
Chapter 30

Intraperitoneal Chemotherapy

M. F. Flessner

For the nephrologist, the major therapeutic use of the peritoneal cavity is dialysis, but the peritoneum is a portal of

entry for a wide variety of local and systemic therapies. Because of intravenous access problems in neonates,

transfusion of packed red blood cells was one of the earliest uses of intraperitoneal (i.p.) therapy [1, 2]. Insulin is

often placed in the dialysate in order to treat glucose intolerance during peritoneal dialysis [3], and i.p. insulin delivery

is currently undergoing investigation as a means of long-term therapy in diabetes [4–6]. Erythropoietin, prescribed as

replacement therapy for the anemia related to end-stage renal disease (ESRD), has been administered intraperitoneally

[7, 8]. In contrast to these forms of i.p. therapy, which are designed to treat systemic illnesses, antibacterial agents are

injected intraperitoneally in order to treat peritonitis [9]. In the past 20 years, i.p. chemotherapy has increasingly been

evaluated for treatment of malignancies localized to the peritoneal cavity [10–29].
Since i.p. therapy is more cumbersome than systemic, intravenous (i.v.) delivery, the critical point that the clinician

must determine is the usefulness of such an approach. Is there a pharmacokinetic advantage of administering the drug

regionally (i.p.) versus systemically? In other words, does the drug achieve therapeutic concentration in the region of

interest while maintaining an acceptably low level in the general circulation and thereby minimize toxicity? The i.p.

administration of a drug such as erythropoietin, which has a site of action in the bone marrow and not the peritoneal

cavity, may not be an appropriate use of this route. Because of a slow rate of systemic absorption, very large

concentrations of erythropoietin must be injected with the peritoneal dialysate to attain levels in the blood which

are equivalent to those attained with i.v. or subcutaneous (s.c.) dosing. Much of this expensive agent must be wasted,

since the solution must be drained from the patient before the drug is fully absorbed [7].
What follows is an analytical approach to the evaluation of the i.p. route of administration with respect to the i.v.

route. The approach assumes that the target of the therapy is either a cellular component in the peritoneal cavity

(bacteria or tumor ascites cells) or the tissues surrounding the peritoneal cavity. The properties of the target

significantly influence the method of delivery and the feasibility of the technique.

Pharmacokinetic Advantage

At steady state, the quantitative formula for pharmacokinetic advantage (Rd) for a target within the peritoneal cavity is

in its simplest form [30]:

Rd ¼
CP

CB

� �
i:p:

CP

CB

� �
i:v:

(1)

where:CP= concentration in the peritoneal cavity,CB= concentration in the systemic circulation, and the subscripts

indicate the route of administration. In planning a therapeutic strategy the physician would like to predict Rd prior to

administration of the drug in humans. The pharmacokinetics of a particular drug are based on the transport

physiology of the region in which it is administered, as well as pharmacokinetic processes in the rest of the body.
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Multicompartmental Concept

Physiologic characteristics of the peritoneal cavity, which cause it to be advantageous for removal of waste metabolites
and poisons from the body, also provide an excellent portal of entry into the body for many drugs. The tissue space
surrounding the cavity is capable of absorbing almost any agent including cell size materials placed in the cavity.
Fig. 30.1 illustrates the complexity of the peritoneal cavity, in terms of pharmacokinetic pathways. Solute and fluid
transfer as indicated from the peritoneal cavity occurs into the various tissues surrounding the cavity and from there
into the body compartment via the circulation. Although all surfaces are potentially targets for any drug or agent
within the peritoneal cavity, the relative importance of a specific area is determined by whether the surface is in contact
with the fluid in the cavity. This issue is particularly important in the regional administration of antineoplastic agents
and will be discussed below.

In Fig. 30.1, the peritoneal tissue has been divided into four major compartments. Each of these compartments
receives blood originating in the body compartment. The blood flows through capillary exchange vessels distributed
throughout the tissue and returns to the body compartment. Lymph flows from each tissue space to the body
compartment as illustrated in Fig. 30.1. Each tissue compartment receives solutes from the peritoneal cavity with a
solute mass transfer rate of S and fluid at rate F (S and F are illustrated as positive from the cavity into the tissue).

The body is shown as a single compartment in Fig. 30.1, but it could be represented bymultiple compartments, if the
pharmacokinetic characteristics of the drug demand it. For example, a drug that has its major effect or chief site of
metabolism in the liver would be a candidate for such a model, in which the relative rates of absorption into each tissue
would determine the overall effectiveness of the medication. The volume of the body compartment equals the volume
of distribution of the drug in the total body excluding the tissues surrounding the peritoneal cavity. Its concentration is
assumed to equal the arterial concentration. The drug is cleared at some rate CLBC and there may exist some rate of
input into the compartment (IBC). Blood flows from the body compartment through each peritoneal compartment
with rate Qi. Lymph flows from each organ system (Li) through two major systems into the body compartment: the
thoracic duct (LTD) and the right lymph duct (LRLD).

The peritoneal cavity compartment is assumed to be well mixed; i.e., the concentration is the same throughout the
cavity. The cavity may have a solute input rate of IPC and a drainage rate ofDPC. The cavity does not exchange directly
with the body compartment; transport occurs only with the tissue compartments.

Fig. 30.1 Compartmental model concept of
intraperitoneal drug delivery in which
transport occurs between the cavity and
specific tissues surrounding the cavity.
Symbols: I = infusion; CL = clearance;
D = drainage from the cavity; Q = blood
flow through organ or vessel; L = lymph
flow from tissue to body compartment; F=
rate of convection from the cavity to tissue;
S= rate of solute transfer from the cavity to
tissue. Subscripts: A = abdominal wall and
psoas; BC = body compartment; D =
diaphragm; HA = hepatic artery; L =
liver, PC = peritoneal cavity; PV = portal
vein; RLD = right lymph duct; TD =
thoracic duct; V = other viscera including
the intestines, stomach, pancreas, and
spleen. See text for a full description
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The diaphragm is included as a separate compartment because of the specialized subdiaphragmatic lymphatic

system [31, 32], which accepts cell sizes to 25 mm in diameter [33] and which accounts for 70–80% of the total lymph

flow from the cavity [34–36]. The diaphragm also experiences relatively large but variable hydrostatic pressure

gradients during respiration, because of its position between the thoracic and abdominal cavities. Expiration facilitates

direct fluid movement into the diaphragmatic interstitium and into the lacunae of the subdiaphragmatic lymphatic

apparatus [31, 32].
The abdominal wall is shown as a separate compartment because it is the single largest recipient of fluid transfer

from the cavity. The abdominal wall is of major importance as well because it is likely that much of the solute transfer

flows through this tissue due to contact with the fluid [37]. In animal experiments this amounts to 40–50% of the total

fluid movement out of the cavity [35, 38, 39]. The reason for this fluid movement has been attributed to the hydrostatic

pressure gradient across the abdominal wall. In addition, the lymphatics are not well developed in this tissue and

therefore do not provide the safety valve that they do in intestinal tissue [40]. Proteins or other macromolecular drugs,

which are carried into the muscle tissue as a result of the hydrostatic pressure-driven convection will transfer to the

body compartment slowly [38, 41, 42].
The liver is separated from the other visceral tissues because of its unique portal circulation coupled with its role in

drug metabolism. The liver may be primarily responsible for protein losses into the cavity.
The ‘‘other viscera’’ include the spleen, stomach, intestines, and the pancreas, which are lumped together in a single

tissue compartment. The viscera present the largest portion of the peritoneal surface area, but it is unknown at this time

howmuch of this surface area is in contact with the fluid at any time during a therapeutic treatment. As drugs transport

into the tissue from the cavity they will also be taken up by the networks of vessels within each of these tissues and then

return to the general circulation. The rate of the drug transfer to the blood is governed by diffusion and convection

(solvent drag) within the tissue space, the permeability-surface area density of the blood exchange vessels, and the rate

of blood perfusion. The process of drug uptake from the peritoneal cavity includes the same physiological mechanisms

responsible for transport during dialysis except that the direction of transport is reversed.
Table 30.1 lists the human parameters, which are independent of solute size but are necessary to solve the system in

