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Abstract

The joint work of the stomach and the small intestine plays a fundamental role in human
digestion. In the stomach, food is turned into a semi-fluid mixture that is slowly released into
the small intestine, where most enzymatic reactions occur, and nutrients are absorbed as
they become available. This whole process is closely related to glucose homeostasis,
mainly because of the appearance of glucose in the portal system and the energetic expen-
diture of the process itself. The current phenomenological-based model describes such
effects of the digestive process on blood glucose concentration. It considers enzymatic and
mechanical transformations, energetic expenditure, and the impact of macro-nutrients,
fiber, and water on overall digestion and glucose absorption. The model estimates the rate
of glucose appearance in the portal vein and is intended to be further integrated into existing
models for other human organs and used in model-based systems such as an artificial pan-
creas with automated insulin delivery.

Introduction

Glucose homeostasis is a process by which glucose levels remain stable overall, even though
glucose molecules constantly appear and disappear from the bloodstream as they are absorbed,
generated, and consumed in different tissues. The gastrointestinal system plays a significant
role in such equilibrium since it processes ingested food, leading to the absorption of new glu-
cose molecules and a concurrent energetic expenditure by the mechanical work of the muscles
responsible for the peristalsis. In such a process, the ingestion of carbohydrates, fats, protein,
and fiber plays a significant role in the rate of glucose appearance in the portal system circula-
tion. The presence of these nutrients changes both the caloric content and the rheological
properties of the food mixture, and therefore has a direct impact on the gastric emptying and
the glucose absorption rates. Hence, developing a mathematical model to describe how the
gastrointestinal system is involved in the postprandial changes in blood glucose concentration
becomes an essential task in the management and treatment of diabetes mellitus.
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Most physiological models describing blood glucose changes are based on the minimal
model. The minimal model and extensions were developed to analyze a venous stimulus deliv-
ered as a bolus or continuous infusion [1-3]. However, the experiments required to provide
data for these models are cumbersome, take time, expose experimental subjects to uncomfort-
able situations, and are expensive. Part of these difficulties can be solved if a food stimulus is
used instead of an injection. In addition, models that adequately represent the gastrointestinal
kinetics of glucose can be helpful when designing control algorithms used in everyday situa-
tions by patients. Some of the available gastrointestinal glucose absorption models use a com-
partment structure to describe gastric emptying using mathematical functions and linear
kinetics to describe intestinal absorption [4, 5]. Others had changed the kinetics of gastric
emptying and glucose absorption in the intestine to a non-linear model in which gastric emp-
tying is determined by gastric glucose content [6-8]. Finally, some of the most recent models
include the dynamics of the effects of insulin and incretin [9] by using a multi-level model that
merges both whole body and cellular levels, as well as exogenous insulin [10].

There is a clear need for a mathematical model that considers the physiological aspects
involved in human gastrointestinal digestion and nutrient absorption. This article presents an
integrated phenomenological-based model for the role of the stomach [11] and small intestine
[12] in human glucose homeostasis, constructed by unifying two existing but independent
models for the roles of each one of these organs separately. Both models were slightly modified
to be coupled, additional physiological aspects were considered in each one, thus obtaining the
model of the gastrointestinal tract presented here. However, the model considers the energy
expenditure required for peristaltic movements and the effect of water, fats, proteins, and fiber
on digestion. Furthermore, a calorie-constant emptying rate is proposed for the stomach, and
a new modeling hypothesis is presented for the small intestine portrayed as a series of elastic
tanks. The model also includes changes in the volume of the stomach through the digestive
process, as well as new kinetic expressions for intestinal absorption and the digestion of nutri-
ents. It is based on first principles such as mass and energy balances. However, it was adjusted
using experimental data reported in the literature, rendering a not entirely physiological
model while guaranteeing parameter interpretability [13].

Construction of a PBSM for the role of the stomach and the smalli
intestine in human glucose homeostasis

A phenomenological-based semi-physical model (PBSM) is a specific type of gray-box model
in which the basic structure arises from first principles, such as mass and energy balances, and
at least one parameter is adjusted using experimental data. Because of its nature, this kind of
model has a modular structure and parameter interpretability. This section presents a PBSM
to represent the role of the gastrointestinal tract in glucose homeostasis in humans. The model
was constructed following a ten-step methodology proposed in [14, 15].

Pre-construction of the model

The pre-construction of the model consists of all the steps that precede the establishment of
the model structure from mass and energy balances.

Process description and objective of the model. As ingested food reaches the stomach
through the esophagus, the stomach walls start to widen, which leads to the release of gastric
juices, mainly composed of water, hydrochloric acid, and pepsin. Mechanical digestion begins
in the stomach, and food is propelled against the stomach walls to be mixed. These movements
are caused by peristalsis, which implies mechanical work and energy expenditure. Simulta-
neously, enzymatic digestion of about 5% of the ingested proteins, and 10-30% of the lipids
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takes place, and lingual enzymes progressively turn these into amino acids, peptides, free fatty
acids, and acylglycerols [16].

As the digestive process progresses, more gastric acid is added to the mixture, which, cou-
pled with the appearance of the products of the enzymatic digestion, leads to changes in the
viscosity and particle size of the mix, also called chyme. During the lag phase of gastric empty-
ing, chyme is processed without emptying until it reaches the appropriate rheological proper-
ties to pass to the small intestine. The duration of this stage depends highly on the caloric
content, and the amount of lipids and liquids in the meal [17, 18]. Food passes to the small
intestine through the pylorus, in a controlled process in which the rate of calories entering the
small intestine is kept approximately constant at 1-4 kcal/min [19]. As food begins to leave the
stomach, it progressively shrinks and eventually collapses when left empty.

The small intestine is a tubular organ with a length of approximately 6 m, composed of
three sub-sections: Duodenum, jejunum, and ileum. Its inner radial layer, the mucosa, is made
of epithelial tissue that mediates the transport of substances from the intestinal lumen to the
blood and lymph. As chyme enters the small intestine, it is mixed with pancreatic secretions
and bile from the liver. Pancreatic secretions contain the enzymes to degrade carbohydrates,
proteins and lipids into monomers and oligomers that can be absorbed through the intestinal
wall. In contrast, the bile contains the salts needed to emulsify the lipids. Food travels along the
intestine due to peristaltic movements, and simultaneously, nutrients are digested and
absorbed together with water and electrolytes. Dietary fiber is neither digested nor absorbed in
the small intestine, but it affects the properties of the mixture and, therefore, the absorption
rate of glucose.

The model objective is to estimate the glucose absorption into the portal system from a
mixed meal. In this regard, the question to be solved by the proposed model is: What is the
rate of glucose appearance in the bloodstream due to food digestion and absorption in the
stomach and small intestine?

Modeling hypothesis and level of detail. The model’s level of detail is considered to be
macroscopic, since the stomach and the small intestine are independently seen as a whole. A
diagram for the modelling hypothesis used for the stomach can be found in [11]. Since the
food mixing in the stomach implies energy expenditure, it is modeled using an analogy with
the energy losses by friction when a heterogeneous mixture flows through a closed assembly of
circular pipe. The procedure followed to determine the length of each pipeline section is
broadly described in [11]. The fluid is considered to be driven through the pipe circuit by a
pump, which represents the work done by the stomach wall. Thus, the amount of energy that
is effectively transferred to the fluid is taken as 50% of the total power of the pump, assuming
that half of the energy provided is used by the cells of the stomach wall for peristalsis. As an
additional assumption, the pipe circuit is considered to be full of chyme, even though the real
scenario is that both chyme and air are inside the stomach. To compensate for this assumption,
the friction factor is adjusted from data, and the speed of the meal inside the pipe circuit is con-
sidered to be constant, although the cross-sectional area is accordingly widened and reduced
to represent gastric dilution and emptying, respectively. It is assumed that the tissue forming
the stomach wall does not retain or lose mass.

