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This study characterized agent differential per-
meability, three-dimensional tumor volume, and
survival in an LX-1 human smaUl ceU lung carci-
noma intracerebral xenograft model in the nude
rat. The percent accessible tissue space (distri-
bution volume) and the permeability x capiUary
surface product for aminoisobutyric acid (Mr
103), methotrexate (Mr 454), dextran 10 (Mr
10,000), and dextran 70 (Mr 70,000) were meas-
ured between 8 and 16 days after inoculation of
tumor. Magnetic resonance imaging and histology
were used to quantitate intracerebral tumor vol-
ume (mm3). Accessible tissue space (ml/g) and
permeability x capiUary surface product in in-
tracranial tumor, surrounding brain, and subcu-
taneous tumor decreased with increasing mo-
lecular weight of the agent, regardless of the
number ofdays after inoculation. Accessible tis-
sue space in intracranial tumor increased be-
tween 8 and 16 daysfor al agents except dextran
70. There was little change in the subcutaneous
tumor or other tissues with time. Tumor volume
calculations from imaging studies correlated
with volumetric measurementsfrom histological
sections (r2 = 98.5%) and iUustrated natural tu-
mor progression (9 to 225 mm3). These results
provide a basisfor therapeutic design based on
differential permeability of specific agents and
the ability to quantitatively measure brain tumor

volume for accessing tumor response. (Am J
Pathol 1995, 146:436-449)

There is general agreement in the field of malignant
brain tumor research that therapeutic progress has
been modest in part because human tumors are char-
acterized by a variable integrity of the blood-brain
barrier (BBB). Numerous animal and clinical studies
with computed tomography and magnetic resonance
(MR) imaging have documented variable permeabil-
ity associated with different tumor types, regional vari-
ability within individual tumors, and changes in the
tumor periphery.16 Recently, clinical studies of quan-
titative measurements of the blood-to-tissue transfer
constant (k1) have verified this variable permeability.7
In 1992, Zhang and colleagues8 reported permeabil-
ity increases related to tumor size using the small Mr
marker fluorescein based on eight different human
cell lines grown in a nude mouse brain metastasis
model. The current communication confirms increas-
ing permeability with tumor size and extends this ob-
servation to demonstrate permeability differences
with four agents with varying characteristics, in par-
ticular a broad range of molecular weights. Differen-
tial permeability to various markers has therapeutic
application in at least two potential models.914
One application depends on the differential per-

meability of brain tumors to drugs as compared with
antibodies. That is, chemotherapeutic agents are
generally low molecular weight molecules, to which
brain tumors tend to be more permeable.15 The sub-
sequent administration of antibody that binds and in-
activates the effects of chemotherapy outside of the
central nervous system may allow the rescue of sys-
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temic toxic effects.11 Thus, drug inactivation with an-
tibodies12 is under investigation on the basis that
brain tumors are much less permeable to higher mo-
lecular weight agents. Initial studies on the basis of
this concept have been performed in a brain abscess
model.16

Another application of differential permeability is
the use of an enzyme (ie, alkaline phosphatase)
bound to a tumor-specific antibody, as demonstrated
by Senter and co-workers, 13'14 to form a relatively
high-molecular-weight molecule. This conjugate can
be delivered across the BBB with osmotic disrup-
tion.17 The conjugate then binds to tumor surface an-
tigens and the BBB returns to the predisrupted con-
dition. A low molecular weight, less toxic prodrug (ie,
phosphorylated) capable of being activated to the
cytotoxic agent by the antibody-enzyme conjugate is
then given in high doses, resulting in localized drug
activation and therapy.
The measurement of tumor volumes for determin-

ing efficacy in animal models has also stimulated re-
cent interest.18 19 Animal studies of brain tumor
therapy have previously relied primarily on survival
(which is complicated by numerous covariables) and
histology, both of which are limited to end-point
measurements.15,2022 Clinical efficacy is measured
by tumor response on contrast-enhanced computed
tomography and MR imaging as well as survival and
pathology. The ability to analyze treatment efficacy in
an animal brain tumor model could be greatly ex-
panded by the ability to perform multiple noninvasive
in vivo imaging studies and monitor three-
dimensional tumor volumes.

Based on the need for new effective agents and
strategies for brain tumor therapy, the present study
characterized an intracerebral human LX-1 small cell
lung carcinoma (SCLC) xenograft model, a common
brain metastasis. Differential permeability to agents of
varying molecular weight, three-dimensional tumor
volumes associated with disease progression as
measured by both histology and MR imaging, and
survival were measured. In addition to demonstrating
tumor permeability changes, this model provides a
measurement basis for therapy studies with nonin-
vasive MR imaging to obtain tumor volume measure-
ments.

