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ORIGINAL ARTICLE

Mechanism-Based Modeling of Gastric Emptying Rate
and Gallbladder Emptying in Response to Caloric Intake

B Guiastrennec', DP Sonne?, M Hansen®?, JI Bagger?, A Lund? JF Rehfeld*, O Alskar', MO Karlsson', T Vilsbell?, FK Knop?

and M Bergstrand’

Bile acids released postprandially modify the rate and extent of absorption of lipophilic compounds. The present study aimed
to predict gastric emptying (GE) rate and gallbladder emptying (GBE) patterns in response to caloric intake. A mechanism-
based model for GE, cholecystokinin plasma concentrations, and GBE was developed on data from 33 patients with type 2
diabetes and 33 matched nondiabetic individuals who were administered various test drinks. A feedback action of the caloric
content entering the proximal small intestine was identified for the rate of GE. The cholecystokinin concentrations were not
predictive of GBE, and an alternative model linking the nutrients amount in the upper intestine to GBE was preferred. Relative
to fats, the potency on GBE was 68% for proteins and 2.3% for carbohydrates. The model predictions were robust across a
broad range of nutritional content and may potentially be used to predict postprandial changes in drug absorption.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M Gastric emptying is accompanied by a strong increase
in pH and bile acids concentration in the gastrointestinal
tract, which may affect the solubility of orally adminis-
tered drugs. These physiological processes are subject
to a large variability, which can be challenging for the pre-
diction of the rate and extent of drug absorption.

WHAT QUESTION DID THIS STUDY ADDRESS?

M How does nutritional content impact gastric emptying
rate and gallbladder emptying and what are the influen-
tial factors of these processes?

Absorption of orally administered drugs involves highly com-
plex mechanisms." The rate and extent of absorption for oral-
ly administered drugs are governed by the physiology of the
gastrointestinal (Gl) tract, the characteristics of the dosage
form, and the physicochemical properties of the drug.'+2

The human Gl tract comprises numerous organs dedicat-
ed to the processing of food for proper nutrient absorption.?3
These mechanisms are tightly coordinated by complex neu-
ral and hormonal pathways.* Changes in secretion volumes,
pH, osmolality, and mechanical stress occur all along the Gl
tract and vary between the fasting and postprandial states.®
In the fasting state, the secretory volumes are reduced, the
pH is acidic in the stomach, and alkaline in the small intestine
(S1).2 In the postprandial state, fasting pH values are altered
by the presence of food and an increase of the secretory vol-
umes of saliva, gastric, and bile juices occurs.®® Food enter-
ing the stomach is homogenized by the combined actions of
enzymes and contractions of the stomach wall. The release
of homogenized food (i.e., chyme) from the stomach is con-
trolled by the rate of gastric emptying (GE), tightly regulating

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

M The model describes the complex relationship between
the nutritional content of a test drink, the gastric emptying
rate, and the change in gallbladder volume.

HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

M The model could be utilized during drug development
to predict postprandial changes in drug absorption.
Gastric and gallbladder emptying are believed to play
an important role in the development of diabetes;
research within this field could be leveraged by the
model predictions.

the caloric delivery to the SI.° Upon entry into the SI, the
chyme triggers the release of cholecystokinin (CCK), a gut
hormone involved in the regulations of pancreatic enzyme
secretion, intestinal motility, satiety signaling, and the inhibi-
tion of the gastric juice secretions.”® The postprandial CCK
elevation also stimulates gallbladder contractions and the
subsequent flow of bile into the intestinal lumen.*2

While for most drugs the characteristics of the dosage
form are tailored to minimize the absorption variability in vivo,
the physicochemical properties of a given drug are of major
importance to predict the in vivo absorption behavior.®
Accordingly, Amidon et al. established the biopharmaceutical
classification system (BCS) to divide pharmaceutical com-
pounds into four classes based on their solubility and their Gi
permeability.” Lipophilic compounds referred to as BCS class
Il (high permeability) and IV (low permeability) exhibit a low
bioavailability in the fasting state. The bioavailability of these
compounds can be improved by enabled formulations or con-
comitant administration of food.'® As a BCS class | (high
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Table 1 Subject demographics and clinical study designs
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Characteristics Study A Study B Study C Study D

Reference Hansen et al. '® Bagger et al. '° Sonne et al. 7 Sonne et al. %°

Test drink type water 3 glucose based 1 glucose + 3 fat based 1 fat based

N (patients/healthy) 10/10 8/8 15/15 0/10

Medical condition T2D T2D T2D none

Sex (male/female) 16/4 6/10 18/12 5/5

Age (years) 62 (44-74) 57 (38-75) 60 (42-71) 48 (29-66)

