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Kinetics of Pathologic Blood-Brain-Barrier Permeability in an Astrocytic Glioma Using 
Contrast-Enhanced MR 

Udo P. Schmied!, 1 James Kenney, 1 and Kenneth R. Maravilla 1 

Purpose: The feasibility of measuring blood-brain barrier permeability was studied in a 366 -10 

brain glioma model in rats. Materials and Methods: In stage I of our study, sequential MR images 

of glioma-implanted rats were obtained following intravenous adm inistration of three contrast 

agents of different molecular sizes-Gd-DTPA, polylysine-(Gd-DTPA), and albumin-(Gd-DTPA). In 

a second set of experiments, sequential MR imaging with Gd-DTPA, quantitative measurements 

of plasma Gd-DTPA concentration , and postmortem tumor Gd-DTPA measurements were used 

to estimate the blood-to-tissue transport coefficient (K,) in the rat glioma model at 11 and 15 days 

postimplantation. Results: In stage I, Gd-DTPA caused rapid and greatest tumor enhancement 

with a significant washout from the tumor during the 120-min experiment. Tumor enhancement 

using polylysine-(Gd-DTPA) occurred later and was significantly less compared to Gd-DTPA. 

Tumor signal intensity increased only slowly over time and the peak level of enhancement was 

least using albumin-(Gd-DTPA). In stage II, the mean (±1 SD) K, values were 1.1 ± .24 at 11 days, 

and 9.3 ± .8 at 15 days postimplantation. These results correspond well with published data 

obtained by autoradiography. Conclusion: We believe that the differential enhancement pattern 

using contrast agents of different molecular sizes reflects a differential perme{'lbility of the pathologic 

blood-brain barrier, and that our studies demonstrate the feasibility of using frequent sequential 

images and a graphical approach to K, calculation to determine the blood-to-tissue transport 

coefficient using contrast-enhanced MR. 

Index terms: Blood-brain barrier; Magnetic resonance, experimental studies; Glioma; Contrast 

media, paramagnetic 
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The capillary wall of most vessels outside the 
central nervous system (CNS) is, to a variable 
degree, permeable and allows free exchange be
tween blood and interstitial fluid of electrolytes and 
molecules up to the size of albumin. In the CNS, 
the interface between the blood and the brain , 
known as the blood-brain barrier (BBB), functions 
like a semipermeable plasma cell membrane allow
ing water molecules to diffuse along osmotic gra
dients and to maintain iso-osmolality of solutes on 
either side of the BBB. Highly lipophilic, non-pro
tein-bound substances that are nonionized at phys
iologic pH readily cross the BBB. For some solutes, 
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including glucose, amino acids, monocarboxylic 
acids, and choline, specific transport mechanisms 
across the BBB have been identified (1, 2). Morpho
logically , the BBB consists of a thin sheet of endo
thelial cells that are closely apposed to each other 
and form tight junctional complexes. In addition to 
the tight junctions between capillary endothelial 
cells, there is a continuous basement membrane 
within these capillaries and a paucity of pinocytic 
transport vesicles within the endothelial cells that 
combine to fu rther restrict the movement of most 
blood-borne substances into the brain ( 1, 2). 

Alteration of the capillary endothelium by path
ologic processes typically increases the permeabil
ity of the BBB. In brain tumors, the increased 
permeability of capillaries has been ascribed to 
induction of neovascularity with variably normal or 
abnormal endothelium (3 , 4). In low-grade gliomas, 
such as grade 1 astrocytoma, the newly formed 
capillaries closely resemble normal cerebral capil
laries with an intact BBB, while in more malignant 
tumors, capillaries are fenestrated and show in-
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creased pinocytosis (3, 4). Often, in these tumors, 
basement membranes and glial foot processes are 
absent, allowing compounds as large as proteins 
and blood products to be taken up by astrocytes 
(1, 3, 4). This pathologic alteration of the BBB 
allows intravascular contrast agents that distribute 
within the extracellular fluid space to diffuse into 
and accumulate in brain lesions, whereas normal 
capillaries prevent passage of contrast agents into 
normal brain tissue. This feature has been widely 
used in diagnostic imaging modalities such as com
puted tomography (CT) and magnetic resonance 
(MR) imaging to increase the conspicuity of lesions 
through the use of intravascular contrast agents (1). 
It has been proposed that quantitative determina
tion of BBB permeability would be of clinical value 
for p!Jrposes such as optimizing dose and delivery 
of chemotherapeutic agents to a given tumor. How
ever, efforts to quantitate the permeability of the 
BBB in tumors using contrast-enhanced MR or CT 
have been very limited. 

