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A bioartificial pancreas, consisting of immobilized islets encapsulated within hollow
fibers, is investigated as an alternative treatment for insulin-dependent diabetes. A math-
ematical model is developed to determine whether this configuration of the bioartificial
pancreas can yield an insulin response to a glucose challenge with the appropriate dy-
namics in diabetic humans. The model consists of the 2-D mass-conservation equations
for glucose and insulin within the hollow fiber and capillaries. The equations contain
terms for insulin-production kinetics by porcine islets and glucose-consumption kinetics.
The boundary conditions account for transport resistances of the fiber membrane, the
tissue surrounding the implant, and a thin film within the capillaries. The equations are
coupled to a pharmacokinetic model of the circulatory system. The calculations show
that an optimized design with this configuration will be feasible for human use and
requires a total volume of 4.6 mL to reach the target insulin concentration in the blood-
stream following a glucose challenge. The parameters and processes controlling the sys-

tem performance are discussed.

Introduction

The transplant of immunoisolated islets is a promising
treatment for insulin-dependent diabetes mellitus (IDDM)
(Clayton et al., 1993; Mikos et al., 1994; Reach, 1993). This
approach is based on the observation that islet tissue secretes
insulin in response to an increase in glucose concentration.
The islets are enclosed within semipermeable membranes that
permit the passage of glucose and insulin, but are imperme-
able to larger molecules such as antibodies and lymphocytes,
thereby preventing immunorejection. Since the cells are im-
munoisolated from the host, the transplant of islets from
nonhuman species to humans may be possible. Rat (Lacy et
al., 1991; Lim and Sun, 1980) and porcine islets (Inoue et al.,
1992; Sun et al., 1993) have proven to behave similarly to
human islets (Warnock et al., 1988) by secreting insulin in
response to an increase in glucose concentration near the
cells. Porcine insulin is very similar to human insulin, and the
supply of pancreata from slaughtered pigs is plentiful and in-
expensive, leading porcine islets to be the most likely source
of tissue for transplant to humans.

A number of techniques for encapsulating and implanting
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islets exist. These techniques can be divided into two general
classifications: those implants that are grafted to a blood ves-
sel (intravascular devices), and those implanted directly into
the tissue (extravascular devices). The intravascular devices
commonly involve a shell and tube configuration, with the
cells located in the annular space between two concentric
hollow fibers. The inner fiber is grafted to a blood vessel,
while the outer fiber precludes any contact between the islets
and the patient’s tissue (Jaffrin et al., 1988; Sullivan et al.,
1991; Ramirez et al.,, 1992). This method has the advantage
that blood flow through the inner fiber facilitates transport of
glucose, oxygen, and insulin. Consequently, a fast response of
insulin secretion to a glucose challenge, which is necessary
for efficient glucose control, is ensured. The disadvantages of
this device are associated with the vascular graft. The contact
of blood with polymer surfaces tends to cause thrombosis,
which can occlude the artery. Furthermore, since the implant
must be surgically grafted, potential health risks for the pa-
tient from graft failure, or infection resulting from the inser-
tion procedure, may be incurred.

Extravascular devices, on the other hand, pose fewer risks
to the patient compared to the technique just described. A
common design of an extravascular device is the encapsula-
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tion of islets in alginate-poly-1-lysine spheres. Encapsulated
islets from dogs, pigs, and rats have maintained normo-
glycemia in diabetic mice and rats for several months
(Calafiore et al., 1990; Darquy et al., 1990; Fan et al., 1990;
Fritschy et al., 1991; Krestow et al., 1991; Lim and Sun, 1980;
Sun et al., 1993; Weber et al., 1990). These capsules were
implanted in tissue, without direct attachment to any blood
vessel.

An alternative to alginate-poly-1-lysine spheres is the en-
capsulation of islets into end-sealed hollow fibers (Altman,
1988, 1992; Lacy et al.,, 1991; Lanza et al., 1991; Penfornis et
al., 1990; Ward, 1993; Zekorn et al., 1990). This configuration
provides the advantage that the removal of several long, thin
fibers from the patient will be easier to accomplish than the
removal of thousands of microcapsules. The islets may be im-
mobilized in alginate prior to encapsulation by the mem-
brane, in order to keep the islets uniformly distributed
throughout the fiber.

Extravascular designs have the advantage that the risks as-
sociated with the implant are minimal since no vascular graft
is performed and blood flow does not directly contact the
membrane surface. The primary disadvantage of this system
is the distance between the cells and the blood supply, which
may result in a slow insulin response. This effect may become
accentuated with time as cells and proteins accumulate on
the surface of the fiber, further increasing mass-transfer limi-
tations. This problem has been circumvented by several new
membrane designs (Ward et al., 1993; Sarver et al., 1995).
Not only was the fibrotic reaction lacking from these im-
planted membranes, but vascularization of the membrane had
been observed. Vascularization can be expected to cause the
transport resistances to diminish, resulting in faster response
of the implant to a glucose challenge.

Despite the potential for mass-transfer limitations, experi-
mental studies of extravascular devices have proven success-
ful in animals, as described in the literature referenced ear-
lier. However, substantial investigations of the transport
mechanisms should be performed before the devices are
tested in humans. A mathematical model of the system per-
mits one to quantify the effect of design parameters on per-
formance indicators, such as insulin response time, insulin
concentration in the blood, and the size of the device needed
for human use. This information can then be used in decid-
ing whether this approach to diabetes treatment in humans is
feasible.

Mathematical models of several designs of the bioartificial
pancreas have been developed (Jaffrin et al., 1988; Kelsey et
al., 1990; Pillarella and Zydney, 1990a,b; Reach and Jaffrin,
1990; Sarver and Fournier, 1990). These models, however,
have focused on the intravascular-style devices, which rely
primarily on convective rather than diffusive transport. More-
over, these models are based on rat, rather than porcine, in-
sulin secretion kinetics. A mathematical model has been de-
rived for an extravascular device consisting of a chamber con-
taining islets, adjacent to a vascularized support structure
(Fournier, 1995; Sarver et al.,, 1995). The model is based on
the pharmacokinetic approach where unsteady-state mass
balances are written for each of four compartments: the im-
plant chamber, the matrix-tissue region, the matrix capillar-
ies, and the blood-distribution volume. This approach as-
sumes that each compartment is well mixed. Transport re-
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sistances between compartments are accounted for using per-
meability coefficients.

