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Invited Review

Dynamic Contrast-Enhanced MRI in Clinical
Oncology: Current Status and Future Directions

Anwar R. Padhani, MB, BS™

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MR]) is performed after the administration of intra-
venous contrast medium to noninvasively access tumor
vascular characteristics. DCE-MRI techniques utilizing
low-molecular-weight contrast media have successfully
made the transition from methodological development to
preclinical and clinical validation and are now rapidly be-
coming mainstream clinical tools. DCE-MRI using macro-
molecular contrast medium (MMCM) can also assay micro-
vascular characteristics of human tumor xenografts.
MMCM approval for human use will occur soon. The suc-
cess of both techniques depends on their ability to demon-
strate quantitative differences of contrast medium behavior
in a variety of tissues. Evidence is mounting that kinetic
parameters correlate with immunohistochemical surro-
gates of tumor angiogenesis, including microvessel density,
and with pathologic tumor grade. DCE-MRI is being ap-
plied to monitor the clinical effectiveness of a variety of
treatments, including antiangiogenic drugs. Kinetic pa-
rameter changes following treatment have correlated with
histopathological outcome and patient survival. This arti-
cle reviews the current clinical status of low-molecular-
weight DCE-MRI and reviews the potential of MMCM tech-
niques for evaluating human tumors. Ongoing challenges
faced by DCE-MRI as clinical and research tools will be
explored.
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ANGIOGENESIS IS A COMPLEX PROCESS critical to
growth and metastasis of malignant tumors. The im-
portance of tumor angiogenesis is well known to clinical
oncologists, but until recently has been less familiar to
radiologists (1-3). Magnetic resonance imaging (MRI)
can be used experimentally to characterize microvas-
culature, providing information about tumor microves-
sel structure and function (4-8). MRI techniques can
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be divided into nonenhanced and contrast media-en-
hanced methods (9). The latter can be further divided
by the type of contrast medium utilized: 1) low-molec-
ular-weight agents (<1000 Da) that rapidly diffuse in
the extracellular fluid (ECF) space, 2) large molecular
agents (>30,000 Da) designed for prolonged intravas-
cular retention (macromolecular contrast media
(MMCM) or blood pool agents), and 3) agents intended
to accumulate at sites of concentrated angiogenesis-
mediating molecules. Low-molecular-weight contrast
agents are in widespread clinical use and are the pri-
mary focus of this review. The pathophysiological basis,
validation, and quantification of low-molecular-weight
dynamic contrast-enhanced MRI (DCE-MRI) will be de-
scribed, as will current and future clinical applications.
MMCM are at the stage of preclinical development and
clinical testing; some (ferumoxides) are already avail-
able for human use, but angiogenesis assessment is not
currently an approved clinical indication. The potential
role of macromolecular DCE-MRI for assessing human
tumor angiogenesis will be reviewed (8). Molecular tar-
geted contrast media are in preclinical development
and are not expected to be approved for human use
soon (10).

MRI methods of assessing vascular characteristics
have a number of advantages compared with other im-
aging methods, such as positron emission tomography
(PET), computed tomography (CT), ultrasound, or sin-
gle-photon emission computed tomography (SPECT)
(11-13). The signal-to-noise ratio (SNR) and contrast-
to-noise ratio (CNR) of MR images are high, and spatial
resolution is often equal to that of corresponding mor-
phologic images. MRI is more readily available than PET
or xenon inhalation CT. MRI methods are minimally
invasive and do not involve radiation exposure. In gen-
eral, MRI data acquisition is quick and thus can be
incorporated into routine patient studies. Importantly,
MRI is sensitive to small-vessel function, depending on
the technique used, whereas PET is dominated by
large-vessel structures. MRI techniques are also sensi-
tive to a variety of contrast mechanisms, including
blood flow, microvessel permeability and diameter, tis-
sue oxygenation, and metabolism, which, when taken
together, can inform on the tumor microenvironment
(Fig. 1). The limitations of MRI techniques are dis-
cussed herein.
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CONTRAST AGENT KINETICS
Low-Molecular-Weight ECF Agents

When a bolus of paramagnetic, low-molecular-weight
contrast agent passes through a capillary bed, it is
transiently confined within the vascular space. This
first pass includes the arrival of contrast medium and
can last many cardiac cycles. In most tissues except the
brain, testes, and retina, the contrast agent rapidly
passes into the extravascular-extracellular space
(EES), also called leakage space (v.), at a rate deter-
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Figure 1. Multifunctional MRI as-
sessment of breast cancer. Images
obtained from a 56-year-old woman
with invasive ductal breast cancer in
a 50-minute examination. a: Ana-
tomical, sagittal T2-weighted image
of the breast showing a well-defined
breast mass compatible with breast
cancer. b: Early subtraction image
obtained 90 seconds after injection of
0.1 mmol/kg of an ECF contrast me-
dium (gadopentetate dimeglumine).
c: Transfer constant pixel map (max-
imum transfer constant displayed is
1.0 minute™). High-transfer con-
stant values, compared to normal
breast and heterogeneous distribu-
tion, are typical of cancer. There is a
focal area of lower-transfer constant
posteriorly (arrow). d: Leakage space
(ve) pixel map at the same slice posi-
tion (maximum v, displayed 100%).
There is a large increase in v, around
the tumor such that tumor edges are
not identified. e: rBV map obtained
from a T2*weighted gradient-echo
acquisition using 0.2 mmol/kg of
contrast medium. The raw data were
obtained at a slightly lower spatial
resolution but at the same anatomi-
cal location. The tumor is noted to be
markedly hypervascular. Note the
good spatial correspondence be-
tween the rBV image and the transfer
constant map (c). f: Synthetic R2*
maps calculated from a series of gra-
dient-echo images with varying TE
(5-75 msec) at the same location.
Lighter shades (arrow) of gray poste-
riorly in the tumor possibly indicate
poorer oxygenation or fibrosis. This
area corresponds to the tumor region
with the lowest blood volume.
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mined by the permeability of the microvessels, their
surface area, and blood flow (14-16). In tumors, a vari-
able 12%-45% of the contrast media can leak into the
EES during the first pass (17). The transfer constant
(K™2"%) describes the transendothelial transport of a
low-molecular-weight contrast medium by diffusion.
Three major factors determine the behavior of low-mo-
lecular-weight contrast media in tissues: blood perfu-
sion, transport of contrast agent across vessel walls,
and diffusion of contrast medium in the interstitial
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space. If the delivery of the contrast medium to a tissue
is insufficient (flow-limited situations or where vascular
permeability is greater than inflow), then blood perfu-
sion will be the dominant factor determining contrast
agent kinetics and K™ approximates to tissue blood
flow per unit volume (18,19). The latter situation is
commonly found in tumors. Note that necrotic regions
with a poor blood supply may have low K™" values
despite high intrinsic vessel permeability (20,21). If tis-
sue perfusion is sufficient and transport out of the
vasculature does not deplete intravascular contrast
medium concentration (nonflow limited situations—
e.g., in areas of fibrosis or normal brain tissues), then
transport across the vessel wall is the major factor that
determines contrast medium kinetics. As low-molecu-
lar-weight contrast media do not cross cell membranes,
their volume of distribution is effectively the interstitial
space (v.). The contrast medium also begins to diffuse
into tissue compartments further removed from the
vasculature, including areas of necrosis and fibrosis.
Over a period typically lasting several minutes to hours,
the contrast agent diffuses back into the vasculature
(described by the rate constant or k.,) from which it is
excreted (usually by the kidneys, although some ECF
contrast media have significant hepatic excretion).
When capillary permeability is very high, the return of
contrast medium is typically quick, resulting in fast
washout. Contrast medium elimination from very slow
exchange tissues, such as fibrosis and necrosis, occurs
slowly, explaining the persistent delayed enhancement
characteristic of some tumors, e.g., cholangiocarci-
noma and breast cancer (22).

