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Abstract
Aims/hypothesis The Islet Autoantibody Standardization Program (IASP) aims to improve the performance of immunoassays
measuring autoantibodies in type 1 diabetes and the concordance of results across laboratories. IASP organises international
workshops distributing anonymised serum samples to participating laboratories and centralises the collection and analysis of
results. In this report, we describe the results of assays measuring IAA submitted to the IASP 2018 and 2020 workshops.
Methods The IASP distributed uniquely coded sera from individuals with new-onset type 1 diabetes, multiple islet autoantibody-
positive individuals, and diabetes-free blood donors in both 2018 and 2020. Serial dilutions of the anti-insulin mouse monoclonal
antibody HUI-018 were also included. Sensitivity, specificity, area under the receiver operating characteristic curve (ROC-
AUC), partial ROC-AUC at 95% specificity (pAUC95) and concordance of qualitative/quantitative results were compared across
assays.
Results Results from 45 IAA assays of seven different formats and from 37 IAA assays of six different formats were submitted to
the IASP in 2018 and 2020, respectively. The median ROC-AUC was 0.736 (IQR 0.617–0.803) and 0.790 (IQR 0.730–0.836),
while the median pAUC95 was 0.016 (IQR 0.004–0.021) and 0.023 (IQR 0.014–0.026) in the 2018 and 2020 workshops,
respectively. Assays largely differed in AUC (IASP 2018 range 0.232–0.874; IASP 2020 range 0.379–0.924) and pAUC95
(IASP 2018 and IASP 2020 range 0–0.032).
Conclusions/interpretation Assay formats submitted to this study showed heterogeneous performance. Despite the high vari-
ability across laboratories, the in-house radiobinding assay (RBA) remains the gold standard for IAA measurement. However,
novel non-radioactive IAA immunoassays showed a good performance and, if further improved, might be considered valid
alternatives to RBAs.
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Abbreviations
AC1 Gwet’s coefficient of inter-rater agreement

reliability
ADAP Antibody-dependent agglutination PCR
APPA Average pairwise per cent agreement
AS95 Adjusted sensitivity at 95% specificity
AS99 Adjusted sensitivity at 99% specificity
AS100 Adjusted sensitivity at 100% specificity
CLIA Chemiluminescence immunoassay
DASP Diabetes Autoantibody Standardization

Program
DK units National Institute of Diabetes and

Digestive and Kidney Diseases consortium
units

ECL Electrochemiluminescence
FDR First-degree relative
FloCMIA Flow cytometry microsphere immunoassay
IAS Insulin autoimmune syndrome
IASP Islet Autoantibody Standardization Program
IDS Immunology of Diabetes Society
k Fleiss’ coefficient of inter-rater agreement

reliability
LBI Luminex bead immunoassay
LCSP Lowest Concentration Scored Positive
LIPS Luciferase immunoprecipitation system

mAb Monoclonal antibody
OCCC Overall concordance correlation coefficient
pAUC95 Partial ROC-AUC at 95% specificity
RBA Radiobinding assay
ROC-AUC Area under the receiver operating

characteristic curve
W Kendall’s ranking agreement coefficient

Introduction

Antibody reactivity to insulin was first described in individ-
uals undergoing exogenous insulin administration [1] but
people with different autoimmune diseases can also produce
IAA in the absence of prior treatment with the hormone. IAA
were first described in the insulin autoimmune syndrome
(IAS, Hirata’s disease) in 1970 [2] and then in type 1 diabetes
in 1983 [3]. The development of insulin autoimmune
hypoglycaemia has been linked to exposure to environmental
triggers (e.g. drugs and food supplements) in individuals with
IAS [4], while no environmental factors have been confirmed
in type 1 diabetes.
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IAA are among the first biomarkers to appear during type 1
diabetes natural history. In asymptomatic individuals at risk of
diabetes, the appearance of IAA associates with a faster
progression to overt type 1 diabetes and younger age at onset
[5, 6]. Additionally, specific features of IAA, such as binding
affinity, targeted epitopes and titre, are associated with a higher
risk of rapid type 1 diabetes development [7–9]. For these
reasons, the measurement of IAA has become a cornerstone
of screening strategies for type 1 diabetes [10–13] and a partic-
ular focus has been given to the improvement of IAA assays.

The first attempts at the standardisation of IAAmeasurement
highlighted a large variability of results across centres and
assays [14–18]. More recent interlaboratory comparisons stud-
ies organised by the Diabetes Autoantibody Standardization
Program (DASP) showed only partial improvements in assay
performance and results concordance [19, 20].

