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REVIEWS AND CONTEMPORARY UPDATES—

Advances in Neuro-Oncology Imaging Techniques
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Background: Central nervous system (CNS) tumors are a rare but devastating malignancy, often robbing patients of the basic

quality of life. Despite advances in our understanding of the CNS tumor disease processes, the prognosis for patients with CNS

tumors remains poor. Better characterization and diagnostic and monitoring approaches are necessary to assist in diagnosis and

treatment of CNS tumors. One important tool in the neuro-oncology armamentarium is the use of advanced imaging

techniques.

Methods: We searched PubMed using the keywords neuro-oncology imaging, pseudoprogression, molecular imaging, and

biomarkers. We limited our search to full-text English articles and identified other relevant articles from the reference lists of

previously identified articles.

Results: Advances in imaging techniques have allowed investigators to explore various imaging modalities, from tumor

characterization to differentiating pseudoprogression from tumor progression. Better imaging can result in better diagnostic

approaches, greater and safer resection techniques, and improved monitoring of tumor progression.

Conclusion: This review highlights advances in neuro-oncology imaging techniques and their clinical utility in the treatment

and management of primary brain tumors.
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INTRODUCTION

Primary brain tumors can arise from any cell type of the
central nervous system (CNS). In the United States, the inci-
dence of primary malignant and nonmalignant brain and
other CNS tumors is 22.4 per 100,000 persons.' Gliomas ac-
count for nearly 15% of all CNS neoplasms, yet these tumors
constitute roughly 47% of all malignant brain tumors.! The
average annual age-adjusted mortality rate is disproportion-
ately high at 4.32 per 100,000 persons, even though brain
neoplasms make up less than 2% of all cancers." The 5-
year survival rate for all malignant neoplasms of the brain
is 34.9% across all demographics, according to the Central
Brain Tumor Registry of the United States.” Glioblastomas
and anaplastic astrocytomas are the two most common his-
tologic types of primary brain tumors and have poor 5-year
survival rates of 5.5% and 29.7%, respectively.’

Despite advances in our understanding of the disease
mechanism and therapeutic options, overall survival rates
remain dismal. However, favorable prognoses have been
associated with factors including small preoperative tumor
size, completeness of surgical resection, and lower patho-
logic grade.? These factors are measurable, emphasizing
the tangible need for better diagnostic approaches, greater
and safer resection techniques, and improved monitoring
of tumor progression. Neuroimaging plays a crucial role in

236

all of these arenas, and this review highlights advances in
neuro-oncology imaging techniques and their clinical utility
in the treatment and management of primary brain tumors.

NEURO-ONCOLOGY IMAGING TECHNIQUES

The current standard of practice for radiographic evalua-
tion of neuro-oncologic disease involves the use of comput-
ed tomography (CT) and magnetic resonance imaging
(MRI). The advantages of CT imaging are convenience
and speed. CT is less sensitive than MRI to motion artifact
because the images are captured at a relatively rapid rate
(Figure 1). High-density tissues such as bony structures or
calcified tissues are easily differentiated on CT imaging.
CT is also an excellent modality for identifying hemorrhage
and can be used for a quick postoperative evaluation if hem-
orrhage into the tumor resection bed is a concern. Despite
the advantages of CT imaging, identifying differences in
soft tissues is challenging and requires the use of contrast
agents to provide high-quality images, which is not always
feasible in patients with renal disease or contrast allergies.®

MRI with gadolinium contrast is the gold standard for eval-
uating brain tumors pretherapy and posttherapy. For many
neuro-oncology applications, MRI is superior to CT imaging
because MRI provides better anatomic resolution without
the use of ionizing radiation or iodine contrast medium.
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Figure 1. Computed tomography image of the brain.

Contrast-enhanced T1-weighted imaging highlights areas of
blood-brain barrier breakdown but must be compared with
non-contrast-enhanced T1 imaging to differentiate areas of
interest from blood products, fat, or proteinaceous material
(Figure 2). T2-weighted imaging is useful for discriminating
nuances of tumor-related edema as this sequence is more
sensitive than other MRI sequences to fluctuations in the
brain’s water content (Figure 3A). Fluid-attenuated inversion
recovery (FLAIR) imaging suppresses cerebrospinal fluid
(CSF) and delineates lesions adjacent to CSF-rich regions
(Figure 3B).* The sequence of a gradient-recalled echo
(GRE) T2-weighted image has more accurate detection
rates of small lesions compared to other MRI sequences be-
cause of its ability to pick up subtle changes in the magnetic
field uniformity (Figure 3C).°

