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ABSTRACT

The focus of this paper is to propose, model, and
characterize a means of accelerating the rate of de-
livery of therapeutic drugs to human tissues. The in-
vestigated means is a pressurized, permeable-walled
balloon filled with a homogeneous mixture of the
drug and the carrier fluid. The fluid mixture, driven
by pressure, traverses the thickness of the balloon
wall through laser-drilled pores. The number and
deployment of the pores can be controlled to a high
degree of precision. As a consequence, the wall of the
balloon can be regarded as a homogeneous porous
medium, and the traversing fluid flow can be ana-
lyzed by means of porous media models. When the
balloon is in intimate contact with the surface of a
tissue bed, the therapeutic fluid flows in series as it
passes through the balloon wall and penetrates the
tissue. The flow rate can be controlled by proper se-
lection of the balloon permeability, the viscosity of the
flowing medium, and the pressure internal to the
balloon. The delivered concentration of the drug was
predicted by coupling the present balloon-focused
theory with a previously developed tissue-bed model
that includes both diffusion and advection processes.
The tribologic interaction of the pressurized balloon
with an artery wall was investigated experimentally
to assess the possible formation of aneurysms.
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1. INTRODUCTION

The use of drugs and other medications as a follow-on to
cardiovascular or other medical interventions is a widely
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accepted methodology. For example, it is now common
practice to employ drug-coated stents to slow restenosis
following angioplasty [1-8]. The transport pathway of the
medication first involves mass transfer in the polymer-
drug compound that coats the stent and subsequent diffu-
sion of the drug into the tissue. A possible downside of
this approach is the “wash out” phenomenon whereby
blood flowing in the lumen may entrain drug from the
artery wall or the exposed struts.

A basic insufficiency of medication delivery either by
stent coating or by direct application to the artery wall is
the absence of a means of accelerating the passage of the
medication into the tissue. This realization gives rise to
the focus of the present investigation. In the present ap-
proach, the drug, appropriately mixed with a carrier liq-
uid, is contained at elevated pressure in an inflated, per-
meable-walled balloon. By proper design of the balloon
permeability along with a logic-based choice of pressure,
the rate of drug penetration into the tissue can be con-
trolled. The means of permeability attainment and the
relationship between permeability and pressure will be
set forth in this paper.

A schematic representation of the physical situation is
conveyed in Figure 1. As depicted there, a permeable
balloon is put in place at a lumen location where drug
application is to be applied. When inflated with a suitable
mixture of drug and carrier liquid, the balloon blocks the
cross section of the lumen, thereby preventing the lumen
blood flow from washing away the drug.

The pressure of the liquid mixture in the balloon can
be varied over a suitable range, and this variation facili-
tates control of the rate at which the drug penetrates the
adjacent tissue. The capability to control the rates of ap-
plication and penetration of the drug is a unique feature
of the device.

This paper presents the underlying theory of pressur-
ized-balloon drug delivery and of the model by which the
interacting diffusive and advective processes transport
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Figure 1. Schematic diagram of an inflated permeable balloon in place in a lumen.

the drug and the fluid carrier into the tissue.

2. MATHEMATICAL MODEL
2.1. Balloon Trans-Wall Fluid Flow

The rate at which liquid medication is transferred from
the permeable-walled balloon to the surrounding tissue is
controlled by the pressure in the balloon and by the
fluid-flow resistances of the balloon wall and the tissue
bed. It is convenient to deal separately with the flow
characteristics of the respective regions and then to bring
them together to form an integrated model.

The balloon trans-wall fluid flow is modeled as per-
meation through a porous medium. Analysis of the trans-
wall flow is aided by referring to Figure 2 which shows
the balloon wall as an annulus bounded by an inner
radius R;; and an outer radius Rp,. The radial coordinate
isr.

