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Role of Convective Flow in Carmustine Delivery to a Brain Tumor
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Purpose. This paper presents a three-dimensional patient-specific simulation of carmustine delivery to
brain tumor. The simulation investigates several crucial factors, particularly the role of convective flow,
affecting drug delivery efficacy.
Methods. The simulation utilizes a complete three-dimensional tissue geometry constructed from
magnetic resonance images (MRI) of a brain tumor patient in whom commercially available Gliadel®
wafers were implanted for sustained delivery of carmustine following excision of the tumor. This method
permits an estimation of the convective flow field (in the irregularly shaped anatomical region) which can
be used for prediction of drug penetration into the domain of interest, i.e. remnant tumor. A finite
volume method is utilized to perform all simulations.
Results. Drug exposure exceeds its threshold therapeutic concentration (~15 μM) but for only a limited
time (i.e. less than a week) and only in the immediately adjacent tissue (i.e. less than 2 mm). A quasi-
steady transport process is established within 1 day following treatment, in which the drug is eliminated
rapidly by transcapillary exchange, while its penetration into the tumor is mainly by diffusion. Convection
appears to be crucial in influencing the drug distribution in the tumor: the remnant tumor near the
ventricle is, by one to two orders of magnitude, less exposed to the drug than is the distal remnant tumor.
Conclusions. Carmustine penetration from Gliadel® wafers implanted in brain is limited by rapid
elimination via transcapillary exchange. Therefore, it could be useful to consider other therapeutic agents
such as paclitaxel. In addition, local convective flow within the cavity appears to be a crucial factor in
distributing the drug so that the tumor domain near the ventricle is prone to minimal drug exposure.
Thus, complete removal of the tumor from this region is of particular concern.

KEY WORDS: BCNU; computational fluid dynamics; convection; diffusion; Gliadel® wafer;
glioblastoma.

INTRODUCTION

In 2006, an estimated 19,000 new cases of brain tumors
and 13,000 deaths were reported in the United States (1).
This accounts for about 1.4% of all cancer cases and 2.3% of
all cancer cases that cause death. Upon diagnosis, brain tumor

size typically varies between 10 and 100 cm3, equivalent to
approximately 1–10 × 1010 tumor cells. To have the immune
system control the malignancy, the number of tumor cells
must be reduced to approximately 105 cells (2). The most
common current strategy against brain tumors is a
combination of surgical removal, chemotherapy, and
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NOTATIONS: α, Volume fraction of interstitial/extracellular space;
αT, Volume fraction of interstitial/extracellular space in the remnant
tumor; αN, Volume fraction of interstitial/extracellular space in the
normal tissue; α*, Retardation constant; α*T, Retardation constant in
the remnant tumor; α*N, Retardation constant in the normal tissue; β,
Volume fraction of intracellular space; ξ, Dimensionless distance from
cavity/remnant tumor interface (x/Ld); ξN, Dimensionless distance

from the surface of polymer pellet (xN=LN
d ); γ, Ratio of conductivity

of Darcy’s permeability in the cavity and the tissue, KC/KN; Γ,
Dimensionless drug concentration relative to effective concentration
(Ci/Ci,eff); ΓT, Dimensionless drug concentration relative to that at the
cavity/remnant tumor interface (Ci/Ci,c); ΓN, Dimensionless drug
concentration relative to that at the surface of polymer pellet as no
cavity is present (Ci=CN

i;c ); μ, Viscosity of the interstitial fluid (Pa-s);
πi, Interstitial osmotic pressure (Pa); πv, Vascular osmotic pressure
(Pa); ρ, Density of the interstitial fluid (kg/m3); yψ , Constant to
determine the importance of convection in the remnant tumor; yψ N,
Constant to determine the importance of convection in the normal
tissue; �ϕ , Thiele modulus in the cavity; σ, Osmotic reflection
coefficient of plasma; τ, Dimensionless time relative to the first-
order elimination constant in the tissue; B, Average bound drug
concentration (M); Bi, Bound drug concentration in the interstitial
phase (M); Bc, Bound drug concentration in the intracellular phase
(M); Bm, Bound drug concentration in the cell membrane phase (M);
C, Average free drug concentration (M); Ci, Free drug concentration
in the interstitial phase (M); Cc, Free drug concentration in the
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radiotherapy (2). The combination of surgery and
radiotherapy may produce a 1,000-fold reduction; therefore,
chemotherapy must achieve a 100–1,000 fold tumor cell
reduction (2).

However, drug delivery by systemic administration faces
numerous problems (3–5), not the least of which is the blood
brain barrier (BBB). Current practice therefore favors a
localized strategy which bypasses the BBB by the insertion of
polymeric drug carriers into the cavity produced by surgical
removal of the tumor. These carriers provide for the
sustained release of therapeutic agents directly into the tumor
site. For brain tumors, the Gliadel® wafer was approved by
the FDA in 1996 as an adjuvant therapy (6). Each wafer is
made from the biodegradable polymer PCPP/SA (poly
(carboxyphenoxy-propane/sebacic acid)) and has a diameter
of 14 mm and a thickness of 1 mm. The mass of a single wafer
is 200 mg, and each contains 3.85% carmustine. The number
of wafers implanted in the surgical cavity is limited to eight.
This achieves a total dosage of 61.6 mg of carmustine. A
Phase II clinical trial of Gliadel® revealed that the median
survival time increased minimally from 11.6 months to

13.0 months in 240 newly diagnosed malignant glioma
patients (6). A recent long-term trial has shown that
malignant glioma patients treated with carmustine as an
adjuvant to surgery and radiotherapy enjoy a survival
advantage at 2 and 3 years post-op as compared to those
who received a placebo (7). Of 59 patients involved in this
study, 11 were alive at 56 months. Of those, nine had been
treated with Gliadel® wafers and two with placebo wafers.
However, a different study has shown that implantation of
these wafers does not help reduce the pattern of recurrence (8).
Therefore, it seems that implantation of Gliadel® wafers does
improve the clinical outcome, but not dramatically. These
observations have motivated this study, which attempts to
understand why local drug delivery may not lead to an optimal
clinical outcome despite all of its inherent advantages.

Thus, the aim of this study is to evaluate the performance
of carmustine delivery from Gliadel® wafers via a computer
simulation. In the present study, a three-dimensional patient-
specific model is presented to address the overall effect of
brain interstitial fluid flow. Here, the geometry is constructed
from MRI images of a patient with glioblastoma. The brain
interstitial fluid flow field is estimated by computational fluid
dynamic (CFD) methods for a variety of conditions. The
results are then used to predict the role of convection on drug
distribution within the cavity and in the tissue. Subsequently,
a simple one-dimensional model is developed to elucidate
carmustine distribution within the tissue, provided that the
drug concentration on the surface of the cavity is known.

