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Hepatic artery infusion (HAT) has been used to take
advantage of the steep dose—response relationship
charaecteristic of chemotherapeutic agents. Systemic
toxicity, however, remains the dose limiting factor for
HAI of low hepatic extraction drugs. This investigation
compared the pharmacokinetics of doxorubicin admin-
istered using a system that combines HAI and hepatic
venous drug extraction (HVDE) versus systemic admin-
istration without HVDE. HAI was accomplished by
transfemoral cannulation of the hepatic artexry. HVDE
was aided by use of a double-balloon catheter inserted
fluoroscopically via femoral vein cutdown into the infe-
rior vena cava. Inflation of the balloons above and be-
low the hepatic veins allowed collection of hepatic ve-
nous effluent. Hepatic venous blood was pumped
through the double-balloon catheter into an extracorpo-
real circuit with activated carbon filters to extract
drug prior to return to the systemic circulation. Domes-
tic female swine (25—-356 kg) received 3 mg/kg doxoru-
bicin over 90 min via HAI, HVDE was performed for
240 min following initiation of HATI (Time 0—-240 min).
Contrel swine underwent hepatic venous isolation us-
ing the double-balloon catheter without drug filtration
and received 3 mg/kg doxorubicin over 90 min via sys-
temic vein (SYSI). Serum and myocardial doxorubicin
and doxorubicinol levels were assayed using HPLC.
Blood was serially sampled from hepatic vein blood,
from the extracorporeal circuit after filtration, and
from a systemic artery. Area under the curve (AUC)
was integrated from time—concentration plots over
Time 0—180 min. During HAI, AUCs (nmole- min) in
the hepatic venous effluent, in the extracorporeal cir-
cuit after filtration, and in systemic blood were 113 =+
32,0,12.6 = 4,82, and 18.9 + 8.43, respectively. Dur-
ing SYSI, hepatic vein and systemie AUCs were 83.6 +
22.1 and 270 = 112, respectively, the later signifi-
cantly greater (P = 0.017) than that during HAI. After
hepatic arterial infusion, cardiac tissue concentrations
of doxorubicin and doxorubicinol were 16.8-fold less
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and >4.0-fold less, respectively, than those after sys-
temic infusion. These data show that HA] with HVDE
increases hepatic delivery of doxorubicin with reduced
systemic and cardiac drug exposure. This method may
be applicable to other drugs poorly extracted by the
liver and to clinical situations in which enhanced re-
gional drug delivery is desirable, © 1994 Academic Press, Inc.

INTRODUCTION

Treatment of primary and secondary hepatic malig-
nancies is beneficial to only a limited number of the pa-
tients suffering from these fatal conditions. Surgical re-
section, while potentially curative, is an appropriate op-
tion only for those few patients whose cancer is isolated
to the liver, who have technically resectable disease, and
whose medical condition will allow major surgery [1, 2].
Systemic chemotherapy for either primary liver tumors
or hepatic metastatic disease rarely results in long-term
tumer control [3, 4]. The failure of cytotoxic therapy to
control liver malignancies is due in part to the inability
to administer drugs with sufficient dose intensity while
avoiding potentially lethal systemic toxicity (inadequate
therapeutic index).

Hepatic artery infusion chemotherapy has been used
to take advantage of the steep dose-response relation-
ship characteristic of chemotherapeutic agents [5]. He-
patic artery infusion achieves high intrahepatic drug lev-
els and allows liver metabolism to limit systemic drug
exposure. Because of their efficient metabolism by the
liver, agents with high first-pass hepatic clearance (such
as 5-fluorodeoxyuridine) are particularly attractive tar-
gets for hepatic artery infusion. Unfortunately, while tu-
mor response rates to hepatic artery infusion are high,
this success has never been demonstrated to result in
improved clinical outcomes as hepatic toxicity is com-
mon when high extraction drugs are administered at tu-
moricidal doses {6, 7].

