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ynamic contrast enhanced magnetic resonance imag-

ing (DCE-MRI) using small molecular weight

gadolinium chelates enables noninvasive imaging

characterization of tissue vascularity. Depending on
the technique used, data reflecting tissue perfusion (blood flow,
blood volume, mean transit time), microvessel permeability sur-
face area product, and extracellular leakage space can be
obtained. Insights into these physiological processes can be
obtained from inspection of kinetic enhancement curves or by
the application of complex compartmental modeling techniques.
Potential clinical applications include screening for malignant
disease, lesion characterization, monitoring lesion response to
treatment, and assessment of residual disease. Newer applica-
tions include prognostication, pharmacodynamic assessments of
antivascular anticancer drugs, and predicting efficacy of treat-
ment. For dynamic MRI to enter into widespread clinical prac-
tice, it will be necessary to develop standardized approaches to
measurement and robust analysis approaches. These include the
need for commercial equipment manufacturers to provide
robust methods for rapidly measuring time-varying change in
T1 relaxation rates, incorporation of arterial input function into
kinetic modeling processes, robust analysis software that allows
input from a variety of MRI devices, and validated statistical
tools for the evaluation of heterogeneity.

Introduction
Angiogenesis, the sprouting of new capillaries from existing
blood vessels and vasculogenesis, the de novo generation of
blood vessels are the two primary methods of vascular expan-
sion by which nutrient supply to tissues is adjusted to match
physiological needs. Angiogenesis is an essential component
of several normal physiological processes, including menstrual
cycle changes in the ovaries and uterus, organ regeneration,
wound healing, and the spontaneous growth of collateral ves-
sels in response to ischemia [1]. Pathological angiogenesis is
an integral part of a number of disease states, including
rheumatoid disease, age-related macular degeneration, prolif-
erative retinopathy, and psoriasis, as well as being critical for
growth and metastasis of malignant tumors [2].

There are a number of distinguishing features that are char-
acteristic of malignant vasculature, many of which are
amenable to study by MRI methods [3]. These include:
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Dynamic Magnetic
Resonance Imaging
of Tumor Perfusion

Approaches and Biomedical Challenges

Spatial heterogeneity and chaotic structure—Ilittle hierar-
chy of vascular structures is observed with abrupt changes
in diameter and blind ending vessels, particularly within
the centers of tumors; few structurally complete arteries or
veins are found with sinusoidal capillary plexuses prevail-
ing. The remodeling of the vasculature seen in inflamma-
tion or wound healing is largely missing.

Poorly formed, fragile vessels with high permeability to
macromolecules, due to the presence of large endothelial
cell gaps or fenestrae [4], incomplete basement membrane
and relative lack of pericytes or smooth muscle associa-
tions with endothelial cells [5].

Arteriovenous shunting, high vascular tortuosity and
vasodilatation [6].

Intermittent or unstable blood flow (with acutely collapsing
vessels) [7] and areas of spontaneous hemorrhage.

Extreme heterogeneity of vascular density with areas of
low vascular density mixed with regions of high angio-
genic activity [6].

Biological and Clinical Importance of

Tumor Angiogenesis

Tumor growth beyond 1-2 mm in solid tissues cannot occur
without vascular support [8]. Transgenic animal tumor model
experiments have shown that progression from an in situ to
invasive cancer is accompanied by the onset of angiogenesis
[9]. There are a number of clinical examples where vascular-
ization has been related to tumor progression (e.g., in the
change from breast ductal carcinoma in situ to invasive cancer
[10] and in the transformation of dysplastic nodules to hepato-
celluar carcinoma [11]). Patient prognosis is related to the
state of tumor angiogenesis; elevated tumor levels of the
proangiogenic cytokine vascular endothelial growth factor
(VEGF) is associated with poorer overall prognosis in breast
cancer [12]-[14]. Immunohistochemical measurement of
angiogenic activity by microvessel density estimations has
been shown to be an important prognostic factor for overall
survival that is independent of other known prognostic vari-
ables, including stage, histological grade, and lymph node
involvement in a number of cancer types [15]. Additionally,
vascular access is essential for a tumor to be able to metasta-
size to distant sites [9].
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For dynamic MRI to enter into widespread clinical

practice, it will be necessary to develop

standardized approaches to measurement

and robust analysis approaches.

Methods for Assessing Tissue Vascularity

Current methods of assessing angiogenesis can be considered
as either direct or indirect. The most frequently used direct
method is microvessel density (MVD) counting after the
immunostaining with a variety of panendothelial antibodies
that include factor VIII related antigen, CD34 and CD31 [16].
This technique requires tumor tissue generally from operative
specimens and is unable to inform on the functional state of
the vasculature. More recently, indirect, or surrogate, methods
of assessing angiogenesis, such as blood levels of angiogenic
factors (VEGF), fibroblastic growth factor (FGF) [17], and
imaging methods have been used. Advantages of indirect
methods are that they are noninvasive, can be performed with
the tumor in situ, and may be used to monitor response to
treatment. Indirect techniques are quantitative and, in the case
of imaging, the functional status of the vasculature can be
assessed. It is important to note that implanted tumor
xenograft data show that there is a discrepancy between per-
fused and visible microvessels; a variable 20-85% of
microvessels are perfused at any given time. This results in a
difference between histological MVD and what is described as
the “true or functional vascular density” [18].

Imaging Tissue Vascularity with MRI

Potentially, imaging assessments of the functional tumor vas-
culature could have widespread clinical applications; recently,
developments in angiogenesis imaging have gained greater
impetus by the development of anticancer drugs that target the
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Fig. 1. Body compartments accessed by low molecular
weight contrast media injected intfravenously.
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functioning tumor microvasculature [19]. The need for imag-
ing biomarkers that inform on drug action noninvasively has
been widely recognized. Several imaging techniques are able
to assess human tumors with respect to their angiogenic status.
MRI techniques can be divided into nonenhanced and contrast
media enhanced methods [3], [20]-[23]. The latter can be fur-
ther divided by the type of contrast medium used; (i) low mol-
ecular weight agents (<1000 Daltons) that rapidly diffuse in
the extracellular fluid space (ECF agents), (ii) large-molecular
agents (>30,000 Daltons) designed for prolonged intravascu-
lar retention [macromolecular contrast media (MMCM), or
blood pool agents] [22], and (iii) agents intended to accumu-
late at sites of concentrated angiogenesis mediating molecules
[24]. Tumor vascularity can also be analyzed using intrinsic
blood oxygenation level dependent (BOLD) contrast MRI
[25]. This review concentrates exclusively on noninvasive
characterization of tumor neovasculature with DCE-MRI
using low-molecular weight contrast agents and explains how
perfusion-related data can be construed or extracted, depend-
ing on the technique used [26]-[28].