Advances in MRl software have expanded our ability to use
this technology beyond the conventional T1 and T2 MRI. For
example, diffusion-weighted imaging (DWI) sequences use
the assumed motion patterns of water particles to map tissue
architecture on a microscopic level (Figure 4A). Diffusion ten-
sor imaging (DTI) provides information about the directional
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movements of tissue and can provide insight on spatial rela-
tionships of abnormal—or oncologic—borders compared to
healthy white matter (Figure 4B).*® In diffusion imaging, a
scalar value called the fractional anisotropy (FA) provides in-
formation about white matter myelination, fiber density, and
axon diameter. Mean diffusivity (MD) and the apparent diffu-
sion coefficient (ADC) can be used in combination with the
FA to measure the integrity of neuronal tissue and mark fiber
loss.” Dynamic imaging plays a significant role in neuro-
oncologic imaging, with perfusion MRI demonstrating the
vascularity associated with intracranial tumors. Contrast
agent flows through the cerebrovascular system in dynamic
susceptibility contrast (DSC) MRI, but the permeability of
neoplasms can also be assessed using dynamic contrast-
enhanced (DCE) magnetic resonance perfusion imaging.®
For noninvasive imaging of metabolic profiles of brain tumors
and histologic classification, magnetic resonance spectros-
copy (MRS) is a popular modality because of its ability to
measure concentrations of molecules in brain tissue.®'°
Nuclear imaging techniques such as positron emission to-
mography (PET) and single-photon emission computed to-
mography (SPECT) provide functional brain imaging, with
SPECT tailored to detecting metabolic processes (Figure
5A)."" PET technology takes advantage of short-lived positron
emitters, usually 11C and 18F (Figure 5B). These radioiso-
topes produce gamma rays that are detected in the PET scan-
ner to produce an image. In addition, the radioisotopes are
linked to a tracer molecule that can be taken up by cells or
bind to specific receptors (eg, neuroreceptors). The ability to
assess both the spatial and temporal activity of neurorecep-
tors and thereby assess brain function makes PET imaging
an important modality in clinical neuroimaging. While PET im-
aging is ideal for assessing brain function, its ability to differ-
entiate structural aberrations in the CNS is limited.® Further,
the use of radioactive glucose in cancer surveillance has lim-
ited sensitivity in the brain because of the high baseline met-
abolic rate. Finally, because PET imaging uses x-rays, the
radiation risk involved in using this modality is a concern.

DIFFERENTIATING TUMOR PROGRESSION,
PSEUDOPROGRESSION, AND RADIATION
NECROSIS

Pseudoprogression is a posttreatment phenomenon that
appears similar on imaging to true tumor progression.

Figure 2. T1-weighted magnetic resonance image of the brain (A) without contrast and (B)
with contrast.
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Figure 3. (A) T2-weighted magnetic resonance image of the brain; (B) fluid attenuated inversion recovery (FLAIR) image of
the brain; (C) T2-weighted gradient-recalled echo (GRE) image of the brain.

Pseudoprogression occurs because of localized edema
and subsequent contrast enhancement, but it is a benign
condition that usually regresses. Distinguishing pseudoprog-
ression from true tumor progression is often difficult, but dif-
ferentiating between the two conditions drastically changes
management.'® Distinguishing from radiation necrosis is
also warranted, as radiation necrosis is an unwanted but
known sequela of treatment and demands different manage-
ment. Imaging modalities that can be used to monitor the
metabolic properties of tumors are being investigated and in-
clude CT perfusion, magnetic resonance perfusion, DWI,
MRS, PET, and SPECT.'*'® Although each modality is im-
portant in assessing CNS disease pathology, they have lim-
itations. For example, MRI does not adequately differentiate
tumor recurrence from the effects of radiation.’® Other mo-

dalities, such as MRS and PET, may lead to false-positive de-
terminations of tumor recurrence.'®

Because of the ambiguous nature of identifying true tumor
progression from pseudoprogression on imaging and the
importance of differentiating between the two, intense re-
search is currently underway. Injury caused by radiation
and true tumor recurrence can be differentiated with a com-
bination of DWI and MRS with ADC ratio, as the ADC has
been shown to be increased in necrotic tissue compared
to recurrent tumor tissue."”” A metaanalysis published in
2015 showed that SPECT had good diagnostic ability to dif-
ferentiate tumor recurrence from radiation necrosis.'® A
2015 study showed that 18F-fluoro-ethyl-tyrosine (18F-FET)
PET differentiated tumor progression from treatment-related
nonneoplastic changes with greater accuracy than

Figure 4. (A) Diffusion-weighted image (DWI) of the brain; (B) diffusion tensor image (DTI)
of the brain.
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Figure 5. (A) Single photon emission computed tomography (SPECT) image of the brain.

(Reprinted from Vigren P et al."’

