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Abstract
The NCCN Clinical Practice Guidelines in Oncology for Central 
Nervous System Cancers use radiologic presentation in the initial 
evaluation of patients with primary brain tumors and in the de-
termination of response to therapy. The dominant modality use is 
MRI because of its superior image resolution, speed of acquisition, 
and high safety profile for patients. The interpretation of MRI is a 
critical aspect of patient care and evaluation. This article reviews 
the predominant aspects of MRI for brain tumors, the standard 
sequences, the criteria to consider in determining treatment re-
sponse, and advanced aspects currently available. The proper in-
tegration of this essential imaging modality into patient care en-
sures timely disease evaluation and guides the use of therapeutic 
tools. (J Natl Compr Canc Netw 2014;12:1561–1568)
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Learning Objectives
Upon completion of this activity, participants will be able to:

• Describe the challenges of MRI assessment in patients 
receiving bevacizumab

• Explain the benefits of using MRS in brain tumor evaluation
• Summarize the role of diffusion MRI and perfusion MRI in 

tumor diagnosis, grading, prognosis, and response assessment
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Overview 
Primary brain tumors comprise a diverse group of 
pathologic types derived from the various cells that 
compose the central nervous system (CNS). The clin-
ical management of primary brain cancer is typically 
conducted by a team of health care providers, includ-
ing neurosurgeons, neurologists, medical oncologists, 
radiation oncologists, radiologists, and pathologists. 
Most of these specialties depend on diagnostic imag-
ing of the CNS to characterize tumor types and deter-
mine treatment options. 

T1/T2-Weighted MRI 
MRI is highly sensitive to pathologic alterations of 
normal parenchyma and has been an important diag-
nostic tool in the evaluation of intracranial tumors. 
MRI allows an accurate determination of lesion lo-
cation, extent, mass effect, atrophy, and subacute or 
chronic hemorrhage, and an accurate distinction be-
tween a vascular structure and adjacent parenchyma. 
The typical MR scan for a patient with a brain tumor 
includes T1/T2-weighted, fluid-attenuated inversion 
recovery (FLAIR), and postcontrast T1-weighted 
images (Figure 1). T1-weighted images are most use-
ful for depicting anatomic detail and show cerebro-
spinal fluid and most tumors as low signal intensity, 
whereas areas of fat and subacute hemorrhage ap-
pear as high signal intensity. T2-weighted images are 
more sensitive for lesion detection and show cerebro-
spinal fluid and most lesions as high signal intensity, 
whereas areas of hemorrhage or chronic hemosiderin 
deposits may appear as low signal. FLAIR images are  
T2-weighted with low signal cerebrospinal fluid, are 
highly sensitive for pathology detection, and dis-
play most lesions, including tumors and edema, with 
higher signal intensity than T2 images. However, 
the tumor focus in FLAIR or T2 images is not well 
separated from surrounding edema, gliosis, or isch-
emic changes. T1-weighted images after contrast 
enhancement generally provide better localization 
of the tumor nidus and improved diagnostic infor-
mation relating to tumor grade, blood–brain bar-
rier breakdown, hemorrhage, edema, and necrosis. 
Contrast-enhanced T1-weighted images also show 
small focal lesions better, such as metastases, tumor 
recurrence, and ependymal or leptomeningeal tumor 
spread. The T1-weighted enhancement of a contrast 
agent is attributed to blood–brain barrier leakage as-

sociated with angiogenesis and capillary damage in 
regions of active tumor growth and radiation injury.1

Changes in enhancing tumor size based on 2- 
dimensional measurements of contrast-enhanced T1 
images are the basis for the RANO (Response Assess-
ment in Neuro-Oncology) criteria, the current standard 
for assessing glioma response, and the previously used 
Macdonald criteria.2,3 To assess tumor size, a measure-
ment is made of the maximal enhancing tumor diameter 
on an axial gadolinium-enhanced T1-weighted section, 
and the largest perpendicular diameter is measured on 
the same image. The product of the 2 diameters is cal-
culated, and the measurements are performed for each 
measurable lesion to generate a summed product. The 
RANO criteria also includes assessment of nonenhanc-
ing lesions whereas the Macdonald criteria does not, 
which is the key difference between the criteria. Inclu-
sion of nonenhancing lesions will permit assessment of 
not only the intrinsic nonenhancing portion of gliomas 
but also treatment response to antiangiogenic therapy.  

