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MATHEMATICAL MODELING OF TRANSPORT AND
DEGRADATION OF FEEDSTUFFSIN THE SMALL INTESTINE

MASOOMEH TAGHIPOOR*, PHILIPPE LESCOAT, JEAN-RENE LICOIS,
CHRISTINE GEORGELIN, GUY BARLES*

ABSTRACT. We describe a mathematical modeling of the digestion in
the small intestine. The main interest of our work is to cdasiat the
same time, different aspects of the digestioni.e. the pansf the bolus
all along the intestine, feedstuffs degradation accortbnfpe enzymes
and local physical conditions, and nutrients absorptionsyatem of
coupled ordinary differential equations is used to modeséhphenom-
ena. The major unknowns of this system are the position obties
and its composition. This system of equations is solved micaléy. We
present different numerical computations for the degiadaabsorption
and transport of the bolus with acceptable accuracy witteexpental
data. The main feature and interest of this model are itsrgéitye Even
if we are at an early stage of development, our approach caddysted
to treat any kind of feedstuffs in any non-ruminant animgbtedict the
composition and velocity of bolus in the small intestine.

1. INTRODUCTION

The main step of digestion and absorption along the gaséstinal tract
takes place in the small intestine. To reach an optimizedposition of
available nutrients due to their behavior in the digestistem, it is neces-
sary to understand and predict the digestion and absorptithre ingested
feedstuffs in the small intestine ([Karasov.(1999), Mdi&fihs et al.(2001),
Logan et al.(2003)]).

Several models have been developed representing theidigastl trans-
port of bolus in the small intestine. In the model of [Baséliret al.(1996)]
digestion and absorption are integrated and representesidesing only
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Equations, Enzymatic Degradation, Transport.

Acknowledgementhe pluridisciplinary collaboration on this research patjbetween
the INRA Center of Nouzilly and the Laboratoire de Mathéioaés et Physique Théorique
was initiated within and supported by the CaSciModOT prog{&Alcul SClentifique
et MODélisation des universités d'Orléans et de Tourk)jclv is now a Cluster of the
french Region Centre. This collaboration also takes plaeeGNRS-INRA PEPS program
“Compréhension et Modélisation du devenir de I'alimeans le tube digestif”. This work
is part of the PhD thesis of Masoomeh Taghipoor, financed bREBENd INRA.

1



2 TAGHIPOOR, LESCOAT, LICOIS, GEORGELIN, BARLES

the polymers and individual absorbable end products. Tdresirthrough
the small intestine is modeled mainly as a result of gastriptging. No
peristaltic wave is taken into account, and the bolus corthbnly the dry
matter. [Logan et al.(2002)] describe the digestion andigdt®n using the
plug flow reactors to encapsulate complex digestion phenarimea simple
set of equations. Different rate of absorption and degradaire involved:
first order kinetics, Michaelis-Menten and the sigmoid onésdetailed
model of the intestinal propulsion is provided by [Miftateifal.(2007)].
However, these models portray the transport of bolus sgtigdilly, or they
represent only a limited number of different processesluagin digestion.

This article tries to go further in the modeling of digestiarthe small
intestine by considering the different steps of digestien ithe transport
of the bolus all along the intestine, feedstuffs degradagiccording to the
enzymes and local physical conditions, and nutrient altisorp To this
aim a system of coupled ordinary differential equationssisds The major
unknowns of this system are the position of the bolus anditsposition.

In fact, several models are presented reflecting the magpliocess at
its different stages with our attempts to make it more réaligy inclu-
sion of more sophisticated and relevant biological phenm@ad chemi-
cal transformations. We have decided to describe the diifesteps with
the assumptions leading us to our choices instead of pragemly the
last model since the whole process by itself may be one ofrteedsting
points. Of course, this modeling process is still going irediions which
are described in Section 6.