For low hepatic extraction drugs, systemic toxicity re-
mains the dose-limiting obstacle to regional infusion che-
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motherapy. Methods of isolated hepatic perfusion (he-
patic artery infusion with simultaneous hepatic venous
drug extraction) have been developed to overcome these
difficulties [8-15]. Infusion of high concentrations of an-
tineoplastic drug into tumor-containing liver combined
with removal of drug in the hepatic venous effluent be-
fore it reaches the systemic circulation potentially takes
advantage of the steep dose-response curve of cancers to
chemotherapy while minimizing systemic side effects.
Unfortunately, only the method of isolated hepatic per-
fusion described by August et al. [16] and by Curley et al.
[15) do not invoive major operative procedures. The
physiologic insult of such operative interventions has
precluded the use of isolated hepatic perfusion in “sick”
patients and prevented the use of drug regimes that re-
quire multiple treatment courses.

Doxorubicin, a drug with low first-pass liver metabo-
lism, has been administered via hepatic artery infusion
to treat hepatocellular carcinoma and other intrahepatic
malignancies [3]. Tumaor response rates to doxorubicin-
containing regimens administered via the hepatic artery
have been reported to be as high as 50% [17]. An anthra-
cycline, doxorubicin is reduced in cellular cytoplasm by
aldehyde and ketone reductases and detoxified in the
hepatocyte, most probably by NADPH cytochrome
P-450 reductase-catalyzed reduction of the oxygen
linked glycoside to deoxyglycone forms [18-21]. Doxoru-
bicin and its primary alcohol metabolite doxorubicinol
are excreted unchanged in the bile and to a lesser extent
in the urine [19]. Accurate prediction of acute human
clinical toxicity from doxorubicin by empiric determi-
nation of plasma pharmacokinetics of the drug or its
metabolites has not yet proved feasible [22, 23]. Never-
theless, doxorubicinol may be the primary specie respon-
sible for toxicity observed following doxorubicin admin-
istration [24].

We have developed a model to study hepatic metabo-
lism of doxorubicin. This model permits regional infu-
sion of drug to the liver via the hepatic artery, collection
of all hepatic venous effluent, and removal of drug from
the effluent prior to systemic reinfusion. This is
achieved percutaneously with the use of a specially devel-
oped double-balloon catheter which is positioned in the
inferior vena cava to isolate and collect all hepatic ve-
nous blood; this method avoids the confounding patho-
physiologic effects of laparotomy. This report describes
the use of this model to determine the ability of hepatic
artery infusion of doxorubicin combined with hepatic
venous drug extraction: (a) to limit systemic plasma lev-
els of doxorubicin following hepatic artery infusion; (b)
to achieve high levels of hepatic exposure to doxorubicin
while limiting systemic exposure (as assessed by hepatic
and myocardial drug and metabolite levels); and {¢) to
increase the ratio of liver:systemic exposure to doxoru-
bicin over that seen with systemic administration of the
same drug dose.
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FIG. 1. The Bodden catheter. The Bodden catheter (Delcath,

Inc., Stamford, CT) is a four-lumen, double-balloon, polyethylene
catheter. Two lumina of the RBodden catheter are used to indepen-
dently inflate and deflate caudal and cephalad balloons. Proper posi-
tioning of the Bodden catheter within the inferior vena cava allows
inflation of the caudal balloon superior to the renal veins and inflation
of the cephalad balloon in the suprahepatic vena cava, just below the
right atrium, isolating the portion of the inferior vena cava into which
the hepatic veins drain. The cephalad balloon is separated from the
caudal balloon by a 6-cm fenestrated portion of the catheter. The fen-
estrations are in continuity with a third, main lumen of the catheter.
The main lumen allows withdrawal of hepatic venous effluent into an
extracorporeal circuit, The fourth lumen of the catheter (not visible in
this figure} bypasses the main lumen, allowing blood to flow from the
inferior vena cava below the caudal balloon through the catheter and
out the tip into the suprahepatic vena cava.