The mathematical model presented in this article was de-
veloped in order to investigate in detail the transport charac-
teristics and feasibility of an extravascular device consisting
of end-sealed hollow fibers. The model consists of transient
mass conservation equations for glucose and insulin within
the hollow fiber and in the capillaries surrounding the fiber,
accounting for radial and axial mass-transport and insulin-
secretion mechanisms. The insulin-secretion kinetic parame-
ters are obtained from insulin-secretion data of porcine islets
(Inoue et al., 1992), using a model formulated in the litera-
ture (Pillarella, 1989). The solution of these equations pro-
vides insulin and glucose concentration profiles within the
hollow fiber. These equations are coupled to a pharmacoki-
netic model of the human circulatory system for predicting
the dynamics of insulin concentration in the bloodstream.
Design parameters include number of islets to be placed in
the fiber, membrane permeability, fiber length, fiber diame-
ter, blood velocity, and implantation site.

Model Formulation

The bioartificial pancreas, as it would appear after implan-
tation in the body, is shown in Figure 1. The hollow fiber
contains islets immobilized in alginate, the ends of the fiber
are sealed, and the fiber is surrounded by tissue containing a
random arrangement of capillaries. Insulin, glucose, oxygen,
and other nutrients and waste products, diffuse between the
capillaries and the islets; the resistances to transport of these
molecules include the capillary walls, tissue, the fiber mem-
brane, the alginate, and the cell membrane. Collagen and fi-
broblasts may adsorb to the surface of the fiber providing, in
turn, additional diffusional resistances.

Given the complex nature of the implanted bioartificial
pancreas, a number of approximations are made in the devel-
opment of the mathematical model. For the sake of simplify-
ing the mathematical description, the insulin and glucose
transport in the tissue surrounding the fiber are lumped radi-
ally. The concentric ring of tissue and capillaries surrounding
the fiber is therefore lumped into a one-dimensional trans-
port equation, where insulin and glucose concentrations
change along the axis of the fiber only. The one-dimensional
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Figure 1. Single fiber containing islets, impltanted in tis-
sue.
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equations will yield a single concentration value in the sur-
rounding tissue. Details on the lumped-resistance formula-
tion and physical significance of the variables are presented
in the Appendix.

The islet distribution within the alginate is assumed to be
homogeneous and isotropic. Also, insulin secretion and glu-
cose consumption are assumed to be a continuous function of
space, even though the islets, which are the sites of insulin
secretion, are discretely distributed. Since the data used in
the derivation of the kinetic parameters inciude the proc-
esses of both insulin production by the cells within the islet
and the transport across the cell membrane, the mechanism
of insulin transport across the cell membrane is not consid-
ered separately.

The model consists of three compartments. The first com-
partment consists of glucose and insulin diffusion and kinet-
ics within the hollow fiber. The second compartment consists
of convective and diffusive insulin and glucose transport in
the capillary. These two compartments aré coupled via
boundary conditions that represent insulin and glucose trans-
port between the hollow fiber and the blood. The third part
consists of an overall insulin balance in the circulatory sys-
tem.

Transport phenomena in the fiber

The conservation equations for glucose and insulin are
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where C; is the glucose concentration in the alginate within
the hollow fiber, C; is the insulin concentration in the algi-
nate within the hollow fiber, D _, and D,_, are the effec-
tive diffusion coefficients of glucose and insulin through algi-
nate, and R;(Cs) and R,(Cg, 1) are the rates of glucose
consumption and insulin production by the islets, respec-
tively. Due to the nonlinear form of the glucose and insulin
kinetics, an analytical solution is not possible. The axial diffu-
sion terms, although of much less importance than the radial
diffusion terms, were included for the sake of completeness.

Insulin secretion kinetics

Insulin production kinetics by islets has been shown to dis-
play a biphasic response to a glucose challenge (Grodsky,
1972; Inoue et al., 1992; Lacy et al., 1991). A model has been
developed (Pillarella, 1989) to represent the kinetic response,
based on a two-compartment approach proposed by Grodsky
(Grodsky, 1972). Although this model is consistent with the
biphasic insulin-secretion data, it results in unrealistically high
initial insulin-secretion rates during the first phase. More-
over, the parameters in Pillarella’s model were calculated us-
ing rat, rather than porcine, data. While both porcine and rat
islets show a biphasic response to glucose stimulation, the
secretion rate per islet tends to be lower in tissue from pigs
compared to rats {Inoue et al., 1992; Lim and Sun, 1980;
Marchetti et al., 1994; Nomora et al., 1984). With a modifica-
tion to include a linear increase in insulin secretion during
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the first phase, the kinetic expression for insulin secretion
becomes

R/(Cq,t)=my=a+ Bt, when t<t*
and
R/ (Cgz,t)=my+m,, when ¢>t*, 3)
where
my=Aexp(— a,(t —1}))
m, = B[1—exp(— a,(t — 5 ))]
and

Vm,l(CG - CG,I)

_ _ Vm,Z(CG - CG,Z)
Kp1+(€6—Cg,1)’

- Ky, +(Ce—=Cg )"

The kinetic parameters V,, , V,, ,, «, and 8, time constants
a; and a,, and time delays ¢ and ¢¥, were evaluated by
fitting this model to experimental data obtained using porcine
islets (Inoue et al., 1992). Inoue’s results were obtained from
a single step increase in glucose concentration. The evalua-
tion of the parameters reflecting glucose dependency (X, ,,
K, 1, Cg,1> and Cg; ,) require measurements of insulin secre-
tion rates in response to a variety of glucose step increases.
Since these types of data have not yet been reported for
porcine islets, the insulin-secretion data from rat islets
(Nomura et al., 1984) were used. Details are provided else-
where (Belovich et al., 1996). Parameter values are given in
Table 1.

