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ABSTRACT
To investigate diffusion weighted magnetic resonance

imaging as a quantitative surrogate marker for evaluating
the therapy-induced cellular changes in an orthotopic exper-
imental glioma model, tumors were treated with direct in-
tratumoral administration of DTI-015, a solution of 1,3-
bis(2-chloroethyl)-1-nitrosourea (BCNU) in 100% EtOH.
Intracerebral 9L tumors were induced in Fischer 344 rats,
and three treatment groups were established: DTI-015,
EtOH, and sham. Two groups of rats received intratumoral
injection of either 67 mg/mL BCNU in EtOH or EtOH alone
at 50% of the tumor volume up to a maximum of 30 �l
under stereotactic guidance. Diffusion magnetic resonance
images were acquired before treatment and after treatment
at 1, 24, 48, and 72 hours and then 3 times per week
thereafter. Tumor cell viability was examined using multi-
slice diffusion weighted magnetic resonance imaging with
diffusion weighted transverse magnetic resonance images
and histogram plots of each tumor quantified over time.
Control animals (EtOH- or sham-treated animals) showed
mean apparent diffusion coefficients (ADCs) that remained
essentially unchanged over the experimental time course. In
contrast, rats treated with DTI-015 showed a significant
increase in ADC relative to the pretreatment within 24

hours, which further increased over time, followed by a
significant therapeutic response as evidenced by subsequent
tumor volume shrinkage, development of a cystic region,
and enhanced animal survival. Finally, not only were ADC
measurements predictive of differences between treatment
groups, but they also yielded spatial and temporal data
regarding the efficacy of treatment within individual treated
animals that could be used to guide subsequent therapy.

INTRODUCTION
The treatment of glioblastoma multiforme remains an in-

tractable problem that is evident in the constancy of a 1-year
median survival time from initial diagnosis in these patients
over the past several decades (1). In vivo animal models have
been used for decades to evaluate the efficacy of new brain
tumor therapeutic approaches (2). Numerous studies have revealed
that systemic 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) is a
semieffective treatment for the rat 9L brain tumor model (3).
Intravenously administered BCNU has been a leading chemother-
apeutic agent for the treatment of glioma patients for the past 30
years (4). However, the clinical outcome of patients treated with
systemic BCNU has offered only modest increases in patient sur-
vival (5) and is limited by both acute toxic effects of bone marrow
and the gastrointestinal tract mucosal cells, along with delayed
toxicity in liver and lungs (4, 6–8). Efforts to improve the tumor to
normal tissue ratio of administered drugs or agents have involved
intra-arterial dosing (9–11), convection enhanced delivery (12),
and incorporation into slow release polymeric implants (13, 14).

A recent development in BCNU delivery to solid tumors
has been reported that utilizes the approach of solvent-facilitated
perfusion (SFP). DTI-015 is a formulation of BCNU in a water-
miscible organic solvent vehicle (100% EtOH) that has been
shown to facilitate the movement of solubilized BCNU through
both water and cell membranes (15–19). Direct administration
of DTI-015 into the tumor site yields substantially higher con-
centrations of BCNU within the tumor tissue than is possible
with systemic injection, carotid artery infusion, or intratumoral
administration in an aqueous phase (16, 18, 19, 20). Further-
more, although BCNU administered via biodegradable wafers at
the time of resection does offer the advantage of targeted chem-
otherapy, the movement of BCNU is limited by diffusion and
has been demonstrated to only penetrate a few millimeters into
the underlying tissue (21). In contrast, evidence suggests that
SFP using DTI-015 drives the tumor penetration of BCNU over
centimeter distances (18). Furthermore, DTI-015 has been
shown to significantly increase life span in rats with intracere-
bral T9 tumors (15), and a phase I/II trial of recurrent malignant
gliomas has provided evidence for its antitumoral activity in
patients (17). In this clinical study, the median survival time for
recurrent inoperable glioblastoma multiforme patients after
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DTI-015 treatment was 55 weeks as compared with 25 weeks
from historical controls.

