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Abstract

Advances in the biomedical sciences have been accelerated by the introduction of many new imaging technologies in recent years.
With animal models widely used in the basic and pre-clinical sciences, finding ways to conduct animal experimants more accurately
and efficiently becomes a key factor in the sucess and timeliness of research. Non-invasive imaging technologies prove to be extre-
mely valuable tools in performing such studies and have created the recent surge in small animal imaging. This review is focused on
three modalities, PET, MR and optical imaging which are avaliable to the scientist for oncological investigations in animals.
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1. Introduction

Advances in the biomedical sciences have been accel-
erated by the introduction of many new imaging tech-
nologies in recent years. With animal models widely
used in the basic and preclinical sciences, finding ways
to conduct animal experiments more accurately and
efficiently becomes a key factor in the success and time-
liness of research. Recent revolutions in molecular bio-
logy and genomics have created a large demand for
transgenic laboratory animals. The most efficient way of
establishing such models is through longitudinal studies
on laboratory animals over an extended period of time.
Non-invasive imaging technologies prove to be extre-
mely valuable tools in performing such studies and have
created the recent surge in small animal imaging [1].

The new transgenic cancer models are expensive and
often exhibit sporadic development of tumours. These
tumours are often located in remote sites that preclude
measurement by traditional palpation. It is therefore
difficult to establish whether cancer is present prior to
experimental therapies. Utilisation of these models relies

* Corresponding author. Tel.: +314-362-8435; fax: + 314-362-8399.
E-mail address: welchm@mir.wustl.edu (M.J. Welch).

on autopsy and histology to determine whether the
cancer has developed. The small animal imaging tools
now available would enable prescreening of animals to
ensure the presence of cancer in these transgenic models
prior to therapy. At the beginning of the treatment
phase of studies (following tumour induction), imaging
could be used to phenotype mice for similar tumour
loads. Then, after treatment, tumour response to treat-
ment over time can be monitored. The use of imaging
modalities to non-invasively study various disease states
has been reviewed and the reader is directed to two
extensive articles that have recently appeared [1,2]. The
article by Budinger and colleagues discusses multiple
aspects of imaging transgenic mice and how different
imaging modalities can be applied [1], the article by
Weissleder presents an interesting comparison between
each technique including an overview of each modality,
resolutions, uses and costs [2].

2. CT, SPECT and ultrasound imaging

Although this review is focused on the imaging mod-
alities available to the scientist for oncological investi-
gations in animals, three modalities, Positron Emission
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Tomography (PET), Magnetic Resonance (MR) and
Optical Imaging are to be focused on. Magnetic Reso-
nance Imaging (MRI) imaging is so well established that
a full review would be so extensive that it does not fall
within the scope of this article, therefore only a brief
summary is presented. Three other important mod-
alities, single photon emission computed tomography
(SPECT), X-ray computed tomography (CT) and
ultrasound also require a brief mention. For these
modalities, the reader is directly to a number of excel-
lent reviews.

A dedicated animal CT scanner (microCT) is capable
of providing high-resolution (50 pm) three-dimensional
anatomical images of small laboratory animals such as
mice and rats. Such systems have been primarily used
for bone imaging applications [3—5], due to the favour-
able contrast between bone mineral and soft tissues.
High-resolution microCT systems have also been shown
to be effective in soft-tissue tumour imaging e.g. [6], and
phenotyping of disease in transgenic models [7].
MicroCT offers the opportunity to perform high-
throughput imaging of large numbers of transgenic
models to phenotype a disease state due to its fast ima-
ging times and high spatial resolutions [7,8]. With the
use of iodinated contrast agents, the image contrast can
be significantly improved. A series of recent reviews
have discussed the design issues and technology behind
the microCT systems and potential applications [3,8,9].

SPECT imaging requires a gamma camera capable of
imaging the subject injected with a labelled radio-
pharmaceutical. The gamma-emitting radionuclide of
choice should decay with the emission of a low-energy
gamma in order to improve counting rate capability and
image resolution. In SPECT mode, the camera rotates
around the subject, or the animal, in order to acquire a
complete set of tomographic projections. SPECT sys-
tems with either pinhole collimators [10,11] or parallel-
hole collimators [12] have been developed for use in
small-animal laboratories [13-15] with spatial resolu-
tions as high as 1-2 mm. These systems take advantage
of the large number of gamma-emitting radio-
pharmaceuticals (small molecule, peptide and antibody
probes) that are either routinely used in the clinic or are
under development.

Ultrasound imaging can have a resolution as high as
50 pm since the generated images are based on acoustic
echoes resulting from high-frequency acoustic waves. It
is relatively cheap, inexpensive and portable, but is lim-
ited to the depth of tissue that can be scanned though,
and image quality can be affected by the presence of
artifacts caused by the existence of bone or air. As a
consequence, the use of ultrasound in animal imaging
has not been as extensive as other modalities and has
instead focused upon delineating accessible biological
entities such as bladder tumours [16] and blood flow
[17].

3. MR imaging

MRI is a powerful and versatile imaging modality for
animal studies. Most MRI experiments involve visualis-
ing water, which is ubiquitous in animal tissues and
organs. Water has a wide variety of biophysical magnetic
signatures in tissues and organs and a key to success in
many experiments is optimising experimental methods
and parameters to enhance contrast between healthy and
diseased tissue. Over the last decade, MRI has been used
extensively in the characterisation of tumours in a wide
variety of animal models. Monitoring in vivo tumour
growth and ablation in response to therapy is, perhaps, the
most straightforward application of MRI in the study of
cancer. Here, the non-invasive, non-destructive nature of
MRI is particularly advantageous, as one can serially
monitor individual subjects of a given cohort over an
extended time period. However, MRI methods are also
being developed and applied to address many other
important issues in oncology, including: (1) early detection
of precancerous tissue before tumours are visible;
(2) detailed characterisation of cancerous tissue—What
are the unique properties of this tissue and do these prop-
erties provide insights that suggest potential treatments?;
(3) characterisation of angiogenesis and the role of the
developing vasculature in tumour growth and develop-
ment; (4) elucidation of mechanisms and processes by
which in situ carcinoma evolves into invasive carcinoma—
since cancer mortality is principally associated with the
consequences of tumour invasion and dissemination, such
an understanding will have major therapeutic implications.

