Wei Dai

Department of Mechanical and
Aerospace Engineering,
University of Florida,
Gainesville, FL 32611

e-mail: weidai@ufl.edu

Garrett W. Astary

J. Crayton Pruitt Family

Department of Biomedical Engineering,
University of Florida,

Gainesville, FL 32611

e-mail: gwastary@gmail.com

Aditya K. Kasinadhuni
J. Crayton Pruitt Family

Department of Biomedical Engineering,
University of Florida,

Gainesville, FL 32611

e-mail: adityakumar.obme@gmail.com

Paul R. Carney
Department of Neuroscience,
Department of Pediatrics,
Division of Pediatric Neurology,
J. Crayton Pruitt Family
Department of Biomedical Engineering,
Wilder Center of Excellence

for Epilepsy Research,
University of Florida,
Gainesville, FL 32611

e-mail: carnepr@peds.ufl.edu

Thomas H. Mareci
Department of Biochemistry

and Molecular Biology,
University of Florida,
Gainesville, FL 32611

e-mail: thmareci@ufl.edu

Malisa Sarntinoranont
Department of Mechanical

and Aerospace Engineering,

University of Florida,

MAE A 212,

Gainesville, FL 32611

e-mail: msarnt@ufl.edu

Voxelized Model of Brain
Infusion That Accounts for Small
Feature Fissures: Comparison
With Magnetic Resonance
Tracer Studies

Convection enhanced delivery (CED) is a promising novel technology to treat neural dis-
eases, as it can transport macromolecular therapeutic agents greater distances through
tissue by direct infusion. To minimize off-target delivery, our group has developed 3D
computational transport models to predict infusion flow fields and tracer distributions
based on magnetic resonance (MR) diffusion tensor imaging data sets. To improve the ac-
curacy of our voxelized models, generalized anisotropy (GA), a scalar measure of a
higher order diffusion tensor obtained from high angular resolution diffusion imaging
(HARDI) was used to improve tissue segmentation within complex tissue regions of the
hippocampus by capturing small feature fissures. Simulations were conducted to reveal
the effect of these fissures and cerebrospinal fluid (CSF) boundaries on CED tracer diver-
sion and mistargeting. Sensitivity analysis was also conducted to determine the effect of
dorsal and ventral hippocampal infusion sites and tissue transport properties on drug
delivery. Predicted CED tissue concentrations from this model are then compared with
experimentally measured MR concentration profiles. This allowed for more quantitative
comparison between model predictions and MR measurement. Simulations were able to
capture infusate diversion into fissures and other CSF spaces which is a major source of
CED mistargeting. Such knowledge is important for proper surgical planning.

[DOLI: 10.1115/1.4032626]

Keywords: convection-enhanced delivery (CED), diffusion weighted imaging (DWI),
high angular resolution diffusion imaging (HARDI), computational model, extracellular
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1 Introduction

The World Health Organization (WHO) estimates that one
billion people worldwide suffer from central nervous system
(CNS) disorders [1]. However, one major issue for new drugs,
e.g., protein therapeutics, nanoparticles, and viral vectors, is the
blood-brain-barrier which limits brain penetration. CED, a con-
trolled direct infusion into brain tissue, can convectively transport
these macromolecular drugs through extracellular space and
bypass the blood—brain-barrier. One of the biggest challenges of
this drug delivery method is achieving targeted and consistent
delivery over large regions of the CNS. For example, leakage into
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adjacent CSF space and back flow phenomena has been observed
in clinical CED studies [2,3]. In addition, tissue transport charac-
teristics may change with disease, e.g., volumetric changes with
white matter (WM) degeneration, fiber sprouting, and tissue scar
outgrowth [4,5]. Hence, for each individual, the infusion transport
patterns for CED may differ. To improve CED treatment for neu-
ral diseases, computational models that predict drug delivery pat-
terns before infusions will aid surgeons in designing infusion
protocols that could improve the effectiveness of CED and reduce
toxicity associated with poor targeting.

In the development of computational brain transport models
that simulate drug transport in the extracellular space, tissue is
usually treated as porous media [6,7]. Fluid transport properties in
different places of brain vary regionally with tissue composition.
Transport properties, such as hydraulic conductivity and diffusiv-
ity, and fluid boundaries, have been found to have significant
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influence on CED distributions [2,8—10]. Based on our ability to
measure transport properties in CNS tissues, tissue regions are
usually divided into gray matter (GM), WM, and CSF regions.
GM is mainly composed of nerve cell bodies (soma), neuropil,
and glial cells. GM hydraulic conductivity and diffusion coeffi-
cients are nearly the same in every direction (isotropic) [11]. In
WM, which mainly consists of myelinated axons, the fluid flow
can have a preferential transport direction along the fiber tracks
(anisotropic) [12,13]. The CSF surrounding brain structures plays
an important role in preventing impact and transporting nutrition
to and from the brain [14]. CSF circulates through the ventricle
system of the CNS. The ventricle system, which includes internal
fissures and cisterns, can have a “sink effect” during drug delivery
in brain [15]. Connected fissures are a set of smaller fluid-filled
spaces between tissue borders that can provide another low resist-
ance pathway for interstitial fluid and infusate diversion. During
CED, infusate may leak into fissures, and this phenomena has
been observed following CED infusion into dorsal and ventral
hippocampi [16,17], as well as at other CED infusion sites [2,18].
To the best of our knowledge, previous computational brain trans-
port and CED models have not accounted for the impact of these
fissures on drug delivery.

