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Abstract—A boundary element method (BEM) is used for the prediction of the kinetics of glucose and
insulin transfer in a bioartificial pancreas model, constituted by a microencapsulated islet of Langerhans
implanted in the peritoneal cavity. For each solute (glucose and insulin), the mass conservation equations
inside and outside the microcapsule are reduced to a set of coupled integral equations which are solved
using a collocation method. The insulin release localized on the islet of Langerhans is controlled by the
local value of the glycemia. The analysis is made for a two-dimensional geometry with the following
variations of the physical parameters: the microcapsule to islet size ratio 2 < R,/R; < 5; the internal to
external diffusion coefficient 0.1 < D;/D, < 1 ; the dimensionless islet to arteriole distance 2 < Y,/R; < 7.

1. INTRODUCTION

THE MICROENCAPSULATION of living cells represents a
promising approach to bioartificial organs [1, 2]. The
function of the microcapsule is to protect the cell from
immune rejection. Therefore, its selective permeability
must permit the diffusion of low molecular weight
solutes while rejecting the antibodies and lymphocytes
[3]. Various in vivo studies have shown that a single
intraperitoneal transplant of encapsulated islets of
Langerhans (the pancreatic cells which synthetize
insulin) reversed the diabetic state for periods of up
to one year [4]. These experimental results have
proved the capacity of this bioartificial pancreas to
keep the mean glycemia in the normal range during a
long time, but they have not demonstrated that this
system is able to avoid short hyperglycemia phases,
which could appear after a meal. The aim therefore
of this numerical model is to determine the glucose
and insulin kinetics for a microencapsulated islet
implanted in the peritoneal cavity near an arteriole
during the short period (30 min) following an increase
of blood glycemia. To approach this bioengineering
mass transfer problem, which includes the transport
of solutes through different media (inside and outside
the microcapsule), we have used the subregion
method, which consists of separating the computa-
tional domain into two parts and linking the two
solutions by a set of transfer relations at the interface
of the two adjacent subdomains. From a mathema-
tical point of view, the solute mass conservation in
each subregion is represented by a transient diffusion
equation and a set of boundary and initial conditions.

This set of boundary value problems is solved
using the boundary element method (BEM), which
reduces each partial differential equation to an inte-
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gral equation [5,6}. The main advantage of this
method is that it reduces the number of unknowns,
which are now limited to the concentration and the
mass flux of solute at the boundary. When this method
is applied to a multi-region problem, the continuity
of mass flux between adjacent boundaries is auto-
matically taken into consideration. These two charac-
teristics can explain the recent developments in apply-
ing this method to various physical problems, as in
acoustics [7], fluid mechanics, solid mechanics or heat
and mass transfer [8]. As a preliminary study, we have
considered the case of a single unencapsulated islet
implanted at various distances from the arteriole
(2 € Y,/R; £ 7). Then we have compared the results
for a free islet and for a microencapsulated islet where
the same medium is assumed to fill the inner and the
outer microcapsule domains. Since the effect pro-
duced by a thin microcapsule upon the insulin release
was found to be small, we have chosen to substitute
for the microcapsule a microsphere and to study the
influence of two physical parameters:

(a) the microsphere to islet radius ratio R_/R
(2 < Ro/R < 5);

(b) the diffusion coefficient ratio D;/D, (0.1 <
D;/D, < 1) between the medium which constitutes
the microsphere and the water which fills the peri-
toneal cavity.

