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Development and Validation

of Endovascular Chemotherapy
Filter Device for Removing
High-Dose Doxorubicin:
Preclinical Study

To develop a novel endovascular chemotherapy filter (CF) able to remove excess drug
from the blood during intra-arterial chemotherapy delivery (IAC), thus preventing sys-
temic toxicities and thereby enabling higher dose IAC. A flow circuit containing 2.5 mL
of ion-exchange resin was constructed. Phosphate-buffered saline (PBS) containing
50 mg doxorubicin (Dox) was placed in the flow model with the hypothesis that doxorubi-
cin would bind rapidly to resin. To simulate IAC, 50 mg of doxorubicin was infused over
10 min into the flow model containing resin. Similar testing was repeated with porcine se-
rum. Doxorubicin concentrations were measured over 60 min and compared to controls
(without resin). Single-pass experiments were also performed. Based on these experi-
ments, an 18F CF was constructed with resin in its tip. In a pilot porcine study, the device
was deployed under fluoroscopy. A control hepatic doxorubicin IAC model (no CF
placed) was developed in another animal. A second CF device was created with a resin
membrane and tested in the infrarenal inferior vena cava (IVC) of a swine. In the PBS
model, resin bound 76% of doxorubicin in 10 min, and 92% in 30 min (P < 0.001). During
IAC simulation, 64% of doxorubicin bound in 10 min and 96% in 60 min (P <0.001). On
average, 51% of doxorubicin concentration was reduced during each pass in single pass
studies. In porcine serum, 52% of doxorubicin bound in 10 min, and 80% in 30 min
(P <0.05). CF device placement and administration of IAC were successful in three ani-
mals. No clot was present on the resin within the CF following the in vivo study. The
infrarenal IVC swine study demonstrated promising results with up to 85% reduction in
peak concentration by the CF device. An endovascular CF device was developed and
shown feasible in vitro. An in vivo model was established with promising results support-
ing high-capacity rapid doxorubicin filtration from the blood that can be further eval-
uated in future studies. [DOI: 10.1115/1.4027444]
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Introduction

Hepatocellular carcinoma ((HCC), i.e., primary liver cancer) is
the third leading cause of death worldwide and has faster mortal-
ity than many other cancers [1]. Selective catheter-directed IAC is
a standard treatment for HCC confined to the liver but that is not
amenable to surgery, which is the situation in up to 75% of new
cases worldwide [2,3]. IAC-like approaches such as chemoembo-
lization have demonstrated survival benefits in randomized con-
trolled clinical trials [4] potentially due to improved tumor dose
profile. During hepatic IAC, catheters are navigated from the fem-
oral artery into the branch hepatic arteries that feed liver tumors.
Embolic and chemotherapeutic agents, such as Dox, are then hand
injected slowly into the tumors, approximately over 10min
depending on individual anatomy. Thus IAC leads to an improved
tumor dose to systemic toxicity profile compared to intravenous
chemotherapy. Nonetheless, previous studies have shown that
first-pass hepatic clearance of Dox is between 50% and 70% [5].
Moreover, Dox is known to cause irreversible cardiac failure at
cumulative doses above 360 mg, thereby limiting the amount of
Dox dose safely deliverable during IAC [6]. Thus, there has been
focus on further maximizing local delivery of chemotherapy to
targets while minimizing systemic exposure. Clinical [5,7-13]
and experimental [14-16] studies demonstrate a positive linear
relationship between Dox dose and tumor suppression, providing
motivation for delivering high doses of Dox. This is limited due to
toxicity; however, since a standard Dox dose (50-75mg) can
cause bone marrow suppression, alopecia, gastrointestinal toxic-
ity, and heart failure [17].

