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Abstract Recent experimental studies have shown con-

vective-enhanced delivery (CED) to be useful for trans-

porting macromolecular therapeutic agents over large

tissue volumes in the central nervous system (CNS). There

are limited tools currently available for predicting tissue

distributions in the brain. We have developed a voxelized

modeling methodology in which CNS tissues are modeled

as porous media, and transport properties and anatomical

boundaries are determined semi-automatically on a voxel-

by-voxel basis using diffusion tensor imaging (DTI). By

using this methodology, 3D extracellular transport models

of the rat brain were developed. Macromolecular tracer

distributions following CED in two different infusion sites

(corpus callosum and hippocampus) were predicted. Sen-

sitivity of models to changes in infusion parameters,

transport properties, and modeling parameters was deter-

mined. Predicted tracer distributions were most sensitive to

changes in segmentation threshold, DTI resolution, tissue

porosity, and infusion site. This DTI-based voxelized

modeling methodology provides a potentially rapid means

of estimating CED transport.
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1 Introduction

Despite the high therapeutic potential of many macromo-

lecular drugs, the delivery of macromolecular agents to

targeted tissues for treatment of cancer and other degener-

ative diseases of the central nervous system (CNS) remains

challenging [10]. One barrier to the systemic administration

of macromolecules is low capillary permeability, i.e., the

blood–brain barrier. Even if agents overcome this barrier,

extracellular (interstitial) tissue transport is limited due to

low diffusivity, as well as, degradation and binding of the

macromolecules in tissue. One promising technique to

surmount these barriers uses direct infusion in to tissue, i.e.,

convection-enhanced delivery (CED), to supplement dif-

fusion and increase the distribution of large molecules

through convective extracellular transport [7, 24, 45].

In this study, CED transport models were developed for

two brain regions: the corpus callosum and hippocampus.

The corpus callosum may provide an ideal site for targeting

large volumes of the brain since white matter tracts extend

over significant regions of the brain. Also, recent studies

indicate the potential usefulness of hippocampal infusions

for treating epilepsy and other neurological disorders

[17, 46]. Previous CED transport studies have been con-

ducted for these brain regions, and tracer distribution studies

show extracellular transport in white matter to be dependent

on the orientation of the white matter tracts, such that

preferential transport occurs within the extracellular space

parallel to axonal fibers [7, 23, 36]. For example, Geer and

Grossman found albumin-Evans blue tracer to transport

extensive distances along white matter tracts following

infusions into the rat corpus callosum [13]. Distributions

following hippocampal CED of particular therapeutic

agents including galanin and musimol have also been

investigated by Schött et al. [39] and Heiss et al. [15].
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Computational models of the brain that predict CED flow

patterns and spatial drug distributions would be useful in

treatment optimization and planning. Previous transport

models of CED and drug release have been developed for

nervous tissue using porous media assumptions [2, 3, 8, 18,

26–29, 40]. The majority of these studies apply isotropic and

homogeneous tissue transport assumptions. However, to

predict distributions for large infusion volumes, transport

models should incorporate tissue boundaries and anisotropic

tissue properties that account for the underlying fibrous

structure of white matter tissues. Anisotropic CNS transport

models are just beginning to be developed [21, 35, 38] and

use diffusion tensor imaging (DTI) data to assign spatially

varying tissue properties. For DTI, the self-diffusion of

water molecules in tissue is represented on a voxel-by-voxel

basis as a rank-2 tensor. This water diffusion tensor provides

a description of the averaged three-dimensional translational

self-diffusion (in units of cm2/s). Anisotropy in this diffu-

sivity measurement results from restricted water movement

in the underlying structure averaged over a large number of

fibers and combines information from both the extracellular

and intracellular spaces. Preferential directions of water

diffusion have been found to correspond to the average

aligned fiber directions within a voxel, and these data have

been used to calculate fiber-tract trajectories within fibrous

tissues [4, 6, 9, 25, 32]. For CNS transport models, averaged

tissue alignment data from DTI has been used to assign

preferential extracellular transport directions [21, 35, 38].

In the development of computational brain models, there

is also a need for efficient and time-saving modeling

techniques. Geometric reconstruction and meshing of tis-

sue volumes is often the most time-consuming and labor

intensive leg of computational model development, espe-

cially for the brain with its complex boundaries. Such slice-

by-slice segmentation and tissue volume reconstruction

procedures have been previously implemented by our

group and others in previous CED CNS transport models

[22, 38, 41]. Recently, we have implemented a DTI-based

voxelized modeling technique that provides more rapid

estimates of tissue transport. Tissue alignment data from

DTI is used for tissue segmentation and to assign prefer-

ential transport properties on a semi-automatic, voxel-by-

voxel basis. Spatially varying tissue properties are then

incorporated into computational (finite volume) porous

media models to predict flow and transport in tissues. We

have tested this methodology for CED within the rat spinal

cord [19] using T2-weighted signal intensity in the absence

of diffusion-weighting for tissue segmentation. Predicted

spinal cord tracer distributions correlated well with non-

voxelized models [38] and experimental distribution mea-

sures by Wood et al. [45] for small infusion volumes.