For these different numerical tests the organization of
the computations can be summarized as follows:

(a) evaluation of the glucose concentration field
in each subdomain resulting from an instantaneous
augmentation of the glycemia in the arteriole;

(b) calculation of the insulin release corresponding
to the local increase of glycemia on the islet ;

(c). evaluation of the insulin concentration field in
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outside the microcapsule

H" (n=1,...,5) double layer matrices
representing the influence of the
different parts of the boundary upon
the integral equation

H, (1) Heaviside distribution

H,(M) characteristic function of the
domain Q

I, 1, insulin concentration field inside and
outside the microcapsule

k, glucose diffusion coefficient ratio
between the inner and the outer
microcapsular space : D,;/D,,

ki insulin diffusion coefficient ratio
between the inner and the outer
microcapsular space: D;/D;,

n unit outer vector normal on the

boundary

NOMENCLATURE
AlLA° matrices representing the effect of the Q normal derivative of the solute
initial conditions inside and outside concentration on the boundary
the microcapsule upon the integral R, islet of Langerhans radius
equation R., microcapsule or microsphere radius
C solute concentration Sh, Sherwood number which
c* elementary solution of the transient characterizes the mass transfer
diffusion equation through the arteriole wall
D,.D,, glucose diffusion coefficient inside and Sh,, Sherwood number which
outside the microcapsule characterizes the mass transfer
D,,D,, insulin diffusion coefficient inside and through the microcapsule
outside the microcapsule t time
E, microcapsule thickness At time step
G” (n=1,...,5) simple layer matrices X,y rectangular Cartesian coordinates
representing the influence of the Y, distance between the centre of the islet
different parts of the boundary upon and the arteriole wall.
the integral equation
G, G, glucose concentration field inside and

Greek symbols

o insulin to glucose diffusion ratio in an
aqueous solution, D;,/D,,

AT mesh size

r, (n=1,....,95) different parts of the
boundary

4,(0) temporal Dirac distribution with
support r =0

d.(I) spacial Dirac distribution with
support I

0.,(I') normal derivative of 6,(I') on T’

6.,(0,0) Dirac distribution with support
(M, 1) =(0,0)

n discretization parameter, AT/(kA¢) />

(M) internal angle subtended by boundary
I at point M

Q. Q, inner and outer microcapsular
domain.

the whole space and particularly the insulin flux which
diffuses into the arteriole.

The mechanisms which participate in the insulin
release can be regarded as a system constituted by
two compartments in which the insulin is stored in a
granular form [9, 10]. These two pools of insulin do
not have equal capacities. The large pool represents
the cytoplasmic pool containing mature insulin gran-
ules (98% of the total quantity of insulin stored), and
the small pool represents the membrane-associated
insulin granules that are immediately available for
secretion [11]. Various in vivo and in vitro studies have
established the stimulating action of glucose to insulin
secretion [12]. The pancreatic response to a constant
stimulation is characterized by a multiphasic pattern
of insulin release which corresponds to the rapid lib-
eration of the insulin granules stored in the cell mem-
brane and the mobilization of the insulin produced in
the Golgy apparatus and stored in the cytoplasm.

From a mathematical point of view, this behaviour
can be modelled by a storage and signal limited model
[13], which takes into account the fact that the insulin
release arises from the combined effects of the insulin
exchanges between the two compartments and the
resulting balance of inhibitor and excitor substances.

2, GEOMETRY AND GOVERNING EQUATIONS

For simplicity, the solution of this mass transfer
problem is limited to the two-dimensional case. The
islet, the inner and the outer sides of the microcapsule
and the arteriole wall are represented by their respec-
tive traces I', T',, I'; and I'; in the computational
plane. We have supposed that beyond a certain dis-
tance from the microcapsule the solute fields are
uniform. Consequently the computational domain is
artificially limited by a boundary I, (Fig. 1). The
microcapsule divides the computational domain into
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FiG. 1. Microencapsulated bioartificial pancreas: islet of
Langerhans (I"}). microcapsule (I',-T";), arteriole wall (I"s).

two parts Q;, @, which represent respectively the inner
and the outer capsular spaces. In the absence of volu-
metric mass source and fluid flow, the mass con-
servation in each subdomain is described by the fol-
lowing transient diffusion equations:

forMeQ,r>0

oG;
[a -D VzG](M,t) =0 (1a)
ol
[ -D,V I](M f) = (1b)
for MeQ,,t>0
I}%GEE —ngOVZGO](M, =0 (1c)
ol,
[0 -D, V%], :'( =0 (1d)
with
iR
V= Freias e (Laplacian operator)

where ¢t is the time, (Dg,D,.) and (D, D) are the
glucose and insulin diffusion coefficients in each sub-
domain Q,, Q,, and (G, G,) and ([, I,) are the glucose
and insulin concentration fields inside and outside of
the microcapsule. The reference scales are chosen as
the islet radius R, for the space variables and R’/D,,
for the time

U =mM,/R, X =x/R, y=yR.

