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We compared tissue and plasma pharmacokinetics of
“C-sucrose in subcutaneous RG-2 rat gliomas after
administration by 3 routes, intravenous bolus (IV-B; 50
wCi over 30 s), continuous IV infusion (IV-C, 50 pnCi at
a constant rate), and convection-enhanced delivery (CED,
5 nCi infused at a rate of 0.5 pl/min), and for 3 experi-
mental durations, 0.5, 2, and 4 h. Plasma, tumor, and
other tissue samples were obtained to measure tissue
radioactivity. Plasma radioactivity in the CED group in-
creased exponentially and lagged only slightly behind the
IV-C group. After 90 min, plasma values were similar in
all. Mean tumor radioactivity was 100 to 500 times higher
in the CED group at each time point than in the IV-B and
IV-C groups. Tumor radioactivity was homogeneous in
the IV groups at 0.5 h and inhomogeneous at 1 and 2 h.
In CED, radioactivity distribution was inhomogeneous
at all 3 time points; highest concentrations were in tissue
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around tumor and in necrosis, while viable tumor con-
tained the lowest and sometimes negligible amounts of
isotope. Systemic tissue radioactivity values were similar
in all groups. Efflux of "*C-sucrose from tumors was eval-
uated in intracerebral tumors (at 0.5, 1, 2, and 4 h) and
subcutaneous tumors (at 0 to 0.5 h). Less than 5% of *C
activity remained in intracerebral tumors at each time
point. The efflux half-time from the subcutaneous tumors
was 7.3 = 0.7 min. These results indicate rapid efflux of
drug from brain tumor and marked heterogeneity of drug
distribution within tumor after CED administration,
both of which may be potentially limiting factors in drug
delivery by this method. Neuro-Oncology 6, 104-112,
2004 (posted to Neuro-Oncology [serial online], Doc.
03-044, March 3, 2004. URL http://neuro-oncology.
mc.duke.edu; DOI: 10.1215/51152 8517 03 00044 9)

uring the past few years, the direct infusion of
D therapeutic agents into brain tumors has become

popular. The motivation behind this delivery
approach has been the suspected, although never proven,
limitation of drug delivery to brain tumors after admin-
istration by any form of intravascular delivery. Direct
infusion into tumors, also called convection-enhanced
delivery (CED)? (Bobo et al. 1994), provides a method of
drug administration in which the delivery-limiting prop-
erties of the blood-brain barrier are circumvented.
Although CED is being studied by many different groups
(Bruce et al., 2000; Giussani et al., 2003; Kaiser et al.,
2000; Miller et al., 2002; Viola et al., 1995; Yang et al.,
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2002), there have been very few studies of either the
plasma or tissue pharmacokinetics of drug delivery by this
route. Consequently, the relative advantages or disad-
vantages of direct tumor delivery are poorly understood.
This study compares the plasma and tissue pharma-
cokinetics of C-sucrose delivered to subcutaneous RG-2
tumors by CED to 2 different intravenous (IV) adminis-
tration protocols. We chose to use the subcutaneous RG-2
model because of the difficulties associated with localiz-
ing intracerebral tumors in rats for purposes of stereo-
taxic injection (which are illustrated in the experiments
using intracerebral tumors in this study), and because
previous studies have shown that the capillary structure
and physiological properties of subcutaneous and intra-
cerebral RG-2 gliomas are similar (Molnar et al., 1999;
Schlageter et al., 1999). In addition to the tumor model,
there were other considerations behind our experimental
design. Many drugs are administered by rapid IV infu-
sion to maximize the plasma concentrations and the
“area under the curve,” while most CED infusion pro-
tocols use a constant infusion rate over a defined time
period. This results in very different input functions for
the 2 delivery methods. In addition, there were practical
considerations based on the limitations of experimental
methodologies. If the same amount of drug were admin-
istered by IV and CED routes, the amount of drug in
tumor would be either too low (after IV administration)
or too high (after CED administration) to be adequately
visualized by quantitative autoradiography. We chose,
therefore, to use 2 intravenous administration protocols:
bolus and continuous administration, and a single con-
tinuous administration CED protocol. In addition, we
used the amount of isotope that would be optimal for the
particular experimental design and then normalized the
plasma and tissue values post hoc by using the animal
weight and administered dose so that the plasma and tis-
sue values were directly comparable between animals.

