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Introduction 

The peritoneal surface remains an important failure site for patients with 
gastrointestinal and gynecologic malignancies. Besides the lymphatic and 
hematogenous routes of dissemination, transcoelomic spread of tumor cells 
is a phenomenon that ultimately leads to peritoneal carcinomatosis (PC). 

Physiopathology of Peritoneal Carcinomatosis 
Tumor cells may exfoliate from the primary tumor into the peritoneal cavity 
preoperatively due to transserosal growth. Transserosal growth of a colon 
tumor is a consistent predictor of subsequent intraperitoneal recurrence (1, 
2), and is an important independent pathological prognostic parameter (3-6). 
Alternatively, intraperitoneal spread may be the result of surgical trauma that 
causes release of tumor cells from transected lymph and blood vessels or by 
manipulation of the primary tumor (7-8). 

 
Once released into the peritoneal cavity, loose cancer cells become subject to 
physiological peritoneal fluid flow. The force of gravity would be expected 
to pool the peritoneal fluid in the dependent recesses of the abdomen; how-
ever, diaphragmatic respiratory movements and intestinal peristalsis result in 
hydrostatic pressure differences between the lower and upper abdomen that 
are capable of conveying peritoneal fluid from the pelvis to the subhepatic 
and subphrenic regions, even in an upright position (9). Under experimental 
conditions, direct passage from the right to left subphrenic space is pre-
vented by the falciform ligament. The flow is predominantly oriented in a 
clockwise direction (10-11); therefore, intraperitoneal fluid dynamics are 
expected to influence the distribution of peritoneal cancer nodules in PC 
patients (12).  
 
In contrast to circulating tumor cells in blood, bone marrow, or liver, the 
metastatic efficiency of loose intraperitoneal tumor cells is remarkable and is 
suspected to play a major impact in development of PC (13-16). The acute 
inflammatory response and healing processes observed at the site of surgical 
injury are important for both the formation of postoperative adhesions and 
the enhancement of tumor growth (17-19). The molecular mechanisms un-
derlying this pathological sequence of peritoneal transport of free tumor 
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cells, mesothelial adhesion, mesothelial invasion, stromal invasion, and 
eventually proliferation, will eventually result in the development of clinical 
PC (20-21). 

Incidence and Natural History 
The true incidence of PC is unclear because of the heterogeneity of pub-
lished methods and findings. PC develops in 4% to 19% of patients after 
curative surgery, in up to 44% of patients with recurrent colorectal cancer, 
and in 40% to 80% of patients who die from disease. 
Nevertheless, there was little clarification of the impact of peritoneal 
seeding upon survival until the report of Chu et al. was published in 
1989 (22). These investigators studied 100 patients with non-
gynecologic malignancy and who had biopsy-proven PC. The mean 
survival of 45 colorectal cancer patients was 8.5 months, 2.4 months 
for 20 pancreas cancer patients, and 2.2 months for six gastric cancer 
patients: the presence or absence of ascites was an important prognos-
tic variable for all these patients. In 2000, Sadeghi et al. (23) reported 
on 370 patients with PC from non-gynecologic malignancies that were 
enrolled in a European prospective multicenter trial (Evolution of Pe-
ritoneal Carcinomatosis 1 [EVOCAPE 1]). The mean survival of 118 
patients with carcinomatosis from colorectal cancer was 6.0 months, 
2.9 months in 58 patients with pancreatic cancer, and 6.5 months in 
125 patients with gastric cancer. These patients had the benefit of flu-
orouracil-based systemic chemotherapy, but the results were similar to 
those reported by Chu et al. (22) a decade earlier. In 2002, Jayne et al. 
(24) used a database of 3019 colorectal cancer patients to identify 349 
(13%) with PC: 125 patients (58%) had synchronous primary colorec-
tal cancer and peritoneal implants, and the median survival of these 
patients was only 7 months. The authors (24) reported survival is ad-
versely affected by the extent of the PC and the stage of the primary 
cancer. Other reliable data come from the control arm of a phase III 
trial by Verwaal et al (25), in which a recent update (26) revealed a 
median disease-specific survival of 12.6 months in colorectal cancer 
patients with PC who received 5-fluorouracil-leucovorin-based sys-
temic chemotherapy. More recent systemic chemotherapy protocols 
based on the use of oxaliplatin, irinotecan, and biological agents have 
improved survival in colorectal cancer patients with PC. Elias et al. 
(27) report 23.9 months median survival in 48 colorectal cancer pa-
tients with small volume carcinomatosis who were treated with sys-
temic chemotherapy containing oxaliplatin or irinotecan. In a clinical 



 13

study by Franko et al. (28), the mean survival rate of 38 patients re-
ceiving contemporary chemotherapy alone for treatment of colorectal 
PC was 16.8 months. However, no long-time survivors are reported in 
these series (22-28). 

Revised Hypothesis regarding Peritoneal 
Carcinomatosis 
In the past, oncologists and surgeons assumed PC was identical to distant 
metastases, and as such regarded it as an incurable component of intra-
abdominal malignancy. Since the 1980s, different treatment hypotheses for 
patients with isolated peritoneal metastases of gastrointestinal cancer, ova-
rian cancer and primary peritoneal malignancies have emerged  based on the 
revised hypothesis that PC is a local-regional disease, and therefore, war-
rants a local-regional therapeutic approach. These new treatment protocols 
are based on a combination of cytoreductive surgery (CRS) and periopera-
tive intraperitoneal chemotherapy. 

Cytoreductive Surgery 
The aim of CRS is to eliminate all macroscopic disease: this implies a series 
of visceral resections and standardized peritonectomy procedures (29-31). 
Peritonectomy procedures include right and left subphrenic peritonectomy, 
pelvic peritonectomy, total anterior parietal peritonectomy, and peritonecto-
my of the omental bursa with cholecystectomy.  Visceral resections include 
greater omentectomy, splenectomy, rectosigmoid colon resection, right co-
lon resection, transverse colon resection, partial or complete gastrectomy, 
hysterectomy with or without oophorectomy, and small bowel resection. 
Normal peritoneum or normal visceral structures are not resected. Perito-
neum or organs are resected if they are layered by mucinous tumor that can-
not be removed by scissor dissection. At the beginning of the surgical proce-
dure, the extent of prior surgery and disease is quantified, by most surgical 
teams, with the Prior Surgical Score (PSS), which uses the abdominal-pelvic 
regions 0-8 to estimate the extent of prior surgery (Figure 1), and the Perito-
neal Cancer Index (PCI) (Figure 2) (15).  
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Figure 1. Abdomino-pelvic regions used to determine the prior surgical score (PSS).  
Two transverse planes and two sagittal planes are used to divide the abdomen into 
nine abdomino-pelvic regions (AR-0 through AR-8).  The upper transverse plane is 
located at the lowest aspect of the costal margin.  The lower transverse plane is 
placed at the anterior superior iliac spine.  The sagittal planes divide the abdomen 
into three equal sectors.  These lines define nine regions that are numbered in a 
clockwise direction, with 0 at the umbilicus and 1 defining the space beneath the 
right hemidiaphragm (15). 

As the number of abdomino-pelvic regions is, by convention, additive for all 
prior surgical procedures, PSS is a composite of all prior surgeries. If the 
prior surgery score is 3 (PSS-3), at least 5 of the 9 abdomino-pelvic regions 
(AR 0-8) have been dissected prior to CRS and intraoperative or early post-
operative intraperitoneal chemotherapy (EPIC).  PSS-2 patients have had 2 
to 5 abdomino-pelvic regions dissected.  PSS-1 patients have had explorato-
ry surgery but no major organ or tissue dissection. PSS-0 patients have had 
biopsy or no previous surgery: this may have been by laparoscopy, CT-
guided biopsy, or paracentesis with cytology.  
 
The peritoneal cancer index (PCI) is an assessment that combines lesion size 
(0-5 cm) with tumor distribution (abdomino-pelvic regions 0-12). The extent 
of disease within the abdomen and pelvis is quantified as a numerical score 
(Figure 2) calculated from observations obtained at the time of surgical ex-
ploration of the abdomen and pelvis (26).   
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Figure 2. The peritoneal cancer index (PCI).  This index combines a size and distri-
bution parameter to achieve a numerical score.  The lesion size (LS) is used to quan-
tify the size of peritoneal nodules.  LS-0 indicates no tumor seen, LS-1 indicates 
tumor implants up to 0.5 cm, LS-2 indicates tumor implants between 0.5 and 5 cm, 
and LS-3 indicates tumor implants larger than 5 cm or a layering of cancer.  The 
distribution of tumor is determined within 13 regions, which are: the abdomino-
pelvic regions 0-8 shown in Figure 1, and the small bowel as an additional 4 abdo-
mino-pelvic regions designated AR-9 through AR-12 including the upper jejunum, 
lower jejunum, upper ileum and lower ileum.  The summation of the lesion size 
score in each of the 13 abdomino-pelvic regions is the peritoneal cancer index rang-
ing from 0 to 39 (26). 

 
The size of the residual tumor nodules after CRS has a profound effect on 
outcome and as such should be quantified and scored; usually with the com-
pleteness of cytoreduction score (CC-score). The definition of complete cy-
toreduction is no visible evidence of cancer (CC-0) or only minute nodules 
less than 2.5 mm reliably penetrated by the intraperitoneal chemotherapy 
(CC-1). CC-2 cytoreduction is defined as residual tumor nodules of approx-
imately 2.5 mm to less than 2.5 cm and CC-3 cytoreduction as residual tu-
mor nodules greater than 2.5 cm (26). 

Intraperitoneal Chemotherapy 
A second essential part of the current management of PC is perioperative 
intraperitoneal chemotherapy. The underlying rationale of the combined 
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approach is that the aggressive surgical approach combining visceral resec-
tions and peritonectomy procedures addresses the macroscopic disease and 
the perioperative intraperitoneal chemotherapy targets the residual micro-
scopic disease (29-32). In 1980, Spratt et al. (33) reported the use of heated 
triethylenethiophosphoramide (thiotepa) in a patient with pseudomyxoma 
peritonei  and Speyer & Myers (34) used normothermic intraperitoneal 5-FU 
and methotrexate in 16 patients with PC. In 1983, Koga et al. (35) reported 
the use of intraperitoneal chemotherapy in 23 gastric cancer patients with 
PC. Perioperative intraperitoneal chemotherapy includes Hyperthermic 
Intraperitoneal Peroperative Chemotherapy (HIPEC) and/or Early Postopera-
tive Intraperitoneal Chemotherapy (EPIC). In addition, Repeated or Sequen-
tial Postoperative Intraperitoneal Chemotherapy (SPIC) has been explored in 
ovarian PC patients. 

