. 

Because of the few overt cases of diabetic retinopathy in 
our study population, this disorder could not be 
comparatively assessed.

The pattern of cluster distribution at 5-year follow-up 
is shown in a Sankey diagram (figure 4). Overall, of 
all patients with available data at both baseline and follow-
up, 85 (23%) switched cluster allocation at 5-year 
follow-up. Analysing specific metabolic variables showed 
that changes in glycaemia (fasting blood glucose and 
HbA1c) and fasting serum triglycerides were associated 
with migration from the moderate clusters (ie, MOD and 
MARD) to SIDD. Furthermore, migration from MARD to 
SIDD was linked to increases in fatty liver index value.

Discussion
The findings of our study, which used comprehensive 
phenotyping, show four key points. First, patients who 
would usually be classified with type 2 diabetes present 
in clusters with different whole-body and adipose-
tissue insulin resistance and with distinct patterns of 
diabetes-related comorbidities early after diagnosis. 

Figure 3: Progression of diabetes-associated nephropathy and neuropathy over 5 years
Diabetic nephropathy (A, B) was assessed non-invasively by eGFR at baseline and after 5 years of disease progression 
in patients with newly diagnosed SAID, SIDD, SIRD, MOD, and MARD. DSPN (C) and CAN (D) were assessed in 
patients with newly diagnosed diabetes and after 5 years of disease progression, and these disorders were 
categorised according to international criteria.21 Numbers of patients (%) are shown in the appendix (pp 9, 10). 
eGFR=estimated glomerular filtration rate. SAID=severe autoimmune diabetes. SIDD=severe insulin-deficient 
diabetes. SIRD=severe insulin-resistant diabetes. MOD=moderate obesity-related diabetes. MARD=moderate age-
related diabetes. DSPN=diabetic sensorimotor polyneuropathy. CAN=cardiac autonomic neuropathy.
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Second, patients within these clusters show different 
progression of diabetes-related complications within 
5 years after diagnosis. Third, cluster membership can 
change as the disease progresses. Finally, measurement of 
more than one islet-directed antibody can lead to more 
patients being classified with autoimmune diabetes.

A major novel finding of our study is that whole-body 
insulin resistance endorses the findings of the cluster 
algorithm reported in the Swedish study1 and these 
clusters show differences in the prevalence of 
NAFLD. The SIRD cluster presented with striking 
whole-body insulin resistance as assessed by the 

hyperinsulinaemic-euglycaemic clamp test. Of note, 
the M value mainly reflects insulin-stimulated skeletal 
muscle glucose uptake,25 whereas HOMA-IR (used for 
the cluster analysis) serves as an index of fasting hepatic 
insulin resistance.3 These data also show that patients 
with SIRD are truly insulin-resistant and increased 
C-peptide and HOMA-IR are not merely a result of 
reduced C-peptide clearance in patients with impaired 
kidney function. Our findings further show that fasting 
adipose-tissue insulin sensitivity is also lowest in patients 
with SIRD, indicative of whole-body insulin resistance 
under both fasting and insulin-stimulated conditions. 

Figure 4: Cluster redistribution at 5-year follow-up
The Sankey diagram shows the redistribution and migration pattern of the study population from baseline to 5-year follow-up. Cluster reproducibility at follow-up (ie, the 
proportion of patients allocated to the same cluster at baseline and follow up) was 20% SIDD, 82% SAID, 51% SIRD, 79% MOD, and 82% MARD. SAID=severe autoimmune 
diabetes. SIDD=severe insulin-deficient diabetes. SIRD=severe insulin-resistant diabetes. MOD=moderate obesity-related diabetes. MARD=moderate age-related diabetes.
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Patients in the MOD cluster also showed severe adipose-
tissue insulin resis tance but only moderate whole-body 
(muscle) insulin resistance. This finding underlines the 
importance of adipose-tissue function for the develop-
ment of whole-body insulin resistance and diabetes in 
obese people. Moreover, amounts of fasting serum trigly-
cerides and—to some extent—high-sensitivity C-reactive 
protein were increased in patients with SIRD and MOD, 
highlighting increased lipid availability and low-grade 
inflammation as key drivers in the pathogenesis of these 
specific clusters. Indeed, there is growing evidence from 
preclinical studies that supports the idea of a primary 
role of the adipose tissue and lipotoxicity26 in the 
development of insulin resistance. The higher insulin 
sensitivity of patients with SAID could also be attributable 
to reduction of lipid-induced insulin resistance accredited 
to the recorded favourable lipid profile,27 which might in 
turn be linked to preserved insulin action and signalling.28

