:\' frontiers

in Endocrinology

ORIGINAL RESEARCH
published: 29 March 2021
doi: 10.3389/fendo.2021.641713

OPEN ACCESS

Edited by:
Krasimira Tsaneva-Atanasova,
University of Exeter, United Kingdom

Reviewed by:

Evan Baker,

University of Exeter, United Kingdom
Glenn Ward,

The University of Melbourne, Australia

*Correspondence:
David Z. D’Argenio
dargenio@usc.edu

Specialty section:

This article was submitted to
Systems Endocrinology,

a section of the journal
Frontiers in Endocrinology

Received: 14 December 2020
Accepted: 24 February 2021
Published: 29 March 2021

Citation:

Hu S, Lu'Y, Tura A, Pacini G and
D’Argenio DZ (2021) An Analysis of
Glucose Effectiveness in Subjects With
or Without Type 2 Diabetes via
Hierarchical Modeling.

Front. Endocrinol. 12:641713.

doi: 10.3389/fendo0.2021.641713

Check for
updates

An Analysis of Glucose Effectiveness
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Glucose effectiveness, defined as the ability of glucose itself to increase glucose utilization
and inhibit hepatic glucose production, is an important mechanism maintaining
normoglycemia. We conducted a minimal modeling analysis of glucose effectiveness at
zero insulin (GEZI) using intravenous glucose tolerance test data from subjects with type 2
diabetes (T2D, n=154) and non-diabetic (ND) subjects (n=343). A hierarchical statistical
analysis was performed, which provided a formal mechanism for pooling the data from all
study subjects, to yield a single composite population model that quantifies the role of
subject specific characteristics such as weight, height, age, sex, and glucose tolerance.
Based on the resulting composite population model, GEZI was reduced from 0.021 min™"
(standard error — 0.00078 min™") in the ND population to 0.011 min™" (standard error —
0.00045 min™") in T2D. The resulting model was also employed to calculate the proportion
of the non-insulin-dependent net glucose uptake in each subject receiving an intravenous
glucose load. Based on individual parameter estimates, the fraction of total glucose
disposal independent of insulin was 72.8% + 12.0% in the 238 ND subjects over the
course of the experiment, indicating the major contribution to the whole-body glucose
clearance under non-diabetic conditions. This fraction was significantly reduced to 48.8% +
16.9% in the 30 T2D subjects, although still accounting for approximately half of the total in
the T2D population based on our modeling analysis. Given the potential application of
glucose effectiveness as a predictor of glucose intolerance and as a potential therapeutic
target for treating diabetes, more investigations of glucose effectiveness in other disease
conditions can be conducted using the hierarchical modeling framework reported herein.

Keywords: intravenous glucose tolerance test, glucose-insulin, minimal model, insulin sensitivity, EM algorithm

INTRODUCTION

Glucose homeostasis is governed by the interaction of many processes, central among these are
insulin secretion, insulin action, insulin clearance and glucose effectiveness. Glucose effectiveness,
defined as the ability of glucose itself to increase glucose utilization and inhibit hepatic glucose
production via mass action and other mechanisms (1), exerts an earlier temporal influence relative
to insulin in maintaining normoglycemia. It has been shown in (2) that glucose effectiveness may be
divided into two components: Basal Insulin Effect (BIE) and Glucose Effectiveness at Zero Insulin
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(GEZI). The latter measures the effect of glucose on its own
removal in the absence of insulin and thus represents the
theoretical insulin-independent glucose disappearance. In
normal subjects, it has been reported that glucose effectiveness
(independent of dynamic insulin) accounts for 45% to 65% of the
total net glucose disposal following an intravenous glucose load
(3). In patients with defective insulin action, the impact of insulin
on glucose disposal is limited but it is partially compensated by
the crucial contribution of glucose effectiveness in the attempt of
restoring a good glucose tolerance (1). Given its central role in
glucose homeostasis, glucose effectiveness impairment has been
proposed as an important indicator of glucose intolerance and as
a therapeutic target in the treatment of patients with impaired
glucose regulation [Basu et al. (4), Pau et al. (5), Alford et al. (3)].
However, there have been only limited studies aimed at
quantifying glucose effectiveness in subjects with normal and
impaired glucose tolerance, and there are inconsistencies in those
studies (1).