The key to fissure representation is proper placement based on
image segmentation. In computational CED models, it is neces-
sary to assign GM, WM, CSF, and exterior skull spaces. Tissue
segmentation is often based on diffusion weighted imaging (DWI)
which is a magnetic resonance imaging (MRI) technology that
measures the effective diffusivity of water in various tissue struc-
tures [19] and has been used for brain fiber track reconstruction
[20]. Data gathered from DWI allows the use of diffusion tensor
imaging [21] to determine the preferential transport direction in
WM or other tissues [9,10,12,13,22-24]. In previous studies by
our group and others [10,13,22,23], brain tissue segmentation was
based on diffusion tensor measures, specifically, values of fraction
anisotropy (FA) and average diffusivity (AD). The hippocampus,
which is a rolled structure consisting of densely packed layers of
neurons, projecting axons and a hippocampal fissure, is an intri-
cate and heterogeneous region. Many neurological disorders like
temporal lobe epilepsy, Alzheimer’s disease, and schizophrenia
have been confirmed to be related with hippocampal abnormality
[25-28]. Previously in our group, corresponding computational
models developed from these segmentation maps have been
developed for CED into the corpus callosum and hippocampus
[13,22]. However, these models did not include the hippocampal
fissure. The hippocampal fissure is a fetal sulcus around which the
hippocampus folds during brain development [29]. To improve
segmentation of this feature, a higher order diffusion tensor
obtained from HARDI [30] is used in this study. GA [31], which
is a scalar measure of anisotropy from this higher-rank diffusion
tensor, is used to segment WM and GM when there are multiple
fiber orientations within voxels in the region [31]. By combining
information from AD, FA, and GA, improved segmentation maps
that include recognizable fissures may be obtained for the
hippocampus.

In previous MR studies, our group has experimentally measured
CED into dorsal and ventral rat hippocampi [17,22,32]. Quantifi-
cation of in vivo concentration patterns during CED was achieved
through dynamic contrast enhanced MRI (DCE-MRI) by using
measured relaxivities [17]. In these previous studies, diversion
of infusate into hippocampal fissures and CSF was evident. CED
distribution patterns were also found to vary depending on infu-
sion site in the dorsal or ventral hippocampus. This was thought to
be due to differences in hippocampal fissure access and orienta-
tion between delivery sites. In this study, MR-based computa-
tional models were developed for these two CED infusion sites
with or without hippocampal fissures to further investigate the
transport role of these structural features. We compared simula-
tion results from our computational model with CED measure-
ments from our previous in vivo fracer experiments in rats
[17,22,32]. Infusate distribution patterns, concentration, areas, and
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volumes were compared. Tracer distribution volumes provide an
important metric of initial drug coverage that ultimately deter-
mines drug efficacy [2,33,34]. In addition, a sensitivity study was
performed to investigate the role of model parameters such as
hydraulic conductivity on fissure and CSF fluid diversion in our
CED simulations. In the clinical application of CED, uncertainty
in targeting continues to be a major factor hindering more wide-
spread adoption of this drug delivery method. MR-based, compu-
tational models using segmentation methods developed in this
study have the potential to capture major modes of fluid diversion,
improve predictions of drug coverage, and provide more accurate
surgical planning.

2 Methodology

2.1 MRI Data Acquisition. To obtain high-resolution MRI
data, an excised, fixed rat brain was used in long time scans.
Surgery protocols were in accordance with NIH guidelines of ani-
mal use and were approved by the Institutional Animal Care and
Use Committee at University of Florida. A male Sprague-Dawley
rat was anesthetized, and the perfusion fixation process was
performed with 4% solution of paraformaldehyde in phosphate
buffered saline. The brain was removed and stored in a fixative
solution. One day before imaging, the brain was soaked in phos-
phate buffered saline to remove fixative. During imaging, the
brain was placed in fluorinated oil to allow reduction in the field
of view without aliasing during faster imaging scans.

MR data were collected using an 89 mm vertical bore, 17.6 T
magnet (Bruker NMR Instruments, Billerica, MA). Data
were obtained using a recovery time of 4000ms and echo
time of 28 ms, and two diffusion weightings: b= 100 s/mm? (num-
ber of averages=28, seven diffusion gradient directions) and
b=2225s/mm> (NA=2, 64 diffusion gradient directions).
The diffusion gradient directions were assigned using a
method of electrostatic repulsion. The field of view was 26.98 mm
x 17.86 mm, with a matrix size of 142 x 94 in 63 slices of 0.19 mm
thickness. Each voxel was cubic, with a size of 0.19mm
x 0.19mm x 0.19mm. Bilinear interpolation by factor of two in
each direction was performed during data process for simulation.

Three-dimensional diffusion properties of water in tissue were
represented by a second order tensor, D,, as well as a higher
(sixth) order tensor from HARDI data. Then, AD which is the
average of the trace of D,, FA which is a single-direction, scalar
measure of fiber tissue alignment, and GA which is a scalar mea-
sure of multiple fiber orientation were calculated for each image
voxel. AD and FA have been previously used for brain segmenta-
tion by our group and others (see references for further descrip-
tion) [13,23,35]. GA was obtained from HARDI data. If D(u)is an
arbitrary rank-1 Cartesian tensor with u as a unit vector that speci-
fies the direction of the diffusion gradient

3 3 uy

D(ll) = E E s E D,v,,vzm,v,uil |2 where u = Uy

ih=1i=1 i=1 us
sinfcos ¢

0 polarangle

= | sin0sing |, ¢ azimuthal angle

cos

()]

By defining the normalized D(u) to be Dy (u) = D(u)/gentr(D(w))
and the variance of Dy (u)to be V = (gentr(D(u)*) — 1/3)/3, then
the definition of the GA value is given by [31]

GA—1-— 1 2)

1+ (250 V)"

Collected MR data sets were processed using in-house software
MAS [36] written in INTERACTIVE DATA LANGUAGE (ipL) (IT Boulder,
CO).
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Fig. 1
black). (b) FA map of a coronal brain slice. (¢) GA map of the same slice, with improved con-
trast between CSF and WM. Squares indicate the location of lacunosum-moleculare layer and
circles indicate the location of molecular layer.

GA accounts for more orientational variation (multiple fiber
directions) in a voxel [31]. In hippocampal regions, the GA map
(Fig. 1(c)) was found to show improved contrast of WM, GM, and
CSF regions when compared with AD and FA maps (Figs. 1(a)
and 1(b)), as it provides improved characterization of WM.
Greater contrast was especially noted around the hippocampal
fissure which is located between the lacunosum-moleculare layer
and moleculare layer. Since lacunosum-moleculare and molecu-
lare layers have high density fiber crossings, GA values provided
greater contrast of the hippocampal fissure compared to FA, mak-
ing them more easily identifiable (see Fig. 1(c)). Fissures were
assigned manually on the GA map slice-by-slice in the segmenta-
tion process.

