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Simple Summary: Tumors or neoplasms of the central nervous system (CNS) can originate within
the CNS (primary CNS neoplasms) or can be secondary to metastases from extra-CNS malignancies.
In primary CNS neoplasms, gliomas and meningiomas are the most common groups in adult
patients. Gliomas are a diverse group whose prognosis depends upon the histology and increasingly
recognized molecular profile of the tumor. Consequently, there have been significant changes in
the approach to imaging, management, and follow-up of these patients over the years. Magnetic
resonance imaging (MRI) is the primary imaging modality for brain neoplasms, with advanced
imaging techniques like perfusion-weighted imaging (PWI) and magnetic resonance spectroscopy
(MRS) playing a pivotal role in the post-treatment follow-up setting. With recent advancements in
the field of artificial intelligence (Al), we are heading towards a future where Al is bound to become
an important player in the diagnosis, management, and follow-up of CNS neoplasms.

Abstract: Central nervous system (CNS) neoplasms are a vast and diverse group of tumors in
adults with variable prognoses depending on histology and increasingly understood molecular
features. There has been a major paradigm shift in the approach towards these neoplasms ever since
the implications of these molecular features have been recognized. Gliomas are the major group
of primary CNS neoplasms in adults, and glioblastomas are a significant cause of morbidity and
mortality, especially in older patients. Apart from gliomas, meningiomas and pituitary tumors are
other major groups. This review aims to elucidate the role of imaging in the screening, diagnosis,
management, and follow-up of major primary CNS neoplasms, with an elaborate discussion on the
role of artificial intelligence and advanced imaging techniques and future directions likely to play a
pivotal role in this ever-evolving subspecialty of oncology.

Keywords: magnetic resonance imaging; glioma; meningioma; perfusion-weighted imaging; magentic
resonance spectroscopy; nuclear imaging; artificial intelligence

1. Introduction

Central nervous system (CNS) neoplasms are a heterogeneous and diverse group, in-
cluding benign and malignant tumors, with variable prognoses depending on the histology
and molecular features of the neoplasm. The paradigm shift towards considering genetic
alterations in CNS tumors, initially incorporated in 2016 and further solidified in WHO
CNS-5, is rapidly evolving the imaging and management of these neoplasms, especially
gliomas. This review intends to summarize the current imaging recommendations for the
diagnosis and management of primary CNS neoplasms.

2. Epidemiology

Primary brain tumors are a heterogeneous group of neoplasms with a wide variation
in management and prognosis. These tumors arise from cells within the central nervous
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system. A detailed description of the epidemiology of these tumors was given by the Cen-
tral Brain Tumor Registry (CBTRUS) in 2017, which showed that these neoplasms account
for 2% of malignancies. The overall annual incidence rate was 22 per 100,000 population [1].

In India, the incidence of CNS tumors ranges from 5 to 10 per 100,000 population,
accounting for 2% of malignancies, similar to the data seen from the CBTRUS. Again,
astrocytomas (38.7%) were the most common primary tumors, with the majority being
high-grade gliomas (59.5%) [2].

Of the primary CNS neoplasms, around 50% are primary, and the other half are
secondary [3]. Meningiomas (18%), glioblastomas (7%), and pituitary tumors (7%) are the
most prevalent adult primary CNS neoplasms.

Accordingly, the focus of this review will be on gliomas and meningiomas, with a
brief description of imaging recommendations of other entities in relevant sections.

3. Clinical Presentation and Evaluation

As the cranium is a closed cavity, CNS tumors grow at the expense of the normal
anatomical contents of the skull or spinal canal. The signs and symptoms vary according to
the location and growth rate of the tumors. The presentation can vary from generalized
features of raised intracranial tension with headache, nausea, vomiting, papilledema, and
altered sensorium to localized symptoms when close to or involving a functional area of
the brain, presenting with focal neurological deficits and seizures [4].

In contrast to neoplasms affecting other systems, where non-imaging workup, in-
cluding tumor markers, plays an important role, the diagnosis and management of CNS
neoplasms are primarily dependent on imaging. Thus, cross-sectional imaging is the first
method of evaluation of these tumors.

4. Imaging Techniques for CNS Neoplasms
4.1. Computed Tomography (CT)

Contrast-enhanced CT is often the first imaging method used in patients presenting
with features of raised intracranial pressure or focal signs, often in cases of acute presenta-
tion, to rule out other causes, especially stroke, due to the widespread availability of this
modality and the capability of fast imaging. CT-guided stereotactic biopsy is a safe and
widely used technique for brain tumor assessment with good diagnostic yield [5]. However,
MRI is the imaging modality of choice for the diagnosis and pre-treatment evaluation of
brain tumors. CT can be used to evaluate primary osseous tumors of the spine but has
a limited role in intradural or intramedullary lesions, and MRI is again the modality of
choice [6].