One potential difficulty in treating a solid tumor with a
direct injection of a chemotherapeutic agent is that it must be
delivered to the entire tumor mass and at a sufficient concen-
tration to produce a therapeutic effect. In the case of SFP, it
would be advantageous to have a noninvasive surrogate marker
that would provide timely information related to the spatial
distribution and/or spatial effectiveness of this therapeutic in-
tervention within the tumor mass. Ideally, this marker would
provide for assessment of response to therapy throughout the
entire tumor mass that precedes tumor volumetric changes. A
rapid and robust assay with full three-dimensional information
would be ideal for direct intratumoral therapeutic approaches
(e.g., DTI-015) because it would provide an opportunity to
readminister the treatment to tumor regions that have not re-
ceived an adequate cytotoxic dose.

Quantitation of tissue water diffusion values has been
reported to act as just such a surrogate marker for the early
detection of therapeutic response in a variety of animal tumor
models (22–25) and, more recently, in human clinical studies
(26–28). To probe for rapid changes in water diffusion values
after DTI-015 treatment, diffusion magnetic resonance imaging
(MRI) was used because the diffusion values of water within
tissue is proportional to the cellular density (26, 29). The dif-
fusibility of water within tissue can be noninvasively quantified
in terms of an apparent diffusion coefficient (ADC) by using
diffusion MRI techniques. As tumor cells die, the integrity of
cell membranes begins to degrade, thereby increasing the
amount of the extracellular water fraction, which produces an
increase in ADC values (Fig. 1). Thus, water mobility within the
tumor would increase over time after treatment, and the mag-
nitude of the change would be related to the effectiveness of the
therapy as shown in Fig. 1.

In the current study, we used anatomic imaging to establish
the coordinates and dosage of the intratumoral injection of
DTI-015 into rat 9L gliomas and to follow the changes in tumor
volumes over time after treatment. In addition, diffusion MRI
was used to quantitate early therapy-induced changes in tissue
structure over time and also to provide spatial information
related to cell kill within the tumor mass. Overall, DTI-015
treatment of intracerebral 9L tumors provided excellent thera-
peutic benefit in all animals studied, and diffusion weighted
imaging (DWI) yielded vital information regarding the spatial
and temporal response to therapy in this animal model.

MATERIALS AND METHODS
Cell Culture. Rat 9L glioma cells, obtained from the

Brain Tumor Research Center (University of California, San
Francisco, CA), were grown as monolayers in minimal essential
medium supplemented with 10% fetal calf serum, 100 IU/mL
penicillin, and 100 mg/mL streptomycin at 37°C in a 95%/5%
air/CO2 atmosphere. Cells were harvested and resuspended for
tumor implantation.

Animal Model. Intracerebral 9L tumors were induced in
male Fischer 344 rats weighing between 125 and 150 g as
described previously (3). Briefly, 9L cells (105 cells per 5 �L)
were implanted in the right forebrain at a depth of 2.5 mm
through a 1-mm burr hole. The surgical field was cleaned with
70% EtOH, and the burr hole was filled with bone wax to
prevent extracerebral extension of the tumor. There were no
animals lost either at implantation or during treatment.

Treatment. Orthotropic tumors in Fischer 344 rats were
grown to approximately 40 to 90 �L in volume, as determined
by T2-weighted images. Tumor volumes were calculated and
used for determination of intratumoral injection volumes of
DTI-015 (67 mg BCNU/mL EtOH) or vehicle as described in
the phase I/II clinical trial of DTI-015 in recurrent high-grade
glioma (17). MRI anatomic scans were also used to define the
injection coordinates for insertion of the needle at the center of
the tumor mass. Three treatment groups were established: DTI-
015 (n � 4), EtOH (n � 5), and sham (n � 4). The DTI-015
group of rats received intratumoral DTI-015 delivered at a
volume of 50% of the tumor volume up to a maximum of 30 �L
under stereotactic guidance. The EtOH group of rats received
intratumoral injection of 100% EtOH, using the same 50%
tumor volume criteria up to a maximum of 30 �L. The sham
group received intratumoral placement of the needle as another
control arm. All intratumoral injections were given with the
needle tip positioned in the center of the tumor mass with an
infusion flow rate of 7.5 �L/minute.

