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Glioblastoma is the deadliest primary malignant brain neoplasm, and despite the

availability of many treatment options, its prognosis remains somber. Enhancement

detected by magnetic resonance imaging (MRI) was considered the best imaging marker

of tumor activity in glioblastoma for decades. However, its role as a surrogate marker

of tumor viability has changed with the appearance of new treatment regimens and

imaging modalities. The antiangiogenic therapy created an inflection point in the imaging

assessment of glioblastoma response in clinical trials and clinical practice. Although BEV

led to the improvement of enhancement, it did not necessarily mean tumor response. The

decrease in the enhancement intensity represents a change in the permeability properties

of the blood brain barrier, and presumably, the switch of the tumor growth pattern to an

infiltrative non-enhancing phenotype. New imaging techniques for the assessment of

cellularity, blood flow hemodynamics, and biochemistry have emerged to overcome this

hurdle; nevertheless, designing tools to assess tumor response more accurately, and in

so doing, improve the assessment of response to standard of care (SOC) therapies and

to novel therapies, remains challenging.

Keywords: pseudoresponse, bevacizumab,MRI imaging, perfusion-weighted imaging,MR spectroscopy, diffusion

weighted imaging (DWI), susceptibility weighted imaging (SWI), diffusion tensor imaging (DTI)

BACKGROUND

Glioblastoma (GBM) is the most common primary malignant brain neoplasm with an incidence
of 4/100,000. GBM accounts for 54% of all glial tumors and 45% of all malignant central nervous
system (CNS) tumors. Prognosis of patients with GBM is dismal with a median survival of 14–16
months, and a survival rate of <30 and 10% at 2–5 years after the initial diagnosis, respectively
(1). From the histological standpoint, GBMs are infiltrating glial tumors, displaying abnormal
glial cells with variable morphology, high mitotic activity, microvascular proliferation and necrosis
with pseudopalisading patterns. Microvascular proliferation and necrosis are two critical histologic
features used for the differentiation between an anaplastic astrocytoma, WHO grade III and a
glioblastoma, WHO grade IV (2). Early clinico-pathological studies demonstrated that the degree
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of microvascular proliferation, as a surrogate of tumor-driven
neo-angiogenesis, correlated with survival in patients with high-
grade glial tumors (3, 4). Subsequently, researchers proved
that tumor enhancement on gadolinium-enhanced magnetic
resonance imaging (MRI) of the brain was a reflection of the
microvascular density and could be used as a biomarker of
tumor activity and aggressiveness (5). For the past two decades,
the presence and characteristics of enhancement patterns have
been one of the cornerstones for the imaging diagnosis and
determination of treatment responses of malignant brain tumors.
However, its role has been debated, and some novel ancillary
imaging biomarkers have been developed in the complex and
ever-evolving neuroradiologist’s armamentarium.

GLIOBLASTOMA TREATMENT

The neuro-oncology team faces a unique challenge when treating
patients diagnosed with GBM given the intrinsic biologic
peculiarities of this tumor. Many factors, such as the permeability
restrictions to the anti-tumor drugs posed by the blood brain
barrier (BBB), the tumor cell population heterogeneity, the
involvement of vital eloquent structures, and the adaptive nature
of the tumor have contributed to the limited success of standard
of care (SOC) and the failure of many experimental drugs.
The current SOC treatment for newly diagnosed GBM has not
changed since Stupp et al. published the results of the EORTC-
NCIC trial in 2005 (6). The Stupp protocol consists of maximal
safe surgical resection of the tumor, followed by concurrent
fractionated radiotherapy and daily temozolomide for 6 weeks.
After completion of the chemo-radiation, patients continue to
receive 6 to 12 cycles of monthly adjuvant temozolomide with
the addition of TTF.

Unfortunately, most of the GBM patients experience tumor
recurrence between 6 and 9 months while on SOC treatments.
Current guidelines for recurrent GBM recommend multi-
disciplinary team care with therapies tailored to individual
patient’s unique situation including a combination of re-
resection, re-radiation, Laser Interstitial Thermal Therapy
(LITT), change chemotherapy to bevacizumab monotherapy or
combination with other drugs plus TTF. Nevertheless, most of
the treatment regimens have failed to prolong the overall survival

Abbreviations: 3D-T1w, Three-dimensional T1-weighted images; ABTI,
Advanced brain tumor imaging; ADC, Apparent diffusion coefficient; BBB, blood-
brain barrier; Cho, Choline; BEV, bevacizumab; CBF, Cerebral blood flow; CNS,
Central nervous system; CR, Complete response; Cr, Creatine; CT, Computerized
tomography; DSC, Dynamic susceptibility contrast; DWI, Diffusion-weighted
imaging; FLAIR, T2-Fluid-attenuated inversion recovery; GBCA, Gadolinium-
based contrast agent; GBM, Glioblastoma; HGG, High-grade glioma; IDH,
Isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA-methyltransferase;
mIns, Myo-inositol; MRI, Magnetic resonance imaging; MRS, Magnetic resonance
spectroscopy; MTT, Mean transit time; NAA, N-acetylaspartate; ORR, Objective
response rate; OS, Overall survival; pCASL, Pseudo-continuous arterial spin
labeling; PD, Progressive disease; PFS, Progression-free survival; PR, Partial
response; PWI, Perfusion-weighted imaging; RANO, Response Assessment in
Neuro-Oncology; rCBV, Relative cerebral blood volume; SD, Stable disease; SOC,
Standard-of-care; SWI, Susceptibility weighted imaging; T2w, T2-weighted; TTF,
Tumor treating fields therapy; VEGF, Vascular endothelial growth factor; WHO,
World Health Organization.

rate in patients with progressive disease (7). Tumor treating fields
therapy (TTF) is a novel therapeutic device that has emerged
since 2011 for recurrent GBM and then in 2015 for newly
diagnosed GBM (8, 9)

In recent years, researchers have identified molecular markers
that help to classify GBMs into subgroups with different
treatment response profiles and prognosis (10). For instance,
gliomas harboring a mutation of the isocitrate dehydrogenase 1
or 2 (IDH 1/2) gene tend to have better survival and comparing
those with the wild-type allele (11); or tumors with methylation
of the O6-methylguanine-DNA-methyltransferase (MGMT)
gene promoter are more sensitive to temozolomide/radiation
therapies resulting in better survival rates (12, 13). The growing
understanding of brain tumor genetics and signal transduction
pathways abnormalities facilitates the creation of targeted
therapies; some of them, with specific imaging response patterns.

ROLE OF MRI IN GLIOBLASTOMA
DIAGNOSIS AND SURVEILLANCE

MRI is the current standard for imaging evaluation of brain
neoplasms for diagnosis and measurement of response, in both
clinical practice and clinical trials. The required sequences of
the current MRI protocol for the assessment of glioblastoma
are three-dimensional T1-weighted images (3D-T1w), axial bi-
dimensional T2-Fluid-attenuated inversion recovery (FLAIR)
images, and axial bi-dimensional diffusion-weighted imaging
(DWI) before intravenous gadolinium-based contrast agent
(GBCA) administration. After contrast administration, the
required sequences are axial bi-dimensional T2-weighted (T2w)
images and three-dimensional T1-weighted images (3D-T1w)
images (1).