4.2. Magnetic Resonance Imaging (MRI)

MRI plays a major role in the diagnosis, grading, treatment, and response assessment
of brain tumors and other intracranial lesions, as described in detail in subsequent sec-
tions. Sequences and acquisition parameters for imaging suspected primary intracranial
neoplasms need to be modified according to the tumor in question as seen on basic se-
quences or the clinical scenario (i.e., pre-treatment, post-operative, or follow-up imaging).
However, the standard sequences include Axial T2, Axial T1, FLAIR, Coronal T2, Axial
GRE/SWI, PWI (preferably T2*), post-contrast Axial T1/FSPGR, post-contrast FLAIR (for
leptomeningeal dissemination), and MR spectroscopy (single vs. multivoxel) [7].

Multiparametric MRI, including advanced sequences like diffusion-based sequences,
perfusion imaging, MR spectroscopy (MRS), and BOLD imaging (including SWI and
functional MRI), plays an important role in the diagnosis, management, and follow-up of
CNS neoplasms, as described in Table 1 [8-21].
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Table 1. Role of advanced MRI sequences in evaluating CNS neoplasms [8-21].

Purpose Importance of Sequences

¢ Diffusion-weighted imaging has a sensitivity of 77% and a
specificity of 75%.

®  Perfusion-weighted imaging has a sensitivity of 91% and a
specificity of 88%;

e Magnetic resonance spectroscopy has a sensitivity of 77% and a
specificity of 63%.

o The combination of either DWI and MRS, PWI and MRS, or DWI
+ MRS + PWI revealed 100% sensitivity and 100% specificity.

Diagnosis Benign versus malignant

. AUC of 95th percentiles of rCBV was 0.79 (95% CI, 0.67-0.91), and
Ktrans was 0.74 (95% CI, 0.59-0.88) for high-grade gliomas.

e  The rCBV and K-trans of IDH-wildtype glioblastomas are
significantly different from IDH-mutant astrocytomas, with a

Prediction of p-value of 0.04 for rCBV and 0.01 for Ktrans. Ktrans showed the
histopathology highest accuracy for IDH status prediction with an AUC of 0.73
and grading (95% CI 0.57-0.89).

. SWI: Higher intratumoral susceptibility signal (ITSS) predicts
higher grades in diffuse gliomas. IDH-1 mutation and MGMT
promoter methylation were also found to be associated with
lower ITSS.

e  Higher-grade parts of the tumor will have high rCBV (PWI) and

M t T: ti ite of bi
anagemen argeting siie oT blopsy ITSS (SWI)—which guide the targetable areas.

. DTI: pre-operative planning using DTI gives better yield, shortens
operation times, and decreases post-operative neuro-deficits.

®  Re-evaluation of pre-operative DTI intraoperatively assists in a
better visualization of White matter tract shifts, which can be
better evaluated at surgery by correlating with pre-operative DTI.

® DTl can help decide the initial surgical approach and yield greater
GTR rates.

¢  fMRIis a pre-surgical, non-invasive pre-surgical tool to assess the
localization of motor and language functions and lateralization of
language functions.

Directing path of surgery

e DWI: Tumor recurrence shows lower ADC values, with reported
pooled sensitivity of 71% and specificity of 87% in a recent
meta-analysis for differentiating glioma recurrence from
radiation necrosis.

*  MRS: For differentiating recurrent glioma from radiation necrosis,
the pooled sensitivity of Cho/NAA was 88% and Cho:Cr was
83%, with the pooled specificity being 86% and 83%, respectively,

Post-treatment evaluation Response assessment as shown in a meta-analysis by Zhang et al. [18].

*  Pseudoresponse seen with the use of antiangiogenic agents leads
to a reduction in vasogenic edema and enhancement with
persistently low ADC values, as well as persistent elevation
of rCBV.

¢ Inpseudoresponse, an expanding area of diffusion restriction
corresponds to coagulative necrosis with adjacent viable tumors,
and these tumors tend to have a poorer overall prognosis.

Index of abbreviations used: DWI: diffusion-weighted imaging, MRS: magnetic resonance spectroscopy,
PWI: perfusion-weighted imaging, AUC: area under the curve, CI: confidence interval, rCBV: relative cerebral
blood volume, Ktrans: transfer constant, IDH: isocitrate dehydrogenase, SWI: susceptibility-weighted imaging,
ITSS: intratumor susceptibility signal, DTI: diffusion tensor imaging, GTR: gross total resection, fMRI: functional
MRI, ADC: apparent diffusion coefficient, Cho: Choline, NAA: N-Acetyl Aspartate, Cr: Creatinine.
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4.3. Spinal Imaging

MRI is the modality of choice for imaging the spine [22]. Identifying the epicenter of
the tumor as extradural, intradural extramedullary, and intramedullary helps to narrow
down the differentials. The basic sequences for spinal tumor imaging are sagittal T1-,
T2-, and post-gadolinium T1-weighted sequences, with axial T2- and post-gadolinium
T1-weighted images through the lesion [23]. Gradient Recalled Echo (GRE) sequence
demonstrates the hemosiderin component of the tumor and exquisitely demonstrates the
involvement of vertebral appendages [24]. Diffusion-weighted imaging (DWI) can help
differentiate malignant lesions from benign and non-neoplastic etiologies based on lower
ADC values in the former [25]. Diffusion Tensor Imaging (DTI) has been used to differenti-
ate ependymomas from astrocytomas based on fiber displacement versus fiber infiltration.
Increased FA is seen in more solid tumors [26]. DTI can also aid in surgical planning
by demonstrating the relationship of tracts with the tumor. High-resolution 3D-CISS or
FIESTA-C sequences acquired in the sagittal or axial plane are utilized for demonstrating
the subarachnoid space and lesions better by eliminating CSF flow-related artifacts [27].
The Short Tau Inversion Recovery (STIR) sequence shows marrow abnormalities better and
is especially important in imaging of spinal metastases.