SIMULATION MODEL

Patient Model Geometry

The geometry was obtained from magnetic resonance
images (MRI) of a patient with a glioblastoma tumor
(courtesy of The Brain and Spine Clinic, Gleneagles Hospital,
Singapore). The MRI was reconstructed into connected
surface grids by Mimics 10 (Materialise Inc, 2006). A pre-
processor grid generator (Gambit 2.3.16, ANSYS Inc., 2006)
was then utilized to generate 3D volume grids and interfaces
for the simulation. This technique is able to reconstruct brain
geometry with a precision of ±3 mm. The model geometry is
shown in Fig. 1. The typical simulation comprises about
11,000,000 tetrahedral elements, located mainly in the vicinity
of wafer implantation. Such a high grid density is necessary
due to the transport properties of carmustine, i.e. rapid
transcapillary elimination. Calculations are performed by
utilizing commercial computational fluid dynamics (CFD)
software (Fluent 6.3.26, ANSYS Inc., 2006).

Our previous work, which was focused on different
drugs, employed a simple isolated tumor model (9–11);
however, a full brain model is necessary to capture the
overall interstitial fluid flow. The total flow rate of interstitial
fluid in human brain is about 5.83 × 10−6kg/s (12,13), 70% of
which is contributed by the ventricle, while the remainder
originates from the capillaries. The innermost boundary
condition is on the ventricle surface where interstitial fluid is
constantly infused at constant pressure (pventricle = 1447.4 Pa),
while the outermost boundary condition is the pressure at the
arrachnoid villi (pouter = 657.9 Pa) on the outermost surface of
the brain where the fluid is removed (12). In contrast, there

intracellular phase (M); Cm, Free drug concentration in the cell
membrane phase (M); Ci,c, Free interstitial drug concentration at the
cavity/remnant tumor interface (M); CN

i;c , Free interstitial drug
concentration at the surface of polymer pellet (M); Ci,eff, Free
effective interstitial drug concentration (M); D, Lumped diffusion
coefficient in the tissue (m2/s); DT, Lumped diffusion coefficient in the
remnant tumor (m2/s); DN, Lumped diffusion coefficient in the
normal tissue (m2/s); Di, Diffusion coefficient in interstitial phase
(m2/s); FV, Rate of fluid gain from the capillary blood flow per unit
volume of tissue (1/s); L, Average thickness of the remnant tumor
(m); Lbrain, Average radius of the brain (m); Lc, Characteristic length
scale of the cavity (m); Ld, Diffusion/reaction length scale in the
tissue (m); LT

d, Diffusion/reaction length scale in the remnant tumor
(m); LN

d , Diffusion/reaction length scale in the normal tissue (m); Lp,
Hydraulic conductivity in the tissue (m/Pa/s); LT

p , Hydraulic
conductivity in the remnant tumor (m/Pa/s); LN

p , Hydraulic
conductivity in the normal tissue (m/Pa/s); k, Lumped first-order
elimination constant in the tissue (1/s); kT, Lumped first-order
elimination constant in the remnant tumor (1/s); kN, Lumped first-
order elimination constant in the normal tissue (1/s); kbbb,
Elimination constant to blood capillaries (1/s); kc, Elimination
constant in the cavity (1/s); ke, Elimination constant due to
enzymatic/non-enzymatic reactions (1/s); K, Darcy’s permeability in
the tissue (m2); KC, Darcy’s permeability in the cavity (m2); KT,
Darcy’s permeability in the remnant tumor (m2); KN, Darcy’s
permeability in the normal tissue (m2); Kc, Binding constant
between free and bound drugs in intracellular phase; Ki, Binding
constant between free and bound drugs in interstitial phase; pi,
Interstitial fluid pressure (Pa); pv, Vascular pressure (Pa); pouter,
Pressure at the arrachnoid villi on the outermost surface of the brain
(Pa); pventricle, Pressure on the ventricle surface (Pa); Pc/i, Partition
coefficient between cellular and interstitial phase; Pm/i, Partition
coefficient between membrane and interstitial phase; Pec, Peclet
number in the cavity; Pet, Peclet number in the tissue, e.g. tumor;
R, Average radius of the intact tumor (m); Re, Reynolds number; S/V,
Blood vessel exchange area in the tissue (m-1); S/VT, Blood vessel
exchange area in the remnant tumor (m-1); S/VN, Blood vessel
exchange area in the normal tissue (m-1); t, Time (s); v, Interstitial
fluid velocity vector (m/s); vs, Characteristic fluid velocity in the tissue
(m/s); vs,c, Characteristic fluid velocity in the cavity (m/s); vx,
Characteristic fluid velocity at the cavity/remnant tumor interface
(m/s); x, Distance from cavity/remnant tumor interface (m); xN,
Distance from polymer pellet surface (m).
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are no appropriate boundary conditions available for the
isolated tumor model, as they will vary depending on tumor
location. In order to simplify the simulation geometry, the
model presented here does not distinguish between white and
gray matter. Given the short penetration of carmustine into
the thin layer (several mm) around the cavity, the white and
gray matter differentiation is not important from that
perspective. It may somewhat influence interstitial flow, but
the separate permeabilities for the two domains are not
known, so a single value was utilized. In addition, our model
also does not consider the poroelastic properties of brain
tissue. The cavity domain might deform following the surgery,
but data on this topic are not available.

Fig. 2a shows the coronal geometry with the tumor
present. The tumor volume is 12.8 cc, which is considered
small, giving an equivalent spherical mean radius (R) of
14.5 mm. The tumor is surgically removed, leaving a cavity in
the core and surrounding residual tumor with an average
thickness (L) of 2.3 mm. Subsequently, eight Gliadel® wafers
are inserted into the open cavity. The wafers are held in place

by surgical cellulose (Surgicel). Fig. 2b depicts the 3D
geometry of the tumor site following surgery and implanta-
tion of the eight wafers.

Transport Model

The transport of interstitial fluid in the brain is described by
coupling the modified continuity and momentum equations for
fluid flow in a porous medium (14). The interstitial fluid is
assumed to be water at 37°C. Table I provides the baseline
values of parameters related to the flow. When applicable,
superscripts C, T, and N correspond to parameter values in the
cavity, the remnant tumor, and the normal brain tissue. The
continuity equation for incompressible interstitial fluid in
the brain tissue is

r � v ¼ FV ð1Þ

where v is superficial fluid velocity vector and FV is the rate of
fluid gain from the capillary blood flow per unit volume of
tissue. Fluid removal by the lymphatic system is not included
because brain tissue lacks a well-defined lymphatic system. The
fluid gain is assumed to be a non-uniformly distributed source,
depending on the pressure difference between blood vessels and
interstitial fluid. The constitutive equation for FV follows
Starling’s law (15):

FV ¼ Lp S=Vð Þ pV � pi � � �V � �ið Þ½ � ð2Þ

where Lp is hydraulic conductivity of the microvascular wall, pV
is vascular pressure, pi is interstitial fluid pressure, S/V is
available exchange area of the blood vessels per unit volume
of tissue, σ is the osmotic reflection coefficient for plasma
proteins, and πV and πi are osmotic pressures of blood plasma
and interstitial fluid, respectively.

