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Investigation of Longitudinal Vascular Changes in
Control and Chemotherapy-Treated Tumors to Serve
as Therapeutic Efficacy Predictors

Min-Ying Su, PhD, Zhiheng Wang, PhD, and Orhan Nalcioglu, PhD

The impact of chemotherapy on longitudinal vascular
changes taking place during the growth of an animal tumor,
R3230 AC adenocarcinoma, was investigated. Two con-
trast agents of different molecular weights, gadolinium-
diethylene-triamine-pentaacetic acid (Gd-DTPA; <1 kD)
and gadomer-17 (35 kD), were used in the dynamic imaging
studies. Enhancement kinetics were analyzed by a pharma-
cokinetic model to derive parameters related to vascular
volume and permeability on a pixel-by-pixel basis. Respond-
ers and non-responders were separated according to tumor
size 10 days after the therapy. Changes in the vascular
volume measured by gadomer-17 at 4 days after therapy
revealed a clear distinction between the controls and the
responders/non-responders. Mean vascular volume de-
creased by 42% in responders but was not significantly
changed in the controls. The one non-responder had in-
creased vascular volume after chemotherapy. Enhance-
ment Kinetics of gadomer-17 detected the changes earlier
and with greater sensitivity than Gd-DTPA. In the control
group, vascular permeability determined by gadomer-17
correlated with the longitudinal growth rates of tumors,
suggesting that vascular permeability assessed by ga-
domer-17 could potentially serve as an indicator of aggres-
sive tumor growth. J. Magn. Reson. Imaging 1999;
9:128-137. © 1999 Wiley-Liss, Inc.

Index terms: vascular volume; vascular permeability; chemo-
therapy; pharmacokinetic analysis; therapy efficacy; MR con-
trast agents

DYNAMIC gadolinium-diethylene-triamine-pentaacetic
acid (Gd-DTPA)-enhanced tumor imaging can provide
information about the extent of tumor necrosis and
viability, which may serve as early predictors for the
efficacy of chemotherapy in patients with bone or soft-
tissue sarcomas (1-3). However, other parameters such
as vascular volume and permeability may provide even
earlier and more specific information about the re-
sponse of tumor to therapy, thereby enabling the clini-
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cian to modify the treatment regimen after the initial
cycle of chemotherapy has been administered. Measure-
ment of vascularity and permeability of tumors by
magnetic resonance imaging (MRI) has achieved some
success in differentiating between benign and malig-
nant tumors (4) and in determining the aggressiveness
of tumor growth (5,6), which maybe influenced by
vascular permeability factor/vascular endothelial
growth factor (VPF/VEGF) (7,8). Vascular permeability
has also been shown to be influenced by radiation
therapy, as measured by dynamic contrast-enhanced
MRI with albumin-Gd-DTPA (9,10). We therefore hypoth-
esized that measurement of vascularity and permeabil-
ity parameters shortly after therapy may provide an
index of early vascular changes that precede the necro-
sis or volumetric changes commonly used to predict
therapeutic outcome (11).

Information on vascular volume and permeability can
be derived from pharmacokinetic modeling analysis of
the intratumor Kinetics of MR contrast agents. After
intravenous injection of a contrast agent, it initially
occupies the vascular space, and then diffuses into the
interstitial space. We have previously developed pharma-
cokinetic analysis techniques that model the distribu-
tion of the contrast agents between these two compart-
ments (12). After vascular and interstitial contributions
are separated, the derived parameters can be used to
characterize the vascular volume and permeability quan-
titatively. Since this technique is non-invasive, the
tumor can be monitored longitudinally over a period of
time to study the structural and vascular changes
occurring during its growth and the alterations induced
by various kinds of therapy.

In this work we studied the impact of chemotherapy
on the longitudinal pharmacokinetic changes during
the growth of an animal tumor, R3230 AC adenocarci-
noma. To study the accuracy of vascular parameters
derived from pharmacokinetic modeling, we employed
two different sizes of contrast agents in the study. An
extracellular agent, Gd-DTPA, was compared with a
macromolecular blood-pool agent, gadomer-17 (interme-
diate size with an apparent molecular weight of 35 kD).
These two agents were chosen because gadomer-17
mainly stays in the vascular space of the body but may
also diffuse into the interstitial space depending on the
degree of vascular permeability. Thus, gadomer-17 is
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expected to provide more reliable information about the
vascular volume and permeability. On the other hand,
we also used a smaller agent, Gd-DTPA, to investigate
the extent of information that can be obtained from the
kinetics of small agents. The longitudinal vascular
changes were compared among the controls, respond-
ers, and non-responders. Response to chemotherapy
was classified according to the volumetric growth rates
of the tumors. We then determined which parameter
most clearly differentiated between responders, non-
responders, and controls. Such a parameter may serve
as a predictor of therapeutic efficacy. We also evaluated
which parameter correlated best with tumor growth to
develop an early indicator of tumor aggressiveness. The
parameters derived from the kinetics of Gd-DTPA were
compared with the results obtained from the kinetics of
gadomer-17. To date, Food and Drug Administration-
approved MR contrast agents for human use all have
low molecular weights. We therefore also focused our
attention on the low molecular weight agent so that our
interpretation of its kinetics would be clinically rel-
evant.