The Islet Autoantibody Standardization Program (IASP) has
superseded the DASP in promoting the continuous improve-
ment of type 1 diabetes autoantibody assays and disseminating
empirically tested best-practice protocols, state-of-the-art
reagents and serum standards [21]. The IASP is a collaborative
effort supported by the Immunology of Diabetes Society (IDS)
and the US NIH, which is run by the University of Florida
Pathology Laboratories, Endocrine Autoantibody Laboratory
and coordinated by an IDS nominated committee. The IASP
pursues its goals through the establishment of a periodic
interlaboratory comparison of type 1 diabetes-associated auto-
antibodymeasurements, aimed at providing an unbiased assess-
ment of assay performance and improving the concordance of
results across laboratories around the world. In IASP work-
shops the participating laboratories test type 1 diabetes autoan-
tibodies in anonymised type 1 diabetes patient, ‘at-risk’ person,
and control serum samples. An unbiased comparison of assay
performance is provided through the centralised collection and
analysis of results by the IASP committee.

In this report, we present the results of the 2018 and 2020
IASP IAA assays interlaboratory comparison studies that were
preliminarily presented at the IASP 2018 and IASP 2020 work-
shops, held at the 16th and 17th IDS Congress, respectively.

Methods

Study design

The study was aimed at comparing assay performance across
laboratories. Participating laboratories received the same sera
in anonymised sets, each labelled with an aliquot-specific
unique code. Sera were obtained from the following individ-
uals: individuals with new-onset type 1 diabetes (contributed
by several centres around the world), collected within 14 days
of the first insulin treatment; multiple islet autoantibody-
positive first-degree relatives (FDR) of individuals with type

1 diabetes (enrolled in the TrialNet Ancillary Study – Pathway
to Prevention and showing a transiently altered GTT during
screening); blood donors without diabetes, collected in the
USA. Due to their heterogeneous origin and to the difficulty
of procuring sufficiently large serum volume from young chil-
dren, these samples were only partially representative of inci-
dent new-onset diabetes and age-matched control individuals.

All samples were collected upon written informed consent,
with the approval of local ethics committees and according to
the ethical principles for medical research involving human
subjects of the Declaration of Helsinki [22].

In 2018, the set included samples from 43 individuals with
new-onset diabetes, seven multiple islet autoantibody-positive
FDRs, 90 blood donor control individuals, six serial dilutions
(156, 20, 5, 1.2, 0.6 and 0 ng/ml) in normal human serum of
HUI-018, an IgG1 anti-insulin mouse monoclonal antibody
(mAb) targeting a conformational epitope spanning the insulin
A and B chains [23], and four additional samples from non-
diseased individuals with type 1 diabetes autoantibodies.

Individuals with type 1 diabetes had a median age of 14
years (range 8–47) and included 15 female individuals and 28
male individuals; 37 were White, two Black, two of mixed
ancestry and two of undisclosed ancestry. The FDRs had a
median age of 16 years (range 12–53) and included four
female and three male individuals, all of White ancestry.
Demographic data were available only for 88 non-diabetic
blood donors, who had a median age of 20 years (range 18–
30), and included 44 female and 44male individuals, of whom
69 were White and 19 Black.

In 2020, the set included samples from 38 individuals with
new-onset diabetes, 12 multiple islet autoantibody-positive
FDRs, 90 control blood donors, HUI-018 mAb serial dilutions,
and four standards from the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) consortium, corre-
sponding to 235, 5.8, 2 and 0 DK units, made from a mixture
of GADA- and IA-2A-positive sera and used as reference mate-
rial to harmonise antibody assays [24].

Individuals with type 1 diabetes had a median age of 14
years (range 8–47) and included 15 female and 23 male indi-
viduals, of whom 31 were White, two Hispanic, three Black,
one of mixed ancestry and one of undisclosed ancestry. FDRs
had a median age of 18 years (range 10–53) and included
seven female and five male individuals, of whom 11 were
White and one was of mixed ancestry.

Only a minority of samples were present in both 2018 and
2020 sample sets (21 type 1 diabetes, six FDRs, one blood
donor) (electronic supplementary material [ESM] Table 1).

Data analysis

Laboratory personnel were asked to report details of their
assay protocol, assay raw data and results using uniform
Excel reporting sheets. All data analyses were performed in
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the R language and environment for statistical computing and
graphics [25].

Assays sensitivity and specificity was calculated as the
percentage of case (new-onset plus FDRs) sera reported as
IAA positive and as the percentage of blood donor sera report-
ed as IAA-negative, respectively. Adjusted sensitivity at 95%
(AS95), 99% (AS99) and 100% specificity (AS100) were
calculated after placing the threshold for positivity at the
95th, 99th and 100th percentiles of values observed in the
blood donor samples in each assay, respectively.

Concordance of laboratory-assigned positive or negative
scores across assays was expressed as average pairwise per
cent agreement (APPA) between assays (i.e. the average
number of times each possible combination of two assays
agreed on IAA-positive/negative scores divided by the
number of samples scored). We tested the occurrence of
agreement by pure chance by calculating Gwet’s coefficient
of inter-rater agreement reliability (AC1) [26] and Fleiss’
coefficient of inter-rater agreement reliability (k) [27] using
the irr R package [28].

Assay performance in discriminating case from control
samples was analysed using the area under the receiver oper-
ating characteristic curve (ROC-AUC) and the partial ROC-
AUC at 95% specificity (pAUC95) [29] using the pROC R
package [30].