Our models intend to be a mechanistic approach of feedsligéstion
even though simplifications were included. Therefore theylve a lot
of different unknowns and parameters, and require a nualesoftware to
obtain suitable approximation of the solutions since itapéless to obtain
explicit ones. Scilab software was used to perform theseenigal compu-
tations.

In all our models, we try to estimate the parameters usingfdat scien-
tific literature. When these data are not available, we asshmreasonable
values for the parameters.

The article is organized as follows : Section 2 is devotedrésent the
main assumptions of our models and most of our notations.etich 3,
we describe the transport equations : in our four differeotiets, we point
out that there are only two slightly different ways of modglithe trans-
port of the bolus in the intestinal tract. The main differemconcern the

The reader can performits own numerical experiments, Wetpbssibility of changing
the parameters, using our Scilab software online at the URL :
http://www.Impt.univ-tours.fr/modingre
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degradation itself, with several possibilities for the gmsition of the bo-
lus, for the enzymatic reactions and the water influence. duieoming

stages (4 different models) is presented in Section 4, \wghkey assump-
tions and characteristics of each model. Section 5 is a cosgpeof these
four models and of the numerical results of the most soaistd model
(Model 3) versus experimental data from the literature hinftnal section,
we criticize our models and describe the perspective.

2. GENERAL HYPOTHESIS ANDSYNTHETIC PRESENTATION OF THE
DIFFERENT MODELS

Common assumptions to all models are the followings.

(1) The first simplification concerns small intestine itself.stead of
taking into account its complex geometry, it is represented one-
dimensional interval0, L]. The position of the bolus in the small
intestine at time is given byx(t) € [0, L] (cf. figurel). The equa-
tion of the transport of bolus along the small intestine isaied
by the change on(t).

(7i) The bolus is treated as a homogeneous cylinder with a fixegthen
¢ and variable radiug(¢) which is a function of time. To locate
this cylinder, we use the positiarit) of its center. This assumption
is justified by the general shape of the small intestine’sreegs
as well as the observation of the real bolus in animals’ sinall
testines. As the length of bolus is assumed fixed, the detioada
only changes the radius. Degradation of substrates israutdly
enzymatic reactions with possible subsequent absorpyidhebin-
testinal wall [Meunier at al.(1988)].

(7i1) The enzymes which participate in enzymatic hydrolysis =ins
gastric, pancreatic and brush-border ones. The enzymasitac
depends on th@H of the small intestine at each point along its
length. The brush-border enzymes on the intestinal wallagre
sumed to be always in excess [Meunier at al.(1988)].

The bolus moves through the intestinal tract because of tieep re-
sulting from peristaltic waves and gastric emptying whioveg an initial
velocity to the bolus [Meunier at al.(1988)]. Peristalgie aeries of wave-
like contractions occurring in the smooth muscle layer ef glastrointesti-
nal tract. It is a physiological process that results ingtiteal motility and
propulsion of ingested food along the intestine. It stasts aing-like con-
striction initially which later moves forward along the éstine. Moreover
it might be assumed that it helps the bolus to be digested Badmg
the food particles along the intestinal wall for effectivigestion and ab-
sorption.Therefore to model the transport, bolus movenserinnected to
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FIGURE 1. The Cylindric bolus with its different characteristics

pulses all along the intestine with the initial velocity coigp from the gas-
tric emptying effect. Efficiency of pulses is proportionalthe volume of
the bolus and itis inversely correlated to the distance betithe bolus and
the pylorus [Fioramonti et al.(1977), Xiao et al.(1997)]helTbolus speed
is assumed to be slowed down by the local conditions in thdl smeas-
tine lumen (friction on the borders, viscosity effectsic). The effects of
these different local factors depends on the compositidheobolus, and in
particular its dilution.