MATERIALS AND METHODS
Tumor Model and Experimental Procedure

The experiments were performed on female Fischer 344
rats (weighing160 = 10 g) bearing the R3230 AC adeno-
carcinoma. R3230 AC tumor cells were obtained from
Dr. R. Weissleder (Massachusetts General Hospital) in
1996 and maintained by serial animal passages in our
laboratory. The tumor was implanted by injecting 0.5
mL of minced tumor cell suspension (approximately 1 X
107 cells) subcutaneously into the left thigh of the rat.
Fifteen animals were used in the study, nine in the
treatment group and six in the control group. Baseline
experiments started at 16 days post implantation. Aver-
aged tumor volume at that time was 2.7 = 1.2 mL as
determined from baseline MRI.

The imaging protocol included T,-weighted sequences
across the entire tumor to measure both viable and
non-viable tumor volumes, and a dynamic Ti-weighted
sequence with sequential injections of Gd-DTPA (0.1
mmol/kg, Magnevist®, Berlex, Montville, NJ), followed
by gadomer-17 (0.05 mmol/kg, provided by Schering,
Berlin, Germany) to measure the enhancement kinetics
in the tumor. Gadomer-17 is a synthetic dendrimeric
gadolinium chelate, with a nominal molecular weight of
17 kD and an apparent molecular weight of about 35
kD, (i.e., it has a Stokes’ radius similar to a protein of 35
kD). The molar relaxivity of gadomer-17 was about 3.5
to 4.5 times that of Gd-DTPA and was generally indepen-
dent of field strength (Dr. Weinmann of Schering, per-
sonal communication). Plasma values were almost iden-
tical, which implied minimal protein binding. In rats the
LDso was greater than 20 mmol/kg body weight, and
completed renal elimination occurred within 24 hours.

Chemotherapy was administered to animals in the
treatment group 3 days after the baseline study. Mitomy-
cin-C (5 mg/kg; Bristol-Myers Squibb, Princeton, NJ)
was first injected i.p., and then 1 hour later a vessel-
occluding agent, flavone acetic acid (FAA; 200 mg/kg,
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provided by the Drug Synthesis and Chemical Branch,
National Cancer Institute) was injected. Four days after
the chemotherapy, i.e., 1 week after the baseline study,
the imaging experiments were repeated (noted as the
first follow-up, or week-1 study). After the second week
the third imaging experiments were conducted (noted
as the second follow-up, or week-2 study).

Imaging experiments were performed on a GE Signa
1.5 T Scanner with a GE linear head coil. Each animal
was anesthetized by injecting 50 mg/kg ketamine mixed
with 5 mg/kg Rompun intramuscularly into the front
limb. A 25 gauge butterfly cannula was then inserted
into the tail vein for injection of contrast agent. Animals
were fastened to paper boards in the lateral decubitus
position and placed into the center of the coil. A fast
spin-echo pulse sequence (TR 3 s, TE 112 msec, 8 echo
train, interleaved 3 mm slice) was applied to acquire
T,-weighted images across the whole tumor. Three axial
slices (5 mm thick), one from liver and two from tumor,
were then selected for the dynamic study. Enhance-
ment kinetics in the liver were measured to study any
possible systemic changes in the host animal that could
affect the pharmacokinetic changes in the tumor. A
T,-weighted spin-echo pulse sequence with TR/TE
120/18 msec was applied to acquire dynamic images of
the three slices simultaneously, as described previously
(13). After four baseline images had been acquired for
each slice, Gd-DTPA (0.1 mmol/kg) was injected into
the rat. Enhancement Kkinetics were monitored for 17
minutes. After waiting 1 hour to allow for the clearance
of Gd-DTPA (more than 90%), gadomer-17 (0.05 mmol/
kg) was injected and the kinetics were monitored for 17
minutes. After the imaging studies were completed,
animals were sent back to their housing facility for the
scheduled treatment and the follow-up studies.

Data Analysis

All data analyses were performed on a Sun Sparc20
work station using programs written in Matlab. Vol-
umes of the viable and non-viable regions in each tumor
were measured from the T,-weighted images across the
whole tumor. Since the tumor was grown in the thigh,
no motion artifact was observed. Pixels that showed a
higher signal intensity in the T,-weighted images had a
higher water content and, according to our previous
experience, correlated with necrosis or edema, and
classified as non-viable regions. Viable and non-viable
regions were separated by threshold segmentation. Fig-
ure 1 shows an example of the segmentation analysis
from one control tumor slice. In column 2 the non-viable
region was outlined and superimposed on the T,-
weighted image. The Gd-DTPA-enhanced image is also
shown in column 3. High signal intensity regions in the
To-weighted images clearly correlate with low enhance-
ment regions in the Gd-DTPA-enhanced images. The
corresponding images from a similar location of this
tumor in the week-1 and week-2 follow-up studies are
also shown. Some regional resemblance seems to be
maintained during tumor growth.