Both T1- and T2*-weighted MRI sequences can be
designed to detect the initial vascular phase of contrast
medium delivery and thus enable the estimation of tis-
sue perfusion and blood volume. Signal enhancement
caused by shortening of T1 relaxation times can be
quantified using T1-weighted sequences (23-26). Con-
centrated intravascular contrast media also produce
magnetic field (Bo) inhomogeneities that reduce the sig-
nal intensity of surrounding tissues. T2*-weighted se-
quences can be used to quantify these effects (27,28).
T1-weighted sequences are also used to detect the pres-
ence of contrast medium in the EES and so can be
employed to estimate microvessel permeability surface
area product and extracellular leakage space. The anal-
ysis methods for evaluating these techniques have their
foundations in basic physiology and pharmacology
(14,29,30).

Macromolecular Weight Contrast Media

ECF contrast agents have a high first-pass extraction
fraction in both normal and abnormal tissues (17).
Physiologists have noted that microvessels of cancers
are specifically hyperpermeable to macromolecules
(31,32). MMCM have molecular sizes that approximate
some serum proteins and a minimal single-pass extrac-
tion fraction in normal vessels, and therefore appear
well suited for the measurement of tumor macromolec-
ular hyperpermeability (17,33,34). MMCM are probably
delivered to the interstitial space by nonspecific vesic-
ular transport (vesiculo-vacuolar organelles) or through
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transendothelial channels (35). Albumin-(Gd-DTPA)3,
is the prototype MMCM (70-90 kDa), but this agent has
been found to be immunogenic and has significant re-
tention in the liver and bone (36). Polylysine-(Gd-DTPA)
is not readily biodegradable, which also makes it un-
suitable for human use. Recently, ultrasmall super-
paramagnetic iron oxide (USPIO) particles (diameter,
20-30 nm) have been investigated as MMCM (37,38).
USPIO MMCM persist in the circulation with half-lives
of between 3 and 24 hours, depending on the prepara-
tion (39). SNR and degree of enhancement are greater
with increasing doses of USPIO contrast medium (37).
However, at higher doses, T2* effects can overwhelm
the desired T1 enhancement effects in tissues. T2* ef-
fects can be marked when vascular densities are high
and heterogeneously distributed. T2* effects can be
minimized by sequence optimization (40).

T2*-WEIGHTED IMAGING FOLLOWING ECF
AGENT ADMINISTRATION

Data Acquisition

Perfusion-weighted images can be obtained with bolus-
tracking techniques that monitor the passage of con-
trast material through a capillary bed (27,28). Bolus
injection of the contrast medium is essential to the
success of these techniques, and the use of MR-com-
patible power injectors is recommended. When a bolus
of paramagnetic contrast agent passes through a cap-
illary bed, it produces magnetic field (Bo) inhomogene-
ities that result in a decrease in the signal intensity of
surrounding tissues. This effect can be observed with
susceptibility-weighted T1- or T2*-weighted sequences,
the latter providing greater sensitivity and contrast to
perfusion effects. In this context, spin-echo sequences
are more sensitive to capillary blood flow than gradient-
echo sequences, which incorporate signals from larger
vessels (41). The degree of signal loss observed is de-
pendent on the vascular concentration of the contrast
agent and microvessel size (42) and density. A linear
relationship between blood concentration of the con-
trast agent and change in transverse relaxation time is
usually assumed. The SNR of such images can be im-
proved by using higher doses of contrast medium (i.e.,
=0.2 mmol/kg of body weight) (43). MRI systems capa-
ble of rapid image acquisition are required to ade-
quately characterize these effects. High-specification,
echo-planar capable systems are well suited to this
task, allowing rapid, multislice acquisition, particularly
in brain applications. However, such studies are possi-
ble on conventional MRI systems using standard gradi-
ent-echo techniques but are limited to fewer slices.

Quantification

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 the contrast agent through the microcircu-
lation (27,28,44). Kinetic parameters can be obtained
from the integral of the time susceptibility curve or by
the fitting of a gamma-variate function to eliminate
tracer recirculation effects. These variables are related
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by the central volume theorem equation (BF = BV/
MTT), 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 typi-
cally measured, these parameters are qualitative or rel-
ative. Quantification of these parameters has been un-
dertaken by simultaneous monitoring of the
concentration of contrast agent in a large neck or brain
vessel (45), and quantified perfusion parameters in nor-
mal brain and low-grade gliomas have been obtained
(46,47).