MATERIALS AND METHODS

Hepatic venous isolation/hepatic venous drug extrac-
tion. Hepatic venous isolation and hepatic venous drug
extraction were accomplished using a Bodden catheter
in combination with activated charcoal filtration of drug
containing hepatic venous effluent. The Bodden cath-
eter (Delcath, Inc., Stamford, CT; Fig. 1) is a four-lu-
men, double-balloon, polyethylene catheter designed to
be inserted through the femoral vein either percutane-
ously (utilizing a modified Seldinger technique) or by
venous cutdown. The latter method was used in these
studies because of the relatively small caliber of the por-
cine femoral vein. Two lumina of the Bodden catheter
are used to independently inflate and deflate caudal and
cephalad balloons. The cephalad balloon is separated
from the caudal balloon by a 6-cm fenestrated portion of
the catheter. The fenestrations are in continuity with
the main lumen of the catheter. Proper positioning of
the Bodden catheter within the inferior vena cava allows
inflation of the caudal balloon superior to the renal veins
and inflation of the cephalad balloon in the suprahepatic
vena cava, just below the right atrium. This isolates all
hepatic venous blood (Fig. 2), which is then withdrawn
through the fenestrations and main lumen into an extra-
corporeal circuit. The fourth lumen of the catheter by-
passes the main lumen, allowing blood to flow from the
inferior vena cava below the caudal balloon through the
catheter and out the tip into the suprahepatic vena cava.

Hepatic venous effluent was circulated through an ex-
tracorporeal circuit made of 1-in. Tygon tubing by a cen-
trifugal capacitance pump (Biomedicus Model 520 with
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FIG. 2.
isolation by the Bodden catheter. Inferior vena cavagram obtained by
retrograde injection of contrast through the main lumen of the Bod-
den catheter while the caudal and cephalad balloons are inflated. The
contrast fills the hepatic venous tree of the pig, indicating complete
capture of hepatic venous effluent. There is no evidence of contrast
leaking out of the isolated segment of inferior vena cava.

Inferior vena cavagram demonstrating hepatic venous

a BP-50 disposable Bio-pump cartridge; Bio-Medicus,
Inc., Minneapolis, MN) capable of circulating up to 10
liters of blood/min. Extracorporeal flow was monitored
with an in-line flow transducer (Bioprobe Transducer
Model TX20P; Biomedicus). The effluent was pumped
through a pair of parallel activated carbon hemoperfu-
sion filters (Diakart; National Medical Care Inc., Rock-
leigh, NJ) and then returned to the pig via an internal
jugular central venous catheter (Fig. 3). The 12-French
caliber venous return catheter and a 7-French carotid
artery catheter used for continuous blood pressure mon-
itoring were placed by cutdown.

Swine and operative procedures.

Six female domestic swine (Hodgin’s Kennels, Ho-
well, MI), weighing 25-35 kg, were studied. All experi-
ments were performed in the morning following a 12-h
fast. Anesthesia was induced using (.04 mg/kg atropine,
and either 1 mg/kg ketamine and 2 mg/kg Rompun
{Miles, Inc., Shawnee Mission, KS) or 4 mg/kg Telazol
(Aveco Co., Inc., Fort Dodge, IA) and 2 mg/kg Rompun.
General anesthesia with endotracheal intubation and
spontaneous ventilation was maintained using isofiur-
ane. Mean arterial blood pressure was continuously
monitored and maintained above 65 mm Hg primarily
by infusing lactated Ringer’s solution, approximately
40-50 cc/kg/hr. Because the activated charcoal filters
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absorb catecholamines from blood, epinephrine (0.1-0.3
ug/kg/min) was also infused as needed to maintain
mean arterial blood pressure.

Heparin (200 U/kg) was given by intravenous bolus
hourly starting just prior to insertion of the Bodden
catheter to prevent catheter and extracorporeal circuit
thrombosis. For experiments requiring hepatic artery
infusion of drug, an hepatic artery catheter was inserted
via femoral artery cutdown and manipulated under fluo-
roscopic guidance into the proper hepatic artery. If the
arterial anatomy prevented placement of the tip of the
catheter beyond the takeoff of the gastroduodenal artery
while still perfusing the entire liver, the gastroduodenal
artery was angiographically emholized using a Gelfoam
(Upjohn, Kalamazoo, MI) plug. The Bodden catheter
was inserted by cutdown on the femoral vein and ad-
vanced into the inferior vena cava, Proper positioning
was achieved fluoroscopically.

