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Among the currently available brain tumor imaging, advanced MR imaging techniques, such as diffusion-weighted MR
imaging and perfusion MR imaging, have been used for solving diagnostic challenges associated with conventional imaging
and for monitoring the brain tumor treatment response. Further development of advanced MR imaging techniques and
postprocessing methods may contribute to predicting the treatment response to a specific therapeutic regimen, particularly
using multi-modality and multiparametric imaging. Over the next few years, new imaging techniques, such as amide proton
transfer imaging, will be studied regarding their potential use in quantitative brain tumor imaging. In this review, the
pathophysiologic considerations and clinical validations of these promising techniques are discussed in the context of brain

tumor characterization and treatment response.
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INTRODUCTION

The use of advanced MR imaging techniques, such as
diffusion-weighted MR imaging (DWI) and perfusion MR
imaging, is rapidly expanding in the field of neuro-oncology
for diagnosing brain tumors, guiding surgical procedures,
as well as monitoring the tumor treatment response.

Water diffusion is substantially decreased in the setting
of increased tumor cellularity, and perfusion MR imaging
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techniques assess tumor vascularity associated with
neoangiogenesis. Recently, these have rapidly become the
modalities of choice for detecting, characterizing or even
staging viable tumor lesions, especially in malignant brain
tumors, including glioblastomas, metastatic tumors, and
lymphomas.

MR hardware, such as gradient coils used for advanced
MR imaging, have been greatly improved recently and
new MR techniques have emerged based on a variety of
pathophysiologic backgrounds (1, 2). In DWI, intravoxel
incoherent motion (IVIM) is entering the clinical field for
evaluating tissue perfusion without the use of contrast
agents and allowing separation of microcirculation from
true water molecular diffusion (3). Diffusion kurtosis
imaging (DKI) can analyze non-Gaussian diffusion through
high diffusion weighting and is increasing the sensitivity to
tissue features as well as providing information regarding
the deviation from unrestricted diffusion associated with
complex cytoarchitectonic environment (4). Perfusion MR
imaging techniques have often been used in the evaluation
of malignant brain tumors and consist primarily of three
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methods: dynamic susceptibility contrast (DSC) perfusion
MR imaging; dynamic contrast-enhanced (DCE) perfusion
MR imaging; and arterial spin labeling (ASL). These
three perfusion MR techniques definitely reflect different
pathophysiologies and have different clinical impacts
regarding the evaluation of pre- and post-treatment brain
tumors. A relative cerebral blood volume (rCBV) derived
from DSC perfusion MR imaging reliably estimates the
tumor microvessel area (MVA) as a biomarker of the glioma
outcome (5). DCE perfusion MR imaging is suitable for
discriminating mature and immature tumor vessels in order
to demonstrate the hypoxia-induced regulation of the
tumor-vessel permeability (6). Cerebral blood flow (CBF)
obtained using ASL may be useful for predicting tumor
vascular normalization, especially following anti-angiogenic
treatment. New imaging techniques, such as contrast-
enhanced susceptibility-weighted imaging (CE-SWI) and
amide proton transfer (APT) imaging, are now being used
for investigating molecular and quantitative brain tumor
imaging.

After a brief review of the specific pathophysiologic
considerations of each advanced MR imaging technique,
a review of the key areas of clinical validation will be
discussed. Each review will specifically focus on currently
outstanding issues regarding advanced brain tumor imaging,
followed by some considerations regarding technical
challenges.

Pathophysiologic Hot Spots and Consideration
of Emerging Techniques of Brain Tumor
Imaging

The Apparent Diffusion Coefficient Reflects Various
Aspects of Tumors Not Just Tumor Cellularity

Diffusion-weighted MR imaging is sensitive to
microscopic, subvoxel water motion for which an apparent
diffusion coefficient (ADC) can be estimated, and reflecting
the magnitude of water motion. However, the water
molecules can be within extracellular, intracellular or
intravascular space, all of which can differently contribute
to the DWI signal as they have different speeds and
anatomical and pathological barriers (Fig. 1). The ADC
usually estimates water diffusion within the extracellular
and extravascular space and has been shown to be inversely
correlated with tumor cellularity (7, 8), and largely thought
to be due to restriction of extracellular water motion due
to the tightly packed tumor cells. Given that pre- and
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post-treatment malignant brain tumors have a high tumor
cellularity, they usually have low ADC values. In general,
any effective pharmacologic or radioactive treatment that
causes necrosis or cellular lysis will lead to less cellularity.
As a decrease in the number of tumor cells in response to
treatment obviously precedes tumor size change, DWI may,
therefore, be an early biomarker for predicting treatment
outcomes, monitoring the early treatment response,
and detecting recurrent tumor. This DWI signal change
associated with tumor cellularity can be enhanced with
high b values which increase the effect on the signal of
obstacles to the free diffusion present in tissue (Fig. 2) (9).
Although previous studies have shown an inverse
correlation between tumor cell density and ADC (7, 8), high-
grade gliomas are spatially and genetically heterogeneous.
In particular, necrotic tumor components can show high
DWI signals associated with tumor coagulation necrosis
or ischemia (Fig. 3) (3). The restricted diffusion signal
intensities can also be attributed to the combination of
highly cellular tumor areas with inflammatory processes.
Therefore, this heterogeneity can result in inadequate
specificity for accurate tumor grading with the use of mean
ADC values. In addition, DWI-derived ADC measures the
average diffusion of water molecules within each voxel,
and thus limiting the differentiation of active tumor from
necrosis (10). Recent comparative studies showed that
areas with restricted diffusion did not correlate with foci
of high amino acid metabolism in human gliomas (11,
12). This discrepancy indicated that restricted diffusion
may be affected not only by tumor cell density and
metabolic activity but also other factors, such as ischemia
or compression. In another previous study, as the ADC in
metastatic brain tumors was associated with the histologic
type of the primary cancer, the signal intensity on DWI
could predict the histology of brain metastases (13).

