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Update on Brain Tumor Imaging:

REVIEW ARTICLE

S. Cha

he role of neuroimaging in patients with brain tumors is no

longer simply to evaluate structural abnormality and iden-
tify tumor-related complications. By transitioning from a
purely anatomy-based discipline to one that incorporates
functional, hemodynamic, metabolic, cellular, and cytoarchi-
tectural alterations, the current state of neuroimaging has
evolved into a comprehensive diagnostic tool that allows char-
acterization of morphologic as well as biologic alterations to
diagnose and grade brain tumors and to monitor and assess
treatment response and patient prognosis. To treat patients
with brain tumors without the use of neuroimaging is impos-
sible to imagine. The intense efforts to develop, validate, and
clinically implement quantitative, biology-driven neuroimag-
ing methodologies are of utmost importance in selecting and
developing appropriate therapy, detecting early treatment
failure, and providing accurate and clinically relevant biologic
end points for high-risk, but potentially high-reward, tumor-
specific therapies tailored to the unique biology of an individ-
ual brain tumor.

This article provides an overview of the current state of
neuroimaging of brain tumors and discusses 3 types of physi-
ology-based MR imaging methods, namely, diffusion-
weighted imaging (DWT), proton MR spectroscopy (‘H-MR
spectroscopy), and perfusion-weighted imaging. These meth-
ods have played a pivotal role in the transition of clinical MR
imaging from a purely morphology-based discipline to one
that combines structure with function. Detailed discussion on
the underlying MR physics behind each method is beyond the
scope of this review, and the physics will be discussed only
briefly when relevant. The review will focus instead on the
clinical application of these methods as they relate to patients
with brain tumors and will expand on exciting research
applications of newer technologies.

Unique Features of Brain Tumors

The brain is the organ that defines a human being as a self and
differentiates the human from other animals by its ability to
perform higher-order cognitive functions that enable
thoughts, emotions, memories, and dreams. Unlike any other
organ in the human body, the brain has a multilayered protec-
tion and defense mechanism that keeps foreign substance
away and maintains a delicate system that ensures a homeo-
static milieu. The rigid skull is an obvious structural defense
against physical trauma, but there are other structural and
functional barriers, such as the blood-brain barrier (BBB), and
autoregulation mechanisms that strive to maintain homeosta-
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From Anatomy to Physiology

sis of the brain environment.' These structural and functional
barriers create a uniquely challenging environment for brain
tumor cells to grow and prosper. As in diffuse gliomas, the
most common type of primary brain tumor, the predominant
growth pattern becomes infiltrative rather than expansile
within the functioning brain parenchyma and along the inside
of the BBB until late in tumor growth. Complete surgical re-
section therefore may be technically possible but usually is not
performed because of unacceptable neurologic morbidity and
permanent brain injury.

No matter what type of histologic features or genetic ori-
gin, brain tumors all have in common that they are confined
by the inherent barriers of the brain and must learn to survive
and thrive in the environment of both physical and functional
barriers of the brain. The BBB is unique and one of the most
important barriers of the brain, but there are others such as the
structural barriers created by myelin sheath and axonal com-
position of white matter and cell nuclei of gray matter. These
barriers and cytoarchitecture of the brain also offer opportu-
nities for MR imaging to exploit unique changes of proton
motion, metabolic activity, and hemodynamics created by the
presence of tumor.

Classification of Brain Tumors
In 2000, the World Health Organization (WHO) revised the
classification of neoplasms affecting the central nervous sys-
tem, based on a century-old premise that each type of tumor
originated from one specific cell type.” Purely on the basis of
histologic features, this classification system relies almost en-
tirely on visual assessment of the microscopic appearance of
the tumor specimen, which raises the concern for subjectivity
and interobserver variability. Moreover, the classification sys-
tem does not take into consideration other important factors
such as anatomiclocation and size of the tumor, both of which
will determine surgical accessibility and degree of resectability.
Despite its shortcomings, the WHO classification scheme
of brain tumors remains the primary basis for guiding therapy
and assessing overall prognosis in patients with brain tumor.
The classification system also forms the basis for scientific
study in brain tumor research, as well as the clinical under-
standing of tumor biology, clinical response, and patient prog-
nosis. Although most malignant brain tumors are uniformly
fatal, rare but distinct instances do occur in which tumors
respond to therapy and cure is achieved. The current WHO
classification, however, falls short of predicting therapeutic
response of each individual tumor within the same histologic
grade and cannot provide precise guidance of therapy, espe-
cially those targeting specific molecular or genetic pathways of
tumor genesis. Clearly, a need exists for improvement in the
brain tumor classification scheme to one that can guide ther-
apy and assess early treatment response and is clinically signif-
icant in terms of providing clinical end points and outcome
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Fig 1. ADC and astrocytoma grade. WHO grade Il (top row), grade Il (middle row), and grade IV (bottom row) astrocytomas. Axial postcontrast T1-weighted images (/eft column), FLAIR
images (middle column), and ADC maps (right column) demonstrate typical examples of 3 different grades of astrocytoma. With increasing tumor grade, the tumor ADC value of grade Il
astrocytoma is lower (black arrows) than that of grade Il and the grade IV astrocytoma has the lowest (white arrow).

measures. It is unlikely that, on the basis of histologic classifi-
cation alone, the grading of brain tumors will provide mean-
ingful end points for therapeutic trials. To that end, surrogate
or biologic tumor markers derived from neuroimaging hold
much promise to fill that role by potentially providing novel
information on biologic differences between 2 tumors of the
same type and grade that respond drastically differently to
therapy.

Physiology-Based MR Imaging

DWI. Four important clinical applications of DWI in brain
tumors have been to assess tumor grade and cellularity, post-
operative injury, peritumoral edema, and integrity of white
matter tracts.

