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Abstract

Anticancer drug discovery and development are experiencing a paradigm shift from cytotoxic therapies to more selective thera-
pies that target underlying oncogenic abnormalities. Many newer therapies are cytostatic, for which objective tumour shrinkage is
an inappropriate response parameter. There is a growing need to develop surrogate endpoints of drug efficacy to speed up the

process of finding effective drug combinations for phase III trials. This review focuses on the developing field of functional magnetic
resonance imaging (MRI) and its potential applications in the pharmacodynamic evaluation of existing and new cancer ther-
apeutics. Dynamic contrast enhanced MRI, which is currently being used to evaluate anti-angiogenic, and anti-vascular agents in

human trials will be reviewed in detail. The requirements that must be met before incorporating functional MRI techniques into
clinical protocols are also discussed.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Monitoring the response of tumours to treatment is
an integral and increasingly important function of radi-
ologists working in oncological imaging. Imaging stud-
ies allow an objective method of quantifying tumour
response to a variety of physical and pharmaceutical
treatments. Objective tumour shrinkage has been widely
adopted as a standard endpoint to select new anticancer
drugs for further study, as a prospective endpoint for
definitive clinical trials designed to estimate the benefit
of treatment in a specific group of patients, and is
widely used in everyday clinical practice to guide clinical
decision-making. Standard size criteria for measuring
therapeutic response were first proposed in 1981 and,
although they have been adapted by various cancer
organisations, they continue to be used largely unchan-
ged [1–3]. Recently, the World Heath Organization
(WHO), the National Cancer Institute (NCI) and the
European Organization for Research and Treatment of
Cancer (EORTC) have adopted a new set of tumour
response size criteria (Response Evaluation Criteria in
Solid Tumours—RECIST) [4].

There are many recognised limitations of size change
as a tumour response variable. Size changes for both
response and progression are arbitrary and traditionally
expressed as a percentage change from baseline. There
are numerous errors in obtaining tumour measure-
ments. These arise from observer variations on the esti-
mated position of the boundary of lesions. The edges of
irregular or infiltrating lesions are often difficult to
identify and indeed, some tumours are impossible to
measure, for example, pulmonary lymphangitis carci-
nomatosa and ovarian carcinoma seeding into the peri-
toneal space. So serious are measurement errors, that
‘independent review panels’ are often employed by
pharmaceutical companies to standardise response
assessments in clinical trials. Independent review panels
can disagree with ‘home radiologists’ in 50% of cases
with major disagreements occurring in up to 40% of
cases [5]. A change in size may also be delayed chron-
ologically, often requiring several treatments before a
decision can be made on whether a treatment is effec-
tive. Reports from the functional imaging literature,
particularly positron emission tomography (PET) sug-
gest that metabolic and physiological changes antecede
size change [6]. For example, in patients with lymphoma
responding to treatment, changes in energetics can be
detected by 18-(FDG)-PET within hours [7] whilst
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morphological changes are delayed in their appearance.
Size changes may also fail to correspond to the patient’s
clinical condition. All of us have observed patients in
whom there is obvious clinical progression (for example,
deterioration of performance status, haematological
indices and tumour markers) with no change in the size
of marker lesions. Similarly, clinically inactive disease
may be present with enlarging lesions, particularly in
patients with non-seminomatous germ cell tumours [8].
As a result, there is currently a pressing need to develop
additional response parameters to overcome these limi-
tations, and to address the growing need to monitor the
response to treatment of a new generation of selective
anticancer drugs. Cytotoxic chemotherapy is usually
directed at molecular targets present in both normal and
tumour tissues, and therefore toxicity to normal tissues
limits this approach. Recent molecular understanding of
the processes of tumour development and metastasis
has lead to the identification of new targets for potential
anticancer treatments. These targets are involved at one
level or more in tumour biology, including tumour cell
proliferation and invasion, angiogenesis and metastasis.
Imaging studies may provide early evidence of drug
activity sometimes directed at the site of biological
action. These may then be used as surrogate endpoints
of drug efficacy to speed up the process of finding more
effective drug combinations to enter into phase III
trials.
So where should we look for new imaging response