Apparent Diffusion Coefficient Underestimates Tumor
Cellularity in Hypervascular Tumors

Apparent diffusion coefficient values calculated using
a monoexponential model may not be able to accurately
reflect water molecular diffusion in vivo as it is influenced
by the microcirculation of blood in capillaries (3).
Therefore, the inverse relationship between the ADC value
and tumor cellularity can be confounded by the factor of
tumor vascularity. Both tumor cellularity and vascularity
are higher in malignant brain tumors than in benign or low-
grade tumors. High tumor cellularity can decrease the ADC
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Fig. 1. Illustration of diffusion characteristics and their image processing. Fast diffusion within extracellular and extravascular space is
calculated by monoexponential fitting of diffusion signals with b values of 0 and 1000 s/mm?. Very rapid diffusion due to capillary perfusion can
be characterized by biexponential fitting of diffusion signals as function of multiple b values, especially those less than 200 s/mm?. Intracellular
slow diffusion can be determined by biexponential fitting of diffusion signals with multiple high b values. IVIM = intravoxel incoherent motion

values, whereas high vascularity may increase the ADC, and

which indicates that the DWI signal attenuation may be
affected in opposite ways in hypervascular brain tumors.
Therefore, ADC calculated from the monoexponential model
may be limited for grading hypervascular brain tumors,

and thus leading to contradictory results (14), whereas the
IVIM-derived, true diffusion parameter may be more useful
in characterizing tumor cellularity.

Intravoxel Incoherent Motion Separates Perfusion from
Diffusion

The flow of blood water in randomly oriented capillaries
mimics a pseudodiffusion which results in a signal
attenuation in the presence of the diffusion-encoding
gradient pulses. This pseudodiffusion effect is only seen
at very low b values (< 200 sec/mm?) (3). Therefore, the
biexponential model using multiple low b values, proposed
by Iima and Le Bihan (3), might allow separation of
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microcirculation from water molecular diffusion which may
reflect the true diffusion coefficient.

The IVIM technique separately estimates parameter values
for the perfusion effect, measuring DWI over multiple b
values and using bi-exponential fitting. Under the assumed
isotropic and random nature of the microvascular network
system resulting in the incoherent motion of water in the
blood, both capillary perfusion and true molecular diffusion
can be separated using DWI with multiple b-values.

In a pioneering study (15), IVIM was used to quantify
perfusion in the human brain. IVIM MR imaging allows
the simultaneous acquisition of diffusion and perfusion
parameters which reflect tumor cellularity and vascularity,
respectively, and it does not require any co-registration
process between diffusion- and perfusion-based images.
IVIM is also independent of the arterial input function for
parameter quantification and does not require intravenous
contract agent injection for the data acquisition.

Korean J Radiol 17(5), Sep/Oct 2016 kjronline.org
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Fig. 2. DWI with low and high b values of presumed lymphoma in 38-year-old male.
A. Contrast-enhanced, axial, T1-weighted MR image shows contrast-enhancing mass in brain stem. B. DWI with b value of 1000 s/mm? shows
equivocal high-signal intensity in same lesion. C. DWI with b value of 3000 s/mm?® enhances DWI signal, high signal intensity in corresponding
lesion. D. ADC is correspondingly low as DWI with higher b values increases effect on signal of obstacles to free diffusion present in tissue. ADC
= apparent diffusion coefficient, DWI = diffusion-weighted MR imaging

On the contrary, separation of perfusion from diffusion may be that IVIM has a different sensitivity to vessel sizes,
requires high signal-to-noise ratios, and there are some according to the range of b values.
technical challenges to overcome, such as artifacts from
other bulk flow phenomena including vascular tubular flow Diffusion Kurtosis Imaging Estimates Cytoarchitectonic
and glandular secretion, which are difficult to separate from  Complexities of Both Gray and White Matter
microcapillary perfusion (16). Another technical challenge With free diffusion, the distribution of diffusion-driven
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Fig. 3. Different DWI signals within tumor necrosis of two glioblastomas.
A. Necrotic tumor component of glioblastoma usually shows low DWI signal (arrow) due to migration and apoptosis of hypoxic tumor cells. B.
Tumor necrosis could also show high DWI signal (arrow) due to tumor coagulation necrosis or ischemia associated with vascular occlusion by

tumor cells. DWI = diffusion-weighted MR imaging

molecular displacements obeys the Gaussian law. However,
in biologic tissue, the complex microstructures in biological
tissue result in hindered and restricted diffusion of water
molecules, and which leads to a non-Gaussian distribution
(17). The non-gaussianity of water diffusion is thought

to depend on cell membranes, organelles, and water
compartments which represent the microstructure of the
tissue (4). DKI has been used to measure non-Gaussian
diffusion which has the potential to characterize both
normal and pathologic tissue better than diffusion tensor
imaging (DTI) (4). Compared to the DTI which describes
the unrestricted but hindered anisotropic diffusion of water
protons, DKI reflects unrestricted diffusion determined

by the cytoarchitectonic complexity and can measure the
degree of tissue organization (18). The mean kurtosis (MK)
which is one of the principle DKI parameters, is thought to
be an index of microstructural complexity. An advantage of
MK over fractional anisotropy (FA) obtained on DTI is that
as MK does not rely on spatially oriented tissue structures it
can be used to characterize both gray and white matter (19,
20).