Fig. 30.1. The first two columns concern peritoneal surface area. The first column specifies the percentage of the total

peritoneal surface area, while the second tabulates the total surface area in cm2. The data of Rubin et al. [43] are used

because the measurements were more conservative than those of Esperanca and Collins [44], since the mesentery was

not included. The areas have been scaled to a 70 kg body weight by the factor (body weight)0.7 [30]. It should be noted

that these are total surface areas that have resulted from the dissection of each tissue and its surface area measured by

planimetry; these area values may not represent the true area of contact between the peritoneal fluid and the tissue.
The tissue weights were estimated as follows. The liver weight was taken directly from a table in Ludwig [45]. The

‘‘other viscera’’ weight was computed from the sum of the spleen (0.14 kg) and intestines. The latter were estimated

from the product of the total surface area [43], the average thickness of 2.5 mm [46], and the specific gravity of these

tissues, which was assumed to equal 1 g/cm3. The thicknesses of the abdominal wall and diaphragm were estimated to

be 2 cm and 0.3 cm [47], respectively, and the tissue weight was calculated in the same fashion as in the case of the

hollow viscera.
There have been a number of estimates of the rate of perfusion (qi) of the abdominal tissues. Measurements in the

control animals [48] for the parietal wall (0.06 mL/min/g tissue) and diaphragm (0.31) are listed in Table 30.1. Other

estimates [49] for the parietal wall tended to be much higher, because of the specific preparation and use of

vasodilators. The perfusion rates in the ‘‘other viscera’’ and the liver (includes both hepatic artery and portal flow)

can be estimated from total organ blood flows [50, 51] and divided by the weight of each system. The estimates for the

gastrointestinal tract agree with several other measurementsmade in a variety of tissues from other species [52–54]. The

total blood flows for the diaphragm and abdominal wall (Qi) can be calculated from the product of the organ weight

and qi.

Table 30.1 Adult human parameters which are independent of solute size (scaled to 70 kg body weight)

Tissue
Percentage total
surface area Ai (cm

2) Weight (g) qi (mL/min/g) Qtot (mL/min) L (mL/min) F (mL/min) L/F

Liver 13.2 1056 1800 0.83 1500 0.46 0.07 6.83

Other viscera (intestines
spleen, stomach)

67.9 5432 1700 0.65 1100 0.97 0.33 2.91

Abdominal wall 11 880 1960 0.06 118 0.04 0.67 0.05

Diaphragm 7.9 632 190 0.3 57 0.27 0.27 1.01
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Thoracic duct lymph flow has beenmeasured in humans and typically has a flow rate of 1–1.6 mL/h/ kg body weight
[55, 56]. Nonruminant animals have flow rates on the order of 2–3 mL/h/kg body weight [35, 57–59]. Morris [57]
estimates that the contributions of the liver and gastrointestinal tract amount to 30% and 64%, respectively, of the
thoracic duct flow. The remaining 6% of the total flow is from all the skeletal muscle below the diaphragm, including
the psoas, the abdominal wall, and the lower limbs. In order to estimate the lymph flow for humans, the mean value for
the thoracic duct (1.3 mL/h/kg body weight) was multiplied by the percentages obtained by Morris for each organ
system: 30% for liver and 64% for other viscera. One-third of the remaining 6% was arbitrarily assumed to be the
contribution of the abdominal wall. Total lymph flows were then calculated by multiplying each tissue-specific lymph
flow rate by the body weight (70 kg) and converting to mL/min.

Of the lymph that exclusively leaves the peritoneal cavity, 70–80% occurs through the subdiaphragmatic system
[34]. This is a major site for transport of fluids, macromolecules, and cellular materials from the cavity to the blood.
Values for flow range from 0.6–1.8 mL/h/kg body weight in the anesthetized rat [35] to 0.1 mL/h/kg in anesthetized
sheep and 0.50 mL/h/kg in awake sheep [60]. Flow rates in awake, healthy continuous ambulatory peritoneal dialysis
(CAPD) patients vary from 0.14 to 0.28 mL/h/kg body weight [54, 55]. The rates appear to increase in cirrhosis to
0.43 mL/h/kg [56]. We have chosen the mean rate of 0.23 mL/h/kg and multiplied it by 70 kg to find the diaphragmatic
lymph flow rate of 16.1 mL/h.

The next to last column in Table 30.1 lists estimated total flow rates of fluid inmL/min to each organ system. The total
flow from the cavity has been estimated from the average of three studies in healthy CAPDpatients [53–55, 57] to be 1.33
mL/min. This flow is driven by the hydrostatic pressure in the cavity [29, 58, 59] and occurs in the face of hyperosmolar
solutions, which draw fluid into the cavity [31, 33, 59–61]. These studies have shown that protein acts as amarker for fluid
movement. The total hourly flow rate has been partitioned to each set of tissues on the basis of the fraction of protein
deposition from the cavity of the rat [31] with corrections for the rates of lymph flow from each tissue.

Blood Flow: Does It Limit Solute Transfer?

Estimates of the effective blood flow surrounding the peritoneal cavity suggest that transport between the blood and
the cavity is not limited by the supply of blood, except in cases of severe hypotension. Physiologists have attempted to
estimate the ‘‘effective’’ blood flow by measuring the clearances of various gases from the peritoneal cavity, assuming
that these were limited by blood flow only. Gas clearances of hydrogen [61, 62] and CO2 [63] have been determined in
small mammals and found to be equal to 4–7% of the cardiac output. However, this method of determining the
effective peritoneal blood flowmay actually underestimate the true blood flow. Collins [64], who studied absorption of
several inert gases from peritoneal gas pockets in pigs, found almost a three-fold range in clearance, which correlated
with the gas diffusivity in water. If the transport of these gases was limited by blood flow, the clearance of each gas
would have been the same. The results imply that the transport of these gases is not limited by blood flow but by
resistance to diffusion in the tissue. Gas clearance data therefore underestimate the true peritoneal blood flow, and the
conclusion, based on lumped clearance data, would be that blood flow limitation in the peritoneal cavity is unlikely.

The lumped clearance argument, however, does not rule out specific limitations in a portion of the peritoneal cavity,
which may be offset by another set of tissues. To investigate the possibility of blood flow limitation of transport across
specific surfaces of the peritoneum, the chamber technique was utilized to answer the question of ‘‘local’’ limitations of
blood flow on urea (which should diffuse rapidly due to its small molecular weight and which would be more likely to
demonstrate blood flow limitations) transport across the liver, stomach, cecum, and abdominal wall [65]. The mass
transfer rates of urea were determined under conditions of control blood flow, blood flow reduced by 50–80%, and no
blood flow (postmortem); the blood flow was monitored simultaneously with laser Doppler flowmetry. While all four
tissues showed marked decreases in urea transport after cessation of blood flow, only the liver displayed a decrease in
the rate of transfer during periods of reduced blood flow. Further studies with the chamber technique tested the effects
of blood flow on osmotically induced water flow from the same four tissues; results demonstrated statistically
nonsignificant decreases in water flow in the cecum, stomach, and abdominal wall [66]. Analogous to the solute
data, the liver demonstrated a significant drop in water transfer with reduced blood flow. Thus, transport of both
solute and water across the surface of the liver is limited by blood flow. Zakaria and co-workers [67] have shown in rats
that the liver is responsible for only a very small amount of the actual area of transfer; this implies that a drop in blood
flow to the liver would haveminimal effects on overall transperitoneal transport. These data support and extend earlier
studies of peritoneal dialysis in dogs [68] and rats [69] during conditions of shock and demonstrate relatively small
changes in solute transfer. These all support the use of the technique for solute or fluid removal during periods of low
systemic blood pressure and the probable low blood perfusion of the organs surrounding the peritoneal cavity.
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Simplified Compartmental Model

The Problem of Surface Contact Area

The area of the peritoneum in contact with the therapeutic solution is typically a fraction of the anatomic area.
Research in animals [37, 70] and humans [71, 72] has clearly demonstrated that during dialysis only about 30% of
the total surface area is covered at any one time. Although over 24 h, the entire peritoneum will make contact with an
i.p. solution [37], the duration of contact with specific parts of the peritoneum is unknown. Dialysis solutions
containing glucose are gradually absorbed from the cavity and, therefore, there is a receding volume and contact
surface area after the effective osmolar gradient is lost. An alternative to the typical dialysis solution is one containing
4% of icodextrin (a 20 to 30 kDa starch), which has been shown to maintain the peritoneal volume at a constant for up
to 48 h [73], with a loss of 50% over the next 48 h. A 7.5% icodextrin solution has been shown to be effective as a drug
carrier for 5- fluorouracil [74] for up to 96 h; this type of solution maintains the volume and the area of contact
relatively constant. However, even the icodextrin solutions do not guarantee contact with the target areas for any given
length of time. The volume of the solution, the size of the patient, and the patient’s position all affect the peritoneal
contact area. For example, if the patient is ambulatory, even a large volume (3 L) may pool in the bottom of the
peritoneal cavity. Large portions of the peritoneum may not be covered [37], and therefore the residence time of the
medication may be a problem for certain regions of the cavity.