Limitations

Limitations specific to T2* MRI methods are discussed
here, and those related to DCE-MRI techniques in gen-
eral are discussed later (vide infra). Contrast recircula-
tion can impair the calculation of perfusion information
when integration methods are used. These effects can
be minimized by gamma-variate fitting routines. Phys-
iological factors that hinder accurate perfusion mea-
surements include nonlaminar flow, which arises from
the presence of irregular caliber vessels; nondichoto-
mous branching; high microvessel permeability, lead-
ing to increased blood viscosity from hemoconcentra-
tion; and high interstitial pressure. In addition, factors
such as machine stability, patient motion, and intrinsic
patient variables, particularly cardiac output and up-
stream stenoses, can affect computations.

The quantification techniques described above only
provide accurate measurements of perfusion parame-
ters in the brain because the intact blood-brain barrier
(BBB) retains the contrast medium within the vascula-
ture. Errors are introduced if there is marked capillary
leakage. This loss of compartmentalization and the T1-
enhancing effects of ECF agents in the EES can counter
T2* signal-lowering effects, resulting in falsely lowered
blood volume computations. Solutions for obtaining
more reliable perfusion data under these circum-
stances are currently being investigated. In areas of
moderate BBB breakdown, model-based corrections to
the data can be performed to take into account the
relative contribution of T1 and T2* components in DCE-
MRI studies (48-50). Optimization of pulse sequence
parameters to minimize T1 effects can also be used (51).
Additionally, predosing with a small amount of contrast
medium can be used; this allows T1 shortening effects
to occur before the arrival of the main bolus of contrast
medium and thus minimize competing T1 and T2* ef-
fects. The latter enables rBV to be estimated in visceral
tumors, as illustrated in Fig. 1. Another approach is to
use non-gadolinium-based susceptibility contrast
agents. Dysprosium-based contrast media have a
strong T2* effect, but a weak T1 effect, compared to
gadolinium chelates (52). Preliminary results indicate
that dysprosium-based relative cerebral blood volume
(rCBV) maps are superior to those obtained with gado-
linium chelates (53,54). USPIO particles designed for
bolus injection can be used as susceptibility contrast
agents to study tissue perfusion (55,56). Encouraging
early clinical results using USPIO particles are begin-
ning to appear in the literature (57,58).
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Clinical Experience

Qualitative observations of signal loss were observed on
T2*-weighted sequences after gadolinium contrast me-
dia were used in clinical studies to characterize liver,
breast, and brain tumors. Ichikawa et al were able to
discriminate between liver metastases, hemangiomata,
and hepatomas on the basis of characteristic signal
intensity changes on echo-planar MRI (59). They ob-
served that hemangiomata and hepatomas caused the
strongest decreases in signal intensity, but noted that
this phenomenon was of shorter duration in hepato-
mas. These observations are explained by the size and
speed of clearance of vascular pools in hemangiomata
(large vascular pools with slow clearance) and hepato-
mas (smaller vessels with fast clearance). Similar ob-
servations have been noted after USPIO particle admin-
istration for characterizing liver lesions (60). Both Kuhl
et al and Kvistad et al have evaluated the value of
T2*-weighted imaging after ECF contrast agent admin-
istration for characterizing breast lesions (61,62). Both
studies showed strong decreases in signal intensity in
malignant tissues, whereas susceptibility effects in fi-
broadenomas were minor. The latter studies showed
that it was possible to differentiate carcinomas from
fibroadenomas with high specificity using T2*-weighted
characteristics despite significant overlap in T1 en-
hancement patterns. The pathophysiological explana-
tion probably relates to differences in microvessel ar-
rangements, density, and size in malignant tumors and
fibroadenomas. A recent histopathological study com-
pared microvessel distributions in invasive breast can-
cer and fibroadenomas (63). This study demonstrated
that there was complete overlap in microvessel density
(MVD) counts, but noted that the distribution of mi-
crovessels was distinctive. Microvessel distribution in
breast carcinomas showed marked regional variations,
with fewer vessels seen within the center of tumors than
in the periphery. Other investigators have also shown
MVD hot spots in breast cancers (64,65). In contradis-
tinction, microvessel distributions in fibroadenomas
are more evenly spread within the stroma. Both Kuhl et
al and Kvistad et al commented that T2* effects oc-
curred in focal areas that may correspond to the hot
spots in MVD counts in tumors.

Quantitative imaging is currently most reliable for
normal brain and nonenhancing brain lesions because
the contrast medium is retained within the intravascu-
lar space. T2*-weighted perfusion mapping techniques
have progressively entered neurological practice (66—
71). Clinical applications include characterization of
tumor vascularity (49,66,70,72), follow-up of treatment
response (47,67,71,73), and the study of stroke (74). In
the World Health Organization (WHO) grading system
for cerebral neoplasms, neovascularization, cellular
and nuclear pleomorphism cell density, and necrosis
are key histological features (75). Given that MVD is a
prognostic feature for astroglial tumors (76), there is a
paucity of data correlating T2* kinetic parameters with
MVD in human brain tumors. Areas of high tumor
rCBV are readily visible in patients with brain gliomas
(Fig. 2) (70,77) and appear to correlate with mitotic
activity (information on tumor grade) and vascularity,
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but not with cellular atypia, endothelial proliferation,
necrosis, or cellularity (70). rCBV maps appear to have
a high negative predictive value in excluding the pres-
ence of high-grade tumor in untreated patients regard-
less of their enhancement characteristics on T1-
weighted MRI. In low-grade gliomas, homogeneous low
rCBV is found, whereas higher-grade tumors display
both low and high rCBV components (78). rCBV can be
used to direct stereotactic biopsy (79,80). This is impor-
tant because both treatment and prognosis of astroglial
tumors are determined by histological grade, and up to
25% of stereotactic brain biopsies are undergraded,
compared with resection specimens (81). Other poten-
tial uses of T2*-weighted imaging in patients with brain
tumors include distinguishing radiation necrosis from
recurrent disease (54), determining prognosis (82), and
monitoring response to radiotherapy (83) and combina-
tion chemotherapy with antiangiogenic drugs (84).