Diffusion Magnetic Resonance Imaging. Images were
acquired pre- and posttreatment at 1, 24, 48, and 72 hours and
then 3 times per week thereafter on a Varian Unity Inova
imaging system equipped with a 7.0-Tesla, 18.3-cm horizontal
bore magnet and a quadrature bird cage coil (USA Instruments,
Aurora, OH). For MRI examination, rats were anesthetized with
an isofluorane/air mixture and maintained at 37°C inside the
magnet using a heated, thermostatted circulating water bath. A
single-slice gradient-echo sequence was used to confirm proper
animal positioning and to prescribe subsequent imaging. An
isotropic, diffusion weighted sequence (22) was used with two

Fig. 1 Schematic representation of the relationship between change in
tissue cellularity and molecular water mobility measured as an ADC. At
the left is the evolution toward necrosis after an effective therapy. The
increase in extracellular space and membrane permeability allows
greater water mobility, as illustrated by distributions of diffusion on the
right.
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interleaved b-factors (� � 1,148 s/mm2) and the following
acquisition parameters: TR/TE � 3500/60 milliseconds, 128 �
128 matrix, and a 3-cm field-of-view. Thirteen 1-mm–thick
slices separated by a 0.5-mm gap were used to cover the whole
rat brain. The z gradient first moment was zeroed to reduce the
dominant source of motion artifact. To further reduce motion
artifact, a 32-point navigator echo was prepended to each phase-
encode echo. The phase deviation of each navigator echo rela-
tive to their mean was subtracted from the respective image
echoes before the phase- encode Fourier transform. Isotropic
ADC maps were calculated for each image set, and ADC pixel
value histograms were generated from tumor regions of interest
combined across slices.

The tumor boundary was manually defined on each slice
using a region-of-interest tool, and then integrated across slices
to provide a volume estimate.

Statistical Methods. One-way analysis of variance was
used to compare pretreatment volumes and ADC between the
three groups. Survival differences among the three groups are
compared using the log-rank statistic. After 29 to 30 days, any
animal surviving was sacrificed, and this time was taken to be
the censoring time.

Posttreatment volume changes and ADC changes are ana-
lyzed using a mixed effects longitudinal model in SAS Proc

Mixed. The models fit are as follows: volume � group � time
� time2 � time � group � time2 � group � error, and ADC �
group � time � time2 � time � group � time2 � group �
error.

In these models, group is an indicator variable taking the
three groups values (sham, EtOH, and DTI-015) and is the
model intercept. Furthermore, each animal is given its own
random intercept. Of primary interest in these models are the
contrasts between the interaction terms. More specifically, the
time � group and time2 � group interactions that show changes
in volume growth and ADC over time between the three differ-
ent treatment arms.

RESULTS
Effects of DTI-015 on Tumor Water Diffusion Values

using Magnetic Resonance Imaging. Magnetic resonance
imaging was used to longitudinally follow and quantify the
temporal effects of each intervention for all groups of animals.
Serial T2-weighted magnetic resonance images were acquired
and used to quantify tumor volumes and growth rates. ADC
maps were then used to assess the water diffusion values for
each group over time (Fig. 2A). These ADC maps reflect the
spatial variations in water mobility throughout the tumor. High

Fig. 2 A, quantitative ADC maps of representative rat brains obtained before treatment and 1, 3, 7, and 29 days after the indicated treatments. ADC
histograms were derived from the regions of interest corresponding to the tumors in A and are displayed in B. The stacked histograms correspond (left
to right) to the sham-, EtOH-, and DTI-015–treated animals at the four time points indicated (1, 3, 7, and 29 days after intervention). In C, histologic
sections stained with hematoxylin and eosin are presented, corresponding to the same plane of interest used for MRI acquired in A.
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signal intensity (bright regions) represents areas in which the
cellularity has been significantly diminished due to therapeutic
intervention (22). The distribution of ADC values for the entire
three-dimensional tumor mass was also obtained from the mul-
tislice data sets and is displayed in a stacked histogram format
(Fig. 2B). Stacked histograms provide the ability to assess
overall changes in tumor ADC values over time. Because the
area under the curve is proportional to tumor size, it also
provides the ability to follow dynamic changes in the overall
tumor volume.

