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Methods for Determining Agent Concentration
Profiles in Agarose Gel During
Convection-Enhanced Delivery

Nikhil Sindhwani, Oleksandr Ivanchenko, Eric Lueshen, Komal Prem, and Andreas A. Linninger*

Abstract—Convection-enhanced delivery (CED) is a promising
technique to deliver large molecular weight drugs to the human
brain for treatment of Parkinson’s, Alzheimer’s, or brain tumors.
Researchers have used agarose gels to study mechanisms of agent
transport in soft tissues like brain due to its similar mechanical
and transport properties. However, inexpensive quantitative tech-
niques to precisely measure achieved agent distribution in agarose
gel phantoms during CED are missing. Such precise measurements
of concentration distribution are needed to optimize drug delivery.
An optical experimental method to accurately quantify agent con-
centration in agarose is presented. A novel geometry correction al-
gorithm is used to determine real concentrations from observable
light intensities captured by a digital camera. We demonstrate
the technique in dye infusion experiments that provide cylindri-
cal and spherical distributions when infusing with porous mem-
brane and conventional single-port catheters, respectively. This
optical method incorporates important parameters, such as opti-
mum camera exposure, captured camera intensity calibration, and
use of collimated light source for maximum precision. We compare
experimental results with numerical solutions to the convection dif-
fusion equation. The solutions of convection–diffusion equations in
the cylindrical and spherical domains were found to match the
experimental data obtained by geometry correction algorithm.

Index Terms—Convection-enhanced delivery (CED), digital im-
age processing, drug delivery, geometry correction.

I. INTRODUCTION

THE EFFICACY of systemic drug administration to the
central nervous system via oral or intravenous techniques

is limited due to the blood–brain barrier [1]. Thus, invasive drug
delivery methods, such as the finite-difference approximations
approved Gliadel wafers, are now routinely used for treating
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brain tumors. These wafers are implanted at the tumor site post-
surgery and deliver chemotherapeutics via diffusion [2]. How-
ever, such a diffusion-driven approach can treat only a small
region, typically a few millimeters [3]. To administer drugs to
a larger area in a shorter amount of time, drugs can be trans-
ported through the parenchyma by convection enhancement [4].
This delivery method, known as convection-enhanced delivery
(CED), has shown promise in clinical trials for drug admin-
istration in a controlled and targeted manner to brain tissue.
The method is especially useful for delivery of large molecular
weight compounds being developed for treatment of Gliomas,
Parkinson’s, and Alzheimer’s [3], [5]–[9]. However, some clin-
ical trials were inconclusive due to inadequate drug distribution
in the target area [10]. The occurrence of backflow, i.e., leak-
age of the infusate along the catheter shaft instead of localized
discharge to the target site was also a major concern. These
physical obstacles and lack of repeatable experiments in vivo
have sparked an interest in investigating and understanding basic
transport mechanisms of macromolecules in soft porous tissues.
The main focus of this paper is to introduce a reliable but inex-
pensive technique to precisely quantify transport phenomena in
infusion experiments on agarose gel surrogates.

Earlier, we reported that high-flow microinfusion in porous
medium also causes deformation of the solid phase, which may
explain backflow [11]. To take this study further, it is important
to know the characteristic perfusion and deformation properties
of soft porous brain tissue. However, these properties are not
very well understood in biological tissues [12], [13]. The lack
of theoretical knowledge is in part due to experimental limita-
tions in acquiring these parameters in vivo. Thus, to improve
CED, we should first study it in vitro. Agarose gels provide
an inexpensive and versatile substitute for the biological tissue
for in vitro experimentation and validating macroscopic trans-
port models [14]–[19]. Though, transport in real brain tissue
is anisotropic and heterogeneous, these phenomena can be ac-
counted for mathematically using anisotropic tensor fields. We
refer to advanced experimental and mathematical techniques
developed in our group for details [5], [20], [21].