Insulin kinetics in rats have been shown to be dependent
on oxygen concentration (Dionne et al., 1991) as well as glu-
cose. Although the oxygen concentration in the fiber can be
considered to be at steady state, the value of the insulin se-
cretion may be lower at the center of the fiber because of
possible oxygen limitation. The effect of oxygen on insulin
production is not considered here.

Glucose consumption kinetics

The consumption of glucose by the islets may be expected
to cause a reduction in glucose concentration in the fiber,
which may then lead to a lower insulin stimulation. Few mea-
surements of glucose consumption by islets are available. In
1981, Trus and colleagues (Trus et al., 1981) suggested that
the glucose consumption rate (R;) by rat islets could be rep-
resented by the following model:

R(C;)=0.85 RG pign T015R; 1y “4)
where
R - Vm,high Co
Ghigh K, nigh + Co
R _ Vm,low CG
G low Km,low + CG '

Since similar data are not available for porcine islets, this
model was used in this work to represent the glucose con-
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Table 1. Parameter Values Used in the “Typical Case” Model Calculations

Value Description Reference

C(”Mas[ 87 mg/dL Fasting glucose concentration in the blood Segre et al., 1972
Cé i 230 mg/dL Glucose concentration in the blood after a meal Segre et al., 1972
C,”’ fast 45 mU/mL Fasting insulin concentration in the blood Segre et al., 1972
D;_, 2.82x10™* mm®/s Diffusion coefficient of insulin through alginate Moller, 1988
Dg_, 6.1x10™* mm?/s Diffusion coefficient of glucose through alginate Moller, 1988
Dy issue 1.5%10™* mm?ss Diffusion coefficient of insulin through tissue Mosekilde et al., 1989
Dg_y 9.1x10™* mm%ss Diffusion coefficient of glucose through blood Handbook of Physiology, 1977
D;_, 1.46x 10~ * mm?%ss Diffusion coefficient of insulin through blood Binder, 1983
Ce1 60 mg/dL Insulin secretion kinetics Belovich, 1996
Kon1 40 mg/dL Insulin secretion kinetics Belovich, 1996

i 0.17 uUy/islet/min Insulin secretion kinetics Belovich, 1996
tf 1745 Insulin secretion kinetics Belovich, 1996
a, 0.0216 1 /5 Insulin secretion kinetics Belovich, 1996
Cso 60 mg/dL Insulin secretion kinetic Belovich, 1996
K, 71.3 mg/dL Insulin secretion kinetics Belovich, 1996
Vina 0.23 pUy/islet/min Insulin secretion kinetics Belovich, 1996
5 311s Insulin secretion kinetics Belovich, 1996
a; 0.00106 1/5 Insulin secretion kinetics Belovich, 1996
B 0.0507 uUy/islet /min® Insulin secretion kinetics Belovich et al., 1996
a 1.15%x1078 15 Eq. 12
b 31,748 s Eq. 12
Vo high 2.72%10~% mg/islet/s Glucose consumption kinetics Trus et al., 1981
K, high 200 mg/dL Glucose consumption kinetics Trus et al., 1981
Vo tow 1.34x 10" % mg/islet/s Glucose consumption kinetics Trus et al., 1981

. low 3.87 mg/dL Glucose consumption kinetics Trus et al., 1981
P.c 4.5%107% mm/s Glucose permeability in membrane Ward et al., 1993
P, 1.1x10™* mm/s Insulin permeability in membrane Ward et al., 1993
Uy 0.75 mm/s Average blood velocity in a capillary Cooney, 1976
Teap 0.0075 mm Radius of a capillary Cooney, 1976
Phlood 1.056 Specific gravity (25/4C) of the blood Cooney, 1976
Hblood 30c¢cp Viscosity of the blood Cooney, 1976
Cp 300 1/mm? Capillary density in the tissue Cooney, 1976
r. 1.65 mm Radius of the tissue area affected by a single fiber Appendix
8 .578 mm Distance between fiber and position of median Appendix

insulin cone
Tsiber 0.50 mm Radius of the fiber
20 mm Length of the film
Vislet 40,000 islet/mL Islet concentration in the fiber
sumption kinetics. The kinetic parameters (Vm’high, | 2 Afow = Aissue CD‘TTI‘cZaP , N

K, nigns and K, 1) were calculated from the data from (Trus
et al.,, 1981), and are given in Table 1.

Transport phenomena in the capillary

The model for the transport phenomena in the capillary is
based on the diffusion of solutes from the hollow fiber to the
blood, and convective and diffusive transport in the capillary
blood. The conservation equations for glucose and insulin are

C¢ IXCE,
Aﬂowvb? + Afow D s Py
aC§
+27Trﬁberka(CG l P=raper C(C;) = AﬂowT (5)
Ci d*Cs
Aﬂowvb + Aﬂow I-b 322
aCs
+ 27 ek 1 (Cr | r=rover CH| = AﬂowT (6)
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where C§ is the glucose concentration in the capillary blood,
Cf is the insulin concentration in the capillary blood, D¢ _,
and D,_, are the diffusion coefficients of glucose and in-
sulin in blood, respectively, 44, is the sum of the capillary
cross-sectional areas, and A, is the tissue area that is as-
sumed to be influenced by the presence of the fiber (see the
Appendix). The capillary density (Cp,) is used to represent
different regions of the body. A typical capillary radius (r,,)
is used, and the internal radius of the fiber (rg,..) is a design
parameter. The mass-transfer coefficient (K,,;) accounts for
resistances between the alginate within the fiber and the
blood in the capillaries.

Initial /boundary conditions

Fiber Equations. The initial insulin concentration in the
fiber (the initial condition for Eq. 2) is assumed to be equal
to the insulin concentration in the bloodstream at fasting
conditions (C? p,,):

C,(0,r,2)=C} -
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The assumption of symmetry yields the boundary condition
at the center of the fiber:

aC,

ar

r=90

No accumulation is assumed in the tissue region:

aC
r=Tiper D,_aa—r’ =k, [C,() - CE(D].

