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ABSTRACT

Purpose: To utilize an in vitro microvascular hepatic tumor model to compare the deposition characteristics of glass
yttrium-90 microspheres using the dual-syringe (DS) and traditional bolus administration methods.

Materials and Methods: The microvascular tumor model represented a 3.5-cm tumor in a 1,400—cm3 liver with a total
hepatic flow of 160 mL/min and was dynamically perfused. A microcatheter was placed in a 2-mm artery feeding the tumor
model and 2 additional nontarget arteries. Glass microspheres with a diameter of 20-30 pm were administered using 2
methods: (a) DS delivery at a concentration of 50 mg/mL in either a single, continuous 2-mL infusion or two 1-mL infusions
and (b) bolus delivery (BD) of 100 mg of microspheres in a single 3-mL infusion.

Results: Overall, the degree of on-target deposition of the microspheres was 85% + 11%, with no significant differences
between the administration methods. Although the distal penetration into the tumor arterioles was approximately 15 mm (from the
second microvascular bifurcation of the tumor model) for all the cases, the distal peak particle counts were significantly higher for
the DS delivery case (approximately 5 x 10° microspheres achieving distal deposition vs 2 X 10° for the BD case). This resulted in
significantly higher deposition uniformity within the tumor model (90% for the DS delivery case vs 80% for the BD case, o = 0.05).

Conclusions: The use of this new in vitro microvascular hepatic tumor model demonstrated that the administration method
can affect the deposition of yttrium-90 microspheres within a tumor, with greater distal deposition and more uniform tumor
coverage when the microspheres are delivered at consistent concentrations using a DS delivery device. The BD adminis-

tration method was associated with less favorable deposition characteristics of the microspheres.

ABBREVIATIONS

BD = bolus delivery, DS = dual-syringe, HCC = hepatocellular carcinoma, ID = inner diameter, PHA = proper hepatic artery, PRU =
peripheral resistance units, TARE = transarterial radioembolization, 90y = yttrium-90

Transarterial radioembolization (TARE) with yttrium-90
(®®Y) microspheres has proven effective in controlling
liver tumors and improving patient outcomes through
radiation-induced cytotoxicity (1). The variables affecting
procedural efficacy include average specific activity per
microsphere, embolic distribution, and microvascular
penetration of microspheres throughout the tumor (2).
Ideally, a sufficient number of microspheres should be
delivered to provide radiation coverage of all tumor cells
but not so many that reflux to nontarget tissues and organs
occurs (2,3). Optimizing microsphere deposition can reduce
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crossfire cold spots that can result in incomplete tumor
destruction and continued tumor growth (4). Two studies
(5,0) investigated various aspects of microsphere deposition
in TARE procedures based on histologically derived dis-
tributions and aggregations of microspheres. Computational
fluid dynamic studies have investigated the trajectories of
resin and glass microspheres after their infusion into the
hepatic arteries; several were outlined in a review by Ara-
mburu et al (7). Although useful for predicting segment-to-
segment particle depositions as a function of treatment and
patient parameters, computational fluid dynamic simulations
lacked the capabilities to model embolic deposition within
the microvasculature. Although in vitro TARE studies (8-11)
have been published in recent years, their representation of
the microvasculature is limited or nonexistent, and they did
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RESEARCH HIGHLIGHTS

« An in vitro microvascular hepatic tumor model was
developed and used to evaluate and compare micro-
sphere administration methods during radioembolization
procedures. The transparent planar geometry of this
model enables optical assessment of microsphere dis-
tributions, and its dynamic perfusion system maintains
realistic hepatic pressures and flow rates.

« The deposition characteristics of yttrium-90 glass
microspheres were evaluated for 2 administration
methods: conventional bolus delivery and dual-syringe
delivery.

« Administration using a dual-syringe delivery device was
associated with more uniform deposition of the micro-
spheres and a higher degree of distal deposition when
compared with a bolus delivery device.

not investigate the factors affecting distal penetration and
tumor coverage.