Interassay antibody titre concordance was analysed by
calculating Kendall’s ranking agreement coefficient (W)
[31], after ranking of case and control samples according to
autoantibody levels in each assay. The significance of differ-
ences in mean ranking of selected case samples between
different assays was tested using the Mann–Whitney test.

In a subset of assays with good performance (pAUC95
≥0.015) and an immune-complex capture system compatible
with the measurement of an anti-mouse IgG mAb, local units
were converted into common units (HUI-018 ng/ml equiva-
lents) by applying a linear model to the local units attributed to
the provided HUI-018 dilutions followed by rescaling of local
quantitative results. The concordance of antibody units was
then evaluated by calculating the overall concordance corre-
lation coefficient (OCCC) according to Barnhart using the
epiR R package [32].

For all statistical analyses, two-tailed p values <0.05 were
considered as significant.

Results

Summary of submitted IAA assay formats in the IASP
2018 and IASP 2020 workshops

In the IASP 2018 workshop, 23 laboratories from 13 countries
submitted results from 45 IAA assays. The breakdown of
assays according to format was as follows: radiobinding assay

(RBA) [33]; antibody-dependent agglutination PCR (ADAP)
[34]; luciferase immunoprecipitation system (LIPS) [35];
electrochemiluminescence (ECL) [36]; chemiluminescence
immunoassay (CLIA); ELISA assay (of which some
measured antibodies to oxidised insulin [37]); and Luminex
bead immunoassay (LBI) (Fig. 1).

All RBAs used recombinant insulin radiolabelled with 125I.
LIPS assays used proinsulin (n=5) or insulin antigens (n=4)
with the NanoLuc luciferase reporter tagged either at the C-
terminus of the B chain ([pro]insulin-B-NLuc) or the N-
terminus of the A chain (insulin-A-NLuc). Most RBA and
LIPS assays were competitive assays performed with or with-
out the presence of untagged insulin competitor (5.6 × 10−6

mol/l and 3.6 × 10−7 mol/l, respectively).
Antigen–antibody binding occurred in liquid phase in 35

assays (ADAP, ECL, LIPS, RBA) and was followed by the
capture of immune complexes via recovery of immunoglobu-
lins (LIPS, RBA) or tagged antigen (ADAP, ECL). Antigen–
antibody binding occurred in hybrid solid/liquid phase in two
assays (CLIA) and in solid phase for eight (ELISA, LBI).
Major characteristics and metrics of each individual assay
are reported in ESM Table 2.

In the IASP 2020 workshop, 22 laboratories from 11 coun-
tries submitted results from 37 IAA assays (Fig. 2) based on the
following formats: RBA; ADAP; LIPS; ECL; CLIA; and Flow
cytometric microsphere-based immunoassay (FloCMIA) [38].

All RBAs used recombinant insulin radiolabelled with 125I.
LIPS assays used either proinsulin (n=6) or insulin (n=5) anti-
gens tagged with a NanoLuc luciferase reporter at the C-
terminus of the insulin B chain. One LIPS assay (Duplex
LIPS) combined individual measurement of IA-2A and IAA
using a dual luciferase system. One laboratory used two differ-
ent concentrations of competitor in LIPS (3.6 × 10−7 mol/l
and 1.1 × 10−9 mol/l).

Antigen–antibody binding occurred in liquid phase in 36
assays (ADAP, ECL, FloCMIA, LIPS, RBA) or in hybrid
solid/liquid phase (CLIA) and was followed by the capture
of immune complexes through the recovery of immunoglob-
ulins (LIPS, RBA) or antigens with different tags (ADAP,
ECL, FloCMIA, CLIA). Major characteristics and metrics of
each individual assay are reported in ESM Table 3.

Assay sensitivity and specificity based on laboratory-
assigned scores in the IASP 2018 and IASP 2020
workshops

In the IAA assays submitted to the IASP 2018 workshop,
laboratory-assigned scores showed a median assay sensitivity
of 32.0% (IQR 16.0–46.0) and a specificity of 96.7% (IQR
89.7–97.8), with a wide range for both (sensitivity 66.0–
2.0%; specificity 100.0–45.6%) (Fig. 1, ESM Table 2 and
ESM Fig. 1).
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Lab ID

RBA

ADAP

LIPS

ECL assays 

CLIA

ELISA

LBI assay

Manufacturer Antigen Ig class Competition Specificity (%) Sensitivity (%) AS95 (%) AS99 (%) AS100 (%) ROC-AUC pAUC95 LCSP (ng/ml)