MRI Contrast Agent Kinetics

DCE-MRI is able to distinguish malignant from benign and
normal tissues by exploiting differences in contrast agent
behavior in their respective microcirculations. When a bolus of
paramagnetic, low molecular weight contrast agent passes
through a capillary bed, it is transiently confined within the
vascular space. The “first pass” includes the arrival of contrast
medium and lasts for a few cardiac cycles. Within the vascular
space and in the immediate vicinity, paramagnetic contrast
media produces magnetic field (Bo) inhomogeneities that result
in a decrease in the signal intensity of surrounding tissues. 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 determined by
the permeability of the microvessels, their surface area, and by
blood flow (Figure 1). In tumors, typically 12-45% of the con-
trast media leaks into the EES during the first pass [29]. The
transfer constant (K"¥) describes the transendothelial trans-
port of low molecular weight contrast medium. Three major
factors determine the behavior of low molecular weight con-
trast media in tissues during the first few minutes after injec-
tion; blood perfusion, transport of contrast agent across vessel
walls, and diffusion of contrast medium in the interstitial 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 perfusion will be the dominant
factor determining contrast agent kinetics and K" approxi-
mates to tissue blood flow per unit volume [30]. The latter situ-
ation is commonly found in tumors. If tissue perfusion is
sufficient and transport out of the vasculature does not deplete
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Fig. 2. Typical T2*-weighted DCE-MRI study of a patient with a malignant astrocytoma. 30 ml of IV contrast Gd-DTPA was given
after the tenth data point. First-pass T2* susceptibility effects cause marked darkening of the tumor periphery. Darkening of the
grey matter of the brain is greater than the less vascular white matter. The first pass and recirculation phases are indicated.
Signal intensity changes for four ROIs are shown in the insert (subtfraction T2* image of the nadir point for the tumor ROI). An

anatomic T2-weighted image at the same slice position is also shown for reference.

intravascular contrast medium concentration (nonflow limited
situations), then transport across the vessel wall is the major
factor that determines contrast medium kinetics [K"*" then
approximates to permeability surface area product (PS)]. The
latter circumstance occurs in areas of radiation fibrosis, in the
presence of an intact blood brain barrier, but can also occur in
extracranial tumors, usually after treatment.

As low molecular weight contrast media do not cross cell
membranes, the volume of distribution is effectively the EES
(ve). Contrast medium also begins to diffuse into tissue com-
partments 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 ke,) from
where it is excreted (usually by the kidneys, although some
ECF contrast media have significant hepatic excretion).

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

When capillary permeability is very high, the return of con-
trast medium is typically rapid, resulting in faster washout as
plasma contrast agent concentrations fall. Contrast medium
elimination from very slow-exchange tissues, such as fibrosis
and necrosis, occurs slowly, explaining the persistent delayed
enhancement described in some tumors, such as cholangio-
carcinoma and hepatic colorectal metastases.

MRI sequences can be designed to be sensitive to the vas-
cular phase of contrast medium delivery (so-called T2* meth-
ods, which reflect on tissue perfusion and blood volume) [31],
[32]. T1-weighted sequences are sensitive to the presence of
contrast medium in the EES and thus reflect microvessel per-
fusion, permeability, and extracellular leakage space. These
two methods are compared in Table 1. The analysis methods
for evaluating these techniques have their foundations in basic
physiology and pharmacology [33]-[35].
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Table 1. Comparison of T2*- and T1-weighted dynamic contrast enhanced MRi techniques.

Optimal contrast medium dose
Quantification method used

Physioloygical property measured

Kinetic parameters derived

Pathological correlates

Clinical MR applications

T2*W imaging T1W imaging
Tissue signal intensity change Darkeniny Enhancement
Duration of effect and optimal data acquisition Seconds/subsecond Min/2-25 s
Magnitude of effect Small Larger

> 0.2 mmol/ky

Relative more than absolute

Perfusion/blood volume

Blood volume and flow,
fransit time

Tumor yrade and
microvessel vessel density

Lesion characterization—
breast, liver and brain

Noninvasive brain tumor
yrading

Directing brain fumor biopsy

Determininyg brain tumor prognosis

Monitoring freatment e.y.
radiotherapy

0.1-0.2 mmol/ky
Relative and absolute

Transendothelial permeability,
capillary surface areq, lesion
leakaye space

Transfer and rate constants,
leakaye space

Microvessel density
Vascular endothelial
growth factor (VEGF)

Lesion detection and
characterization

Improving accuracy
of fumor staginy

Predicting response to freatment
Monitoring response to freatment

Novel therapies including
antiangiogenic drugs

Detecting tumor relapse

Time [s]
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Fig. 3. Typical T2*-weighted DCE-MRI study of a patient with an invasive ductal can-
cer of the breast. A patient with breast cancer (same patient illustrated in Figures 5, 6,
8, and 10). 22 ml of IV contrast Gd-DTPA was given after the tenth data point. First-
pass T2* susceptibility effects cause marked darkening of the tumor with no alteration
in signal intensity of fibroylandular breast parenchyma (normal tissue) or fat, The first-
pass and recirculation phases can clearly be seen. Insert shows a subtraction T2*

image of the nadir point for the fumor ROI.
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T2*-Weighted DCE-MRI

Data Acquisition

Perfusion-weighted images can be
obtained with bolus-tracking tech-
niques that monitor the passage of con-
trast material through a capillary bed
[31], [32]. A decrease in signal intensi-
ty of tissues occurs due to the presence
of concentrated contrast media within
vessels and in their immediate vicinity
(Figures 2 and 3). Susceptibility-
weighted (T2*-weighted) spin-echo
sequences are more sensitive to capil-
lary blood flow compared with gradi-
ent-echo sequences, which incorporate
signals from larger vessels [36]. The
degree of signal intensity loss is depen-
dent on the vascular concentration of
the contrast agent and microvessel size
[37] and density. The signal to noise
ratio (SNR) of T2*-weighted DCE-
MRIs can be improved by using high
doses of contrast medium (i.e., > 0.2-
mmol/kg body weight) [38]. Standard
spoiled gradient-echo sequences on
conventional MRI systems can charac-
terize these effects but are limited to a
few slices. High specification, echo-
planar MRI systems capable of rapid
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image acquisition allow greater anatomical coverage.
However, echo-planar sequences have limited applications in
extracranial tissues owing to great intrinsic sensitivity to sus-
ceptibility inducing environments (e.g., highly concentrated
contrast media and that caused by bowel gas) which can result
in spatial misregistration of major vessels during the first pas-
sage of the contrast agent thorough the vessels [39].