The lack of certainty about the surface contact area and the residence time at each tissue surface complicates the
implementation of the multicompartmental model of Fig. 30.1. There are just no data on which to base a weighting
system for fluid contact to a particular tissue. In addition, research in animals has demonstrated that for small
molecules (�500 Da), the relative permeability of visceral and parietal peritoneal surfaces are nearly the same [75].
Formany substances, themodel concept of Fig. 30.1 requires many defined parameters, and a simpler approach can be
employed to calculate Rd. A number of examples will follow the simplified theory. While Eq. 1 can also be applied to
the treatment of malignant ascites, its use in treating metastatic tumor implants is complicated by the altered tumor
properties that impact the penetration and effectiveness of the agent.

Simplified Model Concept

The model concept presented in Fig. 30.2 is a simple, two-compartmental approach, without regard to the anatomy
and physiology of the system. It is the most straightforward concept to estimate theRd fromEq. 1. The body consists of
two compartments: 1) the systemic blood circulation that circulates through the drug’s volume of distribution (VD) and
2) the peritoneal cavity where the therapeutic drug is in solution. The transfer of drug across the so-called ‘‘peritoneal
membrane’’ is modeled as a simple transfer of mass as follows:

rate of mass transfer ¼ dðCPVPÞ
dt

¼ �MTACðCP � CBÞ (2)

where MTAC = the overall mass transfer-area coefficient for the drug or solute, CP = the concentration in the
peritoneal cavity, VP = the volume in the peritoneal cavity, and CB= the concentration in the blood. A mass balance
on the blood yields:

dðCBVDÞ
dt

¼MTACðCP � CBÞ � CLBCðCBVDÞ (3)

where CLBC = the total body clearance, which is often approximated by the glomerular filtration rate divided by VD

for unbound, water-soluble drugs. Fig. 30.3 provides MTACs for water-soluble drugs in normal dialysis patients and
in patients undergoing i.p. chemotherapy [76–78]. These may underestimate or overestimate the mass transfer of
particular drugs in tumor-bearing patients. As can be seen in Fig. 30.3, the MTAC for heated drugs is considerably
higher than the nonheated solutions [79–81]. This likely due to the combination of vasodilation with increased
peritoneal blood flow and greater surface contact area with the use of dual catheters and a continuous flow system.
The area is not well defined in these perioperative procedures, but the technique can significantly enhance the
pharmacokinetic advantage and the efficacy [82]. Drugs that are more lipid soluble will have an order of magnitude
higher rate of clearance from the peritoneal cavity [83–85].
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Variation of MTAC with Body Size

Figure 30.4 shows the clearance (�MTAC) for urea and inulin for the rat, rabbit, dog and human; these species cover a

body-weight range from 200 g to 70 kg [30]. The parameter increases as the 0.62–0.74 power of body weight for inulin

and urea, respectively. The average of these two values is very close to the two-thirds expected for body-surface-area

scaling. Keshaviah and colleagues [82] demonstrated a linear correlation between the volume at which MTAC was

maximum and the body surface area in a study of 10 patients with body surface areas ranging from 1.4 to 2.3 m2. Since

the characteristic time for absorption from the peritoneal cavity is equal to VP/MTAC, similar time scales can be

Fig. 30.2 Simplified two-compartment model. Nomenclature is the same as in Fig. 30.1. MTAC = mass transfer-area coefficient; CB =
concentration in blood;VD=volume of distribution for drug in body compartment;CP= concentration in peritoneal cavity;VP= volume
in peritoneal cavity. See text for details

Fig. 30.3 Mass transfer-area coefficient (peritoneal clearance) versus molecular weight
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achieved in humans and experimental animals if the volume is scaled as the two-thirds power of the body weight. For
example, 2 L in the peritoneal cavity of the 70 kg human patient (29mL/kg) would be equivalent to 40mL in a 200 g rat
(200 mL/kg) because (200/70,000)2/3 (2,000) = 40. These scaling criteria permit the design of experiments, which more
accurately reflect in small animals dialysis that is carried out in humans.

Calculation of the Pharmacokinetic Advantage

The solution of Eqs. 2 and 3 requires the parameters of VD, CLBC, and the MTAC for each solute and the doses to be
given (dose = C � V for each compartment), which are given i.v. or i.p. at time = 0. The concentration versus time
may then be calculated in each compartment for each route of administration; these concentrations define the Rd.

Alternatively, if a drug is infused at a constant rate into a fixed volume of fluid in the peritoneal cavity until steady
state is achieved, then a regional advantage will be observed:

Ri:p: ¼ CP=CBð Þi:p: (4)

Similarly, if the drug is infused at a constant rate intravenously with the same fixed i.p. volume of fluid, then the
corresponding concentration ratio may be defined

Ri:v: ¼ CP=CBð Þi:v: (5)

The pharmacokinetic advantage Rd is defined as the ratio:

Rd ¼ Ri:p:=Ri:v: (6)

Conceptually, Rd expresses the relative advantage that may be achieved by administration of a drug directly into the
peritoneal cavity compared with i.v. administration. It has been shown [30] that the pharmacokinetic advantage may
be expressed as a remarkably simple equation if there is no elimination of the drug from the peritoneal region:

Fig. 30.4 Peritoneal clearance (or mass-transfer-area coefficient) for the indicated gases, urea, and inulin versus body weight. From [116]
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Rd ¼ 1þ CLBC=MTAC (7)

where CLBC = total body clearance (cm3/min). The same equation may be used for drug that is not administered by
continuous infusion to steady state if the exposure terms are defined as the areas under the peritoneal and plasma
concentration curves (AUCP and AUCB) following any schedule of administration if the system is linear in the sense
that none of the relevant parameters change with drug concentration or time.

Equation 7 indicates a large pharmacokinetic advantage for most hydrophilic drugs administered to the peritoneal
cavity. For example, a typical antibiotic would be expected to have aMTAC of the order of 10 mL/min (Fig. 30.3). If
the drug is cleared from the body by glomerular filtration at the rate of inulin, 125mL/min [86], then the expected value
of Rd is approximately 14.

Many drugs are eliminated by tissues within the peritoneal cavity, particularly the liver. This provides a first-pass
effect, which has the effect of increasing the natural pharmacokinetic advantage given by Eq. 7. The regional
advantage expected in the presence of some extraction of the drug by liver may be obtained from Dedrick [23]:

Ri:p: ¼
1þ CLBC

MTAC

1� fE
(8)

where f= the fraction of the absorbed drug that enters the liver through the portal system or by direct absorption into
its surface, and E= the fraction of that drug which is removed by the liver on a single pass. The quantity (1 – fE) is the
fraction of the absorbed drug that reaches the systemic circulation. If this fraction is small, then the natural advantage
to regional administration can be considerably enhanced.

