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ABSTRACT

The penetration of mitomycin C (MMC) in bladder tissue was studied
in patients who received intravesical chemotherapy at the time of radical
cystectomy. An intravesical dose of MMC (20 mg/40 ml) was instilled and
maintained in the bladder for 60 to 120 min at which time the solution was
drained. Within 10 to 60 min after draining the drug solution, the bladder
vasculature was ligated, and the bladder was removed. Tissues were sec
tioned serially in layers parallel to the urothelium and analyzed for MMC
concentration. Of the 24 patients evaluated, 17 patients had a low final
MMC concentration in urine (<66 ug/ml) or had the MMC solution
drained more than 30 min before ligation of the blood vessels. Among
these 17 patients, the concentration in the urothelium was measurable in
only 4 patients, while the concentrations in deeper tissues were not mea
surable. In the remaining 7 patients where the urine concentration was
> 120 ug/ml and where the vasculature was ligated within 30 min after the
MMC solution was drained, the bladder wall contained significant MMC
concentrations. The drug penetration was studied in the latter 7 patients,
using sections of bladder wall that were grossly normal and non-tumor

bearing. Concentrations in the bladder wall declined semilogarithmically
with tissue depth from the urothelium to the deep muscle and reached a
plateau at about 2000 urn depth. The median MMC concentrations were
5.6 ug/g in the urothelium and lamina propria interface, 2.7 ug/g in the
lamina propria, and 0.9 ug/g in the muscularis. The distance over which
the MMC concentration decreased by one-half was about 500 urn. The

concentration ratio between the urine and urothelium/lamina propria
interface was about 35-fold. The mean plasma concentrations were 0.003,

0.1, and 0.4% of the mean concentration in urine, urothelium, and the
averaged bladder tissue concentrations, respectively. Paired superficial
tumor and normal tissues were obtained from 5 bladders. In 4 of 5 cases,
the concentration in tumors was higher than in normal tissues, while the
reverse was seen in the remaining tumor. In one sessile bladder tumor a
complete concentration-depth profile could be obtained. While the con
centrations in the tumor tissue were 2-3-fold higher than that in the

adjacent normal tissue, the rate of concentration declined with respect to
tissue depth and hence the distance over which the MMC concentration
decreased by one-half was similar in both tumors. These data established

the pharmacokinetic advantage of intravesical therapy in patients where
the tumor-bearing bladder tissues receive at least 250-fold higher concen

tration than the systemic host tissues.
The tissue concentration-depth profiles were analyzed by two kinetic

models, i.e., the distributed model which combines a drug diffusion pro
cess and a drug removal process by the perfusing blood, and the simple
diffusion model which does not include drug removal by tissue blood flow.
The observed logarithmic decline of drug concentration with respect to
tissue depth is consistent with the distributed tissue pharmacokinetic mod
el. The drug removal by the tissue blood flow is further supported by the
low drug concentration in tissues of the 17 patients in which the MMC
solution was removed 30 min before ligating the bladder vasculatures and
by the data in rabbits showing that tissue concentrations in bladders with
intact blood flow declined with a half-life of 4 min after removing the drug

solution. These data confirm the important role of blood flow in removing
drug from the tissue. A comparison of the kinetics of MMC penetration in
human bladders with the previous data in dogs (M. G. Wientjes, J. T.
Dalton, R. A. Badalament, J. R. Drago, and J. L-S. Au, Cancer Res., 51:
4347-4354, 1991) shows nearly identical kinetic parameters in the two
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species. The kinetic parameters and the distributed model can be used to
project the drug concentration at various tissue depths for a given urine
concentration.

INTRODUCTION

Transitional cell carcinoma of the bladder is a solid tumor which,
because of its anatomical location, is accessible to surgical and re
gional treatment. Tumor recurrence is common and can be accompa
nied by stage and/or grade progression. Intravesical chemotherapy is
used in combination with transurethral resection for treatment and
prophylaxis of recurrent and/or multifocal superficial bladder cancer.
Compared to patients treated by surgery alone, those receiving adju
vant intravesical chemotherapy of MMC,3 doxorubicin, or thiotepa

have a reduced tumor recurrence rate (1-3). The target cells for

intravesical chemotherapy may be present in the bladder cavity and at
various tissue layers in the bladder wall. Superficial tumors appear to
respond more favorably to intravesical chemotherapy than do tumors
which have invaded the lamina propria and muscularis (4). Patient and
animal studies in our laboratory showed that the variability in urine
pharmacokinetics, drug delivery to the tumor tissue, and tumor
chemosensitivity may contribute to the varying patient responses (5-

7). The ease of drug penetration in the superficial and deeper tissues
and the drug concentrations at various tissue depths in the bladder wall
are therefore important determinants of treatment effectiveness.