For the bolus content, the following assumptions and nmtatare used
throughout this paper

e The bolus includes a single species whose total mass is et&not
by A. In the most sophisticated model presented in this wdrk,
is composed of4,, A,, and 4,4, in other wordsA =A,+A,,+
A,q. As 1s the mass of solubilized fraction of which can be hy-
drolyzed in the presence of the enzymes. The indetands for
“solubilized”. A, is the mass of “non-solubilized” fraction of,
for example dry starch or the non-emulsified lipids. Transfation
of A, into A, requires a sufficient quantity of water. Regarding
lipids emulsion, we assume that the bile salts are in exc&hks.
mechanismA,,, «+» A, is described through an equilibrium prop-
erty depending on the water quantity in the bolus. Findly, is
the mass of non-degradahle which enters and leaves the small
intestine without any change. For example the vegetal fibfeed
are poorly digestible. Moreover the fiber matrix of feedfstudr
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the anti-nutritional factor content can be responsibleaaeduc-
tion in the digestibility of some amino acids in some feetistu
[Seve et al.()].

The quantityB is the mass of product obtained fraf by enzy-
matic reactions, it is composed 8%,,; and B,

enzymes enzymes
As( — Bint) — Babs~

The quantityB;,; is the product of hydrolysis due to gastric and
pancreatic enzymes, the indéxt stands for "intermediate” sub-
strate which is not yet absorbable since it is not fully ddgch

This transformation has to be completed by a second one at the
border of the small intestine via the brush-border enzyreeas (:
proteins being degraded to polypeptides and afterwardpéptde

or amino acids, which are absorbable). This second tramstfoon

is also able to give3,, directly from A. The quantityB, is the
absorbable fraction with indexs indicating “absorbable”.

The quantitye represents the pancreatic and gastric enzymes.

e The quantityiV is the mass of water in the bolus ajitf] indicates

the proportion of water in the bolust’/(A + B + W).

The quantityl/(¢) denotes the volume of bolus which is equal to
(A+ B + W)/p, wherep denotes the density. For the sake of
simplicity, we assume that all the substrates of bolus Hawesame
densityp. The total mass of the bolus (sl + B + WW)(¢) at each
moment.

Digestion consists in the transformation of digesta to dirge nutrients
through enzymatic hydrolysis. Volumic transformatiorhis tlegradation of
A, into B;,; inside the bolus and transformation on the bolus surfadeeis t
degradation of bothi, and B,,,; into B, on a thin layer around the bolus.
The following hypothesis are added progressively with apggd versions
of the model.

Model 1.

Model 2.

In the first model, the whole bolus is considered tsdlebilized

(A =A,). Ais hydrolyzed thanks to gastric enzymes and becomes
directly absorbable nutrients3( =B, ). In this model, brush-
border or pancreatic ones are not taken into account. Suchane
nisms are associated for example with the consumption atdisa-
rides (resp. monosaccharides) such as milk sugar(resposgi

This model is an attempt to have a more realistic rinoglef degra-
dation. The bolus is still assumed to be completely soleddi The
absorbable nutrients can be obtained by two ways: eithedirgat
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surfacic transformationl — B, or through a first volumic degra-
dationA — B;, followed by a second onB;,,; — B, at the bolus
surface by brush-border enzymes.

Model 3. This model includes the solubilization of the boiagresence of
water. A is splitted intoA,, A,,, A,.s. Equations are added to
express the equilibriumd, < A, which depends on the quantity
of water. The non-degradable part of bolus enters and |einees
small intestine without any mechanical or chemical chamggsi
initial form. A key feature of this model concerns the tramgpf
bolus along the small intestine since it is connected to trantity
of water through lubrification effects.

Model 4. This model is a simplification of the previous one bgthemati-
cal arguments. Through homogenization methods it is shiwamh t
the acceleration can be averaged and an equation with #vaged
acceleration is substituted for the pulses in transporatop. De-
tailed models are described in Sectibn

3. TRANSPORT

We present a mathematical formulation of the transport oo the
small intestine. It is based on the physiology of the pig'afmntestine.