Hepatic venous isolation was achieved by inflating the
caudal and cephalad balloons of the Bodden catheter
prior to initiating drug infusion. The centrifugal pump
rate was constantly monitored and adjusted to pump all
hepatic venous effluent while preventing development
of negative pressure suflicient to collapse the isclated
segment of inferior vena cava or the hepatic veins.

All animals were sacrificed by lethal injection of
Beuthanasia-D (Schering-Plough Animal Health, Ken-
ilworth, NJ} at completion of each study. At the time of
sacrifice, anatomic autopsy was performed to assure that
there was no drug extravasation and that the hepatic

Activated
Carbon
Filters

Centrifugal
Pump

FIG. 3. Schematic representation of the extracorporeal hepatic
venous drug extraction circuit. Hepatic venous effluent collected by
the intracaval double-balloon catheter was circulated through an ex-
tracorporeal circuit by a centrifugal capacitance pump capable of cir-
culating up to 10 liters of blood/min. Extracorporeal flow was mont-
tored with an in-line flow transducer. The effluent was pumped
through a pair of parallel activated carbon hemoperfusion filters and
then returned to the pig via an internal jugular central venous cath-
eter.
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FIG. 4. Experimental design (see text). HVDE, hepatic venous
drug extraction; HVI, hepatic venous isolation.

artery and Bodden catheters were positioned properly to
truly achieve hepatic artery infusion with hepatic ve-
nous drug extraction.

These studies were approved by the Subcommittee on
Animal Studies of the Ann Arbor Veterans Administra-
tion Medical Center,

Doxorubicin administration (Fig. 4). Clinical grade
doxorubicin hydrochloride obtained from the University
of Michigan Hospitals inpatient pharmacy was used for
all studies. Drug was administered via hepatic artery in-
fusion to three swine and via systemic internal jugular
vein infusion to three swine. All animals received a total
dose of 3 mg/kg (5.52 pmole/kg) over 90 min. Hepatic
venous isolation with drug extraction was performed for
240 min following initiation of hepatic artery infusions
{Time 0-240 min). In swine receiving doxorubicin via
systemic infusion, hepatic venous isolation for 240 min
using the Bodden catheter was performed without he-
patic venous drug extraction (the filters were omitted
from the extracorporeal circuit). This permitted pharma-
cokinetic isolation of the liver without altering systemic
distribution of the drug.

In all experiments hepatic venous (obtained from the
extracorporeal circuit prior to filtration} and systemic
blood samples were obtained periodically for determina-
tion of doxorubicin and doxorubicinol concentrations.
In swine undergoing hepatic artery infusion/hepatic ve-
nous drug extraction, blood samples were also obtained
from the extracorporeal circuit after filtration to deter-
mine the efficiency of drug filtration. Samples were ob-
tained 0, 1, 5, 10, 15, 30, 60, and 90 min following initia-
tion of the drug infusion, and at 91, 95, 100, 105, 120, 150,
and 180 min following initiation of the infusion (during
the “washout phase”). At completion of each experi-
ment (Time 240 min), tissue samples were obtained
from the heart to assay myocardial doxorubicin and dox-
orubicinol levels.

Drug analysis. High-pressure liquid chromatogra-
phy (HPLC) grade tetrahydrofuran and certified grade
ammonium formate, chloroform, and ammonium sulfate
were obtained from Fisher Laboratories of Allied Indus-
tries Inc. (Pittsburgh, PA). A doxorubicinol standard
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was synthesized according to the published procedures
of Takanashi and Bachur [25]. Purity of the doxorubicin
and doxorubicinol standards was confirmed by a single
peak on HPLC at published retention times [26]. The
lack of other peaks in the HPLC trace at the sensitivity
used suggested at least 95% purity. Specimens were as-
sayed by HPLC after a chloroform:isopropanol (1:1,v/v)
extraction according to a previously published procedure
[26]. The technique was modified by the use of a 15-cm
pBondapak phenyl column (Waters Associates, Milli-
pore Corp., Milford, MA).

