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OBJECTIVE —We assessed whether a risk score that incorporates levels of multiple islet
autoantibodies could enhance the prediction of type 1 diabetes (T1D).

RESEARCH DESIGN AND METHODS —TrialNet Natural History Study participants
(n=784) were tested for three autoantibodies (GADA, IA-2A, and mIAA) at their initial screening.
Samples from those positive for at least one autoantibody were subsequently tested for ICA and
ZnT8A. An autoantibody risk score (ABRS) was developed from a proportional hazards model
that combined autoantibody levels from each autoantibody along with their designations of
positivity and negativity.

RESULTS —The ABRS was strongly predictive of T1D (hazard ratio [with 95% CI] 2.72 [2.23~
3.31], P < 0.001). Receiver operating characteristic curve areas (with 95% CI) for the ABRS
revealed good predictability (0.84 [0.78-0.90] at 2 years, 0.81 [0.74-0.89] at 3 years, P < 0.001
for both). The composite of levels from the five autoantibodies was predictive of T1D before and
after an adjustment for the positivity or negativity of autoantibodies (P < 0.001). The findings
were almost identical when ICA was excluded from the risk score model. The combination of the
ABRS and the previously validated Diabetes Prevention Trial-Type 1 Risk Score (DPTRS) pre-
dicted T1D more accurately (0.93 [0.88-0.98] at 2 years, 0.91 [0.83-0.99] at 3 years) than either
the DPTRS or the ABRS alone (P =< 0.01 for all comparisons).

CONCLUSIONS —These findings show the importance of considering autoantibody levels in
assessing the risk of T1D. Moreover, levels of multiple autoantibodies can be incorporated into an
ABRS that accurately predicts T1D.
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everal autoantibodies have now

been shown to be predictive of type

1 diabetes (T1D) (1-8). For the most
part, prediction has been based on the pos-
itivity of those autoantibodies. Although
the dichotomy of positivity and negativity
has provided prediction accuracy, the con-
sideration of autoantibody levels could fur-
ther enhance prediction. Data from some
studies already suggest this (3-7).

In addition to autoantibodies, other
measures have been shown to be pre-
dictive of T1D (9-14). With the growing
number of T1D predictors, it has become
cumbersome and somewhat arbitrary to
use prediction algorithms that rely on var-
ious combinations and cutoffs of those
predictors. Thus, there is a rationale for
developing risk scores based on multivari-
ate models that can more efficiently opti-
mize the accuracy of combined predictors.
The Diabetes Prevention Trial-Type 1 Risk
Score (DPTRS), which includes several
metabolic measures along with age and
BMI, is an example (15,16).

We assessed whether levels from mul-
tiple autoantibodies can be incorporated
into an autoantibody risk score (ABRS)
that accurately predicts T1D in partici-
pants of the TrialNet Natural History
Study (TNNHS). In addition, we assessed
whether the prediction of T1D can be
further enhanced when autoantibody in-
formation is combined with information
from the DPTRS.

RESEARCH DESIGN AND
METHODS —The TNNHS cohort has
been previously described (17). All par-
ticipants in the analysis were relatives of
T1D patients who were positive for at
least one biochemical autoantibody
(GADA, insulinoma-associated antigen-2
[TA-2A], and insulin [mIAA]) at the initial
screening. The TNNHS was approved by
an institutional review board, and written
informed consent was obtained.
Participants were tested for GADA,
1A-2A, and mIAA positivity at the initial
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T1D prediction by autoantibody levels

screening. If any of those autoantibody
tests were positive, participants were then
tested for both islet cell autoantibodies
(ICA) and zinc transporter-8 (ZnT8A).
Participants positive for autoantibodies
were subsequently followed with 2-h oral
glucose tolerance tests (OGTTs) at 6-month
intervals. After fasting samples were ob-
tained, glucose was administered orally
(1.75 g/kg, maximum 75 g of carbohy-
drate). Glucose measurements were then
obtained at 30, 60, 90, and 120 min. An
OGTT in the diabetic range (by American
Diabetes Association criteria) was followed
by a confirmatory OGTT, unless a di-
agnosis could be made by the clinical
presentation. Diagnoses could also be
made between visits according to clin-
ical criteria.