Cross-sectional analyses have shown that patients with 
type 2 diabetes frequently have increased hepatocellular 
lipid content,26 which is also associated with increased 
insulin resistance. In turn, SIRD is associated with an 
increased prevalence of NAFLD and liver fibrosis, even 
after adjustments for baseline medication, reinforcing 
previous observations. Mechanistically, this finding 
could be attributable to impaired mitochondrial bio-
genesis linked to NAFLD progression.29 Notably, although 
the recorded differences suggest early hepatic alterations, 
non-invasive scores such as the fatty liver index are only 
moderate estimates,30 which are used in the absence of 
liver biopsy findings8 and do not represent definitive 
diagnostic methods.

Insulin resistance has also been associated with 
impaired renal function,31 and patients with SIRD show 
accelerated progression of diabetic kidney disease.1 Our 
findings confirm this association, in that patients assigned 
to the SIRD cluster had decreased eGFR and increased 
cystatin-C levels, both at baseline and 5-year follow-up, 
despite good metabolic control, suggesting a superior role 
of insulin resistance compared with glycaemia for the 
onset and early progression of diabetic nephropathy.

Moreover, our findings indicate that insulin deficiency 
or hyperglycaemia are important triggers of diabetic 
neuropathy, with the highest prevalence recorded in 
patients with SIDD. Patients assigned to the SAID and 
SIDD clusters had the lowest β-cell reserves and were 
treated preferentially with insulin; yet, preserved glucose 
homoeostasis in patients with SIDD at 5-year follow-up 
did not restore neuronal signalling and nerve function. 
Thus, patients in the SIDD cluster would benefit from use 
of sensitive diagnostic methods for early detection and 
prediction of diabetic neuropathy and prevention of major 
clinical outcomes.7 However, options for preventing 
diabetic neuropathy remain scarce and the predictive 
value and the possible efficacy of targeted treatment using 
the clustering approach will require future controlled 
intervention trials. In our study, the predictive value of 

diabetes-related complications deriving from cluster 
analysis showed only modest results. Of note, applying 
the clustering algorithm in patients with 5-year disease 
duration yielded a reproducibility of only 77%. This 
finding indicates that cluster membership is not an 
immutable feature, but could be affected by alterations in 
triglycerides, liver steatosis, and glucose homoeostasis 
and heterogeneous treatment over time.

In our study, the distribution of clusters differed slightly 
from that reported in the population-based Swedish 
cohort;1 the prevalence of SAID was higher in our study, 
whereas the distribution of the other clusters largely 
followed the Swedish pattern. This higher prevalence 
results from active recruitment of patients with auto-
immune diabetes. In the Swedish study per cluster 
definition,1 patients with SAID were included based on 
positive glutamic acid decarboxylase antibodies alone. 
In our study, by using more than one islet-cell directed 
autoantibody, another 59 patients (7%) were identified 
with autoimmune diabetes. Of note, six (2%) patients with 
negative glutamic acid decarboxylase antibodies at baseline 
tested positive at 5-year follow-up. Taken together, these 
findings support the need for comprehensive islet-cell 
autoantibody screening in patients with newly diagnosed 
diabetes to ensure a targeted therapeutic approach and to 
avoid inadequate treatment of hyperglycaemia.32