Viable, non-viable, and total volumes were calculated
for each tumor by summing over the respective volumes
measured from all images. The viable growth ratio was
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Figure 1. Images taken from a control tumor slice. Column
one shows the T,-weighted images, column two shows the
outlined non-viable region defined as pixels with signal inten-
sity higher than a threshold gray level, and column three
shows the Gd-DTPA-enhanced images. High signal intensity
regions in the T,-weighted images (in column 2) are correlated
with the low enhancement regions in the Gd-DTPA-enhanced
images (in column 3). The second and third rows show the
corresponding images from a similar location in this tumor at
week-1 and week-2 follow-up studies. Some regional resem-
blance seems to be maintained while the tumor was growing
larger.

defined as the viable tumor volume measured in the
follow-up studies (week-1 and week-2) divided by its
own baseline volume at baseline. Tumors with growth
ratios measured at week 2 (10 days after treatment) that
were comparable to the control tumors were classified
as non-responders. Fifteen tumors were separated into
three groups: controls, responders, and non-respond-
ers.

The following analyses of the contrast enhancement
kinetics were based on the three groups. In each tumor,
enhancement Kinetics of the two agents were measured
from every viable tumor pixel in the two slices selected
for the dynamic study. The enhancement was calcu-
lated by subtracting the pre-contrast signal intensity
from the post-contrast signal intensity. In the study of
gadomer-17, the pre-contrast signal included the re-
sidual effect of Gd-DTPA, which was expected to remain
at a stable level during the examination time of gadomer-
17. By subtracting out the pre-contrast signal before
the injection of gadomer-17, the residual effect of Gd-
DTPA was accounted for. Non-viable regions in each
slice, as determined from the corresponding T,-weighted
image, were excluded from the analysis.

Contrast enhancement Kinetics in the liver of each
animal were measured from a region of interest (ROI)
placed in homogeneous liver parenchyma. The images
acquired from liver did show some respiratory artifact
(not severe). The major vessels causing the most artifact
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were excluded from the ROI. Enhancement kinetics
from control and treated animals were averaged sepa-
rately to calculate mean liver Kinetics for each group.
The signal enhancement decay rates in the liver (mono-
exponential for gadomer-17, bi-exponential for Gd-
DTPA) were used as the decay rates in the blood, which
has been verified previously (6). After the decay rates for
contrast agent in the blood concentrations were deter-
mined, a pharmacokinetic model was applied to analyze
the enhancement Kinetics to derive the parameters for
vascular volume and permeability. The analysis was
performed on a pixel-by-pixel basis. In addition, in each
of the three groups the enhancement kinetics measured
from all viable pixels were averaged to obtain mean
tumor enhancement kinetics.

Pharmacokinetic Model

The details of the pharmacokinetic model employed
have been described in a previous publication (12). Our
model also reconciled with several major models, as
described in a review paper by Tofts (14). Briefly, the
model assumes two compartments in tissue, i.e., intra-
vascular (blood) and extravascular (interstitial space).
The transport of contrast agents between the two com-
partments is characterized by the fractional in-flux rate
K, from the blood stream into the interstitial space and
the fractional out-flux rate K, from the interstitial space
back into the blood stream. The total concentration in a
selected region of interest in tissue (eg, a pixel), C,
contains contributions from the vascular and extravas-
cular compartments. Mathematically, it can be ex-
pressed as C; = V,C, + V.Ce, Where V, is the blood
volume, C, is the concentration in blood, V. is the
distribution volume in the interstitial space, and C, is
the concentration in V.. After the contrast agent was
injected, its concentration in the vascular compartment
was assumed to increase linearly from time O to a
maximum value and then show subsequent decay.
From one enhancement-time curve three independent
parameters related to vascular volume (V,), contrast
agent accumulation rate in the interstitial space (Ve Ky),
and the fractional out-flux rate from the interstitial
space back to the bloodstream (K,) can be computed
using a non-linear least squares fitting algorithm. The
enhancement in the liver is assumed to be proportional
to its extracellular volume (assumed to be 24% [15]),
which is used as a reference to convert the fitted
vascular volume parameter to the fractional vascular
volume V. In the analysis, the enhancement-time curve
was fit directly to derive the model parameters. The
implicit assumptions were that the enhancement was
proportional to the concentration (problematic) and
that the exchange between the vascular and extravascu-
lar compartments was slow (generally accepted; see the
review paper by Donahue et al [16]). Technical issues
related to the use of the signal enhancement curve have
been discussed at length in a previous paper (6) and will
not be repeated here.