Laboratory measures

ICA determinations were performed at
the TrialNet Islet Cell Autoantibody Core
Laboratory (Gainesville, FL). All the other
assays were performed at the Barbara
Davis Center (Denver, CO). The proce-
dures for measuring ICA, GADA, mIAA,
IA-2A, and ZnT8A have been previously
described (6,8,18). Positive testing for the
autoantibodies was defined as =10 JDFU
for ICA, =0.033 for GADA, =0.010 for
mlIAA, =0.050 for IA-2A, and =0.021 for
ZnT8A. The cutoffs for the biochemical
autoantibodies were based on the 99th
percentiles of normative data. Because
the biochemical autoantibodies are ex-
pressed as indexes and ICA is expressed
as titer, for simplicity, we use the term
levels to indicate the autoantibody
measurements.

The glucose oxidase method was
used for plasma glucose measurements.
C-peptide level was measured by the
Tosoh assay for the TNNHS. In a prior
analysis, 564 individuals had C-peptide
measurements by both the Tosoh assay
and the radioimmunoassay (RAI) used
in the Diabetes Prevention Trial of Type 1
Diabetes (r=0.961, Tosoh = 0.96 X RAI +
0.1).

Data analysis

Analyses were designed for two main
purposes: developing an ABRS and assess-
ing whether levels of multiple autoanti-
bodies improve the prediction of T1D. The
ABRS was based on a model that included
positivity/negativity and level for each of
the five autoantibodies. Another risk score
was based on a model that included the
ABRS and the DPTRS as variables. The risk
score models and their calculations are

shown in the Supplementary Data. The
development and validation of the DPTRS
has been described previously (15,16).
The prediction variables for the DPTRS
are the sum of glucose values at 30, 60,
90, and 120 min divided by 100; the sum
of C-peptide values at 30, 60, 90, and
120 min divided by 10; the log fasting
C-peptide level; age; and the log BMI. The
methodology for the conversion of the
risk scores to risk estimates was previously
reported (15); it is also shown in the Sup-
plementary Data. Differences were assessed
with t and x” tests. A leave-one-out pro-
cedure was used for cross-validation (19).
Cls were calculated by the bootstrapping
procedure. Areas under receiver operating
characteristic (ROC) curves, adjusted for
length of follow-up (20), were used to as-
sess the accuracy of the scores. Partici-
pants first tested for autoantibodies >1
year before the OGTT were excluded
from the analyses. Four outliers with ex-
treme values were also excluded from the
analyses. The values of the outliers to-
gether with the ranges of values after their
exclusion are shown in the Supplementary
Data. SAS version 9.2 (SAS Institute, Inc.)
was used. P < 0.05 (two-sided) was con-
sidered statistically significant.

RESULTS —There were 784 TNNHS
participants analyzed (mean *= SD age
19.4 = 13.8 years; 9% <5 years of age;
57% female) of whom 95 developed T1D
during follow-up. Of the 784, 92% were
first-degree relatives. Most of those stud-
ied were white (84%) and non-Hispanic
(89%). The mean * SD duration of
follow-up was 1.7 = 1.1 years for those
diagnosed and 1.9 * 1.1 years for those
not diagnosed.

An ABRS was developed on the basis
of determinations of positivity or nega-
tivity and the level of each of the five
autoantibody measurements obtained
from the TNNHS participants. The ABRS
was highly predictive of T1D (hazard ratio
2.72 [95% CI 2.23-3.31], P < 0.001).
When ICA was excluded from the risk
score model, the hazard ratio was essen-
tially identical (2.72 [2.23-3.32], P <
0.001). A composite of the levels used in
the ABRS was in itself strongly predictive
of TID (P < 0.001) before and after an
adjustment for the positivity or negativity
of the autoantibodies.

Figure 1A shows the 3-year risk esti-
mates according to ABRS categories.
There was only a gradual increase in the
3-year risk estimates over the lower ABRS
categories. However, the risk estimates

then increased substantially from 0.10
for values in the 1.50 to <2.00 ABRS cat-
egory to 0.24 for values in the 2.00 to
<{2.50 ABRS category. The risk estimate
rose to 0.65 among those with ABRS val-
ues =3.00. The risk estimates were al-
most the same when ICA was excluded
from the risk score model (Fig. 1B).