Surgical resection often leads to brain tissue trauma and
causes damage to the BBB, giving rise to a significant
increase in the hydraulic conductivity of the blood capillaries
(16–18). The phenomenon is known as traumatic brain
edema, in which fluid production may increase by 10–100
fold. This results in fluid accumulation and relatively high
pressures in the cavity and surrounding remnant tumor
domains. However, the magnitude and time course of edema

Fig. 1. The model geometry used from a brain tumor patient,
showing the presence of ventricle (shown in blue), tumor (red)
located in temporal lobe, and remaining normal brain tissue. The
coronal surface (green) is used for representative 2D surface visual-
ization throughout this study.

(a) (b)

Fig. 2. a The coronal sectional of the brain (shown green in Fig. 1) with the treatment domain (red); b the
3D treatment domain with eight Gliadel® wafers (light green with blue line), cavity (dark red), and remnant
tumor (gray).
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may vary depending on the extent of surgery and the
recovery capability of the patient. Furthermore, detailed data
are scarce. Thus, the dynamics of edema are a matter of
controversy. Nevertheless, it is a common fact that edema due
to traumatic injury will emerge immediately and resolve in
about a 3-day to 1-week period (17–20). In this simulation,
the variation of hydraulic conductivity with time is modified
from previous work (11) to account for its resolution. It is also
assumed that the hydraulic conductivity of remnant tumor
(LT

p ) is uniformly affected by edema, but that no other tissue
is affected. The current model utilizes the following equation:

LT
p ðtÞ ¼ LT

p t ¼ 0ð Þ 1þ a exp �btð Þ½ � ð3Þ

where t is time in seconds and a and b are constants, taken to
be 9 and 1.94 × 10−5 1/s, respectively. With this choice of
constants, tumor hydraulic conductivity is 94% resolved at
3 days and 99.99% resolved at 1 week.

The brain tissue is assumed to be a rigid porous medium.
The momentum equation for fluid flow through tissue is
assumed to be

�
@v
@t

þ v � rv
� �

¼ �rpi þ �r2v� �

K

� �
v ð4Þ

where t is time, ρ and μ are density and viscosity of the
interstitial fluid, and K is the Darcy permeability of the tissue.

The dimensionless forms of the equations of continuity
and motion are then as follows:

er � ev ¼ fFV ð5Þ

@ev
@�

þ ev � erev ¼ � pventricle � pouterð Þ
�v2s

erepi þ 1
Re

er2ev� 1
Re

Lbrain
2

K

� �
ev

ð6Þ

where er ¼ Lbrainr, andLbrain is themean radius of the brain, i.e.
70 mm, which has been chosen as the characteristic length scale,ev ¼ v=vs (vs ¼ KN=�

� �
pventricle � pouterð Þ=Lbrain ¼ 1� 10�7m=s

is the velocity scale), � ¼ t= Lbrain=vsð Þ, epi ¼ pi � pouterð Þ=
pventricle � pouterð Þ is the dimensionless pressure difference
(relative to pouter) over the pressure difference between pventricle
and pouter, fFV ¼ FV= vs=Lbrainð Þ is the dimensionless fluid gain
rate from vessel permeation, and Re=ρLbrainvs/μ is the Reynolds

number. Insertion of parameter values from Table I leads to the
conclusion that Eq. 6 can be further simplified to

ev ¼ � erepi ð7Þ

Drug is always present in two different forms: free and
bound; the latter is usually not subject to metabolism (19).
Furthermore, brain tissue consists of three phases: interstitial/
extracellular space (ECS), intracellular space (ICS), and cell
membrane (CM) (20–22). Both forms of drug are distributed
amongst these three phases. The average concentrations can
be expressed as follows:

C ¼ �Ci þ �Cc þ 1� �� �ð ÞCm ð8Þ

B ¼ �Bi þ �Bc þ 1� �� �ð ÞBm ð9Þ

where C is the average free drug concentration; Ci, Cc, and
Cm are the free drug concentrations in the interstitial,
intracellular, and cell membrane spaces; while α and β are
the volume fractions of interstitial and cellular spaces. The
definition of bound drug is analogous to that for free drug: B
is the average bound drug concentration; Bi, Bc, and Bm are
the bound drug concentrations in the interstitial, intracellular,
and cell membrane spaces. It is further assumed that the drug
is neither eliminated nor bound in the membrane phase
(Bm = 0).

In tissue, carmustine availability is dependent on the rate
of transport (diffusion and convection), elimination (via
blood capillaries and metabolism/degradation), and local
binding (20–22). In the interstitial phase, the protein/fat-
bound drug is assumed to be locally immobilized as it tends to
immediately interact with cell/membrane surfaces due to its
lipophilicity; therefore, only unbound drug is available for
transport (19). Thus, the drug conservation equation, to be
coupled to the flow equations, is as follows (20–22):

@C
@t

¼ �Dir2Ci �r � vCið Þ � � kbbb þ keð ÞCi � �keCc � @B
@t
ð10Þ

where Di is drug diffusivity in the interstitial space, kbbb is the
first-order elimination constant for drug transport through the
BBB, and ke is the enzymatic/non-enzymatic elimination
constant due to metabolism/degradation. Table II provides
all parameter values related to carmustine.

Table I. Interstitial Fluid-Related Parameter Values

Parameter Cavity Remnant tumor Normal tissue

ρ Density of the interstitial fluid (kg/m3) 1,000 (24) 1,000 (24) 1,000 (24)
μ Viscosity of the interstitial fluid (Pa-s) 7×10−4 (24) 7×10−4 (24) 7×10−4 (24)
pv Vascular pressure (Pa) N/A 4,610 (12) 4,610 (12)
S/V Blood vessel exchange area (m−1) N/A 20,000 (15) 7,000 (15)
πv Vascular osmotic pressure (Pa) N/A 3,440 (12) 3,440 (12)
πi Interstitial osmotic pressure (Pa) N/A 1,110 (15) 740 (15)
σ Osmotic reflection coefficient of plasma N/A 0.82 (15) 0.91 (15)
Lp Hydraulic conductivity (m/Pa/s) N/A 1.1×10−12 1.4×10−13

K Darcy’s permeability (m2) 1×10−11 6.4×10−14 6.4×10−15
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Several further assumptions are invoked to simplify the
drug transport equation: (1) the bound drug concentrations in
the interstitial (Bi) and intracellular phases (Bc) are directly
proportional to those of the free drug (Ci and Cc), i.e. Ki=Bi/
Ci and Kc=Bc/Cc where Ki and Kc are binding constants and
(2) the free drug present in the three phases is in local
equilibrium and the partitioning is linear so that Pc/i=Cc/Ci

and Pm/i=Cm/Ci. Note that, with these assumptions and
transport data from Table II, the average concentration (C)
becomes proportional to the concentration in the interstitial
phase (Ci): C=1.9Ci and C=2.4Ci in tumor and normal brain
tissue, respectively.