Dox has a high affinity to bind to resin and activated carbons;
these substances can be used to eliminate excess Dox in vitro and
potentially in vivo [18,19]. Ion-exchange resins are currently used
as drug-eluting beads during transarterial chemoembolization
(TACE) procedures [20]. Dox is positively charged in vivo at
body pH, and therefore can bind to these resins, which contain an-
ionic strong-acid sulfonate groups, similar to chromatography sep-
aration used in a wide array of chemical processing. Others have
described use of an extracorporeal dialysis-type device in con-
junction with high-dose chemotherapy in order to increase tumor
response and long-term remission with reduced toxicity
[5,9-11,21,22]. However, this extracorporeal approach is techni-
cally challenging and has raised safety concerns [23]. Although
the approach (Delcath System, New York) is still pending FDA
approval, the device leads to blood flow occlusion in the lower
half of the body, and diversion of hepatic venous blood to extrac-
orporeal activated carbon filtration chambers during IAC. During
this process, chemotherapy is filtered out of the blood via absorp-
tion; however, the large chambers can also nonspecifically filter en-
dogenous agents in the blood such as catecholamines. Together,
combined with blood flow occlusion in the body, the device can
lead to potentially serious hemodynamic disturbances. The device
ultimately allows for targeted high-dose organ chemotherapy
administration by filtering the residual exiting chemotherapy, but is
limited due to its design, safety, expense, and implementation.

The development of a safe, nonocclusive, and high-efficiency
intravascular catheter filtration device that could eliminate Dox in
the veins draining a targeted organ during IAC, such as the liver,
could allow for the use of higher Dox doses during IAC. This
would lead to increased tumor dose while still limiting systemic
toxicity. Such an intravascular device could be temporarily
deployed just prior to the Dox IAC infusion, and left in place for
multiple pass binding effects depending on the kinetics of system
(ideally no more than 60 min after infusion). The device could
then be completely in entirety with no implant left within the
patient.

The purpose of this preliminary study was to (1) test in vitro the
binding capacity and interaction between resin and Dox; (2) de-
velop a chemotherapy filter using this resin that would allow for
delivery of high-dose Dox during IAC; and (3) establish an
in vivo experimental model for testing high dose chemotherapy.
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Methods of Approach

Our study was divided into 3 phases: (1) in vitro experiments to
establish the proof-of-concept that a resin-containing filter can
bind Dox from electrolyte solution and pig serum; (2) develop-
ment of an endovascular CF device prototype using this resin; and
(3) in vivo pilot experiments on three swine to establish an animal
model and proof-of-concept for future toxicity reduction studies.

In Vitro Studies. A closed-circuit flow model simulating IAC
delivery was designed using an ion-exchange resin (Dowex,
Sigma-Aldrich, St. Louis, MO). In order to test Dox binding
capacity and kinetics of the resin, the model was designed by
employing a peristaltic pump (Masterflex, Vernon Hills, IL), with
controlled flow rate to match human hepatic blood flow
(~750 mL/min) (Fig. 1). Polyvinyl chloride tubing also matched
the average human hepatic vein, with the filter segment measuring
1.2cm in diameter and 6 cm in length [24]. A 1L PBS solution
containing Ca®" and Mg?" was warmed to 37 °C in a glass vessel.
The solution simulates physiologic serum electrolyte composition,
pH, and temperature. Of note, cations in the blood are theorized to
be the primary competitors to Dox binding, which is also cationic
at body pH (7.4); however, the model accounts for this by match-
ing serum electrolyte concentrations and molarity (0.150 M).

Within the flow-circuit, a filter column was introduced, filled
with resin to a volume matching that of a cone in the hepatic vein
(2.5mL). The resin was immobilized in the circuit by a porous
polyethersulfone mesh filter used in dialysis (GVS Filter Technol-
ogy, Inc., Indianapolis, IN). The pore sizes were 50-200 um
depending on resin particle size as a prior study of carotid embolic
protection devices demonstrated these pore sizes allow free pas-
sage of blood with acceptable pressure drops [25].

The following experiments were performed in this benchtop
flow model:

(1) “Flow experiment”: 50mg of Dox (2mg/mL, Pfizer), a
dose similar to that administered in clinical IAC [4], was
introduced into the system in 1L PBS (n=6) and allowed
to equilibrate over several minutes prior to circulating
through the resin binding column.

