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ABSTRACT: (E)-2'-deoxy-2'-(fluoromethylene)cytidine (FMdC), was evaluated as a potential treatment for
malignant gliomas using the rat 9L brain tumor model. FMdC was shown to be an effective inhibitor of cell
proliferation in cultured 9L cells with an ECsy of 40 ng/ml. In vitro studies also revealed that this compound
significantly inhibited incorporation of [*H]thymidine in 9L cells. In vivo therapeutic efficacy of FMdC was evaluated
in rats harboring intracerebral 9L tumors which were treated daily with 15 mg/kg, i.p. Treatment response was
quantified from changes in tumor growth rates as assessed from sequential magnetic resonance imaging (MRI) tumor
volume measurements. In vivo tumor cell kill in individual animals was calculated by fitting tumor volume data with
an iterative computer routine. It was estimated that therapeutically responsive rats treated with FMdC daily produced
a>0.1 log kill per therapeutic dose which resulted in a significant reduction in tumor growth rate. In addition,
localized "H-MRS of intracerebral 9L tumors revealed changes in metabolite levels which correlated with therapeutic
response. These results provide evidence supporting the use of FMdC in clinical trials for the treatment of malignant
gliomas and reveals that MR can play an important role in the pre-clinical evaluation of novel compounds using

orthotopic tumor models. Copyright © 2003 John Wiley & Sons, Ltd.
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INTRODUCTION

There has been little progress in improving the long-term
survival rate of patients with malignant gliomas over the
last two decades. Surgical resection and radiation therapy
are the most beneficial forms of treatment, achieving a
median survival time of only 9 months with few long-
term survivors." Adjuvant chemotherapy with nitro-
sourea-based regimens prolongs median survival by 2
months and provides a minimal increase in patient
survival at one year.” Treatment failure and patient
mortality is almost exclusively due to local recurrence.
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This has prompted investigational treatments aimed at
improving local control including gene therapy and
intracavitary chemotherapy.3 Although these local
therapies may hold promise, it is clear that the discovery
of novel, active chemotherapeutic agents is also required
to improve clinical outcomes.

One such potential agent is (E)-2'-deoxy-2’'-(fluoro-
methylene) cytidine (FMdC, tezacitabine, MDL-
101731), a novel deoxycytidine analog with potent
anticancer activity. FMdC was originally developed as
a specific inhibitor of ribonucleotide reductase.*
Although its anticancer activity is partly attributable to
mechanism-based inhibition of ribonucleotide reduc-
tase,” recent work suggests that termination of DNA
synthesis by incorporated FMdC is the predominant
molecular event responsible for its cytotoxicity.® Pre-
clinical studies of FMdC have demonstrated potent
activity against human breast cancer xenografts,” human
colon and prostate tumor xenografts,&9 as well as human
neuroblastoma and glioblastoma tumor xenografts.'® In
this latter study, median survival, which increased from
20 (range 17-25) to 46.5 (range 29-49) days, was used as
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the therapeutic end-point for assessing the effect of
FMdAC on intracerebral human glioblastoma (D54)
xenografts. FMdC has also been shown to be a strong
radiosensitizing agent in culture and in animal tumor
models.' '™ The positive results of these studies have led
to the initiation of phase I/II clinical trials of FMdC for
solid neoplasms.'*'°

Traditionally, promising agents like FMdC, identified
through in vitro screening assays with brain tumor cell
lines, are subsequently evaluated in rodent brain tumor
models. Animal survival, colony-forming efficiency
(CFE) assays of cells disaggregated from solid tumors,
and measurements of excised tumor weights are then
employed to quantify treatment efficacy. These methods
require large groups of animals and their destructive
nature precludes examination of multiple outcomes such
as changes in tumor growth rate and overall survival in a
single cohort. Our group has demonstrated the ability of
serial MRI to quantify the cell kill elicited in individual
intracerebral 9L tumors.'”™"* Our MRI-based methodol-
ogy is more sensitive than traditional animal survival
studies and it allows each animal to serve as its own
control, thereby providing an opportunity to study inter-
animal variability in treatment response. However, to
date we have only applied this technique to studying
responses to a single dose of a chemotherapeutic agent.