We do not have adequate information on the value of f. It is generally thought that small molecular weight
compounds are absorbed primarily through the portal system [87]; however, there is evidence that some significant
fraction of the absorbed drug can bypass the liver [12]. In the Speyer study, concentrations of 5-fluorouracil were
observed to be higher in a peripheral artery than in the hepatic vein in three of four patients. Calculation of f was not
reliable because analysis of the data depended upon knowledge of the blood flows in the portal vein and drug
metabolism by gastrointestinal tissues, and these were not measured. The fact that about 15–20% of the peritoneal
surface area covers tissues which are not portal to the liver is consistent with the transport observations.

Application of Model to the Pharmacokinetic Advantage

Antibiotics: Vancomycin

Intraperitoneal antibiotic therapy is used to treat localized peritonitis. The goal of such therapy is the same as that of
antineoplastic agents: to maximize the concentration in the cavity in order to target the superficial tissues in the
peritoneal cavity. Since the subject of i.p. antibiotic therapy has been covered thoroughly in another chapter of this
text, we will illustrate the general approach to calculation of the regional pharmacokinetic advantage by application of
the theory to vancomycin, a drug that is currently one of the recommended therapies for i.p. infections due to gram-
positive organisms, which are resistant to cephalosporins and penicillins [9].

Vancomycin has a molecular weight of 1,500; 55% of the drug is bound to serum protein [88–90]. Its volume of
distribution is variable and is cited over a range of 0.64 L/kg in normal young humans [90] to 0.93 L/kg in the elderly
[88, 90]. Patients with renal failure (creatinine clearance less than 10 mL/min) have volumes of distribution averaging
0.9 L/kg [89]. The serum half-life of vancomycin is typically 6 h. However, since 90% of the injected dose is excreted by
the kidney [91, 92], the normal half-life of 6 h becomes markedly prolonged in renal failure. Clearance of the drug in a
normal (70 kg) patient is 100–140mL/min. In the patient with renal failure the clearance is correlated with iothalamate,
a marker for glomerular filtration rate [91]. Typical clearance rates for patients with creatinine clearance less than
10 mL/min average approximately 5 mL/min [89, 93].

The overall MTAC estimated from Fig. 30.3 is 4.0 mL/min. For the purpose of illustration, let us assume that the
overall clearance from the body of our patient on peritoneal dialysis is 5 mL/min and that the drug is given by
continuous infusion. Under these circumstances, the relative advantage of i.p. administration relative to i.v. admin-
istration is calculated from Eq. 11 modified to account for protein binding: Rd = 1 + 5/(4.0 � 0.45) = 3.8.

Because of the long half-life and the toxicity of high serum levels that might result if continuous infusion were
performed [88], the drug is usually given in either a single i.p. dialysate dwell every 24 h or as an i.v. infusion
approximately once a week. Bunke et al. [94] studied vancomycin pharmacokinetics by dosing patients with either
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10 mg/kg i.v. in a saline solution over 30 min or 10 mg/kg diluted in 2 L of 1.5% dextrose dialysate, which was allowed
to dwell over 4 h. By computing theAUCP/AUCB for i.p. delivery during the first 24 h, the regional advantage (Ri.p.) is
429/109 = 3.9. Repeating the same for i.v. delivery, the AUCP/AUCB (Ri.v.) is 78.4/297 = 0.26. The pharmacokinetic
advantage would then beRi.p/Ri.v. = 3.9/0.26= 15. This provides a strong theoretical and experimental argument for
i.p. vancomycin in appropriate cases of peritonitis.

Intraperitoneal Insulin

Human insulin is a small protein with a molecular weight of 5,808, which is secreted by the beta cells of the pancreatic
islets of Langerhans in response to a glucose load in the plasma [50]. The secretion occurs directly into blood which
circulates via the portal vein to the liver. The bulk of the hormone in the blood is in the unbound form [95]. Extraction
of the hormone by the liver is receptor-mediated, saturable, and typically amounts to 40–60% of the drug delivered in
the portal system [96]. After entering the general circulation, insulin distributes to the entire extracellular space [97]. In
particular, insulin circulates to the kidney and muscle, which, aside from the liver, are its other major targets. Under
normal conditions there is a portal-to-peripheral insulin concentration gradient, with the highest concentrations in the
liver [95]. In an effort to control diabetic hyperglycemia in a more physiological way, replacement insulin is increas-
ingly being administered intraperitoneally in order to mimic the normal physiology [96, 97].

Insulin is often administered dissolved in the dialysate to diabetic patients who suffer from ESRD and are treated
with CAPD [98]. This results in the simultaneous transfer of insulin and dextrose from the cavity into the body and
generally results in stable levels of blood glucose and insulin, which are below the corresponding levels with
subcutaneous insulin [99]. Because of the extensive extraction by the liver, Eq. 8 must be used in order to predict
the regional advantage of i.p. insulin therapy. Rubin [3] has shown that the transport properties of insulin (mass-
transfer-area coefficient or MTAC = 2.9 mL/min) are nearly identical to those of inulin (MTAC = 3.3 mL/min).
Because of similar molecular size, parameters for inulin are typically substituted for those of insulin. Transport is
probably highest across the surfaces of the liver and of other viscera because their combined surface area makes up
60–65% of the total peritoneal area. In Eq. 8, assume that f = 0.9 and E = 0.5 and the MTAC from Fig. 30.3 is
2.3 mL/min. While the normal total body clearance of insulin is typically 650–750 mL/min (referenced to 1.73 m2), the
clearance of [125I] insulin is approximately half or 350 mL/min in chronic renal failure [100, 101]. The regional
advantage can be calculated from Eq. 12: RR = [1 + 350/2.3]/(1 � 0.9(0.5)) = 278. The measured ratio of
intraperitoneally administered [125I]insulin (AUCP/AUCB) was approximately 500 in dogs [98] and the value was
200–300 in humans [102].

Recent efforts in insulin replacement therapy for patients who suffer from diabetes mellitus, but who are not on
dialysis, have tested i.p. administration as a more physiological method of drug delivery [97]. In a study that compared
free insulin peaks after i.m., s.c, and i.p. injections, i.p. insulin produced serum insulin peaks at 15 min, while i.m. and
s.c. insulin resulted in a much slower increase with peaks at 60 and 90 min, respectively [103]. The rapid rise in serum
insulin, produced by i.p. administration, followed by a gradual fall in concentration, more closely mimics the true
pancreas. The same study demonstrated that insulin delivered to the upper part of the peritoneal cavity was more
quickly absorbed than insulin introduced into the lower part of the cavity. This is probably due to the rapid transfer
into tissues of the gastrointestinal tract and direct diffusion into the liver. Delivery into the cavity by a pump has also
led to more consistent serum levels than with administration into s.c. tissue, which produces variability in absorption
rates [104].

In contrast to the relatively steady delivery of i.p. insulin in CAPD, this i.p. delivery therapy is typically given
episodically in small volumes in the upper part of the cavity. The ratio of portal to systemic venous levels of insulin
(AUCportal/AUCB) can give us a rough estimate of the utility of the delivery technique. It should be pointed out that the
concentration in the portal vein probably reflects only a portion of the insulin delivered to the liver, since direct
absorption across the surface of the liver is known to occur [105]. Selam et al. [106] have demonstrated in dogs that the
ratio of i.p. insulin delivery to the portal vein over the amount appearing in the plasma is 17. This supports the concept
of i.p. delivery of insulin in order to re-establish a more normal portal-to-peripheral insulin concentration gradient.

Antineoplastic Agents

The pharmacokinetic rationale for the i.p. administration of drugs in the treatment of microscopic residual ovarian
cancer was described in 1978 [76]. The procedure has been the subject of numerous preclinical and clinical studies
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during subsequent years, and these have been reviewed periodically [27, 28, 107]. The pharmacokinetic theory has been
consistently validated, and there is clear evidence of response in terms of surgically staged complete remissions in a
number of studies. Markman et al. [21] reviewed several of these and concluded that there may be an advantage to
regional drug delivery of cisplatin-based therapy for small-volume refractory residual ovarian cancer. Subsequently,
Markman et al. [108] concluded that attainment of a surgically staged complete remissionmay have a favorable impact
on survival. Recently, Muggia et al. [25] demonstrated substantial activity with i.p. floxuridine (FUDR). Due to
positive results of recent clinical trials[15, 22, 29, 109], i.p. drug therapy in the management of abdominal cancer has
been designated as the standard of care by the National Cancer Institute [110].