Increased values of the kurtosis parameters in high-
grade gliomas may reflect a higher degree of tissue
complexity resulting from tumor invasion, increased
tumor cellularity, necrosis, hemorrhage, and endothelial
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proliferation. Whereas low-grade gliomas usually have
relatively homogeneous areas of tumor cells with sparse
tumor-cell density, and thus resulting in lower kurtosis
parameter values (21). Maier et al. (22) postulated that the
difference between low-grade and high-grade gliomas may
be attributable to the difference in the component size of
the intra- and extracellular space rather than to a change in
the diffusion characteristics of protons. This could possibly
correspond with the presence of more densely packed
membrane structures and cellular and myelin breakdown
products in high-grade gliomas, whereas low-grade gliomas
are composed of well-differentiated, neoplastic astrocytes
on a loosely structured fibrocollagenous matrix with only
moderately increased cellularity.

In terms of the technical consideration of DKI, the noise
can be another cause of curvature of the signal attenuation
than non-Gaussian diffusion at high b values. At high b
values, because of the nature of the MR imaging signal,
there is always some background noise signal remaining
(23). Such noise effects can cause over- or underestimation
of the model outputs, and should, therefore, be corrected.

Dynamic Susceptibility Contrast Perfusion MR Imaging
Reflects Microvessel Density or Microvessel Area
Microvessel density (MVD) poorly characterizes the
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morphometric complexity of large lumen microvessels of
brain tumors. MVA, encompassing both the number and the
caliber of the microvessels, can provide a better approach to
the overall vascular surface area and, hence, may represent
a more accurate measure of the degree of angiogenesis than
MVD. The inverse correlation between MVD and size related
parameters may be explained by an infiltrative tumor
growth in cerebral grey matter, which is characterized by
numerous delicate microvessels, as well as by the presence

Korean Journal of Radiology

of glomeruloid vascular structures (24-26). Previous studies
showed that MVA correlates more strongly with patient
survival compared with MVD (25, 26). Glioblastomas are
often characterized as having the predominance of either
glomeruloid vessels representing high MVA or delicate, thin
lumen, capillary-type vessels representing low MVA (26,
27). Glioblastomas lacking glomeruloid vessels have been
associated with longer patient survival, and thus suggesting
that tumor vessel morphology might be related to the

Fig. 4. Increased rCBV of anaplastic astrocytoma in 23-year-old male.

A. Intra-axial mass with high signal intensity seen on FLAIR, is noted in left frontal lobe. B, C. Mass dose not enhance on contrast-enhanced
axial (B) and coronal (C), T1-weighted MR images. D. rCBV map derived from DSC perfusion MR imaging shows markedly increased rCBV in
corresponding lesion, and thus reflecting larger luminal area of tumor microvessels. DSC = dynamic susceptibility contrast, FLAIR = fluid

attenuated inversion recovery, rCBV = relative cerebral blood volume

kjronline.org Korean J Radiol 17(5), Sep/Oct 2016
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patient prognosis those with high-grade gliomas. Anaplastic
gliomas can have an elevated MVA, thus reflecting large
area, single-lumen microvessels and could exhibit MVA
larger than that of glioblastoma (Fig. 4) (24-26).

Dynamic susceptibility contrast perfusion MR imaging is
based on a first-pass bolus imaging technique generally
used to estimate rCBV in brain tumor studies. For this
purpose, this perfusion method uses T2*-weighted MR
acquisition to enhance the magnetic susceptibility
effects of gadolinium-based contrast agents. A previous
investigation showed that rCBV could reflect tumor vascular
morphometry (28). Although MVA undoubtedly represents
a more clinically relevant parameter (25), to date nearly
all rCBVs have been correlated using MVD data from animal
models (29, 30). Therefore, whether rCBV more strongly
reflects MVD versus MVA directly impacts the utility of
rCBV as a clinical predictor of the glioma outcome (24, 26,
27). A previous human study reported that rCBV reliably
estimates tumor MVA as a biomarker of the glioma outcome,
but poorly estimates MVD in the presence of vessel size
heterogeneity inherent to glioblastomas (5).

On the other hand, the tumor vessels of posttreatment
brain tumors usually show contrast agent leakage through
the extensively disrupted blood-brain barrier, and
resulting in additional T1 or T2* relaxation effects in the
extravascular space. The T2* contrast-agent leakage effects
that depend on the density and spatial distribution of tumor
cells within the extracellular extravascular space can also
lead to an additional susceptibility calibration factor (31,

Kim et al.

32). Therefore, within the complex microenvironment of
post-treatment brain tumors, and where vascular integrity
and architecture are known to be highly heterogeneous,
estimation of the rCBV might be less reliable than
estimation of the T1 kinetic parameters (Fig. 5).