parameters? The clues are already here in what we can
measure today and in new molecular imaging technolo-
gies [9]. Functional imaging parameters that reflect
tumour vascularity, microenvironment and cell meta-
bolism should be investigated as tumour response vari-
ables. These tumour features are inextricably linked in
the majority of solid tumours [10,11]. Although the
transition of dormant to active vascularisation is not
fully understood, it is clear that the metabolic micro-
environment of tumours plays an essential role. Impor-
tant metabolic factors include oxygenation, pH,
metabolic and energetic status, and interstitial pressure
and transport. These microenvironmental factors also
have a direct effect on tumour cellular processes includ-
ing gene expression and tumour proliferation, meta-
static potential, and sensitivity to radiotherapy and
anticancer drugs [12,13]. A variety of imaging techni-
ques that assess cellular metabolic processes may act as
tumour response variables. For example, 18-FDG-PET
and 11-C-thymidine PET reflect on glucose metabolism
and the proliferative activity of tumours [14] and 31-P-
magnetic resonance (MR) spectroscopy and 1-H-MRS
enable cellular energetics and membrane turnover to be
assessed [15]. Dynamic contrast medium enhanced
(DCE-magnetic resonance imaging (MRI)) which pro-
vides insights concerning tumour perfusion, capillary
permeability and leakage space is discussed in detail in

this article [16]. Other MR techniques are able to
measure intracellular pH (31-P-MRS), water diffusion
and cell membrane integrity (diffusion imaging) [17].
The development of novel contrast agents will enable
the distribution of extracellular pH to be mapped and
18-fluoromidonidazole can be used as a PET imaging
agent to measure tumour hypoxia non-invasively [18].
Furthermore, molecular imaging techniques currently
being developed will enable us to image processes such
as intracellular signalling, imaging of gene delivery and
expression, and imaging of drug delivery [19].

2. Imaging angiogenic targeted treatments

Functional characterisation of the tumour neovascu-
lature by imaging will be important for the treatment of
patients receiving anti-angiogenic therapies. Clinical
imaging of angiogenesis should be designed to address
the following aims:

1. Selection of the optimal treatment. The number of
anti-angiogenic compounds entering clinical
trials is rapidly increasing, and many additional
compounds are at various stages of development
each targeting a different point in the process.
The efficacy of treatment could vary between
tumours, and thus the choice of optimal treat-
ment will require information on the biology and
functional status of the tumour vasculature.
Thus, characterisation of the angiogenic status of
a tumour may allow the rational selection of
specific treatments.

2. Tailored dose optimisation based on the suppres-
sion of the specific activity. Clinical trials of anti-
angiogenic treatments have reported very low
toxicity compared with chemotherapy; toxicity
based selection of dose may therefore not be
optimal for in vivo activity. Imaging may aid in
dose selection if it were possible to show quanti-
tative biological effects specified by a mechanism-
based knowledge of drug action.

3. Detection of early anti-angiogenic response. The
intrinsic redundancy of signalling mechanisms
associated with angiogenesis will lead to partial
or complete resistance of the tumour vessels to
therapy. Interest in imaging techniques that can
provide early indicators of effectiveness at a
functional or molecular level has therefore
increased. Tumour response to treatment can be
detected by imaging techniques that are capable
of monitoring changes in perfusion, blood
volume or microvessel permeability.

4. Analysis of the impact of treatment on tumour
progression.Monitoring the therapeutic effects of
anti-angiogenic therapy is expected to be harder
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to detect and quantify. This is because anti-
angiogenic treatments may not result in sub-
stantial reductions in tumour volume and con-
ventional size measurements of response may be
insensitive or markedly delayed even when there
is a significant antivascular effect. Imaging based
approaches will also be valuable for monitoring
chronic anti-angiogenic treatment as these thera-
pies will be used for long-term stabilisation of
cancer. As anti-angiogenic therapy is envisioned to
require long-term treatment, non-invasive, cost-
effective techniques would be highly desirable.

Specific molecular markers on newly formed vessels
can be imaged by novel imaging techniques. Many of
these markers have also been identified as potential tar-
gets of vascular-directed therapies. Specific examples of
these kinds of imaging techniques include imaging of
���3 endothelial integrins by paramagnetic liposomes
[20]. These paramagnetic liposomes can be designed to
carry anti-angiogenic or cytotoxic drugs thus enabling
both treatment and visualisation of angiogenic endo-
thelium in tumours. Other approaches include targeting
of angiogenesis-associated fibronectin isoforms using
optical probes [21] and imaging labelled antibodies tar-
geting tumour growth factor � receptor [22]. Tumour
angiogenesis can also be analysed using intrinsic blood
oxygenation level dependent (BOLD) contrast MRI for
mapping mature and immature vessels and their differ-
ential sensitivity to perturbations in vascular endothelial
growth factor (VEGF) expression [23]. This application
of BOLD MRI is discussed in more detail below. A
number of anti-angiogenic agents also cause endothelial
and tumour cell apoptosis. Apoptosis is a physiological
form of programmed cell death, which is critical for
organ development, tissue homeostasis and for the
removal of defective cells. Defects in the apoptotic
pathway are important features of cancers. Markers of
endothelial cell apoptosis, such as annexin V, may be
adapted for radiolabelling thus enabling direct visuali-
sation of sites where there is anti-angiogenic and
antitumour drug action [24].