As previously stated, the pattern of enhancement has been
used as a surrogate of tumor grade and viability during the last
two decades; nevertheless, when evaluating patients with GBM
after treatment, the presence and degree of enhancement cannot
be attributed exclusively to tumor neo-angiogenesis or high
cell replication areas. The differential diagnosis list of increased
parenchymal enhancement in patients with post-treatment GBM
is broad and includes tumor-related and non-tumoral causes,
such as the increase of the permeability of the BBB secondary
to chemoradiotherapy, as well as superimposed ischemia or
surgical trauma. In summary, all processes that alter the BBB
permeability will modify the degree and extent of the enhancing
area, regardless of the size and activity of the tumor (14).
Given the heterogeneous nature of GBM cell populations, some
areas of the tumor display an infiltrative growth pattern and
may not enhance (15, 16). This tissue heterogeneity makes the
current role of MRI on GBM evaluation even more challenging.
With the advancement of imaging technologies, there is an
increased research effort for the development of more accurate
imaging techniques. Some of the advancedMRI sequences permit
the evaluation of cellular variability, such as tumor perfusion
hemodynamics, tissue chemistry andmetabolism, and cellularity;
nonetheless, they are not yet used in clinical practice.
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EVOLUTION OF RESPONSE ASSESSMENT
CRITERIA IN GLIOBLASTOMA

The poor prognosis of GBM patients has motivated researchers
to develop more effective treatments during the last half-
century; and therefore, the necessity of standardizing criteria
for the semi-quantitative assessment of response to treatment
was subsequently conceived. With the purpose of making trials
outcomes comparable, Levin et al. developed the first criteria
for the evaluation of patients undergoing chemoradiotherapy for
malignant brain tumors in 1977 (17). These criteria included the
assignment of a numeric score to variables such as findings in
the neurological examination, electroencephalographic patterns,
brain scintigraphy, and the presence of specific images on
brain computerized tomography (CT). Based on the final score,
the patients were classified into two main categories: tumor
regression or tumor growth. Two years later, the World Health
Organization (WHO) issued its first guideline on reporting
results of cancer treatment. From the imaging standpoint,
the WHO guidelines suggested measuring the perpendicular
diameters of target lesions and quantifying the change of its
product over serial imaging examinations. Although it was
not focused on GBM (18), it was a milestone because of the
introduction of the concept of complete response (CR), partial
response (PR), progressive disease (PD), and no change.

In 1990, Macdonald et al. created a paradigm on the response
assessment of supratentorial malignant gliomas by publishing
criteria that considered CT/MRI findings as the keystone in
light of the clinical findings and steroid use (19). Macdonald
criteria established rigorous definitions for the main four
response categories: CR (disappearance of all enhancing tumor
on consecutive scans, at least 1 month apart, in the absence of
steroids, and stable, or improved neurologic deficit), PR (≥50%
reduction in size of enhancing tumor on consecutive scans,
steroids dose stable or reduced, and clinically stable or improved),
and PD (≥25% increase in size of enhancing tumor or any
new tumor on imaging, or neurologically worse, and steroids
stable, or increased). Additionally, it changed the “No change”
category of the WHO classification for stable disease (SD) when
none of the above criteria are met. Despite its robustness,
the Macdonald criteria’s “Achilles’ heel” was its foundation on
the enhancement as the unique imaging biomarker of tumor
viability. The weaknesses of the Macdonald criteria became
evident when changes in the BBB permeability secondary to non-
tumoral processes led to misclassification of patients into the
wrong response category based on the increase or decrease of the
degree of enhancement.

THE ERA OF THE ANTIANGIOGENIC
THERAPY

In 2009, the US Food and Drug Administration (FDA) approved
the use of bevacizumab (BEV or Avastin R©) for the treatment of
recurrent GBM (20). BEV is a humanized monoclonal antibody
directed to the isoform A of the vascular endothelial growth
factor (VEGF). Its therapeutic effect is blocking the process of

angiogenesis, one of the main features of GBM pathogenesis.
Under the effect of BEV, the immature and friable vasculature of
the tumor is stabilized, and the rate ofmicrovascular proliferation
and the BBB permeability decrease (21). These microstructural
and functional changes are translated into a dramatic and almost
immediate reduction in the tumor enhancement on MRI scans
(22, 23). It was initially interpreted as overwhelming tumor
response, but its clinical significance soon became controversial.
In 2014, Gilbert et al. published the results of a phase III
clinical trial on 637 newly diagnosed GBM patients comparing
the SOC vs. SOC with BEV and detected a modest increase of
the progression-free survival (PFS) rate without improvement
in the overall survival (OS) rate (24). At the meantime, Chinot
et al. reported their phase III clinical trial with 458 patients
administering BEV plus SOC vs. SCO for newly diagnosed GBM
patients and found that there was a slight improvement of the PFS
with maintenance of quality of life without any impact on the OS
(25). Both trials concluded that adding BEV for newly diagnosed
GBM does not improve OS. One caveat is that in both trials,
patients in SOC arms received BEV during GBM progression. It
was evident that there was a dissociation between the traditional
radiological response assessment and the clinical outcomes.

THE GROUND-BREAKING CONCEPT OF
PSEUDORESPONSE

As reviewed earlier, Macdonald criteria were initially criticized
for considering the enhancing area of the tumor as the
unique and absolute imaging biomarker of tumor response or
progression. Then, with the advent of antiangiogenic therapy, the
imperfections of this tool became more evident and rendered it
invalid. The term pseudoresponse was designated to describe the
decrease of the enhancement seen in the tumor (as much as to
meet Macdonald’s criteria for response) by the mere effect of the
treatment with antiangiogenic drugs without a true antitumor
effect (14, 26) (Figure 1). This phenomenon can be seen in up
to 20–60% of patients receiving BEV and is attributed to its
described stabilization effect on the BBB. Pseudoresponse was
then considered as one of the most convincing explanations for
the discrepancy between the astonishing response on MRI and
limited overall survival rates.

Tumors usually build their vascular scaffold by using one of
the following mechanisms: sprouting and branching from pre-
existing vessels to form new capillaries (angiogenesis), de novo
vasculogenesis from endothelial precursor cells, or utilization
of mature vasculature after infiltrating normal host tissue (also
called vessel co-option) (27). Further research demonstrated
that when blocking angiogenesis with BEV, GBM’s growth
pattern changes and become more infiltrative, now privileging
the vasculature co-option mechanism to meet its metabolic
demands (28, 29). This growth pattern change is represented
on the MRI as an increase of the extent of the non-enhancing
part of the tumor, better appreciated as an expansion of the
hyperintense areas on fluid-sensitive sequences (30). In 2009,
Narayana et al. published the results of a descriptive study on
sixty-one patients with recurrent high-grade gliomas that were
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FIGURE 1 | Enhancement in pseudoresponse. Brain MRI of a old patient with a GBM (IDH wild-type, MGMT status unknown) on the first recurrence after

standard-of-care treatment. Axial FLAIR (a,d,g), and axial T1w before (b,e,h) and after gadolinium administration (c,f,i) images are displayed. On the top row, the

immediate postoperative scan after the second resection demonstrates residual enhancing tumor on the right frontal lobe and on the left aspect of the genu of the

corpus callosum (arrows on c). The arrow on b points some post-surgical blood products on the lateral wall of the right lateral ventricle. Note how the FLAIR

hyperintensity extension increases on follow-up scans (arrowheads on a,d,g) after the onset of treatment with bevacizumab (BEV), while the enhancing area

decreases dramatically (arrows on f), with reappearance despite antiangiogenic treatment (arrows on i).

treated with BEV (31). Themain conclusion of this study was that
BEV prolonged GBM patients’ survival; however, the fascinating
aspect of this study was that it served as one of the earliest
reports on a possible increase of the aggressiveness of the tumor
following antiangiogenic therapy, a topic that still is under active
research (32, 33).

Regardless of the effectiveness of antiangiogenic molecules
as antitumoral agents, it is noteworthy that their regulatory
effect on the BBB entails a decrease of the vasogenic edema
and mass effect exerted by the tumor, and it is translated into
a slight improvement of the patients’ symptoms and quality of
life (21, 34). Conversely, the absence of pseudoresponse after the
administration of BEV has been considered by some authors to
be an ominous sign of worse prognosis (35).

From the clinical standpoint, patients with MRI results
interpreted as pseudoresponse are often separated into two
groups: symptomatic vs. asymptomatic. For the symptomatic

group, immediate change of treatment regimen is usually the next
step. For asymptomatic patients, continue the treatment received
or continue observation with repeat MRI in 4–8 weeks are the
frequent choice. Corticosteroid is usually offered to symptomatic
patients while a new treatment regimen is implemented.

SIDE EFFECTS OF ANTIANGIOGENIC
THERAPY ON THE BRAIN

BEV treatment has been reported to be safe and overall
well-tolerated by patients with GBM in multiple trials (36);
nonetheless, the most commonly mentioned side effects
are fatigue, headache, hypertension, bowel perforation, and
thromboembolism (37). Intracranial hemorrhage has been
reported in <3% of patients on BEV (20, 38), and other reported
CNS adverse effects include venous and arterial thromboembolic
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events and posterior reversible encephalopathy syndrome (PRES)
(38, 39). Recent articles evaluating the clinical characteristics of
BEV-associated ischemic and hemorrhagic strokes have pointed
out that there is no significant difference when compared with
control groups (40). The imaging manifestations of these entities
do not differ from their appearance when caused by other
etiologies.