As the process begins, there is an inflow of gastric juice to the stomach. Since the distension
of the stomach walls is directly related to the release of gastric juices, this flow is considered
proportional to the stomach volume at every moment. The small intestine’s neural and hor-
monal mechanisms provoke feedback control over gastric emptying, and as chyme reaches the
duodenum, gastric secretions are inhibited ([20, 21]). Thus, this model assumes that gastric
juices are only added until the beginning of the emptying. The amount of gastric juices pro-
duced in response to a given meal is still not entirely known, but for this model, it is taken to
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Fig 1. Modeling hypothesis for the small intestine representing a series of stirred tank reactors with elastic walls and connected by valves.

https://doi.org/10.1371/journal.pone.0285849.g001

be twice the volume of the ingested meal, as reported in [22]. Once emptying begins, there is
no more dilution with gastric juices, so the process is seen, at both times, as a semi-batch pro-
cess. The time needed to charge the stomach is considered negligible, as it is too short (15-20
min) compared to the total digestive time (approximately 3 h). Also, since the output of the
stomach is too small during the lag phase, it is assumed to be negligible and, therefore, the
pylorus is considered an on-off valve. The process is deemed to occur at constant temperature
due to the thermal regulation of the human body.

The small intestine is modeled as a set of stirred tanks, each with an elastic, semipermeable
wall [23], connected to the adjacent tank through a valve that regulates the outflow according
to the pressure drop between the two tanks. A detailed diagram for the modeling hypothesis of
the small intestine is shown in Fig 1. Considering the elasticity of the wall of the tanks, a rela-
tionship between deformation and the normal force applied against the wall is established.
Hence, such force determines the pressure of the fluid contained in the tank. Even though the
cross-sectional area would initially be calculated using the diameter of the intestinal lumen,
the pressure increase is related to muscle contractions, which, in contrast, diminishes the
cross-sectional area. This effect is considered in the function that describes the opening of the
valves. It is assumed that 10% of the absorbed glucose is invested in the peristaltic movements
of the small intestine [7].
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Fig 2. Block diagram of the model. The components of each stream are detailed in Section 2.

https://doi.org/10.1371/journal.pone.0285849.9002

Additional considerations of the modeling hypothesis are as follows: i) all the polysaccha-
rides, proteins and lipids are taken as a standard molecule, formed by 1000 units of glucose,
154 amino acids, and 3 esterified oleic acid units, respectively; ii) Even though water and some
drugs can be absorbed in the stomach, nutrient absorption is negligible. Therefore, absorption
is considered to happen exclusively in the small intestine.

Process system definition. The process systems (PS) are defined according to the
exchange of the substances of interest. Eight PS are defined for the current process as explained
below, and they are all illustrated in Fig 2.

PS; corresponds to the gastric mass contained in the stomach. Ingested food coming from
the esophagus is represented by stream 1, gastric juices correspond to stream 2, and the chyme
coming out of the stomach is stream 8.

PS;; corresponds to the stomach wall. Stream 3 carries the reactants needed to produce gas-
tric juices. Stream 4 represents the reactants required to carry out glucose oxidation in the
stomach wall, while the sub-products of that reaction (carbon dioxide and water) are delivered
to the venous bloodstream in stream 5. The energy resulting from glucose oxidation is trans-
ferred to the PS; (thick arrow). The blood that supplies the stomach wall is PS;y;, which receives
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arterial blood from the arterial celiac trunk through stream 6 and drains venous blood through
stream 7.

PS;y corresponds to a hypothetical mixing point where chyme emptied from the stomach is
perfectly mixed with the pancreatic juices and bile entering through stream 9. Stream 10 repre-
sents the homogeneous mixture entering the small intestine.

PSy represents the content of an intestinal lumen partition. Stream 11 represents the nutri-
ents absorbed through the intestinal wall, and stream 17 represents the chyme flow passing
from the current intestinal partition j to the next one j+1. The system’s energy input is given
by peristalsis (thick arrow).

PSy; represents a partition of the intestinal wall. A portion of the absorbed glucose is
assumed to be used by this system to carry out peristaltic contractions, expressed as an energy
expenditure with a thick arrow. Stream 13 represents a portion of the absorbed water, along
with fatty acids and glycerol. In contrast, absorbed glucose, amino acids, electrolytes and
remaining water pass to capillary blood through stream 12. If there is no absorption, the intes-
tinal wall uses glucose from the capillary blood, represented by stream 14 as a dashed line.

PSy;rrepresents the intestinal blood irrigation. Here, arterial blood represented by stream
15 is mixed with glucose, amino acids, water, and electrolytes absorbed in stream 12. Stream
16 represents the venous capillary blood.

PSyyy; corresponds to the valve connecting the tank that represents the j intestinal partition
to the j+1 tank. Stream 18 represents the chyme outflow of the first tank, which corresponds to
the inflow to the second one.

Model construction

Application of the conservation principle. Mass balances are applied over the process
systems to get the basic structure of the PBSM. These balances are presented in molar units for
the systems in which chemical reactions take place, and in mass units otherwise. PS; is the
exception as balances are presented in mass units, as a consumption expression giving the
reaction rate for glucose combustion instead of a kinetic expression. Not all of the mass and
energy balances are presented here, only those that provide non redundant information
regarding the process. Abbreviations of the substances of interest considered in the different
process systems are detailed in Table 1.

o PS;—Stomach content: As explained earlier, this process system is always seen as a semi-
batch process with no absorption taking place through the stomach walls.

Table 1. Substances of interest considered in the gastrointestinal (GI) model, symbolized as s.

Substance s

CHO
G
Lip
FA
Pro
AA
GL
GP
Gly
F

Definition Substance s Definition

Carbohydrates CHO* Shortened carbohydrates
Glucose Pro* Shortened proteins

Lipids PA Pancreatic amylase

Fatty acids PP Pancreatic protease
Proteins PL Pancreatic lipase

Amino acids PA -1In Inactive pancreatic amylase
Gastric lipase PL - In Inactive pancreatic lipase
Gastric protease PP —1In Inactive pancreatic protease
Glycerol GJ Gastric juices

Fiber w Water

https://doi.org/10.1371/journal.pone.0285849.t001
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Total mass balance.

dN . .
7; =My — Ny + Z(O—s‘,l : ”s,]) (1)

where N; represents the moles in the process system I, 71, indicates the molar flow entering the
stomach through the stomach walls, 71, is the molar flow leaving the stomach due to gastric
emptying. Moreover, o, and r,; indicate the stoichiometric coefficient and the reaction rate
for the substance s, respectively. The substances of interest s considered for this PS are: CHO,
G, Lip, FA, Pro, AA, F, GL, GP, GJ, and W. Finally, Eq 1 represents the variation over time of
the moles present in the stomach due to dilution, gastric emptying, and enzymatic reactions.

Component mass balance. The following expression is obtained, after applying a mass bal-
ance for every substance s in the stomach

dN,

sp_ . 5
dt - xsz ny, — ng g + Gs,l rs,I (2)

where N, represents the moles of s present in the PSy, and x,, is the molar fraction of each sub-
stance in the stream containing gastric juices (it has a value of 1 for gastric juices and 0 for all
of the other substances). Finally, x,_ is the molar fraction of each substance in the stomach out-
flow, which under the assumption of perfect mixing, is equal to the molar fraction inside the
stomach at every instant.

Total energy balance. An energy balance is developed for a stationary state between the
departure and arrival points of the gastric mass through the assumed piping system [11]. The
continuity of the mass flow in the pipe circuit means that pressures, densities, flow regime fac-
tors, velocities, and heights do not change between the two considered points. Therefore, the
energy balance can be reduced to the following expression:

W = % (1) 3)

where W represents the energetic supply from the stomach walls, 77 is the efficiency to perform
the mechanical work, 7, is the mass flow inside the stomach, and hsrepresents the friction
losses that the mass flow experiences while moving from the departure point to the arrival
point of the assumed pipe circuit. This term was determined by using a mathematical expres-
sion for each of the pipes from the circuit, and it is broadly described in [11].

o PS;—Stomach Wall: The process occurring in this PS is seen as continuous. The only reac-
tion considered is glucose combustion, which represents the thermodynamic state change
resulting from the glucose oxidation pathway occurring in live tissues.