One of MRI’s major roles has been in helping to develop
and validate new animal models of cancer, in part by
accurately measuring the growth of tumours in long-
itudinal animal studies. MRI has recently been applied to
the development of animal models of cancer in brain [18—
20], lung [21], kidney [22], bladder [23], prostate [24] and
pancreas [25], as well as primary central nervous system
lymphoma [26]. MRI has also been used to monitor the
effects of cancer therapy in a wide variety of animal
tumour models. Recent applications include studies of
chemotherapeutic treatment of models of brain [27,28],
prostate [29], colon [30], bladder [31], and liver [32] cancer,
the development of tumours at wound sites following
laparoscopic surgery [33] as well as responses to gene
therapy in models of glioma [34,35]. As described above,
one of the major challenges in MRI is the optimisation of
experimental conditions to enhance the contrast between
healthy and diseased tissue. In oncology, the goal of carly
detection of cancerous tissue has fuelled the active devel-
opment and use of contrast agents to aid in the visualisa-
tion of tumours. (One of the great strengths of MRI is that
there exists a myriad of biophysical magnetic-related phe-
nomena through which one can generate tissue contrast.)
In many cases, these agents have been developed to target
tumours in specific organs. Applications in the study of
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animal models of brain [36-38], breast [39], liver [40],
ovarian [41], and lymph node [42] cancers, as well as
melanoma [43,44] and squamous-cell carcinoma [45]
have recently been described.

As previously noted, much cancer research has
focused on understanding the conditions that promote
tumour metastasis and/or proliferation and numerous
MRI studies have aimed at providing insights into
tumour viability and growth [46-48]. Angiogenesis, the
formation of new blood vessels, an important step in the
growth of many tumours, is an extremely active area of
oncological research. A more fundamental under-
standing of the role of angiogenesis will provide impor-
tant insights into tumour growth and progression and
may lead to the development of anti-angiogenesis drugs
for cancer treatment. Interest in the tumour vasculature
has driven the development of dynamic contrast
enhanced (DCE) MRI as a marker of angiogenesis and
for measuring fractional blood volume and micro-
vascular permeability, and applications of the blood
oxygen level dependent (BOLD) effect for assessing
blood oxygenation. In the basic DCE experiment, a
series of highly time-resolved (seconds) images are col-
lected before, during and after the injection of contrast
agent and the observed time-dependent intensity chan-
ges are modelled to derive parameters describing the
tumour vasculature (e.g. flow, volume, permeability).
These experiments have been applied to a wide variety
of tumour systems to provide insight into vascular
development [49-51] and have been used to assess the
effects of new drugs and therapies on tumours [52,53].
Recently, significant effort has been devoted to the
development of new macromolecular contrast agents
that can help to provide more direct, specific informa-
tion about tumour vasculature [54-56]. Blood flow and
tumour oxygenation can significantly affect response to
chemotherapy and radiation. BOLD MRI has been used
to measure tumour blood flow and oxygenation under a
variety of different conditions (e.g. carbogen (95% oxy-
gen, 5% carbon dioxide) breathing, presence of tumour-
oxygenating agents) relevant to tumour therapy [57-60].

In summary, MR is a powerful, versatile imaging
modality for oncology studies. The high spatial resolu-
tion of MR images permits the growth and development
of tumours to be accurately measured. A wide range of
different experimental conditions and chemical agents
can be used to enhance contrast in these images. Its
sensitivity to dynamic processes, including diffusion,
perfusion and flow, make MR an excellent modality for
studying the tumour vasculature and oxygenation.

4. PET imaging

Human PET imaging is used in the non-invasive
diagnosis of medical problems such as cancer, infection,

kidney and liver abnormalities, cardiological and neuro-
logical disorders. PET is unique because it produces
images of the body’s basic biochemistry or function.
Traditional diagnostic techniques, such as X-rays, CT
scans or MRI, produce images of the body’s anatomy
or structure. PET imaging uses radiolabelled tracers to
reveal biological functions. With carefully designed
labelled molecular probes, the target can be a specific
metabolite, a tumour-specific antigen, or a gene being
expressed. The functions being revealed could be a sig-
nal transduction in neurological systems, development
of tumour under controlled environments, or the
mechanism of a gene sequence. To take full advantage
of this powerful tool, the challenge resides in the design
of such molecular probes to achieve high target specifi-
city and therefore low noise in the images. As research-
ers continuously refine and re-engineer these molecules
to improve their specificity, the use of dedicated small-
animal PET machines allow the researcher to carefully
evaluate both new tracers and new animal models of
disease in an efficient and economic manner prior to
human use [11,14,15,61-65]. The use of small-animal
PET eliminates interanimal variability often found in
drug discovery, since each animal can act as its own
control. These scanners are designed to be used with
both rodent and primate models of disease.

The PET imaging section of this article will focus on
the oncological applications of small animal imaging
PET machines, which perhaps provides the best oppor-
tunity for development. However, it is worth noting that
the use of such cameras have been reported for a wide
variety of applications. Among these studies are long-
itudinal investigations of glucose metabolism in rat
heart [66,67] and brain [68—70], investigations into the
dopaminergic system of the brain [71-74], as well as
diseases of the brain such as epilepsy [75]. The most
recent application of small-animal PET technology has
appeared in the field of understanding non-oncological
diseases. In the study of rheumatoid arthritis, Wipke and
colleagues demonstrated the dynamic visualisation of a
joint-specific autoimmune response, where ®*Cu-radi-
olabelled anti-glucose-6-phosphate isomerase IgG loca-
lised specifically in diseased distal joints within minutes of
administration [76]. A flow tracer, **Cu-pyruvaldehyde-
bis(N*-methylthiosemicarbazone) (Cu-PTSM) has been
used to label cells ex vivo for in vivo PET imaging of cell
trafficking. Cu-PTSM was used to label CD4™" T cells, to
monitor the biochemical processes associated with inflam-
matory eye diseases such as Acute Autoimmune Uveitis
with microPET [77]. The field of small-animal PET
research is relatively new and commercial systems have
only been available in the last few years. As such, the lit-
erature available on such studies is limited, but this by no
means reflects the huge extent to which small-animal PET
imaging is being used, the constant advances being made
and the wealth of information being generated.
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4.1. Instruments for small-animal PET

