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Small pancreas size predicts faster progression to stage 3 T1D.
Combined pancreas imaging and metabolic testing may improve
prediction of T1D progression.

ARTICLE HIGHLIGHTS

* Why did we undertake this study?
Small pancreas size is associated with type 1 diabetes (T1D), but it is not clear how smaller pancreas size relates to progression to stage 3 T1D.

* What is the specific question(s) we wanted to answer?
We performed a longitudinal assessment of pancreas size in individuals with early-stage T1D to determine whether smaller pancreas size predicts
more rapid progression to stage 3 disease.

® What did we find?
We found that small pancreas size predicted faster progression to stage 3 disease and provided different information than metabolic testing.

* What are the implications of our findings?
These findings demonstrate that pancreas size is an early marker of risk for type 1 diabetes progression, and thus, pancreas imaging may have
benefit in therapeutic trials.
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OBJECTIVE

This multicenter prospective cohort study compared pancreas volume as assessed
by MRI, metabolic scores derived from oral glucose tolerance testing (OGTT), and a
combination of pancreas volume and metabolic scores for predicting progression
to stage 3 type 1 diabetes (T1D) in individuals with multiple diabetes-related
autoantibodies.

RESEARCH DESIGN AND METHODS

Pancreas MRI was performed in 65 multiple autoantibody-positive participants
enrolled in the Type 1 Diabetes TrialNet Pathway to Prevention study. Prediction
of progression to stage 3 T1D was assessed using pancreas volume index (PVI),
OGTT-derived Index60 score and Diabetes Prevention Trial-Type 1 Risk Score
(DPTRS), and a combination of PVI and DPTRS.

RESULTS

PVI, Index60, and DPTRS were all significantly different at study entry in 11 individu-
als who subsequently experienced progression to stage 3 T1D compared with
54 participants who did not experience progression (P < 0.005). PVI did not correlate
with metabolic testing across individual study participants. PVI declined longitudi-
nally in the 11 individuals diagnosed with stage 3 T1D, whereas Index60 and DPTRS
increased. The area under the receiver operating characteristic curve for predicting
progression to stage 3 from measurements at study entry was 0.76 for PVI, 0.79 for
Index60, 0.79 for DPTRS, and 0.91 for PVI plus DPTRS.

CONCLUSIONS

These findings suggest that measures of pancreas volume and metabolism reflect
distinct components of risk for developing stage 3 type 1 diabetes and that a combi-
nation of these measures may provide superior prediction than either alone.

In type 1 diabetes (T1D), a long prodromal period of 3-cell loss occurs before diagno-
sis (1,2). The recognition that T1D pathogenesis follows a temporal progression re-
sulted in staging guidelines, marking the progression from stage 1 (autoimmunity
defined as two or more 3-cell-related antibodies with euglycemia) to stage 2 (auto-
immunity with dysglycemia) and finally stage 3 T1D (clinical disease according to cur-
rent diagnostic criteria) (3). Better prediction of the timing of disease progression is
needed to guide patient monitoring as well as to recruit and stratify patients in
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Pancreas Size Predicts Stage 3 Type 1 Diabetes

prevention trials (4). Recent success in im-
mune therapy for T1D prevention (5) has
further highlighted the need for accurate
prediction of diabetes progression in or-
der to identify therapeutic windows when
interventions may be most successful.

Risk for developing T1D is known to be
related to immunologic, genetic, and met-
abolic factors. Islet-cell autoantibodies
have proven useful for identifying individu-
als at risk of T1D (6), but the expression of
these biomarkers can be transient (7), and
predicting time to progression remains dif-
ficult. A number of genetic markers have
also been associated with T1D risk (8).
Metabolic dysregulation is an early marker
of T1D progression, usually showing an in-
crease in risk ~18 months before stage 3
develops (9). A number of indices based
on oral glucose tolerance testing (OGTT)
for classification of T1D risk and prediction
of progression have been proposed. Among
these, Index60 (10) and the Diabetes Pre-
vention Trial-Type 1 Risk Score (DPTRS)
(11) have shown utility for predicting pro-
gression to stage 3. Prediction accuracy
may be increased by incorporating differ-
ent aspects of disease pathogenesis. For
example, models combining both meta-
bolic and immunologic measures may
better predict the timing of T1D progres-
sion (12) than either assay alone.

