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Abstract

Optimal results in the direct brain delivery of brain therapeutics such as growth factors or viral
vector into primate brain depends on reproducible distribution throughout the target region. In the
present study, we retrospectively analyzed MRI of 25 convection-enhanced delivery (CED)
infusions with MRI contrast into the putamen of non-human primates (NHP). Infused volume (Vi)
was compared to total volume of distribution (\Vd), vs. Vd within the target putamen. Excellent
distribution of contrast agent within the putamen was obtained in 8 cases that were used to define
an optimal target volume, or “green” zone. Partial or poor distribution with leakage into adjacent
anatomical structures was noted in 17 cases, defining “blue” and “red” zones respectively.
Quantitative containment (99 + 1%) of infused Gadoteridol within the putamen was obtained
when the cannula was placed in the green zone, 87 + 3% in the blue zone and 49 + 0.05% in the
red zone. These results were used to determine a set of 3D stereotactic coordinates that define an
optimal site for putaminal infusions in NHP and human putamen. We conclude that cannula
placement and definition of optimal (green zone) stereotactic coordinates have important
implications in ensuring effective delivery of therapeutics into the putamen utilizing routine
stereotactic MRI localization procedures, and should be considered when local therapies such as
gene transfer or protein administration are being translated into clinical therapy.
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Introduction

Convection-enhanced delivery (CED) is an interstitial central nervous system (CNS)
delivery technique (Bobo et al., 1994) that also circumvents the blood-brain barrier in
delivering agents into the central nervous system (CNS). Traditional local delivery of most

"Corresponding Author and Reprint Requests: Krystof S. Bankiewicz, Department of Neurosurgery, University of California San
Francisco, 1855 Folsom Street, MCB 226, San Francisco, CA 94103. Tel: (415) 502-3132; Fax: (415) 514-2864.
Krystof.Bankiewicz@ucsf.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yinetal.

Page 2

therapeutic agents into the brain has relied on diffusion, which depends on a concentration
gradient. The rate of diffusion is inversely proportional to the size of the agent, and is
usually slow with respect to tissue clearance. Thus, diffusion results in a non-homogeneous
distribution of most delivered agents and is restricted to a few millimeters from the source.
In contrast, CED uses a fluid pressure gradient established at the tip of an infusion catheter
and bulk flow to propagate substances within the extracellular fluid space (Bobo et al.,
1994). CED allows the extracellularly-infused material to further propagate via the
perivascular spaces and the rhythmic contractions of blood vessels acting as an efficient
motive force for the infusate (Hadaczek et al., 2006b). As a result, a higher concentration of
drug is distributed more evenly over a larger area of targeted tissue than would be seen with
a simple injection. Currently, CED has been clinically tested in the fields of
neurodegenerative diseases, such as Parkinson’s disease (PD) (Eberling et al., 2008; Gill et
al., 2003), and neuro-oncology (Kunwar, 2003; Mardor et al., 2001). Laboratory
investigations with CED cover a broad field of application, such as the delivery of small
molecules (Carson et al., 2002) (Lonser et al., 1999), macromolecules (Bobo et al., 1994),
viral particles (Richardson et al., 2008), magnetic nanoparticles (Kroll et al., 1996), and
liposomes (Krauze et al., 2006).

PD is characterized by progressive loss of dopaminergic neurons in the substantia nigra and
a severe decrease of dopamine within the striatum (Hornykiewicz, 1975), and the putamen is
a primary site for the principal neuropathology associated with the disorder (Aminoff,

2001). For this reason, our group has used the putamen as the primary target for enzyme
replacement gene therapy delivered via CED for PD (Bankiewicz et al., 2006; Bankiewicz et
al., 2000; Eberling et al., 2008; Forsayeth et al., 2006). Other groups have also targeted the
putamen with growth factors, either as recombinant protein (Lang et al., 2006) or in a gene
therapy vector (Gasmi et al., 2007; Herzog et al., 2007). One reason that these studies were
unsuccessful may have been that distribution of the therapeutic agent within the putamen
was poorly controlled.

