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Abstract. We evaluated a novel system of complete hepat-
ic venous isolation and chemofiltration (CHVI-CF) to re-
duce systemic drug exposure following regional hepatic
infusion of doxorubicin. Rabbits bearing hepatic VX-2
tumors were given doxorubicin via either hepatic arterial
infusion (HAID) or portal venous infusion (PVI). A dual-
balloon vena cava catheter and extracorporeal chemofilter
were used to capture and filter hepatic venous blood in
experimental animals. Control animals received chemo-
therapy without hepatic venous isolation and chemofiltra-
tion. Following a 5-min HAI of doxorubicin (3 or
5 mg/kg), control and experimental animals had similar
doxorubicin levels in their livers and VX-2 tumors, but
experimental animals showed a significant reduction in
doxorubicin levels in systemic plasma, heart, and kidney
tissue as compared with control animals (P <0.01). HAI
produced a 4-fold increase in doxorubicin levels in VX-2
tumors as compared with the drug levels obtained using
PVI (P <0.01). A single HAI of 3 mg/kg doxorubicin in
animals treated with CHVI-CF produced marked tumor
necrosis at 7 and 14 days after treatment. By increasing the
total body clearance of doxorubicin, this system will allow
HAI of higher doses of drug in attempts to improve the
antitumor response.

Introduction

The narrow therapeutic index of most anticancer agents
often limits the dose of drug that can be given. Chemother-
apy-related toxicities occurring in normal, non-neoplastic
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tissues may prevent the delivery of drug doses sufficient to
achieve a therapeutic effect [1]. Additional factors having
a negative influence on effective chemotherapy for malig-
nant tumors include expression of the multidrug resistance
phenotype and other mechanisms of drug resistance [2—6].

Regional arterial administration of antineoplastic drugs
to the organ or site harboring a tumor has been employed to
increase the drug concentration delivered to the tumor.
Hepatic arterial infusion (HAI) of chemotherapeutic drugs
has been used for primary and metastatic liver tumors
[7—10]. HAI of agents with high rates of hepatic extraction
and metabolism, such as 5-fluorouracil (5-FU) and
5-fluoro-2-deoxyuridine (FUDR), results in decreased sys-
temic toxicity because of reduced systemic exposure to the
drug [11]. However, HAT of drugs with low rates of hepatic
extraction, such as doxorubicin, produces high systemic
drug levels, and the resulting toxicities limit the dose that
can be delivered [8, 12—14]. Since the venous drainage of
the liver is confined to a short segment of the inferior vena
cava, it is possible to isolate the hepatic venous outflow
[15]. We studied a novel dual-balloon vena cava catheter to
achieve complete hepatic venous isolation in a rabbit mod-
el bearing VX-2 liver tumors. The hepatic venous blood
captured by the dual-balloon vena cava catheter is pumped
through an extracorporeal chemofiltration circuit before it
is returned to the animal. We sought to determine whether
this complete hepatic venous isolation and chemofiltration
(CHVI-CF) system would enhance tumor doxorubicin
concentrations following regional infusion by allowing the
delivery of high drug doses to the liver while limiting
systemic exposure to the drug. We also evaluated differ-
ences between tumor doxorubicin levels following HAI or
portal venous infusion (PVI) of the drug associated with
CHVI-CF.

Materials and methods

Animals. Adult male New Zealand White rabbits (3—3.5 kg} were pur-
chased from The University of Texas Science Park (Bastrop, Tex.).
Animals were quarantined for 2 weeks prior to their use to ensure the
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Fig. 1. Positioning of the dual-bal-
loon vena cava catheter to achieve
complete hepatic venous isolation. A
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hepatic arterial infusion of doxorubi-
cin is performed through the catheter
placed into the gastroduodenal artery.
Any drug not cleared by the VX-2
tumor or the liver is captured in the
hepatic venous effluent by the dual-
balloon catheter. The inset demon-
strates that the complete hepatic
venous outflow is pumped through
an extracorporeal circuit that in-
cludes a high-efficiency carbon filter.
This filter removes doxorubicin in
the hepatic venous blood prior to re-
turning this blood to the rabbit via a
catheter placed in the internal jugular
vein. A stopcock placed in the tubing
between the pump and the filter is
used to obtain prefilter (hepatic
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absence of pathogens and were maintained in individual cages and fed
standard rabbit chow and water ad libitum.