(2) “IAC experiment”: 50mg of Dox (2mg/mL) was infused
slowly over 10min (simulating clinical IAC) with resin
filtration device (n = 6).

(3) “Serum experiment”: 50mg of Dox (2mg/mL), was intro-
duced into the system in 1L of porcine serum (n=6) and
allowed to equilibrate over several minutes prior to contact
with the resin. In these experiments, in order to test the binding
capacity of resin in a complex physiologic solution, resin was
added freely to the 1L vessel containing the Dox solution.

(4) “Single pass”: 50mg of Dox (2mg/mL) was introduced
into the system in 1L PBS, and allowed to equilibrate over
several minutes. The 1L solution was passed through the
resin binding column without any subsequent recirculation
of the solution through the resin binding column. A sample
was obtained of the subsequent solution. The solution was
then passed through the same resin binding column again
without any subsequent recirculation, and a sample was
taken. This was performed several times to determine first
pass effects of the resin without recirculation effects.

(5) Control experiments were performed for each of the above
experiments with the same parameters, but without resin in
the system. This was done to ensure binding of Dox to other
components of the system, such as glass or tubing, was not
significant.

Multiple samples were obtained over time (up to 90min)
from these experiments (or per pass for experimental design
#4), and Dox concentrations were measured by UV spectropho-
tometry at a known wavelength of 480 nm. Dox concentrations
(mg/mL) were plotted over time (or per pass for experimental
design #4).
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Fig. 1 In vitro flow model simulating TACE. 1L of 0.05 mg/ml
Dox solution was mixed and heated to 37°C. The solution
passed via a peristaltic pump through the resin cartridge.

CF Device. Based on these results, an 18 French (F) CF device
(CF1) (Fig. 2) was constructed using resin, consisting of extruded
plastic tubing for the catheter housing, stainless steel struts sup-
porting a 200 um nylon mesh dialysis membrane (GVS Filter
Technology, Inc., Indianapolis, IN), which immobilized ion-
exchange resin beads (approximately 250 um in diameter) at the
catheter tip. The device required an 18F sheath (Cook Medical,
Indianapolis, IN) in order to be percutaneously introduced to the
target via a jugular vein. Once deployed, the CF1 device morpho-
logically resembled a porous “tea-bag” containing resin beads at
the catheter tip. Blood would pass through and contact the resin
material allowing Dox to be ionically removed from the blood.

A second 18F CF device (CF2) was constructed with different
geometry, resembling a windsock when deployed (Figs. 3(a) and
3(b)). The CF2 device featured an expandable 28 mm diameter
Nitinol frame attached to an ion-exchange membrane
(UC Berkeley, Professor N. Balsara), which covered part of the

Pilot ChemoFilter in Swine Study
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Fig. 3 (a) Fluoroscopic image of the swine demonstrating the
CF2 device in place with associated sampling catheters. (b)
Photograph of the expanded CF2 device en-face. Notice 22 mm
nitinol cage with polymer resin membrane sutured onto the
cage. (c) Dox concentration versus time plot with the CF2 de-
vice in place during infusion of Dox within the infrarenal IVC.
Notice an 85% difference in Dox concentration between prefilter
and postfilter samples at 3 min during peak concentration sug-
gesting binding from the CF2 device.

frame. The membrane is a 45 = 5 um thick porous film compris-
ing polyethylene (PE) and poly(styrene sulfonate) (PSS) in the
form of a PSS-PE-PSS triblock copolymer. The molecular weights
of the PE and PSS blocks were 37 kg/mol (46 mol. % sulfonation)
and 19 kg/mol. The volume fraction of the pores is 40% and the
average pore diameter is estimated to be 12nm. The pores are

Fig.2 The CF catheter (left) and schematic illustrating intra-arterial chemotherapy
delivery procedure (right). From a percutaneous femoral approach, a microcatheter
is guided through the aorta into the arteries feeding a target in the liver to directly
infuse Dox. From a percutaneous jugular approach, the CF device is guided
through the SVC and deployed in the veins draining the liver.
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lined by PSS chains. The center-to-center distance between adja-
cent pores when the hydrated membrane is 51 nm. Deployment of
the device and its mechanism for Dox binding are identical to that
described above for the CF1 device.