Aeikens et al. (8) have previously reported MMC concentrations in
patient bladder tissue. However, data were limited and showed vari
able tissue concentrations in the mucosa, while the profile of drug
penetration into the deeper tissues was not examined. Our earlier
studies in dogs showed a steep MMC concentration decline over the
urothelium, followed by a slower decline in the lamina propria and the
muscularis (7). Median tissue concentrations in the muscularis of the
dog bladder wall were approximately 1 /^g/g, a concentration which
inhibits the proliferation of about 17% of human bladder tumor his-

tocultures (9). The present investigation was undertaken to establish
the concentration of MMC in the human bladder as a function of tissue
depth. A tissue pharmacokinetic model is proposed to relate the urine
concentration to the tissue concentration. This study was done in
patients who received intravesical therapy at the time of radical cys
tectomy. Additional studies to examine the effects of processing time
during tissue harvesting on the tissue pharmacokinetics and the rate of
equilibration between urine and tissue concentrations were performed
in dogs and rabbits.

MATERIALS AND METHODS

Chemicals. Clinically formulated MMC for the patient studies was pur
chased from Bristol Myers Co. (Wallingford CT). MMC for the animal studies
was a gift from Bristol Myer Co., and Porfiromycin was a gift from the
American Cyanamid Co. (Pearl River, NY). High-performance liquid chroma-

tography analysis showed that MMC and Porfiromycin were >99% pure.
Agents used for anesthesia and euthanasia for the animal studies were of USP
grade. Ethyl acetate and acetonitrile were purchased from Fisher Scientific Co.
(Fair Lawn, NJ). All chemicals were used as received.

Surgical Procedures. Surgery on patients was performed under general
anesthesia. Radical cystectomy was performed on patients with histolÃ³gica!
confirmation of primary invasive urothelial cancer or a high index of suspicion
of bladder cancer in conjunction with prostatic or colorÃ©ela!cancer. These

3 The abbreviations used are: MMC, mitomycin C; i.m., intramuscular.
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patients had been previously treated by transurethral resection of bladder 3-4 kg, were obtained from George Johnson Rabbitory (Mt. Victory, OH).

tumors. For this study, the patients received intravesical chemotherapy imme
diately prior to radical cystectomy. During the operation, a sterile 18 French

Foley catheter was placed into the bladder, the urine was drained, and 20 mg
MMC in 40 ml water were instilled into the bladder through the catheter and
were maintained in the bladder for 60 to 120 min. In some patients, urine
samples (0.1-ml) were taken throughout this period. After the 60-120-min

instillation period, the MMC solution was drained and an aliquot was taken for
drug analysis. A 10-ml blood sample was taken from a peripheral vein at the

same time. The remaining bladder vasculatures were ligated and the bladder
was excised. In the initial studies, the bladder vasculature was ligated more
than 30 min after the drug solution was drained. In later studies, the surgical
technique of cystectomy was modified as follows, so that the blood supply was
interrupted within 5 min after the drug solution was drained and to avoid
dilution of the drug solution by urine flow. During surgery, the ureters were
ligated after bilateral pelvic lymphadenectomy. The superior vesical arteries
and veins were ligated bilaterally leaving the posterior vascular pedicles to
perfuse the bladder. The bladder was detached from surrounding structures and
the urethra was isolated. After draining the bladder contents and transecting the
urethra, and the vascular pedicles were transected using hemostatic clips and
clamps. The bladder was immediately removed and opened, and within 15 min
after draining the MMC solution, transmural portions of tissue without appar
ent lesions were obtained. When possible, transmural samples of tissues with

tumor lesions were also collected. Most tumors were papillary tumors and,
because of the lack of a flat surface, could not be used to study the tissue
concentration-depth profiles. The papillary tumor samples were used to com

pare the drug concentrations in tumor and normal tissues. The normal tissue
sections were used to establish the tissue concentration-depth profiles and the

kinetic parameters of drug penetration. In one patient whose tumor had a flat
surface, the concentration-depth in the tumor-bearing tissue was determined.
The urothelial surface area of the specimens was approximately 3 cm-. The

tissue was frozen on a flat stainless steel plate cooled on dry ice. Liquid
nitrogen was poured over the tissue for rapid freezing. The time between
surgical removal of the bladder and freezing of the bladder tissue specimens
was less than 4 min. Tissues, plasma, and urine samples were stored frozen at
-70Â°C.