If the viscosity of the flowing liquid is u, and the
permeability of the balloon wall is x;, the fluid flow in
the wall of the balloon is governed by Darcy’s Law

d__u,y, (1)
dr K,

in which dp/dr is the radial pressure gradient, and V is
the superficial velocity. That velocity is a fictive quantity
related to the actual pore velocity v by the equation v =
V/e, where ¢ is the porosity. The volumetric flowrate Q
that passes radially outward through an area 2nrL is

QO=2mrLV 2)
where Ry, < r < Ry, and L is the axial length of the

balloon. Elimination of V" between Equations (1) and (2)
leads to, after integration between r = Ry; and Ry,

0 =2mnlxk, (Apb )/,u ln(Rbo/Rbi) (3)

where Ap, is the pressure drop across the wall thickness
of the balloon, This equation for Q corresponds to a
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Figure 2. Schematic diagram for analysis of permeation
through the wall of the balloon.

model which is focused on the entirety of the balloon
wall, spanning its thickness and length.

Another approach, equally valid, is to focus attention
on a single pore. In this approach, the balloon wall is
regarded as a homogeneous assemblage of equally spac-
ed circular pores having a common diameter D. This
configuration is readily achieved by laser machining. The
manufacturing method allows the creation of permeabili-
ties of almost arbitrary value. Each pore diameter is very
small compared with the balloon wall thickness. From
this viewpoint, each pore may be regarded as a tube car-
rying a laminar flow. The volumetric flow for fully de-
veloped laminar flow in a tube is given by the Poiseuille
formula

dl D*
G =C Y — @
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where C is a constant. If Poiseuille’s law were precisely
valid, the constant C would be known a priori. However,
the pore length-to-diameter ratio is unknown, so that the
Poiseuille-law value of C may not be strictly valid for the
present situation. Its value will be determined shortly.
Since the pressure variation of the permeating flow is
linear, it is permissible to approximate dp/dr as Apyt,
where ¢ represents the wall thickness (R, — R;). Then,
the elimination of Ap, between Equations (3) and (4)

leads to
— (%)
Cln (Rb"]
Rbi

where N is the number of pores. The value of the con-
stant C was extracted by comparing Equation (5) to data
from Advanced Polymer, Inc. (Carlstadt, NJ). The data
consisted of experiments with pressurized balloons and
measured elution rates. From these, C values were ob-
tained. The comparison yielded C = 0.03, consistent with
an experimental uncertainly of 15% in the measured hole
diameters. Had the Poiseuille law been strictly applicable,
the value of C would have been 0.0245.

Equation (5) can be regarded as a design tool which
facilitates self-consistent choices of the dimensions of
the balloon, the number of pores N, and the permeability
Kp.

2.2. Fluid Flow in Tissue

In contrast to the wall of the balloon, which is fabricated
to accommodate specified dimensions and fluid flow
characteristics, the tissue which receives the medication
is characterized by natural properties. As a consequence,
the analytical approach used in the foregoing is not fully
applicable to fluid flow in the tissue. However, Equation
(3) continues to apply with appropriate modifications.
Because of mass conservation, the volumetric flow O
passing through the wall of the balloon is identical to that
passing through the tissue under steady-state flow condi-
tions. In order to make Equation (3) applicable to the
tissue bed, it has to be rewritten as

O=2nLx,(Ap,)/1In(R,/R,) (6)

in which Ap, and «, are, respectively, the pressure drop
across the tissue bed and the permeability of the tissue.
In addition, R,, and R; are the respective outer and inner
radii of the tissue bed being considered, with R; = Ry,.
The permeability that appears in Equation (6) will be
discussed later.

2.3. Continuity of Balloon and Tissue Fluid Flow

Since the fluid flows in series through the wall of the
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balloon and the tissue, it follows that
Aptotal = Apb + Apt (7)

The balloon-wall pressure drop Ap, follows from
Equation (3) as

Ap, =Quln(R,, /R, )/(2nLx,) ®)
For the tissue-bed pressure drop, from Equation (6),
Ap, =QuIn(R,/R,)/(2nLx,) ©)

when Ap, and Ap, are brought together in accordance
with Equation (7), there follows

_%|:ln(Rbo/Rbi)+ln(RtU/Rﬁ):| (10)