Our study benefits from comprehensive neurofunctional 
testing and gold standard metabolic phenotyping of 
insulin sensitivity and steatosis. Conversely, the recruit-
ment strategy of the German Diabetes Study cohort is not 
population-based with distinct inclusion and exclusion 
criteria, which probably affects the number of patients 
allocated to specific clusters. For example, the lower 
prevalence of SIDD could be linked to the exclusion 
criterion of HbA1c less than 9%.11 Moreover, few patients 
have been followed up because the German Diabetes 
Study is ongoing. Because the German Diabetes Study is 
not representative of the general population,11 our results 
cannot be generalised to community-based practice. 
Furthermore, psychosocial variables—eg, personal motiv-
ation and the varied treatment among participants—could 
have affected cluster membership and its change over 
time. Despite drug withdrawal before the metabolic tests 
and suitable statistical adjustments, glucose-lowering 
medication with specific effects on insulin secretion or 
action, as well as lipid-lowering and antihypertensive 
medication indirectly modulating insulin sensitivity, 
might have affected phenotypic measurements.

In conclusion, our study shows that patients with newly 
diagnosed diabetes can be allocated to specific clusters that 
show distinct metabolic alterations and different risk 
patterns for development of diabetes-related comorbidities 
and complications. These results underline the need for 
comprehensive diabetes-related autoimmunity screening 
in all patients with diabetes. In particular, we identified the 
highest prevalence of NAFLD in patients with SIRD and 
the highest prevalence of diabetic neuropathy in the SIDD 
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cluster, and these findings advocate for targeted prevention 
and early treatment in these subgroups of patients.
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Supplementary Table 1. Medication at baseline 
 
 SAID SIDD SIRD MOD MARD 
Insulin 67 44 4 15 9 
Metformin 13 41 52 44 37 
Other glucose-
lowering 
medication 

3 4 6 4 5 

Anti-hypertensive 
medication 

15 26 67 43 48 

Lipid-lowering 
medication 

5 11 33 11 22 

Non-steroidal anti-
inflammatory drugs 

6 11 26 17 21 

 

Data of the study population are shown as %. 

 

 

Supplementary Table 2. Medication at 5-year follow-up 
 
 SAID SIDD SIRD MOD MARD 
Insulin 89 90 12 22 12 
Metformin 5 0 53 45 46 
Other glucose-
lowering 
medication 

1 10 12 10 10 

Anti-hypertensive 
medication 

15 10 82 61 59 

Lipid-lowering 
medication 

10 10 44 20 37 

Non-steroidal anti-
inflammatory drugs 

11 30 29 19 27 

 

Data of the study population are shown as %. 
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Supplementary Table 3. Patients’ characteristics at baseline for those with available 5-year follow-up 
 
 SAID SIDD SIRD MOD MARD 
N [n] 88 10 35 106 128 
Female sex [n (%)] 36 (41) 1 (10) 8 (23) 46 (43) 31 (23) 
Age [years] 37·5±13·1 37·5±11·0 56·7±9·8 44·9±10·0 57·9±8·1 
BMI [kg/m2] 25·2±4·9 26·5±4·5 35·1±3·4 35·1±6·5 27·5±3·5 
WHR 0·89±0·09 0·93±0·04 1·01±0·07 0·97±0·08 0·96±0·06 
HOMA2-B 53·1±30·6 37·2±10·7 167·4±46·8 96·0±38·9 86·8±28·3 
HOMA2-IR 1·0 (0·8-1·3) 1·1 (0·7-1·2) 4·3 (3·8-5·2) 2·7 (2·2-3·4) 1·8 (1·4-2·4) 
Fasting blood glucose 
[mg/dl] 

132±36 151±34 117±21 132±32 120±22 

HbA1c [% (mmol/mol)] 6·6±1·0 (48±11) 8·3±1·4 (67±15) 6·1±0·6 (44±7) 6·5±0·9 (48±10) 6·2±0·7 (44±7) 
hsCRP [mg/dl] 0·12 (0·06-0·25) 0·11 (0·05-0·15) 0·39 0·19-0·62) 0·32 (0·19-0·69) 0·16 (0·09-0·31) 
eGFR [ml/min/1·73 m²] 98·7±15·1 110·4±11·7 79·7±18·4 94·7±15·0 87·0±14·8 
Cystatin-C [mg/l] 0·88±0·12 0·79±0·05 1·05±0·20 0·91±0·17 0·93±0·13 
Total cholesterol [mg/dl] 188±33 186±30 192±43 204±45 200±39 
LDL-cholesterol [mg/dl] 112±31 111±26 119±35 129±36 126±34 
HDL-cholesterol [mg/dl] 62±17 56±9 41±9 45±12 51±14 
Triglycerides [mg/dl] 74 (55-103) 81 (66-205) 165 (117-267) 139 (98-190) 119 (82-156) 
FFA [µmol/l] 784±287 684±281 693±317 669±204 621±220 
GADA > 2 U/ml [n (%)] 88 (100) 0 (0) 0 (0) 0 (0) 0 (0) 
ICA > 20 JDF [n (%)] 74 (84) 2 (20) 1 (3) 5 (5) 4 (3) 
IAA > 0·4 U/ml [n (%)] 37 (62) 2 (50) 3 (13) 6 (9) 3 (5) 
 