Enhancement kinetics measured for each tumor were
analyzed on a pixel-by-pixel basis. After the analyses
were completed, the pixel population distribution curves
of the parameters V, and K, were computed, and based
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on the curves measured in the baseline, longitudinal
changes in week-1 and week-2 studies were assessed.
Overall changes between control and treated groups
were compared, as were the differences between re-
sponders and non-responders to determine whether the
fitted parameters revealed a clear distinction between
them and could thus serve as a predictor for therapeutic
efficacy. The parameters measured by gadomer-17 and
Gd-DTPA were also compared.

RESULTS

Viable Growth Ratio and Non-viable Volume
Percentage

Chemotherapy caused severe systemic reactions in
treated rats. In general, they were weaker (less active)
and some died during the experimental period. All nine
treated animals were alive at week 1, but only six rats in
this group survived past week 2. The control rats, even
though they bore large tumors, all survived to the end of
the evaluation period.

Figure 2 shows the growth ratio of the viable tumor
volume in the treated and control groups measured in
the week-1 and week-2 studies. In the control group,
the viable growth ratio was 2.9 = 0.4 at week 1, and
6.6 = 1.3 at week 2. One tumor in the treated group
displayed a comparable growth rate as the control
tumors did, and was therefore classified as a non-
responder (NRS). The remainder of the treated tumors
were defined as responders. Their viable growth ratio
was 1.7 = 0.1 at week 1, and 2.5 = 0.6 at week 2. The
viable growth ratios differed significantly between the
control and responder groups. They were separated at
week 2 by a threshold value of 4.0, with all controls
above and all responders below that cut point.

Figure 3 shows the non-viable volume percentage
(non-viable volume divided by the total volume) of
tumors in the control, responder, and non-responder
groups. Along with Fig. 2, these data show that the
control tumors grew very rapidly, while the non-viable
volume percentage slowly increased with time. The
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Figure 2. The growth ratio of the viable tumor volume in
tumors in the treated and control groups measured at week 1
(left) and week 2 (right). One tumor in the treated group that
displayed a growth rate comparable to that of the control
tumors was classified as a non-responder (marked NRS). There
were nine tumors in the treated group at week 1; only six rats
had survived by week 2.
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Figure 3. Percentage of non-viable volume in tumors in the
control, responder, and non-responder groups measured in
the baseline, week-1, and week-2 studies. Error bars represent
the variations in each group. There was only one tumor in the
non-responder group, thus no error bar. After the therapy the
non-viable percentage increased more in the responders than
in the controls.

responders also grew, but at a slower rate and with a
higher non-viable volume percentage.

Mean Enhancement Kinetics of Gadomer-17
and Gd-DTPA

In addition to structural changes, chemotherapy caused
vascular changes. Figure 4 shows the mean enhance-
ment Kinetics measured by gadomer-17 from the three
groups. The curve at each time point was obtained by
averaging the kinetics of all viable pixels (400-3000
pixels in one tumor) from all tumors in that group. In the
control group the kinetics measured at three time
points exhibited similar magnitudes of enhancement.
The only noticeable difference was that the decay rate at
week 1 was more rapid. In the responder group, post-
therapy enhancement at week 1 was lower compared
with the baseline value. The enhancement decay rate at
week 2 was substantially slower. Baseline kinetics in
non-responders were much lower than in responders,
and also the enhancement increased after therapy, two
distinct features when compared with responders. Fig-
ure 5 shows the mean enhancement kinetics measured
by Gd-DTPA in each group. Sequential contrast injec-
tion while the animal was fixed in the scanner made it
possible to measure the kinetics of both agents from the
same tumor regions in each group. In the responder
group the difference of Gd-DTPA kinetics between the
baseline and week-1 studies was much smaller than
that measured by gadomer-17, but the difference be-
came much larger by week 2. The baseline Gd-DTPA
enhancement in the non-responder group was much
lower than that in responders. The enhancement also
increased at week 1 after treatment, but to a lesser
degree compared with that measured by gadomer-17.
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Figure 4. The mean enhancement kinetics measured by ga-
domer-17 from all viable tumor pixels in the control (a),
responder (b), and non-responder (c) groups. In the control
group, the kinetics measured at baseline, week 1, and week 2
were of similar magnitude, and the decay rate was faster at
week 1. In the responder group, enhancement measured by
gadomer-17 decreased after therapy. In the non-responder
group, baseline enhancement was much lower than that in the
controls or responders, and the enhancement became even
greater after therapy.
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Figure 5. Mean enhancement kinetics measured by Gd-DTPA
from all viable tumor pixels in the control (a), responder (b),
and non-responder (c) groups. The pixels were the same as
those in Fig. 4 as measured by gadomer-17. The changes
between baseline and week-1 studies were similar in the
control and responder groups and thus could not be used to
differentiate these two groups. In the non-responder, baseline
enhancement was much lower than that in the controls or
responders, and enhancement also became greater after the
therapy, similar to the results measured by gadomer-17.
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Decay Rates in Liver Kinetics

Decay rates in blood concentrations were determined
from the decay rates in enhancement kinetics measured
from the liver. The kinetics were similar to what we
previously found for Gd-DTPA-24-cascade-polymer and
Gd-DTPA (6). The decay kinetics for gadomer-17 were
assumed to be mono-exponential, while Gd-DTPA kinet-
ics were bi-exponential. The exponential decay rates in
the control and treated groups at the three experimental
time points are listed in Table 1. Based on the single
decay rate of gadomer-17, in the control groups the
decay rates were similar at baseline and week 1, but
became slower at week 2. In the treated group, decay
rates were slower at week 1, and even slower at week 2.
Decay rates of Gd-DTPA basically followed a similar
trend.