T1-WEIGHTED IMAGING FOLLOWING ECF
CONTRAST AGENT ADMINISTRATION

Data Acquisition

T1 relaxation time shortening caused by the contrast
medium in the vascular and EES is the mechanism of
tissue enhancement observed on T1-weighted images.
The degree of signal enhancement is dependent on a
number of physiological and physical factors. Physio-
logical factors, which include tissue perfusion, capillary
permeability, and volume of the extracellular leakage
space, are the parameters of interest in these experi-
ments. Physical factors that determine contrast en-
hancement include contrast agent dose and method of
administration, native T1 relaxation times of the tissue,
imaging sequence used, and machine scaling factors
(85,86). A discussion of contrast medium dose and
methods of administration can be found in the section
entitled “Challenges for DCE-MRI Techniques” (vide in-
fra). To monitor the tissue-enhancing effects of ECF
agents on T1-weighted images, confounding T2 and T2*
effects must be controlled. T1-weighted gradient-echo
saturation recovery/inversion recovery snapshot se-
quences (e.g., turboFLASH) or echo-planar sequences
are typically used. Each of these techniques enables the
tissue T1 relaxation time to be estimated, and thus
allows quantification of contrast medium concentration
(87-89). The choice of sequence and parameters used is
dependent on intrinsic advantages and disadvantages
of the sequences, taking into account T1 sensitivity,
anatomical coverage, acquisition times, susceptibility
to artifacts arising from magnetic field inhomogeneities,
and accuracy for quantification. In order to model tis-
sue contrast behavior (vide infra), the contrast agent
concentration at each time point during the imaging
procedure needs to be known. Many workers assume
that the change in signal intensity or relative signal
intensity is directly proportional to the tissue contrast
concentration using their sequence (90-92). However,
when contrast agent concentrations become large (e.g.,
within vessels), this becomes a poor approximation,
because signal intensity varies nonlinearly with con-
trast agent concentration. Native T1 relaxation time,
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Figure 2. Blood volume and permeability MRI in brain oligo-
dendroglioma. a: Axial T2-weighted MR image of a transformed
malignant cerebral oligodendroglioma. A large necrotic mass is
seen in the frontal lobe extending across the midline. High
signal areas within the mass are presumed to represent ne-
crosis. b: Gadopentetate dimeglumine (0.2 mmol/kg) en-
hanced T1-weighted GRE image shows irregular enhance-
ment. A large area of nonenhancement (arrow) is now visible
with surrounding edge enhancement. There is little BBB
breakdown anteriorly in the tumor. c: Transfer constant map
(maximum transfer constant displayed = 1 minute™). The
area with the highest transfer constant is in the center of the
tumor. There is a region of high transfer constant immediately
adjacent to the area of nonenhancement shown in (b). The
spatial distribution of transfer constant values does not match
the distribution of rCBV (e). d: Leakage space (ve) map (maxi-
mum v, demonstrated, 100%). There is a good spatial match of
leakage space with transfer constant values. e: rCBV map at
the same slice location. The tumor is noted to be markedly
hypervascular with a blood volume equal to or greater than
cortical gray matter. The blood volume is increased in a het-
erogeneous manner but appears greatest where enhancement
on T1-weighted images is least. For example, the blood volume
is least in the immediate vicinity of the large nonenhancing
area seen in (b) (arrow).

choice of flip angle, slice width profiles, and sequence
parameter choice may introduce significant errors in
these cases (85). If the time-varying T1 relation time can
be accurately estimated over a large range of T1 values
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(89,93,94), then tissue concentration of the contrast
agent can be calculated (95).

Quantification

Signal enhancement seen on a dynamic acquisition of
T1-weighted images can be assessed in two ways: by
the analysis of signal intensity changes (semiquantita-
tive) and by quantifying contrast agent concentration
change, or AR1, using pharmacokinetic modeling tech-
niques. Semiquantitative parameters describe tissue
enhancement using a number of descriptors derived
from time-signal intensity curves (96). These parame-
ters include onset time (time from injection to the first
increase in tissue signal enhancement), initial and
mean gradient of the upsweep of enhancement curves,
maximum signal intensity, and washout gradient. Clin-
ical practice has shown that the rate of enhancement is
also important for improving the specificity of DCE-
MRI, and parameters that include a timing element are
widely used (e.g., maximum intensity time ratio (MITR)
(97) and maximum focal enhancement at 1 minute (98,
99)). The uptake integral or initial area under the (time
signal) curve (AUC) has also been studied (86). Kuhl et
al have also successfully correlated the shape of time
signal intensity curves with breast lesion histology
(100). Semiquantitative parameters have the advantage
of being relatively straightforward to calculate, but they
have a number of limitations. These limitations include
the fact that they do not accurately reflect contrast
medium concentration in the tissue of interest and can
be influenced by scanner settings (including gain and
scaling factors). These factors limit the usefulness of
semiquantitative parameters and make between-pa-
tient and system comparisons difficult (vide infra). Fur-
thermore, it is often unclear what these parameters
reflect physiologically and how robust they are to vari-
ations of cardiac output. Evelhoch has suggested that
the AUC parameter, when normalized to muscle tissue,
parallels K™@"® estimates over a wide range of tissue
input function using mathematical simulations (86).
Nevertheless, it is clear that semiquantitative parame-
ters have a close but complex and undefined link to
underlying tissue physiology and contrast agent kinet-
ics.

In general, quantitative techniques model tissue con-
trast agent concentration, although some workers
model signal intensity, making the assumption that
signal intensity changes are proportional to contrast
agent concentration changes (90-92). Signal intensity
changes measured during a dynamic enhancement ac-
quisition can be used to estimate contrast agent con-
centration in vivo (89,93,94). Concentration-time
curves are then mathematically fitted using one of a
number of recognized pharmacokinetic models, and
quantitative modeling parameters are derived. For a
detailed discussion on pharmacokinetic modeling tech-
niques, refer to the recent review by Tofts (101). Exam-
ples of modeling parameters include the volume trans-
fer constant of the contrast agent (K™"*—formally
called permeability—surface area product per unit vol-
ume of tissue), leakage space as a percentage of unit
volume of tissue (v), and the rate constant (k.,, also
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called K,;). These standard parameters are related
mathematically (ke, = K'™"s /y.) and recently have been
reconciled with others that appear in the literature (19).