2.2 Tissue Segmentation and Fissure Assignment. The
image segmentation process was performed through a semi-
automatic methodology based on a custom MATLAB subroutine
(maTLAB v.R2012a, Mathworks, Natick, MA). AD was used first
to segment between tissue and CSF space regions, as the AD
value in biological tissue is notably smaller than that in fluid
space. Then, the FA value was employed to segment most regions
of WM and GM in the brain, as the FA value directly reflects the
extent of tissue alignment in each imaging voxel. Usually, WM
has a higher FA value than GM [37]. To improve segmentation in
complex tissue structures such as the hippocampus where crossing
fibers are present, the hippocampus region was manually isolated
slice by slice using a MATLAB subroutine. GA values were then
used to segment WM and GM in these regions. Thresholds for
AD, FA, and GA were adjusted using visualization software
(amrA v.4.1, TGS, San Diego, CA) and determined by making
segmented regions match a rat brain atlas [38,39]. Final threshold
values are listed in Table 1.

Since fissures and CSF are fluid filled regions, GA values were
low compared to surrounding tissues. These regions were clearly

Table 1 Thresholds used for segmentation of tissue volumes

Regions Range
CSF space ntol
WM doreto 1
GM Otodore
MRI data Thresholds
Normalized AD (1) 0.356
FA (0) 0.294
GA (¢) 0.877
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Low

MR images of rat brain. (a) AD map of a coronal brain slice (background was set to be

seen as dark regions on GA maps and fissures could be traced out
manually within the hippocampus. Fissure and CSF regions were
also checked by comparing them to a rat atlas [38,39]. Figure 2(b)
shows segmentation of fissures in the dorsal and ventral hippo-
campus based on GA. These are used to generate computational
hippocampal fissure (HF) models. For computational models with
no hippocampal fissures (NHF), fissures were not manually traced
or labeled. Otherwise, the NHF model was developed similarly to
the HF model; segmentation was based on FA and GA and these
regions ended up as mostly GM though some fluid spaces may be
present. Figure 2(a) shows the final segmentation used in the
voxelized model. For the HF model, the goal was to generate con-
nected fluid-filled spaces between fissures and other CSF spaces
such as ventricles. The 3D structure of the lateral ventricles shown
in Fig. 3 was used to visualize connected CSF space.

The CED infusion sites of our previous experimental studies
were reported based on stereotactic location [17]. In order to find
these locations with our segmented brain maps, we compared
anatomical structures visible on the GA map with the given ste-
reotactic location in the rat brain atlas [39]. The infusion site was
assigned as a single voxel in our segmented brain maps.

2.3 Flow Transport Model. A voxelized modeling approach
to simulate CED flow and drug transport in brain has been previ-
ously developed by our group [9,13,22]. A brief description fol-
lows. A more detailed description of this voxelized model
procedure and its assumptions can be found in the following
papers [13,22]. The major difference of this study is an improved
segmentation method that employs GA to identify crossing fiber
regions.

2.3.1 Porous Media Transport. Extracellular transport in
brain tissue was modeled assuming tissue as rigid porous media.
This assumption is valid when the infusion rate is low and pres-
sure during infusion in tissue is small, or if the initial deforma-
tion occurs over a much shorter time scale than CED infusion
time. Perivascular transport was not accounted for in this CED
model, but has been sometimes observed in infusion into the
rat hippocampus [16]. In porous media, the continuity of fluid
equation is

pV.-v=4 3)

where v is the volume averaged extracellular fluid velocity
in tissue, and f is a volumetric flow rate source term for the
endogenous fluid flow in brain tissue which is estimated to be
0.3 mg/min cm® [40]. The governing equation for porous media is
Darcy’s law
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Fig. 2 Segmented brain volume: (a) voxelized brain model (impermeable regions, GM, WM,
and CSF spaces); (b) segmentation of dorsal and ventral hippocampi slices without hippo-
campal fissures (NHF) and with fissures (HF). Atlas figures show location of fissures and CSF
in thick lines. Labels indicate the location of the CA1, CA3, corpus callosum (CC), cerebral
peduncle (CP), dorsal 3rd ventricle (D3V), dentate gyrus (DG), fimbria (Fl), granule cell layer
(GC), hippocampal fissure (HF), lateral ventricle (LV), midbrain cistern (MBC), subiculum (S),
and velum interpositum (VI).

y=-K Vp ) subarachnoid spaces in the model. This assumption lumps bound-

ary layer and viscous effects into the hydraulic conductivity value.

where p is pore pressure and K is the hydraulic conductivity. The convection-diffusion equation is the principal equation for
Darcy’s law was also applied to fluid regions, like CSF spaces and  transport in porous media
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Fig. 3 Three-dimensional structure of the fluid-filled lateral ventricles. The fluid-filled space
was shown as the bulge part along the sagittal tissue slice. Fissures connected to ventricles
and other CSF spaces are also shown.

¢%+V-(V€):V~(¢D~VE‘) ®)

where ¢ is the tissue porosity, 7 is time, ¢ is the normalized con-
centration, and D is the tracer diffusivity in WM, GM, or CSF
space. In this study, ¢ =0.26 in brain tissue, which is the value
previously estimated in CED studies on the spinal cord of rat
[41,42]. In CSF regions, porosity ¢ was set to 1. For CED, the site
of infusion was modeled as a single voxel source in which con-
stant velocity and concentration (¢ = 1) was applied at wall boun-
daries of the voxel.