Furthermore, the convection term, i.e. ∇·(vCi), is
comprised of two sub-terms: the first, containing the gradient
of concentration, is the usual convective term (v·∇Ci), while
the second, containing the gradient of fluid velocity, is the
dilution term (Ci∇·v). The latter can be simplified by Eq. 1 to
become a sort of first-order elimination term, i.e. FVCi.
However, carmustine is known to have a high transcapillary
elimination rate constant (kbbb) due to its high lipid solubility.
For typical interstitial pressures and normal tissue, dilution is
about three orders of magnitude less important than trans-
capillary elimination. Even in tumor tissue with severe
edema, dilution is about two orders of magnitude less
important than transcapillary elimination. Furthermore,
while Pc/i ≈ 1 (assuming water to be the main component in
both interstitial and intracellular fluid), the enzymatic/non-
enzymatic elimination term is also about two orders of
magnitude less than kbbb in both tumor and normal tissue.
As a result, transcapillary exhange is the dominant sink for
the drug. Finally, the drug conservation equation becomes

@Ci

@t
¼ �

�*

� �
Dir2Ci � 1

�*

� �
v � rCi � �

�*

� �
kbbbCi ð11Þ

where �* ¼ � 1þKið Þ þ �Pc=i 1þKcð Þ þ 1� �� �ð ÞPm=i acts
as a retardation constant for transport due to local binding
and cell membrane partitioning. In the simplest form, this
equation follows the simple diffusion/convection/reaction
equation, i.e.

@Ci

@t
¼ Dr2Ci � v* � rCi � kCi ð12Þ

where D ¼ �=�*ð ÞDi is the apparent diffusion coefficient in
the brain tissue, v*=v/α* is the apparent interstitial fluid

velocity vector in the brain tissue, and k ¼ �kbbb=�* is the
apparent first-order elimination constant. In dimensionless
form, Eq. 12 can be rewritten as

@*

@�
¼ er2*� Petev f�r*� * ð13Þ

where Γ=Ci/Ci,eff is dimensionless drug concentration relative
to the effective therapeutic concentration (Ci,eff=15 μM, 22),ev ¼ v=vs is the dimensionless interstitial fluid velocity, Pet ¼
vsLd=�*D is a Peclet number that measures the importance
of drug convection relative to diffusion in tissue, Ld ¼ ffiffiffiffiffiffiffiffiffi

D=k
p

is the diffusion/reaction length scale in the tissue, and τ= tk is
the dimensionless time relative to the first-order elimination
constant in the tissue (k). Ld in the remnant tumor
(LT

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DT=kT

p
) is 0.31 mm, and the non-dimensional

thickness of the remnant tumor (L=LT
d ) is 7.4. The remnant

tumor is therefore “thick” and not very accessible to
carmustine. The role of convection is determined by the
magnitude of Pet. Taking the characteristic velocity to be vs ¼
1� 10�7 m=s in both remnant tumor and nearby normal
tissue, the value of Pet is 0.06 and 0.11, respectively,
suggesting that in the tumor tissue the contribution of
convection is modest as compared to diffusion.

In the cavity, all of the drug is in the “interstitial” phase
and is available for transport. Binding and partitioning are
assumed to be negligible, so that diffusion and convection
take place without any restrictions. Hence, the drug transport
follows the diffusion/convection/reaction equation in the
interstitial medium:

@Ci

@t
¼ Dir2Ci � v � rCi � kcCi ð14Þ

where Di is the diffusion coefficient in the interstitial phase, v
is the fluid velocity vector, and kc = 9.63 × 10−5 1/s (26) is the
first-order degradation constant in the cavity. In the cavity,
Pec=vs,cLc/Di is a Peclet number that measures the
importance of drug convection relative to diffusion in the
cavity, � ¼ Lc

ffiffiffiffiffiffiffiffiffiffiffiffi
kc=Di

p
is a Thiele modulus that is the ratio of

the drug elimination rate to the diffusional transport rate, Lc

(= 1 cm) is the cavity size length scale, and vs,c is the velocity
length scale in the cavity. Selection of vs,c was guided by
considering a spherical cavity of high conductivity (KC)
immersed in an ambient tissue of low conductivity (KN). Far
from the sphere, the pressure gradient was taken to be

Table II. Carmustine-Related Parameter Values

Parameter Cavity Remnant tumor Normal tissue

α Volume fraction of interstitial/extracellular space 1.00 0.35 (25) 0.20 (25)
β Volume fraction of intracellular space 0.00 0.55 (21) 0.65 (21)
Pc/i Partition coefficient between cellular and interstitial phase N/A 1.00 (21) 1.00 (21)
Pm/i Partition coefficient between membrane and interstitial phase N/A 10.28 (21) 10.28 (21)
Ki, Kc Binding constant between free and bound drugs N/A 5.00 (21) 5.00 (21)
Di Diffusion coefficient in interstitial phase (m2/s) 14.9×10−10 (23) 14.9×10−10 (23) 14.9×10−10 (23)
kbbb Elimination constant to blood capillaries (1/s) N/A 1.44×10−2 (21) 1.44×10−2 (21)
kc Elimination constant in the cavity (1/s) 9.63×10−5 (26) N/A N/A
ke Elimination constant due to enzymatic/non-enzymatic reactions (1/s) N/A 1.05×10−4 (21) 1.05×10−4 (21)
D Lumped diffusion coefficient (m2/s) 14.9×10−10 7.8×10−11 4.3×10−11

k Lumped first-order elimination constant (1/s) 9.63×10−5 7.9×10−4 4.4×10−4
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everywhere uniform. The ratio of fluid fluxes in the two
domains is 3γ/(2+γ) (27), where γ is the ratio of the
conductivities, KC/KN. When γ becomes large, the ratio of
the fluxes is simply 3. Therefore, the cavity velocity scale is
approximately three times that in the tissue, i.e. vs,c = 3 × 10−7

m/s. With these choices, � = 2.5 and Pec = 2, suggesting that
drug degradation is mainly balanced by convection. Thus, a
quasi-steady concentration in the cavity can be achieved in a
time of about Lc/vs,c, which is 9 h.

Eight Gliadel® wafers delivering a total carmustine
dosage of 61.6 mg are implanted inside the cavity following
the tumor removal surgery. Each wafer is assumed to be a
solid porous medium with permeability of 3 × 10−13m2

(10,11). This permeability is much lower than that in the
enveloping cavity region (1×10−11m2, (10,11)), causing the
interstitial fluid to preferentially flow around the wafers.
The drug release is assumed to be spatially uniform over the
surface of the wafer. The release is temporally in accordance
with the in vivo release kinetics in normal rat brain (20) as
shown in Fig. 3. This shows an initial burst of about 70% of
the total loading during the first 24 h, followed by a nearly
constant release rate until 120 h. In addition, boundary
conditions for all simulation studies include the continuity of
drug flux across all internal boundaries. The concentrations of
carmustine on ventricle and outer brain boundaries are set to
zero.

