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Abstract

Purpose A pharmacologic analysis of intracavitary doxo-
rubicin in the treatment of patients with intracavitary cancer
dissemination was performed to further evaluate the possi-
ble benefits of this treatment modality.

Methods Twenty appendiceal malignancy patients with
peritoneal carcinomatosis (PC), three appendiceal malig-
nancy patients with direct extension into the pleural cavity,
20 patients with peritoneal mesothelioma and one patient with
pleural mesothelioma were available for pharmacologic
monitoring. After intraperitoneal or intrapleural admin-
istration of doxorubicin, plasma and peritoneal fluid
samples were obtained at 15, 30, 45, 60 and 90 min in all
patients. After intrapleural administration, plasma and
pleural fluid samples were collected at similar intervals.
Tumor and normal tissues were obtained when available.
Doxorubicin concentrations were determined by high-
performance liquid chromatography (HPLC).

Results Intraperitoneal doxorubicin showed a prolonged
retention in the peritoneal cavity. Doxorubicin concentra-
tions in tumor tissue were consistently elevated above intra-
peritoneal concentrations from 30 through 90 min. For
appendiceal malignancy, the concentrations of doxorubicin
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were significantly higher in minimally aggressive mucinous
tumors. Pleural chemotherapy solutions retained doxorubi-
cin to a greater extent than peritoneal fluid.

Conclusions Doxorubicin shows characteristics favor-
able for intracavitary administration with sequestration of
doxorubicin in cancer nodules.
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Introduction

Peritoneal carcinomatosis (PC) is a common manifestation
of intraabdominal malignancies. In patients with peritoneal
mesothelioma, the peritoneal surface malignancy is a pri-
mary disease. In most patients, however, it is the result of
transcoelomic spread of a primary tumor into the peritoneal
cavity. Tumor emboli can disperse throughout the perito-
neal cavity preoperatively as the direct result of transserosal
invasion or rupture of the primary tumor. Alternatively,
intraperitoneal spread may be induced iatrogenically at the
time of surgery by tumor cells escaping from transected
bowel, lymph vessels or blood vessels. The tumor cell
entrapment hypothesis suggests that these cancer emboli
readily implant on the raw surgical tissue surfaces where
they are under the growth-stimulating influence of inflam-
matory cells and growth factors [1, 2]. At the same time,
the postoperative fibrin deposits accumulated at wounded
sites isolate the tumor cells from the host defenses. The
high incidence of cancer cell implantation on peritoneal
surfaces is in great contrast to the relative metastatic
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inefficiency for cancer cells implanting within the vascular
system as systemic metastases [3].

In the past oncologists have assumed that PC is equal to
distant metastases and as such regarded it as an incurable
component of intraabdominal malignancy. However, over
the last two decades novel therapeutic approaches have
emerged for patients with isolated peritoneal metastases of
gastrointestinal cancer, ovarian cancer and primary perito-
neal malignancies. The underlying revised hypothesis con-
siders PC as a loco-regional disease that may have regional
treatment options. A combined approach uses both surgery
and perioperative chemotherapy. First, an aggressive surgi-
cal cytoreduction utilizes visceral resections and peritonec-
tomy procedures to remove all gross and macroscopic
disease. Then perioperative intraperitoneal chemotherapy is
aimed at the residual microscopic disease [4]. The perioper-
ative intraperitoneal chemotherapy includes Hyperthermic
Intraperitoneal Chemotherapy (HIPEC) and/or Early Post-
operative Intraperitoneal Chemotherapy (EPIC).

This shift in the treatment paradigm has resulted in
encouraging clinical results as contrasted to prior failures.
Several phase IIl-trials have reported a survival and pro-
gression-free survival benefit of intraperitoneal chemother-
apy [5-8].

The selection of chemotherapeutic regimen used in
perioperative chemotherapy protocols has been based on
research of chemotherapeutic responses in systemic admin-
istration and on pharmacodynamic and pharmacokinetic
properties of the drugs following intraperitoneal adminis-
tration. Although this will change in the future, to this point
in time drug selection has not been based on specific
clinical or pharmacological trials that compare the survival
benefits of different intraperitoneal treatment regimen.