Materials and Methods

Animal Tumor Model

Female athymic nude rats from a colony maintained
at the Oregon Health Sciences University were used

for all studies. LX-1 human SCLC cells were grown in
culture and harvested as previously described.23 Cell
viability was >85% as determined by trypan blue ex-
clusion. With minor modifications, LX-1 cells were ste-
reotactically inoculated as previously described.24 In-
tracerebral location was determined by precise
stereotactic coordinates: 0 = Bregma; lateral = -0.31
cm (right); vertical = -0.65 cm (down from skull sur-
face). Anatomical location was deep in the caudate
putamen. In each animal, 10 pI (8 x 105 cells) and 500
pl (4 x 107 cells) of the prepared suspension were
inoculated into the right hemisphere and subcutane-
ously into the right flank, respectively.

Differential Permeability Study

This study was designed to evaluate intracerebral tu-
mor permeability to diverse agents with a wide range
of molecular weights (greater than two logs) during
natural tumor progression. The agents used were
[14C]aminoisobutyric acid (AIB) (Mr 103), [3H]meth-
otrexate (MTX) (Mr 454), [14C]dextran 10 (DEX10) (Mr
10,000), and [14C]dextran 70 (DEX70) (Mr 70,000).
Five different time points after inoculation of LX-1 cells
were evaluated for each agent (8, 10, 12, 14, and 16
days). Experimental groups were randomly estab-
lished by agent and time. Animals were anesthetized
with sodium pentobarbital (50 mg/kg, i.p.) and a cath-
eter placed in the right femoral vein for plasma col-
lection. Evans blue (2%, 2 ml/kg) and fluorescein
(10%, 0.12 ml) were given i.v. as marker dyes of in-
tracerebral tumor to aid in the excision of samples for
scintillation counting.24 After i.v. agent administration
(10 pCi), a plasma sample was obtained immediately
and at 2, 4, 6, 8, and 10 minutes. Animals were sac-
rificed at 10 minutes after agent administration.

By regional brain sampling, the following tissues
were obtained for scintillation counting: intracerebral
tumor (ICT), brain around tumor (BAT; 2- to 3-mm
edge around tumor), ipsilateral brain distant to tumor
(BDT), contralateral normal brain (LH; left hemi-
sphere), and subcutaneous tumor (SOT). All samples
were corrected for quench and background activity
obtained from tissue controls.

Tumor Volume Study

The purpose of this study was to measure three-
dimensional histological tumor volumes during un-
treated tumor progression and to evaluate the poten-
tial of using MR imaging to measure tumor volume. In
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a random design concurrent with the differential per-
meability study, tumor-bearing animals were sacri-
ficed at 8, 10, 12, 14, or 16 days after inoculation for
histological tumor volume calculation. For MR imag-
ing tumor volume analysis, animals were scanned at
8, 10, 12, 14, 15, 16, or 18 days after inoculation (n =
9); histological tumor volumes were also determined
after each imaging study. A total of 25 animals were
processed for histological volume.
MR imaging studies were performed on a 1.5 Tesla

GE Signa unit (General Electric, Milwaukee, WI) with
a compatible custom engineered loop-gap resonator
coil. Serial coronal MR images (0.7 mm) were ob-
tained through the whole brain in a volume acquisition
mode with a T2-weighted gradient-recalled echo se-
quence (repetition time, 50; echo delay time, 12; num-
ber of excitations, 2; flip angle, 600) with a 256 x 192
matrix and a 9-cm field of view. Gadopentetate dime-
glumine (7 mmol/m2) (Magnevist, Berlex Imaging,
Wayne, NJ) was administered i.v. before imaging
(corresponding to a human dose of 0.2 mmol/kg).
Magnetic resonance data was acquired in digital form
and transferred to a MAC IlCi computer for numerical
analysis.

After formalin fixation, histological sections for vol-
ume determination were obtained from 0.1-mm con-
secutive coronal vibratome slices through the entire
intracerebral tumor. Sections were stained with he-
matoxylin and eosin and mounted on gelatin slides.
With a Zeiss Axioplan microscope under low magni-
fication with a Sony CCD/RGB DXC 151 camera at-
tached, whole coronal sections were converted from
analog to digital images.
MR images and digitized histological sections

were analyzed with IMAGE 1.42 software (Wayne
Rasband, Research Services Branch, National Insti-
tute of Mental Health, Bethesda, MD). Tumor was de-
fined for each image or section as pixel values >3 SD
from a normal contralateral brain reference. Volumes
(mm3) were calculated from calibration curves.

Survival Study

A survival study of untreated animals (n = 19) was

performed for the determination of the natural pro-

gression of this tumor model. Concurrently with the
permeability and volume studies, animals were peri-
odically inoculated and followed until death. When
tissue preservation after death was possible, animals
were also processed for histological tumor volume
(n = 7).

