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Abstract

 

An unselected population of 755 siblings of children with in-
sulin-dependent diabetes mellitus (IDDM) was studied to
evaluate the predictive characteristics of islet cell antibodies
(ICA), antibodies to the IA-2 protein (IA-2A), antibodies to
the 65-kD isoform of glutamic acid decarboxylase (GADA),
insulin autoantibodies (IAA), and combinations of these
markers. We also evaluated whether the histochemical ICA
test could be replaced by the combined detection of other
markers. 32 siblings progressed to IDDM within 7.7 yr of
the initial sample taken at or close to the diagnosis of the in-
dex case (median follow-up, 9.1 yr). The positive predictive
values of ICA, IA-2A, GADA, and IAA were 43, 55, 42, and
29%, and their sensitivities 81, 69, 69, and 25%, respec-
tively. In contrast to the other three antibody specificities,
GADA levels were not related to the risk for IDDM. The
risk for IDDM in siblings with four, three, two, one, or no
antibodies was 40, 70, 25, 2, and 0.8%, respectively. Com-
bined screening for IA-2A and GADA identified 70% of all
ICA-positive siblings, and all of the ICA-positive progres-
sors were also positive for at least one of the three other
markers. The sensitivity of the combined analysis of IA-2A
and GADA was 81%, and the positive predictive value was
41%. In conclusion, combined screening for IA-2A and
GADA may replace the ICA assay, giving comparable sen-
sitivity, specificity, and positive predictive value. Accurate
assessment of the risk for IDDM in siblings is complicated,
as not even all those with four antibody specificities con-
tract the disease, and some with only one or no antibodies
initially will progress to IDDM. (

 

J. Clin. Invest.

 

 1998. 101:
327–336.) Key words: glutamic acid decarboxylase 

 

•

 

 IA-2 

 

•

 

insulin autoantibodies 

 

•

 

 insulin-dependent diabetes 

 

•

 

 islet
cell antibodies

 

Introduction

 

Insulin-dependent diabetes mellitus (IDDM),

 

1

 

 one of the most
serious and common metabolic disorders, is a chronic autoim-
mune disease with a subclinical prodromal period character-
ized by selective destruction of the insulin-producing 

 

b

 

 cells in
the pancreatic islets (1–3). The destruction process is mani-
fested by infiltration of the islets by mononuclear cells, and
may proceed over a period of many years (4, 5). This predia-
betic period offers an opportunity to identify those individuals
who are likely to become insulin-dependent later and to start
intervention aimed at delaying or preventing the manifestation
of clinical disease. 

The presence of circulating antibodies to various islet cell
proteins is one of the most thoroughly characterized immune
phenomena associated with IDDM (6). These autoantibodies
are the first detectable markers of an ongoing destructive pro-
cess in the islets, and thus provide a potential tool for identify-
ing individuals at risk for developing the disease in the future.
Humoral autoimmunity against pancreatic islets was first de-
scribed by Bottazzo et al. in 1974, when they reported that an-
tibodies to the islets could be detected in sera of patients with
diabetes and polyendocrine diseases (7). Additional work has
shown that most IDDM patients have these islet cell antibod-
ies (ICA) in their sera at the clinical onset and during the pre-
clinical phase of the disease (8–10). The association of insulin
autoantibodies (IAA) with IDDM was reported in 1983 when
Palmer and colleagues described their presence in 18% of un-
treated newly diagnosed diabetic patients (11). Antibodies to a
64-kD islet cell protein were described in IDDM sera in 1982
(12). This protein was later identified as the enzyme glutamic
acid decarboxylase (GAD; 13), and was shown to be one of the
major antigens for autoantibodies in sera from patients with
IDDM (14–17). Antibodies to the intracellular fragment of a
molecule belonging to the family of protein tyrosine-phos-
phatases (IA-2, ICA512) have recently been shown to be asso-
ciated with IDDM (18–20), and it has been suggested that
these antibodies may together with GADA replace ICA in the
prediction of IDDM (21–23).

Although nearly 90% of new cases of IDDM occur sporad-
ically (24, 25), studies in individuals with a diabetic relative are
indispensable. The higher prevalence of IDDM in first-degree
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relatives allows enough prediabetic subjects to be identified to
establish the predictive value of different disease markers and
to test preventive strategies. Follow-up studies also give valu-
able clues to the complex and fascinating pathogenesis of
IDDM. Siblings of children with IDDM form a special group
of high-risk individuals who are currently being recruited for
follow-up studies and intervention trials. From a practical
point of view, the most urgent moment for evaluating the risk
of future IDDM would be at the time when the first child in
the family presents with the disease. A series of studies has
been published describing the predictive characteristics of
ICA, GAD antibodies (GADA), and IAA (9, 10, 21, 26–33),
and more recently, IA-2 antibodies (IA-2A; 22, 34, 35), for
progression to disease in the relatives of patients with IDDM.
However, the series in most cases are relatively small, not pop-
ulation-based, and comprise both siblings and parents. There-
fore, there is currently no evaluation available of the predic-
tive value of all these markers, specifically in siblings. The time
interval between the diagnosis of the index case and the first
sample obtained from other family members also varied sub-
stantially in previous investigations. In addition, most previous
studies did not measure all the antibodies in the whole cohort,
but only in selected cases, e.g., according to positivity for ICA.
We describe here the frequencies of ICA, IA-2A, GADA,
IAA, and combinations of these antibodies in a well-character-
ized, population-based series of 755 siblings of children with
recent-onset IDDM, and evaluate their utility in the prediction
of IDDM. We also analyze the association among ICA, IA-
2A, and GADA and consider whether detection of the other
markers could replace the histochemical ICA test. 