In this study, the voxelized modeling methodology was

adapted for CED into the brain. The embedded and

convoluted nature of white matter tracts within the brain

provides a more challenging transport problem. In these

cases, segmentation of white and gray matter tissue

boundaries was based on the extent of water diffusion

anisotropy as determined from DTI data. A computational

transport model for the rat brain was developed and used to

determine 3D extracellular transport fields for velocity and

pressure, as well as, the distribution of a macromolecular

tracer, albumin, during CED in the corpus callosum in the

frontal lobe and the ventral hippocampus. A parametric

analysis was completed for the CED infusion model, and

sensitivity of predicted transport to varying infusion

parameters (infusion site and rate), tissue properties

(porosity and transport properties), and computational

parameters (tissue segmentation and voxel resolution) was

determined. Sensitivity of predicted transport to low rates

of endogenous flow from metabolism and capillary leakage

was also considered.

2 Methods

2.1 Diffusion tensor imaging

Use of excised, fixed tissue in DTI scans allowed for the

long scan times necessary to obtain high resolution micro-

structural information of the rat brain. Surgery was con-

ducted in accordance with the NIH guidelines on the use of

animals in research and the regulations of the Animal Care

and Use Committee of the University of Florida. Once

anesthetized, rats were exsanguinated then perfusion fixed

with a 4% solution of paraformaldehyde in phosphate

buffered saline (PBS). After overnight fixation, the brain

was removed and stored in the fixative solution. Before

imaging, the tissue was soaked overnight in PBS to remove

the fixative. The rat brain was imaged in fluorinated oil,

and DTI data sets were obtained using a 17.6 T magnet.

Multiple-slice images, weighted by water translational

diffusion, were measured (*11 h) using a spin-echo pulse

sequence. Measurements were performed with recovery

time of 1,400 ms, and echo time of 28 ms. The diffusion-

weighted images were acquired with a field of view

30 mm 9 15 mm in a matrix of 200 9 100 in 32 slices of

0.3 mm thickness. This is a resolution of 150 lm 9

150 lm 9 300 lm. Images with low diffusion-weighting

(100 s/mm2) and high diffusion-weighting (1,250 s/mm2)

were measured with 5 averages in 6 gradient-directions and

46 gradient-directions, respectively, specified by the tes-

sellations of an icosahedron on the unit hemisphere.

Diffusion-weighted images were interpolated (bilinear

interpolation with nearest neighbor sampling) by a factor of

two in the slice direction (data matrix of 200 9 100 9 64).

After initial image processing, the multiple-slice DTI data
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was fit to a rank-2 tensor model of water translational

diffusion, De, using multiple-linear regression [5]. The

effect of gradient cross-terms was included in the calcu-

lation of the diffusion tensor. The diffusion tensor, the T2-

weighted signal intensity in the absence of diffusion-

weighted gradients (So), and fractional anisotropy (FA)

which is a scalar measure of anisotropy were calculated

using previously published methods [4, 5].

2.2 Tissue segmentation

A semi-automatic methodology was implemented to

reconstruct a three-dimensional rectangular tissue volume

with regions delineated for isotropic gray matter and

anisotropic white matter and ventricle spaces (free water).

FA values from the DTI data set were used to differentiate

between voxels of different tissues and free water regions.

FA is a convenient measure since anisotropy of the water

diffusion tensor varies with the extent of tissue alignment

within the image voxel. Therefore, regions of aligned ax-

ons within white matter tissues have higher FA values than

within gray matter regions which consist primarily of non-

aligned cell bodies. Ranges of FA threshold values were

adjusted, using visualization software (Amira v.4.1, TGS,

San Diego, CA), until selected tissue regions matched with

anatomical boundaries for white matter, gray matter, and

ventricle spaces in a rat brain atlas [31]. Ranges of FA

specified in Table 1 were used to assign tissue properties in

the computational transport model using a custom Matlab

(Matlab v. 7.3.0, Mathworks, Natick, MA) subroutine, see

Fig. 1. FA threshold values for white matter were found to

correspond to previously measured ranges [20].

2.3 Extracellular transport model

2.3.1 Theory

Nervous tissue was assumed to be a rigid porous medium.

This assumption is valid for low rates of infusion where

tissue pressures remain low. The continuity equation is

r � v ¼ b ð2Þ

where v is the tissue-averaged extracellular fluid velocity, b
is the volumetric flow rate source term for extracellular

fluid, i.e., endogenous flow sources for metabolism and

microvasculature (No fluid sink term is included because

there are no lymphatic in brain tissues) [1, 11, 14]. Darcy’s

law been widely used in the analysis of extracellular flow

within tissues. This empirical relation governs flow through

porous media

v ¼ �K � rp ð3Þ

where p is the pore fluid pressure, and K is the hydraulic

conductivity tensor which is dependent on the pore

geometry, fluid viscosity, and underlying tissue structure.