Weight (kg) 89.9 (69.5-113) 89.6 (67.0-122) 86.2 (63.6-122) 78 (68-90)

Height (m) 1.78 (1.64-1.89) 1.75 (1.61-1.92) 1.76 (1.58-1.97) 1.75 (1.62-1.90)

BMI (kg/m?) 28.5 (24.3-35.0) 29.2 (25.2-34.1) 27.9 (24.0-31.9) 24.1 (21.2-27.1)

Assessment times Acetaminophen Acetaminophen Acetaminophen Acetaminophen, CCK
(min) 0, 5, 10, 20, 30, 40, 50, 0, 10, 20, 30, 45, 60, 75, —-20, —10, 0, 15, 30, 45, 60, 90, —-20, —10, 0, 5, 10, 20, 30,

60, 90, 120, 150, 180

90, 120, 180, 240

120, 180, 240 40, 50, 60, 75, 90, 105, 120,
CCK 150, 180, 210, 240
—20, —10, 0, 15, 30, 45, 60, 90,
120, 180

Gallbladder volume
—-10, 0, 10, 20, 30, 40, 50, 60

Continuous variables given as mean (range). BMI, body mass index; CCK, cholecystokinin; T2D, Type 2 diabetes.

solubility, high permeability), acetaminophen (i.e., paraceta-
mol) is not absorbed through the stomach wall, whereas it is
extensively absorbed in the SI.">"" The GE rate is therefore
the rate-limiting step in the absorption of acetaminophen and
can be indirectly evaluated through the appearance rate of
acetaminophen in the circulation. '3

Postprandially, the absorption of lipophilic compounds
can be affected in different ways depending on their physi-
cochemical properties and the composition of the meal.21°
The postprandial effect is maximized by the presence of
fats, potent stimulators of gallbladder emptying (GBE), and
subsequent bile flow into the SI1.>'*'5 The amount of bile
released postprandially can improve the absorption of the
lipophilic compound through the solubilizing action of bile
acids; these processes are, however, highly variable.? %18

Accurate prediction of the rate and extent of absorption of
lipophilic compounds relies on the capacity to predict the GE
rate and GBE in the fasting and in the postprandial states.
Nonlinear mixed effects (NLME) models have demonstrated
their utility in the prediction of complex dynamic systems.®
In the present study we investigated the effects of various
caloric intake on the GE rate, plasma CCK concentrations,
and GBE through an NLME modeling approach.

METHODS

Study design

Data from three previously published clinical studies were
pooled and used for the model development (Table 1,
Study A-C)."'® An additional study was used for the
external validation of the GE and CCK models (Table 1,
Study D).2° All clinical studies were approved by the
scientific-ethical committee of the Capital Region of Den-
mark and conducted according to the principles of the Hel-
sinki Declaration II.

Model development dataset. This dataset included data
from 33 subjects with type 2 diabetes (T2D) and 33

nondiabetic control individuals matched with respect to gen-
der, age, and body mass index (BMI). In a crossover study
design, subjects were administered water (Study A), three
different glucose solutions (Study B), or isocaloric test
drinks with low, medium, and high fat (Study C) content
(Table 2) after an overnight (10 h) fast. In Study A, the
dose was administered directly to the stomach within 1 m
through a nasogastric feeding tube. Each test drink con-
tained dissolved acetaminophen (1.5 g) to assess the rate
of GE. Acetaminophen was assumed to empty from the
stomach at the same rate as the nutrients. Acetaminophen
plasma concentrations were collected repeatedly for up to
4 h following test drink administration. Additionally, in Study C,
CCK plasma concentrations and ultrasound assessments of
gallbladder volume were regularly measured, over periods of
3 hand 1 h, respectively (Table 1).

External validation dataset. This dataset (Study D) included
data from 10 nondiabetic control individuals. Subjects were
given acetaminophen (1.5 g) dissolved in a medium-high
fat content test drink (Table 2) after a 10-h overnight fast.
Acetaminophen plasma concentrations were collected for
4 h after test drink administration (Table 1).