The concentration of glucose is normalized with
respect to G,, the jump of glycemia imposed in the
arteriole

Gi=Gi/G,, G, =G.[G..

The concentration of insulin is normalized with the
insulin release observed in the steady state for a per-
fused pancreas stimulated by a jump of glycemia G,
[14]

= 1[1.(G), I,=1/I,(G)

L,(G) = 0.05G '°/(8.875 x 10!
+2.25x 105G +3.5x 10°5G7 +G '°)

where G is given inmg dl ™' and 7, in ugem™?,
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With the foregoing variables, the solute transport
equations take the form (where the primes are omitted
to simplify the expressions) :

for MeQ,, t>0

3G,
[ 3 (M; n=0 (2a)
o
[4 — ok VI, (M, =0 (2b)
ot
for MeQ,,t >0
Gy i |
[ Er o_{Met)_O {(2¢)
. ,
[% —aV?I, |e0=0 Qd)

where we have introduced the following physical pa-
rameters :

(a) the insulin to glucose diffusion ratio in an aque-
ous solution (which constitutes the external domain

Q,)

o= Dio/Dgo;

(b) the glucose and insulin diffusion coefficient ratio
between the inner and the outer capsule domain
- Dgi/Dgoa ki = Dii/Dio'
The solution must verify an initial condition for
MeQuQ,att=0
G; - Go =0
Ii = Io = G

together with the following boundary conditions at
t > 0 (where r is the unit outer vector normal to the
boundary) :

for M eI}, the islet is impermeable to glucose and the
concentration of insulin on the membrane cell 7, is
fixed by the insulin release model

oG,
Hn =0 (3a)
L =1, (3b)

for MeTI', and I,, the mass flux is continuous at the
interface of the two computational domains €;, Q,

oG, oG,
- M ()
al, ol
we K (3d)

When the interface I';, I'; represents a thin micro-
capsule, the solute concentration fields are discon-
tinuous through it and the jump between the two
solutions is defined by the following relations:

I EG
Sh

=[G~ G,] (3e)

mg
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1 3l 11
Shay on ~ B h]
where Sh,,,, and Sh,,; are the Sherwood numbers which
characterized the glucose and insulin mass transfer
respectively through the microcapsular membrane.
For a thin membrane, the solute concentration profile
can be considered as linear: therefore the Sherwood
numbers are given by

Shmg = Shmi = Ri/Em

(3f)

where E,, is the capsule thickness.

The particular case where the islet is located in a
single microsphere without a microcapsule can be
described by the limit £, — 0; in that case Sh,,, =
Sh..; — oo and the solute concentration becomes con-
tinuous at the interface

Gi = G0
Ii = 10'

(3g)
(3h)

For MeT,, beyond the boundary I', the solute con-
centration fields are uniform

oG _ 0 (31)
on !
al, .
S0, Gi)

for M eT ', the concentration of glucose and the mass
flux of insulin are fixed on the arteriole wall

G,=1 for 0<i<T,
G,=0 for T, <1t
al,

on = Shai[]a_lo]

where I, is the bulk insulin concentration in the arteri-
ole and S#,; is the Sherwood number which character-
izes the insulin transfer through the arteriole wall.