Darcy’s law was also applied to CSF regions instead of the

Newtonian constitutive equation since the effects of

external viscous flows on transport within brain tissues

were assumed to be small.

Albumin is a non-binding and non-reacting macromol-

ecule that is commonly used as an extracellular tracer in

distribution studies. By assuming no tissue sources or sinks

for this molecule (e.g., binding or metabolism), transport

Table 1 (A) Tissue properties used in the extracellular transport

simulations. (B) Fractional anisotropy (FA) ranges used in tissue

segmentation of the rat brain

Parameters Values References

(A)

/ 0.26 [37, 45]

Dtgm 1.60 9 10-7 cm2/s [42]

Dtwm|| 2.29 9 10-7 cm2/s [34, 42]

Dtwm\ 1.34 9 10-7 cm2/s [34, 42]

Dcsf 1.34 9 10-7 cm2/s [34, 42]

Kwm|| 6.75 9 10-9 cm4/dyne-s [38]

Kwm\ 4.22 9 10-10 cm4/dyne-s [38]

Kgm 4.22 9 10-12 cm4/dyne-s [38]

Brain region FA range

(B)

White matter 0.275 B FA B 1

Gray matter 0.1 B FA \ 0.275

CSF 0 B FA \ 0.1

wm white matter, gm gray matter, CSF cerebrospinal fluid

Fig. 1 Tissue segmentation of the rat brain using DTI-derived FA:

(left) FA map of the coronal plane; (right) corresponding tissue

segmentation map of a reflected image (green: gray matter, red: white

matter, blue: free-water region). In FA images, white corresponds to

FA = 1 and black corresponds to FA = 0. Solid arrows point to

artifact voxels. Colored lines correspond to planes intersecting the

point of infusion within the corpus callosum. (Color figure online)
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through tissue was governed by convection (advection) and

diffusion

oc

ot
þr � vc

/

� �
¼ r � Dt � rcð Þ ð4Þ

where t and / are time and tissue porosity, respectively. c

is the averaged concentration with respect to tissue volume.

Dt is the diffusivity tensor of the macromolecule in the

tissue. Concentration was solved in terms of the normalized

variable.

~c ¼ c

ci/
ð5Þ

where ci is the infusate concentration.

2.3.2 Extracellular transport tensors

Bulk porous media transport properties of hydraulic con-

ductivity, K, and tracer diffusivity, Dt, for gray matter

tissue and CSF were considered to be isotropic. In white

matter, each nodal point in the computational mesh was

assigned spatially varying, anisotropic K and Dt tensors

using preferential transport directions extracted from De,

with K and Dt tensors assumed to share the same maximum

eigenvector (direction of maximum transport) as De [43]. It

should be noted that De was measured over a sufficient

voxel volume such that water diffusion over a number of

fibers was averaged to provide directional transport infor-

mation for bundles of fibers. K and Dt tensors for each

nodal point were assigned using the relationships shown

below [38].

K ¼ V

K? 0 0

0 K? 0

0 0 Kjj

2
4

3
5VT ð6aÞ

Dt ¼ V

D? 0 0

0 D? 0

0 0 Djj

2
4

3
5VT where V ¼ v1v2v3½ � ð6bÞ

vi are the unit eigenvectors of De ordered according to the

eigenvalues of De such that v3 is the unit eigenvector

corresponding to the largest eigenvalue. Tensor eigen-

values (K\, K||, D\, and D||) correspond to transport

magnitudes in directions perpendicular and parallel to

aligned fiber directions and were determined from litera-

ture, Table 1. The baseline value assigned to CSF

hydraulic conductivity was taken to be approximately three

orders of magnitude higher than that of gray matter to

reflect less resistance to flow.

2.3.3 Computational model

For the 3D transport models, two rectangular volumes

covering portions of the rat brain were created using

meshing software (GAMBIT v.2.4.6, Fluent, Lebanon,

NH). Meshed tissue volumes were 9 mm 9 7.5 mm 9

9.45 mm for the corpus callosum region and 12 mm 9

7.35 mm 9 9.45 mm for the hippocampal region. Eight-

node brick elements were used, and each mesh element

corresponded to an interpolated image voxel element

(150 lm 9 150 lm 9 150 lm) from DTI data. A user-

defined function was utilized to assign tensor transport

properties for K and Dt at each nodal point using the DTI-

based segmentation results of the previous section. Addi-

tionally, cube-shaped infusion sites corresponding to the

outer diameter of a 31 gauge needle (150 lm 9 150 lm 9

150 lm) were placed in the middle of the tissue volumes

according to the following approximate stereotactic coor-

dinates: bregma 0.72 mm anterior, 3.75 mm lateral,

3.6 mm deep within the corpus callosum and bregma

-6.00 mm anterior, 5.00 mm lateral, 5.00 mm deep within

the hippocampus. A constant infusion rate of 0.3 lL/min,

similar to that used in the Greer and Grossman study [13],

was simulated at these sites.