Microsphere deposition may be affected by the admin-
istration method used for delivery. The bolus delivery (BD)
method for existing Ny glass TARE (TheraSphere; Boston
Scientific, Marlborough, Massachusetts) requires minimum
threshold pressures and flow rates to propel the glass
microspheres through the delivery tubing and microcatheter.
A dual-syringe (DS) administration system (ABK
Biomedical, Halifax, Nova Scotia, Canada) was developed
that allows for simultaneous delivery of saline and glass
microspheres, enabling controlled delivery without mini-
mum pressure or flow rate thresholds. A direct comparison
of these administration methods for *°Y glass microspheres
has not been evaluated to date.

A new hepatic tumor vascular model was developed that
replicates the anatomic features of the hepatic arterial
vasculature from the proper hepatic artery (PHA) down to
the tumor arteriole level. The transparent planar geometry of
the tumor microvasculature enables direct microscopic
evaluation of microsphere distribution, whereas the
computer-controlled dynamic perfusion system allows for
real-time control of hepatic pressures and flow rates. This
model can be used to evaluate microsphere delivery
methods prior to in vivo testing, potentially reducing or
eliminating the need for animal testing in preclinical
assessments. In this study, the model enabled the investi-
gation of the effects of the 2 administration methods (BD vs
DS delivery) on the deposition of glass microspheres within
a simulated liver tumor.

MATERIALS AND METHODS

Institutional review board approval was not required to
conduct this study.

Model Design

A 2-dimensional planar hepatocellular carcinoma (HCC)
tumor model was developed to capture the key anatomic

STUDY DETAILS

Study type: Laboratory study

features of the human systemic vasculature while
matching published physiologic pressures and flow rates
throughout the branching vessels of the model. These
features are summarized in the Table (12). Because of
model size constraints, its parameters were based on an
assumed tumor diameter of 3.5 cm. The total flow
resistance in the target model was calculated using 2-
compartment partition, which consisted of tumor and
normal liver components. The tumor flow rate (Qumor)
was based on the tumor volume fraction (Viymor/Viiver)
multiplied by the tumor-to-normal uptake ratio (7/N) and
the total liver blood flow (QOiver)-
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The total liver flow rate was assumed to be 160 mL/min
based on Doppler sonography measurements, as published
by Hiibner et al (13). The 7/N ratio was assumed to be 8:1,
and the liver volume was assumed to be 1,400 mL, both
within the ranges published by Ho et al (14). The tumor
volume was calculated to be 22 mL by assuming spherical
tumor geometry. The resulting tumor flow rate was calcu-
lated to be 20 mL/min using Equation (1). To design the
tumor model, the target tumor hydraulic resistance was
calculated as follows:

_P)
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In Equation (2), Ry, is the hydraulic resistance, (P) is the
time-averaged pressure, and (Q) is the time-averaged volu-
metric flow rate. Based on the Table, the average pressure in
the PHA can be approximated to be 90 mmHg. Using the
above equation, the target hydraulic resistance was 260
peripheral resistance units (PRU, mm Hg-s/mL).

The resulting tumor model design is shown in Figure 1;
it consists of 4 identical microvascular trees connected by a
mesoscale vascular manifold. Each microvascular tree
comprises 5 branch generations, with 4-5 branches per
generation. The width and length of each branch is scaled
by the inverse of the branch generation. This results in a
single 1-mm caliber inlet branching down to 6,400 outlet
arterioles with a width of 18 pm. Additionally, the channel
heights range from 370 pm in the first generation to 40 pm
in the last generation, whereas the channel lengths range
from 21 mm to 180 pm. This tumor model geometry results
in a hydraulic resistance of 256 PRU, which is within 2% of
the target resistance of 260 PRU, thus effectively replicating
the pressure drop from large arteries to arterioles under
physiologic flow rates.



Volume 34 Number 1 January 2023

13

Table. Physical Quantities for the Systemic Circulation (')

Vessel Diam. (mm) Length (mm) Number
Aorta 22 600 1
Large Arteries 6 300 40
Small Arteries 2 50 2400
Arterioles 0.02 3 1.1x10°
Capillaries 0.01 3.3x10°
Venules 0.04 3 2.2x108
Small Veins 2 50 2400
Large Veins 10 300 40
Venae Cava 22 500 2

Vol. (mL) Area (cm?) Velocity (m/s) Press. (mmHg)
228 4 0.25 95
339 11 0.083 93
377 75 0.012 87
104 346 0.003 54
259 2592 0.0004 25
829 2765 0.0003 7
377 75 0.012 4
943 31 0.03 3
228 4 0.25 0
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Figure 1. Microvascular tumor model design. This model consisted of 4 microvascular trees connected by a mesoscale
vascular manifold. The analytical hydraulic resistance of this design was 256 peripheral resistance units, which was within 2%

of the target resistance of 260 peripheral resistance units.

