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ARTICLE HIGHLIGHTS

e The Type 1 Diabetes Intelligence (T1DIl) multinational collaborative harmonized data from 16,709 children recruited
at or before age 2.5 years and followed prospectively for up to 15 years for the development of stage 3 (clinical)
type 1 diabetes.

» Ontological analysis of varying definitions of multiple islet autoantibody positivity shows that the 15-year risk of
progression to stage 3 type 1 diabetes varies from 18 to 88% based on the stringency of the definition.

¢ These results have important implications for refining diagnostic criteria for stage 1 type 1 diabetes and emphasize
the need for confirmation of antibody positivity.

¢ Short-term follow-up over 2 years further refines risk.
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OBJECTIVE

To estimate the risk of progression to stage 3 type 1 diabetes based on varying
definitions of multiple islet autoantibody positivity (mlA).

RESEARCH DESIGN AND METHODS

Type 1 Diabetes Intelligence (T1DI) is a combined prospective data set of children
from Finland, Germany, Sweden, and the U.S. who have an increased genetic risk for
type 1 diabetes. Analysis included 16,709 infants-toddlers enrolled by age 2.5 years
and comparison between groups using Kaplan-Meier survival analysis.

RESULTS

Of 865 (5%) children with mlA, 537 (62%) progressed to type 1 diabetes. The 15-year
cumulative incidence of diabetes varied from the most stringent definition (mIA/
Persistent/2: two or more islet autoantibodies positive at the same visit with two
or more antibodies persistent at next visit; 88% [95% Cl 85-92%]) to the least strin-
gent (mIA/Any: positivity for two islet autoantibodies without co-occurring positiv-
ity or persistence; 18% [5-40%)]). Progression in mIA/Persistent/2 was significantly
higher than all other groups (P < 0.0001). Intermediate stringency definitions showed
intermediate risk and were significantly different than mIA/Any (P < 0.05); however,
differences waned over the 2-year follow-up among those who did not subsequently
reach higher stringency. Among mlA/Persistent/2 individuals with three autoantibod-
ies, loss of one autoantibody by the 2-year follow-up was associated with accelerated
progression. Age was significantly associated with time from seroconversion to mIA/
Persistent/2 status and mlA to stage 3 type 1 diabetes.

CONCLUSIONS

The 15-year risk of progression to type 1 diabetes risk varies markedly from 18 to
88% based on the stringency of miIA definition. While initial categorization identi-
fies highest-risk individuals, short-term follow-up over 2 years may help stratify
evolving risk, especially for those with less stringent definitions of mlA.

Type 1 diabetes results from chronic autoimmune destruction of pancreatic [3-cells.
Onset of clinical symptoms is typically preceded by a period of islet autoimmunity,
characterized by development of one or more autoantibodies against islet autoanti-
gens (insulin autoantibody [IAA], GAD autoantibody [GADA], insulinoma antigen-2
autoantibody [IA-2A], and zinc transporter type 8 autoantibody [ZnT8A]) (1). Islet
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autoantibody positivity is known to pre-
dict risk for type 1 diabetes (2). Previous
prospective studies showed that multiple
islet autoantibody positivity (mIA) strongly
predicts progression to symptomatic
type 1 diabetes (3-5), forming the basis
of the staging of presymptomatic type 1
diabetes (6) guidelines adopted by the
American Diabetes Association (ADA) and
the International Society for Pediatric and
Adolescent Diabetes (ISPAD) (7,8). Proper
staging is important for accurate commu-
nication of risk to patients and families
and for identification of individuals who
may benefit from potential interventions,
such as the recently approved teplizumab,
as well as other promising candidates in
the pipeline for clinical use (9,10). Further,
studies exploring universal screening for
islet autoantibodies present the potential
for more routine identification of individu-
als at early-stage type 1 diabetes (11,12).
Although current staging definitions use
a binary definition of autoantibody positiv-
ity (i.e., presence or absence), titers of islet
autoantibodies can fluctuate, and individu-
als can occasionally revert to autoantibody
negative (13—18). These fluctuations im-
pact the magnitude of the predicted risk
(15-17,19) and may stratify risk groups
further. Differences in sampling frequency
may also impact determination of mlA.
Previous studies have typically defined
mlA status as occurring in individuals who
first meet the definition of seroconver-
sion: at least one islet autoantibody posi-
tive on at least two consecutive visits.
Multiple islet autoantibody status is typi-
cally defined as the visit at or following
seroconversion with two or more positive
islet autoantibodies that persist at the
following visit. It is unclear whether the
most stringent definitions of mIA are re-
quired to identify children at the highest
risk (stage 1 type 1 diabetes), or whether
more permissive definitions are adequate
to define this high-risk group. As islet
autoantibody testing moves from prospec-
tive studies to general population screen-
ing (11,12), a better understanding of the
predictive characteristics of various defini-
tions of mIA status will have significant
clinical utility in the diagnosis of stage 1
type 1 diabetes. Less stringent definitions
of islet autoantibody status may be suffi-
cient to predict high-risk or intermediate-
risk individuals. We hypothesized that both
persistence and co-occurrence of more
than one type of islet autoantibody would
predict risk of stage 3 type 1 diabetes. We

