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Convection enhanced delivery (CED) allows direct intracranial administration of neuro-
therapeutics. Success of CED relies on specific targeting and broad volume distributions
(Vp). However, to prevent off-target delivery and tissue damage, CED is typically
conducted with small cannulas and at low flow rates, which critically limit the maximum
achievable Vp. Furthermore, in applications such as gene therapy requiring injections
of large fluid volumes into broad subcortical regions, low flow rates translate into
long infusion times and multiple surgical trajectories. The cannula design is a major
limiting factor in achieving broad Vp, while minimizing infusion time and backflow. Here
we present and validate a novel multi-point cannula specifically designed to optimize
distribution and delivery time in MR-guided intracranial CED of gene-based therapeutics.
First, we evaluated the compatibility of our cannula with MRl and common viral vectors
for gene therapy. Then, we conducted CED tests in agarose brain phantoms and
benchmarked the results against single-needle delivery. 3T MRI in brain phantoms
revealed minimal susceptibility-induced artifacts, comparable to the device dimensions.
Benchtop CED of adeno-associated virus demonstrated no viral loss or inactivation.
CED in agarose brain phantoms at 3, 6, and 9 nL/min showed >3x increase in volume
distribution and 60% time reduction compared to single-needle delivery. This study
confirms the validity of a multi-point delivery approach for improving infusate distribution
at clinically-compatible timescales and supports the feasibility of our novel cannula design
for advancing safety and efficacy of MR-guided CED to the central nervous system.

Keywords: convection enhanced delivery, gene therapy and therapeutic delivery, delivery cannula, microcannula,
intraparenchymal delivery
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INTRODUCTION

Neurological disorders affect over 100 million people in the
United States and pose a significant societal and economic
burden, costing more than $800 billion/year in the U.S. alone (1).
The most prevalent and costly are neurodegenerative disorders
(NDs) of the central nervous system (CNS) such as Alzheimer’s
(AD) and Parkinson’s disease (PD), which affect 6 M people in
the U.S., and ~42 M people globally (1, 2). The standard of care
for NDs of the CNS are symptomatic pharmacological therapies
based on systemic delivery of large molecular weight (MW)
drugs administered either orally or intravenously. The blood
brain barrier (BBB), however, prevents most of the molecules
from entering the interstitium, which significantly hampers the
effectiveness of systemic delivery methods.

In recent years, therapeutic development for NDs has shifted
from optimization of symptomatic therapies to interventions
aimed at altering the natural history of the disease. Many of
them, including adeno-associated virus (AAV)-based therapies,
require access to brain parenchyma (3, 4). A successful strategy
to bypass the BBB and increase delivery efficiency is based
on intraparenchymal (IPa) injections directly into the target
site in the brain. This technique is called convection enhanced
delivery (CED) and relies on the convective flow generated
by a positive pressure gradient imposed by a syringe pump
to deliver the infusate through a catheter and into the target
brain tissue. Compared to bolus injection and diffusion-driven
methods, CED has been shown to achieve significantly higher
coverage and volume distributions (Vp) (5) especially for large
MW compounds, since convective flow is independent from
MW. CED was first introduced in the 1990’ by researchers
from the U.S. National Institute of Health (NIH) to enhance
the delivery efficiency of drugs that could not cross the BBB
or were too large to diffuse over long distances (5). Since then,
CED has been successfully used in IPa delivery of a large number
of substances, including chemotherapeutics (6, 7), viral vectors
(8-12), nanocarriers (13, 14), and neurotrophic factors (15).

In the context of NDs of the CNS, direct IPa administration
of AAV via CED is the route of choice in many CNS gene
therapy trials (3, 16-21) due to: (1) minimal biodistribution
to peripheral organs, (2) lower doses, and (3) significantly
higher transduction efficiency compared to intravenous (22)
or intrathecal (23) delivery. Initial multi-center, double-blind
clinical trials involving AAV-mediated gene therapy for PD
with neurotrophic factors, such as glial-cell-derived neurotrophic
factor (GDNF) (24) and neurturin (16) delivered via bilateral
injections in the putamen, failed to achieve primary efficacy
endpoints. Retrospective analyses (15, 24) pointed at the limited
infusate distribution and the sub-optimal cannula design causing
low coverage and oft-target delivery as the primary determinants
of these poor outcomes. In recent phase 1, open-label trials of
AAV2-GDNF for PD (19) even after two serial intraputaminal
injections in each brain hemisphere, the putaminal coverage was
only 26% and moderate or no clinical improvements in motor
scores were observed. Similar results have been reported in recent
phase 1 open-label trials of AAV2-L-amino acid decarboxylase

(AADC) therapy for PD (25), where volume coverage ranged
between 21 and 42% after two or more serial trajectories. Limited
efficacy of gene therapy for infantile AADC deficiency (26) and
failure of phase III clinical trials for IL13-PE38QQR therapy
for glioblastoma (27), have also been attributed to poor target
coverage and low Vp.

The main factors affecting CED performance are the infusion
flow rate and the catheter design. As CED is governed by the
gradient between skull and injection pressures, the choice of
the optimal flow rate is a compromise between maximizing Vp
and avoiding pressure and stress-induced tissue damage. Typical
CED flow rates range from 0.1 to 0.5 pL/min in rodents (28-30)
and 3-5 wL/min in pre-clinical and clinical studies (31, 32).

In principle, increasing the cannula diameter could allow
higher flow rates and lower total infusion times. However, larger
cannula diameter and high flow rates induce the formation of a
low-resistance pathway along the cannula tract, which causes the
infusate to leak along this pathway and away from the target site.
This phenomenon, called backflow or reflux, not only can affect
treatment efficacy, but can also lead to unwanted toxic effects due
to off-target delivery.

In the last few decades, extensive efforts have been dedicated
to improving and optimizing the design of delivery cannulas.
Besides minimizing the shaft diameter (25, 33, 34), some of the
proposed strategies include polymer coatings (35), microfluidic
devices (36), microporous hollow fiber catheters (30), coaxial
(37) and recessed (38) cannulas. Multi-point designs, such as
the arborizing catheter (39) and the indwelling Cleveland Clinic
Multiport catheter (CCMC) (40) have also been proposed.
Currently, the most adopted design in pre-clinical and clinical
trials involving IPa CED is the step-cannula, where a 0.36 mm
fused-silica needle extends 5mm distally from a central shaft
(O.D. 1.5mm) (41, 42). Although this step-cannula design has
allowed reflux-free delivery at flow rates as high as 10 pL/min
in rodent brains (42), in non-human primates and human CED,
where flow rates are typically 3 wL/min (12, 31, 41, 43) and do
not exceed 5 wL/min (32), the volume distribution is still far
from being optimal especially in larger brain regions such as the
putamen (18, 19).

Ideally, a cannula design which allows delivery of the required
infusate volume in a short amount of time, while minimizing
the risk of tissue damage and backflow, would be beneficial for
achieving optimal distribution, increasing overall target coverage,
and minimizing the procedure duration.

