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Abstract
Themost commonmalignant primary brain tumor, glioblastomamultiforme (GBM) is a devastating diseasewith

a grim prognosis. Patient survival is typically less than two years and fewer than 10% of patients survive more than
five years. Magnetic resonance imaging (MRI) can have great utility in the diagnosis, grading, and management of
patientswithGBMasmany of the physicalmanifestations of the pathologic processes inGBMcan be visualized and
quantified using MRI. Newer MRI techniques such as dynamic contrast enhanced and dynamic susceptibility
contrastMRI provide functional information about the tumor hemodynamic status. DiffusionMRI can shed light on
tumor cellularity and the disruption ofwhitematter tracts in the proximity of tumors.MR spectroscopy can be used
to study new tumor tissuemarkers such as IDHmutations.MRI is helping to noninvasively explore the link between
the molecular basis of gliomas and the imaging characteristics of their physical processes. We, here, review several
approaches toMR-based imaginganddiscuss the potential for these techniques toquantify thephysical processes in
glioblastoma, including tumor cellularity and vascularity, metabolite expression, and patterns of tumor growth and
recurrence. We conclude with challenges and opportunities for further research in applying physical principles to
better understand the biologic process in this deadly disease.
See all articles in this Cancer Research section, "Physics in Cancer Research."
Cancer Res; 74(17); 4622–37. �2014 AACR.

Introduction
Primary brain tumors encompass a spectrum of diseases

that, in the landscape of cancer, are less common but unfor-
tunately often carry a grim prognosis. The most common
malignant primary brain tumor is glioblastoma multiforme
(GBM) and despite aggressive treatment with surgery, radia-
tion, and chemotherapy, patient survival is typically <2 years
and <10% of patients survive >5 years (1–5). Magnetic reso-
nance imaging (MRI) plays an important role in understanding
GBM tumor biology and response to treatment because MRI is
already a part of routine clinical practice, and recent advances
in imaging can now capture a variety of anatomic and phys-
iologic processes (5–10).

GBMs are well visualized on MRI because they profoundly
disrupt normal tissue architecture. These tumors are densely

cellular and widely infiltrate into normal brain. The pathologic
hallmark of GBM is the increased expression of proangiogenic
cytokines (e.g., vascular endothelial growth factor, VEGF)
leading to the formation of highly abnormal tumor vasculature
characterized by hyperpermeable vessels (Fig. 1A), increased
vessel diameter, and heterogeneous tumor blood flow (5, 11).
Some areas of tumor receive too much blood flow and other
areas do not receive enough blood flow, resulting in areas of
hypoxia (12, 13). The hyperpermeable blood vessels allow fluid
to leak from the intravascular space to the extravascular space,
producing significant peritumoral edema (11, 13, 14). All of
these pathologic processes—tumor cell density, abnormal
tumor vasculature, and peritumoral edema—can be studied,
and more importantly quantitated, using MRI (13, 15–24).

This abnormal tumor vasculature is an important thera-
peutic target and, thus, being able to noninvasively measure
vascular response to therapy is critical to advancing treatment
for this challenging disease (25). The exact mechanisms
thought to underlie the benefits of antiangiogenic agents, such
as bevacizumab, the only FDA-approved drug for recurrent
GBM, remain unclear. Current thinking centers around the
"vascular normalization hypothesis" (26, 27), in which anti-
angiogenic agents act to prune tumor vessels into a more
"normal" vasculature rather than causing tumor starvation
through decreased blood flow as seen in Fig. 1B. A more
"normal" tumor vasculature includes reduction of abnormal
vessel diameters, increased pericyte coverage, and more nor-
mal basement membranes. Normalization is thought to result
in reduced vessel permeability and improved blood flow (28).
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This allows more effective delivery of cytotoxic therapies
(e.g., chemotherapy) to parts of the tumor previously under-
perfused and drastically decreases peritumoral edema (29).
Newer MRI techniques providing functional information on
tumor hemodynamic status, in particular dynamic contrast
enhanced (DCE) or dynamic susceptibility contrast (DSC)MRI,
can shed light on the impact antiangiogenic drugs have on
tumor vasculature and so are key tools to study tumor biology
and aid in drug development (24, 25, 30–32).
Finally, recent insights into the molecular heterogeneity of

GBMs and other gliomas have led to a larger shift in thinking
about the classification of gliomas. New tumor tissue markers
such as isocitrate dehydrogenase (IDH) mutations (33) and
novel drugs that target receptor tyrosine kinases are being
explored (for instance, cediranib, cabozantanib, erlotinib, suni-
tib, and others; refs. 34–36). MRI is rapidly catching up with
these tissue-based advances and helping to noninvasively
explore the link between the molecular basis of gliomas and
the imaging characteristics of their physical processes.
In this review,wecover severalMRI-based imaging techniques

and highlight the application of these techniques to quantify
many of the physical processes in glioblastoma such as tumor
cell density, vascular structure, oxygenation status, metabolite
and growth factor expression, and patterns of tumor prolifera-
tion and infiltration. Finally, we discuss the current limitations
and challenges of these techniques and identify potential areas
for the applicationof physical principles tobetterunderstanding
the biologic processes in this deadly disease.