Open and Closed Methods 
HIPEC is the perioperative chemotherapy treatment modality most often 
used in conjunction with CRS. On completion of CRS, the abdominal cavity 
is filled with a heated chemotherapy solution. Open and closed modalities of 
HIPEC have been explored.  
With the open technique, the abdominal cavity is expanded after CRS by 
applying traction sutures on the skin, which elevates the skin edge and pro-
vides the so-called coliseum (29). This technique assures chemotherapy so-
lution reaches all abdominal recesses (36). A heater circulator is used to 
maintain moderate hyperthermia (41-43ºC) within the abdomen and pelvis. 
Most treatment centers use a single inflow catheter that is moved in a clock-
wise direction from right upper quadrant to beneath the left hemidiaphragm, 
to the left paracolic sulcus, to the pelvis, to the right paracolic sulcus, and 
then back to the right upper quadrant. Direct inflow within the small bowel 
regions is avoided. To remove the chemotherapy solution from the peritoneal 
space, one or more outflow catheters are placed in separate abdominal areas. 

During the heated chemotherapy treatment, the abdominal viscera are 
lifted and moved to allow the heated chemotherapy solution to access all 
dependent parts of the abdomen and pelvis. The small bowel is inspected 
from the ligament of Treitz to distal small bowel once every 30 minutes. The 
goal is for all abdominal and pelvic surfaces to be repeatedly exposed to the 
warm chemotherapy solution.  Special attention is directed to all fissures on 
the surface of the liver and to the surfaces above and below the porta hepatis. 
At the end of the perfusion, all chemotherapy solution is removed and the 
abdomen rinsed. Most surgical teams favor gastrointestinal reconstruction 
after perfusion. One concern with the open abdomen technique is the poten-
tial hazardous occupational exposure, i.e. exposing the operating room staff, 
to the chemotherapy solution in liquid or vaporized form and research in 
several centers is focused on clarifying this issue (37-38). 
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Simultaneously, the closed abdomen technique evolved in which the abdo-
men is closed in layers after CRS and placement of inflow and outflow ca-
theters. After closure of the abdomen, the perfusion of the heated chemothe-
rapy solution is started. The closed abdomen technique avoids occupational 
exposure to the chemotherapy drugs but the distribution of the heated solu-
tion is not uniform (36). Preferential flow circuits exist and some peritoneal 
surfaces are underexposed, which increases the risk of recurrence in these 
under-treated recesses. 
 
No direct clinical comparison between the open and closed techniques has 
been attempted in humans. Experimental work in rats suggests improved 
tissue penetration with the closed technique (39). Hybrid open-closed tech-
niques have been described (40), which attempt to combine the optimal dis-
tribution of the open technique with improved occupational safety of the 
closed technique. 

Clinical Results in Treating Peritoneal Carcinomatosis 
With the shift in treatment paradigm of PC patients, one randomized control 
trial (25-26) and several phase II studies have explored the peroperative 
intraperitoneal route of drug delivery (27-28, 41-52). In an update on a Phase 
III trial, Verwaal et al. (26) report a 45%  5-year survival in colorectal PC 
patients receiving optimal cytoreduction and HIPEC with mitomycin C fol-
lowed by systemic chemotherapy. Elias et al. (50) analyzed the results of 
combined CRS and perioperative chemotherapy in 1290 patients with PC 
from a variety of primary malignancies: at 5 years, 37% of the patients were 
still alive. These encouraging clinical results are in strong contrast to histori-
cal control groups and patients treated with systemic chemotherapy. 

Although further clinical data from phase II and III trials supporting this 
combined treatment protocol are necessary, the wide variation in PC chemo-
therapy protocols used in these treatment regimens requires optimizing. The 
pharmacology of perioperative chemotherapy is still not clearly understood, 
but it is possible increased safety and improvements in treatment may origi-
nate from analyzing pharmacological data. 
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Pharmacology of Perioperative Chemotherapy 
Pharmacokinetics explores what the body does to the cancer chemotherapy 
drug and pharmacodynamics explores what the drug does to the body. 

Pharmacokinetic Principles of Perioperative Chemotherapy 
The intraperitoneal route of delivering chemotherapy is logistically less con-
venient and technologically more challenging than conventional intravenous 
chemotherapy. This means the pharmacokinetic rationale of intraperitoneal 
chemotherapy needs to be explored. 

The Peritoneal Plasma Barrier 
The rationale of administering chemotherapeutic drugs into the peritoneal 
cavity is based on the relative transport barrier formed by the tissue sur-
rounding the peritoneal space. The peritoneum is a complex three-
dimensional organ covering the abdomino-pelvic organs and the abdominal 
wall and contains a potentially large space. The most elaborate description of 
the ultra structure of the peritoneum in man was presented in 1941 by Baron 
et al. (53). The peritoneum consists of a monolayer of mesothelial cells sup-
ported by a basement membrane and five layers of connective tissue, which 
account for a total thickness of 90 µm. The connective tissue layers include 
interstitial cells and a matrix of collagen, hyaluron and, proteoglycans. The 
cellular component consists of pericytes, parenchymal cells and, blood capil-
laries. This complex is often referred to as the peritoneal membrane and the 
description is a working model derived from research on the peritoneum as a 
dialysis membrane. 
 
The accepted function of the peritoneum is twofold. First, it reduces friction 
between intra-abdominal organs and the abdominal wall by producing a lu-
bricant solution made of glycosaminoglycans and phospholipids (54-55). 
Secondly, together with lymphoid aggregates dispersed on the visceral and 
parietal peritoneum, it is of major importance in the host defense against 
intra-abdominal infection. A third suggested function of the peritoneum in 
malignancy (56) might be its role as a first line of defense against peritoneal 
carcinomatosis. Any disruption in the peritoneal lining facilitates the adhe-
sion-invasion cascade of tumor cells, resulting in the development of perito-
neal tumor nodules on the abdominal or pelvic surface (19, 56). 
 
Contrary to intuitive thinking, the elimination of the mesothelial lining dur-
ing peritonectomy procedures does not alter the pharmacokinetic properties 
of the peritoneum in the transport of chemotherapeutic agents from the peri-
toneal cavity to the plasma compartment. In a rodent model, Flessner et al. 
(57) demonstrated that neither removal of the stagnant fluid layer on the 
mesothelium nor removal of the mesothelial lining influences the mass trans-
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fer coefficient (MTC) over the barrier. There is indirect evidence (58-59) 
supporting this hypothesis in humans in that the extent of the peritonectomy 
in PC patients does little to alter the intraperitoneal chemotherapy pharma-
cokinetics of mitomycin C or 5-fluorouracil. Basic research indicates (60) it 
is the blood capillary wall and the surrounding interstitial matrix that are the 
principal barriers for clearance of molecules from the abdomino-pelvic 
space, not the mesothelial lining. Fluid enters the vascular compartment by 
diffusion from the peritoneal compartment or by absorption through the peri-
toneal lymphatic stomata, which are concentrated to the diaphragmatic sur-
face (61-62). Diffusion of fluid through the parietal peritoneum generally 
results in flow to the plasma compartment and drainage through the visceral 
peritoneum covering the surfaces of liver, spleen, stomach, small and large 
bowel and, mesentery is into the portal venous blood (63).  

Dedrick Diffusion Model 
The pharmacokinetic rationale of perioperative intraperitoneal cancer che-
motherapy is based on the dose-intensification provided by the peritoneal 
plasma barrier. From peritoneal dialysis research, Dedrick et al. (64) con-
clude that the peritoneal permeability of a number of hydrophilic anticancer 
drugs may be considerably less than the plasma clearance of the same drug. 
The peritoneal clearance is inversely proportional to the square root of its 
molecular weight and results in a higher concentration in the peritoneal cavi-
ty than in the plasma after intraperitoneal administration (65-66). A simpli-
fied mathematical diffusion model considers the plasma to be a single com-
partment separated from another single compartment, the peritoneal cavity, 
by an effective membrane (Figure 3). 
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Figure 3. The traditional two-compartment model of peritoneal transport, transfer of 
a drug from the peritoneal cavity to the blood occurs across the “peritoneal mem-
brane.”  The permeability-area product (PA) governs this transfer. PA is calculated 
by measuring the rate of drug disappearance from the cavity, which is divided by the 
overall concentration difference between the peritoneal cavity and the blood (or 
plasma). CB = the free drug concentration in the blood (or plasma); VB = volume of 
distribution of the drug in the body; Cp = the free drug concentration in the perito-
neal fluid; Vp = volume of the peritoneal cavity. (Adapted from Dedrick RL, Fless-
ner MF. Pharmacokinetic problems in peritoneal drug administration: Tissue pene-
tration and surface exposure. J Natl Cancer Inst. 1997; 89(7), 480-7) (98). 

This results in Equation 1: 

Rate of mass transfer = PA ( CP – CB ) 

where: PA = permeability area ( PA = effective contact area A x permeabili-
ty P ), CP = concentration in peritoneal cavity and, CB = concentration in the 
blood (67). This simple conceptual model indicates the importance of the 
effective contact area. Although the equation permits calculation of the 
pharmacokinetic advantage, the model does not reveal anything about the 
specific penetration of the cancer chemotherapy drug into the tissue or tumor 
nodule (68), nor does it predict the value of the effective contact area. The 
model simply describes the transfer between two compartments. 
 
After intraperitoneal administration, dose-intensification results in a higher 
concentration of cancer chemotherapy in the peritoneal cavity than in the 
plasma. After cytoreduction, this concentration difference increases the pos-
sibility of exposing residual tumor cells to high doses of chemotherapeutic 
agents with reduced systemic concentrations and lower systemic toxicity. 
This advantage is expressed by the Area Under the Curve (AUC) ratios of 
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intraperitoneal (IP) versus plasma (IV) exposure. The molecular weights and 
AUC IP/IV for drugs in clinical or experimental use in PC patients are pre-
sented in Table 1. 
 

Table 1. Molecular weight and area under the curve ratios of intraperitoneal expo-
sure to systemic exposure of chemotherapeutic agents used to treat peritoneal carci-
nomatosis. 