Therefore, we undertook a study to determine 
the potential of using MR imaging for noninvasive, 
high-resolution determination of BBB permeability. 
The objectives of our study were twofold. First, we 
tested the hypothesis whether larger molecules 
would transgress from blood into the tumor at a 
slower rate compared to small molecules, thereby 
reflecting the "leakiness" of tumor capillaries. Sec
ond, we attempted to quantitate the degree of BBB 
permeability using Gd-DTP A. Empirical calibration 
curves that allow the determination of tissue Gd
DTPA concentration from the image enhancement 
of the tumor were used in conjunction with sequen
tial MR imaging and blood sampling to determine 
the blood-to-tissue transport constant, K;, in these 
tumors. 

Materials and Methods 

Experiments were divided into two stages, each de
signed for a different purpose. The first stage was to 
determine whether the molecular size would affect the rate 
of passage of a contrast agent across the pathologic BBB 
in an experimental glioma model. The second stage was to 
study whether the blood-to-tissue transport coefficient (K1) 

can be measured with MR by using one of the contrast 
agents to determine BBB permeability. 

MR Technique 

A 1.5 T clinical MR system (Signa, General Electric, 
Milwaukee, WI) was used for all imaging experiments. 

For imaging studies comparing the three contrast agents 
of differing molecular size, a specially designed small animal 
holder and a 12.5-cm round surface coil were used, as 
described previously (Fig. 1) (5). Using this device, high 
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Fig. 1. Schematic drawing of the assembly showing six of 
eight rats, two rats in prone position in the bottom half and four 
rats in supine position in the top half of the probe. The surface 
coil is positioned between the two halves of the probe, equidistant 
to the heads of the eight rats. 

resolution MR brain images of eight anesthetized rats can 
be obtained simultaneously. Briefly, the holder consists of 
two parts, one being the mirror image of the other. One 
part of the holder can hold four rats, with two opposing 
rats facing each other. The tapered, V-shaped design of 
each stall can hold rats up to 350 g in position without 
compromising their respiratory status. During the imaging 
procedure, four rats were positioned in the top half of the 
holder, and four rats were positioned supine in the bottom 
half. The surface coil is positioned between the upper and 
lower segments of the probe, such that the center of the 
coil is equidistant with respect to identical anatomical 
structures in the transverse, sagittal, and coronal plane of 
each rat head (5). The entire holder containing eight anes
thetized rats is then placed in the center of the magnet. 
Test tubes containing commercial corn oil were placed 
centrally in the holder. Heads of the eight rats were imaged 
simultaneously using graphically prescribed multislice im
ages utilizing a 10-cm field of view. With this approach, 
detailed images with directly comparable signal intensities 
of identical anatomical structures were obtained. A T1-
weighted coronal multislice spin echo (SE) sequence (250/ 
20/4) (TR/TE/excitations) with eight transverse slices is 
then obtained on each side of the center of the coil (slice 
thickness, 4 mm) covering the brain and the viscerocran
ium of each rat . A matrix of 256 X 192, was used which 
yields an in-plane pixel resolution of 0.4 X 0.5 mm on each 
side. 

In the second set of experiments, to further quantitate 
blood-to-tissue transport using Gd-DTPA, imaging was 
performed as single animal experiments on six rats between 
11 and 15 days post-tumor implantation. These studies 
were performed using a 1 0-cm inner diameter wrist coil 
and an 8-cm field of view. A 256 X 128 matrix and a slice 
thickness of 4 mm yielded an in-plane resolution of 0.3 X 
0.6 mm. Sequence parameters consisted of SE (233/23/ 
4). 

Animal Preparation 

The brain tumor model used in the current study is well 
established at our institution and has been used extensively 



AJNR: 13, January/ February 1992 

to study permeability with QAR (6, 7). Twenty-six F-344 
rats, male and female, weighing approximately 150-300 
grams, were implanted with viable cells of the 36B- 1 0 
ethylnitrosourea-induced astrocytic glioma line using a pre
viously described technique (6). These tumors typically 
grow to 0.06 grams in 16-20 days. Additionally these rats 
also develop subcutaneous tumors due to tumor cell im
plantation at the site of surgery. 

For the stage I imaging experiments, 27-gauge scalp 
vein catheters were placed into the tail veins of each rat 
following anesthesia with intraperitoneal injection of 40-50 
mg/ kg pentobarbital before placing them in the animal 
holder and positioning them in the MR scanner. For the 
BBB quantitation experiments, femoral arterial lines were 
also inserted. The intravenous lines and arterial lines were 
accessible through open ends of the animal holder and coil 
so that contrast material can be administered to the rats 
or blood can be withdrawn during an experiment without 
changing the position of the rats. 