Table 1 shows the areas under the
ROC curves for the prediction of T1D
by the ABRS and by autoantibody num-
ber. The area under the ROC curve for the
ABRS was significantly greater than that
for autoantibody number at 2 years (P <
0.05) but not at 3 years. When ICA was
excluded from the model for the risk
score, the areas under the ROC curve
were almost identical. There was also little
change when ICA was not included in au-
toantibody number.

When the internal validation was
performed to further assess the accuracy
of the ABRS, the values were 0.80 at 2
years and 0.77 at 3 years (P < 0.001 for
both). To further assess the specific effect
of autoantibody levels on prediction ac-
curacy, we developed a risk score based
on positivity or negativity alone (without
levels) of the five autoantibodies. In the
absence of autoantibody levels, the areas
under the ROC curve were lower when
the validation was performed (0.75 at 2
years, 0.73 at 3 years).

We calculated the areas under the
ROC curve specifically for the combina-
tion of ICA positivity and autoantibody
level. The values were relatively low (0.64
[95% CI 0.58-0.70] at 2 years, 0.67
[0.60-0.73] at 3 years) compared with
the ABRS values.

We calculated areas under the ROC
curve for the prediction of T1D by the
DPTRS. The number of participants was
somewhat smaller (n = 704) for this anal-
ysis due to missing data (mostly BMI
measurements). Areas under the ROC
curve for the DPTRS were 0.89 (0.84-
0.94) at 2 years and 0.87 (0.79-0.95) at
3 years (P < 0.001 for both).

Figure 2 is a scatterplot of the ABRS
versus the DPTRS. The Pearson (param-
etric) and Spearman (nonparametric)
correlation coefficients were the same
(r=0.44, P < 0.001 for both). The distri-
bution of participants who ultimately
received a diagnosis of T1D is shown
within the scatterplot. The scatterplot
was divided into quadrants on the basis
of ABRS values <1.50 vs. =1.50 and
DPTRS values <6.00 vs. =6.00 to show
how the two scores could be used to-
gether to identify populations according
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Figure 1—The curves represent 3-year risk estimates according to ABRS categories with (A) and
without (B) the inclusion of ICA. Both curves show little overall increment for ABRS values
<2.00. For values =2.00, the 3-year risk increases with increasing ABRS values in both curves.
The number of participants receiving a diagnosis within 3 years of follow-up is shown above each

point.

to risk. It is evident that T1D was diag-
nosed much more frequently in those par-
ticipants whose values were above both
thresholds (65 of 244 [27%]) than in

those whose values were below both
thresholds (2 of 221 [1%]).

Both the ABRS and the DPTRS were
highly predictive of T1D when they were

Table 1—Areas (95% CI under ROC curves* (adjusted for follow-up) for autoantibody
number and autoantibody score with and without the inclusion of ICA (n = 784)

Without ICA

Number Score

With ICA
Number Score
2years 0.79(0.72-0.86) 0.84 (0.78-0.90)}
3years 0.79 (0.73-0.86) 0.81 (0.74-0.89)

0.80 (0.73-0.86)
0.78 (0.70-0.86)

0.84 (0.78-0.90)F
0.81 (0.74-0.89)

*All areas were significant at P < 0.001. P < 0.05 for difference from number.

Sosenko and Associates

included together in a proportional haz-
ards model (P < 0.001 for both); how-
ever, the association was stronger for the
DPTRS ()(2 = 66 and 22 for DPTRS and
ABRS, respectively). When the ABRS and
the DPTRS were included together in a
combined risk score, there was improve-
ment in prediction accuracy (0.93 [0.88—
0.98] at 2 years, 0.91 [0.83-0.99] at 3
years) over the ABRS (difference from
ABRS P < 0.001 and P < 0.01 at 2 and
3 years, respectively) and the DPTRS (dif-
ference from DPTRS P = 0.01 and P <
0.01 at 2 and 3 years, respectively) alone.
The areas under the ROC curve were iden-
tical when ICA was excluded. Figure 3
shows the more substantial area under
the ROC curve when the ABRS and DPTRS
are combined.