In this work, we present a novel, multi-point injection
technology (MINT) for IPa CED in MRI Instead of a
single delivery needle, the MINT device consists of three
moveable microcannulas specifically designed to optimize
volume distribution and coverage in target regions, while
minimizing the number of surgical accesses and total infusion
time. We validated the feasibility of MINT specifically for
MR-guided CED of AAV through volumetric MRI and
AAV compatibility tests. Furthermore, we assessed distribution
performance and backflow at varying flow rates through CED of
trypan blue dye in agarose brain phantoms and benchmarked the
results against single-needle CED in the same model.
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FIGURE 1 | MINT device design and dimensions. (A,B) Overview of the dimensions of the MINT catheter showing (A) (top) retracted and (bottom) ejected positions,
and (B) ejected microcannula in (left) intermediately extended Position 1 and (right) fully extended Position 2. (C-E) Overview of the dimensions of the three actuated
microcannulas including (C) details of the shaft dimensions, (D) the 3 infusion port dimensions (tapered end not shown), and (E) transverse section of the shaft with
the embedded microcannulas in the retracted positions.

MATERIALS AND METHODS

Device Design and Fabrication

The MINT device consists of a 30cm long Nitinol shaft
with a 3mm O.D. and 2mm LD., terminating in a conical
Polyetheretherketone (PEEK) tip equipped with three openings.
The lumen of the shaft houses three moveable microcannulas
controlled via a pressure-sensitive plunger and a central actuation
system housed in the ergonomic handle made with UV-curable
acrylonitrile butadiene styrene resin. The handle is equipped with
three flow inlet ports that connect to the infusion pump system
(Figures 1A,B).

The microcannulas consist of Nitinol microtubes with 0.5 mm
O.D. and 0.3 mm L.D., tapered at the end and machined with
three circular fluid outlet points along the distal portion, each
0.15mm in diameter and spaced 0.8 mm apart (Figures 1C-E).
Nitinol was chosen because it is an MRI compatible shape
memory alloy with exceptional flexibility and resistance against
flexural fatigue (44). The MINT shaft and microcannula
diameters are comparable with other single-needle CED cannulas

(45). In addition to the small diameters, the step-design at the
transition between the shaft and the microcannulas was chosen
as an additional feature to help prevent backflow (28, 39, 42).
The distal ends of the microcannulas are tapered, which has
been shown to reduce tissue damage upon insertion compared to
blunt tips (46). The distributed outflow points ensure symmetric
delivery of the infusate and in previous studies, have been shown
to lead to higher Vp due to better flow distributions at the outlets
(47). Furthermore, a distributed delivery design leads to lower
hydraulic pressure at the fluid outlet, which in turn reduces
tissue damage and backflow incidence (30, 47). The central
microcannula is straight, while the two side microcannulas are
thermally pre-formed in a curved shape with a maximum radius
of curvature of 16.6mm in the fully extended position. The
priming volumes are 46 and 49 L for the central and side
microcannulas, respectively.

The microcannula design and curvatures described here were
chosen to optimally match the human putamen, a typical target
of gene therapies for NDs of the CNS such as PD (18, 19) and
Huntington’s disease (HD) (48). However, these parameters can
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be easily modified to perform CED in different areas of the
human brain as well as for pre-clinical studies in smaller species
(Supplementary Figure 1).

MRI Compatibility

All the MINT components are made from polymeric materials,
except for the Nitinol shaft and microcannulas, and five brass
screws and nuts located on the handle. Importantly, there is no
closed metallic loop. Nitinol is commonly used in medical devices
such as stents and heart valves. Nitinol and brass exhibit <1073
susceptibility difference with the brain tissue (49), thus they
can be accommodated in the imaging region without causing
significant image degradation.

To test the MRI compatibility of the device, we acquired T2-
weighted, 3D sampling perfection with application optimized
contrasts using different flip angle evolution (SPACE) volumetric
images (0.7 x 0.7 x 1mm) of MINT inserted in a brain
imaging phantom prepared according to published protocols
(50). Briefly, the phantom was prepared from 2.9 wt% agarose
(IBI Scientific, Dubuque, IA) dispersed in deionized water doped
with 21.8 mM NiCl, (Sigma-Aldrich, St. Louis, MO) and NaCl
(Fisher Scientific, Hampton, NH). The doped agarose solution
was heated and stirred on a hot plate until it became clear, then
poured inside a 6-inch, clear-acrylic sphere (American Made
Plastic, Inc. Riverside, CA), and degassed in a desiccator. The
solution was left to cool and gelate overnight at 4°C, and then
refrigerated until use. The MINT device (n = 1) was inserted in
the phantom and then scanned with 3D magnetization-prepared
rapid acquisition with gradient echo (MPRAGE) in a 3T Siemens
Trio scanner at the University of Pennsylvania. 3D MPRAGE was
chosen as it is most commonly used in the MR-guided cannula
insertion and CED procedures. MRI images were then imported
and analyzed offline in OsiriX (Pixmeo SARL, Switzerland). The
images were qualitatively assessed for susceptibility artifact or,
more specificially, low signal extending beyond the interface
between the MINT device and the surrounding agarose, and
other image distortion. Device features in the scans were
measured with OsiriX built-in measurement tool.

AAV Compatibility

To evaluate whether the materials and fluidic design of MINT are
compatible with AAV activity, we conducted AAV compatibility
tests in different conditions, ranging from incubation for 30 min
to CED at varying flow rates. AAV stock solutions at an initial
concentration of 1 x 103 vg/mL were prepared according to
standard protocols (9, 48).

For incubation tests, the AAV stock solution was manually
loaded in one of the MINT microcannulas using a syringe
connected to the fluidic line until the microcannula was filled.
The AAV solution was incubated for 30 min, then collected
in microcentrifuge tubes by flushing the line with an air-filled
syringe driven by a programmable syringe pump (Harvard
Apparatus Inc., Holliston, MA).

Flow tests were conducted by filling the line with fresh AAV
stock solutions and running standard CED protocols consisting
of an initial stepped flow rate ramping from 0 pL/min to
the final flow rate at 0.5 pL/min increments every minute.

This was followed by 30min of continuous flow at the final
flow rate of 3 (n = 1), 5 (n = 2) or 10 pwL/min (n =
1). AAV solution outflowing from the microcannula line was
continuously collected in microcentrifuge tubes. At the end
of the injection protocol, the remaining AAV solution in the
microcannula was collected by manually flushing the line with an
air-filled syringe. The concentrations of AAV in the initial stock
solution and in each experimental condition were determined
by real-time PCR. Briefly, a primer probe set was designed to
target a region of the transgene sequence in the AAV used for
compatibility testing. A stock standard dilution was created from
a linearized plasmid of known size containing the transgene
used to generate the virus ranging from 1 x 10° to 1 x 10!
copies/mL. The virus used for compatibility testing that was
collected under each experimental condition was treated with
DNase and diluted 1:1000, 1:5000, and 1:25000 for qPCR analysis
(n = 3 qPCR repeats for each dilution). TagMan master mix
(Applied Biosciences Thermofisher Baltics, Vilnius, Lithuania)
was used to prepare the qPCR reaction that was run on a
CFX384 Real Time Thermal Cycler (BioRad, Hercules, CA).
AAV titer data was analyzed by two-way ANOVA factoring AAV
condition (initial titer vs. CED) and dilution, followed by post-
hoc Sidak’s multiple comparisons test. Average % difference in
AAV concentration was calculated as: (AAV post-CED - AAV
initial)/AAV initial x 100.