4.4. Ultrasonography (USG)

Intraoperative USG has become an increasingly valuable tool in glioma surgery. It
offers several advantages for maximizing tumor resection and improving patient outcomes.
It provides real-time imaging and helps in tumor localization and mapping, monitoring
the extent of resection and, in turn, decreasing intraoperative complications and improving
survival and outcomes [28,29].

4.5. Nuclear Medicine

The role of Single-Photon Emission Computed Tomography (SPECT) and Positron
Emission Tomography (PET) has significantly evolved in brain tumor imaging over the
years. This is described in detail in further sections.

5. Role of Imaging in Primary CNS Neoplasms
5.1. Screening

Screening for primary CNS neoplasms has no survival benefit in the general population
and is advised against in the average-risk population [30]. Screening may, however, play an
important role in high-risk groups like NF-1. A retrospective review has shown that MRI-
based screening of optic pathway glioma may help prevent loss of vision [31]; however, this
study included children ages 1-9 years in NF-1. Li-Fraumeni syndrome, associated with
the TP-53 mutation, is linked to a multitude of non-CNS and CNS neoplasms, including
high-grade diffuse gliomas and choroid plexus carcinomas. Whole-body MRI surveillance,
including brain MRI, has been shown to be beneficial [32] and is advised as per NCCN
guidelines [33].

Screening of the spine is recommended in medulloblastomas, ependymomas, germ
cell tumors, and primary CNS lymphomas in adults [34].

5.2. Diagnosis

Contrast-enhanced MRI forms the cornerstone of imaging in the diagnosis of brain
tumors [35]. The routine sequences needed for brain tumor imaging include T1, T2,
fluid-attenuated inversion recovery (FLAIR), diffusion-weighted imaging (DWI), and
susceptibility-weighted imaging (SWI) or gradient echo imaging (GRE) with a T1-weighted
post-contrast sequence (T1 + C). Three-dimensional T1-weighted images like FSPGR (ultra-
fast spoiled gradient echo) help in delineating tiny lesions that may be missed on routine
sequences with thicker slices. Advanced MRI sequences like perfusion-weighted imaging
(PWI), which shows perfusion dynamics of the tumor, and magnetic resonance spectroscopy
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(MRS), which shows the metabolite distribution in the tumor, aid not only in diagnosis but
help target the most suspicious area for stereotactic biopsy [36].
The role of MRI in pre-treatment imaging of brain tumors is summarized in Table 2 [37].

Table 2. Role of MRI in pre-treatment imaging of CNS tumors.

Localization Number Single/Multiple

Compartment Intra-axial /extra-axial

Supratentorial /Infratentorial

Lateralization Midline-parenchymal/ventricular

Lateralized-white matter/grey matter

Eloquent/non-eloquent area of the brain
significant midline shift, acute obstructive hydrocephalus, trans-tentorial
herniation, and brainstem compression

Complications needing
emergent management

Sequences used Clinical Utility

Evaluation of anatomy

T1 *  Hyperintensity in precontrast imaging seen in blood products,
mineralization, fat, and melanin

Evaluation of pathology

*  Hyperintensity seen in peritumoral edema (vasogenic and
infiltrative),

*  Non-enhancing part of the tumor also appears hyperintense in T2

Characterization T2/FLAIR and may not be differentiable from perilesional edema in glioma.

e White matter injury due to post-treatment changes and gliosis: Also
appears hyperintense but shows volume loss.

*  Intermediate signal intensity: High cellularity, proteinaceous content

¢  Low intensity: Bleeding, calcification

*  Pre-treatment gliomas showing bleed having bleed can be considered
a higher grade. Bleeds and calcifications can further help in the
characterization of some typical lesions.
T2*/SWI *  Post-treatment setting: For radiation necrosis, microhemorrhages in
radiation-induced vasculopathy.
¢ Intratumor susceptibility signal (ITSS): positive correlation with
high-grade gliomas

. Diffusion restriction (high signal in DWI and low signal in ADC) is
DWI seen in regions of the tumor with increased cellularity and in
cytotoxic edema or post-operative injury.

Postcontrast enhancement reflects the breakdown of the

Post-contrast T1 blood-brain barrier.

. Higher-grade glioma shows higher Cho/NAA and Cho/Cr ratios
than lower-grade glioma with a typical cut-off of Cho: NAA ~2.2
used to characterize high-grade versus low-grade gliomas.

*  Lipid peak represents necrosis in glioma and is seen in lymphomas

MR spectroscopy also, whereas the lactate peak represents hypoxia, respectively.