CURRENT STATUS OF GLIOBLASTOMA
RESPONSE ASSESSMENT

Response Assessment in Neuro-Oncology
(RANO) Criteria
Taking into account the multifaceted nature of GBM treatment,
OS may not accurately reflect the specific effect of new
drugs or interventions in clinical trials, those being altered by
SOC therapies used before or after the experimental one (1).

Multiple clinical trials have used PFS and objective response
rate (ORR) as indicators of response to the experimental
therapeutic strategies (41). Consequently, it gives rise to the
necessity of designing updated clinical and imaging criteria
to quantify treatment response. To overcome these challenges,
the Response Assessment in Neuro-Oncology (RANO) working
group published the response assessment criteria for use in
clinical trials of high-grade glioma (HGG) in 2010 (42) with an
update on 2017 (43).

Currently, RANO workshop has published dedicated
guidelines for high-grade gliomas (RANO-HGG), low-grade
gliomas (RANO-LGG), brain metastasis (RANO-BM),
leptomeningeal disease (RANO-LM), patients under
immunotherapy (iRANO), spinal tumors (SPINO), meningioma
(RANO-meningioma), and for pediatric tumors (RAPNO) (44).
These guidelines standardize the MRI technique, scans schedule,
measurement of lesions, clinical confounders for imaging
findings, and response categories. Specifically, RANO-HGG

FIGURE 2 | Diffusion-weighted imaging (DWI) in pseudoresponse. Brain MRI of a old patient with the history of GBM (IDH wild-type, MGMT status unknown) on the

first recurrence. Axial gadolinium-enhanced T1w (a,e,i), FLAIR (b,f,j), DWI (c,g,k), and apparent diffusion coefficient map (d,h,l) images are shown. The baseline scan

(top row) shows FLAIR hyperintensity (arrows on b) involving the left frontal lobe adjacent to the posterior margin of the surgical cavity, along with an area of

enhancement (arrowheads on a). There is a small focus of DWI hyperintensity (arrowhead on c) with its corresponding hypointensity on the ADC map (arrowhead on

d) indicative of restricted diffusion. On follow-up scans after bevacizumab treatment (BEV) the enhancement disappeared (*on e,i); however, the FLAIR hyperintensity

increased in size on the left cerebral hemisphere (arrows on b,f,j). Note the striking increase in the size of the area of restricted diffusion on follow-up scans (arrows on

g,k, h,l) despite the absence of enhancement; this finding is indicative of the hypercellular nature of the tumor. There is non-specific progressive FLAIR hyperintensity

on the right frontal lobe (*on b,f,j), and on the right periatrial region (arrowheads on b,f,j), without associated enhancement or restricted diffusion, likely

treatment-related.
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considers CR when three criteria are met: (a) disappearance of all
enhancing lesions sustained for at least 4 weeks, (b) the patient
is off corticosteroids, and (c) the patient’s clinical condition
is stable or improving (43). With regards to the MRI scan,
the first exam showing disappearance of all enhancing lesions
will be considered as preliminary CR. If a second scan done 4
weeks apart still demonstrates disappearance of the enhancing
lesions, then the patient will be further classified as durable CR
and should continue the ongoing treatment. Conversely, if the
follow-up exam re-demonstrates areas of enhancement, it will be
considered pseudoresponse and the patient should be evaluated
using the criteria of progressive disease. Notably, RANO-HGG
incorporates the qualitative assessment of T2-FLAIR changes
as an additional biomarker for tumor progression in the
categories of PD, PR, and SD, making it stronger than the classic
Macdonald criteria.

The Role of Advanced Brain Tumor
Imaging in Pseudoresponse
Current RANO-HGG criteria encompass both serial bi-
dimensional/volumetric measurements of the enhancing portion
of the tumor and the qualitative assessment of the infiltrative
component detected by T2-FLAIR. Although it upgraded and
superseded Macdonald criteria, it is still far from being a perfect
tool to fully characterize the viability and spatial extension of
GBM, specifically with regards to its invasive non-enhancing
part. One of the most substantial frailties of RANO-HGG
is its incapability of discriminating between non-enhancing
infiltrative tumor and other causes of hyperintensity on T2-
FLAIR such as vasogenic edema, microvascular ischemic
changes, and other non-tumoral leukoencephalopathies. This
is a limitation inherent to conventional MRI sequences which
are pure anatomical imaging techniques; notwithstanding,
researchers have developed some advanced MRI sequences that
allow the functional assessment of tumors. Some of the advanced

MRI sequences allow the evaluation of tumor perfusion,
hemodynamics, chemistry and metabolism, and cellularity. Our
institutional advanced brain tumor imaging (ABTI) protocol is
run on 3T magnets and includes the aforementioned standard
brain tumor protocol (conventional MRI sequences) and
some advanced MRI sequences, whose applications on the
evaluation of pseudoresponse will be briefly described in the
following paragraphs.

• Diffusion weighted imaging
There are two main types of water molecules in tissues,
slow and fast diffusing. Slow-diffusing water molecules are
attached to macromolecules or confined by cell membranes;
conversely, fast-diffusing molecules are usually located in
the extracellular space. Diffusion-weighted imaging (DWI)
exploits this biochemical feature of water to characterize the
composition of certain fluids (e.g., abscesses), evaluate the
function of the Na+/K+-ATPase membrane pump in neurons
(e.g., stroke), and in the neuro-oncology field, to estimate
the cell density of tissues. The apparent diffusion coefficient
(ADC) map is a representation of the magnitude of water
diffusion restriction, with quantitative values expressed in
units of mm2/s.
In 1999, Sugahara et al. demonstrated that the cellular
density and tumor grade of diffuse gliomas were directly
proportional to the degree of water restriction on DWI (45).
Additionally, in 2012 Yamasaki et al. published the results of
a descriptive study on ten patients with recurrent high-grade
glioma and stated that by using high magnetic field strengths,
demonstration of water restriction on DWI is useful for the
differentiation between pseudoresponse and true response to
the antiangiogenic treatment (46). Furthermore, Kothari et al.
demonstrated that DWI was superior in detecting tumor
cell proliferation compared to FLAIR in patients with high-
grade gliomas treated with BEV (47). Conversely, a recent
retrospective study ran by Auer et al. reported a normalization

FIGURE 3 | Diffusion tensor imaging (DTI) in pseudoresponse. Follow-up brain MRI of a 30-years-old male person with a diagnosis of GBM (NOS, MGMT status

unknown) after standard-of-care treatment, currently on bevacizumab therapy. FLAIR (A), contrast-enhanced T1w (B), and DTI (C) axial images. A new area of

non-enhancing FLAIR hyperintensity is noted along the posterior aspect of the right frontal surgical cavity (arrows on A,B) that was considered as infiltrative tumor

based on other functional MRI sequences (not shown). DTI unveils the disruption of the corpus callosum fibers subjacent to the lesion (dotted circle on C) compared

to the normal contralateral side (arrowhead on C) as a marker of tumor infiltration.
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of themean ADC values in areas of pseudoresponse in patients
with recurrent GBM under treatment with BEV (48). This
result raises some concerns about the utility of this tool in
the detection of the elusive infiltrative tumor. Regardless of
the current uncertainty, this is a field of intense research, and
for now, DWI can be considered as one of the ancillary tools
for the detection of the invasive non-enhancing portion of the
tumor in patients under antiangiogenic therapy (Figure 2).
Diffusion tensor imaging (DTI) uses the anisotropy of the
Brownian motion of water molecules caused by membranes
to display the pathway of neural fibers in vivo (49). It is useful
to evaluate the white matter tracts displacement, deformation,
infiltration, disruption, or disorganization caused by tumors
or other entities (50). The fraction of anisotropy (FA), axial
diffusivity (AD), and radial diffusivity (RD) are some of the

quantitative metrics derived from diffusion tensor imaging,
and have been used to characterize and classify CNS tumors
(51–53); however, its role on the assessment of pseudoresponse
is not well-established to date (Figure 3).