CED in Agarose Brain Phantoms: Setup

To assess the performance of the MINT device for CED, we
developed a shadowgraphy setup and quantitatively measured
the volumetric distributions in agarose brain phantoms. The
agarose gel was prepared by dissolving 0.6 wt% of agarose (IBI
Scientific, Dubuque, IA) into deionized water. The solution
was heated and stirred until it became clear and then poured
into a custom-made clear-acrylic box (15 x 15 x15cm). The
solution was left to cool, gelate overnight at 4°C, and refrigerated
until used. The experimental setup is depicted in Figure 2A
and consisted of the clear-acrylic box and a 3D printed top
frame designed to securely fit onto the box and rigidly attach
to the MRI-compatible stereotactic system SmartFrame (MRI
Interventions, Inc., Irvine CA) to guide and adjust the catheter
trajectory in the x, y, and z directions. To stabilize the catheter
and provide additional support against potential rotation and
translation, we used custom, 3D printed reducing tubes and
a lateral press-fit post. The three flow inlet ports (Figure 2B)
on MINT were connected to a programmable syringe pump
(Braintree Scientific, Inc., Braintree, MA) via 36” I.V. extension
polyethylene tubing (Medline Industries, Inc., Mundelein, IL).
Additional components of the setup included a backlight and a
side mirror for optimal contrast and accurate reconstruction of
the volumetric distribution profiles.

CED in Agarose Brain Phantoms: Insertion

and Infusion Protocol

In the CED experiments, the MINT device was connected to
the programmable syringe pump. To minimize the risk of the
formation of air bubbles and catheter distal tip occlusion during
insertion, the pump was turned on at a 0.5 pL/min flow rate
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FIGURE 2 | (A) Schematics of the experimental setup for phantom CED tests. (B) Photograph of the MINT device inserted in the SmartFrame trajectory guidance
stereotactic system (MRI Interventions Inc., Irvine CA), with the custom-designed side support. (C) Photograph of the MINT device inserted in the agarose brain
phantom through the stereotactic frame at the end of the CED of 450 L of trypan blue dye.
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before the beginning of the insertion procedure into the agarose
gel to maintain a positive pressure.

MINT was then inserted into the stereotactic frame, manually
lowered in the agarose phantom, and secured to the lateral
support at the desired insertion depth of ~5cm from the
phantom surface. The plunger was then manually actuated at
2.7 &+ 1.4 mm/s to eject the three microcannulas from the
shaft (Figure 2C). This insertion rate was calculated in Matlab
(Mathworks, Inc., Natick, MA) as follows: starting from the last
frame of the video, a bulk-crop method was used to select the
region of interest containing the central microcannula. The video
was then down-sampled from 30 to 6 fps and each cropped
frame was converted to a binary image (showing the cannula in
white) from which the vertical coordinate of the cannula end was
recorded. From these discrete coordinates over the course of the
deployment, the microcannula insertion rate was calculated.

Trypan blue dye (0.4%, Sigma-Aldrich, St. Louis, MO)
was used as a marker for volumetric flow distribution. The
injection procedure followed standard CED protocols (45): a first
ramping step at 0.5 pL/min increments every 1 min, followed by
continuous injection at the desired flow rate. The final total flow
rates were set at 3, 6, or 9 wL/min (i.e., 1, 2, or 3 wL/min per
microcannula line) and injections were performed until a total
volume of 450 iL of trypan blue dye was delivered (Figure 2C).
This volume is typical for CED infusions of AAV in human
gene therapy trials (18, 19). Images of the volume distribution
in the phantom were taken with a Canon EOS M50 4K ultra
high-definition digital single-lens reflex camera (Canon, Inc., Ota
City, Tokyo, Japan) at 25 pL or 50 pL volume increments. A

total of n = 3 experiments were performed at each flow rate
condition tested.

Following a similar protocol, with steps at 0.5 pL/min
increments every 1 min followed by continuous injection, CED
experiments were performed to compare the performance of
MINT vs. single-needle cannulas. For these tests, only the MINT
central microcannula line was used to mimic single-needle
injection. Final flow rates for single-needle experiments were 3
and 5 pL/min and injections were performed until a total volume
of 450 L of trypan blue dye was delivered to compare the Vp to
the multipoint MINT studies.

Volume Distribution Calculation

The volume distribution is defined as the volume where the
injected agent is distributed in the target medium. The injected
volume (Vj) is the volume output by the programmable syringe
pump. Therefore, the distribution ratio Vp/Vj is a measure of the
infusion efficiency.

The volume distribution over the course of the benchtop
infusion experiments was calculated from images of the injected
trypan blue dye in the front and side views using the open-
source Java-based image processing and analysis software Image].
Under the assumption that Vp profiles for distributed delivery
configurations can be modeled as ellipsoids (30) and the
assumption that the trypan blue dye is injected on the same plane
as the catheter, the semiaxes were manually measured from the
trypan blue dye distributions at the end of each microcannula
(Supplementary Figures 2A,B). To minimize user-error in
manual measurement, the recorded value for each semiaxes was
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the average of n = 3 measurements on grayscale images taken
by one user. Each semiaxes measurement was scaled by a pixel:
mm conversion factor determined based on the known diameter
of the catheter (O.D. = 3mm) in both the front view and side
mirror images (Figure 2C). The total Vp was calculated as the
sum of the three ellipsoid volumes:

4
Vp = 37 s (arbr + acbc + arbg) (1)

where a, b, and c are the ellipsoid semiaxes and the subscripts
L, C, R, and S indicate left, central, right microcannula and
side plane, respectively. Statistical analysis was performed using
Microsoft Excel with a one-way analysis of variance (ANOVA)
followed by post-hoc Tukey test. A p < 0.05 was considered
statistically significant.

RESULTS
MRI Compatibility

A number of gene therapy protocols for neurological and
neurodegenerative disorders involve IPa injections of the viral
vectors in the target brain region via MR-guided insertion,
CED, and real-time visualization of the infusate distribution
(12, 18, 19, 51). Thus, the MRI compatibility of the CED
cannula and lack of susceptibility-induced imaging artifacts are
of paramount importance to ensure accuracy of targeting and
Vp quantification.

Images of the MINT devices in the MRI agarose brain
phantom under 3T MRI show the lack of any significant image
artifact or distortion (Figure 3). Furthermore, we could clearly
resolve the position of the three inidvidual microcannulas both
in the sagittal and transverse planes, even when they were
close to the each other in the partially extended Position 1
(Figure 1B). This finding supports the feasibility of detecting
volume distribution profiles from each injection cannula during
MR-guided CED procedures. The size of the artifact measured
on the images was 3 mm in the sagittal plane and 3.3 mm in the
transverse plane, which is comparable to the shaft dimensions
(O.D. =3 mm).

AAV Compatibility

AAV is one of the most common vectors used for gene
therapy in the CNS, due to its low immunogenicity, long-
term gene expression profile, high transfection efficiency, and
ease of functionalization (3, 17, 20). When AAV is injected in
the target regions via CED, loss or inactivation of AAV can
occur via hydrophobic interaction and adhesion to the cannula
walls or material toxicity, with potentially detrimental effects on
transfection efficiency and therapeutic efficacy (52).

