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Abstract

Non-invasive assessment of antineoplastic response and correlation of the location, magnitude and duration of transgene
expression in vivo would be particularly useful for evaluating cancer gene therapy protocols. This review presents selected examples
of how magnetic resonance (MR) has been used to assess therapeutic efficacy by non-invasive quantitation of cell kill, to detect a
therapeutic response prior to a change in tumour volume and to detect spatial heterogeneity of the tumour response and quantitate
transgene expression. In addition, applications of the use of bioluminescence imaging (BLI) for the evaluation of treatment efficacy
and in vivo transgene expression are also presented. These examples provide an overview of areas in which imaging of animal
tumour models can contribute towards improving the evaluation of experimental therapeutic agents.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The use of in vitro screening assays to quantitate the
effectiveness of anticancer agents are widely used to
rapidly evaluate a wide variety of agents and doses.
Drugs which show therapeutic promise are then eval-
uated against animal tumour models. For orthotopic
tumour models, animal survival, colony-forming effi-
ciency (CFE) assays of cells disaggregated from solid
tumours, and measurements of excised tumour weights
have been used to quantitate efficacy [1] since serial
measurements of tumour growth rates are difficult to
obtain. The myriad of new antineoplastic agents on the
horizon requiring in vivo testing underscores the need
for improved high-throughput surrogate markers for
preclinical evaluation of therapeutic efficacy. The appli-
cation of non-invasive imaging methods for quantitat-
ing the effects of experimental treatments could

* Corresponding author. Tel.: + 1-734-763-2099; fax: + 1-734-647-
2563.
E-mail address: bdross@umich.edu (B.D. Ross).

accelerate the process of drug development for transla-
tion to clinical trials [2].

The use of imaging for cancer patients has become an
essential aspect of clinical care. However, the significant
advances in molecular biology along with the imaging
sciences have provided additional unique opportunities
for interrelated applications between these two research
areas. In fact, the dramatic advances in imaging and
biology has led the National Cancer Institute (NCI) in
the United States to identify cancer imaging as an
“Extraordinary Opportunity”” for funding [3]. The
combination of molecular biology and the imaging sci-
ences has melded into a new research field termed
‘molecular imaging’ which crosses into all imaging
modalities used in cancer including magnetic resonance
imaging (MRI) [4-18], radionuclide imaging [19-27],
X-ray computed tomography (CT) [28,29] and optical
imaging methods [30—42]. This review will cover exam-
ples of recent work using MRI to assess therapeutic
efficacy by non-invasive quantitation of cell kill, early
detection of therapeutic response, detection of spatial het-
erogeneity of tumour response and quantitation of trans-
gene expression. Examples of the use of bioluminescence
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imaging (BLI) for in vivo evaluation of treatment and
for detection of transgene expression are also presented.
The successful application of these imaging technologies
to assess experimental interventions of in vivo tumour
models can provide unique insights related to ther-
apeutic efficacy.

2. Quantitation of tumour cell kill using MRI and BLI

Measurements of orthotopic tumour volumes in indi-
vidual animals over time is not possible without the use
of imaging technologies, hence the majority of studies
quantitate therapeutic response using statistical evalua-
tion of animal survival times. This approach has proved
valuable for in vivo testing of therapeutic approaches,
but requires large numbers of animals due to variations
in tumour growth kinetics between animals. MRI has
been recently reported [2] for non-invasively monitoring
the growth kinetics and therapeutic response of the
intracranial rat 9L brain tumour model [1]. Shown in
Fig. 1 are representative series of T2-weighted MR
images of a rat with a 9L brain tumour acquired pre-
and posttreatment with the chemotherapeutic agent 1,3-
bis(2-chloroethyl)-1-nitrosourea (BCNU). The tumour
is revealed as a hyperintense mass in the right hemi-
sphere which, following treatment, shrinks in size before
regrowing at a later time. These multislice MR data sets

Tumour volume (mm?)

acquired over time allow for quantitation of tumour
volume which can be plotted to yield the growth kinetics
(tumour doubling time) and response to therapy in an
individual animal as shown in Fig. 1. This approach
allows for quantitation of tumour cell kill in individual
animals [2]. In brief, log(cell kill)=logio(Vpre/Vpost)
where V' represents the tumour volume obtained from
MRI measurements before (pre) and following (post)
therapeutic intervention. As each animal serves as their
own pretreatment control, the use of MRI provides for
a very sensitive approach (quantitation of >0.1 log kill
can be detected). The use of MRI is applicable to a wide
variety of therapeutic interventions and tumour models
for facilitating evaluation of experimental interventions.