3. BOUNDARY ELEMENT FORMULATION
AND NUMERICAL RESOLUTION

3.1. Boundary element formulation
The partial differential equations which compose
system (2) can be written in the general form

[%g —kVZC:I(M, H=0 @)

where C is a function (or, more generally, a dis-
tribution), compactly supported in Q, a bounded
domain of space R (with a regular boundary I'). The
initial and boundary conditions associated with this
general problem can be summarized as follows:

for MeQ,t=0
C(M,0) = Co(M);
for MeT,, t > 0 (Dirichlet)

(52)

TrC(M,H) = C,(M,1),; (5b)
for MeTI',, t > 0 (Neumann)
Trd,C(M,t) = Q,(M,1); (5¢)
for MeT, t > 0 (Robin)
(ATr C+BTrd,C) = F.(M, ). (5d)

The values of C and 6, C on I" are defined as the limits

TrC(P) = lim C(M) (62)
Tr3,C(P) =, lim  8,C(M). (6b)

We now consider the distribution C* defined as the
prolongation of C by zero in the whole space R?

CT(M,1) = H,()Ho(M)V(M, 1) M

where H,(?) is the Heaviside distribution (H,(¢) =0
if t<0 and H,(¢f) =1 if 1t > 0) and Hy(M) is the
characteristic function of the domain Q (Ho(M) =0
if Me R?*—Q and Ho(M) = 1 if Me Q). This function
is not differentiable in the vicinity of I : its derivatives
must be taken in the distribution sense [15]. Therefore,
C™ satisfies the following partial differential equation
in Q as well as in R2—Q (in the distribution sense):

[a_acr: _kvzc+](M, ) = Co(M)3,(0)

+ kI:Traa—S 6, (IN+TrCo, (I“)} M, . (8)

In equation (8) 4,(0) and 4,(I') are respectively the
Dirac distributions with support t = 0 and I'". Let C*
be the fundamental solution (Green function) of the
transient diffusion equation, defined by

[aacz* —kVZC*}(M, =000 Oa)

H 2
C*(M, 1) = 4;2? exp [-— KZ:ZI } (9b)

where §,,(0,0) is the Dirac distribution with support
(x, 1) = (0,0). Taking the specific properties of the
convolution product into account, the solution C*, in
whole space R? is given by the following integral
expression :

OM)CH (M, 1) = JiC(,(M)é,(O) +k|:Tr %—55,‘(1")

+Tr Cé;‘,,(I“)jl(M, t)} *C*(M, 1) (10)

where 0(M) = 1 for MeQ, (M) = ¢/2n for MeT,
(M) =0 for Me R*—Q. * denotes the convolution
product ; ¢ is the angle subtended by I' at M, if M is
aregular pointonT: ¢ = n.

Finally, the development of the convolution pro-
duct permits us to say that the solution verifies an
integral equation
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8AMYCT (M, 1) = J' Co(PYC*(PM, AP

+kJ‘ f [Q7(P,0)C*(PM, t—7)
rJo

—CH{P, Q¥ PM, t—1)]dedP (1D

where
Q% (P,1) = Tro,C(P,7)and C* (P, 1) = Tr C(P,7)
@*(P, 1) = 3,C*(P,7)for Pel.

The integral equation (11) is the classical BEM for-
mulation for the resolution of the general diffusion
problem (equations (4) and (5)).

3.2. Numerical resolution

The resolution of the integral equation system,
resuiting from the applications of the BEM for-
mulation (11) to the set of transient diffusion equations
(2), is performed numerically using a collocation
method. This discretization method includes a piece-
wise constant approximation in time and a usual finite
element decomposition in space (Fig. 2) [5,15]. To
obtain a good and convergent approximation, the
mesh size AI' and the time step Ar must satisfy a
consistency condition [16]. For a bilinear finite
element this relation is

_Ar
= Jwkan S

The time marching is carried out by choosing at each
time step the initial concentration field as the solution
evaluated just before. The discretization of each inte-
gral equation includes the evaluation of time integrals,
which are performed analytically, and also space inte-
grations which are approximated using the standard
Gaussian quadrature. An exception is made for those
in which the boundary element contains a collocation
node, since in these cases the integrals become singu-
lar. The integral is then divided into two parts—one
regular, which is approximated numerically as pre-
viously; the other, which contains the logarithmic
singularity, is computed analytically [5, 15].

After performing all these integrations, the set of

(12)

[ i 17

FiG. 2. Finite element mesh.