Data Analysis

In the permeability study, data are expressed as per-
cent accessible tissue space (ml/g). The percent ac-
cessible tissue space is a volume distribution meas-
ure consisting of both intravascular and extravascular
components (disintegrations per minute (dpm)/g
tissue/dpm/ml plasma) x 100). This is similar to the
tissue space measurements of Reed and Wood-
bury.25 Thus, if the brain and plasma concentrations
are equal, the value is 100%. Forty study animals were
randomly assigned in duplicate to a 4 x 5 factorial
design. The factors were agents (AIB, MTX, DEX10,
and DEX70) and days postinoculation 8, 10, 12, 14,
and 16. For estimating the rate of change (slope) of
tissue permeability (percent accessible tissue
space), an unbiased estimate, based on 10 animals,
was obtained for each agent by fitting a least squares
regression model with an indicator variable for each
agent in the usual manner.2627 Percent accessible
tissue space was expressed on a log scale to stabilize
the variances before fitting the model. The regression
model was also used to determine differences among
the fitted values at 8 and 16 days after intracerebral
inoculation (ie, intercepts). The reference agent in the
regression model was taken to be the large intravas-
cular marker DEX70. Details of the regression model
are found in the Appendix. If there were significant
differences in the slope, the 16-day intercept was also
calculated. Both the raw data (point) and regression
data (line) are presented. The accessible tissue
space measure does not correct for the marker that
is intravascular in the tissue.

Even though the intravascular plasma space is het-
erogeneous in central nervous system tumors, a func-
tional expression of capillary permeability, the cere-
brovascular permeability P (cm sec1) x capillary
surface area S (cm2g-1 brain, or cm-1) was also cal-
culated at selected time points28-30:

PS- Ctissue(T)- VB
fT (Cplsdt)

where Ctissue is the measured agent activity (dpm/g)
at the time of death (T), Cpl, is the plasma concen-
tration (dpm/ml), and VB is the intravascular plasma
space. For calculating PSfor MTX the denominator of
this equation included a correction for unbound MTX
in plasma (0.50).31 VB was calculated from DEX70
because it is a poorly penetrating solute over the 10-
minute measurement period and did not change dur-
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ing the experimental period of 8 to 16 days after in-
oculation30:

B (
Ctissue Plasma(T)agent

Plasma(T). DEX70

where

Ctissue

Plasma(T) DEX70

corresponds to the tissue sample for which PS is cal-
culated and at the same day after inoculation.

Results

Permeability Study

In the permeability study, there are three major data
components: 1), effect of the number of days after
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inoculation (tumor progression); 2), differences be-
tween the agents within a given tissue (differential
permeability); and 3), the differences of a given agent
within all tissues (tissue permeability).

In intracerebral tumor (ICT), the effect of the num-
ber of days after inoculation of tumor cells for each of
the four agents on the percent accessible tissue
space (ml/g) is shown in Figure 1A. By multiple re-
gression analysis, the data were model fitted (r2 =

0.9464). Compared with the large molecular weight
intravascular DEX70 control, there was a significant
increase (line slope) in the percent accessible tissue
space forAIB (P= 0.0251) and MTX (P= 0.0394) and
a marginally significant increase for DEX10 (P =

0.0513) during tumor progression between 8 and 16
days after inoculation (Table 1). During the experi-
mental period, accessible tissue space increased
120,108 and 93% for AIB, MTX, and DEX10, respec-
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Figure 1. Effect of number ofdays after inoculation on the percent accessible tissue space offour molecular weight agents in (A) ICT and (B) SQT
AIB (Mr 103), M7X (Mr 454), DEX10 (Mr 10,000), or DEX70 (Mr 70,000) was administered i.v. in nude rats at different times after inoculation
with human LX-1 SCLC cells. Animals were sacrificed 10 minutes after agent administration. RI is the coefficient of correlation. The listed P (p)
values compare the slope of regression lines ofAIB, M7X, and DEX10 with the slope of the linefor the large intravascular marker, DEX70. 0, AIB;
*, M7X; A, DEX10; A, DEX70.
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Table 1. Rates of Change (Slope) and Levels (Intercept) ofPercent Accessible Tissue Space (ml/g) in Figures 1 and 2'

Tissue Statistical parameter* AIB MTX DEX10 DEX70

ICT 8-day intercept 41.88 11.85 8.60 1.65

16-day interceptt 92.30 24.05 16.61 1.39

Slope 1.104 1.092 1.086f 0.979t

BAT 8-day intercept 14.29 6.90 5.57 0.92

Slope 1.008 0.983 1.071 1.011

BDT 8-day intercept 8.58 4.33 5.87 0.87

Slope 1.011 1.000 1.049 1.013

LH 8-day intercept 10.30 4.30 5.67 0.76

Slope 0.999 1.001 1.056 1.038

SQT 8-day intercept 135.30§ 80.30§ 25.36 3.26
Slope 0.980 0.986 0.982 0.969

*Multiple regression analysis was used to determine differences in the rate of change (slope) among agents and the differences between
agents (8-day y intercept as determined by the regression line, n = 10) within a given tissue. When there were significant differences in slope,
the 16-day intercept was also calculated.

tWhere there were significant differences in slope, the 16-day intercept was also calculated. Values connected by brackets are not signifi-
cantly different.

tThe difference in slope between DEX10 and DEX70 was marginally significant (P = 0.0513).
§The difference in the 8-day intercept between AIB and MTX was marginally significant (P = 0.0521).

tively. The DEX70 accessible tissue space was

largely unchanged (-5%). Therefore, DEX70 was

used to calculate the vascular space. Mean intravas-
cular plasma volume, as determined by DEX70, was

0.76 to 0.94% in BDT, BAT, and LH. ICT had a higher
plasma volume than other brain samples (1.47 to
1.72%) and intravascular content was highest in the
subcutaneous tumor (SQT, 2.52 to 3.29%). In both the
ICT and SQT, plasma volume was slightly lower at 16
days compared with 8 days after inoculation. The cor-

responding mean PS (x 10-5 sec-1) values in ICT for

AIB, MTX, and DEX10 were 33.86, 14.14, and 7.05,
respectively, at 8 days after inoculation and 72.05,
34.13, and 10.54, respectively, at 16 days after in-
oculation (Table 2).