Application of optical-based methods for in vivo
tumour detection and evaluation of treatments is an
active area of research. Fluorescence and biolumines-
cence optical imaging approaches for cancer detection
and monitoring treatment are very promising. The use
of BLI necessitates detection of light emitted from
expression of the bioluminescent enzyme firefly lucifer-
ase (Luc) from tumour cells [10,39]. We have recently
shown BLI can provide data which allows for the
quantification of therapeutic efficacy of orthotopic 9L
brain tumours in rats [10]. Expression of Luc in 9L
tumour cells (9L'"°) was accomplished. Implantation of
9L cells into rats resulted in tumours which could be
visualised by MRI as well as BLI. Shown in Fig. 2
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Fig. 1. A series of coronal T,-weighted MR images of a rat harbouring a 9L tumour in the right hemisphere (A) within 2 h following 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU) treatment (2xLD,). Each displayed image is from approximately the same region of the brain. (B) Tumour
volumes obtained from serial MR images of the rat are displayed versus time following 9L cell implantation with the time intervals depicted by the
arrows corresponding to the tumour MR images (a)—(d). In each case, the individual volume measurements are shown along with the line corre-
sponding to the least-squares fit. Individual volume measurements are shown along with the pretreatment (solid) and posttreatment (dashed) lines
corresponding to the least-squares fit of exponential growth curves following treatment with 2xLD;q, BCNU. Pre- and post-BCNU doubling times
(T4) were 46 and 99 h, respectively, revealing a decrease in growth rate during post treatment exponential tumour re-growth. The calculated log cell
kill value was 1.6. The arrows denoted by (a)—(d) correspond with the rat brain MR images shown in (a) and correspond to the postcell implantation

time points of 330, 593, 763 and 1105 h, respectively.
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(upper left panel) are a series of MR images (top) with
the corresponding optical images (bottom) acquired
over time in an animal treated with BCNU. A quanti-
tative plot of the MRI volumetric data and the BLI
photon counts over time is also shown in Fig. 2 (right
panel). This data was used to calculate the log(cell kill)
as described above. Comparison of log kill values using
these two imaging techniques revealed similar results
(Fig. 2 lower panel) [10].

BLI offers a relatively rapid quantification of tumour
size (tumour volume is proportional to photon count
[10]), however, it is currently limited to a single two-
dimensional image with limited spatial resolution. MRI
provides a three-dimensional tomographic image set
which provides the investigator with additional infor-
mation such as the heterogeneity and spatial extent of
the tumour mass. This is especially important for trans-
planted tumour models where transplanted cells may
not all grow in the precise, localised site of injection.
For example, implantation of brain tumour cells into
brain parenchyma may also produce extracerebral
extension of the tumour mass above the site of injection.
This feature would not be distinguishable using BLI,
but could be easily discerned using MRI. Another
potential issue related to BLI is that there is the possi-
bility of the luciferase protein expressed by the trans-
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planted cell eliciting an immune response, a well-known
phenomenon with other optical reporters such as green
fluorescent protein (GFP). As the brain is considered to
be an immune privileged site, this may not be a sig-
nificant concern for neuro-oncology studies, but must
be considered for other organ sites. The decision of
which imaging modality to use will depend upon the
type of data required for a particular study.

3. Diffusion MRI

The clinical value of conventional MRI stems from
the ability to non-invasively observe the gross tumour
morphology and follow changes over time and/or treat-
ment. There remains large untapped potential for using
MR technology to provide significant functional, struc-
tural and molecular information. Such information may
be derived from quantitation of tissue properties which
reflect, for example, perfusion dynamics, oxygenation
levels, biochemistry/metabolism, cellularity and levels of
gene expression.

