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Abstract: Over the years, a large number of drugs have been
used in isolated perfusion of extremities or organs. To interpret
the pharmacokinetics of these drugs correctly, the contributions
of tissue or organ clearance and chemical degradation, respec-
tively, to overall drug elimination from the circuit need to be
identified. In support of a phase I clinical trial of isolated hepatic
perfusion (IHP), delivering 5-fluorouracil (5-FU) and oxalipla-
tin to patients with colorectal cancer hepatic metastases, we
aimed to characterize the stability of 5-FU and oxaliplatin in the
IHP circuit. Stability of 5-FU and oxaliplatin was assessed in
human blood, lactated Ringer infusion (LRI), and in an in vitro
IHP circuit consisting of both blood and LRI. Samples were
analyzed with liquid chromatography tandem mass spec-

trometry (5-FU) and atomic absorption spectrophotometry
(oxaliplatin). 5-FU was stable under all tested in vitro condi-
tions, but ultrafilterable platinum concentrations decreased
slowly with a half-life of 85 minutes in both IHP perfusate and
whole blood. The stability of 5-FU in the media containing
blood is likely attributable to saturation of dihydropyrimidine
dehydrogenase. The decrease of ultrafilterable platinum in
blood-containing media with an 85 minutes half-life is in agree-
ment with previous reports on oxaliplatin biotransformation.
Oxaliplatin and 5-FU are sufficiently stable in the circuit for the
1-hour perfusion in ongoing and planned clinical trials.
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Isolated hepatic perfusion (IHP) was first described as a
treatment modality for hepatic cancer more than 40 years
ago when five patients were treated with nitrogen mustard
infused through an IHP circuit (1). However, it took almost
two decades before this treatment modality regained pop-
ularity, in part due to the technical complexity and lack of
standardized assessment of responses (2).

Over the years, a large number of drugs have been used
in isolated perfusion of extremities or organs (3-18). To
interpret the pharmacokinetics of these drugs correctly, the
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contributions of tissue or organ clearance and chemical deg-
radation, respectively, to overall drug elimination from the
circuit need to be identified. The stability of various drugs
has been reported in a variety of matrices, such as: infu-
sion fluids, tissue culture medium, plasma, and whole blood.
However, stability in one matrix is no guarantee for stability
in another. This is illustrated by doxorubicin, which is rela-
tively stable at 37°C in tissue culture medium, but degrades
rapidly in whole blood, even at room temperature (19). It is
therefore surprising that there is a paucity of data on the sta-
bility of drugs in the respective media that are used as per-
fusates. The stability of agents in the perfusion system may
dictate the maximum effective time of perfusion because
continuing to perfuse after a drug has degraded would not
contribute to efficacy, but would increase the risk of compli-
cations associated with the procedure.

Oxaliplatin is a reactive platinum compound that chemi-
cally reacts with, and thereby binds to, cellular nucleophiles
such as DNA and proteins, which causes tumor cell damage
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and, ultimately, cell death (20). Oxaliplatin can also react
with extracellular nucleophiles such as plasma proteins,
which results in deactivation of the platinum before it can
reach the tumor cell target.Total platinumin plasmais reflec-
tive of the sum of unreacted and reacted (and consequently
inactivated) platinum. Platinum that passes through a 30
KD molecular weight ultrafiltration device is referred to as
ultrafilterable platinum, and is considered active platinum,
that can still react with DNA and cause tumor cell toxic-
ity. Currently, oxaliplatin is combined with 5-fluorouracil/
leucovorin (5-FU/LV), in a regimen called FOLFOX), that
is United States Food and Drug Administration-approved
for treatment of stage III colon cancer.

S-Fluorouracil (5-FU) is an antimetabolite with several
presumed mechanisms of action (21). Its main anabolite is
S5-fluoro-2’-deoxyuridine-monophosphate, which irrevers-
ibly binds to and inactivates thymidylate synthase, thereby
blocking cellular production of thymidine triphosphate, the
rate limiting nucleotide in DNA synthesis. However, 5-FU
is quickly degraded to the inactive metabolite dihydro-
fluorouracil by dihydropyrimidine dehydrogenase (DPD)
in blood and liver. 5-FU is used to treat a wide variety of
cancers, including colorectal, pancreatic, breast, esophagus,
and head and neck. In support of a phase I clinical trial of
IHP, delivering 5-FU and oxaliplatin to patients with col-
orectal cancer hepatic metastases, we aimed to character-
ize the stability of 5-FU and oxaliplatin in the IHP circuit.

MATERIALS AND METHODS

Drugs and Reagents

Oxaliplatin for infusion (Sanofi Aventis, Bridgewater,
NJ) was provided by the Division of Cancer Treatment
and Diagnosis, National Cancer Institute (Bethesda,
MD). 5-Fluorouracil (Abraxis Pharmaceutical Products,
Schaumburg, IL) was obtained from the University of
Pittsburgh Medical Center Pharmacy. Lactated Ringer’s
Infusion (LRI) and Plasmalyte A were obtained from
Baxter (Deerfield, IL), and control human blood was
obtained from the Central Blood Bank (Pittsburgh, PA).