Fig. 2A and B show data from a representative animal from
each group over time. Sham tumor treatment, consisting of
insertion of the needle into the center of the tumor mass without
any injection, revealed no significant increase in tumor diffusion
values until a small area of spontaneous necrosis that was
unrelated spatially to the needle placement appeared 7 days
later. The tumor growth rate also appeared unaffected in this
sham-treated animal with a tumor doubling time of approxi-
mately 48 hours, which is consistent with previous reports (3).
EtOH administration resulted in a small transient (1 day) in-
crease in tumor ADC values after intratumoral dosage. This is
reflected by a small regional increase in the signal intensity of
the ADC maps for this animal shown in Fig. 2A, which quickly
resolves by day 3 postadministration. A corresponding slight
broadening of the ADC histogram for this animal was also
observed (Fig. 2B) at 1 day after EtOH injection, which also
resolved by day 3 along with a significant increase in overall
tumor size. There was no significant increase in tumor doubling
time when compared with the sham-treated animal, as witnessed
by the rapidly increasing area under the curve for both sham-
and EtOH-treated animals. In contrast, tumors treated with
DTI-015 showed a significant increase in ADC values through-
out the tumor mass beginning at 1 day after treatment (Fig. 2A),
reflecting a massive kill of tumor cells (26). The increase in
ADC values for the entire tumor mass for the DTI-015–treated
animal is also displayed in Fig. 2B, which reveals a significant
broadening of ADC values for this tumor along with a signifi-
cant decrease in tumor volume over time, as witnessed by the
flattening of the peak with a substantial decrease in the area
under the curve.

Histologic sections taken from a slice approximately cor-
responding to the MRI scans of each animal from Fig. 2A are
shown in Fig. 2C. The presence of a significant tumor burden
for the sham- and EtOH-treated animals is easily observed along
with minimal regions of necrosis. However, for the animal
treated with DTI-015, the macroscopic analysis revealed a fluid-
filled cystic region instead of a tumor mass, which is similar to
previous findings (15). Further microscopic examination of this
DTI-015–treated tumor demonstrated no viable tumor cells
within the cystic region or within adjacent normal brain tissue.

Effects of DTI-015 on Tumor Growth and ADC Values
using Magnetic Resonance Imaging. The data from Fig. 2
represent individual representative animals. To more carefully
evaluate the effect of DTI-015 on intracerebral 9L tumors,
volumes were quantified and compared with sham and EtOH
groups, as shown in Fig. 3A. Administration of EtOH had a
slight but insignificant effect on tumor growth rate over time.
However, treatment of tumors with DTI-015 resulted in an
inhibition of tumor growth within 2 days after treatment, with

subsequent regression occurring over the next 20 days. Animals
were sacrificed at the end of 30 days for histologic analysis, and
only one out of the four DTI-015–treated animals had residual
tumor regrowth.

Another approach for displaying quantitative tumor diffu-
sion data is to calculate the ADC value for the entire tumor mass
as a function of time for each animal and to sum these values for
each group of animals and plot the mean percentage change in
ADC values over time as shown in Fig. 3B. This figure reveals
that in sham- or EtOH-treated animals, only minimal and tran-
sient changes in tumor diffusion values occurred in the first day
after intervention. In contrast, tumors treated with DTI-015
revealed a 50% to 60% increase in their tumor ADC values as
a result of this therapeutic intervention that persisted for �2
weeks after therapy.

Animal Survival. Overall, there was no significant dif-
ference in the pretreatment tumor volumes among the three
groups of animals (P � 0.22). The DTI-015–treated group lived
significantly longer than the sham and EtOH groups (P � 0.007
and P � 0.005, respectively), as shown in the Kaplan-Meier
survival curve displayed in Fig. 4. Additionally, no statistically
significant difference in survival between the sham and EtOH
groups was found (P � 0.06). All DTI-015–treated animals
survived for the entire experimental period, except for one
animal that died of non-cancer–related death 2 days before the

Fig. 3 Normalized tumor volume (A) and normalized ADC values (B)
as a function of time posttreatment (in days) for 9L tumors treated with
a single sham injection (n � 4), EtOH injection (n � 5) or administration
of DTI-015 (n � 4), respectively. Data represent the mean � SE.
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planned end point. This animal had no radiologic or pathological
evidence of tumor on postmortem exam. From the DTI-015–
treated group, only one animal had evidence of recurrent or
residual tumor as documented by both MRI and histopathologic
analysis (see below).