3. Clinical MRI assessment of microvessel function

MRI can be used experimentally and clinically to
characterise tumour microvessel structure and function
[25]. MRI techniques can be divided into non-enhanced
and contrast media enhanced methods [26]. The latter
can be further divided by the type of contrast medium
utilised; (i) non-specific techniques that utilise small-
molecular agents that distribute rapidly in the extra-
cellular space (ECF agents), (ii) techniques that use
large-molecular agents designed for prolonged intravas-
cular retention (macromolecular contrast media, or

blood pool agents) and (iii) methods that use agents
intended to accumulate at sites of concentrated angio-
genesis mediator molecules. ECF contrast agents are
available commercially and the pathophysiological
basis, validation, quantification and clinical applications
of DCE-MRI will be discussed in detail. Macro-
molecular contrast media are in clinical development,
but are not currently approved for human use. Mole-
cular targeted contrast media are in preclinical develop-
ment. MRI methods of evaluating microvessel function
have the advantage of good spatial resolution often
equal to that of corresponding morphological images.
MRI techniques are minimally invasive and involve lit-
tle patient risk. As such, they can be incorporated into
routine patient studies. Limitations of MRI techniques
are discussed below. Other imaging techniques that
assess microvasculature have a number of drawbacks
[27–29]. For example, ultrasound examinations are lim-
ited by poor depth of penetration and organs such as
the brain and lungs remain inaccessible. Ultrasound is
also highly operator-dependent. Radiation exposure
considerations and the small volume of tissue that can
be examined limits CT assessments. PET is limited by
high cost and limited availability of equipment. Fur-
thermore, the short lives of radioisotopes used require
that a cyclotron and onsite radiochemistry be present.

4. Contrast agent kinetics using extracellular contrast

agents

DCE-MRI is able to distinguish malignant from
benign tissues by exploiting differences in contrast agent
kinetics [30,31]. When a bolus of paramagnetic contrast
agent passes through a capillary bed, it is initially con-
fined in the intravascular space. Within this space, it
produces magnetic field (Bo) inhomogenities that result
in a decrease in the signal intensity of surrounding tis-
sues. In most extracranial tissues and in some brain
tumours, the contrast agent then passes into the extra-
vascular-extracellular space (EES) at a rate determined
by the permeability of the capillaries and their surface
area. The early phase of contrast enhancement (often
referred to as the ‘first pass’) includes the arrival of
contrast medium and lasts many cardiac cycles. In this
phase, the contrast medium gains access to the extra-
cellular space via diffusion and causes shortening of tis-
sue T1-relaxation times. The early signal increase
observed on T1-weighted images arises from both the
vascular and interstitial compartments. Contrast med-
ium also begins to diffuse into tissue compartments fur-
ther removed from the vasculature including areas of
necrosis and fibrosis. Over a period typically lasting
several minutes to half an hour, the contrast agent dif-
fuses back into the vasculature from which it is excreted
(usually by the kidneys). Contrast medium elimination
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from very slow-exchange tissues such as fibrosis and
necrosis occurs more slowly causing persistent delayed
enhancement.
MR sequences can be designed to be sensitive to the

vascular phase of contrast medium delivery (so-called
T2* methods which reflect on tissue perfusion and
blood volume). Similarly, sequences sensitive to the
presence of contrast medium in the EES reflect on
microvessel permeability and extracellular leakage space
(so-called T1 methods). The analysis methods for eval-
uating these techniques have their foundations in basic
physiology and pharmacology [32–34]. These two
methods are compared in Table 1.