Microsphere Concentration

The particle concentration delivered through the micro-
catheter using the 2 administration methods and using either
hand injection or a syringe pump was measured by col-
lecting a continuous 10-mL infusion in 1-mL aliquots for
each delivery and method, drying the aliquots in a vacuum
desiccator, and massing the remaining microspheres. This
was performed separately from the HCC model runs to
illustrate the differences in microsphere concentration
delivered in the volumes of injection between BD and DS
delivery.

Microsphere Administration

To simulate a TARE procedure, the tumor model was
connected to a hepatic perfusion system (Fig 2), which
delivered a pulsatile flow of a water-glycerin mixture to
the hepatic vascular system and tumor model. The ratio of

water to glycerin was tuned to approximate the dynamic
viscosity of whole blood at 3.5 cP (9). The hepatic vascular
system (Fig 3) consisted of the PHA, which bifurcated into
the left and right hepatic arteries. The left and right hepatic
arteries branched down to 16 outlet arteries with an inner
diameter (ID) of 1 mm. The flow rate in the PHA was set
to approximately 160 mL/min at a pressure of 140/60 mm
Hg. The flow rate in the PHA was tuned by adjusting the
length of the 1-mm-ID outlet arteries to achieve an
average flow rate of approximately 10 mL/min for each
outlet. The tumor model was attached to 1 of the 16 outlet
arteries originating from a 2-mm caliber artery. Micro-
spheres were administered through a 2.9-F (ID, 0.027 inch),
150-cm Cook Cantata microcatheter (Cook Medical,
Bloomington, Indiana), which had been placed into the 2-
mm caliber artery feeding the tumor model and 2 adjacent
outlet arteries, simulating segmental therapy. The adjacent
outlet arteries represent small arteries feeding normal liver
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Figure 2. A schematic of the hepatic perfusion system. 1a-1c = reservoirs; 2a—2e = 1-way check valves; 3 = pulsatile pump;
4a-4c = centrifugal pumps; 5 = syringe pump; 6 = delivery catheter; 7 = pressure transducer; 8 = hepatic vascular system; 9a
and 9b = pinch valves; 10 = tumor model; 11a and 11b = digital scales.
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Figure 3. An overview of the experimental microsphere administration setup showing the tumor model connected to the
hepatic vascular system. LHA = left hepatic artery; PHA = proper hepatic artery; RHA = right hepatic artery.

tissue, to which the catheter could not be placed distally
because of artery size restrictions. The 7/N ratio of 8:1 was
approximated using pinch valves to limit the flow rate in the
adjacent outlet arteries to 2.5 mL/min each (one eighth of a
theoretical tumor model flow rate of 20 mL/min).

Two different delivery devices were used to admin-
ister approximately 100 mg of yttrium-89 glass micro-
spheres with a diameter of 20-30 pm (ABK
Biomedical) through the microcatheter: a DS system
(ABK Biomedical) and a BD system that was

functionally equivalent to commercially available
delivery systems for Py glass microspheres (Fig 4).
The DS system consisted of 2 syringes actuated in
parallel to deliver a relatively constant microsphere
concentration of up to 50 mg/mL throughout
administration. Two cases were evaluated using the DS
device: (a) continuous administration of a 2-mL infusion
at a rate of 0.3 mL/s and (b) intermittent administration of
two 1-mL infusions at a rate of 0.3 mL/s with a 3-minute
pause in between. One case was tested using the BD
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Figure 4. A schematic of the dual-syringe and bolus delivery administration methods. BD = bolus delivery; DS = dual-syringe.

system: a single, continuous 3-mL BD at a rate of 0.6
cm’/s. The administration rate of 0.6 mL/s was chosen to
ensure that enough pressure was applied to the BD system
to properly agitate the microspheres within the v-vial while
producing slow drip from the system’s pressure-relief
valve.