After the ingestion of the food, the frequency of the pelistavaves ini-
tiated in duodenum is about 18 per minute. However, we assuntye6
of them are followed by the spikes hence leading to one effipelse ev-
ery 10 seconds ([Fioramonti et al.(1977)]). The mean ttamse of each
peristaltic wave is assumed to be 150 minutes to move aloraij gmes-
tine from duodenum to the end of ileum according to [Lapl&68()] and
[Rayner et al.(1986)]. We assume also that the pig’s smigtime is about
18 meters ([Pommier at al.(1993)]), hence the average ¥gloof these
waves is7, 2 m/h. Each peristaltic wave take$t)/c seconds to reach the
bolus in positionz(t), therefore the pulse which pushes the bolus in tme
is generated in duodenum at tihe x(t)/c.

If v(t) denotes the velocity of the bolus(¢) = 2%:(¢)), the effect of
pulses is modeled through the following equation

Trt) = Wity = Syt~ a(t)/e).

The term%y represents the pulses which are defined as a periodic functio
of period10 seconds such th{:fB10 y'(t)dt = 1 and fort < 0, we assume
y(t) =0.
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Over a period, each pulse is an approximation of a Dirac ma#seo
origin. Therefore we define it as a function with the valye during a very
short interval of time: and0 at all other time.

According to [Xiao et al.(1997)] and [Rivest et al.(200M)gtefficiency
of the peristaltic waves increases with the size of the bahg decreases
with the distance from pylorus. We assume that all theserdbpees are
affine, namely

d*x d co+ V()
) = g =2/ -

where,cy andc; are determined under the assumption that the acceleration
depends linearly o¥ (¢), a andb are constants obtained from experimental
data.

The intestinal lumen is a confined environment which prevém bolus
to move perfectly according to the previous equation : tHaslas to work
its way through the small intestine and is also submittetiédttiction with
the intestinal wall. All these friction effects are relatedhe “viscosity” of
the bolus and we have two different ways to model the frictesm : either
as a constant effect which is independent of the bolus cortogmodels
1 & 2) or with a lubrification effect coming from the proportion whater
in the bolus (model8 & 4). More specifically, in Equation (1) below, the
coefficientKX (¢) is either constant in models& 2 or K /[IW] in models3
& 4, whereK is a constant.

The final equation of transport is therefore the followingon

2 d co+cV(t dx
G0 = G -a0 ) - KOTe

2(0) =g, x(0)=0

4. DIGESTION

Digestion is a mechanical and chemical process by which ézben by
an animal is broken down by enzymes to make it available fepgdiion.
Mixing the food with water and the crushing and chopping thexgs of
food by teeth are what we call mechanical digestion. The otednali-
gestion is the breakdown of large solubilized moleculesr®gymes. The
uptake of the obtained nutrients is mainly by absorption.

4.1. Mode 1. In this model the bolus is assumed to be completely solubi-
lized (A=A,). We also assume that the necessary enzymes for hydrolysis
are mixed with the bolus in the stomach. The product of follmareaction

is directly absorbablef =B, )

A+e— B.
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e denotes the gastric enzymes. The first aim of this model ietmel the
variation of the bolus which means the amount of the diffeseibstratest,
B ande at every time in the cylinder, and the second is to locate tiesb
along the small intestine. We assume that, the evolutiofiof its volumic
transformation depends on its mass at each moment and tymeaztivity.
This equation follows the law of mass action

dA
= —Ck(z,e)A.

k(z,e) is the enzyme activity which depends on ghé of the small intes-
tine and the presence of the enzymes at each point along it.

The productB of the volumic transformation ofl is absorbed by intesti-
nal wall with a constant rate,,,

dB
P Ck(x,e)A — kapsB.
There are also the degradation and inactivation of the eagyatong the

small intestine

de
— = —k.e.
dt ¢

k. is the rate of degradation of the enzymes which depends antyipes.
In general these rates are low.

The activity of each enzyme as a functionoff of small intestine is
known. We know also theH of each point along the small intestine. The
composition of these two functions gives the enzyme agtatiteach point
x along it.

