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Abstract

The development of neovasculature via angiogenesis is a vital component of many normal physiological processes and
a number of disease states. Neovascularisation is critical for the growth of malignant tumours and for the development
and survival of metastases. Recently, the potential of non-invasive imaging for the functional characterisation of
neovasculature has become realised. In this review we describe the process of tumour angiogenesis for radiologists
and present a summary of the most available computed tomography/magnetic resonance imaging techniques that car
depict the functional vascular status of human tumours.
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Introduction further tumour expansion. It is clear that tumour growth
eyond 1-2 mm requires vascular in-grol#th The

Arr: g?(ggniz'f Irzc:sgtlatslar?grzpr?n;g:aroéf 29;2asr]§rs,n:a er‘ic‘mary stimulus for new vessel formation is presumed to
physiological p A N ord € hypoxia. It is well established that for soluble oxygen
It is critical for the growth of primary malignant tumours

: within tissues, diffusion distances are of the order of
and for the development of metastases. The importance, 4 T . B
: . - .~ 100-150m!™, Tissue angiogenesis is invoked by the

tumour angiogenesis is well known to clinical oncologists : . . .
. i ; . expression of pro-angiogenic growth factors (cytokines)

but until recently has been less familiar to radiologists. . . . : ;
X . . . and by suppression of anti-angiogenic factors. Expression
This review describes the process of tumour angiogenes

and features unique to tumour microvasculature. Tf?o P?ng(l)c)’(?ceglfe?s/totl)(lnr?osrrcr:]?)r:}atl)estlirr]r?uul;:gnaestnz ?;pggze
potential of imaging to non-invasively characterisé yp » OY

neovasculature is demonstrated with an emphasis on {fi ult from the' act|vat|o.n of oqcogene;. o
techniques of perfusion computed tomography (CT) and he factors involved in angiogenesis can be classified

dynamic magnetic resonance imaging (MR, according to the role they play in the proc_@és .
Many tumours secrete high levels of proangiogenic

cytokines including vascular endothelial growth factor
(VEGF) and fibroblast growth factor (FGF). Many
more pro-angiogenic cytokines are known about and
Angiogenesis involves a cascade of events in whigmportantly, pro-angiogenic factors serve as survival
host endothelial cell are stimulated to form new bloothctors for proliferating endothelial cells. Tumours also
vessels. The angiogenic process is a complex multistepduce anti-angiogenic factors, many of which suppress
phenomenon with interactions between a variety of cedhgiogenesis at metastatic sites but not the primary
types and cytokines. As tumours grow, an initial avascul&wmour®7l. Anti-angiogenic factors are proapoptotic for
phase is followed by neovascularisation which permitgzroliferating endothelial cells. It is the net balance of
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positive and negative regulators of angiogenesis thaticrovessel permeability and diameter, water diffusion,
determine the state of angiogenesis at a local level.  tissue oxygenation and metabolism. MRI techniques are
Angiogenesis within malignant tumours is a disordiscussed in more detail below.
ganised and chaotic process. Many different features ofPerfusion CT, also called functional multi-detector row
vascularity permit the distinction between malignant an@T (f-MDCT), can be performed with contrast medium
benign processes, some of which can be interrogated foymeasure vascular characteristics including blood flow,
imaging techniques. Structural and functional charactestood volume, mean fluid transit time and capillary
istics of malignant tumour vasculature include: permeability in a variety of organs and tumol#s?®!. f-
MDCT can show increases in tissue perfusion that may
. L _reflect underlying malignancy even in the absence of
(2) P oorly formed, fragile vessels with high perme"’lb”gross anatom)i/ca? abnogr]malihg]. There are differences
ity to macromolecules between f-MDCT and dynamic MRI that will influence
(3) Arterio-venous shunting, high vascular tortuosityhe choice of technique in a given clinical situation.
and vasodilatatiof Both CT and MRI techniques can provide qualitative and
(4) Intermittent or unstable blood flow due to transienguantitative assessments of tumour vascularity. However,
rises in already raised interstitial presséte quantification by dynamic MRI is technically more
(5) Extreme heterogeneity of vascular density witlehallenging than f-MDCT as there is a lack of a direct
areas of low vascular density mixed with regionselationship between MRI signal intensity and contrast
of high angiogenic activitl’. agent concentration, particularly in large vessels. This is