Glucose clamp experiments and the minimal model (MM)
approach following an intravenous glucose tolerance test
(IVGTT) have been used to quantify glucose effectiveness [Best
etal. (6), Ader et al. (7), Dube et al. (1)]. While the glucose clamp
method, which involves controlling insulin at near-basal level, is
regarded as the gold standard for accessing insulin-mediated
glucose disposal, it requires cumbersome experiments and
trained research teams. In contrast, the MM analysis is based on
a simpler IVGTT or an insulin modified IVGTT (IM-IVGTT) (8),
and when coupled with a method for model-based statistical
estimation, provides estimates of whole-body glucose disposal
indices representing both glucose effectiveness and insulin
sensitivity [Bergman et al. (9), Henriksen et al. (10)]. While the
many applications of the MM reported in the literature have
largely focused on questions related to insulin sensitivity, the MM
has also been used to better understand the role of glucose
effectiveness in glucose homeostasis in healthy and disease
conditions. For example, Henriksen et al. (11) analyzed IVGTT
data of 20 normoglycemic first degree relatives of type 2 diabetes
(T2D) patients and another 20 matched subjects, where they
observed an increased glucose effectiveness in the relatives. The
study by Lorenzo et al. (12) assessed whether glucose effectiveness
estimated via MM analysis in healthy participants could predict
the future occurrence of T2D. More recently, Morettini et al. (13)
analyzed results from a collection of previous studies in subjects
with normal glucose tolerance, focusing on factors associated with
differences in glucose effectiveness including body mass index. To
explore pathogenic factors in type 2 diabetes, Taniguchi et al. (14)
analyzed IM-IVGTT data from 11 healthy subjects and 9 T2D
patients, and concluded that diminished glucose effectiveness is
partially responsible for glucose intolerance. Similarly, Welch et al.
(15) observed a decrease in glucose effectiveness in diabetic
subjects based on MM analysis of 21 subjects. These studies
using the MM to assess glucose effectiveness have involved
either only non-diabetic (ND) subjects [e.g., Henriksen et al.
(11), Lorenzo et al. (12), Morettini et al. (13)], or included only
a small number of subjects with T2D [e.g., Taniguchi et al. (14)
and Welch et al. (15)]. Moreover, these studies analyzed the data

from subjects separately, which limits the ability of the analysis to
define an overall composite model of the population that
incorporates the role of anthropomorphic and pathophysiological
factors on MM parameters.

To address these limitations, we conducted a MM analysis of
glucose effectiveness using a large set of data obtained from
previously conducted studies that included both ND subjects
(n=343) and those with T2D (n=154). A hierarchical statistical
analysis was performed using the MM, which provides a formal
mechanism for a simultaneous modeling analysis of the data
from all study subjects, yielding a single composite model that
quantifies the role of subject specific characteristics such as
weight, height, age, sex, and glucose tolerance status.

MATERIALS AND METHODS
Clinical Study Data

This study involves a pooled analysis of data from previous
studies, each performed following the Declaration of Helsinki
and upon approval of the respective institutional ethics
committees, in which subjects were administered either a regular
intravenous glucose tolerance test (IVGTT) or an insulin-modified
intravenous glucose tolerance test (IM-IVGTT). A total of 44
study groups was included in the analysis, comprising 497
different subjects as summarized in Table 1, which also
summarizes sex, age and other anthropometric characteristics.
Subjects with type 2 diabetes (T2D) and without diabetes (ND)
(assessed by the guidelines of the American Diabetes Association)
were incorporated in the analysis, including both obese (body
mass index (BMI) > 28 kg/m®) and non-obese subjects, but not
subjects with other conditions that might alter glucose regulation.
A standard IVGTT was performed in 268 subjects, while an IM-
IVGTT was administered to 229 subjects.

Studies in which some of the characteristics are missing in
individual subjects are noted in Table 1, with missing values
imputed as follows. For studies in which only mean values of age,
weight, height or BMI were reported (see table), each subject was
assigned the corresponding mean value from that study. In 40
subjects from four of the study groups, the values of height,
weight and BMI were missing, and only the mean BMI and its
standard deviation (SD) were reported. For these subjects, we
applied the virtual population anthropomorphic generator
PopGen (39) to produce 40 virtual subjects, using the reported
mean BMI + 2SD as the required BMI range, the reported mean
age, and the reported proportion of males (27). The resulting
mean body weight of the virtual subjects in each group was then
assigned to each of the 40 subjects, with the missing heights
calculated as H = /weight /BMI using the mean BMI value. The
sex of 18 subjects from two study groups (see Table 1) was
missing but the proportion of men and woman was reported, and
the latter was used to randomly assign the sex of the subjects. For
41 subjects from five studies, no sex was provided, and the sex of
these subjects was classified as not available (NA). After missing
covariate imputation, characteristics of all 497 subjects are as
summarized in Table 2, which includes sex, age, weight, height
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TABLE 1 | Summary of subject characteristics in the studies (mean + SD).