Total mass balance. The total mass balance for the PSy; is developed assuming that the
stomach wall neither loses nor gains mass over the process. Enzymatic secretions from the
stomach wall are not considered and enzymes are assumed to already be in the stomach from
the beginning of the process. Finally, the mass flow of stream 3, which carries the reagents nec-
essary to produce gastric juices, is assumed to be equal to the mass flow of stream 2, which cor-
responds to gastric juices. The balance is therefore written as:

my = 1, (4)

Component mass balance. Even though this PS receives and processes multiple substances

(glucose, oxygen, carbon dioxide, and water), the only mass balance for glucose that brings

PLOS ONE | https://doi.org/10.1371/journal.pone.0285849 May 25, 2023 7/28


https://doi.org/10.1371/journal.pone.0285849

PLOS ONE

Estimation of glucose appearance in the portal system using a PBSM

useful information to the model is the following

: "6y
= (5)
where 7, represents the reaction rate for glucose combustion in mass units, and w;; is the
mass fraction of glucose in the stream containing the required reactants.

Total energy balance. The mechanical work performed by the system can be determined
using the balance of thermal energy while considering the mechanical effects W. For this bal-
ance, it was assumed, as mentioned above, that the human body has a perfect control system
for temperature regulation. Therefore, the total energy change in this system is considered to
be 0. As mass flows i1, and i1, are considered equal in both magnitude and composition, their
enthalpies are also equivalent. Finally, the mass flow for the streams 71, and 1, is equal, and,
after evaluating the enthalpy of each stream, it was concluded that their energetic content is
roughly equal. Under these assumptions, the energy balance can be written as:

. 1 =
fa=2g W (6)

"Gy

where W represents the mechanical power of the work done by the stomach wall, and AH i
jig

represents the specific molar heat of reaction for glucose combustion.

o PSpr—Stomach Blood Irrigation: No reactions occur in this PS, therefore, balances are devel-
oped in mass units.

Total mass balance. Considering no accumulation within this PS, and bearing in mind that
mass flows 71, and 1 are equal, means that mass flows 71, and #1, are equal as well. Thus, the
total mass balance is given by

dM,

7’" =0 = M, = Constant (7)
where My is the total blood mass in the vessels irrigating the stomach, which, as evinced, has a
constant value. This value was estimated based on the literature [24].

Component mass balance. As with PSy;, the substance of greatest interest on this PS is also
glucose. For the development of said balance, perfect mixing is assumed, which means that

_ dwc7 . .
MGm =My, a0 renderlng_
dWG7 — 1 (WG mﬁ — Wg T’i’l4 — Wg. m7) (8)
dt My, o 4 7

where i1, represents the mass flow of the stream k, and w,; represents the mass fraction of glu-

cose in the same stream.

o PSp,—Mixing point: The mixing of ingested food with bile and pancreatic juices in PSyy-is
analyzed as a continuous process. Since no chemical reactions are considered here, the mass
balances can be expressed in mass units.

Total mass balance. The total mass balance over PS;y gives information on the mass flow
resulting from mixing the ingested food emptied from the stomach (1) with pancreatic juices
and bile (1), a process taking place in the first portion of the duodenum. Since no mass is
accumulated in the hypothetical mixing volume within the duodenum, then 1 = (. The
resulting expression, solving for the mixture mass flow entering the duodenum (71, ,), is the
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following algebraic equation

mm,l = ms + mg (9)

Component mass balance. Given that pancreatic juices and bile dilute the ingested food
and add new substances to it, it is important to determine the composition of the mass flow
starting to pass into the small intestine to calculate the digestion and absorption rates in the
following PSs. The mass fraction of each component (w510_1) exiting the PSyy is determined by

w, myg + w, my
W-‘l(]l = 3
! m
10,1

(10)

where w,_is the mass fraction of components of the ingested food and w,_ is the pancreatic

juices and bile emptied into the duodenum.

o Balances for the PSy,—Intestinal lumen portion: Gastric mass flow is relatively slow com-
pared to the length of the small intestine. Therefore, each portion j is assumed to be short
enough to consider uniform properties throughout the contained gastric mass. Building the
model makes it possible to account for the axial change of properties such as concentration,
density, and pressure over time, all influenced by digestion, absorption, and mass flow veloc-
ity rates.

Thus, the analysis of the portions or instances j of this PS is performed by considering them
as individual continuously-stirred tank reactors with two distinctive characteristics: i) the walls
of the tanks are elastic, and thus their volumes are variable, and ii) there can be either positive
or negative accumulation of gastric mass.

Total mass balance. The balance is expressed in terms of the change of the total mass con-
tained in an elastic tank My ; as

M,
dr

= ”hlo.j_mn,j_mmj (11)

where i1, ; is the mass flow of gastric mass entering a tank j, 7, ; the rate of mass absorption
in each portion j towards the portal system, and i1, ; the mass flow of chyme moving on to the
next portion of the intestine. In turn, a total volume balance is applied to each tank, assuming
that only radial deformation is significant for the intestinal wall. Consequently, the length of
each cylindrical tank remains constant. While this may not be true locally for a single portion,
contraction and relaxation of muscles along the small intestine cause simultaneous shortening
and elongation, altogether assumed to cancel each other out [25]. Applying the chain rule over
the total mass balance gives

dM, ; _ d(pvﬁjVV.j) _ dpy, avy,;

dt dt viTgr T PviTgr

where py; is the density of chyme and Vy; is the volume of a tank. Subsequently, after replac-
ing in Eq 11, the change in the volume of a tank is expressed as follows

dVVJ_ 1

dt p—vJ (mlo,j - ”'/’114 - ml?,j - VV,j/"V,j) (12)

which successively gives place to an expression for the change of the radius of a transverse sec-
tion of PSy: r;, shown in Eq 13. Assuming each portion of PSy as a cylinder, the differential
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change can be written as

dv,, d(nrLy) dr
= =2nL,r,—
dt dt T

2
d(nrj
di

Ly) .
- " in the total volume balance, the

where Ly is the length of an elastic tank. By replacing
resulting expression for a change in the radius of a cylindrical intestinal portion is

drj 1

E = m (”hm.j - mll.j - ml?.j - VV,ij.j) (13)
Fvi

This expression, in particular, allows flow and hydrodynamic pressure calculations, further
detailed for PSy and PSy;; in the section where constitutive and assessment equations are
presented.

Lastly, since chyme composition changes during gastric emptying digestion and absorption
processes, the density of the multi-component, homogeneous chyme is determined by clearing

dpvy _ 1 (Mg vy,
dt Vv dt Vi dt

) from the previously defined chain rule, which after being replaced
in Eq 11 gives

dej 1 . . . .
dt = V_Vj (mw.j - mle - ml?,j - pv,va,j) (14)

Note that on the right-side of Eqs 12 and 14, the terms % and % were re-written as V, ;and
Py j> respectively, as they are parameters for the model.