Application of MR Physics to Glioblastoma
In most clinical applications, the MRI signal originates from

the hydrogen nucleus, which is a single proton. A strong static
magnetic field (B0) aligns the nuclear spins and creates mac-
roscopically longitudinal magnetization due to difference
between spin-up and spin-down populations. A radiofre-
quency field (B1) induces transitions between the spin-up and
spin-down orientations, which result inmacroscopically trans-
verse magnetization precessing around the static field at a
frequency known as the Larmor frequency. For a given nucleus,
the Larmor frequency is proportional to the external field by
the gyromagnetic ratio.
The MRI signal is influenced by several tissue-specific

factors, which enables a multitude of image contrasts, making
MRI a tool that can probe physiologic processes as minute as
intracellular water diffusion and vessel size. A brief overview of
themain players—relaxation, magnetic susceptibility, electron
screening, chemical shift, and diffusion—is given below.

Relaxation and signal contrast
MRI is known for its excellent soft tissue signal contrast

(37). A crucial mechanism that allows for signal contrast
among different tissues types is nuclear magnetic relaxation.
Relaxation describes the process in which the protons return
to their equilibrium state after excitation by a radiofrequency
(RF) pulse. Two separate relaxation processes are identified,
each with their specific time constant: T1 longitudinal relax-
ation, describing the return to the equilibrium state toward

the recovery of longitudinalmagnetization, and T2 transverse
relaxation, a measure for the decay of transverse magneti-
zation and MRI signal in the transverse plane. Relaxation is
tissue-type specific, and by controlling the timing of the RF
pulses, one can manipulate the resulting signal. For example,
rapid successive RF pulses do not allow full relaxation back to
equilibrium for tissues with long T1 (e.g., gray matter),
whereas tissues with shorter T1 (e.g., white matter) will be
back in equilibrium before every new RF pulse. Such an MRI
sequence will, therefore, generate larger signals from regions
with shorter T1, and yield a so-called T1-weighted image,
which enables the visualization of white/gray matter
contrast.

T1 and T2 relaxation are, therefore, the naturally present
signal contrast mechanism and can be used to visual normal
anatomy and pathologic changes (37, 38). However, as the
intrinsic changes in T1 and T2 relaxation due to disease
processes can be quite subtle, to achieve more pronounced
contrast in MR images, exogenous contrast agents (CA) can
be used. In clinical oncology MRI studies, low-molecular
weight gadolinium-based CA such as gadopentetate dime-
glumine, gadolinium diethylenetriaminepentaacetic acid or
Gd-DTPA are commonly used. These agents locally shorten
the T1 relaxation times, and allow for better contrast between
regions with and without the CA and are commonly used
because of the greatly enhanced ability to detect and delin-
eate tumors. The blood–brain barrier (BBB) in the healthy
brain restricts the CA to the vascular bed. However, disrup-
tion of the BBB in the presence of intraaxial tumors (11, 13, 39)
can lead to the accumulation of these agents in the interstitial
spaces surrounding the leaky vasculature, resulting in
increased signal intensity on T1-weighted MR images (37).
This phenomenon can be used to qualitatively observe the
level of signal enhancement in the tumor as a surrogate
measure of malignancy.

Advanced MR techniques such as DCE-MRI allow us to
quantify these changes in tumor vasculature in addition to
qualitatively assessing the level of enhancement (40–42). The
underlying principles of DCE-MRI are based on the exchange of
these gadolinium-based, exogenous CAs between the intravas-
cular compartment and the interstitial tissue as shown by the
schematic in Fig. 2A. DCE-MRI is accomplished by measuring
the time course of this CA as it diffuses from the blood pool into
tissues through leaky blood vessels. Typically, a set of dynamic
T1-weighted baseline images are acquired before the CA
injection, and the imaging is continued as the CA is taken up
in the tissue and finally through awashout phase as seen in Fig.
2B. The postcontrast T1-weighted image can be seen in Fig. 2C.
The shape of this signal time course in the voxels or larger
regions of interest (ROI) provides information about the flow
and permeability of the vasculature and themicroenvironment
of the tumor.

A variety of approaches, parametric, semiparametric, and
nonparametric (43–49), have been used to characterize these
curves. Nonparametric approaches (50, 51) include measuring
the slope of the rising portion of the curve, measuring the area
under the curve at a fixed time point, and measuring the
maximum and equilibrium portions of the curve. In the
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parametric approaches, the CA transport phenomena in the
highly complex microenvironment have been simplified using
pharmacokinetic (PK) approaches for DCE-MRI assessment.
These PKmodels, proposed in the 1990s,first convert the signal
to a concentration of theCAand thenfit a nonlinear function to
this concentration in tissue (32, 40, 45, 52). By assuming or
measuring the time course of the CA signal in the vessels (the
arterial input function, AIF), these models, typically known as
"Tofts models," estimate two primary parameters: Ktrans, the
volume transfer coefficient, and ve, the extracellular, extravas-
cular space (the fractional volume of distribution for the CA
outside the vessels). In the original Tofts model (40), it was
shown that under flow-limited conditions, Ktrans reflected
blood flow, whereas under permeability-limited conditions,
Ktrans was a measure of the permeability surface area product
per unit volume of tissue. Extensions to the Tofts model to
account for the portion of the signal arising from the intravas-
cular component have been developed by adding a term con-
taining the vascular volume fraction (vp) to the model
(40, 53, 54). An example map of the Ktrans can be seen
in Fig. 2D. DCE-MRI is most useful, therefore, in studying at
vascular leakiness and tumormicroenvironment and has great
potential to be used inmonitoring the changes in the leakiness
of the vasculature arising from antiangiogenic therapies
(25, 27, 45).