Equations 2–4 were solved within the computational

fluid dynamic software package, FLUENT (v. 6.3.26, Flu-

ent, Lebanon, NH) using a control-volume-based technique.

To solve for porous media transport, the conservation of

momentum equation for a fluid was replaced with Darcy’s

law, as described in [38], by introducing a momentum

source term corresponding to Darcy’s law (-K-1 v).

However, a convective acceleration term was still in place,

and for Darcy’s law to hold, convective accelerations which

are dependent on velocity and velocity gradients were

assumed to be negligible. (In our simulations, convective

accelerations within highest velocity regions were found to

be approximately 10 orders of magnitude lower than the

momentum source term corresponding to Darcy’s law.)

A user-defined subroutine was also created to assign the

tracer diffusion tensor components at each node point.

Transient concentration profiles were solved using steady-

state velocities solutions. (To check this assumption,

concentration simulations using steady state velocity pro-

files were compared to concentration simulations using

transient velocities. Steady-state flow conditions were

established after\1 s and predicted tracer distribution vol-

umes were changed by \0.001% which we assumed to be

negligible).

It was also assumed that external boundaries were a

sufficiently long distance from the infusion site such that

flows or variations in pressure at these boundaries did not

have a significant effect in the region of interest, and,

p = 0 was assigned at all outer boundaries. For concen-

tration simulations, ~c was set to the maximum normalized

value (~c = 1) at the infusion site boundary, and ~c = 0 at

outer boundaries. Initial conditions for albumin transport

assumed no tracer in the tissue, ~c = 0, at time zero.
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2.3.4 Parameter analysis

Baseline tissue properties are listed in Table 1. In all

parameter studies, final tissue distribution volumes for

5.1 lL tracer infusions were compared. These tissue dis-

tributions volumes were calculated by adding together

voxels that exceeded a threshold value of *5% of maxi-

mum concentration.

Computational modeling parameters of interest included

the FA thresholds used for segmentation and the voxel

resolution of DTI data sets. FA thresholds used for white

matter segmentation were varied over three different ran-

ges: 0.275–1.0 (baseline), 0.30–1.0, and 0.34–1.0. FA

ranges of 0.30–1.0 and 0.34–1.0 slightly underestimated

white matter regions, Fig. 2a–d. To quantify sensitivity,

changes in the segmented white matter volumes within

virtual cubes (4.49 mm3) surrounding the infusion sites

were calculated. The effect of varying image resolution

was also considered, and the high-resolution DTI data set

was resampled at lower resolutions. However, at low voxel

resolutions of 600 lm 9 600 lm 9 600 lm, difficulties

were encountered in obtaining segmentation maps that

were representative of the selected rat brain structures with

major features of the corpus callosum, internal capsule, and

hippocampus (i.e., granular layer of dentate gyrus and

CA3) being lost. As a result, only data resampled at an

300 lm 9 300 lm 9 300 lm resolution was used to

generate transport models with coarser meshes, Fig. 2e, f.

The effect of varying FA threshold values on the lower

resolution data set was also compared, and predicted tracer

distributions for two different FA threshold values (0.275–

1.0 and 0.29–1.0) for white matter segmentation were

compared.

Parametric studies looking at the effects of changing

tissue properties varied tissue porosity (0.22, 0.26, 0.30),

the ratio of the hydraulic conductivity parallel to the fiber

tracts to the conductivity perpendicular to fiber tracts

(K||/K\ = 16 and 24), and the ratio of white matter to gray

matter hydraulic conductivity (Kwm/Kgm = 50, 100, and

150 where Kwm is the hydraulic conductivity perpendicular

to the fiber tracts). These tissue property ranges were

selected based on a previous parameter analysis of a spinal

cord CED model [38].

The sensitivity of CED transport to infusion conditions

was also determined. Sensitivity to cannula placement

within a specific brain structure was determined by

comparing two additional infusion locations within the

ventral hippocampus: 0.15 mm medial and 0.15 mm

directly below the original hippocampal infusion site in

the coronal plane. Also, three different infusion rates (0.1,

0.3, 0.5 lL/min) were simulated. The effect of endoge-

nous fluid flow on CED transport was also considered.

For these cases, a fluid mass generation term corre-

sponding to fluid sources from capillaries, microvascula-

ture, and active secretion by the cerebral endothelium was

applied uniformly in all tissue regions (0.1–0.3 lL/min g

as estimated by Abbott [1]).