Since the recent commercial availability of complete
small-animal tomographs, small-animal PET imaging is
no longer restricted to research centres having the
human resources and physical infrastructure to develop
cameras. However, several institutions have continued
to develop their own systems, and in doing so have
demonstrated extreme originality from both the physi-
cists and chemists. This section comprises a short survey
of PET tomographs dedicated to small animal imaging
and will briefly describe the cameras currently in use or
in construction in different laboratories throughout the
world. A similar survey has recently been published and
the reader is referred to this publication for com-
plementary information [61]. Since a complete descrip-
tion of every system would be too long, only the
principal characteristics will be presented. Performance
of the cameras will be described using published or
reported values of spatial resolution and absolute sensi-
tivity only. However, a complete assessment of the
camera performance should not be limited to these
measurements. The reader is referred to the cited pub-
lications, and references therein, for more details.

The University of California Los Angeles (UCLA)
Crump Institute has a long history of PET detector and
PET camera development. A complete account of the
contribution of this laboratory to clinical PET and to
small animal PET is beyond the scope of this article
and, therefore, in this article we will focus on the UCLA
small-animal PET [78,79]. The design adopted for this
instrument is that of a full-ring camera consisting of 30
detector modules. Each module was designed around
the concept of a small array of scintillation crystal cou-
pled to a position sensitive photo-multiplier tube (PS-
PMT) though a coherent bundle of optical fibres [80].
The scintillation material is made of Lutetium Oxy-
orthosilicate (CTI Knoxville, TN, USA) (LSO), an
emerging fast scintillation crystal, characterised by a
light scintillation constant of 40 ns and a light emission
of 75% that of Nal [81], arranged in an 8x8 array of
individually cut crystals each having the dimensions of
2x2x10 mm. Due to the size of the phototube, a 24-cm
long bundle of fibre optics is employed and these optical
fibres create a one to one coupling between each element
of the crystal array and each channel of the multi-
channel PS-PMT. Thirty of these modules are arranged
in a ring conferring a ring diameter of 17.2 cm and an
axial field of view (FOV) of 1.8 cm. The spatial resolu-
tion of the array is 1.8 mm isotropic in the centre of the
FOV and is uniform with a value of 2 mm in the central
3 cm of the FOV. An absolute sensitivity of 200 counts
per second (cps)/uCi or 0.56% was reported using a
lower energy acceptance limit set to 250 keV.

A commercial version of this camera is currently pro-
duced by Concorde MicroSystems Inc. (Knoxville, TN,

USA). This company specialises in the design of Appli-
cation Specific Integrated Circuits (ASIC) and has been
involved since 1992 in the development of components
for clinical PET cameras. More recently. this company
has been engaged in the construction and commerciali-
sation of a complete small animal PET camera, with the
UCLA microPET serving as the prototype for their
design. The commercial versions, available in two mod-
els, rodent and primate, uses the concept of a small
array of scintillation crystals coupled to a PS-PMT via a
bundle of optical fibre. The Concorde models differ in
several aspects from the prototype; a different choice of
PS-PMT allowed the manufacturer to use a shorter fibre
optic light guide, which in turn permitted a closer
packing of the detectors. These cameras are built with
four rings of 24 detectors for the rodent or 40 detectors
for the primate model. This increased axial coverage
resulted in a significant increase of absolute sensitivity,
reaching 2.7 and 2.2% for the rodent and primate
model, respectively [82]. The crystal size, slightly bigger
than the original prototype, produced a spatial resolu-
tion slightly lower than the UCLA prototype. A value
of 1.8 mm at the centre of the FOV was reported, but
this value was seen to increase rapidly to slightly less
than 2.5 mm, at a radial distance of 1 c¢cm [82]. The
camera is equipped with a rotating point source (Ge-68)
used for normalisation and attenuation correction.

The Quad-HIDAC (Oxford Positron System) [83],
also available commercially, uses the Multi-Wire Pro-
portional Chamber technology (MWPC) in addition to
a High Density Avalanche Chamber (HIDAC). The
HIDAC technology is well proven and has been in use
for autoradiography in many laboratories for several
years. The Quad-HIDAC is composed of laminated
plates of interleaved lead and insulating sheets
mechanically drilled with a dense matrix of small holes
(0.5 mm). The annihilation photons from the isotope
emission will mainly result in ionisation from the inter-
action with electrons in the lead plates. The ejected
electrons are then accelerated in the holes, and collected
by an array of anode wires. Finally, they induce a signal
in an array of cathode strips on the lead face. The intrinsic
resolution is determined by the hole-pitch and the sensi-
tivity is determined by the interaction probability with the
lead. Four modules (a module consisting of a stack of
parallel plates) are placed to enclose a FOV of dimensions
17x28 cm. Rotation of the four modules around the sub-
ject allows for the complete tomographic data acquisition.
This camera offers sub-millimetre spatial resolution with
an absolute sensitivity of 1.8% being reported.

The TierPET [84,85] and YAPPET [86,87] are similar
cameras using Yttrium Aluminum Perovskite (YAP)
scintillators which were separately developed at both the
University of Julich, Germany (TierPET) and Uni-
versity of Ferrara, Italy (YAPPET). These cameras are
built with four arrays of small finger-like scintillation
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crystals coupled to a PS-PMT mounted on a rotating ring.
The detector spacing can be adjusted to accommodate
different animal sizes and the detector rotates around the
animal-subject to acquire a complete tomographic data
set. The crystal array of the TierPET is made of
2x2x15 mm YAP crystals in a 20x20 array. The
YAPPET camera uses longer crystals (30 mm) in a
similar configuration. The highlights of the reported
performance of the TierPET can be summarised by a
spatial resolution of 2.1 mm in the centre of the FOV
and sensitivity of 0.32%. The YAPPET reported a
similar spatial resolution, but a sensitivity of 1.7%. This
higher value was obtained by setting the lower energy
limit for gamma acceptance to 50 keV.

