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Abstract

Background: Staging preclinical type 1 diabetes (T1D) and monitoring the response to disease-modifying treatments rely on the oral glucose
tolerance test (OGTT). However, it is unknown whether OGTT-derived measures of beta cell function can detect subtle changes in metabolic
phenotype, thus limiting their usability as endpoints in prevention trials.

Objective : To describe the metabolic phenotype of people with Stage 1 and Stage 2 T1D using metabolic modelling of B cell function.

Methods: We characterized the metabolic phenotype of individuals with islet autoimmunity in the absence (Stage 1) or presence (Stage 2) of
dysglycemia. Participants were screened at a TrialNet site and underwent a 5-point, 2-hour OGTT. Standard measures of insulin secretion
(area under the curve, C-peptide, Homeostatic Model Assessment [HOMA] 2-B) and sensitivity (HOMA Insulin Resistance, HOMAZ2-S,
Matsuda Index) and oral minimal model-derived insulin secretion (¢ total), sensitivity (sensitivity index), and clearance were adopted to
characterize the cohort.

Results: Thirty participants with Stage 1 and 27 with Stage 2T1D were selected. Standard metrics of insulin secretion and sensitivity did not
differ between Stage 1 and Stage 2 T1D, while the oral minimal model revealed lower insulin secretion (P< .001) and sensitivity (P=.034) in
those with Stage 2 T1D, as well as increased insulin clearance (P=.006). A higher baseline ¢ total was associated with reduced odds of
disease progression, independent of stage (OR 0.92 [0.86, 0.98], P=.016).

Conclusion: The oral minimal model describes the differential metabolic phenotype of Stage 1 and Stage 2 T1D and identifies the ¢ total as a
progression predictor. This supports its use as a sensitive tool and endpoint for T1D prevention trials.
Key Words: preclinical T1D, insulin secretion, insulin sensitivity, islet autoimmunity, oral minimal model

Abbreviations: AAb, autoantibody; AUC, area under the curve; BMI, body mass index; GADA, Glutamic Acid Decarboxylase antibodies; HOMA-IR, Homeostatic
Model Assessment Insulin Resistance; ZnT8A, Zinc transporter 8 antibodies; ¢ total, phi total; 0GTT, oral glucose tolerance test; 0MM, oral minimal model; T1D,
type 1 diabetes.

Preclinical type 1 diabetes (T1D) is featured by the presence of
2 or more islet autoantibodies (AAbs) without (Stage 1) or
with (Stage 2) dysglycemia as measured during an oral glucose
tolerance test (OGTT) (1,). The onset of dysglycemia is driven
by the progressive loss of insulin secretion, though growing
evidence suggests that a reduction of insulin sensitivity and a
relative increase of its clearance may have in disease progres-
sion (2-4). Quantifying the individual components of the
metabolic phenotype of preclinical T1D, including insulin se-
cretion, sensitivity, and clearance, hold the potential to pro-
vide novel risk measures and metabolic endpoints to inform
prevention trials (5). Nonetheless, tools to accurately describe
the metabolic phenotype are limited (6). Area under the curve

(AUC) C-peptide during dynamic tests such as the OGTT or
the mixed-meal tolerance test (MMTT) has been accepted as
a surrogate endpoint to quantify residual beta cell function
in Stage 3—<linical—diabetes (7), but it has shown low pre-
dictive values for disease progression in preclinical T1D
when compared with measures that include both glucose
and C-peptide (8).

Additionally, other individual covariates such as body mass
index (BMI), age, and sex may need to be accounted for to im-
prove the accuracy of metabolic metrics (9) as disease preven-
tion trials include heterogeneous groups of participants with
physiologic fluctuation of insulin sensitivity (10) that need to
be considered when metabolic outcomes are examined.
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To this end, mathematical models of insulin secretion and
sensitivity, such as the oral minimal model (OMM), may re-
present a valuable option. The OMM is a simplified represen-
tation of B cell physiology and insulin action using data from a
dynamic test, for instance the OGTT. The OMM adopts
quasi-linear differential equations to estimate insulin secretion
and sensitivity as a result of metabolic fluxes among different
body compartments with adjustments for BMI, sex, and age.
As it uses glucose and C-peptide to estimate insulin secretion
and glucose and insulin to estimate insulin sensitivity, the
model provides an unbiased estimate of glucose metabolic
phenotype using an OGTT (6, 11-14). The OMM has been
able to describe early metabolic response to disease-modifying
treatments such as anti-CD3 teplizumab 3 months after a
cycle of treatment and may represent a promising tool to de-
velop metabolic endpoints in preclinical T1D (2).

We hypothesized that the OMM-derived metrics may de-
scribe the complexity of the metabolic phenotype in Stage 1
and Stage 2 T1D identifying differences in insulin secretion,
sensitivity, and clearance.

Materials and Methods

Selection of the Study Cohort

We conducted a longitudinal study aimed at comparing the
metabolic phenotype in preclinical stages of T1D in a contem-
porary cohort of youth and adult relatives of patients with
T1D participating in the TrialNet Pathway to Prevention
Study (TNPTP) at the TrialNet Clinical Center of Ospedale
San Raffaele (Milan, Italy). Institutional Review Board approval
of the study was obtained (IRB# NHPROT32803-TNO01), as
well as written informed consent and assent, as applicable.
First- and second-degree relatives of individuals with T1D
were screened for islet AAbs to Glutamic Acid Decarboxylase
(GADA), insulin (microinsulin antibody assay), and islet antigen
2 (IA-2A). If any of these were positive in screening, Zinc trans-
porter 8 (ZnT8A) and islet cell antibodies (ICA) were also
tested. Participants identified as AAb positive were monitored
with AADb testing, HbAlc, and scheduled for OGTT at
12-month intervals as per TNPTP protocol (15).

A total of 86 relatives with 2 or more islet AAbs, enrolled
from 2010 to 2019 at the Ospedale San Raffaele clinical site,
were initially considered. Exclusion criteria included the absence
of height, weight, and all islet AAbs, as well as complete data for
all points of the OGTT for glucose, insulin, and C-peptide.
Furthermore, subjects with glucose levels in the diabetic range
(fasting glucose >7.0 mmol/L or 2-hour glucose >11.1 mmol/
L) were excluded (Fig. 1). The final selection included n =30
Stage 1 and n=27 Stage 2 individuals. Participants who did
not complete the extended 5-point OGTT as per TNPTP proto-
col were also excluded from the current analysis. Follow-up data
were based on the last available monitoring OGTT.