Diffusion Magnetic Resonance Imaging as a Method to
Assess Therapeutic Heterogeneity. To better understand
why one of the DTI-015–treated tumors exhibited regrowth of
the tumor mass, a careful retrospective examination of the ADC
maps from the single DTI-015 animal that demonstrated recur-
rence was undertaken. Tumor growth was analyzed over time by
taking a single slice through the tumor mass and overlaying the
ADC values (in color) on the T2-weighted anatomic images as
shown in Fig. 5A. This initial MRI revealed that the tumor
developed with an elongated shape with a small lobe toward the
ventral midline. After treatment, the major central portion of the
tumor mass revealed significantly elevated mean ADC values,
between 1.7 and 2.1 ADC units (yellow and red) at 3 to 6 days
after treatment, as shown in Fig. 5B. However, the previously
identified ventral tumor lobe demonstrated significantly smaller
increases in tumor diffusion values, with a high value between
1.4 and 1.5 ADC units. From subsequent images, it is apparent
that the tumor regrowth occurred from the small tumor lobe
corresponding to the region that had a significantly reduced
maximal diffusion change relative to the main tumor mass. The
large tumor that recurred exhibited a shift of ADC back toward
that witnessed before treatment (Fig. 5B, blue), suggestive of
viable growing tumor, except for a slight rise near the end of the
study coincident with the development of an area of central
necrosis. This is consistent with our previous studies of BCNU
therapy in the 9L model, where an ADC value of �1.7 was

associated with complete loss of viable tumor cells on histologic
analysis, whereas smaller ADC values were associated with
subsequent tumor regrowth (22, 26).

DISCUSSION
This study was undertaken to evaluate the utility of MRI-

guided direct intratumoral injection of DTI-015 in a rodent
gliosarcoma model. In addition, DWI to monitor the early
cellular changes in response to therapy was also used to deter-
mine whether it could predict not only differences between
treatment groups but also heterogeneity within individual ani-
mals. Direct tumor-targeted therapies such as that used here are
of great need in the treatment of primary brain tumors. The
standard treatment for patients with high-grade malignant glio-
mas at this time is maximal surgical resection followed by
external beam radiation therapy with or without adjuvant chem-
otherapy (1). Despite aggressive local treatment with surgery
and radiation therapy, the majority of patients have recurrence
of disease within the site of the initial tumor bed (30). Further-
more, the outcome for these patients remains dismal, with a
median survival of less than 1 year from the time of diagnosis.

Systemic chemotherapy has been demonstrated to offer
only minimal improvement in time to progression and overall
survival with a recent meta-analysis of the randomized trials of
adjuvant systemic chemotherapy in high-grade glioma, reveal-
ing only an absolute 6% increase in survival at 1 year and a
2-month increase in overall median survival from 12 to 14
months (5). Given the predominant local recurrence of high-
grade gliomas with rare intra- or extracerebral spread, there was
initial enthusiasm for targeted chemotherapy using carotid ar-
tery infusion (11), implanted biodegradable wafers (13), or
direct injection using convection enhanced delivery with aque-
ous solutions (12). In theory, these would offer an enhanced
tumor to systemic ratio of the chemotherapeutic agents and may
provide both increased efficacy and decreased normal tissue
toxicity.

Unfortunately, these treatments, to date, have been un-
able to provide significant advances over systemic chemo-
therapy. Intracarotid administration of BCNU only resulted
in a 4-fold increase in tumor to systemic ratio for BCNU (31)
and was associated with a high risk of neurologic complica-
tions or unilateral blindness (9, 10). Direct intratumoral in-
jection of BCNU in an aqueous solvent has been demon-
strated to result only in limited spread of the drug from the
injected site and no significant improvement in therapeutic
index when compared with systemic administration (20).
Moreover, the solubility of BCNU in aqueous solution is very
small versus EtOH. In addition, the volume of aqueous so-
lution (10% EtOH) that can be injected into the tumor is also
smaller as compared with absolute EtOH due to differences
in tissue resistance to the different solvent systems. In fact, a
recent report used a direct infusion of BCNU in buffer at a
rate of 0.3 �L/minute for 2.2 hours for a total delivered
volume of 40 �L (32). The concentration of BCNU in the
aqueous formulation was 66 �g/mL versus our current study,
which had a concentration of 67,000 �g/mL. Treatment of 9L
tumors using SFP of DTI-015 provided cures in four of five
animals with no central nervous system or systemic toxicity,

Fig. 4 Kaplan-Meier survival curve for animals as a function of time
after treatment for 9L tumors treated with sham injection, EtOH injec-
tion, or DTI-015. There was no statistical difference between sham- and
EtOH-treated groups in terms of survival (P � 0.06). There was a
significant survival advantage for DTI-015–treated animals when com-
pared with sham-treated animals (P � 0.007) or EtOH-treated animals
(P � 0.005).
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whereas the previous study using BCNU dissolved in buffer
yielded no cures. Biodegradable BCNU containing wafers
did produce a minimal 2.3-month increase in median survival
over resection and radiotherapy alone in a recent randomized
trial, but this is similar in nature to that seen when BCNU is
administered systemically (5, 14). The limited response of
the BCNU wafers may be due to the fact that there is minimal
depth of penetration of BCNU from these wafers into the
surrounding tissue (21), which most certainly is inadequate,
given the infiltrative nature of high-grade diffuse gliomas (1).