Contrast Media 

Gadopentetate dimeglumine (Gd-DTPA), diluted in 0.9% 
NaCI was administered at a dose of 0.2 mmol/kg. The 
doses of polylysine-(Gd-DTPA) and albumin-(Gd-DTPA) 
was adjusted to provide equal relaxivity effects when in
jected into the animals. 

Polylysine-(Gd-DTPA) (Schering AG, Berlin, Germany) 
was synthesized by covalently binding Gd-DTPA molecules 
to a linear polymer of lysine molecules. The compound 
was dissolved in 0.9% NaCI at a concentration of 20 mmol 
Gd+3 /L. The average molecular weight of this compound 
was 48,000, the T1-relaxivity as measured at 39°C and 
0.47 T was 13.1 mmol- 1 sec- 1 per Gd+3 (G. Schuhman
Giampieri, PhD, Schering AG, Berlin, Germany, personal 
communication). Based on the Gd+3 content of the poly
lysine solution, doses of 0 .07 mmol/kg and 0.35 mmol/ kg 
were used. Albumin-(Gd-DTPA) (molecular weight = 
91 ,000) (Schering AG) was synthesized by covalently bind
ing Gd-DTPA molecules to human serum albumin, as 
previously described in detail , and administered intrave
nously at a dose of 0.06 mmol Gd+3 / kg (8). The T1 
relaxivities (R 1) of albumin-(Gd-DTPA) as measured at 39°C 
and 0.47 Twas 15.3 mmol-1 sec-1 per Gd+3 (G. Schuhman
Giampieri , PhD, personal communication). The compara
tive relaxivity effect of these solutions was verified by 
phantom experiments. The Gd3+ dose using albumin Gd
DTPA and the polylysine-(Gd-DTPA) (low dose) was ap
proximately lf3 of the dose employed with Gd-DTP A to 
compensate for the increased relaxation effectiveness (ap
proximately 3X) of the Gd+3 ion when coupled to the 
polylysine or albumin molecules, respectively. Therefore, 
a similar relaxivity effect in vivo using low-dose polylysine
(Gd-DTPA) and albumin-(Gd-DTPA) compared to that ob
tained with Gd-DTPA was expected. 

Comparison of Contrast M edia 

Following acquisition of precontrast images, Gd-DTPA 
(0.2 mmol/kg) (n = 4 rats), albumin-(Gd-DTPA) (0.06 mmol 
Gd/ kg) (n = 7 rats), or polylysine-Gd-DTPA (0.07 mmol 
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Gd/ kg) (n = 5 ra ts) and 0 .35 mmol Gd/ kg (n = 4 rats)) 
was administered int ravenously via tail vein catheters. 
Contrast material was administered to the rats simultane
ously over 20 sec without changing the animals' positions 
with respect to the surface coil and lines were flushed with 
1 ml of saline. Postcontrast images were obtained at 5, 
15, 25, 35, 45, 60, 90, 105, and 120 min following injection . 
MR amplifier settings were held constant within each ex
periment. Region-of-interest (ROI) m easurements were ob
tained over both hemispheres at the level of the thalami 
(100 pixels each), the intraax ial tumor (average 16pixels), 
the subcutaneous tumor (average 16 pixels), the cavernous 
sinus (9 pixels) , and an oil phantom (25 pixels) that had 
been positioned centrally in the imaging probe at the level 
of the rats' brains. ROis were identical in size and location 
for a particular anatomical structure on subsequent images. 

Intensity data were normalized to the external standard 
and are presented as a mean , ±1 SD, on an arbitrary linear 
scale. Differences between signal intensities were assessed 
for significance by m eans of the paired Student's t-test. 
Scores of P < .01 were considered significant. 

Quantitation of Blood-to-Tissue Transport 

Following acquisition of the precontrast image, an in
fusion of 0.15 M Gd-DTPA was begun , at a rate of 0 .05 
ml/ min in animals weighing 250-350 g and 0 .025 ml/ 
min in those weighing 150-250 g. The time at the start of 
the infusion was defined as t = 0, and simultaneously with 
Gd-DTPA infusion , sequential arterial blood samples and 
images were acquired . Removed blood (0.25 ml per sam
ple) was replaced with heparinized saline. Blood was drawn 
every 2 min for 16 min, then at 21 , 26, 36, 46, and 54 min 
or accordingly shorter periods, depending on the duration 
of the experiments (Table 1). Images were obtained every 
2 to 3 min for the first 30 min of the experiment, and about 
every 10 min thereafter. 

Four of the six experiments were terminated at 10, 20, 
40, and 54 min postinjection to determine the Gd+3 content 
in the tumors. These four animals were sacrificed following 
the last image, and their brains were immediately frozen in 
liquid N2 and stored at -4°C for determination of tumor 
tissue (Gd-DTPA). The purpose of this was to generate 
calibration plots that would give tissue (Gd-DTPA) as a 
function of image enhancem ent. 

