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ABSTRACT

Introduction: The Oral Minimal Model (OMM), a differential-equations based
mathematical model of glucose-insulin dynamics, utilizes data from a frequently sampled
oral glucose tolerance test (OGTT) to quantify insulin sensitivity (S7). OMM-based
estimates of S7 can detect differences in insulin resistance (IR) across population groups
and quantify effects of clinical or behavioral interventions. These estimates of S; have
been validated in healthy adults using data from OGTTs with durations from 2 to 7 hours.
However, data demonstrating how protocol duration affects S; estimates in highly IR
populations such as adolescents with obesity are limited.

Methods: A 6-hour frequently sampled OGTT was performed in adolescent females
with obesity. Two, 3-, and 4- hour implementations of OMM assuming an exponentially-
decaying rate of glucose appearance beyond measured glucose concentrations were
compared to the 6-hour implementation. A 4- hour OMM implementation with truncated
data (4h tr) was also considered.

Results: Data from 68 participants were included (age 15.8 + 1.2 years, BMI 35.4 + 5.6
kg/m?). Although S; values were highly correlated for all implementations, they varied
with protocol duration (2h: 2.86 + 3.31, 3h: 2.55 +2.62, 4h: 2.81 £2.59, 4h tr: 3.13 +
3.14, 6h: 3.06 + 2.85 x10** dl/kg/min). S; estimates based on 2 or 3 hours of data
underestimated S7 values, whereas 4-hour S; estimates more closely approximated 6-hour
S7 values.

Discussion: These results suggest that OGTT protocol duration should be considered
when implementing OMM to estimate S; in adolescents with obesity and other IR

populations.



1. INTRODUCTION

Measures of insulin sensitivity (S;) quantify the ability of insulin to both suppress
endogenous glucose release and promote glucose uptake in response to a glucose
challenge. Decreased S; is a critical component of metabolic syndrome, polycystic ovary
syndrome (PCOS), type 2 diabetes mellitus and type 1 diabetes, and it contributes
significantly to morbidity and mortality in these populations [1-4]. Decreased S; is also
present in adolescents with obesity [5-7]: adolescents display a puberty related reduction
in S7 and greater insulin secretion rates when compared to adults [8, 9]; excess weight is
known to further decrease the S; reduction associated with pubertal status; and S; is

markedly lower in teenage girls compared to boys [10-12].

The hyperinsulinemic euglycemic (HE) clamp remains the gold standard for measuring S;
in adults and youth with and without obesity [13, 14, 2, 15-17], but it is invasive, labor
intensive, and does not represent physiological conditions [18-20]. Similarly, the
intravenous glucose tolerance test (IVGTT) is non-physiological due to the IV infusion
that bypasses the gut [21]. Several surrogate indices, including HOMA [22], QUICKI
[23], and the Matsuda index [24] have been developed to efficiently quantify S; in the
clinical setting [25, 26, 23, 27-29]. Alternatively, the Oral Minimal Model (OMM), a
mathematical model of glucose-insulin dynamics in the more physiological conditions of
an oral glucose tolerance test (OGTT) [30-32], may be used to estimate S;. The OMM
describes an individual’s plasma glucose response to a glucose challenge, and model

parameters are used to derive a model-based measure of S; that demonstrates increased



sensitivity to group differences compared to fasting and OGTT-based indices of S; [33-

37]

The OMM was developed in healthy adults and validated against the HE clamp using
data from a 7-hour OGTT, but some implementations of OMM have been applied in
adults with type 2 diabetes and adolescent cohorts [30, 38-43]. S; estimates from shorter
OGTT/OMM protocols have been validated in adult populations without type 2 diabetes
[30, 38], lean to obese adolescents [40], and adolescent girls [42, 43]. However, insulin
resistance (IR) alters the glucose-insulin dynamics represented by OMM, and protocol
duration dependence of OMM S; estimates has not been rigorously assessed in

populations expressing diverse metabolic phenotypes.

To address this gap, we compared S; estimates computed using a 6-hour protocol to S;
estimates computed with data from shorter protocols in a cohort of sedentary, highly IR
adolescent girls with obesity. In this cohort and other IR populations, glucose may remain
elevated for extended periods reflecting dysglycemia [44]. For these individuals, longer
OGTT protocols may facilitate a more reliable OMM-based estimation of S; [41].
However, in IR individuals this constraint may require extending OGTT protocols to 6 or
7 hours [30]. Given the extended period of elevated glucose concentrations in our cohort,
we hypothesized that estimates of S; would depend on protocol duration and that at least

4 hours of data are required to accurately estimate S; using OMM.

2. MATERIALS AND METHODS



2.1 Participants

This is a secondary analysis of data collected in the APPLE (Liver and Fat Regulation in
Overweight Adolescent Girls; NCT02157974) and PLUM (Post-Prandial Liver Glucose
Metabolism in PCOS; NCT03041129) studies performed to explore abnormalities in
PCOS. These studies consisted of two visits: 1) consent/screening for eligibility; 2)
overnight monitored fast followed by an OGTT for metabolic assessment. Inclusion
criteria were female sex, overweight/obese status (BMI > 90th percentile for age and
sex), post pubertal status (Tanner Stage 5) and a sedentary lifestyle (< 3 hours routine
exercise per week, validated with both a 3-day activity recall and 7-day accelerometer
use). Sixty-eight participants were included in this analysis (18 with normal menses and
50 with PCOS). Participants with PCOS were medication naive and defined according to
the NIH criteria: 1) an irregular menstrual cycle, 2) >18 months post-menarche and, 3)
clinical and biochemical evidence of hyperandrogenism. Exclusion criteria for the studies
included the following: confirmed diagnosis of diabetes, pregnancy, anemia, liver
diseases other than non-alcoholic fatty liver disease (NAFLD), an alanine transferase
(ALT) level greater than 125 (IU/L) and use of medications known to affect insulin
sensitivity or glucose metabolism (including systemic steroids, antipsychotics and
treatment with hormonal contraception or metformin) in the last six months. The study
was approved by the Colorado Multiple Institutional Review Board. Informed consent
was obtained from all participants 18-21 years old, and parental consent and participant

assent from all participants between 12 - 18 years old.