5. T2*-weighted imaging

Perfusion-weighted images can be obtained with
‘bolus-tracking techniques’ that monitor the passage of
contrast material through a capillary bed [35,36]. The
decrease in signal intensity of tissues can be observed
with susceptibility-weighted T1- or T2*-weighted
sequences, the latter providing greater sensitivity and
contrast to perfusion effects. The degree of signal loss
seen is dependent on the vascular concentration of the
contrast agent and microvessel size [37] and volume.
The signal to noise ratio (SNR) of such images can be
improved by using higher doses of contrast medium (i.e.
50.2-mmol/kg body weight) [38]. High specification,
echo-planar capable MRI systems capable of rapid
image acquisition are required to adequately character-
ise these effects. However, such studies are possible on
conventional MRI systems using standard gradient-
echo sequences, but are limited to a few slices.

Tracer kinetic principles can be used to provide esti-
mates of relative blood volume (rBV), relative blood
flow (rBF) and mean transit time (MTT) derived from
the first-pass of contrast agent through the micro-
circulation [39] (Fig. 1). These variables are related by
the central volume theorem equation (BF=BV/MTT).
BV measurements can obtained from the integral of
time-susceptibility curves, but a number of conditions of
the central volume theorem are not met. For example,
injection time is not instantaneous (in general, not
obtainable in biological tissues) and as the arterial input
function is not typically measured, these parameters
estimates are qualitative or ‘relative’. Recently, quanti-
fication of these parameters has been undertaken by
simultaneous monitoring of the concentration of con-
trast agent in a large neck or brain vessel [40] and
quantified perfusion parameters in normal brain and
low grade gliomas have been obtained [40,41].
Recirculation of contrast medium can impair the cal-

culation of T2*-weighted parameter estimates. Other
physiological effects that hinder accurate measurements
include non-laminar flow, which arises from the pre-
sence of irregular calibre vessels, non-dichotomous
branching and high vascular permeability, which leads
to increased blood viscosity (from haemoconcentra-
tion). In addition, factors such as machine stability,
patient motion and intrinsic patient variables particu-
larly cardiac output and upstream stenoses can affect
the computations. The quantification techniques descri-
bed above also cannot readily be applied to areas of
marked blood–brain barrier breakdown or to extra-
cranial tumours with very leaky blood vessels. This is
because the T1 enhancing effects of gadolinium chelates
can counteract T2* signal lowering effects, resulting in

Table 1

Comparison of T2*- and T1-weighted dynamic contrast enhanced MR imaging techniques

T2*W imaging T1W imaging

Tissue signal intensity change Darkening Enhancement

Duration of effect and optimal data

acquisition

Seconds/subsecond Minutes/2–25 s

Magnitude of effect Small Larger

Optimal contrast medium dose 50.2 mmol/kg 0.1–0.2 mmol/kg

Quantification method used Relative more than absolute Relative and absolute

Physiological property measured Perfusion/blood volume Transendothelial permeability, capillary surface

area, lesion leakage space

Kinetic parameters derived Blood volume and flow, transit time Transfer and rate constants, leakage space

Pathological correlates Tumour grade and microvessel vessel density Microvessel density

Vascular endothelial growth factor (VEGF)

Clinical MR applications Lesion characterisation—breast, liver and brain Lesion detection and characterisation

Non-invasive brain tumour grading Improving accuracy of tumour staging

Directing brain tumour biopsy Predicting response to treatment

Determining brain tumour prognosis Monitoring response to treatment

Monitoring treatment, e.g. radiotherapy Novel therapies including anti-angiogenesis

drugs

Novel therapies including anti-angiogenesis drugs Detecting tumour relapse

MR, magnetic resonance.
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Fig. 1. Multifunctional MRI assessment of breast carcinoma. The following series of images were obtained from a 49-year-old woman with mul-

tifocal, invasive ductal breast cancer. All images were obtained in a time period acceptable to most patients (50 min). (a) Anatomical, sagittal post

contrast enhanced, subtraction MR image of the breast shows multiple foci of irregular enhancement compatible with multifocal breast cancer. The

arrow refers to a feature indicated in (f) below. Images (b) and (c) are obtained from a T1-weighted acquisition using 0.1 mmol/kg of contrast

medium (Gadopentatate dimeglumine). (b) Transfer constant pixel map shows the permeability surface area product of the vasculature displayed as

a pixel map on the anatomical image (maximum transfer constant displayed is 1.0 ml/ml/min). High transfer constant values compared with normal

breast and heterogeneous distribution is typical of cancer. (c) Leakage space pixel map at the same slice position (maximum leakage space displayed