Materials and Methods

Tumor Transplantation

All animal experimentation was reviewed and approved
by the Institutional Animal Care and Use Committee of
Evanston Northwestern Healthcare Research Institute.
Fischer-344 rats (Harlan Industries, Indianapolis, Ind.)
were anesthetized with isoflurane/nitrous oxide/oxygen
anesthesia (1.5/30/70; v/v/v). For rats with intracerebral
tumors, a burr hole was made through the skull, and a
Kopf stereotaxic frame was used to insert an indwelling
brain infusion cannula (Alzet Corp., Palo Alto, Calif.)
into the caudate nucleus (2.5 mm lateral and 1 mm an-
terior to the bregma, and at a depth of 5 mm) according
to the atlas of Paxinos and Watson (1986). The cannula
was attached to the skull, 2 wl of RG-2 glioma cells (10°
cells/ml) was injected, and the polyethylene catheter
attached to the cannula was heat sealed. Another group
of Fischer-344 rats was injected s.c. in the flank with 10 .l
RG-2 glioma cells (10° cells/ml, or 1000 cells), as described
previously (Groothuis et al., 1983a, b).
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Amnimal Preparation

Rats were used for experiments 2 to 3 weeks after tumor
cell injections, when the tumors were 8 to 10 mm in
diameter, and were prepared for single-label, quantitative
autoradiographic experiments as previously described
(Groothuis et al., 1983a, b). Briefly, unilateral femoral
arterial and venous polyethylene catheters (PE-50) were
inserted under anesthesia, which was continued through-
out the experiment. Blood pressure and rectal tempera-
ture were monitored and heat lamps used to maintain
body temperature at 37°C. Systemic arterial hematocrit
was measured at the beginning and end of the experi-
ment. In rats used for direct tumor infusion, a 23 gauge
needle was attached to PE-50 polyethylene tubing; the
needle was inserted directly into the tumor, and the tub-
ing was attached to a Sage 365 programmable infusion
pump (ATI Orion, Boston, Mass.).

Experimental Procedures

Comparative Pharmacokinetics. Three different routes of
administration were used: in the first group, isotope was
administered by IV bolus (IV-B); in the second group, iso-
tope was administered by continuous IV infusion (IV-C);
and in the third group, isotope was administered directly
into the tumor by CED. Within each experimental group,
3 rats each were used for experiment durations of 0.5, 2,
and 4 h. In the IV-B group, 50 wCi "*C-sucrose (DuPont
NEN, Wilmington, Del.; 632 mCi/mmol) was injected intra-
venously over 30 s. In the IV-C group, 50 wCi *C-sucrose
was administered intravenously at a rate of 10 pl/min; the
volume was appropriate for the experiment duration. In the
CED group, 5 pCi *C-sucrose was administered at a con-
stant rate of 0.5 pl/min over the duration of the experiment;
the volume was appropriate for the experiment duration.
For all animals, samples of the isotope infusion solution
were obtained, and heparinized arterial blood samples
were obtained at selected intervals and centrifuged. The
infusion solution and plasma were used to determine
radioactivity concentration by liquid scintillation counting
(LSC) with appropriately quenched *C standards. At the
end of the experiment, the subcutaneous tumors were
removed, including a margin of the tissue into which the
tumor was growing. The tumor was frozen at —80°C in lig-
uid Freon (E.I. DuPont de Nemours & Co., Wilmington,
Del.) within 1 min of the conclusion of the experiment. Sam-
ples of heart, kidney, brain (frontal cortex), and liver were
removed, placed in tared liquid scintillation vials, and sol-
ubilized until the tissue was dissolved, and radioactivity con-
centration was determined by LSC with appropriately
quenched "C standards. Plasma and tissue values from
each experiment were normalized for an administered
radioactivity dose of 50 wCi per animal and for animal
weight.