Effect of Lag Time between Cessation of Blood Flow and Tissue Freez
ing. This was studied in male or female beagle dogs (Marshall Farms, N.
Rose, NY) weighing 9.03 Â±1.72 kg. The animals were fasted overnight before
the experiment but were allowed free access to water. A 20-gauge angiocath-

eter was inserted in the cephalic vein for administration of anesthetics and a
16-gauge, 5.25-inch angiocatheter was placed in the right jugular vein for

blood sampling. A urethral catheter was inserted for dose instillation. A size 14
French Foley catheter was used for female dogs, and an 8 or 10 French Foley
catheter was used for male dogs. Animals were sedated with i.v. acepromazine
(0.5 mg/kg) to facilitate catheterization. Anesthesia was by i.v. injection of
sodium phÃ©nobarbital (24 mg/kg). In earlier studies we observed that urine
production in dogs is variable, which results in large variations in the urine
MMC concentration (7). To avoid this effect, the ureters were ligated. An
anesthetized dog was placed in supine position, and the abdomen opened by
midline incision. The ureters were ligated at approximately 5 cm distal to the
kidney. Animals received a MMC solution (0.5 mg/ml) via the Foley catheter
in a volume of 25 to 40 ml, depending on the bladder capacity titrated by
hydrostatic pressure. Appropriate volume was instilled to reach a hydrostatic
pressure of â€”¿�10cm. At this pressure, the bladder is not overdistended. The

dwell time of the drug solution was 120 min. Five min before removal of the
bladder, the bladder contents were drained, the urethra and arterial blood
supply were clamped, and the bladder was rapidly removed. Animals were
euthanized with an overdose of pentobarbital. Tissue sections of approximately
2 x 2 cm surface area were cut from the dome and laterally from the left,
posterior, and right sides. One section was frozen on a flat stainless steel plate
cooled on dry ice within 2 min after ligation of the blood supply. Liquid
nitrogen was poured over the tissue for rapid freezing. The remaining tissue
sections were kept at room temperature and subsequently frozen at 5. 15, and
30 min post-tissue harvesting. Different tissue sections were subjected to

different time delays in a randomized fashion.
Bladder Wall Concentrations during and after Drug Instillation. The

rate of equilibration between urine and bladder wall concentrations of MMC
was determined in rabbits. Rabbits were selected for this study because of their
relatively low cost compared to the dog. New Zealand male rabbits, weighing

Anesthesia was induced with i.m. ketamine (50 mg/kg) and xylazine (8 mg/kg)

and maintained with i.v. pentobarbital ( 12 mg/kg) given via an ear vein cath
eter. The bladder was catheterized with a 12 French Foley catheter via the

urethra and was washed with physiological saline until the urine was clear. The
abdominal cavity was entered through a midline abdominal incision and the
two ureters were ligated. MMC (10 mg/10 ml) was instilled in the bladder for
5, 30, or 120 min. The bladder was excised at the end of each instillation
period, as described for the dogs. A single bladder wall specimen was obtained
from the right lateral side and immediately frozen. Blood and urine samples
were simultaneously obtained at the end of the drug instillation period. A
separate experiment determined the decline of tissue concentrations with time
after removal of instillate. The drug solution was drained from the bladder after
120 min and the bladder was rinsed with physiological saline. At 5. 30, or 60
min later, the bladder wall specimen was obtained and frozen.

Sample Analysis. Bladder tissue samples were analyzed as described pre
viously (10). Briefly, the first 80 u.m of the tissue, directly in contact with the
instillation fluid, were trimmed off to avoid contamination by the dosing
solution. The frozen tissues were cut serially into 40-fim sections parallel to the

urothelial surface. When necessary, multiple samples were pooled for analysis.
Tissue depths were expressed as the midpoint depth of the pooled samples.
Tissue sections were homogenized and extracted with ethyl acetate. Porfiro-

mycin was used as the internal standard. High pressure liquid chromatography
was performed using a reversed-phase C,x column (Pecosphere; 83 x 4.6 mm;

3 /um particle size; Perkin Elmer, Norwalk, CT) with an aqueous mobile phase
containing 2.5% acetonitrile and 5 mm phosphate buffer (pH 6.9). The flow
rate was 1.5 ml/min, and UV detection was at 365 nm. Plasma and urine
samples were analyzed as previously described (11).

Tissue Pharmacokinetic Model. A major objective of the present study
was to establish an appropriate tissue pharmacokinetic model and to obtain the
kinetic parameters of MMC penetration in human bladders. The human bladder
wall can be viewed as a thin diffusion barrier (the urothelium) covering a
capillary perfused tissue layer (the connective tissue and muscle layers). The
urothelium in human bladders is about 200 /urn thick (Fig. 1). Capillaries do
not penetrate the urothelium. The surface cells of the urothelium (umbrella
cells) have thickened membrane plaques at the lumenal surface and are con
nected with tight junctions, characteristic of mammalian urothelium (12). The
thickened membranes and the tight junctions contribute to the permeability
barrier formed by this cell layer (12). The subepithelial connective tissue and
muscles are loosely packed tissues perfused by capillaries.

The concentration decline in the capillary-perfused bladder wall was ana

lyzed by two tissue pharmacokinetic models. The distributed model (equation
1) was first discussed by Dedrick et al. (13, 14).