This study was designed to both examine the
effectiveness of FMdC on inhibition of 9L cell prolifera-
tion in vitro and in vivo, and to study the feasibility of
MRI-based measurements of cell kill elicited by daily
administration of a chemotherapeutic agent. For in vivo
studies, the effectiveness of daily i.p. administration of
15 mg/kg FMdC was evaluated. In vivo localized
'"H-MRS was also performed and revealed significant
metabolic changes occurring during the treatment
response. These results suggest that FMdC may be active
in the treatment of malignant gliomas and demonstrates
the utility of MRI-based methodology for estimating in
vivo tumor cell kill for fractionated dosage schedules.

MATERIALS AND METHODS
In vitro evaluation of 9L cell proliferation

The antiproliferative activity of FMdC against exponen-
tially growing 9L glioma cells in culture was studied by
determining the cell growth in the presence of increasing
concentrations of FMdC. Rat 9L glioma cells were grown
until confluent as monolayers in modified Eagle’s
minimum essential medium containing 10% fetal calf
serum at 37°C in a humidified atmosphere containing
95% air and 5% CO,. Cells were harvested by
trypsinization, counted, diluted in serum-free medium,
plated in 96-well culture plates at a density of 1000 cells
per well and allowed to grow for 24 h before treatment.
Multiple concentrations of FMdC were then added to the
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9L cells in culture medium for 4 days. An automated
microculture assay using the protein-binding dye sulfor-
hodamine B*° (SRB) was utilized to quantify the toxicity
of FMdC on cultured 9L cells. Under the conditions used
in this study, the optical absorbance was directly
proportional to the number of 9L cells. Following the 4
day exposure period, the cells were fixed, stained with
SRB, and the absorbance values were obtained using a
microtiter plate reader (Cayman Chemicals, Ann Arbor,
MI, USA). Toxicity was assessed in terms of fractional
cell survival relative to sham-treated control.

Tritiated thymidine incorporation studies

Assessment of [3H]thymidine incorporation was accom-
plished using a modification of the Mans filter-binding
method.?' In brief, 5x 10° 9L cells were plated in
100 mm culture dishes. The following day, the cells were
exposed to FMdC at 50 and 100 ng/ml in culture medium
for a 3 day incubation period. The cells were then washed
and incubated with 3 pCi/ml of [*H]thymidine for 1 h at
37°C. The cells were washed again, harvested by
trypsinization, and bound to filter-paper disks. Air-dried
disks were washed in 5% TCA solution for 25 min, rinsed
with 95% EtOH, dried for 10 min using a heat lamp and
quantitated for [*H]thymidine.

Induction of brain tumors

All animal experiments were approved by the University
Institutional Animal Care Committee. Intracerebral brain
tumors were induced in anesthetized (ketamine:xylazine
87:13 mg/kg body weight, i.p.) male Fischer 344 rats
weighing between 125 and 150 g. A small skin incision
over the right hemisphere was made and a high speed
drill was used to create a 1 mm diameter burr hole
through the skull. An inoculum of 10° 9L cells in 5 ul
serum-free medium was introduced into the forebrain at a
depth of 3 mm through a 27 gage needle. The burr hole
was then filled with bone wax to minimize the potential
for extra-cerebral extension of the tumor tissue and the
rats allowed to recover.