Magnetic susceptibility
The magnetic susceptibility is a measure of how a material

responds to an applied magnetic field. Most tissues are
slightly diamagnetic, meaning that within the tissue, a field
in the opposite direction of the externally applied magnetic
field is generated (55). The net magnetic field in tissue is,
therefore, somewhat smaller than the applied magnetic field.
In paramagnetic materials, the opposite effect occurs and
the magnetic field is enhanced inside the paramagnetic
material. An important notion with respect to susceptibility
is that it acts nonlocally: the susceptibility at a certain
location influences the magnetic field not only in but also
around that location. At interfaces of regions with different
susceptibilities, e.g., interfaces between tissue and air or
areas where a paramagnetic CA is present in the diamag-
netic tissue, field inhomogeneities are present. The strength
of these inhomogeneities depends on the susceptibility
difference as well as the spatial distribution of the suscep-
tibilities. For example, when image pixels are comparable
with the spatial extent of susceptibility anisotropy, this
manifests as signal loss in those areas due to the incoherent
dephasing of transverse magnetization in an inhomoge-
neous field (T2� relaxation). Therefore, knowledge about
these field disturbances contains information about the
tissue microenvironment, through, for instance, the spatial

distribution of CA. This is an important effect that is used in
vessel size measurements with Dynamic Susceptibility Con-
trast (DSC) MRI sequences.

In perfusion DSC-MRI (56–58), a CA is injected and a time
series of images of the first-pass passage of the CA through the
brain is acquired. In DSC, T2- or T2�-weighted images are
acquired and the signal loss due to the susceptibility effect of
the paramagnetic contrast, as seen on the signal intensity–time
curve, is measured as seen in Fig. 3A. The corresponding
postcontrast T1-weighted image and FLAIR image showing
areas of contrast enhancement and edema, respectively, can be
seen in Fig. 3B and C. This reduction in the signal recorded
during the first pass of the CA depends on the architecture of
the vessels and the particular sequences used for the acqui-
sition. The signal time curve data are processed, using tracer
dilution theory (59), to generate maps of perfusion-related
parameters such as relative cerebral blood volume (rCBV),
relative cerebral blood flow (rCBF), and the mean transit time
(MTT). An example of an rCBF and rCBVmaps can be as shown
in Fig. 3D and E. These properties form the central volume
principle, stating that the blood volume of tissue is equal to the
blood flow multiplied by the MTT through the capillary tissue
(60).

In brief, a relaxation rate curve (DR2�) proportional to the
contrast concentration-versus-time curve is used and con-
verted from the signal intensity-versus-time under the assump-
tion of a linear relationship between the observed signal
change and the CA concentration in capillary tissue (60). From
this, rCBV is proportional to the integral of the DR2� curve,
whereas measures of CBF and MTT can be derived by scaling
the tissue-specific DR2� curve with that of a feeding artery, the
AIF (60, 61). An advantage of DSC-MRI is high CA sensitivity
combined with high temporal resolution (62). A second advan-
tage is the long-reaching T2� effect that influences a large
portion of extravascular water protons in the brain (63) and
sufficient image contrast is, therefore, not limited to areas of
BBB breakdown, unlike in DCE-MRI.

A further benefit of DSC-MRI is the ability to indirectly
measure microvessel calibers by use of a technique commonly
referred to as vessel size MRI. During the 1990s, Rosen and
colleagues (56–58) at Massachusetts General Hospital dem-
onstrated that diameters of tubes or vessels containing sus-
ceptibility-inducing agents could be differentiated by their
magnetic susceptibility and that using a combination of gra-
dient-echo (T2� sensitive) and spin-echo (T2 sensitive) MR
imaging techniques could provide a voxel-by-voxel estimate of
relative vessel diameters in tissue (58, 64–68). By use of a
simultaneous gradient-echo spin-echo image acquisition, ves-
sel caliber MRI is performed by measuring the changes in R2�

andR2, respectively, from thefirst pass of theCA (Fig. 3F). Here,
the spin-echo MRI sequence is selectively sensitive to small

Figure 1. Tumor vasculature. A, the healthy BBB protects the brain through a network of astrocytes, pericytes, endothelial cells, and neurons that form tight,
impermeable junctions,which exclude large cells,marcomolecules, and excess fluid from the central nervous system. The disruptions in theBBB that occur in
brain tumors result in a thickened and disrupted basement membrane and widened junctions that allow passage of macromolecules and fluid (adapted from
Gerstner et al. VEGF inhibitors in the treatment of cerebral edema in patients with brain cancer. Nat Rev Clin Oncol 2009;6:229–36). B, vascular normalization
hypothesis. Schematic of the effects of antiangenic therapy (adapted from Sorensen et al.; ref. 27).
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vessels (<10 mm), whereas the gradient-echo MRI sequence is
sensitive to both small and larger vessels (66).