Preclinical Stages of T1D

In this study, we included 2 stages of preclinical T1D (ie,
Stage 1 and Stage 2) based on the following definition:
Stage 1 was defined as the presence of AAb >2 with normo-
glycemia; Stage 2 by the presence of AAb >2 associated with
dysglycemia (1). Dysglycemia was defined by impaired fasting
blood glucose (5.6-6.9 mmol/L), and/or impaired glucose toler-
ance (7.8-11 mmol/L at 2 hours), and/or glucose levels
>11.1 mmol/L at 30, 60, or 90 minutes during an OGTT (16).

n=1316 screened
subjects

No available AAbs (n=18)
0 AAb (n=1150)
1 AAb (n=162)

n=86 =2 Aabs subjects

Incomplete OGTT (n=9)
Stage 3 (n=5)
Missing data (n=15)

n=57 subjects
Stage 1 (n=30)
Sage 2 (n=27)

Figure 1. CONSORT diagram.

The definition of progression to Stage 2 was based on at
least 1 OGTT following the baseline test meeting the criteria
for dysglycemia. Progression to Stage 3 was defined by the
presence of at least 1 OGTT meeting the ADA criteria for dia-
betes or HbAlc >6.5% (48 mmol/mol). The presence of
“symptomatic diabetes” record also identified progression to
Stage 3 disease.

Procedures and Calculations

Oral glucose tolerance test

Subjects were admitted to the Ospedale San Raffaele TrialNet
Clinical Center after a 10-hour overnight fast. A baseline sam-
ple was obtained for measurements of plasma glucose, insulin,
and C-peptide. Thereafter, flavored glucose in a dose of 1.75 g
per kilogram of body weight (up to a maximum of 75 g) was
given orally, and blood samples were obtained at 30, 60, 90,
and 120 minutes for the measurement of plasma glucose, insu-
lin, and C-peptide (17). The 5-point OGTT was conducted as
part of the TNPTP monitoring program.

Biochemical analysis

Plasma insulin was measured by a radioimmunoassay (Linco,
St. Charles, MO) that has <1% cross-reactivity with C-peptide
and proinsulin. Plasma C-peptide levels were determined with
an assay from Diagnostic Product (Los Angeles, CA).

T1D risk scores: Diabetes Prevention Trial Risk Score
and Index60

Diabetes Prevention Trial Risk Score (DPTRS) and Index60
are validated predictors of Stage 3 T1D. The DPTRS calcula-
tion is based on a proportional hazards model that includes
the glucose sum of 30-, 60-, 90-, and 120-minute values
divided by 100, the C-peptide sum of 30-, 60-, 90-, and
120-minute values divided by 10, log fasting C-peptide, log
BMI, and age (18).

A DPTRS threshold of 7.0 has been previously validated in
the TrialNet natural history study as a risk marker for progres-
sion to clinical T1D among those with normoglycemia (19, 20).
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Index60 was calculated based on the following formula:
0.36953 (log fasting C-peptide [ng/mL]) + 0.0165 X glucose60
(mg/dL) —0.3644 x C-peptide60 (ng/mL), where glucose60
and C-peptide60 are the blood glucose and C-peptide values
at 60 minutes during the OGTT, respectively (21). A Index60
threshold of 1.0 has been described to outperform 2-hour glu-
cose in the TrialNet pathway to preventions study as predictor
of clinical T1D among those with normoglycemia (22).

Minimal model estimates of beta cell function: insulin
secretion and insulin sensitivity

Beta cell function was quantified through the OMM as the re-
sults of insulin secretion and sensitivity. Briefly, the model re-
lies on 2-hour serial measures of glucose and insulin for insulin
sensitivity (SI term) estimates and glucose and C-peptide for
insulin secretion (§yora) term). The OMM expresses beta cell
function (disposition index) as the product of ¢y term and
SI (23, 24). The use of glucose and insulin for insulin sensitiv-
ity estimates and glucose and C-peptide for insulin secretion
allows an unbiased identification of both the components of
beta cell function (23, 25, 26). The model also allows the esti-
mates of subcomponents of insulin secretion, namely ¢ dy-
namic and ¢ static. However, we previously demonstrated
that the accuracy of the early insulin secretion (¢ dynamic)
is reduced in the absence of early measure of glucose and
C-peptide at 10 and 20 minutes of the OGTT (4, 13), thus
we excluded these from our analysis as their interpretation
is limited. Minimal model parameters were estimated by im-
plementing the model of C-peptide secretion in SAAM-II 2.3
software (Nanomath LLC, Spokane, WA).

Standard indices of beta cell function

The AUC for C-peptide over 2 hours was computed using the
trapezoidal rule including all C-peptide measures during the
OGTT. Insulin sensitivity was also computed using standard in-
dices based on fasting insulin and glucose (Homeostatic Model
Assessment Insulin Resistance [HOMA-IR]) and glucose and in-
sulin during the OGTT (Matsuda Index). HOMA-IR was calcu-
lated as [fasting plasma insulin (pU/mL) X fasting plasma
glucose (mg/dL)/405]; the Matsuda Index [10 000/+/[fasting
glucose (mg/dL) X fasting insulin (pU/mL) X [mean glucosey.12¢
(mg/dL) X mean insuling.j29 (nU/mL)] with mean glucose and
insulin estimated during the 2-hour OGTT (27). As a static meas-
ure of insulin secretion HOMA2-B (beta cell function) was com-
puted using the Oxford University Calculator (www.dtu.ox.ac.
uk/homacalculator) and based on fasting glucose and insulin.

Insulin clearance

Insulin clearance was measured as the ratio of AUC of the in-
sulin secretion rate over AUC insulin during the OGTT, with
lower values mirroring a reduced insulin clearance and a high-
er circulating insulin (28). The insulin secretion rate is com-
puted assuming 2-compartment kinetics for insulin secretion
based on glucose and C-peptide measurements as previously
described (28). This methodology to quantify insulin clear-
ance is more accurate than measures based on the AUC of
C-peptide over the AUC of insulin (28) and account for the
differential elimination of C-peptide (2-3 minutes) and insulin
(~30 minutes) from the plasma, thus reducing the bias of the
simplified AUC C-peptide (28).

Statistical Analysis
For the primary analysis, we compared metrics of beta cell func-
tion and insulin clearance between Stage 1 with Stage 2 disease.

The Kruskal-Wallis test, followed by the post hoc pair-wise
Mann-Whitney test, was used to compare continuous varia-
bles, and categorical variables were compared using the chi-
square test.