The National Institutes of Health (Bethesda, MD,
USA) have developed a small animal PET camera,
ATLAS, with a depth of interaction capability [88]. This
camera is composed of 18 detector modules arranged in
an 11.8 cm diameter ring. Each module is made of two
9x9 arrays placed back-to-back. The dual layer scintil-
lator crystal arrays (each crystal having dimension of 2
mmx2 mm) are optically coupled to a PS-PMT. The
total crystal depth is 15 mm and the front crystal is
made of LGSO and the back is made of GSO. Since the
decay times of the crystal materials are different (60 ns
versus 40 ns), the single PMT signal is used to determine
in which crystal the interaction occurred. A spatial
resolution of 2 mm in the centre has been measured and
an absolute sensitivity of 1.6% has being reported. This
NIH system followed a previous version composed of two
stationary opposed crystal arrays coupled to a positron-
sensitive PMT [89]. In this instrument, the detectors were
made of an array of 26x22 (2x2x 10 mm) bismuth ger-
manate (BGO) crystals directly coupled to a PS-PMT.
The system was equipped with a rotator used to rotate the
animal being imaged in order to get complete tomo-
graphic projections.

The VUB-PET [90-92] constructed at the University
of Brussels in Belgium is an animal PET camera com-
bining BaF, scintillator material with a photosensitive
gas. In this camera, the annihilation photons interact
with a BaF, scintillator array. The crystal size is
3x3%x20 mm. Upon the photoelectric or Compton
interaction with the crystal, the subsequent emission of
ultra-violet light will ionise TMAS vapour in a conver-
sion gap of a gas detector, with the electrons drifting
towards a two-stage amplification chamber. Positron
detection is performed by using an array of anodic
wires. The overall camera contains 2060 BaF, crystals
arranged in a cylinder measuring 20 cm diameter and
5.2 cm long. The transaxial FOV is limited to 11 cm. A
spatial resolution of 2.6 mm in the centre has been repor-
ted and the absolute sensitivity at the centre of the FOV
has been measured to be 30 keps/MBq or 3%. This high
sensitivity was acquired using a low energy threshold due
to the poor energy resolution of this detector design.

Massachusetts General Hospital has built a single-
plane PET tomograph having a spatial resolution
approaching 1 mm [93]. The single-ring camera is com-
posed of 360 LSO crystals with a light output readout of
30 PMT. The crystal dimensions are small (1x4.5x5
mm) in order to reduce the degradation of resolution
due to multiple detector penetration from photons with
incident angles far from normal angles and to reduce
the blurring due to multiple interaction sites inside one
crystal. This choice of crystal size resulted in a compro-
mised sensitivity. The reported reconstruction spatial
resolution is 1.25 mm in the centre of the FOV, and 1.75
mm at 2.5 cm away from the centre. An absolute sensi-
tivity is reported to be only 30 cps/uCi or 0.008%,
which is due to the small crystal size and the limited
spatial resolution of the tomograph.

Indiana University has constructed an animal PET,
the IndyPET, composed of two detector banks mounted
on a rotating gantry [94]. The separation distance
between these banks is adjustable between 22 and 42
cm. Each bank contains eight Siemens/CTI HR detector
blocks. Each block is cut into a 7x8 array, with a light
output readout from 4 PMT. The FOV is 18 cm trans-
axially and 5 cm axially with a spatial resolution of 2.8
mm in the centre of the FOV. This value increases to
slightly less than 3.4 mm at 1 cm away from the centre of
the FOV, for any detector separation value. The camera
operates in step-and-shoot mode, during camera rota-
tion, to acquire a complete tomographic dataset. This
camera has recently been upgraded and now includes
four detector banks for an increased sensitivity [95].

The PMT has dominated the field of nuclear medicine
since its inception. Despite the progress made in PMT
technology, the tube has essentially remained unchan-
ged since its invention in 1947. The principal advantage
of the tube is its high gain and speed. High gain, i.e. the
ability to convert a weak luminous signal into a mea-
surable electrical pulse is a necessary attribute. The dis-
advantages of the phototube are size, gain stability over
time and temperature changes. The only current con-
tender to replace the phototube is the Avalanche
Photodiode (APD). This device is a photosensitive semi-
conductor showing excellent characteristics in high
quantum conversion efficiency and small size. Amplifi-
cation gain factors of the order of 1000 have been mea-
sured, but more typically gains of a few hundreds are
observed. These gain factors are to be compared with a
gain of the order of 10° in PMT tubes. However, such
gains are high enough for the detection of scintillation
light from 511 keV photons. Recent progress in APD
technology has triggered a lot of activity in the design
and development of small animal PET tomographs, and
it is likely that the next version of commercial cameras
will be based on this technology.

The Sherbrooke University (Sherbrooke, Canada)
small animal PET camera was the first tomograph built
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using the APD technology [96]. It is composed of two
rings of 256 BGO crystals with individual APD light
readouts. The crystal dimensions are 3x5x20 mm indi-
vidually coupled to an APD. The overall ring diameter
is 31 cm and the axial FOV is 1.05 cm. The system
employs ‘clam shell’ motion of the detector rings to
achieve greater linear spatial sampling. This camera is
characterised by a reconstructed spatial resolution of
2.1 mm at the centre of the FOV. Due to the limited
axial extent of the FOV, a low sensitivity has been
observed 0.4%.

The Munich (MAD-PET) prototype [97,98] was initi-
ally composed of two detector heads, subsequently
extended to six detector heads, using 2x8 arrays of LSO
optically coupled to 2x8 multi-channel APD. This pro-
totype led the same institution to develop a two-layer
APD based full-ring tomograph [99]. This camera is
made of very compact PET detector modules composed
of two layers. Each module is made of two arrays of
4x8 LSO crystals (2x2x6 mm) with light output read-
outs utilising a novel monolithic array of densely
packed APDs. The two arrays are placed back-to-back
to increase sensitivity and to provide a depth of inter-
action capability.