Diffusion of water
Diffusion describes the microscopic random displacement

of molecules (69–72). Diffusive movement of water through
an inhomogeneous magnetic field affects the proton reso-
nance frequencies and, thus, the phase of the signal, leads to
so-called dephasing, and ultimately causes signal loss. The
larger the displacement of the protons through an inhomo-
geneous field, the more signal loss occurs. This principle is
the basis of diffusion MRI techniques, in which the MRI
signal is deliberately made sensitive to diffusive water
motion by controlled application of magnetic field inhomo-
geneities. These applied inhomogeneities are captured in the
b value, where higher b values represent stronger inhomo-
geneities. The larger the displacement of the protons in
water molecules through an inhomogeneous field, the more
signal loss occurs; so, significant signal loss is expected from

areas where water is able to diffuse over large distances (e.g.,
in the ventricles) and less so in areas where the diffusion is
restricted (e.g., in highly cellular tissue).

In the context of clinical MRI in oncology, this process is
greatly influenced by the geometry and structure of the micro-
environment of the tissue and provides the ability of MR to
probe dimensions that are much smaller than the voxel size,
i.e., the unit of volume measured in the MR image, which is
typically in millimeters. Most commonly used in clinical prac-
tice is the notion of an "apparent diffusion coefficient" or ADC.
The signal attenuation or loss seen in biologic tissues is
dependent on the strength of the magnetic field gradient, the
duration of the gradient, and the time between the application
of two gradients (the "diffusion time"), all of which are, again,
reflected in the "b value." Clinical scans typically use two or
more "b values" (often 0 and 1,000 s/mm2 reflecting the time
(seconds) water diffuses within a particular area (mm2). The
ADC is calculated from the signal attenuation seen at increas-
ing b values assuming a monoexponential signal attenuation
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curve of signal intensity, again the "b value" as seen in
Fig. 4A. Figure 4B and C shows sample slices of FLAIR and
postcontrast-enhanced T1-weighted image showing areas of
edema and contrast enhancement. Figure 4D–F displays the
equivalent diffusion-weighted (DW) image, ADC map, and
color fractional anisotropy (FA) map.
MRI diffusionmeasurements can provide information about

the tissue architecture, tumor microenvironment and size,
orientation, and structure of the intra- and extracellular spaces
and have been used to quantify edema, estimate tumor cell
density, and quantify restricted diffusion due to cell prolifer-
ation or hypoxia (8, 19, 73–75). AsDW-MRI does not require the
use of intravenous contrast media, it can be used in patients
with compromised renal functions, a distinct advantage over
contrast-enhanced MRI.

Electron screening and chemical shift
The proton resonance frequency is linearly proportional to

the magnetic field experienced by the proton. In the previous
section, it became clear that the susceptibility of a material
affects themagnetic field inside and around thatmaterial once

it is placed in an external magnetic field. There is an additional
effect, which determines the net magnetic field at the proton
level: the electron cloud around the nucleus. This electron
cloud leads to an effective screening of the magnetic field.
Depending on themolecular orbits, this screening can be weak
or strong, which is described by the proton electron screening
constant. The fact that the proton electron screening constant
differs for different molecular configurations is used in MR
spectroscopy (MRS), where specificmolecular compounds can
be detected and quantified by measuring their resonance
frequencies in a certain region in the tissue. A term closely
related to electron screening is chemical shift, which is defined
as the difference in screening constant between themolecule of
interest and a reference standard, and rendered field indepen-
dent by taking the ratio of the difference to Larmor frequency.

MRS has been used for almost three decades to probe tissue
for markers of metabolism (76, 77). MRS measures brain
metabolites based on their unique spectra originating from
nuclei such as proton (1H), phosphorus (31P), and carbon (13C).
Steady-state levels of metabolites are most commonly mea-
sured with 1H-MRS (78), whereas with 13C-MRS (79) and

© 2014 American Association for Cancer Research
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created using DSC analysis. F, color map of vessel size imaging created using DSC analysis.
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31P-MRS (80) dynamic measurements can be performed to
investigate kinetics of the tricarboxylic acid (TCA) cycle and
ATP production. Metabolites detected with 1H-MRS in brain
cancers include, among others, N-acetyl aspartate (NAA),
choline, creatine, myo-inositol, glutamate and glutamine, lac-
tate and recently, 2-hydroxyglutarate (2HG). 31P-MRS detects
ATP, ADP, AMP, phosphocreatine, and phospholipids. Because
of a low innate abundance of carbon, 13C-MRS requires infu-
sion of labeled 13C-labeled compounds such as glucose (81),
acetate (82), pyruvate (83), or fumarate (84), which can be used
to investigate the dynamics of the TCA cycle. More recently,
the use of hyperpolarization methods have been able to signi-
ficantly increase the signal-to-noise ratio of 13C-MRS, and
has shown promise for imaging enzymatic reactions in vivo
(85, 86). Withmore development to extend the imaging time of
hyperpolarized agents (87, 88), dynamic 13C-MRS may become
a very powerful method for cancer researchers and clinical
oncologists. In addition to in vivoMRS, ex vivoMRS on biopsies
can provide a wealth of information, and in the case of high-
resolution magic angle spinning (HRMAS; ref. 89), it is a
completely nondestructive method to obtain the detailed

metabolic profile—a key benefit in a disease where tumor
tissue is precious because of the challenges of brain surgery.