Drug Molecular Weight (Daltons) Area Under the Curve ratio 

   

5-Fluorouracil 130.08 250 

Carboplatin 371.25 10 

Cisplatin 300.1 7.8 

Docetaxel 861.9 552 

Doxorubicin 579.99 230 

Etoposide 588.58 65 

Floxuridine 246.2 75 

Gemcitabine 299.5 500 

Irinotecan 677.19 N/A 

Melphalan 305.2 93 

Mitomycin C 334.3 23.5 

Mitoxantrone 517.41 115-255 

Oxaliplatin 397.3 16 

Paclitaxel 853.9 1000 

Pemetrexed 597.49 40.8 

One important consideration is that high intraperitoneal concentration or 
AUC IP/IV does not automatically confer a greater efficacy. Even with 
greatly elevated intraperitoneal cancer chemotherapy concentrations, there 
may be limited penetration of the chemotherapeutic agent into the peritoneal 
tumor target. The ideal drug for intraperitoneal chemotherapy has a high 
peritoneal tissue concentration, because of direct intraperitoneal administra-
tion, and a high penetration into the cancer nodule. This should occur in 
conjunction with slow diffusion of the cancer chemotherapy solution through 
the capillary endothelium and deep in the subperitoneal space.  Low system-
ic concentrations and reduced systemic toxicity are maintained by rapid me-
tabolism and excretion of the drug within the body compartment. 
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Pharmacokinetic Variables 
Dose 
Different chemotherapy agents, drug concentrations, drug doses and, drugs 
schedules have been developed at many institutions for perioperative cancer 
chemotherapy. Although most researchers use a drug dose based on calcu-
lated body surface area (mg/m2), Rubin et al. (69) demonstrate there is an 
imperfect correlation between actual peritoneal surface area and calculated 
body surface area and there may be sex differences in peritoneal surface 
areas, which in turn affects absorption characteristics.  The female has a 10% 
larger peritoneal surface in proportion to body size than the male. There have 
been attempts to estimate the functional peritoneal surface area through ap-
plying stereologic methods to CT scans and by extrapolating data from ca-
daver measurements (70-71).  

Body surface area is an accurate predictor of drug metabolism and is useful 
for estimating systemic drug toxicity. The accuracy of this prediction in-
creases if the volume of chemotherapy solution is also determined by the 
body surface area (72). With a constant total dose of chemotherapy and 
chemotherapy solution, bone marrow exposure to cytotoxic drugs can be 
accurately predicted. If these predictions are unavailable, there is a possibili-
ty of overdosing some patients and underdosing others. Many institutions 
that use a closed method for intraoperative hyperthermic chemotherapy cal-
culate the dose of cancer chemotherapy per liter by body surface area. The 
total amount of cancer chemotherapy is mixed in a large volume of carrier 
solution (usually six liters) that is placed in a reservoir. For example, Rossi 
(73) and Baratti (74) at the Milan Cancer Institute use doxorubicin 15.25 
mg/m2/l and cisplatin 43 mg/m2/l with a total volume of 6 liters. Glehen (75) 
and Gilly (76) from Lyon used mitomycin C 0.5 mg/kg and cisplatin 0.7 
mg/kg in a total volume of 4 to 6 liters. In this closed method, the amount of 
chemotherapy solution in contact with the peritoneal surface is determined 
by multiple variables: the amount of distention (between 2 and 6 liters) of 
the abdominal cavity, which is induced by the chemotherapy solution, the 
patient’s sex, the amount of ascites present preoperatively and, the extent of 
the visceral resection.  

A system that allows a variable amount of chemotherapy solution may result 
in a less accurate prediction of plasma AUC.  The total volume of intraperi-
toneal chemotherapy can vary widely between individuals.  An increase in 
the volume of intraperitoneal chemotherapy solution causes an increase in 
both diffusion surface and the amount of drug transferred from peritoneal 
space to plasma. 
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Other factors contribute to the controversy over the proper dosage of chemo-
therapy solution.  Some institutions use a single dose of the intraperitoneal 
drug; others use a double, or even triple, dose of the same drug over a 90-
minute period (77-79). 

Volume 
As peritoneal metastases and free-floating tumor cells can be present any-
where on the peritoneal surface, the entire surface of the abdominal and pel-
vic cavity should be targeted. Substantial differences in the body composi-
tion of patients and differences in the HIPEC technique (open versus closed 
abdomen) will result in a wide variety of perfusate volumes. In current prac-
tice, the volume of the perfusate is chosen arbitrarily. In the equation for 
mass transfer over the peritoneal-plasma membrane (Equation 1), an in-
crease in the solution contact area (A) will improve the mass transfer. For 
example in 10 patients dialyzed with different volumes ranging from 0.5 up 
to 3 liters, there is a linear rise in mass transfer (80).  The importance of the 
volume of chemotherapy in determining systemic exposure to the drug has 
been discussed by Elias et al (81). In a clinical investigation (72) where 2-, 
4- , and 6-liters of chemotherapy solution was administered with a constant 
dose of chemotherapy solution, a more dilute intraperitoneal chemotherapy 
concentration retarded the clearance of chemotherapy and resulted in less 
systemic toxicity.  Therefore, it can be assumed that by the diffusion model, 
less concentrated chemotherapy would penetrate less into the cancer nodules 
and into normal tissues. These authors (72,80-81) consider both regulation of 
the chemotherapy dose and the volume of chemotherapy solution, by pa-
tient’s body surface area, are necessary. 

A consistent drug dose and chemotherapy solution volume may be the op-
timal method for predicting maximal treatment in the abdomen with predict-
able bone marrow toxicity.  However, Sugarbaker et al. (72) suggest variable 
volume is a dangerous practice with unpredictable systemic toxicities.  If the 
chemotherapy solution is administered until the abdomen is full, the contact 
area will increase.  If the contact area is variable, then the total absorption of 
drug cannot be predicted.  
 
 

Timing of Cancer Chemotherapy in Relation to Timing of Surgical 
Intervention  
In the clinical application of perioperative chemotherapy in PC patients, 
intervention can occur at four points in the timeline. First, Induction Intra-
peritoneal and/or Intravenous Chemotherapy is suggested as an option 
for reducing dissemination to the extra-abdominal space, testing the tumor 
biology and, for reducing the extent of small PC nodules and, theoretically 



 24 

this approach, called Neoadjuvant Intraperitoneal and Systemic chemothera-
py (NIPS) (82), may facilitate definitive CRS after initial exploratory lapa-
roscopy or laparotomy. Radiological and clinical responses with NIPS have 
been reported by several groups (82-84). However, although NIPS may re-
duce the tumor load to be addressed by CRS, it has several disadvantages. 
Adhesions from prior surgical interventions may interfere with adequate 
intraperitoneal drug distribution and, as complete responses are unusual, 
further cytoreduction-chemotherapy is necessary if the approach is to be 
curative. NIPS is reported to add to morbidity and mortality of further sur-
gical treatment (85) and,  extensive fibrosis, as a response to chemotherapy, 
may occur and render judgments concerning the extent of PC difficult or 
impossible to assess. 
 
Intraoperative Intraperitoneal Chemotherapy is the most widely ex-
plored modality that has consistent clinically improved outcomes in many 
phase II trials and several phase III trials (25-28, 41-52).  
 
Early Postoperative Intraperitoneal Chemotherapy has some conceptual 
advantages. It is administered after cytoreductive surgery at the time of mi-
nimal residual tumor burden and, intraperitoneal treatments initiated before 
wound healing occurs can minimize non-uniform drug distribution and elim-
inate residual cancer cell entrapment in postoperative fibrin deposits. The 
proper selection of chemotherapy agents based on pharmacologic principles 
suggests the use of cell-cycle specific drugs such as 5-fluorouracil and the 
taxanes. Most EPIC regimens are administered postoperatively (day 1 to day 
4/5) through both an inflow catheter and outflow drains inserted at the time 
of CRS and, can be applied with or without HIPEC (86).  
 
Long-term Combined Intraperitoneal and Systemic Chemotherapy.  
In phase III trials, Armstrong et al. (87), Markman et al. (88), and Alberts et 
al. (89) demonstrate that intravenous plus intraperitoneal chemotherapy im-
proves survival in patients with optimally debulked stage III ovarian cancer, 
compared to intravenous chemotherapy alone.  This approach may also be 
used as ‘chemotherapeutic bridging’ between incomplete initial surgery and 
definitive cytoreduction or second look surgery. This type of chemotherapy 
is an adjuvant and not a perioperative use of chemotherapy. However, failure 
analysis for cytoreductive surgery plus perioperative chemotherapy indicates 
recurrent cancer occurs most frequently within the abdominal and pelvic 
cavity (90). Although systemic metastases occur, treatment failures rarely 
occur in liver, lungs or, other systemic sites.  In order to optimize the treat-
ment of patients with PC, the greatest benefit will probably result from a 
combination of the four treatment strategies. 
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Duration 
A wide variation in the duration (ranging from 30-120 minutes) of intraperi-
toneal chemotherapy protocols is reported. The dose-response curves and 
their dependency on exposure time have been mathematically modelled by 
Gardner (91), and according to this model, a plateau in tumor cell kill will be 
reached, after which prolonged exposure time offers no further cytotoxic 
advantage. Theoretically, the most advantageous exposure time for cytotoxic 
effects in PC patients should be carefully weighed against systemic exposure 
and bone marrow toxicity and, the duration of perioperative chemotherapy 
regimens should be pharmacology-driven and not arbitrary. 

 

Carrier Solution 
The choice of carrier solution for delivering the cancer chemotherapy drug is 
not pharmacokinetically neutral. Hypotonic, isotonic and, hypertonic solu-
tions have been tested (92-97) with both low and high molecular weight 
chemotherapy molecules. The ideal carrier solution should provide enhanced 
exposure of the peritoneal surface, prolonged high intraperitoneal volume, 
slow clearance from the peritoneal cavity, and, absence of adverse effects to 
peritoneal membranes (92). This is especially important for EPIC where 
maintenance of a high dwell volume of chemotherapy solution over a pro-
longed period improves both the distribution of the drug and effectiveness of 
the treatment (93). An isotonic high molecular weight dextrose solution pro-
longs the intraperitoneal retention of artificial ascites (94) and, in vitro and 
animal studies (95-96) suggest a pharmacokinetic advantage of hypotonic 
carrier solutions in a HIPEC setting. The pharmacokinetics of heated oxalip-
latin with increasingly hypotonic carrier solutions in colorectal PC patients 
(97) indicates no differences in absorption and intratumoral oxaplatin, but 
there is a high incidence of unexplained postoperative bleeding (50%) and 
unusually severe thrombocytopenia in patients treated with hypotonic carrier 
solutions. The safety and efficacy of hypotonic carrier solutions need to be 
clarified before further clinical use can be recommended. 
 
 

Pressure 
Dedrick and Flessner (98) postulate the penetration distance of the chemo-
therapy solution is equal to the square root of the ratio of tissue diffusivity 
and the rate constant for drug removal from the tissue (D/k)1/2. Unpublished 
observations by Flessner in a rat model (57) indicate a doubling of the extra-
cellular space in the anterior abdominal wall of rats when the pressure of 
intra-abdominal peritoneal dialysis solution is raised from 0 to 4 cm H2O, 
thus; an increased effective tissue diffusivity is proposed.  
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Reports from animal models confirm increased accumulation and anti-tumor 
effect of intraperitoneal cisplatin, oxaliplatin and, doxorubicin when abdo-
minal pressure is increased (99-102). The useful application of increased 
intra-abdominal pressure is limited by respiratory and hemodynamic toler-
ance. Currently, the only useful clinical application is in palliating refractory 
malignant ascites in PC patients through laparoscopic HIPEC at 12-15 mm 
Hg (103-106). 