Quantitative parameters are more complicated to de-
rive than those derived semiquantitatively, which de-
ters their use at the workbench. The data obtained may
not fit the model chosen, and each model makes a
number of assumptions that may not be valid for every
tissue or tumor type (19,101). Major modeling assump-
tions include a description of the time-varying blood
concentration of contrast agent, also called the input
function; the models of Tofts and Brix assume that the
supply of contrast medium is not perfusion limited; and
some models assume that the tissue blood volume con-
tributes a negligible signal on T1-weighted images,
compared with that arising from contrast medium in
the interstitial space. Given the proviso that one or
more of these assumptions may not be valid, if the
contrast agent concentration can be measured accu-
rately and the type, volume, and method of administra-
tion are consistent, then it may possible to compare
directly pharmacokinetic parameters acquired serially
in a given patient and in different patients examined at
the same or different scanning sites (102,103). Further
discussion of modeling techniques can be found below
in the section entitled “Challenges for DCE-MRI Tech-
niques.”

Clinical Validation

Histological studies have found that MVD in malignant
tissues is higher than in normal parenchyma, but there
is an overlap with benign lesions, including inflamma-
tory and proliferative processes (104,105). Many clini-
cal studies have correlated tissue MR enhancement
with immunohistochemical MVD measurements (Table
1). Some MRI studies have shown broad correlations
between T1 kinetic parameter estimates and MVD
(104,106-108), whereas others have found no correla-
tion (109,110). Recently, vascular endothelial growth
factor (VEGF), a potent vascular permeability and
proangiogenic factor, has been implicated as an addi-
tional explanatory factor that determines MR signal en-
hancement. Knopp et al reported that MR vascular per-
meability (measured as the efflux rate constant Kj;)
closely correlated with tissue VEGF expression in
breast tumors (111). In tumors without significant
VEGF expression, a linear correlation of Ky; and MVD
was seen. Once tissue VEGF staining became promi-
nent, Ky, increased rapidly, independently of MVD. In-
terestingly, in a careful histological study of cervix can-
cer, the same group was unable to demonstrate a
correlation between the same kinetic parameter and
tissue VEGF staining, but was able to demonstrate sig-
nificant correlations with MVD (112). The importance of
VEGF in determining microvascular permeability is
supported by the spatial association of hyperpermeable
capillaries and VEGF expression in xenografts (113)
and by a positive correlation of serum VEGF and rectal
cancer transfer constant values, as reported by George
etal (114). Furthermore, the observation that treatment
with neutralizing anti-VEGF antibodies results in per-
sistent inhibition of albumin-(GdDTPA);q extravasation
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Table 1
Validation of Dynamic T1-contrast Enhanced MR Kinetic Parameters With Markers of Angiogenesis in Humans
Comparisons with MVD (unless Statistical
Author/year Tumor type MR parameter stated) and correlation coefficient  significance
(&) level
Buadu et al. [1996](65) Breast Steepest slope 0.83 0.001
Stomper et al. [1997](104) Breast Maximum amplitude NS 0.02
Hawighorst et al. [1997, 1998](106, 112) Cervix Amplitude, ka1 A & MVD - 0.41 < 0.001
K1 & MVD - 0.46 < 0.05
A & VEGF NS
Kz1 & VEGF NS
Buckley et al. [1997](108) Breast Enhancement at 1 minute 0.47 0.002
Hulka et al. [1997](109) Breast Extraction flow product Malignant 0.8
Benign lesions 0.4
Malignant and benign lesions 0.36 < 0.01
Tynninen et al. [1999](107) Brain Presence or absence of NS 0.01
enhancement
Knopp et al. [1999](111) Breast Ka1 VEGF - 0.52 0.05
MVD in VEGF positive lesions NS
MVD in VEGF negative lesions 0.71 0.07
Ikeda et al. [1999](197) Breast Ktrans 0.89 < 0.01
Cooper et al. [2000](110) Cervix Signal intensity increase  0.02 NS
Rate of signal intensity 0.04 NS
increase
George et al. [2001](114) Rectal Klrans Serum VEGF 0.48 0.01

NS = not stated; MVD = microvessel density; VEGF = vascular endothelial growth factor.

in xenografts (115) and reductions in kinetic parame-
ters after treatment with VEGF tyrosine kinase inhibi-
tors in humans (116) lends weight to the important role
played by VEGF in determining MR enhancement.
Other characteristics that have been correlated with
enhancement patterns include the degree of stromal
cellularity and fibrosis (22,117) and tissue oxygenation
(110,118).

Clinical Experience

Analysis of enhancement seen on T1-weighted DCE-
MRI has been investigated in a number of clinical situ-
ations. Its role in detecting subclinical disease remains
to be determined and may include screening of subjects
at high genetic risk of breast cancer; the latter applica-
tion is the subject of several ongoing clinical trials
(119-122). A more established role is in lesion charac-
terization, where DCE-MRI has found a role in distin-
guishing benign from malignant breast and musculo-
skeletal lesions (98,123). Simple observations from
signal intensity time curves have shown that malignant
tissues generally enhance early, with rapid and large
increases in signal intensity compared with benign tis-
sues, which in general show a slower increase in signal
intensity. In the breast this difference is most marked
1-3 minutes after contrast medium administration
(97,98,124,125). However, investigators have noted
that there is an overlap in the enhancement rates of
benign and malignant breast lesions (126-128). As a
result, the sensitivity of breast MRI is high, but speci-
ficities are more variable, with fibroadenomas in partic-
ular demonstrating signal enhancement patterns sim-
ilar to that of invasive cancer (129). Nonmalignant
proliferative tissues such as benign prostatic hyperpla-
sia are also avidly enhancing in a pattern similar to
prostate cancer (130-132). Dynamic T1-weighted MRI

studies have been found to be of value in the staging of
gynecological malignancies and bladder and prostate
cancers (132-134). For example, DCE-MRI can improve
the accuracy of prostate cancer staging when used in
conjunction with T2-weighted images in patients with
equivocal capsular penetration or seminal vesicle inva-
sion (132,135).