Tumor and tumor cell lines. VX-2 is a poorly differentiated epithelioid
solid carcinoma that originated as a virally induced tumor in rabbits [ 16].
The VX-2 tumor was maintained in our laboratory through serial trans-
plantations into the hind-limb musculature of rabbits. The histology and
growth characteristics of the VX-2 tumor have been extensively de-
scribed [17, 18]. After implantation into either the hind limb or the liver,
the tumor enlarges rapidly, with a zone of hypervascularity developing
along its advancing rim. During its growth, the center of the tumor
undergoes avascular necrosis as it outgrows its blood supply.

The tumor from the hind limb of donor rabbits was excised using a
sterile technique and then placed in RPMI-1640 medium. The tissue was
minced with a scalpel, and the tumor fragments and 1 ml of RPMI-1640
medium were placed in a tissue homogenizer (Becton Dickinson; San
Jose, Calif.) for 6 s. The resultant tissue homogenate (cell viability,
>70% as determined by trypan blue exclusion) was placed in sterile
syringes for immediate injection into experimental animals.

VX-2 tumors were induced in the livers of rabbits by making a 2-cm
midline subxyphoid abdominal incision in animals under general mask
anesthesia with 5% isoflurane. Using a 22-gauge needle, 0.4 ml of the
VX-2 tumor homogenate was injected under direct vision into a segment
of the right lobe of the liver. The needle puncture site on the capsule of
the liver was cauterized to seal the site and prevent leakage of the tumor
homogenate. Experiments were performed 2 weeks after the induction of
hepatic VX-2 tumors, when the tumor nodules were 1.5-2 cm in diame-
ter and had not yet developed central necrosis.

Procedure. General anesthesia in tumor-bearing animals was induced
with isoflurane (5%) delivered through a mask and was maintained with
isoflurane (1.5%) following endotracheal incubation of the animals. The
right jugular vein was exposed through a small cut-down incision, and a
16-gauge silastic catheter was placed via the jugular vein into the superi-
or vena cava. This jugular-vein catheter was used as the systemic blood-
return site to complete the extracorporeal pump circpit. A midline
abdominal incision was made from the xyphoid to the mid-abdomen to
gain full exposure to the peritoneal cavity. A 16-gauge silastic catheter
was placed in the right iliac artery to monitor the blood pressure continu-
ously and to obtain systemic blood samples for drug analysis. Following
the placement of catheters in the jugular vein and common iliac artery,
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venous) blood samples. A second
stopcock placed in the tubing exiting
the filter is used to obtain postfilter
samples

systemic anticoagulation was achieved by injection of an intravenous
bolus of heparin sodium (200 mg/kg).

Following anticoagulation, a 7-F dual-balloon vena cava catheter
(Bodden catheter; Delcath Systems, New York, N.Y.) was introduced
through the right common iliac vein and advanced until the upper balloon
was positioned cephalad to the entrance of the hepatic veins into the
inferior vena cava and the lower balloon was positioned caudad to the
entrance of the hepatic veins. Before inflation of the balloons on the vena
cava catheter, this catheter was connected to an extracorporeal roller
pump (Gambro pump; Lund, Sweden) with an in-line filter containing
3.2 g of methylcellulose-coated carbon particles (National Medical Cor-
poration; Rockleigh, N.J.). Pump tubing downstream from the filter was
connected to the 16-gauge catheter placed in the jugular vein to complete
the extracorporeal pump circuit. Flow in the pump was initiated, and the
upper balloon followed by the lower balloon on the dual-balloon vena
cava catheter was inflated until each balloon completely occluded the
inferior vena cava. In this manner, the venous drainage of the liver was
completely isolated between the two balloons of the vena cava catheter
and the hepatic venous blood was pumped through the extracorporeal
circuit (Fig. 1).