explore the impact of several definitions
of mlA, incorporating co-occurrence and
persistence over short-term follow-up (up
to 2 years) in our large Type 1 Diabetes In-
telligence (T1DI) study cohort (20) in order
to inform further stratification of risk in in-
dividuals with mIA status.

RESEARCH DESIGN AND METHODS

Study Population
The T1DI cohort encompasses data aggre-
gated from 24,662 children in five prospec-
tive cohort studies from Finland (Diabetes
Prediction and Prevention [DIPP]) (21),
Germany (BABYDIAB and BABYDIET) (22),
Sweden (Diabetes Prediction in Skane
[DiPiS]) (23), and the U.S. (Diabetes Auto-
immunity Study in the Young [DAISY] [24]
and Diabetes Evaluation in Washington
[DEW-IT] [25]). The cohorts, various islet
autoantibody assays used by each com-
ponent study, and data harmonization
are described briefly in the Supplementary
Material and in detail elsewhere (20). For
these analyses, we used a homogeneous
infant-toddler subcohort (20) of 16,709
participants who were first tested for is-
let autoantibodies to insulin (IAA), GAD
(GADA), and IA-2A at or before 2.5 years
of age. These participants had a median
of 12 visits and 10.4 years of follow-up,
although the follow-up interval for assess-
ment of islet autoantibodies varied among
individual studies (range 3-36 months).
Participants were followed for up to
15 years or until a diagnosis of stage 3
type 1 diabetes, whichever came first.
All individual study protocols were
approved by local institutional review
boards. The T1DI study cohort aggrega-
tion was performed in accordance with
the Health Insurance Portability and Ac-
countability Act and the General Data
Protection Regulation regulations. IBM
Research performed the analyses pre-
sented here with JDRF and its academic
partners in the T1DI Study group.

Evaluating Type 1 Diabetes Using
Ontology of Islet Autoantibody
Positivity

Stage 3 type 1 diabetes diagnosis is the
primary end point in this study, defined
according to ADA criteria (8). Islet auto-
antibody positivity is defined as the pres-
ence of one or more autoantibodies in a
participant’s serum. We conceived an
ontology for mlA as described in Fig. 1A.
Participant visits in the T1DI data set
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were labeled according to the definitions
they satisfied at that visit. Of note, a partici-
pant can satisfy more than one definition
of islet autoantibody positivity, especially
when considering variable duration of
follow-up. Therefore, we define a con-
cept of “stringency” for our analyses.
We sought to capture the dynamic pro-
cess of autoimmunity development be-
yond antibody type or number by a given
time point (i.e., up to that follow-up du-
ration). For example, if we consider the
entire follow-up duration for participant 6
(Fig. 1A) then they achieved highest strin-
gency of mlA/Persistent/2 by age 5 but
had achieved mlIA/Persistent/1 by age 2.
The categories of stringency in increasing
order are as follows:

1. Single islet autoantibody positivity (slA)/
Persistent: single positive islet autoan-
tibody with persistence at two con-
secutive visits (Participants 1, 4-6).

2. mlA/Any: two or more autoantibodies
tested positive cumulatively without
any requirement for persistence or
co-occurrent positivity. This is the base-
line, least stringent mIA status (Partici-
pants 2-6).

3. mlA/SameVisit: multiple positive auto-
antibodies at the same visit, without
requirement of persistence (Partici-
pants 3-6).

4. mlA/Persistent/1: multiple positive auto-
antibodies, and at least one was pos-
itive at two consecutive visits (Partici-
pants 4-6).

5. mlA/Persistent/2: multiple positive auto-
antibodies, and at least two tested posi-
tive at two consecutive visits (Partici-
pant 6).