Bevacizumab, a recombinant humanized monoclo-
nal antibody against vascular endothelial growth factor 

Figure 1  MRI images show a large mass in a patient presenting with 
hemiparesis on the right side. (A) T1-weighted image shows a hypo-
intensity lesion in the left frontal-parietal region. (B, C) T2-weighted 
and fluid-attenuated inversion recovery images show a heterogeneous 
hyperintensity lesion with surrounding edema. (D) T1-weighted image 
with contrast shows a heterogeneous ring enhancing lesion, a second 
area of enhancement posterior to the major lesion, and vasogenic 
edema. Pathology was consistent with glioblastoma.
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(VEGF), recently became a common therapy for recur-
rent glioblastoma and radiation necrosis. It sequesters 
soluble VEGF, preventing receptor binding and inhib-
iting angiogenesis and vascular permeability. There-
fore, a dramatic decrease in contrast enhancement is 
frequently observed after bevacizumab administration, 
which may not necessarily reflect a true reduction in 
tumor size. The uncoupling of contrast enhancement 
and true tumor size can thus lead to an overestimation 
of treatment response, a phenomenon known as a pseu-
doresponse.4,5 The impact of bevacizumab on radiation 
necrosis is another important consideration in assess-
ing radiographic response. Radiation necrosis typically 
manifests as avid enhancement, edema, and sometimes 
mass effect, making it difficult to distinguish from tumor 
progression. Evidence suggests that increased levels of 
VEGF contribute to leaky vasculature in radiation ne-
crosis, and bevacizumab substantially improves the ra-
diographic appearance by decreasing enhancement and 
edema.6 Furthermore, pseudoprogression, a subacute ra-
diation effect, is estimated to occur in 20% to 30% of 
patients with glioblastoma in whom the first postradia-
tion MRI shows an increase in contrast enhancement 
that subsides with time without intervention.7,8 This 
phenomenon likely results from transiently increased 
permeability of the tumor vasculature from irradiation, 
and its imaging appearance could potentially improve 
in the presence of bevacizumab. 

To address the limitations in the conventional 
MRI assessment of gliomas in an era of bevacizumab,  
the RANO working group has developed new guide-
lines for assessing treatment response in brain tumors.3 
The RANO criteria incorporate FLAIR or T2 hyperin-
tensity as a surrogate for nonenhancing tumor in deter-
mining tumor progression, in addition to quantitative 
information for enhancing lesions and clinical status. 

Radiographic criteria for response evaluation for 
low-grade glioma (LGG) are challenging and have 
not been established.9 LGG usually do not show sig-
nificant contrast enhancement on MRI, although 
some faint patchy enhancement is present in approxi-
mately 10% of LGG (Figure 2).10 FLAIR sequences 
provide the best delineation of WHO grade II glioma, 
although the exact relation between these sequences 
and the histologic tumor margin has not been estab-
lished.11,12 Volumetric measurements based on FLAIR 
images are sensitive to subtle volume shrinkage in re-
sponse to therapy and are promising as a valuable tool 
for response assessment in LGG.13,14 

MR Spectroscopy
Proton magnetic resonance spectroscopy (MRS) has 
been in use for more than 20 years.15 It is of interest 
to clinicians because it allows for the noninvasive 
biochemical characterization of a region of interest. 
It is also appealing because it does not require addi-
tional software or time-consuming and sophisticated 
postprocessing.16 

Several metabolic parameters interrogated by 
MRS are useful in brain tumor evaluation. Most 
brain tumors have decreased N-acetyl aspartate 
(NAA) signals, and often also have increased cho-
line (Cho) levels, leading to increased Cho/NAA 
ratios.15 NAA is thought to be of neuronal origin 
and is presumably decreased in brain tumors because 
it is displaced by infiltrating tumor cells.17 The Cho 
peak is derived from contributions from several com-
pounds involved in phospholipid membrane syn-
thesis and degradation,15 and the elevations in Cho 
level are believed to be caused by high membrane 
turnover in brain tumors. 

The total creatine peak, which is composed of 
creatine and phosphocreatine, has a role in glycolysis 

Figure 2  MRI images in a patient presenting with a general tonic-
clonic seizure. (A) T1-weighted image shows a hypointensity lesion 
in the right parietal region. (B, C) T2-weighted and fluid-attenuated 
inversion recovery images show a hyperintensity lesion with little 
edema. (D) T1-weighted image with contrast shows a nonenhancing 
lesion. Pathology was proven to be a grade II oligodendroglioma.
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and is therefore believed to reflect the energetic state 
of the tumor. It is often used as the reference point 
for the quantification of other metabolites because it 
is believed to have the least variation in MRS stud-
ies in any given tissue, although regional variations 
have been reported.17

The lactate and lipid peaks overlap and are often 
difficult to separate. Lactate is likely to arise from an 
increased metabolic rate and is usually elevated in 
high-grade gliomas (HGG) and metastases.17 It may 
also result from decreased clearance of the metabo-
lite from necrotic areas. Lipid peaks are also often 
elevated in HGG and metastases and are often seen 
in not only the necrotic areas, but also the contrast-
enhancing areas. 

MRS in Tumor Diagnosis and Grading
A brain mass seen on conventional MRI can reflect 
a range of differential diagnoses, including abscess, 
tumefactive demyelination, and ischemic lesions.15 
Separating out those that are not neoplastic is ben-
eficial, because this can influence intervention and 
prognostication. 