CED visualization with the aid of novel contrast materials co-infused with therapeutic
agents has recently been investigated in rodent (Saito et al., 2004), non-human primates
(NHP) (Lonser et al., 2002; Murad et al., 2007; Saito et al., 2005) and humans (Lonser et al.,
2007) (Sampson et al., 2006). We have used real-time MRI to visualize the CED process
with the aid of Gadoteridol-loaded liposomes (GDL) that co-distribute with the therapeutic
being delivered to the putamen of NHP (Krauze et al., 2005a; Saito et al., 2005). During
CED, the volume of distribution (\d) for a given agent depends on the structural properties
of the tissue being convected (Fiandaca et al., 2008b), such as hydraulic conductivity,
vascular volume fraction, and extracellular fluid fraction. It also depends on the technical
parameters of the infusion procedure such as cannula design, cannula placement, infusion
volume, and rate of infusion, with the overall aim of improving delivery efficiency while
attempting to limit the spread of the therapeutic into regions outside the target. In our
experience, a key component of successful CED for PD patients is likely to be the site of
cannula placement within the putamen. Selection of the optimal cannula type for effective
CED delivery in the brain is also critical. We examined several types of cannulae with
respect to size and design and concluded that a stepped design with a fused silica tip
provided us with the most consistently robust brain delivery (Krauze et al., 2005c; Sanftner
et al., 2005). The stepped cannula dramatically reduces reflux along the infusion device by
restricting initial backflow of fluid flow beyond the step. To obtain effective distribution of
the infused therapeutic within the putamen, it is essential to understand the optimal site of
placement of the step and tip of the infusion cannula within that target and surrounding
white matter tracts that serve as leakage points (Varenika et al., 2008). Such an
understanding may allow precise delivery of the therapeutic to the target structure(s), while
lessening the risk of leakage to surrounding brain structures. The current work was designed,
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therefore, to establish parameters that could help define the area for cannula step placement
in order to obtain optimal distribution of therapeutic agents within the putamen in the
upcoming CED-based studies in PD patients. This study may also explain some of the
failures of CED, in both NHP studies and human clinical trials, that may have been related
to suboptimal targeting of infusion cannula.

Materials and Methods

Experimental subjects and study design

Thirteen normal adult NHP, including 11 Rhesus macaques (7 male and 4 female, aged from
8 to 18 years; mean age 11.9 years, weight 4 — 9.4 kg) and 2 Cynomolgus monkeys (one
male and one female, age 7 years for both; weight 5 and 7 kg respectively) were the subjects
in the present study. Experimentation was performed according to the National Institutes of
Health guidelines and to the protocols approved by the Institutional Animal Care and Use
Committee at the University of California San Francisco (San Francisco, CA) and at Valley
Biosystems (Sacramento, CA). The thirteen animals received a total of 25 intracranial
infusion of GDL (2 mM Gd-DTPA) or free Gadoteridol (2 mM Gd-DTPA, Prohance;
Bracco Diagnostics, Princeton, NJ) into the putamen. GDL gives stronger contrast than free
Gadoteridol, but the distribution characteristics are otherwise identical (manuscript in
preparation). Infusions were performed by previously established CED techniques for NHP
(Bankiewicz et al., 2000). GDL were prepared as previously described (Fiandaca et al.,
2008a; Krauze et al., 2005a).