Dynamic Contrast-Enhanced Perfusion MR Imaging
Identify Immature Hyperpermeable Vessels

A further way of studying tumor vessel characteristics
is to assess the permeability of gadolinium-based MR
contrast agents. DCE perfusion MR imaging applies a
pharmacokinetic model to determine the exchange of
contrast agents between the intravascular compartment
and the extravascular, extracellular compartment (1,

33, 34). The transfer coefficient (Kians) derived from the
pharmacokinetic model is associated with the tumor-vessel
surface area and its permeability. As the extravasation

of contrast agents in brain tumors is mostly attributed

to immature hyperpermeable vessels, it is suitable for
discriminating mature and immature tumor vessels and for
showing the hypoxia-induced regulation of tumor-vessel
permeability, both of which might be potential biomarkers
of tumor progression in brain tumors (6).

Compared with DSC perfusion MR imaging, DCE perfusion
MR imaging usually requires more complex data acquisition
and analysis. First, determination of T1 values in brain
tissue before contrast injection is required for calculation
of tissue contrast concentration curve with time (35).
Second, an accurate measurement of arterial input

Fig. 5. Images obtained in 63-year-old female clinicoradiologically considered as having recurrent glioblastoma.

A. Contrast-enhanced, T1-weighted image acquired 17 months after concomitant chemoradiotherapy, shows necrotic, enhancing mass in left
parietal lobe. B. DSC perfusion MR image shows equivocal increase of rCBV in corresponding lesion. C. Corresponding, contrast-enhanced, solid
portion shows definite increase of permeability on DCE perfusion MR imaging, and thus suggesting tumor recurrence. DCE = dynamic contrast-
enhanced, DSC = dynamic susceptibility contrast, rCBV = relative cerebral blood volume
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function is needed but is difficult to obtain because the
relationship between MR signal intensity and absolute
contrast concentration is not always linear and might

be compromised by inflow (36). Nevertheless, three-
dimensional acquisition of DCE MR imaging allows a

higher signal-to-noise ratio and spatial resolution and

can, therefore, provide accurate characterization of tumor
vascular permeability patterns (Fig. 6). In addition, DCE
MR imaging is more sensitive to small vessel function than
other imaging modalities. These advantages may be useful
in terms of monitoring drug delivery, compared with other
imaging modalities. Theoretically, the pharmacokinetic
model derived from DCE perfusion MR imaging can allow
the evaluation of tumor drug delivery, thereby also allowing
assessment of the therapeutic response to chemotherapeutic
drugs. Consequently, DCE perfusion MR imaging can be

an adequate noninvasive method for assessing the tumor
vascular pattern and acceptable surrogate markers of
hypoxia-induced tumor angiogenesis (37).

Arterial Spin Labeling Predicts Tumor Vascular
Normalization and Drug Delivery Efficacy

The tumor vascular characteristics might be associated
with the therapeutic response as the specific patterns of the
tumor vessels could enhance or reduce chemotherapeutic
drug delivery to the tumor cells (38, 39). For example,
several previous studies regarding tumor response to

A B
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antiangiogenic treatment have demonstrated that tumor
blood perfusion measurements may be helpful in predicting
tumor treatment response by showing that higher perfusion
could be associated with favorable outcome (40, 41). One
explanation for this association might be that as high CBF
reflects less permeable tumor vessels and an increase of
the tumor perfusion fraction, and thus resulting in efficient
chemotherapeutic drug delivery to the target tumor cells
(Fig. 7), after which the clinical outcome would be better.
Arterial spin labeling is a noninvasive method of
quantifying CBF that magnetically labels blood water as an
endogenous tracer without contrast agent injection (42).
ASL has been proven to be reliable and reproducible in the
assessment of CBF in various pathologic states and has
also been reported to correlate with tumor blood-vessel
attenuation and the glioma grade (43, 44). Therefore, ASL
which is a completely noninvasive method of determining
tumor blood flow, would be highly desirable, particularly
if there is a correlation between the CBF and the clinical
outcome measures, including patient survival.

Contrast-Enhanced Susceptibility-Weighted Imaging
Characterizes Tumor Necrosis and Vessels
Susceptibility-weighted imaging (SWI) is an emerging
MR imaging technique which uses a 3-dimensional, T2*-
weighted gradient echo sequence that combines magnitude
and filtered-phase information (45). SWI has the potential

Fig. 6. Comparison of DSC and DCE perfusion MR images in 67-year-old female with glioblastoma.

A. Contrast-enhanced, axial, T1-weighted MR image shows necrotic, contrast-enhancing mass in left frontal and temporal lobes. B. DSC perfusion
MR imaging shows heterogeneously increased rCBV in corresponding lesion. C. DCE perfusion MR imaging shows higher signal-to-noise ratio

and spatial resolution of permeability distribution within same lesion, compared with that seen on DSC perfusion MR imaging. DCE = dynamic
contrast-enhanced, DSC = dynamic susceptibility contrast, rCBV = relative cerebral blood volume
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Fig. 7. Illustration of association between tumor vessel pattern and cerebral blood volume.