The overall mass-transfer coefficient, k,,;, accounts for the
resistance of the fiber membrane, the resistance of the tissue,
and the film mass-transfer coefficient through a blood
boundary layer:

1 1 1 1 ®
———t — 4+ —.
ka P mi P 74 kcl
The fiber permeability, P,,;, has been measured for several
membrane types (see the next section). The film mass-trans-
fer coefficient, k;, is based on flow through cylindrical tubes

(Yang and Cussler, 1986):

2kcIrcap -1

) 9

I-b

where L, is the length of a typical capillary. The derivation
of the tissue permeability (P,;) is given in the Appendix.

Since both ends of the fiber are sealed, the axial boundary
conditions can be formulated as:

aC,
z=10 - =
0z
aC
z=L -
9z

where L is the fiber length.

Blood Side Equations. The initial condition for the insulin
transport equation in the capillary blood (Eq. 6) is the insulin
concentration at fasting conditions:

Ci(0,7) = C} 1o

The boundary conditions for Eq. 6 in the axial direction are
given by the Danckwerts condition (Bischoff, 1961):

acs R
z=0 =D, ,—=y,[CP(t)-C§(1)]
9z
aCe
z=1L =0,
az

where C2(¢) is the insulin concentration in the bloodstream
upstream of the fiber’s leading edge

The boundary and initial conditions for the glucose equa-
tions (Egs. 1 and 5) have the same form as those given previ-
ously for insulin.
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Figure 2. Circulatory system.

Circulatory system model

The transport model is based on a single fiber, assuming
that each fiber behaves independently. To calculate the total
amount of insulin secreted, the flux from each individual fiber
is multiptied by the total number of fibers. The average in-
sulin concentration in the bloodstream is derived based on an
idealization of the circulatory system as shown in Figure 2.
The bloodstream is represented by a single, well-mixed com-
partment, hereafter called the “blood compartment.” The dy-
namic mass balance on insulin in the blood compartment is
given by

dck(p) O
dt Viiood

[CFH(t)-Ch(n)], aom

where V.4 is the volume of the blood compartment, CF(¢)
is the insulin concentration at the end of the capillary, and
Q, is the total blood flow rate around the device, given by

Qb= Niber* b = Niiver Aniow" Us» an
where Ny, is the number of fibers used in the artificial pan-
creas design, and g, is the blood flow rate around each fiber.
The initial condition for Eq. 10 is the fasting insulin concen-
tration:

C};(O) = C;), fast *

Parameter values

The values of all parameters used in the model are shown
in Table 1. The selection of the diameter and length of the
fiber was based on typical values reported in the literature
(Altman, 1988; Penfornis et al., 1990; Lacy et al., 1991; Lanza
et al, 1991; Ward et al.,, 1993). The fiber permeability for
glucose ranges from 1.2X107? mm/s for AN69 membrane
[calculated from data in (Kessler et al., 1992)] to 4.5x107*
mm/s for a nonporous elastomeric polymer membrane (Ward
et al, 1993). The fiber permeability for insulin ranges from
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5.5%10™* mm/s for an untreated AN69 membrane (Kessler
et al, 1992) to 1.1x107* mm/s for the nonporous elas-
tomeric membrane (Ward et al., 1993), to 6.5x 1075 mm/s
for an implanted AN69 membrane after 7 days (Kessler et
al., 1992). Average values of these permeabilities are used in
the simulations.

The initial glucose concentration in the fiber was assumed
to be equal to the blood glucose concentration in the fasting
state, C% 1,,, which is typically 80 ~100 mg/dL (Granner,
1988). Initial insulin concentrations in the fiber and blood are
assumed to be equal to the typical value in the bloodstream
in the fasting state (Segre et al., 1972). After a meal, the glu-
cose concentration in the bloodstream rapidly increases to
approximately 230 mg/dL, and then gradually decreases with
time as the glucose is taken up by the liver, adipose, and
other tissue. This glucose uptake is stimulated by the pres-
ence of insulin. Since mathematical modeling of the feedback
effect of insulin on glucose would greatly increase the com-
plexity of the mode!, a simplified approach was chosen, where
an empirical expression represents the glucose concentra-
tions in the bloodstream following a meal. This glucose con-
centration upstream from the fiber [C4(2)], is given by

Cg(t) = Cg,fast + [Cg,init - Cg,fast ]CXP[ - at(t + b)] (12)

with the parameters (a, b, and C, ;) obtained by fitting this
model to experimental measurements of glucose concentra-
tions in nondiabetic patients following a meal (Segre et al.,
1972). Equation 12 serves as the input to the bioartificial
pancreas model, stimulating insulin secretion.

Measurements of insulin concentrations in the blood-
stream in nondiabetic human patients during a glucose-toler-
ance test have shown that insulin concentration increases
from 45 to 76 mU/mL within the first 25 min (Segre et al,,
1972). These measurements are used as a criterion for deter-
mining the number of fibers needed in the bioartificial pan-
creas. The value of Ny, was adjusted until the insulin con-
centration in the blood predicted by the simulation approxi-
mated these experimental values. For the typical case param-
eter values, Ny, was found to equal 1,500.

Xenotransplantation studies using rat islets have used islet
concentrations in the fiber of around 25,000 islets/mL (Lacy
et al,, 1991) to 138,000 islets/mL (Zekorn et al., 1990). Given
an average porcine islet diameter of 150 wm, the maximum
islet loading is 300,000 islets/mL. Concentrations between
40,000 and 80,000 islets/mL were selected for use in the sim-
ulations.

The equations were solved numerically using linear finite-
element and finite-difference techniques (Buladi, 1994).

Results

All calculations are performed using the parameters in
Table 1, defined as the “typical case,” except where other-
wise noted. Figure 3a shows glucose radial concentration pro-
files inside the fiber at different times. Initially, the glucose
concentration decreases from the fiber wall to the center of
the fiber, due to the diffusion of the glucose into the fiber. A
completely flat profile will never be reached because of the
consumption of glucose by the islets.
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Figure 3. Giucose concentrations, using the typical
case parameters from Table 1.