Current methods for evaluating pro-
gression to stage 3 are primarily serologic,
but there is growing evidence that moni-
toring the size of the pancreas may also
inform our prediction of disease progres-
sion. MRI studies have detected smaller
pancreas size at the onset of T1D (13,14)
as well as in autoantibody-positive indi-
viduals at risk of stage 3 T1D (15,16).
However, prior studies did not correlate
pancreas size with progression of T1D to
assess the predictive capacity of pancreas
imaging. In this study, we assessed pancreas
volume longitudinally in autoantibody-
positive relatives of patients with T1D and
compared the ability of MRI of the pan-

creas to predict progression to stage 3 T1D
with the OGTT-based predictors Index60
and DPTRS.

RESEARCH DESIGN AND METHODS

Participants

Study participants (N = 65) were enrolled
at one of three Type 1 Diabetes TrialNet
International Clinical Centers as part of
the Multicenter Assessment of the Pan-
creas in Type 1 Diabetes (MAP-T1D) con-
sortium (www.map-tld.com): Vanderbilt
University Medical Center, Barbara Davis
Center, or University of Chicago. Partici-
pant demographics are listed in Table 1.
Participants were relatives of patients
with T1D identified as having multiple
diabetes-associated autoantibodies through
the Type 1 Diabetes TrialNet Pathway to
Prevention study (17). TrialNet screens
relatives of probands with T1D, including
first-degree relatives age 2.5-45 years as
well as second- or third-degree relatives
age 2.5-20 years for antibodies to insulin,
GAD, and islet antigen 2. Islet cell and Zn
transporter autoantibodies were measured
if a participant tested positive for at least
one other antibody. Participants were mon-
itored with autoantibody testing, HbA,.
measurement, and OGTT at 6- or 12-month
intervals depending on diabetes risk. T1D
staging was performed according to TrialNet
guidelines: stage 1 was defined by the pres-
ence of two or more islet autoantibodies
with euglycemia, stage 2 as the presence of
[3-cell autoimmunity with dysglycemia, and
stage 3 as onset of symptomatic disease or
meeting of specified criteria on OGTT (3). In-
dividuals with stage 1 or 2 T1D age =8 years
at each study center who had no contraindi-
cations for MRI and were not pregnant
were offered enrollment in this study. All
protocols were approved by the institutional
review board of the enrolling institution.

MRI
Pancreas MRI was performed using a Phi-
lips 3T Ingenia scanner (Vanderbilt and
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Chicago) or Siemens 3T Skyra scanner (Bar-
bara Davis Center) according to a standard-
ized protocol validated for quantitative
pancreas evaluation across imaging centers
and hardware (18). Imaging was performed
at ~6- or 12-month intervals, customarily
aligning with OGTT, with additional MRI
performed proximal to progression events.
The second MRI was performed a median
of 7 months after the first MRI, and the
third MRI was performed a median of
9 months after the second MRI. A total of
181 MRIs were performed. One participant
received 10 MRIs, one received nine MRIs,
one received eight MRIs, two received
seven MRIs, three received six MRlIs, five
received five MRiIs, six received four MRls,
seven received three MRIs, 13 received
two MRIs, and 26 received a single MRI.
Imaging was performed in the axial plane
during breath hold. Acquisitions included a
fat-suppressed T2-weighted fast-spin echo
sequence with 1.5 x 1.5 x 4 mm spatial
resolution as well as a T1-weighted ultra-
fast gradient echo sequence with spatial
resolution of 1.5 x 1.5 x 4 mm. Both im-
ages were acquired during breath hold to
minimize respiratory motion.