- Cb) x (1)

where CJcplh is the concentration at the tissue depth. The Ch term reflects the
mixed venous and arterial blood concentration. Half-width (vi-|/2) is the thick

ness of the tissue over which the concentration declines by one-half. Cuâ€ž,is the

concentration at interface between urothelium and lamina propria. The appli
cation of this model for the bladder wall concentration-depth profile has been

discussed elsewhere (7). The distributed model incorporates two processes that
determine the concentration-depth profile. These are (a) diffusion of drug

through the tissue, which depends on the concentration gradient, and (b)
removal of drug by the capillaries, a process dependent on the concentration
difference between the tissue and the perfusing blood. In the bladder wall,
arterial blood enters in the trigone area, perfuses the bladder wall from the base
to the dome, and venous blood returns in the same tissue, collecting in venous
plexi on the serosal surface of the bladder wall, and drains into the vesical
veins. Venous blood leaves the bladder at the point of entry of the arteries (13).
Due to the recycling of blood in the bladder wall, deep tissue concentrations
equilibrate with a mixture of arterial blood containing low drug concentration
and venous blood containing high drug concentrations. Hence, the concentra
tion in the deep tissue is expected to be higher than the arterial blood concen
tration and lower than the venous blood concentration. A fraction of the drug
proportional to (Cd,.p,h-Cb) is removed by capillary blood flow each time the

drug moves past a capillary. The number of capillaries encountered by the drug
increases as the distance increases. Hence Cdeplh declines exponentially with
respect to tissue depth. Assuming insignificant tissue binding and that tissue
concentration is in equilibrium with blood concentration, Cuep,happroaches Ch
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Fig. I. Cross-section of human bladder. The
thickness is about 200 /im for the uroihelium, 1000
p,m for the lamina propria, and I cm for the muscle
layers.

0 1 5678

Depth in mm

10 11 12 13

at a depth much greater than the HV Note that the tissue concentration-depth

profile can be generated with the knowledge of Cu, WH,the ratio of Cu to Curo,
and the ratio of Cu to Ch. The last three parameters are determined by the
physicochemical properties of the drug and the drug removal by blood flow
and are constant parameters for a given drug in a given tissue.

An alternative model for drug distribution is the simple diffusion model
across a homogeneous barrier, as described by the Pick's first law (equation 2;

Refs. 16 and 17).

QTXH= cuio ~ *o x (depth - urothelial thickness) (2)

where k0 is the slope describing the decline in tissue concentration with respect
to tissue depth. The major difference between the distributed model and the
diffusion model is the role of the perfusing blood in removing the drug. In the
diffusion model, drug diffuses from an area of high concentration (urothelium)
to an area with low concentration (serosal side of the bladder) and is not
affected by the blood flow. The concentration-depth profiles predicted by the

distributed and diffusion models are characterized by two differences: (a) the
diffusion model predicts a linear concentration decline with depth, while the
distributed model predicts a log-linear decline; and (b) the diffusion model

predicts a continuous decline from directly below the urothelium to the serosal
surface, while the distributed model predicts that a plateau concentration will
be reached in the deep tissue when tissue concentrations are in equilibrium

with the perfusing blood.
Data Analysis. Due to the limited thickness of the urothelium. the urothe

lial MMC concentration-depth profile could not be determined experimentally.

The concentration at 200 firn or the interface between urothelium and lamina
propria (Curo) was obtained by interpolation of the computer-fitted line to the
depth of 200 (xm. The tissue concentration-depth profiles were computer-fitted

to equations 1 and 2. The Akaike information criterion (18) was used to
determine if the profile was best described by a logarithmic decline as pre
dicted by the distributed model or by a linear decline as predicted by the simple
diffusion model. The Akaike information criterion is a quantitative measure of
the balance between goodness of fit, measured as the sum of squared residuals,
and complexity of the mathematical model.

The tissue pharmacokinetic parameters were determined by nonlinear least
squares regression (NLIN; SAS Institute, Cary, NC). Average tissue concen
trations (Cmean) between 80 and 3000 /Am were determined as the area under
the actual tissue concentration versus tissue depth curves divided by the net
total depth (2920 jim). A similar analysis was used for dog and rabbit tissues
with two exceptions; (a) the urothelium thickness was 50 jxm, as determined
by microscopic examination (7); and (b) the average tissue concentrations
were between 50 and 2000 firn.

The concentration-time profiles of MMC in urine were analyzed in two

patients according to our previously used equations (5), with a minor modifi
cation (equations 3 and 4):

and

Dose

V., = V + V_,

(3)

(4)

where Vu is the volume of the urine at time r; V0 is the volume of the MMC
dosing solution; Vres is the volume of residual urine present in the bladder at
the time of instillation; Cu is the urine concentration; (fc, + ka) is a hybridized
first order rate constant describing drug absorption, degradation, metabolism,
and tissue binding. Our previous model included a urine production term (5).
This term was deleted for the cystectomy patients in the present study because
there was no significant drainage into the bladder due to early ligation of the
ureters.