(a) Radial glucose concentration profiles in the fiber (Cg).
(b) Glucose concentrations at the end of the fiber and just
inside the fiber membrane [Cy(r = rgpe., 2= L)), and in the
capillary [C&(z = L)}

Figure 3b shows the glucose concentration at the end of
the fiber length, just inside the fiber wall, and the concentra-
tion in the capillaries at the same length. The concentration
in the capillaries decreases in a manner similar to the time
profile in the blood compartment (C&), which is used as the
boundary condition, demonstrating that the glucose concen-
tration in the capillaries is controlled by the blood compart- .
ment. In the fiber, the glucose concentration is limited by
diffusive transport in the first 17 minutes. After this point,
the glucose concentration decreases in the same manner as
in the capillaries. A steady-state glucose profile is never
reached because of the changing glucose concentration in the
bloodstream.

Insulin radial concentration profiles during the first seven
minutes following a glucose challenge are displayed in Figure
4a, and the insulin concentration in the capiilaries in Figure
4b. From these figures one can observe a large concentration
gradient between the inside of the fiber and the tissue re-
gion. Recall that the intrinsic insulin secretion kinetics dis-
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Figure 4. Insulin concentrations, using the typical case
parameters from Table 1.

(a) Radial insulin concentration profiles in the fiber (Cp). (b)
Capillary insulin concentration at z=L [Cf(z=L)). (c)
Blood compartment insulin concentration (C?).

plays a peak in insulin secretion at about 3 minutes following
a glucose challenge, and then increases gradually again over
the next 15 minutes (Inoue et al., 1992). This kinetic behavior
is manifested in the insulin concentration in the capillaries
surrounding the fiber (Figure 4b), where a steep increase in
concentration is observed between the second to fourth
minute, and then a slower rate of increase occurs in the next
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26 minutes. Overall, the kinetic behavior is hidden by the
transport phenomena, since the insulin in the blood compart-
ment increases monotonically, and does not show a local
maximum (Figure 4c).

Capillary density

Variation in the capillary density is used to represent the
effect of implantation site on the insulin dynamics. It is as-
sumed that subcutaneous tissue has less blood flow, and thus
a lower capillary density, than the intraperitoneal site. Two
densities were considered: 300 (the typical case value) and
1,500 capillaries/mm? tissue, and the results are shown in
Figure 5. Increasing the capillary density causes an approxi-
mate 4-fold decrease in the concentration in the capillary
(Figure 5a), since the insulin is distributed into more capillar-
ies. This lower concentration in the capillary causes a greater
driving force for insulin transport, so that the concentration
in the blood compartment increases. However, this increase
is only noticeable after around 12 minutes, and only by about
4%, for a five-fold increase in blood flow (Figure 5b). Conse-
quently, it appears that implantation site, in terms of blood
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flow rate, will have little effect on the response of the bioarti-
ficial pancreas. However, the model does not address other
differences in implantation site, such as differences in oxygen
tension, or the propensity for collagen or fibroblast accumu-
lation on the membrane surface. Indeed, it has been shown
that with a specific membrane processing technique, subcuta-
neous implants can be as effective as intraperitoneal implants
in the treatment of diabetic mice, while with a different
processing technique, transplant performance in-the subcuta-
neous location is significantly poorer than in the intraperi-
toneal location (Lacy et al., 1991).

Membrane permeability

As described before, membrane permeabilities for both
glucose and insulin can range over an order of magnitude,
depending on the type of membrane. Figure 6 shows the ef-
fect of the insulin permeability ranging from 5.0X107° to
5.0%x10~* mm/s, while glucose permeability is kept at the
typical case value. As expected, a larger permeability results
in a dramatic increase (60%) in insulin concentration in the
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Figure 6. Effect of membrane insulin permeability on (a)
capillary insulin concentration at z=L [Cf(z
= L)}, and (b) blood compartment insulin con-
centration (CP).

Low P, is 5.0x 10~ mmys, high P, is 5.0x107* mm/s,
and typical case is 1.06 X 10~* mm/s.
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Typical case P, is 4.48 X 10~* mm/s, medium P, is 5.0%
1073 mmys, and high P, is 5.0 X 10 "2 mmys.

capillary (Figure 6a), as well as a 32% increase in concentra-
tion in the blood compartment (Figure 6b). The higher per-
meability causes the transport resistance of the fiber mem-
brane to becomes less limiting, as shown by the increase in
prominence of the two-phase kinetic response in the capil-
lary. However, in the blood compartment, transport limita-
tions still dominate even for the high permeability.

Results using membrane glucose permeabilities between
4.5x107* and 5.0 x 102 mm/s, while insulin permeability is
kept at the typical case value, are shown in Figure 7. These
results show that increasing the glucose permeability above
5.0% 1073 mm/s has little effect on the bioartificial pancreas
performance.

Fiber diameter

In this section, the effects of changes in fiber diameter on
insulin response are examined. Calculations are performed,
keeping the volume of alginate constant in the bioartificial
pancreas. Thus, for fiber diameter of 0.5 mm, Ng,, is 2,600,
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Figure 8. Effect of fiber diameter on insuilin concentra-
tion in the blood compartment (C?).

and for fiber diameter of 2.0 mm, Ny, is 375. The dynamics
of the insulin concentration in the blood compartment (Fig-
ure 8) for three different fiber diameters appears identical
within the first 4-5 minutes. After 5 minutes, the insulin con-
centration dynamics begin to deviate significantly from each
other. This characteristic of the dynamics is a result of the
insulin-secretion kinetics—during the first phase insulin is
secreted at high rate and, as a result of this large initial gra-
dient, mass transport is very efficient. After the first phase,
mass transport dominates the dynamics and the smaller fibers,
with a larger area-to-volume ratio (and larger gradients due
to their cylindrical nature), are more efficient in raising the
insulin concentration in the blood compartment. Although the
insulin reaction rate still plays an important role in determin-
ing the insulin response time, mass transport limitations ap-
pear to be the dominant factor in the long-time response.

Fiber length

The influence of the fiber length on the insulin response
time is shown in Figure 9. In these calculations, the number
of fibers was reduced to 750 to keep the volume of alginate
constant. From the figure, it appears that shorter fibers have
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Figure 10. Effect of islet concentration, in islets/mL, on
the insulin concentration in the blood com-
partment (C}).

a slight advantage over the longer fibers. This results occurs
because the shorter fibers demonstrate a larger concentra-
tion gradient, and therefore faster transport to the blood
compartment.