133 In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house

Commercial
Commercial

Insulin IgG
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin

insulin (B)
b

insulin (B)
b

insulin (A)
b

insulin (A)
b

Insulin

IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG

IgG

Pan-lgInsulin

Insulin
Insulin
Insulin

Insulind

Insulind

Insulind

Proinsulind

Proinsulind

Proinsulind

IgG
IgG
IgG
IgG
IgG
IgG
IgG

IgG
IgG
IgG
IgG
IgG

IgG

IgG

Pan-Ig
Pan-Ig
Pan-Ig

IgG
IgM
IgA
IgG
IgM
IgA

Pan-Ig

NR 66
66
56
48
46
43
38
32
28
24
22

62
28
56
36
62
50
50
44
40

18
14
22
14

68
68
64
54
48
51
46
36
40

NAa

NAc
64

58

24
12
2
30
6
10

NAc

NAc
18

36

14
0
0
20
2
0

NAc

NAc
18

8

4
0
0
16
2
0

NAc

NAc
0.703

0.801

0.696
0.480
0.458
0.752
0.446
0.582

NAc

46
34
26
18
44

66
20
44
22
26
31
42
20
28

NAa

38
18
20
18
36

54
18
38
12
24
24
28
18
16

NAa

30
16
20
18
32

0.826
0.851
0.836
0.738
0.734
0.744
0.795
0.743
0.773

NAa

0.758
0.723
0.663
0.592
0.673

0.032
0.021
0.026
0.020
0.019
0.019
0.020
0.013
0.016

NAa

0.021
0.012
0.012
0.010
0.019

0.6
0.6
0.6
1.2
1.2
1.2
1.2
5

1.2

NAa

156
1.2
156

5
5

95.6
98.9

97.8
97.8
97.8
97.8
98.9
96.7
97.8
88.9

93.3

46

56
60
60
56
64
66
48
58
56

66

46
52
38
36
36
48
24
40
40

60

32
42
32
36
36
48
24
38
36

56

0.776
0.825
0.809
0.795
0.850
0.845
0.829
0.874
0.845

0.024
0.028
0.023
0.021
0.024
0.026
0.016
0.022
0.020

0.803 0.030

0.6
5

1.2
5

0.6
5

1.2
1.2
0.6

0.6100.0

100.0
96.7
98.9
96.7
97.8
94.4
96.7
95.6

44
8
36
34
12
4
32
2
10

66.7
6497.8

98.9
86.7
90.0
96.7
76.7
93.3

100.0
93.3

32
24
38
24
24
14

16
16
20
16
9
5

6
4
10
2
4
4

0 0.616
0.628
0.633
0.630
0.612
0.620

0.004
0.004
0.007
0.004
0.005
0.004

2
2
0
1
3

82.2
90.0
78.9
86.7
88.0
90.0

9
7

7
7

2
2

2
2

0.428
0.415

0.002
0.002

89.7
85.6

45.6 16
86.7 6

2
4

0
2

0
2

0.232
0.276

0.000
0.001

−
−
−
−

−
−
−
−
−
−

100.0
97.8

100.0
100.0
100.0

Yes
Yes
NR
Yes
Yes
Yes
Yes
Yes
NR
No
Yes

Yes

No

No
No
No
No
No
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
NR
No

Median 97.8
97.8−99

32
22−47

46
35−53

26
20−37

20
17−29

0.743
0.698−0784

0.019
0.012−0.020

1.2
1.2−5IQR

Median 96.7
96−98

50
40−56

58
56−60

40
36−46

36
32−38

0.829
0.809−0.845

0.023 1.2
0.6−50.021−0.024IQR

213
116
221
121
137
120
150
152
504

In-house

In-house

In-house
In-house
In-house
In-house
In-house

In-house
In-house
In-house
In-house
In-house
In-house

In-house
In-house
In-house

Commercial
In-house

Commercial
Commercial
Commercial
Commercial
Commercial
Commercial
Commercial
Commercial

Proinsulin

Proinsulin

Proinsulin
Proinsulin
Proinsulin
Proinsulin

153

1803

126
153
116
153
507
121
116
213

133
1306
1802

Insulin IgG No
No

No
No
No
No
No
No

NRInsulin

Insulin
Insulin

HOCI-insulin
HOCI-insulin
OH-insulin
OH-insulin

Insulin
Insulin

NR
NR

No
No

Commercial
Commercial

1606
1806

1804
1804
1804
1804
1804
1804

In-house
In-house

1804
1804

1306
1306
1306
1306
1306
1306
1306

126
156
301

1605
113

Median 93.3
88−98

22
9−36

11
3−29

1
0−17

1
0−7

0.531
0.449−0.702

0.002 156
42.8−1560.000−0.010IQR

Median
IQR

66.1
56−76

11
9−14

3
2.5−3.5

1
0.5−1.5

1
0.5−1.5

0.254
0.243−0.265

0.001
0.001−0.001

−
−

−
−

Median
IQR

87.3
83−90

24
24−30

16
11−16

4
4−5.5

2
0−2

0.624
0.617−0.629

0.004
0.004−0.005

−
−

Median
IQR

87.6
87−89

8
7.6−8.7

7
7−7

2
2−2

2
2−2

0.422
0.419−0.424

0.002
0.002−0.002

NAc
0.022

0.019

0.007
0.003
0.000
0.011
0.002
0.001

NAc

NAc
0.6

5

156
156
156
−

156
−

NAc

Fig. 1 IASP 2018 assay formats: main characteristics and performance.
Single assays and their main characteristics are reported with the corre-
sponding specificity (orange bars indicate the % specificity, with a maxi-
mum of 100%), sensitivity, AS95, AS99, AS100 (green bars indicate the
% sensitivity, with a maximum of 100%), ROC-AUC, pAUC95 (green
bars indicate the maximum value of 1 and 0.05, respectively) and LCSP.
Assays are grouped by format. The median and the IQR values of each
variable are reported for each group. aLocal units were not reported by the