We also hypothesized that persistence
(or loss) of antibodies within a clinically
relevant time period (e.g., 2 years) in
mlA/Persistent/2-positive participants
may affect progression to stage 3 type 1
diabetes, based on a recent report (15).
To evaluate this, we define an initial
time point (tg) at which mlA/Persis-
tent/2 status was reached and status
at (t;) 2 £ 0.5 years later as follows
(Supplementary Table 1):

a. M-Sustained: the mlA/Persistent/2
participant either retained the same
number or gained an additional anti-
body at t;.

b. M3-M2: the mIA/Persistent/2 partici-
pant at ty lost one antibody but
remained multiple autoantibody positive
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Figure 1—Ontologic analysis of islet autoantibody patterns. A: Diagram shows the ontology of islet autoantibody patterns as determined by persis-
tence and number of co-occurring autoantibodies. Examples of serial autoantibody measurements with outcome for each islet autoantibody: +for
positive, —for negative. Each visit is labeled with age in years, depicted as annual visit for illustration purposes. Definition chart is in order of in-
creasing stringency. For each example participant, a checkmark indicates whether a definition was met and the age at which criteria were met.
B: Cumulative incidence of type 1 diabetes by highest stringency of mIA definition. P < 0.005 by multivariate log-rank test for B. Shaded areas
show the 95% Cl. Pairwise comparisons are in Supplementary Table 2.

at t, (i.e., from three to two anti-
bodies).

c. M-Single: the mlIA/Persistent/2 partici-
pant at t, lost one or more antibodies
and was single antibody positive at t;.

Individuals who lost all antibodies or
had no available data at t; were excluded
from analysis.

Multiple Autoantibodies Stringency
Analyses

We analyzed mlA stringency at two ana-
lytic time points: 1) the “immediate next

visit” and 2) the 2 + 0.5-year follow-up.
Median intervals were 0.27 years (in-
terquartile range [IQR] 0.23-0.48) and
2.0 years (IQR 1.9-2.1), respectively. For
both analyses, we stratified the cohort by
the highest stringency of mlIA achieved by
the analytic time point (per ontology de-
fined above). The rationale to consider
the immediate next visit was that partici-
pants often develop antibody persistence
subsequently, but some do not (Fig. 1A,
participant 4 vs. 2); therefore, confirma-
tion of mIA status needs at least one

additional assessment. Thus, the next
immediate visit qualifies stringency of mIA
status in the surrounding period. The lon-
ger 2-year assessment qualifies strin-
gency (or any change) during follow-up.

Multiple Autoantibodies Persistence
(or Loss) Analyses

Persistence (or loss) of antibodies during
2-year follow-up was analyzed in mIA/Per-
sistent/2 children, per definitions above
(M-Sustained, M3-M2, M-Single). The ra-
tionale was that most children achieving
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this category continue to show some
amount of persistence in the subsequent
visits.

Age Analyses

We analyzed effect of age by quartiles at
the immediate next visit on two intervals
of progression: 1) from slA/Persistent to
mlA/Persistent/2 and 2) mlA/Persistent/2
to stage 3 type 1 diabetes.

Statistical Analyses

Kaplan-Meier survival analyses generated
cumulative incidence (risk) estimates strat-
ified by mIA stringency or age quartiles
at the two analytic time points: immedi-
ate next visit and 2-year follow-up. Par-
ticipants were categorized exclusively
to the most stringent level at the ana-
lytic time point considered.

For all analyses of progression to stage 3
type 1 diabetes, event time is defined as
time at the diagnosis of clinical diabetes
or the last visit for those who did not
progress. For all analyses, the first visit of
achieving mlA status (or the first visit of
stringent definition of interest) is used as
the start (index) time for survival analy-
ses, while the strata (for age, stringency,
or persistence or loss) are defined based
on the analytic time point.

Kaplan-Meier curves were plotted with
95% Cls and the multivariate log-rank test
was used to confirm statistical differences.
Pairwise statistical comparisons were made
where relevant. We calculated the positive
predictive value (PPV) and sensitivity (SENS)
for onset of stage 3 type 1 diabetes in
15 years of follow-up from each analytic
time point t; based on stringency and
persistence (or loss) of mlIA status. Since
not all participants were followed for
the entire 15-year follow-up period, we
used inverse probability of censoring
weighting (26) to handle censored observa-
tions in order to calculate these weighted
metrics. Using Python 3.6 software, all sta-
tistical significance was tested at P < 0.05
using the Bonferroni correction for multiple
comparisons when appropriate (corrected
threshold noted in individual analyses).

RESULTS

Among 16,709 participants, 865 (5%) had
developed more than one islet autoanti-
body at some point during follow-up (i.e.,
were mIA [encompassing all stringency
levels]). Of the mIA participants, 46
(5%) were diagnosed at or before the

next follow-up visit (Supplementary Fig. 1).
Of the remaining 819 participants with
mlA status, 491 participants (57%) were
diagnosed with stage 3 type 1 diabetes at
a median of 4.0 years (IQR 2.0-6.6) follow-
ing mIA status.