Drug administration. A 24-gauge silastic catheter was placed into either
the gastroduodenal artery to accomplish HAI or into the portal vein to
carry out PVI of doxorubicin (Cetus Corporation; Emeryville, Calif.).
For the HAI-treated animals, small arterial branches from the hepatic
artery were clipped and divided to prevent misperfusion of the drug to the
stomach or duodenum. The doxorubicin (2 mg/ml concentration) was
given by a 5-min continuous infusion using a syringe pump. Animals
were divided into four experimental groups. Group 1 received an HAT or
a PVI of doxorubicin at 0.5, 1.0, 1.5, or 2.0 mg/kg without CHVI-CF to
determine the maximum tolerated dose (MTD) of doxorubicin and the
antitumor response at the MTD in this control group.

Group 2 animals received 3 or 5 mgfkg doxorubicin by HAT or PVI
utilizing the dual-balloon vena cava catheter to achieve CHVI-CF. In
group 2 animals, prefilter (hepatic venous outflow), postfilter, and sys-
temic blood samples were drawn midway through the 5-min drug infu-
sion (2.5 min), at the conclusion of the drug infusion, and then at 5-min
intervals up to 30 min (a total of seven time points: 2.5, 5, 10, 15, 20, 25,
and 30 min after the beginning of the 5-min drug infusion). Blood
samples were centrifuged (1,500 g) for 10 min. Plasma was then
aspirated and frozen for later drug analysis.

Group 3 also received an HAI or a PVI of 3 or 5 mg/kg doxorubicin
but without CHVI-CF. Systemic blood samples in this control group
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Fig. 2. Serum levels of doxorubicin (DOX) measured in five control
animals following a 5-min hepatic arterial infusion (HAI) at a dose of
3 mg/kg without complete hepatic venous isolation and chemofiltration
(CHVI-CF). The 5-min time point represents the completion of the 5-min
DOX infusion

were drawn at the identical time points used in group 2 to measure
systemic levels of doxorubicin. In groups 2 and 3, the animals under
general anesthesia were killed by exsanguination at 30 min after the drug
infusion and the VX-2 liver tumor, normal liver tissue not involved by
tumor, the heart, and the kidney were harvested to determine tissue
doxorubicin levels.

Group 4 animals received a 5-min HAT of 3 mg/kg doxorubicin with
a 30-min period of CHVI-CF. At the conclusion of the 30-min bypass
procedure, the lower and then upper balloons of the vena cava catheter
were deflated. The blood in the bypass pump circuit was returned to the
animal, and the bypass pump circuit was then stopped. All catheters were
removed; the vessels, ligated; and the incisions, closed in a standard
two-layer fashion. Group 4 animals were then allowed to recover from
general anesthesia and were followed to determine the tumor response to
the treatment.

Drug analysis. Doxorubicin levels in plasma and tissues were deter-
mined according to the high-pressure liquid chromatography (HPLC)
method of Robert [19]. Aliquots of plasma were placed on prepared
minicolumns (C1g Sep-Paks; Waters Associates, Wilford, Mass.); after
washing, the drug was eluted and the eluant was dried under nitrogen.
Samples were then redissolved in mobile phase prior to injection into the
HPLC system. '

Tissues were weighed and then homogenized in 0.05 M phosphate
buffer (pH 8.0) prior to extraction with chloroform and methanol. Fol-
lowing centrifugation, an aliquot of the organic phase was dried under
nitrogen and then redissolved in mobile phase for injection into the
HPLC system. Daunomycin (Sigma Chemical Co., St. Louis, Mo.) was
routinely used as an internal standard for both plasma and tissue analyses.

Statistical analysis. The significance of differences between the data for
two groups was evaluated by Student’s two-tailed #-test. P values of less
than 0.05 were considered statistically significant.