• MR spectroscopy
The MR spectroscopy (MRS) is a technique that uses the
carbon-bound hydrogens in the −1 to −5 ppm range of
the chemical shift scale to determine the presence and
concentration of certain molecules in a given sample of brain
tissue. The most commonly measured metabolites include
N-acetylaspartate (NAA), choline (Cho), creatine (Cr), myo-
inositol (mIns), lactate, lipids, and certain amino acids (54).
In glial neoplasms, the higher the Cho, the higher the tumor
grade is; and the NAA and creatine levels are inversely
proportional to the aggressiveness of the tumor. Some studies

FIGURE 4 | Magnetic resonance spectroscopy (MRS) for the assessment of cell proliferation. Brain MRI of a old patient with recurrent GBM (NOS, MGMT status

unknown) on bevacizumab treatment (same patient of Figure 2, second row). Axial FLAIR (A) shows hyperintensity surrounding the surgical cavity on the right frontal

lobe and in the contralateral periventricular white matter; asterisks (*) mark the enhancing areas seen on the previous scan. The clinical concern is to define whether

the evolving area of FLAIR abnormality on the left side is vasogenic edema or tumor infiltration (arrows on A). Multivoxel MRS using intermediate echo time (144ms)

with interrogations on the region of interest (B) and the adjacent normal-appearing white matter (C) was performed. The spectrum corresponds to the area highlighted

by the yellow box on the blue grid on the localizer images. The relative increase of choline (Cho) and the decrease in the N-Acetylaspartate (NAA) peak in the

suspicious area compared to the normal-appearing one suggest high cell turnover rate and loss of neuronal integrity, respectively. These spectroscopic findings favor

tumor infiltration over vasogenic edema.
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have shown the utility of MRS in the non-invasive assessment
of glial tumors grading (55, 56), assessment of tumor extension
(57), and in the differentiation of pseudoprogression vs.
recurrent/residual tumor (58, 59).
As mentioned previously, the rise of Cho is a strong
predictor of rapid cell turnover and tumor cell replication.
Ratai et al. evaluated 13 patients with recurrent GBM on
BEV in combination with either temozolomide or irinotecan
and demonstrated that variations in NAA and Cho peaks
on MRS could be used as a reliable imaging biomarker
for discriminating between response and pseudoresponse in
patients under antiangiogenic therapy (60). Hattingen et al.
described the utility of non-conventional metabolites on in-
vivo MRS for the assessment of the effectiveness of BEV
in patients with recurrent GBM. Although the trial showed
promising results, these MRS techniques are not available in
most of the non-academic healthcare facilities (61). Possibly,
the most practical utility of MRS in the daily radiological
practice is for the differentiation between vasogenic edema vs.

non-enhancing tumor infiltration using an array of multivoxel
spectroscopy either in a 2D or 3D acquisition (62) (Figure 4).

• Perfusion-weighted imaging
Perfusion-weighted imaging (PWI) is the name given
to multiple MR sequences designed to evaluate brain
hemodynamics at the capillary level. Dynamic susceptibility
contrast (DSC) is one of the MR techniques used for the
evaluation of brain blood perfusion. The physical foundation
of this MR sequence relies on the amount of signal loss
on T2∗ weighted sequences elicited by the pass of a bolus
of a GBCA through a capillary bed. The most commonly
calculated measurements are mean transit time (MTT),
cerebral blood flow (CBF), and cerebral blood volume (CBV).
Those measures are representatives of the time that red blood
cells spend, the volume of blood passing per unit of time,
and the volume of blood in a given amount of brain tissue,
respectively (63). As previously stated, one of the histologic
landmarks of some of the most common malignant CNS
tumors is the elevated rate of angiogenesis. The abnormal

FIGURE 5 | Perfusion-weighted imaging (PWI). Brain MRI of a old with a diagnosis of recurrent GBM (IDH wild-type, MGMT status unknown) on bevacizumab

treatment. Axial contrast-enhanced T1w (a), FLAIR (b), DWI (c), ADC (d), Dynamic susceptibility contrast (DSC) (e), and Pseudo-continuous arterial spin labeling (f).

Compared with the baseline scan, an evolving non-enhancing FLAIR hyperintense lesion (arrows on a and b) is noted on the right frontal lobe in the vicinity of the

surgical cavity (not shown). The lesion shows high signal on DWI (arrows on c) with the reciprocal dark appearance on ADC map (arrows on d) due to hypercellularity.

Dynamic susceptibility contrast depicts increased cerebral blood volume (CBV) (arrows on panel e), and pseudo-continuous arterial spin labeling (pCASL) reveals an

increment in the cerebral blood flow in the same location. PWI findings are indicative of vascular proliferation.
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vascular proliferation increases the amount of blood per
brain tissue volume unit and, consequently, it increases the
relative CBV values in PWI (64, 65). Research showed that the
difference of the relative CBV (rCVB) values before and after
treatment of recurrent GBM with BEV serves as a biomarker
of treatment response, and patient prognosis (66, 67).
On the other hand, the pseudo-continuous arterial spin
labeling (pCASL) is a perfusion-weighted imaging (PWI)
technique that does not require intravenous administration
of GBCA. pCASL exploits the ability of MRI scans of
magnetically labeling arterial blood protons below the level of
the imaging plane (68). In clinical practice, pCASL provide
some quantitative and qualitative measurements of blood
hemodynamics in brain tissue such as blood volume, blood
velocities, and blood transit times (69). There is substantial
evidence supporting that measurements obtained from DCS
and pCASL techniques are comparable and their diagnostic
performance is similar (70, 71). The most notable metric
in pCASL is CBF, being the tumor blood volume directly
proportional with the tumor grade (72, 73). It is noteworthy
that even when PWI relies on the degree of vascularity of
the tissue, it is not strictly coupled with the area of visible
enhancement. Price et al. demonstrated that perfusion altered
metrics extends beyond the limits of the area of enhancement
in high-grade gliomas (74). Experimental studies have shown
that normalized CBV and normalized CBF obtained fromDSC
are comparable with normalized CBF on arterial spin-labeling
and are useful for the assessment of the treatment effect in
patients with recurrent GBM under antiangiogenic therapy
(75, 76) (Figure 5).

• Susceptibility weighted imaging
Susceptibility weighted imaging (SWI) is an MRI sequence
that utilizes the difference in the intrinsic magnetic
susceptibility of tissues as an endogenous source of
image contrast (77). One of the most clinically relevant
utilities of SWI is its ability to identify small amounts
of iron-containing molecules or calcium, knowing that
both of them may be non-visible on conventional MR
sequences. The SWI has been used in the clinical setting
in many ways, including the study of vascular lesions, due
to its exceptional resolution in depicting venous anatomy
(78), and the evaluation of multiple sclerosis (79, 80).
Additionally, some authors have described the utility of SWI
for discriminating between low and high-grade gliomas by
characterizing the intratumoral susceptibility signal (81, 82).
Lupo et al. ran a descriptive study on twenty-five patients with
GBM before and after treatment with chemoradiotherapy
plus BEV (83). The researchers performed a baseline
MRI scan before, and serial examinations after treatment
until the date of the first recurrence, and found that the
more crowded and widespread the foci of susceptibility
artifact inside the lesion, the less likely to find viable
tumor underneath. Experimental studies have shown that
with ultra-high-field MRI, SWI can demonstrate even the
growing vasculature in the tumor and its change upon
treatment with BEV (84); however, it remains in the
research arena.

CHALLENGES FOR THE ONCOLOGIC
NEURORADIOLOGY TEAM

Currently, BEV is one of the most commonly used treatment
options for recurrent GBM, either alone or with other drugs.
However, there are conflicting results in the literature about
its antitumor efficacy vs. “super steroid” effect, commonly
referred to as pseudoresponse since there is a reduction of
enhancement on CT or MRI scans post BEV therapy. We
cannot resolve this issue in this review, but we feel that a
combination of chemotherapeutic drugs including BEV may
provide true anti-tumor effect (85). From an imaging perspective,
it is challenging to report such phenomenon during daily
clinical practice and for assessment of effects of any clinical trial
on recurrent GBM involving BEV therapy. Therefore, clinical
information, such as the history of BEV based therapy is vital
for more accurate reporting for neuro-radiologist. Advanced
imaging tools mentioned above are hopeful to provide a more
accurate assessment of treatment effect. Also, new genetic-
based classification of tumors creates subsets of patients that
may have different response patterns to immune therapy drugs,
such as humanized monoclonal antibody against the cytotoxic
T-lymphocyte antigen-4 (CTLA-4) immune checkpoint, and
against the programmed death 1 (PD-1) receptor and its ligand
PD-L1 (84, 86). This scenario gives rise to the need to design
imaging protocols that merge the anatomical and functional
imaging biomarkers on light of the new therapies. Possibly,
the most significant challenges are to find imaging biomarkers
to typify the antitumor effect of BEV (cellularity and cell
replication); to identify and map the shift toward an infiltrative
growth pattern; to establish key imaging findings that define
prognosis; and to detect early BEV complications.