Apparent Diffusion Coefficient and Glioma Grade. The
grade of brain tumor is pivotal in the treatment decision and
assessment of prognosis. The revised WHO classification sub-
divides gliomas into 4 grades (I-IV) based on specific histo-
logic features of tumor such as cellularity, nuclear atypia, mi-
totic activity, pleomorphism, vascular hyperplasia, and
necrosis. Grade I gliomas comprise a unique group of glio-
mas—pilocytic astrocytoma, pleomorphic xanthoastrocy-
toma, subependymal giant cell astrocytoma—which all share a
relatively benign biology and indolent clinical course. The re-
maining diffuse gliomas are subdivided into grades II-1V,
which is the basis for our understanding of tumor biology and
clinical outcome. Of the histologic features for glioma grading,
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cellularity has been the target of quantitative assessment with
DWI. The rationale of using DWI to quantify cellularity is
based on the premise that water diffusivity within the extra-
cellular compartment is inversely related to the content and
attenuation of the constituents of the intracellular space. The
higher the tumor cellularity (and hence the greater volume of
intracellular space), the lower the apparent diffusion coeffi-
cient (ADC) because of decreased water diffusivity caused by a
relative reduction in extracellular space for the proton to move
about. Hence, the higher the glioma’s grade, the lower mean
tumor ADC values (Fig 1). Several reports have shown that
glioma grade correlates inversely with minimum ADC, likely
on the basis of increasing tumor cellularity with grade.>® Al-
though the initial reports on the correlation between mini-
mum ADC and glioma grade have shown promise, the role of
DWTI in the preoperative assessment of glioma grade is clini-
cally insignificant and remains investigational, because of sub-
stantial overlap in ADC values among different grades of gli-
oma. The limited role of ADC in glioma grading is less likely
because of the limitation of ADC as a quantitative biomarker
of cellularity but more likely because of inherent and quite
remarkable tissue heterogeneity associated with gliomas
across different grades, within the same grade, and even within
asingle given tumor. It is widely known that a given individual
glioma, usually of high grade, often contains a continuum of
histologic features of grades II-IV, and tumor grading is de-
pendent entirely on the site of tumor biopsy or resection and



Fig 2. A 51-year-old man with right frontal glioblastoma multiforme.

A, Preoperative axial postcontrast T1-weighted image shows a centrally necrotic, peripherally enhancing right frontal lobe mass compressing the adjacent lateral ventricle.

B, Immediately postoperative axial postcontrast T1-weighted image confirms gross total resection of the enhancing portion of the mass.

C, Immediately postoperative axial diffusion-weighted image demonstrates a wedge-shaped area of abnormal reduced diffusion (white arrow) within the surgical bed.

D, One-month postoperative axial postcontrast T1-weighted image reveals irregular area (black arrow) of abnormal contrast enhancement within the margins of the surgical bed simulating

the appearance of a recurrent tumor.

E, Two-month postoperative axial postcontrast T1-weighted image shows complete resolution of the abnormal contrast enhancement and a gliotic cavity (arrowhead).

thus subject to sampling error or undersampling. The range of
ADC values within a given glioma therefore can vary mark-
edly, and a measurement derived from a region of interest
will underscore the spectrum of heterogeneity in glioma
cellularity.

ADC values have also been correlated with cellularity of
nonglial brain tumors. When compared with gliomas, lym-
phomas were shown to have lower ADC, likely because of their
higher cellularity.” In a small sample of meningiomas, malig-
nant or atypical meningiomas were found to have lower ADC
values when compared with typical meningiomas.® Although
the underlying physics of reduced diffusion in certain brain
tumors is far more complex than that due to increased cellu-
larity, minimum ADC seems to correlate well with brain tu-
mors of higher cellularity. It should be noted that none of these
studies actually performed ADC-guided tissue biopsy to
confirm the correlation between minimum ADC and tumor
cellularity.

DWI and Postoperative Injury

Reduced diffusion abnormality is not synonymous with acute
cytotoxic edema, because it can be seen in numerous intracra-
nial disease processes that do not involve cytotoxic edema.
Any process that results in acute intracellular swelling and
subsequent decrease in the surrounding extracellular space
can lead to reduced proton diffusion in the brain. After brain
tumor resection, acute cellular damage is likely to occur for a
variety of reasons such as direct surgical trauma, retraction
and vascular injury, and devascularization of tumor. A recent
report suggests that the occurrence of abnormal reduced dif-
fusion in and around as well as remote from the resection bed
immediately after surgery for brain tumor resection is not un-
common.’ The important clinical implication here is not so

much in the observation of areas of reduced diffusion after
surgery as the knowledge of the evolution of these abnormal-
ities in the follow-up phase as the patient undergoes adjuvant
radiation therapy and/or chemotherapy. Similar to the evolu-
tion of reduced diffusion in the setting of acute infarct, the
areas of immediate postoperative diffusion abnormality in-
variably undergo a phase of contrast enhancement on routine
anatomic images that can be easily misinterpreted as tumor
recurrence. In a recent study,” regions of reduced diffusion
after glioma surgery showed contrast enhancement on a fol-
low-up study that simulated the appearance of recurrent tu-
mor. These areas of enhancement invariably evolved into en-
cephalomalacia or gliotic cavity on long-term follow-up
studies, as one would expect in a region of permanent brain
injury. After surgery, it is important to recognize diffusion-
related contrast enhancement in gliomas, which can be con-
fused with the appearance of recurrent tumor and interpreted
erroneously as an early treatment failure, prompting aggres-
sive therapy with high potential toxicity and questionable ef-
ficacy (Fig 2). A new area of contrast enhancement observed
on postcontrast T1-weighted images after glioma surgery
should be interpreted in the context of the immediate postop-
erative DWI, a sequence that is essential and should be a part
of any routine brain tumor imaging protocol.

ADC and Peritumoral Edema: Vasogenic versus
Infiltrative

The modern-day concept of cerebral edema remains largely
based on the theory of Klatzo, who in 1967 proposed 2 funda-
mentally different types of edema, cytotoxic and vasogenic.'®
In cytotoxic edema, the chief mechanism is related to intracel-
lular swelling due to sodium influx after energy pump failure
at the cell membrane level. The net result of cytotoxic edema is
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marked decrease in extracellular space and, hence, marked
reduction in ADC measurement (<0.5 X 10~ %> mm?/s) seen in
the setting of acute cerebral infarct. In vasogenic edema, how-
ever, there is increase in extracellular space volume, because of
disturbance of vascular permeability, which enables the indis-
criminate escape of plasma fluid and protein. Unlike cytotoxic
edema, vasogenic edema implies reactive changes rather than
permanent cellular damage and, hence, is reversible. In brain
tumors, peritumoral edema is largely based on imaging defi-
nition of different components of tumor in relation to the
presence or absence of contrast enhancement after the admin-
istration of intravenous contrast agent such as gadopentetate
dimeglumine (Gd-DTPA) for MR imaging. In general, the
nonenhancing area of abnormality surrounding the enhanc-
ing tumor core is referred to as peritumoral edema. In meta-
static brain tumors or noninfiltrative primary tumors such as
meningiomas, the peritumoral edema is synonymous with va-
sogenic edema, where there is increased extracellular water
due to leakage of plasma fluid from altered tumor capillaries
but no tumor cells are present. In gliomas, however, the peri-
tumoral edema is better referred to as infiltrative edema, be-
cause it represents both vasogenic edema and infiltrating tu-
mor cells that are behind the BBB and usually invading along
the white matter tracts.