For oncologic applications, MRS has been used for initial
differential diagnosis, to grade tumors (90), plan treatment and
monitor response (91), or visualize drug delivery with 19F-
labeled compounds (92). Although the histo/molecular/geno-
pathologic examinations of tumor specimens constitute the
gold-standard for definitive diagnosis and grading of tumors,
MRS can provide useful biomarkers to monitor treatment. In
this regard, MRS can help disambiguate the puzzles of pseudo/
true-progression and pseudo/true-response (93) that are clin-
ically very relevant and often may be difficult to distinguish.

Advanced MRI in Monitoring Physical and
Biologic Processes in Glioblastoma
Tumor detection, diagnosis, and grading

DSC-MRI, DCE-MRI, DW-MRI, andMRS have all demonstrat-
ed utility in the detection, diagnosis, and grading of tumors.
DSC-MRI may be helpful in determining histologic grade of
gliomas before surgery (31, 94–97) and has demonstrated

© 2014 American Association for Cancer Research
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improved sensitivity and predictive value compared with stan-
dard contrast-enhanced MRI (98–100). Low-grade tumors typ-
ically do not exhibit elevated rCBV, whereas high-grade gliomas
do (101), as seen in Fig. 5. This information may be helpful in
targeting a surgical biopsy to the area of most concern if a
complete resection is not safe. Recent work has demonstrated
that transforming low-grade gliomas show signs of increased
rCBVup to 1 year earlier than contrast enhancement is apparent
on T1-weighted MRI (102). This change in rCBV may reflect the
angiogenic switch representing malignant transformation.
DCE-MRI (103–104) has similarly been used to grade

tumors, as generally more vascular, leaky gliomas are more
likely to be higher grade. However, DCE-MRI has not yet gained
widespread clinical use because of challenges in acquisition
and analysis techniques. Diffusion imaging has also been used
to localize and grade tumors (105), separate glioblastomas
from metastases (106), and in surgical mapping before tumor
resection (107–108).

Short-echo time single-voxel MRS (109) and 1H-MRS (110)
have also demonstrated utility in differentiating primary brain
tumors from brain metastasis. Although these in vivo imaging
techniques show potential for the diagnosis and grading of
tumors, histologic examination is still considered the gold
standard.

Characterizing tumor cell density and
microenvironment

Diffusion, DSC-, and DCE-MRI have been used to charac-
terize the tumor microenvironment, including identifying
areas of increased tumor cell density. Many authors have
reported that areas of restricted diffusion due to increased
cell density can be seen as areas of lowADC (111–112) and have
demonstrated good correlation between cell density obtained
using stereotactic biopsies and ADC values (94). From DCE-
MRI, the ve parameter, an estimate of the fractional extracel-
lular extravascular space has also shown to be related to the

© 2014 American Association for Cancer Research
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Figure 5. Grading tumors using DSC-MRI; left to right, postcontrast T1, T2, rCBF, and rCBV images of grade 2 (top), grade 3 (middle), and grade 4 (bottom)
tumors generatedusingDSC-MRI.Note the absenceof contrast enhancement in the grade2 andgrade3 tumors. Also, note the elevated rCBVand rCBF in the
grade 4 tumors.
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tumor cellularity (113, 114). Being able to track tumor cell
density over time is critically important to understanding
tumor growth in response to any treatment. In particular, in
the setting of antiangiogenic therapy where tumors might
"hide" behind a restored BBB, having a tool that reflects tumor
cell density, and growth would be very useful (8). Unfortunate-
ly, disambiguating the components of the tumor microenvi-
ronment,—e.g., native brain tissue, gliosis from prior chemo-
therapy/radiation, infiltrating glioma cells, and peritumoral
edema—has been challenging to accomplish with current MRI
techniques.

Tumor growth models
Tumor growth has been modeled using the reaction diffu-

sion approach, which comprises both a diffusion component
(lateral spread of the tumor cells) and a proliferation compo-
nent (increase in tumor cell density; refs. 115–121). Using
standard structural images such as T1-weighted and FLAIR
or T2-weighted images to look at the enhancing portion of the
tumor and the edema respectively, predictive models for the
spread of the tumor in the brain have been created. These
models use images acquired longitudinally over periods of days
or months (with known intervals between acquisitions) and
consider the different diffusion rates in white (higher) and gray
matter (lower) and physical boundaries imposed by "impreg-
nable" structures such as ventricles or dura. The use of these
growth models in radiotherapy planning facilitates the crea-
tion of treatment plans that do not use uniform margins, but
rather margins that are more likely an indication of the
patterns of tumor spread, thusminimizing radiation to healthy
tissue and optimizing radiation to tumor tissues (122). Asmore
is learned about the complexity of the tumor microenviron-
ment and molecular profiles of tumors, these models based on
multiparametric MR are expected to become more sophisti-
cated and their use in adaptive radiotherapy will perhaps
become more routine.