100%). Images (d) and (e) are obtained from a T2*-weighted acquisition using 0.2 mmol/kg of contrast medium. (d) Relative blood volume and (e)

relative blood flow pixel maps have been obtained at a slightly lower spatial resolution, but at the same anatomical location. The tumour foci are

noted to be markedly hypervascular. Note the good correspondence between perfusion parameters (d, blood volume and e, blood flow) and the

permeability parameter maps (b, transfer constant). (f) Synthetic R2* maps calculated from a series of Blood Oxygenation Level Dependent

(BOLD) images obtained at the same level. The BOLD images themselves are not shown. Lighter colours indicate poorer tissue oxygenation

because of greater levels of deoxyhaemoglobin. The largest lesion is better oxygenated than normal tissues. A disparity between tissue oxygenation

(greater deoxyhaemoglobin) and blood flow (high flow) is seen in the lowest lesion on its posterior aspect indicated by the arrows on (a) and (f).
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falsely low blood volume values in very leaky vessels.
Quantitative imaging is thus most reliably used for nor-
mal brain and non-enhancing brain lesions (e.g. low-
grade gliomas) because the contrast medium is retained
within the intravascular space. One solution to over-
coming these problems is to use non-gadolinium sus-
ceptibility contrast agents based on the element
dysprosium, which has a strong T2* effect, but a weak
T1 effect [42,43].
The signal loss observed with T2*-weighted sequences

have been used qualitatively in clinical studies to char-
acterise liver, breast and brain tumours [44–46]. Relative
cerebral blood volume (rCBV) mapping can be used to
detect areas of increased vascularity in brain gliomas
[47,48]. Areas of high tumour rCBV appear to correlate
with tumour grade and vascularity, but not with cellular
atypia, endothelial proliferation, necrosis or cellularity
[47]. In low-grade gliomas, homogeneous low rCBV is
found whereas high-grade tumours display both low
and high rCBV components [49]. Cerebral blood
volume maps can therefore be used to direct stereotactic
biopsy to areas where high tumour grade may be found
[50,51]. Other potential uses of T2*W imaging in
patients with brain tumours include distinguishing
radiation necrosis from recurrent disease, determining
prognosis and monitoring response to radiotherapy [41].
Recently, T2*-weighted MRI has been used to monitor
the treatment effects of thalidomide administered with
carboplatin in patients with recurrent malignant glio-
mas [52]. This preliminary report showed that changes
on T2*-weighted images correlated more closely with
the clinical status of patients than conventional
contrast enhanced images, possibly because enhancement
on T1-weighted images is not specific for active tumour.

6. T1-weighted imaging

Extracellular contrast media readily diffuse from the
blood into the EES of tissues at a rate determined by the
permeability of the capillaries and their surface area.
Shortening of T1 relaxation time caused by contrast
medium is the mechanism of tissue enhancement. Most
DCE-MRI studies employ gradient-echo sequences to
monitor the tissue enhancing effects of contrast media.
This is because gradient-echo sequences have good
contrast medium sensitivity, high signal-to-noise ratio
and data acquisition can be performed rapidly. The
degree of signal enhancement seen on T1-weighted
images is dependent on a number of physiological and
physical factors. These include tissue perfusion, capil-
lary permeability to contrast agent, volume of the
extracellular leakage space, native T1-relaxation time of
the tissue, contrast agent dose, imaging sequence used
and parameters utilised and on machine scaling factors
[53,54].

Signal enhancement seen on a dynamic acquisition of
T1-weighted images can be assessed in two ways: by the
analysis of signal intensity changes (semi-quantitative)
and/or by quantifying contrast agent concentration
change using pharmacokinetic modelling techniques
[55]. Semi-quantitative parameters describe tissue signal
intensity enhancement using of a number of descriptors.
These parameters include onset time (time from injec-
tion to the arrival of contrast medium in the tissue),
initial and mean gradient of the upslope of enhancement
curves, maximum signal intensity and washout gradient.
As the rate of enhancement is important for improving
the specificity of examinations, parameters that include
an additional time element are also used (e.g. maximum
intensity time ratio (MITR) [56] and maximum focal
enhancement at 1 min [57,58]). Semi-quantitative para-
meters have the advantage of being relatively straight-
forward to calculate, but have a number of limitations.
These include the fact that they do not accurately reflect
tissue contrast medium concentration or the vascular
endpoint of interest (tissue perfusion, blood volume and
capillary permeability). Semi-quantitative estimates are
also subject to the variabilities of scanner manufacture
and examination settings (including gain and scaling
factors). These limitations can and do make between-
patients and system comparisons difficult.
Quantitative techniques use pharmacokinetic model-