Efflux Experiments. Rats with intracerebral or subcuta-
neous gliomas were used for *C-sucrose efflux experi-
ments. Under anesthesia, the rats with intracerebral
tumors were placed in the Kopf stereotaxic frame (Alzet
Corp.), the heat-sealed end of the catheter attached to the
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brain infusion cannula was recovered and opened, and
5 wCi of *C-sucrose in 5 ! saline was injected over 3 min.
Four animals were euthanized at time points of 0.5, 1, 2,
and 4 h after injection, for a total of 16 animals. At the end
of an experiment, the rat was decapitated; the brain was
removed, frozen in liquid Freon, and serially sectioned at
20-pm thickness in the horizontal plane. Autoradio-
graphic images were prepared as described elsewhere
(Groothuis et al., 1999). The same brain sections used for
autoradiography were then stained with hematoxylin and
eosin and examined microscopically. The subcutaneous
tumors were prepared in the same manner as for the ani-
mals used for CED infusion (see “Comparative Pharma-
cokinetics” above) except that 5 nCi "C-sucrose in 10 pl
saline was infused over 2 min. Five rats were euthanized at
each of the following time points: 0, 2, 5, 10, 15, 20, and
30 min. The tumors were rapidly removed, frozen in lig-
uid Freon (-80°C), weighed, and then homogenized.
Radioactivity concentration in the homogenate was deter-
mined by LSC with appropriately quenched **C standards.

Analysis

The plasma values of the IV-B group were fitted to a
multi-exponential function to determine the o and 8 half-
times of the plasma decay (Groothuis et al., 1999).
Preparation of autoradiographs of the subcutaneous
tumors has been described (Blasberg et al., 1981; Groothuis
et al., 1983a, b). The autoradiographs were digitized at a
resolution of 50 pm/pixel with a video-based digitizing
system, along with calibrated *C-methylmethacrylate
standards. After the autoradiographs were prepared, the
tissue sections were stained with hematoxylin-eosin, dig-
itized, and aligned with the autoradiographic images
in computer memory. Regional tissue measurements of
radioactivity (nCi/g) were obtained from the auto-
radiographs by using the histological images to define the
region of interest. The tissue and plasma radioactivity
concentrations were corrected for the actual adminis-
tered isotope dose and animal weight to express each
animal’s data as a normalized amount. The plasma values
were used to construct a plasma arterial integral (or area
under the curve) for each animal. The tissue radioactivity
concentrations were expressed as normalized values and,
for the IV-B group, as an apparent transfer constant K,

(Eq. 1) - G

KE\
A o7

where C,; is the tissue radioactivity concentration and
C, is the plasma radioactivity concentration.

The efflux constant was determined by methods sim-
ilar to those described by Cserr et al. (1981). Normalized
tissue radioactivity concentration (A,) was plotted against
time, and the data fit to a monoexponential expression

(Eq. 2) A, =A™
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where k is the first-order rate constant for total *C-
sucrose efflux from the brain.

Data were compared with parametric statistics. Student’s
t-test was used for comparison of data from 2 locations.
Groups were compared by using analysis of variance.

Results

Plasma Radioactivity Levels

The time course of plasma radioactivity levels and the
plasma arterial integral for the 4-h experiments of the
3 groups are shown in Fig. 1A. Since the animals in the
0.5-h and 2-h groups received the same amount of iso-
tope as the 4-h group, the plasma values were higher, but
the plasma curves followed the same pattern as those
shown in Fig. 1A. As expected, the plasma values from
the IV-B group were at a maximum immediately after
injection and declined exponentially. The data from the
IV-B group was fit with a biexponential decay and yielded
an « half-time of 1.5 min, with a 8 half-time of 31.5 min,
similar to values in normal rats (Groothuis et al. 1999).
The plasma values from the other 2 groups increased
slowly from 0 to 90 min and remained constant after
that. The plasma values from the CED group were slightly
lower and lagged behind those of the IV-C group. The
plasma arterial integrals reflected these patterns (Fig. 1B):
The radioactivity level of the IV-B group was 39,156.6
nCi g! min, while that of the IV-C group was 11,975.7,
and that of the CED group was 11,714 nCi g"' min. The
latter 2 values are not significantly different.