The differences in accessible tissue space in ICT
between the agents (differential permeability), as de-
termined by the 8-day y intercept of the regression
line (Table 1) was significant (P < 0.0001) for all
agents except between MTX and DEX10 (P =

0.2110). Values for AIB were 4- to 5-fold greater than
MTX and DEX10 and 25-fold greater than DEX70. The

Table 2. Permeability (P) X Capillary Surface Area (S) Product at Selected Days After Inoculation of Tumor

PS (sec-' x 10-5)*
AIB MTX DEX10

Tissue 8t 16t 8 16 8 16

ICT 19.19 80.82 10.04 33.62 7.57 9.53
48.52 63.27 18.23 34.64 6.53 11.55
(33.86) (72.05) (14.14) (34.13) (7.05) (10.54)

BAT 14.88 8.8 8.67 6.86 3.94 5.76
15.03 13.98 11.56 9.71 3.26 5.64
(14.96) (11.39) (10.12) (8.29) (3.60) (5.70)

BDT 6.14 3.07 8.8 5.08 3.89 5.97
6.29 8.83 3.12 6.57 3.47 4.52
(6.22) (5.95) (5.96) (5.83) (3.68) (5.25)

LH 8.45 4.09 8.7 5.86 3.81 5.96
8.19 9.77 3.04 3.87 3.37 4.52
(8.32) (6.93) (5.87) (4.87) (3.59) (5.24)

SQT 77.62 66.1 123.52 113.18 15.16 16.12
169.55 142.32 107.26 111.78 20.48 11.4
(123.59) (104.21) (115.39) (112.48) (17.82) (13.76)

*Numbers are individual animal PS values for a given agent in each tissue at 8 or 16 days after inoculation of tumor cells. Mean values are
in parentheses.

tDays after inoculation.
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Figure 2. Effect of number of days after inoculation on the percent
accessible tissue space offour molecular weight agents in (A) BAT,

A DEX70 (B) BDT7and (C) LH. AIB (Mr 103), MIX (Mr 454), DEX10 (Mr

10,000), orDEX70 (Mr 70,000) was administered i.v. in nude rats atAI different times after inoculation with human LX-1 SCLC cells. Ani-
8 10 12 14 16 mals were sacrificed 10 minutes after agent administration. J2 and P

(p) values evaluate the same parameters as in Figure 1. 0, AIB; *,
Days M7X; i, DEX10; A, DEX70.

differences between AIB, MTX, and DEX10 as deter-
mined by the slopes of the lines in Figure 1 and as in
Table 1 were nearly constant over the 8-day experi-
mental period. The mean PS values at 8 and 16 days
after inoculation also demonstrated similar differ-
ences (2- to 7-fold) between AIB versus MTX and
DEX10 (Table 2).

In the SOT, the data was model fitted (r2 = 0.9507)
and showed no significant change in the accessible
tissue space with days after inoculation (Figure 1 B).
The mean PSvaluesforAlB, MTX, and DEX10at8and
16 days also showed little difference (Table 2): 123.59
and 104.21 for AIB, 115.39 and 112.48 for MTX, and
17.82 and 13.76 for DEX10. However, the differences
in accessible tissue space in SQT between the
agents (8-day intercept) was significant (P < 0.001)
for all agents except between AIB and MTX for which
the difference was marginal (P = 0.0521; Table 1).
Values for AIB were greater than MTX, DEX10, and
DEX70 by 1.7-, 5-, and 42-fold, respectively. The
mean PS values at 8 and 16 days after inoculation

show very little difference between AIB and MTX, but
a 7- to 8-fold difference between AIB and MTX versus

DEX10 (Table 2).
The effect of the number of days after inoculation

on the accessible tissue space in BAT, BDT, and LH
is shown in Figure 2. There was no significant change
in the accessible tissue space with the number of
days after inoculation. In addition, there were fewer
and smaller differences between the agents (Tables
1 and 2). In all three tissues there was no significant
difference in accessible tissue space between MTX
and DEX10, but there was a significant difference be-
tween AIB, MTX, and DEX10 compared with DEX70.
Values for AIB were greater than DEX70 by 16-, 10-,
and 14-fold in BAT, BDT, and LH respectively. The PS
values (Table 2) also showed smaller differences be-
tween AIB, MTX, and DEX10.

