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Convection-Enhanced Arborizing
Catheter System Improves Local/
Regional Delivery of Infusates
Versus a Single-Port Catheter in
Ex Vivo Porcine Brain Tissue

Standard treatment for glioblastoma is noncurative and only partially effective.
Convection-enhanced delivery (CED) was developed as an alternative approach for
effective loco-regional delivery of drugs via a small catheter inserted into the diseased
brain. However, previous CED clinical trials revealed the need for improved catheters
for controlled and satisfactory distribution of therapeutics. In this study, the arborizing
catheter, consisting of six infusion ports, was compared to a reflux-preventing single-port
catheter. Infusions of iohexol at a flow rate of 1 ul/min/microneedle were performed,
using the arborizing catheter on one hemisphere and a single-port catheter on the contra-
lateral hemisphere of excised pig brains. The volume dispersed (V) of the contrast agent
was quantified for each catheter. V, for the arborizing catheter was significantly higher
than for the single-port catheter, 2235.8 * 569.7 mm’ and 382.2 + 243.0 mn®, respec-
tively (n=7). Minimal reflux was observed; however, high V, values were achieved with
the arborizing catheter. With simultaneous infusion using multiple ports of the arborizing
catheter, high V;was achieved at a low infusion rate. Thus, the arborizing catheter prom-
ises a highly desirable large volume of distribution of drugs delivered to the brain for the
purpose of treating brain tumors. [DOI: 10.1115/1.4048935]
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Introduction

Glioblastoma (GBM) is a high-grade malignant glioma with a
mortality rate that exceeds 95% despite over eight decades of
medical research dedicated to improve outcomes [1,2]. GBM is
extremely difficult to treat in the brain and essentially incurable
due to its complex pathobiology and highly infiltrative form [3].
The standard of care is complex, toxic, and invasive involving
surgical resection [4], radiation [5], concomitant, and/or adjuvant
chemotherapy [6,7]. Tumor recurrence is inevitable, typically
recurring within a 1-2 cm vicinity of the original tumor site [8,9].

The blood brain barrier (BBB) and the blood brain tumor barrier
(BBTB) form a major obstacle in malignant glioma therapy by hin-
dering the delivery of sufficient quantities of potentially effective
therapeutic agents [10,11]. A technique for loco-regional delivery
known as convection-enhanced delivery (CED) demonstrated to be
a viable approach for circumventing the BBB and BBTB. CED
involves pressure-driven flow of therapeutics directly to the brain
via a stereotactically guided small-caliber catheter [12,13]. Macro-
molecules are pumped primarily through the interstitial space of
the brain parenchyma for a few hours or up to couple of weeks
allowing greater distribution of molecules than obtained with sim-
ple diffusion [14,15]. Through local delivery of high concentra-
tions of therapeutics directly to the diseased brain tissue, CED
minimizes systemic and central nervous system toxicity.

Despite the promising results of CED in early clinical trials, it
has yet to prove full clinical success. The interleukin 13 receptor
alpha 2 (IL-13RA2) discovered to be overexpressed in GBM cells
proved to be an attractive target in GBM [16-18]. The first gener-
ation of IL-13-based targeted cytotoxins, delivered via CED,
increased patient survival by an average of 15 more weeks com-
pared to median survival for these patients [19]. Propelled by the
early favorable results, Phase III clinical trials (PRECISE trial)
were conducted comparing CED of IL-13-PE38QQR and the
Gliadel Wafer (a diffusion-based therapy approved by the Food
and Drug Administration) in patients with recurrent GBM [20].
These trials failed to demonstrate statistically significant
improvement in survival for the CED group compared to the
control group. It is noteworthy to point out that to achieve the
company’s chosen clinical trial-endpoint, patients had to survive
50% longer than the historical controls. However, not a single
drug in oncology has exhibited this kind of efficacy in this century
[20]. An additional limitation of the study was that researchers
used commercially available catheters designed for drug delivery
into open liquid spaces, but not brain parenchyma or brain tumors.
The catheters used appeared incapable of distributing drugs over
large tissue volumes necessary for complete coverage of the tumor
margins [21]. Thus, infiltrative GBM cells potentially residing in
the primary tumor periphery (nonenhancing tumor), which corre-
late with tumor recurrence, were presumably left untreated [22].