Piotal =
 2mL K, K

Q = Aptma] (27[]4//1|:1n(Rb0 /Rbi) + ln(Rm /Rn):|\J (1 1)
K,

K b t

t

or

This equation can be interpreted as a fluid-flow Ohm’s
law having the form

AP yal
= "Ttotal 12
0 2 (12)

where

lu|:ln(Rbo/Rbi) + 1n(Rto/Rti)i|
R_

Ky K,

2nL (13)
Inspection of Equation (13) indicates that the respect-
tive resistances of the balloon wall and of the tissue bed
are inversely proportional to their permeabilities. Fur-
thermore, the thicker the respective regions, the greater is
their resistances. In what follows, a number of practical
situations will be examined from the standpoint of which
of the component resistances, balloon or tissue, domi-
nates.

2.4. Impact of Balloon Permeability on Drug
Delivery

To determine the in-artery-wall drug concentration dis-
tribution, models of drug diffusion plus carrier-fluid and
drug advection in the artery wall are necessary. A number
of models have appeared in the literature [9-16]. The
individual models take account of different physical
processes. The authors previous work [16] includes both
advection and diffusion in the drug—carrier fluid mix-
ture, diffusion of the drug in the arterial tissue, and bind-
ing of the drug to the tissue. It was found that the pres-
ence of an advecting flow significantly increased the
deposition of medicine into the artery (by a factor of ap-
proximately 10).

The artery-wall calculations reported here were per-
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formed using the model of [16]. A key input for these
calculations is the viscosity of the carrier fluid. For the
sake of generality, two parametric viscosity values were
considered, 0.0014 and 0.0047 kg/m-s, respectively des-
ignated as the low and high viscosities. On the basis of
literature practice, the concentration of the drug at a
depth of 0.5 mm beneath the lumen-tissue interface ap-
pears to be a critical benchmark location at which to as-
sess therapeutic outcomes. Other conditions of the cal-
culations are listed in Table 1. The outer radius was
chosen to be large enough so that its presence did not
impact the paclitaxel concentration near the artery [16].

The first set of results corresponds to a balloon pres-
sure of three atmospheres relative to a datum pressure in
the tissue at locations far removed from the lumen-tissue
interface. For these results, the permeability K, of the
balloon is regarded as the independent variable. In con-
sidering these results, it is relevant to note that the higher
the permeability of the balloon, the higher is its flow re-
sistance and vice versa. The results exhibited in Table 2
correspond to the two viscosities identified in the fore-
going and to two time durations of the therapeutic treat-
ment (two and four minutes).

Inspection of the table shows that the balloon perme-
ability is only moderately significant for the higher range
of permeability values, 107" to 10" m?. For permeabili-
ties lower then these values, the drug concentrations at
the point of observation decrease markedly. It is inter-
esting to observe that the impact of decreased perme-
abilities is considerably smaller in the case of the higher
viscosity carrier fluid then for the lower viscosity fluid.
This outcome can be attributed to the fact that the viscos-
ity serves to control the resistance to fluid advection in
the tissue bed. High viscosity corresponds to a high flow
resistance, and conversely for low viscosity. Furthermore,
the overall resistance to fluid flow is the sum of the re-
sistances of the balloon wall and the tissue bed. The re-
sistance associated with the higher viscosity tends to
dominate the sum, thereby weakening the importance of
the balloon wall permeability.

Further inspection of Table 2 shows that the combina-
tion of a low-viscosity carrier fluid and extended therapy
duration gives rise to a significant increase of drug con-
centration compared to that which results from the use of

Table 1. Additional inputs for the solution of the drug concen-
tration in the artery wall.

Inner radius of balloon 1.987 mm
Radius of artery lumen 2 mm
Thickness of tissue 16 mm
Balloon thickness 0.013 mm

Tissue permeability 2x 10" m? [5,17-18]

a high viscosity fluid and a shorter therapy duration.