Quantitation of intracerebral tumor volumes
using magnetic resonance imaging

All in vivo MR experiments were performed on a Varian
system equipped with a 7.0 T (300 MHz proton fre-
quency), 183 cm diameter horizontal bore Oxford
magnet. For MRI examination, rats were anesthetized
and maintained at 37°C inside the magnet using a
circulating water blanket. MRI of rat brains was initiated
between 8 and 10 days following 9L cell implantation
and repeated every other day as described previously.19
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In brief, the rat head was positioned inside a 4 cm
diameter birdcage radiofrequency coil which was
designed and constructed with ear bars to secure the
position of the head during the acquisition. Multislice
coronal images were acquired using a standard spin echo
sequence. T,-weighted images through the rat brain were
produced using the following parameters: TR/TE = 3500/
60 ms, FOV =30 x 30 mm using a 128 x 128 matrix,
slice thickness = 0.5 mm and slice separation = (.8 mm.
Twenty-five slices were acquired followed by acquisition
of a second set of 25 slices with a slice offset of 0.4 mm,
which provided a contiguous image data set of the rat
brain. Tumor volumes in individual MR slices were
measured and summed to yield the total tumor volume as
previously described.'”

FMdC treatment of rats with intracerebral 9L
tumors

Daily treatment with FMdC was initiated after collection
of three or four image data sets for each rat harboring a
9L tumor. FMdC (15 mg/kg) was dissolved in saline
(0.9% NaCl) immediately prior to administration.
Collection of images was continued every other day
throughout the treatment period. Spectroscopy was
performed 3—4 and 6-9 days after initiation of FMdC
treatment in order to determine whether progressive
changes in tumor metabolite levels could be correlated
with retardation in tumor growth.

Cell kill calculation: fractionated dosage method

Quantitation of 9L cells killed by FMdC in vivo was
approximated from the MRI tumor volume measure-
ments obtained over time during the treatment protocol.
Calculation of cell kill due to multiple doses was
performed by an iterative fitting method using function
minimization. Unlike the single dose treatment modeling
method,'® a new term which arises from the killed
fraction is added at each treatment interval. For a proper
approximation, the dead cell fraction at each treatment
dose is determined and separated from the viable cell
fraction which will undergo subsequent cell division. The
post-treatment tumor volume (V) expressed as a function
of the cell kill fraction is given by following:

Vp(ti) = fam(D)V (1) explk' (1 — 1)) + ZVi(@) (1)

where f;,(i) is surviving fraction of cells by the ith
treatment time as expressed by fim(i) = forsfox. . foi—1)
(k' = k) is the post treatment growth rate constant, V(#;) is
tumor volume at the time of initial treatment (#;) as
described by V(t;) = Vj exp (kt,), and V(i) is the volume
of tumor cells killed by the ith treatment. The last term
describes the cumulative sum of dead cell volume from
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each treatment dose as represented in,

() = A(V() +ARVLQ) +ABVG) + -

+Ali = VL — 1) (2)

where Vi (i) is the volume of the live cell fraction at the
ith treatment time and fi = (1 — f;). Equation (1) was used
to model the effect of cell kill fractions on the tumor
growth rate. Cell kill fraction, (f,=1—f;), by each
treatment dose was determined by an iterative calculation
using a MATLAB routine implemented with function
minimization (FMINS).

Cell kill fraction for each treated animal was estimated
by fitting post-treatment MRI volumetric data with the
post-treatment growth model as estimated by eqn (1).
Cell kill fraction by the treatments between MRI volume
measurements (every other day) was estimated based on
linearly interpolated volumes to represent daily treat-
ment. The final cell kill estimation from each treated
animal was obtained by taking an average of cell kill
fraction calculated for each treatment. The treatment
efficacy of FMdC was evaluated by estimating the
average cell kill fraction for each daily treated animal.