2.2 OGTT Protocol



Participants refrained from physical activity 3 days prior to the metabolic stay, and
consumed an isocaloric diet (65% carbohydrate, 15% protein, 20% fat) the afternoon and
evening prior to the OGTT. Following a monitored inpatient 12-hour fast, a frequently
sampled OGTT was performed. Blood was sampled for glucose and insulin
concentrations at the following time points: 0, 10, 20, 30, 45, 60, 75, 90, 105, 120, 135,
150, 180, 210, 240, 300 and 360 minutes after ingesting 75 g plus an additional 40 mg/kg
of glucose and 25 grams of fructose. Fructose was included to drive de novo lipogenesis
[45] and did not contribute to plasma glucose concentrations [46]. Blood glucose was
measured at the bedside with the StatStrip® Hospital Glucose Monitoring System (Novo
Biomedical, Waltham, MA, USA). Serum insulin was measured with radioimmunoassay

(Millipore, Billerica, MA).

2.3 Oral Minimal Model
The OMM was used to simulate glucose-insulin dynamics and estimate S; [30]. The
OMM is a one-compartment model represented by the following equations:
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where G(?) is glucose concentration; X(2) is insulin action; /(?) is insulin concentration; Gy
and I, are basal glucose and insulin concentrations, respectively; Sg, p2 and p3 are rate

constants; and Ra,.q (@, t) is a piecewise-linear function describing the rate of



appearance of exogenous glucose. The time breakpoints #; were specified by the sampling
times and protocol duration, and parameter @ = [ag, @y ...,a,]" with ¢y = 0 are
unknown amplitudes [30, 31, 39]. The breakpoints for the 6-hour protocol represent the
sampled time points for the full glucose profile, and the breakpoints for the shorter
protocols represent truncated subsets of the 6-hour breakpoints based on protocol

duration (see Supplementary Material for details) [38].

We implemented both “truncated” and “exponential” versions of OMM. For sufficiently
long protocols that showed glucose and insulin concentrations returning to baseline
values (4- and 6- hours of data), we directly applied the OMM to compute S; (“truncated
models”). For shorter protocols, it has been recommended to assume an exponential
decay of Rap.q (@, t) after the last time breakpoint [47]. In our IR population, we
explored this approach for 2-, 3- and 4-hour OGTT protocols using both fixed and
estimated decay time constants (“‘exponential models,” see Supplementary Material for
details). In the exponential models, S; was estimated directly, and in the other model

implementations S; was defined to be

SI: p_3'V

D2

with units dl/kg/min per uU/ml [31]. To improve numerical identifiability of OMM, we
applied two constraints that have been described previously [30, 31]. Details regarding

these constraints are included in Supplementary Material.

The OMM was implemented for each participant using 2, 3, 4 and 6 hours of data. For

exponential models, exponential decay of the rate of appearance of glucose was assumed



following the last time point for 2, 3, and 4 hours of data. All model equations were
implemented in SAAM II (SAAM I1I software v 2.2, The Epsilon group, Charlottesville,

VA, USA).

2.4 Statistical Analysis and Model Comparison

All model comparisons were performed in MATLAB (Mathworks, Natick, MA). Data
are reported as the mean + SD. ANOVA was used to compare S; values obtained from
each method. The 6-hour OMM S; estimates were taken to be the reference estimates
because glucose concentrations returned to baseline for all participants by 6 hours [30].
Six hour estimates were compared to the S; estimates from shorter OMM protocol
durations using Pearson’s correlation coefficients, linear regressions, and Bland-Altman
plots [48] to quantify the differences between estimates obtained using different methods.
The Williams correlation test was used for pairwise comparison of the strengths of the
correlations [49]. Additionally, the mean squared error (MSE) between 6-hour OMM §;
estimates and S; estimates from protocols of shorter duration were computed, and we
compared these errors using paired t-tests. For Bland-Altman plots the bias, the 95%
confidence intervals of the bias, and the 95% limits of agreement between the S;

estimates obtained using the two methods are reported.

To investigate the differences in S; values estimated using the 4-hour truncated model and
the 4-hour exponential model, participants were divided into subgroups based on 4 hour
glucose concentrations being above, below or within 10 mg/dL of baseline glucose. For

each subgroup, the MSE between 4-hour S; estimates associated with the exponential and



truncated models and 6-hour estimates were calculated. The errors associated with the S;
estimates obtained from 4-hour exponential and 4-hour truncated models were compared
using paired t-tests. Correlations between the S; estimates from the 6-hour OMM and the
S7 estimates from the 4-hour exponential and 4-hour truncated models by subgroup were

calculated and compared for each subgroup [50].