Anthropometric and laboratory data of the study population are shown as n (%)· mean±SD or median (1st quartile- 3rd quartile).  
Abbreviations: BMI – body-mass index· eGFR – estimated glomerular filtration rate· FFA – free fatty acids· GADA – glutamic acid decarboxylase autoantibodies·  
HOMA – homeostatic assessment model for beta cell function (B) and insulin resistance (IR)· hsCRP – high sensitivity C-reactive protein· IAA – insulin 
autoantibodies· ICA – islet cell autoantibodies· JDF – Juvenile Diabetes Foundation units·   MARD – moderate age-related diabetes·  MOD – moderate obesity-
related diabetes· SAID – severe autoimmune diabetes· SIDD – severe insulin deficient diabetes· SIRD – severe insulin resistant diabetes· WHR – waist-to-hip 
ratio. 
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Supplementary Tables to Figure 1.  
Column 1. P-values for cross-cluster comparisons at baseline 
 

 Cluster comparison P-value (*) adjusted P-value (#) 
Fasting blood 
glucose 

SAID SIDD <0·001 <0·001 
SAID SIRD 0·022 0·003 
SAID MOD 0·929 0·852 
SAID MARD 0·326 0·644 
SIDD SIRD <0·001 <0·001 
SIDD MOD <0·001 <0·001 
SIDD MARD <0·001 <0·001 
SIRD MOD 0·001 <0·001 
SIRD MARD 0·310 0·008 
MOD MARD 0·008 0·005 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
C-peptide 
secretion 

SAID SIDD 0·995 0·039 
SAID SIRD <0·001 <0·001 
SAID MOD <0·001 <0·001 
SAID MARD <0·001 0·045 
SIDD SIRD <0·001 <0·001 
SIDD MOD <0·001 <0·001 
SIDD MARD <0·001 <0·001 
SIRD MOD <0·001 <0·001 
SIRD MARD <0·001 <0·001 
MOD MARD 0·038 <0·001 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
M-value SAID SIDD 0·036 0·076 

SAID SIRD <0·001 <0·001 
SAID MOD <0·001 <0·001 
SAID MARD 0·015 0·959 
SIDD SIRD 0·003 0·018 
SIDD MOD 0·489 0·700 
SIDD MARD 0·414 0·145 
SIRD MOD 0·001 0·006 
SIRD MARD <0·001 <0·001 
MOD MARD <0·001 <0·001 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
hsCRP SAID SIDD 0·600 0·679 

SAID SIRD <0·001 <0·001 
SAID MOD <0·001 <0·001 
SAID MARD 0·003 0·821 
SIDD SIRD 0·049 0·296 
SIDD MOD 0·081 0·177 
SIDD MARD 1·000 0·926 
SIRD MOD 0·952 0·999 
SIRD MARD <0·001 <0·001 
MOD MARD <0·001 <0·001 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
Triglycerides SAID SIDD 0·023 0·111 

SAID SIRD <0·001 <0·001 
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SAID MOD <0·001 <0·001 
SAID MARD <0·001 0·125 
SIDD SIRD 0·468 0·889 
SIDD MOD 0·990 1·000 
SIDD MARD 0·976 0·622 
SIRD MOD 0·056 0·128 
SIRD MARD <0·001 <0·001 
MOD MARD 0·013 0·004 