Component mass balance. In this PS, the component mass balances and their derived
molar concentration and mass fraction balances are described for the substances s: AA, G, FA,
W, Gly, CHO, Pro, Lip, CHO*, Pro*, PA, PP, PL, PA-In, PP-In, PL-In. Firstly, a general s com-
ponent mass balance over PSy, including the mass flow of input and output streams, chemical
reactions, and absorption terms, is expressed as

dMSVJ . . .
dt = Wswjml(],j - nsllJms - Ws”_jml?.j + VV,jmseri.}- (15)

where M, is the mass of the component s in a portion j of the PSy, Wi, the mass fraction of s
in the stream 10 entering the j—th tank, ng,, 1s the term for the molar rate of intestinal absorp-
tion of s in the j—th tank, 901_ is the molar mass of s, W, 18 the mass fraction of s in the stream
17 exiting the j-th tank, and r, _is the molar rate of reaction of the component s in the reaction

i=1...6, which refer to the digestion and enzyme deactivation reactions, taking place in the
chyme within the tank j. Chemical reaction and absorption rate terms for each component are
further explained in the section where constitutive and assessment equations are presented.
The general balance of mass components is then expressed in terms of molar concentration
(CSV,,-) and mass fraction (st_,-)’ to allow the calculation of mass flows, reaction, and absorption

rates. To express it in terms of the molar concentration, M, is replaced by 91, C,,Vy;in the

differential. By applying the chain rule and solving the differential for the molar concentration

avy
dt

of s and writing — as VVJ-

dCSVJ 1 dMsV_j —
dt MV, \ dt vy Vi
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Finally, by replacing Eq 15 in the latter, the general expression of the change of molar concen-

tration of s is obtained as
dc,, 1

dt *imvwx

s

(16)
(WsloJml(Lj - hslums - Ws”_jml?.j + VV,jmszrsi_j - mSCSVJ'VV,j>

Similarly, to express the general balance of mass components in terms of mass fraction, it suf-
fices to define M, = M, ;w, and apply the chain rule, the differential is solved for the mass

dMy;

fraction of s. Replacing =M, ; yields

dt
dWSv.j 1 dMSVJ M
_— = — — W .
dt M, \ dt vit v

M,
d

Vi
t

Lastly, if Eq 15 is replaced for the term in the last expression, the change in the mass frac-

tion is defined as

(17)
(Wslo.jmlOJ - nsn.]g'ns - W517.jm17J + VVJEUISZ”% o WSVJMV‘j>
i

o PSyr—Intestinal wall portion: This PS is analyzed as a continuous filtration process, in which
several substances of the chyme that flow along the intestinal lumen (PSy;;) are selectively
transferred through a semipermeable membrane to cells of the intestinal wall and to the
interstitium.

Total mass balance. Since the cells that are part of the intestinal wall consume nutrients to
carry out their metabolic functions, mainly during the postprandial state [26], two additional
terms were included in the input and output mass flows of this PS in the following total mass
balance.

dM,,;;
dt

=My My T My T My T

where 71, ; is the mass flow of components that pass into the bloodstream (assumed to be glu-
cose, amino acids, and water), 7i1,, ; is the mass flow of components drained by the lymph
(assumed to be glycerol and fatty acids), 717, ; the mass flow of glucose for cell uptake, and Ton,
the rate of consumption of s by each portion j of the small intestine wall. Even though the
energy expenditure of the small intestine implies the consumption of different nutrients, the
primary purpose of the model is to determine the rate of glucose absorption. Therefore, only
glucose consumption is considered in this PS and Teu, # 0. With no mass accumulation
occurring within this PS, the equation can be rewritten as presented in Eq 18, which is further
solved for ri1,, » the stream that carries the substances (AA, G and W) absorbed into the blood-
stream.

M) = My My — My — 1 (18)
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Component mass balance. Similarly, the component mass balance is now performed for
the absorbed components (glucose, amino acids, fatty acids, water, and glycerol), considering
there is no mass accumulation,

m512.j = nsn.jmf + W514jm14=j W

13, m13>f - rSw.j (19)

wherem, —=w, i, jis the mass flow of the component s in the stream k = 12, and w,  are
J J : J

the mass fractions of s in the streams k = 13, 14. It is important to note that for s # G, the mass
fractions wy,, =0 and W, = L as cell uptake of nutrients in this PS was only considered for

glucose.

o PSy;—Intestinal blood circulation: In this PS, a continuous mixing process in the blood that
supplies the intestine is considered.

Total mass balance. No mass is accumulated inside the mixing tanks and no chemical reac-
. . . . My . ) ) .
tions are taken into consideration, therefore % = 0. Since mass flows 11, ;, i1, ; and 11,5 ;

are known, the total mass balance in PSyy; is expressed in terms of the mass flow of blood
draining the small intestine

Myg; = Myy; + Mg, — My (20)

Moreover, the sum of all the 71, ; mass flows along the small intestine represents the mass flow

of the superior mesenteric vein 1,4, which in turn transports glucose into the portal vein.
ritg = D i, (21)
J

Component mass balance. The component mass balance for glucose is of particular inter-
est as it is directly linked to answering the question posed for the model. Given that no mass is

Mg,
accumulated, —7*

of glucose mass in the stream 16, j is then defined as

= 0, the balance gives rise to an algebraic equation. The dynamic change

WGlﬁ.jmlﬁJ = me.j = WGlzJ'mmJ' + WG15,_fm151j B WG14J'm14~j (22)

As mentioned above, we,, = b because only glucose is being considered for cell nutrient
uptake in the mathematical model. Also, the product W, i, 18 the mass flow of glucose in
the stream 16, which can be simply written as ri Gusy? and the mass fraction W, derives from

the systemic glucose concentration, as explained in the section where constitutive and assess-
ment equations are presented.

Before determining glucose concentration in the stream 16, the individual mass flows of
glucose from each portion j must be added up

mGlG = chlﬁj (23)

J

Finally, the mass fraction of glucose in stream 16 is expressed as

me
WG16 = ml(i (24)
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Given the widespread acceptance of mg/dL concentration units to measure glucose levels in
the blood, the last expression is posed as

1
Cop = 10 P16 Way, [=] mg/dL (25)

Moreover, the current model can include expressions for other components such as amino
acids, glycerol, and water absorbed in the bloodstream. This task would imply the definition of
more specific rates of amino acid absorption, and a particular partition coefficient between
blood and lymph for water, glycerol, and low-weight fatty acids.

o PSyyy—Valve: The muscles in the intestinal wall regulate mass flow between portions of the
small intestine. One way to account for the regulation of chyme flow, as well as other factors
that slow down the flow of chyme, such as friction, is to model the flow through a static valve
as a continuous process.

Total mass balance. Since this PS represents a flow area, there is no mass accumulation,

. dMyg; ) . S .
rendering —;* = 0, thus #i1,, ; = i1, ;. However, stream i1, ; is only considered for the last

@
portion j, then, the stream exiting the valve of slice j immediately enters the next portion of

small intestine j + 1. Thus, 1,5 ; = i, ;. and
ml?j = m]U.j+1 (26)

Component mass balance. Similarly, compositions remain unchanged while the stream

flows across the flow area, rendering
W$17J = Wslo.j+l (27)

Total energy balance. Repeated contraction and relaxation of the smooth muscle tissue in
the small intestine propagates caudally as a peristaltic wave, which facilitates chyme digestion
and absorption by generating flow patterns and exerting stress that aids breakdown, mixing,
and transport [25]. This movement favors churning and mixing food particles in chyme rather
than its transport to maximize nutrient absorption throughout the segments of the small intes-
tine. For this reason, the chyme flow velocity is low, and the flow regime is primarily laminar,
although contractions lead to fluid circulation and the production of vortices.