Islet concentration

The effect of islet concentration, for a constant number of
fibers (1,500} is given in Figure 10. As expected, larger islet
concentration results in higher insulin concentration in the
bloodstream; however, the result is not directly proportional
to the number of islets, because of the decrease in transport
gradients at higher concentrations.

Mass-transport limitations

The advantage of constructing a detailed mathematical
model is that it allows one to quantify the influence of the
various transport processes on the desired outcome. These
transport processes consist of radial and axial diffusion in the
gel within the fiber, axial convection and diffusion in the cap-
illary, and convection in the bloodstream. In addition, radial
diffusion through the fiber membrane, the tissue, and the thin
film in the capillary is characterized by an overall mass-trans-
fer coefficient that contains terms for each of these resist-
ances (Eq. 8). The effect of blood velocity and permeability
on the different terms in Eq. 8 are shown in Tables 2 and 3.
Analysis of these terms identifies the controlling transport
process.

Table 2. Boundary-Layer Resistance Values and Overall
Mass-Transfer Coefficients of Glucose for Different
Membrane Permeabilities and Blood Velocities (in mm/s)*

40

ka (PmG ka (PmG ka (PmG
A ke =445x10"%) =5x10"%) =5x10"2)
(mm/s)  (mm/s) (mm/s) (mm/s) (mm/5s)
0075 239x1073 3.77%x107¢ 1.62x1073 228x1073
0 075 516x1073  412x107*  254x107% 467x107°
Time (minutes) 75 1.10x1072  431x10"*%  345x1073 9.09x1073

Figure 9. Effect of fiber length on insulin concentration
in the blood compartment (C?F).
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*The fiber diameter and insulin permeability are kept constant at the typ-
ical case values.
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Table 3. Boundary-Layer Resistance Values and Overall
Mass-Transfer Coefficients of Insulin for Different
Membrane Permeabilities and Blood Velocities (in mm/s)*

kml (Pm! ka(PmI ka (PmI
v, k. =50x10"%) =106x10"%) =50x10"%
(mm/ss)  (mm/s) (mm/s) (mm/5) (mm/s)
0075 7.06x107* 3.96x10°° 6.80%1077 138x10"*
075 152x107% 4.08x107° 7.17x107°  154x107*
15 328%1073 414x107°  736%x107°  1.62x107¢

*The fiber diameter and glucose permeability are kept constant at the
typical case values. The tissue permeability is kept constant at 2.6 X 10~*

mmy/s.

As shown in Table 2 (for glucose), an increase in velocity
gives rise to an increase in K,;, and thus a decrease in the
boundary layer resistance, as expected from Eq. 9. However,
the change in the overall mass-transfer coefficient is negligi-
ble for low permeabilities. If the capillary velocity is in-
creased by a factor of 10 for medium permeabilities, the
overall mass-transfer resistance declines 35%. The change in
the overall resistance is 51% for the high-permeability mem-
brane when the same change in the capillary blood velocity is
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Figure 11. Effect of blood velocity on the (a) capillary
insulin concentration at z =L (Cf), and (b)
blood compartment insulin concentration
(ch).
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considered. In conclusion, at low to medium membrane per-
meabilities, the membrane is the limiting resistance for glu-
cose transport. At high permeability, transport in the capil-
lary, rather than the fiber membrane, is limiting. This result
is echoed by Figure 7a where there is little change in the
insulin dynamics between medium and high glucose perme-
abilities.

Table 3 shows that blood velocity has little effect on the
insulin mass-transfer coefficient. At low to medium insulin
membrane permeabilities, the membrane resistance is con-
trolling. At high membrane permeability, the tissue resist-
ance becomes controlling.

Based on the results in Tables 2 and 3 one would expect
that for the typical case parameter values (i.e., low glucose
permeability, and medium insulin permeability), that blood
velocity would have a small effect on insulin dynamics. How-
ever, Figure 11 shows that the effect of blood velocity on
insulin dynamics in the capillary (Figure 11a) and blood com-
partment (Figure 11b) can be quite significant. This seem-
ingly contradictory result occurs because blood velocity con-
tributes to convective transport in the capillary, as well as
diffusive transport.

Glucose consumption

Figure 12 illustrates the effect of glucose consumption by
the islets on the insulin concentration dynamics in the blood
compartment. The consumption terms causes the local glu-
cose concentration around the islets to be reduced, and thus
reduces the insulin secretion rate. The reduction in insulin
concentration in the bloodstream, although small, is not
neglible, and indicates that glucose consumption should be
accounted for when designing the device.

Discussion

The extravascular bioartificial pancreas, constructed using
design parameters given in Table 1, would have a volume of
alginate of 23.6 mL, and contain 942,000 porcine islets. The
total volume of the device, assuming a fiber wall thickness of
0.1 mm, would be 33.9 mL. A device of this size may be too
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i i i
—— No glucose consumption
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(=}
'

T

— —With glucose consumption|

~1
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Insulin Concentration(uU/ml)

40
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Figure 12. Insulin concentration in the blood compart-
ment (C?), calculated both with and without
glucose consumption by the islets.
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large to be implanted. However, the simulations presented
here have identified specific ways by which the design can be
improved.

The performance of the bioartificial pancreas was found to
be most sensitive to the permeability of the hollow-fiber
membrane. Thus, it would be desirable to select a membrane
that is very porous and thin, within the constraints of provid-
ing immunoisolation and physical strength. However, as
shown in Figure 7, when the permeability becomes greater
than 107 mm/s, transport processes other than the mem-
brane become limiting. The performance is also sensitive to
the fiber diameter. Narrow fibers have a larger surface-to-
volume ratio, and thus better transport characteristics. For
this reason, spherical beads will provide better transport
properties, but are subject to the limitations described in the
Introduction. A modification of the model presented here to
represent spherical geometry would allow one to quantify the
relative advantage of the spherical beads over hollow fibers.
The number of capillaries around the implant was shown to
have little effect on performance, but the velocity of the blood
in the region of the implant has a significant effect. The in-
sulin kinetics plays a major role in the system performance.
The results presented here are based on porcine-insulin ki-
netic data, which have become available relatively recently.
Although insulin production by porcine islets displays a
biphasic response, the transport considerations dampen the
response so that a monotonic increase in insulin concentra-
tion is observed in the overall blood compartment.