The average tissue concentration reflects the total tissue exposure to MMC.
The rate of equilibration between urine and tissue concentration was deter
mined. The half-life (t<*)of reaching equilibrium was estimated by equation 5.

(5)

where Cu is the urine concentration at the time of drainage, Frji is the fractional
bladder wall concentration when equilibrium has been reached, and r" is the
time after drainage of the bladder. Â¡'equals 0 during instillation.

Statistical analysis was by analysis of variance (SAS Institute). Differences
between groups were determined using the paired or unpaired two-tailed Stu
dent's t tests and the Wilcoxon rank sum test at a 5% level of significance.
Correlations were evaluated with the Pearson's correlation coefficient, and
frequencies were evaluated with Fisher's Exact test.

RESULTS

Patient Characteristics. We evaluated the bladders of 24 patients
who underwent radical cystectomy for muscle-invading tumors. In

seven patients, drug concentration in superficial and deep tissues and
concentration-depth profiles were obtained. In four patients, the con

centrations in the superficial tissues including tumor and normal tis
sues, but not the deep tissues, were measurable. In 13 patients, tissue
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concentrations could not be measured with accuracy. Table 1 shows
the demographics, the time and extent of prior transurethral resection,
and the pathological evaluation of random bladder biopsies in the 11
patients in whom tissue concentrations were obtained.

MMC Concentrations. Table 2 shows the drug concentrations in
urine, plasma, and bladder tissue. In addition, urine concentration
versus time profiles were obtained in 2 patients (data not shown) and
analyzed by equations 3 and 4. These profiles were similar to the
profiles observed in our previous study in patients with superficial
bladder cancers (5). The average residual urine volume at the time of
drug instillation was about 5 ml, which was significantly lower than
the 32 Â±40 ml found in our previous study in superficial bladder
cancer patients (5), probably because the procedures used in surgery,
e.g., suction, was more effective in emptying the bladder than was the
drainage procedure used in nonsurgical patients. The combined drug
absorption and degradation rate constant were 0.012 and 0.003 min"'

for the two patients, which were similar to the previous results (5).
In 17 patients including the 4 patients who showed detectable

concentrations in the superficial tissues, the highest bladder wall con
centrations were <1 /xg/g, and in 13 cases the highest bladder wall
concentrations were near or below the detection limit of 0.1 fig/g. In
these patients, the MMC solution was removed >30 min before
ligation of blood vessels or had low concentration (<66 /xg/ml).
Tissue concentration-depth profiles could not be determined in these

patients. To achieve higher urine and tissue concentrations, several
procedures were implemented during the course of the study, i.e.,
early ligation of ureters, drainage of the bladder and interruption of
blood perfusion as late as possible in the procedure, and freezing of
the bladder specimen in the operating room rather than after transport
to the pathology area. These procedures resulted in substantially in
creased drug concentrations in urine and bladder tissue.

Tissue Concentration-Depth Profiles. In 7 patients, MMC con

centration in the urine recovered at 120 min ranged from 120 to 620
fj.g/ml and the peak tissue concentrations were >2 jj,g/g (Table 2).
Concentration-depth profiles were obtained in these patients. There
was a correlation between Cu and Curo (r2 = 0.85; P < 0.005). The Cu

was 20-50-fold higher than Curo, with mean and median ratios of

about 35 to 1. Drug concentrations further declined as the drug pen
etrated the lamina propria and the muscle layers and reached a rela
tively constant level at a depth of approximately 2000 to 4000 pirn.
The Cb values were considerably more variable than Curo and Cmean.
The ratio of Cu to Cb was about 1860 to 1. Fig. 2 shows the tissue
concentration-depth profiles. Both mean and median values are shown

to illustrate the interpatient variability. The median tissue concentra
tions were about one-half the mean concentrations due to the fact that

the concentrations in three patients were substantially higher than in
the other four patients. Computer-fitting the data with the distributed

model (equation 1) and the diffusion model (equation 2) showed that
the observed data were in better agreement with the values predicted
by the distributed model (r = 0.94 Â±0.07) than by the diffusion
model (r2 = 0.65 Â±0.24). Analysis by Akaike information criterion

confirmed that in all seven cases, the distributed model gave a sig
nificantly better fit. The wv, of the concentration decline in the cap
illary-perfused tissue was about 500 p.m.

Plasma Concentrations. Plasma concentrations were obtained in
four of the seven patients with measurable tissue concentrations.
Plasma concentrations were in the order of one million-fold lower
than urine concentrations and 10-1000-fold lower than the average

tissue concentrations (Table 2). In our previous studies on patients
undergoing intravesical chemotherapy, plasma concentrations ranged
from 2.1 to 181 ng/ml for treatments given within 3 days after tran
surethral resection of superficial bladder cancer (5). Plasma concen
trations in the radical cystectomy patients (95 Â±80 ng/ml) were
higher than in the superficial bladder cancer patients (43 Â±59 ng/ml;
Ref. 5). However, this difference was not statistically significant by
unpaired t test or Wilcoxon rank sum test.