Study No. of Cohort Sex Age (yrs) Weight BMI (kg/m?) Height (cm) Study Reference

No. subjects (F/M/NA) (kg) type

1 9 T2D 0/9/0 62.1 £5.16 731+ 111 28.3 + 4.48 161 +£7.95 IM-IVGTT Avogaro et al. (16)

2 9 ND 3/6/0 27.6 £9.44 68.3 £ 10.9 22.3 £3.39 175+£7.18 IM-IVGTT Avogaro et al. (17)

3 8 ND 1/7/0 52.5 +2.98 85.8 + 18.1 289 +6.7 173 £ 4.44 IM-IVGTT Avogaro et al. (18)

4 8 T2D 1/7/07 64.5 + 6.26 88.4 + 10.6 29.3 +£2.54 173 £ 6.16 IM-IVGTT Avogaro et al. (18)

5 6 T2D 0/6/0 57.0 £7.92 92.1 £ 8.45 292+19 178 £ 5.05 IM-IVGTT Ludvik et al. (19)

6 18 T2D 0/18/0 57.7 £ 8.11 88.3+ 12 27.8 £2.72 178 + 6.65 IM-IVGTT Ludvik et al. (19)

7 11 ND 1/1/11 29.0 £ 0P 67.7 + 5.88 225+ 0° 173 + 7.567 IVGTT Trojan et al. (20)

8 31 T2D 10/17/6 50.8 + 12.9 85.8 + 19.9 295+ 6.9 171 £ 9.6 IM-IVGTT O’Gorman et al. (21)

9 10 T2D 7/3/0 50.4 £7.24 78.8 £20.4 30.0 £ 6.49 162 £ 7.44 IM-IVGTT Not published

10 2 ND 2/0/0 29.0+99 100 +17.3 35.2 + 8.67 170 + 6.36 IM-IVGTT Not published

11 2 T2D 2/0/0 36.0 £ 4.24 107 £ 15.3 34.0 £ 4.04 178 £ 2.12 IM-IVGTT Not published

12 10 T2D 4/6/0 66.0 £ 4.71 64.3 £ 7.45 23.8 +0° 164 + 9.459 IVGTT Viviani and Pacini (22)
13 6 ND 2/4/0 73.2 £7.33 63.0 £ 9.25 23.1+0° 165 + 12.29 IVGTT Viviani and Pacini (22)
14 11 ND 1/10/0 24.6 £7.21 715 +13.7 237 £ 0° 173 +17.79 IVGTT Viviani and Pacini (22)
15 23 T2D 6/17/0 28.4 +7.84 107 +20.3 34.8 +5.45 1756+ 113 IM-IVGTT McQuaid et al. (23)

16 9 ND 5/4/0 35.2 £ 8.63 66.7 £ 5.24 23.0 £ 1.58 170 £ 5.57 IM-IVGTT McQuaid et al. (23)

17 10 ND 7/3/0 18.6 + 3.81 109 = 14.5 35.8 £ 3.55 174 £ 5.36 IM-IVGTT McQuaid et al. (23)

18 5 T2D 5/0/0 122 +1.86 64.8 +8.17 271 +294 155 £ 2.79 IM-IVGTT McQuaid et al. (23)

19 2 ND 11/0 27.0 127 69.5+7.78 25.6 £ 5.68 166 + 9.19 IVGTT Not published

20 15 ND 7/8/0 38.9+10.8 68.8 + 12.3 243 +2.6 168 + 10.6 IM-IVGTT Pacini et al. (8)

21 10 ND 10/0/0 26.3 £ 2.58 57.0 £ 5.31 20.7 £2.3 166 + 6.51 IM-IVGTT Gennarelli et al. (24)

22 10 T2D 4/6/0 57.8+8 69.0 + 9.98 253+ 1.8 165 + 8.95 IVGTT Not published

23 10 T2D 4/6/0 54.6 £ 11.2 68.9 +9.72 253 +1.64 165 + 8.95 IVGTT Not published

24 13 ND 1/1/13 68.3 £ 5.42 71.7 £8.73 24.6 £ 1.96 171 £5.33 IVGTT Pacini et al. (25)

25 10 ND 1/1/10 26.7 2 72.3 £9.71 22,9 +2.89 178 + 5.87 IVGTT Pacini et al. (25)

26 10 ND 2/8/0 36.1 £ 9.61 712+741 23.8 £2.03 173 £3.35 IVGTT Piccardo et al. (26)

27 10 ND 10/0/0 27.0+0° 62.1+0° 249 +0° 158 + 07 IVGTT Ahrén and Pacini (27)
28 10 ND 10/0/0 63.0 £ 0° 68.0 + 0° 252 +0° 164 + 09 IVGTT Ahrén and Pacini (27)
29 10 ND 0/10/0 27.0 £ 0° 74.4 +0° 24.9 + 0° 173 + 09 IVGTT Ahrén and Pacini (27)
30 10 ND 0/10/0 63.0 £ 0° 78.6 + 0° 252 +0° 177 + 09 IVGTT Ahrén and Pacini (27)
31 9 ND 7/2/0 17.0 £ 2.24 54.2 +9.08 19.7+25 165 + 8.37 IVGTT Cavallo-Perin et al. (28)
32 10 ND 2/8/07 35.6 £4.7 753+ 14.3 245+ 3.18 175 + 8.49 IVGTT Cavallo-Perin et al. (29)
33 13 ND 10/3/0 13.3+0.63 84.2 +10.2 32.5+£3.08 161 £ 6.57 IVGTT Cerutti et al. (30)