When the internal validation proce-
dure was performed, the areas under the
ROC curve of the combined ABRS and
DPTRS were 0.89 at 2 years and 0.89 at
3 years (P < 0.001 for both). Of the
277 participants with a combined ABRS
and DPTRS <6.00, only 4 (1%) devel-
oped T1D, whereas of the 102 partici-
pants with a combined risk score =8.00,
47 (46%) were diagnosed. The 3-year risk
estimate for the latter group was 0.71.

CONCLUSIONS —The number of au-
toantibodies, their differing prediction
accuracies (either singly or in combina-
tion), and the additional information
from autoantibody levels make it cumber-
some and inefficient to use algorithms
to predict T1D. It would be necessary to
choose from a multiplicity of combina-
tions of positive autoantibodies and cut-
offs of autoantibody levels. Such algorithms
would still not use the full scope of in-
formation available for prediction. A risk
score, such as the ABRS, provides a means
of incorporating and maximizing available
information into one measure.

There was a strong association of the
progression to T1D with the composite of
the levels from the five autoantibodies
before and after an adjustment for their
positivity or negativity. It has been pre-
viously shown that levels of autoantibod-
ies can be predictive of the age of onset of
T1D (4,6) and that levels can be predic-
tive among those who tested positive for a
particular autoantibody (3). The present
analysis shows that autoantibody levels
provide predictive information for the di-
agnosis of T1D beyond determinations of
positivity. Moreover, to our knowledge,
this is the first report of prediction based
on a composite of autoantibody levels.
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Figure 2—The scatterplot shows the association of the ABRS with the DPTRS. The closed circles
represent participants diagnosed with T1D. The fractions indicate the number diagnosed over the
total in each quadrant. There is a marked predominance of T1D diagnoses among those above
both the ABRS and the DPTRS thresholds. The correlation coefficient is shown (Pearson and

Spearman coefficients were the same value).

Although IA-2A levels have been incorpo-
rated into a T1D risk score for siblings of
patients (4), no previous studies have as-
sessed and used as broad an array of au-
toantibody levels for a risk score. It is
important to emphasize that the ABRS
was developed in the context of a popu-
lation of relatives of T1D patients who

tested positive for autoantibodies. Thus,
the findings might not be relevant to other
populations. However, data suggest that
the presentation of T1D in sporadic cases
(nonrelatives) is similar to that of relatives
(21-23).

ICA is a strong predictor of T1D, and
it has been a basis for the selection of

participants in major prevention trials
that have been performed thus far (24—
26). Yet, both the proportional hazards
and the ROC data indicate that the inclu-
sion of ICA in the ABRS adds little to the
overall prediction beyond that provided
by the four biochemical autoantibodies.
This is demonstrated in Fig. 1A and B,
which shows that the relationship of the
3-year cumulative incidence to the risk
score changes little with the exclusion of
ICA. However, it is still possible that ICA
could be of value for prediction in certain
individuals. (We have included the pre-
diction models for the ABRS with and
without ICA in the Supplementary Data.)

Findings from a recent report (8) sug-
gest that risk misclassification could oc-
cur if autoantibody number alone is relied
on for prediction without regard for the
pattern of positivity and autoantibody
levels. The report showed that among
TrialNet participants with two or more
autoantibodies, there was a marked
risk difference according to the presence
or absence of ZnT8A. Those with two or
more autoantibodies and ZnT8A negativ-
ity were actually at relatively low risk for
T1D (<10% at 3 years). Moreover, indi-
viduals with negative tests for ZnT8A
represented a sizable proportion of those
with two or more autoantibodies (118 of
237 [50%]). Reports describing T1D pa-
tients in the years after diagnosis suggest
that ZnT8A autoantibodies are important

ABRS ABRS-DPTRS
o | o |
o | o |
o o
> AUC = 0.84 > AUC =0.93
B © | x © |
> o > )
s =
(7] w
c c
] (7]
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False-positive rate

False-positive rate

Figure 3—ROC curves at 2 years of follow-up are shown for the ABRS and the combined ABRS and DPTRS. The area under the ROC curve increases
from the ABRS to the combined ABRS and DPTRS (P < 0.001 for difference). (The irregularity of the curves reflects statistical estimation variability
resulting from the adjustment for censoring.) AUC, area under the curve.
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to understanding pathogenesis (27-29).
The particular significance of ZnT8A auto-
antibodies shows why specific types and
levels of autoantibodies should be consid-
ered to avoid faulty determinations of eli-
gibility for prevention trials.