One very interesting application of MRI is its use to
follow therapeutic-induced macroscopic changes in
tumours. Since molecular and cellular changes typically
precede observable macroscopic changes in gross
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Fig. 2. Temporal analysis of the response of a 9L tumour to BCNU chemotherapy. Tumour cells were implanted 16 days prior to treatment.
Tumour volume was monitored with T,>-weighted MRI (left panel, top row) and intratumoral luciferase activity was monitored with BLI (left panel,
bottom row). The days post-BCNU therapy on which the images were obtained are indicated at the top. The scale to the right of the BL images
describes the colour map for the photon count. Quantitative analysis of tumour progression and response to BCNU chemotherapy is shown in the
top right panel. Tumour volumes (@) and total tumour photon emission () obtained by T,-weighted MRI and BLI, respectively, are plotted
versus days post-BCNU treatment. The dashed lines are the regression fits of the exponential tumour repopulation following therapy. The solid
vertical lines denote the apparent tumour-volume and photon-production losses elicited by BCNU on the day of treatment from which log cell kill
values were calculated. Comparison of log cell kill values determined from MRI and BLI measurements is shown in the bottom panel. Log cell kill
elicited by BCNU chemotherapy was calculated using MRI (1.78 £0.36) and BLI (1.84+£0.73). Data are represented as mean+standard error of the
mean (SEM) for each animal (n=5). There was no significantly significant difference between the log kills calculated using the MRI and BLI data

(P=0.951).
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tumour size, the use of MRI to quantitate therapeutic-
induced changes in tumour cellularity using a surrogate
marker (i.e. water diffusion) has been recently reported
[7]. The use of water diffusion as a surrogate marker to
probe tissue is compelling since this parameter is
strongly affected by viscosity and membrane perme-
ability between intra- and extracellular compartments,
active transport and flow, and directionality of tissue/
cellular structures that impede or enhance mobility. As
depicted in Fig. 3 (top panel), successful treatment of
tumours can result in significant damage and/or killing
of cells thus altering cell membrane integrity. This has a
net effect of increasing the fractional volume of the
interstitial space due to apoptotic body formation and
cell loss resulting in an increase in the mobility (diffu-
sion) of water within the damaged tumour tissue. Dif-
fusibility of tissue water in vivo can be non-invasively
quantified as an apparent diffusion coefficient (ADC)
using diffusion MRI where the MR signal intensity is
made dependent on water mobility by application of
additional pulsed magnetic field gradients to the MR
sequence [43]. Quantitation of ADC values can be
obtained since individual nuclear spins of water mole-
cules within the tumour tissue accumulate a phase shift
proportional to their spatial position within the
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magnetic field gradient. These water molecules are then
given an evolution time to diffuse followed by applica-
tion of an identical, but inverse, pulse which results in a
complete refocusing of stationary spins, while the
mobile spins (those undergoing movement due to diffu-
sion) are refocused incompletely. The net result is that
the paired gradient pulses attenuate the signal in pro-
portion to the local water mobility within that region of
tissue. Quantitative measurements of diffusion reported
as an ADC are obtained by measuring signal attenua-
tion as a function of varying gradient strength and
evolution time.

An example of the application of diffusion MRI for
monitoring therapeutic-induced changes in tumour tis-
sue is shown in Fig. 3 (bottom panel). In this figure,
diffusion MRI was used to detect early changes in water
diffusion values in a rat 9L brain tumour following
treatment with BCNU (single dose of 26.6 mg/kg,
intraperitoneally (i.p.)). ADC images are shown for a
single slice acquired over several time points where the
intensity of the signal is proportional to the diffusion
value of the water molecules within that tissue region
(voxel). Prior to chemotherapy, the signal within the
tumour tissue is slightly enhanced relative to that of nor-
mal brain as evidenced by the elevated signal intensity