Other cameras like the UCLA animal PET (ECAT-
713) [100], Hamamatsu SHR-2000 [101] and SHR-7700
[102] and the Hammersmith RAT-PET [103,104] were
also developed, mostly for primates imaging, and will
not be described in detail here. Phillips Medical System
may eventually release a small animal camera consisting
of a small sized GSO crystal coupled to a continuous
light guide with light readout with an array of PMT.
The common performance characteristics in the pre-
viously described cameras is that they can be char-
acterised by a spatial resolution of 2 mm or greater.
These cameras, which can be described as being from
the first generation of small animal PETs, are suitable
for imaging mice, rats and small monkeys. The UCLA
group is now working on the completion of the micro-
PET-II [105]. This camera is based on the same design
concept of the first generation of microPETs using an
array of small sized scintillation crystals coupled to a
PS-PMT through optical fibres. Presentation of chara-
cteristics and performance are expected later this year.
Several other new PET detector designs are being
developed using PS-PMT or APD technology. A few
examples include the CLEAR PET project from the
Crystal Clear Collaboration using the recently devel-
oped scintillation crystals made of LuAP (Lutetium
Aluminum Perovskite) from CERN. The University of
Seattle has developed PET detector modules made
from an array of MLS (Mixed Lutetium Silicate, Van-
couver, Canada)—Mice2—and from a continuous
block of MLS coupled to a PS-PMT—cMIiCE. Assem-
bly into a complete imaging system is presently in
progress.

4.2. Imaging of gene expression

Carefully designed radiolabelled molecular probes can
target reporter gene expression and as such provide the
opportunity to combine molecular biology and molecular
imaging. The basic principle of imaging gene expression
is simply that following the expression of a protein by a
reporter gene, this protein will specifically bind to a
positron-emitting radiolabelled probe (or PET reporter
probes (PRG)) that has been administered to the ani-
mal. The gene of interest is always expressed along with
the reporter gene, since the same promoter drives them
both. Quantification of the amount of tracer retained by
the expressed protein is directly proportional to the
amount of protein expressed and therefore the level of
gene expression. In basic research, this allows the
investigator to non-invasively monitor the levels of
genes expressed, the time course of expression, as well as
the location of genes in transgenic models in vivo, as well
as to monitor the efficacy of gene therapy protocols
prior to human use. This exciting area has attracted
increasing interest and has been recently and extensively
reviewed [106—109].

The Crump Institute for Molecular Imaging is the
world leader in the imaging of gene expression [110—
113]. They have demonstrated that 8-['®F]fluoro-
ganciclovir (FGCV) is a substrate for the herpes simplex
virus 1 thymidine kinase enzyme (HSV1-TK) and have
imaged the gene expression in normal mice [113]. They
have used the same tracer to image tumour cells trans-
fected with a mutant herpes simplex virus (HSV1-
sr39TK) as the PET reporter gene, which resulted in
significantly enhanced sensitivity for imaging the gene
expression [112]. In order to improve sensitivity, a direct
comparison between a new probe, 8-['®F]fluoro-
penciclovir (FPCV), and FGCV indicated that FPCV
was a better probe than FGCV for imaging lower levels
of HSV1-TK gene expression in vivo [111]. They further
illustrated, in terms of potentially monitoring gene
therapies, that microPET imaging of HSV1-sr39TK and
dopamine-2-receptor  reporter genes with  9-(4-
['8F]fluoro-3-hydroxymethylbutyl)guanine (['*FJ[FHBG)
and 3-(2-['8F]fluoroethyl)spiperone (['*F]FESP), utilis-
ing several adenovirus-mediated delivery routes, illu-
strated the feasibility of evaluating relative levels of
therapeutic transgene expression in living animals [110].

4.3. Monitoring of therapy response

PET imaging has traditionally focused on the delin-
eation of the uptake of a tracer in tissue as a direct
measurement of a biological process. More recently,
PET has become a tool as a surrogate marker for the
action of therapeutic drugs. For example, an important
aspect of receptor-based imaging agents is their use in
the monitoring of conventional chemotherapy regimes



J.S. Lewis et al. | European Journal of Cancer 38 (2002) 2173-2188 2179

in cancer patients. In patients with primary and meta-
static breast cancer, data obtained from PET imaging
after 16-o-['®F]fluoro-B-estradiol (FES) administration
correlates with tumour oestrogen receptor status deter-
mined in vitro [114]. Comparison studies showed that
fluorine-labelled deoxyglucose (FDG) was more sensi-
tive than FES in staging breast cancer, and those
patients who are oestrogen receptor-positive (ER +) by
in vitro assays, but FES-negative may be less likely to
respond to hormonal therapy [115]. Oyama and collea-
gues have now extrapolated this basic principle, to
monitor the effects of androgen therapy on prostate
tumours using microPET [116]. The study was under-
taken to determine whether PET imaging could evaluate
early changes in tumour metabolism following andro-
gen ablation therapy and the results indicated that chan-
ges in serum testosterone levels influence glucose
metabolism in the prostate gland within 24 h of treatment.

Historically, the assessment of tumour geometry and
volume has been by the use of caliper measurements.
Not only is this mode of measurement limited by the
tumour’s irregular shape, it does not yield any physio-
logical information during radiotherapy experiments.
As shown by Lewis and colleagues, microPET images in
conjunction with MR imaging yielded information and
data not normally available with the use of caliper
measurements [33]. This study demonstrated the thera-
peutic potential of a radiotherapeutic drug in inhibiting
cancer cell attachment to incision sites and growth of
metastasis following laparoscopy surgery. The results
indicated microPET and MRI could help determine
overall treatment effectiveness and monitor therapeutic
response and, as such, form a powerful combination of
imaging modalities that will find broad application in
the characterisation of disease states and the develop-
ment of therapeutics.

4.4. Receptor/antigen-specific agents

The overexpression of cell surface or nuclear receptors
is the premise for receptor-based radiopharmaceuticals.
In designing radiolabelled receptor ligands, selectivity,
low non-specific binding and incorporation of the
radionuclide are three factors to consider. High affinity
for the receptor of interest and low affinity for other
receptor systems improves selective tumour uptake. For
receptor-based radiopharmaceuticals, one of the most
important considerations is that the radionuclide place-
ment does not significantly decrease the receptor bind-
ing of the original ligand. Receptor ligands can be larger
biomolecules such as peptides, or smaller organic mole-
cules such as dopamine or folic acid. The design of such
agents involves careful consideration of multiple fac-
tors. The use of microPET to ‘screen’ new biomolecules
in disease models during the developmental stage sig-
nificantly speeds up the discovery process. There have

been numerous publications and reviews on receptor-
based radiopharmaceuticals for both imaging and therapy
(e.g. Refs. [117-121]). The use of small animal imaging
PET technology is now beginning to become involved in
the development of novels compounds, some examples
of which are highlighted here.