Infusion procedure

Primates received a baseline MRI before surgery to visualize anatomical landmarks and to
generate stereotactic coordinates of the proposed target infusion sites for each animals. NHP
underwent neurosurgical procedures to position the MRI-compatible guide cannula over the
putamen. Each customized guide cannula was cut to a specified length, stereotactically
guided to its target through a burr-hole created in the skull, and secured to the skull by
dental acrylic. The larger diameter stem of the cannula had an outer and inner diameter of
0.53 mm and 0.45 mm respectively. The outer and inner diameters of the tip segment were
0.436 and 0.324 mm respectively. The tops of the guide cannula assemblies were capped
with stylet screws for simple access during the infusion procedure. Animals recovered for at
least 2 weeks before initiation of infusion procedures. Animals were anesthetized with
isoflurane (Aerrane; Ohmeda Pharmaceutical Products Division, Liberty Corner, NJ) during
real-time MRI acquisition. Each animal’s head was placed in an MRI-compatible
stereotactic frame, and a baseline MRI was performed. Vital signs, such as heart rate and
PO,, were monitored throughout the procedure. Briefly, the infusion system consisted of a
fused silica reflux-resistant cannula (Fiandaca et al., 2008a; Krauze et al., 2005a) that was
connected to a loading line (containing GDL or free Gadoteridol), an infusion line with oil,
and another infusion line with trypan blue solution. A 1-ml syringe (filled trypan blue
solution) mounted onto a micro-infusion pump (BeeHive, Bioanalytical System, West
Lafayette, IN), regulated the flow of fluid through the system. Based on MRI coordinates,
the cannula was mounted onto a stereotactic holder and manually guided to the targeted
region of the brain through the previously placed guide cannula. The length of each infusion
cannula was measured to ensure that the distal tip extended 3 mm beyond the length of the
respective guide. This created a stepped design at the tip of the cannula to maximize fluid
distribution during CED procedures and minimize reflux along the cannula tract. In the text,
we refer to this transition from fused silica tip to a fused silica sheath as the “step”, and all
positioning data is derived from the position of this step because of its unambiguous
visibility on MRI. After securing placement of the infusion cannula, the CED procedures
were initiated with real-time MRI data being acquired (real-time convective delivery, RCD).

Neuroimage. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yinetal.

Page 4

We used the same infusion parameters for every NHP infused throughout the study. Infusion
rates were as follows: 0.1 ul/min was applied when lowering cannula to targeted area and
increased at 10-min intervals to 0.2, 0.5, 0.8, 1.0, and 2.0 ul/min. Approximately 15 min
after infusion, the cannula was withdrawn from the brain. Four animals received multiple
infusions. Each animal had at least a 4-week interval between each infusion procedure.

Magnetic resonance image (MRI)

NHP were sedated with a mixture of ketamine (Ketaset, 7 mg/kg, IM) and xylazine
(Rompun, 3 mg/kg, IM). After sedation, each animal was placed in a MRI-compatible
stereotactic frame. The ear-bar and eye-bar measurements were recorded, and an intravenous
line was established. MRI data was then obtained, after which animals were allowed to
recover under close observation until able to right themselves in their home cages. MR
images of brain in 9 NHP were acquired on a 1.5T Siemens Magnetom Avanto (Siemens
AG, Munich, Germany). Three-dimensional rapid gradient echo (MP-RAGE) images were
obtained with repetition time (TR) = 2110 ms, echo time (TE) = 3.6 ms, and a flip angle of
15°, number of excitations (NEX) = 1 (repeated 3 times), matrix = 240 x 240, field of view
(FOV) = 240 x 240 x 240, and slice thickness = 1 mm. These parameters resulted in a 1-
mm?3 voxel volume. The scanning time was approximately 9 min. MR images in 4 NHP
were acquired on a 1.5-T Sigma LX scanner (GE Medical Systems, Waukesha, WI) with a
5-inch surface coil on the subject’s head, parallel to the floor. Spoiled gradient echo (SPGR)
images were T1-weighted and obtained with a spoiled grass sequence, a TR =2170 ms, a
TE = 3.8 ms, and a flip angle of 15°. The NEX = 4, matrix = 256 x 192, FOV = 16 cm x 12
cm, slice thickness = 1 mm. These parameters resulted in a 0.391 mm3 voxel volume.
Scanning time was approximately 11 min.

Volume and distance measurements in NHP brain

MR images were obtained from each real-time convective delivery (RCD), and used to
measure distance from cannula step to corpus callosum (CC), internal capsule (IC) and
external capsule (EC). The measurements were made on an Apple Macintosh G4 computer
with OsiriX® Medical Image Software (v2.5.1). OsiriX software reads all data
specifications from DICOM (digital imaging and communications in medicine) formatted
MR images obtained via local picture archiving and communication system (PACS). For
each image, the default window and level settings were used throughout the study; that is,
there was no attempt to alter or manipulate settings from one experiment to another. The
distances from cannula step to each above-mentioned structure were manually defined, and
then calculated by the software. All the distances were measured in the same manner on
MRI sections.