participating laboratory (only positivity scores). bTheNanoLuc reporter is
alternatively placed near the insulin B or A chain. cPositivity scores in
pan-Ig ECL assays for laboratory 1306 were assigned based on the
combination (and/or) of positivity scores in the corresponding
multiplexed Ig class-specific ECL assays (thus, no units were reported
for either assay). dMultiplexed Ig class-specific insulin or proinsulin
assays. NR, not reported
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In the assays submitted to the IASP 2020 workshop, the
median assay sensitivity was 46.0% (IQR 26.0–56.0) and the
specificity 98.9% (IQR 96.7–100.0), with a wide range of
both (sensitivity 66.0–2.0%; specificity 100.0–80.0%) (Fig.
2, ESM Table 3 and ESM Fig. 2).

ROC-AUC analysis of assay format performance in the
IASP 2018 and IASP 2020 workshops

We evaluated the performance of the IAA assays using the full
ROC-AUC and the partial ROC-AUC after imposing a spec-
ificity of ≥95%, as a more relevant proxy of assay perfor-
mance [29] (Fig. 3).

In the IASP 2018 workshop, IAA assays showed a median
ROC-AUC of 0.736 (IQR 0.617–0.803, range 0.232–0.874)
and a median pAUC95 of 0.016 (IQR 0.004–0.021, range
0–0.032), against a theoretical pAUC95 maximum of 0.05
(Figs 1, 4 and ESM Fig. 3a). A wide heterogeneity of
performance was present both within and across assay
formats.

In the IASP 2020 assays, the median ROC-AUC of the
IAA assays was 0.790 (IQR 0.730–0.836, range 0.378–
0.924), while the median pAUC95 was 0.023 (IQR 0.014–
0.026, range 0–0.032) (Figs 2, 4 and ESM Fig. 3b).
Additionally, in the IASP 2020 workshop, assay performance
varied widely both within and across formats.

In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house

In-house
In-house

In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house
In-house

Commercial
Commercial
Commercial

Commercial

In-house
Commercial
Commercial
Commercial
Commercial
Commercial
Commercial
Commercial
Commercial

Commercial

Proinsulin

Proinsulin

Proinsulin

Proinsulinc

Insulinb

Insulin

Insulin

Insulinc

Insulinc

Insulinc

Proinsulinc

Proinsulinc

Insulin IgG
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin

Insulin

Insulin

Insulin
Insulin
Insulina

Insulina

IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG

100.0
98.9
97.8
98.9

100.0
97.8

100.0
100.0
100.0
100.0
100.0
100.0
100.0

100
99−100

44
20−56

54
40−64

50
30−56

40
20−50

0.811
0.73−0.835

0.026
0.016−0.028

98.9
97−99

46
40−51

52
50−57

44
37−50

40
35−44

0.804
0.784−0.842

0.023
0.021−0.025

0.6
0.6−1.2

97.2
92−99

53
16−58

34
22−54

21
10−47

13
6−25

0.774
0.606−0.824

0.012
0.007−0.025

1.2
0.75−5

5
1.2−5

NoPan-lg

Pan-lg
Pan-lg
Pan-lg
Pan-lg

Median
IQR

Median
IQR

Median
IQR

IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG
IgG

IgG
IgM

IgM

IgA

IgA
IgG

IgG

NR

No
NR
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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Qualitative concordance of laboratory-assigned
positive/negative scores

In the assays submitted to the IASP 2018 workshop, the
APPA of positive/negative scores assigned to type 1 diabetes
cases across all assays of IAAwas 67.1%, while the first-order
AC1 of these scores was 0.415. The concordance analysis was
greater in control samples (APPA 86.5%, AC1 0.863). When
the analysis was limited to assays with a pAUC95 above the
median (pAUC95 ≥0.013), these concordance variables

improved in both case (APPA 73.4%; AC1 0.476) and control
samples (APPA 96.1%; AC1 0.959).

In the assays submitted to the IASP 2020 workshop, in
cases the APPA was 66.9% and the AC1 0.360, while in
controls the respective values were 93.7% and 0.932. In
assays with a pAUC95 above the median (pAUC95 ≥0.023),
these values improved in both case (APPA 74.8%; AC1
0.497) and control samples (APPA 97.3%; AC1 0.972).