Vascular Volume V,, Derived From Gadomer-17
Kinetics

After the decay rates in blood concentrations were
determined, pharmacokinetic analysis was performed
to derive the three parameters in each pixel, and the
pixel population distribution curves of V, and K, were
calculated for each tumor. The results for another
parameter, VK1, were also obtained. However, the data
did not show any significant change at the three time
points. Also, since they involved two parameters (V. and
K;), the data were more difficult to interpret. Therefore,
the results are not presented.

For V, and K,, the group population distribution
curves were calculated by pooling together all tumors in
each of the control, responder, and non-responder
groups. Figure 6 shows the pixel population distribu-
tion curve of the fractional vascular volume (V) in the
control and responder groups calculated from the kinet-
ics of gadomer-17. In the control group (Fig. 6a), median
fractional vascular volume was 8.8% at baseline, drop-
ping slightly to 7.8% at week 1, and remaining at 7.8%
by week 2. These changes were not significant. The
median fractional vascular volume of the responder
group was 10% at baseline, dropping to 5.4% at week 1
(P < 0.005), and to 3.7% at week 2 (P < 0.0005).
Vascular volume in non-responders increased after
treatment. The median fractional vascular volume was
4.6% at baseline, increasing to 8.5% at week 1, and then
dropping to 4.4% by week 2. However, since there was
only one non-responding tumor, statistical analysis
could not be performed. These results indicate that the
evolution of the vascular volume distribution in respond-

Table 1
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Figure 6. Pixel population distribution curve of the fractional
vascular volume(Vy) in the control (a) and responder (b) groups,
as calculated from the kinetics of gadomer-17. The horizontal
axis is the fractional vascular volume in each pixel, and the
vertical axis is the cumulative percent of pixels. The median
line (50% population) is also marked. In the control group the
median fractional vascular volume changed from 8.8% in the
baseline to 7.8% at week 1 and week 2 (non-significant). In the
responder group the median fractional vascular volume
changed from 10% in the baseline to 5.4% at week-1 (P <
0.005) and to 3.7% at week 2 (P < 0.0005).

ers and non-responders could be differentiated from
that of the controls.

Fractional Out-flux Rate K, Derived From
Gadomer-17 Kinetics

Figure 7 shows the pixel population distribution curve
of the fractional out-flux rate K, derived from ga-

Exponential Decay Rates in the Mean Liver Enhancement Kinetics Measured by Gadomer-17 (Mono-exponential) and Gd-DTPA

(Bi-exponential) in the Control and Treated Groups*

Gadomer-17 Gd-DTPA
Baseline Week 1 Week 2 Baseline Week 1 Week 2
Control 0.196 0.188 0.140 60% 1.472 57% 1.362 52% 1.128
40% 0.09 43% 0.091 48% 0.052
Treated 0.204 0.144 0.115 58% 1.356 51% 1.132 51%1.13
42% 0.093 49% 0.073 49% 0.07

*The bi-exponential decay function was defined as f; exp (—at) + f, exp (—aot), where f; and f;, are the relative weighting factors, given as the
percentage in the table. The exponential decay rate unit is 1/min. The variation in each study group is 8% to 10%.
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Figure 7. Pixel population distribution curve of the fractional
out-flux rate (Ky) in the control (a) and responder (b) groups,
derived from gadomer-17 kinetics. In the control group one
notes that the population distribution curve above the median
line at week 1 was shifted to higher values compared with that
in the baseline, and at week 2 a further shift was noted. Above
the median line the changes were significant. In the responder
group, above the 60% population line one can note a shift
toward higher values in the follow-up studies compared with
the baseline, but there is no difference between week-1 and
week-2 studies.

domer-17 kinetics. Control tumors grew very rapidly,
and Fig. 7a demonstrates that the population distribu-
tion above the median at week 1 was shifted to higher
values compared with baseline, and a further shift was
noted at week 2. Statistical analysis revealed that the
median K, value did not show significant longitudinal
changes, but for pixels above the median line the
changes were significant. In the responder group (shown
in Fig. 7b), a shift toward higher values was noted above
the 60% population line in the follow-up studies com-
pared with the baseline, but no difference was seen
between week-1 and week-2 studies.