ROI measurements were obtained for each image over 
the intraaxial tumor. ROis were chosen to include the area 

TABLE 1: Animal's designation , days postimplant, the duration of 
the experiment in m in (Dur), the number of points (Npts) used in 

determining K" K, (ml/kg · m in), the confidence interval of K1, and the 
intercept 

Rat Day Dur Npts K, 
Confidence 

Intercept 
Interval 

A 11 40 7 0.6 0.4-0.9 -0.68 
B 15 54 12 8.9 6.2- 12.5 -44.7 

c 15 20 9 9.6 6.7- 13.4 -8.5 

D 11 54 12 1.3 0.9-1.8 0.89 
E 11 10 5 0.7 0.4-1.0 3.9 
F 11 20 7 1.6 1. 1-2.2 0.53 
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of tumor enhancement. Tumor enhancement was slightly 
heterogeneous in several instances. Since heterogeneous 
enhancement may indicate heterogeneous capillary perme
ability across. the tumor section, we, therefore, likely av
eraged permeability in these tumors. For each postcontrast 
image, signal intensity was normalized to an external oil 
phantom and tumor enhancement was determined as the 
fractional increase in image intensity of the tumor relative 
to the precontrast image intensity. 

Plasma (Gd-DTPA) Measurement 

Samples were diluted 40 times with water, and gadolin
ium concentration was measured using inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). ICP-AES 
standards were prepared by adding Gd-DTPA to a 40-fold 
dilution of normal rat plasma. 

Tissue {Gd-DTPA} Measurement 

The tumors were grossly excised, weighed, homoge
nized with 2.7-4.0 mL of water, and centrifuged. Gadolin
ium content in the supernatant was measured by ICP-AES, 
using a normal brain extract blank and standards prepared 
from Gd-DTPA and distilled water. A second extraction 
with 1.9 mL of water was performed on the pellet from the 
first extraction, and also analyzed by ICP-AES. Rarely, the 
second extraction contained a significant amount of gado
linium and its contribution was then included in the total 
tissue gadolinium content. To validate this method of tissue 
gadolinium measurement, four "sham" samples were pre
pared consisting of Gd-DTPA injected directly into normal 
brain tissue. These samples contained 568, 585, 581 , and 
556 !J.mol/ kg Gd-DTPA; each weighed about 0.085 g. The 
sham samples were homogenized and analyzed by using 
ICP-AES as described above, using only a single extraction. 

888 Permeability Calculation 

The blood-to-tissue transport constant K 1 was calculated 
using the graphical method of Patlak et al (9). Details are 
summarized in the Appendix. 

Results 

As confirmed by autopsy after imaging, all rats 
developed grossly visible intraaxial and subcuta
neous masses at the site of implantation. Subcuta
neous tumors and intraaxial tumors were separated 
by normal brain tissue, dura , and the skull. 

Comparison of Contrast Jvfedia 

lntraaxial tumors typically were isointense or 
slightly hypointense compared to normal brain pa
renchyma on precontrast images (Fig. 2). Normal 
brain was not significantly. enhanced with any of 
the contrast agents. Figure 3 shows the average 
signal intensity vs time as measured over the in
traaxial tumors for the three contrast agents. Peak 
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enhancement was achieved between 6 and 12 min 
p.i. (140% enhancement over baseline) using Gd
DTP A. Using the low dose of polylysine-(Gd-DTPA), 
no significant enhancement was observed in either 
the intraaxial or the subcutaneous tumors. With the 
higher dose of polylysine-(Gd-DTPA), a slowly in
creasing slope of signal enhancement in intraaxial 
tumors was observed that peaked (81 % enhance
ment over baseline) between 24 and 30 min p.i. 
and decreased thereafter (Fig. 3). Enhancement of 
subcutaneous tumors using the high dose polyly
sine-(Gd-DTPA) peaked slightly earlier between 18 
and 24 min (130% enhancement over baseline). In 
all cases, subcutaneous tumors showed greater 
peak enhancement levels compared to the intraax
ial tumor both with Gd-DTPA and with polylysine
(Gd-DTPA) (Fig. 4). 

The pattern of enhancement using albumin-(Gd
DTPA) differed in both the intraaxial and the sub
cutaneous tumors from the pattern of enhancement 
observed with Gd-DTPA and polylysine-(Gd
DTPA). Signal intensity using albumin-(Gd-DTPA) 
increased slowly over time in both tumor locations 
and there was significantly less enhancement com
pared to Gd-DTPA and polylysine-(Gd-DTPA). No 
peak enhancement was observed for the intraaxial 
tumor sites during the time period of the experiment 
(approximately 2 hr) using albumin-(Gd-DTPA). Tu
mor enhancement was greatest at 120 min in in
traaxial tumors (52% over precontrast levels) and 
at 105 min in subcutaneous tumors (22% over 
precontrast levels). 