Data were summarized using median (25th percentile, 75th
percentile) for continuous variables and count (%) for categor-
ical variables. Participants were grouped by age group into chil-
dren (<12.0 years), adolescents (12.0-18.0 years), and adults
(>18 years) for a secondary analysis of baseline characteristics.

Linear regression analysis was conducted to explore the as-
sociation between sensitivity index (SI) and BMI, as well as in-
sulin clearance and insulin secretion (¢ total) and sensitivity
(SI) after normally log transformation of the variables.

Adjusted analyses of the effect of baseline OMM-derived
parameters (¢ total and SI), AUC C-peptide, BMI, sex, age,
and Stage on the binary outcome “progression” were
performed using multivariable logistic regression modeling.
Prior to including the covariates into the model, we examined
them for multicollinearity using the Spearman correlation
coefficient (<0.90) and variance inflation factor (<2.0). The
association between the outcome and each variable was sum-
marized as odds ratio (OR) and 95% CIL.

We estimated the power of OMM derived ¢ total, the AUC
C-peptide or Index60 and DPTRS to identify a minimum dif-
ference over time equal to 25% of the one observed between
Stage 1 and Stage 2 disease in this population. Both ¢ total
and AUC C-peptide were naturally log transformed and
a paired t test with an intrasubject correlation of 0.5 and
alpha =0.05 were adopted for the power analysis. The ana-
lysis had a solely exploratory purpose.

Analyses were performed using STATA.13 software
(StataCorp, College Station, TX) and Prism 8.0 (GraphPad
Software, San Diego, CA).

Results

Participants’ Characteristics

A total of 57 AAb-positive relatives of people with T1D from a
single TrialNet Clinical Center were selected according to in-
clusion and exclusion criteria, with 30 classified as having
Stage 1 and 27 as having Stage 2 T1D. The characteristics of
the cohort are reported in Table 1. The 2 groups did not differ
with respect to age, sex distribution, and anthropometric
characteristics at inclusion. Twenty participants with Stage
1 (67%) and 17 with Stage 2 disease (63%) had 3 or more
AAbs, with no significant difference in the number of AAbs
between Stage 1 and Stage 2 (P =.932).

T1D Risk Scores

Both DPTRS and Index60 were higher in those with Stage
2T1D (P <.001). Fourteen out of 16 individuals with
DPTRS >7.00 were in Stage 2T1D and 2 in Stage 1, while
15/27 (55%) participants in Stage 2 had an Index60 > 1.0
and only 1/30 (3%) in the Stage 1 group.

Age Groups and Baseline Characteristics

As described in Table 2, we analyzed the distribution of the
AAD number and type according to the age group in Stage 1
and Stage 2 disease. Adults (>18 years) with Stage 2 disease
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Table 1. Participants’ characteristics by T1D stage
Stage 1 (n=30) Stage 2 (n=27) S1vs S2

Age (y) 13.8 (8.6, 25) 13.8 (9.9, 21.6) 0.417
Sex (AFAM), n (%) 12 (40) 13 (48) 0.536
BMI (kg/m2) 20.4 (17.6, 23.2) 19.1 (15.6, 21.8) 0.113
Autoantibodies, n (%)

2 10 (33) 10 37)

3-5 20 (67) 17 (63) 0.932
T1D risk scores

DPTRS 5.89 (5.01, 6.35) 7.25 (6.10, 7.78) <0.001

Index60 0.13 (-0.58, 0.56) 1.3 (0.09, 2.08) <0.001
Standard metrics of beta cell function

Fasting glucose (mg/dL) 89 (85, 92) 97 (84, 103) 0.093

1-h glucose (mg/dL) 121 (104, 157) 185 (161, 222) <0.001

2-h glucose (mg/dL) 98 (84, 120) 145 (135, 154) <0.001

Time to glucose peak <60 minutes, n (%) 22 (73) 5(18) <0.001

Fasting insulin (WU/mL) 6.5 (5,7.8) 6.1 (5.1, 8.6) 0.420

Fasting C-peptide (pmol/L) 465.0 (407.1, 519.7) 466.7 (374.0, 662.0) 0.314

AUC C-peptide (pmol/L*min) 33242.2 (22699.7, 47608.0) 28783.5 (18814.0, 51108.2) 0.362

HOMA-2B (%) 4.78 (4.41, 6.24) 4.65 (2.58, 7.33) 0.429

HOMA-2S (mmol ™' x L71) 97.23 (89.73, 113.67) 94.13 (82.41, 112.78) 0.264

HOMA-IR 1.45 (1.06, 1.70) 1.55 (1.08, 2.02) 0.264

WRBISI (Matsuda Index) (min™ x pU™ x mL™" x mg™) 6.75 (5.44, 9.03) 5.77 (3.86, 7.87) 0.130
Oral Minimal Model-derived metrics of beta cell function

¢ total (10_9 minutes™?) 66.9 (51.5,99.2) 35.0 (22.4, 58.5) <0.001

SI (107 dL/kg/min per pU/mL) 2.6 (1.2,6.5) 1.4 (0.67, 2.5) 0.034

DIy (10712 202.1 (76.2, 421.6) 62.1(26.7, 107.9) <0.001

Insulin clearance (AUC ISR¢_pepriae/ AUCinsutin) 0.43 (0.38, 0.38) 0.49 (0.39, 0.65) 0.006

Data are expressed as median (25th, 75th centile) or n (%);

Abbreviations: AFAM, assigned female at birth; AUC, area under the curve; BMI, body mass index; DI, disposition index; DPTRS, Diabetes Prevention Trial Risk

Score; IGI, insulinogenic index; ISR, insulin secretion rate; IR, insulin resistance; SI, insulin sensitivity; T1D, type 1 diabetes; WBISI, Whole Body Insulin Sensitivity

Index (or Matsuda index).

were more likely to have 2 AAbs, while >80% of children and
adolescents had 3 or more islet AAbs. Anti-GAD were the most
frequent AAbs in all age groups (100% of participants in both
the stages had GAD). Younger individuals with Stage 2, but
not Stage 1 T1D, demonstrated higher insulin sensitivity and
overall better beta cell function, as reflected by the disposition
index, without alterations in insulin secretion. Adults with
Stage 2 were more likely to be screened because of a daughter
or a son with diabetes, while the affected relative in children or
adolescents with Stage 2 was either a parent or a sibling. The
BMI was lower in children than adolescents and adults in
both stages, with an inverse relationship between BMI and SI
(r=-0.64, P <.001) as described in Fig. S1 (29).