Effect of Time Delay before Tissue Removal and Freezing. We
reported that the time interval between clamping the blood supply to
the bladder and freezing the bladder tissue is critical to obtaining
accurate tissue concentration-depth profiles (10). Delays of greater

than l h resulted in substantial changes in the profiles, i.e., a lower
urothelial concentration and a larger wvâ€žreflecting a more shallow
concentration decline in the tissue (10). In radical cystectomy patients,
a time delay of approximately 10-20 min between ligation of the

major perfusing blood vessels to the bladder and freezing of the
bladder wall tissue was unavoidable due to the complexity of the
surgical procedure. Modification of the surgical techniques as de
scribed in "Materials and Methods" decreased the delay time between

ligation of the blood supply and tissue freezing from 30-90 to 10-20
min. The effect of a 2-30-min delay on the bladder tissue concentra
tion-depth was determined in dogs. Our previous studies (7, 10) in
dicate a 2-5-fold variability in MMC penetration into different parts

of the dog bladder, probably related to the heterogeneity in the tissue
composition and blood supply (7). With this large variability, it was
deemed unlikely that the effect of a time delay on tissue concentration
profiles could be determined in individual animals. The experimental
design was therefore to examine the time delay effect using the mean
data from 4 animals. From each animal, tissues from different ana
tomical sites, i.e., dome, left, posterior, and right side of the bladder,
were taken and subjected to different time delays. The time delays
between cessation of blood flow and tissue freezing were randomized
with respect to the tissue sites; e.g., the dome and the left side of one
animal had delays of 2 and 30 min, while the same tissues of another
animal had delays of 30 and 2 min. The randomization was to avoid

Table I PatientcharacteristicsPatientABCDEFGHIJKAge(yr)4558567875617857585474SexMMMFMMMMMMMTumor

stage"RINOMOP4NOMO.

coloncancerP3bNlMOPONOMO.

urethra!cancerP36NOMOPI

NOMOPONOMO,
bladdercancerP3NOMO.
prostatecancerP3NxMOPINxMOP3NOMOPINxMO

bladdercancerP3NxMO
prostate cancerTumor

grade"III"nmmmNAGleason

score7IIImminGleason

score 7Time

TURBT*to

cystectomy(days)
Remarks14932582

Tumor downstaged by 4500 cGy preoperativeirradiation30760

Urothelial dysplasia. prior irradiation, profuse hemorrhagicradiationcystitis4768548

" Tumors were graded with a modified Armed Forces Institute of Pathology protocol; grade I. well differentiated; grade 2. moderately differentiated; grade 3, poorly differentiated.

Pathological tumor stage was based on the tumor, nodes, and metastasis staging system (20, 21). NA, not applicable.
* Transurethral resection of bladder tumor.
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Table 2 Concentrations of MMC in bladder tissue, urine, and plasma after intravesical instillation in patients

PatientDFGHIJKMeanSDMedianCum"l(ig/gg)27.894.3114.1822.244.612.745.5611.6510.015.56(Mg/g)9.331.292.289.222.331.411.543.913.682.28(Mg/g)14.402.111.8413.462.951.982.665.625.692.66Â£2000((ig/g)3.260.360.493.981.490.910.421.561.470.91((im)495478150661525957464533242495((ig/ml)622120526468168132280331206280((ig/ml)1.110.040.480.731.170.230.040.540.480.48((ig/ml)0.083ND*ND0.099ND0.1960.0020.0950.0800.091Ratio(-

u-^-uro22.327.837.121.036.448.250.434.711.736.4RatioCaTO:C336NDND225ND1427808391301280Ratio112NDND93.1ND7.2770246353102RatioCu:Câ€ž56030001096641144574700018592452641

" C"un>.C70o. and C2(xx>are the concentrations at 200 (im (urolhelial basement membrane where 7"atumors are located), 700 (im (lamina propria, TI tumors), and 2000 (im

(muscularis, T3 tumors). Cmcanis the mean concentration between 80 and 3000 (tm.
t, ND, not determined.

100.0

10.0

1.0

0.1

1 0.10

Median

0 1000 2000 3000 4000
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Fig. 2. Bladder wall concentration versus depth profiles. Bladders were removed from
patients treated with intravesical MMC. A through-cut specimen of tissue (non-tumor-
bearing) was obtained and snap-frozen. Symbolsand bars are mean + 1 SD and median
concentrations (n = 7). Lines connect the experimental data points and are not model-
fitted lines. A representative profile is given in the inset, where the experimental data
(dots) were computer-fitted to the distributed model.

systematic errors. The mean data showed an increased w,/, with in
creased delay. The wâ€ž,were 239 Â±99, 280 Â±46, 373 Â±150, and 568
Â±312 fim for delay times of 2, 5, 15, and 30 min, respectively,
suggesting an approximate 60% increase in wy, over a 15-min delay.