Parameter estimation and model selection

The data analysis was performed using an NLME modeling
(NONMEM v. 7.3) approach aided by functionalities of the
PsN toolkit (v. 4.4.2).2" The first-order conditional estima-
tion method with interaction and the ADVAN13 subroutine
were used for parameter estimation. Model selection was
based on changes in the objective function value (OFV),
with a significance level of P < 0.05. Graphical diagnostics,
physiological plausibility, and uncertainty were also consid-
ered in the model evaluation. Parameter uncertainty
expressed as relative standard error (RSE) was obtained
from the NONMEM sandwich estimator computed with an
importance sampling step. Visual predictive checks (VPC)
stratified by test drink were used throughout model
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Table 2 Test drink properties

Characteristics Study A Study B Study C Study D
OGTT OGTT OGTT OGTT Low Medium High Medium-high
Test drink Water 25¢g 759 125 g 759 fat fat fat fat
Volume (mL) 100 300 300 300 300 350 350 350 350
Carbohydrate (g) 0 25 75 125 75 107 93 32 58
Protein (g) 0 0 0 0 0 13 11 3 10
Fat (g) 0 0 0 0 0 25 10 40 28
Energy (kcal) 0 100 300 500 300 502.5 506 500 524

OGTT, oral glucose tolerance test.

development for evaluation of models predictive performan-
ces.?? All VPC were created by simulating 1,000 datasets
and deriving the 95% confidence intervals around the 5th,
50th, and 95th percentiles of the observations and predic-
tions. The predictive performance of the GE model was fur-
ther evaluated based on VPC of the external validation
dataset.

Summary statistics of the time to empty 50% of the
stomach content (Tgeso) and the gallbladder ejection frac-
tion (EF%) (Eq. 1) were calculated on 1,000 simulations of
the model development dataset and summarized by deriv-
ing a range of prediction intervals (P1)'":

GVoly—GVol

%=
EF% GVoly

-100 (1)

where GVol is the gallbladder volume at any timepoint and
GVoly is the gallbladder volume at baseline.

Model development

The models for GE, plasma CCK and GBE were developed
in a stepwise manner. The GE model was first developed,
validated, and subsequently used to predict the individual
GE rates. The latter were utilized in the CCK and GBE
models via an individual pharmacokinetic parameters with
standard errors (IPPSE) approach. IPPSE was selected in
order to handle imprecisions in the estimates of individual
GE parameters.®®

GE model. Published population models were used for the
description of acetaminophen (GE marker) pharmacokinet-
ics.22® The disposition was described by a two-
compartment model with first-order elimination (CL).252%
Acetaminophen was absorbed from an upper S| compart-
ment after being emptied from the stomach compart-
ment.242® The distinction between the absorption rate
constant (K,) and the GE rate constant (Kg) was not possible
with the current study design. In a previously published study,
acetaminophen was administered along with a nonabsorb-
able isotopic marker intended to measure GE rate and thus
allowing to properly distinguish the Ka from the Kg'' The
reported half-life of K, (6.8 0.9 min, mean =SE) was imple-
mented in the model as a frequentist prior.'"” The postpran-
dial effect on the GE rate was implemented using a feedback
loop from the caloric content of the upper SI1.?® The caloric
content of test drink was derived from the amount of fats
(9 keal/g), proteins (4 kcal/g), and carbohydrates (4 kcal/g)2®.
The nature of the feedback mechanism was investigated

CPT: Pharmacometrics & Systems Pharmacology

using linear and nonlinear (Enax and sigmoidal) functions.
The effect of ingested volume on GE could not be conclu-
sively investigated due to the limited range of tested vol-
umes. The dose infusion rate into the stomach was fixed to 1
min for Study A and set as bolus input for all other studies.
Delays in the initial phase of GE were evaluated on all test
drinks with a lag-time and an onset function.®° The residence
time of the nutrients in the upper Sl was mediated by Ky, the
transfer rate constant between upper and lower Sl. The pres-
ence of a saturable metabolic first-pass for acetaminophen
was evaluated using an Enax-type function. A saturable
absorption of nutrients from the upper S| was added to the
model and parameters were fixed to published values for glu-
cose.?* Sensitivity analyses were performed on the K, and
the saturable absorption parameters by shifting them to +25
and =50% and quantifying changes in parameter estimates.

CCK model. Postprandial plasma CCK concentrations
showed two peaks.'”2° The first peak was high and narrow,
whereas the second peak was lower and wider. The peaks
are referred to as fast (CCKg) and late (CCKL) secretion of
CCK, respectively. Two indirect response models were used
to describe the changes in plasma CCKg and CCK_ con-
centrations. A postprandial effect was implemented via the
stimulation of the rate of CCK production Rpoqr @and RpoqL.-
Precursor pools were tested on each indirect response
model to mimic exhaustion of the secretion process.®! With
the precursor pools the postprandial effect was imple-
mented as an increase in the rate constant of release from
the pool into the plasma (Krr and Kg.). The effect on CCK
secretion was tested through linear and nonlinear (Eymax
and sigmoidal) functions of the amount of nutrients in duo-
denum for CCKg and upper jejunum for CCK_” The relative
potency of proteins and carbohydrates to trigger the
release of CCK were evaluated with regard to fats.®?
Nutrients in the duodenum and upper jejunum were nonli-
nearly absorbed as described for the GE model.?* Assum-
ing similar volume of distribution, the total plasma CCK
concentrations were obtained by summing the predicted
concentrations of CCKg and CCK;.