Insulin Secretion and Sensitivity in Stage 1

and Stage 2T1D

Insulin secretion and its action were explored by the use of stand-

ard metrics for insulin secretion (AUC C-peptide, HOMA2-B),

sensitivity (HOMA-IR, Matsuda Index, and HOMA2-S) and

minimal model-derived metrics (¢ total for insulin secretion

and SI for insulin sensitivity). The disposition index resulting

from both insulin secretion and sensitivity was also computed.
Fasting glucose and C-peptide were similar between those

with Stage 1 and 2 T1D. As described in Table 1, the AUC

C-peptide and the HOMA2-B did not differ between Stage 1
and Stage 2 T1D (P =.362 and P =.429). None of the stand-
ard measures of insulin sensitivity (Matsuda Index,
HOMA-IR, and HOMA-2S) differed between the 2 groups
(P=.130, P=.264, and P = .264).

The OMM-derived metrics identified differences in terms of
insulin secretion and sensitivity between Stage 1 and Stage 2
T1D. Insulin secretion (¢ total) was ~2 times higher in Stage
1 (P <.001), with a decrease of insulin sensitivity in Stage 2
(P =.034). As a result, those with Stage 1 T1D had ~2.5 high-
er disposition index than their peers with Stage 2 (P <.001).

The differences measured through the OMM were mirrored
by a differential profile of glucose, insulin, and C-peptide dur-
ing the OGTT. The time to glucose peak was delayed in those
with Stage 2 disease, with more than 80% (22/27) people with
Stage 2 disease having a glucose peak at or after 60 minutes vs
only 27% (8/30) in the Stage 1 group (P <.001) (Fig. 2). This
trend was paralleled by delayed insulin and C-peptide peaks in
the absence of a return to baseline after 2 hours (Fig. 2).

Insulin Clearance in Stage 1 and Stage 2 Disease

A modest but significant increase of insulin clearance was ob-
served in Stage 2 T1D (P =.006). Therefore, we explored the
relationship between insulin clearance and beta cell function
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Figure 2. Glucose, insulin, and C-peptide during the OGTT in
participants with Stage 1 (squares) and Stage 2 (triangles) T1D. Data
are presented as median (25th, 75th centile).

components as derived from the OMM-—insulin secretion and
sensitivity. Insulin clearance was inversely associated with se-
cretion (—0.12 + 0.04, P =.001) with greater insulin clearance
featuring those with lower secretion, thus being prevalent in
those with Stage 2 disease (Fig. 3A). Conversely, a linear rela-
tionship was identified between insulin clearance and sensitiv-
ity, with higher insulin sensitivity associated with higher
clearance (0.060 +0.027, P =.029) (Fig. 3B).

Risk Determinants of Disease Progression

Five out of 30 (17%) participants with Stage 1 progressed to
Stage 2 or 3 and 11/27 (41%) of Stage 2 progressed to Stage
3 over a median follow-up time of 19 + 15 months. Baseline
characteristics differed significantly between progressors
(n=16) and nonprogressors (n=41). As outlined in
Table S1 (29), progressors exhibited lower insulin secretion
metrics, including ¢ total and AUC C-peptide, despite no sig-
nificant differences in insulin sensitivity. Insulin clearance was
higher among nonprogressors. Additionally, DPTRS and
Index60 were elevated in the progressor group. The 2 cohorts
showed no differences in baseline characteristics such as age,
BMI, sex, or stage distribution at inclusion.

Using a multivariate logistic regression model, we evaluated
baseline metabolic variables and their association with the
odds of disease progression to either Stage 2 or Stage 3.
Among the variables analyzed, ¢ total was the only one signifi-
cantly associated with the risk of progression. Specifically,
each 10-unit increase in ¢ total was linked to an 8-fold
reduction in the odds of disease progression (OR 0.92 [0.86,
0.98], P =.016) (see Table 3; Fig. S2 (29)). Other variables, in-
cluding age, BMI, sex, AUC C-peptide, OMM-derived insulin
sensitivity, and stage, did not show significant associations
with progression risk.

Projected Impact of OMM-Based Metrics for a
Hypothetical Clinical Trial Design

We analyzed the distribution of OMM-derived ¢ total and
AUC C-peptide, standard metrics of insulin secretion, in indi-
viduals with Stage 1 and Stage 2 T1D. Using the measured dis-
tribution of these surrogate metrics of insulin secretion (¢ total
and AUC C-peptide) and clinical diabetes risk indices (DPTRS
and Index60) (Table S2 (29)), we estimated the statistical
power to detect a difference equivalent to 25% of the 1 ob-
served between Stage 1 and Stage 2 disease. Figure 4 illustrates
the relationship between the total number of participants and
the power to detect such a difference for each metric tested.
The OMM-derived insulin secretion metric (¢ total) would
provide a power of 0.90 to detect a 25% difference with just
10 participants enrolled in a longitudinal trial with 2 subse-
quent evaluations. In contrast, the same number of partici-
pants would yield only 0.32 power to detect a 25%
difference in AUC C-peptide compared to the measure in
Stage 1 disease. Notably, applying the same approach to
DPTRS, 10 participants would provide a power of 0.68 to de-
tect a 25% change from the baseline, and 0.61 with Index60.

Discussion

We have described, for the first time in a contemporary pedi-
atric and adult cohort, the metabolic phenotype of Stage 1 and
Stage 2 T1D, with respect to insulin secretion, sensitivity, and
clearance using the OMM.

Dysglycemia in Stage 2 T1D appears to be determined by
both reduced insulin secretion and sensitivity, along with a
greater insulin clearance with respect to Stage 1 disease.

Although individuals with Stage 1 T1D exhibit early im-
pairment of insulin sensitivity relative to unrelated healthy
matched peers (4), it has been recently observed that the
most significant decrease in insulin sensitivity occurs during
the transition from Stage 1 to Stage 2 (3). The decline in insu-
lin sensitivity has been described as an independent risk factor
for progression to clinical diabetes in people with islet auto-
immunity using standard metrics such as HOMA-IR (30,
31), with an accelerated drop of insulin sensitivity paralleling
the rise of glucose (32) during the year preceding progression
to Stage 3 disease.

The lower insulin sensitivity observed in Stage 1 disease is like-
ly driven by the inflammatory environment accompanying the
autoimmune process, including cytokines like tumor necrosis
factor-a and interleukin (IL)-6 implied in both islet autoimmun-
ity and insulin resistance (30, 33, 34). Hyperglycemia observed
in Stage 2 disease may contribute to accelerating the declining
of insulin sensitivity in Stage 2 disease (32). In our cohort, a
younger age in those with Stage 2 T1D seemed to be associated
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T1D. Data are naturally log transformed.