Fig. 2 Variation in segmented white matter regions (red) within the

corpus callosum (right column) and hippocampus (left column) for

different FA threshold values and DTI voxel resolutions. (a, b) white

matter range of 0.275 \ FA \ 1.0 and voxel resolution = 150 lm3;

(c, d) white matter range of 0.34 \ FA \ 1.0 and voxel resolu-

tion = 150 lm3; and (e, f) white matter range of 0.275 \ FA \ 1.0

and voxel resolution = 300 lm3. Segmented regions are superim-

posed on coronal FA maps. Arrows in a and b point to white matter

regions within the corpus callosum (cc) and hippocampus (hippo).

(Color figure online)
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3 Results

3.1 Diffusion tensor imaging

For the fixed rat brain, the De data set was measured and

corresponding eigenvectors and fractional anisotropy val-

ues were calculated for each voxel. Calculated fractional

anisotropy image for a coronal slice is shown in Fig. 1.

High resolution FA images clearly delineate white matter

regions (lighter voxels), as well as, the surrounding gray

matter tissue and other free-water regions (darker voxels)

of the exterior and ventricles. A segmentation map is also

presented in Fig. 1. A small volume of artifact voxels were

noted consisting of isolated white matter-labeled voxels in

gray matter and isolated gray matter-labeled voxels in

white matter. These appear to be a result of locally high or

low values of FA and reflect local tissue structure variation.

In order to determine the extent of these artifacts, the total

volume of these voxels was estimated. For each DT

imaging slice, regions of varying tissue composition were

color coded, and artifact voxels were noted by eye by

comparing with an anatomical atlas [31]. Total artifact

voxel volumes were estimated to be *8% of the total

tissue volume.

3.2 Extracellular flow

Steady-state extracellular fluid flow fields were predicted for

0.3 lL/min infusions into the corpus callosum and hippo-

campus, Fig. 3. Simulated flow was directed outwardly from

the infusion site with highest velocities (*1.96 9 10-5 m/s

in the corpus callosum and *1.99 9 10-5 m/s in hippo-

campus) and highest pressures (*2.01 9 105 dyne/cm2 in

the corpus callosum and *3.57 9 105 dyne/cm2 in the

hippocampus) adjacent to the infusion site. For corpus cal-

losum CED, preferential fluid flow was found along white

matter tracts, and fluid velocities in white matter injection

regions were two orders of magnitude greater than in

neighboring gray matter, Fig. 3a. These flow patterns were

as expected since white matter tissues have more conducive

fluid transport properties than gray matter. For hippocampal

CED, the predicted highest velocity flows were also con-

fined within white matter, Fig. 3b. However, a more con-

voluted fluid flow pattern was predicted since the

hippocampus has a more complicated structure consisting of

layers of white matter (i.e., molecular and pyramidal cell

layers) and gray matter (granular cell layers).

3.3 Albumin transport

Corpus callosum and hippocampus CED models showed

different tracer distribution patterns due to differing tissue

structures. Predicted albumin distributions for corpus cal-

losum CED are shown in Fig. 4 for infusions up to 4.5 lL.

Preferential spread of albumin was along the direction of

the structured white matter tracts as shown in the FA map

of Fig. 1. Spatial distribution profiles showed relatively flat

concentration profiles with steep concentration drops at the

advancing front. At the final simulated infusion time

(t = 17 min; 5.1 lL total infusion volume; not shown), the

albumin tracer was predicted to penetrate less than 1 mm

into adjacent gray matter regions. Tracer distributions for

hippocampal CED are shown in Fig. 5. Tracers were pre-

dicted to distribute rapidly within white matter regions,

most likely along granule cell dendrites (mossy fibers and

pyramidal cells) in the molecular layer of the dentate gyrus

in the ventral hippocampus, and then spread throughout

interspersed gray matter Within this hippocampal model,

tracer volumes within gray matter hippocampal regions

were found to be larger than within white matter hippo-

campal regions. Overall, albumin tracer was predicted to

penetrate greater distances into gray matter compared to

the predicted penetration within the corpus callosum,

Fig. 6. In both models, a linear relationship was predicted

between total infusion volumes and total tissue distribution

volumes over the range of infusion volumes studied,

\5.1 lL, Fig. 6. Albumin tracer was also predicted to

spread into ventricle CSF regions once a threshold infusion

volume was reached (*0.3 lL). For the chosen infusion

sites, the volume of tracer entering CSF regions was min-

imal compared with the total distribution volumes

simulated.