In Vivo Studies. Farm swine (n=3, 30kg) received humane
care in compliance with the UCSF TACUC. This animal model
has similar vascular anatomy and physiology to humans, and has
been used extensively in prior IAC simulations [26,27]. Interven-
tional procedures included anesthesia (Isoflurane), X-ray fluoros-
copy, percutaneous transarterial catheterization of the hepatic
artery, and percutaneous transvenous catheterization of the vena
cava. Importantly, heparin was not administered in order to
prevent thrombus formation. Heart rate, electrocardiogram, and
O,-saturation were continuously monitored during the interven-
tions. Animals were euthanized immediately after the procedures.

In the first animal, the CF1 filter was introduced percutaneously
via the internal jugular vein (IJV) and deployed in the suprahe-
patic IVC. Insertion and deployment were assessed in this animal,
and no chemotherapy was infused. Venograms were obtained dur-
ing this procedure via contrast injection (Omnipaque) to assess
patency of the venous system. Pressures were measured in the
IVC via standard catheter techniques and a digital catheter pres-
sure gauge. At the conclusion of the study, a peripheral blood for
smear was obtained along with ex vivo analysis of the catheter
resin for thrombosis analysis.

In the second animal, a CF device was not deployed, but rather
a hepatic artery IAC infusion of Dox was performed with subse-
quent sampling of blood at various times and positions throughout
the venous system. This was performed in order to validate a he-
patic Dox IAC pharmacokinetic experimental model, measuring
venous Dox concentrations over time via a developed liquid
chromatography-mass spectroscopy assay (Pacific Biolabs, Hercules,
CA). In this animal, a microcatheter was advanced into the hepatic
artery via standard access from a right femoral artery approach using
fluoroscopy and contrast as needed. Via percutaneous IJV access,
central catheters were positioned with tips in the suprahepatic IVC
and right hepatic vein. Next, 50 mg of Dox (2 mg/mL) was adminis-
tered into the liver via an infusion pump at a constant rate over
10min. Blood samples were obtained for Dox concentration meas-
urements from each of the 3 above-described central and peripheral
venous catheters, at times 0, 3, 10, 30, 60, and 90 min.

In the third animal, under X-ray fluoroscopy and contrast
venography, the CF2 device was percutaneously introduced via
the internal jugular vein and deployed in the porcine infrarenal
IVC. In order to demonstrate binding in vivo solely from the
blood, without effects from the liver, 50 mg of Dox (2 mg/ml) was
injected over 10min in the IVC below the CF2 device. Venous
catheters with tips proximal and distal to the CF2 device in the
infrarenal IVC obtained pressures and blood samples for Dox con-
centrations over 90 min across the device (Fig. 4).

Statistical Analysis

Dox binding capabilities of resin in the flow and IAC experi-
ments were analyzed and compared to results from control experi-
ments without resin. Statistical differences were explored using an
unpaired Welch’s t-test. All tests were one-sided and a converted
P value of less than 0.05 was considered statistically significant.
In the experiments, the #-test was conducted at each time point
and analyzed compared to the control. The results indicate a
99.9% confidence interval for the “Flow experiments” and “IAC
experiments” and a 95% confidence interval for the “Serum
experiments”. This statistical power reinforces the significance of
resin binding capabilities.