Table 3. Logistic regression model for the risk of disease progression
(n=57)

OR P-value
¢ total 0.922 (0.863, 0.985) .016
ST 0.976 (0.747, 1.275) .857
AUC C-peptide 0.999 (0.999, 1.000) .330
Stage (1 vs 2) 0.421 (0.054, 3.289) 409
Age (y) 0.975 (0.876, 1.087) 656
BMI (kg/m2) 1.011 (0.789, 1.295) 931
Sex (M) 0.174 (0.024, 1.252) .083

Abbreviations: AUC, area under the curve; BMI, body mass index; SI, sensitivity
index.

with a higher insulin sensitivity and overall greater beta cell func-
tion (disposition index), while we did not observe significant
differences of insulin sensitivity across different age groups in
Stage 1 disease. Age did not impact insulin secretion itself in
this cohort.

Insulin resistance is well documented in clinical T1D (35-
38) and has been described as an independent risk factor for
disease progression in the longitudinal cohort of people with
islet autoimmunity of the TrialNet Diabetes Prevention Trial
(DPT-1) (31). However, clinical features commonly
associated with insulin resistance were not associated with
indices of insulin resistance such as HOMA-IR in the
TNPTP longitudinal cohort, and BMI itself did not appear
to play a role in the transition from 1 to multiple AAbs (39).

A higher insulin clearance has been observed for the first
time in Stage 2 T1D in this cohort. This finding is suggestive
for a role for insulin clearance as an additional mechanism
to disease progression. Even though we are unable to discrim-
inate the role of hepatic vs extrahepatic clearance, more than
80% of secreted insulin—but not C-peptide—is physiological-
ly cleared during the first hepatic pass (28). Hepatic insulin
clearance is a physiologic gatekeeper that controls the expos-
ure of peripheral tissues to insulin; changes in insulin sensitiv-
ity or secretion are expected to affect hepatic insulin clearance,
even though this mechanism remains largely unexplored
(40-42). An increase in insulin clearance, such as the one
observed in Stage 2 T1D, is expected to reduce the circulating
insulin, thereby exacerbating peripheral insulin deficiency

(40, 42, 43). Under physiologic conditions, a reduction in in-
sulin secretion would typically trigger a compensatory reduc-
tion in its clearance to maintain adequate circulating insulin
levels; however, this mechanism appears to fail in Stage 2
T1D. Instead, we observed increased clearance in conjunction
with decreased secretion. Using the insulin secretion rate—de-
rived from C-peptide measurements rather than insulin AUC
to estimate insulin clearance—provides an unbiased method
(28) to quantify this phenomenon.

The trajectory of insulin clearance across the preclinical
stages of T1D appears to begin with a reduction in Stage 1,
as lower insulin clearance has been observed in youths with is-
let autoimmunity compared with their healthy peers (4). This
decrease parallels the reduced insulin secretion seen in early
Stage 1, even in the absence of dysglycemia (4). This may serve
as an initial compensatory response to lower insulin secretion,
preserving normoglycemia by allowing a greater proportion
of secreted insulin to bypass hepatic clearance and reach per-
ipheral target organs. As hyperglycemia emerges in Stage 2,
along with a further decline in insulin secretion, insulin clear-
ance also continues to decrease—a trend that persists into
Stage 3 of the disease (44). A relative increase in insulin clear-
ance has been described in those with Stage 2 T1D who rapid-
ly progress (<2 years) to clinical diabetes (2), supporting the
role of clearance as an accelerator of disease progress.
However, a greater hepatic clearance might be secondary to
a more active inflammatory process involving the regulatory
protein CEACAM1. CEACAM1 is expressed on both CD4+
T cells and hepatocytes, and upregulated by the inflammatory
cytokines IL-7, IL-15, and by IL-2. CEACAM1 upregulation
may contribute to T cell CD4+ autoimmune response,
through a costimulatory role on the TCR receptor, and to in-
crease hepatic insulin uptake.

One can speculate that reduced secretion along with higher
insulin resistance and an increased hepatic clearance may re-
sult in a dramatic shortage of insulin disposal, thus accelerat-
ing the onset of dysglycemia and contribute to disease
progression. However longitudinal observations are necessary
to identify the temporal sequence of changes in secretion and
clearance in people with preclinical T1D.

In our cohort we found that all the indices of insulin secre-
tion were lower in progressors vs nonprogressors, as expected.
Notably, when metabolic measures were tested against the
risk for progression in the entire cohort, OMM-derived ¢ total
outperformed other metabolic metrics as the AUC C-peptide
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fixed at 0.5.

and insulin sensitivity and the baseline stage itself. This is like-
ly due to the heterogeneity within each stage (2). Furthermore,
the follow-up of this cohort was relatively short (~19
months), so we likely included only those with a more ad-
vanced disease progression, thus limiting the generalizability
of our findings. However, this observation provides a quanti-
tative estimate of the clinical relevance of ¢ total changes with
respect to the odds for progression, with 10 unitary increase of
¢ total associated with 8 times lower odds for progression.
Finally, we conducted an exploratory analysis to assess the
implications of using the OMM-derived insulin secretion ¢ to-
tal as an endpoint in clinical trials. Currently we lack surro-
gate endpoints for prevention trials in Stage 1 or 2, as the
only accepted outcome is the time to disease progression.
Establishing validated metabolic or immunologic endpoints
able to identify those at higher risk for disease progression
and to quantify early treatment response would enable a
more efficient design of clinical trials. Therefore, we compared
the OMM-derived insulin secretion with other commonly
used risk indices for disease progression—as DPTRS or
Index60—and with the AUC C-peptide, a measures of re-
sidual insulin secretion that is largely accepted as a surrogate
endpoint of residual beta cell function in Stage 3 disease (7).
We hypothesized that a 25% change in insulin secretion
might have been clinically relevant. This was based on obser-
vations in Stage 2 disease, where a 3-month loss of more than

25% of baseline insulin secretion is highly specific for progres-
sion to clinical disease (2). In Stage 3 T1D, a 25% reduction of
baseline insulin secretion correlates with a clinically relevant
improvement in HbA1¢ (33). Additionally, a ~25% difference
in the OMM-derived ¢ total has been observed between
healthy controls and individuals with Stage 1 disease (4).
We estimated that 10 participants would be provide 0.90
power to measure such a difference in a longitudinal trial,
while neither the AUC C-peptide nor Index60 or DPTRS
would provide a power >0.80 to observe a difference equal
to 25% of the 1 observed between Stage 1 and Stage 2 T1D.
This threshold is certainly arbitrary and retrospective analyses
of longitudinal trials will be necessary to confirm the superior-
ity of OMM-derived metrics with respect to other existing
measures.