 

Vasoactive Agents 
The effects of vasoactive substances in regulating peritoneal blood flow and 
tumor blood flow has been studied extensively (98,107-111).  These agents 
may contribute to delayed clearance from the peritoneal cavity because the 
blood flow in the peritoneal and subperitoneal vascular network mainly con-
trols the movement of molecules across the peritoneal and subperitoneal 
tissues.  General statements regarding the effects of vasoactive agents are 
confusing and sometimes contradictory due to the variety of experimental 
systems, complex interactions of local-regional and systemic effects of va-
sopressive agents and, large differences between the neovasculature of tumor 
nodules and normal capillaries. Both the intravenous and the intraperitoneal 
administration of vasoactive molecules in combination with chemotherapeu-
tic drugs have been explored (98,107-108). A preclinical study of the use of  
intraperitoneal epinephrine plus intraperitoneal cisplatin in a rat model with 
PC (109) indicates a direct correlation between the intraperitoneal epineph-
rine concentration and cisplatin accumulation in rat peritoneal tumor no-
dules. In addition, the safe use of intraperitoneal epinephrine with intraperi-
toneal cisplatin in 18 patients with advanced PC has been demonstrated by 
Molucon-Chabrot et al (110), and tumor responses have been obtained in 
some patients resistant to intravenous platinum compounds. Concurrent 
intravenous administration of vasopressin can increase the pharmacokinetic 
advantage of intraperitoneal administered carboplatin and etoposide but not 
5-fluorouracil (111). Therefore, further studies on the use of vasoactive 
agents for improving cancer chemotherapy responses in PC are needed. 
 
 

Macromolecular Vehicles 
The increased interest in macromolecular vehicles and other modulations of 
chemotherapeutic agents as a means of exploiting the regional dose intensity 
has produced conflicting results. Despite their lower diffusivities, macromo-
lecules may penetrate more deeply into the subperitoneal space than pre-
viously considered (112) and, the nature of capillary permeability is proba-
bly the major factor responsible for increased concentration in the subperito-
neal space together with an increased role of convection. However, caution 
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should be exercised when concluding this increased penetration into the sub-
peritoneal space results in increased drug absorption into tumor nodules. The 
neovascularity of tumor nodules should not be assumed to have the same 
selectivity for macromolecules as normal capillaries have (113). A second 
obstacle to cancer chemotherapy penetration into tumor nodules is interstitial 
pressure in tumor nodules, as it is higher than in the surrounding tissue space 
(114). Thus, convection may reduce tumor penetration by macromolecules. 

Pharmacodynamic Principles of Perioperative Chemotherapy 
The efficacy of intraperitoneal cancer chemotherapy protocols is governed 
by both non-pharmacokinetic variables (tumor nodule size, density, vascu-
larity, interstitial fluid pressure, binding, temperature) and pharmacokinetic 
variables. 

Temperature 
Adding hyperthermia to intraperitoneal chemotherapy may increase tumor 
response to cancer chemotherapy through several mechanisms. First, heat 
alone has a direct anti-tumor effect. Mild hyperthermia above 41°C induces 
selective cytotoxicity of malignant cells by several mechanisms: impaired 
DNA repair, protein denaturation and, inhibition of oxidative metabolism in 
the microenvironment of malignant cells. This leads to increased acidity, 
lysosomal activation and, increased apoptotic cell death (115-117). In this 
setting, thermal tolerance can be induced by up regulation of heat shock 
proteins (118), which may limit the importance of a direct anti-tumor effect 
of heat.  

Second, applying mild hyperthermia augments the cytotoxic effects of 
some chemotherapeutic agents. Synergy between heat and cancer chemothe-
rapy drugs may arise from multiple events such as heat damage to ABC 
transporters (drug accumulation), intra-cellular drug detoxification pathways 
and, to repair mechanisms of drug-induced DNA adducts (119). Such aug-
mented effects are postulated for doxorubicin (120), platinum complexes 
(121, 122), mitomycin C (122), melphalan (123), docetaxel, irinotecan and, 
gemcitabine (124). 

Third, hyperthermia may increase the penetration depth of the cancer 
chemotherapy solution into tissues and tumor nodules. Jacquet et al. (125) 
report tissue penetration of doxorubicin is enhanced when the cancer chemo-
therapy solution is administered intraperitoneally at 43°C. In addition, hyper-
thermia does not affect the pharmacokinetic advantages of intraperitoneal 
doxorubicin with low plasma and distant tissue levels. 
The elevated interstitial fluid pressure in tumor nodules, compared to normal 
tissue, is an acknowledged phenomenon (126). Furthermore, in experimental 
tumors with a single nodule, interstitial fluid pressure is relatively uniform in 
the nodule and drops precipitously in the periphery at the tumor-normal tis-
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sue interface (127). Furthermore, Leunig et al. (128) report a thermal dose-
dependent decrease in interstitial fluid pressure in experimental solid tumors 
in an animal model after hyperthermia.  

Tissue Distribution and Penetration Depth 
A simplified two-compartment model describes transport over the perito-
neal-plasma barrier; however, this does not provide an adequate theoretical 
model for penetration of chemotherapy administered intraoperatively (either 
intravenous or intraperitoneal) into the peritoneal wall and into the tumor 
nodules.  Dedrick and Flessner propose a mathematical model (Figure 4) 
addressing the tissue penetration of low-molecular weight molecules (98, 
129).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Conceptual diagram of tissue adjacent to the peritoneal cavity. Cp = the 
free drug concentration in the peritoneal fluid; CB = the free drug concentration in 
the blood (or plasma). Solid line shows the exponential decrease in the free tissue 
interstitial concentration, Ce, as the drug diffuses down the concentration gradient 
and is removed by loss to blood perfusing the tissue. Also shown are the characteris-
tic diffusion length, x0, at which the concentration difference between the tissue and 
the blood has decreased to 37% of its maximum value, and 3x0, at which the differ-
ence has decreased to 5% of its maximum value. (From Dedrick RL, Flessner MF. 
Pharmacokinetic problems in peritoneal drug administration: Tissue penetration and 
surface exposure. J Natl Cancer Inst. 1997 Apr; 89(7), 480-7) (98). 
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The drug diffuses from its peritoneal concentration, Cp, to its blood concen-
tration, CB, along an exponential concentration gradient over the peritoneum 
and preperitoneal tissues. The extracellular ‘deep’ concentration, Ce, can 
then be calculated according to Equation 2: 
 

Ce = CB + ( Cp – CB ) exp[ - (k/D)1/2x] 
 

In Equation 2, k (min-1) is the rate constant for the removal of the active drug 
from the tissue. Movement through the tissue is characterized by the diffu-
sivity, D (cm2/min), and the distance (x) from the serosal surface (cm).  This 
model implies an exponential concentration decrease of the drug from the 
abdomino-pelvic cavity across the membrane to the plasma compartment. 
Consequently, the depth of penetration of an effective chemotherapy concen-
tration is limited and in the order of 1 to 2 mm (130-131).  In a rodent model, 
Ozols et al. (132) confirmed doxorubicin only penetrates 4-6 cell layers of a 
tumor on the diaphragm.  Therefore, variable penetration for each drug and 
type of tumor is probable. 
 
This has important consequences for implementing perioperative chemothe-
rapy in PC patients. Cytoreduction needs to eliminate all tumor deposits 
greater than 1-2 mm for subsequent intraperitoneal chemotherapy to be ef-
fective. Clinical data (25-27,42-48,50) strongly support this pharmacologic 
prediction: in univariate and multivariate analysis, complete cytoreduction 
(cancer nodules  2.5 mm) is the single most important prognostic factor.  

Bidirectional Intraoperative Chemotherapy 
The Dedrick-model (64) for peritoneal transport predicts transport by diffu-
sion from the peritoneal compartment through a peritoneal and preperitoneal 
tissue layer to the plasma and, vice versa. Through combining intraoperative 
intravenous and intraoperative intraperitoneal cancer chemotherapy, a bidi-
rectional diffusion gradient is created through the intermediate tissue layer 
containing the cancer nodules (Figure 5).  
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Figure 5. Pharmacologic concept of bidirectional intravenous and intraperitoneal 
chemotherapy. (Modified with permission from Fujiwara K et al. Int J Gynecol 
Cancer.  2007 Jan-Feb; 17(1): 1-20. ) 

In 2002, Elias et al. (41) first reported the clinical use of intraoperative intra-
venous 5-fluorouracil and leucovorin in conjunction with oxaliplatin-based 
hyperthermic intraperitoneal perioperative chemotherapy. Most current pro-
tocols advocate Bidirectional (simultaneous intraperitoneal and intravenous 
chemotherapy) Intraoperative Chemohyperthermia (BIC). This two-
component approach to PC treatment requires chemotherapy be used as a 
planned part of the surgical procedure and, proper timing is critical to the 
success of the chemotherapy in relation to the surgery. The innovation of a 
combined treatment of CRS plus perioperative chemotherapy may be the 
paradigm shift responsible for the current successes in treating PC patients, 
compared with previous failure. The bidirectional approach offers the possi-
bility of optimizing cancer chemotherapy delivery to the target peritoneal 
tumor nodules. However, further pharmacologic studies are needed to clarify 
the most efficient method of administration (continuous, bolus or, repeated 
bolus), doses and, choice of cancer chemotherapy drugs for this bidirectional 
approach. 

Individual Drug Sensitivity of Tumors  
Although the efficacy of perioperative cancer chemotherapy protocols is 
governed by both pharmacokinetic and pharmacodynamic variables, ulti-
mately, the individual drug sensitivity of a tumor to cancer chemotherapy 
may be equally important. There is evidence to support tumor-specific hete-
rogeneous activity of cytotoxic drugs in cell cultures of different tumors 
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(134-135). Mahteme et al. (136) confirm the same heterogeneous cytotoxic 
response of cytotoxic drugs in PC samples in a variety of tumors. However, 
there are no prospective data supporting improved clinical outcome from 
drug selection based on in vitro drug sensitivity testing. 
 
Since the 1980s, the different perioperative cancer chemotherapy protocols 
developed for the treatment of PC patients have resulted in clinical suc-
cesses, in contrast with prior failures. Now the concept is proven, the time 
has come for improving the treatment protocols. This improvement should 
be driven by further pharmacokinetic and pharmacodynamic research. 
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Aim of the Thesis 

The overall aim of this thesis was to clarify the pharmacokinetic and phar-
macodynamic data for the perioperative (intraperitoneal and intravenous) 
delivery of cancer chemotherapy agents in patients with peritoneal carcino-
matosis and to provide a pharmacologic rationale for their use after being 
tested in toxicity studies. 

Specific Aims 
 

 To analyze the dose intensification in PC patients after 5-
fluoruracil administration during EPIC and, to determine the 
5-fluorouracil appearance in PC tumor nodules when normo-
thermic 5-fluorouracil is administered intravenously (Paper I). 

 To determine ifosfamide and 4-hydroxyifosfamide levels in 
PC tumor nodules after normothermic intravenous adminis-
tration (Paper II). 