SFP utilizes a water-miscible organic solvent that more
easily moves through both water and cellular membranes to
deliver the solubilized anticancer drug throughout the tumor.
DTI-015 has been demonstrated to offer a 164-fold increase in
BCNU-produced adducts within experimental rodent fibrosar-
comas compared with systemic administration of the drug (16),
and increased levels of DNA adducts were also identified in
humans even up to 2 cm from the site of injection (18). Fur-
thermore, despite this high local concentration, there was lim-
ited spread of DTI-015 into normal brain parenchyma (19). In
addition, the increased levels of BCNU within the tumor after
direct intratumoral administration of DTI-015 have translated
into substantial responses in preclinical models (15, 20).

A previous report on the use of DTI-015 in a rodent
gliosarcoma model, similar to the one used here, demonstrated
a 400% increase in animal survival and a 44% long-term cure

rate (15). One limitation of that study was that the injections
were performed in an unguided manner through the burr hole
used for tumor cell inoculation. In fact, this blind administration
of DTI-015 may actually have underestimated the efficacy of
the treatment because it was demonstrated that some tumors
were largely missed by the treatment and resulted in minimal
efficacy, unchecked tumor growth, and early demise. Indeed,
histologic analysis revealed three main groups of animals: a first
group in which only the top of the tumor was treated; a second
group in which the center of the tumor was treated, but there
were residual cells at the margins; and a final group in which no
viable tumor cells were evident, and the tumor mass was re-
placed with a cyst. It is likely that only this final group had a
direct injection within the tumor mass and experienced the full
benefit of the therapy. This heterogeneity of response is seen in
the survival curve, which has at least three different slopes
(likely corresponding to partial tumor injection and partial re-
sponse), with animals succumbing to disease before a plateau
phase with long-term survival (corresponding to direct tumor
injection and complete response; ref. 15).

Through the use of image-guided therapy, we were able
to assure that the injection occurred within the center of the
tumor in three-dimensional space. Because changes in tumor
cellularity after treatment have been previously shown to
correlate with changes in cell density/membrane integrity
(26), we investigated the use of quantitating spatial changes

Fig. 5 A represents individual T2-
weighted coronal MRI through the
largest cross-section of tumor for
the animal treated with DTI-015
that was subsequently docu-
mented to have recurrence. Im-
ages were acquired before treat-
ment (Pre) and serially afterward.
The map of ADCs is overlaid in a
color wash, with blue represent-
ing low diffusion (ADC � 0.5)
and red representing high diffu-
sion (ADC � 2.0). In B, the ADC
values for the indicated regions of
interest are plotted as a function
of time (in days) since injection
of DTI-015. The large central mass
of the tumor is indicated by E, and
the small ventral medial lobe of the
tumor is indicated by F.
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in ADC values for assessing tumor response to DTI-015. In
addition, by using DWI to follow the cellular changes in
response to therapy, we, for the first time, document the rapid
response of the implanted brain tumors to this therapy. As
early as 24 hours after injection, there were statistically
significant differences in the ADC values between the treated
animals and both control groups that preceded volumetric
differences by several days. The rise in ADC was uniform
across the tumor in most animals, except for the one docu-
mented “near miss” due to a ventral tumor lobe outside the
main tumor mass. The peak rise in ADC was similar to that
seen previously using a much higher and more toxic systemic
injection of BCNU (26). However, in that study, despite
reaching a similar peak ADC value, it was maintained only
for approximately 6 days, with a subsequent fall of ADC with
an eventual return to the pretreatment values by 3 weeks after
treatment, which coincided with tumor regrowth. Not surpris-
ingly, in that study BCNU was only minimally effective
when administered systemically, with no long-term survival.
This is in contrast to the present study, in which ADC rose
dramatically over the first week after treatment and was
maintained at this elevated level for at least an additional 2
weeks. Because ADC represents the diffusibility of water,
there is an upper limit to this value as one approaches a
completely acellular environment; therefore, as treatments
approach this value, it is not surprising that different treat-
ments achieve similar peaks, but the duration of a sustained
response is predictive of both increased cytotoxicity and
durability of response (26). Furthermore, the elevation in
ADC was not only predictive of improved efficacy between
treated groups but also was predictive of heterogenous re-
sponses within individual animals as witnessed by tumor
regrowth from a small ventral tumor lobe that exhibited only
relatively mild changes in ADC after treatment. The spatial
and temporal nature of DWI could potentially be used to offer
retreatment to areas that were initially missed or were min-
imally responsive to therapy.