Another facet of the analysis is the selection and/or
prediction of rates of fluid flow and of the pressure that
is imposed on the wall of the lumen. This capability is
illustrated with reference to Table 3. The table shows
that the flowrate is insensitive to the balloon permeabil-
ity for the range of high permeability values. Since high
permeability corresponds to low resistance to fluid flow,
the flow rates are determined by other resistances in the
flow path other than the resistance of the balloon wall.
Those other resistances are situated in the tissue bed. As
the permeability decreases the flow resistance of the bal-
loon wall begins to assert itself and thereby diminishes
the flowrate.

The table also lists the pressure exerted on the artery
wall. The practical interest in the artery-wall surface
pressure stems from the possible action of elevated pres-
sure in creating an aneurysm. For all of that cases that
are treated in Table 3, the pressure in the bore of the
balloon was three atmospheres (303,975 Pa). For a single
set of operating conditions, the pressure difference Ap,
across the wall of the balloon is directly proportional to
the flowrate. At higher flowrates, the probability of an-
eurysm formation is increased. Indeed, the information

Table 2. Dependence of drug concentration on the permeability
of the balloon wall.

. Drug concentration at 0.5 mm depth
Permeability

K, (m?) Low viscosity, High viscosity,
four-minute treatment two-minute treatment
le—15 0.41 0.069
le-16 0.41 0.069
le—17 0.41 0.068
le—18 0.39 0.065
le—19 0.24 0.049
1e—20 0.083 0.031

Table 3. Relationship between balloon permeability, flowrate,
and artery wall pressure.

Flowrate through
Balloon 3 Pressure on
- balloon (m’/sec-m)
permeability ; artery wall
2 Low High
(m”) . . . . (Pa)
VISCosity VISCOsIty
le-15 9.2e-11 2.8¢—11 300,000
le—16 9.2e-11 2.8e—11 300,000
le—17 9.2e-11 2.7e-11 300,000
le—18 9.0e—11 2.7e-11 290,000
le—19 7.6e—-11 2.3e-11 250,000
1le—20 2.9e-11 8.6e—12 94,000
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conveyed in Table 3 and that calculated from Equation
(3) enables the balance between flowrate and artery wall-
surface pressure to be determined.

To demonstrate the formation of an aneurysm, the ex-
periment shown in Figure 3 was performed. It encom-
passed a segment of excised artery tissue which envel-
oped a pressurized balloon. The balloon pressurization
was accomplished by means of a three-atmosphere saline
solution. The aneurysm is believed to be caused by the
elevated pressures exerted on the wall of the artery or by
the high rates of flow through the porous balloon. It can
be reasoned that to minimize the occurrence of an aneu-
rysm it is appropriate to select the /east permeable bal-
loon which can still accomplish the therapy. It is note-
worthy that smaller values of permeability decrease both
the flowrate and the pressure which is exerted on the
artery.

3. CONCLUDING REMARKS

A great many drug-delivery processes depend solely on
concentration-gradient-driven diffusive mass transfer to
accomplish the movement of the drug from the zone of
application to the zone of need. However, the slow pace
of this process may be insufficient to provide the requi-
site therapy. This realization provides the motivation for
the present investigation.

The permeable-walled-balloon methodology has been
shown to provide the means for obtaining the desired
flow rate of the therapeutic medium. By the same token,
the pressure needed to overcome the advective resistance
of the tissue can also be obtained.

The analytical theory which supports the use of the
pressurized balloon methodology is based on a porous-
medium model which is readily implemented in practice
by use of established laser machining techniques. These
techniques, when applied to the balloon wall, create

Figure 3. Experiment demonstrating the formation of an aneu-
rysm.

Copyright © 2013 SciRes.

an assemblage of uniformly distributed cylindrical holes
of identical diameter. The number of holes and their di-
ameter enable the permeability to be selected. In turn, the
permeability controls the pressure drop across the thick-
ness of the wall of the balloon and may play a major role
in setting the flow rate of the therapeutic medium. The
conditions which define the role of the permeability in
the determination of the rate of fluid flow are detailed in
paper.

The possibility that an elevated pressure applied to the
surface of an artery wall might give rise to an aneurysm
was investigated experimentally. To minimize the occur-
rence of an aneurysm, it is appropriate to select the least
permeable balloon which can still accomplish the thera-
peutic goal.
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