2.3.2 Tissue Transport Properties. In GM and CSF, the
hydraulic conductivity and diffusion properties were isotropic. In
WM, these transport properties were anisotropic and assumed to
have the same principal directions as the water diffusion tensor D,.
The preferential direction (direction of maximum transport) was
assumed to be the same as the eigenvector direction of the largest
principle eigenvalue of D,. The other two eigenvector directions
perpendicular to the fiber direction were treated as transversely iso-
tropic. The tissue properties used for extracellular transport are
listed in Table 2. In each voxel of WM, the hydraulic conductivity
tensor K and tracer diffusion coefficient D can be calculated

KH 0 0 Uy
KL 0 105} (6)
0 Kl U3 1

=)

K=[v v v3]

=)

_D” 0 0 U1
D=[v; v v]| 0 D O vy @)
0 0 DL 1)3_

where vy, vy, 03 are eigenvectors of water diffusion D, acquired
from diffusion tensor imaging with the eigenvector v; based on
the largest eigenvalue ;. K and K| are eigenvalues of K; D|| and
D are eigenvalues of D, where || and L subscripts indicate paral-
lel and perpendicular directions with respect to the WM track.
Values are listed in Table 2. By using this formulation, the direc-
tion of preferential transport varies in each voxel according to the
fiber direction assigned by D,.

Table 2 Tissue properties used in simulation

Parameter Value Reference
Kom 422x 107 m* N 1s! [23]
Kww| 6.75x 10 " m* N 15! [23]
Kwwmi 422x 107 ¥ m*NTs! [23]
Kesr 422%x10 0 10422x 10 m* N 's!

Dawm 1.60x 107t m?s™! [41]
Dy, 229 x 107 ' m?s™! [41,43]
Dwmi 134%x 10" m?s7! [41,43]
Dcsr 584x 10 "m?s! [41,43]
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Governing fluid transport equations (3)—(5) were solved using
the computational fluid dynamic package, FLUENT (aNsys 13,
ANSYS, Inc. Canonsburg, PA). A cuboid mesh, whose cell size
was the same as the voxel size, was created for simulation in
GAMBIT (ANAsYS 13, ANSYS, Inc. Canonsburg, PA). Since the left
and right hemispheres of the brain are approximately symmetric,
the simulation was only performed on half of the brain to reduce
computation time, and symmetry boundary conditions were
applied along the central sagittal plane. The pore pressure and nor-
malized concentration were set to zero at all the other outside
boundaries. A user-defined subroutine was used to assign K and D
to each simulation cell based on Eqgs. (6) and (7). There were two
steps to solve CED tracer transport. First, constant velocity was
applied to each wall of the infusion voxel to solve for the steady
flow field due to CED based on Eqgs. (3) and (4). Then, the
CED tracer distribution in tissue was predicted by solving
the convection—diffusion equation (Eq. (5)) under this flow field.
Postimage processing was done with MATLAB and an open-source
medical image segmentation software ITK-SNAP [44]. A tissue con-
centration value of 5% of the maximum concentration was used as
the cut-off threshold in distribution calculations. This is the same
value used in previous studies by our group [13,22]. Tracer distri-
bution area was calculated to measure tracer distribution area
within a single image slice. Tracer distribution volume calculated
tracer volume using multiple image slices. Both tracer distribution
area and volume calculated tracer spread into tissue, fissure, and
CSF regions of the brain.

2.3.3 CED Parameters. In models with and without fissures,
CED distributions were simulated at two infusion sites: dorsal
hippocampus (AP:-3.7, ML:2.2, DV:-2.75) and ventral hippocam-
pus (AP:-5.88, ML:5.1, DV:-5.5). The infusate was albumin
tracer, and CED infusions were at a rate of 0.3 pl/min. Albumin
is a nonbinding and nonreacting macromolecule (molecular
weight = 66.5 kDa). It stays mainly in the extracellular space, so it
is commonly used in tracer studies.

2.3.4 Parameter Analysis. Even though ventricles and fissures
are fluid-filled regions, an equivalent porous media hydraulic
conductivity value was used for flow and tracer simulations. To
estimate hydraulic conductivity of CSF (Kcsp), we initially
assumed flow in fissures was equivalent to flow between parallel
plates. Analytical solutions for this flow were used to estimate the
order of magnitude of Kcgr. As the average velocity of parallel
flow is expressed as

2 AP
T3 8uL

V) ®)

where / is the height of the fissure, and p is the viscosity of infu-
sate and interstitial fluid. Hence, compared with Darcy’s law
(Eq. (4)), the equivalent permeability for fissure regions, Kcs,
was estimated to be
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2

R —6 .4 .
2 1.041 x 107°m*/N - s

(C)]

Kcsp_Est =

The viscosity of water at 35°C is 7.225 x 10~*Pa-s. Since fissure
features are small, we initially assumed height to be equivalent to
dimension of a single voxel (2 =0.095mm) as segmented in our
GA map (Fig. 1(c)). This assumption overestimates the fissure
height; thus, the calculated Kcsp gst provides an upger bound
value. Using this value, Kcsp gst/Kwwmj = 1.54 X 10° showing
that fissures provide much less resistance to flow than GM. To
determine the sensitivity of the model to Kcsg, CED simulations
were conducted for varying ratio of Kcgp/Kwi) between 10, 102,
103, 104, and 10°. These smaller ratios essentially assume smaller
fissure heights and greater resistance to flow within the fissure.

2.4 Comparison of Distribution Patterns With
Experimental CED Studies. Experimental CED studies of
infusion into the ventral and dorsal hippocampus of rat brain have
previously been conducted by our group [17,32]. In these studies,
5-10 ul of Gd-albumin with Evans Blue at 0.3 ul/min was infused
to provide MR quantitation of in vivo distribution patterns. In the
earlier study by Kim et al. [32], both dorsal and ventral infusions
were measured while the animal was in the magnet. In the study
by Astary [17], in vivo concentration profiles were calculated
using measured relaxivities with DCE-MRI through equations
describing signal intensity to the contrast agent concentration
[45]. Computational simulations used the same stereotaxic infu-
sion locations and infusion rates for albumin tracer. Distribution
patterns and areas of distribution along coronal planes were
compared.