To assess AAV compatibility of the MINT materials and
designs, we performed benchtop CED tests of AAV infusate at
different flow rates and quantified the virus concentration at
the end of each tested condition (Figure 4). Two-way ANOVA
revealed a significant effect of dilution [F(y; 4g) = 1271, p <
0.0001] and interaction [F(;;, 48y = 8.971, p < 0.0001), but not
of CED [F(1;,48) = 1.174, p = 0.2841) on AAV titer pre- vs.
post-CED. Post-hoc SidaK’s multiple comparisons test revealed

FIGURE 3 | 3T MRI of the MINT device in an agarose brain phantom. Top: two
consecutive slices in the sagittal plane showing the shaft and the microcannula
extended in Position 1 (intermediate extension). Bottom: transverse plane
images of the (left) shaft and (right) microcannulas (Slice thickness: 1.3 mm).

at the flow rate = 5 WL/min and dilution = 1:1000 one trial in
which the AAV titer was significantly lower than initial after CED
(p < 0.05) and one trial in which AAV titer was significantly
higher after CED (p < 0.001, not shown). In all the other 10
trials the difference in AAV concentration was not significant.
Such variation between trials and dilutions could be attributed
by variance in gPCR. Overall, the average % difference in AAV
concentration after CED in MINT was —1 £ 0.05%, confirming
the compatibility of MINT with AAV vectors (Figure 4B).

Volume Distribution and Vp/Vi Ratio

To assess the performance and evaluate the advantages of our
multi-point injection strategy for CED compared to single-
needle cannula delivery systems, we simulated the insertion and
CED procedure in agarose brain phantoms. Although agarose
is inert, non-perfused, homogeneous, and isotropic, previous
work demonstrated that 0.6% agarose gels adequately mimic the
mechanical properties of brain porous tissue during pressure-
driven infusion experiments, resulting in comparable infusate
distributions to porcine brain tissue (53).

We conducted our tests at flow rates from each individual
microcannula varying from 1, 2, and 3 pL/min (n = 3 for each
condition). Since we injected the trypan blue dye simultaneously
from the three microcannulas, the total flow rates delivered from
the MINT device were 3, 6, and 9 iL/min and the total injected
volume was 450 L.

Figure 5 shows representative trypan blue dye distribution
profiles during the course of the experiments at increasing
increments of Vj. Due to the distributed delivery from the
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multiple outlets along the microcannulas, in all the experiments
the infusion cloud morphology showed an ellipsoidal shape
symmetrically distributed along the distal ends of the
microcannulas. Importantly, in all of our experiments, we
did not observe reflux of trypan blue dye along the microcannula
walls, even at the highest flow rate tested. The reflux-free
nature of CED with the MINT device was confirmed by the
linear dependence of average volume distribution Vp with time
(Figure 6A) and the constant Vp/V; profiles after the initial
10-20-min transients (Figure 6B) at all the flow rates.

The final values of both Vp and Vp/V; showed a dependence
on the total flow rate, although not statistically significant (p =
0.82). Specifically, at Vi = 450 pL, Vp was 3648.1 + 704.9 pL,
3533.1 &+ 579.3 nL, and 3296.2 + 792.0 nL, and Vp/V; was 8.1
+ 1.6, 79. £ 1.3, and 7.3. £ 1.9 at flow rates of 3, 6, and 9
pL/min, respectively (Figure 6). This inverse dependence of the
volume distribution from the flow rate is consistent with findings
from previous works (36, 37, 54, 55) and can be attributed to
the reduction in the permeability of the gel porous matrix caused
by the perfusion-induced deformations at higher flow rates (i.e.,
effective pore size reduction). The 2.5 to 3 x increase in volume
distribution of MINT compared to single-needle CED is shown
in Figure 6B, as the horizontal lines provide a reference to the

final Vp:Vj at V; = 450 pL. The total delivery time was 150.4,
76.4, and 52.4min at 3, 6, and 9 pwL/min, respectively, which is
30% of the time required to deliver the same infusate volume
from a single cannula at a given flow rate.

At 3 wL/min, the distribution ratio Vp/V; from the multi-
point CED injections with the MINT device was 2.7-fold and
3.2-fold higher than Vp/V; measured during single-needle CED
experiments at flow rates of 3 and 5 pL/min, respectively.
Specifically, the average Vp/V; from single-needle injections
were 3.0 £ 0.5 at 3 pL/min and 2.5 + 0.7 at 5 pL/min
(Supplementary Figure 3).

DISCUSSION

In this work, we described and validated a novel multi-point
injection design for IPa CED. We engineered our device to
achieve maximal volume distribution, while minimizing infusion
time, risk of tissue damage, and backflow from large cannula size
and elevated flow rates. The key design features of the MINT
device to ensure efficient CED and enhanced Vp are: (1) three
actuated microcannulas for simultaneous multi-point CED and
large volume coverage; (2) distributed delivery points along the

Frontiers in Medical Technology | www.frontiersin.org

October 2021 | Volume 3 | Article 725844


https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

Prezelski et al.

MINT Paper

0 20 40 60 80 100 120 140 160
Time (minutes)

V,/V,Ratio
()]

21 11|

50 100 150 200 250 300 350 400 450
Volume Injected (uL)

® 9 yl/min ® 6 yL/min @ 3 ul/min

3 pL/min (central only) 5 uL/min (central only)
FIGURE 6 | (A) Average volume distribution over time and (B) average
distribution ratio with the MINT devices at varying flow rates. The green and
yellow horizontal lines provide a reference to the single-needle CED from the
central microcannula at 3 and 5 wL/min, respectively (data from
Supplementary Figure 3) and represent the final Vp/V; at V; = 450 L. Error
bars represent + S.D. from n = 3 trials.

microcannulas to reduce outlet pressure and achieve symmetric
infusate distribution; (3) step-design, tapered microcannula ends,
and small diameters to reduce risk of tissue damage and
backflow occurrence.

Furthermore, as delivery is a critical factor in accelerating the
translation of gene therapy into clinical care for the treatment
of NDs of the CNS, we specifically chose materials and design
features that allow MINT to readily integrate into standard
platforms for MR-guided CED of viral vectors via the IPa route.

Typically, IPa CED procedures are conducted in an MRI
scanner for real-time monitoring of catheter placement and agent
coverage (18, 19, 56). Our MR-compatibility tests show minimal
susceptibility-induced artifacts which are comparable with the
device dimensions in standard volumetric 3T MRI sequences.
Furthermore, the size and geometric features of the MINT device
make it possible to readily integrate MINT within standard
stereotactic apparatuses for MR-guided CED procedures, such
as the SmartFrame (MRI Interventions, Inc., Irvine CA). These

results support the feasibility of integrating MINT into current
MR-guided insertion and injection neurosurgical protocols, and
to accurately detect cannula targeting and volume distribution
profiles during the procedures, in real-time.

AAV compatibility of a CED device is particularly relevant
in application of CNS gene therapy, where AAV is the most
common vector of choice. Thus, loss of AAV infectivity
coupled with low volume coverage could be detrimental for the
therapeutic efficacy and translational potential of gene therapy
platforms. Benchtop injection tests on AAV articles at clinically
relevant flow rate conditions show that the chemical, physical,
and design properties of the cannula are compatible with AAV
and do not cause virus loss or inactivation of the infectivity. We
believe that the variation shown between trials and dilutions is
negligible and can be explained by qPCR variance.