Fig. 3 Predicted velocity

contours for infusions into the

a corpus callosum and

b hippocampus in coronal

planes. c Peclet number contour

map for hippocampal infusion

(coronal plane). CED infusion

rate was 0.3 lL/min. Contours

are overlaid on corresponding

FA images (white corresponds

to FA = 1 and black
corresponds to FA = 0)
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The Peclet number, which represents the ratio of mass

transport by convection to diffusion, is defined as Pe =

vl/D where v is the velocity magnitude, l is a typical length

scale (=1 mm), and D is the tracer diffusivity coefficient

(1.67 9 10-7 cm2/s) [38]. The maximum Peclet numbers

(1.18 9 103 for corpus callosum CED and 1.19 9 103 for

hippocampal CED) were determined to be adjacent to the

infusion site, and Pe was found to decrease proportionally

with velocity magnitude and distance from the infusion

site, Fig. 3c. Convection-dominated transport regions

(Pe � 1) estimated using Pe values of 30 were found

to extend significant distances from the point of infusion

and corresponded to white matter and adjacent tissue

regions.

3.4 Computational model parameter analysis

3.4.1 Tissue segmentation

By increasing the FA threshold value from 0.275 to 0.34,

segmented white matter volumes were decreased by 28%

in the corpus callosum model with minimal effect on

the connectivity of the fiber structure. Segmented white

matter volumes in the hippocampus model decreased by a

greater amount, 54%, and there was significant loss of

connectivity of white matter structures. This dispropor-

tionate change is due to the fact that FA values within

fiber tract regions of the corpus callosum were relatively

higher resulting in less sensitivity to FA changes. Corre-

spondingly, predicted tracer distributions in the cor-

pus callosum were changed \1% by changes in FA

thresholds, Fig. 7a. In the hippocampus, predicted tracer

distributions were minimally effected changing the FA

threshold from 0.275 to 0.3. However, increasing the

threshold to 0.34 resulted in an *10% decrease in the

predicted distribution volume after 5.1 lL infusion,

Fig. 7b, since connectivity within the white matter struc-

tures was lost.

Fig. 4 Predicted albumin

distributions during infusion

into the corpus callosum in

coronal planes. Tracer

distributions at increasing times

a 5 min, b 10 min, and c 15 min

are shown. CED infusion rate

was 0.3 lL/min. Concentration

contours are normalized and

overlaid on corresponding FA

images (white corresponds to

FA = 1 and black corresponds

to FA = 0)

Fig. 5 Predicted albumin

distributions during infusion

into the hippocampus in coronal

planes. Tracer distributions at

increasing times a 5 min,

b 10 min, and d 15 min are

shown. CED infusion rate was

0.3 lL/min. Concentration

contours are normalized and

overlaid on corresponding FA

images (white corresponds to

FA = 1 and black corresponds

to FA = 0)

Fig. 6 Predicted tissue distribution volumes for albumin tracer in

white matter, gray matter, and CSF for CED (0.3 lL/min) in the

hippocampus and corpus callosum
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3.4.2 Voxel resolution

Convective-enhanced delivery simulations using lower

resolution voxels (300 lm3) resulted in 6.5 and 6.7%

decreases in final tracer distribution volumes within the

hippocampus and corpus callosum, respectively, after

5.1 lL infusions, Fig. 7c, d. The larger voxel size resulted

in a loss of structural information and connectivity of finer

white matter structures was again lost within the hippo-

campus. The effect of varying the segmentation threshold

at this lower resolution was also considered. Predicted

tracer distribution volumes within the hippocampus and

corpus callosum increased by 11 and 2% when the FA

threshold was varied between 0.275 and 0.29. Overall

increases in tracer distributions were likely due to changes

in tissue boundaries with grid coarsening. By comparing

with results at the higher resolution, predicted distributions

were more sensitive to changes in FA threshold values at

lower resolutions.

3.5 Infusion parameter analysis

3.5.1 Tissue transport properties

The effect of varying tissue porosity (0.2, 0.26, and 0.3) on

final tracer distribution volumes is shown in Fig. 7e, f. As

expected, lower tissue porosities resulted in greater tracer

distributions for the same infusion volume, and tracer

distribution volumes varied approximately inversely with

porosity. Tissue transport parameter analyses for K||/K\

and Kwm/Kgm ratios were also conducted (not shown). Final

albumin tissue distribution volumes were changed less than

*0.4% (hippocampus) and *0.1% (corpus callosum)

when the white matter K||/K\ ratio was varied between 16

and 24. Relative changes between white and gray matter

transport properties, i.e., the Kwm/Kgm ratio, were found to

affect the predicted albumin distribution volumes to some

extent. Increasing the Kwm/Kgm ratio from 50 to 150

resulted in *5 and *7% increases in tracer tissue volumes

Fig. 7 Sensitivity of predicted

tracer distribution volumes in

the corpus callosum (left
column) and hippocampus

(right column) to varying (a, b)

FA threshold values, (c, d) DTI

voxel resolution, and (e, f)
tissue porosity. Baseline tissue

properties used in simulations:

K||/K\ = 16, Kwm/Kgm = 100,

and infusion rate = 0.3 lL/min
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within the hippocampus and corpus callosum after 5.1 lL

infusions.