Tumor molecular profiles
MRI with contrast is the best tool to initially suggest the

diagnosis of a brain tumor but surgery is needed to confirm
the type of tumor. Molecular characterization of gliomas has
advanced significantly in the past few years, and while
imaging has lagged a bit in detecting these molecular
alterations, early data suggest that MRI-based imaging fea-
tures may be associated with certain genotypes. In partic-
ular, detection of IDH mutations and EGFR amplification
seem the most promising.

IDH-mutant tumors. Mutations of the IDH metabolic
enzymes (IDH1 and IDH2) have been found in more than
80% of grade II–III gliomas and secondary GBMs (33, 123), but
very infrequently (<10%) in primary GBMs (124, 125), leading
some researchers to suggest that gliomas with IDH mutations
are a different subtype of tumor. GBM patients with IDH
mutations typically have good prognosis with a 2- to 4-fold
longer median survival compared with patients with wild-type
IDH1 (126). On the other hand, IDH mutation seems to be an
early oncogenic event that may switch cellular metabolism
towards tumor formation. Thus, the ability to detect these

mutations in vivo could have an impact on the therapeutic
choices for patients and for drug development targeting this
pathway.

IDH mutations result in elevated levels of the "oncometa-
bolite," D-2HG in the range of 5 to 35mmol/L (127). These 2HG
levels can bemeasured byMRS in vivo as seen in Fig. 6 (128). By
comparison, D-2HG levels in tumors with wild-type IDH or in
healthy tissue are several orders (2–3) of magnitude lower, and
cannot be detected by MRS. Hence, 2HG may be an ideal
imaging biomarker of the IDH mutation. However, reliable
measurements of 2HG by MRS are challenging due to the
spectral overlap of 2HGwith other abundant brainmetabolites
such as glutamate, glutamine, phosphocreatine, and myo-
inositol. A variety of sequences and analysis techniques have
been proposed. Recently, an optimized long-echo time MRS
sequence has been shown to detect 2HG in vivo (129). Other
techniques such as difference spectral editing and two-dimen-
sional correlation spectroscopy (COSY) have been demonstrat-
ed to disambiguate 2HGdetection in patientswithmutant IDH
glioma (130).

Accurate measurement of 2HG would be the first tumor-
specific imaging marker rather than a surrogate marker.
Although potentially useful biomarkers, contrast-enhanced
MRI, water diffusion (DWI), edema (FLAIR), or other metabo-
lites (cholineMRS), are all surrogatemarkers of tumor-induced
changes in vascular or are confounded by other physical
changes that affect the interpretation of the MRI changes
(e.g., gliosis in FLAIR). Being able to directly measure tumor
burden has significant implications for drug development and
response assessment.

Epidermal growth factor receptor–amplified tumors.
Epidermal growth factor receptor (EGFR) amplification occurs
in approximately 40% of GBMs and is an interesting thera-
peutic target with several EGFR inhibitors in clinical trials
(131). Increased contrast-to-necrosis ratio (132), as well as
restricted water diffusion, is correlated with EGFR amplifica-
tion (133). In GBMs expressing the EGFR variant III (EGFRvIII)
mutation, rCBV was increased compared with those not
expressing the vIII mutation. In addition, an association was
found between EGFR amplification and stable or decreased
tumor perfusion during chemoradiation (24). Given the con-
cern that EGFRamplificationmay be a poor prognostic feature,
the cooccurrence with stable or decreased tumor perfusion is
not surprising as stable or decreased tumor perfusion was also
associated with worse prognosis.

Being able to detect EGFR amplification is clinically useful as
more drugs targeting this pathway are developed. Knowing a
patient may be eligible for an EGFR-targeting drug can help
optimize therapy in individual patients and shed light on relapse
patterns if there is loss of the imaging surrogate for EGFR
amplification. It remains unclear, though, what actual physical
property is being reflected onMRI in EGFR-amplified tumors or
if these are imaging markers of increased tumor malignancy.

Gauging tumor response to treatment
Tumor response criteria (RANO/Macdonald). MRI is

critical to assessing tumor response to therapy and several
response criteria have been proposed that measure the change
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in the maximal area of contrast-enhancing tumor over time
(9, 134). However, measuring the change in tumor diameter
is crude for such a complex tumor and may not accurately
reflect physical tumor responses to novel therapies, partic-
ularly those that are highly targeted or cytostatic. Therefore,
there is a great deal of interest in incorporating in these
response criteria some of the more sophisticated tools
described below to better inform us about the biologic and
physical changes occurring in tumors. The challenge is
creating standardized techniques that can be easily imple-
mented in a busy clinical workflow.
Parametric response maps. Functional diffusion maps

(fDM; refs. 21, 135, 136) are a technique used to calculate
changes in ADC on a voxel-by-voxel basis over time. Images
acquired at different time points are registered and color-
coded on the basis of the direction and magnitude of change.
Stratification based on these maps (135, 137) has shown
prognostic value in identifying outcomes in patients with
high-grade glioma. The challenge with fDM is ensuring accu-
rate longitudinal registration, particularly in the setting of large
brain shifts that can happen with steroids or antiangiogenic
therapy (136). Similar approaches with other MR-based para-
meters such as rCBV or Ktrans can also be used to track tumor
response over time (138–140). These parametric maps are
intuitively appealing because they may capture the underlying
heterogeneity of GBM but technical challenges, such as the
ability to accurately track voxels over time (registration),
especially in the presence of changing tumors and resection
cavities, have limited their widespread adoption.