Results

The binding capacity and kinetics of resin were explored via
several bench-top experimental designs. In the “Flow
experiments” with Dox initially equilibrated in PBS, the resin

041008-4 / Vol. 8, DECEMBER 2014
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Fig. 4 Schematic of in vivo swine experiment with the CF2 de-
vice. The device was placed in the infrarenal IVC (below the RV
and HV) from a jugular vein approach. Via access from the
RCFV and LCFV, prefilter and postfilter sampling catheters were
placed. A Dox infusion catheter was placed inferior to this. This
configuration allows from determination of potential concentra-
tion drops due to the CF2 device.
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Fig. 5 Flow experiment. A plot shows Dox (0.05 mg/ml) clear-
ance from PBS over the course of 90 min in the flow model. The
maximum clearance was 92% and reached at 30 min, suggest-
ing that resin has been saturated. Data are presented as a
mean = SD, n=6.

bound 76% (38 mg) of Dox (50mg) within the first 10 min, and
92% (46 mg) within the first 30 min (P < 0.001), compared to con-
trol experiments with no resin where Dox concentrations
remained unchanged over time (Fig. 5). Moreover, in the “IAC
experiments” in which Dox was infused slowly over 10 min, the
resin filtered 64% (32 mg) of the injected Dox (50 mg) within the
first 10 min compared to controls (Fig. 6). At 30 and 60 min, 92%
(46mg) and 96% (98mg) of Dox was cleared, respectively
(P <0.001).

Using the same resin, porcine “Serum experiments” revealed
slightly slower kinetics and binding capacity compared to binding
from Dox in PBS solution with approximately 52% (26 mg) of
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Fig. 6 IAC experiment. A plot shows Dox clearance over the

course of 60 min. A dose of 50 mg Dox (0.05 mg/mL) was infused
over the course of 10 min with (diamonds) and without filter
(squares). Note the high rate of Dox binding to resin during
infusion. Data are presented as a mean == SD, n=6.
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Fig. 7 Serum experiment. A plot shows Dox (0.05mg/mL)
clearance from porcine serum over the course of 90 min. The
maximum clearance was 84% at 45 min. Data are presented as a
mean + SD, n=6.

total Dox mass bound (50 mg) after 10 min and 80% (40 mg) of
total Dox mass bound after 30 min (P < 0.05) (Fig. 7).

“Single pass” experiments were performed to investigate
effects on Dox binding without recirculation of the Dox solution
through the resin column. A total of 6 passes were performed with
starting Dox concentration of 0.05 mg/ml, and final concentration
of 0.0006 mg/ml. On average, Dox concentration was reduced
exponentially by 51% compared to each subsequent pass through
the resin column (Fig. 8). A total of 99% of the initial total drug
mass was bound by the resin after 6 passes.

In vivo, in the first swine, the 18F CF1 device was successfully
inserted and deployed with resin contained within the tip of the
catheter. Venography after 20 min of deployment, however, dem-
onstrated a focal occlusion of the IVC adjacent to the tip of the
catheter (Fig. 9). The bag at the tip of the catheter was packed too
densely with the resin beads, causing mechanical venous obstruc-
tion. This was also manifested by IVC pressure gradients ranging
from 20-30 mmHg, well above the baseline of 5-10 mmHg. De-
spite IVC occlusion, hemodynamic changes in the swine were
minimal, likely due to collateral blood flow in the azygos system.
The catheter was removed and the resin bag was examined
ex vivo microscopically, revealing no evidence of thrombosis
within the resin itself (Fig. 10). This suggests that the occlusion
was outside of the catheter and due to obstruction of flow by the
resin-containing bag, rather than by the resin itself. Indeed, the
cation exchange resin contains highly sulfated groups that are
similar to those found in heparin, aiding in biocompatibility and
lowering thrombogenicity.

Journal of Medical Devices
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Fig. 8 Single-pass experiment. The plot demonstrates that
Dox concentration was reduced from 0.05 mg/ml to 0.0006 mg/
ml (99% of initial drug mass reduced) after 6 single passes
through the resin column without recirculation of solution. On
average, Dox concentration was lowered by 51% during each
pass.

Fig. 9 X-ray fluoroscopy demonstrates the establishment of
the in vivo swine model. Top left image demonstrates introduc-
tion of device (18 French) through right jugular vein into the
suprahepatic IVC. Top right image demonstrates the device tip
in the suprahepatic IVC with guide wire securing access into
the right hepatic vein. Bottom left image demonstrates a veno-
gram through the device and the patency of hepatic veins and
supra-hepatic IVC. Bottom right, a venogram demonstrates a
filling defect in the suprahepatic IVC just inferior to the catheter
tip after resin introduction into the catheter tip. Collateral flow
to the heart is visualized through the azygos venous system.