Surgery for diagnosis and tumor grading remains 
the gold standard. However, MRS can be particularly 
helpful when the tumor is surgically inaccessible or 
not completely resectable, because it can indicate 
the area that is most likely to be of higher grade and, 
therefore, the biopsy target.18,19 This can be particu-
larly helpful for determining the borders of infiltrative 
gliomas so that a near–gross-total resection can be at-
tempted.20 To aid with this, it is important to establish 
robust markers for different tumor types. One project 
that has attempted this is the International Network 
for Pattern Recognition of Tumours Using Magnet-
ic Resonance (INTERPRET).21 The INTERPRET 
study has collected spectra from brain tumors with 
known histology from multiple institutions through-
out Europe to develop computerized data-recognition 
schemes to aid radiologists in diagnosis and grading. 

MRS has been used to determine glioma grade, 
often in combination with MR diffusion or perfusion, 
and results have been compared with the actual his-
tologic grade.22–24 Tumor Cho/NAA ratios have been 
found to be higher in HGGs than in LGGs,23 and the 
NAA/Cr ratios lower in HGGs than in LGGs.24 Inter-
estingly, although the peritumoral hyperintensity of gli-
omas on conventional MRI is nonspecific, representing 
vasogenic edema and/or infiltrative tumor, MRS has 
been able to determine that Cho/NAA and Cho/Cr are 

higher in HGGs than in LGGs, helping to delineate 
tumor extension, and indicating that this area contains 
useful spectra for tumor grading using this method.23

MRS in Determining Prognosis
Several studies have been able to correlate MRS 
with the clinical outcomes of overall survival and/
or progression-free survival using spectra taken 
at different time points relative to diagnosis and 
treatment (Table 1,25–38 available online, in this ar-
ticle, at JNCCN.org). At initial presurgical imag-
ing, patients with an elevated Cho/NAA ratio had 
decreased overall survival after subsequent treat-
ment.25 This was especially true for those with el-
evated lipid and lactate within the same area on 
presurgical MRS.25,26 

MRS in Determining Treatment Response
MRS is also appealing to clinicians because it may 
be able to predict early treatment response or fail-
ure, allowing for an earlier change in treatment if 
needed. Some studies have shown a decrease in Cho 
in response to radiation treatment,39 and that early 
increases in Cho during radiation treatment are as-
sociated with tumor recurrence. Interestingly, this 
change can precede increased contrast enhancement 
on conventional MRI by 1 to 2 months.40

MRS can be used to differentiate true disease 
progression from radiation treatment pseudoprogres-
sion, which is difficult to do with conventional MRI. 
Studies have found that Cho/Cr and Cho/NAA ra-
tios are higher in recurrent disease than in radiation 
necrosis, and that NAA/Cr ratios are lower.41,42 Cut-
off values for tumor criteria for each of these ratios 
can even be determined.42 

One important caveat when interpreting any 
MRS (or diffusion MRI or MR perfusion) study 
that uses the normal-appearing contralateral side 
of the brain as an area for comparison or normaliza-
tion—and many studies use this method—is that 
the contralateral hemisphere in patients with brain 
tumors may not actually be normal. Tumor cells can 
be present in the contralateral hemisphere despite 
a normal-appearing MRI or MRS, partly because of 
the relatively large voxels required for MRS and the 
partial volume effect of small proportions of infiltrat-
ing tumor cells are difficult to resolve.
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Diffusion MRI
The apparent diffusion coefficient (ADC) is acquired 
by diffusion-weighted imaging and is a quantitative 
representation of the mobility of water molecules 
in the imaged tissue. It is often inversely related to 
the cellularity of the tissue, which can impede the 
movement of water molecules. Different intracranial 
masses have different, albeit overlapping, ADC val-
ues and this can be a useful adjunct to conventional 
MRI for lesion diagnosis. These techniques are not 
in widespread use, but prospective validation studies 
are underway.

Diffusion tensor imaging (DTI) measures the di-
rectional movement of water in at least 6 noncollinear 
directions. Derivatives of DTI can highlight fiber tract 
patterns in 3 dimensions and their connectivity. For 
diseases in which the fiber tracts are destroyed, DTI 
can reflect histologic components and differentiate 
between lymphoma and glioblastoma, and between 
meningiomas with WHO grade I histology and atypi-
cal meningiomas. DTI has also been used to delineate 
among abscesses, cystic metastases, and necrotic glio-
blastomas.43 Because DTI allows for visualization of 
fiber tracts, it can also be helpful for surgical planning, 
especially when a large mass has displaced the fiber 
tracts.44 It may also be useful for a more precise sculpt-
ing of the boost radiation in intensity-modulated ra-
diation treatment planning.45