From a practical standpoint, smaller changes in beta cell
function might be clinically relevant for trial designs aimed
at preventing disease progression. These changes appear to
be measurable with ¢ total, potentially requiring fewer partic-
ipants compared with using AUC C-peptide, DPTRS, or
Index60 as primary endpoints. Although DPTRS and
Index60 have primarily been studied as metabolic endpoints
in AAb-positive relatives (20, 22), their components—includ-
ing C-peptide and glucose indexes from oral glucose tolerance
testing, along with age and BMI for the DPTRS—indicate they
could also serve as indicators of insulin secretion. This
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observation yields a major clinical relevance since AUC
C-peptide has been adopted in the past as a surrogate endpoint
in clinical trials (45) and failed to adequately predict disease
progression in large monitoring cohort (8) with respect to
metrics that combine C-peptide and glucose. The major ad-
vantages of the OMM insulin secretion are the ability to ac-
count for both glucose and C-peptide dynamics during the
OGTT and to include an age-adjusted estimate of C-peptide
kinetics (23, 25, 46, 47).

Our results suggest the need for testing model-based meas-
ures in existing clinical trials involving people with Stage 1 or
Stage 2 disease and relate them to clinically relevant outcomes,
including the time to diagnosis or the HbA1c, thus providing a
novel endpoint that might speed up the development of dis-
ease modifying treatments.

A strength of this study is the selection of a cohort of matched
relatives with Stage 1 and Stage 2 T1D, enrolled in an inter-
national clinical trial, with complete 5-point OGTT measures
from which various beta cell function metrics were calculated.
A limitation is the absence of control group of age, sex, and
BMI-matched healthy individuals. Furthermore, the absence
of early glucose and C-peptide measures, specifically at 10
and 20 minutes (4), is a limitation of the study protocol. This
limitation prevented us from describing changes in the earliest
phases of insulin secretion in response to glucose. Previous re-
search using intravenous glucose tolerance tests in relatives of
patients with T1D with islet autoimmunity has extensively
demonstrated the existence of early changes in insulin secretion
in Stage 1 disease (48, 49).

Our findings underscore the need for including early meas-
ures of glucose and C-peptide, as recently endorsed by the
TrialNet consortium. Additionally, the relatively low number
of individuals selected for this study does not allow for distin-
guishing the metabolic characteristics of adults vs children.
Larger longitudinal cohorts of relatives of patients with T1D,
both with and without islet autoimmunity, should be analyzed
using OMM-derived measures to determine the metabolic tran-
sitions through the preclinical stages of the disease.

Conclusion

In this study, we revealed that the OMM-derived measure of in-
sulin secretion, ¢ total, effectively differentiates between Stage 1
and Stage 2 T1D, a distinction not achievable with the tradition-
ally used AUC C-peptide. This is clinically significant, as the
OMM approach provides a more accurate assessment by con-
sidering both glucose and C-peptide dynamics and including
an age-adjusted estimate of C-peptide kinetics. Furthermore,
our study suggests that using the ¢ total as an endpoint in clinical
trials could reduce the required number of participants, enhan-
cing the efficiency of developing disease-modifying treatments.
This highlights the potential of model-based measures to exped-
ite clinical trials and improve outcomes.

Acknowledgments

We acknowledge the team of clinicians and research nurses of
the Prevention of T1D Unit at IRCCS Ospedale San Raffaele,
Milan, Italy, for their efforts in enrolling patients in the
TNPTP and collecting blood samples. We are grateful to the
patients with T1D and their families for their commitment
to the TNPTP study, which has made an important contribu-
tion to science.

Funding

A.G. is supported by Breakthrough T1D (formerly JDRF) (3-SRA-
2022-1186-S-B and 3-SRA-2023-1422-S-B); J.B. is supported by
Institute for Pediatric Research (Padova, Italy); A.P. is supported
by Breakthrough T1D Transition Award (1-FAC-2025-1632-
A-N). The Type 1 Diabetes TrialNet Study Group is a clinical trials
network currently funded by the National Institutes of Health
(NIH) through the National Institute of Diabetes and Digestive
and Kidney Diseases, the National Institute of Allergy and
Infectious Diseases, and The Eunice Kennedy Shriver National
Institute of Child Health and Human Development, through the
cooperative agreements U01 DK061010, U01 DK061034, U01
DK061042, U01 DK061058, U01 DK085461, U01 DK085465,
U01 DKO085466, U01 DKO085476, U01 DKO085499, UO01
DKO085509, U01 DK103180, U01 DK103153, U01 DK103266,
U01 DK103282, U01 DK106984, U01 DK106994, UO01
DK107013, U01 DK107014, U01 DK106993, UC4
DK117009, and BreakthroughT1D (formerly JDRF).

Author Contributions

A.G. and A.P. conceptualized and designed the study, as well
as drafted the manuscript. J.B. and A.G. conducted the ana-
lysis. P.F., E.B., and A.P. contributed to the patient selection
and the clinical follow up of the cohort. A.G., H.I., A M.,
P.F., and E.B. contributed to the data interpretation, and crit-
ically revised the manuscript. A.P. is the guarantors of this
work and, as such, had full access to all the data in the study
and take responsibility for the integrity of the data and the ac-
curacy of the data analysis. All authors approved the manu-
script in its final version.

Disclosures

The authors have no financial or nonfinancial interests to dis-
close. No potential conflicts of interest relevant to this article
were reported.

Data Availability

Some or all datasets generated during and/or analyzed during
the current study are not publicly available but are available
from the corresponding author on reasonable request.
Supplementary material cited in the manuscript can be ac-
cessed at the following link https://doi.org/10.6084/m9.
figshare.28259654.v1.

References

1. Insel RA, Dunne JL, Atkinson MA, et al. Staging presymptomatic
type 1 diabetes: a scientific statement of JDRF, the Endocrine
Society, and the American Diabetes Association. Diabetes Care.
2015;38(10):1964-1974.

2. Galderisi A, Sims EK, Evans-Molina C, et al. Trajectory of beta cell
function and insulin clearance in stage 2 type 1 diabetes: natural his-
tory and response to teplizumab. Diabetologia. 2024;68(3):
646-661.