The mean tissue and urothelial concentrations showed minor changes
over 15 min.

Equilibration between Urine and Bladder Wall Concentrations
during and after Drug Instillation. The observed parallels between
tissue concentration with urine concentration, i.e., low tissue concen
tration in the presence of low urine concentration, suggested a rapid
establishment of a dynamic equilibrium between the urine and bladder
wall. We have shown in a previous study in dogs that the tissue
concentration stayed relative constant during different instillation pe
riods of between 5 and 120 min (7). The present study examined the
rate of equilibration in rabbits and the rate of removal of MMC from
tissues by the perfusing blood. MMC was instilled and maintained in
the bladder for varied time periods. The concentration-depth profiles

had similar shapes for different instillation times (data not shown).

The mean bladder wall concentrations, expressed as fractions of urine
concentrations, are shown in Fig. 3. The tissue to urine concentration
ratios after instillations of 5 and 30 min were similar, indicating that
the equilibrium was established within several minutes. In several
animals (with intact blood flow) where the instillate was removed at
120 min and the bladder was rinsed with saline, the bladder wall
concentrations declined rapidly during the first 5 min. MMC was not
detectable in the bladder wall after 30 min. This supports the rapid
drug removal by the perfusing blood. The mean tissue concentrations
were computer-fitted with equation 5 for a monoexponential increase

to an equilibrium level, followed by a monoexponential decline after
removal of the instillate. The tv, of equilibration was determined to be
3.6 min, indicating a rapid equilibrium between the urine and tissue
concentrations.

MMC Concentrations in Tumor and Adjacent Normal Tissues.
MMC concentrations in tumor and grossly normal tissues in the same
bladders were compared in 5 patients. The most commonly found
form of transitional cell carcinoma is a papillary tumor consisting of
stalks of tumor tissue growing from a central area and lacking a
smooth surface. For these tumors, the concentration-depth profiles

could not be determined with accuracy, and only the average concen
tration in the tumor tissue could be determined. In 4 patients, the

0.100

C0Â¡

0.010Ãœo

20.001InsellatoI

removed

}L^ ^

\I

\\
30 60 90

INSTILLATION TIME,

120 150

mm
Fig. 3. Bladder wall concentrations as a function of duration of drug instillation.

Rabbits received intravesical instillation of MMC ( 10 mg/10 ml) for 5, 30, or 120 min,
after which the drug solution was drained and the bladder was immediately removed. In
other groups given a 120 min instillation, the bladder was removed at 5 or 30 min after
the drug solution was drained. Data were computer-fitted using equation 5. Symbols and
bars are mean + 1 SD values for 3-5 animals. Line, model-predicted values. Concentra
tions at 30- and 60-min postinstillation were not detectable.
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MMC concentration in the superficial papillary tumors was higher
than the adjacent apparently normal tissue, while the reverse was
observed for the fifth patient (Table 3). The difference was not sta
tistically significant (P = 0.21, Fisher's Exact test). One patient had

a smooth, sessile transitional cell carcinoma. We were able to deter
mine the concentration-depth profiles in the tumor and the adjacent

normal tissue. The tumor tissue had higher concentrations than the
normal tissue (Fig. 4). However, in light of the slope of the decrease
in concentration, the w^/,were similar.

DISCUSSION

Data on drug penetration to tumor-bearing organs are important to

determine whether effective drug concentrations are achieved at the
tumor site. The bladder tissue penetration data have most significance
for superficial bladder cancer patients who often receive intravesical
therapy. The present study, because of the tissue requirements, could
not be done in patients with superficial disease and was performed in
patients with muscle-invading disease. Two potential differences be

tween the two groups of patients with superficial or invasive diseases
with respect to the conditions of the bladder wall and the vasculature,
in part due to the nature of the surgical procedures, are as follows: (a)
Cessation of bladder blood flow by surgical intervention affects the
drug removal by the capillaries. The effect of a time delay between
blood vessel ligation and freezing of tissue samples was studied in
dogs. The results showed a 60% overestimation of the w,/, and small
changes in the tissue concentrations for a 15-min time delay. These

changes are relatively minor compared to the interpatient variability in
these parameters, (b) Physical manipulation of the bladder during
surgery might have affected the urothelial integrity and drug absorp
tion. Likewise, more extensive lesions in the cystectomy patients than
the superficial cancer patients might have altered the drug penetration
characteristics. However, the plasma data, which reflect the extent of
systemic absorption, showed no difference in the MMC concentra
tions in the cystectomy and superficial bladder cancer patients (5),
suggesting that the effect of bladder manipulation on drug absorption,
if any, was minimal. Hence, while these potential differences are
recognized, the existing data suggest that the tissue pharmacokinetic
data obtained in the cystectomy patients are applicable to the super
ficial bladder cancer patients.