In both years, the observed low Fleiss’ k concordance coef-
ficients were consistent, with most of the control samples
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Fig. 3 ROC curve analysis of assays submitted to the IASP 2018 (a–g)
and IASP 2020 (h–m) workshops. ROC curves are shown for RBA (a:
n=14 and h: n=13), LIPS (b: n=9 and i: n=11), ECL (c: n=8 and j: n=8),
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andm: n=1) and FloCMIA (l: n=1); indicated assay variants within each

format are shown by curve colour. Black lines, median ROC curve; grey
rectangles, area corresponding to a specificity ≥95%, where the pAUC95
is calculated; dashed lines, identity line. h.c., high concentration of
unlabelled insulin competitor (3.6 × 10−7 mol/l); l.c., low concentration
of unlabelled insulin competitor (1.1 × 10−9 mol/l)
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scored IAA positive being sporadically so in only a small
fraction of assays.

Overall, the concordance of IAA-positive/-negative scores
was greater across assays using the same format (ESM
Tables 4–7).

Assay format-specific patterns of IAA recognition

In both IASP workshops, discrepancies in positive/negative
scores showed format-specific patterns. In 2018, a subset of
type 1 diabetes cases (IDS326, IDS322, IDS292, IDS298,
IDS004, IDS309, IDS006, IDS290) was IAA positive
predominantly in ADAP and LIPS and in few RBA and
ECL assays. Conversely, a different subset of sera (IDS303,

IDS301) was IAA positive in ADAP and most RBAs but only
in a minority of LIPS and ECL assays. A subset of control sera
(TS24176, N59807, N54153) was IAA positive mostly in
LIPS and sporadically in other formats, while another control
sample (C1401) was positive mostly in RBA and ELISA (Figs
5, 6 and ESM Figs 4, 5).

In the sera submitted to the IASP 2020 workshop, two
case samples (IDS359, IDS326) were IAA positive
predominantly in LIPS but only in a minority of RBA
and ECL assays. Conversely, another subset of case
samples (IDS324, IDS303 and IDS351) was positive in
most RBA and ECL but only in a minority of LIPS assays.
Among control sera, two (S6320, S8768) were positive
mostly in LIPS but only sporadically in other formats,
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Fig. 4 Distribution of the pAUC95 of IAA assays submitted to the IASP
2018 (a) and IASP 2020 (b) workshops. Results are grouped by assay
format. LIPS assays using two alternative amounts of unlabelled insulin
are labelled as either high (h.c., 3.6 × 10−7 mol/l) or low concentration
(l.c., 1.1 × 10−9 mol/l). The grey half violin plots show the overall

probability density estimate. Circles correspond to the pAUC95 value
of each single assay, with colours indicating different assay variants.
The vertical dashed lines correspond to the median pAUC95 of all assays
(black) and to the ROC identity line (red), respectively
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while two other serum samples (S6389, LQ22722) were
positive exclusively in ECL. In LIPS assays using two
different concentrations of unlabelled insulin competitor,
IAA positivity was sometimes conditional upon the use
of a high concentration of competitor (IDS326), suggest-
ing the presence of low-affinity IAA. Always in LIPS, one
serum sample (IDS351) resulted positive only when insu-
lin antigen was used, suggesting that antigen recognition
was conditional on removal of the C-peptide (Figs 7, 8 and
ESM Figs 6, 7).

The results also highlighted the selective recognition of
some case sera by assays in which antibody–antigen binding
occurs in liquid phase (ADAP, ECL, LIPS, RBA) vs solid
phase (CLIA, ELISA, FloCMIA, LBI) in both IASP 2018
(IDS312, IDS009, IDS268, IDS328, IDS334, IDS317) and
IASP 2020 (IDS372, IDS345, IDS317, IDS312, IDS365,
IDS310, IDS358, IDS367) workshops.

Ranking of autoantibody levels

Quantitative interassay concordance of IAA levels was eval-
uated by ranking sera in each assay and then calculating the
Kendall’s W ranks agreement coefficient.

In the IASP 2018 workshop, the W coefficient across all
assays was 0.354 for case sera and 0.081 for control sera. In
the IASP 2020 workshop, the W coefficient across all assays
was 0.458 for case sera and 0.047 for control sera.

In both workshops, excluding assays with low performance
(i.e. low pAUC95) from the analysis led to a modest increase
of the agreement coefficient in both case and control samples
(IASP 2018, W=0.431 and 0.086, respectively; IASP 2020,
W=0.587 and 0.057, respectively). Limiting the analysis to
assays with higher performance (i.e. greater than the median
pAUC95) showed a further increase of W for case sera but
only a marginal improvement for control sera (IASP 2018,
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Fig. 5 Tilemap of IAA positivity
scores in case sera submitted to
the IASP 2018 workshop.
Tilemap of IAA-positive (dark
grey) or -negative (light grey)
scores assigned by laboratories to
each new-onset type 1 diabetes,
multiple autoantibody-positive
and HUI-018 standard samples.
Samples are sorted on the x-axis
according to the median rank
calculated in each group. The
shown sample labels identify sera
with format-specific patterns of
reactivity described in the text.
Assays on the y-axis are grouped
by format or format variant and
then sorted according to their
median pAUC95. Ab+,
autoantibody-positive; HUI-018
STD, HUI-018 standard dilutions
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W=0.656 and 0.098, respectively; IASP 2020, W=0.617 and
0.086, respectively).