Some of these principles are illustrated by a discussion of two specific drugs: cis-diamminedichloroplatinum(ii)
(cisplatin) and 5-fluorouracil (5-FU). At issue are both the pharmacology of intracavitary administration and the
depth of penetration of drug into both normal and neoplastic tissues.

Cisplatin

Cisplatin is among the most active agents used in the treatment of ovarian cancer. Its pharmacokinetics have been
studied extensively, and a physiological model has been developed and applied to several species [111–113]. Briefly, the
drug reacts with both small and large molecular weight nucleophiles in plasma and tissue compartments. The tissue-
specific rate constants vary among the tissues but are relatively constant across species. Release of (presumably
inactive) platinum from macromolecules is dominated by their catabolism.

Goel et al. [26] studied the i.p. administration of cisplatin in combination with etoposide, and examined the effect of
concurrent i.v. administration of sodium thiosulphate to protect the kidney against platinum toxicity. They adminis-
tered the drug combination in 2 L of normal saline and observed a cisplatin clearance from the peritoneal cavity of
15 mL/min and a clearance from the plasma of 329 mL/min. These clearances resulted in a regional advantage (AUCP/
AUCB) of 26 in those patients who did not receive sodium thiosulphate. This advantage is similar to the value of 16
obtained by Piccart et al. [114] for cisplatin administered in combination with melphalan.

Los et al. [115] conducted pharmacokinetic studies of cisplatin in rats bearing CC531 colonic adenocarcinoma on
serosal surfaces of the peritoneal cavity in order to determine the effect of route of administration on tumor and
normal tissue levels of platinum. The AUCB was approximately the same following both i.v. and i.p. administration,
while the regional advantage was 7.6 based on ultrafiltered plasma and peritoneal fluid. Clearance from the peritoneal
cavity may be calculated from their data to be 0.42 mL/min for a 200 g rat. The rat clearance is thus predictive of
the human values on the basis of body weight to the 2/3 power in general agreement with the allometric variation in
Fig. 30.4.

Average tumor levels of platinum in the i.p. group were twice those in the i.v. group; however, the excess platinum
was confined to the periphery of the tumour. Measurements of platinum concentrations by proton-induced X-ray
emission (PIXE) showed substantially higher levels in the outer 1.0 mm of the tumor; concentrations at 1.5 and 2.2 mm
from the surface were independent of route of administration of the drug. This limited penetration is consistent with
theoretical calculations for hexose [116] and experimental data for [14C]EDTA [117] in normal tissues. It is instructive
to apply a penetration model to cisplatin. As a rough approximation, let us assume that the diffusivity in tissue, D, is
1.9 � 10–6cm2/s based on transport in brain [118]; that the capillary permeability-area density (pa) product is of the
order of 1.4� 10�6 s�1 based on hexose in jejunum; and that the tissue-specific reaction rate, k, is 8� 10�5 s�1 based on
muscle [112]. Then the nominal diffusion distance [D/(pa + k)]1/2 is 0.4 mm, which would imply that 9/10 of the
gradient would be confined to the first millimeter from the surface of the tissue. While these calculations are provided
for illustrative purposes, and are very approximate, they are almost certainly much better that order-of-magnitude.
They support the idea that direct diffusion of cisplatin into tissue is very limited in extent.

The above reaction (k=8� 10�5 s�1) and permeability (1.4� 10�3 s�1) parameters predict that [1.4� 10�5/(1.4�
10�3 + 8� 10�5)](100) = 95% of the drug would be expected to be absorbed into the systemic circulation. This large
bioavailability is consistent with the observations of Los et al. [115] in the tumor-bearing rat and of Pretorius et al. [119]
in the dog, as well as with considerable human experience.

5-Fluorouracil (5-FU)

As discussed by Chabner [120], phosphorylation of 5-FU to nucleotide analogues appears necessary for its subsequent
biological effects. Elimination from the body is primarily by metabolism believed to require reduction of the
pyrimidine ring by dihydrouracil dehydrogenase. This enzyme is present in both the liver and other tissues such as
the gastrointestinal mucosa. 5-FU exhibits strongly nonlinear elimination in human subjects with a half-saturating
concentration of 15 mMas reviewed and discussed in the development of a physiological pharmacokinetic model [121].

870 M.F. Flessner



Further, the observation of total-body clearances at low infusion rates that considerably exceed expected hepatic blood

flow suggests the presence of extensive extrahepatic metabolism.
5-FU has pharmacological properties that commended it to i.p. trials in the treatment of intra-abdominal cancer. It

is a hydrophilic drug with a molecular weight of 130 Da, which would be expected to have a relatively slow clearance

from the peritoneal cavity (Fig. 30.3) and a total-body clearance ranging from 0.94 L/min at an infusion rate of 134mg/

kg/day to as high as 4–7 L/min at infusion rates of 10–30 mg/kg/day [121]. In addition to the high ratio of CLBC to
predicted MTAC, significant removal of the drug by peritoneal tissues would be expected to further limit systemic

exposure.
The prediction of a high regional advantage has been shown in a number of clinical trials. Values of the AUC ratio

between peritoneal cavity and plasma have been reported to be strongly dose-dependent, ranging from 124 at a dose of

3.5 mmol/L to 461 at a dose of 2.0 mM [19]. These are in general agreement with the observations of Speyer et al. [11],

who observed peritoneal-to-plasma concentration ratios of 298 at 4 h and of Sugarbaker et al. [109] who reported a

mean AUC ratio of 200 in patients administered 5-FU in the immediate postoperative period. Clearance from the

peritoneal cavity has been in good agreement with the predictions from Fig. 30.3: 14 mL/min [11] and 24 mL/min [19].

Nonlinearity in systemic exposure deriving from the saturable metabolism (and possible saturable first-pass effect) of

the agent was associated with an extraordinarily steep dose-response curve [11].
There has been considerable interest in the detailed mechanism of absorption of 5-FU from the peritoneal cavity

because of the possibility of using this route as a way to perfuse the liver through the portal vein. Speyer et al. [11]

placed catheters in the portal vein, hepatic vein, peripheral artery and peripheral vein of human patients. The hepatic

extraction was calculated to decrease slightly from about 0.7 to 0.6 from the first to the seventh exchange. The

estimated value of the fraction, f, of the absorbed drug entering the portal system was strongly dependent on

assumptions relating to the blood flow rate in the portal vein and metabolism by tissues draining into the portal
system, neither of which was directly assessed. Estimated values of f ranged from 0.3 to 1 depending on the

assumptions made. There was direct evidence of drug bypassing the portal system in three of the four patients in

whom the AUC in the peripheral artery actually exceeded the AUC in the hepatic vein. In studies in rats, Archer

et al. [122] observed that systemic 5-FU levels were significantly lower during mesenteric vein infusion (0.9 – 0.2 mM)

compared with i.p. infusion at the same rate (2.1 – 0.3 mM). Indirect evidence of a pharmacological first-pass effect is

provided by the observations of Gianola et al. [123], who were able to administer a mean of 1.5 g per treatment cycle

intraperitoneally but only 1.0 g intravenously; the i.p. route was actually accompanied by less hematological

toxicity.