Monitoring tumor response to therapy—vascular nor-
malization. Clearly, accurate determination of tumor
response/failure is critical for patient care and drug develop-
ment. Unfortunately, the MacDonald and RANO response
criteria (9, 10), which are based on more standard sequences
(e.g., T1-weighted for MacDonald and T2/FLAIR for RANO),
have significant limitations, leading to increased interest in
modalities outside of routine anatomic sequences.

Given the hallmark of abnormal tumor vascularity, targeting
tumor blood vessels is a principal therapy for high-grade
gliomas. Both DSC and DCE-MRI have been used to charac-
terize changes in the tumor vasculature in response to therapy.
Early decrease in Ktrans, seen as soon as 1 day after the start of
antiangiogenic therapy, has been associated with improved
survival (25, 27). Results from two recent trials of antiangio-
genic therapy, originally reported in recurrent GBM and con-
firmed in newly diagnosed GBM, have suggested that patients
whose tumors showed improved perfusion after therapy had
longer survival than patients who saw a drop in perfusion. In
particular, there seems to be a window of vascular normali-
zation during which radiation and chemotherapymay bemore
effective (24, 25, 27, 29, 94). Accurate imaging recognition of
this window would be incredibly helpful in optimizing therapy
for patients with glioma by concentrating chemotherapy or
radiation to critical time periods and minimizing exposure to
toxicity when they are least helpful.

Given the heterogeneity of tumor vasculature, vessel size
MRI is an important tool for monitoring response to antian-
giogenic therapies (24). A recent extension to the vessel size
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approach, coined as vessel architecture imaging (VAI), exploits
a temporal shift between the gradient and spin echo signals
in DSC MRI and provides additional information about the
microcirculation and tissue oxygenation status (141–143).
Batchelor and colleagues demonstrated that antiangiogenic
therapy improves microcirculation and normalizes oxygen
saturation in patients with newly diagnosed and recurrent
glioblastomas (24, 25). Furthermore, patients with these
responses, suggesting vascular normalization, showed improv-
ed survival, so VAI has the potential to identify patients who
would benefit from antiangiogenic therapies. Importantly,
these changes in VAI and perfusion imaging occurred within
1 day of starting treatment and, thus, may serve as early
biomarkers of response.

Differentiating recurrent tumor from
pseudoprogression and radiation necrosis

One of the biggest challenges in neuro-oncology clinical
practice is the differentiation of treatment-related changes
(particularly from radiation) and true tumor progression (144–
146). Pseudoprogression and radiation necrosis reflect a spec-
trum of early to late changes represented by an increase in
contrast enhancement due to blood vessel inflammation that
can be misinterpreted as progressive tumor (147–149). In
glioma patients treated with both radio- and chemotherapy,
as many as 30% of patients experience pseudoprogression
within the first 3 months of radiation (150–153). Clearly,
distinguishing pseudoprogression from true tumor progres-
sion is critical to appropriate patient management as well as
clinical trial enrollment. This is especially important with the
advent of antiangiogenic therapy where administration of
VEGF inhibitors during chemoradiation may modify the
expression of pseudoprogression by imaging (144).

Conventional MRI findings cannot accurately distinguish
between radiation damage and true progression because of
similar appearances on postcontrast MRI. Physiologic imaging
with DSC or DCE-MRI has returned mixed results. In small
studies, DSC has been reported to aid in the discrimination
between recurrence and radiation necrosis with elevated rCBV
associated with tumor and low rCBV associated with necrosis
(145, 154, 155). Low ADC values on DWImay also be suggestive
of tumor (145). Higher Cho/Cr and Cho/NAA ratios on MRS
have been reported in cases of tumor recurrence compared
with the ratios seen for treatment-related changes (156, 157).
Unfortunately, no single imaging technique is perfect and likely
a combination of sequences will be needed to clarify this
clinical dilemma. The lack of a gold standard to define treat-
ment-related changes from active tumor—pathology samples
often show various mixes of treatment-related changes
and tumor—has hindered development of an MRI surrogate
marker (9).

Challenges and Opportunities
Although the use of MR imaging continues to enhance our

understanding of the physical processes underlying glioma
behavior, there are a number of challenges and opportunities
for further research.

Diffusion imaging
In DW-MRI, the relationship between ADC values and tumor

cell density can be complex. Within a specific region of interest,
areas of edema and necrosis can increase ADC, which can offset
the effects of reduced ADC due to increased cell density. In
addition, the impact that scarring and gliosis from chemother-
apy or radiation have onADC is unclear.Hypoxia is also reflected
by low ADC values (as seen in ischemic stroke or after surgery);
so, variation in tumor hypoxia may influence tumor ADC values.
This is a particular challenge in the setting of antiangiogenic
agents where there may be heterogeneous tumor responses:
depending on dose and duration of therapy, vascular normal-
ization, or vessel pruning may predominate. Although restricted
diffusion lesions can be precursors to the appearance of contrast
enhancement and tumor recurrence (8, 158), some such areas of
restricted diffusion are potentially areas of tumor hypoxia and
are seen in patients responding to antiangiogenic therapy (159).