Tissue Radioactivity Concentrations in Other Organs

Figure 2 shows the tissue radioactivity concentrations
in the 4-h groups in kidney, liver, heart, and frontal cor-
tex. Similar patterns of tissue radioactivity concentration
were observed in the 0.5-h and 2-h experimental time
groups. Error bars are not shown in Fig. 2 because they
were large and obscured the presentation. The SD values
were similar in magnitude to each respective mean value
and are large because precise tissue sampling was not
used. For example, the tissue radioactivity concentration
values at 4 h in the kidney were 635 = 535 in the IV-B
group, 536 = 455 in the IV-C group, and 301 + 248
nCi/g (SD) in the CED group. Consequently, because of
the variation, there were no significant differences among
the tissue concentrations in any of the groups. As ex-
pected, since the plasma levels were highest in the IV-B
group, the tissue levels were also the highest in that
group, followed by the IV-C group and then the CED
group. The apparent influx constant, K, of sucrose into
frontal cortex was 0.8 pl g min™. It was 0.66 ul g min
into heart, 10.1 pl g min™ into kidney, and 2.5 pl g
min™ into liver, as calculated from the 0.5-h data of the
IV-B group. For comparison, the influx constant of
sucrose into the tumors of the IV-B group was 6.7 = 0.07
wl ¢! min, as calculated from the 0.5-h data.
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Fig. 1. Plasma radioactivity values. A. Mean values from the 4-h ani-
mals in the 1V-B (open squares), IV-C infusion (open circles), and
convection-enhanced delivery (CED) (open triangles). Note that the
y-axis is logarithmic. As expected, the plasma values after IV-B show
a biexponential decay, while those from the IV-C and CED groups
rise gradually and plateau at about 90 to 120 min. The plasma val-
ues from the CED group lag slightly behind those of the continu-
ous infusion group. Error bars are not shown; in most cases the error
bars (= SD) were within the plotted symbol of the mean and, when
included, obscured the plot of the mean values. B. Integrated plasma
activity (nCi g™ min) for each of the 3 groups.

Tumor Radioactivity Concentrations

Figure 3 shows the mean tumor tissue radioactivity con-
centrations on a logarithmic scale for each of the 3
groups at the end of each of the different time periods.
At each time period, the tumor concentrations after
intravenous bolus and continuous intravenous adminis-
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Fig. 2. Tissue radioactivity values. Mean tissue radioactivity values
(nCi/g) for kidney, liver, heart, and frontal cortex, for the 4-h groups
of animals. The values for the IV bolus group are the open columns;
those from the continuous IV group are the shaded columns, and
those of the convection-enhanced delivery (CED) group are the
black columns. At 4 h, the tissue "*C-sucrose levels are lowest in the
CED group and highest in the IV bolus group. Error bars are not
shown on this 3D plot; however, the SD for each value was approx-
imately the same magnitude as the value itself (see Results).
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Fig. 3. Mean whole-tumor radioactivity concentrations in each of the
3 experimental groups (IV bolus, continuous IV, and convection-
enhanced delivery [CED]) at each of the 3 experimental time points.
Values are means = SEM. Note that the y-axis scale is logarithmic. At
each time point, the mean tumor values in the CED groups are >100-
fold greater than those in the 2 corresponding intravenous groups.

tration were similar, while tumor concentrations in the
CED group were 100 to 500 times higher. Figure 3 also
shows that the mean tumor concentration levels in the
CED group remained nearly constant over the 0.5-h to
4-h time period. However, examination of the auto-
radiographs (Fig. 4) showed that there was marked vari-
ation in isotope distribution within the tumors that is
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Fig. 4. Quantitative autoradiographs of "C-sucrose distribution:
Continuous infusion versus convection-enhanced delivery (CED).
The gray scale to the right of each set of 3 figures reflects the con-
centration of "*C-sucrose in the tumors; note that the 2 scales are
nonlinear and differ by a 100-fold maximum value. The tumors in
the continuous IV infusion show a progression from homogeneous
distribution at 0.5 h, to slightly inhomogeneous distribution with
increased concentration at the tumor edge at 2 h, to inhomoge-
neous distribution with increased concentration at the tumor mar-
gin and in areas of focal necrosis at 4 h. In the CED group, the
tumors are markedly inhomogeneous at all time points, with maxi-
mum tissue radioactivity concentration at the tumor edge and in
areas of necrosis. Note that in the 0.5-h and 4-h CED tumors there
are areas at the bottom of the tumor that have no, or very little, "*C-
sucrose activity in areas of viable tumor. The histology of the 4-h
tumors is shown in Fig. 5.

not indicated by the whole-tumor values. When the
autoradiographs were analyzed to determine mean
tumor radioactivity concentration within histologically
viable tumor tissue in the CED groups, the values were
1424 = 240 nCi/g in the 0.5-h group, 2364 = 320 nCi/g
in the 2-h group, and 2645 = 284 nCi/g in the 4-h
group. These values are almost 10-fold lower than the
mean whole tumor values, which suggests that the iso-
tope was in some part of the gross tumor specimen that
did not contain viable tumor cells. In both the IV-B and
IV-C groups, the isotope distribution was homogeneous
at 0.5 h, and as time progressed, the isotope became con-
centrated at the tumor edge. At the 4-h period, isotope
was also beginning to concentrate within focal areas of
tumor necrosis (Figs. 4 and 5). The spatial distribution
of ™C activity within the CED group, however, was
markedly inhomogeneous at all time points (Fig. 4).
Some "“C-sucrose activity was found within viable tumor
tissue, but the radioactivity tended to concentrate in
areas of focal necrosis and at the edge of the tumor mass
(Figs. 4 and 5). In some areas of histologically viable
tumor, there were areas that contained almost no *C-
sucrose radioactivity (Fig. 4).