The error between the glucose data and simulated 6-hour glucose concentrations for each
of the four models was computed as the square root of the squared sum of differences
between the data and simulated glucose at each sample time. To elucidate how the
exponential assumption for Ra,,.q; (@, t) translates to glucose dynamics across the
OGTT, the 2-, 3- and 4-hour exponential models were simulated for 6 hours. Predicted
glucose concentrations associated with each model were plotted with the glucose
concentration data and the 6-hour model simulations. Model simulations were performed
using the MATLAB built-in ode solver ode45. P-values < 0.05 were considered
significant; we report p-values greater than 0.001 and otherwise report p-values as

<0.001.

3. RESULTS

3.1 Participants

Sixty-eight participants were included in this study. Participant demographics are
summarized in Table 1. The mean 2-hour glucose is close to the pre-diabetes cut-off of >

140 mg/dL demonstrating that dysglycemia was common in this cohort. The average



glucose and insulin concentrations across the OGTT illustrate the moderate variability in

glucose and large variability of insulin concentrations for this participant group (Fig. 1).

3.2 OMM Implementations

Glucose and insulin data are presented with simulated glucose time traces for each model
for four representative participants, ordered from more to less insulin sensitive (Fig. 2).
The measured insulin concentration data describe each individual’s insulin response to

the OGTT and are used to force the insulin action dynamics in OMM.

All of the models accurately described glucose concentrations over the duration for which
data were specified as assessed by least squares error. By contrast with the 6-hour and 4-
hour truncated models, the exponential models predicted glucose concentrations beyond
the duration for which data were specified using the assumption of the exponentially

decaying Ra,e.q; (@, t). However, in general, exponential assumptions for Ra,qq; (@, t)
did not accurately reproduce glucose profiles. Error generally decreased with model
duration with mean errors of 60.73 + 36 (mean + SD), 40.80 + 23, 29.61 £ 17 and 19.43 +
6 mg/dL for the 2-, 3- and 4- hour exponential models and the 6-hour model,

respectively.

The estimated profiles of Ra,,04; (@, t) also varied with model duration as seen for the 4
representative participants (Fig. 3). In general, the assumption of exponential decay in the
2-, 3- and 4-hour exponential methods resulted in less variability in Raeq (@, t)

compared to the rates predicted in the 6-hour OMM implementation.
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3.3 Model Comparisons

To investigate the effect of model duration on estimated S;, we compared S; values
calculated using the 6-hour OMM to S; values calculated from OMM implementations
with shorter durations over all participants. For each model, average S; estimates and
average precision of S; estimates given as the coefficient of variation (CV) were
determined (Table 2). Mean S;values for all participants were not significantly different
across methods (ANOVA, p = 0.79). However, the MSE between the 6-hour S; estimates
and S; estimates from shorter OMM implementations decreased with protocol duration
with the lowest errors associated with the 4-hour truncated model. Specifically, the errors
for S; estimates from the 4-hour truncated model were lower compared to the errors for
the S7 estimates from other models with the exception of the 2-hour exponential model (4-
hour exponential: p < 0.001; 3-hour exponential: p = 0.01; 2-hour exponential: p = 0.07).
Similarly, the errors for S; estimates from the 4-hour exponential model were lower
compared to the errors for S; estimates from the 3-hour exponential model (p = 0.01) and
not significantly different from the errors for S; estimates from the 2-hour exponential

model (p =0.78).

The correlations between the S; estimates from OMM implementations with shorter
durations and the S; estimates from the 6-hour OMM were high and increased
monotonically with protocol duration from the 2-hour exponential model (R = 0.93) to
the 4-hour truncated model (R = 0.97) (Fig. 4). Comparisons of correlations showed that
the correlations between the 6-hour OMM S; estimates and the 2-hour and 3-hour

exponential S; estimates, respectively, were generally weaker than the correlations

11



between the 6-hour OMM S; estimates and the 4-hour exponential or 4-truncated S;
estimates (2-hour exponential v. 4-hour exponential, p = 0.008; 2-hour exponential v. 4-
hour truncated, p < 0.001; 3-hour exponential v. 4-hour truncated, p = 0.02). However, in
general, correlations between the 6-hour OMM S; estimates and OMM §; estimates from
OMM exponential implementations were not significantly different (2-hour exponential
v. 3-hour exponential, p = 0.07; 3-hour exponential v. 4-hour exponential, p = 0.29).
Moreover, the correlation between the 4-hour truncated S; estimates and the 6-hour OMM
S7 estimates was not significantly different from the correlation of the 4-hour exponential

S7 estimates and the 6-hour OMM S; estimates (p = 0.09).

To further characterize the correlations between S; estimates obtained using different
OMM implementations, we compared the regression lines associated with S; estimates
from different methods to the identity line. The slopes of the regression lines for the 3-
and 4- hour exponential model S; estimates compared to the 6-hour model S; estimates
were 1.03 and 1.05, respectively, and these slopes were not significantly different from 1
(both p<0.001). The slope of the regression line was 0.79 for the 2-hour exponential
model S; estimates and 0.88 for the 3-hour exponential model S; estimates. The intercept
for the regression line for the 4-hour exponential model S; estimates was computed as
8.69 x 10, but it was not significantly different from 0 (p<0.001). All other intercepts
were significantly different from 0 (all p<0.001) with intercepts of 3.03 x 10, 4.24 x 10
5

, and 7.77 x 107 for the S; estimates associated with the 4-hour truncated, 3-hour

exponential, and 2-hour exponential models, respectively.
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Bland-Altman plots demonstrated the differences in the S; estimates from shorter OMMs
compared to the 6-hour S; estimates (Fig. 5). Differences between S; estimates obtained
using different models do not show systematic change with average S; values, indicating
that the variability in the differences is not related to the size of the measurement. The
biases for the S; estimates from the 2-, 3-, and 4-hour exponential models were of order
105, positive, and, for the 3- and 4-hour exponential models, significantly different from
zero, indicating that these models underestimate S;. By contrast, the bias for the 4-hour
truncated model was an order of magnitude smaller than the bias for the other models,
negative, and the CI of the bias contained zero. Similar results were observed when
analyzing Bland-Altman plots for the percent differences with the smallest bias in the

percent differences occurring for the 4-hour truncated model (data not shown).