On precontrast images, the cavernous sinus re
gion had a low signal intensity compared to normal 
brain (Fig. 5). Signal enhancement in the cavernous 
sinus following administration of contrast media 
showed considerable variation between animals. 
Peak enhancement using Gd-DTPA (243 % over 
precontrast levels), low-dose polylysine Gd-DTPA 
(116% over precontrast levels), and high-dose pol
ylysine-(Gd-DTPA) (168% over precontrast levels) 
was measured between 6 and 18 min postinjection. 
Signal intensities decreased thereafter. Enhance
ment of slow-flowing blood using albumin-(Gd
DTPA) reached a plateau at 12 min p.i. (95% over 
precontrast levels) and remained fairly constant 
during the duration of the experiment. 

Validation of Technique for Tissue [Gd] 
Determination 

For the 4 sham tissue samples, which contained 
a mean of 572.5 .umol/kg Gd-DTPA, homogeniza
tion and ICP-AES analysis yielded a mean concen
tration value of 573 .umol/kg. 
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Fig. 2. A-D, Representative coronal SE (250/20/4) images of four rats with gliomas before (A), at 6 min (B), at 18 min (C), and at 
90 min (D) following intravenous administration of polylysine-(Gd-DTPA) (0.035 mmol Gd/kg) and albumin-(Gd-DTPA) (0.06 mmol 
Gd/kg). No change in signal intensity was visible between 90 and 120 min. The two rats positioned to the left of the oil standard 
received polylysine-(Gd-DTPA), the two rats to the right of the oil standard received albumin-(Gd-DTPA). Using polylysine-(Gd-DTPA), 
intraaxial (short arrow), located in either cerebral hemisphere, and subcutaneous tumors (long arrow) show earlier and greater 
enhancement as compared to albumin-(Gd-DTP A). Due to the slice selection in this particular set of images, images of the rat on the 
bottom right that received albumin-(Gd-DTPA) only show the needle tract from the tumor implantation seen only as a linear lesion of 
increased signal intensity on postcontrast images (arrowhead). One rat (top left) in this set moved slightly between the preconstrast 
and postcontrast image acquisitions. The corresponding level was present on another slice of this sequence. 

MR Enhancement Calibration 

The tumors removed for calibration of MR en
hancement to tissue [Gd-DTPA] weighed between 
0.0088 and 0.1122 g, and contained Gd-DTPA 
concentrations between 21.25 ,umol/kg and 388.4 
,umol/kg. The double logarithmic calibration plots 
relating tissue Gd concentration to fractional image 
enhancement, fitted to lines using least-squares 
regression, yielded a linear relationship between the 
tissue Gd concentration and the image enhance
ment. The tissue Gd concentration (A) in ,umol/kg 

is related to enhancement as follows: where A = 
64E2

·
29

, and E = fractional tumor enhancement 
(confidence interval-30%/+40%). These intervals 
correspond to ± 1 SD in the natural log of the 
tissue Gd concentration. 

Blood-to-Tissue Transport Constants 

Table 1 shows K; values and confidence intervals 
for each animal, as well as the values of the inter
cept for those animals for which the graphical 
approach was used. The K; confidence interval 
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Fig. 3. Average signal intensity ±1 SO (representative) over time as measured in intraaxial gliomas following administration of 
polylysine-(Gd-OTPA) (0.07 mmol Gd/ kg) (AvPolyTu), polylysine-(Gd-OTPA) (0.035 mmol Gd/ kg) (AvPolyHiTu), Gd-OTPA (0.2 mmol/ 
kg) (AvGdTu), and albumin-(Gd-OTPA) (0.06 mmol Gd/ kg) (AvAibTu). The graphs show different enhancement kinetics observed with 
the different contrast agents. 

Fig. 4. Average signal intensity ±1 SO (representative) over time as measured in subcutaneous glioma tumors following administration 
of poly lysine-(Gd-OTPA) (0.07 mmol Gd/ kg) (AvSubcutu Poly), polylysine-(Gd-OTPA) (0.035 mmol Gd/ kg) (Av polySubcutu Hi), Gd
OTPA (0.2 mmol/kg) (AvGd Subcutu), and albumin-(Gd-OTPA) (0.06 mmol Gd/ kg) (AvAibSubcutu). Contrast agents of different size 
show different enhancement kinetics. 