The lack of CED-specific tools to perform the therapy in the
PRECISE trial could have contributed to its disappointing results.
The catheters used in the study had a single port for infusion,
which are highly prone to air embolization and reflux, or
backflow, along the catheter walls [23]. Hence, insertion of multi-
ple single-port catheters was required to attempt larger
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distributions in the brain. The hazards of multiple insertion tracts
include increased risk of trauma to healthy neurological tissue and
greater probability of cell seeding healthy tissue with cancer cells
along the insertion tracts [24,25]. Therefore, there is a clear clini-
cal need for improved catheters that address the drug delivery lim-
itations of CED [26].

Recognizing this need, catheters have been designed to incor-
porate a reflux-arresting property such as a “step change,” in
which the diameter of the catheter changes along the distal tip of
the catheter [27-31]. In addition, Vogelbaum et al. have demon-
strated that the Cleaveland Multiport Catheter successfully deliv-
ers a high volume of therapeutics during intra-and perioperative
infusions in recurrent GBM and anaplastic astrocytoma [32]. The
effectiveness of the Cleaveland Multiport Catheter supports the
concept of utilizing multiple ports for achieving high volumes of
dispersion, specifically in the nonenhancing, tumor-infiltrated
brain tissue.

Our research group has developed the “arborizing catheter” to
maximize drug dispersal in the brain [33,34]. The arborizing
catheter consists of multiple infusion ports or “microneedles”
originating from within a rigid cannula. This is an advantage over
utilizing multiple single-port catheters because the arborizing
catheter requires only one insertion path. Each microneedle indi-
vidually arborizes (branches out) from the primary cannula to
enhance drug delivery to desirable margins surrounding GBM.
Risk of complications could be reduced because individual micro-
needles are ten-fold smaller than conventional catheters. In addi-
tion, the microneedles and all contact surfaces fully retract into
the cannula during insertion and extraction of the catheter, thereby
reducing the probability of tumor cell seeding in healthy brain tis-
sue. The cannula—microneedle interface of the arborizing catheter
is an inherent step change, which is a feature that has been demon-
strated to mitigate reflux in the literature [29,35,36]. The disad-
vantage of the arborizing catheter design compared to single-port
catheters is that multiple microneedles can increase the complex-
ity of use and manufacturing.

We have previously demonstrated the greater volume dispersed
(V4) and mean distribution ratios (V4:V;) achieved with the arbo-
rizing catheter compared to single-port catheters in brain tissue
phantoms [34]. In this study, we compare the performance of the
arborizing catheter versus a single-port catheter in excised porcine
brains.

Materials and Methods

Manufacturing of the Arborizing Catheter. The arborizing
catheter was manufactured following the design specifications
established through discussions within our group involving neuro-
surgeons (Table 1). The key feature of the catheter is the distal
end of its primary cannula (3 mm outer diameter (OD)) that con-
sists of biocompatible polyether ether ketone (PEEK) tubes
(41568-L4, Analytical Sales & Services Inc., Flanders, NJ; OD
794 um x inner diameter (ID) 381 um) bent at a radius of curva-
ture of 28.3 mm using a two-piece custom-manufactured fixture
(Fig. 1(a)). Once arranged within the fixture, the PEEK tubes
were fixed in their bent configuration with UV-cured medical
grade adhesive (3972, Loctite®, Westlake, OH) (Fig. 1(b)).
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Following the curing process, the distal end of the cannula was
polished to a smooth conical tip.

The PEEK tubes guide six microneedles made from small-gauge
(OD 375 pum x ID 180 um) fused-silica capillary fibers (TSP180375,
General Separation Technologies, Newark, DE). Five microneedles
were equally spaced surrounding the sixth microneedle at the center
of the cannula. The distal end of each microneedle was cleaved flat.
The proximal end of each microneedle was attached to a 22 G plastic
dispensing needle with a Luer adapter that can quickly connect to
small-bore extension tubing. The flexible, plastic dispensing needle
was reinforced with PEEK tubing to add rigidity and prevent
kinking/buckling during microneedle deployment.