The trials were conducted by introducing the micro-
catheter through a Tuohy-Borst valve as shown in Figure 2
and placing the tip within the 2-mm caliber artery, as shown
in Figure 3. The microspheres were administered using a
computer-controlled syringe pump to actuate either the
DS or BD system under previously specified case parame-
ters. Following administration, the system was allowed to
perfuse for 5 minutes to ensure that microsphere deposition
was complete. Next, the catheter was removed, the flow
rates were again allowed to reach a steady state, and the
final postembolization flow rates were recorded. Finally, the
pinch valve was closed to stop flow to the tumor model,
which was then disconnected from the hepatic vascular
system and subsequently imaged using a computer-
controlled microscope camera. Nontarget microspheres
were collected from a filter at the outlet hepatic arteries,
rinsed in water, dried, and massed. Remnant microspheres
remaining in the catheter and delivery devices were also
massed. The on-target microsphere mass was calculated by
subtracting the nontarget and remnant microsphere masses
from the total mass prepared for each trial. The model
pressures and flow rates, microsphere concentration emitted
from the catheter tip, total particle count across all micro-
vascular trees, assessment of on-target or nontarget

deposition, and distal penetration were evaluated and
compared between the BD and DS groups.

Statistical Analyses

Statistical analyses were conducted using MATLAB Sta-
tistics and Machine Learning Toolbox (The MathWorks,
Natick, Massachusetts). The differences in sample means
were tested using the analysis of variance, with multiple
comparisons being computed using the Tukey honestly
significant difference test, with a significance level of
o = 0.05. A sample size of 4 was used for all the cases. All
error bars indicate the standard error of the mean. Sample
means and standard deviations are notated as mean =+
standard deviation.

RESULTS
Model Parameters

The measurements of the model pressures and flow rates
prior to catheter placement showed that with an average
pressure of 90 mm Hg, the model yields an actual resistance
of 222 PRU, which is within 15% of the target resistance of
260 PRU. Prior to administration, the microsphere con-
centrations emitted from the catheter tip were measured for
both the administration methods. The BD method resulted
in peak microsphere concentrations of as high as 100 mg/
mL compared with the 50-mg/mL concentration for the DS
method.
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Figure 5. Microsphere concentration versus administered volume for hand injection-delivered and syringe pump-delivered
bolus delivery and dual-syringe delivery. BD = bolus delivery; DS = dual-syringe.

Microsphere Concentration

BD via hand injection or the syringe pump showed early
high microsphere concentration peaks, with a relatively
quick drop in concentrations, in comparison with DS
injection, which showed a slower rise to peak and a longer
time at a relatively steady plateau (Fig 5).

Microsphere Distribution

Figure 6 shows an example of the tumor model following
embolization. Here, microsphere depositions can be seen
in the microvascular trees (numbered and highlighted in
purple) and proximal mesoscale vasculature (highlighted
in yellow). The purple microvascular regions were
scanned using the aforementioned microscope imaging
system; more proximal regions, such as the mesoscale
vasculature, highlighted in yellow, were not scanned and
were not included in the quantification of distribution. A
higher-magnification comparison of microsphere distribu-
tions (in identical portions of Microvascular Tree 1) for
each administration method is provided in Figure 7. Here,
the DS cases reveal more distal filling of the vasculature,
whereas the BD case shows significant proximal
accumulation. It should be noted that at least some
microspheres reached the most distal microvascular
branches in every case, although these distal microspheres
are difficult to visualize in Figure 7 because of their size.

Particle counting across all microvascular trees was
accomplished using custom image processing algorithms of
digital micrographs; the mean particle counts are summa-
rized in Figure 8. Here, the 2-way analysis of variance
revealed that the administration method significantly
impacts particle deposition count, although there was no
significant dependence on vascular trees or interaction
between variables.

Although Figure 8 reveals variation in the particle
counts of adjacent microvascular trees (Trees 1-4),

Figure 6. A photograph of an embolized microvascular
tumor model administered using bolus delivery. Here, the
purple annotated regions indicated the microvascular
branches scanned using the microscope imaging system;
more proximal regions, including the mesoscale vascula-
ture, highlighted in yellow, had microsphere depositions that
were not quantified using the imaging system.