Based on the simulation results shown in the previous sec-
tion, the design of the bioartificial pancreas can be opti-
mized, within known physical constraints. The design can be
greatly improved by increasing the membrane permeabilities
to 5.0x1072 mm/s for glucose and 5.0x 10~* mm/s for in-
sulin, by decreasing the fiber inner diameter to 0.5 mm, and
by increasing the islet concentration to 80,000 islets/mL. The
insulin dynamics using these parameters are shown in Figure
13. With these design parameters, only 600 fibers are needed
to reach a target insulin concentration in the bloodstream of
76 uU/mL. The volume of alginate would be 2.4 mL, contain-
ing 188,500 islets, and the total volume of the device would
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be 4.6 mL. For a point of comparison, the volume of a typical
heart pacemaker, which is implanted under the skin, is about
30 mL. Therefore, a bioartificial pancreas of 4.6 mL is small
enough to be practical for implanting into humans. The num-
ber of fibers can be increased to reduce the response time, if
needed; the size of the unit would still be sufficiently small
for human use.

As with all mathematical models, many simplifications were
made. Since insulin clearance by the liver, as well as other
“sinks” for insulin, were neglected, the predicted insulin con-
centration in the bloodstream is overestimated, perhaps up
to a factor of 2. As time progresses following a meal, the
insulin secretion rate first increases and then decreases, and
the degradation of insulin increases, so that the insulin con-
centration in the bloodstream reaches a maximum. Since the
model does not take into account these phenomena, the sim-
ulations do not predict a maximum. Clearly, then, the validity
of the model will break down at longer time periods, and
thus simulations up to only 30 minutes are shown.

The description of the capillary bed was also simplified in
the model. However, the length of the capillaries has little
effect on the overall results. A larger number of shorter cap-
illaries would actually increase the rate of transport of the
insulin to the bloodstream, since there would be a larger con-
centration gradient between the fiber and the capillary in-
sulin concentration. Simulation results indicated that fiber
wall permeability was the limiting factor in terms of insulin
response. Therefore, an increase in the transport rate to the
capillaries would only have a negligible effect on the overall
BAP performance.

The insulin secretion kinetics were obtained from in-vitro
data, where the islets were perfused with media oxygenated
by a gas containing 95% oxygen. Implanted islets will experi-
ence an environment that is much lower in oxygen concentra-
tion. The lower oxygen concentration will most likely result
in lower insulin secretion rates, as has been observed with rat
islets (Dionne et al., 1991). Modifications of the model to
account for the effect of oxygen limitations are currently un-
derway. The modified model will be used to estimate the
maximum fiber diameter that can be used without oxygen
limitation, and to quantify the effect of fiber spacing on the
performance.

This model does not address the subject of failure of the
implanted device after a period of time. Several researchers
have suggested that the device failure results from a reduc-
tion in the oxygen supply to the islets as the membranes be-
come coated with proteins and cells. The modification of the
model with oxygen transport as described earlier may provide
some answers. Experimental research with vascularized
membranes, and membranes that have minimal fibrotic
growth, is ongoing and has shown positive results (Fournier,
1995; Ward, 1993). More research is also needed to deter-
mine if specific hormones are needed for insulin secretion
that are not available to the implanted islets.

The results presented here are significant since they
demonstrate that an extravascular device can be just as effec-
tive as convection-based, intravascular designs, without asso-
ciated complications such as blood vessel grafts and blood
flow across synthetic materials. These results confirm the re-
cent trend in experimental work with animals, where re-
search in extravascular devices has become more prevalent
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than intravascular. To date, there have been no reports of
islet xenotransplants to humans, so it is uncertain how the
animal studies will be scaled-up to humans. The simulation
results presented here suggest that an extravascular device
can be feasible for human use based on criteria of response
time and implant volume. The calculations should assist re-
searchers who are designing and planning to test a bioartifi-
cial pancreas device in humans, by providing estimates of the
number and size of fibers, the islet concentration, and mem-
brane properties needed to obtain a physiological insulin re-
sponse to a glucose challenge.
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Appendix: Estimation of Lumped Tissue
Resistance

Insulin or glucose radial mass transport in the tissue (and
capillaries) surrounding the fiber is governed by

aC
=, Dtissuev2c ()
at
subject to
aC fiber
Dtissueyzkrn(c_c ) @ T = Tiber
aC
—=0 @r=r,, (A1)
ar

where C represents the concentration (of glucose/insulin) in
the tissue; S(C) stands for a sink /source term that represents
the transport of either glucose from the blood system, or in-
sulin fo the blood system; C™ is the concentration (of glu-
cose/insulin) at the fiber membrane on the alginate side; and
r, is a radial position far enough from the fiber such that
effectively no radial mass transport, of glucose/insulin, will
be observed at r,. The calculation/estimation of 7, is ex-
plained later in this Appendix.

The preceding equation will be better suited for mathemat-
ical analysis if rewritten in the dimensionless domain: 0 < u
<1, with r =r + Au (where A =r, — rg.,), that is,

- 8(C)

dC  Dygue [ 8*°C ¢ aC
9t A2 \gu? (- ¢uw) du

2680 September 1996

subject to
aC )
——=Bim(Cf"""—C) @u=1
du
aC
= @u=0 (A2)
du
where
Bi kA
lm - Dtissue
and
A
¢=—
rOO

This equation can be soived by standard discretization tech-
niques. For instance, following Finlayson (1980), orthogonal
collocation discretization in symmetric polynomials will yield

69_ Dt:‘ssue MC+S§
G~ MCHS©
subject to
N+1 ,
h Ans,;C = Bi,(C™T —Cy, ), (A3)
j=1
where
CT=[C),Cy, .. Cyiq]
and
M, = ——LA +B ith i,j=1,2 N+1
b (1"‘¢u,‘) L i[> Wl Li=l4 ..., ’
where A4, ; and B, ; are the collocation matrices, and N is

the number of interior collocation points. The lumping ap-
proach can be illustrated by a one-term orthogonal colloca-
tion solution:

dC, D

o tissue M1,2A2,1
dt A?