Isolated Perfusion

A simplified perfusion circuit was configured to spec-
ifications consistent with the chemoperfusion system
designed for the clinical IHP, as described before (18). The
circuit consisted almost entirely of %" internal diameter
(ID) tubing (Terumo X Coated, Terumo Cardiovascular
Systems Corporation, Ashland, MA) that comprised the
low pressure venous blood segment of the system and
the arterial high pressure blood segment of the system. The
exception to %" ID tubing in the circuit was at the inlet of
the displacement (roller type) blood pump. The tubing ID
was graduated at this point from %" ID to %" ID through
the raceway of the roller pump. This modification is almost
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always incorporated in roller pump systems to enhance
pump stroke volume displacement. The tubing ID was
immediately reduced from 3" to %" ID at the point where
the tubing exited the roller pump housing.

Essential perfusion components interposed in the
venous side of the system included a standard hardshell
venous reservoir (Terumo) and a blood sampling manifold
(Terumo). Perfusion components added to the arterial side
of the system included an oxygenator (Terumo SXR-1.0),
a blood sampling manifold (Terumo), and a 5 um pediat-
ric arterial blood filter (Pall, East Hills, NY) (Figure 1).
The oxygenator heat exchanger inlet and outlet water
lines were connected to a heater/cooler unit (Sub-Zero,
Cincinatti, OH), and the temperature was set to 39°C. No
exogenous medical gases were introduced into the experi-
mental system, which represented the only difference from
the system used clinically. The blood in the circuit quickly
assumed a bright red color, indicating oxygenation through
the tubing. Because the circuit did not include an organ
requiring oxygenation, we felt that introduction of exog-
enous gases was not necessary. The circuit was primed
with 1 L of Plasmalyte A and de-aired. The arterial filter
was isolated from the circuit with hemostats, as per nor-
mal clinical IHP protocol implemented at the University
of Pittsburgh Medical Center. One liter of LRI, 500 mL of
citrate-anticoagulated packed red blood cells, and 10,000
units of heparin (Abraxis, Schaumburg, IL) were added to
the circuit. The perfusate was recirculated at 660 mL/min,
and an 8 mL pre-dose sample of perfusate was taken from
the manifold. Immediately thereafter, 68 mg (40 mg/m? x
1.7 m?) of oxaliplatin and 340 mg (200 mg/m? x 1.7 m?) of
5-FU were added as a bolus. These doses were calculated
from dose level 1 of the associated phase I study, assuming
a patient with a body surface area of 1.7 m% After addition
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Figure 1. Schematic of continuous chemoperfusion circuit used in
in vitro experiments.
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of the drugs, samples were taken at 0, 5, 15, 30, 45, and
60 minutes. This experiment was performed in duplicate.

In Vitro Stability

The stability of 5-FU at 37°C in whole blood and LRI,
and the stability of oxaliplatin at 37°C in whole blood
were also assessed. A combination of 100 pg/mL 5-FU and
20 pug/mL oxaliplatin was prepared in whole blood and in
LRI. Aliquots were incubated at 37°C in a stirred water
bath for 0, 5, 15, 30, 45, and 60 minutes.

Sample Handling

Blood and perfusate samples were transferred to hep-
arinized vacutainer tubes, immediately placed on ice,
and centrifuged at 1000 x g for 10 minutes. The resulting
supernatants and the LRI samples were stored at —20°C,
or lower, until quantitative analysis for 5-FU and total
and ultrafilterable platinum content. Total platinum rep-
resents the platinum species present, in whichever form,
including platinum reacted and bound to macromole-
cules. Ultrafilterable platinum represents low molecular
weight platinum and contains platinum species that are
still reactive with nucleophiles such as DNA and proteins.
Ultrafiltrates of perfusate and plasma were prepared by
placing 1 mL of each sample into an Amicon Centrifree
micropartition device (Amicon Division, W.R. Grace,
Beverly, MA) and then centrifuging those devices at
2000 x g for 20 minutes at 4°C.

Bioanalysis

Concentrations of 5-FU in perfusate plasma, blood
plasma, and LRI were quantitated with a liquid chroma-
tography tandem mass spectrometry assay previously
developed in our laboratory and validated according to the
most recent United States Food and Drug Administration
guidelines (22). Total platinum concentrations in plasma,
perfusate, and ultrafilterable platinum in their respective
ultrafiltrates were assessed with a Perkin-Elmer model 1100
flameless atomic absorption spectrometer (Perkin-Elmer,
Norwalk, CT) as previously described (23). Platinum con-
centrations were determined by comparison with a stan-
dard curve performed in an appropriate matrix and on the
same day as the assay.