GBE model. The time course of gallbladder volume was
modeled by an indirect response model where the emptying
was caused by an increase in the emptying rate constant
Kre. Two alternative emptying mechanisms were tested;
GBE was either driven 1) by the predicted plasma CCK
concentrations, or 2) by a signal of the nutrients in the
upper SL.'® In both alternatives, the increase in Kgg was
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Figure 1 Schematic representation of the selected gastric emptying (GE, blue), cholecystokinin (CCK, orange), and gallbladder empty-
ing (GB, green) models structure. The test drink was administered to the stomach (dark gray). The GE was governed by the rate con-
stant Kg, which was inhibited by calories in the upper small intestine (Sl) (dark blue). Ky_ was the rate constant of calories
disappearance from the upper Sl, Kp,; from the duodenum, and K, from the upper jejunum. Nutrients and calories also disappeared in
a nonlinear manner, RAyax describing the maximal rate of their absorption and Ky, the potency of their absorption. The acetaminophen
model (light blue) was characterized by the absorption rate constant (K,), the clearance (CL), central (V¢), and peripheral volumes
(Vp) of distribution and intercompartmental clearance (Q). The gallbladder volume compartment (dark green) was characterized by a
production rate (Rg.oqs) and a release rate constant (Kgg). Nutrients in the duodenum would generate a signal that increased Krg and
releasing bile into the upper Sl (light gray, compartment added for illustration purpose). Likewise, nutrients in the duodenum and upper
jejunum would generate a signal that respectively released the CCKg and CCK| from the pools. Production of CCKg and CCK_ were
mediated by the rates Ryoqr and RproqL. The release from the pools to the plasma was controlled by the release rate constant Kgr and
KgrL, on which the nutrient signal would act. Finally, the disappearance of CCK from the plasma was controlled by the disappearance
rate constants Kouir and Koyir .

tested through linear and nonlinear (Eyax and sigmoidal)
functions of the emptying signal. For the second alterna-
tive, the relative potency of proteins and carbohydrates to
trigger GBE were estimated with regard to fats.'® With the
second alternative, the nutrients in duodenum were nonli-
nearly absorbed as described previously for the GE mod-
el.?* Recirculation of the emptied bile from the Sl to the
gallbladder was also investigated using a chain-of-transit
compartments.®®

Covariate analysis

The GE rate has been reported to be mainly influenced by
gender, obesity, and diseases such as T2D.*4%” Hence,
these effects were investigated on key structural parame-
ters related to GE. For CCK and GBE, physiologically plau-
sible effects of age, gender, body weight (WT), BMI, and
T2D were evaluated on structural parameters. Covariates
selection was performed through a stepwise covariate

modeling (SCM) approach with forward inclusion (P < 0.05)
and backward deletion (P < 0.01) steps. Continuous covari-
ates were parameterized using linear effects.

Stochastic models

Subjects studied over several crossover occasions were
assumed to be independent individuals throughout the anal-
ysis. Between subject variability (BSV) was evaluated on
key structural model parameters using a log-normal distri-
bution. Proportional, additive, and combined models were
tested for the residual unexplained variability (RUV).

RESULTS

A schematic representation of the selected GE, CCK and
GBE models is provided in Figure 1. Parameter estimates
for the selected model are reported in Table 3; the model
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Table 3 Selected models parameter estimates