To observe and optimize drug infusion protocols, it is neces-
sary to have a reliable technique for quantifying drug distribu-
tion. Previously reported infusion experiments using agarose
gels use an intuitive optical analysis for qualitative evalua-
tion of CED [7], [15], [22], [23]. Such methods, though prac-
tical, do not permit accurate quantitative measurements of
agent concentration. Another useful technique based on ultrami-
croscopy as reported in [24] may be adopted. But this destructive
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Fig. 1 Experimental setup for drug infusion experiments. Left to right: Stereo-
tactic frame collimated light source setup, agarose gel chamber, infusion
catheter, and digital camera.

approach cannot be used for obtaining a sequence of real-time
readings. Approaches using tomography methodology with an
optical light source and MRI-based methodologies have also
been reported [25]. These methods require expensive special
equipment, and though useful, are impractical for detailed trans-
port studies that typically require many repetitions. A reliable
and inexpensive optical technique to precisely measure agent
distribution in gels is currently not available. Thus, we have
developed a novel optical method presented in this paper. This
method can be used to measure real-time agent volumetric dis-
tributions, understand how different catheters perform, and how
different drugs distribute in porous media.

This paper is organized as follows. First, we present a novel
optical method to accurately measure species concentration. In
case of a radially symmetric dye distribution, just one image
is enough to obtain complete information about dye volumet-
ric distribution. Next, we demonstrate the application of this
method to obtain accurate dye concentrations for infusion ex-
periments with porous membrane catheters and conventional
single-port catheters. These concentration profiles are compared
to the analytical and numerical concentration profiles for cylin-
drical and spherical distributions, respectively.

II. EXPERIMENTAL METHODOLOGY AND IMAGE ANALYSIS

A schematic of the experimental setup is shown in Fig. 1.
The setup consists of a collimated light source, a gel chamber,
and a digital camera. A dye is infused into the gel using a
syringe pump. The 2-D images of the 3-D spread are captured
at different time instances during infusion.

To obtain accurate concentrations of dye in gel from 2-D dig-
ital images, several major effects should be accounted for. First,
the intensities relating to the dye concentrations scale logarith-
mically. Second, the camera records a planar projection of a
3-D object, in this case, the dye distribution pattern. Therefore,
a darker region, or a low-intensity value, could result in not
only higher concentrations, but low concentration corresponds
to a longer path of light through an area filled with dye. This
is the geometry effect. Third, the camera image acquisition has
a nonlinear capture characteristic. Care should be taken so that

Fig. 2 (a) Intensity attenuation caused by the homogenous concentrations. (b)
Intensity attenuation caused by a series of different concentrations.

Fig. 3 Schematic showing the path of light through the sample and the imaging
plane. The various circles represent shells of same concentrations.

saturation is not attained. This is the camera capture effect.
Fourth, a collimated light source should be used.

A. Intensity and Geometry Effects

The intensity of light passing through a solution with a certain
dye concentration, as shown in Fig. 2(a), can be calculated using
the following relationship [26]:

A = − ln
(

I

I0

)
= α · C · L (1)

where A is the net attenuation, I0 and I are the light intensities en-
tering and leaving the sample, respectively, α is the attenuation
coefficient per unit length, which is a formulation of the material
optical properties and wavelength of the incident light, L is the
thickness of the sample, and C is the agent concentration. For a
uniform sample with dye concentration C throughout, (1) holds
true. However, in a nonuniform distribution, the light passes
through regions of different concentrations that contribute to
different levels of attenuation. To envision this phenomenon,
a simple case can be considered, where light travels through
N regions of different concentrations, C1 to CN , as shown in
Fig. 2(b). The net attenuation can be calculated as follows:

I1

I0
· I2

I1
· I3

I2
· · · IN

IN −1
=

N∏
i=1

Ii

Ii−1
=

IN

I0
(2)

− ln
(

IN

I0

)
=α (C1 · ΔL1 + C2 · ΔL2 + · · · + CN · ΔLN ) .

(3)

In a similar fashion, for an infusion experiment using a single-
port catheter as mentioned earlier, the dye distributes in a spher-
ical manner. Thus, a light ray passing through this sphere en-
counters different concentrations, as shown in Fig. 3.
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Then, the net attenuation is the integral of all the attenuations
obtained over the length of the light path

− ln
(

I

I0

)
=

N∑
i=1

A(C, z)iΔzi =
∫ L

0
A(C, z)dz. (4)

For interpreting correctly, the intensity changes caused by
the geometry effects in the integral along the path length, the
distribution of the concentration length along a ray of light path
needs to be known. Fortunately, in CED, the continuity of the
concentration field permits the necessary geometry assessment.
This process is termed as geometry correction. The almost ho-
mogenous transport properties of gel (hydraulic conductivity
and molecular diffusivity) lead to high symmetry in the CED
profile.