Imaging-based localization of scattered and random areas
of tumor infiltration within the peritumoral edema in gliomas
is a daunting, if not impossible, task because infiltrated tumor
cells are barely identifiable even at histologic evaluation at a
microscopic level, a resolution that is far beyond what ana-
tomic MR imaging can provide. Differentiation between va-
sogenic and infiltrative edema has been attempted with DWI
on the basis of the premise that water diffusivity is facilitated to
agreater degree in vasogenic than in infiltrative edema because
of a lack of intervening tumor cells in the former. The real
challenge, however, is to localize tumor-infiltrated regions
among the area of vasogenic edema so that potential therapy
can be directed to these sites without subjecting unnecessary
toxicity on the entire peritumoral edema, most of which is
vasogenic in nature. Several reports have shown that ADC
values are not helpful in differentiating tumor and tumor-
related brain edema.'"'* Although there was one report'"
showing reported statistically significantly different ADC val-
ues between the 2 types of edema in 2 different tumor types
(gliomas vs metastatic tumors), it is unlikely that ADC alone
will be able to discriminate pure white matter water as in va-
sogenic edema from brain water with scattered foci of micro-
scopic and isolated tumor cells as in infiltrative edema because
of the inherent limitation of spatial resolution of DWI.

Another application of DWI in brain tumors is the use of
fractional anisotropy (FA) maps derived from diffusion tensor
imaging (DTI) to determine the integrity of white matter
tracts in the vicinity of a brain tumor. Several different pat-
terns of FA maps were described in a recent report proposing
to differentiate white matter tracts that are displaced or dis-
torted but intact from those that are invaded or destroyed by
the adjacent tumor."* Although there is lack of direct histo-
logic correlation between FA maps and the status of white
matter tracts near brain tumor in the literature, a variation of
FA matrices such as the tumor infiltration index' or fiber
attenuation index'® may provide more specific information
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on the status of peritumoral edema in brain tumors. The bio-
logic correlates for the DTI-derived matrices, however, remain
unclear and await much-needed histologic validation.

Diffusion Tensor Imaging and White Matter Tractography
Diffusion tensor imaging (DTI) is a rapidly growing area of
research in technical optimization and image processing, as
well as clinical application in a variety of intracranial disor-
ders. DTTis distinguished from DWI by its sensitivity to aniso-
tropic or directionally dependent diffusion and provides
unique information on 3D diffusivity, which is characterized
by 3 eigenvectors (direction) and 3 eigenvalues (magnitude).
In humans, brain DTI provides a 3D depiction of white matter
connectivity that allows unprecedented opportunity to study
brain cytoarchitecture at a microscopic level. The term “ten-
sor” is a mathematic construct adopted from physics and en-
gineering to describe tension forces in solid bodies with an
array of 3D vectors. In DTI, tensor is made up of a matrix of
numbers derived from diffusion measurements in at least 6
independent diffusion-encoding directions to calculate orien-
tation-dependent diffusion in all spatial directions for each
image voxel. The anisotropic diffusion in the brain is largely
attributed to 2 unique cytoarchitectural compositions of the
brain: myelin and axons. The lipid bilayer of myelin sheath
creates a unique microsopic diffusion barrier that results in
different degrees of diffusion along different planes.'” Myelin
alone, however, cannot be responsible for anisotropic diffu-
sion, because nonmyelinated nerves have been shown to dem-
onstrate striking diffusion anisotropy.'® The attenuation and
packing of axons and the subcomponents of axons such as the
micro- and neurofilaments, microtubules, and membranes
also contribute significantly to the anisotropic diffusion. Al-
though the biologic basis of diffusion anisotropy is not yet
completely understood, the differential degree of water diffu-
sivity that is maximal parallel to and minimal perpendicular to
the long axes of collimated axonal bundles and myelin sheath
create a unique situation to measure and tract fiber orienta-
tion, especially in large white matter tracts such as the cortico-
spinal tract.

In brain tumors, DTI tractography has had a tremendous
impact on intraoperative guidance in tumor resection.'” DTI
tractography maps of desired white matter tracts can be over-
laid onto high-resolution anatomic images and provide infor-
mation on alterations in fiber tract directionality and integrity
due to neighboring brain tumor (Fig 3). DTI tractography of
the corticospinal tract has gained popularity among neurosur-
gical colleagues as a noninvasive guide to avoid injuring the
corticospinal tract during tumor resection.

Proton MR Spectroscopic Immaging

MR Spectroscopy and Glioma Grading. The clinical value
of preoperative glioma grading based on metabolite ratios de-
rived from "H-MR spectroscopy remains investigational de-
spite several published reports on high diagnostic accuracy of
"H-MR spectroscopy. Currently, the role of MR spectroscopy
in glioma grading in the clinical preoperative setting, espe-
cially in replacing surgical biopsy, has not been proved accu-
rate enough to replace tissue diagnosis and grading. Several
large case series have reported that 'H-MR spectroscopy was
very accurate in the differentiation of high- and low-grade



Fig 3. A 37-year-old man with right frontal low-grade astrocytoma. A series of axial postcontrast T1-weighted images of the brain demonstrate a nonenhancing right frontal insular mass.
The diffusion tensor tractogram, which has been coregistered and overlaid onto the contrast-enhanced T1-weighted images, demonstrates corticospinal tract (white marks) that is displaced

but not invaded by the tumor.

gliomas,”*** by using both the long and/or short echo-time
studies, though there was diminished diagnostic accuracy in
the differentiation between grade III and grade IV gliomas.**
None of these studies, however, compared the accuracy of 'H-
MR spectroscopy in glioma grading with contrast-enhanced
anatomic MR imaging, which should be considered the refer-
ence standard.