When considering the entire group of
individuals with mlA, the number of indi-
viduals per group increased with strin-
gency, with 45 (6%) mlA/Any, 64 (10%)
mlA/SameVisit, 126 (15%) mlA/Persistent/1,
and 584 (71%) achieving the highest
stringency of mlA/Persistent/2 (Table 1
and Supplementary Fig. 1).

Characteristics of Cohort Based on
Multiple Islet Autoantibody Definition
The median age of the cohort at the in-
dex visit when mlIA was first noted was
3.6 years (IQR 2.0-7.2) and age at im-
mediate next visit was 4.0 years (IQR
2.3-7.6). Survival analysis showed that
mlA/Persistent/2 had a significantly
higher progression to stage 3 type 1
diabetes than all other definitions of
mIA status (P < 0.0001) (Fig. 1B and
Supplementary Table 2). There was no
significant difference between mlA/Persis-
tent/1 and mlA/SameVisit (P = 0.15), but
mlA/Persistent/1 was significantly more
likely to progress than mIA/Any (P < 0.01).
The difference between mlIA/SameVisit
and mIA/Any did not meet significance
when corrected for multiple compari-
sons (P = 0.036). The 15-year cumulative
incidence of developing stage 3 type 1 dia-
betes increased with increasing level of
stringency at this visit and varied from 18
to 88% (Table 1). Cumulative incidence at
the 5- and 10-year follow-up showed
the same pattern. The weighted PPV for
developing stage 3 type 1 diabetes within
15 years was highest for mlA/SameVisit,
followed by mlA/Persistent/2, mlIA/Persis-
tent/1, and mlA/Any (87% [69-100%],
85% [80-91%], 72% [57-88%], and
38% [0-84%), respectively) (Table 1).
Weighted sensitivity of the various defini-
tions to identify individuals who would
develop stage 3 type 1 diabetes showed
a similar pattern (mlA/SameVisit: 47%
[41-52%]; mlA/Persistent/2: 46% [45-48%];
mlA/Persistent/1: 42% [37-47%]; and mlA/
Any: 26% [6-46%]). Of note, the cumulative
incidence for slA/Persistent at all three time
points was between the incidence for mlA/
Any and mlA/SameVisit; 15-year PPV and
SENS showed a similar pattern (Table 1).
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Age Effect on Progression

Age at achieving sIA/Persistent status was
significantly related to the rate of progres-
sion to mlA/Persistent/2 status, with the
youngest two quartiles differing from each
other and the other two groups (P <
0.0001), while the oldest two quartiles
were not significantly different from each
other (Fig. 2A and Supplementary Table 3).
Age at the immediate next visit after the
mlIA/Persistent/2 index visit was signifi-
cantly related to the rate of progression to
stage 3 type 1 diabetes, with the youngest
age quartile differing from all others except
quartile 2, which did not reach significance
when adjusted for multiple comparisons
(quartile 1 vs. quartile 2, P = 0.0093) (Fig.
2B and Supplementary Table 4).

Characteristics of Cohort Based on
Index Visit Status and mIA Status

2 Years Later

As antibody status can fluctuate over
time, we examined the impact on pro-
gression of mIA status at the visit 2 years
following the initial mIA index visit. Of
mIA participants, 679 were still in the
cohort 2 years after the index visit. Of
these, 638 had follow-up data avail-
able at this time point (Supplementary
Fig. 2), and 366 (57%) were later diag-
nosed with stage 3 type 1 diabetes in a
median of 5.1 years (IQR 3.3-7.3). Most
participants at the 2-year follow-up dem-
onstrated the highest stringency of mlIA/
Persistent/2 at the index visit (n = 511
[80%]), followed by mlA/Persistent/1
(n = 60 [10%]) (Table 1). As before, the
15-year cumulative incidence of develop-
ing stage 3 type 1 diabetes increased
with increasing stringency from 18 to 85%
(Table 1) by this visit. However, survival
analysis showed that while the highest
stringency of mlA/Persistent/2 was sig-
nificantly different from the other groups
(P < 0.0001), the lesser three mlA strin-
gency patterns no longer differed from
each other (Fig. 3A and Supplementary
Table 5). The weighted PPV and SENS
to developing stage 3 type 1 diabetes in
15 years of follow-up was highest for mIA/
Persistent/2, followed by mIA/Persistent/1
and mlA/SameVisit (Table 1). Of note,
when examining risk of progression for
those who had some level of persistence
at baseline (mIA/Persistent/1 and mIA/
Persistent/2), survival analysis showed a
pronounced separation between those
who had achieved mlA/Persistent/2 by
the 2-year follow-up compared with