DCE-MRI is also able to predict or monitor the effects
of a variety of treatments. These include neoadjuvant
chemotherapy in bladder and breast cancers and bone
sarcomas (136-140). In breast cancer, for example, it
has recently been shown that a decrease in transendo-
thelial permeability accompanies tumor response to
chemotherapy (Fig. 3) and that an early (1 or 2 cycles of
treatment) increase or no change in permeability can
predict nonresponsiveness (141). Other treatments
that can be monitored include radiotherapy in rectal
and cervix cancers (114,142-144), androgen depriva-
tion in prostate cancer (139), and vascular embolization
of uterine fibroids (145-147). A number of studies have
recently reported on the use of T1-weighted DCE-MRI
for monitoring the effects of antiangiogenic/antivascu-
lar treatments (Fig. 4) (116,148,149). A discussion of
the clinical roles for DCE-MRI in evaluating antiangio-
genic/antivascular drug treatments can be found be-
low. Response assessment studies show that success-
ful treatment results in a decrease in the rate of
enhancement and that poor response results in persis-
tent abnormal enhancement, however judged (semi-
quantitatively or quantitatively). The lack of specificity
for DCE-MRI as a tumor response variable (i.e., it can
be affected by most treatments) may reflect on the fact
that tumor cell kill, no matter how achieved, ultimately
results in vascular compromise. This allows DCE-MRI
to be used as an early tumor response variable, but may
mean that DCE-MRI is limited in its ability to mecha-
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Figure 3. Monitoring chemotherapy response of breast cancer with dynamic MRI. A 58-year-old postmenopausal woman with
a recurrent infiltrating ductal carcinoma of the breast. Columns depict anatomic subtraction images (obtained by subtracting
MR image acquired at 100 seconds after contrast agent administration from baseline image), corresponding transfer constant
maps (color range, 0-1 minute™), leakage space (maximum v, value, 100%), and scatter plots showing individual pixel transfer
constant and leakage space values. The pixel values displayed are from the whole tumor ROIs in four imaging slices. Scatter plots
are amenable to statistical analysis and have the advantage of enabling the changing relationships between kinetic variables to
be appreciated. Rows show data before treatment and after two and six courses of 5-fluorouracil, epirubicin, and cyclophos-
phamide (FEC) chemotherapy. With treatment, a reduction in the number of enhancing pixels is seen (first examination = 4215,
second examination = 2080, third examination = 1400). A stepwise reduction in kinetic parameter estimates is seen. Median

transfer constant values: first examination = 0.39 minute™
minute™!

nistically inform on nonvascular processes that under-
lie tumor response.

Recently, enhancement parameters have been shown
to predict prognosis in patients with cervix cancers;
that is, tumors with a fast initial rate of enhancement or
vascular permeability were more likely to have a poorer
prognosis (150), despite having a higher radiotherapy
response rate (151). DCE-MRI studies have also been
found to be of value in detecting tumor relapse within
treated tissues of the breast and pelvis (125,152-158).
For example, in the breast, early and rapid enhance-
ment has been shown to be good at discriminating be-
tween scar tissue and recurrent tumor. Many studies
now suggest that time since surgery and prior radio-
therapy need to be taken into account to avoid errors
when evaluating recurrent disease (154,155). Hey-
wang-Kobrunner et al (157), showed that the time in-
terval since treatment completion for breast cancer is
important diagnostically. They found that up to 9

, second examination = 0.28 minute™!, third examination = 0.085
. Median v, values: first examination = 72%, second examination = 61%, third examination = 35%.

months after treatment it was not possible to differen-
tiate between treatment change and recurrent malig-
nancy. Enhancement in the treated breast progres-
sively decreased, and after 18 months, no significant
enhancement was seen in most cases of postoperative
scarring, whereas enhancement was present with re-
current disease.

IMAGING AFTER MMCM ADMINISTRATION

A timed series of T1-weighted images is used to detect
and measure MMCM hyperpermeability. Ideally, both
the tumor and the blood pool are monitored simulta-
neously (34,159). Numerous approaches have been
proposed for analysis of the MRI data. Some ap-
proaches ignore the input function, while others in-
clude the blood response curve to correct for variations
in injection speed, contrast elimination, and circulation
time. The application of a bidirectional kinetic model to



DCE-MRI in Humans 415

the dynamic response data enables the estimation of
the coefficient of endothelial permeability (K*°) and the
fractional plasma volume (fPV) (159,160).

Only preclinical validation of MMCM techniques ap-
pears in the literature. An early study using albumin-
(Gd-DTPA)3, showed significant hyperpermeability of
tumors, compared to normal tissues in a rat fibrosar-
coma model (161). Using quantification techniques, van
Dijke et al showed a strong positive correlation between
tumor K*® and {PV with histological MVD in two sub-
types of mammary R3230 adenocarcinoma, one slow
growing and the other fast and aggressive (162). Re-
cently, Helbich et al studied the same tumor model
using a variety of DCE-MRI techniques with an ECF
contrast agent and showed no significant correlations
between enhanced parameters (except for T2*-weighted
imaging) and histological MVD (163). Intermediate-
sized molecules in the range of 15-30 kDa have also
been investigated as MMCM, but have shown limita-
tions, including poor correlation with tumor histologi-
cal grades (164-166). For example, Su et al evaluated
three contrast agents of differing molecular weights—
Gd-DTPA (<1 kDa), gadomer-17 (35 kDa), and albu-
min-(Gd-DTPA)30 (70-90 kDa)—to study breast tumors
in xenografts (166). They confirmed that Gd-DTPA was
able to distinguish benign from malignant tumors, but
was unable to grade malignant tumors. They found that
gadomer-17 was able to distinguish between high- and
low-grade malignant tumors, but was unable to distin-
guish low-grade cancers from benign lesions. Albumin-
(Gd-DTPA)30 was able to distinguish three, but low CNR
in the images was a major technical concern. Recently,
a study reported on the use of USPIO-enhanced MRI on
chemically induced breast tumors and showed that K*°
estimates correlated significantly with the histological
tumor grade (38). The correlations were essentially the
same as those obtained using albumin-(Gd-DTPA);, in
the same tumors (37).

Once approved for human use, MMCM assays of
tumor microvascular characteristics may be able to
address a number of important clinical issues. These
include noninvasive characterization of tumors, par-
ticularly at anatomic sites that are difficult to biopsy
(e.g., brain tumor grading), and distinguishing of be-
nign, proliferative lesions (e.g., fibroadenoma and be-
nign prostatic hyperplasia) from cancer. A preclinical
study has shown that MMCM-enhanced MRI can
monitor the antivascular effects of anti-VEGF anti-
body treatment in xenografts (115). When monoclonal
human anti-VEGF antibody was administered to
athymic rats implanted with human MB-MDA-435
breast adenocarcinomas, large reductions in perme-
ability were seen within 24 hours of treatment. Re-
ductions in KF® occurred without a change in fPV.
This suggests that monitoring antiangiogenic tumor
response is another possible clinical application (vide
infra).