MR Spectroscopy and Tumor versus Therapy-Related
Changes. Imaging assessment of brain tumor after therapy is
particularly challenging for neuroradiologists and neuro-on-
cologists, because of the nonspecificity of anatomic imaging.
Areas of contrast enhancement on enhanced T1-weighted im-
ages after glioma therapy often contain both residual or recur-
rent tumor and therapy-related changes, and precise localiza-
tion and separation of the 2 regions within a given tumor has
proved difficult. Nonetheless, differentiating tumor and ther-
apy-related necrosis by using imaging continues to be the sub-
ject of intense research objectives throughout the world and
still remains the elusive “Holy Grail” of brain tumor imaging
after therapy. Aside from imaging, the extreme histologic and
geographic heterogeneity of gliomas before and after therapy
poses another challenge in separating tumor and necrosis even
on histopathologic evaluation.

"H-MR spectroscopy has been used clinically to differenti-
ate tumor- and therapy-related changes mostly in irradiated
gliomas in several published reports.”>” These studies con-
tain relatively small samples (all <45 patients), but have
shown that abnormal increase in choline peak >50% of the
contralateral brain or choline-to-creatine ratio >2 had mod-
erate to high sensitivity (64%-95%) and high specificity
(82%—100%) for identifying active tumor. Lack of studies with
larger samples, however, makes the results from small case
series difficult to extrapolate and apply clinically in a wider
context in an attempt to bypass surgical confirmation.

Lactate-Edited "H-MR Spectroscopy

Glioblastoma multiforme, the most common type of primary
glioma, has extensive areas of hypoxia and necrosis.”® An in-
creasing body of evidence suggests that hypoxia in glioma is a

powerful promoter of tumor angiogenesis and invasion
through its upregulation of target genes critical for these func-
tions.*** Hypoxia-driven angiogenesis sets up a vicious cycle
of production of immature, abnormal microvasculature that
cannot function properly and thus results in more tumor hyp-
oxia, ultimately resulting in necrosis.

Lactate is the end-product of the nonoxidative glycolysis.
Therefore, its presence may be correlated with poor oxygen-
ation level, or hypoxia, in the tumor tissue.> The presence of
mobile lipids has been correlated with the formation of necro-
sis where cellular death results in membrane breakdown.** In
gliomas, mobile lipids are observed mostly in high-grade tu-
mors, particularly in gliobastoma multiforme,® because of its
characteristic pseudopalisading necrosis, whereas the correla-
tion of the presence of lactate with glioma grade remains un-
certain.***® In standard "H-MR spectroscopy acquisition, the
peaks of lactate and mobile lipids overlap within the region
from 0.9 to 1.3 parts per million (ppm). Because of this prox-
imity of resonance on 'H-MR spectra, lactate and lipids are
often treated as a single metabolite, though each represents
vastly different tumor biology and tissue viability. The regions
of lactate most likely represent areas of hypoxic but viable
tumor, whereas the regions of mobile lipid represent necrotic
nonviable tissue. The separate detection and quantification of
the 2 metabolites are therefore important in studying the rela-
tionship between hypoxia and necrosis within a brain tumor.

Spectral editing is necessary to detect the intensity of lactate
and mobile lipid metabolites separately and reliably at "H-MR
spectroscopy. The methods based on J-difference modulation
allow for the distinction between coupled and uncoupled
spins and achieve full sensitivity of the lactate doublet®® at 1.2
ppm. This class of techniques, however, needs 2 acquisition
cycles per phase-encoding step, and the total acquisition time
is generally too long for routine clinical applications. Reduced
k-space sampling techniques such as the ellipsoidal k-space
sampling method can reduce the acquisition time so that clin-
ical imaging is practical for studies of patients with brain tu-
mor.

Clinical application of lactate-edited 'H-MR spectroscopy
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Fig 4. A 59-year-old woman with right superior frontal mass initially diagnosed as low-grade astrocytoma.

A, Axial postcontrast T1-weighted image shows an ill-defined nonenhancing mass within the right superior frontal lobe.

B, Axial FLAIR image demonstrates homogeneous T2 prolongation within the mass and a single-voxel proton-spectroscopic imaging within the center of the mass reveals a marked increase
in lactate (Lac) and choine (Cho) metabolites and a decrease in N-acetylaspartate (NAA) metabolite.

C, 3D, lactate-edited, proton spectroscopic image of the same tumor location confirms the presence of lactate metabolite within the tumor. Re-evaluation of the tissue specimen revealed
a few mitotic figures and vascular hyperplasia, and the tumor was upgraded to anaplastic astrocytoma.

D, Serial axial postcontrast T1-weighted images during 1-year period show emergence of subtle enhancement at the posterior surgical margin at 9-month follow-up (white arrow), which

rapidly progresses into an aggressive grade IV astrocytoma (black arrow).

has shown a promising role for lactate and lipid metabolites in
further differentiating glioma grades, especially between high-
and low-grade gliomas (Fig 4). A recent report suggests that
mobile lipid is present almost exclusively in high-grade glio-
mas but rarely, if at all, in low-grade gliomas and that lactate is
seen in both grades of gliomas. More interestingly, the regions
of high lactate or lipid metabolite peaks were seen in close
proximity, if not identical, to the areas of maximal tumor
blood volume abnormality assessed by dynamic susceptibility-
weighted contrast-enhanced (DSC) MR imaging.*° It is widely
known from the neuropathology literature that hypoxia is one
of the most potent stimulators of tumor angiogenesis in glio-
mas. Intense research in this field has revealed the complexity
of glioma angiogenesis and the delicate balance and interplay
between anti- and proangiogenic influences, including tumor
hypoxia.** The previous report*’ on "H-MR spectroscopy and
DSC MR imaging seems to suggest that there is a spatial, if not
also temporal, relationship between tumor hypoxia and tu-
mor angiogenesis. It remains to be seen, however, whether
lactate from 'H-MR spectroscopy correlates directly with his-
tologic assessment of tumor hypoxia, such as antibody stain-
ing of hypoxia-inducible factor. Results of a recent prelimi-
nary study*' suggest that lactate metabolite may be a surrogate
marker of radioresistance in gliomas undergoing radiation
therapy. Although lack of sufficient data underscores using
lactate metabolite derived from "H-MR spectroscopy as a re-
liable biomarker of tumor hypoxia or radioresistance, robust
separation of lactate and lipid metabolites in gliomas is an
important step toward establishing the biologic significance of
each metabolite.
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MR Spectroscopy Summary

"H-MR spectroscopy is a powerful noninvasive imaging tech-
nique that offers unique metabolic information on brain tu-
mor biology that is not available from anatomic imaging. 'H-
MR spectroscopy has shown a promising role in grading low-
and high-grade gliomas and also in differentiating active tu-
mor from therapy-related necrosis. Several technical issues
face 'H-MR spectroscopy, however, including variable and
nonstandardized pulse sequences and the lack of standardized
quantitation methods and diagnostic threshold for metabolite
concentration that can be used in multi-institutional and mul-
tiple vendor platforms. Other issues include incomplete cov-
erage of tumor tissue because of the limitation of spectral vol-
ume size and artifacts from bone and scalp tissues. Despite
these challenges, 'H-MR spectroscopy will continue to play an
important role in providing noninvasive metabolic informa-
tion on brain tumors that forms the basis for intense scientific
research in technical refinements and remains a part of the
clinical diagnostic armamentarium to improve brain tumor
diagnosis.