A. Immature, hyperpermeable, and tortuous tumor vessel pattern causes ineffective and heterogeneous tumor blood flow (arrow) which thus
impedes delivery of chemotherapeutic drug to tumor. B. Increased homogeneity of tumor-vessel density and more well ordered arrangement of
vessels increase tumor blood flow (arrow) and reduce its heterogeneity, and which improve drug delivery and efficacy. CBF = cerebral blood flow,

DCE = dynamic contrast-enhanced

to visualize cerebral veins without contrast medium
injection as well as visualizing microhemorrhage (46).
SWI can visualize T2 effects, such as edema and contrast
enhancement, associated with T1 shortening effects as well
as T2* effects (47). With SWI, the internal architecture of
a tumor can be better defined compared with to that seen
on conventional, contrast-enhanced, T1-weighted images.
To characterize tumor necrosis, the internal architecture of
tumors varies significantly on SWI and contrast-enhanced
T1 imaging (Fig. 8). The internal architecture seen on
contrast-enhanced T1 is determined by the presence of
necrosis, cysts, and tumor boundaries, whereas the internal
architecture seen on SWI is primarily determined by blood
products and/or tumor vessels (46).

The use of gadolinium-based contrast agents has been
proposed in order to improve the characterization of
susceptibility signals inside brain mass lesions (48). Some

606

susceptibility signals can be depicted on both SWI and CE-
SWI, although some susceptibility signals are only visible on
CE-SWI. Hemorrhage can also be distinguished from veins if
SWI is used both before and following the administration of
a contrast agent (46). Blood vessels will change their signal
intensity before and after administration of a contrast
agent, whereas regions of tumoral hemorrhage appear
unchanged (Fig. 9). The tumoral hemorrhage which is easily
seen on CE-SWI can cause misregistration of DSC perfusion
MR images into structural MR images for quantitative
analyses. Therefore, CE-SWI might be advantageous as high-
resolution, structural MR imaging for contrast-enhancing
tumor segmentation, compared with contrast-enhanced, T1-
weighted imaging.

In another previous study using CE-SWI (49), stereotactic
biopsies of two different kinds of susceptibility signals
were performed on one patient. On the histological results,

Korean J Radiol 17(5), Sep/Oct 2016 kjronline.org



Korean Journal of Radiology

Emerging Brain Tumor Imaging Techniques I(J R

Fig. 8. Images obtained in 76-year-old male with glioblastoma.

A. T2-weighted MR image shows intra-axial mass with surrounding edema in right parietal lobe. B. DWI shows high signal intensity in
corresponding lesion, and thus suggesting high tumor cellularity. C. Contrast-enhanced, axial, T1-weighted MR image shows necrotic, contrast-
enhancing mass in same lesion. D. Contrast-enhanced SWI shows additional information regarding microhemorrhage and tumor microvessels
around tumor necrosis seen on contrast-enhanced, T1-weighted image. DWI = diffusion-weighted MR imaging, SWI = susceptibility-weighted
imaging

the area of intratumoral susceptibility signals on pre- Amide Proton Transfer Imaging Is a Potential Biomarker
contrast SWI contained highly pathological vessels, micro- for Tumor Proliferation

hemorrhage, and extensive necrosis. On the other hand, Amide proton transfer imaging is a variant of chemical
the susceptibility signals which were visible only on CE- exchange saturation transfer (CEST) imaging in which

SWI were present in the tumor invasion zone, defined as a the magnetization of the “proton of interest” is detected
loss of tumor-cell density at the margins of the specimen indirectly through the chemical exchange with bulk-

due to migration of tumor cells along fiber tracts into the water protons (Fig. 10) (51, 52). It is a noninvasive MR
surrounding brain tissue (50). imaging technique sensitive to endogenous mobile proteins

kjronline.org Korean J Radiol 17(5), Sep/Oct 2016 607
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Fig. 9. Images obtained in 47-year-old male with anaplastic oligodendroglioma.

A, B. T2-weighted MR image (A) and contrast enhanced, T1-weighted image (B) show intra-axial lesion with internal hemorrhage in left frontal
lobe. C. Pre-contrast SWI demonstrates rim of low signal intensity in corresponding lesion. D. Contrast-enhanced SWI shows additional linear or
dot-like structures of low signal intensity (arrows), suggesting tumor microvessels as well as unchanged lesion of low signal intensity (arrowhead),
and suggesting microhemorrhage. SWI = susceptibility-weighted imaging

and peptides and has been introduced as a potentially and as a sensitive biomarker of treatment responses (56) in
useful technique that reflects tumor-cell proliferation experimental and clinical studies. Therefore, compared with
and provides information regarding the pH of tissue (53, DWI and perfusion MR imaging, APT imaging has a potential
54). Quantitative APT parameters have been proposed as to provide completely different biologic information
prognostic indicators of brain gliomas by reflecting the on molecular changes and tumor proliferation index.
cellular proliferation levels that correlated with Ki-67 (55) As molecular events precede the morphologic changes,
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Fig. 10. Illustration of amide proton transfer mechanism.
Amide protons are saturated at their specific resonance frequency with
selective radiofrequency pulse. Saturated proton is then transferred

to surrounding free water and consequently water signal decrease is
calculated for indirect estimation of amount of amide proton.

observing changes in endogenous molecules can provide
valuable information in treatment response. This is why
APT imaging could be a complementary imaging biomarker
in the glioma studies despite of its inherent technical
limitations. Compared with other advanced imaging
parameters, the APT parameter shows different distribution
due to the different pathophysiologic background (Fig. 11).
This would provide more accurate targets for stereotactic
biopsy and local therapies in patients with glioma (57).