 

Methods

 

Subjects.

 

The study population comprised the siblings from the
Childhood Diabetes in Finland (DiMe) study (36), a population-
based nationwide survey initiated at the beginning of September
1986, to investigate the role of genetic, immunological, and environ-
mental factors in IDDM development. All newly diagnosed children
with diabetes under 15 yr of age, their siblings under 20 yr of age, and
their parents, were invited to the study. Informed consent was ob-
tained from the subjects and/or their parents. The study design was
approved by the ethical committees of all 31 participating hospitals.
The recruitment of new cases terminated at the end of April 1989, by
which time 801 eligible index cases had been diagnosed with a total of
977 unaffected siblings younger than 20 yr of age. The initial blood
sample from each sibling was obtained at or close to the diagnosis of
the index case. Subsequent blood samples were taken at intervals of
3–6 mo over the first 2 yr, and at intervals of 12 mo thereafter for up
to 4 yr. Serial samples continued to be taken from the siblings having
ICA on at least one occasion at intervals of 12 mo or less. All the sib-
lings were observed up to the end of May 1997 unless IDDM was di-
agnosed before that date. Observation of the siblings progressing to
IDDM ended at diagnosis. The diagnosis was based on clinical symp-
toms and an increased random blood glucose concentration (

 

. 

 

10 mmol/
liter), elevated fasting (

 

. 

 

6.7 mmol/liter), or random blood glucose
(

 

. 

 

10 mmol/liter) on two occasions in the absence of symptoms (37). 
There were 755 siblings (77.3%) for whom at least one blood

sample was available, and these were taken to comprise the study
population. The series with a mean age 9.9 yr (range 0.8–19.7 yr) at the
time of the first sample included 349 boys (46%). The median dura-
tion of follow-up for those who remained unaffected was 9.1 yr (range
7.7–10.7 yr). ICA, IA-2A, GADA, and IAA were determined in the
initial samples from all subjects.

ICA and GADA were also determined in 372, and IA-2A in 374

healthy control children (age range 0–19 yr) without a family history
of diabetes. IAA were analyzed in 105 healthy control children (age
range 0–18 yr).

 

Laboratory evaluation

 

Islet cell antibodies. 

 

ICA were determined by a standard immunoflu-
orescence method using sections of frozen human group O pancreas
(7). All sera with detectable ICA were titrated to end-point dilution,
and the results were expressed in Juvenile Diabetes Foundation
(JDF) U by comparison with an international standard reference se-
rum (38). The detection limit for ICA was 2.5 JDF U. Our laboratory
had a sensitivity of 100%, a specificity of 98%, a validity of 98%, and
a consistency of 98% in the fourth round of the international work-
shops on the standardization of the ICA assay (38).

 

Antibodies to the protein tyrosine–phosphatase–related IA-2 mole-
cule. 

 

IA-2A were analyzed with a radiobinding assay modified from
that described by Bonifacio et al. (20). The recombinant plasmid en-
coding the intracellular fragment of the full-length IA-2 protein, in-
cluding amino acids 605–979, was transformed into 

 

Escherichia coli

 

JM109 cells, and then purified by standard techniques. The IA-2 pro-
tein was produced with in vitro transcription and translation of the
purified plasmid by the TNT

 

®

 

 Coupled Reticulocyte Lysate System
(Promega Corp., Madison, WI) in the presence of [

 

35

 

S]methionine
(Amersham International, Little Chalfont, Bucks, UK) according to
the manufacturer’s instructions. Unincorporated [

 

35

 

S]methionine was
removed by gel chromatography on a NAP-5 column (Pharmacia Fine
Chemicals, Uppsala, Sweden). Serum samples of 2 

 

m

 

l were incubated
at 

 

1

 

4

 

8

 

C overnight in 96 deep-well plates with 10,000 cpm of labeled
IA-2 protein diluted in 50 

 

m

 

l of TBST (50 mmol/liter Tris, 150 mmol/li-
ter NaCl, 0.1 vol/vol Tween-20, pH 7.4). Immunocomplexes were iso-
lated by adding 5 

 

m

 

l Protein-A-Sepharose CL-4B (Pharmacia Fine
Chemicals) diluted in a total volume of 50 

 

m

 

l TBST to each well. After
incubation for 1 h at 

 

1

 

4

 

8

 

C with shaking, the reaction volume was trans-
ferred to a 96-well opaque filtration plate with a 0.45-

 

m

 

m Durapore fil-
ter at the bottom of each well (Millipore Corp., Bedford, MA). The
samples were washed 10 times with 150 

 

m

 

l TBST using a vacuum de-
vice (Millipore Corp.). After a short drying period, 10 

 

m

 

l of scintillation
fluid (Optiphase Supermix; Wallac, Turku, Finland) was added, and
the activity of the samples was measured in a liquid scintillation
counter (1450 Microbeta Trilux, Wallac). All the samples were tested
in duplicate. In addition, each plate contained a dilution series of a pool
of two local positive sera diluted in a pool of two local negative sera. A
standard curve was constructed for each plate using the cpm results of
the dilution series (1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:512, and the
pool of the two negative sera), the dilution being assigned arbitrary val-
ues of 100, 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39, and 0.1 relative units
(RU), respectively. The standard curve was a log

 

10

 

/log

 

10

 

 curve created
separately for each plate. The cutoff limit for positivity (0.43 RU) was
set at the 99th percentile for 374 nondiabetic Finnish children and ado-
lescents. The disease sensitivity of our assay was 62%, and the disease
specificity 97% based on 140 samples included in the Multiple Autoan-
tibody Workshop (Canberra, Australia, December 8–11, 1996).