Manufacturing of Single-Port Microneedle Catheter. The
single-port catheters were modeled after commercially available,
reflux-preventing step catheters (e.g., SmartFlow cannula, MRI
Interventions Inc., Irvine, CA). The single-port catheter consisted
of a single fused-silica capillary tube (i.e., microneedle) fixed
inside PEEK tubing (OD 794 um x ID 381 um). To create the
reflux-preventing step change, the PEEK-reinforced microneedle
was inserted into a 1.5 mm-diameter OD PEEK tubing. The proxi-
mal end of each microneedle was attached to a 22 G plastic dis-
pensing needle with a Luer adapter. The distal end of each
microneedle was cleaved flat.

Two arborizing catheters and two single-port catheters were
used for the infusion experiments in this study (Fig. 2(a)). When
the microneedles are fully deployed, the small diameter of the
microneedles interface with the larger diameter of the cannula to
create a step change that helps arrest backflow (Fig. 2(b)). Simi-
larly, the step change in the single-port catheter is demonstrated in
the magnified image.

The fixture used to manufacture the arborizing catheter was
designed to deflect the needles at 25 deg measured from the axis
of the cannula. Images for each microneedle, deployed individu-
ally were taken and imported into IMAGE J (National Institutes of
Health, Bethesda, MD) to measure the angle of deflection, 0
(Fig. 2(c)). Transverse images of the distal tip of the cannula, with
the microneedles fully deployed, were also taken to measure the
angle between two adjacent microneedles, ¢. The mean angle and
standard deviation were 26.6 deg = 1.2 deg and 72.0 deg * 3.2 deg
for 0 and ¢, respectively.

Specimen Preparation. Fresh commercial pig heads (n=7)
were procured from a local abattoir (Johnson City, TX) within
hours of harvesting and processed at room temperature. To pre-
vent X-ray attenuation during imaging due to excess tissue, the
bulk of the head was removed leaving only a block of tissue
encapsulating the cranium and brain (approximately 6cm
X 10cm x 11cm). An autopsy saw (Mopec, Oak Park, MI) was
used to create a window in the outer table of the frontal bone over-
lying the sinus frontalis of the pigs. Two burr hole craniectomies,
separated 1.5 cm apart, were then created in the inner table of the
frontal bone providing access to each cerebral hemisphere.

Infusion Experiments. A custom-built fixture was used to hold
the main cannula of the arborizing catheter and provide support to

Table 1 Design constraints and specifications for the arboriz-
ing catheter

Design criteria Specification

Max cannula OD 3mm

Length (for animal model) 13cm

Max microneedle OD x ID 500 pm x 200 pum
Max microneedle deployment depth Scm

Number of ports >5
Microneedle separation distance >1-1.5cm
Materials Ceramic, titanium, PEEK
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(a) (b)

Fig. 1 (a) Drawing of the two components of the fixture for
manufacturing the cannula of the arborizing catheter. (b) View
of assembled fixture holding and bending the PEEK tubing in
place for bonding.

the microneedles to prevent them from buckling during deploy-
ment (Fig. 3(a)). The device consists of two plastic plates secured
to a linear stage. The backplate contains vertical channels to help
guide the microneedles and the front plate was used to effectively
“sandwich” the catheter and microneedles, securing them to the
linear stage. A second set of grips were used to secure the Luer
locks of the microneedles to the translating portion of the linear
stage. The single-port catheter and each microneedle of the arbo-
rizing catheter were connected to a fluid line and syringe via a
three-way stopcock. Mountable gauge pressure sensors (PX26
series, Omega Engineering, Norwalk, CT) were connected to one
port of the stopcock of each fluid line for each microneedle and
for the single-port catheter. Pressure sensors numbered P1-P6
were assigned to each microneedle of the arborizing catheter and
a seventh pressure sensor was assigned to the single-port catheter
(Fig. 3(b)).