4.2. Mode 2. In this second model, the presence of pancreatic enzymes in
the small intestine as well as the brush-border ones on itsaweaconsid-
ered. The pancreatic secretions help neutralizing theatbracid as they
enter the small intestine. They also contain pancreatigragg. The level
of the secretions is a function of volume and compositiorheftiolus en-
tered the small intestine. The brush border enzymes arentyeress for the
terminal stage of digestion which is the surfacic hydraysiontrary to the
pancreatic enzymes they are not free in the intestinal lutoerather, in
the plasma membrane of the enterocyte.

We assume that the bolus is completely solubilized. Theywbdf the
hydrolysisB consists inB;,,; and B, (B =B;n: +Baps ).

The following scheme represents the chemical reactionseobolus in
this model

As — Bint7 As — Bab37 Bint — Babs-

The first reaction takes place inside the bolus by pancraaticgastric en-
zymes, the second and the third ones take place on the soffdeebolus.
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The degradation afl in this model is the result of the volumic hydrolysis
of A as in Model 1, and its surfacic hydrolysis by brush-bordearyemes

dA A
— = —Ck A— 2rRY
7 Ck(z,e) Cups(2TR )A+ B B

A
= —Ck(x,e)A_QCabs\/ﬂl/p(A_i_B t_'_Bb)l/Q’

the second term represents surfacic transformatioh wf B,,,, . We recall
that the mass of the bolus in this model is

A(t) + Bing(t) + Ba(t) = pV () = prRE(t)1,
and therefore the lateral surface of the cylinder is given by

2Rl = 2/71/p(A + Biny + Baps)V? .
This transformation depends on the fraction/dbn the surface of the
A
bolus which is written by 27 R/
x )A + Bint + Babs
dation coefficient per unit of surface and tinde,, , is g.m2.s71.

After a distance traveled by bolus of ab@t of the total length of the
small intestine which is approximativety cm, the input of secretions starts
and it stops after a distance @fmeters traveled by bolus. We assume their
mass is about% of the bolus mass. In the following equation, the effect of
these secretions on the variationfs taken into account

dA 1dx
wherey is a localization function in the above equation which reflébe

fact that secretions arrive in the small segment of the fimessay between
0.85 cm and0.85 + a cm.

. The unit of the degra-

((z(s) = 0.85) /a) A,

The product of volumic hydrolysis3;,; , participates in the creation of
By on the surface of the bolus. Therefore its variation is mediély

dBint
dt

1d
= Ck(z,e)A+ 1n(1.25)ad—:§x

/ Bint

The absorbable nutrients on the bolus are not absorbedhiastously
([Logan et al.(2002)]). In this model we assume that the giigmn rate
follows Michaelis-Menten mechanism. The constapt is the maximal

((z(s) — 0.85) /) Bing
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rate of absorption at saturatioh,is the Michaelis constant which is half
saturation

dBabs CabsA + QCiabsBint Babs
= l — kgps—————.
— \@qu+Bm+Bmwﬂ "k + Babs

4.3. Model 3. In this model the ingested food consists4p,, A,4, A; and
water A = A, + A.q + A, + W). We incorporate two effects of water
on digestion : the first one is the dilution of the bolus andntpacts on
degradation and absorption and the second one is the labiwficand its
consequences on the transport.

We assume that the evolution df and A,,; aims at reaching an equilib-
rium in which the ratio betweeHd, andA,,; is fixed and depends only on the
proportion of water, namelyl; = u ([IW]) A,s. This means clearly that
the solubilization of4,,, depends on bolus dilution. From the mathematical
point of view, we write this evolution as

dAns
=k (VD A - 4,), @

wherey is a linear function of water and the constaptepresents the rate
of the return to equilibrium.

The amount of water in the intestinal lumen is regulated bfedint,
complex biological phenomena. In fact the proportion ofevan the bo-
lus aims at reachin@j1)] in a rather fast way which we translate it on a
mathematical point of view

d[W] B 1dx
= = k(W] = [Wo]) + In(L.B)~—ox

wherek,, is large enough to reach the equilibrium in an adequate firhe.
second term of above equation is the fraction of water in tuecpeatic
secretions.