For the porous membrane catheter, the observed profile is
almost cylindrical. For a traditional single-port catheter, almost
spherical spread is obtained under optimal infusion conditions.
The light intensity recorded by the digital camera incorporate
a sum of several attenuations caused by each discretized cylin-
drical/spherical shell with different concentrations. Using (3),
the total logarithmic attenuation (in decibels) is the sum of at-
tenuations occurring in regions of different concentrations. The
length of each different region that contributes to the attenuation
for a particular shell also varies, as illustrated in Fig. 3. Thus,
the actual concentrations can be reconstructed by inverting the
intensity profile I with the different light paths, Z, traversed by
light in these different concentration shells. This procedure al-
lows us to recover the true information from a particular light
path. It should be noted that intensity values must be smoothed
before inversion can be successfully conducted.

The varying paths of light in different concentration shells as
shown in Fig. 3, are represented here by elements Zk,l of matrix
Z. The 3-D object can be efficiently discretized into N shells,
where N is also the number of pixels along the measurement
line. Thus, a system of N equations is constructed as shown in
(5). The solution vector C is the desired concentration vector.
The geometry matrix Z in (5) and (6) is an upper triangular
matrix, exploiting the symmetry of the dye distribution

α ·

⎡
⎢⎢⎢⎣

Z1,1 Z1,2 · · · Z1,k · · ·
0 Z2,2 · · · Z2,k · · ·
0 0 · · · Z3,k · · ·
0 0 0 Zk,k · · ·
0 0 0 0 · · · ZN,N

⎤
⎥⎥⎥⎦ ·

⎡
⎢⎢⎢⎣

C1
C2
C3
· · ·
CN

⎤
⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

− ln
(
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)
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)
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)
· · ·
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(

IN

I0

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)

α · Z · C = i. (6)

The elements Zk,l are the path length of light through each
shell, and l is bounded within k and N – k. Next, using trigonom-

etry, the values of Zk,l can be determined by using (7) and (8).
To take into account the symmetry, this length is doubled. Here,
L is the total extension of the test chamber. Once the Z ma-
trix is constructed, the system of linear equations (5) and (6)
can be solved using any linear algebraic solution algorithm in
MATLAB

Zk,k = 2 ·
√(

k
L

N

)2

−
(

(k − 1)
L

N

)2

(7)

Zk,k+1 = 2 ·
√(

(k + 1)
L

N

)2

−
(

k
L

N

)2

− Zk,k . (8)

B. Camera Capture Effect

The light intensity values recorded by the camera are bounded
from 0 to 255 in the digital scale. The image undergoes satura-
tion as the intensity values approach the upper bound. This can
result in the light intensity information being distorted. In other
words, the captured intensities do not correspond to the true
intensity values due to the nonlinear camera recording range.
In order to compensate this camera capture effect and obtain
true intensity values, a camera calibration procedure, shown in
Appendix A1, has to be applied. In the linear region, (9) was
used to obtain true intensity values for exposure time 1/200 s

Ic = 90.2Ii − 26.6. (9)

Here, Ic is the intensity value recorded by the camera and
Ii represents values from I0 to IN .I0 is the maximum pixel
intensity value in a particular image. The nonlinear region was
avoided by proper adjustment of the dye concentration, intensity
and camera parameters. It is important to use a collimated light
source to preserve light paths for obtaining accurate intensity
information from digital images.

III. MATERIALS AND METHODS

A. Gel Preparation

Gel solution is prepared by adding 0.6 wt% agarose (Sigma-
Aldrich A6013) and 0.9 wt% NaCl (Sigma-Aldrich S7653) to
boiling deionized water. The solution is constantly agitated by a
magnetic stirrer until the solution becomes clear [5]. The gel so-
lution is cooled to 50 ◦C and stored at this temperature overnight
to allow air bubbles to escape. The gel is then poured into glass
chambers with an infusion catheter already in place. It is then
allowed to set for one hour at room temperature. Bromophe-
nol blue dye was used as a tracer of bulk fluid at a concen-
tration of 0.02% (wt/wt). The gel properties for this dye are:
diffusivity, D = 1.6 × 10−11 m2/s and hydraulic conductivity
Kh = 10−14m2 .

B. Experimental Setup

The experimental setup is shown schematically in Fig. 1.
A collimated light source was created by using a 3-W LED,
an aperture, and an achromatic convex lens (Edmund optics,
NT27–271, focal length = 50 mm). This gives us a field of view
of 50 mm. A digital camera (Canon Rebel EOS 400D) was used
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