Quantification

Tracer kinetic principles can be used to provide estimates of rel-
ative blood volume (rBV), relative blood flow (rBF) and mean
transit time (MTT) derived from the first-pass of contrast agent
through the microcirculation [31], [32], [40] (Figure 4). MTT is
the average time the contrast agent takes to pass through the tis-
sue being studied. These variables are related by the central vol-
ume theorem equation (BF = BV/MTT). A number of
conditions of the central volume theorem cannot be met in bio-
logical tissues. For example, injection time is not instanta-
neous, and, as the arterial input function is not typically
measured, these parameter estimates are usually qualitative or
relative. The most robust parameters that can be extracted reli-
ably from first pass techniques is rBV, which is obtained from
the integral of the data time series during the first pass of the
contrast agent [41]. This cannot readily be done for extra-cra-
nial tumors because of the loss of compartmentalization of the
contrast medium (see the following for further details). Instead,
the time series data is fitted to a gamma-variate function from

Average R2* Curve and Gamma Variate

100

Fig. 4. Model fittiny of T2*-weighted data and parametric
map formation. T2* signal intensity data from Figure 2 (fumor
periphery) is converted into R2* (1/T2*) and then fitted with a
gamma variate function. Parametric maps representing
blood flow kinetics (rBF, rBV, and MTT) are derived on a pixel-
by-pixel basis. The computed values of BV, rBF, and MTT for
this region of interest are 509, 21.3 arbitrary units and 24 s.
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which the parameters rBV, tMTT, and rBF are derived. An
additional parameter that can be derived from the T2* DCE-
MRI data is the tortuosity index, which is the difference
between the total time series integral and the integral of the
gamma variate derived from the first pass [42]. The tortuosity
index reflects the abnormal retention of contrast material due
to anatomical abnormalities of the tumor vasculature
described previously. The tortuosity index can only be
derived for brain tumors because there is no or little loss of
compartmentalization of contrast medium bolus during the
first pass. Absolute quantification of T2*W DCE parameters
can be obtained by measuring the changing concentration of
contrast agent in feeding vessel and quantified perfusion
parameters in normal brain and of low-grade gliomas [43],
[44]. Absolute quantification is not currently possible for
evaluation of visceral tissues and tumors owing to a number
of limitations discussed later. From a practical perspective, it
is not always necessary to quantify T2*-weighted DCE-MRI
data to obtain insights of the spatial distribution of tissue per-
fusion. Simple subtraction images can demonstrate the maxi-
mal signal attenuation, which in turn has been strongly
correlated with rBF and rBV in tumors [53] (Figures 2, 3, and
5). Subtraction analysis should only be done if there is no sig-
nificant difference in the spatial distribution of the MTT—a
feature commonly found in nonnecrotic tumors (Figures 4
and 5); this is in marked contrast to the situation in ischemia-
induced cerebral stroke, where significant lengthening of

T2* DCE-MRI Subtraction

0-40.00

Fig. 5. Anatomic T2W and parametric DCE-MRI images of an
invasive ductal cancer of the breast. This is the same tumor
illustrated in Figures 3, 6, 8, and 10. T2-weighted and T2*-
weighted DCE-MRI subtraction images with correspondiny
parametric imayges of 1BV, rBF, and MTT. The graph shows that
there is a linear correlation between blood volume and flow
on a pixel level (the yradient of this line is the MTT; rBF =
rBV/MTT).
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Fig. 6. Monitoring chemotherapy response of breast cancer with DCE-MRI. Fifty-two-
year-old post-menopausal woman with a grade-three invasive ductal cancer of the
breast. Rows depict transfer constant and rBF parametric images at identical slice
positions before and affer two cycles of 5-Fluorouracil, Epirubicin,
Cyclophosphamide (FEC) chemotherapy. Columns depict fransfer constant map
(color ranye 0-1 min™") and relative blood flow (color range 0-40) and scatter plots
of leakaye space versus transfer constant. With treatment, the number of enhanciny
pixels is seen to decrease on the scatter plot with a reduction in relative blood flow
and transfer constant. Leakage space changes are less marked. This patient had a
complete clinical and radioloygical response to freatment after six cycles of
chemotherapy.
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Fig. 7. Monitoring chemotherapy nonresponse of breast cancer with DCE-MRI. Thirty-
nine-year-old premenopausal woman with a grade-three invasive ductal cancer of
the breast. Rows depict transfer constant and rBF parametric imayges at identical
slice positions before and affter two cycles of FEC chemotherapy. Columns depict
transfer constant map (color range 0-1 min") and relative blood flow (color ranye
0-40) and scatter plots of leakaye space versus fransfer constant. With treatment,
the number of enhancing pixels is unchanyged on the scatter plots, and no change in
tfransfer constant is seen on the pixel maps. There is a tendency for IBF and leakayge
space to increase. This patient had no clinical or radioloyical response to freatment
affer six cycles of chemotherapy and macroscopic, invasive, yrade-three, ductal
cancer was noted at pathological evaluation.
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MTT is a characteristic feature (un-
changed rBV but reduced rBF).

Limitations

Physiological effects that hinder
measurements of perfusion in tumors
include nonlaminar flow (which arises
from the presence of irregular caliber
vessels), nondichotomous branching
and high vascular permeability (which
leads to increased blood viscosity from
hemoconcentration), and variations in
the hematocrit fraction as blood passes
through a vascular bed. In addition, fac-
tors such as machine stability, patient
motion and intrinsic patient variables,
particularly cardiac output and up-
stream stenoses, can affect computa-
tions. Recirculation and marked
contrast leakage into the extracellular
space during the first pass of contrast
medium are the principle causes result-
ing in falsely low blood volume values.
Extracranial tumors have very leaky
blood vessels, and the loss of contrast
medium compartmentalization is ob-
served by the failure of the signal inten-
sity to return to baseline. Furthermore,
the T1 signal-enhancing effects of con-
trast medium leaking from blood vessels
can counteract T2* signal-lowering
effects. Quantitative imaging is thus
most reliably used for normal brain and
nonenhancing brain lesions because the
contrast medium is completely or
largely retained within the intravascu-
lar space. Solutions to overcoming
these problems include the use of non-
gadolinium susceptibility contrast
agents based on the element dyspro-
sium or ultrasmall superparamagnetic
iron oxide particles (USPIOs), which
have strong T2* effect but weak T1
effects [45], [46]. Preliminary results
indicate that dysprosium-based relative
cerebral blood volume (rCBV) maps
are superior to those obtained with
gadolinium chelates [47], [48]. USPIOs
designed for bolus injection have the
advantage of being retained within the
vascular space during the first pass due
to their larger size [49], [50].
Encouraging early clinical results using
USPIOs are beginning to appear in the
literature [46], [S1]. Solutions for coun-
teracting T1 enhancing effects of
gadolinium chelates include idealized
model fitting (gamma variate function),
pre-dosing with contrast medium to sat-
urate the leakage space, and using dual
or multi-echo imaging sequences that
minimize T1 sensitivity [52]. We favor
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Progression to an invasive phenotype,

tumor growth, and spread all depend

on angiogenesis.

the latter techniques, and illustrative images of computed
rBV, rBF and MTT breast and brain carcinoma is shown in
Figures 4 and 5.