To assess whether our novel multi-point injection cannula
design resulted in improved volume distribution performance
compared to the single-needle design, we conducted CED tests
of a tracer dye in agarose brain phantoms. This study revealed
that simultaneous infusions through three microcannulas with
a multiple-opening design result in ~2.5x higher volume
distribution compared to single-needle CED (Figure 7A).
The advantage of our multi-point cannula configuration is
also evident when compared with other single-needle CED
cannulas: in agarose brain phantoms the distribution ratio
Vp/Vi with MINT is 23% higher than the Valve Tip (VT)
catheter (Engineering Resources Group), and 50% higher
than the SmartFlow step-design single-needle cannula (MRI
Interventions, Inc., Irvine CA) (Tablel) (45). The MINT
distribution ratio falls only 42% lower than a research-grade
multi-port arborizing catheter with seven delivery cannulas,
compared to MINT with three microcannulas (39). Other multi-
cannula geometries have been proposed in literature, such as
the Cleveland Clinic Multiport catheter (40), but they have
been designed as indwelling devices for continuous, multi-
day injections (96 hs) and thus, distribution data cannot be
directly compared.

A larger distribution ratio Vp/V; is indicative of improved
coverage of the target region, a main factor determining the
ultimate outcomes of therapeutic paradigms relying on direct
IPa delivery. For example, AAV transfection efficiency has
been shown to directly correlate with 3D volume distribution
measured during MR-guided CED (43, 57). In many gene therapy
protocols for NDs of the CNS the target structure is the putamen,
an irregularly-shaped, large volume, subcortical nucleus [3.6
cm?® in humans (58)]. Although current intraputaminal CED
delivery protocols require two or more surgical trajectories and
450-900 pL injections of AAV articles in each hemisphere (18,
19), typical putaminal volume coverages range between 21 and
42% at best (18, 19), which is well-below the minimum target
of 60% (59). In our brain phantom experiments the volume
distribution from 450 L injections ranged between 3.6 and
3.3 cm?, which is higher than the target minimum coverage in
the human putamen. Although the transport properties of the
putaminal tissue are different than those of the agarose gel—
due to perfusion, anisotropy, and non-homogeneities—and, thus,
these results cannot be directly extrapolated to predict putaminal
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coverages, they support the feasibility of the proposed multi-
point injection device to improve distribution in CED.

An additional and relevant advantage of our approach is the
significant reduction in total infusion time (Figure 7B). The long
duration of the CED procedures makes IPa particularly risky and
challenging not only in large structures such as the putamen, but
also in less accessible regions such as the cerebellum, a target
for gene therapy of different forms of spinocerebellar ataxias
(8, 9, 60). By multiplexing the CED protocol simultaneously
across multiple infusion sites, the MINT device can deliver
3x the infusate volume of a single-needle cannula in a given
amount of time while operating at clinically relevant flow rates
(3-9 wL/min). Thus, MINT enables a significant reduction in
the duration of the injection procedure without impacting the
delivery performance.

Finally, although maximizing volume distribution was the
primary objective of this work, the step change at the interface
between the main shaft and the microcannulas, together with
the tapered end profiles and small diameter, helped to minimize
the occurrence of backflow during the infusion procedures
conducted in our study.

The rate of cannula insertion has been shown to be another
factor affecting backflow incidence (54). Although in many
previous works the experimental protocols involved gelation of
the agar phantoms around the cannula (37, 39), in our study
we included the manual catheter insertion and microcannula
deployment steps to more realistically mimic actual CED
procedures. Future work will be devoted to investigating the
effect of varying insertion and deployment rates on backflow,
with the goal of defining the optimal rate parameters for the
multi-point CED procedure.

Additional future experiments will include comparative
analysis of volume distributions in non-homogeneous substrates,
such as animal and eventually, human brain tissues. Particularly
relevant to validate our technology against the anatomical and
transport challenges of the brain parenchyma will be in vivo,
pre-clinical MR-guided targeting, and co-injections of contrast
agents, such as gadolinium, and viral vectors tagged with
fluorescent reporters, to accurately track distribution, coverage,

TABLE 1 | Comparison of Vp for different single-needle and multi-point CED
cannulas.

Device Vp/Vi Flow rate End-point type
VT Catheter (45) 6.6 3 pl/min Single
SmartFlow Cather (45) 54+23 3 pl/min Single
Arborizing Catheter (39) 14.9 7 pl/min Multi (7)

MINT 81+16 3 pl/min Multi (3)

and transfection efficiency via volumetric MRI analysis and post-
mortem histology, respectively (48, 61).

CONCLUSION

Direct drug and gene delivery to the brain has the potential to
become a truly curative therapeutic option for those affected by
neurological disorders by circumventing the challenges of the
blood-brain barrier penetration. In order to fully realize this
potential, the issue of targeted and broad infusate distribution
via CED must be addressed via novel engineering solutions to
the delivery cannula systems.

In this work, we have proposed and validated MINT,
a novel multi-point injection cannula for achieving broader
volume distribution than current single-needle designs. We
have validated our system in benchtops studies of trypan blue
CED in agarose brain phantoms, demonstrating significant
increase in volume distribution compared to single-needle
delivery, while drastically reducing the total duration of the
procedure. Furthermore, we have demonstrated that our device
is compatible with imaging protocols and vectors adopted in a
number of CNS gene therapy platforms.

Overall, this study supports the feasibility and the translational
potential of a multi-point injection approach as a potentially
transformative and enabling solution for highly efficient CED
delivery of gene-based therapeutics in the brain. Additional
future work will be needed to evaluate the targeting accuracy,
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delivery efficiency, and safety of MINT compared to single
cannula systems in MR-guided CED procedures in vivo.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

KP: methodology, formal analysis, software, visualization, and
writing—original draft. MK: data curation, methodology, and
writing—review and editing. JS, TL, and BD: resources,
supervision, and writing—review and editing. PG-A:
conceptualization, resources, supervision, funding acquisition,
writing—review and editing. FV: conceptualization, resources,
supervision, funding acquisition, project administration, and

REFERENCES

1. Gooch CL, Pracht E, Borenstein AR. The burden of neurological disease in
the United States: A summary report and call to action. Ann Neurol. (2017)
81:479-84. doi: 10.1002/ana.24897

2. Feigin VL, Nichols E, Alam T, Bannick MS, Beghi E, Blake N, et al
Global, regional, and national burden of neurological disorders, 1990-2016:
a systematic analysis for the Global Burden of Disease Study 2016. Lancet
Neurol. (2019) 18:459-80. doi: 10.1016/S1474-4422(18)30499-X

3. Hitti FL, Gonzalez-Alegre P, Lucas TH. Gene therapy for
neurologic disease: a neurosurgical review. World Neurosurg. (2019)
121:261-73. doi: 10.1016/j.wneu.2018.09.097

4. Gonzalez-Alegre P. Recent therapies for
neurological disease: Triplet repeat disorders. Hum Mol Genet. (2019)
28:R80-7. doi: 10.1093/hmg/ddz138