ling techniques that are usually applied to tissue con-
trast agent concentration changes. Signal intensity
changes observed during dynamic acquisition are used
to estimate contrast agent concentration in vivo
[55,59,60]. Concentration–time curves are then mathe-
matically fitted using one of a number of recognised
pharmacokinetic models [61]. Examples of modelling
parameters include the volume transfer constant of the
contrast agent (Ktrans—formally called permeability-
surface area product per unit volume of tissue), leakage
space as a percentage of unit volume of tissue (ve) and
the rate constant (kep also called K21) (Fig. 1). These
parameters are related mathematically (kep=K

trans/ve)
and recently have been reconciled with others that
appear in the literature [62]. It is important to note that
in tissues with highly permeable vessels, the rate at
which the contrast medium enters the EES is limited by
perfusion and in this situation the transfer constant
(Ktrans) is equivalent to the plasma flow per unit volume
of tissue [63]. In tissues such as the brain where an intact
blood–brain barrier limits the rate at which the contrast
medium enters the EES, Ktrans is equivalent to the per-
meability surface area product. In malignant tumours,
vessels in general are more permeable than normal tis-
sues, but are heterogeneously distributed and therefore
Ktrans reflects a combination of permeability surface
area product and perfusion. Quantitative parameters
are more complicated to derive compared with those
derived semi-quantitatively. The model chosen may not
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fit the data obtained, and each model makes a number
of assumptions that may not be valid for every tissue or
tumour type [61,62]. None the less, if contrast agent
concentration can be measured accurately and the type,
volume and method of administration are consistent,
then it may possible to directly compare pharmacoki-
netic parameters acquired serially in a given patient and
in different patients imaged at the same or different
scanning sites [63].
Many studies have attempted to correlated tissue MR

enhancement with immuno-histochemical microvessel
density (MVD) measurements [26]. A number of studies
have shown broad correlation between MR enhance-
ment and MVD [64–67], whereas others have found no
correlation [68,69]. Experience shows that factors other
than microvessel density must be important in deter-
mining the degree of tissue enhancement. For example,
in the brain, retina and testis, high vascular density and
capillary permeability estimates do not correlate
because of an intact capillary–interstitial space barrier.
Recently, VEGF a potent vascular permeability and
angiogenic factor has been implicated as an additional
explanatory factor that determines MR signal enhance-
ment. Knopp and colleagues [70] reported that vascular
permeability to contrast media closely correlated with
tissue VEGF expression in breast tumours. The impor-
tance of the role of VEGF in determining microvascular
permeability is supported by the spatial association of
hyperpermeable capillaries and VEGF expression on
histological specimens [71,72]. A correlation between
serum VEGF levels and rectal tumour Ktrans values has
recently been reported [73]. Furthermore, the observa-
tion that MR kinetic measurements can detect suppres-
sion of vascular permeability after anti-VEGF antibody
[74] and after the administration of inhibitors of VEGF
signalling [75] lends weight to the important role played
by VEGF in determining MR enhancement. Other
characteristics that have been correlated with enhance-
ment patterns include the degree of stromal cellularity
and fibrosis [76,77], tissue oxygenation [69] and tumour
grade [78].
Analysis of enhancement seen on dynamic T1-weigh-

ted is a valuable diagnostic tool in a number of clinical
situations. The most established role is in lesion char-
acterisation where it has found a role in distinguishing
benign from malignant breast and musculoskeletal
lesions [57,79]. Dynamic T1-weighted MRI studies have
also been found to be of value in staging gynaecological
malignancies, bladder and prostate cancers [80,81].
Most recently, enhancement parameters have been
shown to predict survival in patients with cervical can-
cers; that is, tumours with fast initial rate of enhance-
ment or vascular permeability were more likely to have
a poorer prognosis [82] despite having a higher radio-
therapy response rate [83]. DCE-MRI studies have
also been found to be of value in detecting tumour

relapse within treated tissues of the breast and pelvis
[84–88].
DCE-MRI is also able to predict response or monitor

the effects of a variety of treatments. These include
neoadjuvant chemotherapy in bladder and breast can-
cers and bone sarcomas [89–92]. In breast cancer, for
example, it has recently been shown that a decrease in
transendothelial permeability accompanies tumour
shrinkage and that an early (1–2 cycles of chemo-
therapy) increase or no change in permeability can pre-
dict non-responsiveness [93]. Other treatments that can
be monitored include radiotherapy (Fig. 2) of rectal and
cervical cancers [73,94,95], androgen deprivation in
prostate cancer [96] and vascular embolisation of uter-
ine fibroids [97]. All these studies show that successful
treatment results in a decrease in the rate of enhance-
ment and that poor response results in persistent
abnormal enhancement however judged (semi-quantita-
tively or quantitatively). A number of studies have
recently reported on the use of T1-weighted MRI for
monitoring the effects of anti-angiogenic/antivascular
treatments [75,98,99].