Results

The MTD of doxorubicin in rabbits bearing hepatic VX-2
tumors was determined by giving a 5-min HAI or PVI of
increasing doses of doxorubicin without CHVI-CF. The
MTD for either HAI or PVI was 1.5 mg/kg; all animals that
received a dose of 2 mg/kg died within 96 h. Doxorubicin
levels measured in VX-2 tumors at 30 min after an HAI or
a PVI of 1.5 mg/kg without CHVI-CF were 22.1 5.6 and
4.3+2.2 ng/g tissue, respectively (P <0.05, HAI vs PVI).
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Fig. 3. Serum levels of doxorubicin (DOX) measured in five control
animals following a 5-min portal venous infusion (PVI) at a dose of
3 mg/kg without CHVI-CF. The 5-min time point represents the comple-
tion of the 5-min DOX infusion

There was no histologic evidence of an antitumor response
at 7 or 14 days following a PVI of 1.5 mg/kg doxorubicin,
and the VX-2 tumor showed progressive growth in the
liver. Extrahepatic metastases were also observed in the
peritoneal cavity and lungs. In contrast, at 7 days after an
HAI of 1.5 mg/kg doxorubicin, liver tumors showed no
increase in diameter and were 47% =+ 11% necrotic as
determined by histopathologic evaluation. However, at
14 days the mean tumor diameter had increased nearly
2-fold beyond the measurement obtained at 7 days.

The doxorubicin levels measured in systemic plasma
following a 5-min HAI or PVI of 3 mg/kg doxorubicin
without CHVI-CF (group 3 animals) are shown in Fig. 2
and 3. The peak systemic levels of doxorubicin detected in
these control animals exceeded 3,500 ng/ml. At 30 min
after the drug infusion, plasma doxorubicin levels were
less than 100 ng/ml.

A 5-min HAI of 3 mg/kg doxorubicin with CHVI-CF
{group 2) produced prefilter (hepatic venous effluent) peak
drug levels that were similar to the systemic peak levels
measured in the control group (Fig. 4). However, the post-
filter and systemic plasma levels of doxorubicin did not
exceed 300 ng/ml and were significantly lower than the
prefilter (hepatic venous) and control systemic (Fig. 2)
drug levels, respectively (P <0.001). A comparison of peak
prefilter with peak postfilter doxorubicin levels shows an
86.2% reduction in drug level across the filter. The peak
systemic plasma doxorubicin levels measured in animals
undergoing HAI with CHVI-CF were reduced by 94.5% as
compared with the peak plasma levels detected in control
animals (Fig. 4 vs Fig. 2).

A 5-min PVI of 3 mg/kg doxorubicin with CHVI-CF
(group 2) yielded a peak prefilter doxorubicin level of al-
most 5,000 ng/ml (Fig. 5). Again, the postfilter and sys-
temic levels of doxorubicin were significantly reduced as
compared with the prefilter (hepatic venous) or control
systemic (Fig. 3) levels, respectively (P <0.001). There
was an 88.2% reduction in plasma drug level across the
filter, and animals treated by PVI with CHVI-CF showed a
90.9% reduction in peak systemic plasma drug levels as
compared with controls (Fig. 5 vs Fig. 3).
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Fig. 4. Serum levels of doxorubicin (DOX) measured in five animals
following a 5-min HAI at a dose of 3 mg/kg with CHVI-CF. Prefilter
levels of DOX represent the hepatic venous effluent prior to passage
across the carbon filter. The 5-min time point represents the completion
of the 5-min DOX infusion
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Fig. 5. Serum levels of doxorubicin (DOX) measured in five animals
following a 5-min PVI at a dose of 3 mg/kg with CHVI-CF. Prefilter
levels of DOX represent the hepatic venous effluent prior to passage
across the carbon filter. The 5-min time point represents the completion
of the 5-min DOX infusion

Table 1. Tissue doxorubicin content measured 30 min after HAI or PVI
of 3 mg/kg doxorubicin with or without CHVI-CF

Liver Tumor Heart Kidney

HAI with CHVI-CF 38.1%6.62 40974 2.6+ 12* 56+ 1.1*
HAI alone (control) 44.7+9.0 40.2+55 332+ 3.1 8171172
PVIwith CHVI-CF 28.7£22 99420 83+ 1.7%F 7.2+ 2.1%
PVIalone (control) 23.6£4.0  98+23 4834136 654+t 74