For this PS, peristaltic muscle contractions are assumed to produce both a pressure differ-
ence and a variation in flow area, resembling a fluid flow through a static valve. Thus, an
energy balance would provide insights into the calculation of the chyme flow from one portion
of the small intestine to another, due to peristalsis. For this purpose, thermal effects were
neglected, given that body temperature is regulated within a narrow interval. However, a
mechanical energy balance provides information regarding friction effects and hydrodynamic
pressure on chyme flow. Since no mass is accumulated in the valve, a mechanical energy bal-
ance for steady flow using Bernoulli’s principle is applied, setting departure and arrival points
right before and after the valve, respectively. The area of valve connections is equal for both
ends, therefore v, = v10,1. Assuming a uniform and steady flow, negligible height changes,
and replacing the definition of flow coefficient (c,, further explained in [27]), considering

V= Ay, v> the mechanical energy balance (MEB) renders

”"‘10‘,141 =GPy, PV,j - PV,j+1 (28)
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Basic structure of the model. The basic structure of the model is obtained by choosing
those equations that bring up the most relevant, non-redundant information. For the current
model, these are: (1), (2) and (3), taking into account that Eq (2) generates 11 equations, one
for every substance s. Also, Eqs (5), (6), (7), (8), (9) and (10), where the latter generates 17
equations, one for every component s entering the first portion j of the intestinal lumen. Eqs
(11), (12), (13), (14), (15), (16) and (17), where the last three equations generate 20 equations
each, one for every component s considered for Eq (10), but adding inactive components
PA-In, PP-In, PL-In. In addition, Eq (19), which generates 5 equations, one for each compo-
nent s absorbed into the portal system. Likewise, Egs (20), (21), (22), (23), (24) and (25), all of
them representing the appearance of glucose in the portal system, and Eqs (26), (27) and (28),
where the second expression generates 20 more, one for every component s that is not digested
or absorbed, and passes to the colon. The whole set of equations are presented in the S1
Appendix.

Determining variables, structural parameters, and structural constants. In this step,
the model’s variables, structural parameters, and structural constants are established and
described in Table 2.

Constitutive and assessment equations for structural and functional parameters. Gen-
erally, constitutive and assessment equations are algebraic equations of diverse origins, formu-
lated and added to the conservation balances to include specific knowledge such as mass
transfer and reaction rates, leading to a model with a deeper level of detail [28]. Every struc-
tural parameter may be defined with a constitutive or assessment equation. In turn, each
parameter derived from these expressions is called a functional parameter and may be further
defined by another constitutive equation, by a constant value from data from literature, or
may be identified from real data.

The parametric identification procedure comprised testing parameter values to reduce
model prediction error in contrast to experimental data. The resulting extended structure of
the model arises from the underlying phenomena, available knowledge of the process, and the
skill of the modeler. The selection of the most relevant constitutive and assessment equations

Table 2. Variables, structural parameters and constants for each PS.

Variables Structural parameters Constants
PS; NN, W fly, gy X, 5 Top 1l hy X, O 1]
PS;; 1, ’A'c,, - We,» AH o
PS8y W, Mg, My, We, My
PSyy rhl”-l’ Waioa m?" th, We> Ws -
PSy My, Vv 1, pvp M, 5 C,, s W firyp Lys it oW o1 M,
PSv; MVIJ" M‘w., 7””12‘), m‘3«j’ m""J’ r«‘w.,’ Wslz.,’ WS].&.; )
PSvi ml'-‘-f’ mw’ mcm.;’ mcm’ Waie ml[‘-}" WGlZ]) Wcu.j’ Wcm.j’ Wcmj -
PSym LI W0 g Wargi1? &2 Py Pyjin )
Total 158 171 55

The index s indicates: G, CHO, Lip, FA, Pro, AA, W, F, GJ, GL, GP, PA, PP, PL, Gly, CHO", Pro*, PA-In, PP-In,
PL-In. The index i indicates the digestion reactions in the intestinal lumen: 1 = Carbohydrates digestion, 2 = Amylase
pancreatic inactivation, 3 = Proteins digestion, 4 = Protease pancreatic inactivation, 5 = Lipids digestion, 6 = Lipase

pancreatic inactivation.

https://doi.org/10.1371/journal.pone.0285849.t1002
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is discussed below. Constitutive and assessment equations for defining the model’s structural
parameters are reported in Table 5 in S1 Appendix. Constitutive equations for defining func-
tional parameters are provided in Table 6 in S1 Appendix, while Table 7 in S1 Appendix intro-
duces assessment equations and the model’s constants. These three tables are presented in the
S1 Appendix. Notations A and I used in the tables refer to if the parameters were assumed and
their value was fixed under different conditions for the entire simulation, or identified, respec-
tively. From the model (M) means that the parameter is calculated by an equation that repre-
sents the dynamics of the system itself.

As mentioned in the modeling hypothesis, a set of stirred tanks with elastic walls was used
as an analogy to represent the movement of chyme through the intestinal lumen. A link
between the deformation of the small intestine wall and the hydrodynamic pressure (Py;) of
the fluid flowing from tank to tank can be established by relating a constitutive model of the
strain energy density with the equilibrium of forces along the wall. The small intestine wall is
well characterized by the Fung hyperelastic model [29, 30]. The hydrodynamic pressure can be
calculated, in cylindrical coordinates, as stated in Eq 29 (further detailed in [31]).

Le B af A A i v = A, 29
Z ].exp ([lzj zz) X |ern T alj — erin m alj nalj ( )
V. Vi Vi

The small intestine has three different structural parts. The geometric and mechanical prop-
erties of the intestinal wall (Fung material parameters Cj, a, , a, , wall thickness /, , and tank

radius ,,) vary along the path of chyme, as do kinetic expressions of digestion and absorption.

Therefore, these parameters were fitted using smooth polynomial functions, as a function of
the position along the small intestine, to produce subtler changes. Equations for functional
parameters C;, a, and a, in Table 6 in S1 Appendix of the Fung constitutive model directly

account for the change of elasticity along the intestinal wall, and were fitted by using data from
[29]. Eq 43 and Eq 44 for r, and h , respectively (see Table 6 in S1 Appendix), describe the

functional relation between the basal or deflated radius and thickness of the intestinal wall
with respect to the position along the small intestine, and were fitted using data from [32].
Based on these equations, the parameter Ly (in the definition of L;) is the fixed length of a tank
or portion and depends on the total length of the small intestine L and the number of tanks n
in which the intestine is partitioned. In this case, n = 52, L = 5.2, and the lengths of duodenum,
jejunum, and ileum are 0.2, 2.3 and 2.7, respectively. These values were assumed based on the
average lengths of the small intestine measured in live healthy humans, as reported in [33].
The effects of more complex rheological phenomena taking place in the small intestine due
to the high viscosity of chyme, laminar flow regime, and circular muscle contractions, which
cause an area reduction that pushes the chyme to the next portion of the small intestine, are
considered implicitly with the abstraction of the definition of the structural parameter ¢, For

this reason, the inherent valve characteristic is defined quite differently, as a function of the
pressure drop of the chyme across the hypothetical flow area separating two portions, weighted
using the equivalent mean contraction pressure P, ,.

Furthermore, during the postprandial state, peristaltic waves occur every 25 seconds
approximately, last an average of 3.1 seconds and exert a pressure of about 2666 [34, 35]. For
reasons of simplification, the net mechanical work exerted by one peristaltic wave is divided
over its period of time to have an equivalent peristaltic wave with lower pressure and a con-
stant muscle contraction by using the Pulse-Width Modulation (PWM) approach. In this
sense, 7 = 3.1s is the pulse width (duration of the ON state in a cycle or peristaltic wave) and
T = 25s the total period of the peristaltic wave. Overall, the width of the peristaltic wave is
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increased from 7 to T, at the expense of decreasing its amplitude (the average contraction pres-

sure), yielding an equivalent mean contraction pressure, P_ , which is calculated by using the
pressure P,,,,(t) exerted by the small intestine wall on the chyme. It has a constant value of

con

2666 for 3.1 seconds and then falls to zero until a new peristaltic wave generates after 25 sec-
onds. In this simplified case, it would be enough to use the duty cycle DC to weigh the mechan-
ical work exerted by the small intestine walls over the period of occurrence of a peristaltic
wave [36].

As previously described, complete digestion of macronutrients and inactivation of digestive
enzymes occur in PSy, setting the pace at which several bio-available nutrients are released.
For reasons of simplification, a general expression for reaction rates is further detailed to deter-
mine the concentration of substances of interest for glucose homeostasis, such as glucose and
gluconeogenic precursors (e.g., glycerol, alanine, glutamine). Reaction rates are calculated at a
temperature of T = 310.