Gastric emptying model

Cholecystokinin model

Gallbladder emptying model

Parameters Estimates BSV CV% Parameters Estimates BSV CV% Parameters Estimates BSV CV%
(unit) (RSE%) (RSE%) (unit) (RSE%) (RSE%) (unit) (RSE%) (RSE%)
CL/F (L/min) 0.441 (2.5) BASEcckr (PM) 0.506 (11) 58 (42) BASEg g (mL) 36.3 (2.5) 27 (11)
V/F (L) 19.5 (12) 68 (32) BASEcckL (pM) 0.0882 (125) Kgg (min~") 0.0618 (13) 90 (29)
V/F (L) 48.1 (4.4) POOLcckr (pM) 17.1 (6.9) SMAX-BILE 6.62 (12)
Q/F (L/min) 1.56 (5.6) POOLcckL (PM) 1.95 (11) 42 (21) Sso-BILE 5.52 (20) 80 (15)
F, 1 fixed 22 (12) Koute (Min~T) 0.355 (8.1) 72 (25) Kpy (min™") 0.0833 fixed
HL-KA? (min) 8.19 (8.6) Kout (min~") 0.00546 (21) RAmAax 2.292 fixed
Kao (Min~T) 1.06 (21) 155 (17) SMAX-CCKF 0.193 (18) Kwm (keal) 25.12 fixed
KoL (min~") 0.0266 (10) 56 (21) Sso-cokF 0.592 (82) POTais (%) 100 fixed
RAmAx 2.292 fixed SLPcckL 0.0377 (54) POTprote (%) 67.9 (26)
Kwm (kcal) 25.12 fixed Kpy (min™") 0.0833 fixed POTcarvs (%) 2.25 (22)
SLPcaL -0.0173 (8.8) 19 (31) Ky (min~") 0.0111 fixed WT-BASEg g (%/kg) +1.19 (13)
SIG 0.285 (17) RAmAx 2.292 fixed AGE-Ssogie (%/year)  +2.15 (21)
TsooatT (Min) 15.7 (13) Kwm (kcal) 25.12 fixed Add. Err. (mL) 2.33 (12)
Tsorat (Min) 23.1 (13) POTatc (%) 100 fixed Prop. Err. (%) 7.66 (19)
SEX-SLPcaL (%)  +40.7 (18) POTprotc (%) 0 fixed
Prop. Err. (%) 14.8 (2.3) POTcarvc (%) 10.1 (65) Derived parameters®
T2D-POTcamc (%)  —81.1 (6.5) Rprogs (ML/min) 2.24
Prop. Err. (%) 29.5 (32)
Derived parameters®
Reoroar (PM/min) 0.180
RoroaL (PM/min) 0.000482
Kgr (Min~7) 0.0105
KaL (min~") 0.000247

Add. Err, additive part of the residual unexplained variability; AGE-Sso.giLe, effect of age on Sso.g)Le; BASEgLg, baseline gallbladder volume; BASEccks and
BASEcck., baseline plasma concentrations of CCKg and CCK; BSV, between subject variability; CL/F, apparent acetaminophen clearance; CV, coefficient of
variation; F4, relative acetaminophen bioavailability; HL-K4, half-life of the acetaminophen absorption rate; Kp,, nutrient transfer rate constant between duode-
num and jejunum; Kgo, baseline gastric emptying rate constant; Ky, potency of caloric absorption; K;, nutrient transfer rate constant between upper and lower
jejunum; Kous Kout, the CCKg and CCK plasma disappearance rate constant; Krg, gallbladder emptying rate constant; Krg CCKg pool emptying rate con-
stant calculated as Ryroqr/POOLcckr; Kru CCK(, pool emptying rate constant calculated as Rproa/POOLccke; Kup, nutrients transfer rate constant between
upper and lower small intestine; POOLccks POOLccke, pool size of CCKg and CCKy; POTcame, POTiam, POTom, relative potency of carbohydrates, fats, and
proteins on gallbladder emptying; POTcamc, POTraic, POTororc, relative potency of carbohydrates, fats, and proteins on the release of CCK; Prop. Err., propor-
tional part of the residual unexplained variability; Q/F, apparent acetaminophen inter-compartmental clearance; RAyax, maximal nutrients absorption rate;
Roroas, rate of bile production calculated as BASEg e X Kgre; Rproar rate of CCKg production calculated as BASEcckr X Kour; RprodL, rate of CCK production
calculated as BASEccki X Kouw; RSE, relative standard error; Sso.giLg, Nutrients signal leading to 50% effect of Syax-siLe; Sso-cckr Signal leading to 50% effect
of Smax-cckr; SEX-SLPgal, effect of gender on SLPca., SIG, sigmoidicity factor of the gastric emptying onset; SLPca., slope of the caloric feedback loop on
gastric emptying; SLPccki, slope of the nutrients signal effect on release of CCK|; Syax-siLe, maximal gallbladder emptying effect; Syax-ccks maximal secre-
tion effect on CCKg; T2D-POT amc, effect of type 2 diabetes on POTamc; TsooaTt @nd Tsorat, time to 50% of maximal gastric emptying onset for carbohydrate
and fat based test drink; Vc/F and Vp/F, apparent acetaminophen central and peripheral volumes of distribution; WT-BASEg, g, effect of body weight on
BASEg k-

#Parameter with prior information (HL-Ka_prior = 6.8 = 0.9 min).