Fig. 3. Top panel: Schematic of the ‘Diffusion Hypothesis’. Diffusion of water within tumour cells is limited by cell membranes. Diffusion of water
in the interstitial space is also limited by the high density of tumour cells. Treatments which kill cells compromise cell membrane integrity, and may
cause cells to fragment or apoptose and become smaller, thereby removing barriers to diffusion. These changes should occur before changes in
overall tumour volume (ovals). Bottom panel: Apparent diffusion coefficient (ADC) maps of a rat brain with a 9L glioma on days 0, 8, 17 and 28
days following BCNU treatment (from left to right, respectively). The brighter the intensity, the more freely (faster) water is able to move (diffuse)

within the tumour tissue.
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within the tumour mass. Following BCNU administra-
tion, the diffusibility of water in the tumour increased
significantly (second image from left), although the
tumour continued to expand revealing that this tech-
nique is able to detect early events in the cell death
process prior to regression of the tumour mass. The
increase in water ADC values (signal intensity) was due
to a significant increase in extracellular water within the
tumour tissue as the density of cells decreased due to
therapeutic-induced death. Removal of the cellular
debris at later time points resulted in shrinkage of the
primary mass followed by a return to previous diffusion
values during subsequent regrowth of the tumour. The
use of diffusion MRI for monitoring early events in
tumour treatment in a variety of rodent tumours models
[4,7,13,44-49] has been reported along with a pre-
liminary clinical translation to patients with primary
central nervous system (CNS) tumours [49]. The use of
diffusion MRI has potential for monitoring early chan-
ges in tumours which may be reflective of treatment
response. It is envisioned that imaging approaches such
as this may assist physicians in tailoring treatments for
individual patients and allow for alternative therapies to
be attempted in a more timely fashion if a tumour is
found to be resistant. This approach also provides the
significant potential of assessing the regional/spatial
heterogeneity of therapeutic response within a tumour.
The heterogeneity of response may be accentuated in
applications involving direct intratumoral administra-
tion of the therapeutic agent as is done in certain
therapeutic protocols involving cancer gene therapy.

4. Imaging of cancer gene therapy

The goal of cancer gene therapy is to overcome the
dose-limiting systemic toxicity of chemotherapy by
introducing a gene into tumour cells which encodes for
an enzyme that converts low-toxicity prodrugs into
potent cytotoxic agents. The effectiveness of this
approach depends on sufficient transgene expression
and localised conversion of a prodrug to the cytotoxic
compound, the relative sensitivity of the tumour to this
agent and finally the ability of the cytotoxic agent to
reach a majority of the tumour cells. Non-invasive
assessment of therapeutic response and correlation of
the location, magnitude and duration of transgene
expression would be useful in facilitating optimisation
of gene transfer protocols, vector development and
prodrug dosing schedules.

4.1. Imaging gene therapy response
Diffusion MRI has been shown to evaluate the

response of orthotopic 9L gliomas to the adenoviral
delivered yeast cytosine deaminase (yCD) gene therapy

paradigm [13,48]. The prodrug used in these studies was
Flucytosine (5-fluorocytosine, 5-FC). 5-FC itself does
not elicit cytotoxicity, and its efficacy depends on the
ability of the microbial enzyme CD to convert 5-FC to
the antimetabolite 5-fluorouracil (5-FU). yCD is not
found in mammals, thus providing 5-FC with a favour-
able therapeutic index. As shown in Fig. 4, expression of
the yCD gene specifically in tumour cells, followed by
systemic administration of 5-FC will result in the gen-
eration of 5-FU within the tumour. This localised pro-
duction of 5-FU chemotherapy avoids the systemic
toxicity associated with intravenous 5-FU therapy and
may improve outcomes by achieving higher intratumoral
5-FU concentrations.