Successful imaging by radiolabelled antitumour anti-
bodies has been limited by slow uptake in tumour tis-
sues and poor clearance from non-target tissues.
Hybridoma technology is now at the point where
genetically engineered fragments of antibodies, with
rapid access and high retention in tumorous tissues
combined with excellent clearance properties, have
made the use of such biomolecules suitable for employ-
ment in PET imaging. Wu and colleagues developed an
engineered single-chain variable fragment from the
high-affinity anticarcinoembryonic antigen (CEA)
monoclonal antibody T84.66 [122]. The °*Cu-labelled
minibody was used to successfully image with microPET a
CEA-positive tumour, laying the foundation for an
application of the same compound in human studies.
Clearly the detection of radiolabelled engineered frag-
ments by microPET has potential for broad application in
many areas of genomics, phage display and proteomics.

Over the last 15 years, considerable progress has been
made in the investigation of radiolabelled somatostatin
(sst) analogues as both imaging and radiotherapeutic
agents for somatostatin receptor-positive tumours. A
number of recent studies have focused on improving the
target tissue uptake of radiolabelled somatostatin ana-
logues [123-125]. A study by Li and colleagues using
microPET has now demonstrated that DOTA-DY1-
TATE, a somatostatin analogue, can be labelled with
both metal and halogen radionuclides, and its **Cu- and
1251 radiolabelled compounds showed somatostatin
receptor-mediated uptake in normal and tumour tissues
[126]. A Ga labelled analogue, DOTA-DPhe!-Tyr3-
octreotide has also been evaluated by microPET and it
was concluded that this compound could also be used
for PET diagnosis and quantitative imaging-based
dosimetry of sst-positive tumours [127].

4.5. Other agents

Cu-PTSM has been used to label cells ex vivo for in
vivo PET imaging of cell trafficking in mice in order to
eventually track the selective recruitment of specific
immune cells during the pathogenesis of cancerous dis-
ease states [128]. This study similar to that discussed
earlier [77] has demonstrated the feasibility of monitor-
ing in vivo cell migration with microPET systems.

A study from Washington University has investigated
the potential of agents for bone imaging using micro-
PET that will have application in the imaging of bone
metastasis. The significant bone uptake of *Cu-1,4,7,10-
tetraazacyclododecane - 1,4,7 - tri(methanephosphonic
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acid) (DO3P) in microPET imaging studies was con-
sistent with the biodistribution data for this agent.
Comparative microPET studies demonstrated that
64Cu-DO3P showed more optimal bone images than
%4mTc.medronate and comparable images to '8F~ in
rats, which was further confirmed by the dynamic bone-
imaging studies in mice [129].

4.6. Co-registration

For those studies involving highly specific molecular
probes targeting a small population of cells, investi-
gators have often found the PET images hard to inter-
pret due to the lack of anatomical landmarks. For
studies that involve kinetic modelling, the investigators
also found the current attenuation correction mechan-
ism incapable of providing the level of quantitative
accuracy needed. Another need for high anatomical
information comes from the necessity for an accurate
phenotyping of animal models in order to stratify the
animals in experimental groups prior to microPET
imaging. Such examples could be for determining the
presence of endometrial cancer in mice or for the deter-
mination of cardiac volume. The images obtained from
the microPET scanner often become difficult to inter-
pret due to the lack of anatomical landmarks. A good
example is in the imaging of a therapeutic agent
designed to target only the cancerous cells. Carefully
following its biological distribution in an animal over an
extended period of time, one can establish the pharmaco-
kinetics of the new drug and accelerate the development
cycle time. Unfortunately, we often see a highly loca-
lised uptake of such agents without knowing its exact
anatomical location in the animal. Furthermore, it is
difficult to assess the tumour volume from microPET
images alone without sacrificing the animal. It is
becoming apparent that high-resolution anatomical
images are a necessity for the accurate interpretation of
certain PET studies. Furthermore, properly registered
anatomical images may improve the accuracy of micro-
PET images with better attenuation correction. There-
fore, there is a need to develop co-registration methods
between microPET imaging with MRI and/or CT.
Researchers will then be able to identify better tumour size
and location, measure the standard uptake values in small
organs or tumours, and to improve the quantitative
assessment of tumour or animal models. Prior knowledge
of small-size organs may also provide correction for par-
tial volume effects, or even improve image resolution with
statistical reconstruction methods.

5. Optical imaging

Advances in optical technologies have re-ignited
interest in optical imaging as a powerful tool for bio-

medical application. Biomedical optical imaging uses
propagating light to activate chromophores in tissues and
a detector to capture the transmitted or reflected photons
[130,131]. Planar optical images are frequently obtained
by using a charge-coupled device (CCD) camera, and
with advances in sophisticated image reconstruction
algorithms, high-resolution 3D images in real time will
soon become a reality [132,133]. Biomedical optical
methods provide distinctly new diagnostic capabilities
while complementing conventional imaging modalities
[134-138]. Some advantages of optical imaging methods
include the use of non-ionising low energy radiation,
high sensitivity with the possibility of detecting
micron-sized objects, capability of continuous data
acquisition for real-time monitoring, and the develop-
ment of potentially cost-effective equipment. It also
provides flexibility in the mode of chromophore exci-
tation (broadband light source, modulated light, con-
tinuous wave or pulsed laser) and signal detection
(transillumination or reflectance, and scattering,
absorption or fluorescence modes). Optical imaging
methods can be completely non-invasive, especially
when endogenous chromophores are used; minimally
invasive, when contrast agents are injected; or invasive,
when used in conjunction with surgical procedures or
catheterisation.