Data analysis and pharmacokinetics. Doxorubicin
and doxorubicinol plasma concentrations were calcu-
lated, stored, pharmacokinetically fit, and statistically
analyzed on Excel 4.0 (Microsoft, Redmond, WA). Dox-
orubicin pharmacodynamics (the relationship between
dose/route of administration and biologic effect) may be
modeled by the equation SF = ¢ *“T, where SF equals the
fraction of tumor cells killed, C is the drug concentra-
tion, T is the exposure time, and & is a constant. The
product CT is equivalent to the area under the plasma
time/concentration curve (AUC). Thus AUC was cho-
sen as the parameter to quantitate hepatic and systemic
drug exposure because AUC relates directly to the clini-
cal pharmacodynamics of doxorubicin [27]. The area
under the time/concentration curve was integrated by
calculating the sum of the trapezoids formed by data
points between Times 0 and 180 min, interpolating miss-
ing data when necessary, using KaleidaGraph (Synergy
Software, Reading, PA). Student’s ¢ test was used to as-
sess statistical significance.

RESULTS

Hemodynamic Effects of Hepatic Venous Isolation

A total of six pigs received 3 mg/kg doxorubicin over
90 min with simultaneous hepatic venous isolation using
the double-balloon catheter. Three received drug viasys-
temic infusion without drug extraction (SYSI group),
and three received drug via hepatic artery infusion with
hepatic venous drug extraction (HAI group). All animals
survived to completion of the pharmacokinetic data col-
lection at 180 min after initiation of the doxorubicin in-
fusion (90 min after cessation of the infusion). Mean
arterial pressure (MAP) ranged between 64 and 86 mm
Hg and was stable throughout the period of hepatic ve-
nous isolation in both the SYSI and HAI groups (Fig.
5a). Mean MAP was similar in both groups throughout
hepatic venous isolation. Mean total hepatic blood flow
was measured in the extracorporeal circuit in two of the
HAI and three of the SYSI pigs; it ranged between 650
and 850 ml/min and was somewhat higher in SYSI than
in HAI pigs (Fig. 5b). This is likely due to the hepatic
artery catheter in the HAI pigs restricting hepatic artery
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FIG. 5. Hemodynamic parameters during hepatic venous isolation. {a} Mean arterial blood pressure, as measured in the carotid artery
during hepatic venous isolation, remained stable in pigs receiving SYSI or HAI/HVDE. (b} Total hepatic blood flow, as measured by a flow
probe in the extracorporeal circuit, decreased minimally during hepatic venous isolation. SYSI, systemic infusion of doxorubicin; HAI/HVDE,
hepatic artery infusion of doxorubicin with hepatic venous drug extraction.

flow, Mean hepatic blood flow decreased approximately
15% in both SYSI and HAI pigs during the experiments.

Efficiency of Hepatic Venous Drug Extraction

The doxorubicin extraction efliciency (EE} of the ex-
tracorporeal filters used during hepatic artery infusion
was calculated using the formula EE = (C; — C))/C,,
where C; equals the concentration of doxorubicin in the
blood going into the filters (hepatic venous bleod) and C,
is the concentration in the blood leaving the filters in the
extracorporeal circuit. Mean filter extraction efficiency
in the three HAI pigs ranged from 0.82 to 0.92 during the
duration of the experiments (Fig. 6).

Mean Filter Extraction

5 30 60 90
Time {minutes)

120 150 180

FIG. 6. Efficiency of filter extraction of doxorubicin during he-
patic artery infusion/hepatic venous drug extraction. Doxorubicin ex-
traction efficiency (EE) of the extracorporeal hepatic venous drug ex-
traction filters used during hepatic artery drug infusion was calculated
using the formula EE = (C, — C,}/C;, where C,; equals the concentra-
tion of doxorubicin in the blood going into the filters {hepatic venous
blood) and C, is the concentration of doxorubicin in the blood leaving
the filters. Doxorubicin (3 mg/kg) was infused through an hepatic
artery catheter over 90 min; hepatic venous drug extraction, initiated
at the beginning of the drug infusion, was maintained for a total of 240
min. Extraction efficiencies graphed are means from three pigs; ervor
bars represent standard deviations.