yCD and other gene therapy strategies are particularly
suited to treatment of CNS malignancies such as glioma
since unlike other solid malignancies, gliomas rarely
metastasise making local control of primary tumour
burden the focus of therapy. This facilitates tumour-
specific delivery/targeting of therapeutic genes by direct
stereotactic injection, even when the tumour is not sur-
gically resectable. In addition, the normal CNS par-
enchyma surrounding gliomas is mitotically inactive;
thus the therapeutic index for proliferating cell-selective
cytotoxic agents may be improved by local production
of the agent within the CNS. A study was undertaken
using 9L cells which had been genetically modified to
express yCD in order to determine the effectiveness of
this novel treatment under optimal conditions wherein
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Fig. 4. Schematic of yCD/5-FC gene therapy. Transfer of the cDNA
for CD into tumour cells causes them to express the CD protein. Upon
entering such transduced tumour cells, 5-FC is converted to the
chemotherapeutic agent 5-fluorouracil (5-FU). Like S-fluorocytosine
(5-FC), 5-FU is membrane permeable and may leave the transduced
cell to kill neighbouring tumour cells. Endogenous enzymes form
fluorinated nucleotides (FNuct) from 5-FU. FNuct’s mediate the
cytotoxicity of CD/5-FC gene therapy via thymidylate synthase inhi-
bition by 5-fluoro-2'-deoxyuridine-5-monophosphate (FAUMP), dis-
ruption of nucleotide pools, and incorporation into RNA.
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each tumour cell contained the expressed transgene and
also to investigate the ability of diffusion MRI to follow
treatment [48]. Shown in Fig. 5a are a series of ADC
maps of a rat with a 9L tumour expressing the yCD
transgene which was treated over time with daily doses
of 5-FC beginning on day 0. The signal intensity of the
treated tumour began to significantly increase during
the first week of treatment compared with control ani-
mals as shown in the diffusion histograms (Fig. 5b and c).
These histograms contain the average total number of
image pixels contained within the 9L tumours (n=15/
group) plotted versus ADC values with the correspond-
ing dynamic changes in the mean ADC values shown in
the inset. A significant feature of this data are that the
changes in diffusion values occurred prior to shrinkage
of the tumour volume indicating that this imaging
approach can detect early changes in the tumour mass
following initiation of gene therapy. Moreover, a sym-
metrical shift towards higher diffusion values for the
entire tumour mass was observed which indicated that
the entire tumour mass was affected by this therapy.
Since this approach was found to cure intracerebral 9L
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tumours when cells uniformly expressed the transgene, a
follow-up study was undertaken to investigate a more
therapeutically relevant paradigm in which the yCD gene
was transferred to a solid tumour using an adenoviral
vector.

The effects of the heterogeneous distribution of yCD
transgene expression on tumour cell viability was
examined using diffusion-weighted MRI [13]. Shown in
Fig. 6 (upper left panel) is a diffusion-weighted trans-
verse MR image of a rat 9L tumour treated with the
yCD adenoviral vector, but did not receive the prodrug
phosphate-buffered saline ((PBS)-treated). In this
image, the brightness of the tissue region (or voxels) is
proportional to the diffusibility of water with the bright
regions within the normal brain corresponding to cere-
bral spinal fluid located within the ventricular space.
The tumour, located in the right hemisphere, has overall
a slightly higher diffusion value than that of the normal
brain parenchyma. In addition, the tumour image dis-
plays a relatively uniform pattern of diffusion values
indicating a uniform (untreated or non-necrotic) distribu-
tion of cellular structures (e.g. intra- and extracellular
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Fig. 5. (a) Isotropic ADC images during 5-fluorocytosine (5-FC) treatment of a rat harbouring an intracerebral 9L glioma expressing yCD. The
times indicated are relative to the beginning of 5-FC treatment. Pixel intensity are proportional to measured ADC values. Serial histograms of ADC
values for (b) 5-FC treated and (c) control tumours over time. The inset plot describes the relationship between mean whole tumour ADC for the
5-FC treated (filled symbols) and saline (open symbols) treated groups. The horizontal bar indicates the duration of drug or vehicle administration.
Asterisks indicate statistically significant differences (P <0.02) between treated and control groups.
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space). Voxels from the entire tumour mass were sum-
med together and plotted in a histogram format (Fig. 6
upper right). While this format removes spatial infor-
mation as related to anatomical position, it allows the
display of all of the values obtained from the entire
tumour in a single plot providing for visualisation of the
changes over time. Diffusion histograms plotted for this
rat at days 21, 24 and 26 postcell implantation remained
essentially unchanged in ADC units except that they
increased in area due to increased tumour volume. In
contrast, a rat treated identically except that 5-FC was
administered daily from day 18 through to day 28 yiel-
ded an entirely different effect on the diffusion MR
image. The effects of 5-FC treatment on tumour diffu-
sion are easily observed in Fig. 6 (lower left panel) as a
heterogeneous distribution of bright voxels located
throughout the tumour mass. The interpretation of
these images is that the bright areas (high diffusion)
represent regions of CD expression leading to conver-
sion of 5-FC to the cytotoxic product, 5-FU, with sub-
sequent cell death leading to regions of focal necrosis.
Histogram analysis of this tumour over time is shown in
Fig. 6 (lower right panel). In contrast to what was
observed in the untreated animal (Fig. 6, upper right),
the histogram for the 5-FC-treated animal broadened
with a fraction of the histogram area moving to the
right (higher diffusion) to an approximate mean of 1.5