3.5.2 Infusion site

Sensitivity of CED transport to small changes in infusion

location (0.15 mm medial and 0.15 mm below the selected

infusion site; not shown) was determined in the hippo-

campal model. Infusion into an adjacent gray matter (rather

than white matter) region resulted in increased infusion

pressure (7.05 9 105 dyne/cm2) as well as velocity

(3.74 9 10-5 m/s). Predicted tracer distribution volumes

were found to change less than *1% for the range of

infusion volumes studied. The effect of different infusion

flow rates on distribution volumes was also simulated.

Due to the rigid pore assumption of our model, predicted

albumin distribution volumes were increased only

by 1.6% when the infusion rate was changed from 0.1 to

0.5 lL/min.

The effect of endogenous fluid flow on CED transport in

the corpus callosum and hippocampus was also considered.

The resulting CED tracer distribution volumes changed

less than *1% over the CED infusion period for the

endogenous flow rates investigated.

4 Discussion

The voxelized modeling approach of this study utilizes DTI

data to assign tissue boundaries, transport properties, and

preferential transport directions within 3D brain transport

models. This methodology relies on minimal user input and

provides a relatively rapid process when compared with

previous manual image segmentation and volume meshing

processes used for constructing models of the brain with its

complex white matter structures. By using this technique,

tissue transport models for the rat corpus callosum and

hippocampus were developed, and estimates of extracel-

lular pressure, extracellular velocity fields, and tracer

transport were predicted. The high resolution DTI data

obtained from a fixed brain provided sufficient mesh res-

olution for rapidly converging transport predictions. In

parametric analyses, predicted CED tracer transport was

stable over the variable ranges tested, and CED tracer

distributions were most sensitive to changes in FA

thresholds used for segmentation, DTI voxel resolution,

tissue porosity, and infusion site. To a lesser extent, pre-

dicted distributions were also sensitive to relative differ-

ences in gray matter and white matter transport properties.

For CED into the corpus callosum, the computational

model predicted preferential tracer transport along white

matter tracts in the medial–lateral direction with limited

penetration into adjacent gray matter. Significant tracer

spread in the white matter is consistent with experimental

observations by Greer and Grossman [13] following infu-

sions into the corpus callosum and experimental observa-

tions by Prabhu et al. [33] for infusions into the putamen.

In the hippocampus, previous researchers have investigated

the therapeutic response of compounds following CED [15,

39, 46]; however, corresponding distribution studies in the

hippocampus are sparse and difficult to compare.

Differences in CED transport between the two brain

sites were determined by comparing tracer distribution

volumes and infusion pressures. Tracer distribution vol-

umes in the hippocampus were predicted to be greater in

gray matter than in white matter; whereas, tracer infusions

into the corpus callosum followed the opposite trend. These

distributions may be explained by differences in aligned

tissue structures and tissue composition between the two

infusion sites. At the hippocampal infusion site, there is a

relatively smaller volume of white matter (likely corre-

sponding to aligned mossy fibers extending from granule

cell layers). Once white matter tissue is filled, tracer must

be transported into the surrounding gray matter. Gray

matter penetration may also be facilitated by the greater

cell connectivity between the layers of white and gray

matter within this region which was reflected in the

underlying fiber structure. With CED into the corpus cal-

losum, tracers preferentially distribute within the relatively

larger white matter structure before transporting into

adjacent tissues, resulting in a greater ratio of white matter

spread. Also, since gray matter has lower hydraulic con-

ductivity (greater resistance to fluid flow) than white

matter, infusion pressures at the hippocampal site were

predicted to be higher than for the corpus callosum where

the infusion site was embedded in a larger volume of white

matter.

Convective-enhanced delivery transport predictions

were found to be sensitive to tissue segmentation param-

eters. Varying the FA range used for white matter seg-

mentation changed the tissue composition within models

and the hippocampus model was more sensitive to changes

in FA thresholds. Location-dependent sensitivity is likely

due to differing tissue composition; the corpus callosum

consists primarily of bundles of mylenated axons with

strong alignment and greater tissue density, whereas, the

hippocampus has more varied neuronal tissue and a less

dense structure that results in weaker alignment [12].

Spatial variation of FA within differing brain regions has

been previously reported by Le Bihan [20]. In addition, it

should be noted that CSF regions were not always correctly

assigned using this FA-based segmentation approach.

Assigned ventricle regions did not completely match those

of the brain atlas [31]. This may have lead to some error of

tissue distributions near ventricle regions. However, loss of

tracer into adjacent ventricle regions was found to be small
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for the selected infusion sites. Artifact voxels as described

in the ‘‘Results’’ section were also introduced with

FA-based segmentation. Tracer predictions were found to

be insensitive to the presence of these voxels with no

concentration jumps found near infusion sites due to the

fact that total artifact voxel volumes were a small per-

centage of the total model volumes. Increasing the number

of these voxels will lead to variation in concentration and

pressure profiles. For example, our voxelized spinal cord

models predicted comparable distribution volumes to those

measured experimentally, but concentration profiles were

less uniform in the vicinity of artifact voxels [38]. These

artifact voxels are likely due to local tissue structure

variations, e.g., crossing fibers, or maybe due to other

imaging limitations, e.g., edge boundary effects. Methods

to account for the effects of fiber crossings in the DTI

data set may further reduce the incidence of these voxels

[16, 30, 44].