RESULTS AND DISCUSSION

Fluid Flow Simulation of Brain Tumor Patient

The fluid flow in the brain is rather unique—it involves
fluid permeation from the ventricle and from the blood
vasculature. Therefore, a three-dimensional analysis with
accurate geometry of the brain and tumor is required. We
first simulate the normal brain fluid flow and then analyze the
changes associated with the presence of tumor. In the former

case, with the available literature data (the pressure boundary
conditions and the magnitudes of interstitial fluid flow), we
can estimate the two parameters (these parameters are
known only within a wide range of reported values), namely
Darcy’s permeability (KN) and hydraulic conductivity (LN

p )
of normal brain tissue. In the next section, we determine the
flow field after most of the tumor has been surgically
removed.

Estimation of Darcy’s Permeability (KN) and Hydraulic
Conductivity (LN

p )

It is known that total interstitial fluid flow rate in the
brain is 0.35 ml/min. Of this, 0.245 ml/min arises from the
ventricles and 0.105 ml/min arises from the blood vessels (12).
Given these flow rates and the known geometry, we find
Darcy’s permeability of normal brain tissue (KN) to be
6.4 × 10−15m2. While an experimental value for human brain
tissue has not yet been reported, values for animal brain or
other tissues vary widely between 1 × 10−19 and 1 × 10−14m2

(28–35). For rat brain tissue, KN was found to be 2.2–
3.5 × 10−15m2 (34,35). On the other hand, the hydraulic
conductivity (LN

p ) is estimated to be 1.4 × 10−13m/Pa·s, which
is in reasonably good agreement with available values for
human brain of 0.8–1.1 × 10−13m/Pa·s (13,36). The result is
also in accord with that for a single brain microvessel of frog
pial, 2.1 × 10−13m/Pa·s (37).

Brain Interstitial Pressure and Fluid Flow

The simulation results for pressure contours, velocity
contours, and the direction of the velocity vector in normal
brain tissue are shown in Fig. 4a and c. The interstitial fluid
primarily flows from the ventricle (high pressure domain) to
the brain periphery/arrachnoid villi (low pressure domain).
The average (superficial) intracranial fluid velocity (v) is
1.3 × 10−7m/s, which corresponds to an interstitial velocity
(v/αN) of 6.5 × 10−7m/s. This is in a good agreement with the
normal magnitude of fluid velocity in brain of ~10−7–10−6m/s
(12,20,21).

The fluid flow in the presence of tumor is rather different,
since tumor is highly vascularized and relatively more
permeable than normal tissue. Here, we assume LT

p for the
tumor to be 7.8-fold that of the normal tissue (LN

p ) (38), while
KT for the tumor is 10-fold that of normal tissue (KN) (15). In
addition, the vascular density of tumor (S/VT) increases to
20,000 m−1 as compared to 7,000 m−1 for normal tissue (S/VN)
(15). The pressure and flow field results for a patient with
glioblastoma are shown in Fig. 4b and d, respectively. The
tumor has a higher mean pressure (1,182 Pa) than that of the
same domain in the normal case (1,047 Pa) because hydraulic
conductivity (LT

p ) and vascular density (S/VT) are higher for
tumor tissue. The pressure increase is modest because KT is
also much higher. Thus, the fluid in the tumor flows at higher
velocity (v = 4.6 × 10−7m/s), and most of the flow maintains its
path toward the brain periphery. In reality, the interstitial
pressure increase in human brain tumor is quite variable but
is typically between 700 and 3,000 Pa (28). This can be caused
by the variability in tumor size, the increase of LT

p (which can
be up to 100 times depending on the tumor type/malignancy),
and S/VT (15).

Fig. 3. Gliadel® in vivo release kinetics in normal rat brains (20).The
Gliadel® release profile shows an initial 24 h burst which accounts for
about 70% of the total loading, followed by a reasonably constant
release rate until completion at Hour 120 (reprinted from (20) with
permission from Wolters Kluwer).
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Treatment Model: Tumor Resection and Gliadel® Wafer
Implantation

Before investigating the drug distribution to the remnant
tumor, we first investigate the flow field in the treatment
domain. The fluid flow is complex due to the presence of the
surgical cavity and edema.

Interstitial Pressure and Fluid Flow in the Treatment Domain

Surgery causes brain trauma, which leads to edema,
which is due to additional fluid production because blood
vessels near the surgical cavity become very leaky (11,17).
This is mathematically modeled as an increase in the
hydraulic conductivity of the remnant tumor (LT

p ) as
suggested by Eq. 3. In addition, the tumor removal introduces
a new domain: the cavity. As the cavity is filled by cellulosic
Surgicel, its permeability (KC) is taken to be 1 × 10−11m2

(10,11). A sensitivity analysis in which KC was varied between
1 × 10−12 and 1 × 10−10m2 resulted in no appreciable
difference in the fluid flow, suggesting that tissue poses the
controlling resistance.

Fig. 5 shows the interstitial fluid pressure contours as a
function of time. The presence of edema immediately after
the surgery gives rise to an increase of fluid pressure in the

treatment domain. The mean fluid pressure in the cavity is
1,400 and 1,339 Pa at four and 8 h following the surgery,
respectively, while that in the remnant tumor is 1,397 and
1,338 Pa. At Hour 24, the edema starts to be resolved as the
hydraulic permeability in the tumor (LT

p ) has diminished to
about 74% above the baseline; therefore, the fluid pressures
in the cavity and tumor decrease to 1,191 and 1,190 Pa,
respectively. From Hour 72 onwards, the cavity and tumor
achieve a stable pressure of 1,108 Pa. This stable pressure is
lower than when tumor is still present (1,182 Pa) and
approaches that of normal brain pressure (1,047 Pa), suggest-
ing that tumor removal surgery is indeed required to lower
the brain fluid pressure. Note that high brain fluid pressure is
often correlated with patient discomfort, seizures, etc.

Fig. 6 shows the two-dimensional (2D) interstitial fluid
velocity vectors and contours inside the cavity at different
times. The vectors show that the main direction of the
interstitial flow is still from the ventricle to the brain
periphery. The velocity magnitude in the cavity is always
higher than in brain tissue (the volume-averaged v = 8 × 10−7

m/s). For comparison, v = 1.3 × 10−7m/s for normal brain
tissue without tumor. This is due to the higher permeability of
the cavity as compared to the tissue. Interestingly, the
contours show that the spatial variation of velocity is quite
significant (v = 5 × 10−8–3 × 10−6m/s), as a result of the

Fig. 4. The simulated interstitial fluid flow in human brain for normal and tumor cases; the 3D steady-state
pressure contours of a normal and b tumor case; and the 2D-coronal steady-state velocity contours and
vectors of c normal and d tumor case. Note increase in tumor interstitial fluid pressure (1,182 Pa) as
compared to that of the same domain in normal tissue (1,047 Pa). Similarly, the fluid in the tumor flows at
higher mean velocity (v = 4.6×10−7m/s) as compared to that of the same domain in normal tissue (v = 1.3×
10−7m/s), as shown in the respective velocity contour.
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irregular shape of the cavity and of the wafers inside the
cavity. In the absence of wafers, the velocity variation is from
3 × 10−7 to 2 × 10−6m/s, suggesting that wafer implantation
indeed widens the velocity distribution. On the other hand,
the temporal variation is largely limited to the top left domain
(near the ventricle), as shown as shown by the evolution from
Hour 4 to Hour 72.