“C-Sucrose Efflux

Intracerebral Tumors. Analysis of all tissue from
all 4 time points showed that less than 10% of injected
C-sucrose remained in the tumors and/or surrounding
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Fig. 5. Digitized histologies of the 4-h tumors from the continuous
IV and convection-enhanced delivery groups, corresponding to the
autoradiographs shown in Fig. 4. The tumors are oriented in the
same way as the autoradiographs. The arrows point to focal necro-
sis; in the lower tumor the white areas are cryosectioning artifacts in
an area of necrosis corresponding to the arc-like distribution of '*C-
sucrose radioactivity shown in Fig. 4. The V indicates areas of viable
tumor tissue.

brain (Fig. 6). These data were judged inadequate for cal-
culating a tumor efflux constant. In addition, the brain
infusion cannula was often located at some distance from
the tumor center (Fig. 6C), which suggests that the infu-
sion occurred near the tumor edge in some tumors.
However, tumors from all 4 time points consistently
showed a small amount of isotope remaining in tumor,
usually in areas of necrosis, and the remainder of the iso-
tope in the tissue sample was in brain surrounding the
tumor (Figs. 6B and 6D).

C-Sucrose Efflux: Subcutaneous Tumors. The data
(mean = SD) from the subcutaneous efflux experiments
are shown in Fig. 7. The efflux constant was 0.0947 =
0.009 min™ (standard error = 0.00008, 7> = 0.98), which
corresponds to an efflux half-time of 7.3 + 0.7 min.

Discussion

These experiments show that delivery of *C-sucrose to
subcutaneous RG-2 rat gliomas is dominated by 2 fea-
tures: the entry portal of *C-sucrose into the body, and
the clearance of *C-sucrose from the tumors. A third fea-



Fig. 6. Histology and autoradiographs of intracerebral RG-2 gliomas
after injection of "C-sucrose. A and B. Glioma from an animal euth-
anized 0.5 h after injection of "*C-sucrose. C and D. Glioma from an
animal euthanized 1 h after injection. In the histology images (A and
C), the round tumor mass in the left hemisphere is easily distin-
guished from normal brain. The white arrows point to the locations
of the infusion sites. The white arrows with asterisks point to areas
of necrosis. The autoradiographs, in the same orientation and mag-
nification as the histology images, show the nearly complete lack of
radioisotope in the tumor, with a predominance of remaining
radioactivity either in necrotic tumor or in brain surrounding tumor.

ture, the distribution of the isotope within the tumor, is
controlled by local tumor tissue physiological processes.
Of the observations recorded by these experiments, 4
results are of particular interest with regard to the direct
infusion of drugs into brain tumors.

First and foremost, as expected, there were higher tumor
radioactivity concentrations in the CED group simply
because the subcutaneous tumor represented the entry
portal for *C-sucrose before it redistributed in the body.
Furthermore, and also as expected, the mean tumor
radioactivity concentrations after CED administration
were markedly higher than those after either intravenous
route. Figure 3 illustrates this effect, with mean tumor
concentrations in the CED group at each time point more
than 100 times the concentrations after either intravenous
route of administration. This observation is confirmed by
comparing tumor exposure expressed as the area under
the curve; the tumor concentration integrals were calcu-
lated by using the trapezoidal rule and the data from
Fig. 3. The tumor concentration integral for the IV-B
group was 1.5 x 10%, that for the IV-C group was 2.6 x
10*, and that for the CED group was 9.2 x 10° nCi g"' min.
The integrated exposure in the CED group was 312 times
higher than that in the IV-C group and 625 times higher
than that in the IV-B group. The differences between the
CED and other groups were significant at the P < 0.0001
level. In summary, the direct infusion of drugs into tumors
will result in higher concentrations and therefore higher
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Fig. 7. Efflux of "*C-sucrose from subcutaneous RG-2 gliomas. Each
point represents the mean = standard error of 5 animals. The curve
is a monoexponential fit, from which the efflux rate constant was
determined.

exposure values than after systemic administration by the
intravenous route.