https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812

diabetesjournals.org/care Frohnert and Associates 1757

those who remained mlA/Persistent/1

) 2 v © .
?;G x5 5 @ § 5 o ¥ T = ‘é (P < 0.0001) (Supplementary Fig. 3).
nx|ld I L L axlo & & 3|82 Further exploration of a 1- and 5-year
- n ™M [t - ~ wn - o~ o (a2} c o .2 p y
a|Z|=2S |12 | = al€ 2 @ | oS .o . .
g mlel=lals g = @ ||| a5 follow-up interval showed a similar pattern
ZXR[en VN v ¢ < Z X m < S| 20 & . .
u u £ 42 of separation of the mlIA/Persistent/2 group
= s .
< £ 2 from the other categories (P < 0.01 and
. P a -
v _ 0 — T2< P < 0.001, respectively) (Supplementary
sSla ¢ § v | 85| © 8 m|EE? ' .
g: 83 S 9 9 : S S @ 2% 8 Fig. 4A and B). The mlIA/Persistent/1 group
uslz 2 ¢ 5 8 252 4 5 & T 52 showed a significantly higher risk of pro-
2 =4 .2 = B .
§ <3 X 5 R 3 E < T N8 % £ g gression than mIA/Any (P = 0.001) at the
£ 32 1-year follow-up, but not at the 2- or 5-year
" % = 8 follow-up (Fig. 3A and Supplementary Fig.
0 . N .
% S s £ 22 4A and B), indicating this intermediate
%) =l ~ = = ol >~ ~ = = =1 . : : T
R =l B e e .§ B = category differentiates risk stratification
n [SIN | | | — o I - .o ; .
o .E? 2 b 0 2 w3 d? o b9 é 2 é 3 over the short-term, but ultimately, this
= = 0| — - - — (SIS = | = . P
g 85|92 %3 0 3 § £=l2 Y g g §g e differentiation wanes.
=] 1 = CR=
0] D) (5] = <
- — < T > &
2 3 i = Age Effect and Increasing mIA
' . 23 g Stringency at 2 Years
=) . . . . .
I § i 2 Z Survival analysis of varying stringencies
q —_| = = — —_ —~ cC o
"; 50|18 g 3 B8 3 % o5 0S5 2 Rlae < of mIA at 2 years of follow-up showed
o | | | 1 — | | q . .
§ .E:}S 2 b 3w o3 d;},:’ b h g w32 9 that age played an important role in
i d|"8|= g . e . .
8 Sl ® <29 9w Eelle o S olwzd risk stratification when looking at an in-
= >0 o S = = . ..
e 2 2 s w5 clusive definition of mIA (Supplementary
£ c< @ .
g §§ & Fig. 5A). In contrast, when the most
g '§-g % stringent definition was used (mlA/
(%]
:’_’I § s £ : S Persistent/2), only the youngest quar-
—| = — e 2= = £
vl —~ W n o S >0l —~ 73 &© o o S . . .o _
o %3 Sy o e a3 m: o gl g; R tile showed significantly faster pro
5 SRxlgdd 2 2 ¢ E gold v o XY 23 gression than other age-groups (P <
5 Seln © 2 9 23 § Y R R N 0.01) (Supplementary Fig. 5B).
- = ‘S = e
g & 2 28
e = > . .
2 % 23 Characteristics of the Cohort Based
E - - a8 §° on Antibody Persistence or Reversion
—_ — o
(T R 9§ ™ vxElT 9 F S| gL 2 Years Later
- A S = A NN R h 521 participants who had
2 =g Y ST e O e B ere were participants who had a
Q gold|gle|d| e R s s MR R stringency of mlA/Persistent/2 at baseline
£ Lo(m & & o ® Lol ~ o |F 2 2 d had d ilabl iot
£ S| & v < o § S| d o ow| g% 2 and had data available at a visit 2 years
< > S EE later (Supplementary Table 1). Among
3 P them, 368 (71%) remained multiple posi-
> > 5 9© 'S < . . . .
® 2 L |8 s o 9|28 | =@ ®| g 3 o tive (M-Sustained) at follow-up (i.e., either
—_ ™ ol =2 N|o»n g — © c e c
o o= o 0 2 = ORI o o —| o c i i i
Q o> g 2 - T glexS= 2 = D2 ERE with same number of multiple autoanti-
® Pnso v Q F 9P| v F | 5= o8 . . o .
& = Sla - ®lz2°8% bodies or gained additional antibody), 87
0 Y=
£ 62w 2 o o o
= : - o5 &;A,\Lzbecazezlr (S;;g)lelh4§ (8%) became
<) @ — o — — 22 3 g -M2, an %) had no measure-
7= o=l I == == = Cx|l—d 7m 1 = c > . . .
E .80 8 2 22,8882 S 2|rEns ment or lost all autoantibodies by this
A - = — —~ T O . . . .
T ol b &% &t ac|d & LS Son g visit. Figure 3B shows the Kaplan-Meier
T 238(d 4 d d d|@»P s & 5 dfS°E val analvsis of risk f .
L “E8| o o o« o 3 H = 3 » g survival analysis of risk for progression jco
£ 3 S ¥ 6 ™ 1 oo 3 S|l ™ 5 o T stage 3 type 1 diabetes based on persis-
N — o . .
o = g ® 5 tence/reversion category. mlA/Persistent/2
" wv . . . .
g _ |z - 2 : ] individuals who became M-Sustained
. I - P [ . .
-g Ziolel=lalel SEaslelslE) B i did not differ from those who became
9 SE[T = == — SE|IT T T T|leo oy -Si = - indi-
3 S = vg 0 o3 § § S = NI E 3 g - £ M Single (P = 0.30). !-IOYA{ever, M3-M2 indi
5 = = = = viduals progressed significantly faster than
< ] . .
G § % c E both M-Sustained and M-Single groups (P <
Ll —_— .
o o o 2 ooz < 0.01) (Fig. 3B and Supplementary Table 6).
< = = + = = + = s £ . . .
S = 2 25 5 = Z 5 5 23485 The difference in rates of progression to
[} 2 e =R [%) -5 .
| ol v 2 2 > o 2 2| e 235 stage 3 type 1 diabetes peaked at 5-6 years
"' cole z E § © e > E 2 ?|lgs2g e :
) sl <« & & & g2lz 8 & &l Sy o of follow-up from the initial mIA/Persistent/
s £El8 3Tz fEz |
£ £ T = 2 = £ T T T | B . i K .
o £8|£ £ £ % £ E T E|lscEs 2 visit. The PPV of M3-M2, M-Sustained,