Hepatic Venous and Systemic Circulation Drug Exposure

During hepatic artery infusion of doxorubicin, sys-
temic plasma concentrations of drug at all times were
2.5- to 10-fold lower than those observed in the hepatic
venous efuent (Fig. 7a). During SYSI, systemic doxo-
rubicin plasma concentrations were always greater than
those observed in the hepatic venous effluent, by a
factor of 2.5-30. To determine the relative hepatic
venous and systemic plasma exposures to doxorubicin
during the drug infusions, the relevant AUCs were com-
puted for each pig and then the group means were calcu-
lated (Table 1). Systemic plasma exposure to doxorubi-
cin in SYSI pigs was 16.0 times greater than that in the
HAI pigs receiving the same 3 mg/kg (5.52 uM/kg) dose
(P =0.017).

Myocardial Doxorubicin and Doxorubicinol Levels

At Time 240 min all pigs were sacrificed and tissue
samples were obtained from the apex of the heart for
measurement of doxorubicin and doxorubicinol levels
(Table 2). After hepatic arterial infusion, cardiac tissue
concentrations of doxorubicin and doxorubicinol were
16.8-fold and more than 4.0-fold less, respectively, than
those after systemic infusion. As hepatic vein AUCsg
were similar with both routes of administration, these
data suggest achievement of at least a 4-fold decrease in
potential cardiac toxicity associated with hepatic artery
infusion while attaining similar hepatic therapeutic ex-
posure. The factor of four may be an underestimate as
additional doxorubicin measured in the myocardium
would have been converted to toxic doxorubicinol if the
pigs had not been sacrificed after 240 min.

DISCUSSION

Regional infusion of cancer chemotherapy offers two
theoretical advantages over systemic administration.
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FIG. 7. Time/concentration curves for doxorubicin sampled at various locations. Time/concentration curves were plotted for plasma
sampled from systemic blood and hepatic venous blood during HAI/HVDE and during SYSI of doxorubicin. Blood was also sampled from the
extracorporeal circuit after filtration in pigs undergoing HAI/HVDE. All infusions were doxorubicin (3 mg/kg) administered over 90 min.
Hepatie venous isolation and HVDE were continued until sacrifice of the pigs 240 min after initiation of the drug infusion. Curves were plotted
from mean values in three pigs in each group; error bars are standard deviations. (a) Time/concentration curve during HAI/HVDE; (b}
time/concentration curve during SYSI. SYSI, systemic infusion of doxorubicin; HAI/HVDE, hepatic artery infusion of doxorubicin with

hepatic venous drug extraction.

First, regional infusion can increase local delivery of
drug and thereby exploit the steep dose-response rela-
tionship characteristic of many cytotoxic drugs. Second,
toxicity may be reduced because regional metabolism of
drug can decrease systemic exposure [28, 29]. The liver
has been a particularly promising target for regional in-
fusion of chemotherapy via the hepatic artery because of
the frequency of primary and metastatic hepatic malig-

TABLE 1
Mean AUCs

AUC® {(nmole - min/ml}

Infusion Hepatic vein After filters Systemic
HAI/HVDE? 113 =+ 320 12.6 + 4.82 16.9 = 8.43*%
SYSI° 83.6 £ 22.1 — 270 +112*

Note. Area under the time/concentration curve was computed from
doxorubicin concentrations measured sequentially in hepatic vein
plasma (sampled from the extracorporeal circuit before filtration),
after filters plasma (sampled from the extracorporeal circuit after fil-
tration in pigs receiving hepatic artery infusion only), and systemic
plasma (sampled from the carotid artery). Numbers represent the
mean (*standard deviation) AUCs from three pigs that received he-
patic artery infusion of doxorubicin (3 mg/kg over 90 min) and three
pigs that received systemic infusion of doxorubicin (3 mg/kg over 90
min).

¢ Area under time/concentration curve.

& Hepatic artery infusion with hepatic venous drug extraction.

* Systemic infusion.

*P=0.017.

nancies, because (particularly for tumors of primary gas-
trointestinal or hepatic origin) the liver may be the sole
site of tumor but technical factors preclude surgical re-
section [1], and because the hepatic artery is the predom-
inant source of tumor blood flow, whereas the portal
vein is the main source of blood flow to normal liver
parenchyma [29, 30].