Approaches to Enhance Contact Area and Residence Time Intraperitoneally Administered Drugs

Drug delivery to metastatic cancer in the peritoneal cavity requires drug exposure and therefore is vitally dependent on

sufficient contact between the therapeutic solution and the targeted tumor nodule(s). An approach to improve the

contact area is to use a surface-active agent. In experiments with animals, diacetyl-sodium sulfosuccinate (DSS) has

been shown to increase the surface contact area and to proportionally increase the rate of mass transfer into the local

tissues [37, 70, 124]. More rapid uptake of the drug would result in a dissipation of the drug concentration from the

fluid; this problem could be solved with the use of an automated exchange device such as a peritoneal dialysis machine,

programmed to deliver periodic infusions over time of given concentration. Although DSS is used as an oral stool

softener (docusate sodium), it unfortunately is quite toxic if administered i.p.; exposure of fluid containing surfactant

to a larger proportion of the peritoneal surface area also accelerated the loss of protein and the dissipation of the drug

concentration in the therapeutic solution [70].
In the perioperative setting, drug delivery can be enhanced considerably. Two catheters can be placed in the

peritoneal cavity: one catheter for drug input and the other catheter for removal of solution. Solutions warmed to

temperatures greater than body temperature (approximately 418C) may be infused rapidly into the peritoneal cavity

and withdrawn in the second catheter. This technique will set up higher concentrations if solution is fed from a large

reservoir so that the loss of drug is relatively small. Additionally, with heating of the drug, causing vasodilation in the

vessels, there is likely an increase in penetration into both normal tissue and neoplastic tissue [79–81, 125, 126]. This

technique may help to solve the problem of residence time as well. If a greater portion of the peritoneal surface area is
covered by the solution and the concentration of the drug is maintained constant, then the area into the curve for the

surface contact concentration should be maximized. This will be restricted to perioperative patients, and the side

effects of these drugs on normal peritoneum have not been studied.
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Intraperitoneally Administered Drug Penetration in Neoplasms

Normal Versus Neoplastic Barriers in the Peritoneal Cavity

Penetration of 5-FU into tissues surrounding the peritoneal cavity has not been studied experimentally. Collins et al.

[127] observed a strongly concentration-dependent rate of 5-FU disappearance from the peritoneal cavity of the rat.

The peritoneal clearance increased from 0.20 mL/min, consistent with its molecular weight, to 10 times that value as

the peritoneal concentration was decreased from 10 mM to 20 mM. This was explained by assuming that the drug is

metabolized in tissues adjacent to the peritoneal cavity. A one-dimensional diffusion model with saturable intratissue

metabolism (Vmax= 36 nmol/min/g,KM=5 mM) simulated the peritoneal concentrations reasonably well. Themodel

predicted that the concentration in the tissue would be 10% of its value at the tissue surface at a depth of 0.6 mm

following a 12-mM dose; the corresponding 10% level would be reached at only 0.13 mm following a 24-mM dose.

Observations that the toxicity profile associated with i.p. administration is similar to that observed following i.v.

administration [12, 123] seem to confirm limited tissue penetration. If the drug reached the gastrointestinal crypt cells

in high concentration, one would expect substantial toxicity there.
Predicting the concentration of the drug at the surface may or may not guarantee penetration of the drug into the

tumor to the rapidly dividing tumor cells, which are the real target. The compartmental model concept lumps all of the

potential barriers to the solute into one entity and does not differentiate between the variety of tissues, which may have

different areas of contact and which may experience different transport forces. While Eq. 1 in conjunction with Eq. 2

permits calculation of the pharmacokinetic advantage, the model does not tell us anything about the specific

penetration into the tissue. It merely describes the transfer between the two compartments. Illustrated in Fig. 30.5 is

the distributed model concept [128], in which an idealized tissue space is modeled as a peritoneum overlying a tissue

containing parenchymal cells and blood vessels surrounded by an interstitium; mathematical details of this theory are

contained in previous publications [116, 128–130] and are beyond the scope of this chapter. Because intraperitoneal

therapy involves the treatment of normal tissue as well as neoplastic tissue, it is important to differentiate between the

properties of both of these. Figure 30.5 displays elements of the normal peritoneum with a tumor implant, which has

destroyed the peritoneum and is growing within the tissue. The normal peritoneal barrier is made up of peritoneum,

interstitial matrix, and the blood capillary wall. Lymphatic vessels are also located between normal tissue planes within

Fig. 30.5 Distributed model concept of metastatic cancer and potential barriers to i.p. therapy. Solid circles represent the tumormetastases,
which have invaded and destroyed the mesothelium in its vicinity. Tumor capillaries (discontinuous circles) are typically more permeable
than the normal microcirculation and set up high interstitial flows and pressures. The tumor microenvironment (interstitium between cells)
is often markedly expanded compared to that of normal tissue. See text for details
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smooth muscle or in the diaphragm. The differences between tumor and normal tissue include: lack of a mesothelial
layer over the tumor, a very altered interstitium, and a hyperpermeable microcirculation. The following paragraphs
will discuss the transport barrier for the normal peritoneum and the abnormalities of neoplastic tissue.

Anatomic Peritoneum

While the peritoneal barrier is often called the ‘‘peritoneal membrane,’’ the actual anatomic peritoneum, made up of a
layer of mesothelial cells and several layers of connective tissue [131], is not a significant barrier to molecules up to a
molecular weight of 160,000Da. Studies in rodents and dialysis patients have shown that protein leaves the cavity rates
of approximately 10 times the rate at which it appears in blood [132–136]. The only route of transfer of protein in the
cavity back to the central circulation is via the lymphatics [34, 137, 138]. There must be some other pathway for
disappearance of this protein. In experiments with rodents, it has been shown that, as protein transports across the
peritoneum, there is some adsorption [39] to the peritoneal cells but most of the protein deposition is into the
subperitoneum. Further experiments demonstrated that removal of the peritoneum does not eliminate the dialytic
properties of the peritoneal barrier [139]. Recent studies in patients undergoing partial or total peritonectomy for
treatment of peritoneal carcinomatosis confirm the findings in rodents; the clearance of mitomycin C from the
peritoneal cavity was not significantly affected by an extensive peritoneal resection [140].

Although proteins appear to easily pass the mesothelium into the subperitoneum, viral vectors containing gene
products are taken up directly into mesothelial cells with little penetration beyond this single cell layer. Adenoviruses
that code for the reporter gene b-galactosidase have been shown to be quantitatively taken up in mesothelium and not
to penetrate into underlying tissues unless there is a break in the mesothelium [141–148].

The peritoneum at the site of tumor implantation will likely be destroyed in most cases of neoplastic cellular
infiltration of the peritoneum (see Fig. 30.5). The loss of the mesothelium promotes adhesions, presents problems to
the maintenance of the smoothly gliding peritoneal surface of the gut, and decreases the function of the immune
system.Without the mesothelium, adhesions form between the visceral and parietal surfaces, and the fluid distribution
may become markedly abnormal, which may preclude intracavitary therapy [149]. However, treatment with viral
vectors containing anti-sense RNA or other gene products, which might not be capable of passing through the normal
mesothelium, have the possibility to penetrate into the tumor from the peritoneal cavity [147].

In summary, the normal anatomic peritoneum is not a significant barrier to small solutes or to macromolecules,
unless there exists a mechanism of uptake by the mesothelial cells, as in the case of viral vectors. The normal
mesotheliummay be destroyed by ametastatic tumor, which opens this abnormal tissue to penetration of viral vectors.

Interstitium or Tumor Microenvironment

Interstitium or the so-called ‘‘microenvironment’’ is made up of collagen fibers linked through adhesionmolecules such
as b-1 integrins to fibroblasts, parenchymal cells, and other interstitial cells [150, 151]. Hyaluronan molecules, which
vary from 50,000 Da to 40 million, wrap around the collagen fibers and are likely attached to them at some link point.
To the hyaluronan are attached large molecules called proteoglycans that also interact with the surrounding cells [152,
153]. Hyaluronan molecules are highly negatively charged and imbibe large amounts of water and restrict the passage
of negatively charged proteins [154]. Proteins such as immunoglobulins are typically restricted to about 50% of the
interstitial space [155, 156]. Thus, the interstitial space of normal muscle, which is anywhere from 12 to 20%of the total
tissue volume, restricts proteins to 6 to 10% of the tissue. The transport of large solutes such as immunoglobulin G
(150 kDa) or adenovirus (900 kDa) will be highly retarded by the microenvironment, as illustrated in Fig. 30.6, which
compares the concentration profiles of small solutes and macromolecules in normal and neoplastic tissue.