 

Antibodies to glutamic acid decarboxylase. 

 

GADA were quanti-
fied with a radiobinding assay described by Petersen et al. (39). Se-
rum samples (2 

 

m

 

l) were incubated overnight in 96-well microtitre
plates at 4

 

8

 

C with a total of 30,000 cpm [

 

35

 

S]methionine-labeled in
vitro–transcribed and –translated human recombinant GAD

 

65

 

 pro-
tein in a total volume of 50 

 

m

 

l TBST (50 mmol/liter Tris, 150 mmol/li-
ter NaCl, 0.1 vol/vol Tween-20, pH 7.4). All the samples were ana-
lyzed in quadruplicate with and without an excess of unlabeled GAD

 

65

 

.
Competition analysis was carried out by adding 1 

 

m

 

g purified unla-
beled GAD

 

65

 

 to the incubation mixture. Immunocomplexes were iso-
lated by adding 7.5 mg Protein-A-Sepharose (Pharmacia, Fine Chem-
icals) diluted in a total volume of 100 

 

m

 

l TBST to each well. After
incubation for 2 h at 4

 

8

 

C with shaking, the reaction volume was trans-
ferred to a 96-well filtration plate (Multiscreen; Millipore Corp.). The
filtration plates were placed on a vacuum device (Millipore Corp.)
and the immunocomplexes were washed 10 times with 150 

 

m

 

l of cold
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(

 

1

 

4

 

8

 

C) TBST. After drying for 2 h on a tissue paper, each filter con-
taining the immunocomplexes was punched into a vial, 2.5 ml scintil-
lation fluid was added (Ultimagold; Packard, Groningen, Nether-
lands), and the radioactivity was measured in a scintillation counter
(Packard Tri-Carb 4530; Packard, Downers Grove, IL). 

The results are expressed in RU representing the specific binding
as a percentage of that obtained with a positive standard serum: rela-
tive GAD U 

 

5 

 

100

 

 3 

 

[cpm (unknown sample) 

 

2 

 

cpm (unknown
sample incubated with an excess of unlabeled GAD)/cpm (positive
standard serum) 

 

2 

 

cpm (positive standard serum incubated with an
excess of unlabeled GAD)]. The cutoff limit for GADA positivity
was defined as 6.5 RU representing the 99th percentile in a series of
372 healthy control children. All samples exceeding 2.9 RU (mean 

 

1

 

1 SD in 372 control children) were retested in order to confirm
GADA positivity or negativity. The disease sensitivity of the present
assay was 80%, and the disease specificity was 94% based on the 101
samples included in the second international GAD antibody work-
shop (40).

 

Insulin autoantibodies. 

 

IAA were analyzed with a competitive
radiobinding assay modified from that described by Palmer et al.
(11). Endogenous insulin was removed with acid charcoal before the
assay, and free and bound insulin was separated after incubation with
mono-

 

125

 

I(Tyr A 14)-labeled human insulin (Novo Research Institute,
Bagsvaerd, Denmark) in the absence or presence of an excess of un-
labeled insulin. IAA levels were expressed in nU/ml, where 1 nU/ml
corresponds to a specific binding of 0.01% of the total counts. The
cutoff limit for IAA positivity was defined as 54 nU/ml, representing
the 99th percentile in a series of 105 nondiabetic children. The disease
sensitivity of the IAA assay was 26%, and the disease specificity 97%
based on 140 samples included in the Multiple Autoantibody Work-
shop.

 

Statistical analyses.

 

Student’s 

 

t

 

-test was used to analyze normally
distributed continuous variables, and Mann-Whitney U-test or Krus-
kall-Wallis analysis was used in the case of skewed distributions.
Spearman’s nonparametric correlation analysis was used to analyze
the relationship among the levels of various antibodies. Differences
in the distribution of individuals among groups were tested with Chi
square statistics unless any expected value was less than five, when
Fisher’s exact test was used (41). The Kaplan-Meier method (42) was
used to construct life tables for the likelihood of developing IDDM.
The follow-up time for each subject was calculated from the date
when the initial blood sample had been obtained to the clinical diag-
nosis, or for 7.7 yr, which was the minimum follow-up time in all
cases. The equality of the survival distributions was tested using the
log-rank test (43). Sensitivity is defined as the percentage of those
who have the disease for whom the test value is positive; specificity is
defined as the proportion of those without the disease correctly iden-
tified by a negative test value; and positive predictive value is defined
as the likelihood that a sibling with a positive test will become dia-
betic. A two-tailed 

 

P

 

 value of 0.05 was considered to indicate statisti-
cal significance. All the statistical analyses were performed using the
SPSS statistical software package (SPSS Inc., Chicago, IL).

 

Results

 

Islet cell antibodies. 