5. Hunt Bobo R, Laske DW, Akbasak A, Morrison PE, Dedrick RL, Oldfield EH.
Convection-enhanced delivery of macromolecules in the brain. Proc Natl Acad
Sci USA. (1994) 91:2076-80. doi: 10.1073/pnas.91.6.2076

6. Husain SR, Joshi BH, Puri RK. Interleukin-13 receptor as a unique
target for anti-glioblastoma therapy. Int ] Cancer. (2001) 92:168-
75. doi: 10.1002/1097-0215(200102)9999:9999<::AID-1JC1182>3.0.CO;2-N

7. Kunwar S, Chang S, Westphal M, Vogelbaum M, Sampson J, Barnett
G, et al. Phase III randomized trial of CED of IL13-PE38QQR vs
Gliadel wafers for recurrent glioblastoma. Neuro Oncol. (2010) 12:871-
81. doi: 10.1093/neuonc/nop054

8. Rodriguez-Lebron E, Costa M doCarmo, Luna-Cancalon K, Peron TM,
Fischer S, Boudreau RL, et al. Silencing mutant ATXN3 expression
resolves molecular phenotypes in SCA3 transgenic mice. Mol Ther. (2013)
21:1909. doi: 10.1038/mt.2013.152

9. Keiser MS, Kordower JH, Gonzalez-Alegre P, Davidson BL. Broad
distribution of ataxin 1 silencing in rhesus cerebella for spinocerebellar
ataxia type 1 therapy. Brain. (2015) 138:3555-66. doi: 10.1093/brain/
awv292

10. Samaranch L, Salegio EA, San Sebastian W, Kells AP, Foust KD, Bringas
JR, et al. Adeno-associated virus serotype 9 transduction in the central
nervous system of nonhuman primates. Hum Gene Ther. (2011) 23:382—
9. doi: 10.1089/hum.2011.200

11. Foust KD, Salazar DL, Likhite S, Ferraiuolo L, Ditsworth D, Ilieva H, et al.
Therapeutic AAV9-mediated suppression of mutant SOD1 slows disease
progression and extends survival in models of inherited ALS. Mol Ther. (2013)
21:2148-59. doi: 10.1038/mt.2013.211

12. Richardson RM, Kells AP, Rosenbluth KH, Salegio EA, Fiandaca MS, Larson
PS, et al. Interventional MRI-guided putaminal delivery of AAV2-GDNF for
a planned clinical trial in parkinson’s disease. Mol Ther. (2011) 19:1048-
57. doi: 10.1038/mt.2011.11

advances in molecular

writing—original draft. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the NIH R0INS117756 (FV and
TL) Penn Center for Health, Devices and Technology (FV and
PG-A), the Mirowski Family Foundation, and Neil and Barbara
Smit (FV).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmedt.
2021.725844/full#supplementary-material

13. Wu G, Barth RE, Yang W, Kawabata S, Zhang L, Green-Church K. Targeted
delivery of methotrexate to epidermal growth factor receptor-positive brain
tumors by means of cetuximab (IMC-C225) dendrimer bioconjugates. Mol
Cancer Ther. (2006) 5:52-9. doi: 10.1158/1535-7163.MCT-05-0325

14. Allard E, Passirani C, Benoit JP. Convection-enhanced delivery of
nanocarriers for the treatment of brain tumors. Biomaterials. (2009) 30:2302—
18. doi: 10.1016/j.biomaterials.2009.01.003

15. Morrison PE, Lonser RR, Oldfield EH. Convective delivery of glial cell line-
derived neurotrophic factor in the human putamen. J Neurosurg. (2007)
107:74-83. doi: 10.3171/JNS-07/07/0074

16. Marks WJ, Bartus RT, Siffert J, Davis CS, Lozano A, Boulis N,
et al. Gene delivery of AAV2-neurturin for Parkinson’s disease: A
double-blind, randomised, controlled trial. (2010)
9:1164-72. doi: 10.1016/S1474-4422(10)70254-4

17. Deverman BE, Ravina BM, Bankiewicz KS, Paul SM, Sah DWY. Gene therapy
for neurological disorders: Progress and prospects. Nat Rev Drug Discov.
(2018) 17:641-59. doi: 10.1038/nrd.2018.110

18. Christine CW, Bankiewicz KS, Van Laar AD, Richardson RM, Ravina B, Kells
AP, et al. Magnetic resonance imaging-guided phase 1 trial of putaminal
AADC gene therapy for Parkinson’s disease. Ann Neurol. (2019) 85:704-
14. doi: 10.1002/ana.25450

19. Heiss JD, Lungu C, Hammoud DA, Herscovitch P, Ehrlich D],
Argersinger DP, et al. Trial of magnetic resonance-guided putaminal
gene therapy for advanced Parkinson’s disease. Mov Disord. (2019)
34:1073-8. doi: 10.1002/mds.27724

20. Piguet E Alves S, Cartier N. Clinical gene therapy for neurodegenerative
diseases: past, present, and future. Hum Gene Ther. (2017) 28:988-
1003. doi: 10.1089/hum.2017.160

21. Hitti FL, Yang Al Gonzalez-Alegre P, Baltuch GH. Human gene therapy
approaches for the treatment of Parkinson’s disease: An overview of
current and completed clinical trials. Park Relat Disord. (2019) 66:16-
24. doi: 10.1016/j.parkreldis.2019.07.018

22. Bevan AK, Duque S, Foust KD, Morales PR, Braun L, Schmelzer L, et al.
Systemic gene delivery in large species for targeting spinal cord, brain,
and peripheral tissues for pediatric disorders. Mol Ther. (2011) 19:1971-
80. doi: 10.1038/mt.2011.157

23. Samaranch L, Pérez-Canamés A, Soto-Huelin B, Sudhakar V, Jurado-
Arjona ], Hadaczek P, et al. Adeno-associated viral vector serotype 9-based
gene therapy for Niemann-Pick disease type A. Sci Transl Med. (2019)
11:eaat3738. doi: 10.1126/scitranslmed.aat3738

24. Sherer TB, Fiske BK, Svendsen CN, Lang AE, Langston JW. Crossroads
in GDNF therapy for Parkinson’s disease. Mov Disord. (2006) 21:136-
41. doi: 10.1002/mds.20861

25. Chen MY, Lonser RR, Morrison PE Governale LS, Oldfield EH.
Variables affecting convection-enhanced delivery to the striatum: A

Lancet  Neurol.

Frontiers in Medical Technology | www.frontiersin.org

October 2021 | Volume 3 | Article 725844


https://www.frontiersin.org/articles/10.3389/fmedt.2021.725844/full#supplementary-material
https://doi.org/10.1002/ana.24897
https://doi.org/10.1016/S1474-4422(18)30499-X
https://doi.org/10.1016/j.wneu.2018.09.097
https://doi.org/10.1093/hmg/ddz138
https://doi.org/10.1073/pnas.91.6.2076
https://doi.org/10.1002/1097-0215(200102)9999:9999<::AID-IJC1182>3.0.CO;2-N
https://doi.org/10.1093/neuonc/nop054
https://doi.org/10.1038/mt.2013.152
https://doi.org/10.1093/brain/awv292
https://doi.org/10.1089/hum.2011.200
https://doi.org/10.1038/mt.2013.211
https://doi.org/10.1038/mt.2011.11
https://doi.org/10.1158/1535-7163.MCT-05-0325
https://doi.org/10.1016/j.biomaterials.2009.01.003
https://doi.org/10.3171/JNS-07/07/0074
https://doi.org/10.1016/S1474-4422(10)70254-4
https://doi.org/10.1038/nrd.2018.110
https://doi.org/10.1002/ana.25450
https://doi.org/10.1002/mds.27724
https://doi.org/10.1089/hum.2017.160
https://doi.org/10.1016/j.parkreldis.2019.07.018
https://doi.org/10.1038/mt.2011.157
https://doi.org/10.1126/scitranslmed.aat3738
https://doi.org/10.1002/mds.20861
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

Prezelski et al.