Two fundamental properties of tissue optics that
depend on the wavelength (light scattering and absorp-
tion in turbid media) affect both image resolution and
depth of light penetration in tissues. In the ultraviolet
and visible regions, scattering and absorption of light by
photoactive intrinsic biomolecules limit its tissue pene-
tration to a few millimetres. Thus, optical imaging in
these regions is conventionally used to evaluate cuta-
neous lesions, endoscope-accessible and surgically
exposed deep tissues. At the near infrared (NIR) region
between 700 and 900 nm, absorption by intrinsic photo-
active biomolecules is low and allows light to penetrate
several centimetres into tissue, a depth that is sufficient
to image practically all small animals without resorting
to expensive and sophisticated imaging techniques. A
typical apparatus for optical imaging of small animals is
shown in Fig. 1 [139,140]. Generally, the animal fur in
the region of interest is shaved to minimise light reflec-
tions. The abundance of endogenous and exogenous
photoactive molecules enables the imaging of animals
with the aid of several optical contrast effectors. While
several clinical studies with human subjects have been
reported, the remaining part of this section will focus on
optical imaging of animals for oncology purposes.

5.1. Animal imaging with endogenous (intrinsic) optical
contrast effectors

Several naturally occurring and intrinsic molecules are
photoactive in the UV, visible and infrared wavelengths
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Fig. 1. Fluorescence imaging system for detecting superficial tumours.
CCD, charge-coupled device.

and this feature generates optical contrast useful for the
diagnosis of various pathological conditions. The major
endogenous chromophores are aromatic amino acids,
DNA, proteins, melanin, and enzyme co-factors in the
UV region; haemoglobin, myoglobin, bilirubin, and
some enzyme cofactors in the visible region; and water
and fat in the NIR region. Broadband chromophores
such as melanin and haemoglobin have extended
absorption into the visible and NIR regions, respec-
tively. Small animal imaging with the aid of endogenous
contrast effectors is typically performed by reflectance
spectroscopy, employing any of the fluorescence,
absorption or Raman scattering detection techniques
[141]. The shallow penetration of light in the UV and
visible wavelengths limits the application of this
approach to the evaluation of superficial tissues such as
skin diseases [142—-145] and the gastrointestinal systems
by endoscopy [141]. Some studies have used NIR opti-
cal tomography to image deep tissues with the aid of
endogenous contrast effectors. This approach relies on
the differential ratio of oxyhaemoglobin and deoxy-
haemoglobin in normal and pathological tissues to
localise abnormal conditions such as tumours. The use
of a non-invasive protocol and medically safe laser
power has facilitated the application of NIR optical
tomography in human subjects for imaging brain func-
tion [146] and breast tumours [147-150]. Imaging of
small animals by intrinsic chromophore-mediated con-
trast represents a viable, non-invasive approach to
monitor various disease states, quantify pathologically
relevant physiological functions, and localise cancer.
However, deciphering the spectral properties of normal
and pathological tissues based on endogenous contrast,
especially at the onset of abnormality, remains difficult,
despite the availability of sophisticated image recon-
struction algorithms.

5.2. Animal imaging with exogenous (extrinsic) optical
contrast agents

As with other imaging modalities, optical imaging
benefits from the use of exogenous contrast agents to

increase the sensitivity and specificity of its diagnostic
potential. Contrast agents are less dependent on inter-
and intraspecies variations, and can furnish unique
information regarding the functional status of tissues.
In addition to enhancing tissue contrast, such agents
also promote rapid selective localisation, improve spe-
cificity and sensitivity, and may provide important
histopathological information such as cell viability. Any
biocompatible molecule that absorbs, emits, or scatters
light of an appropriate wavelength can serve as an
optical contrast agent. Currently, most optical probes
used for animal imaging rely on absorption or fluor-
escent characteristics of the agent, although recent
advances in the production of biocompatible particu-
lates promises to provide reliable scattering optical
contrast. In general, fluorescein, indocyanine green
(ICG) and porphyrin derivatives are widely used as
optical contrast agents for in vivo imaging. Representa-
tive optical contrast agents for imaging tumours in ani-
mals are listed in Table 1. These agents localise in
pathological tissues by different mechanisms as dis-
cussed below.

5.2.1. Non-specific imaging agents

Indocyanine green (ICG) is the major non-specific
optical contrast agent used for animal and human imag-
ng studies, probably because of its established safety
profile in humans [131,137,139,151]. ICG absorbs and
fluoresces in the NIR region, a feature that is essential for
whole-body small-animal imaging. Detection of cancer
by non-specific agents such as ICG relies on the differ-
ential accumulation of the agent in the pathological tis-
sue based on impaired tumour capillary permeability,
increased interstitial fluid, or other structural changes.
ICG has successfully been used to diagnose cancers in
humans [137,152,153] and animals. For example, Rey-
nolds and colleagues demonstrated the potential to image
spontaneous canine mammary tumours with ICG by fre-
quency domain photon migration fluorescence imaging
[151]. Although ICG is a good model for many small-
animal and human cancer studies, it is rapidly cleared
by the liver’s first pass effect. This requires that non-
specific localisation of ICG in the tumour be rapid,
unless a continuous infusion method is utilised. How-
ever, the development of a novel non-tumour-specific
ICG derivative with improved pharmacokinetics may
overcome the problem with rapid ICG elimination from
the circulation during small-animal imaging [154]. While
the non-specific nature of ICG permits its use to screen
a variety of tumours, the probe is equally retained in a
host of non-tumour related injuries that result in false-
positive data. Similarly, non-specific agents are not reli-
able for detecting tumours. A recent comparison of the
retention of ICG in rats bearing cancer cells of different
origins showed sporadic uptake in some tumours and not
in others, a situation that results in increased false-negative
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Table 1

Representative optical contrast agents for animal imaging

Species Tumour Contrast effector Retention mechanism Ref.