Typical parameter value not estimated but derived from other estimated parameters.

code for GE-GBE can be found in Supplementary Materi-
al S1 and a table of parameter shrinkages in Supplemen-
tary Material S2.

GE model

In total, 183 individual profiles and 1,615 acetaminophen
concentrations all above the lower limit of quantification
(LLOQ = 0.001 mM) were used for the model development.
One subject missed the acetaminophen dose over all stud-
ied occasions and was therefore excluded from the analy-
sis. The estimated half-life of the basal GE rate Kgo was
short (0.66 min) and highly variable BSV of 155%). The
postprandial effect on the GE rate was best described by a

CPT: Pharmacometrics & Systems Pharmacology

linear feedback of the caloric content in the upper S| on
Keo (EQ. 2):

Ke=Kgo - (1—SLPcas - CALysy) @

where SLPcaL represents the slope of the linear feedback
and CALyg the caloric content in the upper Sl. Delays in
the initial phase of GE were added for the glucose solutions
(OGTT) and the fat-based test drinks resulting in significant
improvements of the model fit. The GE onset function
(Eq. 3) gave better performance and stability (i.e., no
change point) over a lag-time; further improvements in the
initial phase of GBE were also noted:
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Figure 2 Visual predictive checks of the acetaminophen plasma concentration (top) and gallbladder volume (bottom) time course and
stratified by test drink. For each panel, the median (bold lines), 5th and 95th percentiles (thin lines) of the observed data are compared
to the 95% confidence intervals (shaded areas) for the median (light gray), 5th and 95th percentiles of the simulated data (blue/dark
gray: acetaminophen, green: gallbladder volume) (based on 1,000 simulations). The external validation of acetaminophen was per-
formed by simulation only. The vertical lines (dashed gray) represent the time of the test drink administration. OGTT, oral glucose

tolerance test.

1

GE onset= 1+e 9SG (TAD-Tw) ©

where SIG represents the sigmoidicity factor of the onset,
TAD the time after the last dose, and Tso the time to 50%
of the maximal onset. Estimating the variability in the rela-
tive bioavailability of acetaminophen was significant,
whereas a saturable first-pass did not lead to further
improvement of the model fit and was not retained in the
selected model.

The sensitivity analyses of the Ka and the saturable nutri-
ent absorption parameters revealed only small changes in
model fit and typical parameter estimates (within +20%),
with the exception of the typical value of Vs and its BSV for
Ka which were inversely correlated with the changes in Ka
and Ky, which was inversely correlated with changes in
the maximal absorption rate (RAyax). The SCM revealed a
significantly stronger feedback (+40%, P < 0.001) of the
calories in the upper Sl on GE rate (SLPcaL) in females
than in males (Eq. 4):

SLPCALI.:TVSLPCAL . (1 +04 . FEM,) . exp(n,) (4)

where FEM is a flag of value 1 for females and 0 for males,
and #; the BSV for SLPcaL of subject i. The RUV of GE
was best described with a proportional error model. VPC of
the selected GE model with the external validation is pro-
vided in Figure 2. The simulation-based Tggso for the stud-
ied population (no gender distinction) ranged from 3.8 min
(Plgs: 0.2—15 min) for water and up to 96 min (Plgs: 64—133
min) for a high-fat test drink. Detailed simulation-based
Taeso stratified by drink content and gender are provided in
Figure 3.

CCK model

In total, 115 individual profiles and 1,150 CCK plasma con-
centrations all above the LLOQ (0.1 pM) were used for the
model development. The model predictions were improved
by the use of precursor pools for both CCKr and CCK,.
The baselines and the estimated pool sizes were markedly
bigger for CCKF (BASECCKF = 0.506 pM, POOLCCKF =171
pM) than CCK_ (BASEcck. = 0.0882 pM, POOLgck = 1.95
pM). The opposite trend was observed with the respective
estimated half-lives of 1.95 min and 127 min for CCKg and
CCK_, respectively. Both the nutrients transfer rate
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Figure 3 Left. model-based simulations of the time to empty 50% of the stomach content (Tgeso) vs. caloric content stratified by gen-
der and test drink composition. Right. model-based simulations of the gallbladder ejection fraction vs. the amount of nutrients (differen-
tiation is made between carbohydrates and fats). For each panel different prediction intervals (shaded areas) and the median (solid
lines) were calculated based on 1,000 simulations of the development dataset. Dashed lines were added to denote the median Tsoge
(left) and median gallbladder ejection fraction (right) of the studied test drinks (labels). OGTT, oral glucose tolerance test.