Diffusion MRI in Tumor Diagnosis and Grading
Much interest has been shown in using diffusion 
MRI as an adjunct to diagnose brain masses and 
grade primary brain tumors. Not only is diffusion 
MRI noninvasive, but images can be easily obtained 
on conventional MRI machines. DTI was able to dif-
ferentiate brain abscess, necrotic glioblastoma, and 
cystic metastases, which can all look similar on con-
ventional MRI. One study segmented each lesion 
into nonoverlapping zones: cystic cavity, enhanc-
ing rim, and different areas of edema. Using differ-
ent measurements and patterns generated from these 
measurements, obtained through processing of the 
DTI data, researchers found that differences in the 
enhancing rim could differentiate glioblastoma from 
metastasis and that differences in the cystic cavity 
could be used to identify abscess from these other dis-
ease entities.43 DTI has been used in a similar fashion 
to differentiate primary CNS lymphoma from glio-
blastoma46 and atypical from classic meningioma.44,47 

Measurements obtained from DTI data have 
been used to measure cellularity and tumor infil-
tration and to determine astrocytic tumor grade.48 
Researchers have been able to fuse the anatomic 
imaging of each patient with the DTI imaging so 
that their results could be correlated with the his-
topathology only from the region of interest that 
was biopsied or resected. Other groups have also 
had success with astrocytic tumor grading using dif-
ferent ADC parameters.49 However, these studies 
overwhelmingly exclude tumors with any oligoden-
droglioma component, which may make generaliza-
tion difficult.

Diffusion MRI in Prognosis
Evidence suggests that diffusion MRI can be used 
to predict both progression-free and overall surviv-
als in patients with HGG. One group showed that 
measurements derived from serial ADC from intra-
treatment MRI correlated well with overall survival. 
They performed serial diffusion MRI scans 1 week 
before the beginning of first-line radiation treatment, 
and then at 1, 3, and 10 weeks after the initiation of 
radiation. Subsequent MRI scans occurred at 2- to 
3-month intervals. This group created a functional 
diffusion map (fDM), on a voxel-by-voxel basis, of 
the serial ADC data to quantify the change in dif-
fusion during and after treatment. They were able 
to define a threshold percentage change in diffusion 
that was prognostic for median survival as early as 3 
weeks after the start of radiation treatment. When 
they combined the 3-week fDM with the conven-
tional radiologic response at 10 weeks, a composite 
index was generated that could define 3 groups of pa-
tients with distinct median overall survival times.29 

Another group used fDMs derived before first-line 
chemoradiation and 4 weeks after completion of ra-
diation.30 These imaging time points are the more 
common clinical ones. These researchers examined 
the volume fraction of tissue that showed changes in 
ADC and were able to correlate these with progres-
sion-free and overall survivals (Table 1,25–38 available 
online, in this article, at JNCCN.org). 

Diffusion MRI in Determining Treatment 
Response
ADC maps have also been combined with perfu-
sion MRI in an attempt to determine the markers 
that identify an early treatment response or failure, 
so that treatment can be changed earlier in patients 
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with markers for failure. One study of patients with 
HGG on first-line chemoradiation treatment de-
rived ADC and cerebral blood volume (CBV) maps 
pretreatment and at 3 weeks midtreatment.33 The 
investigators developed a composite biomarker using 
these 2 maps to define 3 groups of patients who had 
different median overall survivals: nonresponders, 
partial responders, and responders.

Diffusion MRI has been used to help differenti-
ate true disease progression from pseudoprogression. 
In a study, ADC maps and histogram analyses were 
derived from patients with glioblastoma who showed 
new or enlarged enhancing lesions after completion of 
first-line chemoradiation with temozolomide.50 The pa-
tients were defined as having pseudoprogression or true 
progression based on confirmation contrast-enhanced 
MRI after 6 cycles of adjuvant treatment. The research-
ers were able to distinguish a cutoff point on histogram 
analysis to differentiate between patients with true pro-
gression and those with pseudoprogression.

MR Perfusion
The physics behind MR perfusion is more complex 
than for CT perfusion, largely because of the nonlin-
ear relationship of the contrast bolus concentration 
to the tissue attenuation. In general, perfusion pro-
cessing can be used to assess blood volume, veloc-
ity, and oxygenation. Two methods can be used to 
obtain perfusion information using an intravascular 
exogenous nondiffusible contrast agent, usually gad-
olinium-based (Gd-DTPA).

One method using Gd-DTPA is called dynamic 
susceptibility contrast-enhanced MR perfusion (DSC). 
The other method is called dynamic contrast-enhanced 
MR perfusion (DCE), also known as permeability MRI. 
DCE uses the serial acquisition of T1-weighted imag-
es before, during, and after Gd-DTPA injection. The 
derived signal intensity versus time curve reflects a 
composite of vessel permeability, tissue perfusion, and 
extravascular extracellular space. It reflects the wash-
in, plateau, and wash-out of the bolus and provides 
information about the tissue properties. 