Proton magnetic resonance spectroscopy

Spatially localized "H-MRS studies were obtained from
untreated gliomas (n=4) and FMdC treated gliomas
(15 mg/kg; n=3) at 6-9 days post initiation of FMdC
administration. Localized in vivo 'H spectra were
acquired using a 16 mm diameter surface coil positioned
above the rat head. The MRS pulse sequence restricted
the 'H signals to a column-shaped volume (4 x 4 or
5 x 5 mm) which was further resolved into 32 slices
along the major axis of the column as previously
described.”> The non-uniformity of the surface coil
transmitter B1 field was compensated by implementing
adiabatic RF pulses as previously described.? Spectra
were acquired using one-dimensional spectroscopic
imaging with 32 phase encoding steps along the selected
column. Shimming was accomplished on the same
selected column by using a point-resolved spectroscopy
(PRESS) sequence with a By-insensitive adiabatic pulse
as a single shot method. Parameters for localized 'H
spectra were: TR/TE=2000/136 ms, FOV =32 mm,
sweep width = 3000 Hz and spectral data points = 2K.
To differentiate lactate and lipid, spectral editing was
performed on three animals as follows. Localized 'H
spectra were acquired from 64 mm® voxels using the
outer volume suppression image-selected in vivo spec-
troscopy (iOVS-ISIS) method® in a spin-echo sequence.
The 90° and 180° pulses were a solvent suppressive
adiabatic pulse (SSAP) and a BIR-4 pulse, respectively.
A narrowband hyperbolic secant pulse was used to invert
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the lactate methine proton at 4.1 ppm in alternate
excitations to allow lactate editing. Signals acquired
with and without this selective 180° pulse were stored
separately. Subtracting these spectra gives lactate only,
whereas adding them gives normal spectra minus lactate.
Spectra were acquired with the following parameters:
TR =2300 ms, sweep width=3000Hz, spectral data
points = 2K, and 256 signal averages per spectrum.

All spectra were apodized with a 5 Hz line-broadening
function prior to Fourier transformation. Resonance areas
were quantified with a spectral deconvolution routine.

RESULTS
In vitro studies

Survival studies of 9L cells following a 4 day exposure to
increasing concentrations of FMdC revealed dose-
dependent toxicity with an ECsy of 40 ng/ml (155 nMm)
[n =8, Fig. 1(A)]. To further examine FMdC-inhibition
of 9L cell proliferation and DNA synthesis, [*H]thymi-
dine incorporation was measured in cells exposed to
FMdC at 50 and 100 ng/ml for 3 days. Figure 1(B)
demonstrates an FMdC dose-dependent decrease in
[*H]thymidine incorporation relative to untreated control
cells.

MRI of untreated and FMdC treated 9L tumors

A series of coronal T,-weighted MR images of intra-
cranial 9L tumors is shown in Fig. 2. Figure 2(A-E)
shows images of a rat brain harboring an untreated 9L
tumor at 13, 15, 17, 19 and 21 days post-implantation,
respectively. The expanding tumor mass is distinctively
evident as a well-demarcated hyperintense region allow-
ing for accurate quantitation of tumor volumes over time.
Images of a representative tumor treated with FMdC
(15 mg/kg, daily i.p.) are shown in the images in Fig.
2(F-J), which were acquired on days 19, 21, 23, 25 and
28 days post-cell implantation, respectively. Following
initiation of daily doses of FMdC on day 21 [Fig. 2(G)],
there is a notable increase in the heterogeneity of the
tumor MR signal manifested as regions of low-signal
necrosis centrally and more peripheral increases in
intensity probably representing treatment-induced intra-
tumoral edema. Note that there is a persistent and
progressive increase in the cross-sectional area of the
tumor while it is undergoing treatment, although the
tumor is slowing in growth rate.