Perfusion MR Imaging

In brain tumors, perfusion MR imaging proposes to measure
the degree of tumor angiogenesis and capillary permeability,
both of which are important biologic markers of malignancy,
grading, and prognosis, particularly in gliomas. Brain tumor
vasculature plays critical roles not only in supplying nutrients
and oxygen to tumor cells but also in providing a roadmap for
tumor infiltration and complex feedback loop with tumor
hypoxia and necrosis.**** It is of utmost importance to un-



derstand the complex biology of brain tumor angiogenesis to
gain insight into the development of malignancy and strategies
to combat tumor growth.** To that end, various perfusion MR
imaging methods strive to provide noninvasive and robust
surrogate markers of tumor angiogenesis and capillary perme-
ability. The following sections focus on the 2 most widely used
contrast-enhanced MR imaging methods—DSC and dynamic
contrast-enhanced (DCE) perfusion MR imaging—to study
and quantify brain tumor vasculature.

DSC MR Imaging

The most robust and widely used quantitative variable derived
from DSC imaging is the relative cerebral blood volume
(rCBV). It has been shown by Zierler*® that, in the absence of
recirculation and contrast material leakage, CBV is propor-
tional to the area under the contrast agent concentration-time
curve. From the susceptibility signal intensity—time curve, Gd-
DTPA concentration, which is proportional to the change in
relaxation rate ([AR2*] ie, the change in the reciprocal of T2%),
can be calculated from the signal intensity by using the follow-
ing equation®’:

. —In(S(#)/S,)

1) AR2* = B E—

where S(#) is the pixel signal intensity at time ¢, S, is the pre-
contrast signal intensity, and TE is the echo time. This equa-
tion is only valid if T1 enhancement associated with BBB dis-
ruption has a negligible effect on signal intensity, which is
ensured by using either long TRs, low flip angles, or a combi-
nation of the 2 to reduce saturation.

In general, the assumptions of negligible recirculation and
contrast material leakage are violated. The effects of this can be
reduced by fitting a gamma-variate function to the measured
AR2* curve.*® The gamma-variate function approximates the
curve that would have been obtained without recirculation or
leakage. CBV can then be estimated from the area under this
fitted curve rather than the original data. In our experience,
however, the gamma variate fit is unstable: small variations in
the initial parameter estimates give wide variations in the re-
sults. This instability occurs even with data averaged over re-
gions of interest in areas of high perfusion and appears to be
inherent to the procedure. In practice, satisfactory fits can of-
ten be found only by repeating the procedure with multiple
different initial estimates until a set is found that causes the
fitting algorithm to converge. This approach can be applied to
fit time-concentration curves from multiple regions of inter-
est, because each fit takes very little time but is not suited for
pixel-by-pixel calculations of CBV maps. To obtain CBV
maps, alternative corrections for leakage are therefore needed.
The simplest method is to estimate the end of the bolus and
calculate the area under the bolus alone. This will, however,
result in a systematic overestimation of CBV in areas where the
BBB is damaged. Alternatively, having estimated the begin-
ning and end of the bolus, a baseline can be subtracted from
under the curve. The area under the corrected contrast agent
concentration-time curve is proportional to the CBV and does
not yield an absolute measurement. It is therefore necessary to
express the measurement relative to a standard reference, usu-
ally contralateral white matter.

Numerous studies have attempted to correct for the under-
or overestimation of rCBV measurements from DSC imaging
in regions of microvascular leakage and to derive new param-
eters to more accurately characterize endothelial permeabili-
ty.*>® These include methods such as preinjecting a small
amount of Gd-DTPA to temporarily saturate the tissue T1,
dual-echo pulse sequences, baseline subtraction, and model-
based permeability compensation methods. Each has its own
strength and weakness, and none is considered the reference
standard method to correct for leakage factor.

A recent study’” showed that new quantitative variables
other than CBV can be derived from DSC perfusion MR im-
aging without making the assumption of intact BBB. From the
relaxivity signal intensity—time curve, the maximum suscepti-
bility-weighted signal intensity change and the percentage sig-
nal intensity recovery at the end of the first pass can be easily
calculated without complex modeling or a sophisticated leak-
age correction algorithm.

rCBV and Astrocytoma Grading. Gliomas are the most
common primary tumors of the brain, with astrocytomas be-
ing the most common subtype. In astrocytomas, vascular
morphology is a critical parameter in determining malignant
potential and survival. Astrocytoma grading is important for
determining both prognosis and therapy. Several studies®® !
have shown a statistically strong correlation between tumor
rCBV and astrocytoma grading, as well as conventional angio-
graphic tumor vascularities. As the grade of fibrillary astrocy-
toma increases, the maximal tumor rCBV tends to increase
(Fig 5). Astrocytoma grading by using rCBV, however, should
be limited to fibrillary astrocytomas because other gliomas,
most notably oligodendrogliomas, may have high rCBV re-
gardless of grade (Fig 6).