Concordance of IAA level ranks increased among assays
using the same format for both case and control sera (ESM
Figs 8–15 and ESM Tables 4–7). The comparison of assay
formats’ W coefficients showed that ranking agreement was
higher in LIPS than in both local and commercial RBAs,
CLIA and ECL assays.

IAA level ranking also confirmed the previously observed
preferential recognition of some case samples by assays in
which antibody–antigen binding occurs in liquid phase vs
solid phase (Mann–Whitney test, all p≤0.001 in IASP 2018
workshop and all p<0.05 in IASP 2020 workshop).

Autoantibody levels in 2018 vs 2020

Using the 28 samples that were distributed in both the IASP
2018 workshop and the IASP 2020 workshop, we analysed

the correlation of quantitative results in 24 assays (nine local
RBAs, one commercial RBA, one ADAP, five LIPS, one
CLIA and seven ECL). Correlation was highest in RBA,
LIPS and ADAP (median R2=0.97 [IQR 0.94–0.98]) and
lower in ECL and CLIA (median R2=0.25 [IQR 0.01–0.50])
(ESM Figs 16, 17).

Conversion of local units into common HUI-018 units

Using the provided HUI-018 anti-insulinmAb serial dilutions,
we converted local arbitrary units into common units (HUI-
018 ng/ml) by applying a log–log linear regression model. In
both the IASP 2018 and the IASP 2020 workshop, the corre-
lation of local and common units was high (R2 range 0.85–
1.00) but the slopes of the regression curves varied consider-
ably across assays (slope range 0.406–1.000) (ESM Figs 18,
19). We then compared calculated common HUI-018 units in
each assay with the true concentration of the HUI-018 serial
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Fig. 6 Tilemap of IAA positivity
scores in control sera submitted to
the IASP 2018 workshop.
Tilemap of IAA-positive (dark
grey) or -negative (light grey)
scores assigned by laboratories to
each control sample. Samples are
sorted on the x-axis according to
the median rank calculated in
each group. The shown sample
labels identify sera with format-
specific patterns of reactivity
described in the text. Assays on
the y-axis are grouped by format
or format variant and then sorted
according to their median
pAUC95. Only samples with a
positive score in at least one assay
are shown
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dilutions (ESM Figs 20, 21). The observed high degree of
variability of the assigned concentrations was suggestive of
potentially large discrepancies in the linear range of the differ-
ent assays.

Autoantibody levels in common HUI-018 units

We converted local arbitrary units into common HUI-018
units for assays with good performance and a detection
system compatible with the measurement of a mouse IgG
mAb (Fig. 9). We then calculated the OCCC of HUI-018
units as another measure of interassay quantitative concor-
dance. In both workshops, the OCCC was relatively low in
both case (IASP 2018, 0.285; IASP 2020, 0.203) and control
sera assays (IASP 2018, 0.013; IASP 2020, 0.012). After
stratification of assays according to format and antigen, the
quantitative concordance of common units improved only for
some assays (ESM Figs 22, 23 and ESM Tables 4–7).

Analytical sensitivity of IAA assays

As a proxy of the IAA assays’ analytical sensitivity, we deter-
mined the lowest concentration scored positive (LCSP) by each
assay for HUI-018 mAb (Figs 1, 2, 5, 7). The median LCSP

was 1.2 ng/ml in both workshops but exhibited extreme vari-
ability across assays (range 0.6–156). In addition, some assays
recognised the diluent normal serum as weakly positive.

Discussion

Early interlaboratory comparison studies demonstrated that
the detection of disease-specific IAA was crucially dependent
on assay format choice and led to the establishment of the
liquid-phase immunoprecipitation RBA assay as the de facto
gold standard for IAA measurement [14–20].

The more recent IASP 2018 and IASP 2020 interlaboratory
IAA measurement comparison studies saw not only the
continued implementation of RBAs by most laboratories but
also an increasingly wider adoption of alternative non-
radioactive formats. Therefore, in this paper we were able to
perform a comprehensive comparison of RBAs and other
assay formats in terms of diagnostic performance, sensitivity,
specificity and concordance.

RBAs submitted to the IASP workshop in both 2018 and
2020 were predominantly in-house assays derived from the
IAA micro-assay originally described in 1997 by Williams
et al [33]. The performance of these micro-assays varied
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Fig. 7 Tilemap of IAA positivity
scores in case sera submitted to
the IASP 2020 workshop.
Tilemap of IAA-positive (dark
grey) or -negative (light grey)
scores assigned by laboratories to
each sample of new-onset type 1
diabetes, multiple autoantibody-
positive, DK standard and HUI-
018 standard sera. The shown
sample labels identify sera with
format-specific patterns of
reactivity described in the text.
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according to the median rank
calculated in each group. Assays
on the y-axis are grouped by
format or format variant and then
sorted according to their median
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alternative amounts of unlabelled
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concentration (l.c., 1.1 × 10−9
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widely in both workshops but compared with more recent
non-radioactive IAA immunoassays most RBAs showed
similar or better sensitivity and specificity, as well as
pAUC95 and AS95, two metrics aimed at excluding regions
of low assay specificity and poor clinical relevance from the
analysis. Of note, commercial RBAs, while showing good
specificity, had a sensitivity less than half that of most in-
house micro-assays, possibly because of a lower capacity to
immuno-precipitate IAA immune complexes by the anti-
human IgG polyclonal antibody used in commercial kits
compared with the protein A/G coated Sepharose beads
adopted by the micro-assay RBA.