Computational models were based on MRI data from fixed rat
brains. Since fixed tissues shrink due to cross-linking [30,46],
model predictions may underestimate distribution area. Calculated
CED distribution areas can be modified to account for tissue
dimensions that shrink in order to compare with in vivo, CED dis-
tribution experimental data. This normalization was based on
brain width. The widest part of the brain was determined for fixed
brains and brains from in vivo MRI scans. Ten in vivo rat brains
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(average width=15.62 £ 0.292 mm) and five fixed brains widths
(average width=15.06 £ 0.0793 mm) were measured to examine
brain shrinkage. (Height was not as easily comparable due to
changes in brain shape with removal from the skull.) This width
change (+3.75%) was used to modify the simulated distribution
areas (+7.64%) and distribution volumes (+11.7%) when com-
paring to in vivo values. These values are similar to previously
reported studies of tissue shrinkage. In a MR mouse atlas study,
the outside hippocampus surface area was reported to be reduced
by 6.9% [30] (corresponding to a-+7.41% distribution area
change) and hippocampus volume was reduced by 11.6% [30]
(corresponding to + 13.12% distribution volume change).

3 Results

3.1 Segmentation of Rat Brain. Figure 2 shows the whole
brain with (HF) and without specific segmentation of hippocampal
fissures (NHF). WM, GM, and CSF volumetric percentages were
21.1%, 64.8%, and 14.1%, respectively, in the HF model with
segmented, continuous fissures. These percentages changed
slightly to 21.1%, 65.3%, and 13.6%, respectively, in the NHF
model. With inclusion of continuous fissures, the percentage of
CSF only increased by approximately 0.5%. However, greater
connectivity of fluid spaces was achieved model compared to
NHF model. In the HF model, the hippocampal fissure connected
to the third ventricle in the dorsal hippocampus; the hippocampal
fissure connected to the midbrain cistern and subarachnoid space
in the ventral hippocampus. In the NHF model, the ventricle sys-
tem (ventricles, subarachnoid) and the midbrain cistern were also
segmented. However, the hippocampal fissure was not assigned as
CSF. Hence, in the NHF model, there was less of a fluid pathway
connection between the lateral ventricle and third ventricle in the
dorsal hippocampus and between the ventricle system and the
midbrain cistern in the ventral hippocampus.

3.2 Hydraulic Conductivity Sensitivity Analysis. CSF con-
ductivity influences the diversion of CED tracer into CSF spaces.
Predicted CSF distribution volumes for different Kcsp/Kwwy are
shown in Fig. 4. For varying CSF hydraulic conductivity,

NHF
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Fig. 4 Albumin tracer distribution volumes in CSF after CED. (Left) Simulations with hippocam-
pal fissures and (right) no fissures for varying infusion volumes in (top) dorsal and (bottom)
ventral hippocampus. The hydraulic conductivity of CSF ranged as Kcsg/Kwm | from 10 to 10°.
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Table 3 Pressure at infusion sites within the dorsal and ventral
hippocampi. Simulations were for an infusion rate of 0.3 ul/min.
Low K model uses K values in Table 2. High K model uses
values which are 1 order of magnitude higher than K values in

Table 4 Volume distribution ratios for brain tissue (V4/V)
and CSF (Vg4 cse/Vi) for CED into the dorsal and ventral
hippocampus

Table 2. HF NHF
Infusion pressure HF NHF ValVi®

Dorsal 3.74 4.48
Low K Dorsal 76.2 kPa 86.3 kPa Ventral 3.29 3.79
High K (7.62 kPa) (8.63kPa) Vy eselVi
Low K Ventral 96.2 kPa 97.8 kPa Dorsal 1.18 1.00
High K (9.62 kPa) (9.78kPa)  Ventral 1.37 1.19

there was little change in CSF distributions over a large range of
Kese/Kwwy from 10% to 10°, indicating low sensitivity of the
model within this range. The upper limit of CSF conductivity
was bounded by the estimated permeability from parallel plate
analysis  (Kcsr_gst/Kwwmj ~ 10°). For lower values of CSF
conductivity (Kcsp gst/Kwwm) = 10), distributions were not as
likely to enter CSF regions and tissue distributions were greater.
This same pattern was maintained for both dorsal and ventral
infusion sites. Given these results, Kcsp = 4.22 x 1071 m*/N - s
(Kese_est/Kwwm) = 10>) was used, in the remainder of
simulations.

A sensitivity study was also performed increasing the tissue
hydraulic conductivity values overall. More recent models have
used higher conductivity values [47] and this allowed us to deter-
mine the influence of higher values on model results. Kgn, Kww»
Kwwmi, and Kcsg were increased by 1 order of magnitude (see
Table 2). CED distribution volume changed less than 4% and dis-
tribution patterns changes were also small. This is consistent as
long as hydraulic conductivity ratios, e.g., Kgm/Kwwm, remain
the same. However, CED infusion pressure was found to decrease
proportionally by approximately 1 order of magnitude (see
Table 3). Thus, the magnitude of the hydraulic conductivity influ-
ences predicted pressure fields and can be changed to better match
infusion pressure measurements [47]; however, CED distribution
properties are not greatly affected.

3.3 Predicted Tracer Distribution Volume. Steady-state
extracellular fluid fields were simulated during CED infusion. The
predicted pressures at the infusion site (cannula needle tip) are
listed in Table 3. In both dorsal and ventral hippocampi, the infu-
sion pressure decreased with the introduction of fissures, —11.7%
in dorsal and —1.64% in ventral.

Simulated CED tracer distribution volumes within the brain are
shown in Fig. 5. With increasing infusion volume, brain tissue
distribution volume was nearly linear for both dorsal and ventral
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“Slope of distribution volume versus infusion volume in Fig. 5.

hippocampi infusion sites. Ratios for tissue distribution to infusion
volume (V4/V;) are listed in Table 4. When fissures were included,
the final distribution volume in the whole brain decreased. The
ratio of distribution volume in CSF to infusion volume (V4 cs¢/V3)
was also approximately linear and is shown in Fig. 4. This ratio
increased with the inclusion of fissures (see Table 4).

In simulations, infused tracer initially distributed into adjacent
tissues. When infusate encountered a fissure or CSF space, it then
would preferentially flow into these lower resistance regions.
Varying CED tracer distributions between different tissue regions
(WM, GM, and CSF) are shown in Fig. 6. For both dorsal and
ventral infusions, distributions are initially within WM and GM.
As expected with increasing infusion, a greater portion of the infu-
sate is diverted to CSF. For dorsal CED, approximately 9.5%
greater CSF distribution was predicted in models with fissures
compared to models without fissures. Also, comparing models
with and without hippocampal fissure for ventral CED, 6-10%
more infusate diverted to CSF with fissures; this percentage
increased with increasing infusion volume. Comparing ventral to
dorsal CED, 6% more tracer was diverted to CSF during ventral
infusion with increasing infusion volume in the HF model.