Still unknown is what an elevated rCBV really represents
histologically. To our knowledge, no report has been pub-
lished on a direct correlation between rCBV and histologic
features based on image-guided biopsy. This remains a chal-
lenging but necessary step in validating rCBV as a biomarker
of tumor angiogenesis. Angiogenesis in brain tumors is as het-
erogeneous as the numerous types of histologic subtypes. For
example, pilocytic astrocytomas, a common pediatric brain
tumor and a WHO grade I astrocytoma, often demonstrate
vascular hyperplasia that is composed of dilated vessels of
fairly uniform morphology. Glioblastoma multiforme, a
WHO grade IV astrocytoma, also frequently contains vascular
hyperplasia that can be morphologically quite heterogeneous
and includes classic glomeruloid vessels, simple endothelial
hyperplasia, and delicate vasculature.

rCBV and Nonastrocytic Gliomas. As mentioned above,
there are nonastrocytic gliomas that have high rCBV even in
low-grade tumors. Oligodendrogliomas are well known for
their delicate neoangiogenic vessels, the so-called chicken-
wire vasculature, and demonstrate elevated rCBV, even in
low-grade tumors, that can be as high as that of glioblas-
toma.®> As shown in Fig 6, low-grade oligodendrogliomas
tend to demonstrate high rCBV on DSC perfusion MR images
and can, at times, be confused with malignant gliomas, even a
glioblastoma. There are well-described conventional ana-
tomic MR imaging features of oligodendrogliomas such as
cortical involvement with frontal lobe predominance, intratu-
moral cysts, and susceptibility changes due to intratumoral
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Fig 5. Relative cerebral blood volume (rCBV) maps of astrocytoma grade I, grade Ill, and grade IV (/eft to right).

Top row, Axial postcontrast T1-weighted images of grade Il (/eft), grade IIl (middle), and grade IV (right) astrocytoma demonstrate definite contrast enhancement associated with only the

grade IV tumor.

Bottom row, Axial rCBV color maps coregistered with axial postcontrast T1-weighted image show increasing tumor blood volume abnormality with increasing tumor grade.

Fig 6. A 34-year-old man with left frontal grade Il oligodendroglioma. Axial postcontrast
T1-weighted image (/eft) shows a heterogeneous, mildly enhancing (black arrow) left
frontal mass. Axial rCBV map at the same anatomic location demonstrates marked
increased in tumor blood volume (white arrow).

calcification that, in conjunction with high rCBV, can help in
preoperative diagnosis.

Choroid plexus tumors are gliomas that arise from the cho-
roid plexus within the ventricular system of the brain. These
are highly vascular tumors composed of capillaries derived
from the choroid plexus, which does not contain a BBB. This
results in highly leaky capillaries, which causes avid enhance-
ment on T1-weighted images after administration of Gd-
DTPA. On DSC perfusion MR images, choroid plexus tumors
demonstrate marked leakage of Gd-DTPA at the start of the
bolus phase, and the susceptibility-weighted signal intensity
curve never returns toward baseline (Fig 7). Because there is
no BBB, intravascular compartmentalization of Gd-DTPA is
not possible due to almost simultaneous transition of the con-
trast agent from intravascular to interstitial space. The rCBV
measurements of choroid plexus tumors tend to be markedly
under- or overestimated because fitting of the AR2* curve to
yield area under the curve is unstable or unreliable.
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rCBYV and Brain Tumors Other Than Gliomas. Meningi-
omas are the second-most-common primary tumors of the
brain. The most common meningiomas are biologically be-
nign, WHO grade I tumors that are usually curative with com-
plete surgical resection. The less common atypical meningio-
mas (WHO grade II) tend to be more clinically aggressive and
are likely to recur even after complete resection. Regardless of
grade, meningiomas are highly vascular tumors that usually
derive blood supply from dural vessels of the external carotid
artery, though pial supply is not uncommon. Results of a re-
cent preliminary report® suggest that the type of vascular sup-
ply—dural or pial—may affect the characteristics of the sus-
ceptibility-weighted signal intensity—time curve where there
was more profound contrast material leakage during the bolus
phase for meningiomas that derive their blood supply from
dural vessels compared with those tumors supplied by pial
vessels (Fig 8). Although validity of this observation remains
highly investigational, the concept of detecting the type of vas-
cular supply to meningiomas by using DSC perfusion MR im-
aging has profound implications in selection of patients for
preoperative embolization, which is limited to dural vessels,
and surgical planning for pial-supplied meninigiomas, which
tend to bleed more during surgery.

Primary cerebral lymphoma (PCL) is a highly malignant
brain tumor, usually of B-cell lymphocyte origin. PCLs can
mimic malignant primary gliomas (glioblastoma in particu-
lar), metastatic brain tumors, or even infection on anatomic
MR images. Preoperative diagnosis of PCL is critical because,
unlike primary gliomas, gross total resection of tumor in PCL
is a relative contraindication and may, in fact, result in in-
creased patient morbidity and mortality.** On DSC perfusion
MR images, lymphomas tend to show elevated rCBV, but not
to the degree as in glioblastoma. This is likely because florid
angiogenesis is not a typical feature of PCL. Rather, PCL is well
known for its angiocentric histologic feature where the lym-



Fig 7. A 5-year-old girl with right lateral ventricle choroids plexus papilloma.

A, Axial postcontrast T1-weighted image shows an avidly enhancing, intraventricular mass.

B, Dynamic susceptibility-weighted contrast-enhanced image during the maximum bolus demonstrates marked signal intensity drop within the tumor because of increased tumor vascularity.

C, Susceptibility-weighted signal intensity time curves from regions of interest placed over the tumor (green) and the contralateral normal brain (pink) show marked difference in signal
intensity recovery between the 2 regions. The tumor vasculature lacks blood-brain barrier and there is immediate and marked leakage of contrast agent during the bolus phase (arrows)

and minimal return to the baseline.

Fig 8. A 42-year-old man with bifalcine meningioma.

A and B, Axial postcontrast T1-weighted (A) and T2-weighted (B) images show a large enhancing, bifalcine, extra-axial mass.

Cand D, Catheter angiographic images from selective external carotid artery (C) and internal carotid artery (D) demonstrate abnormal tumor vascularity. The central aspect of the tumor

appears to be supplied predominantly by the external carotid artery.

E, 2D array of susceptibility-weighted signal intensity time curve over the tumor shows different patterns of signal intensity recovery. The central region of the tumor (yellow shaded area),
which is supplied by the external carotid artery, has markedly lower degree of signal intensity recovery than the tumor periphery supplied by the internal carotid artery.

phoma cells tend to center around preexistent brain vessels.
DSC perfusion MR imaging alone, however, will not provide
confident diagnostic differentiation between PCL and other
types of malignant brain tumor. As noted above, DWI may
provide further specificity because PCL tends to demonstrate
reduced diffusion presumably due to high cellularity of the
tumor.