3. Petrelli A, Cugnata F, Carnovale D, et al. HOMA-IR and the
Matsuda index as predictors of progression to type 1 diabetes in
autoantibody-positive  relatives.  Diabetologia.  2024;67(2):
290-300.

4. Galderisi A, Moran A, Evans-Molina C, et al. Early impairment of
insulin sensitivity, B-cell responsiveness, and insulin clearance in
youth with stage 1 type 1 diabetes. ] Clin Endocrinol Metab. 2021;
106(9):2660-2669.

G202 194010 0z U0 1senb Aq 168/£08/89LE/1 L/0 | L/oI01HE/W0lW0d dno-olwapese)/:sdjy Woj papeEojuMOq


https://doi.org/10.6084/m9.figshare.28259654.v1
https://doi.org/10.6084/m9.figshare.28259654.v1

The Journal of Clinical Endocrinology & Metabolism, 2025, Vol. 110, No.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Galderisi A, Marks BE, DiMeglio LA, de Beaufort C. Endpoints for
clinical trials in type 1 diabetes drug development. Lancet Diabetes
Endocrinol. 2024;12(5):297-299.

Galderisi A, Carr ALJ, Martino M, Taylor P, Senior P, Dayan C.
Quantifying beta cell function in the preclinical stages of type 1 dia-
betes. Diabetologia. 2023;66(12):2189-2199.

Taylor PN, Collins KS, Lam A, et al. C-peptide and metabolic out-
comes in trials of disease modifying therapy in new-onset type 1 dia-
betes: an individual participant meta-analysis. Lancet Diabetes
Endocrinol. 2023;11(12):915-925.

Ylescupidez A, Speake C, Pietropaolo SL, et al. OGTT metrics sur-
pass continuous glucose monitoring data for T1D prediction in
multiple-autoantibody-positive individuals. | Clin Endocrinol
Metab. 2023;109(1):57-67.

Ylescupidez A, Bahnson HT, O’Rourke C, Lord S, Speake C,
Greenbaum C]J. A standardized metric to enhance clinical trial
design and outcome interpretation in type 1 diabetes. Naz
Commun. 2023;14(1):7214.

Caprio S, Plewe G, Diamond MP, et al. Increased insulin secretion
in puberty: a compensatory response to reductions in insulin sensi-
tivity. | Pediatr. 1989;114(6):963-967.

Campioni M, Toffolo G, Basu R, Rizza RA, Cobelli C. Minimal
model assessment of hepatic insulin extraction during an oral test
from standard insulin kinetic parameters. Am | Physiol
Endocrinol Metab. 2009;297(4):E941-E948.

Bergman RN, Ider YZ, Bowden CR, Cobelli C. Quantitative
estimation of insulin sensitivity. Am | Physiol. 1979;236(6):
E667-E677.

Galderisi A, Evans-Molina C, Martino M, Caprio S, Cobelli C,
Moran A. B-Cell function and insulin sensitivity in youth with early
type 1 diabetes from a 2-hour 7-sample OGTT. J Clin Endocrinol
Metab. 2023;108(6):1376-1386.

Sunehag AL, Dalla Man C, Toffolo G, Haymond MW, Bier DM,
Cobelli C. B-Cell function and insulin sensitivity in adolescents
from an OGTT. Obesity (Silver Spring). 2009;17(2):233-239.
Skyler JS, Greenbaum CJ, Lachin JM, et al. Type 1 diabetes
TrialNet—an international collaborative clinical trials network.
Ann N Y Acad Sci. 2008;1150(1):14-24.

American Diabetes Association Professional Practice Committee. 2.
Diagnosis and classification of diabetes: standards of care in
diabetes-2024. Diabetes Care. 2024;47(Supplement_1):5S20-542.
Clinicaltrials.gov. TrialNet Pathway to Prevention of T1D 2023.
Accessed March 01, 2025. https://clinicaltrials.gov/study/NCT00097292
Sosenko JM, Skyler JS, Mahon J, et al. The application of the dia-
betes prevention trial-type 1 risk score for identifying a preclinical
state of type 1 diabetes. Diabetes Care. 2012;35(7):1552-1555.
Sosenko JM, Skyler JS, Mahon ], et al. Validation of the diabetes
prevention trial-type 1 risk score in the TrialNet natural history
study. Diabetes Care. 2011;34(8):1785-1787.

Sosenko JM, Skyler ]S, Mahon J, et al. Use of the Diabetes
Prevention Trial-Type 1 Risk Score (DPTRS) for improving the ac-
curacy of the risk classification of type 1 diabetes. Diabetes Care.
2014;37(4):979-984.

Sosenko JM, Skyler JS, DiMeglio LA, et al. A new approach for
diagnosing type 1 diabetes in autoantibody-positive individuals
based on prediction and natural history. Diabetes Care.
2015;38(2):271-276.

Nathan BM, Redondo M]J, Ismail H, ef al. Index60 identifies indi-
viduals at appreciable risk for stage 3 among an autoantibody-
positive population with normal 2-hour glucose levels: implications
for current staging criteria of type 1 diabetes. Diabetes Care.
2022;45(2):311-318.

Cobelli C, Dalla Man C, Toffolo G, Basu R, Vella A, Rizza R. The
oral minimal model method. Diabetes. 2014;63(4):1203-1213.
Dalla Man C, Yarasheski KE, Caumo A, et al. Insulin sensitivity by
oral glucose minimal models: validation against clamp. Am ]
Physiol Endocrinol Metab. 2005;289(6):E954-E959.

Van Cauter E, Mestrez F, Sturis J, Polonsky KS. Estimation of insu-
lin secretion rates from C-peptide levels. Comparison of individual

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

11 3177

and standard kinetic parameters for C-peptide clearance. Diabetes.
1992;41(3):368-377.

Dalla Man C, Micheletto F, Sathananthan A, Rizza RA, Vella A,
Cobelli C. A model of GLP-1 action on insulin secretion in nondia-
betic subjects. Am | Physiol Endocrinol Metab. 2010;298(6):
E1115-E1121.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained
from oral glucose tolerance testing: comparison with the euglyce-
mic insulin clamp. Diabetes Care. 1999;22(9):1462-1470.
Piccinini F, Bergman RN. The measurement of insulin clearance.
Diabetes Care. 2020;43(9):2296-2302.