Comparison Between the Two Contrast Agents

Enhancement kinetics measured by Gd-DTPA were
analyzed in a similar fashion. Pixel population distribu-
tion curves of fractional vascular volume(V,) and frac-
tional out-flux rate (Ky) were obtained, and longitudinal
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changes were analyzed within each group. In the ga-
domer-17 study, results for vascular volumes (Fig. 6)
demonstrated that the changes in the top half (above
median line) and bottom half (below median line) of the
population were similar, but results for the fractional
out-flux rate (Fig. 7) showed that major changes were
taking place in the top half of the population. Therefore,
in the following analysis for V, we focus on the whole
pixel population, whereas for K, we only focus on the top
half-pixel population. Longitudinal changes measured
at week 1 and week 2 were compared with baseline
values. Table 2 summarizes the percent change of the
mean Vy, value in the whole population and the mean K,
in the top half of the population measured by using both
contrast agents. The degree of statistical significance
assessed by using paired t-test was also determined.

The mean vascular volume in the control group was
not significantly changed at week 1 or week 2, as
measured by both contrast agents. However, in the
responder group, vascular volume measured by ga-
domer-17 revealed a 42% decrease, while that mea-
sured by Gd-DTPA did not show a significant change at
this time point. By week 2, vascular volume measured
by gadomer-17 showed a further decrease (56%), and
that measured by Gd-DTPA also revealed a significant
(47%) decrease. Therefore, the results indicated that by
week 2, i.e., 10 days after therapy, both gadomer-17
and Gd-DTPA could detect the vascular changes, but at
an earlier time (week 1, 4 days after therapy) only
gadomer-17 could reveal the change.

Analysis of the fractional out-flux rate K, measured
by gadomer-17 revealed significant increases in both
control and responder groups, which were not detected
by Gd-DTPA. The mean K, value in the top half popula-
tion of the control group showed a 58% increase at week
1, with a further increase to 105% at week 2. The
fractional out-flux rate K, is a parameter of vascular
permeability, when perfusion is sufficiently high (see
more detailed discussion later). Therefore, the results
indicate that vascular permeability increased in the
control tumors, greater at week 2 compared with week
1. In the responder group, there was also a significant
increase in vascular permeability after therapy, with a
similar increase at week 1 and week 2 (about 60%
increase). This may also be interpreted as increased

Table 2

Percentage Changes of the Mean Fractional Vascular Volume (Vy,)
in the Whole Population and the Mean Fractional Out-flux Rate (K5)
in the Top Half Pixel Population in the Week-1 (W1) and Week-2
(W2) Studies Compared With Baseline (B/L)

Vascular volume (Vp) Out-flux rate (Ky)
Gadomer-17 Gd-DTPA Gadomer-17 Gd-DTPA

Control
W1 vs. B/L -3 -20 +58** +10
W2 vs. B/L -8 -7 +105* +24
Responder
W1vs. B/L —42%* -7 +60* -5
W2 vs. B/L —56** —42%* +59* -13
*P < 0.05.
**P < 0.005.
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vascular permeability in certain regions of the tumor
after chemotherapy.

DISCUSSION

Assessment of Therapy Efficacy and Hemodynamic
Changes in the Host Animal

The chemotherapy regimen (mitomycin-C with FAA)
used in this study worked well in the R3230 AC tumor
model. In the analysis, responders and non-responders
were defined by comparing their growth rates with that
of control tumors. Although tumor regression did not
occur, most of the treated tumors (eight of nine) did
show a slower growth rate than controls. The high
mortality rate by week 2 (three of nine) indicates that the
regimen was toxic. However, our purpose was not to test
the efficacy of the regimen itself, but to create a success-
ful treatment model to explore the vascular changes
taking place in the responders and non-responders
versus the controls.

The host animal showed some longitudinal changes
in its clearance efficiency of the contrast agents. The
hemodynamic changes in the host animal were mea-
sured from the liver kinetics. The rising phase in the
liver kinetics were similar at the three time points; the
decay rates showed substantial changes, and they were
used in the pharmacokinetic analysis at different experi-
mental time points to account for the changes in the
host. In the treated group the change taking place after
therapy (week 1) was presumably due to the effect of the
drugs, and the change in the control groups at week 2
was probably due to the large tumor burden. The slower
decay curves in tumor kinetics at week 2 shown in Figs.
4 and 5 were influenced by the slower clearance of the
contrast agents in the blood. By incorporating these
hemodynamic changes into the analysis, the changes
due to the weakened state of the host animals could be
accounted for.