Image Analysis

The pancreas was outlined on each
T2-weighted slice by an experienced ra-
diologist (M.A.H.) blinded to the status
of each participant. The T1-weighted im-
age was consulted to help guide delin-
eation of the pancreas border. Regions
of interest delineating the pancreas on
each slice were created using MIPAV
(National Institutes of Health; https://
mipav.cit.nih.gov). Areas within the re-
gion of interest were multiplied by slice
thickness and summed to vyield total
pancreas volume. Pancreas volume in-
dex (PVI) was calculated by dividing the
pancreas volume by the participant’s
body weight (14) to account for interin-
dividual differences in body habitus.
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Table 1—Study participant demographics and measurements at study entry

Stage 1 or 2 during

Progression to

study (n = 54) stage 3 (n = 11) P

Sex 0.79

Male 25 (46.3) 4 (36.4)

Female 29 (53.7) 7 (63.6)
Self-reported race 0.67

Asian 1(1.9) 0 (0)

Black or African American 3 (5.6) 1(9.1)

White 50 (92.6) 10 (90.9)
Self-reported ethnicity 1

Hispanic or Latino 1(1.9) 0 (0)

Not Hispanic or Latino 53 (98.1) 11 (100)
Mean (SD) age, years 21.2 (11.9) 15.0 (8.42) 0.054
Mean (SD) weight, kg 66.0 (23.8) 52.6 (22.8) 0.097
Mean (SD) BMI, kg/m? 23.5 (6.3) 21.5 (6.2) 0.35
Mean (SD) body surface area, m? 1.72 (0.34) 1.47 (0.38) 0.07
Type 1 diabetes stage 0.86

1 31 (57.4) 7 (63.6)

2 20 (37.0) 4 (36.4)

Unknown (no recent OGTT) 3 (5.6) 0 (0)
Mean (SD) n of autoantibodies 2.72 (1.5) 4.27 (0.9) <0.001
Follow-up time, months 7 (0-27) 18 (15-43) 0.14
N of MRIs 2 (1-3) 3 (2-4.5) 0.09

Data are given as n (%) or median (IQR) unless otherwise indicated.

Metabolic Testing

Participants in the Type 1 Diabetes Trial-
Net Pathway to Prevention study under-
went OGTT annually or biannually (17).
OGTT consisted of blood sampling of glu-
cose, insulin, and C-peptide levels —10,
0, 30, 60, 90, and 120 min after adminis-
tration of an oral glucose challenge of
1.75 g/kg (maximum 75 g). Plasma glu-
cose levels were measured by standard
glucose oxidase testing, and C-peptide
levels were measured by a two-sided im-
munoenzymometric assay performed on
a Tosoh 600 Il analyzer at a TrialNet cen-
tral laboratory, as previously described
(19). Glucose and C-peptide measure-
ments were used to calculate Index60
(20) and DPTRS (21). Most (71%) of the
corresponding OGTT and MRI measure-
ments were acquired on the same day
during a single study visit as part of Trial-
Net monitoring. When measurements
from the same day were not available,
the closest measurements in time were
used. The average time between OGTT
and MRI data acquisition was 17 days.

Statistical Analysis
Statistical analysis was performed using R
software (version 4.1.1). Longitudinal data

were analyzed using a linear mixed-effects
model with each participant set as a ran-
dom factor (i.e., participant-specific random
intercept). Associations between indepen-
dent variables were assessed using Pear-
son correlation. Pairwise comparisons of
independent groups were assessed using
a Student t test. Comparisons of more
than two groups were performed using
ANOVA. Cox proportional hazards models
were used to assess the predictive capac-
ity for progression to stage 3 T1D and
guantified using the C-index (22). The area
under the receiver operating characteristic
(ROC) curve (AUC) was calculated using
the pROC package in R, and significant dif-
ferences were assessed using a one-sided
Delong test. Time-dependent ROC curves
were generated using Cox regression and
the R package survivalROC (23). Kaplan-
Meier analyses and log-rank tests were
performed using the Youden index, the
value that maximizes the sensitivity and
specificity of dichotomization for each pre-
dictor. Continuous data are presented as
mean + SD or median with interquartile
range (IQR), as noted. P values were ad-
justed for multiple comparisons using the
Holm method. An adjusted P value of 0.05

Virostko and Associates

was considered significant for all statistical
analyses.