Before the catheters were inserted, the fluid lines for the single-
port catheter and each microneedle were primed with the iodine-
based imaging tracer, iohexol, with a concentration of 241.2mg
iodine/mL. The stopcock was closed to prevent fluid from escap-
ing and the microneedles were fully retracted inside the cannula.
The cannula of arborizing catheter and the single-port catheter
were inserted manually, with the linear stage’s micrometer, on the
right and left hemispheres of the brain, respectively. The arboriz-
ing catheter was inserted approximately 1-cm deep from the brain
surface. The single-port catheter was inserted approximately 2-cm
deep from the brain surface. Both catheters were inserted at
40 deg using the flat surface of the tissue specimen as a reference.

A virtual graphical interface program written in LabVIEW
(National Instruments, Austin, TX) was used to control a linear
actuator (Zaber Technologies, Inc., Vancouver, BC) to simultane-
ously deploy the microneedles, 1-cm deep into brain tissue at an
insertion rate of 0.33 mm/sec. The fluid lines were opened at the
beginning of the insertion to allow flow and prevent clogging of
the single-port catheter and microneedles during insertion into
the tissue. The infusion flow rate was set to ramp from 0.5 to
1 uL/min/microneedle for the first 2 min, then to a constant flow
rate of 1 ul./min/microneedle for the duration of infusion using a
programmable syringe pump (Harvard Apparatus, Holliston,
MA). The total infusion time was 4 h and 2 min. The flow rate was
chosen based on clinically relevant flow rates for CED, which
range from 0.5 to 10 uL/min [15,20,37-40]. In a seminal study,
Bobo et al. investigated the distribution of two compounds admin-
istered to cat brains at a flow rate that increased from 0.5 to
4.0 uL/min [12]. The authors ascertained that stability was main-
tained throughout the infusion with no significant adverse effects
[12]. Moreover, additional studies concluded that CED did not
lead to cerebral edema [14].

Computed Tomography Imaging. Immediately following the
infusion, the specimens were transported to the University of
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Fig. 2 (a) Image shows an arborizing catheter and single-port catheter. (b) Magnified image of dis-
tal ends of the catheters showing microneedle deflection in the arborizing catheter and the reflux-
arresting step change for the respective catheters. (c) Measured angles for the arborizing catheter.
Phi (p) was defined as the angle along the axes of two adjacent needles. Theta (0) was defined as
the angle of deflection of each microneedle in reference to the axis of the cannula.

Texas at Austin high resolution X-ray computed tomography (CT)
facility (UTCT) for CT scanning. Each specimen was imaged with
the catheters in situ along with iohexol solution standards with con-
centrations ranging from 100% to 1% of the stock solution. All
specimens were imaged with a North Star Imaging (Roger, MN) CT
scanner and Perkin Elmer (Waltham, MA) detector. The specimens
were scanned at 130kV with a current of 0.13mA. Voxel size was
133.3 um for all three dimensions. The final image dataset ranged
from 843 to 975 slices.

Image Analysis. For each specimen, stacks of 16-bit tag image
file format images were imported into IMAGE J (NIH, Bethesda,
MD) to extract the corresponding grayscale values from the
iohexol solution calibration standards. The intensity value of each
standard was averaged from 40 to 50 images. We selected 10% of
the stock iohexol concentration as the threshold for calculating the
volume dispersed (V4) of the infusion. At this concentration, the
mean grayscale intensity for the contrast agent was greater than
that of the surrounding brain tissue.

After determining the average grayscale values for the solution
standards and brain tissue, the image data was loaded into Avizo
(version 9.5 FEI Visualization Sciences Group, Hillsboro, OR) for
volumetric segmentation. Each voxel size was defined as
133.3 um for all three dimensions based on the CT images. The
brain was isolated from the surrounding skull and superfluous tis-
sue. Then a threshold range using the grayscale intensity value
corresponding to the 10% stock concentration for the lower bound
was applied to select the voxels corresponding to the infused con-
trast agent. This was done in three orthogonal views, leading to a
three-dimensional preliminary “mask™ containing the selected
voxels. This original mask was sectioned into separate masks for
each catheter. The infused volume on the right and left hemi-
spheres corresponded to the arborizing catheter and the single-
port catheter, respectively. Ventricular leakage was separated
from the infusion volumes manually based on the structure of the
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lateral ventricles visualized in the images. Each catheter’s individ-
ual contribution to ventricular leakage could not be clearly distin-
guished; thus, leakage was not subdivided, but rather aggregated
into a single mask.