 To assess the influence of pathology, density of tumor no-
dules and, intrapleural administration on doxorubicin phar-
macology after IP chemotherapy (Paper III). 

 To investigate mitomycin C pharmacokinetics in PC patients 
and to analyze the effect of diffusion area on the pharmacolo-
gy of mitomycin C (Paper IV). 

 To assess the toxicity of a uniform bidirectional intraopera-
tive chemotherapy treatment protocol in PC patients and to 
determine independent variables predicting an increased risk 
for morbidity in these patients (Paper V). 
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Ethical Considerations. 

All studies were performed at the Washington Cancer Institute, Washington 
D.C., USA and approved by the Institutional Review Board. 
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Drugs and Methods of Analysis 

5-Fluororacil 
Since their introduction in 1957 by Heidelberger et al. (137), the fluorinated 
pyrimidines have been successfully used for a wide variety of tumors and, 
are still an essential component of all successful gastrointestinal cancer che-
motherapy regimens (138). This thymidylate synthase inhibitor binds cova-
lently with the enzyme and prevents the formation of thymidine monophos-
phate, the DNA nucleoside precursor. The 5-fluoro-uridine diphosphate and 
5-fluoro-uridine triphosphate produced have a cytotoxic effect due to their 
incorporation into RNA. Intravenous 5-fluorouracil, alone or in combination 
with other cancer chemotherapy agents, has been the mainstay of adjuvant or 
palliative medical treatment for patients with gastrointestinal malignancies 
since the 1960s (139-144). 

Ifosfamide 
Ifosfamide is a broadly active chemotherapy agent used for soft tissue sar-
coma, non-small cell lung cancer and, in ovarian cancer (145). The anticanc-
er effects only occur after the prodrug, ifosfamide, is metabolized to 4-
hydroxyifosfamide in the liver and red blood cells by the cytochrome sys-
tem.  The active metabolite is unstable and only exists for a few minutes 
within the plasma or the red blood cell. The unique activity of ifosfamide for 
use in combination with heated chemotherapy solutions comes from the 
augmentation of cytotoxicity by moderate heat.  In a mouse footpad model, 
Urano et al. (146) demonstrate tumor growth rate decreases by one-third 
when ifosfamide was used at 41.5ºC rather than at room temperature. 

Doxorubicin 
Doxorubicin (C27H29NO11) or hydroxyldaunorubicin (adriamycin) is an an-
thracycline antibiotic used in the treatment of a wide range of cancers. Al-
though it is categorized as a DNA-intercalating drug, the exact mechanism 
of action is complex and still unclear. However, the current consensus (120, 
147) is that the process initiated by this class of drugs is a series of coupled 
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events (rather than several parallel actions) involving both membrane and 
nuclear components, but which are part of a single ordered mechanism of 
action which may be augmented by hyperthermia.  Lane et al. (148) demon-
strate a phase-change in cell surface membrane occurs at the same tempera-
ture (20ºC) as the loss of biological activity of doxorubicin and that interac-
tion of doxorubicin with the cell surface membrane, rather than its intracellu-
lar uptake, is an essential first step for doxorubicin cytotoxicity. 

Mitomycin C 
Mitomycin C is an anti-tumor antibiotic that is inactivated by microsomal 
enzymes in the liver and is metabolized in the spleen and kidneys. Mitomy-
cin C has been extensively studied in preclinical and clinical work and is 
widely used for peritoneal carcinomatosis (122, 149-151) from colorectal 
cancer, appendiceal cancer, ovarian cancer, gastric cancer and, for diffuse 
malignant peritoneal mesothelioma (25, 49, 152-155). 

HPLC 
The biochemical analysis of all compounds in this thesis was by High-
Performance Liquid Chromatography (HPLC), a chromatographic technique 
that can separate a mixture of compounds and is used in biochemistry and 
analytical chemistry to identify, quantify and, purify individual components 
in a mixture. 

HPLC typically utilizes different types of stationary phase (hydrophobic) 
saturated carbon chains, a pump to move the mobile phase(s) and analyte 
through the column and, a detector to provide a characteristic retention time 
for the analyte. With HPLC, a pump (rather than gravity) provides the high 
pressure required to propel the mobile phase and analyte through a densely 
packed column. The increased density arises from smaller particle sizes that 
allow better separation on columns of shorter length than ordinary column 
chromatography does. 

In this thesis, fluorouracil concentrations were determined with a modified 
version of a validated HPLC method described by Sugarbaker et al. (156). 
Ifosfamide levels were determined with a modified version of the procedure 
described by Margison et al. (157) and, 4-hydroxyifosfamide levels were 
determined in the derivatized samples with a slightly modified version of the 
procedure described by Kerbusch et al. (158). Doxorubicin concentrations 
were determined with a modified version of the HPLC method described by 
Cummings et al. (159). The concentrations of mitomycin C in plasma, peri-
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toneal fluid and, urine samples were determined by HPLC with an adapta-
tion of the techniques described by Dalton et al. (160). 

Statistical Analysis and Data Presentation 
All pharmacological data (Papers I-IV) were compiled and analyzed with 
Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). Data are 
displayed as mean +one standard deviation (SD). The AUC data were de-
termined with GraphPad Prism software (GraphPad Software, Inc., La Jolla, 
CA, USA). For the pharmacological data, the statistical comparison of conti-
nuous variables was with Student’s t-test and significance was accepted with 
a p-value of less than 0.05. The Pearson correlation coefficient was calcu-
lated to test association of the extent of peritonectomy with the AUC ratio of 
mitomycin C (Paper IV). A similar calculation was used to test the associa-
tion of extent of visceral resection and AUC ratio (Paper IV). In patients 
with average or limited peritoneal space, the Wilcoxon rank test was used to 
compare the peritoneal fluid mitomycin C AUC and plasma mitomycin C 
AUC (Paper IV). Univariate methods (the Fisher exact, chi-square tests) 
were used to assess association between postoperative morbidity and pre- 
and perioperative clinical characteristics (Paper V). The clinical characteris-
tics correlated to the outcome by univariate analysis (p-value <0.05) were 
then fitted into a logistic regression model for univariate analysis of va-
riances to assess the strength of the risk factors (Paper V). 
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Summary of Papers Included  

Paper I 
Pharmacology of Perioperative 5-Fluorouracil 

Materials and Methods 
Twenty-nine patients with PC from appendiceal malignancy were included 
in this study. After optimal CRS, nine consecutive patients received HIPEC 
with mitomycin C followed by EPIC with 5-fluorouracil on postoperative 
days 1-5. The other 20 consecutive patients received intravenous 5-
fluorouracil as the intravenous component of bidirectional intraoperative 
chemotherapy in the operating room. The pharmacology of 5-fluorouracil 
was studied in the peritoneal fluid, plasma and, tumor nodules. 

Results 
The concentrations of 5-fluorouracil in peritoneal fluid and plasma for the 
nine patients receiving early postoperative intraperitoneal chemotherapy are 
presented in Figure 6. The peak plasma level occurred at 30 minutes and was 
2.2 (+1.7) µg/ml and, both intraperitoneal and plasma levels diminished over 
the 3 hours of the assessment. The AUC ratio was 422 (+360).  
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Figure 6. : 5-fluorouracil concentrations in peritoneal fluid and plasma after early 
postoperative intraperitoneal chemotherapy administration (N=9). 

The concentrations of 5-fluorouracil in plasma, peritoneal fluid and, tumor 
nodules that were harvested during the bidirectional (intraperitoneal doxoru-
bicin and mitomycin C plus intravenous 5-fluorouracil) intraoperative che-
motherapy treatment are displayed in Figure 7. The AUC for tumor nodule 
concentrations was 81 (+56) µg/mg x minutes. The AUC for peritoneal fluid 
concentrations was 452 (+107) µg/ml x minutes.  The AUC for plasma con-
centrations was 269 (+133) µg/ml x minutes. The AUC ratio of peritoneal 
fluid to tumor nodules was 9.9 (+9.8) and, the AUC ratio of plasma to tumor 
nodules was 5.2 (+4.7). 
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Figure 7. 5-fluorouracil concentrations in plasma, peritoneal fluid and, tumor no-
dules after intravenous administration during hyperthermic intraperitoneal chemo-
therapy procedure (N=9). 

Discussion 
The data confirmed the exposure the peritoneal surface received from the 
intraperitoneal administration of 5-fluorouracil. Even though this small mo-
lecule moves rapidly out of the peritoneal fluid into the plasma, the rapid 
metabolism of the drug in the liver and at other sites in the body compart-
ment maintained a large AUC ratio of peritoneal fluid to plasma. In addition, 
the early postoperative period allowed the peritoneal surface tissues to be 
repeatedly exposed to the drug, which increased the benefit of its cell-cycle 
specific activity. The peritoneal space remains free of an adhesive process 
for at least five days postoperatively, which results in excellent drug distri-
bution over this prolonged period. Early perioperative intraperitoneal 5-
fluorouracil remains a treatment option for carcinomatosis of gastrointestinal 
origin. 

5-fluorouracil given intravenously had a definite pharmacologic advantage 
for local-regional application as it was rapidly circulated within the plasma 
through both the arterial and venous systems to equilibrate within the body 
tissues, including the large peritoneal and subperitoneal surfaces of both the 
abdomen and pelvis. The findings of this study indicated the large volume of 
peritoneal fluid became saturated by the 5-fluorouracil within approximately 
20 minutes; this pharmacologic ‘sink’ phenomenon has not yet been pre-

(µg/mg) 
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viously reported. Whereas this rapid distribution of the 5-fluorouracil af-
fected all compartments similarly, metabolism was mainly restricted to the 
plasma compartment by the liver. The high level of 5-fluorouracil persisted 
within the peritoneal fluid because the drug could only leave the peritoneal 
space by back diffusion through the peritoneal and subperitoneal tissues: the 
enzyme dihydropyrimidine dehydrogenase was not present in the artificial 
ascites fluid. The marked difference in the rate of metabolism within the 
peritoneal fluid, rather than in the plasma compartment, in the absence of 
additional systemic 5-fluorouracil administration, caused the different peri-
toneal fluid and blood concentrations. Although 5-fluorouracil was adminis-
tered as a normothermic intravenous solution, it penetrated into the heated 
tumor nodules. Normothermic administered 5-fluorouracil becomes subject 
to augmentation of mild hyperthermia of the subperitoneal compartment. 
Therefore, heat targeting was achieved by modulating the timing of intra-
venous chemotherapy.   

Before this study, the actual penetration of 5-fluorouracil into the subperi-
toneal space surrounding the abdomen and pelvis was unknown. The as-
sumption was higher concentrations of 5-fluorouracil in the peritoneal fluid 
would result in greater local-regional effects, as suggested by previous expe-
rimental work by Mahteme et al. (136). However, the amount of 5-
fluorouracil present in the tumor nodule is governed by both non-
pharmacokinetic variables (tumor nodule size, nodule density, vascularity, 
interstitial fluid pressure, and, binding) and pharmacokinetic variables (dose, 
duration, route of administration, volume, carrier solution and, pressure) 
(36). The data for the concentrations of 5-fluorouracil in tumor nodules sup-
ported prior hypotheses and validated the tumor nodule as a new and im-
proved pharmacologic endpoint for evaluating the effect of these treatment 
protocols for PC patients.  