There has been considerable interest in the adminis-
tration of doxorubicin via hepatic artery infusion be-
cause of preliminary experiences demonstrating signifi-
cant response rates of hepatocellular carcinomas [31, 32]
and metastatic neuroendocrine tumeors [33]. Unfortu-
nately, the pharmacokinetic advantages of hepatic ar-
tery infusion of doxorubicin seem to be limited. In a rab-

TABLE 2

Mean Tissue Concentrations (nmole/gm of tissue)
of Doxorubicin and Doxorubicinol

Compound HAI/HVDE* SYSI* Ratio SYSI:HAI
DOX¢ 0.44 + 0.20 7.39 +4.21 16.8
DOXOL? <0.001 0.004 = 0.007 =4

Note. Tissue samples were obtained from the apex of the heart at
comnpletion of each experiment (240 minutes after initiation of a 90
minute infusion of doxorubicin, 3 mg/kg). Numbers represent mean
(xstandard deviation).

¢ Hepatic artery infusion with hepatic venous drug extraction,

b Systemic infusion.

® Doxorubicin.

4 Doxorubicinol.
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bit model, maximum serum concentrations and heart
and liver tissue concentrations of doxorubicin and dox-
orubicinol were similar following either systemic or he-
patic arterial infusion; systemic doxorubicin AUC was
likewise unaffected by route of administration [34]. In-
terestingly, in this short-term infusion (drug given over
5 min) model, liver tumor doxorubicin levels were higher
following hepatic artery infusion, suggesting potential
therapeutic enhancement. In humans, prolonged he-
patic artery infusion of doxorubicin to treat hepatocellu-
lar carcinoma can cause dose related cardiac toxicity,
alopecia, and myelosuppression as is seen following sys-
temic administration.

The current study was undertaken to determine
whether the pharmacokinetic parameters of doxorubicin
distribution and metabolism could be altered such that
the theoretical advantages of hepatic artery infusion
could be realized. A method of hepatic venous isolation
combined with hepatic venous drug extraction was used
in an attempt to increase the pharmacokinetic efficacy
of hepatic artery doxorubicin administration. The pa-
rameters measured to assess the utility of this method
were; {a) comparison of plasma levels of doxorubicin fol-
lowing systemic administration or regional hepatic ad-
ministration with hepatic venous drug extraction; (b)
comparison of plasma AUCs of doxorubicin following
systemic administration or regional hepatic administra-
tion with drug extraction; and (¢) comparison of cardiac
exposure to doxorubicin (as assessed by myocardial dox-
orubicin and doxorubicinol tissue levels) following he-
patic artery infusion with hepatic venous drug extrac-
tion and systemic infusion. Plasma AUC was chosen as
the primary measure of hepatic and systemic exposure
to doxorubicin because doxorubicin pharmacodynamics
(the relationship between dose/route of administration
and biologic effect} may be modeled by the equation SF
= ¢ *7T where SF equals the fraction of tumor cells
killed, € is the drug concentration, T is the exposure
time, and k is a constant. The product CT' is equivalent
to the AUC. Thus, AUC should relate directly to the
therapeutic effect of a given dose and route of doxorubi-
cin administration [27]. Tissue levels of doxorubicin and
doxorubicinol were monitored because of their relation-
ships to therapeutic efficacy and toxicity respectively.
From the pharmacodynamic argument made above, in-
creased tissue levels of doxorubicin should correlate di-
rectly with improved cytotoxicity. Doxorubicinol is an
important metabolic product of doxorubicin. It is less
cytotoxic in vitro [35-37] than doxorubicin; however, in
a model of papillary muscle function and a model of iso-
lated ion channels, dexorubicinol is 5- to 50-fold more
toxic [38, 39}. Thus tissue levels of doxorubicinol may
correlate with a major dose-limiting toxicity of doxoru-
bicin, dose-dependent cardiomyopathy.