The X, Y and Z axial values of cannula step location in green zone were determined with 2D
orthogonal MR images generated by OsiriX software, where MR images were projected in
all three dimensions (axial, coronal and sagittal). We used midpoint of the anterior
commissure-posterior commissure (AC-PC) line as zero point (0,0,0) of three-dimensional
(3D) brain space. Briefly, AC-PC line was drawn on mid-sagittal plane of MRI, and the
midpoint of AC-PC line was determined. The horizontal and vertical plane through the
midpoint of AC-PC line was then obtained, and they could be shown on all the three plans
simultaneously. The X, Y and Z axial values of cannula step were then obtained by
measurements of distance from cannula step to midline on coronal MRI plane (X value),
distance anterior (or posterior) to the midpoint of AC-PC line of the coronal MRI plane (Y
value), and the distance above (or below) axial plane incorporating the AC-PC line on MRI
(Z value). All the distances were measured (in millimeters) in the same manner on MRI
sections for each case.
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MR images were also used for volumetric quantification of distribution of Gadoteridol. The
Vd of Gadoteridol in the brain of each subject was also quantified on an Apple Macintosh
G4 computer. ROI derived in the putamen and white matter track were manually defined,
and software then calculated the area from each MR image, and established the volume of
the ROI, based on area defined multiplied by slice thickness (PACS volume). The
boundaries of each distribution were defined in the same manner in the series of MRI
sections. The sum of the PACS ROI volumes (number of MRI slices evaluated) for the
particular distribution being analyzed determined the measured structure volume. The
defined ROI volumes allowed for 3D image reconstruction with BrainLAB software
(BrainLAB, Heimstetten, Germany). MRIs were evaluated and all measurements performed
by two independent observers blind to each other. In a preliminary comparison of distances
measured by the two observers in NHP, there was no significant difference between the
mean values obtained.

Statistical Analysis

Results

The distance from cannula step to corpus callosum, internal capsule and external capsule
obtained when the step was located in different zones were compared across subject groups
by Student’s t-test. The criterion for statistical significance for all tests was p < 0.05.

In this study, thirteen NHP received twenty-five putaminal infusions. Real-time MR images
of NHP brain were obtained from each RCD to evaluate the distribution of Gadoteridol, and
to measure the distance from step of cannula in the putamen to CC, IC and EC based on the
location of the cannula step. We observed that some infusions resulted in poor containment
of tracer within putamen with significant distribution into adjacent white matter tracts
(WMT) of the corpus callosum (CC) and occasionally internal (IC) and external (EC)
capsules, whereas others distributed tracer only into putamen (Table 1). When the percent of
infused tracer contained within the putamen was plotted against each variable (Fig. 1), it was
apparent that reflux along the cannula correlated (Fig. 1A) with a sharp decline in
distribution of infusate into the putamen (PUT). This finding was further emphasized by the
decline in VVd/Vi ratios as extra-putaminal distribution became more evident. The mean ratio
when infusate was well-contained within putamen was 6.65 + 0.51. However, infusions in
which some leakage was observed evinced a ratio of 4.60 + 0.25, falling to only 2.92 + 0.37
for infusions in which considerable leakage was observed. We interpret this decline to
signify inhibition of distribution into the target putamen even as further increases in infusate
volume are applied. This finding is in agreement with previous studies showing that the
appearance of significant leakage or reflux during an infusion strongly inhibits further
increases in Vd (Varenika et al., 2008). Containment of tracer within putamen (PUT) in
excess of 95% is achievable with backflows of less than about 5 mm. The tip length in these
experiments was 3 mm.