Figure 9 indicates that the total on-target deposition parti-
cle mass was not significantly different across all the test
cases. This is likely because the BD case exhibited
noticeable accumulation of microspheres in regions prox-
imal to the microvascular trees; these microspheres were not
counted but did contribute to the on-target particle mass.
Overall, there was a high degree of on-target deposition (on-
target mass fraction, 85% =+ 11%), with no significant dif-
ferences in either on-target or nontarget deposition across
both the test groups (Fig 9). On average, 78.7 mg + 18.7 of
microspheres were delivered through the microcatheter in
both groups. The uniformity of microsphere deposition for
each case was calculated as the percent difference
between ideal uniformity (where each of the 4
microvascular trees accumulates 1 quarter of the total
particle count) and measured totals; thus, a uniformity of
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Figure 7. Sample particle distributions in Microvascular Tree
1 for the continuous dual-syringe (top), intermittent dual-
syringe (middle), and bolus delivery cases (bottom). DS =
dual-syringe.

1.0 indicates that each microvascular branch had the same
measured particle count. Figure 10 shows the average
uniformity for each test case, with the BD case showing
significantly lower uniformity than the other cases.

For this study, distal penetration was statistically defined
as the radial distance into the microvasculature (from the
second microvascular bifurcation of each tree in the tumor
model: the proximal boundaries of the purple regions in Fig
6) achieved by 95% of the microspheres. Thus, for each test
case, 5% of the microspheres deposited within the
microvasculature were observed even more distally.
Figure 11 shows that the distal penetration for each case
was approximately 15 mm, although the distribution
magnitudes were very different, as shown in Figure 12.
Here, 2 distinct peaks were generally observed: a distal
peak at 14 mm and a smaller, more proximal peak at
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Figure 8. Microsphere count by microvascular tree. BD =
bolus delivery; DS = dual-syringe.
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Figure 9. Total target and nontarget microsphere deposition
within the entire model. BD = bolus delivery; DS = dual-
syringe.

approximately 8—12 mm. The BD case showed a smaller
distal peak of approximately 2 X 10> microspheres versus
the DS cases, which had a distal peak of approximately
5 % 10, indicating that far fewer particles reached the
microvasculature (ie, they were deposited proximally in
the mesoscale vasculature) in the BD case.

DISCUSSION

The design and fabrication methods resulted in a model
with the measured flow resistance within 15% of the target
theoretical resistance, validating the design assumptions
(laminar flow, etc) and providing realistic pressures and
flow rates. The average microsphere administration of 78.7



18  BD versus DS Administration on °°Y Microsphere Deposition

Miller, et al  JVIR

0.95

Mean Uniformity
P o
(5] ©

4
®

0.75

Continuous DS Intermittent DS BD

Figure 10. The uniformity of mean microsphere deposition
across microvascular trees. Here, 1.0 represents total uni-
formity, indicating that each of the 4 microvascular trees
received the same number of microspheres. BD = bolus
delivery; DS = dual-syringe. *The bolus delivery case
showed significantly (@« = 0.05) lower uniformity than either

DS case.
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Figure 11. Mean distal penetration (from the second
microvascular bifurcation of the tumor model) into the outlet
arteriole flow channels. BD = bolus delivery; DS = dual-
syringe.

mg resulted in an average on-target deposition of 85%, with
the remainder being collected from adjacent nontarget
arteries. Although there were no significant differences
between on- and off-target depositions between both
groups, some variations were observed in the measured
particle counts between adjacent microvascular trees. As
stated previously, the lower particle counts for the BD case
were a result of particle accumulations within the tumor
model proximal to the microvascular trees. This shows that
the gross distributions within the model (proximal vs distal)
were noticeably different, with the continuous and inter-
mittent DS cases showing mostly distal deposition in the
microvascular trees of the tumor model.