Model predictions were also found to be sensitive to the

DTI resolution. Simulations that resampled the DTI data at

lower resolutions predicted tracer distribution volumes to

decrease. This is likely due a partial voxel volume effect

since the entire volume of all voxels under the concentra-

tion threshold were added together to calculate distribution

volumes. Thus, it is possible that at the lower resolutions

used in in vivo studies, voxelized transport models will

underestimate CED tissue distributions depending on the

choice of the concentration threshold value. Also, distri-

bution patterns will likely change with spatial averaging

and fine transport pathways within complex fiber regions

may be lost. Care must be taken when determining if DTI

data sets possess sufficient resolution to capture underlying

transport characteristics. Future studies will focus on val-

idating this modeling method using lower resolution DTI

data sets obtained in vivo.

After varying tissue transport properties, CED transport

was predicted to be most sensitive to changes in tissue

porosity with lower porosities resulting in greater tracer

spread. This trend was expected since a smaller fluid vol-

ume per unit tissue volume results in greater pore-level

velocity. Thus, tracer convection was inversely propor-

tional to tissue porosity. Porosity values were estimated

from previous experimental CNS studies for normal and

edematous states but were not measured at the specific

brain regions used in this study. Given the sensitivity of the

models to this parameter, additional measures of porosity,

especially under CED conditions, are necessary. Varying

the white matter K||/K\ ratio was found to have only a

small effect on predicted tracer distribution volumes.

Transport sensitivity to hydraulic conductivity anisotropy

was found to be less than in our previous spinal cord CED

model [38] in which white matter was adjacent to CSF. In

the brain, the different embedded nature of the white matter

tracts provides a significant difference since flow from

white matter is primarily distributed into adjacent gray

matter and not into CSF. CED transport was slightly more

sensitive to relative changes in white and gray matter

transport properties, Kwm/Kgm. Fluid velocities in white

matter increased with increases in Kwm/Kgm, and convec-

tive tracer transport was enhanced in these regions.

Changes in cannula placement and infusion rates within

the same brain structure were also investigated. Tracer

distribution patterns and tissue volumes were minimally

affected by small changes in location. However, significant

changes in infusion pressure were predicted depending on

if the cannula was placed within either white or gray

matter. Again, higher infusion pressures were predicted in

gray matter due to its lower hydraulic conductivity. These

results suggest that pressure-induced effects including fluid

efflux or tissue damage may vary with cannula location.

Varying infusion rates did not affect predicted tracer dis-

tribution volumes. This result was expected for the rigid

porous media model since transport properties did not

change with flow rate or pressure.

Also, endogenous flows over a range of flow rates that

have been previously estimated from literature by Abbott

(0.1–0.3 lL/min g [1]) were predicted to minimally effect

tracer distributions during the course of CED infusions.

The effect of this underlying tissue flow on tracer transport

was expected to be small over short time scales. The effect

of such flows over longer time periods following CED may

be more substantial, e.g., affecting tracer clearance, since

endogenous flows will continue to spread tracer after the

end of infusion.

In this study, limitations of using fixed tissues are

associated with changes due to tissue shrinkage with fixa-

tion or expansion due to infusion in tissue during CED.

With uniform shrinkage, fiber orientation is not expected to

change, and FA fields are not expected to significantly

change. Also, CSF regions surrounding the brain were

overestimated since the skull region was not included in the

fixed tissue scans. However, dilution of tracer in CSF likely

has a small effect on internal tissue distributions, which

are dominated by transport that occurs primarily in one

direction, from the tissue into the CSF.

In this study, a methodology for incorporating DTI data

to rapidly develop extracellular transport models of the

brain is presented. The developed computational models

provide useful insight into the effects of underlying trans-

port forces and tissue structure on local CED transport. To

advance these models, improved segmentation schemes

may be incorporated and additional measures of tissue

porosity should be measured given the shown sensitivity of

model results to segmentation and porosity. Also, further

experimental CED and DTI imaging studies are needed to

test this modeling approach in vivo. It should be noted that
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while high field magnets and long imaging times were

required to develop these models for the small animal rat

brain, similar DTI methods have been developed for clin-

ical use. These methods allow fast data measurement at a

resolution on a human scale [20] that captures the structural

features similar to the resolution on the size scale used in

this study. Thus, with further development, these image-

based models may eventually be used as surgical tools to

guide CED.
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