There have been recent technical advances in APT imaging
that allow whole-brain, three-dimensional acquisition
within a reasonable imaging time (53). Three-dimensional
APT imaging seems to be a promising approach that can
allow evaluation of an entire lesion. This is difficult with
MR spectroscopy which is the currently practical method for
endogenous metabolite imaging as it is limited by its low
spatial resolution, long imaging time, and high operator
dependency.

Current Clinical Hotspots of Emerging Imaging
Techniques in Patients with Brain Tumors

Apparent Diffusion Coefficient: Monitoring Response to
Antiangiogenic Treatment

Early changes in the ADC have been shown to be
predictive of the long-term patient response to radiation
and chemotherapies for brain tumors. Specifically, a
previous study showed that an ADC increase following
cytotoxic chemotherapies could be associated with a
favorable treatment response and might offer added value
in identifying tumors that are responsive to cytotoxic
chemotherapies (58, 59). The ADC has the potential
to serve as a surrogate marker for emerging treatment
response efficacy (Fig. 12). Results from a previous study
clearly indicate that pretreatment ADC histogram analysis

kjronline.org Korean J Radiol 17(5), Sep/Oct 2016
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is a predictive imaging biomarker for antiangiogenic
therapy, but not for chemotherapy, within the context of a
recurrent glioblastoma. Therefore, the use of ADC histogram
analysis for recurrent glioblastomas can guide the use of
antiangiogenic therapy in second-line therapy (60).

Intravoxel Incoherent Motion: Assessing Real Tumor
Cellularity

A key feature of IVIM MR imaging is that it does not
require contrast agents and it may serve as an interesting
alternative to perfusion MR imaging in some patients with
contraindications to contrast agents or patients with renal
failure at risk for nephrogenic systemic fibrosis (61) or for
gadolinium deposits in brain basal ganglia (62).

In our previous study (14) using a mono-exponential
fitting which does not consider the contribution of the
perfusion effect on diffusion signal decay, the ADC was
significantly lower in the lymphoma group than in the other
tumor patient groups. However, using a bi-exponential
fitting which considers the contribution of the perfusion
effect, the mean IVIM-derived, true diffusion parameter
did not differ significantly between the lymphoma and
the other tumor groups. This result indicates that the ADC
difference between the lymphoma and the other tumor
groups could be associated with the contribution of the
perfusion effect on diffusion signal decay. Based on these
results, we suggest that a monoexponentially fitted ADC
which contains the perfusion effect may limit the reliability
of the inverse correlation between the ADC and tumor
cellularity. According to other previous studies (63, 64),
the IVIM-derived perfusion parameters were correlated with
rCBV derived from DSC perfusion MR imaging, and their
histogram analyses may help in differentiating recurrent
tumor from the treatment effect in glioblastoma.

Diffusion Kurtosis Imaging: Accurate Glioma Grading

As an extension of DTI, DKI can provide an additional
measurement of MK to characterize the complexity of
the tumor architectures and has the potential to allow
measurement of the non-Gaussian diffusion in brain
tumors. According to a previous study (65), both the water
molecular diffusion heterogeneity index (o)) and the MK had
significantly greater diagnostic performance than did the
conventional diffusion parameters, including ADC, the mean
diffusivity, and FA, in differentiating low-grade gliomas
from high-grade gliomas, and which was in agreement
with other recent studies (17, 66). As such, DKI-derived
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Fig. 11. Images obtained in 55-year-old male with glioblastoma.

A. Contrast-enhanced, axial, T1-weighted MR image shows contrast-enhancing lesion around fourth ventricle. B-E. All of advanced MR images
including DWI (B), DSC perfusion MR image (C), DCE perfusion MR image (D), and amide proton transfer image (E) show increased parametric
values, although different distribution within corresponding contrast-enhancing lesion. DCE = dynamic contrast-enhanced, DSC = dynamic
susceptibility contrast, DWI = diffusion-weighted MR imaging

diffusion parameters may serve as an optimal diffusion
parameter for grading gliomas in clinical practice because
other diffusion parameters such as FA derived from DTI,
might not be accurate enough to reflect the actual non-
Gaussian diffusion distribution in biological tissue (66).

Dynamic Susceptibility Contrast Perfusion MR Imaging:
Exclusion of Pseudoprogression in Clinical Trials

The detection of transiently enlarging, contrast-
enhanced lesions after chemoradiotherapy in patients with
glioblastomas may influence the decision of whether to
continue current therapy or change to a second-line therapy
(67, 68). In addition, the eligibility in salvage treatment
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trials has been limited due to the incorrect interpretation
of the pseudoprogression. Therefore, for clinical trials,
exclusion of pseudoprogression is essential in order to
minimize the false-positive effect of a new drug (69).
When differentiating between early tumor progression and
pseudoprogression, the accuracy of the histopathologic
diagnosis based on second-look surgery can be subject
to sampling errors (70). Therefore, therapeutic strategies
usually depend on both the interpretation of MR imaging
findings as well as clinical manifestations.