3.4 Baseline glucose affects variability in Sy estimates

To better understand the effects of delayed return to baseline and reactive hypoglycemia
on the 4-hour OMM implementations, we considered glucose concentrations 4 hours after
drink ingestion relative to return to baseline glucose for each participant. After dividing
participants into subgroups based on whether they were above, below, or within 10 mg/dl
of their baseline glucose concentrations at 4 hours we compared 4-hour S estimates from
both the exponential and truncated models for each subgroup. Approximately 54% (n =
37) of participants had 4-hour glucose concentrations at least 10 mg/dL below their
baseline glucose levels; 10% (n = 7) of participants had 4-hour glucose concentrations at
least 10 mg/dL above their baseline glucose levels; and the remaining participants (n =

24) had 4-hour glucose concentrations within 10 mg/dL of their baseline glucose levels.
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We compared S; estimates from the 4-hour exponential and 4-hour truncated models
relative to the 6-hour S; estimates using MSE. The MSE of the 4-hour exponential S;
estimates was 1.07 x 108, 1.27 x 108, and 2.21 x 10" for subgroups with 4-hour glucose
concentrations that were 10 mg/dL above, within, or below baseline glucose
concentrations, respectively. The MSE of the 4-hour truncated S; estimates was 3.50 x 10
%,9.98 x 10, and 3.50 x 10? for the above, within, and below 10 mg/dL subgroups,
respectively. For each subgroup, the errors in S; estimates from the 4-hour exponential
and 4-hour truncated models were significantly different: errors in S; estimates associated
with the 4-hour exponential model were lower for the 10 mg/dL below baseline subgroup
(p = 0.003), and errors in S estimates from the 4-hour truncated model were lower for the

10 mg/dL above (p = 0.002) and within (p = 0.03) subgroups.

We also compared the correlations for S; estimates from both 4-hour models to S;
estimates from the 6-hour model by subgroup. We did not detect differences in
correlations of S; estimates based on the 4-hour model used; however, we did observe
differences by subgroup. Specifically, we found that for the 4-hour exponential model,
the correlation in S; estimates for the 10 mg/dL above baseline subgroup (R = 0.74) was
weaker compared to the correlations for other subgroups (all R > 0.97; within: p = 0.02;
below: p = 0.02) (Fig. 6). Similarly, for the 4-hour truncated model, the correlation in S;
estimates for the 10 mg/dL above baseline subgroup (R = 0.80) was weaker compared

to the correlation for the 10 mg/dL within baseline subgroup (R = 0.97; p = 0.05) and

marginally weaker compared to the correlation for the 10 mg/dL below baseline subgroup

14



(R =0.97; p = 0.06). There were no differences in the correlations of S; estimates from
either 4-hour model for the 10 mg/dL below or within subgroups (4-hour exponential: p =
0.92, 4-hour truncated: p = 0.73). These results indicate that the S; values estimated using
either 4-hour model were less reliable for the 10 mg/dl above baseline subgroup

compared to the other subgroups.

4. DISCUSSION

We investigated differences in S; estimates obtained from 2-, 3- and 4-hour
implementations of OMM as compared to a 6-hour OMM implementation to describe
OGTT glucose concentration data in adolescent girls with obesity. Insulin sensitivity is
reduced in adolescents compared to adults [51, 9], and the estimates of S; in our cohort of
adolescent girls with obesity are consistent with reduced insulin sensitivity as reported in
previous studies [52]. However, our results established that, in this cohort, OMM-based
S7 estimates depend on the duration of the data considered and generally improve with
inclusion of more data up to 6 hours. OMM-based estimates of S; utilize the full
dynamics of glucose and insulin during the course of an OGTT to describe S; [53]. In the
current analysis, we took the S; estimates from a 6-hour OMM to represent the reference
estimate against which other S; estimates are compared because the 6-hour protocol was
sufficiently long that glucose concentrations returned to baseline levels for all
participants, a feature associated with optimal numerical identifiability of OMM.
Furthermore, longer protocol durations enabled the inclusion of the full glucose profile,

so more features of the data were represented in these estimates of .S;.
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Of the shorter implementations, the 4-hour truncated OMM provided the most reliable
estimates of S; compared to S; estimates from other OMM implementations. For the
majority of participants, glucose concentrations return to baseline after 4 hours, and,
therefore, 4- and 6-hour S; estimates reflect similar data features. Estimates of S; using
implementations of OMM for shorter durations of data were highly correlated with the 6-
hour OMM §; estimates consistent with results in healthy adult populations [38].
However, in our IR cohort, S; estimates from 2-, 3-, and 4-hour exponential OMM
implementations showed significant bias indicating that these methods may
underestimate S; compared to 6-hour OMM S; estimates, thereby potentially
misrepresenting the degree of metabolic disease experienced by a particular individual or
patient population. These results suggest that, in a cohort of adolescent girls with obesity,
reliable estimates of S; using OMM require OMM implementations based on OGTT data
of at least 4 hours. These findings are consistent with results suggesting that glucose and
insulin concentrations at the 240 min time point may help estimate S; in adults with

severe type 2 diabetes [41].