Specific tumor peaks that are seen in some tumors include:
Myoinositol: Low-grade diffuse gliomas, Ependymomas
Taurine: Medulloblastoma

Alanine: Meningioma
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Localization Number

Single/Multiple

Pre-surgical planning PWI

Dynamic Susceptibility Contrast (DSC)—The main metric for tumor
evaluation is relative cerebral blood volume (rCBV), the most commonly
used technique.

Higher rCBYV is seen in higher grade or progressive/recurrent
tumors—Higher grade vs. low grade is typically differentiated with
an rCBV cut-off of 1.7.

Dynamic Contrast Enhanced (DCE)—Permeability is the main metric for
tumor evaluation, denoted by the volume transfer constant (K-trans).

High permeability is seen in higher-grade or
progressive/recurrent tumors.

Still predominantly research tool
Arterial Spin Labelling (ASL)—the main metric is cerebral blood
flow (CBF).

Noncontrast technique—less commonly used for tumor evaluation. It
can be used in pediatric patients and those with contrast allergy.
Higher blood flow can be used for tumor grading or to identify
progressive/recurrent tumors.

DTI

Tractography shows displacement or infiltration of white matter fiber
tracts for surgical planning.

fMRI

Task-based fMRI is used for pre-operative functional localization.

Special sequences MRA and MRV

To assess the vascularity of the tumor
To assess mechanical obstruction
To assess hypoperfusion or venous outlet obstruction

3D-FIESTA /CISS

Important in the assessment of extra-axial lesions to assess the
relationship with adjacent vessels or nerves
Intraventricular obstructive lesions can be better outlined.

Figures 1 and 2 show the pre-operative diagnostic and planning MRI in a case

of glioma.

Figure 1. Cont.
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Figure 1. MRI brain—conventional sequences in a 45-year-old female who presents with slurring of
speech and left-sided weakness. (a) Axial T2ZWI shows an isointense to hyperintense signal intensity
lesion involving the left fronto-insular region, showing (b) patchy diffusion restriction in axial DWI
and (c) Foci of Intratumor Susceptibility (ITSS) in SWI. (d) Coronal post-contrast T1 image shows
heterogenous post-contrast enhancement with areas of central necrosis. Imaging features suggestive
of high-grade diffuse glioma.

Figure 2. MRI brain—advanced sequences of the same patient as in Figure 1. (a) T2*/DSC-PWI shows
elevated rCBV ~7 times in the tumor as compared with NAWM. (b) MRS shows an elevated Choline
and decreased NAA, with Cho: NAA =2.05 and Cho: Cr = 2.43. (c,d) DTI shows the proximity of the
tumor to the speech association areas and corticospinal tract.
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Figure 3 (flow chart) demonstrates the imaging approach to diagnosis of a suspected

CNS primary tumor [38].

Once the imaging diagnosis of a CNS neoplasm is established, further management

includes general measures and definitive management.

General measures of management, including management of airway, breathing, and
circulation with control of seizures and peritumoral edema by giving steroids, should start
before definitive management. Guidelines for the management of major primary CNS

neoplasms are summarized in Table 3 [36-50].

Suspected primary

brain tumor on MRI

Rule out tumor mimics and metastases
e  Disproportionate edema, multiplicity of
lesion, older age — suspect metastases.

Mimics: Infection- clinical and laboratory
correlation.

Location

hypointens

e  Granulomatous etiology: T2

cranial nerve involvement

e, DWI (-). Dura based,

\ 4

Extra-axial

Rule out non neoplastic masses:
1.

Epidermoid:
Hyperintense on T2,
incomplete suppression
in FLAIR, DWI (+), No
enhancement

Intraventricular 1

v

Intra-axial

Neuroenteric cyst:
Often midline, high 1.
protein content: T1
hyperintense, T2 iso-
hypointense, no 2.
enhancement. DWI (-)
Arachnoid cyst: Follow 3.
CSF signal, no 4.
enhancement, DWI (-)
Lipoma: Often midline
(quadrigeminal plate,
pericallosal), T1 5.
hyperintense SWI:
blooming, no
enhancement 6.

Central neurocytoma: Bubbly appearance,
lateral ventricle, heterogenous post
contrast enhancement.

Subependymoma: Generally 4" ventricle,
T2 hyperintense, faint to no enhancement
Stigamata of tuberous sclerosis: SEGA
Ependymoma: T2 hyperintense,
bleed/calcification+, DWI +/-, heterogenous
enhancement, plastic extension along
ventricular foramina.