L1 A2,2+Bim] !
Dtissue MI,ZBi

m C[ibcr+ C
A’ A4,,+ Bi, S
where
¢

= A .+ B .

“T T gy e B “
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(RN
lis

_ [ -1.118

1.118
=25 ’

_[-25 25
25 -25 25)
u, = 0.4772.

If the correction for cylindrical geometry is neglected (i.e.,
¢ =A/r,— 0 for thin shells of tissue), the matrices become
M, ,=B,, and M, , = B, ,, and the one-term solution be-
comes

dCl _ D tissue

dt A?

2.5Bi,

fiber __
3575 (C"T D+,

(AS5)

This equation can be compared with a lumped-parameter
model,

ti ’
dCd’:S"e = ( 22k rﬁ;'e' ) (Cfiber _ Ctissue) + S(Ctissue)
oo ~ Fiber

!

(Cﬁber _ Clissue)+ S(ctissue)’ (A6)

A(1+

T A
2rgiper

which, for thin tissue shells, yields

A A2(1 1)
— __+__

K Dtissue Blm 25
or,
1 A Dtissue A
—= b ———— = P, = —% yith, §==——. (A7
Kk, 25Dy, e 25" (AD

A similar problem has been addressed in the literature in
lumping heat-transport resistances, where several different
approaches have been presented, which could be extended to
the problem formulated in this Appendix. These different
lumping formulations differ in the approach toward the solu-
tion for the radial (temperature or concentration) profile.
Beek and Singer (1951), for instance, assumed a parabolic
radial profile; while Crider and Foss (1965) solved the linear
problem in terms of Bessel functions. Their common result,
however, is similar to the illustration just presented—that the
lumped resistance takes on a general form P, = Dy, ./, with
8 being a fraction of the thickness of the ring of tissue (i.e.,
A =r,~ rg.e). Since it can be shown that the solution in
terms of a lumped-parameter model can be used to recover
the radial profile (cf. Hlavacek and Votruba, 1977), and
therefore the radial average value, a reasonable choice would
be the distance at which the average value is observed. The
calculation of 7, and & are explained next.

Area of influence

To calculate the flow area (A, ) used in Egs. 5 and 6, we
need to first determine the area of tissue around each fiber
that is influenced by the insulin secreted from the fiber. This
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“area of influence,” A4,;.,., can be estimated using the fol-
lowing analysis.

Considering only radial diffusion, the mass conservation
equation for insulin in the tissue surrounding the fiber will be
given by (cf. Eq. AD):

9C Itissue
at

= DI tissueV 2 C jissue » (AS)
s I

where CP" js the insulin concentration in the tissue sur-
rounding the fiber, and Dy . is the diffusion coefficient of
insulin through tissue. If the tissue is assumed to be an infi-
nite cylinder around the fiber, the initial and boundary condi-
tions will assume the following form:

Cjssve > Clisie for  r—o o0,  t>0

Cltissue = C]fiber @ r=Fape, £ 0

Cpse—cpime Yy, =0, (A9
where Cf°*" is the maximum insulin concentration expected

at the fiber surface, and C, }fif“e is the initial concentration of
insulin in the tissue. These equations can be rendered dimen-
sionless by introducing the following definitions:

tissue tissue
C} -Cr% r

= fiber tissue ’
CI - CI, Py

A closed-form solution for Eq. A9 can then be found as

d¢

All
¢ (A1D)

1 o o
o(p,7)=1+§;[0e F(¢,7)

where

To(pE)Y (&) — T (£)Y,( pé)

Flgm = JEHO+Y2(E)

Alternatively, if the solution to the integral tends to diverge,
a finite-difference approach could be used to find the con-
centration profile outside the fiber. The numerical approach
was used here.

The dimensionless insulin profile was calculated as a func-
tion of time for three different fiber radii: 0.25, 0.5 and 1
mm. Since the objective was to calculate the tissue area influ-
enced by the insulin within the time period over which the
model is considered valid, the solutions were calculated for
time = 25 min. The area of influence is defined by the radius
at which the insulin radial transport is negligible. This is in-
terpreted to be the radial position (r,,) at which the insulin
concentration drops to a small fraction (e.g., 10, 5 or 1%) of
the insulin concentration at the fiber surface. The calculated
values of r,, are shown in Table Al. The value of r, used in
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Table Al. Tissue Radii (r.) and Dimensionless Tissue Radii
( p.)) for Various Fiber Radii and Concentration Drop
Criteria

Tfiber =01 6 =0.05 6 =0.01
(mm) o r,(mm) p o (@m g, 7, (mm)

025  4.80 1.20 5.64 1.41 7.32 1.83
0.5 2.85 1.42 3.30 1.65 4.10 2.05
1.0 2.00 2.00 2.25 2.25 2.62 2.62

Table A2. Lumping Distances (&) for Different
Concentration Criteria

6=01 6=0.05 6=10.01

8, mm 0.485 0.578 0.726

our subsequent calculations (cf. Table 1) was that corre-
sponding to a 95% concentration decrease.

The flow area of influence can then be readily calculated
from r,, as

Atissuc = "(rcg - rfziber)' (A12)
The number of capillaries influenced by this fiber will be equal
to the capillary density of the specific implantation site multi-
plied by the area of influence. The cross-sectional flow area,
Agow» can then be calculated from the sum of the individual
capillary cross-sectional areas (Eq. 7).

Tissue permeability

In order to calculate the mass-transfer coefficient of Eq. 8,
the permeability through the tissue surrounding the fiber is
needed. This permeability is a function of the size of the re-
gion of tissue affected by the fiber, with the relationship given
by Eq. A7. It is assumed that the lumping distance (i.e., 8 in
Eq. A7) can be chosen as the distance from the fiber at which
the local insulin concentration equals the average value (Ta-
ble A2). The diffusivity value, D, .. is given in Table 1.
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