and M-Single categories of persistence


https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://doi.org/10.2337/figshare.21984812
https://diabetesjournals.org/care

1758 Defining Stage 1 Type 1 Diabetes

Diabetes Care Volume 46, October 2023

>
W

100 Q1 e 100 Q1 R a——
Q2 9 Q2 : -_————
8% s0f Q3 =~ 8 801 Q3= 4 g, o
[T 4 [ 4 -t o
g % @ g @ Q r"'
E5 60 o e 28 &0 Ny
O @ | L essmmasmmmmmentfffEEESE o o
z e P 20 : s
8O P Ko s ’
o g ~ 40 K
g < 40 g Eo g'J
3E { A ——— 3% oA
204; s at‘; 20 7
3 - A
4 v
0o T s T " 15 0 "5 ‘ L RT:
Time from sIA/Persistent status (years) Time from mlIA/Persistent/2 status (years)
Q1: 265 77 52 8 Q1: 91 27 7 1
Q2: 259 113 62 7 Q2:83 41 15 4
Q3: 262 144 35 6 Q3:87 47 8 0
Q4: 261 90 22 1 Q4:87 32 8 0

Figure 2—Impact of age on progression. A: Cumulative incidence of mIA/Persistent/2 stratified by age quartile (Q) at sIA/Persistent status (n = 1,047). B: Cu-
mulative incidence of stage 3 type 1 diabetes stratified by age quartile at mIA/Persistent/2 status (n = 819). Age quartile intervals for both A and B are as fol-
lows: Q1 (0.0, 2.0), Q2 (2.0, 3.5), Q3 (3.5, 7.1), Q4 (7.1, 18.7); (parentheses indicate participant are older than lower age boundary, bracket indicates age
quartile is inclusive of upper boundary age). P < 0.005 by multivariate log-rank test for both A and B. The shaded areas show the 95% Cl. Pairwise compari-
sons are in Supplementary Tables 3 and 4, respectively.

to developing stage 3 type 1 diabetes in
7 years of follow-up was as follows: 81%
(95% ClI 70-91), 52% (95% Cl: 48-57),
and 52% (95% ClI 43-61), respectively. Of
the 42 individuals in the M3-M2 sub-
group, the majority (60% [n = 25]) had
lost IAA, followed by GADA (33% [n =
14]). Only a few participants (7% [n = 3])
lost IA-2A by the 2-year follow-up.