DSC is also called bolus-tracking or perfusion-
weighted imaging. CBV and cerebral blood flow (CBF) 
can be derived from these data. For brain tumors, 
CBV is quite robust, requires less post-processing, and 
is widely used.51 One study comparing, among other 
techniques, DSC and DCE, found that DSC showed 

better diagnostic performance in distinguishing recur-
rent HGGs from stable disease.52

There can be considerable variation between 
MRI centers, and therefore standardization and opti-
mization of protocols are concerns with MR perfusion. 
Several efforts are underway to address these issues, 
including involvement by the American College of 
Radiology Imaging Network, whose protocols are be-
coming the de facto standard for many clinical trials.

MR Perfusion in Tumor Diagnosis and Grading
Just as with the MRI techniques mentioned previ-
ously, interest has been shown in using MR perfusion 
as an adjunct to conventional MRI in the diagnosis 
of brain lesions, again because it is noninvasive and 
can have prognostic and treatment implications. One 
group was able to use MR perfusion in distinguishing 
several entities from each other, including HGGs, 
LGGs, hemangioblastomas, abscesses, schwanno-
mas, meningiomas, primary CNS lymphomas, and 
metastases.53 This study used a region of interest that 
was the most enhancing on T1-weighted Gd-DTPA 
images and was not able to distinguish HGG from 
metastasis, meningioma, or CNS lymphoma. This 
same group was able to use MR perfusion to distin-
guish between HGG and metastasis by selecting a 
region of interest that involved the peritumoral ede-
ma, possibly because this area is infiltrated by tumor 
cells in HGG, but is likely vasogenic edema in me-
tastasis, which has a lower CBV.54

Studies have shown some benefit to using MR 
perfusion to differentiate different glioma grades. Most 
studies have tried to establish cutoff values in CBV or 
CBF to separate HGGs from LGGs.34,55,56 The cutoff 
values have varied from study to study, likely because of 
differences in methods for selecting the patient popu-
lation (including the inclusion or exclusion of tumors 
with oligodendroglial elements) and the regions of in-
terest, and differences in statistical methods.

MR Perfusion in Prognosis
Correlating CBV using MR perfusion–derived pa-
rameters with prognosis has been an active area of 
interest. In general, a higher CBV is associated with 
a poorer outcome.34–38 Some studies have noted that 
oligodendrogliomas often have high CBV, which is 
often a marker for higher-grade histopathology in 
other glioma types, but without the expected poor 
prognosis (Table 1,25–38 available online, in this ar-
ticle, at JNCCN.org.
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MR Perfusion in Determining Treatment 
Response
CBV has been found to have some correlation with 
treatment response. In light of the difficulties with 
conventional MRI in evaluating treatment response 
to bevacizumab, 1 group examined patients with re-
current HGG treated with bevacizumab and corre-
lated CBV changes before and after treatment with 
progression-free survival, overall survival, and risk of 
death.37,57 They found a threshold value and discov-
ered that both the pretreatment and posttreatment 
CBV could predict overall survival. Posttreatment 
CBV could also predict progression-free survival. 
When both the pretreatment and posttreatment 
CBV was above the threshold, patients had a signifi-
cantly worse overall survival. 

MR perfusion has been used to help differenti-
ate progressive disease from radiation necrosis. One 
group used non–model-based indices of signal inten-
sity–time curves to analyze their data, partly to show 
that complicated physiologic models are unnecessary, 
noting that such indices have been used previously for 
other solid tumors.58 They believe that these indices 
can be helpful so that MR perfusion can be used more 
routinely, without having to use time-consuming 
models, and would be ideal for multicenter trials be-
cause they do not require technical expertise for the 
data analysis. Several indices were used and found to 
be significantly different among the groups.

Although each has different limitations, these 
newer MRI techniques—spectroscopy, diffusion, per-
fusion—are all powerful tools in the adjunctive diag-
nosis of primary brain tumors, and also have a role in 
predicting prognosis and determining treatment re-
sponse. 

Conclusions 
MRI is a powerful and flexible instrument for evaluat-
ing patients with primary brain tumors. The integra-
tion of the RANO criteria into treatment evaluation 
helps reduce early termination of effective therapies 
because of treatment-associated imaging changes. Ad-
vanced aspects of MRI, including spectroscopy, diffu-
sion, and perfusion, provide dynamic information re-
lated to brain tumor response and progression. Further 
efforts to develop quality assurance metrics and stan-
dard interpretation algorithms will increase unifor-
mity as these components are more widely deployed.

References
1. Rees J. Advances in magnetic resonance imaging of brain tumours. Curr Opin 

Neurol 2003;16:643–650.
2. Macdonald DR, Cascino Tl, Schold SC Jr, Cairncross JG. Response criteria for 

phase II studies of supratentorial malignant glioma. J Clin Oncol 1990;8:1277–
1280.