Clinical Experience

Quantitative imaging is currently most reliable for normal
brain and nonenhancing brain lesions because the contrast
medium is retained within the intravascular space. T2*-
weighted perfusion mapping techniques have progressively
entered neurological practice [53]-[55]. Clinical applications
include characterization of tumor vascularity [56]-[59], fol-
low-up of treatment response [44], [53], [55], [60] and the
study of stroke [61]. There is a paucity of data correlating T2*
kinetic parameters with MVD in human brain tumors [62],
[63]. Areas of high tumor rCBV are readily visible in patients
with brain gliomas (Figure 4) [58], [64] and appear to corre-
late with mitotic activity (information on tumor grade) and
vascularity but not with cellular atypia, endothelial prolifera-
tion, necrosis, or cellularity [58]. rCBV maps appear to have a
high negative predictive value in

differentiate carcinomas from fibroadenomas with high speci-
ficity using T2* characteristics, despite significant overlap in
T1 enhancement patterns. The pathophysiological explanation
for these observations probably relate to differences in
microvessel arrangements, density, and size in malignant
tumors and fibroadenomas [71]. Quantitative T2*-weighted
DCE-MRIs have been used to monitor the effects of
chemotherapy in breast cancer. Ah-See et al. have observed
that rBV and rBF were as effective as T1-weighted kinetic
parameters in predicting nonresponsiveness to treatment [72]
(Figures 6 and 7).

T1-Weighted DCE-MRI

Data Acquisition

Extracellular contrast media readily diffuse from the blood
into the EES of tissues at a rate determined by tissue perfusion
and permeability of the capillaries and their surface area.
Shortening of the T1 relaxation rate caused by contrast medi-

excluding the presence of a high-grade
tumor in untreated patients, regardless
of their enhancement characteristics on
a T1-weighted MRI. In low-grade
gliomas, homogeneous low rCBV is
found, whereas higher-grade tumors
display both low and high rCBV com-
ponents [65]. rCBV can thus be used to
direct a stereotactic biopsy [66], [67].
There is very little literature on the
usage of T2*-weighted DCE-MRI out-
side the brain. Qualitative observations
of signal loss observed on T2*-weight-
ed sequences after gadolinium contrast
media have been reported in prelimi-
nary clinical studies to characterize
liver, breast, and brain tumors. For
example, Ichikawa et al., were able to
discriminate between liver metastases,
haemangiomata, and hepatomas on the
basis of characteristic signal intensity
changes on echo-planar MRIs [68].
Both Kuhl et al. and Kvistad et al. have

Signal Intensity (au)

5 #-—Tumor
1,' ~&—Fat
T Normal Tissue
Injectlon
10 200 300 400 500
Time [s]

R P L

. .--""\-n-ll..-l-*'l.u-._.i'-l-l-. R
CH

Fat Tumor

LN
kg g

Normal Tissue

qualitatively evaluated the value of
T2*-weighted DCE-MRI for character-
izing breast lesions [69], [70]. Both
studies showed strong decreases in sig-
nal intensity in malignant tissues,
whereas susceptibility effects in
fibroadenomas were minor. The latter
studies showed that it was possible to
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Fig. 8. Typical T1-weighted DCE-MRI study in breast tumor. Same patient as illustrated
in Figures 3, 5, 6, and 10. Data from serial T1-weighted imayes obtfained before and
after the injection of 11 ml of Gd-DTPA yiven intravenously. Marked and sustained,
early enhancement of the breast fumor is seen in the signal intensity time curves
compared to the gradual enhancement of fibroylandular breast parenchyma and
fat. The shape of the curve is in marked contrast to that seen on T2*-DCE-MRI in the
same patient (Figure 3). Insert shows a subtraction image obtained by subtracting
the 100-s image from baseline.
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Fig. 9. Superimposing signal data from T1- and T2*-weighted DCE-MRI on the same time scale. T1-weighted subtraction (100 s
post contrast medium) DCE-MRI image from a patient with a necroftic invasive ductal cancer of the breast. T1- and T2*-weight-
ed DCE-MRI curves for the four regions of interest are superimposed on the same fime scale. The zero point on the fime scale
represents the point of injection of contrast medium for both studies, which were performed consecutively. The onset and short
duration of early T2*-weighted DCE-MRI effects corresponds precisely to the upslope on the T1-weighted enhancement curves
for ROI-1 and ROI-2, confirming that the upslope has a significant vascular contribution. ROI-3 represents a small area where the
flow conftribution is undetectable by T2*-weighted DCE-MRI. The corresponding T1-weighted enhancement curve shape for
ROI-3 is typical of one with low flow and probably reflects an area where enhancement is mostly determined by tissue perme-
ability and microvessel surface area. ROI-4 is necrotic, and no flow is detected.

um is the mechanism of tissue enhancement. Most DCE-MRI
studies employ T1-weighted gradient-echo, saturation recov-
ery/inversion recovery snapshot sequences (e.g.,
turboFLASH), or echoplanar sequences (Figures 6 and 7).
Each of these techniques enable tissue T1 relaxation rate to be
estimated, and thus allows quantification of contrast medium
concentration [73]-[75]. The choice of sequence and parame-
ters used is dependent on intrinsic advantages and disadvan-
tages of the sequences, taking into account T1 sensitivity,
anatomical coverage, acquisition times, susceptibility to arti-
facts arising from magnetic field inhomogeneities, and accura-
cy for quantification. The amount of signal enhancement
observed on T1-weighted images is dependent on a number of
physiological and physical factors. Physiological factors
include tissue perfusion, capillary surface area and permeabili-
ty to contrast agent, and volume of the extracellular leakage
space. Physical factors include native (precontrast) T1-relax-
ation rate of the tissue, contrast agent dose, rate of intracellu-
lar-extracellular water exchange, imaging sequence
parameters used, and measurement gain and scaling factors.
T1-weighted kinetic enhancement curves have three distinct
phases; the upslope, maximum enhancement, and washout
(Figures 8 and 9). It is generally recognized that the upslope is
highly dependent on tissue perfusion and permeability with
perfusion predominating. Maximum enhancement is related to
the total uptake concentration of the contrast medium in the
interstitial space, and washout rate is associated with tissue
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contrast agent concentration decrease and is strongly related to
vascular permeability. If it is assumed that tissue enhancement
has contributions from vascular and extravascular compart-
ments (see compartmental modeling under the section
“Quantification,” below), then it is possible to separate these
inputs mathematically using deconvolution techniques [76],
which is helpful for understanding the shape of kinetic curves
[77]. The dominant contribution of perfusion to the upslope of
T1-weighted DCE-MRI enhancement curves can be verified
empirically by correlating T1- and T2*-weighted DCE-MRI
enhancement curves and corresponding kinetic pixel maps
[52]. Figure 9 displays kinetic enhancement from several
regions of interest (ROIs) shown on the same time scale,
although the image datasets were acquired sequentially (T1-
followed by T2*-weighted DCE-MRI). It can be seen that the
steep initial upslopes on T1-weighted enhancement curves
with the greatest signal intensity decreases on T2*-weighted
DCE-MRI. The onset and short duration of these early T2*-
weighted DCE-MRI effects corresponds precisely to the ups-
lope on the T1-weighted enhancement curves, confirming that
the upslope has a significant vascular contribution.