CONCLUSION

GBM remains as one of the deadliest malignancies affecting
the CNS despite long-standing research efforts to improve
the treatment options for these patients. Developing
better imaging tools to evaluate the therapeutic effect
of different interventions in real time will have a direct
impact on the process of developing new and more effective
treatments. Many revised standardization of brain tumor
assessment have been published during the past decades;
however, the relentless expansion of novel treatments
and neuroimaging techniques render them outdated very
quickly. Currently, RANO-HGG criteria are the standard
for assessment of treatment response; nonetheless, it is still
considered a work in progress while some advanced MRI
techniques become more widely available, standardized,
and reproducible. Advanced MRI sequences provide
valuable information about functional tumor variables,
such as cellularity, biochemistry, metabolism, cell turnover
estimation, vascularization, and microvascular hemodynamics
that can help the examiner to track the presence of non-
enhancing tumor in patients with recurrent GBM under
antiangiogenic treatment.

Frontiers in Neurology | www.frontiersin.org 9 May 2019 | Volume 10 | Article 460

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Arevalo et al. MRI Assessment of Pseudoresponse in Glioblastoma

AUTHOR CONTRIBUTIONS

All authors contributed to the literature research, manuscript
design and writing, image edition and submission equally.

ACKNOWLEDGMENTS

We are very grateful to Dr. Joanna S. O’Leary at UTHealth for
critical review of this manuscript and valuable suggestions.

REFERENCES

1. Ellingson BM, Bendszus M, Boxerman J, Barboriak D, Erickson BJ,
Smits M, et al. Consensus recommendations for a standardized brain
tumor imaging protocol in clinical trials. Neuro-oncology. (2015) 17:1188–
98. doi: 10.1093/neuonc/nov095

2. Urbanska K, Sokołowska J, Szmidt M, Sysa P. Glioblastoma multiforme - an
overview. Contemp Oncol. (2014) 18:307–12. doi: 10.5114/wo.2014.40559

3. Leon SP, Folkerth RD, Black PM. Microvessel density is a prognostic indicator
for patients with astroglial brain tumors. Cancer. (1996) 77:362–72. doi: 10.
1002/(SICI)1097-0142(19960115)77:2<362::AID-CNCR20>3.0.CO;2-Z

4. Folkerth RD. Descriptive analysis and quantification of angiogenesis in
human brain tumors. J Neurooncol. (2000) 50:165–72.

5. Tynninen O, Aronen HJ, Ruhala M, Paetau A, Von Boguslawski K,
Salonen O, et al. MRI enhancement and microvascular density in gliomas.
Correlation with tumor cell proliferation. Invest Radiol. (1999) 34:427–
34. doi: 10.1097/00004424-199906000-00007

6. Stupp R, MasonWP, van den Bent MJ, Weller M, Fisher B, TaphoornMJ, et al.
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.
N Engl J Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330

7. Weller M, van den Bent M, Hopkins K, Tonn JC, Stupp R,
Falini A, et al. EANO guideline for the diagnosis and treatment
of anaplastic gliomas and glioblastoma. Lancet Oncol. (2014)
15:e395–403. doi: 10.1016/S1470-2045(14)70011-7

8. Stupp R, Taillibert S, Kanner AA, Kesari S, Steinberg DM, Toms SA,
et al. Maintenance therapy with tumor-treating fields plus temozolomide
vs temozolomide alone for glioblastoma: a randomized clinical trial. JAMA.
(2015) 314:2535–43. doi: 10.1001/jama.2015.16669

9. Stupp R, Taillibert S, Kanner A, Read W, Steinberg D, Lhermitte B,
et al. Effect of tumor-treating fields plus maintenance temozolomide vs
maintenance temozolomide alone on survival in patients with glioblastoma: a
randomized clinical trial. JAMA. (2017) 318:2306–16. doi: 10.1001/jama.2017.
18718

10. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,
Cavenee WK, et al. The 2016 world health organization classification of
tumors of the central nervous system: a summary. Acta Neuropathol. (2016)
131:803–20. doi: 10.1007/s00401-016-1545-1

11. Mandel JJ, Cachia D, Liu D, Wilson C, Aldape K, Fuller G, et al. Impact of
IDH1mutation status on outcome in clinical trials for recurrent glioblastoma.
J Neurooncol. (2016) 129:147–54. doi: 10.1007/s11060-016-2157-2

12. Pandith AA, Qasim I, Zahoor W, Shah P, Bhat AR, Sanadhya D, et al.
Concordant association validates MGMTmethylation and protein expression
as favorable prognostic factors in glioma patients on alkylating chemotherapy
(Temozolomide). Sci Rep. (2018) 8:6704. doi: 10.1038/s41598-018-25169-2

13. Rivera AL, Pelloski CE, Gilbert MR, Colman H, De La Cruz C, Sulman EP,
et al. MGMT promoter methylation is predictive of response to radiotherapy
and prognostic in the absence of adjuvant alkylating chemotherapy for
glioblastoma. Neuro Oncol. (2010) 12:116–21. doi: 10.1093/neuonc/nop020

14. Brandsma D, van den Bent MJ. Pseudoprogression and pseudoresponse
in the treatment of gliomas. Curr Opin Neurol. (2009) 22:633–
8. doi: 10.1097/WCO.0b013e328332363e

15. Zinn PO, Mahajan B, Sathyan P, Singh SK, Majumder S, Jolesz
FA, et al. Radiogenomic mapping of edema/cellular invasion
MRI-phenotypes in glioblastoma multiforme. PLoS ONE. (2011)
6:e25451. doi: 10.1371/journal.pone.0025451

16. Rao A, Rao G, Gutman DA, Flanders AE, Hwang SN, Rubin DL, et al. A
combinatorial radiographic phenotype may stratify patient survival and be
associated with invasion and proliferation characteristics in glioblastoma. J
Neurosurg. (2016) 124:1008–17. doi: 10.3171/2015.4.JNS142732

17. Levin VA, Crafts DC, Norman DM, Hoffer PB, Spire JP, Wilson CB. Criteria
for evaluating patients undergoing chemotherapy for malignant brain tumors.
J Neurosurg. (1977) 47:329–35. doi: 10.3171/jns.1977.47.3.0329

18. Miller AB, Hoogstraten B, Staquet M, Winkler A. Reporting results
of cancer treatment. Cancer. (1981) 47:207–14. doi: 10.1002/1097-
0142(19810101)47:1<207::AID-CNCR2820470134>3.0.CO;2-6

19. Macdonald DR, Cascino TL, Schold SC, Cairncross JG. Response criteria
for phase II studies of supratentorial malignant glioma. J Clin Oncol. (1990)
8:1277–80. doi: 10.1200/JCO.1990.8.7.1277

20. Cohen MH, Shen YL, Keegan P, Pazdur R. FDA drug approval summary:
bevacizumab (Avastin) as treatment of recurrent glioblastoma multiforme.
Oncologist. (2009) 14:1131–8. doi: 10.1634/theoncologist.2009-0121

21. Gerstner ER, Duda DG, di Tomaso E, Ryg PA, Loeffler JS, Sorensen AG, et al.
VEGF inhibitors in the treatment of cerebral edema in patients with brain
cancer. Nat Rev Clin Oncol. (2009) 6:229–36. doi: 10.1038/nrclinonc.2009.14

22. Hasselbalch B, Lassen U, Hansen S, Holmberg M, Sørensen M, Kosteljanetz
M, et al. Cetuximab, bevacizumab, and irinotecan for patients with primary
glioblastoma and progression after radiation therapy and temozolomide: a
phase II trial. Neurooncology. (2010) 12:508–16. doi: 10.1093/neuonc/nop063

23. Vredenburgh JJ, Desjardins A, Herndon JE, Marcello J, Reardon DA, Quinn
JA, et al. Bevacizumab plus irinotecan in recurrent glioblastoma multiforme. J
Clin Oncol. (2007) 25:4722–9. doi: 10.1200/JCO.2007.12.2440

24. Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT,
Vogelbaum MA, et al. A randomized trial of bevacizumab for
newly diagnosed glioblastoma. N Engl J Med. (2014) 370:699–708.
doi: 10.1056/NEJMoa1308573

25. Chinot OL, Wick W, Mason W, Henriksson R, Saran F, Nishikawa R,
et al. Bevacizumab plus radiotherapy-temozolomide for newly diagnosed
glioblastoma.N Engl J Med. (2014) 370:709–22. doi: 10.1056/NEJMoa1308345

26. Nowosielski M, Wen PY. Imaging criteria in neuro-oncology. Semin Neurol.

(2018) 38:24–31. doi: 10.1055/s-0038-1627468
27. Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nature.