3. Wen PY, Macdonald DR, Reardon DA, et al. Updated response assessment 
criteria for high-grade gliomas: response assessment in neuro-oncology working 
group. J Clin Oncol 2010;28:1963–1972.

4. Clarke JL, Chang S. Pseudoprogression and pseudoresponse: challenges in brain 
tumor imaging. Curr Neurol Neurosci Rep 2009;9:241–246.

5. Brandsma D, van den Bent MJ. Pseudoprogression and pseudoresponse in the 
treatment of gliomas. Curr Opin Neurol 2009;22:633–638.

6. Gonzalez J, Kumar AJ, Conrad CA, Levin VA. Effect of bevacizumab on 
radiation necrosis of the brain. Int J Radiat Oncol Biol Phys 2007;67:323–326.

7. Brandsma D, Stalpers L, Taal W, et al. Clinical features, mechanisms, and 
management of pseudoprogression in malignant gliomas. Lancet Oncol 
2008;9:453–461.

8. Taal W, Brandsma D, de Bruin HG, et al. Incidence of early pseudo-progression 
in a cohort of malignant glioma patients treated with chemoirradiation with 
temozolomide. Cancer 2008;113:405–410.

9. van den Bent MJ, Wefel JS, Schiff D, et al. Response assessment in neuro-
oncology (a report of the RANO group): assessment of outcome in trials of 
diffuse low-grade gliomas. Lancet Oncol 2011;12:583–593.

10. Pallud J, Capelle L, Taillandier L, et al. Prognostic significance of imaging 
contrast enhancement for WHO grade II gliomas. Neuro Oncol 2009;11:176–
182.

11. Pallud J, Varlet P, Devaux B, et al. Diffuse low-grade oligodendrogliomas extend 
beyond MRI-defined abnormalities. Neurology 2010;74:1724–1731.

12. Bynevelt M, Britton J, Seymour H, et al, FLAIR imaging in the follow-up 
of low-grade gliomas: time to dispense with the dual-echo? Neuroradiology 
2001;43:129–133.

13. Ricard D, Kaloshi G, Amiel-Benouaich A, et al. Dynamic history of low-grade 
gliomas before and after temozolomide treatment. Ann Neurol 2007;61:484–
490.

14. Brasil Caseiras G, Ciccarelli O, Altmann DR, et al. Low-grade gliomas: six-
month tumor growth predicts patient outcome better than admission tumor 
volume, relative cerebral blood volume, and apparent diffusion coefficient. 
Radiology 2009;253:505–512.

15. Horska A, Barker PB. Imaging of brain tumors: MR spectroscopy and metabolic 
imaging. Neuroimaging Clin N Am 2010;20:293–310.

16. Leclerc X, Huisman TA, Sorensen AG. The potential of proton magnetic 
resonance spectroscopy ((1)H-MRS) in the diagnosis and management of 
patients with brain tumors. Curr Opin Oncol 2002;14:292–298.

17. McKnight R, Waldman AD. Magnetic resonance spectroscopy in adult 
neoplasia. In: Gillard JH, Valdman AD, Barker PB. Clinical MR Neuroimaging: 
Physiological and Functional Techniques. New York, NY: Cambridge 
University Press; 2009:295–312.

18. Dowling C, Bollen AW, Noworolski SM, et al. Preoperative proton MR 
spectroscopic imaging of brain tumors: correlation with histopathologic analysis 
of resection specimens. AJNR Am J Neuroradiol 2001;22:604–612.

19. Chang SM, Nelson S, Vandenberg S, et al. Integration of preoperative anatomic 
and metabolic physiologic imaging of newly diagnosed glioma. J Neurooncol 
2009;92:401–415.

20. Croteau D, Scarpace L, Hearshen D, et al. Correlation between magnetic 
resonance spectroscopy imaging and image-guided biopsies: semiquantitative 
and qualitative histopathological analyses of patients with untreated glioma. 
Neurosurgery 2001;49:823–829.

21. Tate AR, Underwood J, Acosta DM, et al. Development of a decision support 
system for diagnosis and grading of brain tumours using in vivo magnetic 
resonance single voxel spectra. NMR Biomed 2006;19:411–434.

22. Maudsley AA, Roy B, Gupta RK, et al. Association of metabolite concentrations 
and water diffusivity in normal appearing brain tissue with glioma grade 
[published online ahead of print November 19, 2013]. J Neuroimaging, doi: 
10.1111/jon.12063.

23. Server A, Kulle B, Gadmar OB, et al. Measurements of diagnostic examination 
performance using quantitative apparent diffusion coefficient and proton MR 
spectroscopic imaging in the preoperative evaluation of tumor grade in cerebral 
gliomas. Eur J Radiol 2011;80:462–470.