By contrast with our results, previous studies that investigated the effect of protocol
duration on OMM-based estimates of S; did not find that S; was sensitive to protocol
duration [38]. However, these studies focused on healthy adult populations or small
populations of adolescents [40]. The protocol duration-dependence we observed may
arise from assumptions in the model that do not apply to our cohort of adolescent girls
with obesity. For example, we observed more variability in the rate of appearance of

glucose (Raeq; (@, t)) in our cohort compared to published estimates from adults [31].
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This difference reflected the increased variability in glucose trajectories following drink
ingestion, longer durations of elevated glucose, and frequent incidence of reactive
hypoglycemia (in which glucose concentrations fall below baseline levels during the
recovery from the glucose challenge) in our cohort compared to the glucose profiles of
healthy adults [9]. To account for these features of the glucose profiles in our cohort, we
included more breakpoints in our linear approximation of Ra,,.q; (@, t). This approach
produced robust simulated glucose profiles, however, it may have contributed to
overfitting of Ra,.q; (@, t) in our participants. More work is needed to establish optimal
breakpoints for the representation of Ra,,.q; (@, t) in populations, such as adolescent girls

with obesity, with atypical glucose trajectories following drink ingestion.

Relatedly, we found that the glucose-insulin dynamics in our cohort were not well
described by implementations of OMM that assumed exponential decay of Ra,,.q; (@, t)
after 2, 3, or 4 hours in contrast to results for other populations [31]. Specifically,
previous work describing implementations of OMM with 2- or 3- hour OGTT protocols
has imposed an exponential decay in Ra.q (@, t) to account for the time course of
glucose absorption in 2- or 3-hour OGTT protocols when glucose concentrations have not
returned to baseline levels by the 120 min or 180 min time point, respectively. This
method was developed in relatively healthy adults and successfully described glucose
dynamics in these participants [30]. However, this assumption did not represent the
glucose dynamics observed in most participants in this study even when time constants of
decay were estimated as a parameter of the model. This mismatch was particularly

pronounced in the glucose profiles of participants with the lowest S; estimates whose

17



glucose concentrations tended to remain high beyond 120 minutes. Furthermore, the
assumption of exponential decay in the 4-hour exponential model adversely affected
reliability of S; estimates, although this effect was minimized for participants with 4-hour
glucose concentrations near or below baseline glucose levels where this assumption
minimally affected glucose dynamics. These results highlight the challenges of applying
OMM in populations with diverse metabolic phenotypes such as adolescents with
increased insulin secretion rates, women and girls with PCOS, and individuals with other

metabolic diseases.

Our results demonstrating that estimates of S; may depend on protocol duration suggest
that preliminary assessment of the typical features of the glucose-insulin dynamics of the
study population is necessary to select a protocol duration that is sufficiently long to
obtain a reliable estimate of S;. Specifically, shorter OGTT protocols may be sufficient
for OMM-based estimates of S; when the return to baseline following peak glucose is
rapid but may not be sufficient for populations with atypical glucose-insulin dynamics.
Thus, the requirements for the precision of S; estimates should be considered when
designing OGTT protocols for OMM-based measures of S; in IR populations.
Furthermore, care should be taken when comparing S; values estimated using OMM
implementations with different protocol durations. Future work using data assimilation
techniques may allow for more robust identification of optimal protocol durations for

assessing S7 using the OMM in patient populations with diverse metabolic phenotypes.
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FIGURE LEGENDS

Fig. 1. Glucose and insulin concentrations. Glucose (A) and insulin (B) concentration
ranges for all study participants (n=68, all female) for six-hour OGTT. Mean glucose and
insulin concentrations (black line), = max/min values (gray shading) indicate range of
variability across cohort.

Fig. 2. Simulated glucose dynamics based on different OMM time models. Glucose and
insulin (A, B, C, D) profiles for representative participants with high (A, B) or low (C,
D) insulin sensitivity as assessed by 6h S;. The simulated glucose dynamics obtained
using the 2h Ex, 3h Ex, 4h Tr, 4h Ex, and 6h implementations of OMM are plotted with
the glucose data for four participants. For truncated models (4h Tr and 6h), there are no
assumptions of glucose dynamics beyond the specified time breakpoints. For the
exponential models (2h Ex, 3h Ex and 4h Ex), exponential decay of the rate of
appearance of glucose is assumed after 120 min., 180 min., and 240 min., respectively.

Fig. 3. Estimated rate of appearance of drink glucose by OMM model duration. The rate
of appearance of exogenous glucose (Ra) estimated for each model for the 4
representative participants reported in Fig. 2. Onset of exponential decay of 2h Ex, 3h Ex
and 4h Ex OMM models is initiated after 120, 180, and 240 min, respectively.

Fig. 4. Correlations between S; estimated with the 6-hour OMM as a reference and OMM
implemented with shorter durations (n = 68, all female). Scatter plots showing the
correlations of the 2-hour exponential (A), the 3-hour exponential (B), the 4-hour
truncated (C), and the 4-hour exponential (D) OMM §; estimates with the 6-hour OMM
S7 estimates. The grey line is the least squares fit to the data, and the black line indicates
equality of estimates obtained using different models.