 

60 of the 755 siblings (7.9%) had detect-
able levels of ICA in their initial blood sample with a median
level of 40 JDF U (range 2.5–2,544 JDF U; Table I). 48 siblings
(6.4%) had ICA 10 JDF U or more and 37 (4.9%) had ICA 20
JDF U or more. 6 (1.6%) of the 372 control subjects had ICA
above the detection limit (median level, 6 JDF U, range, 4–34
JDF U). The siblings with ICA were significantly younger than
those without these antibodies (mean age, 8.8 yr vs. 10.0 yr;

 

P 

 

5 

 

0.039, 95% confidence interval [CI] for the difference
0.06–2.4 yr). When divided into 2 age groups, ICA were
slightly more frequent in siblings under 10 yr of age than in

those over this age (39/401 [9.7%] vs. 21/354 [5.9%]; 

 

x

 

2

 

 5 

 

3.7,

 

P 

 

5 

 

0.054). There was no significant difference in the levels of
ICA between these two age groups of antibody-positive sib-
lings. The frequency or levels of ICA did not differ signifi-
cantly between boys and girls, but the boys with ICA were sig-
nificantly younger than the girls with ICA (mean age 7.6 vs. 9.8
yr;

 

 P 

 

5 

 

0.029, CI for difference 0.24–4.25 yr).
The difference in the proportion of siblings with detectable

ICA between those who progressed to IDDM (26/32 [81.3%])
and those who remained unaffected (34/723 [4.7%]) was highly
significant (

 

P

 

 , 

 

0.00001). The sensitivity decreased from 81.3
to 3.1% with higher cutoff levels for ICA positivity (Table II).

 

Table I. ICA, IA-2A, GADA, IAA, and Multiple Antibodies in 
the Initial Blood Sample from 755 Siblings of Children
with IDDM

 

Number of siblings
positive for antibodies

(total 

 

n

 

 

 

5

 

 755)
Median level
of antibodies Range

 

ICA 

 

$ 

 

2.5 JDF U 60 (7.9%) 40 JDF U 2.5–2544 JDF U
ICA 

 

$ 

 

10 JDF U 48 (6.4%) 40 JDF U 10–2544 JDF U
ICA 

 

$ 

 

20 JDF U 37 (4.9%) 80 JDF U 20–2544 JDF U
IA-2A 

 

.

 

 0.43 RU 40 (5.3%) 22.5 RU 0.49–277.1 RU
GADA 

 

.

 

 6.5 RU 53 (7.0%) 58.1 RU 6.8–211.1 RU
IAA 

 

.

 

 54 nU/ml 28 (3.7%) 79 nU/ml 55–1238 nU/ml
Multiple

antibodies 47 (6.2%)

 

Table II. Antibody Positivity and IDDM Development over 
7.7 yr: Positive Predictive Value, Sensitivity, and Specificity of 
ICA and IA-2A Using Different Cutoff Limits for Positivity

 

Cutoff limit
for positivity Positive predictive value Sensitivity Specificity

 

% % %

 

ICA (JDF U)
2.5 43 81 95.3

10 52 78 96.8
20 62 72 98.1
40 58 56 98.2
80 70 50 99.0

160 75 38 99.4
320 86 19 99.9
640 67 6.3 99.9

1280 100 3.1 100.0
IA-2A (RU)

0.43 55 69 97.5
0.70 60 66 98.1
1 63 63 98.3
2 69 63 98.8
5 71 63 98.9

10 79 59 99.3
20 75 47 99.3
50 73 34 99.4
70 80 25 99.7
90 86 19 99.9

110 86 19 99.9
120 100 13 100.0



 

330

 

Kulmala et al.

 

Life-table analysis showed the siblings with detectable levels of
ICA in their initial blood sample to have an estimated risk of
43.3% (CI 30.6–56.8%) of developing IDDM over 7.7 yr com-
pared with a 0.9% (CI 0.3–1.9%) risk in those without ICA
(log-rank

 

 P 

 

, 

 

0.0001; Fig. 1 

 

A

 

). The positive predictive value
and specificity increased when the cutoff level for ICA positiv-
ity was raised (Table II). The ICA-positive individuals who
contracted the disease had significantly higher levels of ICA
than those who remained unaffected (median level 80 JDF U
in the progressors vs. 10 JDF U in the nonprogressors;

 

 P 

 

5

 

0.0001; Fig. 2 

 

A

 

). There was no significant age or sex difference
between the ICA-positive progressors and nonprogressors.

 

Antibodies to IA-2.

 

40 siblings (5.3%) tested positive for
IA-2A in their initial blood sample (median level 22.5 RU,
range 0.49–277.1 RU; Table I). These did not differ signifi-
cantly in mean age from those testing negative, and no differ-
ence in frequency or levels of IA-2A was observed between
those over and under 10 yr of age, or between the boys and
girls.

As with ICA, the proportion of siblings with IA-2A was
significantly higher among the progressors than among the
nonprogressors (68.8% [22/32] vs. 2.5% [18/723];

 

 P 

 

, 

 

0.00001).
Sensitivity decreased and specificity increased when the cutoff
level for IA-2A positivity was raised (Table II). Life-table
analysis revealed an estimated risk of 55.0% (CI 38.5–70.7%)
for the development of IDDM over 7.7 yr in siblings with IA-
2A, compared with a risk of 1.4% (CI 0.7–2.6%) for those neg-
ative for IA-2A in their initial sample (Log rank

 

 P 

 

, 

 

0.00001;
Fig. 1 

 

B

 

). The positive predictive value increased when the cut-
off level for IA-2A positivity was increased (Table II). The IA-
2A–positive progressors had significantly higher levels of IA-
2A (median level, 50.9 RU vs. 1.9 RU;

 

 P 

 

5 

 

0.0016, Fig. 2 

 

B

 

),
and they were significantly younger (mean age, 8.6 vs. 11.4 yr;

 

P 

 

5 

 

0.020, CI for difference 0.46–5.05) than the antibody-posi-
tive nonprogressors. There was no significant sex difference
between the IA-2A–positive progressors and nonprogressors.

 

Antibodies to GAD. 

 

53 siblings (7.0%) had detectable
GADA in their initial blood sample, with a median level of
58.1 RU (range 6.8–211.1 RU; Table I). Individuals with and
without GADA did not differ significantly in the mean age.
Similarly, those over 10 yr of age did not have GADA any
more frequently nor at higher levels than those under 10 yr of
age. No difference was found between the boys and girls in the
frequency or levels of these antibodies.