3.4 CED Distribution Patterns and Comparison With
Experimental CED Studies. Simulated tracer CED distributions
were compared with in vivo distributions from our previous
DCE-MRI studies [17]. First, distribution patterns from simula-
tions were compared with MRI distributions. Figures 7 and 8 show
tracer penetration in the anterior—posterior direction, and distribu-
tion in hippocampus and surrounding regions. For both dorsal and
ventral hippocampal infusion sites, predicted albumin tissue distri-
butions show similar regional patterns to what was previously
measured. Tissue concentration maps predicted by the HF model
captured tracer distribution further into anterior—posterior direc-
tions when compared with the MR measurements. As shown in
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Fig.5 Albumin tracer distribution volumes in the brain (tissue and CSF) after CED. Tracer dis-
tribution volume in (left) dorsal and (right) ventral hippocampus for an infusion rate of 0.3 ul/

min for fissures (HF) and no fissures (NHF).
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Fig. 6 Simulated infusate distribution volume in different tissue regions for CED in dorsal
and ventral hippocampus. (Left) Volume percentage of tracer in WM, GM, and CSF in HF
model. (Right) Volume percentage of tracer in WM, GM, and CSF in NHF model. (Top) In dorsal
hippocampus and (bottom) in ventral hippocampus. The infusion rate was 0.3 ul/min.

the fifth row in Figs. 7 and 8, there was more tracer distribution
into the midbrain cistern in the HF model than in the NHF model.
In simulations of infusion into the dorsal hippocampus, tissue
distributions in the HF model more closely matched concentration
contours from experiments since these predicted smaller tissue
spread than the NHF model because of the inclusion of a fissure.
For the ventral hippocampus infusion site, tracer spread was
smaller in the HF model as it has more leakage into the midbrain
cistern, and captured less distribution than DCE-MRI
measurements.

At the infusion slice, predicted tracer distributions (concentra-
tion contours) in the dorsal hippocampus are shown in Fig. 9.
Tracer remained in the hippocampus for small infusion volumes
(<3.15 ul). With increasing infusion volume, tracer reached
boundaries of the hippocampus and fissures. In the dorsal hippo-
campus, the infusion site was approximately 0.29 mm to the hip-
pocampal fissure and 0.38 mm to the velum interpositum. Once
this occurred, infusate appeared to track along regions adjacent to
fissures in the lateral ventricle. Tracer was diverted into fissures
where it distributed into these spaces, was diluted, and was able to
access larger CSF spaces. So, tissue distribution in models with
fissures was smaller compared to models without fissures. In sim-
ulations without specifically defined fissures, there was greater
overall tissue penetration with tracer reaching as far as cerebral
peduncle regions.

For CED in the ventral hippocampus, a similar tissue diversion
pattern was observed (see Fig. 10). Tracer reached fissures in the
midbrain cistern region where it was diverted to fissures. Without
fissures, greater tissue penetration was again predicted with tracer
reaching ventral subiculum regions. For simulation in ventral
hippocampus, the infusion site was ~0.38 mm to the hippocampal
fissure and ~0.95 mm to the midbrain cistern.

The mean absolute difference was used to compare distribution
areas of HF and NHF model results to experimental results
(Figs. 7-10), see Table 5. The mean absolute difference was cal-
culated by averaging the absolute difference of the simulation
result (predicted distribution area) and the experimental result

051007-8 / Vol. 138, MAY 2016

(measured area) across all slices using data in the bottom graphs
of Figs. 7-10. For the dorsal CED model, the mean absolute dif-
ference in the HF model was smaller than the NHF model. In the
ventral CED model, the mean absolute difference in the HF model
was slightly higher than in the NHF model. Distribution volumes
from in vivo DCE-MRI [17] (Figs. 7 and 8) that were captured in
five coronal slices were estimated and compared to our computa-
tional models over the same region, as shown in Fig. 11. Linear
interpolation was used to reduce the slice thickness of in vivo
MRI scans from 1 mm to 0.25 mm. The distribution volume was
estimated by summing the segmented distribution areas multiplied
by the thickness of each slice. In the dorsal hippocampus, the
distribution volume of the HF model more closely matched
in vivo distribution volume. In the ventral hippocampus distribu-
tion volumes of HF and NHF models were similar and underesti-
mated the in vivo estimate.

4 Discussion

MR-based, computational models have the potential to improve
predictions of drug coverage and provide more accurate surgical
planning. In clinical trials of CED, there are some rules of thumb
used to plan the location of the infusion site to optimize targeting.
The goal is to avoid leakage to fissures, ventricles, subarachnoid
regions, and WM. For example, the needle tip should be placed
more than 3 cm to the brain surface and more than 1cm to ven-
tricles [2]. Thus, it is well-known that tissue-fluid boundaries play
an important role in flow diversion during infusion. In previous
CED modeling studies, fissures have not been included since they
are small scale features that are not easily resolved with MR. Hip-
pocampal fissures are fetal sulcus around which the hippocampus
folds during brain development. They are important in that they
may divert flow during infusions and provide an interconnected
channel to ventricles. In this study, we have included fissure
spaces through an improved segmentation scheme and conducted
comparative studies to better determine the role of fissures during
infusions. Moreover, the neuroanatomical structure of the rat
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Fig. 7 Comparison of experimentally measured DCE-MRI dis-
tributions with predicted CED into the dorsal hippocampus.
(Top) DCE-MRI measured distribution (column 1) and measured
concentration profiles (column 2) with simulated tracer distribu-
tions from the HF model (column 3) and the NHF model (column
4). Different rows show concentration contours from anterior to
posterior regions. Albumin of 7.35ul (and Gd-albumin) tracer
was infused at 0.3 ul/min. (Bottom) Comparison of tracer distri-
bution area calculated in consecutive MR imaging slices. Area
spread is based on a 5% normalized concentration (C/¢Co)
threshold. Filled triangles and circles show an adjusted distri-
bution range that accounts for tissue shrinkage in the model
geometry (+7.64%).