Both the accessible tissue space and PS reflect the
differences in tissue permeability to each of the four
agents. Accessible tissue space and PSwere highest
in the SQT and lowest in the BDT and LH. The values
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in the ICT were greater than BDT and LH, but less than
the SQT. The BAT was intermediate to the ICT and
BDT.
The plasma disappearance half-life, expressed as

a flushing rate (one/half-life), for all agents at each
time point were also compared. Among each of the
agents, there were no differences in the plasma flush-
ing rate with days after inoculation (P = 0.19). There
were also no differences between AIB, MTX, and
DEX10 (P = 0.82). However, the plasma rate for
DEX70 was significantly (P< 0.0001) lower, by >50%,
computed with the other agents.

Survival Study
The median survival (n = 19) was 20 days (range, 14
to 26 days) with 95% of the animals developing lethal
tumors (Figure 3). Survival demonstrates the natural
progression of ICT growth and was the basis for the
selection of days after inoculation when both perme-
ability and volume studies were performed. Of the
survival animals that were also available for histologi-
cal tumor volume processing (n = 7), the mean vol-
ume was 165 ± 26 mm3 (range, 95 to 291 mm3). This
included one animal at 16 days, five animals at 20
days, and one animal at 26 days postinoculation.

Tumor Volume Study

Animals were sacrificed at specific times between 8
and 18 days after inoculation for histological tumor
volume analysis or MR imaging volume analysis to
correlate with histology. Figure 4 shows representa-
tive coronal sections of the actual and computer-
generated images from both histology and MR im-
aging at 8, 12, and 16 days after inoculation. These

90-
80- n=19

Percent 701Survival

10 12 14 16 18 20 22 24 26 28 30
Days Post-Inoculation

Figure 3. Survival curve of nude rats (n = 19) stereotactically in-
oculated with LX-1 human SCLC cells. Median survival is 20 days
(range, 14 to 26 days) with 95% of animals developing lethal ICTs.

illustrate tumor progression, necrotic tumor center,
and the tumor margins used in determining volumes.
A notable portion (85%) of these tumors contained a
necrotic cystic tumor component, which could be
seen on both MR and histology. MR images showed
the tumors to have a marked hyperintense center with
surrounding areas to be hyperintense to gray matter,
but not as intense as the central portion. This central
area corresponded to the histological area of necro-
sis.
The calculated histology volumes at each of the

time points showed some variability, but there was a
consistent pattern of increasing tumor size with time.
Between 8 and 16 days after inoculation, mean tumor
size increased >12-fold. Figure 5 shows the correla-
tion of all animals for which histological tumor volumes
were obtained, including survival animals, with days
after inoculation (r2 = 47.9%). Calculated MR imag-
ing tumor volumes were consistently 2- to 3-fold
greater than the histology volumes. On the basis of a
model analysis of these animals (n = 9), MR imaging
accurately correlated with histology (r2 = 98.5%) as
described by: MR imaging volume = 2.2 x histology
volume (residual SD = 30.2 mm3; (Figure 6). Thus,
histological volume could be predicted from MR im-
aging volume (MRI volume/2.2) with corresponding
95% prediction limits of ±28 mm3.

Discussion

Tumor Permeability

Tumor cell sensitivity and drug delivery are the two
major interrelated factors used to explain the lack of
clinical response of brain tumors to therapy. Major
factors impeding delivery are the BBB and the blood-
tumor barrier2'7,15'17,32-35 Achieving adequate drug
delivery may also be limited by the risk of neurotox-
icity.28 One purpose of this study was to characterize
the permeability of an ICT model as a basis for thera-
peutic design. To accomplish this, it was necessary
to demonstrate differential permeability, defined here
to be differences in a comparable quantitative meas-
ure predictive of tissue uptake between two or more
agents as a result of all variables, particularly mo-
lecular weight. Thus, four biologically diverse agents
with a wide range of molecular weights (100 to
70,000) were evaluated during natural tumor progres-
sion involving a wide range of ICT sizes (9 to 225
mm3). One measure used was percent accessible tis-
sue space, a distribution volume (ml/g) of both intra-
vascular and extravascular components that controls
for the end-point plasma concentration.25 Another
measure used (at selected time points) was the PS
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Figure 5. Relationship oJ ICT volume (mm i) measured by histologi-
cal sections and days after inoculation, showing tumor growth be-
tween 8 days and the end survival in this mnodel ( n = 26).

(permeability x capillary surface area), a time-
dependent functional measure of capillary perme-
ability from which intravascular content is subtracted.

From the analysis of this study, there were several
notable results: 1), ICT accessible tissue space to
three of the four agents studied significantly in-
creased with tumor progression; 2), there was no sig-
nificant change in ICT accessible tissue space to the
largest molecular weight agent studied (DEX70); 3),
in SQT and other brain tissues, there were no signifi-
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Figure 6. Correlation ofICT volume (mm-@) determined by histologi-
cal sections and MR imaging between 8 and 18 days after inocutla-
tion (n = 9).

cant changes in accessible tissue space during the
time studied; 4), the differential permeability between
the agents was maintained over a long period of time
and in the tumor samples over a large range of size;
5), intravascular volume in tumor only minimally
changed, with a decreasing tendency during pro-

2=47.97%
a
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gression; 6), measures of accessible tissue space
and PS yielded analogous results.