The proportion of siblings with GADA was significantly
higher among the progressors than among the nonprogressors
(68.8% [22/32] vs. 4.3% [31/723];

 

 P 

 

, 

 

0.00001). The sensitivity
decreased and specificity increased when the cutoff level for
GADA positivity was increased (Table III). As with ICA and
IA-2A, life-table analysis revealed a significantly higher risk
for IDDM development over 7.7 yr in siblings with GADA in
their initial blood sample than in those testing negative for
GADA (41.5% [CI 28.1–55.9%] vs. 1.4% [CI 0.7–2.6%]; log-
rank

 

 P 

 

, 

 

0.0001; Fig. 1 

 

C

 

). Unlike ICA and IA-2A, the posi-
tive predictive value did not increase when the cutoff level for

 

Figure 1.

 

Probability of remaining nondiabetic in 755 siblings initially 
positive or negative for various antibodies. (

 

A

 

) ICA; (

 

B

 

) IA-2A; (

 

C

 

) 
GADA; (

 

D

 

) IAA.

 

 Solid line, 

 

antibody-negative siblings; 

 

broken line,

 

 
antibody-positive siblings.
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and specificity increased when higher cutoff levels for IAA
positivity were used (Table III). Life-table analysis revealed an
estimated risk of 28.6% (CI 13.2–48.7%) for IDDM develop-
ment over 7.7 yr in the siblings with IAA in their initial blood
sample, compared with a risk of 3.3% (CI 2.1–4.9%) among
those without IAA (Log rank

 

 P 

 

, 

 

0.0001; Fig. 1 

 

D

 

). The posi-
tive predictive value increased when the cutoff level for IAA
positivity was raised (Table III). IAA levels were significantly
higher in those with the antibodies who developed IDDM than
in those who remained unaffected (median level 148 nU/ml vs.
71 nU/ml;

 

 P 

 

5 

 

0.007, Fig. 2 

 

D

 

), and the progressors were sig-
nificantly younger (mean age 5.0 vs. 11.4 yr in nonprogressors;

 

P 

 

, 

 

0.001, CI for difference 3.8–8.9 yr). There was no signifi-
cant sex difference between the IAA-positive progressors and
nonprogressors.

 

Multiple antibodies. 

 

Multiple antibodies, i.e., at least two
antibodies, were found in the initial blood sample of 47 siblings
(6.2%; Table I). Five of these (10.6%) tested positive for all
four antibodies, 30 (63.8%) for three antibodies, and 12
(25.5%) for two antibodies (Table IV). 47 siblings had only
one antibody, and 661 did not have any detectable antibodies

Figure 2. Antibody levels in antibody-positive progressors and nonprogressors. (A) ICA in JDF units; (B) IA-2A in relative units; (C) GADA in 
relative units; (D) IAA in nU/ml. Dashed line, cutoff limit for positivity; dotted line, median level of antibodies.

GADA positivity was raised (Table III). The levels of GADA
did not differ significantly between the antibody-positive sib-
lings who contracted IDDM and those who remained unaf-
fected (median level, 39.8 RU in the progressors vs. 79.0 RU in
the nonprogressors; P 5 0.248) (Fig. 2 C). There were no sig-
nificant age or sex differences between the GADA-positive
progressors and nonprogressors.

Insulin autoantibodies. IAA were detected in 28 siblings
(3.7%), with a median level of 79 nU/ml (range, 55–1,238 nU/ml;
Table I). Those testing positive for IAA did not differ signifi-
cantly in mean age from those testing negative. There was no
difference in the proportions of siblings positive for IAA be-
tween those under 10 yr of age and those over 10 yr, although
the median level of IAA was significantly higher in the
younger age group (109 nU/ml vs. 62 nU/ml; P 5 0.0034). Nei-
ther the frequency of IAA nor their levels differed signifi-
cantly between the boys and girls.

As with the other antibody specificities, the proportion of
siblings testing positive for IAA was significantly higher among
the progressors than among the nonprogressors (25.0 [8/32] vs.
2.8% [20/723]; P 5 0.00001). Also, the sensitivity decreased
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(Table IV). No significant age or sex differences were found
between those with multiple antibodies and those with one or
no antibodies.

The progressors had multiple antibodies more often than
the nonprogressors (81.3% [26/32] vs. 2.9% [21/723]; P ,

0.00001). Life-table analysis showed the estimated risk for pro-
gression to IDDM in siblings with four, three, two, one, or no
antibodies in their initial blood sample to be 40% (CI 5.3–
85.3%), 70% (CI 50.6–85.3%), 25% (CI 5.5–57.2%), 2% (CI
0.05–11.3%) and 0.8% (0.2–1.8%), respectively, over 7.7 yr.
When the siblings with three and four antibodies were com-
bined, their risk for progression to IDDM was 66% (CI 47.8–
80.9%; Fig. 3). Accordingly, when combining all of these
groups, the siblings with multiple antibodies had an estimated
risk of 55% (CI 40.1–69.8%) within 7.7 yr compared with a risk
of only 0.8% (CI 0.3–1.8%) in those with one or no antibodies
(log-rank P , 0.0001). The siblings with multiple antibodies
who progressed to clinical disease were significantly younger
than those who remained unaffected (mean age 7.8 vs. 10.6 yr;
P 5 0.012, CI for difference 0.6–4.9 yr). There were no signifi-
cant sex differences between the progressors and the nonpro-
gressors among the siblings with multiple antibodies.