2 Data represent mean values = SEM (n = 5), expressed as ng doxoru-
bicin/g tissue

* P <0.001 CHVI-CF vs control by Student’s paired, two-tailed #-test

** P <0.01 CHVI-CF vs control by Student’s paired, two-tailed #-test

Tissue doxorubicin levels in the liver, VX-2 tumor,
heart, and kidney were measured at 30 min after a 5-min
HAI or PVI of 3 mg/kg doxorubicin (Table 1). HAI pro-
duced doxorubicin levels in VX-2 tumors that were 4 times
greater than those detected in tumors after PVI (P <0.01).
Doxorubicin levels in the liver were also lower in PVI-
treated animals as compared with HAl-treated animals.
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Fig. 6, Serum levels of doxorubicin (DOX) measured in five control
animals following a 5-min HAI at a dose of 5 mg/kg without CHVI-CE
The 5-min time point represents the completion of the 5-min DOX
infusion
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Fig. 7. Serum levels of doxorubicin (DOX) measured in five animals
following a 5-min HAT at a dose of 5 mg/kg with CHVI-CF. Prefilter
levels of DOX represent the hepatic venous effluent prior to passage
across the carbon filter. The 5-min time point represents the completion
of the 5-min DOX infusion

The liver and VX-2 tumor levels of doxorubicin were
similar regardless of whether or not CHVI-CF was used.
However, tissue doxorubicin levels in the heart and kidney
were significantly reduced in animals that underwent
CHVI-CF as compared with control animals (P <0.001).
Tissue doxorubicin levels measured in VX-2 tumors fol-
lowing an HAI of 3 mg/kg with CHVI-CF were almost
2 times higher than the tumor levels detected in group 1
controls receiving an HAI at the MTD of 1.5 mg/kg
(P <0.05).

Since PVI of 3 mg/kg doxorubicin was associated with
significantly lower drug levels in VX-2 tumors than was
HAI, PVI of doxorubicin at 5 mg/kg was not performed.
Figure 6 presents the plasma drug levels measured in con-
trol animals (group 3) that received a 5-min HAI of
5 mg/kg doxorubicin without CHVI-CF. In these control
animals, the peak systemic plasma doxorubicin level



Table 2. Tissue doxorubicin content measured 30 min after HAI of
5 mg/kg doxorubicin with or without CHVI-CF

Liver Tumor Heart Kidney

HAI with CHVI-CF 56.6+7.12 61.1+ 60 59% 29% 064+ 1.6*
HAI alone (controly 64.4+£9.2 70.6x+10.5 71.4+105 136.2+14.1

2 Data represent mean values + SEM (n = 5), expressed as ng doxoru-
bicin/g tissue
* P <0.001 CHVI-CF vs control by Student’s paired, two-tailed s-test

exceeded 6,000 ng/ml. HAI of 5 mg/kg doxorubicin with
CHVI-CF (group 2) produced prefilter doxorubicin levels
that exceeded 10,000 ng/ml (Fig. 7), but the postfilter and
systemic peak levels were less than 500 ng/ml (P <0.001,
postfilter or systemic doxorubicin levels with CHVI-CF
versus prefilter doxorubicin levels or control-animal sys-
temic doxorubicin levels, respectively). The peak postfilter
plasma drug level was 94.2% lower than the peak prefilter
level. The animals treated with CHVI-CF showed peak
systemic plasma doxorubicin levels that were 93.4% lower
than the peak systemic levels detected in controls (Fig. 7 vs
Fig. 6). Table 2 shows the doxorubicin levels measured in
the liver, VX-2 tumor, heart, and kidney at 30 min after a
5-min HAI of 5 mg/kg doxorubicin with and without
CHVI-CF. A significant reduction in the doxorubicin
levels detected in systemic tissue (heart, kidney) was ob-
served in animals treated with CHVI-CF (P <0.001).
Tissue doxorubicin levels measured in VX-2 tumors fol-
lowing as HATI of 5 mg/kg with CHVI-CF were almost
3 times higher than the tumor levels detected in group 1
controls receiving an HAI at the MTD of 1.5 mg/kg
(P <0.01).