- related to the fact that tissue signal intensity on MRI is
There are a number of clinical examples where neqQ-

vascularisation has been related to tumour progressi r(]arived from the effect of contrast medium on water in
RS ?hé surrounding microenvironment which changes tissue
e.g. the change from breast ductal carcinoimasitu

to invasive canceét®l. Prognosis is related to the staterela.)(ivity in complex ways_that can b? unpredictable
of angiogenesis and elevated tumour levels of VEG times (the contrast medium per se is not detected).
he relationship between contrast concentration and CT

in breast cancer patiedtdl. Immuno-histochemical N s straiahth 4 a5 there is a direct l
staining measurements of angiogenic activity, knowfiancement is straightforward as there 1S a direct inear
lationship between enhancement change and iodine

as microvessel density (MVD), have been shown & on. F I 120 KV h
be an important prognostic factor for overall survivafoncentration. For example, at , an enhancement

. . . i i iodinel7]
that is independent of other known prognostic varlablé?ange of 25 HU is equil\aalent tohl mgLOf |od|n? '
including stage, grade and lymph node status in a numtjgpWever. compared with MRI there has so far been
of cancer typel. little validation of f-MDCT with accepted surrogates

MVD provides direct assessment of angiogenes?g angiogenesis and sensmwt.y to phy§|olog|cal motion
and requires tumour tissue, generally from operati\f@d radiation exposure remain potential drawbacks. In
specimens. This process is, however, limited bﬁidition, the signal to noise ratio remains poor for f-
the inability to provide information about vasculaMPCT when compared to MRI (Fig. 1). _
functionality, particularly in response to treatment. Ultrasound imaging can identify vascular features in
Indirect methods of assessing angiogenesis inclufigmours at different Ievellsg]of resolution depending upon
serum estimates of angiogenic cytokines and circulatifge technique gmployé%?' ~. Doppler ultrasound is used
endothelial cells as well as imaging. These methodQ identify flowing blood within vessels with a resolution
have the advantages of being non-invasive and can iBethe order of 1 mm although this range is extended
performed on tumourén situ. Indirect techniques are Power Doppler. Spectral Doppler is able to quantify blood

status of the vasculature can be assessed. flow is presence in relation to the phase of the cardiac

cycle. The detection of cancer using Doppler techniques
is dependent on increased, asymmetric flow to a region
Imaging angiogenesis: comparison of due to an increased number apd size qf vessels. A recent
methods development has .been the introduction of gltrasound
contrast agents which are gas-encapsulated microbubbles
Several commonly available imaging techniques a@ less than 10um in diameter. Since microbubbles
able to assess human tumours with respect to thaie confined to the vascular space, this makes them
angiogenic status. Both CT and MRI have the advantaiteal for perfusion imaging techniques. Microbubble-
of good spatial resolution, which is often equal tepecific techniques allow imaging of vessels down to
that of corresponding morphological images. They a&0-100xm in diameter. In addition, since microbubbles
minimally invasive, involve little patient risk and dataare vascular tracers, following a bolus injection, their
acquisition is quick thus allowing their incorporation intgpassage through a tissue of interest can be quantified
routine patient studies. MRI techniques are also sensititee generate time intensity curves from which many
to a variety of contrast mechanisms including blood flovfunctional indices can be derived, including bolus arrival

(1) Spatial heterogeneity and chaotic structure
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Figure 1 CT and T1-weighted images of the liver in a patient with metastatic colorectal cancer. The MRI
scans (top row) were acquired before and 36 s after 0.1 mgkg body weight of Gd-DTPA contrast medium. The
CT images (bottom row) were acquired before and 35 s after 50 ml of iodinated contrast medium (300 mgrhl).
These represent the standard doses of contrast medium used for T1-weighted DCE-MRI and functional CT.
The CT images are acquired at 80 kV, which is optimal for demonstrating contrast medium uptake. Note that,
even when these technical factors are taken into account, the signal to noise ratio for MRI is better than for CT.
Corresponding parametric maps derived from the dynamic data are shown together with the quantification
method that has been used.