999

boundary integral equations, which represents the
mass transfer problem for one solute inside the two
subregions (), and Q,, can be written as the following
algebraic system:

Cr, 2,Cr, .
H'H o 0 =[G'G]y, o ¢ HAHCE Y
i, Qxcrz '
(13a)
T a,CF,
[H*H*H’{ Cr ¢ = [GG*G*148,C7,
Cr, 2,CF,
+AHCET . (13b)

where {Cr, 8,Cr,}™ are the solute (glucose or insulin)
concentration and mass flux on the different parts [
(i=1,...,5 of the boundary at time ¢, and
{Cq, Cq }" ' are the solute concentration fields inside
each subregion €; and Q, at time ¢,_,. Introducing
for each solute its specific boundary conditions (3,
the whole problem is reduced to the resolution of the
two following algebraic systems:

H! H: -G} 0 0
k
0 H] kGl+gi-H H} -G
mg
Gr,
Gr. [4){G5 "}
X (/,,Gr’ = [A;:]{ngu-!} (143)
Gr, —[H{1}
8,Gr.
-G} H? —G? 0 0
k.
0 H} kiG‘3+§h‘—.H‘3 HY H74Sh,G}?
5!1[(_‘ i m— 13
; EHI A
—[H{h)
X < G0, p= (14b)
; (4175
Ir
! +Sh G I}

rs

Resolving the two linear systems (14), we obtain the
concentrations and mass flux of glucose and insulin
on the boundary at each time step. Then integral
expressions (11) permit the evaluation at the same
time the concentration fields inside the two sub-
domains @, and Q,.

4. NUMERICAL RESULTS

As a preliminary study, we have considered a single
unencapsulated islet implanted in the peritoneal cavity
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which is assumed to be filled with water (k,=
k, = k = 1). Various islet to arteriole wall distances
Y, have been considered to evaluate the effect of the
geometrical parameter Y,/R, on the glucose and insu-
in kinetics 2 < Y,/R < 7).

The concentration of glucose in the arteriole is
imposed as a square signal with an amplitude
G, =210 mg d1~"' during T, = 20 min—this input
condition induces a steady state insulin release value
1. =0.032 ug em™ . The islet radius considered is
R, =30 pum; the glucose and insulin diffusion
cocfficients in an aqueous solution are: D, = 9.09 x
10 %cm?s ' and D, = 2.00 x 10~ °cm? s ™', which give
a=022and T, = R'/D,=2.75s.

D. MorvaN and M. Y. JAFFRIN

The Sherwood number which characterizes the
mass transfer through the arteriole wall is defined as
the laminar flow in a rectangular duct: Sh, = 7.6 [17].
Figures 3-5 represent the evolution with time of the
ghucose and insulin concentrations on the islet (point
A on Fig. 1) and on the arteriole wall (point B on Fig.
1). These different curves show that an increase of the
dimensionless distance Y,/R; increases the delay of the
glucose signal on the islet (Fig. 3) and decreases the
insulin release, on both the islet (Fig. 4) and the arteri-
ole wall (Fig. 5). When the ratio Y,/R, increases from
2 to 7, the mean concentration of insulin during the
stimulation phase (0 < 7/T,.; < 430) decreases on the
islet (point A) from 0.32 to 0.22 and on the arteriole

1,2
] 0 YO/Ri=2
1,0 1 & YO/Ri=3
19 ¢ YO/Ri=4
0,8 14 + YO/Ri=7
)
@ 06 -
Sy
S ]
0.4
0,2
0,0 T y

0 200

400 800

T/Tref

F1G. 3. Concentration of glucose on the islet (point A) when the islet to arteriole wall distance (Y,) varies
(G,=210mgdl"", T, = 2.7553).