Group 4 animals treated with 3 mg/kg doxorubicin by
HAI with CHVI-CF were examined at 7 or 14 days after
treatment. At 7 and 14 days, the liver VX-2 tumors were
>80% necrotic and showed no increase in pretreatment
diameter. However, no animal had a complete pathologic
response in hepatic VX-2 tumors following the single
high-dose HAI of doxorubicin.

Discussion

Intra-arterial infusion of chemotherapeutic drugs has been
used in attempts to increase regional exposure to the drugs.
However, systemic toxicity remains the dose-limiting fac-
tor for many agents. The relative pharmacokinetic advan-
tage, Ry, for arterial infusion of a drug can be expressed as:

R Che

M RTum

where R; is the increased target (regional) exposure, R; is
decreased systemic exposure to drug, Clts is the total body
clearance of the drug, Q is the blood flow through the
infused artery, and E is the rate of drug extraction [20, 21].

The relative pharmacokinetic advantage equation de-
monstrates that three parameters (Q, E, and CltB) affect the
pharmacokinetic advantage of intra-arterial drug infusion.
Reported values for hepatic extraction (F) of doxorubicin
following HAI range from 0.34 to 0.45 [8, 12—14]. Thus, a
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drug like doxorubicin with a moderate rate of hepatic ex-
traction produces a relatively larger product from the ex-
pression 1-E. This increases the value of the denominator
with a resultant reduction in Rq. The variable we are
manipulating with our experimental system is the total
body clearance (CitB) of the drug. The CHVI-CF effec-
tively increases the total body clearance of doxorubicin by
producing a high-rate first-pass pharmacologic clearance
of the drug. Our results demonstrate that increasing the
CItB of doxorubicin by CHVI-CF with drug infusion into
the hepatic artery or portal vein effectively increases rela-
tive pharmacokinetic advantage Rg; the use of this system
markedly reduced the systemic plasma and tissue exposure
to doxorubicin.

The effective hapatic venous isolation by the dual-bal-
loon catheter and efficient drug clearance by the chemofil-
ter is indicated by the 86.2%—94.5% reduction in peak
postfilter (hepatic venous) levels. It has previously been
demonstrated that significant cardiotoxicity and hemato-~
logic toxicity occur when peak systemic plasma doxorubi-
cin levels exceed 1,000 ng/ml [22]. In our control animals
that received an HAI of 3 or 5 mg/kg doxorubicin without
CHVI-CF, the peak systemic plasma drug levels exceeded
1,000 ng/ml by 4- and 10-fold, respectively. Significantly,
the systemic drug levels following an HAT of 3 or 5 mg/kg
doxorubicin in animals treated with CHVI-CF never
exceeded 700 ng/ml. The ability of the CHVI-CF circuit to
protect systemic tissues following high-dose HAI of doxo-
rubicin is further confirmed by the marked reduction in
heart- and kidney-tissue drug levels in animal treated with
CHVI-CF. :

The systemic protection provided by our CHVI-CF cir-
cuit was greater than that reported for other systems. It has
previously been demonstrated that doxorubicin can be re-
moved from the circulation by adsorption onto sorbents,
particularly activated charcoal [23]. Regional arterial infu-
sion of chemotherapeutic drugs has been combined with
nonisolated venous hemoperfusion utilizing carbon filters
or with hemodialysis of regional or systemic venous
drainage. A variety of systems that employ some type of
hemoperfusion or hemodialysis have been used in conjunc-
tion with infusion of doxorubicin [23, 24], mitomycin C
[24, 25], cisplatin [26, 27], bleomycin [24], or 1,3-bis(2-
chloroethyl)-1-nitrosourea [28]. In these reports, hemoper-
fusion or hemodialysis reduced systemic exposure to the
chemotherapeutic drug by between 48% and 82%.

In our model, HAI of doxorubicin produced a 4-fold
increase in the drug content measured in hepatic VX-2
tumors at 30 min after the infusion of compared with PVL.
This finding concurs with the 3- to 5-fold increases in
doxorubicin levels in hepatic VX-2 tumors observed by
other investigators at 1 h after HAI as compared with PVI
[29, 30]. Additionally, our data indicate that hepatic extrac-
tion of doxorubicin is less efficient when the drug is in-
fused into the portal vein instead of the hepatic artery. This
is suggested by the lower doxorubicin liver-tissue levels
detected after PVI as compared with HAI and by the higher
prefilter (hepatic venous) plasma drug levels measured in
animals treated by PVI as compared with HAI.