When ICA was excluded from these analyses, 38 siblings
(5.0%) had multiple antibodies, i.e., at least two of the three
antibodies to biochemically defined islet antigens (IA-2A,
GADA, IAA). Six siblings (0.8%) tested positive for all three
antibodies, 32 (4.2%) had two antibodies, 39 (5.2%) had one
antibody, and 678 were negative for all of them. The positive
predictive values for three, two, one, or no antibodies were
33% (CI 4.3–77.7%), 66% (CI 46.8–81.4%), 10% (CI 2.9–
24.2%), and 0.7% (CI 0.2–1.7%), respectively, and that for
multiple antibodies was 61% (CI 43.4–76.0%) compared with
1.3% (CI 0.6–2.4%) for one or no antibodies (log-rank P ,
0.0001). The risk of developing IDDM over 7.7 yr in siblings
with any of these three antibodies in their initial blood sample
(n 5 76) was 35% (CI 24.9–47.3%; sensitivity 84%, specificity
93%). 

IDDM progressors. 32 siblings (4.2%) progressed to clini-
cal IDDM during the follow-up, 15 (46.9%) of whom were
boys. The median follow-up time for the progressors was 3.1
yr (range, 0.01–7.5 yr). The progressors were significantly
younger than the nonprogressors (mean age 7.5 yr vs. 10.0 yr,
P 5 0.002, CI for difference 0.9–4.1). When divided into two
age groups, the proportion becoming diabetic was significantly

Table III. Antibody Positivity and IDDM Development over 
7.7 yr: Positive Predictive Value, Sensitivity, and Specificity of 
GADA and IAA Using Different Cutoff Limits for Positivity

Cutoff limit
for positivity Positive predictive value Sensitivity Specificity

% % %

GADA (RU)
6.5 42 69 95.7

10 38 56 95.8
20 39 47 96.7
30 35 38 96.9
50 35 31 97.4
70 31 25 97.5
90 31 16 98.5

110 33 3.1 99.7
130 100 3.1 100.0

IAA (nU/ml)
54 29 25 97.2
60 36 25 98.1
80 46 19 99.0

100 55 19 99.3
120 50 13 99.4
140 57 13 99.6
150 67 13 99.7
200 75 9 99.9
300 100 6.3 100.0

Table IV. Combinations of Antibodies in the Initial Sample of 
755 Siblings

Antibody status n

Progression
to IDDM 

n (%)

No antibodies 661 5 (0.8)
One antibody 47 1 (2.1)

ICA 17 0
IA-2A 5 0
GADA 12 1 (8.3)
IAA 13 0

Two antibodies 12 3 (25.0)
ICA and IA-2A 2 1 (50.0)
ICA and GADA 6 1 (16.7)
ICA and IAA 1 1 (100.0)
IA-2A and GADA 1 0
GADA and IAA 2 0

Three antibodies 30 21 (70.0)
ICA, IA-2A and GADA 23 16 (69.6)
ICA, IA-2A and IAA 3 3 (100.0)
ICA, GADA and IAA 3 2 (66.7)
IA-2A, GADA and IAA 1 0

Four antibodies 5 2 (40.0)
Figure 3. Probability of remaining nondiabetic in relation to the 
number of antibodies in the initial sample of 755 siblings; comparison 
of siblings with four and three, two, one, or no antibodies.
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higher among the siblings under 10 yr of age than in those over
10 yr of age (5.7% [23/401] vs. 2.5% [9/354]; x2 5 4.7, P 5
0.030).

Two progressors (6.3%) had all four antibodies, 21 (65.6%)
had three antibodies, three (9.4%) had two antibodies, one
(3.1%) had one antibody, and five (15.6%) did not have any of
these antibodies detectable in their initial blood sample. Of
those with three antibodies, 16 had ICA, IA-2A, and GADA,
three had ICA, IA-2A., and IAA, and two had ICA, GADA,
and IAA. Of those with two antibody specificities, one had
ICA and IA-2A, one had ICA and GADA., and one had ICA
and IAA. The sibling with only one antibody had GADA. The
prevalences of the antibodies among the IDDM progressors
are shown in Fig. 4. 

Five of the six progressors who did not have ICA initially
converted to ICA positivity in their prediabetic follow-up sam-
ples. IA-2A were detected in follow-up samples from six of the
ten initially IA-2A–negative progressors, GADA were de-
tected in six of the ten who were initially GADA-negative, and
IAA were detected in 18 of 24 who were initially IAA-nega-
tive. Accordingly, 31 progressors (97%) had ICA, 28 (87.5%)
had IA-2A, 28 (87.5%) had GADA, and 26 (81%) had IAA
on one or more occasions during the follow-up before the di-
agnosis of IDDM. All 32 progressors had one or more of these
antibodies during their prediabetic follow-up.

Association among ICA, IA-2A, and GADA. IA-2A were
detected in 33 (55.0%) of 60 ICA-positive siblings, and
GADA were detected in 37 (61.7%). The levels of ICA were
significantly higher in those with IA-2A than in those testing

negative for IA-2A (median level, 80 JDF U [range, 6–254] vs.
10 JDF U [range 3–32]; P , 0.0001) and higher in those with
GADA than in those without GADA (median level, 80 JDF U
[range 6–2,544] vs. 10 JDF U [range 3–64]; P 5 0.0001). Of
those with ICA 10 JDF U or more, 66.7%, (32/48) had IA-2A,
and 75.0% (36/48) tested positive for GADA, while of those
with ICA 20 JDF U or more, 78.4%, (29/37) had IA-2A, and
83.8% (31/37) had GADA. Combined screening for the pres-
ence of IA-2A and/or GADA identified 70% (42/60) of all the
ICA-positive siblings, 85% (41/48) of those with ICA 10 JDF
U or more, and 95% (35/37) of those with ICA 20 JDF U or
more. The levels of ICA were significantly higher in the sib-
lings with IA-2A and/or GADA than in those without these
antibodies (median level, 80 JDF U [range 6–2544] vs. 5 JDF
U [range 3–16]; P , 0.0001). 