Dynamic susceptibility contrast perfusion MR imaging has
been investigated for differentiating between early tumor
progression and pseudoprogression (69, 71, 72). According
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to a previously published report, the percentage change of
rCBV between the pre- and post-radiation-temozolomide
therapies could be predictive of one-year patient survival
(73). In another previous study, a parametric response
map obtained from rCBV was able to distinguish therapy-
associated pseudoprogression from true tumor progression
in patients with high-grade glioma and a reduction in rCBV

Korean Journal of Radiology

three weeks after therapy was found to be an early predictor
of true tumor progression (74). In our previous study,

the early tumor progression patient group had negative
changes of skewness and kurtosis of rCBV histograms

during the short-term follow-up periods after concomitant
chemoradiotherapy, whereas the pseudoprogression group
did not (Fig. 13) (71). Despite the feasibility of applying

c

Fig. 12. Images obtained in 57-year-old female with recurrent glioblastoma.

A. Contrast-enhanced, T1-weighted image acquired five months after concomitant chemoradiotherapy shows necrotic, enhancing mass in right
temporo-occipital lobe. B, C. DWI (B) and ADC (C) show linear area of diffusion restriction surrounding tumor necrosis, possibly indicating
viable, compact tumor cells. D. DCE perfusion MR image shows increase of permeability in corresponding, contrast-enhancing lesion around area
of diffusion restriction, and reflecting immature tumor vessel. ADC = apparent diffusion coefficient, DCE = dynamic contrast-enhanced, DWI =

diffusion-weighted MR imaging
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Fig. 13. Images obtained in 55-year-old female with recurrent glioblastoma.

A. At seven weeks after concomitant chemoradiotherapy, histogram from normalized rCBV for entire, corresponding, contrast-enhancing lesion
reveals heterogeneous distribution of normalized rCBV values. B. At 15 weeks after concomitant chemoradiotherapy, histogram showed more
heterogeneous distribution of normalized rCBV values compared with those seen in previous study, and thus suggesting tumor progression. rCBV =

relative cerebral blood volume

the rCBV ratio in clinical practice, relying on this measure
remains a matter of concern as many tumor progressions are
intermingled with the post-treatment effect, especially in
post-treatment glioblastomas. Nevertheless, DSC perfusion
MR imaging can provide methods for differentiating
pseudoprogression from true tumor progression as vascular
proliferation is characteristic of tumor progression.

Dynamic Contrast-Enhanced Perfusion MR Imaging: An
Adjunct to Dynamic Susceptibility Contrast Perfusion MR
Imaging in Treatment Response Assessment

Dynamic contrast-enhanced perfusion MR imaging
has demonstrated considerable utility for assessing
microcirculation physiology in new vessel regeneration
(75). Its application in oncology has been particularly
recommended in a workshop report regarding noninvasive
monitoring of both tumor progression and treatment
response (76). Our previous results (77) regarding the
initial area under the DCE time-signal intensity curve (IAUC)
for differentiating recurrent glioblastoma from radiation
necrosis, are consistent with previous results that showed
the importance of initial vascular phase assessment to
successfully differentiate tumor progression from treatment-
related change (78). These consistent results might be
explained by the fact that the IAUC depends mostly on
the blood flow as well as on the total vascular surface
area exposed to the contrast agent. Therefore, recurrent
glioblastoma has a prominent IAUC that is based on
hypervascularity and neoangiogenesis.

In our previous study, adding DSC or DCE perfusion MR
imaging to the combination of conventional MR imaging
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and DWI significantly improved the diagnostic performance
for distinguishing recurrent glioblastoma from radiation
necrosis (77). This result suggests that the MR imaging
protocol that includes conventional MR imaging, DWI, and
any perfusion MR imaging is most efficient in the accurate
determination of recurrent glioblastoma, as compared with
that includes the combination of conventional MR imaging
and DWI. We found that the best overall diagnostic accuracy
and the highest interreader agreement in the prediction of
recurrent glioblastoma were achieved with a combination of
conventional MR imaging, DWI, and DCE MR imaging.

Arterial Spin Labeling: The Efficacy of Tumor Drug
Delivery

During tumor angiogenesis, the resulting tumor vessels
are highly abnormal and immature, both structurally and
functionally. Antiangiogenic treatment would prune some
abnormal vessels and remodel the remaining vessels by
blocking vascular endothelial growth factor signaling and
thus resulting in a normalized vasculature. In turn, this
would increase the CBF and reduce tumor hypoxia and
interstitial fluid pressure, thereby resulting in enhanced
efficacy of the tumor drug delivery. Therefore, the patients
whose tumor perfusion increased during chemotherapy
might survive longer than the other patients (40).

In our preliminary clinical study, there were clinically
relevant differences in the treatment effect of cytotoxic
chemotherapeutic agents between the positive-CBF and
negative-CBF groups in patients with post-treatment
glioblastoma (Fig. 14). There was a moderate advantage
in the median time-to-progression (TTP) in the positive-
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CBF cohort, compared with the negative-CBF cohort. On
multivariate analyses, positive CBF was independent of the
MGMT promoter methylation status for predicting longer TTP
and a favorable clinical outcome. Our study verifies that the
increased CBF is a reflection of hyperperfusion and evenly
distributed tumor vessels, both of which mimic “normalized
tumor vessels” seen in post-antiangiogenic treatment, and
can indicate increased drug delivery to the tumor cells (39).