Since the model assigns edema solely to the remnant
tumor, it is important to understand the variation of velocity

in this region. In addition, the drug penetration to the
remnant tumor begins at the cavity/remnant tumor interface;
therefore, the convective flow towards (or away from) this
interface requires special attention. Fig. 7 shows the magni-
tude of the fluid velocity on the cavity surface by color-coded
contours. Direction is shown by the vectors. From the results,
there are at least three different domains of special interest
with different characteristics, located at the top left, top right,
and bottom of the cavity surface. At the top left section, when

Fig. 5. Pressure contours shows how edema causes a sudden increase of pressure after tumor removal surgery: a Hour 4, b
Hour 8, c Hour 24, d Hour 72, e Hour 120, and f Hour 168. The resolution starts at Hour 24 and is marked by the pressure
decrease back to normal (Hour 72 onwards).

Fig. 6. The two-dimensional (2D) interstitial fluid velocity vectors and contours inside the
cavity at different times: a Hour 4, b Hour 8, c Hour 24, and d Hour 72. The volume-
averaged velocity magnitude in the cavity is always higher (v~8×10−7m/s) than in brain
tissue (v = 1.3 × 10−7m/s). Furthermore, the interstitial fluid mainly flows from the ventricle
to the brain periphery.
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edema occurs, most of the fluid flows into the cavity.
However, some fluid flows towards the ventricle at Hours 4
and 8; this occurs because permeation from the vasculature is
elevated during edema. When edema resolves (Hours 24 and
72), fluid permeation in the tumor decreases. As a result, the
pressure decreases and interstitial fluid flows into the cavity.
At the top right of the tumor, the flow has a tendency to be
aligned (parallel) to the cavity surface, following the normal
pressure gradient. Even during the edema, a very small
portion with relatively low velocity magnitude is directed
normal to the surface. In contrast, at the bottom domain, the
interstitial fluid streams outward from the cavity surface
during the entire period. During edema, the velocities in this
region are relatively high due to the additional contribution
from the increased permeation from tumor capillaries, but
they decrease as the edema resolves.

It is of interest to elucidate the behavior of the
convective flow in these three domains in more detail.
Accordingly, we study the velocity variation along the three
representative lines, located at the top left, top right, and
bottom of the cavity surface, as shown in Fig. 8a. Fig. 8b, c,
and d, which depict the variation of the interstitial fluid
velocity components (tangential and normal) along these
lines. Each compares a case when edema is present (i.e. Hour
4) with one when edema has resolved (i.e. Hour 72). The
dimensionless distance used in this analysis is 	 ¼ x=LT

d, where
x is the distance from the cavity/remnant tumor interface.
Note that 	 = 0 refers to the cavity/remnant tumor interface,
while 	 = 7.4 approximately indicates the remnant tumor/
nearby normal tissue interface. In general, along all three
lines, the normal component of velocity is smoothly contin-

uous across the cavity/remnant tumor interface, while the
tangential component is nearly discontinuous. The velocity
magnitude is always higher in the cavity than in the remnant
tumor due to the difference in permeability as discussed
before. In the remnant tumor, the normal velocity component
tends to be larger than the tangential component. Along lines
A and B, the normal velocity component in the remnant
tumor is higher in the presence of edema. In both lines, the
flow is directed outwards from the cavity to the tumor. In
contrast, along line C, the flow is toward the cavity. During
edema (Hour 4), v = 0 at about the outer edge of the remnant
tumor. Thus, the normal component of the pressure gradient
must also be zero at this point. Or, to say it slightly differently,
this is the site of a local maximum in the pressure. When
edema resolves (Hour 72), the pressure maximum disappears;
consequently, along line C, fluid flows only toward the cavity
and at a relatively high velocity. Since drug penetration is
influenced primarily by the normal velocity component, three
different characteristics are manifested: (i) substantial normal
velocity along line A, providing an enhanced penetration, (ii)
relatively low normal velocity along line B, suggesting that
convection may not play a role, and (iii) substantial normal
velocity opposed to the penetration direction along line C,
providing repressed penetration. This will be addressed in
detail later in the section on drug penetration to the remnant
tumor.

Carmustine Distribution in the Cavity

The release profile for the Gliadel® wafers (see Fig. 9) is
a major determinant of concentration in the cavity. Due to the

Fig. 7. The interstitial fluid velocity vectors during the edema: a Hour 4, b Hour 8, c Hour
24, and d Hour 72. There are at least three different domains of special interest with
different flow characteristics, located at the top left, top right, and bottom of the cavity
surface. After edema is resolved (Hour 24 onwards), at the top left section, the flow is
dominantly into the cavity. At the top right of the tumor, the flow direction is aligned
parallel to the cavity surface. At the bottom domain, the interstitial fluid streams outward
from the cavity surface toward the brain periphery.
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initial burst, high concentration is present at 24 h post-
implantation. The concentration is then modest up to about
120 h and is essentially zero at 168 h. Interestingly, at all
times, the spatial variability is huge: as large as two orders of

magnitude. Also, the drug distribution is aligned with the flow
direction—high concentration is present in the downstream
region (the bottom right part) of the cavity, and vice versa. It
will be shown that this is mainly due to the convective flow.

Fig. 8. The location of three representative lines under different influences of convective flow is shown in
sub-figure (a). Line A refers to that with enhanced convection, B is that with minimal convection, while C is
that with repressed convection. Sub-figures (b), (c), and (d) describe tangential and normal components of
fluid velocity along lines A, B, and C, respectively. Each is shown for Hour 4 (when edema is present) and
Hour 72 (when edema has mostly resolved). Along all three lines, the normal component of velocity is
smoothly continuous across the cavity/remnant tumor interface, while the tangential component is nearly
discontinuous.

Fig. 9. The two-dimensional (2D) drug concentration (Г) contour inside the cavity at different time points: (a) Hour 4, (b)
Hour 8, (c) Hour 24, (d) Hour 72, (e) Hour 120, and (f) Hour 168. High drug concentration is observed at 24 h post-
implantation because of the initial burst. The concentration is then modest up to about 120 h and is essentially zero at 168 h.
At all times, the spatial variability inside the cavity is enormous: as about two orders of magnitude.
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In the cavity, Pec ¼ vs;cLc=Di ¼ 2 and � ¼ Lc

ffiffiffiffiffiffiffiffiffiffiffiffi
kc=Di

p ¼
2:5 ; thus, �2=Pec ¼ 3:1 . This latter quantity is the ratio of the
time scale for convection across the cavity to that for reaction.
In other words, convection is slow enough to permit a lot of
reaction within the cavity. For this reason, we have con-
structed a simple one-dimensional model of the cavity which
has only drug release, drug convection, and drug reaction.
The drug release rate per unit volume (w) is assumed
constant throughout the cavity; hence, the model can be
simplified to a steady-state problem, which can be written as
follows:

�vs;c
dCi

dx
þ w� kcCi ¼ 0 ð15Þ

where vs,c = 3 × 10−7m/s is a constant fluid velocity within the
cavity. The solution of the above equation for Ci = 0 at x = 0
is

Ci ¼ w=kcð Þ 1� exp �kcx=vs;c
� �� 	 ð16Þ

Thus, across the cavity length, the drug concentration
will vary from zero to nearly w/kc (=2.5 × 10−3M, for instance,
at Day 3). This value is comparable to the maximum value of
concentration in the cavity (=3.2 × 10−3M at Day 3) as
predicted by the full model.