Despite the high C concentrations in the tumors
infused by CED, the radioactivity did not remain long. A
second but unexpected finding was the rapid clearance of
the *C-sucrose from the RG-2 tumors. We had originally
intended to measure efflux from RG-2 tumors growing in
the brain, and we selected time points that were used to
measure efflux of C-sucrose from normal brain, that is,
0.5 h to 4 h. The efflux half-time of *C-sucrose from nor-
mal brain was 2.75 h (unpublished observations). How-
ever, at 0.5 h, almost all of the *C-sucrose had left the
tumor and was either in brain surrounding tumor (Fig. 6B)
or had left the brain. By 1 h, less than 3% of the adminis-
tered dose was present in either tumor or surrounding
brain (Fig. 6D). In addition, since we could not control
how the tumor grew around the brain infusion cannula,
the cannula was often located off center in the tumor. We
repeated the efflux experiments with subcutaneous tumors
with shorter experimental durations and so that we could
better control the placement of the infusion needle into the
center of the tumor. The data confirmed the observations
from the intracerebral tumors. The rapid efflux is demon-
strated in 2 ways in the data from the subcutaneous
tumors. First, by direct measurement (Fig. 7), the clearance
half-time from the tumors was 7.3 min, which is more
than 20 times faster than the efflux constant of “C-sucrose
from normal brain. Second, the plasma values in the CED
group lagged behind those of the IV-C group only slightly
(Fig. 1), resulting in nearly identical plasma curves for the
2 groups. As will be discussed below, the rapid clearance
of *C-sucrose from the tumors was believed to be due to
high interstitial fluid pressure within the tumors, causing
convective flow from the tumor extracellular fluid into sur-
rounding tissue. The rapidity of the clearance half-time can
be compared to an equilibration half-time, assuming a sim-
ple 2-compartment model and passive distribution (i.e.,
diffusional distribution but no convective efflux) (Blasberg
et al., 1981). The equilibration half-time for sucrose, cal-
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culated from the influx constant into the RG-2 tumors,
would be expected to be 115 min. That the efflux half-time
is 15 times faster than the equilibration half-time of a pas-
sive system is indicative of the magnitude of the processes
driving sucrose efflux from the tumors.

A third finding, again unexpected, was the similarity of
tissue radioactivity concentrations in systemic tissues
regardless of the route of isotope administration (Fig. 2).
This implies that, for the same administered dose, the risk
of systemic tissue toxicity may be similar regardless of the
route of administration. This interpretation must be viewed
cautiously since in the present experiments the dose was
normalized in each experimental group in order to be
directly comparable. In a clinical situation, the dose admin-
istered by CED may or may not be similar to the IV dose.
However, it will be important to remember that all, or
nearly all, of the drug infused into the tumor will eventu-
ally redistribute within the rest of the body, and the present
data suggest that the redistribution occurs very quickly.

The fourth and perhaps most important observation
with regard to the direct infusion of drugs into brain
tumors was the variability of isotope distribution within
individual tumors, as seen in Figs. 4 and 6. Shortly after
the intravenous administration of *C-sucrose (0.5 h), the
distribution of radioactivity within the tumor was homo-
geneous. This was expected on the basis of the previous
studies of blood-to-tumor permeability in RG-2 tumors,
which is similar in both intracerebral (Groothuis et al.,
1983a, b) and subcutaneous tumors (Groothuis et al.,
1983a, b; Schlageter et al., 1999). However, even in the
intravenously injected animals, the distribution became
inhomogeneous at 2 h and markedly so at 4 h (Fig. 4).
Examination of the isotope distribution at these later time
points indicated that there was movement of *C-sucrose
into areas of necrosis and out of the tumor into the sur-
rounding tissue. By 4 h, the isotope concentration in these
latter 2 areas was higher than in viable tumor tissue (Figs.
4 and 5). That is, convective forces similar to those oper-
ating in the CED group were operative in the IV groups.
In contrast, in the CED groups, at all time points, isotope
distribution was preferentially found in areas of necrosis
and at the tumor margin (Figs. 4 and 6). Indeed, at all 3
time points, there were areas of viable tumor that con-
tained negligible amounts of radioactivity.