MINT Paper

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

systematic examination of rate of infusion, cannula size, infusate
concentration, and tissue-cannula sealing time. ] Neurosurg. (1999)
90:315-320. doi: 10.3171/jns.1999.90.2.0315

Hwu WL, Muramatsu SI, Tseng SH, Tzen KY, Lee NC, Chien YH, et al. Gene
therapy for aromatic L-amino acid decarboxylase deficiency. Sci Transl Med.
(2012) 4:3640. doi: 10.1126/scitranslmed.3003640

Sampson JH, Archer G, Pedain C, Wembacher-Schroder E, Westphal
M, Kunwar S, et al. Poor drug distribution as a possible explanation
for the results of the PRECISE trial. J Neurosurg. (2010) 113:301-
9. doi: 10.3171/2009.11.JNS091052

Yin D, Forsayeth J, Bankiewicz KS. Optimized cannula design and placement
for convection-enhanced delivery in rat striatum. ] Neurosci Methods. (2010)
187:46-51. doi: 10.1016/j.jneumeth.2009.12.008

Sandberg DI, Edgar MA, Souweidane MM. Convection-enhanced
delivery into the rat brainstem. ] Neurosurg. (2002) 96:885-
91. doi: 10.3171/jns.2002.96.5.0885

Oh S, Odland R, Wilson SR, Kroeger KM, Liu C, Lowenstein PR,
et al. Improved distribution of small molecules and viral vectors in the
murine brain using a hollow fiber catheter. J Neurosurg. (2007) 107:568-
77. doi: 10.3171/JNS-07/09/0568

Palfi S, Gurruchaga JM, Ralph GS, Lepetit H, Lavisse S, Buttery PC, et al. Long-
term safety and tolerability of ProSavin, a lentiviral vector-based gene therapy
for Parkinson’s disease: a dose escalation, open-label, phase 1/2 trial. Lancet.
(2014) 383:1138-46. doi: 10.1016/S0140-6736(13)61939-X

Souweidane MM, Kramer K, Pandit-Taskar N, Zhou Z, Haque S, Zanzonico
P, et al. Convection-enhanced delivery for diffuse intrinsic pontine glioma:
a single-centre, dose-escalation, phase 1 trial. Lancet Oncol. (2018) 19:1040-
50. doi: 10.1016/S1470-2045(18)30322-X

Chen ZJ, Broaddus WC, Viswanathan RR, Raghavan R, Gillies GT, Hitti FL,
et al. Maximizing local access to therapeutic deliveries in glioblastoma. Part II:
arborizing catheter for convection-enhanced delivery in tissue phantoms. Mol
Ther. (2014) 383:1138-46. doi: 10.15586/codon.glioblastoma.2017.ch18
White E, Bienemann A, Malone J, Megraw L, Bunnun C, Wyatt M, et al. An
evaluation of the relationships between catheter design and tissue mechanics
in achieving high-flow convection-enhanced delivery. ] Neurosci Methods.
(2011) 199:87-97. doi: 10.1016/j.jneumeth.2011.04.027

Vazquez LC, Hagel E, Willenberg BJ, Dai W, Casanova E Batich CD,
et al. Polymer-coated cannulas for the reduction of backflow during
intraparenchymal infusions. ] Mater Sci Mater Med. (2012) 23:2037-
46. doi: 10.1007/510856-012-4652-0

Neeves KB, Lo CT, Foley CP Saltzman WM, Olbricht WL.
Fabrication —and  characterization ~of  microfluidic ~ probes  for
convection enhanced drug delivery. ] Control Release. (2006)

111:252-62. doi: 10.1016/j.jconrel.2005.11.018

Lueshen E, Tangen K, Mehta Al, Linninger A. Backflow-free catheters for
efficient and safe convection-enhanced delivery of therapeutics. Med Eng Phys.
(2017) 45:15-24. doi: 10.1016/j.medengphy.2017.02.018

Lewis O, Woolley M, Johnson DE, Fletcher ], Fenech J, Pietrzyk MW, et al.
Maximising coverage of brain structures using controlled reflux, convection-
enhanced delivery and the recessed step catheter. ] Neurosci Methods. (2018)
308:337-45. doi: 10.1016/j.jneumeth.2018.08.029

Elenes EY. Rylander CG. Maximizing Local Access to Therapeutic Deliveries in
Glioblastoma. Part II: Arborizing Catheter for Convection-Enhanced Delivery
in Tissue Phantoms. Exon Publications (2017) p. 359-72.

Vogelbaum MA, Brewer C, Barnett GH, Mohammadi AM, Peereboom
DM, Ahluwalia MS, et al. First-in-human evaluation of the Cleveland
Multiport Catheter for convection-enhanced delivery of topotecan in
recurrent high-grade glioma: results of pilot trial 1. J Neurosurg. (2018)
13:1-10. doi: 10.3171/2017.10.JNS171845

Rosenbluth KH, Luz M, Mohr E, Mittermeyer S, Bringas ], Bankiewicz KS.
Design of an in-dwelling cannula for convection-enhanced delivery. ] Neurosci
Methods. (2011) 196:118-23. doi: 10.1016/j.jneumeth.2010.12.022

Krauze MT, Saito R, Noble C, Tamas M, Bringas J, Park JW, et al. Reflux-free
cannula for convection-enhanced high-speed delivery of therapeutic agents. J
Neurosurg. (2005) 103:923-9. doi: 10.3171/jns.2005.103.5.0923

Fiandaca MS, Varenika V, Eberling J, McKnight T, Bringas J, Pivirotto P, et al.
Real-time MR imaging of adeno-associated viral vector delivery to the primate
brain. Neuroimage. (2009) 47:T27-35. doi: 10.1016/j.neuroimage.2008.11.012

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Duerig T, Pelton A, Stckel D. An overview of nitinol medical applications.
Mater Sci Eng A. (1999) 273-5:149-60. doi: 10.1016/S0921-5093(99)
00294-4

Sillay K, Schomberg D, Hinchman A, Kumbier L, Ross C, Kubota K,
et al. Benchmarking the ERG valve tip and MRI Interventions Smart
Flow neurocatheter convection-enhanced delivery system’s performance
in a gel model of the brain: employing infusion protocols proposed
for gene therapy for Parkinson’s disease. /| Neural Eng. (2012) 9:26009-
14. doi: 10.1088/1741-2560/9/2/026009

Bjornsson CS, Oh S§J, Al-Kofahi YA, Lim YJ, Smith KL, Turner JN,
et al. Effects of insertion conditions on tissue strain and vascular damage
during neuroprosthetic device insertion. J Neural Eng. (2006) 3:196-
207. doi: 10.1088/1741-2560/3/3/002