The data provided support for a revision of the diffusion model proposed 
by Dedrick (64) and Flessner (67). 

Paper II 
Pharmacokinetic Study of Perioperative Intravenous Ifosfamide 

Materials and Methods 
Sixteen patients on whom the pharmacologic studies were performed had a 
progression of peritoneal carcinomatosis from gynecologic cancer (N=5), 
colon cancer (N=1), gastric cancer (N=1) or, diffuse malignant peritoneal 
mesothelioma (N=9). After complete cytoreduction, HIPEC at 41.5ºC with a 
large volume (1.5 liters/m2) of chemotherapy solution containing cisplatin 
(50 mg/m2) and doxorubicin (15 mg/m2) was administered.  In two patients 
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with prior adverse reaction to cisplatin, mitomycin C at 15 mg/m2 was used 
with doxorubicin. At the initiation of the intraperitoneal chemotherapy 
treatments, ifosfamide (1300 mg/m2) in one liter of normal saline solution 
was started as a continuous intravenous infusion over 90 minutes. The phar-
macology of ifosfamide and its active metabolite 4-hydroxyifosfamide was 
studied in peritoneal fluid, plasma, urine and, tumor nodules. 

Results 
The ifosfamide concentrations in blood, peritoneal fluid and, urine for six 
patients treated with a 90-minute ifosfamide infusion and simultaneous 90 
minutes of heated intraoperative intraperitoneal chemotherapy are presented 
in Figure 8. The peritoneal fluid levels rapidly increased; however, in all 
patients peritoneal fluid concentrations remained lower than plasma ifosfa-
mide levels throughout the 90-minute infusion. A large quantity of ifosfa-
mide was excreted unchanged in the urine. 

 
Figure 8. Plasma, peritoneal fluid, and, urine concentrations of ifosfamide during a 
90-minute continuous infusion.  The total quantity of ifosfamide in mg excreted in 
the urine is presented at the bottom. 

4-hydroxyifosfamide concentrations in plasma, peritoneal fluid and, urine 
for six patients treated with a 90-minute ifosfamide infusion and 90 minutes 
of hyperthermic intraperitoneal chemotherapy are presented in Figure 9. 
When the mean concentration of 4-hydroxyifosfamide in peritoneal fluid and 
plasma were plotted, the concentrations in the two body compartments con-
tinued at similar levels over the 90 minutes. Urine excretion continued to be 
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high for the entire 90 minutes indicating large amounts of the active metabo-
lite of this chemotherapy agent was present unchanged in the urine 

 
Figure 9. Plasma, peritoneal fluid and, urine concentrations of 4-hydroxyifosfamide 
over a 90-minute infusion. The total quantity of 4-hydroxyifosfamide in mg excreted 
in the urine is presented at the bottom. 

The mean ifosfamide concentrations in both the tumor nodules harvested in 
five patients over 90 minutes and in the plasma are presented in Figure 10 
and, the concentrations in tumor nodules were consistently elevated com-
pared to the concentrations within the plasma for 60 minutes. Similar data 
were obtained for 4-hydroxyifosfamide in four of the five patients and, 4-
hydroxyifosfamide levels in tumor tissues were consistently greater than in 
the plasma. 
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Figure 10. Comparison of ifosfamide (IF) and 4-hydroxyifosfamide (OHIF) concen-
trations in tumor nodules and in plasma. 

After the first seven patients received a 90-minute infusion of ifosfamide and 
90-minutes of intraperitoneal hyperthermia, blood samples taken at 2½ hours 
after the initiation of infusion revealed that high levels of ifosfamide and 4-
hydroxyifosfamide were maintained.   

Discussion 
The active metabolite 4-hydroxyifosfamide is unstable and only exists for a 
few minutes within the plasma or within the red blood cells. The wide varia-
tion in 4-hydroxyifosfamide levels observed, compared to the variation in 
levels of the initial drug, may have resulted from this instability. The activity 
of ifosfamide cannot be studied in vitro because the drug is not activated in 
the absence of metabolism; this renders the pharmacologic in vivo study of 
ifosfamide more important.  In this study, the presence of the active com-
pound within the peritoneal fluid bathing small cancer nodules was docu-
mented and the active molecule, 4-hydroxyifosfamide, was present within 
these small tumor nodules. 

The ifosfamide was delivered as a continuous infusion; therefore, these 
data were different to our previous study with systemic 5-fluorouracil. With 
5-fluorouracil, the drug was administered as a bolus over 7 minutes. If a 
pharmacologic analysis is performed after 90 minutes of ifosfamide infusion, 
the same phenomenon of rapid metabolism of ifosfamide in the peripheral 
blood was observed; however, this did not occur as rapidly as with 5-
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fluorouracil because the metabolism of ifosfamide was slower than 5-
fluorouracil. These findings indicated the method of administration of the 
intravenous drug (bolus rather than continuous infusion) might have a pro-
found effect on the pharmacokinetics parameters measured in the periopera-
tive use of cancer chemotherapy. The plasma levels of ifosfamide were al-
ways larger than the levels of peritoneal fluid and this might be due to conti-
nuous drug infusion into the venous blood delaying distribution to the peri-
toneal space, which would account for the persistent higher levels of 
ifosfamide within the blood.  The elevation of plasma ifosfamide over peri-
toneal fluid ifosfamide might be further increased if urine output is reduced 
during the 90-minute infusion. 

The ifosfamide and 4-hydroxyifosfamide data provided pharmacokinetic 
support for the concept of heat targeting in PC patients, as suggested by 
Urano et al. (146). The normothermic administered ifosfamide becomes 
subject to hyperthermic augmentation in the peritoneal fluid and tumor no-
dules. Prolonged hyperthermia within the peritoneal space continued the 
cytotoxic effects of the cancer chemotherapy without any increase in system-
ic toxicity. Therefore, a 2½-hour hyperthermia treatment was initiated to 
maximize the effects of heat. 

Paper III 
A Pharmacologic Analysis of Intraoperative Intracavitary Cancer 
Chemotherapy with Doxorubicin 

Materials and Methods 
Forty-four patients were included in this study: 20 patients with peritoneal 
carcinomatosis from appendiceal malignancy, 3 patients with direct exten-
sion of appendiceal malignancy into the pleural cavity, 20 patients with peri-
toneal mesothelioma and, 1 patient with pleural mesothelioma. After com-
pletion of cytoreductive surgery, the patients were treated with HIPEC with 
the technique described by Sugarbaker (161). The doxorubicin regimen used 
for both malignancies was 15 mg/m2 in 1.5 L/m2 of 1.5% dextrose peritoneal 
dialysis solution administered over 90 minutes at an approximately tempera-
ture of 42.5ºC. Doxorubicin levels were determined in peritoneal fluid, 
plasma, tumor nodules and, adjacent tissues. The histological character of 
appendiceal malignancy tissues was determined with the criteria described 
by Ronnett et al. (162). The biological aggressiveness of peritoneal mesothe-
lioma was estimated by histological assessment of nuclear size, as described 
by Cerruto et al. (163).  
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Results 
The doxorubicin levels in plasma, peritoneal fluid, normal tissue and, tumor 
nodules are presented in Figure 11. Over the 90 minutes, 93% of the doxoru-
bicin was cleared from the peritoneal cavity. Plasma concentrations and 
normal tissue concentrations peaked at 15 minutes and, tumor tissue concen-
trations peaked at 90 minutes. The AUC ratios were 73 for peritoneal fluid to 
plasma, 128 for tumor to plasma and, 1.8 for tumor tissue to peritoneal fluid. 
The concentration of doxorubicin in both tumor nodules and normal tissues 
was consistently greater than in intraperitoneal fluid after 15 minutes. 
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Figure 11. Doxorubicin concentration in plasma, peritoneal fluid, tumor nodules and 
normal adjacent tissues. Data obtained from a single patient. 

In patients with appendiceal malignancy, eight had DPAM and 12 had 
PMCA: the doxorubicin concentrations of the peritoneal fluid and tumor 
tissue in patients with these two histological types of tumor are displayed in 
Figure 12. The peritoneal fluid concentrations were the same in both groups 
of patients; the concentrations of doxorubicin in DPAM tumor nodules were 
statistically significantly elevated compared to PMCA tumor nodules 
(p=0.02). 
 

(T
iss

ue
 =

 µ
g/

m
g)

 



 46 

0 15 30 45 60 90 120

0.01

0.1

1

10

100

PF (PM CA)

TN (PM CA)

PF (DPAM )

TN (DPAM )

(p = 0.02)

Time (minutes)

D
o

xo
ru

b
ic

in
 =

g
/m

L
T

u
m

o
r 

=
g

/g
m

 
Figure 12. Doxorubicin levels in appendiceal tumor tissue showing diffuse perito-
neal adenomucinosis (DPAM) versus peritoneal mucinous carcinomatosis (PMCA).  
Peritoneal fluid concentrations are also shown. TN = tumor nodule, PF = peritoneal 
fluid. 

The pharmacokinetics of intrapleural fluid versus intraperitoneal fluid were 
different, with a slower clearance of this drug from the pleural space 
(p=0.008). Plasma concentrations were similar between the 2 patient groups 
with a trend toward increased plasma levels at 90 minutes of pleural doxoru-
bicin administration (Figure 13). 
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Figure 13. Doxorubicin concentrations in the pleura versus doxorubicin concentra-
tions in the peritoneum. Four patients had intrapleural doxorubicin administration 
and 40 patients had intraperitoneal doxorubicin. PL = plasma. PF = peritoneal fluid. 

Discussion 
The findings indicated a different pharmacodynamic profile of intracavitary 
doxorubicin within the pleural cavity than in the peritoneal cavity and, an 
augmented dose-intensification with an increased AUC was observed in the 
pleural cavity.  

As far as was known, the mesothelial lining in the two compartments was 
identical; thus, there may be several possible explanations for these differ-
ences. First, there might have been a difference in the organization of the 
submesothelial space. Second, there might have been a difference in total 
diffusion surface between the pleural surface and the peritoneal surface (98): 
the pleural space has a lower total diffusion surface than that provided by the 
extensive surface of the visceral peritoneum. Third decreased blood flow 
through a lung partially collapsed to provide space within the pleural cavity 
for the chemotherapy solution may retard the clearance of doxorubicin from 
pleural space to plasma. 