(2000) 407:249–57. doi: 10.1038/35025220
28. Donnem T, Hu J, FergusonM, Adighibe O, Snell C, Harris AL, et al. Vessel co-

option in primary human tumors and metastases: an obstacle to effective anti-
angiogenic treatment? Cancer Med. (2013) 2:427–36. doi: 10.1002/cam4.105

29. Jain RK, Duda DG, Willett CG, Sahani DV, Zhu AX, Loeffler JS, et al.
Biomarkers of response and resistance to antiangiogenic therapy.Nat Rev Clin
Oncol. (2009) 6:327–38. doi: 10.1038/nrclinonc.2009.63

30. Norden AD, Young GS, Setayesh K, Muzikansky A, Klufas R,
Ross GL, et al. Bevacizumab for recurrent malignant gliomas:
efficacy, toxicity, and patterns of recurrence. Neurology. (2008)
70:779–87. doi: 10.1212/01.wnl.0000304121.57857.38

31. Narayana A, Kelly P, Golfinos J, Parker E, Johnson G, Knopp E, et al.
Antiangiogenic therapy using bevacizumab in recurrent high-grade glioma:
impact on local control and patient survival. J Neurosurg. (2009) 110:173–
80. doi: 10.3171/2008.4.17492

32. Pàez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, Viñals F,
et al. Antiangiogenic therapy elicits malignant progression of tumors to
increased local invasion and distant metastasis. Cancer Cell. (2009) 15:220–
31. doi: 10.1016/j.ccr.2009.01.027

33. Ebos JM, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG,
Kerbel RS. Accelerated metastasis after short-term treatment with a
potent inhibitor of tumor angiogenesis. Cancer Cell. (2009) 15:232–
9. doi: 10.1016/j.ccr.2009.01.021

34. Sorensen AG, Batchelor TT, Zhang WT, Chen PJ, Yeo P, Wang M, et al. A
“vascular normalization index” as potential mechanistic biomarker to predict
survival after a single dose of cediranib in recurrent glioblastoma patients.
Cancer Res. (2009) 69:5296–300. doi: 10.1158/0008-5472.CAN-09-0814

Frontiers in Neurology | www.frontiersin.org 10 May 2019 | Volume 10 | Article 460

https://doi.org/10.1093/neuonc/nov095
https://doi.org/10.5114/wo.2014.40559
https://doi.org/10.1002/(SICI)1097-0142(19960115)77:2<362::AID-CNCR20>3.0.CO;2-Z
https://doi.org/10.1097/00004424-199906000-00007
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1016/S1470-2045(14)70011-7
https://doi.org/10.1001/jama.2015.16669
https://doi.org/10.1001/jama.2017.18718
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s11060-016-2157-2
https://doi.org/10.1038/s41598-018-25169-2
https://doi.org/10.1093/neuonc/nop020
https://doi.org/10.1097/WCO.0b013e328332363e
https://doi.org/10.1371/journal.pone.0025451
https://doi.org/10.3171/2015.4.JNS142732
https://doi.org/10.3171/jns.1977.47.3.0329
https://doi.org/10.1002/1097-0142(19810101)47:1<207::AID-CNCR2820470134>3.0.CO;2-6
https://doi.org/10.1200/JCO.1990.8.7.1277
https://doi.org/10.1634/theoncologist.2009-0121
https://doi.org/10.1038/nrclinonc.2009.14
https://doi.org/10.1093/neuonc/nop063
https://doi.org/10.1200/JCO.2007.12.2440
https://doi.org/10.1056/NEJMoa1308573
https://doi.org/10.1056/NEJMoa1308345
https://doi.org/10.1055/s-0038-1627468
https://doi.org/10.1038/35025220
https://doi.org/10.1002/cam4.105
https://doi.org/10.1038/nrclinonc.2009.63
https://doi.org/10.1212/01.wnl.0000304121.57857.38
https://doi.org/10.3171/2008.4.17492
https://doi.org/10.1016/j.ccr.2009.01.027
https://doi.org/10.1016/j.ccr.2009.01.021
https://doi.org/10.1158/0008-5472.CAN-09-0814
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Arevalo et al. MRI Assessment of Pseudoresponse in Glioblastoma

35. Boxerman JL, Zhang Z, Safriel Y, Larvie M, Snyder BS, Jain R, et al. Early
post-bevacizumab progression on contrast-enhanced MRI as a prognostic
marker for overall survival in recurrent glioblastoma: results from the
ACRIN 6677/RTOG 0625 central reader study. Neuro Oncol. (2013) 15:945–
54. doi: 10.1093/neuonc/not049

36. Gil-Gil MJ, Mesia C, Rey M, Bruna J. Bevacizumab for the
treatment of glioblastoma. Clin Med Insights Oncol. (2013)
7:123–35. doi: 10.4137/CMO.S8503

37. Friedman HS, Prados MD, Wen PY, Mikkelsen T, Schiff D, Abrey LE,
et al. Bevacizumab alone and in combination with irinotecan in recurrent
glioblastoma. J Clin Oncol. (2009) 27:4733–40. doi: 10.1200/JCO.2008.19.8721

38. Fraum TJ, Kreisl TN, Sul J, Fine HA, Iwamoto FM. Ischemic stroke and
intracranial hemorrhage in glioma patients on antiangiogenic therapy. J
Neurooncol. (2011) 105:281–9. doi: 10.1007/s11060-011-0579-4

39. Abbas O, Shamseddin A, Temraz S, Haydar A. Posterior
reversible encephalopathy syndrome after bevacizumab
therapy in a normotensive patient. BMJ Case Rep. (2013)
2013:bcr2012007995. doi: 10.1136/bcr-2012-007995

40. Auer TA, Renovanz M, Marini F, Brockmann MA, Tanyildizi Y. Ischemic
stroke and intracranial hemorrhage in patients with recurrent glioblastoma
multiforme, treated with bevacizumab. J Neurooncol. (2017) 133:571–
9. doi: 10.1007/s11060-017-2467-z

41. Lamborn KR, Yung WK, Chang SM, Wen PY, Cloughesy TF, DeAngelis
LM, et al. Progression-free survival: an important end point in evaluating
therapy for recurrent high-grade gliomas. Neurooncology. (2008) 10:162–
70. doi: 10.1215/15228517-2007-062

42. Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen AG, Galanis
E, et al. Updated response assessment criteria for high-grade gliomas: response
assessment in neuro-oncology working group. J Clin Oncol. (2010) 28:1963–
72. doi: 10.1200/JCO.2009.26.3541

43. Ellingson BM, Wen PY, Cloughesy TF. Modified criteria for radiographic
response assessment in glioblastoma clinical trials. Neurotherapeutics. (2017)
14:307–20. doi: 10.1007/s13311-016-0507-6

44. Eisele SC, Wen PY, Lee EQ. Assessment of brain tumor response:
RANO and its offspring. Curr Treat Options Oncol. (2016)
17:35. doi: 10.1007/s11864-016-0413-5

45. Sugahara T, Korogi Y, Kochi M, Ikushima I, Shigematu Y, Hirai T, et al.
Usefulness of diffusion-weighted MRI with echo-planar technique in the
evaluation of cellularity in gliomas. J Magn Reson Imaging. (1999) 9:53–
60. doi: 10.1002/(SICI)1522-2586(199901)9:1<53::AID-JMRI7>3.0.CO;2-2

46. Yamasaki F, Kurisu K, Aoki T, Yamanaka M, Kajiwara Y, Watanabe Y, et al.
Advantages of high b-value diffusion-weighted imaging to diagnose pseudo-
responses in patients with recurrent glioma after bevacizumab treatment. Eur
J Radiol. (2012) 81:2805–10. doi: 10.1016/j.ejrad.2011.10.018