Metastatic brain tumors usually do not pose a diagnostic
dilemma on MR imaging, because they tend to be multiple,
they are located near the gray matter—white matter junction or

the subarachnoid space, and often a known history of systemic
malignancy is present. Approximately 30% or more of meta-
static brain tumors, however, can manifest as a single lesion in
the brain and, in some cases, as the initial clinical presentation
of systemic malignancy.®® Common to all metastatic brain tu-
mors is that their tumor capillaries do not resemble those of
the brain but of the organ where the systemic cancer arose.®
Because the capillaries outside the brain do not possess the
unique barrier function of the brain capillaries, metastatic
brain tumors contain capillaries that are highly leaky. This is
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Fig 9. A 31-year-old woman with left frontal lobe tumefactive demyelinating lesion. Axial postcontrast T1-weighted (/eft) and FLAIR (middle) images show a rim enhancing left frontal
mass. Relative cerebral blood volume map demonstrates lack of increased in blood volume within the lesion.

reflected in the susceptibility-weighted signal intensity—time
curve where, similar to choroid plexus tumors, profound leak-
age of Gd-DTPA is noted in the early bolus phase. DSC perfu-
sion MR imaging has shown useful in differentiating peritu-
moral edema of primary gliomas and metastatic brain tumors,
where rCBV measurements within the vasogenic edema of
metastasis were significantly lower than those within the infil-
trative edema of gliomas.®” Another study suggests that DSC
perfusion MR imaging may be helpful in the assessment of
radiosurgically treated brain metastases where rCBV measure-
ments at 6 weeks posttreatment were predictive of clinical
outcome.®®

rCBV and Tumor-Mimicking Brain Lesions. Numerous
lesions of the brain can simulate brain tumor on anatomic
images, such as radiation necrosis,*” subacute or infarct,”® de-
myelinating lesion,”’ and infectious or inflammatory le-
sions.”” These lesions frequently demonstrate contrast en-
hancement on postcontrast T1-weighted images due to
leakage of Gd-DTPA into the interstitial space through a dis-
rupted BBB. One of the prototypic non-neoplastic brain le-
sions often misdiagnosed as brain tumor is a tumefactive de-
myelinating lesion. These are large demyelinating lesions that
can mimic high-grade glial tumors. Histopathologically, tu-
mefactive demyelinating lesions consist of perivascular in-
flammatory infiltration and demyelination, but hypervascu-
larity is uncommon.”” On DSC perfusion MR images,
tumefactive demyelinating lesions may demonstrate mild ele-
vation of rCBV and characteristic intralesional venous en-
hancement, but marked hypervascularity is not seen (Fig 9).

DCE T1-Weighted Permeability Imaging
Endothelial permeability of vessels in brain tumors provides
valuable information about BBB integrity, vascular morphol-
ogy, and the nature of neovascularization, as well as tumor
pathophysiology and prognosis.”>”® Several recent studies
have shown that quantitative estimates of microvascular per-
meability correlate with brain tumor grade.”>””” Current
and potential clinical uses for a noninvasive method to char-
acterize microvascular permeability in brain tumors include
guiding a surgeon to the most malignant spot for biopsy, mon-
itoring efficacy or serving as primary end points of novel che-
motherapy such as antiangiogenic drugs, manipulating the
BBB for improved drug delivery, and differentiating therapy-
related necrosis from recurrent tumor.

DCE perfusion MR imaging consists of repeated imaging
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with a T1-weighted sequence and measuring the shape of the
contrast agent concentration curve in blood plasma, referred
to as the arterial input function, and a time course of accumu-
lation of contrast agent in tissue from individual voxels to
calculate the size of the extravascular extracellular space and
endothelial transfer coefficient K***. The most widely applied
and accepted MR standard to measure permeability is the
DCE steady-state T'1-weighted method, which is based on the
pharmacokinetic model of Tofts and Kermode.* This method
fits a triexponential enhancement curve to a theoretic model
based on compartmental analysis after injection of a single
dose of Gd-DTPA. The mathematic pharmacokinetic com-
partmental modeling enables the concentration of Gd-DTPA
in tissue to be calculated as a function of time after bolus in-
jection of the contrast agent. The driving parameters in this
model are the permeability surface area product of the endo-
thelium (PS), the fractional size of the extravascular extracel-
lular space (ve), the dose of injected Gd-DTPA, and the time
course of blood plasma Gd-DTPA concentration or the arte-
rial input function. A second model is used to relate the MR
signal intensity to the Gd-DTPA concentration, where the 2
chief relationships to be considered are between (1) T1 and
Gd-DTPA concentration and (2) MR signal intensity and T'1.
The relationship between T1 and Gd-DTPA concentration is
approached by an in vitro value for relaxivity, and the intra-
vascular contrast agent is ignored. Determination of how MR
signal intensity will depend on T1 requires the knowledge of
pre-enhancement T1 (ie, the T1 of the tissue before injection
of gadopentetate dimeglumine) to calculate signal intensity
enhancement. The complex modeling results in PS and ve,
which characterize the biologic situation and, in theory, are
independent of specific factors related to MR acquisition such
as the particular sequence, injection rate, or type of MR sys-
tem. DCE MR imaging also provides other simpler parame-
ters—such as initial slope, time to peak, initial area under the
contrast agent concentration—time curve—that characterize
Gd-DTPA enhancement behavior. These simpler parameters
are, however, subject to variability because of differences in
MR acquisition, and their biologic representation is not clear.

The most widely used DCE MR imaging quantitative pa-
rameter is K"*", The transfer constant K™ is a generalized
measure to describe the relationship between the time course
of blood plasma Gd-DTPA concentration or the arterial input
function and Gd-DTPA concentration changes occurring in
the voxel. The PS of Gd-DTPA in abnormal brain tissue may



be limited by either the blood flow or the permeability. In
brain tumors, the uptake of Gd-DTPA by tumor tissue is likely
to be flow-limited because of abnormal vasculature that limits
sufficient maintenance of the local plasma concentration at
the arterial level. Regardless of the biologic situation, however,
the mathematic analysis of the 2 situations has shown that
shape and amplitude of the Gd-DTPA uptake curve can be
identical for each and cannot distinguish between the 2. The
transfer constant K" therefore is used in place of PS to de-
scribe either situation. K"*™ is affected by several hemody-
namic factors such as blood flow, blood volume, endothelial
permeability, and endothelial permeability surface area, and
the individual contribution of each component is difficult to
measure. The Tofts model has since undergone analytic scru-
tiny and modeling refinements by numerous other investiga-
tors, which resulted in a more complex pharmacokinetic
model to estimate individual hemodynamic components that
alter K", The basic principles of compartmental pharmaco-
kinetics and mathematic modeling involved in DCE MR im-
aging are beyond the scope of this review, and interested read-
ers are referred to several excellent review articles on this
topic.?%