In the second swine, Dox was successfully administered via he-
patic IAC. Assayed Dox concentrations were plotted over time
and consistent with prior studies [8,28], thus establishing an
in vivo large animal model for further testing of a CF device with
hepatic IAC. There were no hemodynamic changes during the
procedure.

In the third swine, the CF2 device was successfully introduced
and deployed in the infrarenal IVC. Visualization under X-ray flu-
oroscopy verified the proper placement and mechanical expansion
of the Nitinol framework. Pressure measurements taken through-
out the experiment yielded a max gradient of 17 mmHg across the
CF2 membrane. There were no hemodynamic instabilities based
on vital signs. Venography demonstrated non-flow-limiting
thrombus below the CF2 device after 90 min of deployment.

DECEMBER 2014, Vol. 8 / 041008-5
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Fig. 10 Blood smears obtained from peripheral blood (left, as a reference) and CF
device resin (middle and right) at the conclusion of the in vivo study. Microscopic
examination revealed lack of evidence of clot or thrombosis in the CF device resin.
Bar =200 um.

Significant Dox binding was noted with an 85%, 74%, and 83%
decrease in relative preversus postfilter Dox concentrations at
times 3, 10, and 30 min, respectively, after the initiation of Dox
injection (Fig. 3(¢)).

Discussion

A novel disposable endovascular catheter-based CF device was
developed and successfully tested in vitro, with establishment of
an in vivo large animal model for further evaluation. In vitro
proof-of-concept was demonstrated with the first characterization
of Dox binding to ion-exchange resins in a physiologic flow
model in vitro and in blood in vivo. Prototypes were created of
the CF device, a disposable temporarily positionable endovascular
catheter-based device that could improve local and regional drug
therapy during IAC. The device could be introduced via standard
percutaneous central venous access and deployed in the veins of
an organ undergoing IAC (such as the hepatic veins during hepatic
IAC), in order to filter out drugs from the bloodstream using ion-
exchange resins.

Flow studies demonstrated rapid high-capacity binding of Dox
with a small volume (2.5mL) of resin: after 10 min, 76% of the
Dox within solution was captured. Moreover, during IAC simula-
tion, the resin cartridge was able to filter out 95% of Dox in
45min. Given that a 50mg Dox infusion during IAC typically
occurs over 10 min, and up to 50% (25 mg) of Dox passes directly
through hepatic tumors into the systemic circulation via the he-
patic veins, our studies demonstrate that the resin can capture on
average 32 mg of Dox over 10 min. Interestingly, single pass stud-
ies demonstrated an average reduction of 50% of Dox concentra-
tion during each subsequent pass through the resin column with
99% of Dox removed after 6 passes. This efficiency is somewhat
higher than the flow studies where the Dox solution recirculated
through the resin column. The differences may potentially be due
to concentration effects, as recirculation would lead to lower Dox
concentrations and thus less efficient ion-exchange.

In porcine serum experiments, slower kinetics and binding
capacity of the resin-Dox interaction was noted with 52% of Dox
bound at 10 min compared to 76% in the PBS flow studies. A sep-
arate study demonstrated that these kinetic and binding capacity
inefficiencies could be overcome by proportionally increasing the
resin volume. These findings are concordant with the known phar-
macokinetic profile of Dox, which has affinity for negatively
charged serum albumin in the blood [29,30]. We are developing a
full kinetic model to further elucidate interactions between Dox
and albumin. These in vitro results ultimately provide the basis
for the development of a CF device to potentially capture most of
the escaping Dox during clinical IAC.