Fig. 5. Bland-Altman plot showing the bias of the S; estimates computed with the 6-hour
OMM and with shorter OMM implementations (n=68, all female). The bias (solid line),
the confidence interval of the bias (shaded region), and the 95% limits of agreement
(dashed line) are reported. The 2-hour exponential model (A), 3-hour exponential model
(B), and 4-hour exponential model (C), all showed a small positive bias indicating that
these models underestimate S;. The 4-hour truncated model (D) had a small negative bias
indicating this model overestimated ;.

Fig. 6. Strength of correlation of S; estimates using 4- and 6-hour OMM protocols varies
for subgroups specified by participants’ 4-hour glucose concentrations relative to their
baseline glucose concentrations. S; estimates calculated with the 4-hour exponential
OMM were strongly correlated with 6-hour OMM S; estimates for participants who were
10 mg/dL within (n=24, all female, p < 0.001) and below (n=37, all female, p < 0.001)
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their baseline glucose concentrations after the first 4 hours of the OGTT protocol but not
for participants who were 10 mg/dL above (n=7, all female, p=0.06) (A). S; estimates
calculated with the 4-hour truncated OMM were correlated with 6-hour OMM S;
estimates for participants who were 10 mg/dL above (n=7, all female, p=0.03), within
(n=24, all female, p <0.001), and below (n=37, all female, p < 0.001) their baseline
glucose concentrations after the first 4 hours of the OGTT protocol (B).

21



REFERENCES

10.

11.

12.

13.

Druet Cl, Tubiana-Rufi N, Chevenne D, Rigal O, Polak M, Levy-Marchal C.
Characterization of Insulin Secretion and Resistance in Type 2 Diabetes of
Adolescents. The Journal of Clinical Endocrinology & Metabolism.
2006;91(2):401-04.

Cree-Green M, Bergman BC, Coe GV, Newnes L, Baumgartner AD, Bacon S, et
al. Hepatic Steatosis is Common in Adolescents with Obesity and PCOS and
Relates to De Novo Lipogenesis but not Insulin Resistance. Obesity (Silver
Spring). 2016 Nov;24(11):2399-406.

Cree-Green M, Gupta A, Coe GV, Baumgartner AD, Pyle L, Reusch JE, et al.
Insulin resistance in type 2 diabetes youth relates to serum free fatty acids and
muscle mitochondrial dysfunction. J Diabetes Complications. 2017
Jan;31(1):141-48.

Cree-Green M, Wiromrat P, Stuppy JJ, Thurston J, Bergman BC, Baumgartner
AD, et al. Youth with type 2 diabetes have hepatic, peripheral, and adipose insulin
resistance. Am J Physiol Endocrinol Metab. 2019 Feb 1;316(2):E186-E95.
Copeland KC, Zeitler P, Geffner M, Guandalini C, Higgins J, Hirst K, et al.
Characteristics of adolescents and youth with recent-onset type 2 diabetes: the
TODAY cohort at baseline. J Clin Endocrinol Metab. 2011 Jan;96(1):159-67.
Group TS, Zeitler P, Hirst K, Pyle L, Linder B, Copeland K, et al. A clinical trial
to maintain glycemic control in youth with type 2 diabetes. N Engl J Med. 2012
Jun 14;366(24):2247-56.

Dabelea D, Mayer-Davis EJ, Saydah S, Imperatore G, Linder B, Divers J, et al.
Prevalence of type 1 and type 2 diabetes among children and adolescents from
2001 to 2009. JAMA. 2014 May 7;311(17):1778-86.

Mizokami-Stout K, Cree-Green M, Nadeau KJ. Insulin resistance in type 2
diabetic youth. Curr Opin Endocrinol Diabetes Obes. 2012 Aug;19(4):255-62.
Consortium R. Metabolic Contrasts Between Youth and Adults With Impaired
Glucose Tolerance or Recently Diagnosed Type 2 Diabetes: 1. Observations
Using the Hyperglycemic Clamp. Diabetes Care. 2018 Aug;41(8):1696-706.
Moran A, Jacobs DR, Jr., Steinberger J, Hong CP, Prineas R, Luepker R, et al.
Insulin resistance during puberty: results from clamp studies in 357 children.
Diabetes. 1999 Oct;48(10):2039-44.

Hoffman RP, Vicini P, Sivitz WI, Cobelli C. Pubertal Adolescent Male-Female
Differences in Insulin Sensitivity and Glucose Effectiveness Determined by the
One Compartment Minimal Model. Pediatric Research. 2000
2000/09/01;48(3):384-88.

Hoffman RP, Vicini P, Cobelli C. Comparison of insulin sensitivity and glucose
effectiveness determined by the one- and two-compartment[ndash ]Jlabeled
minimal model in late prepubertal children and early adolescents. Metabolism -
Clinical and Experimental. 2002;51(12):1582-86.

Hays NP, Starling RD, Sullivan DH, Fluckey JD, Coker RH, Evans WJ.
Comparison of insulin sensitivity assessment indices with euglycemic-

22



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

hyperinsulinemic clamp data after a dietary and exercise intervention in older
adults. Metabolism. 2006 Apr;55(4):525-32.

Dalla Man C, Piccinini F, Basu R, Basu A, Rizza RA, Cobelli C. Modeling
hepatic insulin sensitivity during a meal: validation against the euglycemic
hyperinsulinemic clamp. Am J Physiol Endocrinol Metab. 2013 Apr
15;304(8):E819-25.