1,0

0,8 -

FAL)

YO/Ri=2
YO/Ri=3
YO/Ri=4
YO/Ri=7

+ o b0

600

800

T/Tref

FiG. 4. Concentration of insulin on the islet (point A) when the islet to arteriole wall distance (Y,) varies
(1, =0.032 uygem ™3, T,y = 2.75 5).
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0,2

0,1 4

1/los

-
-
oot ST

0 YO/Ri=2
& YO/Ri=3
o YO/Ri=4
+ YO/Ri=?

(Y,) varies (I, = 0.032 uygcm ™3,

wall (point B) from 0.06 to 0.005. This modification
of the insulin release is also detectable in Fig. 6, which
represents the instantaneous insulin concentration
field at different times T/T . = 43, 86, 215 and 430.
On these different plots we can observe the rapid
dilution of the insulin from the islet membrane to the
arteriole wall and the shifting of the maximum insulin

release value from 1/1re, =43 to 86 when the isiet
leaves the arteriole wall. In each numerical experiment

86 215

400
T/Tref

FiG. 5. Concentration of insulin on the arteriole wall (point B) when the islet to arteriole wall distance

600 800

T = 2.755).

the insulin release signal is characterized by a biphasic
pattern.

) A rapid and short release phase which cor-
onds to the instantaneous li

iberation of insulin

1
resp
granules stored in the islet membrane. Comparing
Figs. 3 and 4, we can observe that the amplitude
of this early phase (Fig. 4) decreases as the glucose
stimulation signal (Fig. 3) is delayed.
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FIG. 6. Insulin concentration field during the stimulation of a single unencapsulated islet when the islet to
arteriole wall distance varies (Ts = 2.758): (@) Y,/R = 2; (b) 3; (c) 4; (d) 7.

32:6-B
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(2) A more progressive release phase which is pro-
duced by the mobilization of insulin granules pro-
duced in the Golgy apparatus and stored in the cyto-
plasm.

We then carried out a numerical test for a micro-
encapsulated islet in the same stimulation conditions.
The microcapsule is defined by its dimensions and
its physical properties :

(a) the dimensionless membrane thickness E /R, =
0.1 (Shyy = Shy = 10);

(b) the capsule to islet radius ratio R,/R, = 3;

(c) the diffusion coefficient ratio of a solute through
the membrane and in an aqueous solution k, =

04

D. MorvaN and M. Y. JAFFRIN

D,./D = 0.3 (this is the common value encountered
for a hydrogel which constitutes the microcapsular
membrane) [18].

To analyse the specific effect produced by the micro-
encapsulation upon the insulin release, we have
assumed that the inner microcapsular space, like the
outer one, was filled with water ; we have also in this
case therefore k, = k; = 1. The results illustrated in
Figs. 7 and 8 show that both glucose and insulin
kinetics were not affected by the presence of the
microcapsule. The microcapsular membrane seems to
represent a very thin resistance for the glucose and
insulin transfer between the islet and the arteriole wall.
The foregoing result is not consistent with a previous

0,3 1

0,2 1

1/lco

free islet
O microcapsule

400
T/Tref

600 800

FiG. 7. Concentration of insulin on the islet (point A) for a microencapsulated and a free islet (7, = 0.032

ugem™ 3 T, o=2755).
0,008
] O freeislet
4  Microcapsule
0,006 -
0,004 -

(VAL

0,002 -

F1G. 8. Concentration of insulin on the arteriole w.
(I, =0.032 ugc

400
T/Tref

800

all (point B) for a microencapsulated and a free islet
m”3, T = 2.75 ).
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experimental in vitro study [19], which demonstra-
ted that the insulin release ratio between a micro-
encapsulated and a free islet was approximately
equal to 4. The apparent contradiction between these
two results is probably caused by the supplementary
resistance produced by the existence of a different
medium inside the microcapsule. We can therefore
neglect the effect of the microcapsule, regarding the
islet as located inside a microsphere characterized by
two parameters :

(a} the microsphere to islet radius ratio R,/R;;
{b) the diffusion coefficient ratios k, and k;.

0,4

1003

Figures 9-12 represent the evolution in time of the
insulin concentration obtained on the islet (point A:
Figs. 9 and 11) and on the arteriole wall (point B:
Figs. 10 and 12) for two sets of numerical tests

YJ/R =17, k,=ki=k=03,
R, /R =12,3,4and5
Y /R =17, R.R =3,
ky=k =k=0.1,0203,05and 1.