7. Promising new MRI approaches

7.1. Macro-molecular MR assays of microvascular
function

MRI assays of tumour angiogenesis using macro-
molecular contrast agents (MMCM) should be feasible
soon. MMCM-enhanced MRI parameters of tumour
microvessel characteristics include vascular permeability
(kPS) and the fractional plasma volume (fPV) [100].
Physiologists have observed that the microvessels of
cancer are hyperpermeable to macromolecules, a feature
largely absent in normal vessels [101,102]. Hyperperme-
ability to macromolecules is considered important, even
essential, to angiogenesis because it allows plasma pro-
teins to seep into the tumour interstitium forming the
matrix for the subsequent in-growth of new capillaries.
Data analyses in animal models have shown good
correlation between MRI-derived assays of tumour kPS
and fPV with histological microvessel density (MVD)
[103,104]. Preclinical studies have also demonstrated
that MMCM-enhanced MRI could identify and
measure the effect of an anti-VEGF antibody on
tumour vascular permeability [74]. This study showed
that MMCM estimates of vascular permeability were
highly sensitive to angiogenesis modulation as early as
24 h after a single dose of anti-VEGF antibody. The
fractional plasma volume did not change significantly
suggesting that this characteristic, dependent on vessel
morphology (MVD and surface area) is less sensitive
than permeability to inhibition of VEGF. Macro-
molecular MRI contrast media for use in clinical studies
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of anti-angiogenesis/antivascular drugs has not been
approved.

7.2. Imaging vascular function using haemoglobin as a
contrast agent

Analysis of vascular function can be accomplished by
using deoxyhaemoglobin as an intrinsic, paramagnetic
contrast agent (blood oxygenation level dependent or
BOLD contrast) [105]. Gradient-echo T2* weighted

images that are sensitive to changes in blood volume,
blood flow and blood oxygenation are used. BOLD
contrast can be used for mapping changes in blood
volume fraction, and vascular functionality associated
with angiogenesis [106,107]. Multi-gradient echo tech-
niques allow the calculation of relaxation (R2*) maps
that are exclusively sensitive to tissue oxygenation
(Fig. 1f). Vascular function can be evaluated by analysis
of BOLD contrast changes in response to hyperoxia and
hypercapnia [106,108]. Clinical application of this

Fig. 2. Monitoring radiotherapy response of bladder cancer with DCE-MRI. Columns: anatomical T2-weighted MR images of a transitional cell

bladder carcinoma, transfer constant maps (colour display range 0–2 ml/ml/min) and leakage space maps (colour display range 0–100%) in a patient

being treated with radiotherapy. Top row: Baseline images show that the bladder wall is markedly thickened, but has a low transfer constant sug-

gesting that the thickening is not due to tumour infiltration. The stalk of the tumour has intermediate transfer constant values. A number of pixels

within the tumour show no colour (modelling failures). Median tumour transfer constant value 1.39 ml/ml/min, leakage space values 70%, and rate

constant value 1.98 ml/ml/min. Middle row: 30 days after starting radiotherapy (44 gray), the tumour has changed in shape, but continues to show

high transfer constant values. The wall and fatty tissues around the bladder now show increased transfer constant (increased capillary permeability)

and leakage space. These features are consistent with vascular damaging effects of radiotherapy. Median tumour transfer constant value 0.64 ml/ml/

min, leakage space values 59%, and rate constant value 1.18 ml/ml/min. Bottom row: 30 days after the completion of treatment (total dose admi-

nistered 60 gray), the tumour mass has almost completely regressed, but the bladder wall continues to be thickened. Marked reductions in transfer

constant and leakage space are now observed. Median tumour transfer constant value 0.29 ml/ml/min, leakage space values 45%, rate constant

value 0.66 ml/ml/min. (Reprinted by kind permission of W.B. Saunders and Clinical Radiology [16].).
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technique has revealed high signal enhancements in
response to carbogen (5% CO2: 95%O2) inhalation in
human tumours [109]. Taylor and colleagues have also
reported that human studies are technical challenging
[109]. The primary advantage of BOLD techniques is
that there is no need to administer contrast material.
Measurements can be repeated as needed with almost
no limitation. BOLD contrast is not sensitive to fluc-
tuation in permeability. A major reservation for intrin-
sic contrast imaging is the low contrast to noise ratio in
the images obtained.