ADC units. The fraction of tumour tissue that exhibited
an increase in diffusion is interpreted as the relative
fraction of the tumour that is undergoing a significant
therapeutic response. The region of the histogram in the
treated animal that did not increase but remained at
approximately 1-1.2 ADC units is most likely reflective
of the cell fraction which was not exposed to sufficient
5-FU concentrations. At day 28, administration of 5-FC
was terminated and the tumour subsequently began to
re-grow as shown by the day 34 histogram (Fig. 6, lower
right). This histogram shows that re-population of the
solid portion of the tumour was occurring with a corre-
sponding loss of high—diffusion regions. This in fact was
consistent with the observed recurrent tumour using
anatomical MR images of the animal. Also reported
was the fact that a diffusion MRI histogram obtained
from a rat which succumbed early (e.g. day 25 postcell
implantation) with that of a longer surviving animal
(e.g. day 44) had striking differences in diffusion chan-
ges [13]. The animal which had a minimal improvement
in overall survival was found to have a relatively mini-
mal increase in overall tumour diffusion during the
course of treatment. In contrast, an animal with a much
longer life-span had a large increase in tumour diffusion
values over a significant fraction of the overall tumour
mass. This study indicated that the magnitude of change
in tumour diffusion values may correlate with
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Fig. 6. Representative ADC maps of phosphate-buffered saline (PBS) control (top left) and 5-fluorocytosine (5-FC)-treated tumours (bottom left) at
7 days postinitiation of 5-FC administration. Note the areas of increased ADC (bright regions) within the 5-FC-treated tumour compared with
control animal. Serial histograms of tumour pixel ADC values from the control (top right) and the 5-FC-treated animal (bottom right). The number
of days post-initiation of 5-FC treatment is shown to the right of each histogram. Administration of the adenoviral vector did not affect the average
tumour diffusion values as shown in the control. Treatment with 5-FC produced a non-uniform increase in tumour diffusion values which is inter-
preted to be due to heterogeneous expression of the CD transgene within the tumour mass due to the limitations of direct intratumoral injection of

the vector.
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therapeutic outcome [13]. Hence, diffusion MRI may
provide an early, spatial indicator of animal tumour
response in a wide variety of therapeutic paradigms.

4.2. Imaging of transgene expression

The use of non-invasive imaging technologies includ-
ing radionuclide or optical reporters for evaluation and
quantitation of transgene expression is an exciting area
of research and the subject of review [15,19,20,22,39].
We have also recently reported that BLI can be used for
repetitive measurements of transgene expression for
assessing gene expression levels following adenoviral-
mediated delivery of yCD [13]. These types of imaging
applications provide kinetic information related to tem-
poral changes associated with in vivo gene expression to
be non-invasively probed over time. For example, BLI
was used to monitor the longevity of cells which pro-
duced the cytotoxic product, 5-FU (e.g. ‘factory’ cells)
following intratumoral administration of an adenoviral
vector containing both the yCD and luciferase trans-
genes. Direct intratumoral injection of the yCD
adenoviral vector was found to produce a hetero-
geneous distribution of yCD-positive cells within the 9L
tumour mass. Assessment of the spatial distribution of