34 4 ND 1/3/0 322+11.2 75.8 +10.7 23.9 + 1.06 178 £ 9.54 IM-IVGTT Stingl et al. (31)

35 9 ND 6/4/1 439+ 0° 65.7 +0° 241 +0° 165 + 09 VGTT Handiisurya et al. (32)
36 38 ND 38/0/0 315 +5.55 68.4 + 13.3 25.0 + 5.68 166 + 5.15 IM-IVGTT Tura et al. (33)

37 18 ND 9/9/0 449 +12.8° 114 + 23.3 39.4 + 3.57° 169 + 12.67 IVGTT Kautzky-Willer et al. (34)
38 17 ND 10/7/0 33.5+14.3 67.5+ 131 23.0+5.1 172 £11.6 IVGTT Kautzky-Willer et al. (34)
39 7 ND 2/5/0 30.3 + 6.52 70.0 + 8.91 23.5 +0.835 172 + 9.56 IVGTT Kautzky-Willer et al. (35)
40 12 T2D 0/12/0 64.0 + 5.88° 95+ 19.6 28.6 + 5.63° 182 + 8.387 IM-IVGTT Schaller et al. (36)

41 17 ND 17/0/0 38.1 +7.85 843+ 11.7 33.4 + 4.05 159 + 6.02 IVGTT Basili et al. (37)

42 13 ND 13/0/0 42.7 +11.3 941 +124 37.4 £ 3.59 159 + 9.86 IVGTT Basili et al. (37)

43 11 ND 11/0/0 459 + 7.61 111 £ 159 44.7 £ 5.82 158 + 2.66 IVGTT Romano et al. (38)

44 11 ND 11/0/0 48.2 +7.92 95.8 + 9.46 38.1 + 3.03 159 + 3.88 IVGTT Romano et al. (38)

The values in cells without superscripts are known.

“Indlividual values randomly assigned as per text.

PAll subjects assigned as the mean value.

“Determine using anthropomorphic algorithm PopGen.

9Calculated as described in text.

TABLE 2 | Characteristics of study subjects.

Characteristic Mean = SD Minimum Median Maximum
Study type(VGTT/IM-IVGTT) 268/229

Cohort (ND/T2D) 343/154

Sex (female/male/missing) 239/217/41

Age (yrs) 414 +£16.9 9.70 40.0 86.0
Weight (kg) 79.7 £19.9 40.0 75.0 157
Height (cm) 169 + 10.1 130 168 196
BMI (kg/m?) 28.0 £ 6.76 15.9 25.3 53.9
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and body mass index. A graphic overview of investigated dG(t)
covariates is provided in Figure 1. dr ~(GEZI + X(1))+G(r) @
.. + (GEZI + Xbasul)*Gbusal’
Minimal Model Dose
The following parameterization of the minimal model for G(0) = Gpgsar +T
glucose and insulin was used in the analysis [Bergman et al.
(40), Araujo-vilar et al. (41)]:
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triangle, the correlation coefficients between continuous covariates are shown.

FIGURE 1 | Overview of covariate values and relationships. Histograms plots for continuous covariates and bar graphs for discrete covariates are shown on the
diagonal. In the lower triangle, the boxplots between continuous and discrete covariates and scatter plots between continuous covariates are displayed. In the upper
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d);—gt) = —p2+X(t) + p2+Sp+I (1),
where Dose denotes the glucose dose (mmol) at time zero, G(f) is
the plasma glucose concentration (mmol/L), Gps, is basal glucose
concentration (measured glucose at the end point), X(f) is the
remote insulin action (min™"), I(¢) is the measured plasma insulin
concentration (pmol/L) and I, is the basal insulin concentration
(measured insulin at the end point). The function I() was defined
by linearly interpolating the measured insulin concentrations.
Model parameters are: glucose effectiveness at zero insulin
(GEZI, min™"), insulin sensitivity (S;, min~'/(pmol/L)), remote
insulin action parameter (p2, min™") and the volume of glucose
distribution (V, L). For IVGTT, a glucose dose of 0.3 g/kg was
administrated to the subjects at time zero. The study duration
ranged between 180 min and 360 min, while the number of
samples ranged from 12 to 30 for each subject. For IM-IVGTT,
the same glucose dose was given and a short insulin infusion of
between 0.03 to 0.05 U/kg was administered at 20 min. The
duration of the IM-IVGTT studies ranged between 180 min and
240 min and number of samples ranged from 12 to 22. The
glucose measurements obtained prior to 5 min were excluded
from the analysis, since the one-compartment glucose kinetic
model does not represent the initial phase of glucose
disposal (42).

X(O) = SI*Ibasal (2)

Hierarchical Modeling Analysis

Hierarchical or population modeling, which is used widely in drug
development, provides a formal basis for determining the
distribution of model parameters in a population (central
tendency and dispersion) and identifying relevant covariates that
may explain aspects of the population parameter distribution [see
Bonate (43)]. Notable applications of population modeling to the
glucose-insulin system include the work of Agbaje et al. (44) using
a Bayesian analysis and that of Denti et al. (45) using approximate
maximum likelihood methods.