Fig. 5. Average signal intensity ±1 SO (representative) over time as m easured in the cavernous sinus following administration of 
poly lysine-(Gd-OTPA) (0.07 mmol Gd/ kg) (AvCVSPoly) , poly lysine-(Gd-OTPA) (0.035 mmol Gd/ kg) (AvCVSPolyHi), Gd-OTPA (0.2 
mmol/ kg) (AvCVSGd), and albumin-(Gd-OTPA) (0.06 mmol Gd/ kg) (AvAibCVS). The graphs shows persistent enhancement of slow 
flowing blood for albumin-(Gd-OTPA) and the high dose of polylysine-(Gd-OTPA). This likely reflects the prolonged intravascular half 
life of the high molecular weight contrast agents. 

corresponds to ± 1 of Ln(K1), based on the variance 
of tissue [Gd-DTPA] values obtained from the cali
bration curves. The intercepts of the linear portions 
of the curves ranged from -40 to + 11 mL/kg, but 
in most instances were not significantly different (P 
< .05) from zero. They, therefore, do not represent, 
as expected from the distribution volume of Gd
DTPA, the plasma volume of the tumor. 

The underlying graphs for the K1 calculation for 
rat D are shown in Figures 6-8. Figure 9 shows the 
corresponding images. The slope of the plot 

Apt/ Cpt vs 11 

Cpt'dt -/Cp1 (Fig. 7), using the first 

12 points, is K1 = 1.3 mL/kg-min. 
The mean (±SEM) values of K1 for animals im

aged at 11 days and 15 days postimplantation were 
1.1 ± 0.24, and 9.3 ± 0.8 mL/kg ·min, respectively. 

Discussion 

In this study, we compared the effects on MR 
imaging using contrast media of different molecular 
size in a brain glioma model. With increasing mo
lecular size of contrast media , a slower and less 
intense tumor enhancement over time was ob
served The smallest molecule, Gd-DTPA caused 
early and greatest tumor enhancement, whereas 
with the intermediate sized molecule, polylysine
(Gd-DTPA), tumor enhancement was slower and 
less intense. The largest molecule, albumin-(Gd-

DTPA), accumulated in the tumor even slower and 
showed a lesser total enhancement. 

It is well established, that the major pharmaco
logic basis for tumor enhancement in the CNS using 
extracellular fluid contrast agents such as Gd-DTPA 
is largely due to dysfunctional BBB and leakage of 
the contrast agent into the interstitial space (1 0, 
11 ). The different tumor enhancement kinetics for 
the three contrast agents used in the current study 
probably reflects differential permeability of tumor 
capillaries for large and small molecules, although 
other factors have to be taken into consideration. 
In highly vascular tumors, part of the enhancement 
may, at least in the initial phase of contrast media 
distribution, also be ascribed to blood-pool en
hancement. Albumin-(Gd-DTPA) has been mostly 
used as an experimental prototype MR contrast 
agent to study blood-pool and perfusion-dependent 
contrast enhancement and to estimate tumor vas
cular space (12 , 13). The slowly increasing slope of 
signal intensity in the tumor using albumin-(Gd
DTPA), however, indicates that the molecule slowly 
leaks from the intravascular space into the intersti
tium of the tumor. If the tumor enhancement were 
due to blood pool accumulation of albumin-(Gd
DTPA), an earlier and more rapid increase of tumor 
signal intensity would be expected. It is also known 
from other studies, that human serum albumin, in 
its course of repeated recirculation through tumor 
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Fig. 6. Image enhancement and tumor tissue Gd+3 (deri ved from enhancement using the empirically determ ined relationship A = 
64E2

·
29

) concentration over time as measured in rat D (Table 1 ). 
Fig. 7. Plasma Gd+3 concentration over time as measure in rat D (see also Table 1). Gd+3 concentration increases, as expected, 

during infusion and decreases once the infusion of the contrast agent is ended. 

Fig. 8 . At/ Cpt vs 1' C0,·dt ' / C0, for rat D. Apt = tissue Gd+3 concentration at time t. Cpt = plasma Gd+3 concentration at t ime t. 

capillaries, may leak into the interstitium of tumors 
(13, 14). 

Polylysine-(Gd-DTPA) is a relatively new experi
mental contrast agent designed to distribute, simi
larly to albumin-(Gd-DTPA), primarily within the 
intravascular space following intravenous injection. 

Fig. 9. Sequential coronal SE (233/ 23/ 
4) images of rat D acquired before and during 
intravenous infusion of Gd-DTPA. On im
ages selected from the initial 3 1 min of the 
experiment, the intraaxial glioma seen as a 
brightly enhancing lesion in the left hemi
sphere increases over time. 