Quantification

Signal enhancement seen on T1-weighted DCE-MRI can be
assessed in two ways: by the analysis of signal intensity
changes (semiquantitative) and/or by quantifying tissue T1 rel-
ativity (R1) or contrast agent concentration change using phar-
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macokinetic modeling techniques.

Semiquantitative parameters describe 0.5
signal intensity changes using a num-
ber of descriptors. These parameters
include curve shape [78], [79], onset
time (time from injection or appearance
in an artery to the arrival of contrast
medium in the tissue of interest), gradi-
ent of the upslope of enhancement
curves, maximum signal intensity, and
washout gradient. As the rate of
enhancement has been shown to be
important for improving the specificity
of clinical diagnoses, parameters that
include a timing element are often used
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(e.g., maximum intensity time ratio
(MITR) [80] and maximum focal
enhancement at one minute [81], [82].
The uptake integral or initial area under
the signal intensity curve (IAUC) or
gadolinium contrast medium concen-
tration (IAUGC) curve also has been
studied [83]. TAUGC is a relatively
robust and simple technique, which
characterizes all enhancing regions
without the problems associated with
model fitting failures in pharmacoki-
netic model derived parametric images
(see the following). However, IAUGC
does not have a simple relationship to

T2W
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the physiology parameters of interest
(perfusion, permeability, and leakage
space). Experimental data indicates
that, in practice, IAUGC at 30 s corre-
lates with K" whereas TAUGC at 90
s correlates with lesion leakage space
(Ve) in brain tumors [84]. Thus, semi-
quantitative parameters have a close
but complex and not totally defined
link to underlying tissue physiology.
Semiquantitative parameters have the
advantage of being relatively straightforward to calculate, but
they have limitations. These limitations include the fact that
they do not accurately reflect contrast medium concentration
in tissues and can be influenced by scanner settings (including
gain and scaling factors). These factors limit the usefulness of
semiquantitative parameters and make between-patient and
between-system comparisons difficult.

Quantitative techniques use pharmacokinetic modeling
applied to changes in tissue contrast agent concentration or
R1. In general, it is not recommended that pharmacokinetic
modeling be done on signal intensity data unless it is has
been shown that there is a direct relationship between signal
intensity and contrast agent concentration over the entire
range expected in tissues. Signal intensity changes observed
during dynamic acquisition are used to estimate contrast
agent concentration in vivo, following measurements that
enable the precontrast native T1 of the tissues to be obtained
[75], [85]. Concentration-time curves are then mathematical-
ly fitted using one of a number of recognized pharmacoki-
netic models, principally those of Larsson, Tofts, and
Kermode [86], [87] (Figure 9). Quantitative pharmacokinetic
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Fig. 10. Converting signal intensity into contrast concentration and model fitting.
Data obtained from the patient as illustrated in Figures 3, 5, 6, and 8. Contrast medi-
um injection (11 ml of Gd-DTPA) took place after the third dafa point. Quantification
of time signal intensity data (A) intfo contrast agent concentration (e) is performed
first according to the method described by Parker et al. (75). The model-fitting pro-
cedure (continuous line) is done using with the Tofts” model (86). Note that model fit-
ting to contrast agent concentration data is not perfect. Calculated quantified
parameters are transfer constant = 0.82 min™', leakaye space 47%, rate constant =
1.74 min™). Anatomic T2W images and parametric transfer constant (color scale 0-2
min) and leakaye space (color scale 0-100%) are also shown.

parameters are derived from the following expression:
c(t) =Kyans - Ca(t) @ e Ko't; where C(t) is the tissue con-
centration of contrast media, C,(t) is the arterial concentration,
and Ky, and K, are rate constants. This is a generalized
kinetic model derived from the Kety model by Larsson et al.
In the Tofts model, a standardized vascular input function [88]
is used resulting in the following expression:

5 [e*(%) t=t) efmr<t7tn>:|
CO) =D Kigans - Y ai -

i=1 KU“AHS
m = (e

where D = dose of contrast media, m; is a rate constant for vas-
cular elimination, and a; is a physiologically derived constant.
The response of a step change in arterial plasma concentration,
0 to Cpo at time t=0, is C(t) = Ve Cp - (1—e Koy,
where Cy is the plasma concentration. This expression is
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convenient to use for modeling the shape of the concentration
time curve following a short bolus of contrast media and reli-
able estimates of K¢, being obtained. For a detailed discussion
on pharmacokinetic modeling techniques, readers are directed
to the review by Tofts [89] and a detailed analysis of the data
acquisition methodology, which has been reviewed by Dale et
al [90]. Figure 11 shows examples of parametric images
derived from both Larsson’s and Tofts” model approaches in
rectal cancer. Examples of modeling parameters include the
volume transfer constant of the contrast agent (K" —formal-
ly called permeability-surface area product per unit volume of
tissue—unit minute "), leakage space as a percentage of unit
volume of tissue (ve—unit %), and the rate constant (ke, also
called Ky;—unit minutes™!) (Figure 1). These standard para-
meters are related mathematically (kep = K" /ve) [30].

It is important to note that the physiological meaning of
K'n$ g dependent on the underlying behavior of the tissue
microvessels. Where the PS is high compared with flow (F),
these tissues are described as being “flow limited.” In these
areas, K" estimates are dominated by plasma flow
[(K'" — Fp(1-Hct), where p is the tissue density and 1-Hct
(hematocrit) is the plasma fraction]. When permeability is low

compared to flow, these tissues are described as being “perme-
ability limited,” and K" = PS. The mixed situation occurs
most commonly in tumors, so neither flow nor permeability
predominates; for extracellular gadolinium containing
chelates, such as Gd-DTPA, there is a tendency for the influ-
ence F to outweigh PS. Evidence that K" is dominated by
flow in extracranial tumors is now emerging (see also limita-
tions following). Recently, Kiessling at al. reported a strong
positive correlation between microbubble enhanced Doppler
ultrasound and dynamic T1-weighted DCE-MRI kinetic para-
meters [91]. Previously, it has been shown that there is a near
linear correlation between microbubble velocity measured on
Doppler ultrasound and red blood cell velocity [92]. Both
Lancester et al. and Ah-See et al. have shown strong positive
correlations between K™ and rBF derived from T1- and
T2*-weighted DCE-MRI in pelvic and breast cancer, respec-
tively [93] (Lancester K, personnel communication). Further
corroboration comes from the work of Maxwell et al., who
compared T1-weighted DCE-MRI kinetic parameters with
tumor blood flow measured by the uptake of radiolabeled
iodoantipyrine (IAP) in rat carcinosarcomas [94]. They
showed that the time-course of changes in K" and the area

under curve (AUC) as measured by

DCE-MRI, and tumor blood flow rate
measured by IAP uptake after treatment
with a vascular targeting compound
(Combretastatin—CA4P) were highly
correlated, although the changes in
K" and AUC were smaller than those
in blood flow by IAP. Maxwell et al.
concluded that DCE-MRI relatively
underestimated the magnitude of the
effect on blood flow, probably due to
leakage of contrast media.