In this work, Eqs (1) and (2) define the first stage of the
hierarchical framework, where the residual error (defined as the
difference between the measured and predicted glucose
concentrations) was assumed to be normally distributed with
variance proportional to the predicted glucose concentration. For
the second stage of the hierarchy, the vector of model
parameters, logb = log [GEZI S; p2 V], is assumed to follow a
multivariate normal distribution, log0 ~ N (Uioge, Zioge)> With the
population mean [loge, covariance Zi,e and the conditional
mean for each subject E[log6], i = 1,..., n, are estimated from the
pooled study data. The maximum likelihood estimates of fi,46,
Zioge and E[log6;] were obtained using the expectation-
maximization (EM) algorithm as applied to solve the nonlinear
mixed effects hierarchical modeling problem by Schumitzky (46)
and by Walker (47), and as implemented in the MLEM
application in ADAPT (Version 5) software (48). The
supplemental information contains details regarding the
hierarchical modeling framework used in this work.

The following covariates were examined for their influence on
model parameters: age, body weight, height, BMI, sex, and
glucose tolerance (ND/T2D). We also included test type

(IVGTT/IM-IVGTT) as a covariate since some previous
studies indicated that there may be a difference in MM
parameter estimates between IVGTT and IM-IVGTT
experiments (8). Initially, covariate-parameter relationships
were identified based on exploratory graphical analysis and
mechanistic plausibility. Individual subject conditional mean
estimates of model parameters were obtained from the
hierarchical model without covariates. All identified covariates
for each of the model parameters (S;, GEZI, etc.) were added one-
by-one, based on their significance in the exploratory analysis, to
generate new hierarchical models. The final explanatory
covariates were selected based on estimate precision and
objective function value (-2 log likelihood) improvement as
accessed using the likelihood ratio test (p<0.05) (43). We tested
the covariate model for S; initially, as the importance of S; for
glucose tolerance has been well established and its relationship
with BMI has been mentioned in previous studies. Covariate
effects on V were then tested, as it was found to correlate with
body weight in Denti et al. (45). After accounting for the effects
on S;yand V, we then tested the covariate model of GEZI to study
its relationship with subject characteristics, as this has not been
examined in a large population previously. For the continuous
covariates considered (age, body weight, height, BMI), power
models centered at their median values of the covariates were
used. For the categorical covariates considered (sex, glucose
tolerance and test type), changes in the covariate model
parameters between levels were investigated.

RESULTS

Table 3 (second column) presents the results of the population
modeling analysis using the minimal model in Eqgs. 1 and 2

TABLE 3 | Population modeling results.

Parameter Without covariates With covariates
(Unit) (RSE-CV%) (RSE-CV%)
Typical values:
GEZI (min™") 0.0178 (3.37) 0.0210 (3.73)
Sy (min~"/(pmol/L)) 3.59%e-5 (5.80) 6.26e-5 (6.33)
p2 (min™") 0.0425 (3.62) 0.0420 (3.65)
VL 12.4 (1.87) 12.0 (1.56)
Inter-individual variabilities (CV%):
GEZI 50.9 (4.65) 46.1 (5.09)
S, 113 (3.83) 83.8 (3.44)
p2 44,0 (7.79) 44.9 (7.47)
v 34.4 (3.48) 26.8 (3.11)
Covariate effects:
T2D on GEZI -0.473 (8.73)
T2Don S, -0.479 (9.95)
BMlon S, -2.14 (8.43)
IM-IVGTT on S, -0.345 (19.4)
weight on V/ 0.865 (6.49)
Proportional error 0.0706 (0.352) 0.0706 (0.358)
-2 log likelihood 18674 18115

RSE, relative standard error.
Correlation between model parameters: GEZl and Sy: -0.14; GEZI and p2: 0.77; GEZl and
p2:-0.07; Syand p2: -0.05; S;and V: 0.14; p2 and V: -0.31.
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without incorporating covariates in the stage 2 parameter
distribution model. The table shows the typical values (TV) of
the model parameters as a measure of the central tendency of the
parameter population distribution (TV = "), as well as the
parameter inter-individual variability (IIV) as a measure of
dispersion of the population distribution ITV = {100,/ (Zisg0);i }»
i=1,...,4. In the third column of Table 3, the corresponding
results are presented from the population analysis that included
the covariates determined to be significant, as described in
MATERIALS AND METHODS.

All model parameters were well estimated, with relative
standard errors less than 20 CV%, and the model with
covariates (final model) yielded a significant reduction in the
log likelihood compared to the base model without covariates
(likelihood ratio test, p<10~°). The upper row of the goodness-of-
fit plots in Figure 2 shows the population prediction of the base
model (Figure 2A) and that of the final covariate model (Figure
2B), indicating an improved description of the observed data

with the later. Plots of the resulting conditional standardized
residuals from the final model versus the population predicted
glucose concentration (Figure 2C) and versus time (Figure 2D),
indicate that the final population model describes the observed
glucose concentrations without significant bias.