Figures 9 and 11 show that a reduction of the micro-
sphere to islet ratio or the microsphere resistance

0,3

8
.: 0,2 1

0,1 1

free islet
Rm/Ri=2
Rm/Ri=3
Rm/Ri=4
Rm/Ri=5

+ ¢ b O

0,0

¥

0 200

400

600

800

T/Tref

FiG. 9. Concentration of insulin on the islet (point A) when the microsphere to islet radius ratio R, /R
varies (R, = 50 um, I, = 0.032 ugcm ™3, T,y = 2.75 5).

0,008

0 y006 1

0,004 1

171w

0,002 4

free islet
Rm/Ri=2
Rm/Ri=3
Rm/Ri=4
Rm/Ri=5

+ o pn

e e

0,000

800

F1G. 10. Concentration of insulin on the arteriole wall (point B) when the microsphere to islet radius ratio
R./R, varies (R, = 50 um, I, = 0.032 yg cm™>, T,,s = 2.75 5).
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i/1oce

400 600 800

T/Tref

FiG. 11. Concentration of insulin on the islet (point A) when the diffusivity ratio k, = k; = k varies

(I, =0032pgom 7,

T = 2.755).

i1/1ee

400
T/Tref

800

F1G. 12. Concentration of insulin on the arteriole wall (point B) when the diffusivity ratio &k, = k; =k
varies (I, = 0.032 g cm™>, T, = 2.75 5).

does not affect the insulin release located on the islet.
Nevertheless, Figs. 10 and 12 show that these modi-
fications appreciably affect the insulin which diffuses
through the arteriole wall:

(a) when R_/R; is reduced from 5 to 2 the mean
insulin concentration during the stimulation phase
(0 < T/T.r < 430) increases from 0.197 to 0.210 on
the islet and from 1.24x 107% to 1.86 x 1073 on the
arteriole wall ;

(b) when & increases from 0.1 to 0.5 the same mean
insulin concentration increases from 0.198 to 0.210 on
the islet and from 3.6 x107* to 2.71 x 1072 on the
arteriole wall.

5. CONCLUSION

This paper has described a numerical study of the
mass transfer processes in a bioartificial pancreas
model. The mathematical problem has been solved
using the BEM associated with the subregions for-
mulation. Various numerical experiments have been
carried out to test the effect of different physical pa-
rameters upon the glucose and insulin kinetics during
their transfer between an implanted islet of Lan-
gerhans and an arteriole.

We have found that the insulin quantity diffusing
through the arteriole wall depends on the resistance
to diffusion of the medium located between the islet
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and the arteriole wall. While the kinetics of glucose
do not seem to be affected by a small modification
to the transfer conditions between the islet and the
arteriole, the kinetics of insulin are extremely sensitive
to such conditions. The insulin available for diffusion
in the vascular system is considerably reduced as the
islet to arteriole wall distance increases, or if the
diffusion coefficient between the islet and the arteriole
decreases. This behaviour presents a problem for the
use of microencapsulated islets as a bioartificial pan-
creas. Since it is impossible to predict the location
of each islet implanted in the peritoneal cavity, the
number of islets necessary for the normalization of
glycemia in diabetics and their distance from an arteri-
ole cannot be determined with precision and it will
be impossible to predict the insulin release in blood
produced by this technique. In this respect, therefore,
the bioartificial pancreas placed as an arteriovenous
shunt [20, 21], which offers better control of the insulin
release, seems a more promising technique.
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TRANSFERT DE MASSE PAR DIFFUSION INSTATIONNAIRE DANS UN ILOT
MICROENCAPSULE POUR UN PANCREAS BICARTIFICIEL