Reaction i = 1: Carbohydrate digestion. In this model, carbohydrates (CHO) are assumed
to be simple amylose chains with an average molar mass 9, equal to 180000kg/kmol. The
hydrolysis reaction (reaction 1 in Table 3) releases a glucose molecule from one end of the
amylose chain per water molecule, shortening its length progressively (producing CHO*). For
reasons of simplification, the molar mass of the amylose chain is considered constant. In turn,
a mass balance calculates the remaining equivalent moles of a hypothetical complete amylose
chain. The expression for the reaction rate is adapted to take the form of first-order reaction
kinetics, depending solely on the concentration of the pancreatic amylase enzyme. The under-
lying assumption is that enzyme concentration is limiting and much lower than that of the
substrates, so the reaction order is zero for CHO concentration.

Reaction i = 2: Pancreatic amylase inactivation. Digestive enzymes in chyme are gradually
inactivated along the small intestine predominantly due to pH changes, interactions with
many substances in the chyme, and the presence of proteases, which partly degrade peptide
bonds and alter structural integrity, comprising catalytic activity. The higher resistance of the
pancreatic amylase against proteases makes it more stable than lipases and proteases [37]. A
simplified description of the inactivation of pancreatic amylase (PA) is presented in Eq 2 of
Table 3.

Reaction i = 3: Protein digestion. Proteins are digested through a hydrolysis reaction,
which is simplified by assuming that reaction with one molecule of water releases one average
amino acids and produces a shortened protein (Pro*), described in Eq 3 of Table 3. All the
ingested proteins are assumed to be myosin, the most abundant of proteins found in meat
[38], with an average molar mass 21, equal to 493000kg/kmol [39]. Since the protein chain is
continuously shortened, a mass balance is proposed to obtain a rate expression in terms of an
equivalent, intact myosin molecule.

Reaction i = 4: Protease inactivation. Many proteases released along the gastrointestinal
tract digest proteins in the small intestine. Trypsin was set as the equivalent average pancreatic
protease for this model. Rate expression for the inactivation reaction depends solely on prote-
ase concentration (see Eq 4, Table 3).

Reaction i = 5: Lipid digestion. For this reaction, all lipids are considered to be triglycer-
ides, more specifically triolein, which produces three units of oleic acid (FA, for fatty acid) and
one of glycerol (Gly) upon its hydrolysis, catalyzed by pancreatic lipases. This reaction is
shown in Eq 5, Table 3, and the reaction rate is described with a first-order expression,
depending on the concentration of pancreatic lipase, assuming enzyme concentration to be
significantly much lower than that of the substrates.

Pro
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Table 3. Reaction rates of macro-nutrient digestion and enzyme inactivation in the small intestine.

i Reaction Rate expressions Ref.
1 CHO + H20 — CHO* + G —Ea, [27],M
e, = UG.lkOI_lCPAV_je RT
I Owa
My e, G
Ochon 1 (
T, =———— (M., +M,r )
CHOy o1 Moy ¢y whw,;
2 PA—PA-In —Ea, [27],M
Tpay; = Opaz kozvz Cpa,, € RT + kdegzvz Cpp, i
rPA—Inz_j = Opa—n2 Tpa, ;
3 Pro+ H20 — Pro* + AA —Ea, [27],M
Tang; = O'AA.:sko&z CPPVJB RT
;o= Ows
Wy = Tops Ao
_ Oppy 1
sy = Ty 3 My, (EmAA A, + mWTW“)
4 PP—PP-1In —Ea, [27],M
Tpp,; = GPPAkU“ CPPV ;€ RT
Tpp—tng; = Opp-ina Tppy;
5 Lip + 3H20 — 3FA + Gly —Ea, [27],M
Tras; = O—FA,.SkUS)Z CPLVJE RT
_ Oips
rLip;‘J - a rFADJ
roo=Ows
Wi, = LY
~ Ogys
Talys; = Tons Tras;
6 PL—PL-1In —Eay, [27], M
Tprg; = OpL koﬁ.z CPLV € RT + kdegﬁyz CPPV j
TpL-tng; = OpL-n6 TpL;

Abbreviations. M: From the model.

https://doi.org/10.1371/journal.pone.0285849.t003

Reaction i = 6: Pancreatic lipase inactivation. Inactivation of pancreatic lipase, presented
in Eq 6 of Table 3, is caused both by proteases and the interaction of these enzymes with other
substances in the chyme. For this reason, the expression for the reaction rate depends on the
concentration of both PL and PP, as shown in Eq 6, Table 3.

Regarding the absorption of nutrients into the bloodstream, glucose, amino acids, fatty
acids, and water all pass through the wall of the small intestine in different ways. Luminal glu-
cose is mainly absorbed across the brush membrane border through the Na™-glucose cotran-
sporter SGLT1 and the GLUT2 carrier protein. The latter mechanism of glucose absorption is
known as facilitated diffusive transport and is increasingly prevalent at higher glucose concen-
trations. The hydrophobicity of the membranes prevents strict passive or diffusive transport of
glucose and tight junctions between enterocytes, leaving molecules no space to passively dif-
fuse into the interstitium [40]. While the exclusive protein-mediated and Na*-codependent
glucose transport could be deemed as a saturable transport mechanism, the increasing

PLOS ONE | https://doi.org/10.1371/journal.pone.0285849 May 25, 2023 17/28


https://doi.org/10.1371/journal.pone.0285849.t003
https://doi.org/10.1371/journal.pone.0285849

PLOS ONE

Estimation of glucose appearance in the portal system using a PBSM

presence of GLUT2 proteins in the brush border membrane with higher glucose concentra-
tions bypasses saturation. For instance, this could be mathematically represented by adding a
passive transport term to a Michaelis-Menten absorption kinetics expression [41, 42]. Prior
data from glucose absorption experiments in the human jejunum has been successfully fitted
to glucose uptake expressions with both active and passive components [43]. Accordingly, this
type of glucose uptake expression was included as a constitutive equation of this model, as
shown in Eq 22, Table 5 in S1 Appendix. It is now known that the passive absorption term in
this constitutive equation accounts for the effect of increasing GLUT2 proteins at the brush
membrane border with higher glucose levels. Thus, this term refers to a facilitated diffusive
transport mechanism rather than a passive one. Since glucose absorption rates differ along the
small intestine, parameters were identified separately for the duodenum, jejunum, and ileum.

Although many amino acid transporters are present in the brush border membrane, the
real scenario involves the absorption of di- and tri-peptides into enterocytes through oligopep-
tide transporters, succeeded by their break down into amino acids by peptidases [44]. Since
hydrolysis of oligopeptides is very rapid and geared toward a more straightforward mathemati-
cal expression, only the absorption of an average, equivalent amino acid is being considered.
Moreover, bearing in mind that the absorption of amino acids and peptides mainly occurs via
an active, saturable transport mechanism, it would be sufficient for the goal of the model to
use a simple Michaelis-Menten kinetic expression, to which L-alanine and glycine absorption
data in human jejunum has been successfully fitted [45], as shown in Table 5 in S1 Appendix.
Once again, the values of functional parameters arising from the absorption expression were
independently identified for the duodenum, jejunum, and ileum.

Lipids and bile acids form mixed micelles within the intestinal lumen, facilitating transport
across the unstirred diffusion barrier at the lumen-membrane interface, ensuring a sufficient
concentration gradient for lipid uptake. Unlike absorption of more polar substances, transport
of lipids across the brush border membrane does not exclusively rely on transporter proteins.
Transport of short-chain fatty acids across the membrane may occur via simple passive diffu-
sion, while the uptake of medium-chain, large-chain fatty acids, and other lipids takes place by
active and facilitated transport mechanisms [46]. Despite the diversity of transfer mechanisms,
types and sizes of lipids, the model is intended to produce a lower level of detail regarding lipid
absorption. Thus, a more straightforward mass transfer expression following FicK’s first law of
diffusion is proposed for oleic acid, the only fatty acid assumed to make part of the ingested
meal (esterified in the form of triolein). The expression, further detailed in Table 5 in S1
Appendix, includes an assumed equilibrium concentration Cj, = to set the concentration gra-
dient that drives the uptake of fatty acids, considering that the chemical complexity within the
cell renders such value indeterminable over time.