In the present study, increasing number of days
after inoculation corresponded to increasing tumor
size as previously reported by Zhang et a18 (Figure 5),
although increased permeability is not always asso-
ciated with enlarging tumors or the development of
central necrosis.3b There was lack of change in ICT
accessible tissue space to a large molecule (DEX70),
even at 16 days after inoculation, which is within the
lower limits of survival in this model (Figure 3). This
indicates that DEX70 remained primarily in the intra-
vascular space and this was the basis for using
DEX70 as a control. The accessible tissue space in
ICT to DEX70 was greater than in brain distant to tu-
mor, but only one-half that of the SQT, which may be
explained in part by the differences in vascular space
in ICT, BDT, and SQT. For macromolecules like
DEX70, permeability may not vary with tumor size as
it does for smaller molecules, an observation that may
be important in designing therapeutic strategies
based on differential permeability.
The three smallest molecular weight agents, AIB,

MTX, and DEX10, showed significant increasing ac-
cessible tissue space in ICT with days after inocula-
tion, presumably from increasing disruption of the
BBB. This effect was not present in BAT, BDT, LH, or
SQT. Similarly, the PS in the ICT also increased be-
tween 8 and 16 days after inoculation. These results
are similar to studies by Greig et al,37 who studied
Walker 256 experimental metastatic brain tumors in
which barrier integrity, measured with serum albumin
and horseradish peroxidase between 1 hour and 8
days after inoculation, showed increasing permeabil-
ity and the corresponding appearance of dissociated
tight junctions with tumor growth.37
On the basis of studies by lannatti38 using PET in

malignant gliomas, it is possible that measured in-
creases are the result of increased capillary surface
area (S) and the increased neovascularity known to
occur with tumor growth.39 However, the accessible
tissue space and intravascular space in ICT for
DEX70, which is primarily a marker of intravascular
volume, did not significantly change, suggesting that
the capillary surface area was not a major factor in the
increase in PS product of the smaller agents during
tumor growth.

Although it was not within the scope of this study to
determine the mechanisms of the observed differen-
tial permeability, several elements are suggested. For
instance, three primary factors known to affect ex-
travasation of a given agent across the BBB are lipid
solubility (octanol:water partition coefficient), charge,

and molecular weight (diffusivity).29 The agents in this
study are relatively lipid insoluble, and thus this is
probably not a major influence, whereas there is al-
most a 102 range of diffusivity (reciprocal of the
square root of the molecular weight).

In addition, measurements are influenced by me-
tabolism, efflux, extracellular diffusion, plasma con-
centration, and binding to plasma and tissue com-
ponents. In this study, a short 1 0-minute experimental
period was selected to reflect primarily a unidirec-
tional measurement (influx). Throughout the study, the
plasma levels of each agent remained >10-fold
higher than brain sample levels. From this relation-
ship, unidirectional uptake can be assumed.30 In the
event some back diffusion did occur, the calculated
PS values would be underestimated (ie, in SQT). The
two different measurements used both take into con-
sideration the plasma concentration either at the time
of tissue measurement (accessible tissue space) or a
time-dependent plasma integral (PS). It is the protein
binding that probably accounts for the similar acces-
sible tissue space measurements between MTX
(which binds 50% to plasma proteins) and DEX10.
This is despite a 20-fold difference in molecular
weight, in effect, portraying MTX as a larger molecule
subject in part to the physical factors governing mac-
romolecules. The calculation of the PS includes a cor-
rection for binding to plasma proteins but also
showed similar values between MTX and DEX10. The
PS values for MTX in normal brain are in accordance
with other reported studies.3140
As discussed by Jain,41 there are two significant

physical factors involved in transport based on the
nature of the agents in this study (small molecules
versus macromolecules). Transport of small molecu-
lar weight agents is controlled primarily by transvas-
cular concentration gradients or diffusion, whereas
macromolecules are mostly controlled by a slower,
distance-dependent transvascular pressure gradient
or convection. Thus, the magnitude of differential per-
meability under conditions in this study may be ex-
plained in part by the convection process. In other
words, the low measurements for DEX70 may be the
result of the short period between agent administra-
tion and tissue sampling.