CONCLUSIONS

The Endocrine Society, ADA, and JDRF de-
fine stage 1 type 1 diabetes based on the

high risk of progression for individuals
with mlA (6). Previous work supporting
this staging by Ziegler et al. (3) included
individuals who were followed prospec-
tively from infancy and met their defini-
tion of “seroconversion” (i.e., at least one
islet autoantibody positive with confirma-
tion at the subsequent visit). This analysis
stratified participants by the maximum
number of islet autoantibodies positive
over the duration of follow-up; those
with two or more islet autoantibodies
were noted to have a high risk of pro-
gression to symptomatic (stage 3) type 1

diabetes. Progression risk in this previous
work was estimated from the time of se-
roconversion, which is often before an
individual becomes mlA.

Population screening identifies individuals
at a moment in time, without knowledge
of prior history of islet autoantibody status.
For clinical utility, it is helpful to define risk
associated with diverse presentations of
multiple autoantibody status and estimate
risk based on the time of meeting the miIA
definition. In this study, we refine risk strati-
fication based on a time closer to an indi-
vidual’s achieving mlA status.
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mlA/Persistent/1: 60 34 12 1 M-Single: 87 53 14

mlA/Persistent/2: 511 296 85 14

Figure 3—Impact of 2 + 0.5 years of follow-up on cumulative incidence of stage 3 type 1 diabetes. A: Individuals who were mlA by any definition at base-
line, stratified at follow-up by highest stringency of mIA definition achieved. B: Individuals who were mlA/Persistent/2 at baseline stratified at 2-year
follow-up by persistence (or loss) of autoantibodies. Shaded areas show the 95% CI. P < 0.005 by multivariate log-rank test for A and B. Pairwise compar-
isons are in Supplementary Table 5 and Supplementary Table 6, respectively.
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Prospective studies have observed that
antibody levels can vary over time and
that individuals can acquire additional
autoantibodies or previously positive
autoantibodies can revert to negative
(18). The current definition of stage 1
does not specify whether persistence or
confirmation of mlIA status is required in
order to identify those at highest risk of
progression to symptomatic disease. In
that regard, our work expands previous
findings (5,15,27,28) by examining a large
prospective cohort with more granularity
for progression risk. We further explore
broader categories of mlA (i.e., both with
and without persistence of one or more
autoantibodies and with or without con-
temporaneous positivity of autoantibod-
ies). We also examine the impact of
persistence of antibodies over relatively
short time windows of follow-up.

As the definition of positive autoanti-
body uses the 98th to 99th percentile for
the control population, by definition, some
positive results are spurious. In one previ-
ous report, 31% of slA results were not
confirmed upon subsequent testing (18).
Thus, the least stringent groups, mlA/Any
and mlA/SameVisit, which do not have
confirmation (persistence) of any autoanti-
body, are most likely to represent a con-
stellation of false-positive results. This
analysis is the first to explore whether an
additional, albeit unconfirmed, autoanti-
body substantially increases the likelihood
of identifying truly at-risk individuals and
whether the co-occurrence of the uncon-
firmed autoantibodies makes a difference
in risk prediction. It is interesting to note
that the 15-year incidence for stage 3
type 1 diabetes for sIA/Persistent is sim-
ilar to that of mIA/SameVisit but higher
than the incidence for mIA/Any. This mIA/
Any group is the smallest group with the
oldest age at definition of mlA status,
suggesting that this category may rep-
resent either false-positive results or a
transient, nonpathogenic process. It is
also interesting to note that at initial
definition, mIA/SameVisit, mIA/Persis-
tent/1, and mlA/Persistent/2 all have
similar weighted sensitivity and PPV for
15-year risk of stage 3 type 1 diabetes
(Table 1). This suggests that while risk at
the time of definition may differ between
stringencies of mIA definition, less strin-
gent definitions are still effective at identi-
fying at-risk individuals.

Our work shows that the most stringent
definition, requiring not only concurrent

presence of two or more autoantibodies
but also persistence of at least two of
those autoantibodies, identifies children at
the highest risk for progression. Definitions
that do not require persistence of multiple
autoantibodies but still include at least
one visit with multiple positive autoanti-
bodies at the same visit (mIA/SameVisit
and mlA/Persistent/1) identify a moderate-
risk group. Finally, individuals whose muilti-
ple antibodies are neither contempora-
neous nor persistent (mlIA/Any) have the
lowest cumulative incidence.