Alterations in the interstitial pressure can change the relative tissue interstitial water space and the proportion of the
tissue available to the solute. It has been shown in animal experiments that the abdominal wall interstitium will double
when the intraperitoneal pressure is increased from 0 to 4 mmHg [157, 158]. This will markedly enhance the transport
of both small and large solutes through this space. The hydraulic conductivity or water permeability of the tissue also
increases with increasing intraperitoneal pressure and washout of hyaluronan from the tissue interstitium [159]. Since
the surface contact area is maximized with increasing peritoneal volumes [72, 82], attempts to increase the contact area
will increase the pressure as well. The i.p. pressure varies directly with. the i.p. volume [160, 161] for normal dialysis
patients. The effect of pressure is greatest in the abdominal wall where a nearly linear pressure gradient from the inside
of the peritoneal cavity to the outside has been measured in the rat [162]; these profiles may be quite different from
those in tumors [163] or in the human abdominal wall. Patients with adhesions or extensive surgical resectionmay have
restricted volumes and very different pressure-volume characteristics, with increased pressures at lower volumes than
those of dialysis patients. In summary, large volumes in the cavity increase the intraperitoneal pressure and expand the
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interstitial space and, in turn, augment the space within the tissue to which both small and large solutes distribute.
Antineoplastic agents will transport at faster rates through normal tissue due to increases in both diffusion and
convection [129, 157, 159, 164–166].

There exist remarkable differences between the tumor microenvironment and that of normal interstitium. Inter-
stitial pressures in normal tissue are in the range of �2 to 0 mm Hg [167, 168]. This allows convection due to the
hydrostatic pressure gradient from the solution in the cavity (3–10 mm Hg) into the tissue. Unfortunately, several
investigators have observed high interstitial pressures up to 45 mm Hg in neoplastic tissue [163, 169–172]. To deliver
macromolecules by convection from the cavity into these tumors, the solution would have to attain a pressure greater
than that of the tumor. The upper limit of pressure tolerated by an ambulatory patient is approximately 8–10mmHg in
the peritoneal cavity [62, 163] andmay limit the penetration of large solutes that depend on convection or solvent drag,
if the tumor interstitium has a pressure higher than the i.p. pressure. In addition, steady i.p. pressures of>15 mmHg in
a closed cavity may suppress the portal circulation [62]. Pressures of >20 mm Hg may prevent the descent of the
diaphragm [62] and compromise respiration. Therefore, an unanesthetized ambulatory patient will likely be unable to
tolerate therapy, which depends on large volumes (>3–4 L) to produce high i.p. pressure. If tumor interstitial pressures
are higher than those that can be attained, therapy with macromolecule may be precluded. Anesthetized patients, who
receive mechanical ventilation, may be able to tolerate higher levels of i.p. pressure, but the mesenteric circulation
supplying the gut should be carefully monitored.

Studies of tumor interstitium show that the space between the cells is often markedly expanded in comparison to
normal tissue [173]. A recent study in human ovarian carcinoma xenografts demonstrated an interstitial water space of
2–3 times that of normal muscle [169]. Gullino and colleagues have shown similar results in several tumors [173]. Thus,
the high interstitial pressure results in an expanded interstitium, which would typically result in higher rates of diffusion
and convection in normal tissue. However, the high interstitial pressure and intrinsic properties of the tumor interstitium
resist any transfer of large molecules into the tumor [170, 174–177]. On the other hand, smaller substances (molecular
weight < 500 daltons) will diffuse into the tumor parenchyma in a fashion similar to normal tissue [117, 169].

Microcirculation

Normal blood capillary endothelia are lined with a glycocalyx, which has been demonstrated to provide the endothe-
liumwith its barrier characteristics [178–181]. In portions of the interendothelial cleft, it is theorized that the glycocalyx
is quite dense and only small molecules up to the size of insulin (�5,500 Da) will typically pass through while in other
areas a small number of gaps will have a less dense glycocalyx, which will permit protein leakage [166]. This provides
the size selective nature of the normal peritoneal barrier. However, inflammation or drugs such as adenosine [182]
cause the elimination or degradation of the glycocalyx and an increase the capillary permeability; the vessels of the

Fig. 30.6 Comparison of penetration of mannitol or Herceptin (IgG monoclonal, Her2/neu) into normal tissue (open symbols) or IP
SKOV3 xenograft (closed symbols) of the rat after 3 h of treatment with a large i.p. volume. Mean – SE concentrations versus distance in
microns from the peritoneal surface. Replotted from [163, 169, 194]
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normal peritoneum are likely affected during inflammation due to invasion by metastatic carcinoma [183]. Capillary
permeability is markedly altered in neoplastic tissue, with typically a high permeability but a variable microvascular
density [184, 185]. Although detailed studies have not been carried out, all indications are that these highly permeable
capillaries may be responsible for the rapid clearance of drugs into portions of the tumor from the systemic circulation
[186]. While this can be an advantage in treatment of these tumors, the high pressures in the interstitium may actually
result in difficulty in drug penetration [185, 187]. The nature of angiogenic vessels is under scrutiny; these may not have
the glycocalyx that lines the normal endothelium and provides much of the barrier to solute transfer [184, 186–188].
Thus, many of the characteristics of these new vessels may be completely different from those of normal vasculature. In
addition, the actual distribution of vessels is very irregular. In small (<1 cm diameter) ovarian xenografts, the vessels
are located in the periphery of the tumor, which is expanding into the normal tissue [169]. The central part of the tumor
may actually be necrotic and have no vasculature at all. Penetration to nonvascularized portions of the tumor is one of
the problems of i.v. or i.p. administration. Targeting the vasculature simultaneously with intraperitoneal therapy may
be a method of accessing these portions of the tumor and solving this problem.

Lymph drainage from the cavity is chiefly through the subdiaphragmatic lymphatics [166]. In normal conditions,
the relaxation of the diaphragm will open specialized ‘‘stomata,’’ which accept proteins, cells, and solution from the
peritoneal cavity into collecting lymphatics [32, 189]. The subsequent contraction of the diaphragm will close the
stomata and propel the material into the parasternal lymphatics and ultimately into the right or left lymph duct.
Approximately 70–80% of peritoneal lymph drainage occurs through this route [34]. Lymphatics from the viscera
drain to the cisterna chyli at the base of the thoracic duct and ultimately into the left venous system [138].

With peritoneal carcinomatosis, the subdiaphragmatic lymphatics and the mesenteric lymphatics may be obstructed
[190, 191]. The obstruction produces severe ascites because the normal flow of fluid and proteins from the viscera into the
peritoneal cavity cannot be cleared properly [191]. In addition, the lymphatics provide a route of metastasis to the
remainder of the body; including the periaortic and thoracic nodes [192]; often supradiaphragmatic nodes are over-
whelmedwith tumor cells; these same nodes then allow tumor cells to pass into the systemic circulation.However, if these
pathways are still functional, intraperitoneal therapy directly targets these routes of metastasis and is a direct route to the
systemic circulation for all agents, particularly those with molecular sizes greater than that of albumin.

Summary of Normal Versus Neoplastic Peritoneal Barrier

The anatomic peritoneum is not a barrier to most drugs, including immunoglobulins. The mesothelial layer may be
absent in a tumor implant on the peritoneum and the vasculature and the microenvironment may be greatly altered.
While viral vectors are totally absorbed in the normal mesothelium, its absence at a tumor surface may permit these
very large particles (�900 kilodaltons) to pass into the first few cell layers of the tumor; however viral vectors will still
have restricted movement in the tumor interstitium [177]. The interstitium is markedly expanded and theoretically
should promote high rates of diffusion and convection [169, 177]. However, the high interstitial pressure and the
tendency of flow from the center part of the tumor towards the periphery may cause a functional obstruction in the
direction of the treatment drug originating from the peritoneum cavity [163, 170, 172, 193]. In addition, there appear to
be structural differences in the collagen matrix of the tumor interstitium that prevent significant convection and
diffusion of negatively charged, macromolecular agents [176, 177]. The tumor blood capillary andmicrocirculation are
markedly abnormal in distribution and permeability characteristics [184, 185, 187]. Depending on the location and
density of the tumor microvasculature, systemically administered drugs may rapidly distribute to perfused regions of
the tumor but not reach poorly vascularized locations altogether. Multi-agent therapies that simultaneously attack the
interstitium, vasculature, and the peritoneal side of the tumor will therefore likely be more effective in remitting
peritoneal carcinomatosis.