47. Kothari P, White NS, Farid N, Chung R, Kuperman JM, Girard HM, et al.
Longitudinal restriction spectrum imaging is resistant to pseudoresponse
in patients with high-grade gliomas treated with bevacizumab. AJNR Am J

Neuroradiol. (2013) 34:1752–7. doi: 10.3174/ajnr.A3506
48. Auer TA, Breit HC, Marini F, Renovanz M, Ringel F, Sommer

CJ, et al. Evaluation of the apparent diffusion coefficient in
patients with recurrent glioblastoma under treatment with
bevacizumab with radiographic pseudoresponse. J Neuroradiol. (2018)
46:36–43. doi: 10.1016/j.neurad.2018.04.002

49. Hasan KM, Walimuni IS, Abid H, Hahn KR. A review of
diffusion tensor magnetic resonance imaging computational
methods and software tools. Comput Biol Med. (2011) 41:1062–
72. doi: 10.1016/j.compbiomed.2010.10.008

50. Min ZG, Niu C, Zhang QL, Zhang M, Qian YC. Optimal factors of diffusion
tensor imaging predicting corticospinal tract injury in patients with brain
tumors. Korean J Radiol. (2017) 18:844–51. doi: 10.3348/kjr.2017.18.5.844

51. Jiang L, Xiao CY, Xu Q, Sun J, Chen H, Chen YC, et al. Analysis of DTI-
derived tensor metrics in differential diagnosis between low-grade and high-
grade gliomas. Front Aging Neurosci. (2017) 9:271. doi: 10.3389/fnagi.2017.
00271

52. Server A, Graff BA, Josefsen R, Orheim TE, Schellhorn T, Nordhøy W, et al.
Analysis of diffusion tensor imaging metrics for gliomas grading at 3 T. Eur J
Radiol. (2014) 83:e156–65. doi: 10.1016/j.ejrad.2013.12.023

53. Inano R, Oishi N, Kunieda T, Arakawa Y, Yamao Y, Shibata S, et al. Voxel-
based clustered imaging bymultiparameter diffusion tensor images for glioma
grading. Neuroimage Clin. (2014) 5:396–407. doi: 10.1016/j.nicl.2014.08.001

54. Oz G, Alger JR, Barker PB, Bartha R, Bizzi A, Boesch C, et al. Clinical proton
MR spectroscopy in central nervous system disorders. Radiology. (2014)
270:658–79. doi: 10.1148/radiol.13130531

55. Bulik M, Jancalek R, Vanicek J, Skoch A, Mechl M. Potential of MR
spectroscopy for assessment of glioma grading. Clin Neurol Neurosurg. (2013)
115:146–53. doi: 10.1016/j.clineuro.2012.11.002

56. Wang Q, Zhang H, Zhang J, Wu C, Zhu W, Li F, et al. The diagnostic
performance of magnetic resonance spectroscopy in differentiating high-from
low-grade gliomas: a systematic review and meta-analysis. Eur Radiol. (2016)
26:2670–84. doi: 10.1007/s00330-015-4046-z

57. Pirzkall A, McKnight TR, Graves EE, Carol MP, Sneed PK,
Wara WW, et al. MR-spectroscopy guided target delineation
for high-grade gliomas. Int J Radiat Oncol Biol Phys. (2001)
50:915–928. doi: 10.1016/S0360-3016(01)01548-6

58. Rock JP, Hearshen D, Scarpace L, Croteau D, Gutierrez J, Fisher
JL, et al. Correlations between magnetic resonance spectroscopy
and image-guided histopathology, with special attention to
radiation necrosis. Neurosurgery. (2002) 51:912–919. discussion
919–920. doi: 10.1227/00006123-200210000-00010

59. Smith EA, Carlos RC, Junck LR, Tsien CI, Elias A, Sundgren PC. Developing
a clinical decision model: MR spectroscopy to differentiate between recurrent
tumor and radiation change in patients with new contrast-enhancing lesions.
Am J Roentgenol. (2009) 192:W45–W52. doi: 10.2214/AJR.07.3934

60. Ratai EM, Zhang Z, Snyder BS, Boxerman JL, Safriel Y, McKinstry
RC, et al. Magnetic resonance spectroscopy as an early indicator
of response to anti-angiogenic therapy in patients with recurrent
glioblastoma: RTOG 0625/ACRIN 6677. Neurooncology. (2013)
15:936–44. doi: 10.1093/neuonc/not044

61. Hattingen E, Bähr O, Rieger J, Blasel S, Steinbach J, Pilatus U. Phospholipid
metabolites in recurrent glioblastoma: in vivo markers detect different tumor
phenotypes before and under antiangiogenic therapy. PLoS ONE. (2013)
8:e56439. doi: 10.1371/journal.pone.0056439

62. Bulik M, Kazda T, Slampa P, Jancalek R. The diagnostic ability of follow-up
imaging biomarkers after treatment of glioblastoma in the temozolomide era:
implications from proton mr spectroscopy and apparent diffusion coefficient
mapping. BioMed Res Int. (2015) 2015:641023. doi: 10.1155/2015/641023

63. Petrella JR, Provenzale JM. MR perfusion imaging of the brain. Am J

Roentgenol. (2000) 175:207–19. doi: 10.2214/ajr.175.1.1750207
64. Jain R, Griffith B, Alotaibi F, Zagzag D, Fine H, Golfinos J, et al. Glioma

angiogenesis and perfusion imaging: understanding the relationship between
tumor blood volume and leakiness with increasing glioma grade. AJNR Am J

Neuroradiol. (2015) 36:2030–5. doi: 10.3174/ajnr.A4405
65. Saini J, Gupta PK, Sahoo P, Singh A, Patir R, Ahlawat S, et al. Differentiation

of grade II/III and grade IV glioma by combining “T1 contrast-enhanced
brain perfusion imaging” and susceptibility-weighted quantitative imaging.
Neuroradiology. (2018) 60:43–50. doi: 10.1007/s00234-017-1942-8

66. Stecco A, Amatuzzo P, Sponghini AP, Platini F, Quagliozzi M, Buemi F, et al.
Prognostic value of relative cerebral blood volume (rCBV) in patients with
recurrent glioblastoma multiforme treated with bevacizumab. J Neurosurg
Sci. (2016). [Epub ahead of print]

67. Kickingereder P, Radbruch A, Burth S, Wick A, Heiland S, Schlemmer HP,
et al. MR perfusion-derived hemodynamic parametric response mapping of
bevacizumab efficacy in recurrent glioblastoma. Radiology. (2016) 279:542–
52. doi: 10.1148/radiol.2015151172

68. Silva AC, Kim SG. Pseudo-continuous arterial spin
labeling technique for measuring CBF dynamics with high
temporal resolution. Magn Reson Med. (1999) 42:425–
9. doi: 10.1002/(SICI)1522-2594(199909)42:3<425::AID-MRM3>3.3.CO;2-J

69. Petcharunpaisan S, Ramalho J, Castillo M. Arterial spin labeling in
neuroimaging.World J Radiol. (2010) 2:384–98. doi: 10.4329/wjr.v2.i10.384

70. Ata ES, Turgut M, Eraslan C, Dayanir YÖ. Comparison between dynamic
susceptibility contrast magnetic resonance imaging and arterial spin labeling
techniques in distinguishing malignant from benign brain tumors. Eur J