As we previously reported, the 9L tumor grows
exponentially throughout the entire lifespan of the rat."’
This observation is important because it allows intracra-
nial tumor doubling times to be determined prior to
treatment in individual animals. This feature allows each
rat to serve as its own control; the effect of treatment can
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be quantified as the degree of deviation from exponential
growth using an appropriate mathematical model. Figure
3 reveals the growth of a representative intracranial 9L
tumor treated with daily FMdC at 15 mg/kg. The pre-
treatment tumor doubling time was calculated to be 54 h
for the tumor shown in Fig. 3 (solid squares and hashed
line). Following treatment initiation, a slowing of tumor
growth rate was observed and is reflected in the deviation
of the growth curve (open squares) from the pre-
treatment exponential growth rate. The treated tumor
shown in Fig. 3 had a 91% decrease in growth rate as
calculated using the last three volumetric time points
(open squares). A summary of pre-treatment tumor
doubling time and percent growth inhibition after
treatment of rats with 15 mg/kg FMdC is given in Table
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Figure 1. (A) Effect of FMdC on 9L cell growth in vitro. Cells
were incubated for 4 days in the presence of increasing
concentrations of FMdC. Cytotoxicity was measured using
the SRB assay and data expressed as percent survival relative
to control cells (n = 8 4 SE). (B) Effects of 9L cell exposure to
FMdC (50 and 100 ng/ml) for 3 days on [*H]thymidine
incorporation relative to control

NMR Biomed. 2003;16:67-76



MR-BASED EVALUATION OF FMdC 71

Figure 2. Coronal T,-weighted MR images of rat brains with intracranial 9L tumors. Images in top row (A-E) were obtained from
an untreated rat on days, 13, 15, 17, 19 and 21 days post-cell implantation. Bottom images (F-J) were obtained from an
FMdC-treated rat (daily FMdC treatments were initiated on day 21) on days 19, 21, 23, 25 and 27 post cell implantation. Images
from treated 9L tumors revealed increasing inhomogeneity of the signal intensity within the tumor mass as the treatments
continued as compared to the tumor images of the untreated rat

1. Four out of seven rats treated with 15 mg/kg FMdC
showed a significant change in tumor growth rate as
calculated from the MR images, with a mean growth
inhibition for the responsive group of 91%.
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Figure 3. Plot of MRI-determined intracerebral 9L tumor
volumes for pre-treatment (solid squares) and post-initiation
of daily FMdC treatments (open squares) vs hours post
implantation of 9L cells. Rats received 15 mg/kg FMdC i.p.
once daily which began following the determination of the
last pre-treatment volume measurement (solid square). The
volume data obtained were from the images of the rat
shown in Fig. 2(F-J). The post-treatment data (open squares)
exhibit a progressive decrease in tumor growth rate as
administration of FMdC continues

Copyright © 2003 John Wiley & Sons, Ltd.

Calculation of in vivo tumor cell kill

Quantification of tumor cell kill using the MRI
volumetric data was accomplished using the expression
given by eqn (1). In order to demonstrate the effects of
multiple treatments over a range of cell kills (0.1-2.0 log
kill/dose), theoretical tumor growth curves were modeled
using eqn (1) and plotted in Fig. 4. Assumptions in this
model included a pre-treatment doubling time of 50 h, a
constant cell kill fraction (fi) induced by each daily dose
of FMdC, and no reduction in tumor volumes following
cell kill attributable to shrinkage or removal of cellular
debris. Unlike the single dose method,'” these curves
exhibit the cumulative effect of a multi-dose-treatment
regimen, which contributes to a continual slowing of
tumor growth throughout the duration of treatment. By
fitting the experimental post-treatment tumor volume
data obtained from MRI measurements to the above
model, estimation of daily cell kill values due to FMdC
was accomplished. As summarized in Table 1, tumors
which responded to daily FMdC treatments of 15 mg/kg
incurred a cell kill of 0.1-0.2 log (20%) at each dose. At
this dosage schedule the treatment was well tolerated by
the rats and there were no observable side effects.

Effects of FMdC treatment on the 'H MR spectra
of intracerebral 9L tumors

A series of spatially localized in vivo 'H spectra acquired
along a column positioned through the center of the
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Table 1. Summary of the effects of FMdC on intracerebral 9L tumors

Ratno.  FMdC dose (mg/kg)* Pre-treatment tumor 7" Percentage growth inhibition® Average daily log kill®
1 15 54 91 0.1

2 15 63 73 0.1

3 15 70 0 0

4 15 59 0 0

5 15 63 0 0

6 15 56 80 0.1

7 15 40 120 0.2

* Administered i.p. once daily to rats.