Linninger AA, Somayaji MR, Mekarski M, Zhang L. Prediction of convection-
enhanced drug delivery to the human brain. J Theor Biol. (2008) 250:125-
38. doi: 10.1016/}.jtbi.2007.09.009

McBride JL, Pitzer MR, Boudreau RL, Dufour B, Hobbs T, Ojeda SR, et al.
Preclinical safety of RNAi-mediated HTT suppression in the rhesus macaque
as a potential therapy for Huntington’s disease. Mol Ther. (2011) 19:2152-
62. doi: 10.1038/mt.2011.219

Schenck JE. The role of magnetic susceptibility in magnetic resonance
imaging: MRI magnetic compatibility of the first and second kinds. Med Phys.
(1996) 23:815-50. doi: 10.1118/1.597854

Friedman L, Glover GH. Report on a multicenter fMRI quality assurance
protocol. | Magn Reson Imaging. (2006) 23:827-39. doi: 10.1002/jmri.
20583

Salegio EA, Bringas J, Bankiewicz KS. MRI-guided delivery of viral vectors BT
- gene therapy for neurological disorders. Gene Ther Neurol Disord. (2016)
1382:217-30. doi: 10.1007/978-1-4939-3271-9_15

Marshall DJ, Palasis M, Lepore JJ, Leiden JM. Biocompatibility of
cardiovascular gene delivery catheters with adenovirus vectors: an important
determinant of the efficiency of cardiovascular gene transfer. Mol Ther. (2000)
1:423-9. doi: 10.1006/mthe.2000.0059

Chen Z-J, Gillies GT, Broaddus WC, Prabhu SS, Fillmore H, Mitchell RM,
et al. A realistic brain tissue phantom for intraparenchymal infusion studies. J
Neurosurg. (2004) 101:314-22. doi: 10.3171/jns.2004.101.2.0314

Casanova F, Carney PR, Sarntinoranont M. Influence of needle insertion
speed on backflow for convection-enhanced delivery. J Biomech Eng. (2012)
134:41006-8. doi: 10.1115/1.4006404

Ivanchenko O, Sindhwani N, Linninger A. Experimental techniques
for studying poroelasticity in brain phantom gels under high flow
microinfusion. ] Biomech Eng. (2010) 132:51008. doi: 10.1115/1.
4001164

Rosenbluth KH, Martin AJ, Mittermeyer S, Eschermann ], Dickinson PJ,
Bankiewicz KS. Rapid inverse planning for pressure-driven drug infusions
in the brain. PLoS ONE. (2013) 8:e56397. doi: 10.1371/journal.pone.
0056397

Samaranch L, Blits B, San Sebastian W, Hadaczek P, Bringas J, Sudhakar
V, et al. MR-guided parenchymal delivery of adeno-associated viral vector
serotype 5 in non-human primate brain. Gene Ther. (2017) 24:253-
61. doi: 10.1038/gt.2017.14

Yin D, Valles FE, Fiandaca MS, Forsayeth ], Larson P, Starr P, et al.
Striatal volume differences between non-human and human primates.
J Neurosci Methods. (2009) 176:200-5. doi: 10.1016/j.jneumeth.2008.
08.027

Mittermeyer G, Christine CW, Rosenbluth KH, Baker SL, Starr P,
Larson P, et al. Long-term evaluation of a phase 1 study of AADC
gene therapy for Parkinson’s disease. Hum Gene Ther. (2011) 23:377-
81. doi: 10.1089/hum.2011.220

Keiser MS, Boudreau RL, Davidson BL. Broad therapeutic benefit after
RNAi expression vector delivery to deep cerebellar nuclei: Implications
for spinocerebellar ataxia type 1 therapy. Mol Ther. (2014) 22:588-
95. doi: 10.1038/mt.2013.279

. Richardson RM, Kells AP, Martin AJ, Larson PS, Starr PA, Piferi

PG, et al. Novel platform for MRI-guided convection-enhanced
delivery of therapeutics: preclinical validation in nonhuman primate
brain. Stereotact Funct Neurosurg. (2011) 89:141-51. doi: 10.1159/
000323544

Frontiers in Medical Technology | www.frontiersin.org

October 2021 | Volume 3 | Article 725844


https://doi.org/10.3171/jns.1999.90.2.0315
https://doi.org/10.1126/scitranslmed.3003640
https://doi.org/10.3171/2009.11.JNS091052
https://doi.org/10.1016/j.jneumeth.2009.12.008
https://doi.org/10.3171/jns.2002.96.5.0885
https://doi.org/10.3171/JNS-07/09/0568
https://doi.org/10.1016/S0140-6736(13)61939-X
https://doi.org/10.1016/S1470-2045(18)30322-X
https://doi.org/10.15586/codon.glioblastoma.2017.ch18
https://doi.org/10.1016/j.jneumeth.2011.04.027
https://doi.org/10.1007/s10856-012-4652-0
https://doi.org/10.1016/j.jconrel.2005.11.018
https://doi.org/10.1016/j.medengphy.2017.02.018
https://doi.org/10.1016/j.jneumeth.2018.08.029
https://doi.org/10.3171/2017.10.JNS171845
https://doi.org/10.1016/j.jneumeth.2010.12.022
https://doi.org/10.3171/jns.2005.103.5.0923
https://doi.org/10.1016/j.neuroimage.2008.11.012
https://doi.org/10.1016/S0921-5093(99)00294-4
https://doi.org/10.1088/1741-2560/9/2/026009
https://doi.org/10.1088/1741-2560/3/3/002
https://doi.org/10.1016/j.jtbi.2007.09.009
https://doi.org/10.1038/mt.2011.219
https://doi.org/10.1118/1.597854
https://doi.org/10.1002/jmri.20583
https://doi.org/10.1007/978-1-4939-3271-9_15
https://doi.org/10.1006/mthe.2000.0059
https://doi.org/10.3171/jns.2004.101.2.0314
https://doi.org/10.1115/1.4006404
https://doi.org/10.1115/1.4001164
https://doi.org/10.1371/journal.pone.0056397
https://doi.org/10.1038/gt.2017.14
https://doi.org/10.1016/j.jneumeth.2008.08.027
https://doi.org/10.1089/hum.2011.220
https://doi.org/10.1038/mt.2013.279
https://doi.org/10.1159/000323544
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

Prezelski et al.

MINT Paper

Conflict of Interest: FV, TL, and PG-A are co-inventors on the US patent
application 62/855,337.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Prezelski, Keiser, Stein, Lucas, Davidson, Gonzalez-Alegre and
Vitale. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Medical Technology | www.frontiersin.org

12

October 2021 | Volume 3 | Article 725844


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org
https://www.frontiersin.org/journals/medical-technology#articles

	Design and Validation of a Multi-Point Injection Technology for MR-Guided Convection Enhanced Delivery in the Brain
	Introduction
	Materials and Methods
	Device Design and Fabrication
	MRI Compatibility
	AAV Compatibility
	CED in Agarose Brain Phantoms: Setup
	CED in Agarose Brain Phantoms: Insertion and Infusion Protocol
	Volume Distribution Calculation

	Results
	MRI Compatibility
	AAV Compatibility
	Volume Distribution and VD/Vi Ratio

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