between duodenum and jejunum (Kp,) as well as the
nutrients transfer rate between upper and lower jejunum
(Ky)) were poorly estimated (i.e., high RSE) and were later
fixed to previously published values (Kp,=0.0833 min~"
and K;; =0.0111 min~").2* The release of CCKr was nonli-
nearly correlated with the signal of nutrients in duodenum
as opposed to the release of CCK,, where a linear model
of the amount of nutrients in the upper jejunum was more
appropriate. In comparison to fats, the potency of carbohy-
drates to stimulate CCK secretion was noticeably lower
(POTcamwc = 10%), whereas the potency of proteins
(POTprotc) was not supported in the model. In addition,
POTcamnc was found to be significantly impaired (—81%,
P < 0.001) in patients with T2D compared to nondiabetic
individuals (Eq. 5):

Signalnygients = Grat - POTatc + Jeard - POTcane - (1—0.811-T2D)  (5)

where gt and gea, are the amount of fats and carbohy-
drates in either duodenum or upper jejunum, T2D is a flag
set to 0 for nondiabetic individuals and 1 for patients with
T2D. Several parameters such as BASEcck. (125% RSE),
POTcammc (65% RSE), and the signal-effect related parame-
ters for the secretion of CCKg (RSE Sso.cckr = 82%) and
CCK_ (RSE SLP¢ckL =54%) were poorly estimated. The
RUV of CCK was best described with a proportional error
model. VPC of the selected CCK model is provided in Sup-
plementary Material S3.

GBE model
In total, 115 individual profiles and 920 gallbladder volume
measurements all above the LLOQ (5 mL) were used for

CPT: Pharmacometrics & Systems Pharmacology

the model development. When the predicted plasma CCK
concentrations were used as driver of the GBE, the model
poorly predicted the data (Supplementary Material S4).
However, when the signal of the nutrients in the duode-
num was used instead, the kinetics of GBE was properly
predicted by the model (Figure 2). An E,..x type model
best described the relationship between GBE and the sig-
nal generated by nutrients in duodenum. In relation
to fats (100%), the potency of proteins (68%) and carbo-
hydrates (2.3%) to trigger GBE was markedly lower

(Eq. 6):
Signa/nutrients:gfat P OTfafB+gcarb P OTcarbB+gprot P OTprofB (6)

where grat, Jearb, and gpror are the amounts of fats, carbo-
hydrates, and proteins in the upper S| and POT;yg, POT-
carbs, and POT . their relative potency. Recirculation of
the emptied bile from the Sl to the gallbladder was not
supported by the data. The gallbladder size at baseline
(BASEg, g) was positively correlated with WT (+1.19%/kg,
P < 0.001) (Eq. 7):

BASEB/LEZ TVBASEB/LE . (1 +0.0119 - (WT,—86)) . exp(m) (7)
The nutrients generated signal leading to 50% of the maxi-
mal effect on GBE (Sso.giLe) Was positively correlated with
age (+2.15%/yr, P < 0.01) (Eq. 8):

35073/LE,:TVS5073/LE . (1 +0.0215 - (AGE,'—64)) . exp(n,) (8)

A combined model was selected to describe the RUV of
GBE. The simulation-based gallbladder ejection fraction



was predicted to be up to 65% (Plgs: 37-82%) with a high-
fat test drink (Figure 3).

DISCUSSION

The developed model framework was demonstrated to be
predictive of GE, plasma CCK, and GBE in response to
caloric intake. The mechanism-based approach allowed
prediction of a gradual transition between the fasting and
the postprandial states. The significant variability observed
in parameters governing the rate of GE and GBE (Figure 3)
supports the hypothesis that a substantial fraction of the vari-
ability in the absorption of lipophilic compounds arises from
variability in the Gl tract.®