GEZI Is Decreased in T2D but Is Not
Associated With Other Covariates

In the final population model, the typical value of GEZI depends
on glucose tolerance category as follows: GEZI=0.0210*(1
~0.473*T2D) (min™"), where T2D=1 for T2D subjects and
T2D=0 for ND subjects. The distribution of GEZI in the ND
population was estimated to have a typical value of 0.021 min™"
with inter-individual variability of + 0.0097 min~'. The
corresponding values in the T2D population were estimated to
be 0.011 + 0.0055 min~". This 47% reduction in the value of GEZI
in T2D subjects relative to ND subjects was found to be highly
significant (p<107°) via a likelihood ratio test. The distribution of

>

concentration (mmol) — observations

0 10 20 30
concentration (mmol) — population pred.

concentration (mmol) — conditional std. residual ©

0 10 20 30
concentration (mmol) — population pred.

are loess smooth curves.

concentration (mmol) — observations

concentration (mmol) — conditional std. residual O

0 10 20 30
concentration (mmol) — population pred.

sel )

0 100 200 300
time (min)

FIGURE 2 | Goodness-of-fit plots of the base model without covariates and the final model with covariates. (A) observed glucose concentration versus population
prediction from the base model. (B) observed glucose concentration versus population prediction from the final model. (C) conditional standardized residuals versus
population prediction in the final model. (D) conditional standardized residual in the final model versus time. Blue lines are the lines of identity or zero value; red lines

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 641713


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Hu et al.

Hierarchical Modeling of Glucose Effectiveness

individual subject conditional mean estimates of GEZI in ND
and T2D subjects is shown in Figure 3. We also explored
possible covariate models relating GEZI to BMI in both ND
and T2D subjects, but no associations were found to be
significant. Moreover, the variability in GEZI could not be
further explained by subjects’ age, weight, height or sex; while
a decreasing association between GEZI and age was noted, this
was not statistically significant. No differences in GEZI were
found between subjects that underwent an IVGTT versus an IM-
IVGTT experiment.

S, Decreases With BMI in Both ND and T2D

In the final population model, S; was found to be associated with
BMI, a priori glucose tolerance status, and test type by the
following model: S;=(6.26e-5)*(1-0.479*T2D)*(1-0.345*IM)*
(BM1/25.3)7>", where IM=1 for IM-IVGTT and IM=0 for
IVGTT. Figure 4 shows the estimated relationships between
the typical value of S; and BMI for both ND and T2D subjects
from each of the two test types. In both ND and T2D groups,
higher BMI values lead to decreased S; (with a power of -2.14).
This is consistent with the conclusions in Bergman and Lovejoy
(49), in which they reported a negative association between BMI
and S;. For a given BMI, the population model shows a
significant decrease (approximately 48%) in S;, between the
T2D subjects versus those with ND. Our results indicated that
IM-IVGTT is associated with significantly lower S;
(approximately 35%) estimate when compared to IVGTT
(p<107°). The addition of weight, height, age or sex to the
population model was not found to be significant.

0.125

0.100

0.075

GEZI (min-1

0.050

0.025 é i
ND T2D

Cohort

FIGURE 3 | Violin plots showing the distribution of the individual subjects
conditional mean estimates of GEZI in the ND and T2D cohorts. Boxplots
were inserted for each cohort to indicate medians and interquartile ranges.
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FIGURE 4 | The black lines show the covariate model prediction of the
typical value of S; versus BMI in ND subjects, with the solid line indicating
subjects in IVGTT and dash line indicating IM-IVGTT. The red lines are the
corresponding curves in T2D patients.

The Significant Non-Insulin-Dependent
Contribution to Net Glucose Disposal Is
Greater in ND Than T2D Following a
Glucose Load

In order to compare the relative contributions of non-insulin-
and insulin-mediated pathways to net glucose disposal, we
determined the proportion of glucose uptake due to glucose
itself and that due to insulin, in ND subjects and those with T2D,
in both the basal state and during an IVGTT experiment. Under
basal conditions, the fraction of non-insulin-dependent glucose
disposal can be calculated using the individual conditional mean
estimates of GEZI and Sy, together with the measured I, of
each subject: (GEZI/ (GEZI+SIp4541))- In the 343 ND subjects, the
non-insulin-dependent pathway accounted for 88.5% + 7.10% of
the total net glucose disposal, and 89.0% * 10.2% in the 154 T2D
subjects. In the IVGTT experiment group (268 subjects), we
calculated the net glucose disposal due to the two pathways
during the course of the experiment, based on individual subject
estimates. The non-insulin-dependent and insulin dependent
glucose disposal (GD-NID, GD-ID) were calculated in