dorsal hippocampus region was also segmented. We compared
model simulations with previously acquired MR measures of
tracer spread by our group [17]. Comparisons with MR tracer
spread were also improved by using DCE-MRI to quantify in vivo
concentrations.
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Fig. 8 Comparison of experimentally measured DCE-MRI dis-
tributions with predicted CED into the ventral hippocampus.
(Top) DCE-MRI measured distribution (column 1) and measured
concentration profiles (column 2) with simulated tracer distribu-
tions of HF model (column 3) and NHF model (column 4)
through concentration contour for infusions into ventral hippo-
campus form anterior to posterior in rows. CED of 7.35ul of
albumin (and Gd-albumin) tracer was infused at 0.3 ul/min.
(Bottom) Comparison of tracer distribution area calculated in
consecutive MR imaging slices. Area spread is based on a 5%
normalized concentration (C/¢Cp) threshold. Filled triangles
and circles show an adjusted distribution range that accounts
for tissue shrinkage in the model geometry (+7.64%).

4.1 Tissue Segmentation. We have provided an improved
segmentation method that utilizes GA to account for the complex
tissue composition and embedded fissure structures within the hip-
pocampus. In previous CED brain and models [48], as well as
studies by other groups, fissures are often omitted due to their

MAY 2016, Vol. 138 / 051007-9



DCE-MRI

NHF model

Concentration HF model

V=1.05 pL

0.9
0.8
Vi=3.15 uL -
0.6
0.5
0.4
V=5.25 uL 03
0.2

0.1

V;=7.35 ulL

25 :
W Experiment
o ® Modified HF model
é A Modified NHF model
E20 - o original HF model
8 A Original NHF model
@
S15F
2 A
£ A A
©
p 10+ 2
g A ®
n
5 [ ]
o
R 0
2 A
b Q
(ST PR RERPUE PR RPN RENPU NP
0 1 2 3 4 5 6 7 8

Infusion volume at dorsal hippocampus (pl)

Fig. 9 CED distribution of albumin tracer in dorsal hippocam-
pus with increasing infusion volume. (Top) DCE-MRI measured
distribution (column 1) and measured concentration profiles
(column 2) with simulated tracer distributions of HF model (col-
umn 3) and NHF model (column 4) for varying infusion volumes:
(row 1) V;=1.05pul, (row 2) V;=3.15ul, (row 3) V;=5.25ul, and
(row 4) V; =7.35 ul. Infusions were at 0.3 ul/min. (Bottom) Com-
parison of tracer distribution area calculated in the infusion
slice of the dorsal hippocampus. Area spread is based on a 5%
normalized concentration (C/¢$Cp) threshold. Filled triangles
and circles show an adjusted distribution range that accounts
for tissue shrinkage in the model geometry (+7.64%).

small scale, which is difficult to differentiate with MR. As a result,
CSF spaces are generally smaller and less connected in these
previous models. GA is calculated from a higher order tensor
(four or six-rank), and is able to delineate crossing fiber structures
constituting tissue, as it accounts for multidirectional tissue fibers
in a voxel. Because of this, it better labels WM tissues and pro-
vides higher contrast of tissues surrounding fluid only regions
than when using FA (two-rank) which is only able to capture one
direction of alignment. The low GA regions (dark regions)
matched well with fissure boundaries mapped in rat atlases [39].

4.2 CED Model Predictions. The fissure space is an impor-
tant fluid boundary in CED simulations. It acts as a low fluid
resistance sink where fluid, tracers, and drugs are preferentially
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Fig. 10 CED spread of albumin tracer into the ventral hippo-
campus with increasing infusion volume. (Top) DCE-MRI meas-
ured distribution (column 1) and measured concentration
profiles (column 2) with simulated tracer distributions of HF
model (column 3) and NHF model (column 4) for varying infu-
sion volumes: (row 1) V;=1.05ul, (row 2) V;=3.15l, (row 3)
V; =5.25 ul, and (row 4) V; =7.35 ul. Infusions were at 0.3 ul/min.
(Bottom) Comparison of tracer distribution area calculated in
the infusion slice of the ventral hippocampus. Area spread is
based on a 5% normalized concentration (C/¢Cy) threshold.
Filled triangles and circles show an adjusted distribution range
that accounts for tissue shrinkage in the model geometry
(+7.64%).

diverted. In this study, we determined the effect of changing fis-
sure geometry and properties on CED diversion. The HF model
was able to capture hippocampal fissure connectivity. In the dorsal
hippocampus, the hippocampal fissure is connected to the third
ventricle [39], and in the ventral hippocampus, the hippocampal
fissure is connected to the ambient cistern and interpeduncular cis-
tern [49]. These cisterns belong to the ventricle system. Fissures
have high fluid conductivity and only by artificially decreasing
Kcsr to a low value (Kcsp/Kwmy < 10%) were CED distributions
affected. Based on the segmentation method in this study, the
fissure size was segmented to be the same to the voxel size
(0.095 mm). The actual fissure may not be this size, and may be
smaller.
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Table 5 Mean absolute difference of distribution area of HF
and NHF models compared to experimental data

Mean absolute difference (mm?) HF NHF
Dorsal Slices (anterior—posterior) 2.47 2.94
Infusion slice 1.91 4.44
Ventral Slices (anterior—posterior) 3.78 3.19
Infusion slice 2.57 2.28

The segmented fissures were better connected to ventricle
spaces, providing more physiologically realistic flow connectivity
than models that were less connected. The HF models predicted
lower infusion pressures than the NHF models. This is likely due
to access to a lower resistance flow pathway created by the con-
nected fissures. The corresponding CED tissue distributions
decreased in the HF models since more infusate was diverted to
CSF. Between 6% and 10%, more infusate was diverted into CSF
in the HF model compared to the NHF model. It is expected that
this percentage would increase with increasing infusion volume.
These CED diversion effects are consistent with our previous
CED tracer studies [16,17,32] where hyperintense regions were
observed within and surrounding the hippocampal fissure in MR
imaging, and high concentration of dye at the fissure surface was
also shown in histological images. Also, the final CED distribu-
tion volume ratios decreased 16.5% in the dorsal hippocampus
and 13.2% in the ventral hippocampus when fissures were
accounted for in the model. This result was in accord with previ-
ous experimental observations by other groups, which reported
there was a decrease in slope of V4/V; after imaging tracer crossed
ventricular and pial surfaces [15] and there was leakage into ven-
tricles and sulci during CED [18]. The HF model in this study is
to the best of our knowledge the first to simulate the effect of
these tiny fluid boundaries. The results of this study show that fis-
sures affect the transport of drug agents during CED. Thus, it is
important to consider the position of infusion cannulas with
respect to these fluid pathways when planning surgical treatment.