The simulation-based prediction of Tgese for water
(~3.8 min) was slightly shorter than the 5.2 min reported
by Hens et al.®® This discrepancy might be explained by dif-
ferences in method, population demographic, and adminis-
tered volume (i.e., 100 vs. 250 mL). In relative terms, the
GE rate was found to be substantially variable under fasting
condition (i.e., water only). However, under postprandial
conditions this variability was dampened by the homeostatic
feedback effect of caloric content in the S| on the rate of
GE. In line with previous findings, GE was appropriately
predicted by the caloric content in the upper Sl indepen-
dently of the nature of the nutrients (Figure 2).283° While
osmolality has also been suggested to play a role in the
regulation of GE, this information was not available for the
studied drinks.* A postprandial onset of GE was longer for
fat- (Tsorat =283.1 min) than for glucose- (TspogTT=15.7
min) based test drinks. Postprandial onsets of GE have pre-
viously been reported with both liquid and solid meals.'4°
The addition of a compartment to account for an effect of
stomach content volume on GE was not significant, which
contrasts with previous research.?® Although it is not
excluded that the ingested volume acts on the GE rate, the
current study design aimed to describe the effect of calo-
ries (0-506 kcal), but did not have the appropriate design
to investigate an effect of ingested volume (100-350 mL).
In line with previous publications, the postprandial GE was
significantly impacted by gender (+40%) and moderately
impacted by T2D (+10%), although the latter was removed
from the selected model due to lack of significance.3*%”

The secretion of CCK was mediated through a signal
from nutrients in duodenum and upper jejunum where the
CCK secreting cells (I cells) are concentrated (Figure 1).”
The use of precursor models along with an effect of
nutrients on the release rate of CCK from the pools allowed
for narrower peaks than the duration of the stimulatory sig-
nal. This implementation aimed to mimic the exhaustion of
the CCK secretory granules contained in the pools.® The
CCK pool compartments can be seen as a virtual pool of
all the CCK contained in the | cells.” Fats and proteins
have both been described as potent CCK secretagogues,
thus the lack of support of proteins potency in the CCK
model was unexpected.232 Possibly this result could be
explained by the small range of protein content (3-13 Q)
studied. In line with the classical statistical analysis, the
covariate search revealed a significant impairment of

Models of Gastric and Gallbladder Emptying
Guiastrennec et al.

carbohydrate potency (—81%) in patients with T2D."” Sev-
eral CCK model parameters were estimated with a high
uncertainty due to model complexity and lack of data.
Therefore, the reported parameters should be interpreted
carefully.

CCK has been commonly described as the main factor
involved in postprandial GBE.?'® Unexpectedly, while CCK
plasma concentrations could to some extend predict the
postprandial GBE, a lack of relationship with the nutritional
content of the test drinks was observed (Supplementary
Material S4). The present results could indicate the impli-
cation of other postprandial stimulatory factors such as
neural action on the postprandial GBE.2'® The alternative
model where GBE was triggered by a signal of nutrients in
the duodenum yielded a simpler model structure and
improved predictive performances (Figure 2). Unlike with
the CCK model, the potency of both proteins (POTprots = 68%)
and carbohydrates (POT s = 2.3%) were supported by the
model and in line with previous studies.®'® The simulation-
based gallbladder ejection fraction was predicted to be as
high as 65%, which is consistent with studies of CCK-
induced GBE.*' The SCM revealed effects of WT on the
BASEg, e and a modest effect of age on Sso.giLe. These
results are supported by previous publications showing a
positive correlation between gallbladder volume and body
size as well as a decreased gallbladder responsiveness
with increasing age.*?*® Future additions could be made to
the developed model to predict intestinal bile acid concen-
trations. These concentrations could be used to more accu-
rately predict the rate and extent of absorption of lipophilic
compounds.?®

The present model framework has been developed on
test drinks and extrapolation to solid meals has yet to be
tested. In addition, it was assumed that acetaminophen is
emptied from the stomach at the same rate as the other
nutrients; this assumption could not, however, be tested.
For each crossover occasion individuals were given differ-
ent test drinks, which strongly modified the kinetics of acet-
aminophen. Hence, it was not judged to be possible to
sufficiently separate BSV from between-occasion variability
based on the available data and individuals were consid-
ered independent from one occasion to another. This
hypothesis was supported by the lack of high correlation of
the empirical Bayes estimates between the different occa-
sions. Finally, the nonlinear nutrient absorption parameters
were scaled from published values for glucose in human.?*
However, a sensitivity analysis indicated that these values
were not critical for the parameter estimates. The assump-
tion was further supported by the relatively small fraction of
proteins (3—-13 g) and fats (2.5—40 g) studied as opposed to
the large fraction of carbohydrates (25-125 g). Further-
more, the absorption rate of proteins and fats was not
expected to be markedly different from the absorption of
carbohydrates based on published values in mini pigs.**

In conclusion, the developed models were predictive of
the postprandial changes in GE and GBE across a wide
range of nutritional content. These models have the poten-
tial to improve bottom-up predictions with systems pharma-
cology models or to be combined with more empirical
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pharmacokinetic models to better describe the postprandial
changes of drug absorption.
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