Résumé—Une méthode d’éléments finis de frontiére est utilisée pour la prédiction des transferts de glucose
et d'insuline dans un modéle de pancréas bioartificiel. Le transfert de soluté est assuré par diffusion
instationnaire, les concentrations & Pintérieur et 4 Pextérieur de la microcapsule sont données par deux
équations intégrales de frontiére qui sont résolues par une méthode de collocation. La libération d’insuline
localisée sur I'flot de Langerhans est contrélée par la valeur locale de la glycémie. L’analyse des transferts
est développée pour une géométrie bidimensionnelle lorsque les parameétres physiques varient : rapport de
taille microcapsule/ilot 2 < R,/R, < §; rapport de diffusivité milieu interne et externe a la microcapsule
0.1 € D;/D, < 1; distance adimensionnée flot-artériole 2 < Y /R < 7.
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INSTATIONARER MASSENTRANSPORT DURCH DIFFUSION IN EINER
MIKROGEKAPSELTEN LANGERHANS'SCHEN INSEL EINES KUNSTLICHEN PANKREAS

Zusammenfassung-—Zur Beschreibung des Glukose- und Insulin-Transports in einem kiinstlichen Pankreas-
Modell, das aus einer mikrogekapselten Langerhans’schen Insel besteht, die in einem Hohlraum des
Bauchfells implantiert ist, wird eine Grenzflichenmethode verwendet. Die Massenerhaltungsgleichungen
fiir jeden gelosten Stoff (Glukose und Insulin) innerhalb und auBerhalb der Mikrokapsel werden zu einem
Satz gekoppelter Integralgleichungen reduziert, die mit einem Kollokationsverfahren geldst werden. Die
Insulinabgabe der Langerhans’schen Inseln wird durch den 6rtlichen Glukosegehalt geregelt. Es wird eine
zweidimensionale Geometrie untersucht. Die folgenden physikalischen Parameter werden variiert: das
Verhdlinis der Gréle von Mikrokapsel zu Langerhans’scher Insel 2 € R, /R, < 5: das Verhiltnis von
innerem zu duBerem Diffusionskoeffizienten 0,1 < D/D, < 1; der dimensionslose Abstand zwischen
Langerhans’scher Insel und Arteriole 2 < Y /R < 7.

HECTALIMOHAPHBIA JU®®Y3UOHHBIN MACCOIEPEHOC B 3AKJTIOYEHHON B
MMKPOKATICYJIY YACTHLE JIAHI'EPXAHCA B HCKYCCTBEHHOH
TOJDKETY JOYHOW XKEJIE3E

AnnoranEs—MeToI0M rpaHUYHBIX YIEMEHTOB DACCYHTHIBACTCA KHHETHKA NEPEHOCA IIIOKO3BI M MHCY~
JIHHA B MOJIS/TH HCKYCCTBEHHOH NogxenyaouHoi xeselnl, o0paszosannoff 3axmoueHHOM B MEKpOKANCY Y
wsactaneit Jlanrepxasca, MOMEUICHHON B NEPHTOHHYECKYIO NOJOCTh. YPABHCHHS COXDAHECHHS MACCH
BHYTPH M BHE MHKPOKAIICYJILI JJIf KaXIOr0 PAaCTBOPCHHOTO BEIIECTBA (IJIFOKO3H ¥ HHCYAHHE) CBOLNTCH
K CHCTEME CBA3RHHBIX HHTETPAJILHBIX YpaBHCHMH, peiracMbix MeTonoM koswiokanwmit. IloTox mucynnua,
JIOKANM30BAHHBIA Ha v@cTHNE JladmrepxaHca, peryjMpyeTcs MECTHBIM YpopHeM rimkemun. IIposemen
aHAH3 ABYMEpPHOH reOMeTPHH U1 CHCAYIONMX AXaNa30HOB (PHIAYECKHX NapaMeTPOB : OTHOLICHHE Pa3-
MEpOB KancyJsl 1 yacThubl 2 < R, /R, € 5; oTHowenne ko3pdunmenTos BHyTpeHHEH H BHeluesl nuddy-
3uu 0,1 € D;/D, < 1; o6e3pazMepernas no pa3Mepy YacTHUb apTepHanbHas umHa 2 < Y /R, < 7.