The CF1 device was successfully introduced via standard per-
cutaneous central venous access and deployed in the suprahepatic
IVC in vivo. While blood flow was occluded (Fig. 9), we suspect
this was from stasis due to impedance from the catheter tip con-
taining densely packed resin, and not due to poor resin

041008-6 / Vol. 8, DECEMBER 2014

hemocompatibility. This was demonstrated by contrast venogra-
phy performed 20 min after CF1 deployment, as well as IVC pres-
sure measurements that revealed a significantly elevated pressure
gradient of 20-30mmHg (baseline 5—-10mmHg). Photomicro-
graphs (Fig. 10) do not reveal thrombus among the resin in the de-
vice itself. These findings are consistent with the biocompatible
characteristics of resin, which is highly sulfonated and composed
of inert polystyrene. Subsequent studies are planned to better
characterize pressure-flow dynamics in vivo with various catheter
geometries and related cross sectional area occlusion.

The CF2 device was successfully introduced and deployed in
the infrarenal IVC. The CF2 device was designed in order to avoid
the immobilization of resin particles that led to high venous pres-
sures and obstruction. A resin membrane was implemented to this
aim with only partial obstruction of venous luminal cross sectional
area. Compared to the CF1 device, there was less thrombosis
noted, which was likely due to a smaller pressure gradient eleva-
tion (only 17mmHg compared to 20-30mmHg of the CF1 de-
vice). The experiment demonstrated significant Dox binding with
an 85%, 74%, and 83% decrease in relative preversus postfilter
Dox concentrations at times 3, 10, and 30 min, respectively after
the start of Dox injection. Central and peripheral venous Dox con-
centrations were essentially undetectable by 30 min. This swine
experiment demonstrates initial in vivo proof-of-concept of rapid
high-capacity Dox filtration. Further studies must be performed
with catheter designs that reduce venous obstruction. Moreover,
these studies indicate that regardless of design, intravenous hepa-
rin may need to be administered or heparinization of the catheter
itself may be needed to prevent thrombosis from blood stasis and
the deployment of a relatively large intravascular foreign body
over the course of at least 30 min.

Clinical series [5,7-13] studying the effects of chemofiltration
via an extracorporeal dialysis-like system during hepatic IAC with
Dox have demonstrated clinical proof-of-concept regarding the
utility of this approach. Some instances have suggested that high-
dose Dox therapy with such a dialysis-style filtration can induce
long-term remission in patients with advanced HCC [10]. In cer-
tain cases, infusing a dose that was 4x higher than the Food &
Drug Administration limit of lifetime Dox exposure, and would
typically lead to life-threatening cardiac failure, did not lead to
any cardiac toxicity. In these studies, systemic toxicities were sig-
nificantly lowered due to reduction of the time of Dox exposure
(area under the curve, (AUC)) over the course of a 90 min infu-
sion, and yet tumor response was significant in patients. This indi-
rectly suggests that high AUCs, which can be achieved from
delivering high drug concentrations in short periods of time, may
be key to tumor response. Moreover, response could be weighted
toward higher drug concentrations rather than time-exposure
based on prior studies suggesting tumors respond linearly to Dox
concentration. The benefits of selective IAC compared to systemic
IV Dox chemotherapy have been documented [6,31,32]. Nonethe-
less, IAC remains limited in terms of single and multisession dose
delivery, since Dox has established lifetime dose limits (360 mg/
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m?), above which the risk of irreversible heart failure rapidly
climbs above 5%. On average, a patient with HCC receives 3-5
IAC procedures [6]; however, the CF device could confer a cost
advantage since it could reduce the number of IAC procedures per
patient by permitting delivery of a higher dose of chemotherapy
in any given session. Although extracorporeal systems have dem-
onstrated clinical proof-of-concept for high-dose Dox treatment in
HCC, the complexities of extracorporeal devices have raised
safety concerns [23]. A simple intravascular CF device could be
safer, more easily deployed, and cost-effective.

Serum experiments confirmed the extraction of Dox seen in
physiologic solutions with matching electrolyte molarity. It is im-
portant to note that the molar capacity of resin (0.6 meq monova-
lent cation/mL resin) is several orders smaller than the total body
stores of electrolytes or plasma proteins. Thus, nonspecific bind-
ing to entities within circulating blood should be negligible. With
the development of our swine model and preliminary promising
in vivo filtration data, the efficacy and safety of the CF device
in vivo will be further and more completely evaluated.