Subsequent correlations between PUT coverage and anatomical coordinates revealed also
that another key variable appears to be the distance from the corpus callosum (CC) to the
cannula step (Fig. 1B). In 8 infusions in which putaminal containment exceeded 95%, the
cannula step-to-CC ranged from 3.14 mm to 3.76 mm with mean distance of 3.35 + 0.08
mm, the step-to-1C ranged from 2.13 mm to 5.65 mm with mean distance of 4.01 + 0.42
mm, and the step-to-EC ranged from 1.98 mm to 3.28 mm with mean distance of 2.75 +
0.17 mm. We conclude that the step-to-CC distance should exceed about 3 mm for optimal
containment of infusate within putamen. The distance from the cannula step to IC and EC
(Fig. 1C, D) correlated poorly with putaminal containment. We defined the spatial limits
associated with essentially quantitative putaminal containment of tracer as the “green zone”.
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A corresponding “blue zone”, associated with putaminal containment of tracer in from 79%
to 94% with mean of 87 + 3% indicative of a small amount of leakage into the CC, was also
defined in 4 cases. Here the step-to-CC ranged between 2.74 mm and 2.88 mm with mean
distance of 2.81 + 0.04 mm; the step-to-IC ranged from 3.26 mm to 4.86 mm with mean
distance of 4.18 + 0.37 mm, and the step-to-EC from 1.92 mm to 3.43 mm with mean
distance of 2.68 £ 0.36 mm.

Similarly, a “red zone” was defined in 13 cases where tracer was poorly confined to PUT,
ranging from 31% to 67% of PUT with a mean of 49 + 0.05%, indicating a large amount of
leakage into the CC, EC and IC. In these infusions, the step-to-CC ranged from 0.12 mm to
1.99 mm with mean distance of 1.26 + 0.16 mm; the step-to-I1C ranged from 0.65 mm to
4.08 mm with mean distance of 2.63 + 0.27 mm, and the step-to-EC from 0.85 mm to 4.25
mm with mean distance of 1.88 £ 0.25 mm.

Volume of distribution of Gadoteridol in the brain

When the step was placed in the “green zone” in 8 cases, excellent VVd of Gadoteridol was
obtained in the putamen, ranging from 52.9 to 174.1 mm3 with mean volume of 116.4 + 0.04
mm3 (Fig. 2A, B). Two cases were found to have minor leakage of Gadoteridol into CC at
the end of infusion, with Vd in white matter tract (WMT) of 2.7 and 6.1 mm? (Fig. 2C, F).

In 4 cases in which the step was placed in the blue zone, the VVd of Gadoteridol in the
putamen ranged from 40.7 to 261.9 mm?3 with mean volume of 139.6 + 0.05 mm3 (Fig. 2A,
B). All 4 cases were found to have leakage into CC. When leakage was first seen, the
infusion volume ranged from 4.7 to 10.5 ul with mean volume of 6.9 + 0.9 pl. The final vd
in WMT ranged from 6.3 to 40.7 mm3 with mean volume of 19.4 + 0.01 mm? (Fig. 2D, G).

Placement of the step in the “red zone” in 13 cases produced a Vd of Gadoteridol from 17.7
to 97.5 mm3 with mean volume of 62.1 + 0.01 mm3 (Fig. 2A, B). All 13 cases were found to
have considerable leakage into CC with variable leakage into IC and EC. When leakage was
first seen, the infusion volume was between 1.6 and 21.8 ul with mean volume of 7.9 £ 1.7
pl. The final Vd in WMT ranged from 26.7 to 152.2 mm?3 with a mean volume of 66.8 +
0.01 mm3. Of 17 cases with relatively large leakage during CED, leakage into CC was found
inall 17 cases (100%), into IC in 3 cases (17.6%) and into EC in one case (5.9%) (Fig. 2E,
H).

Coordinates for green zone in the putamen of 3D brain space in NHP

The midpoint of the AC-PC line was defined as the zero point (0,0,0) of a 3D brain space.
Based on the coordinate calculations for the cannula step by MRI, the target for green zone
in the putamen ranged from 9.57 to 14.95 mm with mean distance of 11.85 + 0.56 mm
lateral (X coordinate), from 5.88 to 8.93 mm with mean distance of 7.36 £ 0.49 mm anterior
to the of AC-PC midpoint (Y coordinate), and from 1.64 to 4.47 mm with mean distance of
3.62 + 0.40 mm superior to the AC-PC axial plane (Z coordinate).