Because of its wide in vitro and in vivo activity against a
broad range of malignancies, its slow clearance from the
peritoneal compartment due to the high molecular weight
of the hydrochloride salt (57,999 Dalton) and the absence
of risk for dose-limiting cardiotoxicity when used intraperi-
toneally, doxorubicin was considered a potential beneficial
agent for perioperative intraperitoneal delivery. The aim of
this study was to critically analyze our current pharmaco-
logic data regarding the use of intraperitoneal doxorubicin
in the treatment of peritoneal surface malignancies.

Materials and methods

At the Washinton Cancer Institute 20 patients with perito-
neal carcinomatosis from appendiceal malignancy, three
patients with direct extension of appendiceal malignancy
into the pleural cavity, 20 patients with peritoneal mesotheli-
oma and one patient with pleural mesothelioma were
included in this study. Ethical approval for the study was
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obtained. After completion of cytoreductive surgery,
patients were treated with HIPEC using the technique as
described by Sugarbaker et al. [9]. The doxorubicin regimen
used for both malignancies was 15 mg/m? in 1.5 L/m?> of
1.5% dextrose peritoneal dialysis solution administered over
90 min at approximately 42.5°C. Hyperthermic conditions
were maintained by recirculating chemotherapy solution
through a heat exchanger at 45°C. Prior to treatment a 3-mL
reference sample of the chemotherapy solution was obtained
along with a 3-mL sample of blood and urine. At 15, 30, 45,
60 and 90 min during the 90-min HIPEC treatment, 3-mL
samples of peritoneal fluid, blood and urine were obtained
for high-performance liquid chromatography (HPLC) deter-
mination of doxorubicin concentrations. In some patients
small tumor nodules (0.5-2 cm) were present on the small
bowel or small bowel mesenteries which were marked by a
suture during cytoreduction. These nodules were harvested
at the same time intervals during the HIPEC using a curved
Mayo scissors. In an occasional patient a portion of normal
small bowel that required resection was present from which
samples of normal peritoneal tissue were resected during
HIPEC. Urine output was monitored at 15-min intervals
throughout the procedure. A diuresis of greater than 400 mL
per hour was maintained. At 90 min all peritoneal fluid was
drained and the volume was recorded. A tumor sample was
obtained at 120 min (30 min after complete drainage of per-
itoneal fluid) from a single patient in each group.

Processing and storage of samples

Blood and peritoneal fluid samples were centrifuged at
3,000 rpm for 10 min. The resulting plasma and superna-
tant from peritoneal fluid samples along with urine samples
were stored in capped polypropylene tubes at —20°C.
Tissue samples were dried of all surface moisture using
absorbent gauze pads and stored at —20°C in capped
polypropylene vials. HPLC assay of doxorubicin levels
was performed within 48 h of collection.

Preparation of samples for HPLC analysis

All samples were thawed at room temperature before
HPLC analysis. Peritoneal fluid and urine samples were
diluted appropriately with methanol. After thorough mixing
the resulting solutions were filtered through 0.45-pm
syringe filters prior to HPLC injection.

For plasma samples, a 500 pL. sample was mixed with
10 volumes of chloroform-isopropanol (2:1) in 15-mL
screw-capped polypropylene centrifuge tubes. After thor-
ough mixing followed by centrifugation the lower organic
phase was transferred to a clean polypropylene centrifuge
tube and evaporated to dryness under a stream of N, at
37°C. The residue was dissolved in 250 pL of methanol and
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filtered through a 0.45-um syringe filter prior to HPLC
injection.

Tumor nodules and normal tissue samples were thawed
and again dried of surface moisture before processing. Each
sample was then weighed and homogenized in approxi-
mately 10 volumes of chloroform-isopropanol (2:1). The
homogenate was transferred to a 15-mL polypropylene cen-
trifuge tube and centrifuged at 3,000 rpm for 10 min. The
supernatant was transferred to a clean polypropylene tube
and evaporated with a N, stream (as with plasma). The res-
idue was dissolved in methanol (as required), filtered and
50 L was injected for HPLC analysis. Daunorubicin
(DNR) was used as an internal standard [10].