time, time to peak intensity, area under the curve, washLow molecular weight contrast agent
infout curves, as well as more complex deconvolution kinetics used for CT/MRI
indices. Contrast-enhanced ultrasound generated indices

of blood flow, blood volume, or vascularity within

malignant tissue correlate well with intravascular red " N ,
blood cell velocitie®22l. To date, however, there &€ low molecular weight' agents (typically1 kDa)

has been little validation of ultrasound with accepte\lyhtICh d|fflfse frtteely ”b?tween theEér;[rat;/atscular and
histological surrogates of angiogendsik Poor acces- extravascular, extracellular space ( ) but never cross

- . . . . cell membranes. These contrast agents have a high first
sibility to certain anatomic regions (e.g. lung and braw:E

gurrently the most commonly used contrast agents

and operator dependence are other outstanding iss ass extraction in most normal (with the exception of the

Ultrasound cannot of course provide information o erg-m’ testes a_nd retina) anq tumour tissues. Three major
microvessel permeability factors deterrr_nn_e th_e behawou_r of low molecular vyelght
) T ' contrast media in tissues during the first few minutes
Positron emission tomogrgphy (PET) can also be USSﬂer injection: blood perfusion, transport of contrast
to evaluate tumour metabolism, oxygenation as well agent across vessel walls and diffusion of contrast
blood flow and volume depending on the tracer useflaqiym in the interstitial space. If the delivery of the
A number of radiotracers are available to characteriggnirast medium to a tissue is insufficient (flow-limited
tissue vascularity, e.g°0 labelled water and carbongiiations or where vascular permeability is greater
monoxide, which can quantify tissue perfusion anghan inflow) then blood perfusion will be the dominant
blood volume, respectiveli?’l. PET is considered by factor determining contrast agent kinetics; this situation
many to be the gold standard for the non-invasivig commonly found in tumours. If tissue perfusion is
measurement of tissue perfusion but there is little tumoypfficient and transport out of the vasculature does
data or independent validation outside the brain. PEJot deplete intravascular contrast medium concentration
methods are limited by high cost, limited availability of(non-flow limited situations, e.g. in areas of fibrosis or
equipment and poor anatomic resolution. Furthermorgiter treatment) then transport across the vessel wall
the short lives of radioisotopes require that a cyclotrofie. permeability) is the major factor that determines
and onsite radiochemist be present, all of which precludentrast medium kinetics. As low molecular weight
PET’s inclusion into routine clinical assessment ofontrast media do not cross cell membranes, their volume
angiogenesis. of distribution is effectively the interstitial space. It is
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Table 1  Comparison of dynamic-MRI with functional-MDCT

Dynamic susceptibility contrast Dynamic relaxivity contrast Functional multi-detector CT
enhanced MRI (DSC-MRI) enhanced MRI (DCE-MRI) (-MDCT)
Mechanism of tissue Susceptibility effects of contrast Relaxivity effects of contrast agent Contrast medium attenuation of
enhancement agent on magnetic field on tissue water X-rays
Tissue compartment being Vascular space Vascular and extravascular space Vascular and extravascular space
interrogated
Tissue signal intensity change Darkening Enhancement Enhancement
Duration of effect and optimal Seconds; every 1-2 s Minutes; 2-25 s Minutes; 2-5 s
data acquisition
Magnitude of effect Small Larger Small
Signal to noise ratio of Low Very high Relatively low
technique
Quantification method used Central volume theorem General multi-compartment Deconvolution distributed
pharmacokinetic model parameter model and Patlak
analysis
Kinetic parameters measured Relative blood flow, relative bloodlransfer constants, leakage space, Blood flow, blood volume, mean
volume, mean transit time blood volume and flow transit time, permeability