The peritoneal concentration of a drug might not reflect the true drug le-
vels in tumor nodules, as higher doxorubicin levels in tumor nodules than in 
the peritoneal fluid were observed. The penetration of cytotoxic drugs into 
peritoneal tumor nodules is a complex process influenced by pharmacokinet-
ic parameters including dose, concentration and, exposure time to the cancer 
chemotherapy drug and, pharmacodynamic factors such as tumor vascula-
ture, density of the tumor nodules and, size of the nodules (98). Although 
much literature is published on the pharmacokinetic properties of cancer 
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chemotherapy drugs, the data available on tumor tissue distribution of the 
drugs and efficacy is limited. The findings highlighted the importance of 
these measurements, as the pharmacologic profile of doxorubicin consistent-
ly presented unexpected sequestration of the drug in the tumor nodules, re-
gardless of the underlying malignancy producing the peritoneal carcinoma-
tosis or the histopathological grade of the disease.  

The accumulation of cancer chemotherapy drug in tumor nodules does not 
appear to have been previously reported. Therefore, this finding has several 
consequences. First, the classical simplified two-compartment model, as 
proposed by Dedrick and Flessner (98), is inadequate in terms of quantifying 
accurate cancer chemotherapy drug levels in tumor nodules if simple diffu-
sion, and not active transport, is accepted as the main mechanism for the 
measured pharmacodynamic profile. Thus, a four-compartment model in-
volving plasma space, peritoneal space, subperitoneal space and, tumor no-
dule was proposed. Preloading of the subperitoneal compartment with the 
cancer chemotherapy drug was the diffusion force responsible for the drug 
concentration measured in the tumor nodules. The sequestration phenome-
non of doxorubicin in tumor nodules was constant regardless of underlying 
pathology or subtype. The differences in the magnitude of sequestration for 
the different subtypes of appendiceal malignancy were probably due to dif-
ferences in the physical characteristics (density) between the tumor nodules 
in DPAM and PMCA. 

The consistent finding of doxorubicin sequestration in tumor nodules 
raised questions about the possible underlying mechanism. Simple diffusion 
forces are insufficient for explaining this phenomenon. One possible expla-
nation is active transport; however, this appears unlikely as the less cellular 
DPAM takes up more doxorubicin than PMCA does. 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 (120, 148, 164) or, at the level of the tumor nodule intersti-
tium should be the subject of further research. 
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Paper IV 
Changes Induced by Surgical and Clinical Factors in the 
Pharmacology of Intraperitoneal Mitomycin C in 145 Patients 
with Peritoneal Carcinomatosis. 

Materials and Methods 
Patients (N=145) with a diagnosis of peritoneal carcinomatosis from colorec-
tal cancer or appendiceal cancer were included in the study. The carcinoma-
tosis was resected by cytoreductive surgical procedure with a uniform sur-
gical approach (29-31). This was followed by bidirectional intraoperative 
chemotherapy with 5-fluorouracil-leuvorin as IV component and mitomycin 
C at 15 mg/m² as IP component. A 90-minute pharmacologic study of hyper-
thermic intraperitoneal mitomycin C in peritoneal fluid, plasma and, urine 
was performed. 

Results 
The plasma, peritoneal fluid and, urine concentrations at 15-minute intervals 
after bolus intraperitoneal administration of mitomycin C are presented in 
Figure 14. The AUC ratio of peritoneal fluid concentration times time to 
plasma concentration times time was 26.6 (+7.1). The peak plasma concen-
tration was 0.25 (+0.06) µg/ml at 30 minutes.  

 
Figure 14. Concentration time graph of mitomycin C in peritoneal fluid, plasma and, 
urine in 145 patients.  The area under the curve ratio of peritoneal fluid to plasma 
was 26.6 (+7.1). Peak plasma concentration was 0.25 (+0.06) µg/ml at 30 minutes. 
The total milligrams of mitomycin C excreted in the urine at 15-minute intervals are 
also shown. 
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After 90 minutes of hyperthermic intraperitoneal mitomycin C treatment, 
71% of the drug had left the peritoneal space, which meant 29% of the drug 
was discarded with the removal of the lavage fluid.  As 9% of the total drug 
administered was excreted in the urine, the majority (62%) of the total drug 
administered remained in the body at 90 minutes. 

The AUC ratios were correlated with the extent of peritonectomy and the 
extent of visceral resections (Figure 15). The extent of peritonectomy caused 
increased clearance of mitomycin C with borderline significance (p=0.051). 
The area under the curve ratio decreased approximately 15% between 0 and 
5 peritonectomy procedures and, the extent of visceral resections decreased 
the area under the curve ratio if relatively minor visceral resections were 
performed (Figure 15, middle graph).  However, if patients required total 
abdominal colectomy (right colon resection, transverse and descending colon 
resection and, rectosigmoid colon resection) or a gastrectomy, the area under 
the curve ratio increased. The lower graph in Figure 15 represents the change 
in area under the curve ratio if patients with extensive visceral resections 
were removed from the analysis, including patients with total colectomy and 
gastrectomy. If the patients with large resection of peritoneal diffusion sur-
face were removed from analysis, the clearance of mitomycin C from the 
peritoneal space increased minimally with visceral resection. 
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Figure 15. Plot of the area under the curve ratios by extent of peritonectomy and 
extent of visceral resection. As extent of peritonectomy increased, the area under the 
curve ratio diminished (top). Visceral resection diminished the area under the curve 
ratio except in patients requiring total colectomy or gastrectomy. Larger visceral 
resections were associated with an increased area under the curve ratio (middle).  
The bottom graph shows a plot of area under the curve ratio by extent of visceral 
resection in patients with total colectomy and gastrectomy removed from the analy-
sis. 



 52 

In 10 of 145 patients, the peritoneal space was noticeably contracted, which 
only allowed a portion of the full 1.5 L/m2 volume to enter and only 65% or 
less of the calculated volume of the chemotherapy solution could be instilled 
into the abdominal space. The reduced total diffusion surface decreased 
(non-significantly) the peritoneal fluid AUC (p=0.090: Figure 16) and signif-
icantly reduced the plasma AUC (p=0.0001).  
 

 
Figure 16. Study of a limited peritoneal space and its effect on pharmacokinetics.  
The peritoneal fluid (top) and plasma (bottom) area under the curve are plotted in 
two groups of patients. One subgroup of 10 patients only received 65% or less of the 
total volume of chemotherapy solution into the intraperitoneal space. The concentra-
tions of mitomycin C in this group was compared to the average in the 145 patients. 
With a limited peritoneal space, there is less mitomycin C absorbed into the plasma 
(p=0.0001) 
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Discussion 
The location and chemical state of the majority of retained mitomycin C has 
not yet been determined, but it is possible the active drug remains in visceral 
surfaces, parietal peritoneum and, preperitoneal tissues. As a reliable assay 
of the concentrations of tissue mitomycin C does not exist, the determination 
of the anatomic site and anticancer activity of this large proportion of the 
total mitomycin C administered cannot yet be determined. 
An important consideration in the safe administration of hyperthermic intra-
peritoneal chemotherapy after major surgical intervention is the effects sur-
gery will have on chemotherapy pharmacokinetics. To determine this, the 
extent of peritonectomy and the extent of visceral resections were quantified 
and then correlated with the plasma area under the curve and area under the 
curve ratios of mitomycin C. The extent of peritonectomy increased the 
clearance of mitomycin C with borderline significance (p=0.051). If patients 
required total abdominal colectomy or gastrectomy, the area under the curve 
ratio increased. This large organ resection reduced visceral peritoneal sur-
faces and reduced clearance of mitomycin C from the abdomen and pelvis. 
Ten of the 145 patients had unusually small peritoneal spaces.  With De-
drick’s hypothesis for predicting intraperitoneal pharmacokinetics, the pa-
tients with a reduced total diffusion surface would have reduced mitomycin 
C clearance from the peritoneal space (66). In addition, a reduced plasma 
area under the curve was predicted, which was confirmed by the pharmaco-
logical data. In patients with incomplete cytoreduction, both visceral and 
parietal surfaces will be restricted due to residual cancer nodules holding 
tissues together. In this clinical situation, a reduced peritoneal diffusion sur-
face is expected and, less extensive peritonectomy and visceral resection 
would cause reduced clearance of mitomycin C. In the 20 patients with in-
complete cytoreduction, the area under the curve ratio increased statistically, 
compared to 125 patients with complete removal of all cancer. Mitomycin C 
clearance was reduced in patients with incomplete cytoreduction. 

These data are relevant for the understanding of optimal hyperthermic 
intraperitoneal chemotherapy treatment. Patients who present with pseudo-
myxoma peritonei and a large volume of mucinous ascites have an expanded 
peritoneal diffusion surface. With the expanded diffusion surface, a more 
rapid clearance of mitomycin C from the peritoneal space and a higher plas-
ma area under the curve for mitomycin C is expected; consequently, there is 
more likelihood of bone marrow toxicity occurring. The large variation in 
total diffusion area in peritoneal carcinomatosis patients poses a challenging 
problem in standardizing dosimetry. Thus, in patients treated with an open 
technique where drug dose and volume are determined by body surface area, 
patients with a contracted peritoneal space are likely to be under-treated. The 
smaller diffusion surface presents limited access to the chemotherapy solu-
tion, with less of the drug crossing the peritoneal and preperitoneal tissues. 
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In these patients, a closed abdomen intraperitoneal chemotherapy technique 
with its increased pressure may be preferable, as increased intra-abdominal 
pressure expands the total diffusion surface and increases drug delivery to 
peritoneal and preperitoneal tissues 

Although mitomycin C is not regarded as a prodrug, it is not active 
against cancerous tissue as an unchanged molecule:  the drug is modified 
into an active state as it enters the cell (165). The routine monitoring of mi-
tomycin C by HPLC identified six of 145 patients (4%) with unusual chro-
matographs, suggesting the mitomycin C was not metabolized in these pa-
tients and probably had no anticancer effects. Thus, these patients have a 
guarded prognosis and deserve special attention at follow-up. This pheno-
menon might represent a mechanism of absolute drug resistance for these 
individuals and highlights the need for multidrug treatment regimens. 

The plasma AUC was calculated for patients with low, moderate and, high 
urine output during the 90 minutes of heated intraperitoneal chemotherapy.  
The plasma area under the curve of mitomycin C was not elevated with re-
duced urine output nor reduced by high urine output, suggesting the volume 
of excreted urine had no impact on the amount of mitomycin C eliminated 
by the kidney. 

Paper V 
Toxicity of a Uniform Combined Bidirectional Hyperthermic 
and Perioperative Intraperitoneal Chemotherapy Regimen after 
Cytoreductive Surgery in 147 Peritoneal Surface Malignancy 
Patients 

Materials and Methods 
The data analyzed for the 147 consecutive PC patients is this study was col-
lected at one peritoneal surface malignancy center. This effort involved a 
three-step process: a database to document the extent of cytoreductive sur-
gery was constructed; all adverse events (AE) were cataloged with a dedicat-
ed adverse event score for peritoneal surface malignancy that was applied 
prospectively; and, statistical determination of the relationships between 
these two sets of data.  