HPLC system

Doxorubicin concentrations were determined using a modi-
fied version of the HPLC method as described by Cum-
mings et al. [10]. Briefly, the HPLC system consisted of a
Shimadzu LC7A instrument equipped with an SPD-6AV
(UV-VIS) detector set at 295 nm and a C-R6a ‘Chromat-
opac’ data processor (Shimadzu Instruments, Columbia,
MD, USA). Chromatographic separation was accomplished
on a C,g reversed phase column (Varian Associates, Walnut
Creek, CA, USA). The mobile phase consisted of 28% ace-
tonitrile in 0.1% orthophosphoric acid with 0.1% triethyl-
amine. The flow rate was 1.2 mL/min and the sample
injection volume was 50 pL.

Histologic classification of tumor tissues

Histologic character of appendiceal malignancy tissues was
determined using the criteria as described by Ronnett and
colleagues [11]. The appendiceal malignancy patients were
separated into two groups. The patients whose histology
was scored as disseminated peritoneal adenomucinosis
(DPAM) showed a single layer of noninvasive bland
appearing tumor cells surrounding copious mucus. Patients
with mucinous peritoneal carcinomatosis (PMCA) had
invasive peritoneal lesions composed of abundant glandular
tissue with cytologic atypia.

The biological aggressiveness of peritoneal mesotheli-
oma was estimated by a histologic assessment of nuclear
size as described by Cerruto and colleagues [12]. The
nuclear size of group I (10-20 pm) and group II (21—
30 um) was placed together as a non-aggressive histologic
type and group III (31-40 um) and group IV (>40 pm)
placed together as an aggressive histologic type.

Data presentation and statistical analysis

Concentration times time graphs were constructed for these
data. The mean =+ one standard deviation was shown. The
AUC for doxorubicin in plasma, peritoneal fluid or tumor
tissue were obtained from GraphPad Prism analyses. A sta-
tistical comparison of continuous variables was performed
using a Student’s  test. Significance was accepted with a P
value of less than 0.05.

Results

Patient characteristics and pathologic information for 20
patients with pseudomyxoma peritonei and 20 patients with
peritoneal mesothelioma who had intraperitoneal doxorubi-
cin administration are summarized in Table 1. The three
patients with direct extension of appendiceal malignancy
into the pleural space and the one patient with pleural
mesothelioma are not included.

Doxorubicin concentrations in plasma, peritoneal fluid,
tumor nodules and normal tissue

As an example, the data obtained in these patients is shown
in Fig. 1. In a single patient, plasma and peritoneal fluid
concentrations of doxorubicin over the 90 min treatment
were available. Also five tumor nodules on small bowel or
its mesentery were available and five pieces of normal
peritoneal surface from the small bowel were obtained.
Over the 90 min 93% of the doxorubicin was cleared from
the peritoneal cavity. Plasma concentrations and normal
tissue concentrations peaked at 15 min; tumor tissue

Table 1 Characteristics of
patients with peritoneal
carcinomatosis from
appendiceal malignancy

Parameters

Appendiceal Mesothelioma
mucinous

neoplasms

compared to patients with

. . Total patients (average age)
peritoneal mesothelioma

Males (average age)
Females (average age)
DPAM disseminated peritoneal

adenomucinosis, PMCA perito-
neal mucinous carcinoma

Pathological classification

N=20(48£11) N =20 (44 £ 10)

N=9(1+11) N=1045+12)
N=11 46+ 10) N=1043+9)
DPAM (N =8) Nuclear grade I-1I (N = 12)
PMCA (N=12) Nuclear grade III-IV (N = 8)
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nodules (P = 0.02). When the peritoneal fluid and tumor
tissue doxorubicin concentrations in patients with a non-
aggressive histologic type of peritoneal mesothelioma were

compared to the aggressive histologic type no significant

Time (minutes)

Fig. 1 Doxorubicin concentration in plasma, peritoneal fluid, tumor
nodules and normal adjacent tissues. Data obtained from a single

patient
differences were observed.

concentrations peaked at 90 min. AUC ratio of peritoneal
fluid to plasma was 73, of tumor to plasma was 128 and of
tumor tissue to peritoneal fluid was 1.8. The concentration
of doxorubicin in tumor nodules and in normal tissues
was consistently larger than in intraperitoneal fluid after

15 min.