In conclusion, using image-guided intratumoral delivery of
DTI-015 followed by close monitoring with DWI offers further
evidence for the efficacy of DTI-015 in high-grade gliomas. In
addition, the use of noninvasive imaging to follow cellular
changes to therapy offers an exciting means to more rapidly and
accurately predict clinical responses to DTI-015 and to direct
other therapies within individual tumors. More importantly, this
study provides further evidence for the utility of DWI for the
evaluation of treatment response in brain tumors; this utility is
not limited to preclinical models but can also be directly trans-
lated into clinical practice to facilitate the design and evaluation
of further randomized trials using DTI-015 or other interven-
tions for brain tumors (26–28).

REFERENCES
1. Behin A, Hoang-Xuan K, Carpentier AF, Delattre JY. Primary brain
tumours in adults. Lancet 2003;361:323–31.
2. Barth RF. Rat brain tumor models in experimental neuro-oncology:
the 9L, C6, T9, F98, RG2 (D74), RT-2 and CNS-1 gliomas. J Neuroon-
col 1998;36:91–102.
3. Ross BD, Zhao YJ, Neal ER, et al. Contributions of cell kill and
posttreatment tumor growth rates to the repopulation of intracerebral 9L

tumors after chemotherapy: an MRI study. Proc Natl Acad Sci USA
1998;95:7012–7.

4. Dorr R, Hoff D. Carmustine. In: Dorr R, Hoffs D, editors. Cancer
chemotherapy handbook. Norwalk, CT: Appleton and Lange; 1994. p.
267–75.

5. Glioma Meta-analysis Trialists (GMT) Group. Chemotherapy in
adult high-grade glioma: a systematic review and meta-analysis of
individual patient data from 12 randomised trials. Lancet 2002;359:
1011–8.

6. Hasleton PS, O’Driscoll BR, Lynch P, et al. Late BCNU lung: a light
and ultrastructural study on the delayed effect of BCNU on the lung
parenchyma. J Pathol 1991;164:31–6.

7. O’Driscoll BR, Hasleton PS, Taylor PM, et al. Active lung fibrosis
up to 17 years after chemotherapy with carmustine (BCNU) in child-
hood. N Engl J Med 1990;323:378–82.

8. Thompson GR, Larson RE. The hepatotoxicity of 1,3-bis(2-chloro-
ethyl)-1-nitrosurea (BCNU) in rats. J Pharmacol Exp Ther 1969;166:
104–12.

9. Kleinschmidt-DeMasters BK. Intracarotid BCNU leukoencephalop-
athy. Cancer (Phila) 1986;57:1276–80.

10. Miller DF, Bay JW, Lederman RJ, et al. Ocular and orbital toxicity
following intracarotid injection of BCNU (carmustine) and cisplatinum
for malignant gliomas. Ophthalmology 1985;92:402–6.

11. Shapiro WR, Green SB, Burger PC, et al. A randomized compari-
son of intra-arterial versus intravenous BCNU, with or without intrave-
nous 5-fluorouracil, for newly diagnosed patients with malignant gli-
oma. J Neurosurg 1992;76:772–81.

12. Bobo RH, Laske DW, Akbasak A, et al. Convection-enhanced
delivery of macromolecules in the brain. Proc Natl Acad Sci USA
1994;91:2076–80.

13. Grossman SA, Reinhard C, Colvin OM, et al. The intracerebral
distribution of BCNU delivered by surgically implanted biodegradable
polymers. J Neurosurg 1992;76:640–7.

14. Westphal M, Hilt DC, Bortey E, et al. A phase 3 trial of local
chemotherapy with biodegradable carmustine (BCNU) wafers (Gliadel
wafers) in patients with primary malignant glioma. Neuro-oncol 2003;
5:79–88.