By all three of these criteria, the method of hepatic
artery infusion/hepatic venous drug extraction tested in
this study improved the pharmacokinetic efficacy of
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doxorubicin in comparison with systemic administra-
tion of an identical dose. Although peak hepatic vein
concentrations of doxorubicin were similar following
both hepatic artery and systemic infusion of doxorubicin
(1.08 and 0.75 nmole/ml, respectively), peak systemic
concentration of doxorubicin was lower following he-
patic artery infusion (0.41 nmole/ml) than after sys-
temic infusion (3.6 nmole/ml} (Fig. 7). Furthermore, sys-
temic exposure to doxorubicin as assessed by AUC was
statistically significantly less following hepatic artery
infusion than after systemic infusion by a factor of 16.0
while achieving similar hepatic exposure as assessed by
hepatic vein AUC (Table 1). Finally, tissue drug levels
suggest decreased potential systemic toxicity with he-
patic artery infusion. Although not statistically signifi-
cant, myoccardial concentrations of both doxorubicin
and doxorubicinol were less after hepatic artery infusion
than after systemic infusion (T'able 2).

The improved pharmacokinetic profile associated
with combining hepatic artery infusion of doxorubicin
with hepatic venous drug extraction is apparently a re-
sult of both native hepatic extraction of drug and aug-
mentation of the inherently low native hepatic extrac-
tion of doxorubicin by hepatic venous drug extraction in
the extracorporeal filters. The effect of native liver ex-
traction of doxorubicin is evident in Fig. 7h, where it is
observed that hepatic vein drug levels in pigs receiving
systemic infusions were consistently lower than druglev-
els in the systemic circulation, resulting in a 3.2-fold
reduction in AUC in the hepatic vein (Table 1}. Aug-
mentation of this native extraction by the extracorpo-
real filters is evident from the 9.0-fold reduction after
filter drug exposure compared to hepatic vein doxorubi-
cin exposure as assessed by AUCs in the hepatic artery
infusion/hepatic venous drug extraction pigs (Table 1).
The relative contributions of each of these factors
{change in route of drug administration versus filter ex-
traction) could be assessed by repeating these experi-
ments using an additional control group that receives
doxorubicin via hepatic artery infusion but without he-
patic venous drug extraction; we have not yet studied
such a control group. Preliminary results from subse-
quent experiments we have conducted suggest that dur-
ing hepatic artery infusion liver extraction of doxorubi-
cin is approximately 65%, and after completion of the
infusion there is net washout of unmetabolized doxoru-
bicin from liver reservoirs of drug (as evidenced by net
negative hepatic extraction during the washout phase).
The greater than 80% extraction efficiency of the acti-
vated carbon filters in the drug extraction portion of the
extracorporeal circuit (Fig. 6) limits systemic exposure
to doxorubicin.

The pharmacokinetic enhancement of the therapeutic
index of doxorubicin administered by hepatic artery in-
fusion was achieved with a system that caused only min-
imal hemodynamic changes (Fig. 5). Furthermore, un-
like other methods of hepatic vascular isolation and he-
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patic venous drug extraction [8-14], this method does
not require a laparotomy, or even {in humans) general
anesthesia. Thus, it may be used in patients who are
“sick” because of their liver tumors or because of the
effects of prior therapy. It may also be used repeatedly in
the same patient, a feature not offered by methods re-
quiring laparotomy.

These results confirm and extend findings recently
reported by Curley et al. [15]. In survival experiments
with a similar system in swine using 10-min infusions of
doxorubicin, they found significant enhancement of he-
patic extraction of doxorubicin with the use of the Bod-
den catheter to facilitate hepatic venous drug extraction.
They did not make direct comparisons between plasma
and tissue levels resulting from hepatic artery infusion
with hepatic venous drug extraction and those resulting
from systemic drug infusion, nor did they analyze AUCs.

In summary, the data presented demonstrate that he-
patic artery infusion of doxorubicin combined with he-
patic venous isolation and hepatic venous drug extrac-
tion increased hepatic delivery of doxorubicin while re-
ducing systemic plasma and myocardial tissue exposure
to doxorubicin and (in the heart) the cardiotoxic metabo-
lite doxorubicinol. This method may be applicable to
other drugs poorly extracted by the liver. Furthermore,
this method may potentially be generalized to other
clinical and anatomic situations in which enhanced re-
gional drug delivery is desirable.
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