More advanced diffusion imaging, including diffusion kur-
tosis imaging (DKI; ref. 160), high b value imaging, and restric-
tion spectrum imaging (RSI) have sought to further elucidate
the relationship between diffusion imaging and tumor cellu-
larity (161, 162). In biologic tissues, twomodes of diffusion have
been proposed: restricted diffusion where the molecule is
trapped within compartments (e.g., intraaxonal diffusion) and
hindered diffusion where the diffusion is around obstructions
(e.g., extra-axonal diffusion; ref. 163). ADC reflects both hin-
dered and restricted diffusion pools within a voxel; thus, this
value cannot tease out the distinction between these micro-
structural differences.

The more routinely acquired DTI used to calculate ADC
assumes a Gaussian behavior in calculating the diffusion
tensor, which is not strictly true in tissues where diffusion is
restricted. This deviation fromGaussian diffusion behavior can
be studied using DKI by means of the apparent excess kurtosis
coefficient (160, 164). DKI requires additional gradient direc-
tions (at least 15) to estimate the tensor and has demonstrated
success in grading tumors (160).

There are concerns that the often-profound reductions in
the contrast enhancement and leakage observed immediately
after the start of antiangiogenic therapy may reflect a normal-
ization of vascular rather than a true antitumor effect ("pseu-
doresponse"; ref. 93). White and colleagues proposed that RSI
(165) allows for the separation of the hindered and restricted
diffusion components. This can be especially relevant in the
context of antiangiogenic therapies where contrast enhance-
ment and FLAIR hyperintensity can change significantly with-
out corresponding changes in tumor response. As shown by
Kothari and colleagues (161), RSI-based cellularity maps are
more robust than standard ADC in identifying areas of tumor
in patients treated with antiangiogenic therapies. By suppres-
sing the signal arising from the hindered diffusion in the edema
while increasing the sensitivity to the restricted diffusion in the
tumor cells, RSI is shown to improve tumor conspicuity (161)
and to be less sensitive to treatment-induced changes in areas
of FLAIR hyperintensity.

Thus, a variety of diffusion models are being studied with a
goal of being able to shed further light on the tumor micro-
structure (166).
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DCE-MRI
Various studies have indicated that the Tofts models for DCE

imaging may be inadequate in the case of non–well-mixed
spaces (heterogeneous tissues) and in necrotic regions, which
both naturally occur in tumor tissue (167–169). One limitation is
that these models are based on the assumptions of instantly
well-mixed interstitial spaces and effectively infinitely fast trans-
cytolemmal water exchange, which is not realistic in tumor.
Further refinements to the model, the so-called "shutter-speed"
(170) model, allow for finite transcytolemmal water molecule
exchange kinetics and have the potential to better discriminate
benign from malignant lesions and are being used to monitor
early response to therapy. Numerous studies have also failed to
establish a strong relationship between ve, the DCE-based
biomarker of tissue cellularity and tumor cellularity as seen in
histology (171). In addition, Mills and colleagues observed a lack
of hypothesized relationship between the ADC obtained from
diffusion imaging and ve, althoughbothmeasures are believed to
be indicators of the tumor cellularity (172). More work needs to
be done to model the true exchange of contrast across tumor
vascular walls and diffusion through interstitial spaces. Using
phantoms and computermodels as well as direct comparison to
tumor tissue will be critical to refine these models and improve
our understanding of what the calculated parameters are actu-
ally measuring. Capturing the full signal–time curve from con-
trast extravasation to wash out requires many minutes of
scanning and so is subject to patientmotion. This has prompted
investigation of faster acquisition techniques or forced tradeoffs
between temporal and spatial resolution.

DSC-MRI
Similar challenges are seen in the use of DSC in the study of

GBMs. For example, although rCBV, as measured using DSC-
MRI is elevated in tumors, reported correlations between rCBV
and glioma grades are challenged by overlap in rCBV values
across grades (101). In brain tumors, due to disruptions in the
BBB, the loss of signal intensity due to contrast susceptibility

effects in blood vessels canbe offset by signal intensity increases
in surrounding tissue due to T1 effects arising from the extrav-
asation of the CA (101). The difference in susceptibility between
the blood vessels and the surrounding tissue is lessened, leading
to underestimation in the rCBV, and may account for some of
the mixed results in using rCBV as a biomarker for tumor
grade. Correction of these effects has led to a better corre-
lation between rCBV and tumor grade. Similarly, the use of a
"pre-load" of CA to saturate the tissue space and, thus,
reduce the T1 effects is now recommended (173).

In conclusion, using physical principles, advanced MR imag-
ing provides insights into physical and biologic processes in
GBM, a deadly disease with a dismal prognosis. MR-based
biomarkers are being developed and validated in the diagnosis
and assessment of response to therapy in patients with glio-
blastoma.Despite these technical advances, noninvasiveMRhas
yet to demonstrate the diagnostic accuracy necessary to replace
biopsies in the diagnosis and grading of gliomas, the differen-
tiation of tumor recurrence from radiation necrosis, and to
accurately measure tumor cellularity and extent. However,
recent advances such as vessel architecture imaging, restricted
spectrum imaging, sophisticatedmodels for the analysis ofDCE-
MRI, and the use of MRS for the detection of IDH mutations in
vivo offer promise that we might get there in the near future.
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