RESULTS

Demographics of the participants at study
entry are listed in Table 1. Study partici-
pants exhibited a wide range of pancreas
volumes at the initial MRI, ranging from
11 to 110 mL. When normalizing for body
weight, PVI also varied at the initial MRI,
ranging from a high of 1.69 mL/kg, similar
to that in healthy individuals without
T1D, to a low of 0.39 mL/kg, similar to
that in individuals with T1D (16) or indi-
viduals with diabetes and insulin defi-
ciency from a mutation in the insulin
gene (24). All study participants were in
stage 1 or 2 when entering the study.
Over the course of the study, 11 of the
65 individuals experienced progression to
stage 3 T1D (i.e., progressors). As expected,
progressors tended to be younger (age 15 +
8 years) than nonprogressors (age 21 *
12 years; P = 0.054). Median time be-
tween study entry and diabetes diagnosis
for individuals who experienced progres-
sion to stage 3 T1D was 18 months (IQR
15-43 weeks), whereas nonprogressors
were observed for a median time of
7 months (IQR 0-27 months). Pancreas
volume did not correlate with the num-
ber of autoantibodies present at study
entry (Supplementary Fig. 1A), but it
was significantly lower in individuals posi-
tive for islet cell antibody (Supplementary
Fig. 1B—E). Progressors were positive
for more autoantibodies at study entry
(Table 1).

Individuals who experienced progression
to stage 3 T1D had a smaller pancreas vol-
ume at study entry (32 £ 14 vs. 57 £ 21 mL
for nonprogressors; P < 0.001). To account
for any difference in pancreas volume as a
function of age (Supplementary Fig. 2A),
we normalized pancreas volume by body
weight to yield the PVI, which was age in-
sensitive (Supplementary Fig. 2B). Linear
regression indicated that pancreas volume
was dependent on age (P < 0.0001), but
PVI was not (P = 0.98). PVI was smaller at
study entry in individuals who experienced
progression to stage 3 T1D compared with
that in nonprogressors (P < 0.005) (Fig. 1A).
OGTT-derived scores were also differ-
ent between progressors and nonprog-
ressors at study entry, with progressors
having a higher Index60 (P < 0.001)
(Fig. 1B) and DPTRS (P < 0.005) (Fig. 1C)
than nonprogressors. Cox proportional
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hazards modeling using PVI as a predictor
yielded a C-index of 0.88 (95% Cl 0.78-0.98),
whereas DPTRS had a C-index of 0.81 (95%
Cl 0.64-0.97), and Index60 had a C-index
of 0.77 (95% Cl 0.59-0.96).

We next sought to assess the relation-
ship between PVI and metabolic meas-
ures. We found that PVI had no significant
correlation with either Index60 or DPTRS
at the initial MRI (Fig. 2A and B). However,
the two metabolic measures, Index60 and
DPTRS, were significantly correlated, as
expected (R* = 0.60; P < 0.0001) (Fig. 2C).
To determine whether imaging and meta-
bolic measures could provide complemen-
tary information regarding T1D progression
risk, we performed Cox modeling using PVI
and DPTRS as predictors, which yielded a
C-index of 0.94 (95% CI 0.87-1.00). A Cox
model incorporating PVI and Index60
yielded a similar C-index of 0.93 (95% CI
0.85-1.00).

We assessed the predictive capacity of
MRI and OGTT performed at study entry
for classifying progressors versus non-
progressors. PVl had an ROC AUC of 0.76
(95% Cl 0.62—-0.91), Index60 had an ROC
AUC of 0.79 (95% Cl 0.62-0.97), and
DPTRS had an ROC AUC of 0.79 (95% Cl
0.64-0.93), none of which were signifi-
cantly different from one another (Fig. 3A).
Logistic regression using both PVI and
DPTRS as predictors achieved an ROC
AUC of 0.91 (95% ClI 0.78-1.00), which was
significantly higher than that seen with

DPTRS or Index 60 (P < 0.05) but not with
PVI (P = 0.07) (Fig. 2D). The Akaike informa-
tion criterion of the model combining PVI
and DPTRS was 32.9, which demonstrated
an improved model compared to values
for PVI (54.3), DPTRS (42.1), and Index60
(42.7). Time-dependent ROC analysis from
Cox modeling (Fig. 2E) suggested that PVI
and combined PVI plus DPTRS predicted
stage 3 T1D progression earlier than ei-
ther Index60 or DPTRS alone, although
this study was not powered to assess sig-
nificance. We also performed Kaplan-Me-
ier analysis and log-rank tests to compare
progression to stage 3 T1D using the You-
den index of each predictor. The Youden
indices for dichotomous discrimination
were calculated to be 0.88 mL/kg for PVI,
0.22 mL/kg for Index60, and 6.44 mL/kg
for DPTRS. These Youden indices for PVI,
Index60, and DPTRS separated cohorts
with different progression to stage 3 T1D
(P < 0.05) (Supplementary Fig. 3).