While cancer-free survival has improved over the past 20 yr for
many patients with many malignancies, the increasingly recog-
nized prevalence of cardiovascular disease in cancer survivors has
been an unintended consequence of many cancer therapies, and
threatens to offset improvements in cancer survival. The Centers
for Medicare-Medicaid Services and Health Maintenance Organi-
zation databases within the United States indicate increased preva-
lence of billing codes for heart failure, myocardial infarction, and
cardiac arrhythmias in patients treated for cancer [33-35]. Thus,
there is an emerging need to develop cost-effective methods to
eliminate antineoplastic drugs from systemic blood before they can
cause cardiovascular damage or heart failure [36,37]. Moreover,
cancer patients with baseline heart failure may have limited thera-
peutic options due to higher cardiac risk from even standard doses
of Dox [38]. The CF device could potentially enable high-dose
Dox treatments in patients regardless of cardiac risk as Dox would
be eliminated from the bloodstream prior to reaching the heart.

Study Limitations

In vitro studies showed that gradients in pressure between prox-
imal and distal sites of the CF1 device were 20-30 mmHg, sug-
gesting that blood flow and hemodynamic characteristics through
the device must be optimized since baseline central venous pres-
sure is low (5-10mmHg). A decrease in central venous pressure
in vivo can lead to venous stasis, and ultimately vascular occlu-
sion. Photomicrographs confirmed that occlusion of blood flow
resulted from stasis due to resistance to blood flow at the CF1 de-
vice tip, and not from thrombosis in the resin itself. The proof-of-
concept demonstrated by the CF2 device is only preliminary, as
more animal studies will need to be performed to achieve statisti-
cal significance. The CF2 device led to some level of nonocclu-
sive thrombus suggesting that further optimization of catheter
design is necessary. Such thrombus could potentially change post-
filter sample measurements by allowing for dilution from collat-
eral or renal veins, which could lower postfilter concentrations.
Additionally, in future in vivo experiments, animals or the CF de-
vice itself may be heparinized in order to prevent thrombosis. The
combination of hepatic IAC with simultaneous CF device deploy-
ment and Dox filtration was not tested in this study, but are
planned subsequently. Additional in vivo experiments using the
established swine model are warranted to test advanced catheter
designs with improved pressure-flow profiles based on ongoing
benchtop and fluid-mechanical computer simulations.

Clinical Implications

HCC is the third leading cause of cancer death worldwide with
hepatic IAC treatments being a mainstay of therapy for many
patients. The CF device would enhance efficacy of hepatic IAC
by reducing systemic Dox exposure and toxicity, and thereby
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enable higher dose treatments, which could lead to improved clin-
ical outcomes. Once in clinical use for HCC, the CF device could
be used in patients with secondary liver tumors undergoing IAC,
such as those patients with liver metastases from a number of
malignancies. The CF device could also be adapted to treat nearly
any solid organ tumor (kidney cancer, lung cancer, breast cancer,
etc.), and a variation of the device could also be created for che-
motherapeutics other than Dox.

The number of cancer survivors who experience subsequent car-
diovascular events is large. In the US there are now over 13 million
cancer survivors. For breast cancer survivors alone, it is estimated
that $800 million will be spent annually providing cardiovascular
care [39,40]. Our proposed technique of CF may be translated into
clinical setting for managing patients like these. In fact, specific CF
devices could be also devised for an array of drugs with systemic
toxicities (e.g., lytic agents) remote from their site of primary
intended action, thus extending the CF technique beyond oncology.

Conclusion

A novel endovascular catheter-based CF device was developed and
tested in vitro. A large animal model for further in vivo testing has
also been established with promising preliminary data supporting rapid
high-capacity Dox binding in vivo from blood. The CF device could
serve as a platform technology for a new paradigm in drug therapy,
enabling well-established, low-cost drugs to be used at higher doses,
leading to less toxicity, and improved clinical outcomes.
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