Doxorubicin pharmacokinetics compared in appendiceal
malignancy patients to mesothelioma patients

Plasma and peritoneal fluid concentrations were obtained in
20 appendiceal malignancy patients and 20 peritoneal
mesothelioma patients and the data shown in Fig. 2. For
both groups of patients taken together the AUC ratio perito-
neal fluid to plasma was 90. A statistical analysis of the
pharmacologic comparisons of doxorubicin in these two
diseases is presented in Table 2. There was a statistically
significant difference in the AUC peritoneal fluid to plasma

ratio for these two diseases (P = 0.004).
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Fig. 2 Comparison of doxorubicin pharmacodynamics in 20 patients
with appendiceal malignancy and 20 patients with peritoneal mesothe-

lioma. TN tumor nodule, PF peritoneal fluid, PL plasma
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Doxorubicin pharmacokinetics compared in patients
with intrapleural versus intraperitoneal chemotherapy

administration

Four patients had the intrapleural administration of doxoru-
bicin and 40 had intraperitoneal administration. The phar-
macokinetics of intrapleural fluid versus intraperitoneal
fluid were markedly different with a slower clearance of
this drug from the pleural space (P =0.008). Plasma con-
centrations were similar with a trend toward increased
plasma levels at 90 min with pleural doxorubicin adminis-

tration (Fig. 4).

Discussion

We provide new pharmacologic data supporting the use of
intracavitary doxorubicin in the treatment of patients with

PC.

Mechanism of action of doxorubicin

Doxorubicin  (Cy;H,o)NO;;) or hydroxyldaunorubicin

(adriamycin) is an anthracycline antibiotic used in the
treatment of a wide range of cancers. Historically it has
been categorized as a DNA-intercalating drug although
the exact mechanism of action is complex and still
unclear. Most authors today agree that the process initi-
ated by this class of drugs is a series of coupled events
(rather than several parallel actions) that involves both
membrane and nuclear components, but which are part of
a single ordered mechanism of action which may be aug-
mented by hyperthermia [13, 14]. Lane and co-workers
[15] provided evidence that a phase-change in the cell sur-
face membrane occurs at the same temperature (20°C) as
the loss of biological activity of doxorubicin. They state
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Table 2 Comp.:arative summary Parameters Appendiceal Peritoneal P value
of pharmacologic data for mucinous mesothelioma
appendiceal ml.,lCiIIOllS neo- neoplasm
plasms and peritoneal mesotheli-
oma Number of patients 20 20 NS
Total drug administered (mg) 27.6 (£3.2) 28.6 (£2.6) NS
% Drug absorbed at 90 min 90.2 (£2.9) 87.9 (£4.5) NS
% Drug absorbed after 15 min 65.9 (£10.2) 54.9 (£12.5) NS
Peak (PL) (ng/mL) 0.05 (£0.01) 0.04 (£0.02) NS
Time to peak (PL) (min) 20.3 (£7.3) 24 (£10.2) NS
AUC ratio (PF/PL) 68.7 (£21) 111.3 (£56.8) P =0.004
AUC ratio (TN/PF) 2.8 (£1.4) 2(£1.2) NS
100 - . Rationale for intracavitary administration
TE' 101 (0= 002 Doxorubicin has shown activity in a wide variety of intra-
E). E NGE gy ST TR e b abdominal malignancies such as ovarian carcinoma, gastric
g Ea. /i R S __ -~ TN (PMCA) carcinoma, pancreas carcinoma, sarcomas, mesotheliomas
sy 1 T and appendiceal malignancies [16]. However, in many clin-
'5 8 ,"' ical settings, systemically administered doxorubicin does
% = o | ,;" ::E ‘(s;’::":; not provide an adequate cytotoxic effect on peritoneal
a 1 tumor nodules. With intracavitary administration a high
level of the drug can be achieved in the peritoneal or pleural
oot 5 2 5 % 20 cavity with low systemic exposure. Johansen in 1981 [17]