Since the CHVI-CF circuit significantly limits systemic
exposure to a drug following HAI, the MTD of the drug
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will be defined by hepatic toxicity instead of systemic
toxicities. We have previously studied the dual-balloon
vena cava catheter in a porcine model. An HATI of 1 or
3 mg/kg doxorubicin with CHVI-CF produced no signifi-
cant change in the results of baseline liver-function tests
(alkaline phosphatase, total bilirubin, serum glutamy! ox-
aloacetic transferase, and serum glutamate peptidyl trans-
ferase), and histologic examination of the liver revealed
only minimal periportal inflammatory changes in 50% of
the treated animals [31, 32]. A single HAI of doxorubicin
at doses as high as 9 mg/kg was well tolerated, and acute
toxic effects in the liver were not observed. The lack of
significant hepatocellular toxicity in the survival rabbits in
the current study confirms the livers tolerance of high-dose
regional infusion of doxorubicin. Cumulative toxicity to
the liver from repeat dosing is a valid concern. However,
we now have experience using the CHVI-CF system in
human patients. In a phase I study of patients with unre-
sectable hepatocellular carcinoma, we have carried out
HAI of doxorubicin at doses as high as 120 mg/m? every
4 weeks for three treatments without producing significant
elevations in liver-function test values and without produc-
ing hepatic arteritis or venous occlusive disease [33]. The
liver may tolerate high-dose infusion of toxins such as
doxorubicin due to the presence of drug-metabolism path-

ways and because of the normal expression in the liver of -

drug-efflux mechanisms such as P-glycoprotein [34].

The anticancer drug-dose intensification allowed by
CHVI-CF to treat liver tumors may not markedly improve
patient survival. Although we noted an antitumor response
in liver VX-2 tumors treated with HAT of high-dose doxo-
rubicin combined with CHVI-CF, single high-dose doxo-
rubicin HAI treatments for liver tumors are not likely to be
curative. Although repeated courses of cytotoxic therapy
may be associated with a greater antitumor response, such
treatments may also lead to increased expression of the
multidrug-resistance gene product, P-glycoprotein [2, 3].
The cytoreduction we noted in liver VX-2 tumors after a
single HAI of doxorubicin was encouraging but not sur-
prising, since the VX-2 tumors we employed did not ex-
press P-glycoprotein as determined by immunohistochem-
istry using three monoclonal antibodies (C219, C494, and
JSB-1) known to detect P-glycoprotein in VX-2 cells
grown in doxorubicin [35] (data not shown). Currently, we
are developing a doxorubicin-resistant line of VX-2 tumor
cells that express high levels of P-glycoprotein. The most
important potential clinical use of the CHVI-CF system
will be to combine repeated high-dose anticancer drug
treatments with agents that increase the intercellular drug
concentration by blocking the P-glycoprotein-efflux pump.
A lengthy list of compounds have been identified that
interfere with the function of P-glycoprotein and thus im-
prove the antitumor response to chemotherapeutic agents
in otherwise chemotherapy-resistant tumors [36]. Many of
these P-glycoprotein-blocking agents achieve reversal of
drug resistance at concentrations that are associated with
cellular toxicity in normal host tissues. In preliminary stud-
ies conducted in pigs, we have demonstrated that with HAI
of high-dose verapamil (25 times the standard dose), our
CHVI-CF circuit reduces systemic exposure to verapamil
by greater than 90% (unpublished data). Future trials of the

CHVI-CF system will combine P-glycoprotein-blocking
agents such as verapamil with chemotherapeutic drugs to
determine the impact on hepatocellular toxicity and the
treatment’s efficacy against multidrug-resistant VX-2
tumors. By limiting systemic toxicities from the P-glyco-
protein-blocking agents and chemotherapeutic drugs, an
improved antitumor response in liver tumors may be
achieved.
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