Figure 4. Significant changes in tumor transfer constant following antivascular targeting treatment. a: Axial T2-weighted MRI through the

midpelvis shows a large, left inferior hypogastric lymph node (arrow) in a patient with malignant peritoneal carcinoma. Transfer constant map
(maximum transfer constant displayed 1.0 minute™) before (b) and 4 hours after (¢) administration of combretastatin (52 mg/m?). A marked

reduction in the transfer constant is seen in the lymph node, particularly in its center.

CHALLENGES FOR DCE-MRI TECHNIQUES
Imaging Protocol Standardization

From the above discussion, it is clear that a variety of
MRI techniques can evaluate microvascular structure
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and function. This variety can make it difficult to make
meaningful comparisons of data obtained from different
imaging centers. It is recognized that high resolution
and short imaging time are competing examination
strategies on current equipment and software. Higher
temporal resolution imaging necessitates reduced spa-
tial resolution, decreased anatomic coverage, or a com-
bination thereof. Higher temporal resolution tech-
niques are essential for T2*-weighted techniques and
appear to improve specificity of T1-weighted examina-
tions because of better characterization of signal inten-
sity time curves; one study has suggested that charac-
terization of breast lesions is optimal using image
acquisition times of 1-2 seconds (124). Even though
data collection procedures for quantitative examina-
tions differ from those used in routine clinical practice,
there is debate on which technique(s) is best
(21,91,103). The imaging community needs to agree on
a limited number of examination and analysis protocols
in order to enable techniques to be validated for use in
clinical trials. Standardized methods for quantified T1-
weighted data collection have recently been published
(9,167).

The dose and method of administration of contrast
agent affect modeling procedures and clinical results.
For example, Heywang-Kobrunner et al showed that the
accuracy of breast MRI was better using a contrast
medium at a dose of 0.16 mmol/kg of body weight
(compared to 0.1 mmol/kg) (168). What is not clear is
whether a higher contrast medium dose improves ex-
amination performance on high- and lower-field-
strength systems, with thinner slices, with other pulse
sequences and parameters (when T2* effects may be-
come dominant), or when routine subtraction image
analysis of dynamic data is performed. A major source
of variability in the DCE-MRI literature relates to the
method of contrast administration. Typically, contrast
agents are given as either a bolus (169) or infusion (90).
When a powered injector gives the bolus injection, re-
producibility of the injection technique is ensured. Re-
cent work suggests that short injection times are opti-
mal when using fast imaging techniques, especially
when evaluating lesions with high microvessel perme-
ability with ECF agents (170,171); conversely, slower
infusion methods may be better when the temporal
resolution of the study is longer (91). The method of
ECF contrast medium administration needs to take
into account sequence choice and sensitivity to T2* and
T1 effects.

Another issue that needs to be addressed is that of
data acquisition and analysis methods in body parts
where there is a large degree of physiological move-
ment, such as the lungs and liver. The presence of
motion can invalidate parameter estimates. Navigator
techniques developed for cardiac MRI may be adapted
for moving body organs (172). A related issue is that of
data collection in the same imaging plane on repeated
examinations. Registration software is not widely avail-
able and will be needed for longitudinal functional im-
aging response studies evaluating novel anticancer
drugs.

Padhani

Quantification

A practical question often asked is whether it is neces-
sary to quantify DCE-MRI data to answer important
clinical questions. Simple morphologic and semiquan-
titative analyses already work well in a number of clin-
ical situations. However, it is important to realize that
semiquantitative diagnostic criteria cannot be simply
applied from one center to another, particularly when
different equipment and sequences are used. For exam-
ple, it is known that the background or baseline signal
for any given tissue will differ by the choice of imager
even if identical sequences are used. Thus, the calcu-
lation of the degree of enhancement (e.g., as percent
signal intensity change from baseline) will differ accord-
ing to the type of imager used. Consequently, the degree
of enhancement that distinguishes one tissue from an-
other on a particular machine type may give erroneous
results on another. This has been a real practical prob-
lem in the UK multi-intuitional trial evaluating breast
MRI for screening women at high genetic risk for breast
cancer (120). Quantification techniques aim to mini-
mize such errors while at the same time informing on
physiological processes and are therefore preferred
when evaluating angiogenic interventions. Quantifica-
tion techniques rely on the fitting of the data acquired to
a mathematical model. Experience shows that the
model chosen may not fit the data acquired (modeling
failures) and that apparently sensible kinetic values
can be obtained even from noisy data. The causes of
such modeling failures are complex and often not well
understood. Reasons include high vascular permeabil-
ity (i.e., when the intravascular contrast medium con-
centration cannot be maintained due to markedly leaky
vessels in the setting of limited blood flow), high tissue
blood volumes, multiple tissue compartments, and an
incorrect or assumed arterial input function. We do not
have models that fit all data, and more sophisticated
models that provide insights into tissue compartment
behavior are needed (24,85,173).

Measurement Error

Repeatability is the variation between measurements of
the same quantity on the same individual and informs
on equipment variations. Reproducibility measures the
typical error between observers and instruments when
evaluating the same quantity (appraiser variations). An
estimate of measurement error enables us to decide
whether a change in observation represents a real
change (174-176). Data addressing the precision and
measurement variability of DCE-MRI techniques are
urgently needed and should be an integral part of any
prospective study that evaluates functional response to
therapy (177-180). The factors that determine mea-
surement error need to be defined for a given quantita-
tive modeling technique. These include imaging instru-
mentation and setup procedures, imaging technique,
contrast injection protocol, modeling techniques (in-
cluding assumptions), and arterial input function (AIF).
Reliable methods for measuring and incorporating in-
put functions into routine DCE-MRI studies are only
now emerging (23,181). The effect of the AIF on kinetic
parameter estimates can be evaluated by using math-
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ematical simulations (182) and has recently been
shown to improve the reproducibility of kinetic param-
eter estimates (181).

Validation

Any imaging assay of tumor microvascular character-
istics must be rigorously validated against accepted
surrogates of angiogenesis and other physiological pa-
rameters. Unfortunately, no single imaging assay or
surrogate may be adequate to reflect the whole spec-
trum of events involved in angiogenesis. Commonly
used and appropriate surrogates include histological
MVD, as counted on factor VIII, or CD34-stained tumor
specimens and vascular maturation index (VMI)
(9,183). Also, quantitative measures of VEGF or other
known mediators of angiogenesis, in the tumor tissue
itself or in the plasma, can be compared to the imaging
assay results (111,114,150). Similarly, DCE-MRI tech-
niques should be validated against other techniques
that measure vascular function (184-187).