Time (minutes)

Fig. 3 Doxorubicin levels in appendiceal tumor tissue showing di-
ffuse peritoneal adenomucinosis (DPAM) versus peritoneal mucinous
carcinomatosis (PMCA). Peritoneal fluid concentrations are also
shown. TN tumor nodule, PF peritoneal fluid
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Fig. 4 Doxorubicin concentrations in the pleura versus doxorubicin
concentrations in the peritoneum. Four patients had intrapleural doxo-
rubicin administration and 40 patients had intraperitoneal doxorubicin.
PL plasma

that the interaction of doxorubicin with the cell surface
membrane rather than its intracellular uptake is an essen-
tial first step for doxorubicin cytotoxity.

provided experimental animal data supporting substantial
pharmacokinetic advantage for intraperitoneal administra-
tion following single doses of doxorubicin in nude mice
compared to mice with intravenous administration. Doxo-
rubicin was one of the first drugs extensively used in intra-
peritoneal cancer chemotherapy. Ozols and co-authors in
1982 [18] published a phase-I study of doxorubicin admin-
istered intraperitoneally in 10 patients with advanced ovar-
ian cancer. This clinical study was following earlier
experimental work in murine ovarian cancer and with
human ovarian cancer cells [19-21]. This report revealed a
dose-limiting toxicity of intraperitoneal doxorubicin by
sclerosing peritonitis with a dose of 18 uM or greater. At
the same time, three partial responses were observed in
patients with small volume disease. Sugarbaker and col-
leagues [22] suggested a total dose of 15 mg/m® in 3 L of
1.5% dextrose caused tolerable local sclerosis with normal
bowel function. Roboz et al. in 1981 [23] reported a com-
plete response after two intraperitoneal instillations of
doxorubicin in a patient with recurrent ovarian cancer after
previous surgery. The patient was free of disease 3 years
after the procedure. Since these initial clinical reports the
clinical experience with intraperitoneal doxorubicin has
expanded substantially. These reports have suggested a
clinical benefit of intraperitoneal doxorubicin in peritoneal
mesothelioma, ovarian carcinoma, pseudomyxoma perit-
onei and a variety of other intraabdominal malignancies
[24-26].
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Our pharmacologic data provide some new information
on the intracavitary use of doxorubicin in patients with
peritoneal surface or pleural malignancy originating from
appendiceal malignancy or peritoneal mesothelioma.

Intrapleural versus intraperitoneal pharmacokinetics

Our data suggest a different pharmacodynamic profile of
intracavitary doxorubicin within the pleural cavity as com-
pared to the peritoneal cavity. An augmented dose-intensifi-
cation with an increased area under the curve is observed in
the pleural cavity as compared to the peritoneal cavity. As
far as is known the mesothelial lining in the two compart-
ments is identical. There may be a number of possible
explanations for these differences. First a difference in the
organization of the submesothelial space is a possible
explanation for this observed difference. Not the mesothe-
lial lining but the blood capillary wall and the surrounding
interstitial matrix are the principal barrier for clearance of
molecules from the abdominal cavity [27]. Flessner et al.
demonstrated in a rodent model that neither removal of the
stagnant fluid layer on the mesothelium nor removal of
the mesothelial lining itself influenced the mass transfer
coefficient over the peritoneal barrier [28]. Ultrastructural
comparison of the submesothelial space in pleura and
peritoneum may reveal relevant differences supporting our
clinical data.

Another explanation may be the different total diffusion
surface of the pleural surface and the peritoneal surface
[29]. The pleural space has a reduced total diffusion surface
as compared to that provided by the extensive surface of the
visceral peritoneum. Also, less blood flow through a lung
partially collapsed to provide space within the pleural cav-
ity for chemotherapy solution may retard the clearance of
doxorubicin from pleural space to plasma.