T
each subject as follows: GD—NID = / GEZI+G(t)dt, GD—-ID
0

T
= / X(t)xG(t)dt (T is the last measurement time in the subject’s
0

IVGTT experiment). In the 238 ND subjects, the fraction of non-
insulin-dependent glucose disposal (GD-NID/(GD-NID + GD-
ID)) was 72.8% + 12.0%, while it was 48.8% * 16.9% in the 30 T2D
subjects in the IVGTT group (Figure 5), and this difference was
significant (p<107°, unpaired two-samples Wilcoxon test). Our
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FIGURE 5 | Violin plots showing the distribution of the fraction of non—
insulin-dependent net glucose disposal in 238 ND subjects and 30 T2D
patients that underwent an IVGTT test. Boxplots were inserted for each
cohort to indicate medians and interquartile ranges.

model based analysis indicates that the non-insulin-dependent
route accounts for the large majority of the glucose disposal in the
ND population, while it is reduced to approximately half of the
total in the T2D population.

DISCUSSION

In this work, a hierarchical modeling analysis was conducted
to develop a composite population minimal model of glucose-
insulin dynamics in ND and T2D subjects, using data from
IVGTT and IM-IVGTT studies. The resulting population
model was used to quantify the role of subject characteristics
(age, body weight, height, BMI, sex, glucose tolerance status)
and test type (IVGTT/IM-IVGTT) on glucose effectiveness
and other MM parameters. In the final composite population
model, glucose tolerance status (ND, T2D) was a significant
predictor of glucose effectiveness, as assessed by GEZI. The
addition of other covariates did not further explain remaining
inter-subject variability in GEZI, beyond that predicted by
glucose tolerance status. Further analysis of the population
model indicated that the relative contribution to the total net
glucose disposal independent of insulin was significantly
greater in ND compared to T2D subjects. As expected, a
significant relation between insulin sensitivity, S;, and BMI
was identified in both ND and T2D populations, albeit
different in the two groups. Moreover, the estimated S;-BMI
relations were found to depend on test type, with a lower

population value of S; observed in IM-IVGTT versus IVGTT
studies, after accounting for BML

Based on the composite population model (Table 3), glucose
effectiveness, as assessed by GEZI in this study, is reduced from
0.021 min~" (standard error - 0.00078 min ") in the ND population
t0 0.011 min~! (standard error — 0.00045 min') in T2D. Moreover,
there is less inter-individual variability in GEZI in the T2D
population (0.0051 min', standard error - 0.00026 min")
relative to ND (0.0097 min™', standard error — 0.00049 min™).
This result is qualitatively consistent with other studies that
reported a reduction in glucose effectiveness, as assessed by Sg,
involving smaller numbers of T2D subjects Welch et al. (15) and
Taniguchi et al. (14). We also examined potential associations
between GEZI and both BMI and age, and while a negative
relation was noted with each, neither age nor BMI was found to
be significant, when considering all subjects, or separately within
the ND and T2D populations. The lack of association with age is
consistent with the conclusion in Pacini et al. (25) from their
analysis of Sg in 17 elderly healthy subjects. Morettini et al. (13) did,
however, find a weak but statistically significant relation between
GEZI and BMI based on a MM analysis of 204 healthy subjects.
While we also noted a negative correlation between GEZI and BMI,
this was not found to be statistically significant in our study.

In the study in healthy subjects following an IVGTT (50), it
was found that the glucose disappearance constant K; was
strongly correlated with GEZI and concluded that GEZI is a
major determinant of glucose disappearance. Further analysis of
the population model reported in this work, allows for the
calculation of the relative contribution of insulin- and non-
insulin-dependent pathways of total net glucose disposal in
IVGTT experiments (see Figure 5). Although both GEZI and
S; are reduced by a similar percent (47%) in T2D and ND
subjects, the relative contribution of non-insulin-dependent
glucose disposal is lower in T2D subjects (48.8%) compared to
that in ND subjects (73.8%). This difference is not unexpected
given that GEZI directly facilitates plasma glucose disappearance,
while S; influences glucose disposal only indirectly via its effect
on remote insulin action (X(t)). The average fraction of non-
insulin-dependent glucose disposal in ND subjects found in this
study, 72.8%, is somewhat higher than the range of 45% to 65%
reported in Alford et al. (3), but consistent with the reported
value of 71% following IVGTT in mice (51). While Best et al. (6)
reported that the contribution of glucose effectiveness to glucose
disposal is dominant in insulin-resistant subjects (83%) based on
an oral glucose tolerance study, our results (Figure 5) indicate
that the contribution of glucose effectiveness in T2D subjects
following IVGTT can range widely (19.7% to 88.6%). Under
basal conditions in both ND and T2D subjects, the population
modeling analysis found that the fraction of net glucose disposal
mediated by the non-insulin-dependent pathway was
approximately 89% (see Results section). For comparison, Best
et al. (6) reported that at basal insulin levels, glucose effectiveness
can account for 60% to 75% of the glucose uptake based on the
clamp approach, depending on the basal glucose concentration.