Limitations

Quantitative parameters are more com-
plicated to derive compared with those
derived semiquantitatively, which
deters their use at the workbench.
Difficulties arise from more complex
data acquisition requirements and by
the lack of available software to ana-
lyze acquired data. The model chosen
may not exactly fit the data obtained
(Figure 10), and each model makes a
number of assumptions that may not be
valid for every tissue or tumor type
[30], [89]. From the previous discus-
sions, it is clear that there are uncertain-
ties with regard to the reliability of
kinetic parameter estimates derived
from the application of tracer kinetic
models to T1-weighted DCE-MRI data
[95]-[97]. These derive from assump-
tions implicit in kinetic models and the

Fig. 11. Rectal cancer: modeling approaches compared. (a) Anatomical T2-weight-
ed imaye of a rectal cancer (arrow). Parametric images of the rate constant (k)
derived from the same data using three different model approaches. (b) General
response. (c) Tofts” model using standard vascular input function. (D) Tofts” model
using the Larsson model with an input function obtained from the external iliac
artery. A high degree of concordance between the images is seen.
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measurement of tissue contrast agent
concentration [90]. For example, the
Tofts model uses a standard description
of the time varying blood concentration
of contrast agent [88] and assumes that
the supply of contrast medium is not
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flow limited and that tissue blood volume contributes negligi-
bly to signal intensity changes compared to that arising from
contrast medium in the interstitial space. As already noted pre-

viously, this is not universally true in
extracranial tumors; Figure 9 is a good
example where the vascular contribu-
tion to the T1 tissue enhancement curve
is obviously sizeable. Buckley has sug-
gested that the application of common-
ly accepted models and their respective
model-based assumptions to DCE-MRI
data leads to systematic overestimation
of K" in tumors [98]. Thus, it is dif-
ficult to be certain about how accurate-
ly model-based kinetic parameter
estimates compare with the physiologi-
cal parameter that they purport to mea-
sure, particularly as there is no reliable
clinical gold standard.

Despite these complexities, it is
important to remember that quantitative
kinetic parameters can provide insights
into underlying tissue pathophysiologi-
cal processes that semiquantitative
descriptors cannot. If the time varying
contrast agent concentration can be
measured accurately, and the type, vol-
ume, and method of administration of
contrast agent are consistent, then it is
be possible to directly compare phar-
macokinetic parameters acquired seri-
ally in a given patient and in different
patients imaged at the same or different
scanning sites. Furthermore, it is possi-
ble to use quantitative DCE-MRI as a
tool for decision making, as attested to
by extensive clinical experience (see
the following).

Validation

Many studies have attempted to corre-
late tissue MR enhancement with
immuno-histochemical MVD measure-
ments in a variety of tumors. Some
MRI studies have shown broad correla-
tions between T1 kinetic parameters
estimates and MVD [91], [99]-[104],
whereas others have found no correla-
tion [77], [105], [106]. Recently,
VEGF a potent vascular permeability
and angiogenic factor, has been impli-
cated as an additional explanatory fac-
tor that determines MR signal
enhancement. Knopp et al. reported
that MRI vascular permeability to con-
trast media closely correlated with tis-
sue VEGF expression in breast tumors
[107], whereas Su et al did not [77].
The importance of the role of VEGF in
determining MR enhancement is sup-
ported by the spatial association of
hyperpermeable capillaries detected by
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macromolecular contrast enhanced MRI and VEGF expres-
sion on histological specimens [108]. Furthermore, the obser-
vation that T1-weighted DCE-MRI measurements can detect

Fig. 12. Navigator-gyuided T1-weighted DCE-MRI of liver metastases. A navigator yra-
dient-recalled echo (GRE) sequence was used for DCE-MRI of liver metastases. a)
Scout view showing slice positions, safuration bands, and navigator band (arrowed)
at the interface between lung and liver. b) Corresponding navigator frace over a
period of 90s. Some inhales (1) and exhales (E) are marked. The collage shows magni-
fied imayes of one of three imaye slices from the injection through to +128 s. There
was very little motion artefact from chest wall motion. Some motion blurring of the left
hepatic lobe was seen due to fransmitted cardiac pulsations.

Fig. 13. Quantitative and semiquantitative imayes showiny reproducibility of liver
DCE-MRI. Semiquantitative mean gradient ((a), (©)) and quantitative ((c), (d): Kions
maps, scale 0-1 min' and (e), (: v, maps, scale 1-100%) calculated images for the
same patient as in Figure 12 on two consecutive days. The mean yradient image
shows that liver enhancement is greater than the tumors in this patient. No color is
seen in normal liver on the K™ map because of modeling failures related to hyper-
vascularity/dual blood supply. Modeling failures due to high vascular volume also
account for lack of color in the kidney. The follow-up imayges on subsequent days
showed excellent slice reproducibility.
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down, probably because of the loss of
proangiogenic cytokine support, which
results in apoptosis of proliferating
endothelial cells.

Challenges for Perfusion DCE-MRI
For DCE-MRI, 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 spatial resolution,
decreased anatomic coverage, or a com-
bination of them. Accuracy in the para-
meters derived from DCE-MRI are
dependent on the image acquisition
rate, as can be seen from the following
expression

Fig. 14. Mappiny tumor kinetics to anafomical features. Scatter plot of fransfer con-
stant (K™) and rate constant (k) in a patient with rectal cancer using the Tofts’
model with a Weinmann input function. Two distinct clusters highlighted in red and

blue are identified and indicated in red and blue on the graph. The voxels in each

cluster are mapped back onto the anatomic images using the same colors.

changes in flow and permeability after anti-VEGF antibody,
after the administration of inhibitors of VEGF signaling, in
xenografts [109]-[112], and in humans [113]-[115] lends
weight to the important role played by VEGF in determining
MR enhancement. Other tissue characteristics that have been
correlated with T1-weighted enhancement patterns include the
degree of stromal cellularity and fibrosis [116], [117] tissue
oxygenation [106], [118] and tumor proliferation [101], [119].