the differences in these contrast agent kinetics betwedependent on the vascular concentration of the contrast
normal tissue and tumour that are exploited by botigent and microvessel si28 and density. The signal
f-MDCT and dynamic MRI to provide lesion/tissueto noise ratio (SNR) of images can be improved by
specific information. using high doses of contrast medium (i.e2 @mol/kg
body weightj27]. High specification echo-planar capable
MRI systems, which allow rapid image acquisition, are
Dynamic MRI required to adequately characterise these effects. Such
studies are possible on conventional MRI systems using
When injected as a paramagnetic bolus, gadoliniustandard gradient-echo sequences but are limited to fewer
containing MRI contrast agents are transiently confineglices.
within the vascular space. While in that vascular spaceTracer kinetic principles can be used to provide
they produce magnetic fieldB,) inhomogeneities that estimates of relative blood volume (rBV), relative blood
result in a decrease in the signal intensity of surroundirfigpw (rBF) and mean transit time (MTT) derived from
tissues. MR sequences can be designed to be sensitivento first-pass of contrast agent through the microcircu-
the vascular phase of contrast medium delivery (so-callestion2324.28] (Fig. 2). These variables are related by
T2* or susceptibility-based methods which reflect othe central volume theorem equati®F = BV/MTT).
tissue perfusion and blood volume). Similarly, sequencgie most robust parameter that can be derived from the
sensitive to the presence of contrast medium in thigst pass is rBV; this is obtained from the integral of
EES reflect on microvessel perfusion, permeability antle time series data of the first p&8& For extracranial
extracellular leakage space (so-called T1 or relaxivityumours, the time series data are usually fitted to a
based methods). These methods are compared withgkmma variate function from which kinetic parameters
MDCT in Table 1. are obtained. Absolute quantification is not currently
possible for the evaluation of visceral tissues and
tumours. From a practical perspective, it is not always
Dynamic susceptibility contrast necessary to quantify T2veighted DSC-MRI data in
enhanced MRI (DSC-MRI) order to obtain insights into the relative distribution
of tissue perfusion. Simple subtraction images can be
Perfusion-weighted images can be obtained with ‘bolusalculated to demonstrate the maximal signal drop, which
tracking techniques’ that monitor the passage of contrdstturn has been strongly correlated with relative blood
material through a capillary b&%24. The decrease flow and volume in tumour$®31,
in signal intensity of tissues can be observed with Quantitative DSC-MRI is currently most reliable in
susceptibility-weighted T1 or F2weighted sequences,brain applications as the contrast medium is largely
the latter providing greater sensitivity and contrast tretained within the intravascular sp&te. There is very
perfusion effects. In this context, spin-echo sequenckttle data in the literature regarding the use of DSC-MRI
are more sensitive to capillary blood flow compared witbutside the brain. Qualitative observations of signal loss
gradient-echo sequences, which incorporate signals frabserved on DSC-MRI have been reported in preliminary
larger vessel€®]. The degree of signal loss observed islinical studies to characterise liver, breast and brain
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Figure 2 Typical DSC-MRI study in a patient with breast cancer. Gd-DTPA contrast medium (0.2 mmo}kg
body weight) was administered after the 10th baseline data point acquisition. Images were acquired every 2 s.
The first pass susceptibility effects cause marked darkening of the tumour with little alteration of the fibro-
glandular breast parenchymal tissue. The recirculation phase is not well appreciated. The signal intensity fails
to return to baseline because of marked leakage of contrast medium out of the vascular space.

lesions. For example, Ichikawatal. were able to imaging sequence used, imaging parameters utilised and
discriminate between liver metastases, hemangiomas amdmachine scaling factors.
hepatomas on the basis of characteristic signal intensitySignal enhancement seen on a dynamic acquisition of
changes on echo-planar MR, Both Kuhl etal. and T1-weighted images can be assessed either by analysing
Kvistad etal. have qualitatively evaluated the value okignal intensity changes (semi-quantitative) and/or by
DSC-MRI for characterising breast lesid#s®l. Both quantifying contrast agent concentration changes using
studies showed strong signal intensity decreases pgRarmacokinetic modelling techniques (Fig. 3). Semi-
malignant tissues with only minor susceptibility effectguantitative parameters have the advantage of being
in fibroadenomas. relatively straightforward to calculate but have a number
of limitations including an inability to accurately reflect
contrast medium concentration in the tissue of interest.
T1-weighted dynamic MRI (DCE-MRI) They can also be influenced by scanner settings.
Quantitative methods use pharmacokinetic modelling
Most dynamic relaxivity enhanced DCE-MRI studiedechniques that are applied to tissue contrast agent
employ T1-weighted gradient-echo sequences to moni@fncentration changes. Signal intensity changes during
the tissue enhancing effects of contrast media. TH#&Nnamic acquisition are used to estimate contrast agent
is because gradient-echo sequences have good cont¢ggcentratiorin vivol®6-37. Quantitative parameters are
medium sensitivity, high signal to noise ratio and th&ore complicated to derive which deters their use at the
data acquisition can be performed rapidly. Unlike fworkbench. The main advantage of quantification is the
MDCT, the degree of signal enhancement seen on Tability to directly compare examinations acquired serially
weighted MR is dependent on a number of physiologicét a given patient and in different patients imaged at the
and physical factors. These include tissue perfusiosgme or different scanning sites.
capillary permeability to contrast agent, extracellular Many studies have attempted to correlated tissue MR
leakage space volume, native T1-relaxation rates of thehancement with immuno-histochemical microvessel
tissue, contrast agent dose (and its protein binding)ensity (MVD) measurements. Some MRI studies have
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Figure 3 Typical T1-weighted DCE-MRI study in the same patient shown in Fig. 2. Gd-DTPA contrast
medium (0.1 mmolkg body weight) was administered after the 4th baseline data point acquisition. Images
were acquired every 12 s. Marked early enhancement of the breast tumour is seen with washout. The pattern
of enhancement is in marked contrast to that observed in Fig. 2.