Pharmacokinetic Analysis

Concentration versus time data were analyzed compart-
mentally using the ADAPT 5 software for pharmacoki-
netic/pharmacodynamic systems analysis (24), using the
maximum likelihood option. The elimination rate constant
(k) was estimated by fitting a one-compartment, open, lin-
ear model to the concentration versus time data. The half-
life (t,,,) was calculated as .693/k .

Results
The stabilities of 5-FU and platinum in the in vitro iso-
lated perfusion system, in red blood cells, and in LRI, are

shown in Figure 2 and Figure 3, respectively. Total plati-
num and 5-FU did not decrease with time under any of
the conditions, whereas ultrafilterable platinum decreased
with a half-life of 85 minutes (95% confidence interval, 74—
97 minutes), as would be expected upon slow binding to
macromolecules present in the perfusate.

DISCUSSION

Colorectal cancer is one of the most common malignan-
cies in the world. One randomized study found that of the
patients with colorectal cancer, 85% had metastatic dis-
ease involving the liver and 41 % had disease confined to
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Figure 2. Concentrations of 5-FU in the in vitro IHP system (M), in whole
blood (A), and in LRI (®).
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Figure 3. Concentrations of total platinum (filled symbols) and free

platinum (open symbols) in vitro in the in vitro IHP system (squares), and
in whole blood (triangles).
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the liver (25). First-line systemic chemotherapeutic regi-
mens containing oxaliplatin and 5-FU produce objective
response rates up to 50% (25). However, systemic side-
effects of 5-FU vary greatly depending on the exposure of
the systemic circulation, and include vomiting, diarrhea,
stomatitis, and myelosupression (26).

Isolated regional chemotherapy can be used to improve
response rates of hepatic metastases and overall patient
outcome. IHP is able to isolate the liver completely from
the systemic circulation, thereby allowing the tumor to be
exposed to a much higher concentration of a chemother-
apeutic agent. When IHP is performed well, the treatment
dose is only limited by the toxicity of the drug to the liver.

5-FU has been used in isolated pelvic perfusion (27),
hyperthermic pelvic isolation-perfusion (12), and IHP (28).
Although these studies included pharmacokinetic studies,
the non-tissue clearance was not assessed. 5-FU is stable
in human plasma, but is rapidly cleared from human blood
at 37°C (22,29). The lower stability of 5-FU in whole blood
relative to plasma may be explained by the high expres-
sion in white blood cells of DPD, the major enzyme in 5-FU
clearance (30,31).The 5-FU circuit stability after 1 hour was
112%, suggesting negligible loss of 5-FU due to the in vitro
circuit components. Most likely, the apparent stability of
5-FU in the present study, while blood is known to metabo-
lize 5-FU, is attributable to saturation of DPD at the rela-
tively high 5-FU concentration of the perfusion solution,
which was approximately 250-fold greater than the approx-
imately .4 pg/mL Km value reported for DPD (31).

Oxaliplatin has recently been used for ITHP (18).
Oxaliplatin is rapidly biotransformed in plasma at 37°C
with a half-life of 1.6 hours (32). The 85 minutes half-life
of ultrafilterable platinum in our isolated perfusion sys-
tem, which consists of a mixture of LRI and whole blood,
is in line with those previously reported results. While
total platinum circuit stability was close to 100% at 91%,
as expected, ultrafilterable platinum circuit stability after
1 hour was 62%.

In the current study, the circuit was oxygenated by pas-
sive diffusion of oxygen through the plastic tubing, the
blood was heparinized, and the temperature was kept con-
stant, in accordance with the clinical protocol of ongoing
and planned clinical trials at the University of Pittsburgh
Cancer Institute. Apart from large changes in temperature,
these variables are not expected to be relevant for the cir-
cuit stability of oxalplatin and 5-FU.

Characterizing the stability of drugs in the perfusion sys-
tem is important for several reasons. The stability of agents
in the perfusion system may dictate the maximum effective
time of perfusion. Rapid in vitro degradation may prompt
shortening of the procedure, because a longer procedure
will not increase drug exposure or contribute to efficacy,
yet would increase the risk of procedure-related compli-
cations. Alternatively, the drug dose may be divided and
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added to the isolated circuit as more than one administra-
tion. Furthermore, knowledge of in vitro degradation kinet-
ics allows for estimation of the true elimination rate of drug
that is attributable to the perfused tissue or organ. This
may be relevant in the case of platinum-containing agents,
which derive their activity from DNA adduct formation.
Consequently, a decrease in ultrafilterable platinum in the
clinical IHP may not be entirely due to delivery of active
platinum to the tissues, but in part due to clearance by reac-
tion with perfusate components. Our results suggest that
5-FU and oxaliplatin are sufficiently stable in the circuit to
support a 1 hour perfusion procedure in the clinical trial
of IHP of 5-FU and oxaliplatin. Our data support IHP as a
promising approach to treating metastatic colorectal can-
cer and will aid in the interpretation of pharmacokinetic
data obtained in future clinical trials utilizing IHP.
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