15. Pietronigro D, Drnovsky F, Cravioto H, Ransohoff J. DTI-015
produces cures in T9 gliosarcoma. Neoplasia 2003;5:17–22.

16. Bodell WJ, Giannini DD, Singh S, Pietronigro D, Levin VA.
Formation of DNA adducts and tumor growth delay following intratu-
moral administration of DTI-015. J Neurooncol 2003;62:251–8.

17. Hassenbusch SJ, Nardone EM, Levin VA, Leeds N, Pietronigro D.
Stereotactic injection of DTI-015 into recurrent malignant gliomas:
phase I/II trial. Neoplasia 2003;5:9–16.

18. Bodell WJ, Giannini DD, Hassenbusch S, Levin VA. Levels of
N7-(2- hydroxyethyl) guanine as a molecular dosimeter of drug delivery
to human brain tumors. Neuro-oncol 2001;3:241–5.

19. Pietronigro D, Frey K, Desmond T, Carter J, Ross BD. Rapid
facilitated distribution of 14C-BCNU concentrations following intratu-
moral injection of DTI-015 in rat 9L brain tumors. Proc Am Assoc
Cancer Res 2000;41:523.

20. Simpson-Herren L, Pietronigro D. Intratumoral injection of DTI-
015 in the Walker 256 subcutaneous model. Proc Am Assoc Cancer Res
1999;40:583.

21. Fung LK, Shin M, Tyler B, Brem H, Saltzman WM. Chemothera-
peutic drugs released from polymers: distribution of 1,3-bis(2-chloro-
ethyl)-1-nitrosourea in the rat brain. Pharm Res 1996;13:671–82.

22. Chenevert TL, McKeever PE, Ross BD. Monitoring early response
of experimental brain tumors to therapy using diffusion magnetic reso-
nance imaging. Clin Cancer Res 1997;3:1457–66.

23. Galons JP, Altbach MI, Paine-Murrieta GD, Taylor CW, Gillies RJ.
Early increases in breast tumor xenograft water mobility in response to
paclitaxel therapy detected by non-invasive diffusion magnetic reso-
nance imaging. Neoplasia 1999;1:113–7.

7858 Molecular Imaging of Cancer Therapy

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/10/23/7852/1953331/zdf02304007852.pdf by guest on 19 M

ay 2023



24. Chinnaiyan AM, Prasad U, Shankar S, et al. Combined effect of
tumor necrosis factor-related apoptosis-inducing ligand and ionizing
radiation in breast cancer therapy. Proc Natl Acad Sci USA 2000;97:
1754–9.
25. Stegman LD, Rehemtulla A, Hamstra DA, et al. Diffusion MRI
detects early events in the response of a glioma model to the yeast
cytosine deaminase gene therapy strategy. Gene Ther 2000;7:1005–10.
26. Chenevert TL, Stegman LD, Taylor JM, et al. Diffusion magnetic
resonance imaging: an early surrogate marker of therapeutic efficacy in
brain tumors. J Natl Cancer Inst (Bethesda) 2000;92:2029–36.
27. Mardor Y, Pfeffer R, Spiegelmann R, et al. Early detection of
response to radiation therapy in patients with brain malignancies using
conventional and high b-value diffusion-weighted magnetic resonance
imaging. J Clin Oncol 2003;21:1094–100.

28. Mardor Y, Roth Y, Lidar Z, et al. Monitoring response to convec-
tion-enhanced Taxol delivery in brain tumor patients using diffusion-
weighted magnetic resonance imaging. Cancer Res 2001;61:4971–3.

29. Warach S, Chien D, Li W, Ronthal M, Edelman RR. Fast magnetic
resonance diffusion-weighted imaging of acute human stroke. Neurol-
ogy 1992;42:1717–23.

30. Chan JL, Lee SW, Fraass BA, et al. Survival and failure patterns of
high-grade gliomas after three-dimensional conformal radiotherapy.
J Clin Oncol 2002;20:1635–42.

31. Hassenbusch SJ, Anderson JH, Whiting DM. Intra-arterial chemo-
therapy for brain tumors. Cleve Clin J Med 1990;57:513–20.

32. Bruce JN, Falavigna A, Johnson JP, et al. Intracerebral clysis in a rat
glioma model. Neurosurg 2000;46:683–91.

7859Clinical Cancer Research

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/10/23/7852/1953331/zdf02304007852.pdf by guest on 19 M

ay 2023