Contrast-Enhanced, Susceptibility-Weighted Imaging:
Additional Value to Tumor Grading

The development of SWI allows improved contrast
and detection of both the venous vasculature and

D
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hemorrhage within tumors, and which cannot be seen using
conventional imaging methods (79). There is evidence that
the use of SWI in the non-invasive grading of primary brain
tumors by assessment of intratumoral susceptibility signal
(ITSS) has been demonstrated (80, 81). High-grade tumors
such as glioblastomas often have a hemorrhagic component
and increased microvascularity which can be detected with
the help of SWI.

In our previous study (80), the degree of ITSS showed
a significant correlation with the value of the maximum
rCBV in the same tumor segments. However, the direct
correspondence between the areas of ITSS and the maximum
rCBV was variable. Moreover, SWI demonstrated the highest

Fig. 14. Images obtained in 75-year-old female with pseudoprogression.

A. Contrast-enhanced, T1-weighted image acquired five weeks after concomitant chemoradiotherapy shows enhancing mass in right parieto-
occipital lobe. B, C. ASL (B) and DCE perfusion MR imaging (C) show increased CBF and permeability in corresponding contrast-enhanced lesion,
respectively, and thus indicating effective drug delivery. D. After two cycles of adjuvant temozolomide, extent of enhancing lesion increased. E.
After four cycles of adjuvant temozolomide, enlarged, enhancing lesion was stabilized, and thus suggesting pseudoprogression. ASL = arterial

spin labeling, CBF = cerebral blood flow, DCE = dynamic contrast-enhanced
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Fig. 15. Tumor clustering in 59-year-old female with recurrent glioblastoma.

A. Contrast-enhancing mass is segmented and clustered with combination of ADC, rCBY, and permeability parameters on voxel-by-voxel basis. B.
Volume fraction of presumed tumor cluster is highest (45%), compared with other clusters (C, D), and thus suggesting tumor recurrence. ADC =
apparent diffusion coefficient, rCBV = relative cerebral blood volume
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degree of ITSS in glioblastoma, thus suggesting that ITSS
can be a potentially helpful sign for the correct diagnosis
of high-grade gliomas. Our previous study also showed that
the diagnostic performance of SWI for grading gliomas was
comparable with that of DSC perfusion MR imaging (80).

It has also been acknowledged that CE-SWI might offer
additional information in the evaluation of brain tumors
by depicting contrast enhancement as well as a greater
multitude of susceptibility signals than non-contrast SWI
(82).

Amide Proton Transfer Imaging: Potential Biomarker of
Early Treatment Response

The authors of several, published studies (14-16)
have shown that APT imaging allows the detection and
characterization of malignant brain tumors. In addition,
APT asymmetry values have been proposed as prognostic
indicators of brain glioma as they reflect the cellular
proliferation levels that correlate with Ki-67 (17), and
function as sensitive biomarkers of treatment response (18)
in experimental and clinical studies.

In our clinical experience, APT imaging showed a
potential for being an imaging biomarker of the tumor-
cell proliferative index to reflect different tumor biology.
Histogram analysis of APT imaging provided an added
value to DSC perfusion MR imaging for identifying contrast-
enhancing, low-grade tumors mimicking high-grade tumors
(83). In terms of the tumor proliferative index, APT imaging
showed a moderate correlation with MR spectroscopy
and was a superior imaging methodology, particularly
for assessing post-treatment gliomas, compared with
MR spectroscopy (57). Our other previous study showed
that adding APT imaging to conventional and perfusion
MR imaging improved the diagnostic performance for
differentiating tumor progression from post-treatment
effect (84).

Added Values of Multiparametric Imaging

The frequent co-existence of tumor recurrence and
radiation injury in post-treatment brain tumor and the
heterogeneous nature of the tumor, itself, represent
substantial challenges to the evaluation of post-treatment
lesions with single, quantitative parameters (85). A single
parameter is only capable of providing a probability in
one direction or a linear correlation, and which limits the
comprehensive characterization of post-treatment tumors.
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A proper combination of quantitative imaging parameters
is likely to improve the discrimination power and tissue
characterization in post-treatment brain tumors.

According to our previous study using all possible
combinations of MR imaging modalities (77), adding DSC
or DCE perfusion MR imaging to DWI significantly improved
the diagnostic accuracy and interobserver agreement
for distinguishing recurrent glioblastoma from radiation
necrosis. This result suggests that the MR imaging protocol
that includes conventional MR imaging, DWI, and any
perfusion MR imaging is most efficient in the accurate
determination of recurrent glioblastoma. For a voxel-
by-voxel approach (Fig. 15), multiparametric imaging
was a superior and more reproducible imaging biomarker
than single parameter measurements for differentiating
pseudoprogression from early tumor progression in patients
with post-treatment glioblastoma. Therefore, a multifaceted
segmentation approach can allow improved pathology
characterization in brain tumor imaging (86).

CONCLUSIONS

Many currently available advanced imaging techniques
may be optimally implemented to solve the diagnostic
challenges of conventional MR imaging and to improve
the tumor response assessment if their different
pathophysiologic backgrounds and clinical impacts are
understood. In addition, there is a variety of promising
physiologic imaging techniques, such as APT and ASL,
although they require further validation and standardization
before being integrated into clinical practice for brain
tumor imaging.
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