The variation of ofA, depends on its degradation by volumic and sur-
facic hydrolysis, and contribution of pancreatic secrgi@s in previous
models. It also depends on the equilibrium wih, resulting from equa-
tion (2) which is the first term of equation below

dAs
dt

((z(s) = 0.85)/a)[W] (3)

ZMOMMWAH—&)—CM%@&@)

A
— 2050/l 2 4
Cabs ™ /p(AS+An3+And+Bint+W+Babs)1/2 [W] ( )

+ 1n(1.25)é‘;—fx ((2(s) — 0.85) /a) A,.
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The variation of absorbable nutrients depends on the oreati B, by
enzymatic hydrolysis ofi,and B;,,; and its absorption by intestinal wall

dBabs CabsA + CiabsBint
=2+/ml W
dt g /p (As + Ans + And + Bint + %! + Babs)l/Q[ ]
Babs
— kgps————. 5
abs L + Babs ( )

The non-degradable fraction df, namelyA,,,, enters in the small intestine
and leaves it without any change in its structure.

As we have already indicated it in Section 3, the lubrificatd the bo-
lus depends on the presence of water. For this model, thefricoefficient

in equation (6) is written a& (t) = [WI}(@)-

4.4. Mode 4. This model is a mathematical simplification of the transport
equation by means of homogenization theory. Homogenizdheory is
concerned with equations with rapidly oscillating coeffitis and its aim
is to provide an “homogenized” or “averaged” equation whgh limiting
equation when the frequency of the oscillations tends taiigfiOf course,
in practical situations, the interest of homogenizatiaotty is clear : most
of the time, it is simpler to use the homogenized equationdi@mple in
order to compute the solution) and, if the frequency of tetodns is large
enough, this approximation of the real equation by the hangd one
may be rather accurate as the next section shows it.

Homogenization problems for ODEs were studied by [Picdiril €1978)]
but it is worth pointing out that our particular case doesfabinto the the-
ory described in [Piccini et al.(1978)]. Fortunately thetalar structure
of the transport equation allows us to do a complete anabysige problem
and even to compute explicitly the averaged equation.

More specifically, in the transport equation, pulses reaetboblus every
10 seconds (approximatively). Compared to the time scaldigdstion
phenomena (the bolus stays in the small intestine for seleras), this
represents a very high frequency and causes very rapidtivasan the
velocity of the bolus (see the velocity profile in Figure 3).

We can show mathematically that the pulses are averagech @unt ap-
propriate way and we can replace the rapidly varying veydayt a slowly
one.

In the simplest case, by normalizing the pulses, we assuatethiir
mean effect over a period ige). Consequently over a time= Nk, it is
Ne(e) = te(e)/e wherelim,_,q e(€) /e = 7.
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More precisely, the homogenized transport equation reads
2 _ Co + 01V(t) f( dx
dz(t) = - —(t
az () =all) a+ bx(t) [(W](¢) dt( )
&0) =wvy, 2(0)=0
wherea is the averaged effect of the pulses. Its value is

a(t) = (1= ——-(1)).

5. RESULTS

In the first part of this section, the graph of degradation oflei 4, and
the graph of transport of model 3 and 4 are developed. Thendegart
concerns the evaluation of the last model by comparing itguds with ex-
perimental data. Only a limited number of outputs can be @egbbecause
of the lack of experimental data. However, the model is eataldi in rela-
tion to our objective which is developing a mathematical eldtat takes
into account the physiology of the small intestine and psead digestion
init.