4.3 Experimental Comparison. We have quantified tracer
concentration through DCE-MRI using previously measured
relaxivity values [17]. These data enable comparison of our simu-
lated concentration distributions with in vivo MR tracer studies.
In the dorsal hippocampus, CED infusate transports mainly in
medial-lateral and anterior—posterior directions; in the ventral
hippocampus, the infusate transports mainly in inferior—superior
and anterior—posterior directions [32]. The inclusion of fissures
resulted in capturing these general distribution patterns and
provided better anterior to posterior coverage for both dorsal and
ventral infusion sites (Figs. 7 and 8).
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Overall, inclusion of fissures (HF model) captured CED at the
dorsal site better than the model without fissures (NHF) when
comparing to experimental data. This was true when comparing
distribution areas across slices as well as with increasing infusion
volume within the same slice (Fig. 9). The distribution volumes
were better matched using the HF model (in Fig. 11).

For the ventral infusion site, CED predictions for the HF and
NHF models were not substantially different from each other
(Fig. 10). Predicted distribution volumes in ventral hippocampus
were also compared quantitatively with our previously collected
experimental data. The predicted distribution volume in ventral
hippocampus was found to be smaller (only 60% for HF and NHF
models) when compared to the DCE-MRI CED measurement,
which was an underprediction. In previous CED modeling studies
by our group, Kim et al. also modeled infusion into the ventral
hippocampus [22]. These previous studies seemingly are able to
better capture the distribution pattern and volume (42 mm?) seen
in the MR CED measurement even though these models did not
include the hippocampal fissure. (CED into the dorsal hippocam-
pus was not predicted in the Kim et al. study [22] since the dorsal
hippocampus did not provide enough contrast to separate WM,
GM, and CSF.) There were several reasons that may explain
discrepancy of our ventral CED model results from this previous
study. (1) One reason is interanimal variability and differences in
CSF space. In the current model, there is more segmented CSF
space (13.6% versus 11.1%) that acts as a fluid sink during CED
resulting in smaller predicted distribution volume. (2) There was
also difference in location of the infusion site. The cannula tip
position in the Kim et al. study [22] was in CA1, and was lateral
to the hippocampal fissure. In the current study, the cannula tip
position was in the DG, and was medial to the hippocampal fis-
sure. In addition, the distance of the infusion site to the midbrain
cistern (a common CSF sink) in the Kim et al. study [22] was
1.5 mm; in this study, it was less (0.95 mm); and in the DCE-MRI
CED experiment [17], it was 1.25 mm. If we used the same dis-
tance to the midbrain cistern as measured in the MR of the CED
experiment, the infusion site in the computational model would
have been outside of the DG and in the CAl. Consequently, the
simulated CED tracer resulted in more fluid and tracer diversion
to penetrate the midbrain cistern. (3) Finally, another reason for
discrepancy of ventral CED distributions is tissue shrinkage from
fixation which resulted in smaller brain tissue volumes and larger
CSF regions in the computational model. In the ventral hippocam-
pus, simulation errors may increase as the fissure volume is over-
predicted and the midbrain cistern is enlarged. This would also
result in an overprediction of leakage into CSF spaces and under-
prediction of CED tissue distribution volume by the computa-
tional model. In our current study, it should be emphasized that
CSF diversion during CED seemed to be most affected by the
relative infusion site location to the midbrain cistern, and this is
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Comparison of calculated distribution volumes in a region after the end of CED into

the dorsal (left) and ventral (right) hippocampus. Results from HF and NHF models are long
bars. Adjusted distribution volumes are short bars stacked on top (+11.7%).
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likely the main reason that predictions to this region were under-
predicted in the ventral location and predicted CED in other
regions like the dorsal hippocampus were not.

It should be noted that brain structure can vary between ani-
mals, and the simulated distribution predicted using fixed animal
brains may differ from in vivo data collected in another animal.
While simulation results captured the major drug distribution
properties in the rat brain, structural and volumetric differences of
the model rat brain may be a source of error. Collection of in vivo
DWI data would provide further validation on an individual rat
basis. In addition, the model is on a small rat brain. Transport
equations (conservation and momentum) relations may be scaled
to larger patient scales using the same tissue transport properties
assuming approximately similar extracellular tissue structure
across species.

5 Conclusion

While the role of the ventricle system in CED diversion is well
known, the effect of smaller fluid spaces has been less studied.
During the clinical application of CED, these spaces can affect
therapeutic agent distributions. It is important to consider the posi-
tion of infusion cannulas with respect to these fluid pathways
when planning surgical treatment. In this study, a voxelized model
based on MRI data was adapted to account for hippocampal
fissures. The developed models are to the best of our knowledge
the first to account for CED diversion into fissure spaces. Thus,
computational tools that can be used to predict effect of varying
infusion sites would be useful to optimize treatment over specific
target regions while avoiding leakage to other places. Simulated
CED distribution results were compared with the concentration
data from MR tracer experiments. The models that included
hippocampal fissures matched well with DCE-MRI patterns meas-
ured in the dorsal hippocampus. In the ventral hippocampus, CED
models only captured ~60% of the measured distribution volume.
The likely reason for this was due to infusion site placement and
tissue volume shrinkage that varied between the model and
experiments. The quantitative methodology developed in this
study shows a way forward for further validation of the voxelized
CED model.
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