Doxorubicin sequestration in tumor nodules

Contrary to intuitive thinking, the peritoneal concentration
of a drug may not reflect the true drug levels in tumor nod-
ules. Figures 1-3 show an elevated doxorubicin level in
tumor nodules as compared to peritoneal fluid. The penetra-
tion of cytotoxic drugs into peritoneal tumor nodules is a
complex process which is influenced by pharmacokinetic
parameters including dose, concentration and exposure
time of a cancer chemotherapy drug. Also factors as tumor
vasculature, density of the tumor nodules, and size of the
nodules are relevant [29]. Although a vast amount of litera-
ture has been published on the pharmacokinetic properties
of cancer chemotherapy drugs, the available data on tumor
tissue distribution of the drugs and thus efficacy is remark-
ably limited. Our data show the importance of such mea-
surements. The pharmacodynamic profile of doxorubicin
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shows an unexpected sequestration of the drug in the tumor
nodules. This finding is a consistent one in our study,
regardless the underlying malignancy producing the perito-
neal carcinomatosis or the histopathological grade of the
disease. To our knowledge, such cancer chemotherapy drug
accumulation in tumor nodules has not been previously
reported in literature.

This finding has several consequences. First, the classi-
cal simplified two-compartment model as proposed by
Dedrick and Flessner [29] is inadequate in terms of quanti-
fying the accurate cancer chemotherapy drug levels in
tumor nodules if one accepts that simple diffusion and not
active transport is the main mechanism for the measured
pharmacodynamic profile. We propose a four-compartment
model involving plasma space, peritoneal space, subperito-
neal space and tumor nodule. Preloading of the subperito-
neal compartment with the cancer chemotherapy drug is the
diffusion force responsible for the drug concentration mea-
sured in the tumor nodules. The sequestration phenomenon
of doxorubicin in tumor nodules is a constant one in its
presence regardless of the underlying pathology or subtype.
The differences observed in the magnitude of sequestration
for the different subtypes of appendiceal malignancy are
probably due to differences in the physical characteristics
(density) of the tumor nodules in DPAM and PMCA.

A second consequence is that the cancer chemotherapy
levels measured in the tumor nodules may be more impor-
tant than considered in the past. There are remarkable
differences between the pharmacodynamic profiles of doxo-
rubicin, and melphalan [30]. Our data show a consistent
dose-intensification between peritoneal compartment and
plasma compartment for each of these cancer chemother-
apy drugs. However, doxorubicin is concentrated in tumor
nodules; in constrast, melphalan concentration is reduced in
tumor nodules using an identical assay methodology when
compared to peritoneal drug levels.

The consistent finding of doxorubicin sequestration in
tumor nodules raises questions about the possible underly-
ing mechanism. Simple diffusion, forces as proposed by
Dedrick and Flessner are not enough to explain the phenom-
enon. One possible explanation would be active transport.
This, however, seems unlikely due to the fact that the less
cellular DPAM takes up more doxorubicin than PMCA.
Another possibility is irreversible binding of doxorubicin at
the level of the tumor nodule. Whether this binding takes
place at the individual cancer cell membrane as suggested
by some authors [14—16] or at the level of the tumor nodule
interstitium should be the subject of further research.

The relevance of these observed differences in chemo-
therapy sequestration at the level of the tumor nodules for
the cytotoxic effects of these cancer chemotherapy drugs
after intraperitoneal administration still needs to be estab-
lished.
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Conclusions

We present the pharmacologic data of intracavitary doxoru-
bicin in patients with PC from appendiceal malignancy,
peritoneal mesothelioma or pleural mesothelioma. Our data
provide support for a revision of the mathematical diffusion
model as proposed by Dedrick and Flessner [29]. A third
and fourth compartment, the subperitoneal space and tumor
nodule emerge as important new elements in the pharmaco-
dynamic profile of each drug. These data suggest different
cancer chemotherapy levels measured within the tumor
nodules for different drugs. The true importance of these
drug levels measured in the tumor nodules for the cytotoxic
efficacy needs to be established.

Conflict of Interest None.
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