5.1. Digestion. The graph of digestion of modélis shown in figure 2.

Digestion vs distance en m
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0 : : : : : : : : ; ; ; - :
0 2 4 6 8 10 12 14 16 18
distance as m

FIGURE 2. Digestion through Model 4
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We should at first initiate the bolus composition. Theseaahtonditions
vary following the different types of feedstuffs. We fixecettimitial value of
A,s as three times that of,. We diluteA,,; by two times its volume water.
Solubilized substratd, and non-solubilized ond,,, try to reach the equi-
librium all over the small intestine almost instantanegpuas explained in
Section 4. This equilibrium is reached rapidly at the begigrof the small
intestine because of the the large difference between thessubstrates.
The result of this equilibrium is the increases of the valiid pand the de-
creases of the values bf and A,,;, as seen in the graph of digestion. The
inverse process might take place by lack of water.

The absorption curve corresponds to the collected abslerimaitrients
fromz = 0 toz = xz(t), wherez indicates the location of bolus in the
small intestine. Obviously, the graph of the fourth modehteins more
details about different steps of digestion than the first gnaphs thanks to
the model structures. The digestion graph of madisl like that of model
3. The only thing that changes in modetoncerns the transport equation.

5.2. Velocity. The graph of transport resulting from Modeand4 is
shown in figure 3. One can easily see the effect of pulses ocuitve of
velocity. However, using the homogenization theory in Mofeve obtain
a smooth graph of velocity which replaced that of Moglel

Velocity (m/h)

Velocity (m/h)

T T T T T T T
1 2 3 4

Time (hour)
Homogenized Velocity

FIGURE 3. Velocity and Position of the bolus versus Time
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Figure 3 provides a numerical evidence of the homogenizgi®nom-
ena.

5.3. Model Evaluation. The different outputs of starch digestion calcu-
lated using Model 4 is compared to data reported by [Darcy.@t981)].
To this aim, we adapt the enzyme activity of the last modeheaactivity of
amylase in the small intestine. Amylase is the necessampnemfor degra-
dation of starch. The optimum activity of pancreatic amglasin neutral
pH ([Meunier at al.(1988)]).

Pancreatic secretions have no impact on the variatioh, agince there is
no starch in these secretions.

The inputs of model are only,,; and W which are Starch and Water.
The outputs are the values of these substrates in the endunh.l The
data in the article of [Darcy et al.(1981)] are for purifiedi®in free wheat
starch, agreeing with our hypothesis for the compositigdhebolus 1. The
outputs concerns the collected data aftéours at the end of ileum .

TABLE 1. Digestion of Starch by Modeling.The experimen-
tal data by [Darcy et al.(1981)]

Values Experimentation Modeling
Mean intake of wet digesta (gr) 2571 113.10
Mean intake of dry matter (gr) 688 37.70
Quantities collected of wet digesta (in percent) 8 5.33
Quantities collected of dry Matter (in percent) 0.50 0.04

Regarding to the data presented in table 1, the percentalyg ofatter and
wet digesta collected at the end of the ileum after 7 hourappeoxima-
tively the same as the output of modelThe difference between the inputs
is due to the fact that our model is only taking into accourd balus there-
fore simulation only deals with a fraction of the meal. Hoegwifferences
between outputs are low and can be related with the simpb€ibur model
for which the dry matter is only starch.

5.4. Sensitivity Analysis. Sensitivity analysis is performed to identify the
most important parameters affecting the digestion procEse chosen pa-
rameters are set ato and50% of their original values.

Output| Parameters
As C, Cabs
Babs Cabsa Ciabs’ kabs
v a,b, co, c1, K
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Studied digestion parameters @'eandC,;, for degradation of4,, and
Coups, Ciaps andk,,,s for the absorption oB3,;.

If y is the output and the parameter, the relative variation gfcan
be expressed as follows

1Yo — Yoy ol
Yo .

5.4.1. Influence or4,. The both parameters andC,,, are overestimated
by 5 and50%. The figure 4 shows the relative variation 4f at each mo-
ment

Variation of 5% Variation of 50%
1004 1004
—_C —C
—— Cabs 1 —— Cabs

80 80
601 60
40

40+

20 20

relative sensitivity in percent
Relative sensitivity in percent

20T T T T T T T T T T 20T T T T T T T T

Time (hour) Time (hour)

FIGURE 4. Relative variation ofd, regarding ta”, C,

The relative variation of4, resulting from5 and 50% values ofC' is in-
significant. The parameter,,, has the largest effect oA, degradation.
Observing the graph of relative variation 4f, figure 4, we conclude that
increasing the value df',;; increases the relative variation value by time.