Carmustine Penetration to the Remnant Tumor

Fig. 10 shows the carmustine concentration on the cavity
surface and in a coronal strip of remnant tumor and nearby
tissue. There are at least three important messages which can
be drawn from this series of contour plots. First, the
carmustine release from Gliadel® wafers can provide ther-
apeutic conditions (above Ci,eff = 15 μM) only up to Hour

120, even at the cavity/remnant tumor interface. At Hour 168,
the drug concentration has fallen well below the effective
therapeutic concentration. This means that the drug release
from Gliadel® wafers will not provide sufficient treatment
beyond Hour 120. Second, at any given time, the concen-
tration on the cavity surface varies by about two orders of
magnitude. As discussed previously, this is mainly due to
convection—with lower concentrations on the surfaces
toward the ventricle and higher concentrations on surfaces
directed away from the ventricle. Third, the penetration of
the remnant tumor appears to be very limited, even at early
times when drug concentration on the cavity surface is high. It
is therefore important to understand the drug penetration
mechanism in the presence of convective flow.

Table III quantifies the therapeutic penetration of
carmustine along the three lines (A, B, and C) of Fig. 8a at
different time points. The therapeutic penetration (TP—in
mm) is defined as the length from the cavity/remnant tumor
interface for which the drug concentration is above its
therapeutic concentration (Ci,eff). For each of the three lines,
TPs are highest during the period from Hour 8 to Hour 24.
They decrease at Hours 72 and 120, and completely vanish at
Hour 168. This confirms the expectation that the drug
penetration should be strongly dependent on the drug release
profile from the wafers. But, surprisingly, all of the TPs are
less than the depth of the remnant tumor (L = 2.3 mm).
Along line A, in which the penetration is enhanced by the
convection, TPs are only of 1.1 and 1.2 mm at Hour 8 and 24,
respectively, meaning that only half of the tumor thickness
receives effective treatment. Along line B, drug infiltrates the
tumor mainly by diffusion; thus, TPs are lower than those
along line A for the same time point. Along line C, the
penetration is repressed by the convection, and TPs are even
lower than for the previous two lines.

In order to understand the preceding results, we turn to a
simple one dimensional analysis under the assumption of

Fig. 10. The carmustine concentration (Г) contours at: (a) Hour 4, (b) Hour 8, (c) Hour 24, (d) Hour 72, (e) Hour 120, and
(f) Hour 168. Concentration contours are shown for the cavity surface and for a coronal strip of remnant tumor and nearby
tissue. The carmustine concentration in the tumor reaches therapeutic conditions (Г>1) only up to Hour 120. At Hour 168,
its concentration is well below the effective therapeutic concentration (Г<1).
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quasi-steady conditions. In this case, the domain of interest is
that of the remnant tumor only, and Eq. 13 becomes

0 ¼ d2*T

d	2
� Pet

vx
vs

� �
d*T

d	
� *T ð17Þ

where ΓT = Ci/Ci,c is the drug concentration normalized to
that at the cavity/remnant tumor interface (Ci,c), and 	 ¼
x=LT

d is the distance from the cavity/remnant tumor interface
(x) normalized to the diffusion/reaction length scale in the
tumor (LT

d ). The boundary conditions include (i) constant
drug concentration at the cavity/remnant tumor interface
surface (ΓT = 1 at 	 = 0) and (ii) negligible drug concentration
at infinity (ΓT = 0 at 	 = ∞).

With a constant velocity (vx), the solution is

*T ¼ exp �m	½ � ð18Þ

where m ¼ �y þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ y2

p� �
and y ¼ vx=�*T

� �
=2

ffiffiffiffiffiffiffiffiffiffiffiffi
kTDT

p
.

Small values of = mean that convection is not important for
drug penetration, and vice versa. Note that, when the velocity
is negligible (vx = 0), the solution returns to that of the simple
steady diffusion/reaction equation. If the fluid velocity is
evaluated at the cavity surface, the values of y are 0.12, 0.02,
and −0.18 for Lines A, B, and C, respectively. Fortunately,
these values are very nearly independent of time (see Fig. 8).

Fig. 11 provides a comparison of the numerical solution
with the analytical one (Eq. 18). Along line A, drug
penetration is enhanced by convection—the penetration
profile is stretched as compared to that for pure diffusion/
reaction. Along the line B, the penetration more or less
follows that for a diffusion/reaction model. In contrast, along
the line C, the penetration is compressed due to the
convection—the convective fluid flow is counter to the
penetration direction. Nevertheless, even with the presence
of enhanced/repressed convective flow, the concentration
profiles deviate only very slightly from that for negligible
convection. This suggests that the drug transport in the tumor
is mainly by diffusion. It should also be noted that the
numerical profiles for different times overlap each other,
thereby justifying the assumption of quasi-steady behavior.
However, the numerical results do lie somewhat above the
analytical solutions at high penetration distances. This is
because the simple model assumes the presence of tumor out
to infinity. In the numerical case, there is a thick rim of
normal tissue beyond the tumor. In the normal tissue, because

the interstitial volume fraction is less, DN is also less by about
a factor of two. Thus, the normal tissue resembles an
impermeable barrier which causes the numerical model to
predict higher concentrations than does the analytical model.
Nevertheless, the difference is small and the influence of
convective flow can be predicted by Eq. 18 if the fluid
velocity (vx) at the cavity/remnant tumor interface is known.

Convection-Enhancement in Animal Experiments

It is useful to compare the results of this analysis with
previous animal data. Previous modeling attempts for rat,
rabbit, and monkey brain (20–22) have always assumed that
the penetration should correspond to a simple diffusion/
reaction model under quasi-steady conditions. But the
models have always underestimated the experimental drug
penetration distance. This is most likely because the drug
penetration data were obtained by scanning the coronal
section from the edge of the polymer to the brain periphery.
Since flow in the brain is from the ventricle to the brain
periphery, one could expect that the drug penetration would
be influenced by enhanced convection. Note that all experi-
ments were performed in a brain tissue without a tumor.
Moreover, the incision was made to fit the placement of the
implant; thus, no cavity was present. The penetration data for
monkey brain (22) on Days 7, 14, and 30 are used for this
analysis.