Medulloblastoma: T2 intermediate, fairly
homogenous post contrast enhancement,
DWI (+)

Other rare lesions: Meningioma,
Schwannoma, choroid plexus papilloma

T2 iso-hypointense,
intense homogenous
post contrast
enhancement, dural
tail, hyperostosis:
Meningioma

Arising and tracking
along nerve sheath,
dumb-bell shape, T1
hypointense,
heterogenous
enhancement, no dural
tail: Nerve sheath tumor

Sella-suprasellar location:

craniopharyngioma, germ cell

tumor, pinocytoma, PPTID,
Tecta glioma, meningioma

Pituitary macroadenoma,

tumor
Pineal region: Germ cell

T2 iso-hypointense,

Lower cranial nerve

intense homogenous
post contrast
enhancement,
prominent flow voids,
bone erosion: SFT/
HPC spectrum

Figure 3. Cont.

involvement, multiple
flow voids, salt and
pepper appearance,
heterogenous
enhancement:
Paraganglioma

Intraparenchymal

Continued to

next page..
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[ Intraparenchymal ]

Circumscribed

Pilocytic astrocytoma: T2
hyperintense, DWI (-),
intense
homo/heterogenous
enhancement, cyst+/-
PXA: T2 hyperintense/
intermediate. Bleed +/-,
often cortex based,
heterogenous
enhancement.
Ependymomas: T2
hyperintense/
intermediate. Bleed+/-,
heterogenous
enhancement

Other rare tumors:
Astroblastoma (bubbly
appearance), chordoid

Diffuse

111 defined margins, cortex
based, No T2/FLAIR
mismatch, calcification +/-,
no/faint enhancement:
Oligodendroglioma

11l defined margins, white
matter based, significant
perilesional edema, mass
effect, ITS ++, heterogenous
enhancement, central
necrosis, rCBV>1.75, Cho:
NAA>2.2: High grade
glioma

11l defined margins, white
matter based, T2/FLAIR
mismatch, DWI (-), no/few
ITSS, rCBV<1.7, Cho: NAA
<2.2: Low grade glioma

111/ well-defined margins,
periventricular, T2
intermediate to
hypointense, DWI (+),
intense post contrast

glioma

enhancement, no ITSS,
rCBV low to isoperfused,

PSR can overshoot baseline,
Cho and lipid peaks with
decreased NAA: Primary

CNS lymphoma

Figure 3. Flow chart demonstrating imaging approach for diagnosis of primary brain tumor in adults.

Table 3. Guidelines for the management of major primary CNS neoplasms in adults.

Tumor

Management

Diffusely infiltrating glioma

*  Maximum possible safe resection is the treatment of choice, followed by radiotherapy
and chemotherapy.

e  Stereotactic biopsy: If resection is not feasible due to the eloquence of the involved area

¢ IDH-mutant astrocytoma: Maximum possible resection, followed by radiotherapy and
chemotherapy depending upon grade. In grade 2 lesions, a PCV (lomustine,
procarbazine, and vincristine) regimen is used for subtotal resection and /or when the
patient is over 40 years old. In grade 3 and grade 4 patients, radiotherapy and
chemotherapy with temozolomide are used.

. IDH mutant, 1p/19 g-codeleted oligodendroglioma: Maximum possible resection.
Radiotherapy, followed by chemotherapy with the PCV regimen if further treatment
is needed.

. Glioblastoma: <70 years of age: maximum possible resection, followed by concomitant
radiotherapy and chemotherapy with temozolomide

O6-methylguanine-DNAmethyl-transferase (MGMT) methylation status determines the
management of elderly who are not candidates for combined radio-chemotherapy.
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Table 3. Cont.

Tumor Management
e  Symptomatic meningioma—Simpson’s grade 1 resection is indicated.
¢  Conservative management in incidentally detected and asymptomatic lesions.
*  Lower-grade meningiomas with subtotal resection can be offered radiotherapy or
Meningioma follow-up, whereas higher-grade meningiomas or Simpsons grade 4 or 5/subtotal

resections should be given adjuvant radiation.

¢  Incidentally detected meningiomas can be followed up with imaging.

e  Radiosurgery may be offered in patients with small tumors without mass effect or if
surgery is contraindicated.

Pituitary adenoma

*  Dopamine agonists are used for the management of prolactinomas.

. In cases of enlarging non-functioning adenomas that become symptomatic or for
functional adenomas, resection is recommended.

e  Radiation therapy as an adjuvant can be used for residual lesions.

. Close follow-up for growing lesions—resurgery may be considered if there is
significant growth.

5.3. Intraoperative Imaging

Intraoperative ultrasound has emerged as an important technique for image-guided
stereotactic frame-based brain biopsy for tissue sampling in gliomas [47]. It provides
real-time imaging for guiding navigation when targeting solid regions of tumors, demon-
strating vascularity and contrast enhancement by techniques such as fusion ultrasound [48].
Elastography has shown a promising role in defining tumor margins and parenchymal
infiltration, apart from tumor consistency, permitting differentiation of high-grade and
low-grade lesions. Intraoperative US has been proposed to be even better than MRI for
delineating and guiding the resection of non-enhancing gliomas [49]. Intraoperative MRI
has long been in practice but is limited to specialized centers that have the equipment, and
it is expensive to operate. It is quasi-real time; hence, it provides near real-time imaging
but may not be as immediate as ultrasound during surgery. Hu et al. have demonstrated
that combining ultrasound with MRI (USG-MRI fusion) along with contrast-enhanced
ultrasound can enhance the extent of resection [51]. This fusion technique allows surgeons
to leverage the real-time advantages of ultrasound while benefiting from the pre-operative
planning and detailed imaging of MRIL.