A relatively strong positive correlation was seen between
the levels of IA-2A and ICA (r 5 0.46, P , 0.001), but no cor-
relation was seen between the levels of GADA and ICA (r 5
0.17, P 5 0.150) or the levels of IA-2A and GADA (r 5 20.12,
P 5 0.33).

Life-table analysis showed the 63 siblings with IA-2A and/
or GADA in their initial blood sample to have a 41.3% (CI
29.0–54.4%) estimated risk of developing IDDM over 7.7 yr
compared with 0.9% (CI 0.3–1.9%) for those testing negative
for both antibodies in their initial sample (Log rank P ,
0.00001). The sensitivity of the combined analysis of IA-2A
and GADA was 81.3%, and the specificity was 94.7%. Ac-
cordingly, the predictive characteristics of a combined test for
IA-2A and GADA were similar to those of the ICA assay (Ta-
ble II, Fig. 5).

Discussion

This study allows a nonbiased view on the value of ICA, IA-
2A, GADA, IAA, and combinations of these antibodies for
predicting IDDM in siblings over a period of 7.7 yr subsequent
to the diagnosis of the index case in the family (7.7 yr was the
minimum follow-up time among all siblings). We also evalu-
ated whether combined testing for other antibodies could re-
place the histochemical ICA test. The study population was
unselected and well-defined, comprising 755 siblings under
20 yr of age. All four antibodies were analyzed in all cases,

Figure 4. Prevalences of antibodies among siblings who progressed to 
IDDM (n 5 32). The asterisk (*) indicates those who tested positive 
also for ICA. # indicates two siblings out of whom one tested positive 
and the other negative for ICA.

Figure 5. Probability of remaining nondiabetic in siblings positive for 
ICA and in those positive for IA-2A and/or GADA.
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which has not been done in most previous studies (e.g. 31, 32,
44). Also, the majority of the published reports (9, 10, 29, 45,
46) include all first-degree relatives (siblings, parents and off-
spring), whereas we evaluate the predictive value of these hu-
moral immune markers specifically in siblings, the follow-up
starting at or close to the diagnosis of the index case.

Some variation exists in reported frequencies of ICA, IA-
2A, GADA, and IAA in siblings. In this series, the frequency
of ICA above the detection limit (2.5 JDF U) was 7.9%, and
ICA of 10 JDF U or more were present in 6.4% of the siblings.
This is somewhat higher than the frequencies reported else-
where (9, 10, 28), although the varying detection thresholds for
positivity make it difficult to compare the results directly. The
frequency of IA-2A was 5.3%, and that of GADA 7.0%,
which are comparable with the frequency of ICA. The fre-
quency of IAA (3.7%) corresponds to that reported in Florida
(30). The presence of IA-2A, GADA, and IAA was not de-
pendent on the age of the sibling, but ICA were more fre-
quently found in younger siblings. The levels of ICA, IA-2A,
and GADA were not related to age, but those of IAA were
significantly higher in younger siblings. 

All four antibodies are shown here to be useful markers for
the prediction of IDDM in siblings initially tested at, or close
to the diagnosis of the first affected child in the family. ICA
were the most sensitive single marker, since 81% of those who
contracted the disease had ICA in their initial blood sample.
The sensitivity of IA-2A was equal to that of GADA (69%),
while that of IAA was the lowest (25%). IA-2A had the high-
est positive predictive value (55%) for the development of
IDDM over 7.7 yr, the values for ICA, GADA, and IAA be-
ing 43, 42, and 29%, respectively.

The performance characteristics of the autoantibody assays
have a critical impact on their predictive value, and therefore
continuous quality control of the assays is essential. According
to the present results, IAA had the lowest disease sensitivity
and positive predictive value for IDDM among the autoanti-
bodies tested. This could partly be a consequence of a lower
disease sensitivity of our IAA assay than that of the most sen-
sitive IAA assays using 600 ml of serum. Based on the results
from the recent Multiple Autoantibody Workshop, the aver-
age disease sensitivity of the large-volume IAA assays was
39% (range 24–49%), while that of the present assay is 26%
(C. Verge and D. Stenger, personal communication). Hence,
an IAA assay with optimal sensitivity would probably result in
somewhat better predictive characteristics than those observed
for IAA in this survey. 

The use of different thresholds for antibody positivity has
been shown to alter the positive predictive value and sensitiv-
ity of ICA (9). As expected, those progressing to IDDM in our
series had higher levels of ICA than those remaining unaf-
fected, so that the positive predictive value of ICA increased
as the cutoff limit for antibody positivity was raised. Use of
$ 10 JDF U as a cutoff limit gave a positive predictive value of
52%, but this resulted in a decrease in sensitivity since one pre-
diabetic sibling with an ICA level of 6 JDF U in his initial
blood sample was missed. Even higher cutoff limits increased
the positive predictive value still further, but the sensitivity
also decreased substantially. Similarly, the positive predictive
values of IA-2A and IAA increased when higher cutoff limits
were used, but the sensitivities decreased. Unlike the other au-
toantibodies, the levels of GADA did not differ significantly
between the progressors and the nonprogressors, and thus, the

positive predictive value did not increase when the threshold
for positivity was raised, but the sensitivity decreased mark-
edly. 