Results 
The incidence of AE was 21% for grade I (38 AE in 31 patients), 46% for 
grade II (106 AE in 68 patients), 20% for grade III (39 AE in 29 patients) 
and, 12% for grade IV (31 AE in 18 patients). The most common adverse 
events were related to infection of the urinary tract. Eleven patients (7%) 
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were required to go back to the operating room and 12 patients (8%) had 
grade IV AE not requiring return to the operating room.  

In univariate analysis grade III AE are correlated with PCI >21 (p=0.041), 
pelvic peritonectomy (p=0.047), peritonectomy of right upper quadrant 
(p=0.035) or omental bursa (p=0.038), gastrectomy (p=0.025), placement of 
an ostomy (p=0.043), fresh frozen plasma replacement (p=0.021) and adding 
EPIC to HIPEC (p=0.001). Grade IV AE are correlated with PCI>21 
(p=0.005), incomplete cytoreduction (p= 0.007), peritonectomy of left upper 
quadrant (p=0.011) or anterior abdominal wall (p=0.003), placement of an 
ostomy (p=0.012), blood replacement (p<0.001), fresh frozen plasma re-
placement (p<0.001) and operating time (p=0.0005). Combined grades III/IV 
AE are correlated in the same univariate analysis with tumor grade 
(p=0.046), peritonectomy of the anterior abdominal wall (p=0.032), right 
colonic resection (p=0.014), number of visceral resections per patient 
(p=0.021), placement of an ostomy (p=0.025), blood replacement (p<0.001), 
operating time (0.042) and adding EPIC to HIPEC (p=0.022). 

In the subsequent multivariate analysis grade III AE are correlated with add-
ing EPIC to HIPEC (p=0.0016), grade IV AE are correlated with incomplete 
cytoreduction (p=0.0382) and fresh frozen plasma replacement of more than 
four units (p=0.008). Combined grades III/IV AE were correlated with the 
performance of a right colonic resection (p=0.0196) and adding EPIC to 
HIPEC (p=0.0490). 

Discussion 
This data and previously published work highlight adverse events associated 
with CRS and HIPEC are closely correlated with the extent of the CRS. 
However, the NCI adverse events score has not been validated for treatment 
protocols with surgery as an essential component of the cancer chemothera-
py regimen. Therefore, a dedicated adverse events score was developed and 
applied prospectively. The multivariate analysis indicated incomplete cyto-
reduction and the requirement for fresh frozen plasma appeared to be the 
controlling factors leading to an adverse outcome. Patients who have had 
one serious AE will often have several AE.  Surgeons involved in CRS and 
HIPEC should take note of patients who have a single adverse event, as mul-
tiple adverse events are likely to occur in the course of hospitalization.   
Of the 21% of patients developing neutropenia, severe neutropenia was only 
observed in the receiving EPIC: profound neutropenia occurring in a patient 
with class IV AE can be fatal. The patients that were selected for treatment 
were those considered capable of tolerating absolute neutropenia without an 
adverse event. In an update of the morbidity/mortality data, there were both 
similarities and differences to previous reports (166). The length of hospital 
stay (21 days) has been consistent for 20 years and, the mortality rate of 2% 
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or less has remained relatively constant.  However, the incidence of fistulas 
(down from 3% to less than 1%) and the incidence of compartment syn-
drome (down from 2% to 0%) have changed (166) and, problems with 
wound healing induced by the perioperative chemotherapy were managed 
more successfully in the current study than previously.  
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The long-term goal of these research efforts is for pharmacological engineer-
ing of a maximally effective perioperative chemotherapy regimen associated 
with a mortality of less than 1% and an incidence of grade III/IV AE of less 
than 10%. 
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General Discussion 

Peritoneal carcinomatosis is a common manifestation of both gastrointestinal 
and gynecological malignancies. This condition is associated with infaust 
prognosis and poor quality of life. Improvements in systemic chemotherapy 
have not resulted in long-term survival in PC patients. The new treatment 
strategies that have emerged are based on a new paradigm, which consider 
PC as a loco-regional disease warranting a loco-regional approach. This 
approach is based on a combination of cytoreductive surgery and periopera-
tive chemotherapy. The cytoreductive surgery is aimed at removing all ma-
croscopic disease and, subsequent perioperative IP and IV chemotherapy 
should address the residual microscopic disease. This novel approach has 
produced encouraging clinical results, which is in strong contrast to prior 
failure (25-26, 42-51). This in itself represents level I-C evidence. 

Now the concept is proven, the question of further improvement remains. 
Thus, a dual pathway needs to be explored. First, more randomized and non-
randomized clinical trials would increase the amount of evidence available. 
However, although these trials are the gold standard of clinical medicine, the 
window of opportunity for performing such randomized trials is closing 
quickly (167). The second pathway is to build further pharmacokinetic and 
pharmacodynamic rationale for these treatment regimens. This thesis ex-
plores the pharmacologic approach. 

Timing of Intravenous Chemotherapy 
Papers I and II provided a pharmacologic rationale for the intravenous use of 
chemotherapy in the operating room as part of the bidirectional treatment 
regimens. Until now, the use of IV chemotherapy in this setting was based 
on the extrapolation of evidence from literature on systemic chemotherapy 
(97).  

5-Fluorouracil given intravenously as a rapid infusion in the operating 
room had a definite pharmacokinetic advantage for loco-regional applica-
tion, as the rapid distribution of the IV administered drug resulted in higher 
levels of the cancer chemotherapy drug in the intraperitoneal fluid after 15 
minutes. In contrast to plasmatic 5-fluorouracil levels, which deteriorated 
rapidly, the near absence of metabolism in the peritoneal fluid resulted in 
sustained high levels throughout the procedure. This kind of pharmacologi-



 59

cally advantageous situation has not been reported when 5 fluorouracil was 
being given as systemic chemotherapy outside the setting of an expanded 
abdomen in the operating room.  
The use of intravenous ifosfamide (Paper II) confirmed the pharmacokinetic 
advantage over IV intraoperative chemotherapy in PC patients. In contrast to 
5 fluorouracil, ifosfamide was not administered as a rapid infusion at the 
start of the HIPEC procedure but as a 90 minute infusion throughout the 
duration of HIPEC. This had a profound impact on the pharmacokinetics of 
the cancer chemotherapy drug. 

Heat Targeting of Normothermic Administered 
Intravenous Cancer Chemotherapy Drugs 
After intraoperative IV administration of 5-fluorouracil or ifosfamide (Pa-
pers I and II), substantial levels of these drugs were found inside the perito-
neal fluid and tumor nodules. This created a pharmacologically advanta-
geous situation where a normothermic administered IV drug became subject 
to the effect of the local hyperthermia in the peritoneal fluid and tumor no-
dule. Urano et al. (146) report the substantial augmented cytotoxicity of a 
number of chemotherapy drugs (such as ifosfamide) in hyperthermic condi-
tions and, data from Leunig et al. (128) suggests the decreased interstitial 
fluid pressure in tumor nodules due to local hyperthermic conditions im-
proves the therapeutic response. Both these observations may be important 
in the choice of new chemotherapeutic targets for this intravenous compo-
nent of bidirectional chemotherapy regimens. There were consistent high 
levels of ifosfamide and its metabolites at the end of the 90-minute infusion 
(Paper II) and, the prolonged hyperthermia within the peritoneal space sus-
tained the augmented cytotoxic effects of the cancer chemotherapy, without 
increasing its systemic toxicity. 

The Tumor Nodule as a Pharmacologic Endpoint 
High levels of the cancer chemotherapy drugs inside the tumor nodules were 
present (Papers I, II and III). The levels of doxorubicin inside tumor nodules 
were higher than expected from the AUC IP/ AUC IV ratios (Paper III), 
suggesting  AUC ratios might not be the most appropriate means of assess-
ing efficacy of these treatment protocols. Further evidence to support this 
hypothesis came from the different doxorubicin levels present in tumor no-
dules of DPAM and PMCA. The identical pharmacokinetic advantage (ex-
pressed as AUC IP/IV ratios) resulted in different drug levels according to 
the density of the tumor nodules: this stressed the importance of pharmaco-
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dynamic variables such as tumor nodule density, size, and, vascularity.  An 
increased awareness of the pharmacodynamic aspects of these treatment 
protocols has also been reported by Ceelen et al. (168). Therefore, it was 
proposed that the tumor nodule was a more appropriate pharmacological 
endpoint than AUC ratios. 

The Importance of the Total Diffusion Area 
In PC patients with a contracted abdomen and thus decreased total diffusion 
area, the clearance of mitomycin C from the peritoneal cavity to the plasma 
decreased substantially (Paper IV). Therefore, these patients are at risk of 
under-treatment. As predicted by the Dedrick model, such a decrease in total 
diffusion area results in less transport over the peritoneal plasma barrier (64-
68). A similar IP level will result in different IV (and intratumoral) levels, 
according to the total diffusion area. In contrast to the findings in PC patients 
with a contracted abdomen, a higher MTC would be expected in patients 
with grossly distended abdomens, due to mucine accumalation or ascites, 
before surgery.  

With respect to these pharmacologic data, a change in dosimetry for these 
treatment protocols might be warranted, according to the diffusion area. An 
alternative approach might be the use of increased pressure (as in closed 
abdomen perfusion or laparoscopic HIPEC) to compensate for the decreased 
total diffusion area in PC patients with a contracted abdomen (103-106), as 
penetration of the cancer chemotherapy solution into tissues increases with 
an increasing pressure (99-102). 

A New Conceptual Model 
The Dedrick model considers diffusional vectors as the main driving force 
for these treatment protocols, but this has inherent shortcomings as only 
pharmacokinetics variables (such as dose, volume and, duration) are consi-
dered. The data presented in this thesis highlighted that pharmacodynamic 
variables (such as tumor density, size, vascularity) are equally important in 
the pharmacological assessment of cytotoxic effect. Therefore, the tumor 
nodule can be considered the center of a new conceptual model (Paper I) as 
is presented  in Figure 17. In this way, the equal importance of pharmacoki-
netic and pharmacodynamic data is emphasized. The mitomycin C data on 
non-metabolizers (Paper IV) highlighted the cytotoxicity of these cancer 
chemotherapy protocols is at the level of the individual tumor nodule. 
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Figure 17. Conceptual model of intraoperative chemotherapy 

Toxicity of Combined CRS and Perioperative 
Chemotherapy. 
The morbidity and mortality of a new bidirectional intraoperative chemothe-
rapy regimen in PC patients is reported in Paper V. Although pharmacologic 
research should offer guidance for improving these treatment regimens, 
these pharmacologically optimized protocols should always stand the test of 
toxicity studies. Pharmacological improvement should be in balance with the 
morbidity and mortality of any given treatment regimen; simultaneously, the 
subsets of patients at risk for increased toxicity should be identified (Paper 
V).  
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