Pharmacokinetic Model and Interpretation
of the Derived Parameters

Enhancement kinetics were analyzed by a pharmacoki-
netic model to derive characteristic parameters related
to vascular volume and permeability. In a review by
Tofts (14), the three major pharmacokinetic models
developed by Tofts and Kermode (17), Larsson et al (18),
and Brix et al (19) were reconciled. The parameters used
in our model were comparable to theirs. For example,
our parameter K; is the same as the parameter ke, (=
Kout"SP/V,) in Toft and Kermode’s review, which is also
the parameter EF/v in the model of Larsson et al (18)
and the parameter k5, in the model of Brix et al (19); also
our K, is analogous to the fractional leak rate from the
interstitial water to plasma, FLRy, in the model of
Shame et al (20). Therefore the parameters and nota-
tions used in the present work can be easily compared
with those reported by other groups.

Although kinetic parameters are reconcilable among
the major models, fundamental problems with the phar-
macokinetic modeling analysis have not been resolved.
Three major factors determine the Kinetics of contrast
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agents in a tissue: blood perfusion, transport of agents
across the vessel wall (via diffusion or convection), and
diffusion of agents in the interstitium. If the agents
delivered by blood are not sufficient, it will be the
dominant factor determining the agent kinetics in the
tissue. As we have previously demonstrated, the kinet-
ics measured in necrotic or semi-necrotic regions are
mainly dependent on perfusion (12). If perfusion is
sufficient, transport across the vessel wall is the second
factor to determine the agent Kinetics. For the two
agents used in this study, diffusion is the major mecha-
nism for transendothelial transport, which is described
by permeability-surface area product (PS) (21). The
third factor is the interstitial diffusion of agents away
from the vascular space (22). Although these three
physiological parameters cannot be clearly separated in
the measured pharmacokinetics, they have to be consid-
ered when trying to interpret the derived pharmacoki-
netic parameters.

Interpretation of the Derived Parameter V,
as the Vascular Volume

The initial rise phase in the measured enhancement
after contrast agent injection is attributed to vascular
distribution. However, our previous experience in ana-
lyzing the kinetics of Gd-DTPA and other macromolecu-
lar contrast agents, including Gd-DTPA-24-cascade-
polymer (30 kD), polylysine-Gd-DTPA (50 kD), and
albumin-Gd-DTPA (13,23), has demonstrated a basic
problem with the measurement of vascular volume, that
is, it actually contained an apparent vascular volume,
which included the true vascular volume, and the fast
leakage volume into the interstitial space. The problem
is more severe when using a smaller agent than a
macromolecular agent.

V,, in Responders/Non-responders Compared
With Controls

Based on the tumors’ growth rates in the week-2 study
(i.e., 10 days after the therapy), the responders could be
separated from the controls and the single non-re-
sponder. Although we used the results of tumor growth
at week 2 to separate the responders from non-
responders, we focused our attention on the differential
changes taking place between the baseline and week-1
studies to assess the tumor response at an earlier time.
If the outcome can be predicted soon after the adminis-
tration of therapy, it may allow for early intervention in
case of treatment failure. One significant difference
between the responders and the non-responder was the
vascular volume at baseline, as demonstrated in Figs. 4
and 5. The non-responder had a much lower baseline
vascular volume than that of the responders. The me-
dian vascular volume as determined from the kinetics of
gadomer-17 was 4.6% in the non-responder and 10% in
the responders. Vascular volume is a critical determi-
nant for the delivery of therapeutic drugs into the tumor
(24). The non-responder had a much lower vascular
volume, which may have limited drug delivery and
resulted in treatment failure. The next distinctive differ-
ence between the two groups was the change in vascu-
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lar volume at 4 days after therapy compared with their
baseline values. The median vascular volume derived
from the kinetics of gadomer-17 showed a 46% (from
10% to 5.4%) decrease in responders, while it increased
in the non-responder. Therefore, low vascular volume
before treatment and increased vascular volume after
the treatment seemed to predict treatment failure. How-
ever, since only one non-responder was found in this
study, this needs to be verified with additional studies.
In support of our results, Reddick et al (25) have
reported a similar finding in patients with osteosarcoma
as measured with dynamic contrast-enhanced MRI
longitudinally during the course of therapy. Tumors
with a steeper enhancement slope and/or maximum
enhancement at presentation had greater decreases in
that parameter over the course of chemotherapy. The
greater change was correlated with increased tumor
necrosis.

The changes of vascular volume as measured by
gadomer-17 also showed a clear distinction between
responders and controls, with a 46% decrease vs. a
non-significant change in the median vascular volume
(or, a 42% decrease vs. a non-significant change in the
mean vascular volume). Thus, vascular volume seemed
to be a good predictor of tumor growth rates after 1 week
atweek 2. Decreased vascular volumes in the responder
group were correlated with the decrease in their volumet-
ric growth (with a viable growth ratio of 2.5 = 0.6)
compared with the controls (6.6 = 1.3). In contrast, the
vascular volume derived from the kinetics of Gd-DTPA
measured at week 1 did not reveal any significant
change in either group and failed to predict the differ-
ence in tumor growth between these two groups. As
mentioned previously, the vascular volume actually
contained a true vascular volume and a fast leakage
volume in the interstitial space, and the problem was
more severe with smaller agents, which may be the
reason that Gd-DTPA is not able to detect the decrease
of vascular volume after therapy. However, at week 2
Gd-DTPA did show a significant decrease in the respond-
ers compared with the controls. The results suggest
that, compared with macromolecular agents, Gd-DTPA
could detect the changes of vascular volume later in
terms of time and with less sensitivity.