yCD-expressing glioma cells was accomplished using
immunohistochemical staining of 9L rat brain sections.
Shown in Fig. 7a is a representative section of a rat
brain tumour prepared 1 day following the second of
two adenoviral injections as previously described in Ref.
[13]. Expression of yCD was observed (brown coloured
cells) within the tumour tissue and was found to be non-
uniformly distributed within the tumour. BLI of this
animal prior to sacrifice revealed the presence of a high
level of luciferase activity (Fig. 7b). In contrast, a bio-
luminescence image acquired from a different animal at
day 18 postinitiation of 5-FC treatment revealed very
low levels of luciferase activity (Fig. 7d) which corre-
lated with the near absence of CD immunohistochem-
istry from the tumour tissue (Fig. 7c) obtained from Rat
#1. The ability to follow transgene expression levels will
provide invaluable information related to the efficiency
and kinetics of transgene expression which will greatly
assist in, for example, the optimisation of prodrug dos-
ing schedules. These types of surrogate markers for gene
expression using BLI and correlation with spatial het-
erogeneity and magnitude of therapeutic response using
diffusion MRI will ultimately facilitate preclinical opti-
misation of gene therapy paradigms prior to translation
into the clinical setting.

Fig. 7. (a) Representative CD immunohistochemical-stained section of a 9L tumour which was treated with CD adenovirus revealing significant,
heterogeneous expression of CD within the tumour tissue. (b) Corresponding image of luciferase activity acquired using the BLI system which
revealed significant photon emission indicating a high level of luciferase activity due to CD/Luc adenoviral injection/expression. (c) CD immuno-
histochemical-stained section of Rat # 1 (see Fig. 5) at day 18 posttreatment with 5-fluorocytosine (5-FC). Note the diminished expression of CD
which also corresponded to limited detection of luciferase expression by BLI on day 18 as shown in Panel (d).
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4.3. Non-invasive detection of transgene activity

While optical and radionuclide imaging modalities are
useful for evaluating transgene expression levels in liv-
ing organisms, it is not feasible to specifically monitor
individual metabolites using these techniques. The use
of fluorine-19 (°F) magnetic resonance spectroscopy
(MRS) for quantitatively evaluating the yCD-catalysed
conversion of 5-FC to 5-FU has recently been reported
[50]. This approach is viable since the prodrug used in
this therapeutic paradigm contains a fluorine atom and
is administered at concentrations which can be observed
using in vivo 'F MRS. In this study, mice with sub-
cutaneous HT29 or HT29/yCD carcinomas were injec-
ted with 5-FC. The presence of 5-FC could be non-
invasively detected in HT29 tumours as shown in the
spectrum displayed in Fig. 8a. When tumours expressed
yCD (HT29/yCD), enzymatic conversion of 5-FC to 5-
FU could be observed dynamically over time with sub-
sequent cellular conversion to additional metabolites
(Fig. 8b). This approach is also quantitative since the
area under the individual peaks can be converted to
absolute metabolite concentration with appropriate
calibration. This allowed for pharmacokinetic model-
ling of 5-FC conversion to 5-FU by endogeneous
enzymes based upon the dynamic data provided by '°F
MRS. This yielded measurements of yCD gene expres-
sion levels and the rate of fluoronucleoside synthesis in
individual animals [50].

5FC
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Fig. 8. (a) In vivo '°F spectra of a subcutaneous tumour obtained 120
150 min after an intraperitoneal (i.p.) injection of 1 g/kg S5-fluoro-
cytosine (5-FC). (a) Untransduced HT29 carcinoma and (b) HT29
carcinoma cells constituatively expressing yCD. Note that the yCD-
expressing tumour cells were able to metabolise the prodrug into var-
ious metabolites as detected using magnetic resonance spectroscopy
(MRS). ppm, parts per million.

5. Summary

Non-invasive imaging of anatomy coupled with
improved imaging of function (biochemistry, physiology
and cellularity) and molecular events will yield sig-
nificant improvement in our understanding of the biol-
ogy and pathophysiology of neoplastic diseases. The
current imaging technologies and reporter genes for
investigating gene expression and molecular events in
living tissue are propelling the burgeoning field of
molecular imaging rapidly forward into vitally impor-
tant areas of research in biology and medicine. It is
anticipated that molecular imaging will provide specific
and complementary information which, when combined
with anatomical imaging, will revolutionise our current
applications of imaging in both drug discovery and
clinical care.
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