5.4.2. Influence onB,,,. The parameters;, C,,, and C,,,, are overesti-
mated by5 and50%. The figure 5 shows the relative variation Bf,, by
time
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Variation of 5% Variation of 5%
1007 1007
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0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Time (hour) Time (hour)

207

Relative sensitivity in percent
Relative sensitivity in percent

FIGURE 5. Relative variation ofB,,; regarding toC,,.,
Ciaps andkt

The quantity ofB3;,,; being very small in the model, the effect of changing
the paramete€;,;, is negligible on the relative variation @, by time.
The quantityB,, is very sensitive to the variation of the parametgy, at
first because of the high quantity @f, then its influence decreases because
of decreasing the quantity of, over time. The quantitys,,, is dependent
on kt because of the large impact kof on the nutrient absorption rate.

6. CONCLUSION AND PERSPECTIVES

This model is derived from simplified biological assumpsand it can
be used to study the rate of degradation and absorptionoalahe small
intestine. This is a general model of digestion of a bolusposed of one
substrate and water. The volumic digestion by pancreaticgastric en-
zymes and the surfacic one by brush border enzymes are tatkescicount.
This section is devoted to a discussion on the current stateranodeling,
our assumptions, difficulties and on the future developroétiie model.
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Of course, the first assumption to be discussed is the “ogtinohe. As
we mentioned earlier, it was first introduced for techniedsons. Our
aim was to solve a patrtial differential equation with verifetient scales of
times (pulses arising every) seconds while the whole digestion process
lasts for 7 hours) and with an highly variable domain withyweontrasted
scales (few centimeters for the bolus compared td &maeters of the small
intestine). Solving this PDE seems unreasonable sincestlaading to
the usual diffusive phenomena and large errors. We alsgentiat these
18 meters of the small intestine were rather empty and thexef@ were
spending a lot of time to compute functions which were vetgmof.

From the transport point of view, the “cylinder” assumpteam be seen
as a Lagrangian method, the ordinary differential equatimmz(-) being
(essentially) theharacteristic curvesf the transport equation. This is the
first justification of this hypothesis, the second being thessvation of ani-
mals bolus which convinces us that it can be representedydmder, even
if its geometrical characteristics could be more compéidaind clearly we
have to work more on the evolution of the length of the cylmde

A more Eulerian “compartmental approach” is studied siamdbusly
but we are still facing difficulties for modeling the transpand, in partic-
ular to reproduce some important features of the “cylinaectel.

The transport equation seems to take into account ratheelglthe phe-

nomena which are described by the experts : of course, itoeilllifficult

to validate the termc% and to have a precise idea of the value of the
different constants but such a modeling seems more appteghan try-
ing to use a complicated fluid mechanics approach whose layshot be
valid in this very confined domain. The same remarks holdHerdffects

of the water : it seems likely correct even if a consistenithaion will be
difficult.

For the food digestion and absorption, we are only at a fiesjesof
modeling. In particular, the absorption phenomena wereeualty studied
and we have to develop this aspect of the model, to take irdouwent the
assumed interactions between the animal physiologicalstnd the ab-
sorption phenomena. The spatial aspects (location of teerption) were
clearly neglected so far, partially as a consequence ofgpnoach.

For the digestion, we have to mix different nutrients andpadiae en-
zyme breakdown to each of them. We have also to examine moselgl
the respective effects of the gastric, pancreatic and Hoostler enzymes
together with the role of the water.

As a conclusion of this first stage of modeling, consisteatiits were
reached. Moreover, the simplicity of the current modeliligves easy de-
velopments in any directions. However our modeling will b#iallt to
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be validated due to the numerous constants and the diffituligtermine
them through experiences.
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