The presence of several antibodies has recently been
shown to result in higher predictive values for IDDM than
does single antibody positivity (21, 34, 44, 47). However, the
populations evaluated in those studies were relatively small
and selected (21, 44, 47), or the follow-up of the unselected rel-
atives was short (34). Thus, these findings have not been con-
firmed in any large population of unselected subjects with an
adequate length of follow-up. We found z 6% of the siblings
to have multiple antibodies (i.e., at least two out of four exam-
ined here) in their initial blood sample, and they had a 55% es-
timated risk to contract IDDM within 7.7 yr (sensitivity 81%,
specificity 97.0%) compared with a risk of only 0.8% in those
with one or no antibodies. Excluding ICA from these analyses,
5% of the siblings carried multiple antibodies, i.e., at least two
out of three antibodies to biochemically defined antigens.
Their risk for progression to IDDM was 61%, which is higher
than the positive predictive value for any single antibody. The
exclusion of ICA also reduced the sensitivity of multiple anti-
bodies to 72%, however, because three progressors who tested
positive for both ICA and one of the antibodies to biochemi-
cally defined antigens (one for IA-2A, one for GADA, and
one for IAA) were now classified as positive for a single anti-
body specificity. 

Verge et al. (34) reported that the risk for IDDM increases
as the number of autoantibodies increases, and that relatives
with three autoantibodies (IA-2A, GADA, and IAA) had a
100% estimated risk of contracting IDDM within 5 yr. Inter-
estingly, only two of our six siblings with antibodies to all three
biochemically characterized antigens have presented with
IDDM to date (the time period between initial testing and
clinical disease was 0.2 and 2.9 yr, whereas the follow-up for
the unaffected cases ranged from 8.9 to 10.5 yr). Thus, the pos-
itive predictive value was highest for double-positive siblings,
although the wide confidence intervals because of the small
number of siblings with three antibodies have to be noticed.
Similarly, although the positive predictive value for the pres-
ence of all four antibodies after including ICA was lower than
that for three antibodies, one has to take into account that the
number of siblings in the former group was small, resulting in
wide confidence intervals. After combining the siblings with
three and four antibodies there was still some overlap in the
confidence intervals between this group and siblings with two
antibodies (Fig. 3). On the other hand, the presence of only
one of these four antibodies did not rule out progression to
IDDM, since four progressors had initially only one antibody
(two had GADA, one IA-2A, and one IAA). Of those three
nonprogressors who initially tested positive for all four anti-
bodies analyzed, two have remained positive for all of them,
while one has turned negative for IA-2A, GADA, and IAA,
but remained positive for ICA.

32 siblings progressed to IDDM during the follow-up, 27
(84%) of whom were identified on the basis of antibodies in
their initial blood sample. Most of these were positive for more
than one antibody. Five progressors did not have any of these
four antibodies in their initial sample. However, it is worth-
while to observe that antibodies (one or more) emerged later
during the follow-up in all of these cases. Thus, all 32 siblings
who progressed to IDDM could be identified on the basis of
antibodies before the manifestation of clinical disease. 
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We found here that combined screening of IA-2A and
GADA identified 70% of all ICA-positive siblings, 85% of
those with ICA of 10 JDF U or more, and as many as 95% of
those with ICA of 20 JDF U or more. Besides this, all but one
of the 26 IDDM progressors with ICA were also positive for
IA-2A and/or GADA, the one exception testing positive for
IAA. Thus, none of the initially antibody-positive progressors
would have been missed if ICA had not been analyzed. The
positive predictive value for the presence of IA-2A and/or
GADA was 41%, with a sensitivity of 81% and a specificity of
95%. These data, together with the additional observation that
ICA in the absence of other islet antibody specificities did not
predict future IDDM, supports the view that combined screen-
ing for IA-2A and GADA can replace the histochemical ICA
test. Such a screening procedure provides predictive character-
istics comparable to those of a well-standardized ICA assay in
terms of sensitivity, specificity, and positive predictive value,
although neither alternative is capable of identifying all future
cases with IDDM. From a practical point of view detection of
IA-2A and GADA offers a feasible and effective strategy due
to the high throughput capacity and the small sample volume
requirements of these two assays. The positive predictive value
of such a screening program could be enhanced further by test-
ing individuals positive for IA-2A and/or GADA for ICA.
This fact is illustrated by the observation in the present series
that a second-step screening for ICA in those 63 siblings test-
ing positive for IA-2A and/or GADA would have increased
the positive predictive value from 41 to 60%.

In conclusion, all four islet antibody specificities are useful
predictive markers for IDDM development in siblings initially
tested at or close to the diagnosis of the first affected child in
the family, ICA having the highest sensitivity, and IA-2A hav-
ing the highest positive predictive value. The higher the levels
of ICA, IA-2A, or IAA, the higher was the risk for IDDM. In
contrast, although the risk for IDDM was strongly associated
with the presence of GADA, it was not related to the levels of
these antibodies. Combined analysis of autoantibodies seems
to provide a useful approach to screening for subjects at risk of
developing IDDM, since most of the prediabetic siblings were
identified on the basis of antibodies initially present in their
sera, and all of them developed at least one antibody specific-
ity later during the follow-up. The presence of multiple anti-
bodies in the sera of siblings at or close to the diagnosis of the
first affected child in the family is highly predictive of future
IDDM development. Accurate assessment of the risk for IDDM
in siblings is a complicated matter, however, as not all of those
with even four antibody specificities contract the disease after
a follow-up of more than 8 yr, whereas some of those with one
or no antibodies initially will progress to IDDM.
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