Clinical Experience

Analysis of enhancement seen on T1-weighted DCE-MRI is a
valuable diagnostic tool in a number of clinical situations.
The most established role is in lesion characterization, where
it has found a role in distinguishing benign from malignant
breast and musculoskeletal lesions [78]-[82], [120]. In the
brain, T1 DCE-MRI can be used to noninvasively grade brain
tumors [121]-[123]. Dynamic T1-weighted MRI studies have
also been found to be of value in staging gynecological
malignancies and bladder and prostate cancers [124]-[127].
Recently, enhancement parameters have been shown to pre-
dict prognosis in patients with cervix cancers [128]. DCE-
MRI studies have also been found to be of value in detecting
tumor relapse in the presence of fibrosis within treated tissues
of the breast and pelvis [129]-[136]. DCE-MRI is also able to
predict response to or monitor the effects of a variety of treat-
ments. These include neoadjuvant chemotherapy in bladder
and breast cancers and bone sarcomas [137]-[140]. Other
treatments that can be monitored include radiotherapy in rec-
tal and cervix cancers [141]-[144], androgen deprivation in
prostate cancer [145], and vascular embolization of uterine
fibroids [146]-[148]. Recently, DCE-MRI has been used to
monitor the effects of antivascular anticancer drugs
[113]-[115], [149]-[151]. It is noteworthy that enhancement
on DCE-MRI can be affected by most types of successful
treatments. This reflects on the fact that tumor cells kill; no
matter how achieved, they ultimately result in vascular shut-
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where E is the error, N the number of
sample data points, P the number of
free parameters in the model, C;j is the
contrast media concentration, and ¢; is the model estimate of
the contrast media concentration [152]. From this expression,
we can immediately see that a small number of sample points,
N, leads to large error estimates. High spatial resolution will,
by necessity, reduce the number of data samples, leading to
increased error estimates. Additionally, the finer the spatial
resolution, the greater the need for accurate image registration,
as misregistration will result in increased motion induced
noise in data. Conversely, a large number of data samples
acquired at a high sampling rate reduces the error and enables
more complex models with a greater number of free variables
to be used in the model fitting process. Thus, compromises
have to be made trading temporal resolution against coverage
and spatial resolution. Higher temporal resolution techniques
are essential for T2*-weighted DCE-MRI and appear to
improve specificity of T1-weighted examinations because of
better characterization of tissue enhancement [153]. Even
though data collection procedures for quantitative examina-
tions differ to those used in routine clinical practice, there is
debate as to which technique(s) is/are best [154]-[156]. The
MRI community needs to agree on a limited number of exami-
nation and analysis protocols in order to enable DCE-MRI to
be more completely validated and used in clinical trials. Both
generic and organ specific consensus methods for quantified
T1-weighted DCE-MRI data collection have been published
[23], [157], [158].

A major source of variability in the DCE-MRI literature
relates to the method of contrast administration. The dose and
method of administration of contrast agent affects modeling
procedures and clinical results. Typically, contrast agents are
given either as a bolus [86] or infusion [159]. When a powered
injector is used, reproducible injections are ensured. Short
injection times are optimal for fast DCE-MRI imaging tech-
niques, especially when evaluating lesions with high
microvessel permeability for ECF contrast agents [160], [161]
but conversely, slower infusion methods may be better when
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the temporal resolution of the study is longer and
volume coverage is being undertaken [154]. The
method of ECF contrast medium administration
also needs to be tailored to the sequence used and
sequence sensitivity to T2* and T1 effects
[162]-[164]. Using injection rates of 5 ml/s can
reduce the T1 and T2 relaxation times in blood to
the order of 10 ms during the first pass of the
contrast media [165]. Gradient echo sequences
using echo times of the order of 10 ms will be
subject to significant T2 related attenuation that
will require correction in quantitative analysis
methods. The current trend in DCE-MRI is to
acquire data in three-dimensional (3D) volumes;
this requires the use of both short repetition times
(TR) and short echo times (TE). The short TR
requires that DCE-MRI data are acquired with a
small nutation angles for excitation. There are
two reasons for this; to reduce the specific
absorption rate of electromagnetic energy in the
body (a safety reason) and to ensure that the sig-
nal obtained is related to the actual concentration
of contrast media. A consequence of this is that a
number of precontrast measurements with differ-
ing nutation angles are required to obtain suffi-
cient data for the calculation of the initial tissue
relaxation rate (R1). However, small nutation
angles also reduce the SNR of the measurement,
which can be compensated for in part by the
SNR advantage of obtaining 3D volumes.

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. The presence of motion can
invalidate functional vascular parameter esti-
mates, particularly for pixel-by-pixel analyses.
Methods for overcoming/minimizing these
effects include the application of navigator tech-
niques [166] (Figure 12) or imaging in the non-
axial plane using sequential breath holds during
data acquisition and subsequently registering the
data prior to analysis [167]. The latter method
has the advantage that a fixed time interval
between measurements is maintained.
Sophisticated image registration methods have
also been used to eliminate misregistration and
motion induced noise in DCE-MRI studies in
breast [168].

A practical question often asked is whether it
is necessary to quantify imaging data to answer
important clinical questions. Simple morphologic
and semiquantitative analyses seem to work well
in the clinic. 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.
Quantification techniques aim to minimize errors that can
result from the use of different equipment and imaging proto-
cols. Quantification techniques also enable the derivation of
kinetic parameters that are based on some understanding of
physiological processes, and so can provide insights into
tumor biology (see previous). Quantification techniques are
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Fig. 15. Separating tumor perfusion from permeability using combined T1-
and T2*-weighted DCE-MRI. Gd-DTPA concentration times curves obtained
from patient with rectal cancer (same patient shown in Figures 11 and 14),
calculated by the use of T1- and T2*-weighted methods derived from a sin-
gle dual-gradient echo sequence (62). Gd-DTPA concenfration changes
from T1-weighted DCE-MRI imaying is shown on the fop panel and that
obtained from T2*-weighted imayging DCE-MRI on the bottom panel. The
curves in both panels show the average curves for the corresponding color
coded reyions within the tumor (anatomical image inset). The tumor was
seymented by cluster analysis using estimates of rate constant (kep) derived
from two model fitting methods, one including an input function and one
not. The most striking aspect of the segmentation is the selection of three
completely different fime series in the data derived from the T1 DCE-MRI
data, with only minor variations in the concentrations calculated with R2
(i.e., equivalent input functions). This suggests that permeability of GA-DTPA
within each of these tumor reyions is widely different.

therefore preferred when evaluating antivascular anticancer
[169]. Quantification 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 (Figure 13) (mod-
eling failures) and that apparently sensible kinetic values can
be obtained even from noisy data. The causes of modeling
failures are complex and often not well understood. Reasons
include high vascular permeability (i.e. when the intravascular

SEPTEMBER/OCTOBER 2004

77



78

Frequency

RD =52.84%
RD =43.94%
RD = 38.92%
RD = 33.04%

— Mass = 0.14g
~— Mass = 0.58g
—— Mass = 1.16g
— Mass = 2.32g
—— Mass =4.63g RD =29.02%
—— Mass =9.28g RD =24.98%
——Mass =18.58g RD =22.57%
—— Mass = 37.12g RD = 11.40%
—— Mass =74.24g RD =9.13%
Mass = 148.48g RD = 6.88%
Mass = 296.96g RD =0.027%
—— Mass = 593.91g RD =0.0%

major problem found in pharmacokinetic model
based approaches.