To assess changes in the pancreas as indi-
viduals experienced progression to stage 3
T1D, we performed MRI studies longitudi-
nally up to 6.9 years after the initial MRI.
We did not detect significant changes in PVI
in individuals who did not experience pro-
gression to stage 3 (Fig. 3A). However, PVI
declined by >10% in seven of the 11 indi-
viduals who experienced progression to
stage 3 T1D (P < 0.005) (Fig. 3B). Similarly,
Index60 (Fig. 3C) and DPTRS (Fig. 3E)
were stable in individuals who did not

experience progression to stage 3. How-
ever, each of these measures increased
proximally to diagnosis with stage 3 T1D
(P < 0.005) (Fig. 3D and F).

CONCLUSIONS

In this study, we investigated whether
MRI measurement of pancreas volume
in individuals identified as being at risk of
T1D could predict progression to stage 3
disease and how these imaging measures
correlated with metabolic testing. Our re-
sults suggest that small pancreas volume
can predict progression to stage 3 T1D,
with discrimination similar to that of the
OGTT-derived measurements Index60 and
DPTRS. Of note, pancreas volume and
metabolic measures were not correlated,
suggesting that they reflect different as-
pects of the disease process underlying
T1D and provide different information re-
garding disease risk. We therefore created
a prediction model with both pancreas
volume and metabolic measures, and this
model outperformed imaging or meta-
bolic testing alone for predicting progres-
sion to stage 3 T1D.

This study used MRI performed longitu-
dinally to assess changes in pancreas vol-
ume during progression of T1D. Pancreas
volume increased in study participants
who either did or did not experience pro-
gression to stage 3 T1D. This observation
likely reflects the known increase in pan-
creas volume up to age 20 years (25).
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Figure 2—A and B: Scatterplots of PVI (A) versus Index60 and PVI versus DPTRS (B) demonstrate no correlation between PVI and either of the met-
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E: Time-dependent ROC analysis demonstrates that PVI or combination of T1D stage, DPTRS, and PVI predicts individuals who will develop stage 3

T1D years before progression.

When pancreas volume was normalized
by body weight to account for adolescent
growth, we detected longitudinal declines
in PVl in the cohort who experienced pro-
gression to stage 3 T1D but not in those
who remained in stage 1 or 2. We previ-
ously demonstrated a decline in pancreas
volume in both individuals with recent-
onset T1D and those with longstanding
T1D (26). In this study, three individuals
who experienced progression to stage 3
displayed a >30% decline in PVI over a
year before diagnosis, four individuals dis-
played a 14-24% decline in PVI, and four
individuals displayed low but stable PVI be-
fore diagnosis with stage 3 T1D. Individuals

may have entered the study at different
points in their progression (e.g., the indi-
viduals who did not exhibit a decline in
pancreas volume may have enrolled at a
later stage of disease progression). This
finding suggests interindividual variability
in disease progression and its impact on
pancreas volume, which may be related
to different pathways or risk factors
contributing to disease progression. The
OGTT-derived measures Index60 and
DPTRS increased in the cohort who expe-
rienced progression to stage 3 T1D within
~6 months of diagnosis, consistent with
prior reports (27). Time-dependent ROC
analysis indicated that PVI may predict

progression to stage 3 earlier than meta-
bolic testing. Although limited by a rela-
tively short time to progression in this
study, this finding suggests a divergence in
the temporal dynamics of pancreas volume
and dysglycemia, with pancreas volume
representing the earliest identifiable risk
factor. Importantly, OGTT seems to be the
best-established predictor at present, sur-
passing continuous glucose monitoring
(28). Additional studies are required to
define the capacity of pancreas imaging
to predict progression early in the disease
process.