For the calculation of PS, DEX70 was used to de-
termine the approximate intravascular volume be-
cause it was a large molecular weight, poorly pen-
etrating solute in all tissues during the short
experimental period. Although significant differences
in vascular volume between the impermeant tracer
and the test agent can occur, there was minimal cor-
rection for intravascular volume in this study. When
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Ctissue (T) > 3 VB CPS (as was the case in this study),
a 20% error in the measurement of intravascular
space will produce less than a 10% error in the de-
termination of PS.30 The vascular volume in tumor
showed a decreasing tendency with tumor growth
consistent with a decreasing tumor perfusion rate and
the development of necrosis.41

Differential permeability of brain tumors to small
and large molecular weight agents has been previ-
ously described with imaging agents. By region of
interest analysis, the uptake of 99mTc-glucoheptonate
was much greater than 99mTc-albumin in human brain
tumors.9 In the ethylnitrosourea-induced astrocytic
rat glioma model, signal intensity on MR imaging was
measured after the administration of gadolinium
diethylenetriamine-pentaacetic acid (Gd-DTPA),
polylysine-Gd-DTPA and albumin-Gd-DTPA.10 With
increasing molecular size, a slower and less intense
tumor enhancement over time was observed. The dif-
ferent tumor enhancement kinetics were attributed to
the differential permeability of tumor capillaries for
large and small molecules. In the present study, SQT
also showed evidence of differential permeability,
which, unlike ICT, did not change with tumor progres-

sion. This finding is consistent with other studies dem-
onstrating abnormally high vascular permeability in
SQT, allowing contrast MR imaging with albumin-Gd-
DTPA.42 Changes in permeability to albumin-Gd-
DTPA in SQTs allowed distinction between nontreated
tumors and those treated with tumor necrosis factor,
an agent known to increase vascular permeability.

For all agents, measurements (accessible tissue
space and PS) were highest in SQT, intermediate in
ICT, lower in BAT, and lowest in BDT and LH. The ICT
to normal brain ratios for these agents were <10, sug-

gesting an abnormal but partially intact and limiting
BBB. This compares with some models in which this
ratio is 20 to 30 for various agents, approaching val-
ues that are thought to indicate much greater per-

meability than most human tumors.7.20.32.33.43 In
highly permeable animal models, efficacy studies do
not account for any of the problems associated with
delivery across the partially intact BBB.33 Some stud-
ies are purposely designed to use highly permeable
models, thus distinguishing cellular sensitivity and re-

sistance from the limitation of drug accessibility.34
As the ICT progressed in size from 8 to 16 days

after inoculation, the accessible tissue space and PS
of AIB, MTX, and DEX10 approached, but never

reached, the levels in SQT. Therapeutic predictions
based on the SQT or comparisons between ICT and
SQT must be guarded because of differences such
as blood flow, permeability, and size33,34,44-46 Even in

the highly permeable TE-671 medulloblastoma rat
model, some agents that were active in SQTs did not

produce significant prolongation of survival in ICT ex-
periments.34

Tumor Volumetric Measurement

Serially measuring both tumor volume and tumor ne-

crosis in animal studies in vivo would permit nonin-
vasive monitoring of response. Ti -weighted contrast-
enhanced MR imaging with Gd-DTPA has improved
sensitivity and contrast resolution for a variety of cen-
tral nervous system lesions and has proved to be a

superior imaging modality.5'47-49 Gd-DTPA is distrib-
uted extracellularly and is primarily a marker of an
abnormal BBB. 10,5052

Only a few studies in animal brain tumor models
have used MR imaging. 1819,51,53,54 In the RG-C6 rat
glioma model in which a single slice two-dimensional
measurement was obtained, tumor size on contrast-
enhanced MR imaging tended to be larger than the
histological section.52 By visual inspection, MR im-
aging correlated well with gross pathological findings
in a canine gliosarcoma model.53 In a subsequent
study in this model, serial 3-mm images were ob-
tained to calculate three-dimensional volumes with
different imaging protocols, but no comparison was
made with histological sections.18 In rats with 9L
glioma tumors, volumes were calculated from serial 2-
to 3-mm images on a 4.7 Tesla high magnetic field
strength unit. Accuracy of the calculation in that report
depended on spherical tumor symmetry but did show
good visual correlation with histology.19

In this study, we applied similar consecutive sec-
tioning to both MR images and histological sections.
Three-dimensional tumor volumes were calculated in
an identical manner for both histology and imaging
data with software designed for this purpose. Tumor
progression was measured from serial histological tu-
mor sections between 8 days after inoculation and
death (Figure 5). There was progressive tumor en-
largement over time with a wide range of measured
volumes, particularly with older tumors. This same
pattern of variability was demonstrated in the 9L
glioma model and was thought to reflect animal-to-
animal variability.19 In the present model, studies are
continuing to evaluate volume variability.
Tumor volumes calculated from serial 0.7-mm im-

ages on contrast-enhanced MR imaging invariably
and predictably overestimated tumor size compared
with the histological values (Figure 6). The correlation
(r2 = 98.5%) permitted a predicted histology volume
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from MR imaging of 0.4545 x MR imaging volume. It
was assumed that the histological volumes provided
the most accurate measurements, although there
may be as much as 10% shrinkage of tissue during
formalin processing. The reason for the volume dif-
ferences between MR imaging and histology is un-
clear. The possibility of calibration or mathematical
error was thoroughly investigated and no such errors
were found. One potential explanation is a rapid dif-
fusion of Gd-DTPA from tumor to surrounding tumor-
free tissue.54 In a preliminary study in this model, we
did not observe any changes attributable to diffusion
between immediate postcontrast scans and 30 min-
utes after contrast, but more studies are needed to
confirm this result. Dissociation of the Gd chelate is
unlikely to be a factor inasmuch as acid dissociation
is associated with longer residence intervals (>1
day).55 As previously described, slicing errors and
partial volume effects can result in over- or underes-
timation, but these would affect small volume tumors
more and would decrease as slice thickness de-
creases and resolution increases.18 If slicing error
had been present, it was presumably small and con-
sistent over a large range of tumor volumes. Thus, no
adequate explanation exists for the 2.2-fold differ-
ence in volume measured by MR imaging and his-
tology. Nonetheless, volumes obtained from MR im-
aging remain a consistent measure of histological
volumes and are therefore useful as a predictor.