Younger age at seroconversion is asso-
ciated with faster progression to type 1
diabetes (20,17,29). We extend this ob-
servation, demonstrating that younger
age at slA/Persistent status (seroconver-
sion) is associated with a higher likelihood
of reaching mlA/Persistent/2 status. Pro-
gression from mlA/Persistent/2 status to
stage 3 type 1 diabetes is fastest in the
youngest quartile children and similarly
slower in the three oldest quartiles.

We also examine the impact of persis-
tence of antibodies over relatively short
defined time windows of follow-up, par-
ticularly to further define the risk of
those who are in intermediate categories
at baseline. At 1 year of follow-up, those
who are still mIA/SameVisit have moved
to a lower-risk trajectory, while mIA/Per-
sistent/1 has a risk between mlA/Persis-
tent/2 and the other groups. By 2 years
of follow-up, individuals who are still
mlA/Persistent/1 no longer show signifi-
cant differences in progression risk com-
pared with the lowest stringency (mIA/
Any). Thus, progression to a more strin-
gent mlA definition over the short-term
is an important predictor of risk. This
parallels previous observations of initially
slA/Persistent individuals in this cohort,
whose risk stratified substantially over
the same 2-year window, with 15-year
incidences of 12% (95% Cl 10-25), 30%
(95% ClI 20-40), and 82% (95% Cl 80-95)
for those who lost positivity, remained
slA, or became mlA, respectively (20).

Analysis looking at persistence of multiple
islet autoantibodies compared with those
with reversion of one or more antibodies at
2 years shows that individuals who sus-
tained mlIA (no loss of autoantibodies) had
similar progression to those who had lost all
but one autoantibody at the 2-year follow-
up. In contrast, individuals who were posi-
tive with three autoantibodies but had lost
a single antibody (M3-M2) at the 2-year
follow-up had a more rapid progression to
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type 1 diabetes, particularly in the 5 years
following this loss. Previous studies have
noted that loss of GADA in mlA children
may predict faster progression (15,30-32);
however, differences by the autoantibody
lost did not reach significance in this
analysis.

Strengths of this study include the
large T1DI infant cohort from five coun-
tries that followed participants prospec-
tively for a period of at least 15 years.
Additionally, each contributing site par-
ticipated in the Diabetes Autoantibody
Standardization Program (DASP) (33) and
its successor, the Islet Autoantibody
Standardization Program (IASP) (34).
Consistent participation in these proficiency
workshops ensures standardized quality
control procedures and accuracy of the
assays leading to broadly comparable is-
let autoantibody outcomes data across
the participating T1DI sites. A further
strength includes the use of definitions
that do not require extensive longitudi-
nal antibody data. As the momentum for
screening children in the general popula-
tion grows, there will be an increasing
need for predicting meaningful risk in
the absence of information prior to screen-
ing (i.e., in a screening population rather
than a prospective cohort).

Limitations include study factors that
may impact accurate determination of
autoantibody status. As there was variabil-
ity in the time intervals between studies,
transiently positive autoantibodies could
be missed. Furthermore, we used the bi-
nary outcome (positive or negative) of
autoantibody measurement in the T1DI
cohort to be more applicable to commer-
cial laboratories that do not participate in
standardization programs. Autoantibody
titer levels can be an important predictor
of risk, as was explored in this cohort
(19,36,37) and by others (3,35). Addition-
ally, previous reports have explored the im-
portance of individual autoantibodies and
their pattern of appearance and disappear-
ance on risk (3,35,38). In order to specifi-
cally address the criteria for stage 1 type 1
diabetes, for our ontology development
and analyses we simplified observations to
autoantibody number. Finally, not all stud-
ies assayed prospectively for ZnT8 or islet
cytoplasmic antibodies; therefore, these
were not included in the analysis.

In summary, our work indicates that in-
dividuals who meet an intermediate strin-
gency of mlA (mlIA/Persistent/1 or mlIA/
SameVisit) should be considered at
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intermediate risk, between persistent
sIA/Persistent and those with the most
stringent mlA definition. Follow-up over
2 years can differentiate which of these
intermediate-risk individuals will enter
the highest risk category and which will
continue to remain lower risk, indicating
that ongoing measurement of islet auto-
antibodies has clinical utility. Further, loss
of a single autoantibody in those who are
mlA/Persistent/2 and positive for all three
autoantibodies confers a short-term in-
crease in risk of progression. These find-
ings may be helpful in further refining
our definitions and stratification of early-
stage type 1 diabetes. Future work must
be done to confirm these findings in
other prospective cohorts or in individuals
identified through population screening.
Additional information regarding autoanti-
body titer, genetic risk score, and other
predictive factors may be helpful in fur-
ther differentiating risk.
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