The major conclusions of the present study are two-fold. First, the

present study is one of several designed to identify the causes of the
variable and incomplete response of superficial bladder cancer to
intravesical chemotherapy. Previous studies investigated the urine
pharmacokinetics in patients, the MMC concentrations required for a
cytotoxic effect on histocultures of patient bladder transitional cell
carcinoma, and the penetration of MMC in dog bladders (5-7). Based

on the data of the previous studies and on the assumption that the
penetration of MMC in dog bladders is similar to that in human
bladders, we presented computer simulated data to show that the
clinical observation of a lower efficacy of intravesical MMC therapy

Table 3 Comparison of MMC concentration in tumor and normal bladder tissue.
MMC concentrations in superficial sections of papillary tumors were compared with

normal tissue concentrations at the same tissue depth.

100.0

Tissueconcentration(mis)PatientA

B
C
E
FNormal0.12

0.43
<0.1

0.85
4.31Tumor0.15

0.91
0.12
0.20
8.32Ratio

tumornormal1.25

2.12
>1.2

0.24
2.52Cu

(jÂ¿g/ml)ND"

25
150*

58
120

1.0

0.1

Tumor

Normal

2000

DEPTH,

4000 6000

" ND, not determined.
* Bladder was washed with saline.

Fig. 4. Bladder wall concentrations in the sessile tumor and normal bladder tissue of
patient F.

in high stage tumors as compared to the superficial low stage tumors
is due in part to the ineffective drug concentration in the deep tissues
and to the higher drug concentration needed to inhibit the high stage
tumor (7). Data of the present study showed nearly identical values of
the Cu:Curo ratio and the wv, in human and dog bladders. This verifies
the previous assumption that the dog is a good model for studying
MMC penetration in humans and supports the proposed pharmaco
logical basis of the varying and incomplete patient response to intra
vesical chemotherapy.

Secondly, the distributed tissue pharmacokinetic model, which
combines a drug diffusion process and a drug removal process by
tissue blood flow, was found appropriate to describe tissue MMC
concentration-depth profiles. The drug removal by the tissue blood

flow is further supported by the low drug concentration in tissues of
the 17 patients in whom the MMC solution was removed 30 min
before ligating the bladder vasculatures and by the data in rabbits
showing a rapid equilibration between the urine and tissue concen
trations and a rapid tissue concentration decline in the presence of
intact blood flow. The data further established the kinetic parameters
of MMC penetration in the human bladder, including: (a) Ca to Curo
ratio (35 to 1); (b) Cu to Cb ratio (1860 to 1); (c) Curo = Cp ratio (839

to 1); (d) Cmean:Cp ratio (246 to 1); (e) wVl(500 pun); (/) plateau
tissue concentration at 2000 to 4000 p.m depth; and (g) rate of
equilibrium between the urine and tissue concentrations (tv, of 4 min).
Intravesical chemotherapy is used to treat superficial tumors, i.e., Ta
and Tjs tumors located in the urethelium and T, tumors in the lamina
propria. The large ratio of tissue to plasma concentrations confirms the
pharmacokinetic advantage of intravesical therapy to give high drug
concentration in tumor-bearing bladder tissue and a minimal systemic

drug exposure. The rapid equilibration between urine and tissue con
centrations suggests that the tissue exposure to MMC is determined by
the instillation period and the urine concentrations, the two parameters
which can be readily controlled during a treatment.

In the present study, the tissue pharmacokinetic data were deter
mined using primarily bladder sections with no apparent lesions. In
one case where paired tumor and normal tissues were obtained and
compared, the tumor-bearing tissue showed higher concentrations but
a similar w,/2.Further studies using tumor-bearing tissues are needed

to confirm the tumor tissue pharmacokinetics.
The establishment of the tissue pharmacokinetic model and the

numerical values of the kinetic parameters permits the projection of
tissue concentration-depth profiles based on the Cu. Urine samples

and Cu can be readily obtained while tissue concentrations, in part due
to the limited human tissue availability, cannot be routinely obtained.
Cu depends on several environmental factors, including the dose,
volumes of the dosing solution and urine and, because of the pH-
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dependent stability of MMC, the urine pH (5). In a separate study, we
used computer simulations to project different Cu values by altering
these environmental factors and to use the projected Cu values to
generate the tissue concentration-depth profiles (19). The tissue con

centrations were compared to the concentrations needed to inhibit the
proliferation of human bladder tumors (6, 9) to estimate the treatment
efficacy. Based on the simulated tissue concentrations and the result
ing treatment efficacy, an optimized treatment regimen was selected
(19) and is currently being evaluated in a phase III trial.
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