 
Column 2. P-values for cross-cluster comparisons at 5-year follow up 
 

 Cluster comparison P-value (*) adjusted P-value (#) 
Fasting blood 
glucose 

SAID SIDD 0·870 0·913 
SAID SIRD 0·951 0·981 
SAID MOD 0·431 0·584 
SAID MARD 0·184 0·485 
SIDD SIRD 0·985 0·993 
SIDD MOD 0·332 0·471 
SIDD MARD 1·000 1·000 
SIRD MOD 0·162 0·227 
SIRD MARD 0·855 0·894 
MOD MARD <0·001 0·001 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
C-peptide 
secretion 

SAID SIDD 0·796 0·420 
SAID SIRD <0·001 <0·001 
SAID MOD <0·001 <0·001 
SAID MARD <0·001 <0·001 
SIDD SIRD 0·005 <0·001 
SIDD MOD 0·060 0·010 
SIDD MARD 0·047 0·036 
SIRD MOD 0·070 0·230 
SIRD MARD 0·063 0·053 
MOD MARD 0·999 0·912 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
M-value SAID SIDD 1·000 1·000 

SAID SIRD <0·001 0·010 
SAID MOD 0·002 0·088 
SAID MARD 0·759 1·000 
SIDD SIRD 0·396 0·692 
SIDD MOD 0·744 0·900 
SIDD MARD 0·995 1·000 
SIRD MOD 0·504 0·743 
SIRD MARD <0·001 <0·001 
MOD MARD 0·026 0·024 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
hsCRP SAID SIDD 0·991 0·995 

SAID SIRD 0·004 0·058 
SAID MOD <0·001 0·010 
SAID MARD 0·919 1·000 
SIDD SIRD 0·109 0·273 
SIDD MOD 0·199 0·328 
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SIDD MARD 0·931 0·989 
SIRD MOD 0·882 0·971 
SIRD MARD 0·013 0·022 
MOD MARD 0·001 <0·001 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
Triglycerides SAID SIDD 0·999 1·000 

SAID SIRD <0·001 <0·001 
SAID MOD <0·001 <0·001 
SAID MARD <0·001 0·004 
SIDD SIRD <0·001 0·051 
SIDD MOD 0·001 0·041 
SIDD MARD 0·027 0·366 
SIRD MOD 0·753 0·996 
SIRD MARD 0·039 0·216 
MOD MARD 0·174 0·099 

 
Column 3. P-values for changes within clusters at baseline and follow up 
 

Parameter Cluster P-value (*) adjusted P-value (#) 
Fasting blood glucose SAID <0·001 0·041 

SIDD 0·499 0·778 
SIRD <0·001 0·057 
MOD <0·001 0·003 
MARD <0·001 0·123 

C-peptide SAID <0·001 0·002 
SIDD 0·060 0·071 
SIRD 0·152 0·695 
MOD 0·234 0·168 
MARD 0·030 0·187 

M-value SAID <0·001 0·007 
SIDD 0·280 0·408 
SIRD 0·114 <0·001 
MOD 0·048 <0·001 
MARD <0·001 0·001 

hsCRP SAID 0·909 0·172 
SIDD 0·246 0·323 
SIRD 0·181 0·597 
MOD <0·001 0·308 
MARD 0·082 0·122 

triglycerides SAID 0·107 0·002 
SIDD 0·702 0·071 
SIRD 0·246 0·695 
MOD 0·001 0·168 
MARD <0·001 0·187 
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Supplementary Tables to Figure 2.  
Column 1. P-values for cross-cluster comparisons at baseline 
 

 Cluster comparison P-value (*) adjusted P-value (#) 
FLI SAID SIDD 0·066 0·195 

SAID SIRD <0·001 <0·001 
SAID MOD <0·001 <0·001 
SAID MARD <0·001 0·321 
SIDD SIRD <0·001 <0·001 
SIDD MOD <0·001 <0·001 
SIDD MARD 0·999 0·721 
SIRD MOD <0·001 0·070 
SIRD MARD <0·001 <0·001 
MOD MARD <0·001 <0·001 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
APRI SAID SIDD 0·995 1·000 