5.4. Immediate Post-Operative Imaging

Imaging of CNS tumors in the post-treatment setting is of utmost importance and
often challenging. Maximal safe resection followed by external beam radiotherapy and
chemotherapy remains the standard of care for high-grade gliomas [52,53]. The first or
baseline post-operative imaging needs to be performed within 24-48 h of surgery [54,55], as
a delay beyond 72 h may lead to confounding effects of subacute hemorrhage/ischemia or
reactive post-surgical enhancement, confusing it with residual tumor. For meningiomas, in
achievable cases, total resection is attempted as it is associated with lower local recurrence
and longer overall survival [56]. Evaluation of residual meningioma is conducted on
contrast-enhanced MRI performed within 24-72 h after surgery.

5.5. Follow Up Imaging

The imaging dilemmas and criteria vary with the histopathology of the primary
neoplasm in question. Guidelines for management and follow-up imaging are as follows:

5.5.1. Glioma

Maximal safe resection is followed by radiation and chemotherapy in high-risk dif-
fuse gliomas. After completing therapy, the frequency of follow-up intervals should be
tailored based on the extent of residual disease, histological features, and genetic tumor
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characteristics. IDH-wild-type gliomas typically require shorter imaging intervals, ranging
from 2 to 6 months, with more frequent monitoring recommended for higher-risk scenarios.
In cases of suspected disease progression, intervals as short as 4 to 8 weeks may be nec-
essary to confirm progression [43]. Radiation induces oxidative stress and inflammation,
adversely affecting the vascular endothelium, tumor bed, and normal parenchyma within
the radiation field. The side effects of radiation are dose- and time-dependent and can be
divided into acute, subacute, or late-delayed effects [57-61]. Pseudoprogression manifests
typically within 3-6 months following the start of adjuvant chemoradiation, where initial
follow-up imaging may suggest tumor progression, only to later reveal improvement
without any change in treatment. In contrast, radiation necrosis tends to occur beyond
6 months after completing therapy, though it can present early, mid-term, or even years later
following adjuvant treatment completion. The imaging features of these entities overlap,
with punctate T2 hyperintensity with a ‘soap-bubble’ or ‘swiss-cheese’ pattern of enhance-
ment, with no significant diffusion restriction, lipid lactate peaks in MR spectroscopy, and
low rCBV [14,15,18,50,62-64] favoring pseudoprogression and radiation necrosis over true
progression. Figure 4 illustrates imaging characteristics associated with radiation necrosis.
Pseudoresponse refers to the rapid decrease in tumor enhancement and surrounding va-
sogenic edema following the administration of an antiangiogenic agent, which does not
reflect a true anti-tumor response typically observed with Bevacizumab treatment. This
phenomenon is likely due to decreased mass effect and vasogenic edema. Typical features of
pseudoresponse on post-treatment scans compared to pre-treatment scans include reduced
vasogenic edema, decreased enhancement with persistently low ADC values, continued
presence of tumor trace, and sustained elevation of rCBV [65,66] (Figure 5).

Radiographic response assessment criteria most widely used for gliomas are described
in Table 4 [67-72].

Table 4. Guidelines for post-treatment imaging of glioma.

Criteria

Comment

MacDonald criteria
(1990) [67]

Based on the largest cross-sectional diameter of contrast-enhancing tumors to assess
tumor response.

The response is classified into four groups—complete response (CR), partial response (PR),
stable disease (SD), and progressive disease (PD).

Responses according to these criteria need to be stable for >1 month.

Largely replaced by RANO criteria.

RANO criteria (2010) [68]

Proposed by the response assessment in the neuro-oncology (RANO) group.

The MacDonald criteria did not account for changes in enhancement in response to certain drug
use, like steroid and antiangiogenic agents, as well as post-treatment effects. The response is
classified under the same headings as MacDonald'’s criteria, with classification incorporating
treatment-related inputs.

These criteria assess enhancing lesions while also considering abnormalities in T2 /FLAIR
signaling. This approach aims to distinguish more accurately between genuine tumor response
and conditions like pseudoprogression or pseudoresponse, especially in patients receiving
concurrent temozolomide and antiangiogenic therapy.

Response Assessment in
Pediatric Neuro-Oncology
(RAPNO) (2020) [69]

The biology of high-grade gliomas differs significantly between children and adults, often
necessitating distinct management approaches for pediatric patients. To address these
differences, the Response Assessment in Pediatric Neuro-Oncology working group has recently
issued guidelines for evaluating treatment responses in children with high-grade gliomas.

Brain Tumor—Reporting
and Data System
(BT-RADS) (2020) [70,71]

A structured reporting system to simplify and standardize MRI reporting of brain tumors.
Provides guidance for imaging interpretation in follow-up post-treatment gliomas.

The response is classified as BTRADS 0 (incomplete or no prior imaging), BTRADS 1
(improvement in imaging findings suggesting response), BTRADS 2 (stable imaging findings),
BTRADS 3A (imaging findings suggestive of treatment-related worsening), BTRADS 3B
(intermix of treatment-related worsening and disease-related worsening), BTRADS 3C (increase
in disease burden), and BTRADS 4 (definitive increase in disease burden).
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Table 4. Cont.