The intravascular half life of this molecule, however 
has been indicated to be significantly shorter com
pared to albumin-(Gd-DTPA) (G. Schuhman-Giam
pieri, PhD, personal communication) (15). In our 
study, signal intensity in tumors using the higher 
dose of polylysine-(Gd-DTPA) reached a plateau 
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between 30 and 60 min postinjection and decreased 
thereafter. The delayed and lower enhancement 
achieved with this contrast agent as compared to 
Gd-DTPA, seems to indicate that the tumor is less 
accessible for this contrast agent as compared to 
Gd-DTPA and that the rate limiting factor for the 
tumor enhancement is vascular permeability. 

We did not directly study the possibility of dis
sociation of .the Gd-DTPA molecule from either 
macromolecule. A slow release of Gd-DTPA from 
the macromolecular complex could, in theory , also 
explain the different enhancement kinetics ob
served in our study. This possibility seems, however 
very unlikely since Gd-DTPA is covalently bound 
to both albumin and polylysine, suggesting that 
both complexes, albumin-(Gd-DTPA) and polyly
sine-(Gd-DTPA), are relatively stable (8). 

The downslope of the enhancement curve meas
ured in tumors with Gd-DTPA clearly indicates, as 
expected , washout of the contrast agent from the 
tumor. Although the downslope of the enhance
ment curve using the higher dose of polylysine
(Gd-DTPA) may suggest that there was some wash
out of the contrast agent from the tumor, the 
difference between the maximum enhancement 
and the enhancement measured at 120 min p.i. 
was not significant. The relative persistent tumor 
enhancement using polylysine-(Gd-DTPA) seems to 
indicate that the contrast agent may be trapped in 
the tumor, a finding that is supported by the inves
tigations of others who have reported binding of 
polylysine-(Gd-DTPA) to glioma cells both in cul
ture and in an animal model (16, 17). 

In the second part of the study, we chose the 
small molecule Gd-DTPA to further assess whether 
abnormal BBB leakiness could be quantified using 
MR. Gd-DTPA was chosen, because it has a similar 
distribution pattern as 68Ga-EDT A, a radiotracer 
used in positron emission tomography studies to 
determine vascular permeability (18). Furthermore, 
Gd-DTPA is a clinically approved contrast agent, 
which would greatly facilitate its potential clinical 
application as a permeability marker in patients. 
The basis principle is to use a Gd-DTPA infusion 
and to assume that the input function to the brain 
is represented by the Gd-DTPA concentration in 
the femoral artery . The further assumption was 
made that during the upslope of the enhancement 
curve, the transport of the molecule is unidirec
tional , ie, from the intravascular space into the 
tumor and not vice versa. In reality, more likely a 
two directional exchange between the vascular 
compartment and the interstitium occurs, with the 
passage from the vascular compartment into the 
interstitium being greater during the upslope of the 
curve , resulting in a net transport of Gd-DTPA from 
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the intravascular space into the ECF space of tu
mors. The opposite probably occurs during the 
downslope, showing the washout of Gd-DTPA from 
the tumor. 

For practical purposes, Gd-DTPA may be more 
suited to measure permeability of brain tumors than 
the larger molecules which, at least theoretically, 
could also be used. Since the blood-to-tissue trans
port of these agents is much slower, as shown by 
our experiments, in our brain tumor model (and 
probably also in other brain tumors) , the observa
tion time to measure this process would be long. 
This in turn would result in a relatively long imaging 
time that may not be tolerated easily. The larger 
agents may be more useful in organs that do not 
have a BBB and are more "leaky." 

The blood-to-tissue transport constant Ki was 
determined based on empirical calibration functions 
that correlate tissue [Gd-DTPA] concentration as a 
function of tumor MR image enhancement. The 
calculated Ki value was significantly lower for ani
mals studied at 11 days postimplantation compared 
to the two animals studied at 15 days postimplan
tation. The increasing Ki with tumor age may reflect 
increasing neovascularity with abnormal vessels, 
known to occur with tumor growth. The validity of 
our approach is further supported by the fact that 
the mean Ki determined in tumors at 15 days post
tumor implantation using MR does not differ signif
icantly from the mean Ki (±SEM) of 11.3 ± 1. 7 
mL/kg ·min for the same time period determined 
by Spence et al in the identical tumor model using 
quantitative autoradiography (6, 19). 

The wide confidence intervals of our calculated 
Ki values probably reflect uncertainty in the esti
mation of tissue [Gd-DTPA] from image enhance
ment. These intervals could be narrowed signifi
cantly if the function determining the dependence 
of enhancement on tissue [Gd-DTPA] were better 
known. The acquisition of additional data for the 
tissue Gd-DTPA concentration vs enhancement 
would be helpful but obviously cannot be achieved 
noninvasively. Others that used MR measurement 
of changes in T1 and T2 following injection of Gd
DTPA to determine permeability of multiple scle
rosis lesions have encountered similar problems 
concerning the nonlinearity between local tissue 
Gd-DTPA concentration and signal intensity (20). 