To examine the possible effect of convection, we used
Eq. 18, but with parameter values which prevail in normal
brain tissue instead of tumor, i.e. kN and DN for lumped first-
order elimination constant and diffusivity in the normal
tissue. In particular, LN

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DN=kN

p
¼ 0:31 mm and 	N ¼

Table III. The Therapeutic Penetration (TP—in mm) for Lines at
Different Convective Regions as Depicted in Fig. 8. The Therapeutic
Penetration is Defined as the Length from the Cavity/Remnant
Tumor Interface in Which the Drug Concentration is Above its
Therapeutic Concentration (for carmustine, Ci,eff = 15 μM). The
Mean Tumor Thickness (L) is 2.3 mm

Time Point A B C

Hour 4 1.0 1.1 0.7
Hour 8 1.1 1.0 0.7
Hour 24 1.2 0.6 0.2
Hour 72 0.3 0.1 0.0
Hour 120 0.5 0.2 0.0
Hour 168 0.0 0.0 0.0

Fig. 11. The drug penetration profile from the cavity/remnant tumor
interface along lines A, B, and C at different time points: Hour 24,
Hour 72, and Hour 120. Along line A, the penetration is enhanced by
convection—the penetration profile is stretched as compared to that
for pure diffusion/reaction. Along line B, the penetration more or less
follows that of the diffusion/reaction model. Along line C, the
penetration is compressed due to the convection—the convective
fluid flow is counter to the penetration direction.
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xN=LN
d is the dimensionless distance from the pellet’s surface

(xN). Also, note thatΓN is the normalized concentration relative
to the drug concentration on the surface of polymer pellet (CN

i;c )
as no cavity is present. The results shown in Fig. 12 support the
hypothesis—fitted values of yN ¼ vx=��N� �

=2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kNDN

p
are

found to lie between 0.8 and 2.2 in the monkey brain. This
clearly implies the presence of convection. The drug penetration
is more enhanced at Days 7 and 14 (yN = 2.2) than at Day 30
(yN = 0.8), suggesting that the influence of the convective flow is
more important at Days 7 and 14 rather than at Day 30. This
may suggest that the edema might still be present at Days 7 and
14 but that it had normalized at Day 30. It seems that severe
edema in the monkey brain prevailed for long times, as
indicated by high values of yN (high fluid permeation from
injured tissues) and long periods of resolution (more than
2 weeks). The reasons are unclear, though one might argue that
surgery performed in a small animal might be even more
traumatic than in a human. Nevertheless, it shows how
convection can influence the drug penetration. Thus, a simple
diffusion/reaction model might not be sufficient to explain drug
distribution in the tissue, especially when the level of edema is
significant.

Potential Alternative to Carmustine

Our previous discussion has suggested that a successful
drug delivery system needs to be able to provide (a)
sufficiently high concentration in the cavity and, subsequently,
(b) adequate penetration to the remnant tumor. In this
regard, carmustine fails to meet both criteria, limiting the
penetration depth to less than few millimeters. This is related
to the physico-chemical properties of the agent; therefore,
potential replacement of carmustine is worth considering.

The efficacy of several chemotherapeutic agents against
brain tumors is currently being investigated (39). Amongst

them, paclitaxel is of particular interest from a transport
perspective for the following reasons. First, it experiences
much less degradation in the cavity (kc = 9.63 × 10−5 1/s, 22)
than carmustine (kc = 6.79 × 10−7 1/s). In other words, its
degradation half-life is much longer (t1/2 = ln(2)/
kc = 17,000 min) than that of carmustine (t1/2 = 120 min). As
a result, a much higher paclitaxel concentration is available in
the cavity. Second, paclitaxel is capable of penetrating more
deeply into the remnant tumor. Though its diffusivity
(Di = 9 × 10−4m2/s) is similar to that of carmustine, it is
much less subject to elimination via transcapillary exchange
(kbbb = 1.39 × 10−4 1/s, 22) than carmustine (kbbb = 1.44 × 10−2

1/s). This is mainly because of the larger molecular size of
paclitaxel (Mw = 853.9 kg/kmol) as compared with carmustine
(Mw = 214.1 kg/kmol), constraining its escape passage
through blood-brain barrier. It has been suggested that the
molecular weight threshold for a compound to cross the BBB
is 450 kg/kmol (40). Furthermore, as aforementioned, its
degradation constant (kc) is also less than that of carmustine.
Consequently, as the dilution effect (FV) is of minor
significance, paclitaxel is characterized by a diffusion/
reaction length scale (LT

d = 2.5 mm) which is significantly
greater than that of carmustine (LT

d = 0.31 mm). In normal
tissue, its length scale is similar, i.e. LN

d = 2.5 mm. This is
consistent with experimental data in normal rat brain (41)
which showed that the paclitaxel concentration at about 4 mm
from the polymeric implant (at Day 30 post-implantation) is
between 8 and 24% (average of 16%) of the concentration at
the centre of the implant.

Third, paclitaxel (log Pm/i = 3.5, 22) is much more
hydrophobic than carmustine (log Pm/i = 1.5, 22), so it can
be more conveniently and efficiently encapsulated in a wide
variety of FDA-approved hydrophobic polymers, especially
poly(lactic-co-glycolic acid (PLGA) family. The use of hydro-
phobic polymers avoids any major initial burst (42,43) and
allows the controlled release to extend over a period of weeks
to months. In contrast, devices based on hydrophilic polymers
tend to have release periods of days (44). Thus, future studies
involving paclitaxel as an alternative strategy against brain
tumors are certainly worth exploring.

Clinical Implications

This study explores the important role that convective
flow plays in distributing carmustine from a polymeric implant
(Gliadel® wafers) to the remnant tumor. Though the
penetration mechanism to the remnant tumor is dominated
by diffusion, the influence of convective flow is important,
especially in the cavity which is present as a result of the
surgery. The remnant tumor located near the ventricle is
exposed to very low drug concentrations due to convection
which opposes diffusion, while that away from the ventricle is
exposed at higher concentrations due to enhancement by
convection. In any event, the effect of convective flow on
drug penetration can be estimated by a simple analysis (Eq. 18),
provided that the drug concentration at the cavity surface is
known. To address this issue, hydraulically impermeable drug
delivery devices could be placed directly on the cavity/remnant
tumor interface to obviate the effect of convection in the cavity.
An example of such a device might be an impervious film from
which the drug would be released. Furthermore, the surgeon

Fig. 12. The prediction of carmustine penetration in monkey brain
via a simple one-dimensional model (Eq. 18) as compared to
experimental data obtained in monkey brain (22). The drug
penetration enhancement is greater at Days 7 and 14 (yN = 2.2)
than at Day 30 (yN = 0.8). This implies that the effect of the
convective flow (due to edema) is more crucial at Days 7 and 14
rather than at Day 30.
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needs to obtain the cleanest tumor incision possible, particularly
in regions where convection opposes diffusion. In addition, it
was found that, due to rapid transcapillary exchange, carmustine
does not achieve adequate penetration of the remnant tumor.
For this reason, other chemotherapeutic agents, for instance
paclitaxel, could be more attractive.
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