The material analysis function available in Avizo was used to
count each voxel and calculate the volume of each mask that rep-
resented V4. Next, the masks corresponding to the single-port
catheter, arborizing catheter, and ventricular leakage were
exported from avizo as 16-bit tag image file format images. The
mask and raw images were then imported into MATLAB (version
2018a Mathworks, Natick, MA). Closed voids in the infusion
mask were filled using a flood-fill operation with pixel connectiv-
ity defined as horizontal, vertical, and diagonal adjacent pixels for
each slice. Both the filled and unfilled masks were overlaid on the
original raw files and grayscale intensity values were recorded for
all areas within the infusion regions. The percent increase in num-
ber of voxels and the V4 for each new mask was calculated.

Given the prescribed flow rate and the infusion duration, the
infused volume (V;) per microneedle is known a priori, and was
used to calculate the mean distribution ratio (Vg4:V;). Using
MATLAB, a paired t-test for two paired samples was performed to
analyze differences in Vg4, Vg4:V;, and voxel percent increase for
the two catheter groups assuming a significance level equal to
0.05. A Student’s r-test was used to compare differences in Vy
between the filled and unfilled masks.

In order to study spatial uniformity of the two catheters, gray-
scale intensity values for each mask were put into 20 bins ranging
from 0 to 100% infusate concentration. Next, a ratio (percent vox-
els) was created for each bin by normalizing the data to the total
number of voxels in each mask for each infusion. The mean,
median, standard deviation, kurtosis, and skewness compare the
histogram generated from the imaging data for each pig brain and
specific catheter. These statistics could determine the shape of the
histogram and were compared between the two catheters using a
Wilcoxon rank sum test (analyzing one statistic at a time; ignoring
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the dependency for the two histograms, one for each catheter, gen-
erated from the pig brain), multivariate analysis of variance (ana-
lyzing all statistics simultaneously), mixed effects models
(considering the correlated structure), and generalized estimating
equations (GEE) models (considering the correlated structure).

Additionally, the mixed effects models were used to examine
the association between the two catheter groups and ratios after
adjusting for concentration. Interactions between group and con-
centration in the model were included to explore whether the
group effect on ratios changed by concentration level. Further-
more, using the 10% bin as the threshold concentration, any ratios
below 10% or above 10% were considered as under or over satu-
rated areas, respectively. Allowing some variation, a randomly
selected cutoff point for the ratios (e.g., 15%, 20%, and 25%) was
used to divide the ratios into two groups: (1) bad: less than 10%
or greater than the selected cutoff point and (2) good: greater than
or equal to 10% and less than or equal to the selected cutoff point.
The GEE models with logit link and binomial distribution were
used to study the association between groups and the dichotom-
ized ratio. These analyses were performed using sas statistical
software (SAS Inc., Cary, NC).

Results

Following the infusion of iohexol into excised pig brains, speci-
mens (n=7) and vials of iohexol calibration standards were
imaged with CT. Image stacks of the CT scan were imported into
IMAGE J to quantify the grayscale intensity values for the solution
dilutions that ranged from 1 to 100% concentration of the iohexol.
The grayscale intensity values, averaged from 40 to 50 images,
were plotted versus concentration of iohexol in an intensity—
concentration calibration curve (Fig. 4).

The grayscale values derived from the calibration standards
were used to set the grayscale threshold in Avizo. Voxels corre-
sponding to 10-100% concentration of infused iohexol were
selected (Fig. 5(a)). The infusion volume from each hemisphere
was further segmented into the single-port (displayed in blue) and
arborizing catheter groups (displayed in red) (Fig. 5(b)). The ven-
tricles of the brain acted as “low-pressure-sinks” and flow from the
infusion solution leaked in and was labeled in its own category as
“leakage” (displayed in green). For the majority of the specimens,
the ventricles of the brain were filled with cerebrospinal fluid
(CSF) and were indistinguishable from the surrounding tissue with
grayscale thresholding. Therefore, the volume of infusion from

Luer-locks

Frontplate

Backplate

Single-port
catheter

(a)

— Linear

Microneedle

Arborizing
catheter

each catheter was separated from the ventricular leakage manually
and cutoff where flow tapered into the lateral ventricle (Fig. 5(c)).
However, because the lateral ventricles are in communication with
the third ventricle, it was not feasible to separate the contribution
of ventricular leakage from each catheter.