Among non-radioactive IAA immunoassays, the only
submitted ADAP assay, the most recently developed IAA
assay format, showed the highest or second-highest
pAUC95 and AS95.

In both workshops, among non-radioactive assay formats,
the most widely adopted were LIPS and ECL. Submitted LIPS
assays implemented a variety of alternative protocols and anti-
gens and showed variable performance. Nevertheless, LIPS
assays showed the overall second-highest median pAUC95
and AS95 after RBA.

ECL assays comprised twomajor variants, the first measur-
ing IAA potentially of any Ig class (pan-Ig ECL) and the

second multiplexing and discriminating Ig of different classes
(IgM, IgA and IgGmultiplexed-ECL). In both 2018 and 2020,
pan-Ig ECL assays showed a relatively good performance,
although lower than that of the best RBAs. Multiplexed IgG,
IgM and IgA ECL assays instead were not only less sensitive,
as might have been expected, but also less specific, as
signalled by the scoring as IgM and/or IgA IAA positive of
some of the included dilutions of HUI-018, a mouse anti-
insulin mAb of the IgG1 class.

The remaining non-radioactive assays submitted to the
workshops comprised a variety of formats such as CLIA,
FloCMIA, LBI, ELISAs, and ELISAs using oxidised insulin
as antigen. All of these assays showed a poor performance,
with drastically reduced sensitivity and specificity compared
with RBA and their ROC-AUCs demonstrated an inability to
discriminate case sera from control sera.

In both workshops, we observed discrepancies of positive/
negative scores and ranking of antibody levels across assays
and formats, even when the analysis was limited to assays
with overall good performance. The underlying reasons for
the selective recognition of some case and control samples
as IAA positive in certain assay formats but not others remain
to be fully clarified. However, two main mechanisms can be
put forward to explain these discrepancies: the first is simply
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linked to the difficulty of lower performance assays in identi-
fying as positive sera presenting with low level IAA; and the
second presumes a differential recognition of insulin epitopes
by antibodies present only in a subset of sera. Multiple causes
might underly this potential secondmechanism, such as possi-
ble alteration of some insulin epitopes in certain assay formats
caused by the addition of tags (e.g. biotin residues in ECL or
luciferase enzyme in LIPS) or by potential alternative antigen
post-translational modification(s) in the different expression
systems used for their production. This potential format-
associated selective recognition of some epitopes remains to

be evaluated but might have an important impact on
autoantibody-based screening strategies, which currently are
still based on RBA.

In both the IASP 2018 and IASP 2020 workshops, the
comparison of quantitative IAA results was complicated by
the variety of local non-standardised arbitrary units and calcu-
lation algorithms into which results were expressed. In the
absence of a WHO-recognised IAA standard serum, we
explored the possibility of using an anti-insulin mouse mono-
clonal antibody as reference. For this reason, we distributed
anonymised serial dilutions of the HUI-018 mAb. Most
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liquid-phase assays showed a clear ability to detect HUI-018
binding to insulin but the correct ranking of the mAb dilutions
was challenging for assays with lower performance. While
neither IASP study was designed to determine rigorously the
analytical sensitivity of participating assays, using the differ-
ential recognition of the HUI-018mAb dilution as a proxy, we
could infer the presence of important differences in analytical
sensitivity across IAA assays.

Moreover, the conversion of local units into commonHUI-
018 units further confirmed the lack of good quantitative
concordance of IAA assays even when using the same format,
a phenomenon that could not be conclusively clarified within
the limits of the current study design.

Legislative and logistic pressure against the use of radioac-
tive substances spur the development and validation of novel
non-radioactive immunoassays. Furthermore, the expected
future implementation of antibody-based population screen-
ing programmes for type 1 diabetes would benefit from the
implementation of high-performance IAA assays dispensing
with the need for radio-isotopic tracers. In this context, while
in-house micro-assay RBAs still constituted the majority of
the best-performing assays in 2020, some non-radioactive
formats could indeed achieve both high sensitivity and spec-
ificity (e.g. ADAP, LIPS and ECL). However, none of the
classical immunoassay formats widely adopted in routine clin-
ical diagnostics (e.g. ELISA, CLIA and Luminex bead-based
assays) nor assays aimed at measuring Ig class-specific auto-
antibody responses can be currently recommended for IAA
measurement in light of their poor demonstrated performance.

In conclusion, our research supports the value of type 1
diabetes autoantibody assay evaluation programmes. These
programmes not only help to assess the accuracy of diagnostic
tests objectively but also provide academic research laborato-
ries and companies with the chance to learn and improve their
immunoassays.
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