The data from the brain tumors contrast sharply with
those from injections into normal brain. The distribution
of "C-sucrose into normal rat brain produced a much
more uniform and predictable distribution (Groothuis et
al., 1999). The data from the RG-2 tumors suggest that
there are actually 3 different regions that should be stud-
ied in brain tumors, that is, normal brain itself, the tumor
tissue, and the area in which the 2 collide, often called
brain around tumor.

A physiological factor that has not been studied exten-
sively in brain tumors nor included in many pharmaco-
kinetic models of drug distribution in brain tumors, and
which could explain these observations, is interstitial fluid
pressure. Jain et al. have shown that interstitial fluid pres-
sure in experimental brain tumors can reach levels of 15
to 25 mm Hg (Baxter and Jain, 1989; Boucher and Jain,
1992; Boucher et al., 1990, 1997; Jain, 1990; Less et al.,
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1992; Netti et al., 1995). This pressure most likely has
both hydrostatic and osmotic components. RG-2 tumor
microvessels contain “holes” large enough to allow
extravasation of plasma proteins, which could generate a
significant osmotic pressure. As a result of the change
from a continuous plasma membrane to one perforated
by populations of large and small “pores,” the movement
of drugs across the blood-tumor barrier changes from
passive diffusion to a pressure-driven situation in which
Starling’s law becomes applicable. This pressure gradi-
ent across tumor microvessels occurs within viable tumor,
thus explaining the low tissue radioactivity concentrations
in viable tumor regions (Figs. 4 and 5), and produces a
pressure gradient in tumor extracellular space from high
levels within viable tumor to lower levels in areas of
necrosis and surrounding tissues. These pressure gradients
account both for the tissue radioactivity distribution pat-
tern within the tumors (Fig. 4) and for the increased rate
of drug efflux from the tumors.

On the basis of these observations, some implications
of drug distribution on therapy may be considered. When
drugs are administered by CED, there is likely to be inho-
mogeneous distribution within most malignant gliomas,
resulting in islands of cells that receive minimal exposure
to therapeutic agents. This would suggest a high proba-
bility of local recurrence in these situations. However,
there are variables to consider. For example, a long-term
infusion may produce local effects on the tumor vascula-
ture surrounding an island of viable tumor cells, which
may in turn, over time, make the island more susceptible
to the effects of therapy. Chemotherapy protocols that
involve short-term infusions would be especially liable to
marked variation in tissue distribution. In this study, we
used a single flow rate for infusions. Increasing the flow
rate, and thereby increasing the local hydrostatic pressure
of the infusion, may be one alternative method for cir-
cumventing the local tissue interstitial pressure gradients.
Especially disconcerting are the short distances that were
involved in these studies. The tumors were 8 to 10 mm in
size, and yet there were areas of viable tumor cells in all
CED infusions that did not contain radioisotope. Human
brain tumors are often much larger. The flow rates that are
needed to overcome the local tumor-generated hydrostatic
pressures are likely to be variable from one tumor to the
next, and perhaps within individual tumors, and whether
the infusion pressures needed to exceed the tumor inter-
stitial pressure can be achieved has yet to be determined.
It may also be possible to acutely or chronically alter the
tumor interstitial pressure and to lower the pressure gra-
dient for effective therapy. Kristajansen et al. (1993)
demonstrated that dexamethasone lowered interstitial
pressure in one experimental tumor model.

Direct infusion of drugs into brain tumors represents
an exciting new avenue for therapy of malignant brain
tumors. However, it is clear that failure may be still be
due to drug delivery as well as ineffective agents, and that
considerable work remains to be done to understand and
effectively manipulate drug delivery within an individual
tumor. It would be a tragedy if a truly effective thera-
peutic agent were discarded as being ineffective when the
basis for failure was ineffective delivery. This study



focused on sucrose, a small water-soluble compound.
Clinical studies of convective delivery to brain tumors are
using a broad range of compounds, including small lipid-
soluble drugs (Hassenbusch et al., 2002; Heimberger et
al., 2000), small water-soluble drugs (Mardor et al., 2001;
Patchell et al., 2002), and large compounds, often linked
to receptor ligands (Laske et al., 1994, 2002; Reardon
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et al., 2002; Weber and Hingorani, 2002; Yang et al.,
2002). Although the rate of convective clearance is sim-
ilar for compounds of a wide range of molecular weights
in normal brain (Cserr et al., 1981), it remains to be seen
whether this is true in brain tumors, especially for the
receptor-mediated compounds.
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