RGB zones for cannula step in the putamen of NHP

On the basis of these analyses, we have defined coordinates for putaminal infusions that
identify preferred cannula characteristics and optimal distances from major structures in the
brain (RGB zones). The “green zone” is defined as a volume at least 3 mm ventral to the
CC, at least 6 mm away from the AC (3 mm from cannula tip to AC plus 3 mm of tip
length) vertically, greater than 2.75 mm from EC laterally, and more than 3 mm from IC
medially. If globus pallidus is included, then the optimal distance from IC is more than 4.01
mm. The “blue zone” is defined as a thick shell surrounding the “green zone” of which the
outer border of “blue zone” is approximately 0.5 mm from the outer edge of the green zone.
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Finally, the “red zone” is defined as the area from the outer border of the blue zone to the
margin of the putamen. Based on these parameters, RGB zones for cannula placement in the
NHP putamen were defined on MRI (Fig. 3A). Next, we also outlined “green zone” only,
and then calculated the volume of the green zone to be 10.3 mm? with an anterior-posterior
length of 8.5 mm (Fig. 4A).

Containment vs. distribution in NHP putamen

In the above studies, only small amounts (<30 pl) of tracer were infused sufficient to register
the relative partitioning of infusate into PUT, CC, IC, and/or EC. We wished, however, to
show that infusion of larger volumes into green zone would faithfully distribute into PUT
with no untoward non-putaminal distribution. By retrospective examination of other
putaminal infusions in NHP, we found that in animals where cannula placement was in the
green zone, excellent containment of infusate within PUT was seen at small (< 30 ul) and
large (> 100 pl) volumes (Fig. 5). In contrast, cannula placement in blue zone was associated
with increasing distribution of infusate into WMT as the volume of infusion grew. These
representative data confirmed that, with a defined RGB zone system in hand, we could
identify optimal infusions on the basis of optimal cannula placement alone.

RGB zones in the putamen of human brain

We used the parameters for RGB zone obtained from NHP to predict RGB zones in the
putamen of human brain (Fig. 3B). We understand that the predicted RGB zone in human
putamen is still uncertain, and further clinical study will be done to confirm this prediction.
However, it may serve as an approximate guide to RGB zones in human PUT when local
therapies such as gene transfer or protein administration are translated into clinical therapy.
We also outlined the green zone on serial MR images and then calculated the area from each
MR image to predict that the volume of the green zone is 239.5 mm?3 with an anterior-
posterior distance of 19.7 mm (Fig. 4B). The RGB zones for cannula step in the PUT of
NHP and human are also compared as shown in Fig. 3 on the same scale.

Discussion

In the present study, we correlated the precise stereotactic placement of the infusion cannula
in PUT of NHP with the efficiency of MRI tracer distribution into the PUT. Clearly, some
infusions were associated with excellent containment of tracer, others were somewhat less
efficient and displayed some evidence of reflux. A number of infusions, however, were
poorly contained within PUT and were associated with leakage of tracer primarily into
corpus callosum WMT. Analysis of these data (Fig. 1) indicated that the variables most
determinant of putaminal containment were the length of the cannula tip and the distance of
the cannula step to the corpus callosum. Distance of the step to the internal and external
capsules correlated poorly with containment. The correlation between stereotactic
coordinates of the cannula and resulting PUT:WMT partition of tracer permitted us to define
a putaminal “green zone”, a 3D space in which cannula placement is optimal and convection
of infusate into putamen is optimal. Similarly, a “blue zone” was defined as sub-optimal but
still acceptable in some cases, and a “red zone” associated with unacceptable results. In
addition, we showed that the “green zone” predicts effective Vd into PUT where untoward
leakage of infusate into WMT may be avoided. Reflux up the cannula track cause a
disruption of the pressure gradient which compromises distribution of the infusate in the
PUT, leading to reduced Vd. Leak of the infusate into the CC is most common and it
depends on proximity of the step to CC, as we show in this report. If the step is close to CC,
combined with the fact that the cannula axis runs through it, reflux will always occurs in the
direction of the cannula axis.
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We used the NHP “green zone” to predict a corresponding zone in human PUT. Our
computational analysis suggested that human has a proportionately larger green zone
compared with NHP, and that the 23-fold difference in volume of green zone is due to the
size difference between NHP and human PUT as shown previously (Yin et al., 2009). Apart
from the obvious difference in size, the overall morphology of the green zone is remarkably
similar. This knowledge is critical in obtaining excellent \VVd of therapeutics in the putamen
of patients without significant leakage into surrounding anatomical structures.