In brain tumors, the blood flow to the tumor tissue is often
hampered by an abnormal tumor vasculature comprising im-
mature or defective endothelium, tortuosity, and thrombosis.
Hence, the uptake of Gd-DTPA by tumor tissue is mainly lim-
ited by blood flow, not by permeability; however, in inflam-
matory lesions such as a multiple sclerosis plaque, the limiting
factor for tissue uptake of Gd-DTPA is permeability and not
blood flow. It should be remembered that, in addition to the
complexity of pharmacokinetic modeling, the inherent heter-
ogeneity of brain tumor tissue and its vasculature further
poses a significant challenge in permeability measurements
and accurate interpretation of the data. The transfer constant
K" derived from DCE MR imaging has been applied in
many clinical settings and was shown to be useful in assessing
the different stages of demyelinating plaques,®* glioma
grade,® and treatment response.*®®” There is a clear advan-
tage to using DCE MR imaging rather than DSC MR imaging:
DCE MR imaging offers better spatial resolution, is resistant to
susceptibility artifact, and allows reasonable imaging time. Re-
sults of a recently published report suggest, however, uncer-
tainty in the analysis of a DCE dataset where the use of com-
monly accepted models led to systematic overestimation of
K" and potentially large underestimates of the blood plasma
volume fraction.®® This raises the concern whether steady-
state T1-weighted analysis methods with a modeling system
specific to a certain tumor type can be generalized and applied
to other brain tumor types. It is emphasized that both DSC
and DCE MR imaging generate incredibly complex datasets,
and calculation of hemodynamic variables based on many
thousands of pixel signal intensity changes in brain tumors
notorious for their geographic tissue heterogeneity remains a
formidable challenge. Nevertheless, the transfer constant
K" derived from DCE MR imaging and rCBV derived from
DSC MR imaging remain the primary variables used by many
investigators to represent altered capillary permeability and
tumor angiogenesis, respectively.

K"*"* and Glioma Grade. In essence, K" is a quantitative
measure of the degree of increase in T1 due to accumulation of

Gd-DTPA in tissue. Because higher-grade gliomas tend to
demonstrate T1 enhancement after administration of Gd-
DTPA, itis not surprising to find that K"*™ correlates strongly
with glioma grade, as shown by several published re-
ports.””#>%% A recent study also showed that CBV derived
from DCE MR imaging showed a strong correlation with gli-
oma grade.*” The fractional blood volume and K™ derived
from DCE MR imaging have also been correlated with glioma
grade and histologic proliferative marker, MIB-1 index, re-
spectively.® With increasing glioma grade, there is higher like-
lihood of T1-weighted contrast enhancement of the tumor
and hence increasing K™,

K" Derived from DCE versus DSC Perfusion MR Im-
aging. Although K" derived from DCE MR imaging is con-
sidered the reference standard, an alternative method by using
DSC perfusion MR imaging has been proposed.”’ This new
approach estimates both CBV and vascular transfer constant
on the basis of fitting a model of plasma tracer concentration
to a theoretic expression for total tissue concentration. The
method yields CBV and transfer constant K"™" values that are
in agreement with known physiology and CBV measurements
that may be more accurate than traditional intravascular indi-
cator dilution measurements in brain tumors with a severely
damaged BBB. This method can be retrospectively applied to
the large amount of existing T2*-weighted image data and can
be applied to existing data collection protocols without the
need to alter the sequence, though a reduction in flip angle is
desirable.

K"** and Clinical Trial End Points. With the increasing
pace of novel drug therapies targeting tumor vasculature,
there is a need to evaluate the effects of drugs on their thera-
peutic targets in vivo and to devise a more effective clinical
trial strategy with noninvasive quantitative end points to as-
sess success of therapy. To that end, DCE MR imaging has
been proposed as a primary imaging method to assess antian-
giogenic and antivascular therapeutic agents not only in brain
but also in other solid organs. In 2002, a workshop in England
led to consensus recommendations and guidelines by incor-
porating the views of a multidisciplinary panel of experts that
included MR radiologists and scientists, pharmacologists,
clinical trial scientists, and representatives of the pharmaceu-
tical industry.”” In these guidelines, there were 2 primary end
points from DCE MR imaging—K"*" and initial area under
the gadolinium concentration—time curve (IAUGC)—ob-
tained on a voxel-by-voxel basis recommended for assessment
of antiangiogenic and antivascular therapeutics by using DCE
MR imaging. Both K"*" and IAUGC require calculation of
instantaneous tumor contrast agent concentration, based on
the change in T1 relaxivity because of contrast agent uptake
(AR1). The AR1 measurement requires (1) an estimate of con-
trast agent relaxivity in tumor vasculature and tissues, (2)
measurement of tumor T1 relaxation rate immediately before
contrast agent uptake, (3) accurate T1 measurement method
verified for all spatial locations, coils, and MR systems used,
(4) cardiac output or arterial input function measurements,
and (5) reproducible injection (ideally an MR-compatible
power injector) of contrast agent. The significance and impli-
cation of these guidelines cannot be overstated because it is the
first of its kind to put forth quantitative MR imaging as the
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primary end point for clinical trials in a standardized and con-
sensus format.

Conclusion

Neuroimaging of brain tumors has evolved from a purely
anatomy-based discipline to one that incorporates morpho-
logic abnormality with physiologic alterations in extracellular
compartment kinetics, cellular metabolism, and hemodynam-
ics. Tremendous progress and widespread clinical use of phys-
iology-based MR imaging have become an essential part of the
diagnostic armamentarium to diagnose, guide surgery, mon-
itor therapy response, and predict prognosis of patients with
brain tumor. The incorporation of physiologic MR imaging,
such as DWI, proton MR spectroscopy, and perfusion-
weighted MR imaging, as part of the mainstream clinical im-
aging protocol has empowered neuroradiologists to begin the
process of combining radiology with biology in brain tumors
to provide meaningful and clinically relevant end points and
biomarkers for clinical trials and assessment of malignancy.
Much work lies ahead, however, to validate and provide effi-
cacy of these methods in improving diagnostic accuracy, af-
fecting patient care, monitoring dynamic changes within
brain tumor and normal brain during therapy, and establish-
ing them as the arbiter of novel therapy that may one day
prove cure of brain tumor a reality.
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