SAID SIRD 0·004 0·037 
SAID MOD 0·328 0·978 
SAID MARD 0·116 0·976 
SIDD SIRD 0·125 0·214 
SIDD MOD 0·993 1·000 
SIDD MARD 0·966 1·000 
SIRD MOD 0·053 0·057 
SIRD MARD 0·093 0·059 
MOD MARD 0·987 1·000 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
NAFLD-FS SAID SIDD 0·996 0·928 

SAID SIRD <0·001 0·018 
SAID MOD <0·001 0·489 
SAID MARD <0·001 0·152 
SIDD SIRD 0·048 0·165 
SIDD MOD 0·351 0·665 
SIDD MARD 0·254 0·554 
SIRD MOD 0·148 0·192 
SIRD MARD 0·244 0·302 
MOD MARD 0·975 0·979 

 
 
Column 2. P-values for cross-cluster comparisons at 5-year follow up 
 

 Cluster comparison P-value (*) adjusted P-value (#) 
FLI SAID SIDD 0·929 0·974 

SAID SIRD <0·001 <0·001 
SAID MOD 0·001 0·005 
SAID MARD 0·772 0·914 
SIDD SIRD 0·002 0·022 
SIDD MOD 0·017 0·081 
SIDD MARD 0·533 0·800 
SIRD MOD 0·055 0·257 
SIRD MARD <0·001 <0·001 
MOD MARD <0·001 <0·001 
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 Cluster comparison P-value (*) adjusted P-value (#) 
APRI SAID SIDD 0·887 0·981 

SAID SIRD 0·007 0·379 
SAID MOD 0·966 0·935 
SAID MARD 0·020 0·641 
SIDD SIRD 0·006 0·350 
SIDD MOD 0·680 1·000 
SIDD MARD 0·021 0·579 
SIRD MOD 0·030 0·088 
SIRD MARD 0·895 0·964 
MOD MARD 0·103 0·180 

 
 Cluster comparison P-value (*) adjusted P-value (#) 
NAFLD-FS SAID SIDD 0·907 0·954 

SAID SIRD <0·001 0·240 
SAID MOD 0·020 0·959 
SAID MARD <0·001 0·262 
SIDD SIRD 0·045 0·538 
SIDD MOD 0·393 0·886 
SIDD MARD 0·178 0·662 
SIRD MOD 0·039 0·409 
SIRD MARD 0·344 0·953 
MOD MARD 0·543 0·566 

 
 
Column 3. P-values for changes within clusters at baseline and follow up 
 

Parameter Cluster P-value (*) adjusted P-value (#) 
FLI SAID 0·381 0·538 

SIDD 0·282 0·951 
SIRD 0·134 <0·001 
MOD 0·932 0·018 
MARD <0·001 <0·001 

APRI SAID 0·214 0·357 
SIDD 0·139 0·263 
SIRD 0·311 0·311 
MOD 0·253 0·306 
MARD 0·021 0·065 

NAFLD-FS SAID 0·005 0·398 
SIDD 0·423 0·362 
SIRD 0·011 0·101 
MOD 0·738 0·833 
MARD <0·001 0·059 
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Supplementary Tables to Figure 3. 
Supplementary Tables to Figure 3A. Patient distribution at baseline and follow up according to 
eGFR stratified by cluster  
 

Baseline 
 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

eGFR > 90 
(stage 1) 

152 70 20 83 26 23 153 55 148 45 

eGFR  90 - 60 
(stage 2) 

62 29 4 17 73 65 121 44 174 53 

eGFR < 60 
(stage 3) 

2 1 0 0 13 12 4 1 9 2 

 
Follow up 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

eGFR > 90 
(stage 1) 

50 68 6 86 7 21 46 54 41 40 

eGFR  90 - 60 
(stage 2) 

24 32 1 14 17 52 36 42 57 55 

eGFR < 60 
(stage 3) 

0 0 0 0 9 27 3 4 5 5 

 

Supplementary Tables to Figure 3B. Patient distribution at baseline and follow up according to 
albuminuria stratified by cluster  
Baseline 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 
Albuminuria < 20 219 93 20 80 89 83 254 85 317 88 