8. Challenges for functional MRI techniques

From the above discussion, it is clear that a variety of
MRI techniques can evaluate microvascular structure
and function. This variety can make it difficult to make
meaningful comparisons between different tissue types
and to compare data obtained from different imaging
centres. The clinical imaging community needs to agree
on a limited number of examination and analysis pro-
tocols in order to enable techniques to be validated and
used in clinical trials. Another issue that needs to be
addressed is that of data collection in body parts where
there is a large degree of physiological movement such
as the lungs and liver. Some techniques such as PET are
unable to demonstrate heterogeneity within tumours at
high spatial resolution and for such techniques, physi-
ological motion does not appear to be a problem.
However, for CT and MRI, the presence of motion can
invalidate functional vascular parameter estimates.
Quantification techniques aim to minimise errors that
can result from the use of different equipment and ima-
ging protocols. Quantification techniques also enable
the derivation of kinetic parameters that are based on
some understanding of physiological processes and so
can provide insights into tumour biology. Quantifica-
tion techniques are therefore preferred when evaluating
angiogenic interventions. Quantification techniques
often rely on the application of a mathematical model
to the data acquired. Experience shows that such mod-
els may not fit the data observed. The causes of such
modelling failures are complex and often not well
understood. We do not have models that fit all data and
more sophisticated models that provide insights into
tissue compartment behaviour are needed.
Measurement error is the variation between measure-

ments of the same quantity on the same individual. An
estimate of measurement error enables us to decide
whether a change in observation represents a real
change. Data addressing the precision and measurement
variability of different imaging techniques is urgently
needed and should be an integral part of any new pro-
spective study that evaluates the functional response to
therapy. Factors that determine measurement error for

a given technique also need to be defined. Any imaging
assay of tumour microvascular characteristics must be
rigorously validated against accepted surrogates of
angiogenesis. Unfortunately, no single imaging assay or
surrogate may be adequate to reflect the whole spectrum
of events involved in angiogenesis. Commonly used and
appropriate surrogates include histological micro-
vascular density (MVD) as counted on factor VIII or
CD34-stained tumour specimens and vascular matura-
tion index (VMI) [26]. Also, quantitative measures of
VEGF or other known mediators of angiogenesis, in the
tumour tissue itself, or in the plasma, can be compared
to the imaging assay results. Similarly, the imaging
assays need to be tested against each other in order to
determine their relative utility. Analysis and presenta-
tion of imaging data needs to take into account the
heterogeneity of tumour vascular characteristics. Pixel
mapping techniques (Figs. 1 and 2) with histogram
analysis are methods by which such heterogeneity can
be displayed and quantified.

9. Conclusions

Functional MRI techniques have the potential to act
as new tumour response variables. Some parameters
have already been investigated for their potential as
tumour response parameters, but there have been few
large correlative studies. Anatomical and multi-
functional response assessment studies are difficult to
perform because of costs, availability of equipment and
expertise, lack of robust image registration procedures
(particularly in extracranial applications) and due to
time constraints that are acceptable to patients and
institutional ethics committees. This is particularly the
case where such evaluations have to be repeated to
determine the optimal timing for response of individual
parameters. The importance of being able to perform
combined multifunctional and morphological exami-
nations cannot be overemphasised; they will enable co-
registration of anatomical and functional data and so
allow an appreciation of tumour heterogeneity, and will
enable correlation between different and diverse func-
tional parameters. Furthermore, they should allow
longitudinal outcome studies to be performed, which
will lead to an improved understanding of aspects of
tumour biology and treatment response, which in turn
may improve patient staging, treatment stratification
and determination of prognosis. These techniques will
also have a central role in the evaluation of novel
therapies, for example, anti-angiogenesis drugs, gene
therapy and antibody treatments. Given the lead-time
between the development of a therapeutic approach of a
drug in the laboratory and its evaluation in the clinic,
clinicians and radiologists would do well to fully
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evaluate currently available and new imaging technologies
as potential response parameters.
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