Data Presentation and Heterogeneity

Analysis and presentation of imaging data needs to take
into account the heterogeneity of tumor vascular char-
acteristics. Analysis methods and presentation of DCE-
MRI data varies in the literature. Most dynamic MRI
studies utilize user-defined regions of interest (ROIs).
ROI methods yield graphical outputs with good SNR,
but lack spatial resolution and are prone to partial
volume averaging errors. In its simplest form, an ROI
encompassing the whole tumor is drawn from which an
average enhancement curve is extracted. This method
also ignores heterogeneity of tumor enhancement by
assuming that the averaged kinetic parameter estimate
equates to those that would be obtained from individual
pixels. Recently, Hayes et al have shown that this is a
close approximation (188). However, many authors
have commented that whole tumor ROI assessment
may be inappropriate, particularly for the evaluation of
malignant lesions where heterogeneous areas of en-
hancement are diagnostically important (70,89,99).
Therefore, selective sampling of regions within a tumor
is used by most researchers, based on the premise that
the discrimination of lesions is improved by selective
sampling (189).

Another approach of displaying dynamic data is by
pixel mapping. This method depicts kinetic enhance-
ment information as maps exactly co-registered with
anatomical images on a pixel-by-pixel basis. This type
of display has a number of advantages, including the
appreciation of heterogeneity of enhancement and re-
moval of the need for selective place of user-defined
ROIs. The risk of missing important diagnostic informa-
tion and of creating ROIs that contain more than one
tissue type is reduced. An important advantage is being
able to spatially match tumor vascular characteristics
such as blood volume, blood flow, permeability, and
leakage space. Differences in the distributions of ki-
netic parameters have been shown in xenografts (113)
and human tumors (190-192) (Figs. 1 and 2). Such
displays provide unique incites of tumor structure,
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function, and response. Pixel mapping techniques have
the disadvantages of having poor SNRs, requiring spe-
cialist software for their generation (23,91,96). Al-
though visual appreciation of heterogeneity is improved
by pixel mapping displays, quantification of the same
can be more difficult. Recently, histogram analysis has
been used to quantify the heterogeneity of tumors for
comparative and longitudinal studies, for monitoring
the effects of treatment, and to show the regression or
development of angiogenic hot spots (144,188). Pixel
scatter plots of co-registered multifunctional parame-
ters can also be used to display heterogeneity and have
the advantage of enabling relationships between kinetic
variables to be appreciated when assessing response
(192) (Fig. 3).

Impact on Current and Future Clinical Practice

The data presented in this review show the potential
utility of DCE-MRI techniques in a variety of clinical
situations. Most clinical studies to date have been per-
formed in selected (usually small) patient groups, and
more studies with sufficient power are needed to ad-
dress specific clinical problems where a potential role
has been shown. Examples of such studies include
screening women at high genetic risk of breast cancer
(119-122) and comprehensive staging of breast cancer
(193,194).

DCE-MRI techniques will play an important role in
the functional assessment of patients treated by anti-
angiogenic/antivascular therapies (195). Antiangio-
genic drugs prevent the formation of neovasculature
and thus require continuous treatment, inducing long-
term changes in the vasculature. Early drug trials have
reported very low toxicity compared with chemother-
apy. In contrast, vascular-targeting drugs cause rapid
vascular damage that can result in hemorrhagic necro-
sis of tumors. Their effect on vasculature is reversible
often within hours of a single treatment and thus re-
quires intermittent administration. Early drug trials
have shown that vascular-targeting drugs have signifi-
cant toxicity. DCE-MRI should be able to address a
number of important issues with regard to the use of
such treatments, including the category of medication
to be used, dose optimization based on the suppression
of a specific kinetic parameter, early detection of re-
sponse, and impact of treatment on the tumor vascu-
lature.

The number of antiangiogenic/antivascular com-
pounds entering clinical trials is rapidly increasing;
each is aimed at different points in the angiogenesis
and metastatic cascade. The efficacy of treatment could
vary between tumors, and thus the choice of optimal
treatment will require information on the biology and
functional status of the tumor vasculature. Noninva-
sive characterization of the angiogenic status of specific
tumors may allow rational selection of such treatments.
Since antiangiogenic treatments have lower toxicity
than antivascular treatments and chemotherapy, tox-
icity-based selection of the dose may not be appropri-
ate. The biologically active dose can be defined by DCE-
MRI by showing quantitative biological effects specified
by a mechanism-based knowledge of drug action
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(116,148,149). The intrinsic redundancy of signaling
mechanisms associated with angiogenesis will lead to
partial or complete resistance of the tumor vessels to
therapy. Interest in imaging techniques that can pro-
vide early indicators of effectiveness at a functional or
molecular level has therefore increased. Tumor re-
sponse to treatment can be detected by imaging tech-
niques that are capable of monitoring changes in per-
fusion, blood volume, or microvessel permeability.
Finally, monitoring the therapeutic effects of antiangio-
genic therapy is expected to be harder to detect and
quantify. This is because antiangiogenic treatments
may not result in substantial reductions in tumor vol-
ume and conventional size measurements of response
may be insensitive or markedly delayed even when
there is a significant biological effect. Imaging-based
approaches will therefore also be valuable for monitor-
ing long-term treatment.

CONCLUSIONS

There are definite clinical needs to develop non-invasive
imaging assays of tumor angiogenesis. DCE-MRI is the
only one of a number of MRI techniques that can eval-
uate tumors with respect to their state of the functional
microcirculation. DCE-MRI techniques using ECF
agents are far from ideal in this regard, and MMCM may
well prove superior in the long term. There are a num-
ber of challenges that must be met before these tech-
niques can become mainstream diagnostic and re-
search tools. These imaging techniques will have
widespread clinical applications and a central role in
the evaluation of novel therapies, for example, antian-
giogenesis drugs and gene and antibody therapies
(196). Given the lead time between the development of a
new therapeutic approach or drug in the laboratory and
its evaluation in the clinic, radiologists need to evaluate
fully currently available and new imaging methods for
assessing tumor microvascular function.
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