24. Zonari P, Baraldi P, Crisi G. Multimodal MRI in the characterization of glial 
neoplasms: the combined role of single-voxel MR spectroscopy, diffusion 
imaging and echo-planar perfusion imaging. Neuroradiology 2007;49:795–803.

25. Crawford FW, Khayal IS, McGue C, et al. Relationship of pre-surgery metabolic 
and physiological MR imaging parameters to survival for patients with untreated 
GBM. J Neurooncol 2009;91:337–351.

26. Majos C, Bruna J, Julia-Sape M, et al. Proton MR spectroscopy provides 
relevant prognostic information in high-grade astrocytomas. AJNR Am J 
Neuroradiol 2011;32:74–80.

27. Quon H, Brunet B, Alexander A, et al. Changes in serial magnetic resonance 
spectroscopy predict outcome in high-grade glioma during and after 
postoperative radiotherapy. Anticancer Res 2011;31:3559–3565.



Original Article

Leung et al

© JNCCN—Journal of the National Comprehensive Cancer Network | Volume 12 Number 11 | November 2014

1568 C
E

28. Ratai EM, Zhang Z, Snyder BS, et al. Magnetic resonance spectroscopy as an 
early indicator of response to anti-angiogenic therapy in patients with recurrent 
glioblastoma: RTOG 0625/ACRIN 6677. Neuro Oncol 2013;15:936–944. 

29. Hamstra DA, Galban CJ, Meyer CR, et al. Functional diffusion map as an 
early imaging biomarker for high-grade glioma: correlation with conventional 
radiologic response and overall survival. J Clin Oncol 2008;26:3387–3394.

30. Ellingson BM, Cloughesy TF, Zaw T, et al. Functional diffusion maps (fDMs) 
evaluated before and after radiochemotherapy predict progression-free and 
overall survival in newly diagnosed glioblastoma. Neuro Oncol 2012;14:333–
343.

31. Ellingson BM, Cloughesy TF, Lai A, et al. Graded functional diffusion map-
defined characteristics of apparent diffusion coefficients predict overall 
survival in recurrent glioblastoma treated with bevacizumab. Neuro Oncol 
2011;13:1151–1161. 

32. Pope WB, Qiao XJ, Kim HJ, et al. Apparent diffusion coefficient histogram 
analysis stratifies progression-free and overall survival in patients with 
recurrent GBM treated with bevacizumab: a multi-center study. J Neurooncol 
2012;108:491–498.

33. Galban CJ, Chenevert TL, Meyer CR, et al. Prospective analysis of parametric 
response map-derived MRI biomarkers: identification of early and distinct 
glioma response patterns not predicted by standard radiographic assessment. 
Clin Cancer Res 2011;17:4751–4760. 

34. Lev MH, Ozsunar Y, Henson JW, et al. Glial tumor grading and outcome 
prediction using dynamic spin-echo MR susceptibility mapping compared with 
conventional contrast-enhanced MR: confounding effect of elevated rCBV of 
oligodendrogliomas [corrected]. AJNR Am J Neuroradiol 2004;25:214–221.

35. Bisdas S, Kirkpatrick M, Giglio P, et al. Cerebral blood volume measurements 
by perfusion-weighted MR imaging in gliomas: ready for prime time in 
predicting short-term outcome and recurrent disease? AJNR Am J Neuroradiol 
2009;30:681–688.

36. Dhermain F, Saliou G, Parker F, et al. Microvascular leakage and contrast 
enhancement as prognostic factors for recurrence in unfavorable low-grade 
gliomas. J Neurooncol 2010;97:81–88.

37. Law M, Oh S, Johnson G, et al. Perfusion magnetic resonance imaging predicts 
patient outcome as an adjunct to histopathology: a second reference standard 
in the surgical and nonsurgical treatment of low-grade gliomas. Neurosurgery 
2006;58:1099–1107. 

38. Mangla R, Ginat DT, Kamalian S, et al. Correlation between progression free 
survival and dynamic susceptibility contrast MRI perfusion in WHO grade III 
glioma subtypes. J Neurooncol 2014;116:325–331.

39. Heesters MA, Kamman RL, Mooyaart EL, Go KG. Localized proton 
spectroscopy of inoperable brain gliomas. Response to radiation therapy. J 
Neurooncol 1993;17:27–35.

40. Graves EE, Nelson SJ, Vigneron DB, et al. Serial proton MR spectroscopic 
imaging of recurrent malignant gliomas after gamma knife radiosurgery. AJNR 
Am J Neuroradiol 2001;22:613–624. 

41. Weybright P, Sundgren PC, Maly P, et al. Differentiation between brain tumor 
recurrence and radiation injury using MR spectroscopy. AJR Am J Roentgenol 
2005;185:1471–1476. 