® Determined from the growth of intracerebral 9L tumors as assessed by MRI.
¢ Tumor growth inhibition was estimated from the pre- and post-treatment tumor T. Post-treatment tumor Ty values were determined by fitting the

post-treatment volumetric data.
4 Determined using eqn (1) to fit post-treatment volumetric data.

tumor mass along the two hemispheres are displayed in
Fig. 5. The first series of spectra were acquired from a rat
brain with an untreated 9L tumor [Fig. 5(A)]. The
contralateral side is characterized by resonances from
N-acetyl aspartate (NAA), creatine (Cr) and choline-
containing compounds (Ch) at 2.0, 3.0 and 3.2 ppm,
respectively. This representative example of 'H spectra
from an untreated 9L tumor reveals an absence of NAA, a
decrease in the level of creatine, and an increase in the
choline resonance in the tumor. No apparent changes in
tumor metabolite levels were evident during normal
growth of untreated intracerebral 9L tumors (n =4, data
not shown). Shown in Fig. 5(B) and (C) are spectra
acquired from a rat treated with FMdC (15 mg/kg, i.p.) at
6 and 9 days, respectively. The spectra displayed in Fig.
5(B) and (C) are from the same representative treated rat
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Figure 4. Theoretical plot of tumor growth curves and the
effects of daily treatments generated using eqn (1). Curve a
represents untreated tumor growth and curves b, ¢, d, e, f
and g were modeled using a constant log cell kill of 0.1, 0.2,
0.3, 0.5, 1 and 2, respectively. The tumor volumes were
calculated assuming a pre-treatment Ty of 50h and the
volume of the intracranial tumor is not reduced following cell
kill due to resorption of cellular debris
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shown in Figs 2(F-J) and 3. Note the relative increase in
the lipid—lactate resonance in the treated tumor and the
reduction in the tumor choline resonance.

Resonance signals from NAA, creatine, choline as well
as the lipid + lactate peak at 1.3 ppm were integrated to
quantify the relative metabolite levels. The relative signal
intensities of each metabolite were normalized to NAA in
the contralateral hemisphere, averaged and summarized
in Table 2. The untreated 9L tumor exhibited an increase
in choline and a marked drop in creatine levels as
compared to the contralateral hemisphere. At 6-9 days
post initiation of daily FMdC treatments, an increase in
the lipid + lactate peak (1.3 ppm) from 0.22 £ 0.10
(n=3,£SE) to 0.86 +0.31 was observed in the 9L
tumor spectra. Furthermore, changes were observed at
6-9 days post treatment initiation in the choline
resonance area which decreased from the untreated value
of 0.31 £0.03 to 0.16£0.05. Also note that FMdC
treatment lowered the elevated Cho/Cr ratio of the 9L
glioma.

Homonuclear spectral editing experiments were car-
ried out to separate the lipid and lactate in the peak at
1.3 ppm. The lactate-edited spectrum shown in Fig. 6 was
acquired from a representative intracerebral 9L tumor
(n = 3) after 2 weeks of FMdC treatment. The lower panel
is the summation spectrum with the lactate signal
suppressed by a selective 180° inversion pulse. The
upper panel is the complementary processed difference
spectrum which shows the lactate resonance. These
spectra show that lactate was the predominant contributor
to the 1.3 ppm signal.