Rat Neuroendocrine Cyanine-octreotate Sst, receptor-specific [139]

Mouse Neuroendocrine Cyanine-octreotate Sst, receptor-specific [163]

Rat Neuroendocrine, Prostate Cyanine-bombesin Bbn receptor-specific [140]

Mouse Mammary, fibrosarcoma Cyanine-graft co-polymer Protease activity [182,183,186]
Mouse Metastatic, tumour angiogenesis, others Green fluorescent protein Gene expression [184,185,187]
Mouse Cervical Luciferin Luciferase activity [188]

Rat Glioma Cyanine-sugar Non-specific [154]

Mouse Colon Cyanine-transferrin Transferrin receptor [189]

Dog Mammary ICG Non-specific [151]

Dog Mammary HPPH®-carotene LDL-receptor [181]

Dog Mammary HPPH-carotene LDL-receptor [181]

Rat Prostate ICG Non-specific [139]

Mouse Larynx Cyanine-MADb E48 MADb E48 receptor [160]

Mouse Colon Fluorescein-CEA Mab CEA receptor [156]

4 Sst,, somatostatin (subtype-2); Bbn, bombesin; ICG, indocyanine green; HPPH, hexylpyropheophorbide; LDL, low-density lipoproteins; CEA,

anti-human carcinoembryonic antigen monoclonal antibody; MAb, monoclonal antibody.

data [139]. Because of the low specificity and selectivity
of non-specific probes, many studies are currently eval-
uating new site-specific agents for optical imaging by
various delivery mechanisms [131,155].

5.2.2. Receptor-specific imaging agents

Facilitated by advances in molecular biology, numer-
ous tumour cells are known to overexpress certain
receptors that have become the target to deliver diag-
nostic or therapeutic agents [118]. Pioneering studies by
this mechanism were mostly performed with radio-
labelled antibody conjugates, that have been adopted
for optical imaging of small animals [156—-158]. Earlier
studies focused on the use of fluorescein-antibody con-
jugates for optical imaging of tumours because of its
ready availability, mild reaction condition, and the ease
of observing tumour localisation, even with the naked
eyes [156,159]. Due to the shallow penetration of blue
light used for fluorescein-mediated studies, the tumour
xenographs had to be positioned on a readily accessible
tissue surface such as rabbit ear [159]. For NIR optical
imaging, carbocyanine dye bioconjugates are widely
used. Several animal studies show that labelling large
biomolecules such as antibodies with carbocyanine
derivatives enhances the delivery of the agent to target
tissues by receptor-mediated mechanisms [157,158,160—
162]. However, efficient targeting of tumour receptors
with antibodies is hampered by many factors, including
a low diffusion rate to tumours, rapid uptake by the
liver, and the potential to elicit adverse immunogenic
reactions.

An alternative method for the efficient delivery of
optical probes to tumors was recently demonstrated
with carbocyanine—somatostatin receptor—avid peptide
conjugate [139]. Other studies have confirmed the

validity of this approach [140,163]. Some advantages of
the peptide-based approach include enhanced localisa-
tion in tumours and rapid clearance from non-target
tissues. Typically, rat pancreatic acinar carcinoma
(CA20948) expressing the sst, receptor was induced by
the solid implant technique in the left flank area. This
tumour line is widely used for sst, receptor-positive
assays, and the number of binding sites for somatostatin
has been estimated as 489 fmol mg~! [164]. Achilefu and
colleagues [139,140] demonstrated that the optical con-
trast agents are selectively retained in tumour that
overexpress the target receptor, indicating that the pep-
tide retained its receptor binding affinity without loss of
the optical probe’s photophysical properties. A repre-
sentative optical image obtained with a simple con-
tinuous wave fluorescence imaging system is shown in
Fig. 2 [139,140].

Photodynamic therapy (PDT) agents represent
another class of photoactive molecules that are pre-
ferentially retained in various types of tumours. Several
reports suggest that the mechanism of tumour uptake is
mediated by low-density lipoprotein (LDL) receptors,
which are overexpressed in tumours [165-172]. Coupled
with active LDL receptor uptake, the fluorescence
properties of some PDT agents are utilised for the
optical imaging of tumours in animals [138,173-181].
The PDT agents are usually formulated directly or
conjugated with LDL-avid molecules before in vivo
administration.

5.2.3. Functional imaging agents

The next frontier in optical imaging resides in the
ability to probe biochemical activities in vivo and corre-
late the data with pathological conditions. In a pio-
neering study by Weissleder and colleagues [182], the
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Fig. 2. Fluorescent image of NIR cyanine-somatostatin—avid peptide
conjugate in a CA20948 tumour-bearing rat at 27 h postinjection.
NIR, near infrared.

fluorescence of a prequenched optical probe was re-
established on cleavage of protease-specific amino acid
sequences incorporated into the probe. Recent studies
demonstrate the potential use of this approach to diag-
nose and monitor the status of tumours by optical
methods [183]. While this method offers enormous ben-
efit for the early detection of cancer by monitoring
aberrant gene expression, the large size of the co-poly-
mer-probe conjugate used may preclude rapid delivery
of the probe to tumours. It is also hoped that, for
translational research purposes, the level of protease
expression in aberrant cells in human subjects is within
the detection limit of current optical imaging devices.

5.3. Others

Other important approaches for small animal optical
imaging rely on bioluminescence or high-resolution
optical coherence tomography methods. These approa-
ches are described by Contag and Fujimoto in this Spe-
cial Issue of the European Journal of Cancer and will not
be considered here. Green fluorescent protein (GFP) is
also a useful optical probe to image and monitor the
status of various forms of cancer and metastasis in ani-
mals [184,185]. The procedure generally involves trans-
duction of the GFP gene into human tumour lines and
subsequent subcutaneous injection or orthotopic implant
of the stable transductants into nude mice. Exciting the
protein with a blue light and detecting the ensuing
fluorescence with a CCD camera enables the whole body
imaging of GFP expression in animals. The absorption
and fluorescence of GFP in the visible region, coupled
with the increased light scattering, may hinder the use of
GFP for high-resolution imaging of deep tissues.

6. Summary

Advances in the biomedical sciences have been acceler-
ated by the introduction of many new imaging technolo-
gies in recent years including PET and optical imaging.
With animal models widely used in the basic and pre-
clinical sciences, finding ways to conduct animal experi-

ments more accurately and efficiently becomes a key factor
in the success and timeliness of oncological research. Non-
invasive imaging technologies will prove to be valuable
tools in conducting timely oncological research.
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