The CT imaging revealed that in two specimens, one (labeled
“specimen A”) or two (labeled “specimen B”) of the micronee-
dles, from the arborizing catheter were not inserted into the brain
parenchyma. Images showed that the microneedles were placed in
the epidural space, or air pockets potentially caused by loss of
CSF. This was taken into account when calculating Vg:V;
given the smaller total infused volume into the brain parenchyma
due to needles not being inserted into the tissue for those two
specimens.

A box plot demonstrating volume dispersed for the three
groups: the arborizing catheter, single-port catheter, and ventricu-
lar leakage, is shown in Fig. 6(a). The outlier in the arborizing
catheter group (defined outside the 1.5—times the interquartile
range, below the lower quartile) corresponds to specimen B with
two microneedles outside the brain tissue. V4 for the arborizing
catheter  (2235.8 +569.7mm>) was significantly  higher
(p<0.001) than the V4 for the single-port catheter (382.2
+243.0mm”). Figure 6(b) shows a box plot comparing the mean
distribution ratios for the arborizing catheter and the single-port
catheter. Average values of V4:V; for the arborizing and single-
port catheters were 1.6 = 0.3 and 1.6 = 1.0, respectively.

The closed void area for the single-port catheter corresponded
to 0.67*£0.52% of the voxels in the filled mask, while it
represented 1.60 = 1.01% of the voxels in the filled mask for the
arborizing catheter, yielding a noticeable, but not significant
(p=0.067) difference in void area. Table 2 shows a comparison
of the volumes calculated for the filled and unfilled masks; no
significant differences were found for either the single-port or the
arborizing catheters. For the comparison of spatial uniformity
between the two catheter groups, all statistical analyses
showed that the histograms were similar between groups (all
p-values > 0.05), as shown in Fig. 7. For examining the associa-
tion between ratios and the catheter groups, the test was not statis-
tically significant. This shows that there was no association
between ratios and catheters. No matter what cutoff points were
chosen for dichotomized ratios, the catheter groups were not asso-
ciated with the dichotomized ratio. Overall, the ratios were not
different between the single-port catheter and the arborizing
catheter.

Single-port

catheter
stage Arborizing
catheter

(b)

Fig. 3 (a) Diagram of fixture used to secure arborizing catheter and single-port catheter. The backplate and frontplate
support and guide the microneedles (b) axial view of specimen demonstrating the arrangement of pressure sensors
within each catheter. For the arborizing catheter, each dot represents the distal end of the microneedles fully deployed.

Illustration not to scale.
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Discussion

The design of the arborizing catheter aims to maximize V.
Given the high recurrence rates of GBM [22,41], maximizing V4
is an approach to ensure that the peritumoral regions, frequently
infiltrated by GBM cells, are treated. This means that
local-regional “healthy” tissue would also be treated. Therefore,
this treatment approach would complement targeted therapeutic
agents with a wide therapeutic index to obviate peripheral damage
of healthy brain tissue when designing for large V. Fortunately,
the development of such suitable drugs has progressed signifi-
cantly [2,42-44].

It was expected that the V4 from the arborizing catheter would
be at least six times larger than for the single-port catheter given
that V; delivered for the catheter was six times greater. The actual
difference in the V4 mean for the arborizing catheter was 5.8 times
greater, practically achieving our expectations. The two speci-
mens that did not have all six microneedles deployed in the brain
parenchyma could explain the slightly lower value. Although con-
sistency in positioning of the distal tip of the arborizing catheter’s
cannula within the tissue was the goal, the variability among the
surface of the brains could have contributed to deviations. In
some instances, there were air pockets between the surface of the
brain and skull (i.e., subarachnoid space). Loss of perfusion, along
with blood and CSF drainage due to the harvesting process, may
be responsible for the formation of these air pockets. We observed
flow of contrast agent through the subarachnoid space, especially
for the specimens with microneedles near the surface of the brain.
In specimens with needles between the folds of the brain, the con-
trast agent was pooled on the surface of the brain. This solution
volume was not included as part of the infusion volume or ventric-
ular leakage.