DISCUSSION

The results of this study provide further evidence that
FMdAC may be an active agent against high-grade gliomas
and demonstrates the sensitivity of serial MRI measure-
ments of tumor cell kill for quantitating fractionated
dosage schedules. In vitro studies demonstrated that
cultured 9L tumor cells were sensitive to FMdC with an
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Figure 5. Spatially localized "H magnetic resonance spectra obtained from a rat brain
harboring an (A) untreated intracranial 9L tumor and a treated glioma on the (B) sixth and
(C) ninth day following initiation of daily treatments with FMdC (15 mg/kg, i.p.). Each
series of spectra were obtained from 25 pl voxels along a column through the rat brain. In
the contralateral side, resonances were observed corresponding to NAA, creatine and
choline at 2.0, 3.0 and 3.2 ppm, respectively. Untreated 9L tumors showed absence of
NAA, increased choline and decreased creatine as compared with the contralateral brain
spectra. FMdC treated tumors showed a progressive increase in the lipid + lactate

resonance intensity (1.3 ppm) and decreased choline intensity on days

treatment

ECs of 155 nM. These results are similar to previously
published in vitro studies of other brain tumor cell lines
which exhibited ECsos between 30 and 90 nM.'” The
[H]thymidine incorporation studies demonstrate potent
inhibition of DNA synthesis in cultures exposed to FMdC
for 3 days. The ECsy was not calculated in these experi-
ments, but we observed an approximate 80% inhibition of
DNA synthesis by 50 ng/ml (194 nM) of FMdC. The
discrepancy between the [*H]thymidine incorporation
and SRB cell survival assays may be attributable to repair
of sub-lethal damage induced by FMdC. Further inves-
tigation is required to address this observation.

The potential for clinical efficacy of FMdC against
human gliomas is further supported by our in vivo data
which demonstrate inhibition of intracerebral 9L tumor
growth. This effect ranged from a 74—120% inhibition in
growth rate in responders to the 15 mg/kg dose schedule.
Piepmeier has previously reported enhanced survival in
nude mice harboring intracerebral D54 human glioma
xenografts treated bi-weekly with 100 mg/kg FMdC i.p.'°
Taken together, the results of these studies suggest that
FMAC is able to penetrate intracerebral tumors at cyto-
toxic concentrations. Our current study using MRI also
reveals the importance of knowing the size (volume) of

6 and 9 of

the tumor at the time of treatment initiation, especially
for the case of fractionated dosage schedules. Tumors in
the rat cranial cavity are typically in the range of
200-300mm’ when the animal becomes moribund. Since
fractionated doses of FMdC only produced small daily
cell kill values, initiation of treatment at smaller tumor
volumes would provide for more time for the additive
therapeutic doses to translate into improved survival.
Optimization of therapeutic efficacy can be achieved by
using noninvasive MRI to evaluate the timing of treat-
ment initiation along with the effects of dose escalation
and frequency.

This study further demonstrates the sensitivity of
MRI-based measurement of in vivo tumor cell kill. We
have previously shown that MRI provides an accurate
means of quantifying tumor volume, growth rates and
changes in tumor volume growth following treatment
with a single dose of a chemotherapeutic agent.'” Owing
to the complexity of cell growth kinetics, an accurate
modeling and calculation of cell kill fraction by each
treatment dose for a given multi-treatment protocol is a
far more challenging task. We simplified our mathema-
tical model by assuming no tumor volume reduction due
to removal of dead cell debris and were thereby able to

Table 2. Average normalized in vivo metabolite levels obtained using "H-MRS

Choline® Creatine® Choline/creatine 1.3 ppm resonance®
Contralateral brain (n=4) 0.23+.02 0.42 +.03 0.55 0.08 £+ .04
Untreated 9L tumor (n=4) 0.31+.03 0.13 £.02 2.38 0.22+.10
Treated 9L tumor® (n = 3) 0.16 £ .05 0.11 +.03 1.45 0.86 &+ .31

? Values are normalized relative to the intensity of the normal brain NAA peak.
Spectra were acquired from between 6 and 9 days following initiation of daily administration of FMdC (15 mg/kg, i.p.).