The ABRS was highly predictive when
the internal validation procedure was per-
formed. Although other populations are
not currently available for an external
validation, the internal validation findings
within TrialNet suggest that the ABRS,
whether alone or in combination with
the DPTRS, can help to accurately identify
target populations for future TrialNet
studies.

With the exception of ICA, end point
titers were not measured. Because it is
possible that end point titration could
further improve prediction, it would be
helpful for future studies to examine this.

The areas under the ABRS ROC curve
were greater at 2 years than at 3 years.
Although there is no definite explanation
for this finding, more participants had
follow-up at 2 years than at 3 years. Thus,
there was more information at 2 years
than at 3 years, resulting in greater pre-
cision of the 2-year estimate, which is
evident in the narrower Cls at 2 years than
at 3 years.

The ABRS would not be applicable if
new autoantibodies are found to be pre-
dictive of T1D or if autoantibody mea-
surement methodologies differ in other
laboratories. However, the basic structure
of the model for the ABRS (i.e., positivity/
negativity, level, an interaction term for
each autoantibody) can be used for
developing a modification of the ABRS.
The variables used for the ABRS were not
selected on the basis of prediction perfor-
mance per se. Rather, they were chosen
a priori to be inclusive of the positivity/
negativity and the levels of all the mea-
sured autoantibodies in the TNNHS.

The relative prediction accuracies of
the ABRS and the DPTRS should be inter-
preted with caution. The DPTRS, which
is largely based on metabolic predictors,
could be more indicative of short-term
risk, whereas the ABRS could be more
indicative of long-term or even lifetime
risk. Although confirmatory data are not
available, this possibility is suggested by
the earlier appearance of autoantibody
abnormalities than of overt metabolic
abnormalities in the natural history of
T1D (30).

There are several considerations in
deciding which of the risk scores would
be best to use. The ABRS is limited to the

specific autoantibody screening algo-
rithm used in the TNNHS. In that algo-
rithm, ICA and ZnT8A were only
measured if another autoantibody was
present. However, because ICA and
ZnT8A are usually present in association
with other autoantibodies (5,8), the ABRS
is relevant to the majority of relatives who
tested positive for autoantibodies. An-
other consideration is that the ABRS was
validated internally with the leave-one-out
procedure, whereas the DPTRS was vali-
dated in a separate cohort. However,
only a blood sample is needed for the
ABRS, whereas a 2-h OGTT is required
for the DPTRS. Thus, the ABRS would
probably be more advantageous for first-
order screening.

Even though the ABRS and the
DPTRS were correlated to some degree,
the proportional hazards data suggest that
it could be advantageous to use prediction
information from both. The scatterplot in
Fig. 2 shows a marked preponderance of
T1D diagnoses among participants who
exceeded the 1.5 ABRS and 6.00 DPTRS
thresholds. It should be noted that the
scatterplot does not take into account
the length of follow-up. Additionally, the
thresholds are arbitrary. Still, the scatter-
plot shows how information can be used
from both risk scores. In interpreting the
degree of correlation, the different times
the components (autoantibody vs. meta-
bolic) of the scores were obtained should
be taken into account. Furthermore, the
components of the scores could represent
different stages in the progression to T1D.

The combined ABRS and DPTRS
enables a more quantitative use of infor-
mation from the two risk scores than a
dependence on thresholds from each of
their distributions. Although the ABRS
and DPTRS combination has not been
validated in a different population, the
areas under the ROC curve were very high
in the internal validation. Thus, the com-
bination of ABRS and DPTRS appears to
provide a highly accurate estimation of
T1D risk that efficiently uses a composite
of multiple sources of predictive infor-
mation. The combined risk score also
provides a more efficient means of pre-
diction than the use of thresholds for each
of the risk scores.

In conclusion, this study shows that a
composite of levels from multiple auto-
antibodies can enhance the prediction of
T1D. The levels from multiple autoanti-
bodies can be incorporated into the
ABRS, which is highly predictive of T1D.
Moreover, the ABRS and the previously

Sosenko and Associates

developed DPTRS can be used in tandem
to further enhance the risk prediction of
T1D through the use of risk thresholds
either from each or from a combined risk
score.
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