Copyright 2014 licensed by Creative Commons Attribution Li-

cense [CC BY].) (B) Positron emission tomography (PET) image of the brain. (Image credited
to Jens Maus, Wikimedia Commons [http://en.wikipedia.org/wiki/Image:PET-image.jpg] and re-

leased into the public domain.)

conventional MRI protocols.'® Several studies have sug-
gested that DSC and DCE perfusion imaging can reliably
distinguish between posttreatment findings and true tumor
progression, but further standardized investigation is war-
ranted before these techniques are used in the clinic.2°

NONINVASIVE CLASSIFICATION OF ADULT
BRAIN TUMORS

Advances in imaging techniques can augment traditional
image modalities (eg, CT and MRI) by providing improved
characterization of brain lesions. For example, by using a ra-
diotracer that is taken up preferentially by glioma cells, 18F-
FET PET delivers superior demarcation of tumor margins
grossly.2! Further, by measuring the activity of 18F-FET up-
take over time, distinguishing between low-grade and high-
grade gliomas is feasible. The most significant prognostic
factor related to tumor grade is the minimum time to peak up-
take (TTPmin).22 This variable allows for reliable prediction of
prognosis, with an early TTPmin correlating to graver out-
comes than tumors with a late TTPmin. By analyzing this factor,
glioma patients can be stratified by risk and predicted tumor
progression, potentially influencing patient management.

One area of active investigation that has shown promise in
the field of neuro-oncology is the use of magnetic nanopar-
ticles (MNPs) for diagnostic and therapeutic purposes.
MNPs can be modified to carry peptides or antibodies di-
rected against cancer cell targets. Because of their magnetic
properties, these particles augment standard imaging proto-
cols. MNPs accumulate in CNS lesions and appear as hypo-
intense regions on T2-weighted GRE. The most effective
type of MNP for imaging is the ultrasmall superparamagnetic
iron oxide nanoparticle (USPIONP). This particle has a great-
er half-life than the standard MNP and thus can be viewed
on MRI for a longer time period.2> USPIONPs are useful
for tracking tumor recurrence as they detect areas of height-
ened vascularity and regions of pseudoprogression post-
treatment.?*
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Defining features seen on MRI can distinguish between
phenotypes of glioblastoma multiforme (GBM) because of
their distinct molecular pathways. Using gadolinium-
enhanced MRI, 3 distinct clusters of phenotypic features
can provide prognostic indications: pre-multifocal, spherical,
and rim-enhancing. These subsets of identifiable imaging
features can be mapped to molecular signaling pathways
to yield GBM classification, risk stratification, and individual-
ized treatment approaches.

TUMOR MOLECULAR BIOMARKERS

Physiologic markers of tumors, specifically molecular and
genetic variants, can aid advanced structural imaging in
identifying, treating, and monitoring brain tumors. Isocitrate
dehydrogenase 1 and 2 (IDH1 and IDH2) genes can be dis-
rupted in primary glioblastomas, secondary glioblastomas,
and oligodendrogliomas. Tumors with IDH1 aberrations ap-
pear as multifocal invasive masses with little to no detectable
contrast enhancement. The IDH1 and IDH2 enzymes both
have the capacity to convert alpha-ketoglutarate into 2-
hydroxyglutarate (2HG) that can be detected by proton
MRS (2HG-MRS).?® Integrating 2HG-MRS with standard
MRI protocols enables the ability to monitor the abundance
of IDH-mutant tumor cells noninvasively and may be used to
monitor disease recurrence and therapeutic response.?” Co-
deletion of chromosomes 1p and 19q is detected in approx-
imately 80% of oligodendrogliomas, and tumors with this
characteristic demonstrate irregular margins.2® The T1 and
T2 signal features are more heterogeneous than in tumors
without 1p/19q codeletions.?® Mutated versions of the epi-
dermal growth factor receptor (EGFR) lead to enhanced tu-
morigenesis in glioblastomas. Using MRI to evaluate tumors
with EGFR amplification shows increased ratios of contrast-
enhancing tissue compared to necrotic tissue, increased ra-
tios of T2 to contrast-enhancing volume, decreased acuity of
T2 borders, and lower ADC values.>*®' Tumors with EGFR
amplification, phosphatase and tensin homolog (PTEN)
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deletion, and unmethylated O6-methylguanine-DNA methyl-
transferase (MGMT) show increased tumor blood volume.®2

The 18 kDa translocator protein (TSPO) is a mitochondrial
protein that is predominately expressed in neoplastic cells,
including tumors involving the CNS.%® Taking advantage of
this specificity in expression and the potential to serve as
a target for imaging, Tsartsalis and colleagues evaluated
the feasibility and clinical utility of using a TSPO-specific ra-
dioiodinated tracer (CLINDE) in conjunction with SPECT im-
aging.* Although the study was conducted in a mouse
glioma model, the results demonstrated the potential for
clinical application in neuroimaging.

CONCLUSION

Advances in imaging of the brain have allowed for effec-
tive, noninvasive approaches to diagnosing and treating
CNS tumors. Further research and explorative studies are
needed to distinguish unsolved nuances of brain tumors
and treatment-related findings. Advances in neuroimaging
offer the opportunity to enhance the management and
care of patients with brain tumors, thereby improving their
overall survival.
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