Inevitably, the future will yield kinetic mod-
els of increasing sophistication—for example,
the effects of variable proton exchange rates are
yet to be incorporated into a model of contrast
agent uptake. We do not have models that fit all
data types, and more sophisticated models that
provide insights into tissue compartment behav-
ior are needed [30], [162]. It is probably true
that modeling approaches currently are not

always applied to suitable data in ways that are
robust to over-fitting, systematic errors, and
noise. The application of more sophisticated
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allow increased accuracy and precision in quan-
titative DCE-MRI.

Variation between measurements of the same
quantity on the same individual can be caused
either by random measurement error or by phys-
iological changes between measurements. While
it is possible (in theory) to reduce measurement
error, physiological variation is inherent and can
cause difficulty in attempts to characterize dis-
ease or to monitor the effects of therapy. An
estimate of measurement error enables us to
decide whether a change in observation repre-
sents a real change. Data addressing the preci-
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sion and measurement variability of DCE-MRI
techniques is urgently needed and should be an
integral part of any prospective study that evalu-
ates functional response to therapy [42],
[171]-[173]. Where possible, and in the absence
of existing reproducibility of data specific to the

2.5

Fig. 16. Fractal analysis of tumor heterogeneity. Bottom panel depicts a loy
relative dispersion (standard deviation/mean) plots of the AUC T2* (rBV) on
the Y axis and the loyg of the mass element sampled on the X axis of a
patient with rectal cancer. The mass element is obtained from the pixel
dimensions and multiplied by the tissue density, which is assumed to be 1.06
g per cm?. The relative dispersion histogram is shown in the top panel. The
relative dispersion ranges from 0% with the whole of the reyion of interest
included to 52.84% for the smallest mass sample—an individual pixel.
Relative dispersion is an ideal method to characterize heteroyeneity in

parametric imagyes.

contrast medium concentration 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. Modeling fail-
ures would be reduced if the arterial input function (AIF) is
measured and used to estimate kinetic parameters. Fitting data
with the Tofts model can be improved if patient derived vas-
cular input functions are used as inputs in the pharmacokinetic
model in place of the standard Weinmann coefficients [88].
Reliable methods for measuring AIF for routine DCE-MRI
studies are now emerging, but are still not widely available
[170]. The use of AUC for both T1 and T2* data overcomes
the issue of characterizing pixels that fail to fit a model, a
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method, two baseline studies should be incorpo-
rated into the trial design to allow assessment for
individual patient (Figure 13) and group repro-
ducibility. A standardized statistical approach
should also be used to be able to compare the
precision and measurement variability between
and within centers [169]. Such assessments
should ideally be made for each study involving
new (or modified) acquisition procedures, new
patient groups, or analysis methods. Factors that
determine measurement error for a given tech-
nique also need to be defined. These include imaging instru-
mentation and set-up procedures, imaging technique used,
contrast injection protocol, modeling techniques (including
assumptions), and AIF and cardiac output [170].

Analysis and presentation of imaging data needs to take
into account the heterogeneity of tumor vascular characteris-
tics. User-defined whole tumor ROIs yield graphical outputs
with good SNR, but they lack spatial resolution and are prone
to partial volume averaging errors and thus are unable to
evaluate tumor heterogeneity. As a result, whole tumor ROIs
may not reflect small areas of rapid change and so may be
insensitive to drug action. Many authors have commented
that whole tumor ROI assessment may be inappropriate, par-
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ticularly for the evaluation of malignant lesions, where het-
erogeneous areas of enhancement are diagnostically impor-
tant [58], [75], [82].

Pixel mapping has a number of advantages, including the
appreciation of heterogeneity of enhancement and removal for
the need to selective place user-defined ROIs. The risk of
missing important diagnostic information and of creating
ROIs that contain more than one tissue type is reduced. An
important advantage of pixel mapping is being able to spatial-
ly match tumor vascular characteristics, such as blood volume,
blood flow, permeability, and leakage space (Figures 14 and
15). Such displays provide unique insights into tumor struc-
ture, function, and response (Figures 6 and 7). Pixel mapping
techniques have the disadvantages of having poor SNRs and
require specialist software for their generation. While visual
appreciation of heterogeneity is improved by pixel mapping
displays, quantification of the same can be more difficult.
Recently, histogram and principal components analysis has
been used to quantify the heterogeneity of tumors for compar-
ative and longitudinal studies, for monitoring the effects of
treatment, and to show the regression or development of
angiogenic hot spots [143], [174]. Other approaches to charac-
terize tumor heterogeneity in parametric maps include the
application of fractal statistics. Relative dispersion provides a
powerful method of reducing the complex data to a simple
scaling relationship [175]. Relative dispersion (RD) is defined
as the standard deviation divided by the mean value. The rela-
tive dispersion histogram is formed by calculating relative dis-
persion over a range of pixel sizes (often converted to mass by
appropriate scaling). The scaling relationship is found from
the slope of the log(RD) versus the log(mass). This method
demonstrates that the parametric data from tumors exhbit frac-
tal properties [176] (Figure 16).

Conclusions

There are definite clinical requirements to develop noninva-
sive imaging assays of tumor angiogenesis. DCE-MRI is the
favored technique for evaluating tumors with respect to their
state of the functional microcirculation. Depending on the
technique used, data reflecting tissue perfusion (blood flow,
blood volume, MTT), microvessel permeability surface area
product, and extracellular leakage space can be obtained.
Insights into these physiological processes can be obtained
from inspection of kinetic enhancement curves or by the appli-
cation of complex compartmental modeling techniques. The
accuracy of clinical diagnoses can be increased by combining
both morphological and kinetic features. Angiogenesis imag-
ing techniques potentially have widespread clinical applica-
tions, and their recent development has been spurred on by the
development of antivascular anticancer approaches. A realistic
appraisal of the strengths and limitations of DCE-MRI tech-
niques is required, and a number of challenges must be met if
DCE-MRI is to enter into widespread clinical practice. These
include the need for commercial equipment manufacturers to
provide robust methods for rapidly measuring time varying
change in T1 relaxation rates, incorporation of AIF into kinet-
ic modeling processes, robust analysis software that allows
input from a variety of MRI devices and validated statistical
tools for the evaluation of heterogeneity. Such developments
will be essential for multicenter trials, where it will be neces-
sary to establish effective cross-site standardization of
measurements and evaluation. Imaging scientists, radiologists,

IEEE ENGINEERING IN MEDICINE AND BIOLOGY MAGAZINE

and clinicians will need to become enthusiastic key players if
there is to be successful clinical implementation of DCE-MRI.
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