Galderisi A, Bonet J, Ismail H, ez al. 2024. Supplemental Materials
Repository. figshare. doi:10.6084/m9.figshare.28259654.v1.
Fourlanos S, Narendran P, Byrnes GB, Colman PG, Harrison LC.
Insulin resistance is a risk factor for progression to type 1 diabetes.
Diabetologia. 2004;47(10):1661-1667.

Xu P, Cuthbertson D, Greenbaum C, Palmer JP, Krischer JP;
Diabetes Prevention Trial-Type 1 Study Group. Role of insulin re-
sistance in predicting progression to type 1 diabetes. Diabetes Care.
2007;30(9):2314-2320.

Ferrannini E, Mari A, Nofrate V, Sosenko J, Skyler J. Progression to
diabetes in relatives of type 1 diabetic patients: mechanisms and
mode of onset. Diabetes. 2010;59(3):679-685.

Campbell IL, Harrison LC. A new view of the beta cell as an
antigen-presenting cell and immunogenic target. | Autoimmun.
199053 Suppl 1:53-62.

Harrison LC, Flier ]S, Roth J, Karlsson FA, Kahn CR.
Immunoprecipitation of the insulin receptor: a sensitive assay for
receptor antibodies and a specific technique for receptor purifica-
tion. | Clin Endocrinol Metab. 1979;48(1):59-65.

Bergman BC, Howard D, Schauer IE, et al. The importance of pal-
mitoleic acid to adipocyte insulin resistance and whole-body insulin
sensitivity in type 1 diabetes. | Clin Endocrinol Metab. 2013;98(1):
E40-ES50.

Bergman BC, Howard D, Schauer IE, et al. Features of hepatic and
skeletal muscle insulin resistance unique to type 1 diabetes. | Clin
Endocrinol Metab. 2012;97(5):1663-1672.

Perseghin G, Lattuada G, De Cobelli F, ez al. Reduced intrahepatic
fat content is associated with increased whole-body lipid oxidation
in patients with type 1 diabetes. Diabetologia. 2005;48(12):
2615-2621.

Donga E, Dekkers OM, Corssmit EP, Romijn JA. Insulin resistance
in patients with type 1 diabetes assessed by glucose clamp studies:
systematic review and meta-analysis. Eur | Endocrinol. 2015;
173(1):101-109.

Meah FA, DiMeglio LA, Greenbaum CJ, et al. The relationship be-
tween BMI and insulin resistance and progression from single to
multiple autoantibody positivity and type 1 diabetes among
TrialNet pathway to prevention participants. Diabetologia.
2016559(6):1186-1195.

Ader M, Stefanovski D, Kim SP, et al. Hepatic insulin clearance is
the primary determinant of insulin sensitivity in the normal dog.
Obesity (Silver Spring). 2014;22(5):1238-1245.

Ahrén B, Thorsson O. Increased insulin sensitivity is associated
with reduced insulin and glucagon secretion and increased insulin
clearance in man. | Clin Endocrinol Metab. 2003;88(3):
1264-1270.

Bergman R, Piccinini F, Kabir M, Kolka C, Ader M. Hypothesis:
role of reduced hepatic insulin clearance in the pathogenesis of
type 2 diabetes. Diabetes. 2019;68(9):1709-1716.

Goodarzi MO, Langefeld CD, Xiang AH, et al. Insulin sensitivity
and insulin clearance are heritable and have strong genetic correl-
ation in Mexican Americans. Obesity (Silver Spring). 2014;22(4):
1157-1164.

Zaharia OP, Antoniou S, Bobrov P, ez al. Reduced insulin clearance
differently relates to increased liver lipid content and worse glycem-
ic control in recent-onset type 2 and type 1 diabetes. Diabetes Care.
2023;46(12):2232-2239.

G202 194010 0z U0 1senb Aq 168/£08/89LE/1 L/0 | L/oI01HE/W0lW0d dno-olwapese)/:sdjy Woj papeEojuMOq


https://clinicaltrials.gov/study/NCT00097292
https://doi.org/10.6084/m9.figshare.28259654.v1

3178

45. Russell WE, Bundy BN, Anderson MS, et al. Abatacept for delay of

46.

47.

type 1 diabetes progression in stage 1 relatives at risk: a random-
ized, double-masked, controlled trial. Diabetes Care. 2023;46(5):
1005-1013.

Polonsky KS, Given BD, Hirsch L, et al. Quantitative study of insu-
lin secretion and clearance in normal and obese subjects. | Clin
Tnvest. 1988;81(2):435-441.

Dalla Man C, Caumo A, Basu R, Rizza R, Toffolo G, Cobelli C.
Minimal model estimation of glucose absorption and
insulin sensitivity from oral test: validation with a tracer

48.

49.

The Journal of Clinical Endocrinology & Metabolism, 2025, Vol. 110, No. 11

method. Am ]| Physiol Endocrinol Metab. 2004;287(4):
E637-E643.

Greenbaum C, Prigeon R, D’Alessio D. Impaired B-cell function,
incretin effect, and glucagon suppression in patients with type 1 dia-
betes who have normal fasting glucose. Diabetes. 2002;51(4):
951-957.

Greenbaum CJ, Beam CA, Boulware D, ez al. Fall in C-peptide dur-
ing first 2 years from diagnosis: evidence of at least two distinct
phases from composite type 1 diabetes TrialNet data. Diabetes.
2012;61(8):2066-2073.

G202 194010 0z U0 1senb Aq 168/£08/89LE/1 L/0 | L/oI01HE/W0lW0d dno-olwapese)/:sdjy Woj papeEojuMOq



	Metabolic Phenotype of Stage 1 and Stage 2 Type 1 Diabetes Using Modeling of β Cell Function
	Materials and Methods
	Selection of the Study Cohort
	Preclinical Stages of T1D
	Procedures and Calculations
	Oral glucose tolerance test
	Biochemical analysis
	T1D risk scores: Diabetes Prevention Trial Risk Score and Index60
	Minimal model estimates of beta cell function: insulin secretion and insulin sensitivity
	Standard indices of beta cell function
	Insulin clearance

	Statistical Analysis

	Results
	Participants’ Characteristics
	T1D Risk Scores
	Age Groups and Baseline Characteristics
	Insulin Secretion and Sensitivity in Stage 1 and Stage 2T1D
	Insulin Clearance in Stage 1 and Stage 2 Disease
	Risk Determinants of Disease Progression
	Projected Impact of OMM-Based Metrics for a Hypothetical Clinical Trial Design

	Discussion
	Conclusion

	Acknowledgments
	Funding
	Author Contributions
	Disclosures
	Data Availability
	References