In conclusion, this study characterizes a model that
demonstrates differential permeability of ICTs to small
and large molecular weight agents for future inves-
tigation of novel therapeutic approaches. The base-
line information obtained in the untreated animals will
assist in the optimal design of future experiments. The
ability to measure tumor volumes and necrosis with
serial in vivo MR imaging and from histological sec-
tions will likely provide valuable information regarding
therapeutic efficacy.
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Appendix
In using a multiple regression model to estimate rates
of uptake in tissue as a function of time we denote the
response variable by ywhereas the independent vari-
able, time, is denoted by x1. We also introduce indi-
cator variables x2, x3, and x4 where x2 = 1 if the agent

is AIB and 0 otherwise, x3 = 1 if the treatment is MTX
and 0 otherwise, x4 = 1 if the treatment is DEX10 and
0 otherwise. In this context we have arbitrarily chosen
DEX70 as a reference treatment. To estimate differ-
ences in level at 8 days (intercept) and differences in
rates of change with respect to time for each treat-
ment, we fit a multiple regression model including in-
teraction terms.
We are assuming that a given observation may be

expressed as E( Y) = go + f1X1 + 92X2 + 03X3 + 94X4
+ P5x1X2 + P6x1x3 + 137xlx4, where E(y) represents
the average response, 1 represents parameters to be
estimated by least squares and the x is defined as
above. The fitting and interpretation of this model fol-
lows the standard treatment when using indicator
variables.26'27 We summarize briefly here the specif-
ics of this model.

Model Interpretation

To understand the meaning of the parameters of this
model we consider first the case of the treatment of
10 animals with DEX70. For this treatment, x2 = 0,
X3= 0, and x4 = 0, and we have E(y) = go + f1x1 +

32(0) + 13(0) + 14(0) + I5X1 (0) + 16X(0) + 97X1 (0),
which reduces to E(y) = 1o + 31X1.

Thus, the response function for DEX70 is a straight
line with intercept go and slope 1l. When the treat-
ment is DEX10, x2 = 0, x3 = 0, and x4 = 1 and the
model becomes E( Y) = go + f1x1 + 12(0) + 13(0) +
14(1) + (5X1(0) + 96X1(0) + P7X1(1), which reduces
to E(y) = (13o + 14) + (91 + 97)X1-

The response function for DEX10 is a straight line
with intercept go + 134 and slope fr + 1.7- Similarly, for
MTX, E(y) = (13o + 13) + (91 + 16)X1, and for AIB,
E(Y) = (o + 12) + (91 + 15)Xl-
The meaning of the parameters in the response

function is now clear. Parameters 2 and 5 represent
differences in the intercepts and slopes, respectively,
for AIB as compared with DEX70. Similarly, 3 and 6
represent differences in slope and intercept for MTX
whereas 14 and 17 represent corresponding differ-
ences for DEX10 as compared with DEX70. An ad-
vantage of using a single unified model, incorporating
all agents, to estimate rates of change over time rather
than fit individual regressions for each agent is that
inferences regarding regression parameters can be
made more precisely by working with one regression
model containing indicator variables, as more de-
grees of freedom will then be associated with the
mean of the squared errors. That is, with 10 animals
per group, the degrees of freedom associated with
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estimating the error is 8 for each individual regression
whereas a single model results in 32 degrees of free-
dom.

Although we have referenced all comparisons in
the fitted model to DEX70, comparisons between
other agents are easily obtained. For example, to
compare MTX with AIB, differences in intercepts are
given by 3 - (2, and differences in slopes are found
from 6 -15. Letting bi denote the regression estimate
of 1, = 1, 7, the regression estimates of these
differences are found from b3 - b2 and b6 - b5, re-
spectively. The estimated variances in these estima-
tors is var (bj - bj) = var (b,) + var (bj) - 2cov (ba, bj)
where var denotes variance and cov denotes covari-
ance. These variances and covariances are easily
obtained from the estimated variance-covariance
matrix of the regression coefficients.

Intercepts traditionally taken at the origin are often
not biologically relevant. Intercepts taken at biologi-
cally relevant points are easily obtained by a trans-
lation of the data. For example, 8-day intercepts are
found by translation of the time axis by coding time as
calendar time - 8. The fitted intercepts will now rep-
resent the intercept at 8 days.
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