Penetration of Small Molecules: Distributed Model Theory

The distributed model concept permits estimates of drug penetration. The theory for small solutes (�1,000 Da), which
depend almost exclusively on diffusion for transport through the tumor, is presented below. Application of the theory
for macromolecules, which transport chiefly by convection, is complicated by a lack of transport parameters within the
tumor parenchyma and the variability of the microcirculation and tumor microenvironment [130].

Transfer of small molecules from the peritoneal cavity can be viewed as a process of diffusion from the fluid in the
cavity into the adjacent tissues followed by absorption from the tissue extracellular space into blood in the exchange
vessels (Fig. 30.5). Convection generally does not play a quantitatively significant role for small solutes [194], and
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lymphatic uptake is negligible compared with removal from the tissue by the flowing blood. The result is that a
concentration profile is established within the tissue. At steady state the rate of diffusion down the profile at any
location is exactly balanced by the combination of irreversible chemical reaction in the tissue and removal by flowing
blood. For a nonreactive solute and a uniformly distributed capillary network, it is easily shown that the rate of uptake
into blood perfusing the viscera may be calculated from the equation [116]:

Si ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Di piaið Þ

p
Ai CP � CBð Þ (9)

where Si = net rate of uptake of the solute in tissue ‘‘i’’ (mg/min),Di = the effective diffusivity of the solute in tissue ‘‘i’’
(cm2/min), pi = the intrinsic permeability of the blood capillaries in tissue ‘‘i’’ (cm/min), ai = the capillary surface area
per unit tissue volume (cm2/cm3), Ai = the superficial surface area of tissue ‘‘i’’exposed to peritoneal fluid (cm2), C=
the free solute concentration (mg/cm3), and the subscripts P and B refer to peritoneal fluid and blood, respectively (see
Fig. 30.1). The effective diffusivity is equal to the diffusivity in the tissue interstitial space multiplied by the tissue
fractional interstitial space, which is available to the solute.

A number of observations may be made about Eq. 9. First, the effective diffusivity, capillary permeability, and
capillary surface area enter as their square root so that doubling of the capillary permeability, for example, would be
expected to be associated with only a 41% increase in mass transfer (21/2 = 1.41); second, the net transport rate is
proportional to the superficial area of the tissue; and, third, the rate of transport is proportional to the difference in the
free concentration of solute between the peritoneal fluid and blood.

Equation 9 serves as the basis for the definition of an equivalent MTAC of the tissue. If there were a thin membrane
separating the peritoneal fluid from the blood, the rate of uptake would be given by

Si ¼MTACi CP � CBð Þ (10)

Comparison of Eqs. 9 and 10 shows that the equivalent tissue permeability can be calculated from

MTACi ¼ Ai

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Di piaið Þ

p
(11)

Either Eq. 9 or 10 can be used to calculate the rate of absorption of a drug from the peritoneal cavity into the blood as
they are exactly equivalent. The spatially distributed view of the tissue offers certain advantages because it provides
some insight into the underlying transport mechanisms and how these might be altered by pathological processes or
pharmacological manipulations. It also serves as a natural link to the very large body of literature on capillary
physiology, and provides a natural framework to incorporate this into descriptions and predictions of peritoneal
transport rates. Further, it explicitly predicts that a concentration profile extends a finite depth into the tissue, and
tissue penetration is an important consideration if the goal of i.p. therapy is to treat disease in the tissue or disease of
finite thickness such as peritoneal carcinomatosis on serosal surfaces. Explicitly, the concentration profile is given by:

C� CB

CP � CB
¼ exp�

ffiffiffiffiffiffiffiffiffiffiffi
piaið Þ
Di

s
x (12)

where x is the distance from the serosal surface [116]. Equations similar to 9 and 10 can be written for as many types of
peritoneal tissue as desirable. Since uptake rates into the various tissue types are parallel processes, they may be
summed to provide an estimate of the overall drug transfer.

Concentration Profiles in Normal and Neoplastic Tissue

The profiles from i.p. administration of a small solute (mannitol, 180 Da) and the macromolecule Herceptin (IgG
monoclonal antibody to the HER2/neu receptor,�155,000 Da) are illustrated in Fig. 30.6 for normal abdominal wall
(open symbols) and SKOV-3 xenografts (solid symbols) grown in the abdominal wall of athymic rats [163, 169, 177].
Themannitol has higher concentrations deeper within tumor tissue because the density ofmicrovessels in normal tissue
is higher than that of the xenograft [169]. On the other hand, despite an increase in i.p. hydrostatic pressure (Pip), the
macromolecular agent, Herceptin, is markedly retarded in the tumor in comparison to normal tissue [163]. While
tumor interstitial pressure is a factor, the tumor interstitial collagen matrix is a major impediment to penetration of
antibodies and other macromolecules [177].
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Intraperitoneal Antibody Therapy and the Pharmacokinetic Advantage

An alternative to the typical antineoplastic agent in cancer therapy is the use of i.p.-administered monoclonal
antibodies (Mab) in the treatment of intra-abdominal cancers. These antibodies, which are typically linked to some
toxic agent, react specifically with antigens on the tumor cell and bind strongly, with subsequent killing of the cell [195].
As outlined inDedrick and Flessner [196], the general equation for the calculation of the pharmacokinetic advantage is
the same as that for small substances (see Eq. 7). TheMTAC for immunoglobulin has been estimated from pore theory
to be 0.05 mL/min [197]. The total-body clearance of IgG has been estimated to be 0.5–1.0 mL/min [196]. Inserting
this into Eq. 7, one may calculate a Rd of 17–33. This suggests a considerable pharmacokinetic advantage in i.p.
administration of monoclonal antibody.

The usefulness of this therapy must also be assessed in terms of the ultimate goal. Free ascites cells are readily
accessible to MAbs [198]; in this case, the Rd would be the number calculated by Eq. 7. Unlike smaller molecules,
however, large proteins do not penetrate tissues readily. Because of their large size (molecular radius = 52 Å), the
effective diffusivity in tissue is on the order of 10�7–10�9 cm2/s [129, 199, 200]. Since this is two orders of magnitude less
than the diffusivity of small molecules, the diffusive transport of macromolecules such as IgG within normal or
neoplastic tissue is very slow. Recent mathematical analyses have also shown that MAbs with high affinity to their
antigens are even more severely retarded by the ‘‘binding-site barrier’’ [176, 201–203]. The transport of these molecules
is typically dominated by convection, both within the interstitial space [136, 204] and across capillary endothelium
[205]. Tissue penetration studies of antibodies administered i.p. in animals [163, 164, 177, 200] have shown that most of
the IgG is contained in the initial 300–400 mm of tissue during the first 3 h. These studies also demonstrated that
diffusion probably plays only a minor role in the transport of the protein. Studies in tumor-bearing animals confirm
these findings, and have not demonstrated large advantages of i.p. MAb administration over i.v. administration [198,
206]. This means that there may be limitations in the treatment of solid tumors and metastases with MAbs or other
macromolecules.

Summary

Intraperitoneal chemotherapy should be considered as an alternative to i.v. therapy when the target is contained within
the peritoneal cavity or within the adjacent tissue. A compartmental model has been used to formulate a mathematical
scheme in order to evaluate the solute transport to specific tissue groups surrounding the cavity. Although the data to
fully implement the model do not exist, a simplified version of the model with parameters derived from the literature
can be used to solve for the steady-state concentrations in the peritoneal cavity and the plasma. The ratio of these two
concentrations defines the regional advantage of i.p. therapy. Several applications of the theory are presented in order
to illustrate the method in which i.p. therapy may be evaluated prior to use in patients. Application of the model to
treatment of metastatic carcinoma is complicated by major differences in the targeted tissue properties. Recent animal
data are discussed to illustrate the challenges of i.p. chemotherapy and immunotherapy for cancer.
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