Radiol. (2016) 85:1545–53. doi: 10.1016/j.ejrad.2016.05.015

Frontiers in Neurology | www.frontiersin.org 11 May 2019 | Volume 10 | Article 460

https://doi.org/10.1093/neuonc/not049
https://doi.org/10.4137/CMO.S8503
https://doi.org/10.1200/JCO.2008.19.8721
https://doi.org/10.1007/s11060-011-0579-4
https://doi.org/10.1136/bcr-2012-007995
https://doi.org/10.1007/s11060-017-2467-z
https://doi.org/10.1215/15228517-2007-062
https://doi.org/10.1200/JCO.2009.26.3541
https://doi.org/10.1007/s13311-016-0507-6
https://doi.org/10.1007/s11864-016-0413-5
https://doi.org/10.1002/(SICI)1522-2586(199901)9:1<53::AID-JMRI7>3.0.CO;2-2
https://doi.org/10.1016/j.ejrad.2011.10.018
https://doi.org/10.3174/ajnr.A3506
https://doi.org/10.1016/j.neurad.2018.04.002
https://doi.org/10.1016/j.compbiomed.2010.10.008
https://doi.org/10.3348/kjr.2017.18.5.844
https://doi.org/10.3389/fnagi.2017.00271
https://doi.org/10.1016/j.ejrad.2013.12.023
https://doi.org/10.1016/j.nicl.2014.08.001
https://doi.org/10.1148/radiol.13130531
https://doi.org/10.1016/j.clineuro.2012.11.002
https://doi.org/10.1007/s00330-015-4046-z
https://doi.org/10.1016/S0360-3016(01)01548-6
https://doi.org/10.1227/00006123-200210000-00010
https://doi.org/10.2214/AJR.07.3934
https://doi.org/10.1093/neuonc/not044
https://doi.org/10.1371/journal.pone.0056439
https://doi.org/10.1155/2015/641023
https://doi.org/10.2214/ajr.175.1.1750207
https://doi.org/10.3174/ajnr.A4405
https://doi.org/10.1007/s00234-017-1942-8
https://doi.org/10.1148/radiol.2015151172
https://doi.org/10.1002/(SICI)1522-2594(199909)42:3<425::AID-MRM3>3.3.CO;2-J
https://doi.org/10.4329/wjr.v2.i10.384
https://doi.org/10.1016/j.ejrad.2016.05.015
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Arevalo et al. MRI Assessment of Pseudoresponse in Glioblastoma

71. Cebeci H, Aydin O, Ozturk-Isik E, Gumus C, Inecikli F, Bekar A, et al.
Assesment of perfusion in glial tumors with arterial spin labeling; comparison
with dynamic susceptibility contrast method. Eur J Radiol. (2014) 83:1914–
9. doi: 10.1016/j.ejrad.2014.07.002

72. Ma H, Wang Z, Xu K, Shao Z, Yang C, Xu P, et al. Three-dimensional arterial
spin labeling imaging and dynamic susceptibility contrast perfusion-weighted
imaging value in diagnosing glioma grade prior to surgery. Exp Ther Med.

(2017) 13:2691–8. doi: 10.3892/etm.2017.4370
73. Rau MK, Braun C, Skardelly M, Schittenhelm J, Paulsen F, Bender B,

et al. Prognostic value of blood flow estimated by arterial spin labeling and
dynamic susceptibility contrast-enhancedMR imaging in high-grade gliomas.
J Neurooncol. (2014) 120:557–66. doi: 10.1007/s11060-014-1586-z

74. Price SJ, Green HL, Dean AF, Joseph J, Hutchinson PJ, Gillard JH. Correlation
of MR relative cerebral blood volume measurements with cellular density and
proliferation in high-grade gliomas: an image-guided biopsy study. AJNR Am

J Neuroradiol. (2011) 32:501–6. doi: 10.3174/ajnr.A2312
75. Yun TJ, Cho HR, Choi SH, Kim H, Won JK, Park SW, et al. Antiangiogenic

effect of bevacizumab: application of arterial spin-labeling perfusion MR
imaging in a rat glioblastomamodel.AJNR Am J Neuroradiol. (2016) 37:1650–
6. doi: 10.3174/ajnr.A4800

76. Andre JB, Nagpal S, Hippe DS, Ravanpay AC, Schmiedeskamp H, Bammer
R, et al. Cerebral blood flow changes in glioblastoma patients undergoing
bevacizumab treatment are seen in both tumor and normal brain.Neuroradiol
J. (2015) 28:112–9. doi: 10.1177/1971400915576641

77. Haacke EM, Xu Y, Cheng Y-CN, Reichenbach JR. Susceptibility weighted
imaging (SWI).Magn Reson Med. (2004) 52:612–8. doi: 10.1002/mrm.20198

78. Essig M, Reichenbach JR, Schad LR, Schoenberg SO, Debus
J, Kaiser WA. High-resolution MR venography of cerebral
arteriovenous malformations. Magn Reson Imaging. (1999)
17:1417–25. doi: 10.1016/S0730-725X(99)00084-3

79. Haacke EM, Makki M, Ge Y, Maheshwari M, Sehgal V, Hu J, et al.
Characterizing iron deposition in multiple sclerosis lesions using
susceptibility weighted imaging. J Magn Reson Imaging. (2009)
29:537–44. doi: 10.1002/jmri.21676

80. Sati P, Oh J, Constable RT, Evangelou N, Guttmann CR, Henry RG,
et al. The central vein sign and its clinical evaluation for the diagnosis
of multiple sclerosis: a consensus statement from the North American

imaging in multiple sclerosis cooperative. Nat Rev Neurol. (2016) 12:714–
22. doi: 10.1038/nrneurol.2016.166

81. Aydin O, Buyukkaya R, Hakyemez B. Susceptibility imaging in glial
tumor grading; using 3 tesla magnetic resonance (MR) system and 32
channel head coil. Pol J Radiol. (2017) 82:179–87. doi: 10.12659/PJR.9
00374

82. Bagley LJ, Grossman RI, Judy KD, Curtis M, Loevner LA, Polansky M, et al.
Gliomas: correlation of magnetic susceptibility artifact with histologic grade.
Radiology. (1997) 202:511–6. doi: 10.1148/radiology.202.2.9015082

83. Lupo JM, Essock-Burns E, Molinaro AM, Cha S, Chang SM, Butowski N, et al.
Using susceptibility-weighted imaging to determine response to combined
anti-angiogenic, cytotoxic, and radiation therapy in patients with glioblastoma
multiforme. Neurooncology. (2013) 15:480–9. doi: 10.1093/neuonc/nos325

84. Grabner G, Nöbauer I, Elandt K, Kronnerwetter C, Woehrer A,
Marosi C, et al. Longitudinal brain imaging of five malignant glioma
patients treated with bevacizumab using susceptibility-weighted
magnetic resonance imaging at 7 T. Magnetic Reson Imaging. (2012)
30:139–47. doi: 10.1016/j.mri.2011.08.004

85. Lu GL, Rao M, Zhu P, Liang B, El-Nazer RT, Fonkem E, et al. Triple
Chemotherapies with Bevacizumab, Irinotecan and Temozolomide plus
Tumor Treating Fields for Recurrent Glioblastoma: A Retrospective Study.
Front Neurol. (2019) 10:42. doi: 10.3389/fneur.2019.00042

86. Huang B, Zhang H, Gu L, Ye B, Jian Z, Stary C, et al. Advances
in Immunotherapy for Glioblastoma Multiforme. J Immunol Res. (2017)
2017:3597613. doi: 10.1155/2017/3597613

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Arevalo, Soto, Rabiei, Kamali, Ballester, Esquenazi, Zhu and

Riascos. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 12 May 2019 | Volume 10 | Article 460

https://doi.org/10.1016/j.ejrad.2014.07.002
https://doi.org/10.3892/etm.2017.4370
https://doi.org/10.1007/s11060-014-1586-z
https://doi.org/10.3174/ajnr.A2312
https://doi.org/10.3174/ajnr.A4800
https://doi.org/10.1177/1971400915576641
https://doi.org/10.1002/mrm.20198
https://doi.org/10.1016/S0730-725X(99)00084-3
https://doi.org/10.1002/jmri.21676
https://doi.org/10.1038/nrneurol.2016.166
https://doi.org/10.12659/PJR.900374
https://doi.org/10.1148/radiology.202.2.9015082
https://doi.org/10.1093/neuonc/nos325
https://doi.org/10.1016/j.mri.2011.08.004
https://doi.org/10.3389/fneur.2019.00042
https://doi.org/10.1155/2017/3597613~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Assessment of Glioblastoma Response in the Era of Bevacizumab: Longstanding and Emergent Challenges in the Imaging Evaluation of Pseudoresponse
	Background
	Glioblastoma Treatment
	Role of MRI in Glioblastoma Diagnosis and Surveillance
	Evolution of Response Assessment Criteria in Glioblastoma
	The Era of the Antiangiogenic Therapy
	The Ground-Breaking Concept of Pseudoresponse
	Side Effects of Antiangiogenic Therapy on the Brain
	Current Status of Glioblastoma Response Assessment
	Response Assessment in Neuro-Oncology (RANO) Criteria
	The Role of Advanced Brain Tumor Imaging in Pseudoresponse

	Challenges for the Oncologic Neuroradiology Team
	Conclusion
	Author Contributions
	Acknowledgments
	References