Cree-Green M, Rahat H, Newcomer BR, Bergman BC, Brown MS, Coe GV, et al.
Insulin Resistance, Hyperinsulinemia, and Mitochondria Dysfunction in
Nonobese Girls With Polycystic Ovarian Syndrome. J Endocr Soc. 2017 Jul
1;1(7):931-44.

Patel SS, Truong U, King M, Ferland A, Moreau KL, Dorosz J, et al. Obese
adolescents with polycystic ovarian syndrome have elevated cardiovascular
disease risk markers. Vasc Med. 2017 Apr;22(2):85-95.

James D, Umekwe N, Edeoga C, Nyenwe E, Dagogo-Jack S. Multi-year
reproducibility of hyperinsulinemic euglycemic clamp-derived insulin sensitivity
in free-living adults: Association with incident prediabetes in the POP-ABC
study. Metabolism. 2020 Aug;109:154263.

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. American Journal of Physiology-
Endocrinology and Metabolism. 1979;237(3):E214.

Nadeau KJ, Zeitler PS, Bauer TA, Brown MS, Dorosz JL, Draznin B, et al.
Insulin Resistance in Adolescents with Type 2 Diabetes Is Associated with
Impaired Exercise Capacity. The Journal of Clinical Endocrinology &
Metabolism. 2009;94(10):3687-95.

Nadeau KJ, Regensteiner JG, Bauer TA, Brown MS, Dorosz JL, Hull A, et al.
Insulin Resistance in Adolescents with Type 1 Diabetes and Its Relationship to
Cardiovascular Function. The Journal of Clinical Endocrinology & Metabolism.
2010;95(2):513-21.

Beard JC, Bergman RN, Ward WK, Porte D, Jr. The insulin sensitivity index in
nondiabetic man. Correlation between clamp-derived and IVGTT-derived values.
Diabetes. 1986 Mar;35(3):362-9.

Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling.
Diabetes Care. 2004 Jun;27(6):1487-95.

Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G, et al.
Quantitative Insulin Sensitivity Check Index: A Simple, Accurate Method for
Assessing Insulin Sensitivity In Humans. The Journal of Clinical Endocrinology
& Metabolism. 2000;85(7):2402-10.

Matsuda M, Defronzo R. Insulin Sensitivity Indices Obtained From Oral Glucose
Tolerance Testing: Comparison with the euglycemic insulin clamp. 1999.
Matthews DR, Hosker JP, Rudenski A, Turner RC. Homeostatic model
assessment (HOMA). Measurement of insulin resistance and beta-cell deficit in
man. Diabetologia. 1985;28:412-19.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral glucose
tolerance testing: comparison with the euglycemic insulin clamp. Diabetes Care.
1999;22(9):1462-70.

23



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Abdul-Ghani MA, Matsuda M, Balas B, DeFronzo RA. Muscle and Liver Insulin
Resistance Indexes Derived From the Oral Glucose Tolerance Test. Diabetes
Care. 2007;30(1):89-94.

George L, Bacha F, Lee S, Tfayli H, Andreatta E, Arslanian S. Surrogate
Estimates of Insulin Sensitivity in Obese Youth along the Spectrum of Glucose
Tolerance from Normal to Prediabetes to Diabetes. The Journal of Clinical
Endocrinology & Metabolism. 2011;96(7):2136-45.

Cree-Green M, Cai N, Thurston JE, Coe GV, Newnes L, Garcia-Reyes Y, et al.
Using simple clinical measures to predict insulin resistance or hyperglycemia in
girls with polycystic ovarian syndrome. Pediatr Diabetes. 2018 Dec;19(8):1370-
78.

Dalla Man C, Caumo A, Cobelli C. The oral glucose minimal model: estimation
of insulin sensitivity from a meal test. IEEE Trans Biomed Eng. 2002
May;49(5):419-29.

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 method. Am J Physiol Endocrinol Metab. 2004 Oct;287(4):E637-43.
Dalla Man C, Caumo A, Basu R, Rizza R, Toffolo G, Cobelli C. Measurement of
selective effect of insulin on glucose disposal from labeled glucose oral test
minimal model. Am J Physiol Endocrinol Metab. 2005 Nov;289(5):E909-14.
Bordenave S, Brandou F, Manetta J, Fédou C, Mercier J, Brun JF. Effects of acute
exercise on insulin sensitivity, glucose effectiveness and disposition index in type
2 diabetic patients. Diabetes & Metabolism. 2008 2008/06/01/;34(3):250-57.

Cali AMG, Man CD, Cobelli C, Dziura J, Seyal A, Shaw M, et al. Primary
Defects in f-Cell Function Further Exacerbated by Worsening of Insulin
Resistance Mark the Development of Impaired Glucose Tolerance in Obese
Adolescents. Diabetes Care. 2009;32(3):456-61.

Levy-Marchal C, Arslanian S, Cutfield W, Sinaiko A, Druet C, Marcovecchio
ML, et al. Insulin Resistance in Children: Consensus, Perspective, and Future
Directions. The Journal of Clinical Endocrinology & Metabolism.
2010;95(12):5189-98.

Rynders C, Weltman J, Malin S, Jiang B, Breton M, Barrett E, et al. Comparing
Simple Insulin Sensitivity Indices to the Oral Minimal Model Postexercise.
Medicine and science in sports and exercise. 2015;48:66-72.