The approach to measure T1 values to assess 
BBB permeability has been investigated by others 
(20). One-at least theoretical-disadvantage of 
measuring T1 , as opposed to measuring signal 
intensity by simply placing ROis, is the time require
ment to accurately measure T1 changes by using 
conventional SE or inversion recovery sequences. 
Since contrast media distribution is a very dynamic 
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process, an additional error would be introduced. 
Also, for practical purposes and potential clinical 
use, it is quite simpler to measure signal intensity 
than T1. 

The intercept in Figure 8, which in theory reflects 
the plasma volume (per unit tumor mass), plus any 
additional volume for which [Gd-DTPA] is in rapid 
equilibrium with the plasma was negative for three 

of our At/Cpt vs.lt Cpt'dt' /Cpt plots. Obviously, 

this intercept should be greater than zero. It has 
been suggested, however, that the Patlak method 
may be less than ideal for determining plasma 
volumes of tissues and the unexpected results in 
our measurements may reflect this (9). Further
more, while this method appears well suited to 
measurement of K1, the equilibration of Gd-DTPA 
within the ECF further contributes to the erroneous 
tumor plasma volume determination with our ap
proach. 

Multiple autoradiographic studies of blood-to
tissue transport in a variety of small animal brain 
tumors, both glial and metastatic, have been pub
lished (19, 21-24). Although the capillary permea
bility-surface area product (PS) is increased over 
normal brain tissue in many of these tumor models, 
there is a great deal of variability among the differ
ent models, among individuals with one tumor type, 
and even within individual tumors (19, 21-24). 
However, one common feature is that, in these 
tumors, it is primarily the PS product, and not 
regional blood flow, which limits the transport of 
drug-sized, water-soluble molecules from blood-to
brain tissue (6, 19). The degree of disruption of the 
BBB is not sufficient to allow rapid distribution of 
such molecules from the plasma to the tissue. 
Studies of a variety of primary and metastatic brain 
tumors in humans, using positron emission tomog
raphy with 68Ga-EDT A as a tracer, support the 
finding that PS is often increased over normal 
values in brain tumors, but is highly variable among 
tumor types, and among patients with the same 
tumor type (18, 25). 

The great variability in BBB permeability among 
individuals with brain tumors underlines the impor
tance of determining the PS product in the clinical 
setting to optimize delivery of chemotherapeutic 
agents to tumor tissue. It has also been documented 
that radiation therapy changes the vascular perme
ability of brain tumors (6). Measurement of the PS 
may, therefore, also be helpful to optimize com
bined radiation and chemotherapy in patients with 
brain tumors (26, 27). In the postoperative setting, 
the differential diagnosis between recurrent or resid
ual tumor and postoperative benign changes often 
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remains unanswered by imaging modalities. If focal 
enhancement in a postoperative defect could be 
reliably quantitated and measured at different 
points in time following surgery, differentiation be
tween recurrent or residual tumor and benign 
changes may be possible. 

In summary, our results demonstrate that the 
tumor enhancement kinetic is dependent on the 
molecular size of the contrast agent used. We fur
ther demonstrate that the blood-to-tissue transport 
of Gd-DTPA can be used to quantitate BBB perme
ability using MR. This suggests that contrast-en
hanced MR may be applicable to provide measure
ments of BBB permeability in the diagnosis and 
follow-up of patients with brain tumors. 
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Note: Results indicating the potential of using MR signal 
enhancement to quantitate blood-to-tissue transport of Gd
DTPA in brain gliomas are considered pilot data . These 
data are part of a more detailed investigation. The manu
script describing this study is in preparation. 

Appendix: BBB permeability was calculated using the 
graphical method of Patlak et al (9) . 

The accumulation of Gd-DTPA in tissue is described by 

dAt/ dt = K;Cpt + V;dCpt/ dt 

where A t = the tissue [Gd-DTPA] at timet, Cpt =the plasma 
[Gd-DTPA] at timet, and V1 =the plasma volume per unit 
mass of tissue, plus the volume of tertiary spaces for which 
Gd-DTPA exchange with the plasma is rapid . At timet, the 
tissue concentration of Gd-DTPA is given by: 

At = K; lt Cpt•dt' + V;Cpt 

Thus, 

For each postcontrast image (at time t), At is calculated 
based on tumor enhancement, using the tissue calibration 
curve. The assumption is made that Cpt varies linearly with 
time between measurements. On the plot of A tfCpt vs 

lt Cpt'dt' /Cpt• K1 is the slope of the initial , linear portion 

of this plot, V1 is the intercept of this linear region . The 
plasma volume per unit mass of t issue was not expected 
to be reliably determined using Gd-DTPA, because this 
contrast agent distributes both within the intravascular and 
interstitial fluid space. 
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