The population modeling results predicting a significantly lower
S; in the T2D population compared to the ND population
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(approximately 47.9%, RSE=10%) were expected given the well-
documented ability of S; to predict glucose tolerance (49). The
negative association between S; and BMI quantified in the
population model (see Figure 4) is also consistent with other
studies in ND and T2D populations [Welch et al. (15), Morettini
et al. (13)]. However, these results related to BMI should be
interpreted cautiously, given the well-known challenges associated
with using BMI as independent factor to explain differences in S,
without incorporating information related to fat distribution (52).
The typical glucose distribution volume V was found to depend on
body weight following a nonlinear relationship with coefficient and
power estimated from the modeling analysis: V(L)=12.0*(weight/
75)%5% (weight in kg). The typical glucose distribution volume of 12
L is close to the reported range of 1.65-1.70 dl/kg in Denti et al. (45),
but the confidence interval for the power estimate does not include
1. While no relation between p2 and any covariates was found to be
significant, p2 was determined to be positively correlated with GEZI
(r=0.77) (the ability to estimate all parameter correlations in the
population is intrinsic to hierarchical modeling analysis). Thus, any
association between p2 and glucose tolerance could be reflected in
its correlation with GEZI. From our analysis, it was also concluded
that there is a significant difference in the S; between subjects
administered an IVGTT versus an IM-IVGTT. This results is
consistent with the observation in Ward et al. (53) that the MM
estimate of S; depends on the dose and duration of exogenous
insulin administration in IM-IVGTT experiments. Since our study
used previously collected data from various sites conducted over an
extended period of time, the inability to retrieve all the details of the
IM-IVGTT experiments precluded us from further exploring any
potential effects of the insulin administration profiles on the
estimation results.

In this study, a hierarchical modeling analysis was used to
develop a composite population minimal model in a diverse
collection of subjects who were assessed to either have or not
have type 2 diabetes. This modeling analysis allows the complete
study data to be used to simultaneously inform the estimation of
the population distribution of model parameters (mean and
covariance), which provides a mechanism for identifying
explanatory subject specific factors (anthropomorphic,
pathophysiological, treatment, study, etc.) and quantifying their
effects on model parameters. Hierarchical modeling has been
applied previously in MM studies, including by Agbaje et al.
(44) who used a Bayesian framework to analyze results from
IM-IVGTT experiments in 65 T2D subjects, and more recently by
Denti et al. (45) using approximate maximum likelihood methods
in a study of 204 healthy subjects after IM-IVGTT. An advantage
of using hierarchical modeling as implemented in this study, is
that it allows for a multivariate assessment of the relative
contribution of subject specific characteristics. A limitation of
the approach, beyond the additional computational difficulties
associated with implementing the EM algorithm to obtain the
analytically exact maximum likelihood estimates, is that the MM
parameters are assumed to follow a defined distribution in the
population (specifically, log[GEZI S; p2 V] ~ N (Uioge> Ziogs))- Also,
as with any multivariate analysis, identifying the explanatory
covariates depends on the specific statistical procedure and the

associated criteria for including and excluding covariates, which
can be particularly challenging when covariates are not
independent. While this work used glucose tolerance tests
conducted at different sites, we did not find any systematic
differences in model parameter estimates across study sites.

The role of glucose effectiveness as a predictor of glucose
intolerance and diabetes has been suggested in several studies
[Martin et al. (54), Lorenzo et al. (12)], which have reported that
reduced glucose effectiveness may precede diabetes development
even in normoglycemic subjects. Indeed, the modeling analysis
in this study suggests GEZI may be a predictor of the
dysregulated glucose tolerance. Also, glucose effectiveness may
be a possible target for glucose-reducing therapies (55). Although
the molecular mechanisms of glucose effectiveness in regulating
glucose remains to be more fully elucidated, some studies have
demonstrated that pharmacological intervention (5) and exercise
(56) can improve glucose effectiveness and increase plasma
glucose clearance. Recently, the development of sodium
glucose cotransporter 2 inhibitors has provided a novel
antidiabetic therapy independent of insulin action (57).

In summary, we have conducted a hierarchical minimal model
analysis of the glucose-insulin response in ND and T2D subjects
given an intravenous glucose load, which allowed us to quantify
the influence of diabetes status, BMI and body weight on the
glucose metabolic parameters, while accounting for the differences
in the study type. The relative contribution of non-insulin-
dependent net glucose disposal in ND and T2D populations was
determined using the resulting population model, demonstrating
the utility of this modeling approach to quantify the fraction of
non-insulin-dependent glucose disposal based on an IVGTT. The
novel finding that GEZI is markedly reduced in T2D, both in its
absolute value and the relative contribution to net glucose disposal,
represents a further indication of the extensive dysregulated
glucose homeostasis induced by diabetes. Although this work
was focused on MM analysis of ND and T2D subjects, the
hierarchical modeling framework can be applied to investigate
glucose effectiveness in populations with other accompanying
disease conditions, and to investigate other possible explanatory
covariates in future studies.
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