With the more widespread use of CED in the treatment of human neurological diseases, as
has be previously described (Eberling, et al 2008, Gill et al, 2003, Kunwar 2003, Mardor et
al, 2001), controlled distribution of therapeutic agents within brain structures is essential for
any approach utilizing gene or molecular therapy. It is important for optimizing efficacy to
cover the entire targeted treatment volume while avoiding adjacent regions of the brain or
CSF pathways. It has been very difficult to predict the distribution of therapeutics delivered
by CED, due to a lack of understanding of optimal cannula placement under these
circumstances. This is true for delivery of chemotherapeutic agents to brain tumors, and for
infusion of growth factors, enzymes, and viral vectors in PD patients (Bobo et al., 1994;
Hadaczek et al., 2006a; Herzog et al., 2009; Krauze et al., 2006; Krauze et al., 2005a;
Krauze et al., 2005b; Saito et al., 2005).

Emergence of iMRI technology for intraoperative imaging of functional neurosurgical
therapeutic interventions, such as MRI-guided placement of DBS stimulating electrodes in
PD (Larson et al., 2008; Martin et al., 2009), is another example of image-guided therapy
application in the brain. Precise targeting of “green zone” for CED can be accomplished by
use of skull mounted aiming devices and the iMRI unit. In addition to visualization of
accurate placement of the infusion cannula, desired distribution of the therapeutic agent can
be achieved by visualization of the CED and subsequent control of the infusion procedure.

In summary, the present study provides the first quantitative analysis by MRI of cannula
placement and distribution of Gadoteridol, and introduces the concept of RGB zones in the
NHP putamen. Moreover, real-time visualization of cannula placement by MRI, and
subsequent precise control of the extent of Gadoteridol distribution, addresses an important
safety issue, especially when parenchymal infusion of large volumes is necessary and
leakage or excessive distribution may be undesirable. Cannula placements in the RGB zones
developed from our translational non-human primate studies have significant implications
for the design of future clinical trials featuring CED of various therapeutic agents into the
putamen for PD. Additional NHP studies and RCD infusions in human patients will need to
be carried out to confirm and refine the data of RGB zones in the human putamen. It is
likely that similar RGB zones can be defined for other brain regions as well, such as
thalamus and brainstem, thereby establishing reliable coordinates for neurosurgical infusions
of therapeutic agents in the clinic.
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Correlation of spatial coordinates and length of backflow with distribution of MRI tracer in

the putamen
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Figure 2. Stepped cannula placement in the putamen

(A) Schematic shows both step and tip portion of the cannula placement in green, blue and
red zone for each case are shown. (B) Distribution is plotted as Vd in putamen vs. total Vd
for each zone is shown (p<0.01). (C) Representative MR images showing distribution of
Gadoteridol in the putamen for green, blue and red zones. Cannula placement and initial
infusion are shown in panels C, D and E for each zone. Panels F, G and H show distribution
of Gadoteridol in the brain after infusion into respective RGB zones. Note slight leakage
into white matter tracts in G (blue) but pronounced leakage in H (red). Infusion into green
zone (F) resulted in tracer distribution in putamen only.
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Figure 3.
RGB zones for step outlined in the putamen of NHP (A) and predicted for human putamen
(B) based on the RGB parameters obtained in the NHP and compared on the same scale
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Figure 4. 3D reconstruction of green zone and representative volumes of “green zone” in NHP (A

and C) and human putamen (B and D)

Area of green zone was defined from MR images as a volume at least 3 mm ventral to the
CC, at least 6 mm away from the AC (3 mm from cannula tip to AC plus 3 mm of tip
length) vertically, greater than 2.75 mm from EC laterally, and more than 3 mm from IC

medially.
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Figure 5.
Representative MR images showing distribution of Gadoteridol in the putamen and leakage
into white matter tract at small and large infusion volume of MRI tracer
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