42. Zeng QS, Li CF, Zhang K, et al. Multivoxel 3D proton MR spectroscopy in the 
distinction of recurrent glioma from radiation injury. J Neurooncol 2007;84:63–
69. 

43. Toh CH, Wei KC, Ng SH, et al. Differentiation of brain abscesses from necrotic 
glioblastomas and cystic metastatic brain tumors with diffusion tensor imaging. 
AJNR Am J Neuroradiol 2011;32:1646–1651.

44. Nimsky C, Ganslandt O, Fahlbusch R. Implementation of fiber tract navigation. 
Neurosurgery 2007;61(Suppl 1):306–317.

45. Price SJ, Jena R, Burnet NG, et al. Improved delineation of glioma margins and 
regions of infiltration with the use of diffusion tensor imaging: an image-guided 
biopsy study. AJNR Am J Neuroradiol 2006;27:1969–1974. 

46. Toh CH, Castillo M, Wong AM, et al. Primary cerebral lymphoma and 
glioblastoma multiforme: differences in diffusion characteristics evaluated with 
diffusion tensor imaging. AJNR Am J Neuroradiol 2008;29:471–475.

47. Toh CH, Castillo M, Wong AM, et al. Differentiation between classic and 
atypical meningiomas with use of diffusion tensor imaging. AJNR Am J 
Neuroradiol 2008;29:1630–1635.

48. Stadlbauer A, Ganslandt O, Buslei R, et al. Gliomas: histopathologic evaluation 
of changes in directionality and magnitude of water diffusion at diffusion-tensor 
MR imaging. Radiology 2006;240:803–810.

49. Murakami R, Hirai T, Sugahara T, et al. Grading astrocytic tumors by using 
apparent diffusion coefficient parameters: superiority of a one- versus two-
parameter pilot method. Radiology 2009;251:838–845.

50. Chu HH, Choi SH, Ryoo I, et al. Differentiation of true progression from 
pseudoprogression in glioblastoma treated with radiation therapy and 
concomitant temozolomide: comparison study of standard and high-b-value 
diffusion-weighted imaging. Radiology 2013;269:831–840.

51. Essig M, Shiroishi MS, Nguyen TB, et al. Perfusion MRI: the five most 
frequently asked technical questions. AJR Am J Roentgenol 2013;200:24–34. 

52. Seeger A, Braun C, Skardelly M, et al. Comparison of three different MR 
perfusion techniques and MR spectroscopy for multiparametric assessment in 
distinguishing recurrent high-grade gliomas from stable disease. Acad Radiol 
2013;20:1557–1565.

53. Hakyemez B, Erdogan C, Bolca N, et al. Evaluation of different cerebral 
mass lesions by perfusion-weighted MR imaging. J Magn Reson Imaging 
2006;24:817–824.

54. Hakyemez B, Erdogan C, Gokalp G, et al. Solitary metastases and high-grade 
gliomas: radiological differentiation by morphometric analysis and perfusion-
weighted MRI. Clin Radiol 2010;65:15–20.

55. Hakyemez B, Erdogan C, Ercan I, et al. High-grade and low-grade gliomas: 
differentiation by using perfusion MR imaging. Clin Radiol 2005;60:493–502.

56. Jung SC, Yeom JA, Kim JH, et al. Glioma: application of histogram analysis 
of pharmacokinetic parameters from T1-weighted dynamic contrast-enhanced 
MR imaging to tumor grading. AJNR Am J Neuroradiol 2014;35:1103–1110.

57. Schmainda KM, Prah M, Connelly J, et al. Dynamic-susceptibility contrast 
agent MRI measures of relative cerebral blood volume predict response to 
bevacizumab in recurrent high-grade glioma. Neuro Oncol 2014;16:880–888.

58. Narang J, Jain R, Arbab AS, et al. Differentiating treatment-induced necrosis 
from recurrent/progressive brain tumor using nonmodel-based semiquantitative 
indices derived from dynamic contrast-enhanced T1-weighted MR perfusion. 
Neuro Oncol 2011;13:1037–1046.

choice questions. Credit cannot be obtained for tests complet-
ed on paper. You must be a registered user on NCCN.org. If you 
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up here” link on the left hand side of the Web site to register. 
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cessfully answer all posttest questions you will be able to view 
and/or print your certificate. Software requirements: Internet
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Posttest Questions
1.  MRI can determine which of the following tumor charac-

teristics?
a.  Location
b.  Extent 
c.  Atrophy
d.  All of the above
e.  None of the above

2.  True or False: Diffusion tensor imaging can differentiate 

brain abscess, necrotic glioblastoma, 
and cystic metastases.

3.  Which of the following statements re-
garding MR perfusion is FALSE?
a.  It does not require the use of a con-

trast agent.
b.  It is noninvasive.
c.  It has been used to help differenti-

ate true disease progression from pseudoprogression.
d.  It may differentiate different glioma grades.