Copyright © 2003 John Wiley & Sons, Ltd.
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Figure 6. Localized, homonuclear editing of lactate in H
magnetic resonance spectra of a 9L rat brain tumor after 2
weeks of treatment with FMdC. The lactate signal is removed
from the lower spectrum by summation of spectra acquired
with and without the selective lactate pulse. The lactate
signal is isolated in the upper spectrum by subtracting
spectra with and without the selective lactate pulse

provide quantitative estimates of the small cell kills
elicited by each dose of a fractionated therapy. Daily
doses of FMdC administered in this study induced log
cell kills on the order of 0.1 for responders. Given the
lack of a statistically significant prolongation of animal
survival (data not shown), it is impressive to note the
MRI methodology documented therapeutic effects that
would have otherwise been overlooked. This method-
ology has the potential to be of great value in evaluating
novel interventions in which multiple factors must be
optimized in order to achieve a significant therapeutic
benefit. Animal model studies of such treatment modali-
ties, like suicide gene therapy, which requires optimiza-
tion of gene and prodrug delivery, could be greatly
facilitated by sensitive MRI-based assays of therapeutic
effects.

Localized "H-MRS is clearly emerging as a valuable
tool in the evaluation of efficacy of treatments for
primary brain tumors. Biochemical changes in gliomas
associated with treatment response have recently been
identified in "H-MRS studies of animal models,”’25 and
in glioma patients treated with tamoxifen® or radiation
thelrapy.27 In this study we observed a pattern of changes
in metabolite levels in FMdC-treated 9L gliomas,
characterized by progressive decreases in choline/crea-
tine ratio and increases in the 1.3 ppm lipid/lactate
resonance peak intensity compared with untreated tumor
spectra. The results of the spectral editing experiment

Copyright © 2003 John Wiley & Sons, Ltd.

suggest that an increase in tumor lactate is the pre-
dominant contributor to the increased signal at 1.3 ppm.
These changes correlated with growth retardation
detected by MRI volume studies and with progressive
increases in the heterogeneity of tumor contrast as shown
in Fig. 3(F-J). Our results are consistent with those of
others showing decreased choline in areas of human
gliomas responding to radiation therapy.”® The observed
increases in tumor lactate may be due to increased
glycolytic activity or decreased lactate removal in the
face of treatment-induced changes in tumor neovascu-
lature. Further study will be required to understand the
mechanistic basis for the observed changes in tumor
"H-MRS signals elicited by FMdC.

In conclusion, these results provide good evidence for
continuing the evaluation of FMdC as a chemotherapeu-
tic agent for high-grade glioma. FMdC’s previously
documented potency as a radiation sensitizer'' ™" also
deserves further evaluation in brain tumor models since
improved local control of these tumors with more
effective radiotherapy may improve patient outcome.
Moreover, this study adds to the growing body of work
demonstrating the sensitivity of serial MRI and MRS
measurements for studying tumor responses to therapy.
Moreover, molecular imaging®® is emerging from mol-
ecular biology and imaging sciences as an important new
avenue for drug development in pre-clinical animal
model studies. This field employs a variety of imaging
modalities including magnetic resonance imaging
(MRI),242°30-42 positron emission tomography (PET)
and single photon emission tomography (SPECT),**~!
X-ray computed tomography (CT)’*> and optical
methods.?*?34%® These capabilities, along with the
rapid growth of new imaging reporters for the detection
of molecular events should dramatically change the
approaches used to evaluate new therapeutic strategies.
For example, in this current study, the effects of FMdC on
glucose metabolism could also be evaluated by
"®E_fluorodeoxyglucose PET studies. This would provide
further opportunity to investigate the mechanism of the
observed increased lactate concentrations within the 9L
brain tumor during treatment. Overall, integration of
imaging and spectroscopic studies into the drug devel-
opment process will yield invaluable insights into the
mechanism of action and/or the therapeutic effectiveness
of agents under study.
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