This observation was further recapitulated at the micro-
vascular scale, where the most distal peak particle count
was approximately 3-fold higher for the DS cases than for
the BD case. This difference in distal distributions is visu-
ally evident in Figure 7, where most distal microchannels

were filled with microspheres for the DS cases. In
contrast, the BD case revealed less filling of distal
channels and distinct proximal accumulations in contrast
to the continuous and intermittent DS cases. It should be
noted that no significant differences were observed in
distal penetration across all the cases, indicating that it is
largely a function of microsphere size, with flow
parameters (pressure, velocity, etc) likely having a more
subtle effect.

These observations indicate that the administration
method does significantly affect the number of particles
reaching the distal microvasculature, with BD showing less
favorable distal distributions. One major factor affecting the
BD case is its administration flow rate relative to the tumor
flow rate. The results indicate that during BD administra-
tion, there is greater back pressure in the tumor, resulting in
a significant reduction of the tumor flow rate. This reduction
of the flow rate while particles are being deposited within
the tumor likely causes the microspheres to accumulate
prematurely rather than remain in the flow until they reach
the target distal microvasculature. More gradual adminis-
tration in the intermittent and continuous DS cases results in
minimal reduction of tumor flow during deposition, allow-
ing particles to reach the distal microvasculature.

With regard to lateral deposition, there were no signifi-
cant differences between the particle counts in the 4
microvascular trees for any given administration method.
However, when complete uniformity was compared (all 4
microvascular trees receiving the same number of micro-
spheres), some significant differences were observed. The
results indicate that the average uniformity was significantly
lower for the BD case than for all the other cases. This
observation could be a consequence of particle-laden flow
during peak bolus concentration. Such flows have been
shown to exhibit nontypical behaviors, such as preferential
concentration of particles within turbulent regions and
changes in bulk flow characteristics (such as density and
resistance) (15). These effects, especially preferential con-
centration, could explain why BD administration showed
lower average uniformity than the DS cases.

When the intermittent and continuous DS cases were
compared, no significant differences were seen. This sug-
gests that there are no advantageous or detrimental effects
caused by pausing administration to conduct intra-
procedural C-arm cone-beam computed tomography imag-
ing. From these comparisons alone, it is not clear whether
intermittent administration in the BD case would have
benefited its response. As previously hypothesized, a high
administration rate relative to the pre-embolization tumor
flow rate resulted in more proximal deposition and less
lateral uniformity. By introducing a pause during adminis-
tration, the average administration rate can be reduced,
possibly resulting in greater distal deposition and improved
lateral uniformity. Additional studies should be conducted
to fully understand the effect of intermittent administration,
its relevant parameters (flow rate, pause duration, delivery
device, etc), and its potential impact on clinical outcomes.
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Figure 12. Mean microsphere count by radial distance measured from the second microvascular bifurcation of the tumor

model. BD = bolus delivery; DS = dual-syringe.

A microscopic analysis using this in vitro tumor model
revealed that the administration method had a noticeable
effect on distal microsphere distribution. Administration
using the DS delivery device was associated with a
higher degree of distal deposition than that using the BD
system. Furthermore, DS administration resulted in more
uniform tumor coverage with the microspheres compared
with bolus administration. The results of this study
indicate that the administration method may affect clinical
outcomes and could be attributable to the differences in
microsphere concentrations during administration. Spe-
cifically, BD is associated with a higher peak concen-
tration, occurring early during administration, followed by
rapid reduction. On the contrary, DS delivery yields more
gradual onset of concentration, with a relative plateau of
concentration for several seconds. These results also
highlight the high level of detail with which embolic
microparticle deposition can be evaluated using this type
of vascular model. Although not a substitute for animal
or human clinical trials, the tumor model and the con-
clusions of this study can be used to inform current
practice and future clinical studies as well as support
rapid technological innovation of new embolics, delivery
devices, and administration methods.

The limitations of this study include the relatively small
sample sizes, 2-dimensional planar geometry of the in vitro
tumor model, limited administration parameters used, and
lack of clinical validation. Because a large range of 7/N
ratios have been observed in patients with HCC (13), a
range of tumor flow rates should be evaluated in the future
to understand its effect on microsphere deposition. Addi-
tionally, varying administration rates and microcatheter tip
positions should be studied to determine how this factor can
influence distal deposition and the uniformity of coverage in
HCC tumors.
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