Water is absorbed throughout the three structural parts of the small intestine. This physio-
logical process is heavily influenced by the osmolality of chyme [47], blood volume, and gastric
emptying rate and therefore depends on a wide range of mechanical and neurohormonal sti-
muli occurring before, during and after the ingestion of a meal [21]. The osmolality of chyme
is not considered as a variable to reduce the complexity of the constitutive equation that inte-
grates water absorption with the model. The simulated scenario implies that its value is such
that it produces a positive net water absorption from the lumen into the systemic circulation.
Thus, this model does not account for the effect of altered intestinal motility due to the compo-
sition of the ingested meal, drinks, or drugs, nor any neuromuscular disorders. On average,
water absorption in the small intestine of healthy humans ranges from 9 to 15 mL - cm™" - h™",
following ingestion of various carbohydrate solutions [48]. From these data, water absorption
percentages in the small intestine [49], and assuming that: i) the flow of chyme and other
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Fig 3. Percentage of basal secretion calculated by the identified fuzzy system. The data used for model
identification were retrieved from [50].

https://doi.org/10.1371/journal.pone.0285849.9003

secretions in the small intestine ranges between 0 and 20 -—1 and i) the duodenal mass flow is
a significant mechanical stimulus that is linearly related to the water absorption rate, the water
absorption coefficients of the duodenum, jejunum, and ileum were identified and are pre-
sented in Table 5 in S1 Appendix.

The values of the total gastric mass emptied from the stomach and the mass fraction of each
component are obtained by solving equations of the PS;_jy, described earlier and further
detailed in [11]. This gastric mass flow is mixed in the duodenum with bile and pancreatic
juices arriving through the hepatopancreatic duct to aid the digestion of partially digested
chyme. Secretions of pancreatic enzymes and bile are estimated from a Takagi-Sugeno fuzzy
model, identified based on data reported in [50], and obtained using the methodology
described by [51]. This fuzzy model is set with thirteen rules and determines the percentage of
secretions over the postprandial state with an interdigestive or basal secretion, which serves as
the reference. For the meal previously detailed and its corresponding gastric emptying lag
time, the percentages of basal secretion calculated based on the fuzzy model are shown in
Fig 3.

Pancreatic and bile secretions are influenced by the concentration of nutrients in the duo-
denum and several neurohormonal signals stimulated by the sight and taste of food, the disten-
sion of both stomach and duodenum, and other factors such as stress or depression. Generally,
these produce a pronounced peak in the rate of hepatopancreatic secretions, followed by a sus-
tained, moderate secretion rate before transitioning into the interdigestive period, where secre-
tions are minimum, or basal [50, 52]. In the fuzzy model, both the appearance of the peak over
the postprandial period and the subsequent plateau can be slightly anticipated or delayed
according to the lag time of gastric emptying.

The resulting percentage of basal secretion is then transformed into a mass flow by using a
conversion factor, considering that, on average: i) interdigestive and maximum postprandial
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pancreatic juice flows are 0.25 and 4 mL - min™", respectively [52], and ii) interdigestive and
maximum postprandial flows of bile are 0.75 and 2.5 mL - min™", sequentially [53, 54].

On the other hand, the concentration of pancreatic enzymes in the mixed bile and pancre-
atic juice is yet to be determined. The products of lipid digestion have been shown to be major
stimulants of pancreatic enzyme secretions [55]. Thus, a relationship between the concentra-
tion of fatty acids and enzyme activity of pancreatic amylase was established. This relationship
(Eq 16 in Table 6 in S1 Appendix) was formulated using a Michaelis-Menten-like expression,
which assumes that cell receptors sensing fatty acids are saturable, with an added constant
term representing the enzyme activity due to stimuli other than the presence of fatty acids in
the duodenum. The expression was fitted using data on enzyme activity of secreted pancreatic
amylase with various oleic acid concentrations [55], and it was converted into activities of
equivalent pancreatic protease and lipase using amylase to lipase to trypsin ratios [50], all
according to the current concentration of fatty acids in the first portion of the small intestine.

The cell glucose uptake rate which depends on the energetic expenditure of the small intes-
tine wall was assumed as a 10% of absorbed glucose 7, ,[7]. However, when no enteral glucose

is present in the lumen, the intestinal wall sources glucose from the systemic circulation via
i, ;» which was adjusted at a fixed consumption rate. Since arterial blood flow of the superior
mesenteric artery is divided into smaller branches that locally irrigate all the portions of the
small intestine, the mass fraction (and therefore, the molar concentration) of glucose remains
unchanged, rendering w; - = W, This value is deemed the systemic glucose concentration,

which will accordingly change in response to the glucose absorption rate into the blood of
capillaries. Blood in the capillaries drains the small intestine, converging in the superior
mesenteric vein, which delivers enteral glucose into the portal vein, with a glucose mass frac-
tion equal to w,; . The glucose concentration data used to obtain w,, = were retrieved from [56]
and, in turn, identified another fuzzy model (following the methodology described by [51]),
which allows a sampling of the systemic glucose concentration at any given time.

The portal vein raises from gastric, splenic, superior mesenteric and inferior mesenteric
veins, so that determining each mass flow and composition would considerably increase the
model’s complexity. A more convenient and still realistic scenario is to assume the magnitude
of the volume flow irrigating the small intestine equal to that of the portal vein, so the flow of
the components being absorbed from the small intestine has a weighted impact on the compo-
sition due to the higher dilution that a larger volume flow produces. Thus, arterial flow 1, is
calculated using the volume flow in the portal vein.

Simulation of the computational model

Computational model construction. Programming and simulation of the model were
performed using MaTLab"™. To significantly reduce computation time, the imaginary error
function, erfi(x), was simplified by fitting within the interval x € [0, 2], obtaining the expres-
sion erfi(x) = 0.236¢"%%* + 0.000356¢>°***, shown in Fig 4. The maximum absolute error and
root-mean-square error are 0.21 and 0.0181, respectively. For x > 2, the former solver for erfi
(x) in MaTLab™ is used.

The computational model is free (interested readers can obtain it from the corresponding
author) and can be used to generate the simulations presented in the paper.

Comparison with data. The mathematical model responses were contrasted with data
available in the literature. Experimental data from three studies [56-58] were used to compare
the rate of glucose appearance in the portal system, and the inactivation percentage of pancre-
atic enzymes was fitted with data taken from [50]. Percentages for the digestion of macro-
nutrients and the absorption of glucose, fatty acids, amino acids, and water in the three

PLOS ONE | https://doi.org/10.1371/journal.pone.0285849 May 25, 2023 20/28


https://doi.org/10.1371/journal.pone.0285849

PLOS ONE

Estimation of glucose appearance in the portal system using a PBSM

erfi(x) = 0.236087€! 5777 1 0.000356039¢ 034217

150 \ \
erfi(z)| /
3 100 - fit fu,:',
Z /
3 50k M //,.» 4
0 ‘ \
0 0.5 1 1.5 2 2.5

T

b.

Fig 4. Fit of erfi(x) using an expression of the form y = ae™+ ce™, The graph presents the fitted function and

evaluation of erfi(x).

https://doi.org/10.1371/journal.pone.0285849.g004

structural parts of the small intestine were adjusted following data available in [49, 59-62].
Further details of data comparison are discussed extensively in the next section.