Cropano C, Santoro N, Groop L, Dalla Man C, Cobelli C, Galderisi A, et al. The
r$7903146 Variant in the <em>TCF7L2</em> Gene Increases the Risk of
Prediabetes/Type 2 Diabetes in Obese Adolescents by Impairing B-Cell Function
and Hepatic Insulin Sensitivity. Diabetes Care. 2017;40(8):1082-89.

Dalla Man C, Campioni M, Polonsky KS, Basu R, Rizza RA, Toffolo G, et al.
Two-hour seven-sample oral glucose tolerance test and meal protocol: minimal
model assessment of beta-cell responsivity and insulin sensitivity in nondiabetic
individuals. Diabetes. 2005 Nov;54(11):3265-73.

Dalla Man C, Yarasheski KE, Caumo A, Robertson H, Toffolo G, Polonsky KS,
et al. Insulin sensitivity by oral glucose minimal models: validation against clamp.
Am J Physiol Endocrinol Metab. 2005 Dec;289(6):E954-9.

24



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.
51.

52.

53.

Sunehag AL, Man CD, Toffolo G, Haymond MW, Bier DM, Cobelli C. beta-Cell
function and insulin sensitivity in adolescents from an OGTT. Obesity (Silver
Spring). 2009 Feb;17(2):233-9.

Cobelli C, Dalla Man C, Toffolo G, Basu R, Vella A, Rizza R. The oral minimal
model method. Diabetes. 2014 Apr;63(4):1203-13.

Xie D, Carreau A-M, Garcia Reyes Y, Rahat H, Bartlette K, Diniz Behn C, et al.
ORO07-3 Validation of Surrogate Models to Assess Tissue and Whole-Body
Insulin Resistance Among High-Risk Adolescent Girls. Journal of the Endocrine
Society. 2019;3(Supplement 1):OR07-3.

Carreau AM, Xie D, Garcia-Reyes Y, Rahat H, Bartlette K, Behn CD, et al. Good
agreement between hyperinsulinemic-euglycemic clamp and 2 hours oral minimal
model assessed insulin sensitivity in adolescents. Pediatr Diabetes. 2020 Jun 26.
Cree-Green M, Xie D, Rahat H, Garcia-Reyes Y, Bergman BC, Scherzinger A, et
al. Oral Glucose Tolerance Test Glucose Peak Time Is Most Predictive of
Prediabetes and Hepatic Steatosis in Obese Girls. J Endocr Soc. 2018 Jun
1;2(6):547-62.

Santoro N, Caprio S, Pierpont B, Van Name M, Savoye M, Parks EJ. Hepatic De
Novo Lipogenesis in Obese Youth Is Modulated by a Common Variant in the
GCKR Gene. J Clin Endocrinol Metab. 2015 Aug;100(8):E1125-32.

Sullivan JS, Le MT, Pan Z, Rivard C, Love-Osborne K, Robbins K, et al. Oral
fructose absorption in obese children with non-alcoholic fatty liver disease.
Pediatr Obes. 2015 Jun;10(3):188-95.

Group TE. SAAM II Manual.

Altman DG, Bland JM. Measurement in medicine: the analysis of method
comparison studies. Statistician. 1983;3:307-17.

Groppe D. r_test paired. 2019.

Takeuchi RF. corr_rtest. 2017.

Chen ME, Chandramouli AG, Considine RV, Hannon TS, Mather K1J.
Comparison of beta-Cell Function Between Overweight/Obese Adults and
Adolescents Across the Spectrum of Glycemia. Diabetes Care. 2018
Feb;41(2):318-25.

Toffolo G, Dalla Man C, Cobelli C, Sunehag AL. Glucose fluxes during OGTT in
adolescents assessed by a stable isotope triple tracer method. J Pediatr Endocrinol
Metab. 2008 Jan;21(1):31-45.

Breda E, Cavaghan MK, Toffolo G, Polonsky KS, Cobelli C. Oral Glucose
Tolerance Test Minimal Model Indexes of B-Cell Function and Insulin
Sensitivity. Diabetes. 2001;50(1):150-58.

25



TABLES

Table 1: Participant Characteristics. Data shown are mean + standard deviation of the

mean unless otherwise noted.

Age (years) 158+1.2
Race/Ethnicity (N)
Non-Hispanic White 23
Hispanic White 35
Black 8
Asian 2
Age at Menarche (Years) 11.6+1.5
Family history of T2D (%) 76%
Weight (kg) 94.0+£16.5
Height (cm) 164 +7
BMI (kg/m?) 354+5.6
BMI percentile 97.6+2.0
BMI Z-score 2.08+0.34
Waist:Hip Ratio 0.89 +0.07
Hemoglobin Alc (%) 54 +0.3
Fasting glucose (mg/dL) 90+ 9
2 hour glucose (mg/dL) 136 24
Fasting Insulin (mIU/L) 28+16
2 hour insulin (mIU/L) 276 £ 200
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Table 2. Average Syestimates, precision of S7 estimates and MSE. Values are mean +
SD. Reported is the average precision of S; estimates is given as the coefficient of
variation (CV %) and the mean squared error (MSE) of S; estimates from shorter OMM
implementations to estimates of S; from the 6-hour.

OMM S, 10-4 dl/kg/min Precision, CV % MSE, 10-°
Implementation per uU/ml

2-hour Ex 2.86 £3.31 24275 16.1
3-hour Ex 2.55+2.62 19357 10.3
4-hour Ex 2.81+2.59 16.25+6 6.79
4-hour Tr 3.13+£3.14 18.60+ 6 5.97
6-hour 3.06 £ 2.85 12.77 6
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