Specimen A with only five microneedles actively infusing in
the brain resulted in V4 values comparable with V4 values for
specimens with all six active microneedles. When dividing by the
Vi expected for only five microneedles, its V4:V; was higher than
the mean V,:V; (2.2 versus 1.6). However, specimen B with only
four active microneedles in brain tissue demonstrated a notably
smaller V4 (1070 mm?), which in turn resulted in a small Vg:V;.
The small V4 for this specimen could be due to a compound effect
of iohexol not infused in the brain tissue and loss due to leakage
into the ventricle. However, that could not be confirmed because
of the limitations with isolating leakage originating from the
respective catheters. Another possibility is that in addition to two
microneedles not being inserted in the brain, a third microneedle
may have been clogged. The pressure data for microneedle
labeled P2 in specimen B were saturated and stayed above the
sensor’s pressure range throughout the infusion (data not shown).
When analyzing the CT images from Specimen B, we observed
that minimal, if any, contrast enhancement was shown in the
region where the P2 microneedle was inserted in the tissue. Thus,
a total of 3/6 microneedles may have been inactive. Thus, if only
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Fig. 4 Grayscale intensity values versus concentration. A con-
centration of 10% was selected for the lower bound grayscale
threshold for selecting voxels of interest.
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half of the microneedles were active, the resultant V4 of
1070 mm? for Specimen B is expected because it is approximately
half of the average V4 quantified for the arborizing group.

It is important to note that the V4 for the catheters is a mixture
of the iohexol solution and interstitial fluid. Furthermore, the ven-
tricular leakage is estimated from the iohexol mixing with the
residual CSF after four hours of continuous infusion. Therefore,
volumes for all three groups are notably larger than the total
infused volume at 100% concentration. Lower leakage values
were associated with larger V4 for the arborizing catheter and
single-port catheter. A limitation of this study is that the excised
brains were open systems and some of the CSF within the ven-
tricles could have flowed out of the brain during the specimen
preparation and/or experiments, which could influence the end
results. The ventricles were filled with CSF for the majority of the
specimens, but the contrast agent reached the base of the brain,
and could have leaked out. However, we only were able to quan-
tify the contrast agent left within the ventricles prior to imaging.

The flow rate of 1 uL./min was prescribed for each microneedle
of the arborizing catheter and for the single-port catheter. The
selected flow rate is on the low range of flow rates utilized in
CED clinical trials and infusion studies. We were able to demon-
strate that we can achieve high Vy, even at a low flow rate with
the arborizing catheter. This is beneficial given that higher flow
rates are associated with reflux [38,45]. In our study, we observed
minimal reflux for both catheters, which was probably due to the
step change incorporated in the catheters and the low flow rate
selected.

Mean distribution ratios in this study were much lower than
previous results in infusion experiments using agarose gel and
similar flow rates [34,46]. Mean distribution ratios reported for
the single-port catheter in agarose (at room temperature —24 °C)
were 23.6 £2.1 and 15.0 = 1.5 for the arborizing catheter, an
order of magnitude larger than the results in this study. The differ-
ences can be expected due to the complex geometry and heteroge-
neous structure of the brain, which led to losses in solution due to
ventricular leakage and leakage along the subarachnoid spaces.
This highlights the challenges of CED for maximizing drug distri-
bution in the brain. Due to the optically transparent nature of aga-
rose gel, the minimum concentration for infused dyes could be
orders of magnitude lower than the 10% minimum iohexol con-
centration that was needed for grayscale thresholding to segment
the infusion volume in the CT scan. The inherent differences
between agarose and brain tissue also stress the importance of per-
forming infusion studies in brain tissue for the evaluation of our
and other catheters. Although our specimens were excised tissue,
V4:V; measured in this study were comparable to values measured
in live canines and primate brains [41] and in rat brains [47].