Interpretation of K, as Vascular Permeability

The other parameter analyzed in the model is the
fractional out-flux rate K,, which is a measure of how
fast the agent diffuses from the interstitial space back to
the blood stream. This parameter is dependent on the
vascular permeability and diffusion of the agent in the
interstitial space back to the vascular space. Therefore
interpretation of K, as vascular permeability must be
taken cautiously. As discussed earlier, when perfusion
is sufficient, the K, rate is dependent on the vascular
PS. If not, the situation becomes complicated. We have
previously shown that when the kinetics measured
from necrotic regions were analyzed with the pharmaco-
kinetic model, we obtained a result of V, = 0 and K, = 0
(12). The permeability in necrotic regions might be high,
but sufficient levels of contrast agents could not be
delivered into this region to detect it, resulting in a low
K, value. If this factor was not taken into account, the
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low K, would be misinterpreted as low permeability.
Therefore, in the analysis we focused on the top half
population with relatively high K;, excluding the bottom
half population to minimize the problem.

K5 in Controls and Responders

Control tumors presented a relatively fast growth rate
with a mean viable volumetric growth ratio of 2.9 + 0.4
at week 1, and 6.6 = 1.3 at week 2. Thus, they were an
excellent model for investigation of parameters sensitive
to aggressive growth. The fractional out-flux rate K, as
determined from the kinetics of gadomer-17 seemed to
correlate well with the growth rates over time. The mean
K, value in the top half of the population showed a 58%
(P < 0.005) increase at week 1 and a 105% (P < 0.05)
increase by week 2, indicating that increased out-flux
transport rate K is associated with rapid tumor growth.
In recent years much evidence has been published to
support the notion that vascular permeability is related
to angiogenesis, an essential process for the growth of
tumors, and that information on permeability can be
measured with dynamic contrast-enhanced MRI by
using macromolecular contrast agents (5,26). The con-
nection between angiogenesis and vascular permeabil-
ity is believed to be mediated by the presence of VPF or
VEGF (7,8).

In the responder group, the mean K, in the top half
population also increased significantly. The results could
be related to the known effects of the therapeutic drug
FAA (27). Vascular permeability might increase due to
initial drug intervention; later the vessels collapsed and
resulted in a decreased vascular volume. Therefore, we
could state with confidence that the vascular permeabil-
ity increased in certain regions of the treated tumors.
The attempt to relate the K, rates derived from the
kinetics of Gd-DTPA to the vascular permeability was
even more problematic (6). The percent change in either
the control or the responder groups was much smaller
than those measured by gadomer-17 and not statisti-
cally significant. Therefore, Gd-DTPA could not be used
to detect the vascular permeability changes.

Measurements of Vascular Permeability
With Different Sized Agents

The above analyses and discussion were based on
selective measurements from the viable regions of the
tumor. If the non-viable regions were not excluded in the
analysis, the results would be heavily biased by their
poor vascular structure, and consequently the informa-
tion on vascular permeability would become even more
difficult to obtain. The assessment of the vascular
permeability in a system with highly permeable vessels
based on the use of small contrast agents is a very
difficult task and often not reliable. Therefore, a larger
macromolecular agent, such as albumin-Gd-DTPA, is
probably the best choice in this situation. As has been
demonstrated in the literature, dynamic contrast-
enhanced MRI with albumin-Gd-DTPA could reveal
permeability changes in tumors treated with tumor
necrosis factor alpha (28) and radiation therapy (9,10).
It could also differentiate the degrees of vascular perme-
ability in various disease models (29), as well as tumor
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grades in a mammary tumor model (30). However, the
low binding efficiency (thus excess albumin has to be
used) and the long retention of this agent in the body
currently disqualify it for human use. Therefore, the
vascular permeability measured by an intermediate size
agent (such as the dendrimer-based compound ga-
domer-17 used in this study) might have a valuable
clinical application in the future.

CONCLUSIONS

In this study we investigated the longitudinal structural
and vascular changes in control and chemotherapy-
treated tumors. We found out that vascular volume
derived from the kinetics of the intermediate size agent
gadomer-17 could serve as an early predictor for treat-
ment efficacy. Responders, defined by their slower
growth rates compared with controls, showed signifi-
cantly decreased vascular volumes at 4 days after the
therapy. The only non-responder in this study showed
an increased vascular volume after therapy. Gadomer-
17-based dynamic MRI detected the changes earlier and
with a greater sensitivity than Gd-DTPA-based imaging.
In the control tumors, changes in the fractional out-flux
rate K, of gadomer-17 correlated with tumor growth
rate and could potentially serve as an indicator for the
aggressiveness of tumor growth.
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