Criteria Comment

¢ RANO 2.0 works on inputs from the original RANO criteria, modified RANO (mRANO) and
immunotherapy RANO criteria iIRANO)

e The groups remain as CR, PR, SD, and PD with additional inputs of treatment like radiotherapy
RANO 2.0 [72] and interval between therapy and imaging, use of steroids, and clinical deterioration and
dissemination of disease in the form of leptomeningeal disease or non-measurable lesions.

Figure 4. A 43-year-old male with anaplastic astrocytoma of right frontal glioma, post-EBRT with
concurrent adjuvant temozolomide. Follow-up imaging 2 years after receiving radiation now demon-
strates (A) Axial T2 W image with pericavitatory hyperintensity in the right frontal-parietal region,
extending along the rostrum of the corpus callosum. (B) Axial T1 W post-contrast image with an
irregular feathery rim enhancing lesion (red arrow). (C) On MR perfusion, the corresponding areas
show decreased rCBV. (D) On MR spectroscopy, elevated lipid /lactate peaks were confirmed with
radiation necrosis.
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Figure 5. Tumor recurrence in a 47-year-old woman who underwent surgical resection and RT
with temozolomide for infiltrating astrocytic tumor, IDH negative in the left parieto-insular region
months earlier. (A) Axial T2-weighted image shows an intermediate lesion around the resection
cavity. (B) The lesion is hypointense on a diffusion-weighted image. (C) Axial contrast-enhanced
T1-weighted lesion with feathery enhancement consistent with recurrent disease (white arrow).
Follow-up MR after 4 months post-two cycles of Bevacizumab. (D) Axial T2-weighted image shows a
decrease in previously seen intermediate lesions. (E) The lesion (red arrow) shows restricted diffusion.
(F) Axial contrast-enhanced T1-weighted lesion showing a decrease in the enhancing component
suggestive of pseudoresponse.

5.5.2. Meningioma

Grade 1 meningiomas may be followed yearly for five years, followed by MRI every
2 years. For Grade 2 lesions, biannual follow-up is recommended for 5 years, followed by
yearly intervals [46]. Grade 3 meningiomas, which are treated with maximally safe resection
followed by radiotherapy, require closer follow-up intervals of 3-6 months. Resurgery or
fractionated radiotherapy may be used in patients with recurrent meningiomas.

5.5.3. Pituitary Tumors

For incidental microadenomas, yearly MRI follow-up is recommended for the initial
3 years. If there is no increase in size after 3 years, the follow-up intervals may be prolonged.

For incidental macroadenomas, annual imaging follow-up is recommended. Visual
field charting should be performed every 6 to 12 months.

For aggressive pituitary lesions, after completion of treatment, follow-up should occur
every 3 to 12 months with imaging. The frequency of imaging depends on the rate of tumor
growth and its proximity to important anatomical structures. Endocrine evaluation may be
necessary based on the clinical scenario.
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5.6. Role of Nuclear Medicine

Nuclear imaging can play an important role in differentiating CNS neoplasms from in-
fections, primary from secondary tumors, and characterizing CNS primaries like lymphoma
and glioma [73]. It also finds its utility in follow-up imaging in a few circumstances [74].
Applications of nuclear medicine in CNS tumor imaging are described in Table 5 [34,75-89].

Table 5. Role of nuclear imaging in CNS tumor imaging.

Modality Tracers Available Utility
*  18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) Initial characterization—high SUV in lymphoma
* 11C-methyl-methionine (11C-MET) (FDG)Screening for primary (FDG)Glioma
*  O-(2-[18F]-fluoroethyl)-L-tyrosine (18F-FET) diagnosis and surveillance—in case of equivocal
*  34-dihydroxy-6-[18F]-fluoro-L- findings in MRI for treatment-related changes
Role of PET phenylalanine (18F-FDOPA) versus progression (FET-, F-DOPA)Somatostatin
*  68Ga-labeled tracers receptor analogs—specific for meningiomas
DOTA-D-Phel-Tyr3-octreotate (DOTATATE) (DOTATATE)TSPO-PET is a newer agent that is
*  DOTA-Tyr3-octreotide (DOTATOC) showing promising results in the diagnosis and
*  [18F]-GE-180-TSPO PET (Translocator protein)  follow-up of gliomas.
e 99mTc-MIBI ) o . . )
e 201Tl I\;[lultlple §t1;iiles m.fQH.ow—ug 1mag;pg of gfhﬁma
. _ show variable sensitivity and specificity of these
Role of SPECT o 33$¥2_8§1th techniques (80-95%) as compared with DSC-PWI
*  99mTc-bismethionine-DTPA and MRS.

6. Role of Artificial Intelligence in Primary CNS Neoplasms

The applications of Artificial Intelligence in diagnosis, planning of management, post-
treatment follow-up, and outcome prediction have been widely studied in gliomas [90].