The recent approval of the first immu-
nomodulatory agent to delay T1D onset
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highlights the importance of accurate pre-
diction of disease progression. Clinically,
improved accuracy of prediction may
help to identify those patients most likely
to benefit from preventive therapies. In
clinical trials, identifying individuals at
the highest risk of imminent disease
progression could enable more rapid
determination of the effect of an inter-
vention. In addition, understanding the
risk profile of study enrollees is important

for interpreting the outcome of therapeu-
tic studies. Monitoring of the pancreas
volume in response to immune therapy
and in relation to metabolic recovery is
another important opportunity for future
studies.

This study and its results have limita-
tions, namely, a relatively small sample
size and limited progression events. Given
this small sample size, we were not able
to validate our model using a separate

-4 ) 0
Years Until Stage 3 T1D Diagnosis

Figure 3—A, C, and E: Longitudinal plots of PVI (A), Index60 (C), and DPTRS (E) for all study participants over the time course of study enroliment.
Current T1D stage at MRI is indicated by marker shape. Highest T1D stage reached by study participant is indicated by color. Some individuals did
not receive MRI or OGTT after experiencing progression to stage 3 T1D. Red indicates participants who experienced progression to stage 3 T1D,
whereas green (stage 1) and blue (stage 2) indicate participants who did not experience progression to symptomatic disease. Weighted line dis-
plays cohort average, and shaded area displays 95% Cl. B, D, and F: Longitudinal plots of PVI (B), Index60 (D), and DPTRS (F) versus time to diagno-
sis for the 11 study participants who experienced progression to stage 3 T1D. Individual participants are color coded, and T1D stage at MRl is
indicated by marker shape. PVI declined over time, whereas Index60 and DPTRS increased proximally to diagnosis in individuals diagnosed with

training and validation cohort. A larger
data set of pancreas MRI is needed to test
the generalizability of combined pancreas
volume and OGTT measures. Study partic-
ipants were overwhelmingly non-Hispanic
White. Future studies are needed to see if
this study is reproducible in diverse popu-
lations. Individuals who experienced pro-
gression to stage 3 tended to be younger
and weigh less than individuals who re-
mained in stage 1 or 2. Pancreas volume
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measurements were normalized by body
weight to account for known relation-
ships between pancreas volume and age
(25). Study participants who experienced
progression to stage 3 had longer median
follow-up than individuals who did not, al-
though follow-up time was not signifi-
cantly different between groups. We used
measurements at study entry to mitigate
bias from differences in follow-up time.
Furthermore, study participants continue
to be monitored to detect future diagno-
ses of stage 3 T1D. Given that all members
of the cohort presented with two or more
autoantibodies, it is anticipated that nearly
all will eventually experience progression
to stage 3 T1D; the focus of the current
study was defining the degree to which
MRI can refine prediction of the timing of
the stage 3 diagnosis.

The current cost and convenience of MRI
could limit its use as a screening tool in the
general population. However, MRI does have
advantages over glucose tolerance testing,
namely, preclusion of intravenous sampling
and fasting, which may improve participant
retention. Moreover, 2-h OGTT requires a sig-
nificant time commitment by both partici-
pants and staff, which also leads to high
costs. On the other hand, a noncontrast pan-
creas MRI sufficient for quantifying pancreas
volume can be acquired in 15 s. Thus, MRI
screening can be performed at multiple sites
and MRI machines if a standardized imaging
protocol, such as the one we have devel-
oped, is used (18). Importantly, the move-
ment toward shorter and less expensive MRI
screening protocols in other organs such as
the breast (29) demonstrates a potential
pathway for reducing MRI cost and improv-
ing screening throughput through shorter
scan times. Furthermore, the development
of machine learning techniques that auto-
matically segment the pancreas and calculate
pancreas volume (30) provides a viable path
for clinical implementation.

In summary, this study introduces the po-
tential for pancreas imaging in individuals at
risk of T1D to predict which individuals will
experience the most rapid progression to
symptomatic disease. Pancreas size may re-
flect different aspects of T1D progression
than metabolic measures, because imaging
does not correlate with two common OGTT-
based indices, and the longitudinal dynamics
of imaging and metabolism diverge. The or-
thogonal relationship between pancreas im-
aging and metabolic assays suggests a role
for incorporating imaging into T1D staging.
Ultimately, pancreas imaging may be useful

for informing clinical trials aimed at T1D
prevention.
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