Results and discussion

The gastrointestinal tract is an organ system that has been studied with greater interest in the
last two decades to determine the rate of glucose appearance in plasma after a meal. Most of
the existing models that calculate the absorption rate of glucose in plasma are compartmental
models that only consider the transit of glucose through the stomach and intestine and do not
consider some physiological aspects of the digestion and absorption processes, including pro-
teins and fats involved in glucose absorption. This section presents the results of the proposed
phenomenological-based semi-physical model of the gastrointestinal tract. The simulation was
carried out for the digestion, through the stomach and small intestine, of three different meals
to assess the model’s prediction and description ability when compared to experimental data
available in the literature [56-58]. In all three cases, the mathematical model fits the experi-
mental data with a mean absolute error of 0.4%. Few parameters were manually calibrated due
to their interpretability and the model’s basic structure based on the underlying phenomena.
Additionally, the model considers many physiological aspects of the digestion and absorption
of other nutrients in both the stomach and the intestine, which affect the rate of glucose
appearance in plasma.

Fig 5 shows the results of the glucose appearance rate in the portal system for the model
compared with data found in the literature and their particular conditions. These data from
the literature were only used to compare and evaluate the responses of the model and not to
make parametric adjustments. Parametric adjustments were made with population data of per-
centages of digestion and absorption of nutrients in the small intestine as reported in Table 4.
In [56], a novel natural tracer method is proposed to measure complex carbohydrate turnover
in the postprandial state in healthy subjects. Meal content considered in this case is 52.2¢ of
carbohydrates, 35.5¢ of protein, 27.1g of lipids, and 600.1kcal of the total energy content of the
food. On the other hand, a reconstructed rate of glucose appearance by employing a tracer
two-step method [57] is used to validate the model response following a triple-tracer mixed
meal containing 10kcal/kg, 45% carbohydrates, 15% protein, and 40% fat. The rate of glucose
appearance after an ingestion of glucose load in healthy subjects is also used to contrast the
model response. In this case, the subjects of the study [58] ingested 1g of glucose per kg of
body weight (as a 45% aqueous solution) for 5 minutes. In all three cases, the mathematical
model fits the experimental data with few parameters to calibrate due to their interpretability
and the model’s basic structure based on the underlying phenomena.
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Fig 5. Simulated glucose concentration in portal vein following ingestion of the meals reported by [56-58], respectively.

https://doi.org/10.1371/journal.pone.0285849.g005

Fig 6 shows the gastric mass flow passing from the stomach to the first portion of the duo-
denum through the pylorus valve over time. Initially, until the chyme reaches specific rheologi-
cal properties in the stomach to be emptied into the duodenum, the mass flow through the
pylorus increases until it reaches a maximum point. Then, the flow remains constant for the
next 2 hours, which is the duration of digestion in the stomach for the considered mixed meal,
where proteins and fats are partially digested before mass flow decreases until complete empty-
ing [63]. Digestion then continues in the small intestine, where some components are
absorbed into the portal system. It is worth clarifying that the gastric emptying rate is mainly a
function of the caloric density of the ingested meal and that the relationship between these var-
iables is linear. Furthermore, the nature of the calories seems to play a minor role in determin-
ing the rate of gastric emptying in humans.

Fig 7 displays the accumulation of gastric mass on each portion of the small intestine in
time. As can be noted, the duodenum contains the highest content of chyme. As the gastric
mass is digested, nutrients are absorbed into the bloodstream, which causes a decrease in
lumen food content as it moves towards the ileum until being almost completely emptied after
7 hours of digestion. This considering that there is no more ingestion during that time interval.

Table 4. Accumulative absorption, digestion, and inactivation percentage of substances, macronutrients, and pancreatic enzymes in the small intestine. Trypsin
inactivation percentage was considered for the validation of the equivalent pancreatic protease.

Process Substance Duodenum Jejunum Ileum Ref.
Lit. Sim. Lit. Sim. Lit. Sim.
Accumulative digestion percentage Carbohydrates - 63.5% | 75% 75.5% | 84.2-89.5% 89.9% | [50]
Proteins 33% 31.1% | 60% 65.4% | 89.5-94.7% 92.1% | [59, 60]
Lipids - 32.0% |- 44.4% | 68.7-75% 72.5% | [49, 59]
Accumulative absorption percentage Glucose 25% 25.5% | 75% 75.0% | 85% 852% | [61]
Amino acids 30% 30.1% | 80% 80.0% | 90% 90.1% | [49]
Fatty acids 30% 29.5% | 85% 85.0% | 100% 99.8% | [59]
Water 14% 14.1% | 44% 43.4% | 83% 84.1% | [62]
Accumulative inactivation percentage of pancreatic enzymes Pancreatic amylase - - 15% 15.6% | 26% 26.6% | [50]
Trypsin® - - 36% 37.1% | 78% 74.8%
Pancreatic lipase - - - 29.6% | 75-80% 80.0%

https://doi.org/10.1371/journal.pone.0285849.t1004
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Fig 7. Mass contained inside each tank j in the postprandial period.

https://doi.org/10.1371/journal.pone.0285849.9007
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The percentages of digestion and absorption in each part of the small intestine were obtained
by adjusting the parameters for reaction kinetics and absorption rates as in the data reported
in the literature.

Table 4 compares data collected from the literature (Lit column) with simulation data (Sim
column) for the digestion of macronutrients, the absorption of nutrients and water, and the
accumulated inactivation percentages of the considered pancreatic enzymes up to the duode-
num, jejunum, and ileum. Macronutrients and their simplest, digested forms (glucose, amino
acids, and fatty acids) are mostly digested and absorbed in the ileum. Undigested and non-
absorbed nutrients continue to the large intestine to be fermented and converted into shorter
peptides, amino acids, and fatty acids. The activities of pancreatic enzymes do not decrease in
the first portion of the gut because that is where digestion begins, where pancreatic juice and
bile are first mixed with the chyme. Later, activities begin decreasing during their passage from
the duodenum to the terminal ileum, although the degradation rates of the individual enzymes
are different [37]. While the activity of pancreatic lipase is lost more rapidly and at a higher
percentage, proteases and amylase are more stable, with the activity of pancreatic amylase
being the least-decreasing during intestinal digestion. Simulation data is close to the data
found in the literature, indicating that the model can reliably reproduce the digestion and
absorption of the nutrients in the gastrointestinal tract. Moreover, the literature has unclear
percentages of digestion for carbohydrates and lipids in the duodenum and lipids in the mid-
jejunum, and data available from experiments are missing. In this regard, the proposed model
can provide this missing information accurately due to the high coupling of the mathematical
model, the inclusion of available physiological knowledge, and the representation of the diges-
tion and absorption processes in the human body that are as close to physiology as possible.

Conclusions

The gastrointestinal tract is a complex organ system with many interactions between different
parts, tissues, and cells. In the control of blood glucose levels, physiological aspects such as
early detection of meals and rate of glucose appearance have challenged the controller’s perfor-
mance in maintaining normal glucose levels and, consequently, an appropriate treatment of
people with diabetes mellitus. Several studies have tried calculating the glucose appearance
rate by using different techniques and mathematical modelling methodologies, commonly by
compartmental models. In this study, a novel technique was used to develop a phenomenologi-
cal-based semi-physical model to represent the role of the gastrointestinal tract in glucose
metabolism in healthy humans. The proposed physiological model has many parameters, but
their estimation was not a difficult task thanks to their interpretability. Additionally, the model
is modular, meaning that, it can be used in algorithms developed to improve glucose control
in people with diabetes mellitus, for other diagnostic purposes, or it can be combined with
mathematical models of other organs to obtain a complete mathematical model of glucose
metabolism in humans. Actually, the presented model is integrated with a liver model [64] and
a model representing insulin pharmacokinetics and runs on a mobile app to predict glucose
dynamics after consuming a mixed meal and assess whether carbohydrate counting improves
in people who live with diabetes [65]. The model could be extended for future work by adding
several functionalities such as duodenal feedback control of gastric emptying, which relies on
the concentration of carbohydrate, lipid and protein digestion products, pH, osmolarity, dis-
tension and hormonal effects such as the incretin effect. Also, the chemical composition of
meals and the physical nature of food remain crucial in regulating the emptying rate, affecting
intestinal transit time. Consequently, modeling these phenomena is essential for
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understanding the relationships between the physical and chemical properties of food and
digestion and absorption rates.
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