shown broad correlations between T1 kinetic parametiére breast and pel& 51 Recently, DCE-MRI has

estimates and MVD, whereas others have not. Recentigen shown to be of value for screening women at

VEGF, which, as noted above, is a potent vasculfigh genetic risk of breast canée®. DCE-MRI is

permeability and angiogenic factor, has been implicatediso able to predict response or monitor the effects

as an additional explanatory factor that determines M& a variety of treatments. These include neoadjuvant

signal enhancement although the relationship betweefemotherapy in bladder and breast cancers and bone

MRI enhancement and tissue VEGF expression is nearcoma&3-57l Other treatments that can be monitored

straightforward. Other characteristics that have bedpclude radiotherapy in rectal and cervix cané&sl!

correlated with enhancement patterns include the deg®d androgen deprivation in prostate caf®érA num-

of stromal cellularity and fibrosis and tissue oxygenatioBer of studies have recently reported on the use of T1-

(see Padhani and Dzik-Jurd®zfor a comprehensive Weighted DCE-MRI for monitoring the effects of antian-

review). giogenic/antivascular treatmef$%3. These response
Enhancement seen on T1l-weighted DCE-MRI is @Ssessment studies show that successful treatment results

valuable tool in a number of clinical situations. The modf! @ decrease in the rate and magnitude of enhancement

established role is in lesion characterisation where it h88d that poor response results in persistent abnormal

found a role in distinguishing benign from malignanfnhancement.

breast and musculoskeletal lesi6fs®l. Dynamic T1-

weighted MRI studies have also been found to be of

value in staging gynaecological malignancies, bladder Conclusions

and prostate cancdf843. DCE-MRI studies have also

been found to be of value in detecting tumour relapsehere is a definite clinical need for non-invasive tumour

in the presence of fibrosis within treated tissues @hgiogenesis imaging assays. Ultrasound, f-MDCT,
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DSC-MRI and DCE-MRI are currently the favoured [9]
techniques for evaluating tumours with respect to their
functional microcirculation. Diffusion MRI is another 10]
but less validated technique. The choice between C[I'
and MRI is determined by several key factors including
local availability and expertise, tumour site, desiredll]
perfusion parameter and the need to reduce radiation
burden. The widespread availability of MDCT may be(;
a major determinant in future use. To date there have
been no comprehensive studies that have compared
the performance of functional CT and dynamic MRIL
in tumour assessment. There are anatomical regions
where functional CT is preferable to dynamic MRI,
mainly due to the presence of artefacts that wouldt4!
interfere with MRI evaluations. These include the upper
abdomen, in particular the root of the visceral vesselg;s)
the mediastinum and at the pulmonary hila. On the other
hand, for brain examinations, dynamic MRI should be
the preferred technique, as the radiation burden frort®!
functional CT, particularly for serial examinations, may[17)
become unacceptable.

A number of challenges must be met if quantitative
imaging of angiogenesis is to enter wider clinical prac-
tice. These include the need for commercial equipment
manufacturers to provide robust methods for rapidly
measuring time-varying changes in tissue contrast ageff!
concentration and robust analysis software with validated
statistical tools for the evaluation of heterogeneity. Suckpg)
developments will be essential for multicentre trials
where it will be necessary to establish effective cross-
site standardisation of measurements and evaluatio[r%.1 ]
As imaging scientists and clinicians, the radiological22)
community will need to become enthusiastic key players
if there is to be successful clinical implementation of

. . - [23]
angiogenesis imaging.

[24]
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