The voxel percent increase due to void area was nearly signifi-
cantly greater for the arborizing catheter. However, the voids do
not significantly change the overall infusion volume. Nonetheless,
any void presence is problematic for clinical treatment as any por-
tion of the tumor not treated will create risk of tumor reoccur-
rence. The presence of increased void volume in the arborizing
catheter may be due to the heterogeneous nature of the brain tissue
rather than the design of the catheter. This could explain why,
despite the increase in void volume with the arborizing catheter,
both catheter groups had the same spatial distribution. This find-
ing suggests minimal, yet sufficient, overlap by adjacent micro-
needles of the arborizing catheter creating a nearly contiguous
concentrated infusion volume. Nonetheless, some techniques such
as concurrent, nonlethal photothermal delivery with infusion,
which has been shown to increase V4 by approximately 60—-80%
[47], may be beneficial in eliminating void volume. Additionally,
intra-operative imaging may allow for early recognition of voids
allowing for needle repositioning within the arborizing catheter to
fill all void volumes in an efficient manner.

Because we were limited to imaging after the infusion was ter-
minated, we could not decisively correlate the pressure spikes to
adverse events such as lack of flow from a specific microneedle
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Fig. 5 Volumetric segmentation with avizo. (a) Voxels with grayscale value corresponding to > 10% of
iohexol concentration were selected to derive V4 for the single-port catheter (blue) and arborizing
catheter (red). The volume of solution that leaked into the ventricles was segmented into a separate
mask (green). (b) Volumetric rendering of the brain and V4 for each group. (¢) Volumetric rendering
showing infusion volumes for the single-port catheter and the arborizing catheter after removing ven-

tricular leakage from image.
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Fig. 6 (a) Box plot demonstrating dispersed volume (V) for
the arborizing catheter, single-port catheter, and leakage of the
contrast agent into the ventricles. The outlier corresponds to
the specimen, which had two microneedles of the arborizing
catheter outside of the brain tissue. (b) Box plot of mean distri-
bution ratio (Vy4:V;) for the arborizing catheter and the single-
port catheter.

due to possible clogging. Therefore, further exploration is
required to find a concrete explanation for the higher pressures.
One approach is to intermittently image the infusion in order to
investigate the temporal distribution of the contrast agent, espe-
cially in the event of pressure spikes. The advantage of having
multiple infusion ports is the individuality of shutoff or retraction

Voxel Percent vs. Concentration

50 4
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[ Arborizing Catheter (n = 7)
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Fig. 7 Histogram of the voxel percent (ratio) against concen-
tration percent where the blue section represents a larger aver-
age percent of voxels with the single-port catheter, the red
represents the arborizing catheter having a larger average per-
cent of voxels, and the purple is the overlap between the single-
port catheter and the arborizing catheter

Table2 Comparison of averaged V4 = standard deviation (st dev) for masks with unfilled and filled closed voids

Catheter Unfilled mask average V4 = st dev (mm) Filled mask average V4 *st dev (mm) P-value
Single-port catheter 382.2+243.0 38542456 >0.99%*
Arborizing catheter 2235.8 = 569.7 2274.4 = 590.2 >0.99%

*p value calculated using a two-sample #-test.
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control for each of the microneedles in the event of an adverse
effect or in an attempt to dislodge clogged tissue, respectively.

Conclusions

We demonstrated the greater performance of the arborizing
catheter versus a step single-port catheter with infusions of
iohexol in excised pig brains. Following the infusions, CT scans
of the brains were taken and Avizo was used to analyze the images
and quantify V4 of the infused contrast agent. Volume dispersed
for the arborizing catheter was significantly higher (5.8 times
higher) than the V4 achieved with the single-port catheter. The
high V4 values were achieved at a slow flow rate that resulted in
minimal reflux for either catheter. Mean distribution ratios for
both catheters were not significantly different. The greater Vy4
achieved with the arborizing catheter are beneficial for maximiz-
ing drug coverage of the intended tumor and tumor margin target
volume and potentially improving the efficacy of CED.
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Nomenclature

CED = convection enhanced delivery
cm = centimeter
CSF = cerebral spinal fluid
CT = computed tomography
G = gage
GBM = glioblastoma
GEE = generalized estimating equations
ID = inner diameter
mg = milligram
ml = milliliter
MRI = magnetic resonance imaging
OD = outer diameter
PEEK = polyether ether ketone
UV = ultra violet
V4 = volume dispersed
V4:V; = mean distribution ratio
V; = volume infused
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