Albuminuria 20 -200 15 6 4 16 15 14 42 14 43 12 

Albuminuria > 200 1 1 1 4 3 3 2 1 1 0 

 
Follow up 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

Albuminuria < 20 79 99 12 100 26 72 80 83 113 84 

Albuminuria 20 -200 1 1 0 0 8 22 13 13 19 14 

Albuminuria > 200 0 0 0 0 2 6 4 4 3 2 
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Supplementary Tables to Figure 3C. Patient distribution at baseline and follow up according to 
diabetic polyneuropathy stratified by cluster  
Baseline 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

DSPN absent 153 83 14 56 32 54 167 67 143 57 

DSPN possible 23 12 2 8 17 29 54 22 72 28 

DSPN confirmed 10 5 9 36 10 17 26 11 39 15 

 
Follow up 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

DSPN absent 9 52 2 33 20 76 47 59 52 54 

DSPN possible 6 35 1 17 3 12 19 24 35 37 

DSPN confirmed 2 12 3 50 3 12 14 17 9 9 

 

Supplementary Tables to Figure 3D. Patient distribution at baseline and follow up according to 
cardiac autonomic neuropathy stratified by cluster  
Baseline 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

CAN absent 175 91 18 82 45 84 222 90 218 87 

CAN borderline 13 7 1 5 4 8 15 6 20 8 

CAN confirmed 5 2 3 13 4 8 11 4 13 5 

 
Follow up 

 SAID SIDD SIRD MOD MARD 

 n % n % n % n % n % 

CAN absent 21 88 4 100 24 80 64 81 77 82 

CAN borderline 1 4 0 0 2 7 6 8 7 7 

CAN confirmed 2 8 0 0 4 13 9 11 10 11 
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Supplementary information regarding the German Diabetes Study 
 
The GDC Study Group consists of M. Roden (speaker)· H. Al-Hasani· A. E. Buyken· B. Belgardt·  G. 
Geerling· C. Herder· A. Icks· J. Kotzka· O. Kuß· E. Lammert· J-H. Hwang· K. Müssig· D. Markgraf· 
W. Rathmann· J. Szendroedi· D. Ziegler and their co-workers who contributed to the design and conduct 
of the GDS. 
 
Partner centers of the German Diabetes Study 
 
German Diabetes Center Düsseldorf 
Prof. Dr. Michael Roden; PD. Dr. Julia Szendrödi 
Division of Endocrinology and Diabetology· Heinrich Heine University· Düsseldorf· Germany  
Auf’m Hennekamp 65 
40224 Düsseldorf 
 
Helmholtz-Center Munich / Ludwig-Maximilians-University 
Prof. Dr. J. Seißler; Dr. Andreas Lechner 
University Hospital München· Campus Downtown· Medical Clinic 
Ziemssensstr. 1 
80336 München 
 
Institute for Metabolic Diseases Tübingen (IDM) 
Prof. Dr. H.U. Häring· Prof. Dr. A. Fritsche 
University Hospital Tübingen· Medical Clinic IV 
Otfried-Müller-Str. 10 
72076 Tübingen 
 
German Institute for Nutrition Potsdam-Rehbrücke (DIfE) 
Prof. Dr. A.F.H. Pfeiffer 
Arthur-Scheunert-Allee 155 
14558 Nuthetal 
  
University Hospital Heidelberg  
Prof. Dr. Dr. P.Nawroth 
Internal Medicine I Endocrinology and Metabolism 
Im Neuenheimer Feld 410 
69120 Heidelberg 
 
University Hospital Schleswig-Holstein 
Prof. Dr. H. Lehnert; Prof. Dr. S. Schmid 
Medical Clinic I 
Ratzeburger Allee 160 
23538 Lübeck 
   
University Hospital Leipzig 
Prof. Dr. Michael Stumvoll; Prof. Dr. M. Blüher 
Department for Internal Medicine and Dermatology  
Liebigstr. 20  
04103 Leipzig 
 
University Hospital Dresden 
Prof. Dr. Stefan Bornstein 
Medical Clinic III 
Fetscherstr. 74 
01307 Dresden 
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