6.1. Pre-Treatment Prediction

Pre-treatment prediction of histology, along with other features like tumor grade in
glioma, IDH mutation status, EGFR amplification, and MGMT promoter methylation,
have been extensively studied, and various Al-based models have been developed in this
field [91-97]. The process entails segmentation by separating tumor tissue from healthy
parenchyma, initially by a radiologist, followed by the use of this segmented region of
interest to identify specific radiomic features with quantifiable measurements. However,
due to the high interobserver variability of manual segmentation, automatic segmentation
methods have been devised to increase accuracy and save human time. The Brain Tumor
Segmentation Challenge (BraTS) is an annual challenge where the organizing committee
releases large volumes of multimodal scans of many patients with glioma in an open forum
for research groups to construct machine learning (ML) algorithms to facilitate the automatic
segmentation process. These data are accompanied by corresponding segmentation that
can serve as the ground truth for the process [98] (Figure 6).

6.2. Pseudoprogression

Pseudoprogression (PP) is a treatment-associated condition in primary and secondary
brain neoplasms, but it has been best described in relation to gliomas, presenting early
during treatment and associated with imaging with or without clinical worsening. Ad-
vanced imaging techniques like PWI are generally employed to differentiate PP from true
progression (TP). However, as PWI is dependent on technique, post-processing, and inter-
pretation, Al methods have been tried to solve this diagnostic dilemma [99]. A study by
Lao et al. has shown that a deep learning-based radiomics model using multiparametric
imaging that included conventional MRI, DWI, and PWI for differentiating PP from TP in
61 glioblastoma patients within 3 months after radio-chemotherapy and surgical resection
performed better than any single parameter by the LASSO logistic regression model, with
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an AUC =0.90 [99]. Another study performed on 78 glioma patients showed an AUC = 0.83
to differentiate PP from TP using the hybrid deep and machine learning CNN-LSTM (long
short-term memory) method. The dataset comprised clinical features and imaging findings
extracted from post-contrast MRI. These models should be tested in multi-institutional
settings to validate their clinical utility.

Training
Processed Learning
data Algorithm
Training
Validation
Prediction

Figure 6. Schematic diagram demonstrates an artificial intelligence algorithm where the machine is
trained using training data. Algorithm is validated using validation data. After validation, test data
are given for prediction.

6.3. Radiation Necrosis (RN) and True Progression/Recurrence (Treatment Response Evaluation)

In a study conducted by Zhang et al., both handcrafted and deep features were inte-
grated from multimodality MRI scans. They developed logistic regression models aimed
at distinguishing glioma recurrence from radiation necrosis. The top-performing model
achieved exceptional metrics in the validation phase, including an Area Under the Curve
(AUC) of 0.99, sensitivity of 0.99, and specificity of 0.97. This advanced model demon-
strated enhanced capability in characterizing tumor heterogeneity, effectively predicting
either glioma recurrence or radiation necrosis with high accuracy [94]. A combined ap-
proach of quantitative radiomics features from MRI, clinical features, and MGMT promoter
methylation status can complement each other for the development of better-performing
models for the prediction of treatment response in glioblastoma [100,101]. A systematic
review of 18 studies on machine learning applications in evaluating treatment response
in glioblastoma found that ML models using MRI features showed promising diagnostic
performance in distinguishing progression from mimics. However, concerns were raised
regarding the quality and design of the studies [102]. Another meta-analysis of 9 studies
aimed at distinguishing true progression from pseudoprogression reported a sensitivity of
95.2% (95% CI: 86.6-98.4%) and specificity of 82.4% (95% CI: 67.0-91.6%). Nevertheless,
similar limitations were noted. Despite the promising outlook of Al and ML in monitoring
treatment response in glioma, these technologies are still in their early stages and require
external validation and larger datasets to mitigate overfitting before their clinical utility
can be fully realized [103].

6.4. Role of Al in Imaging of Other Primary CNS Neoplasms

A host of studies have investigated the role of machine learning techniques in dif-
ferentiating different tumor types [104]. Kim et al. differentiated glioblastoma (GBM)
from primary CNS lymphoma (PCNSL) using multiparametric MRI-based radiomics with
an AUC of 0.95 [105]. Another study differentiated between the two based on texture
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features on multiparametric MRI and showed that rCBV offered the highest AUC of 0.86 for
distinguishing GBM from PCNSL [106]. A study by Niu et al. to differentiate between dif-
ferent subtypes of meningioma using basic MRI-based radiomics demonstrated accuracies
between 98.8% and 100% [107]. Dong et al. differentiated pilocytic astrocytoma from GBM
by a decision tree model with a validation set accuracy of 86% [108]. Another study by
Zhang et al. used MRI-based radiomics to differentiate between non-functioning pituitary
adenoma subtypes with contrast T1 weighted images showing AUC of 0.83 and 0.80 in
training and test sets, respectively [109]. Multiple other studies have been performed to
differentiate between different tumors with AUCs ranging from 0.81 to 0.97 [110,111].

7. Summary

Malignant primary CNS neoplasms are a significant cause of morbidity and mortality
in the adult population. MRI imaging forms the cornerstone for guiding the diagnosis, treat-
ment, and follow-up of intracranial neoplasms. Multiparametric MRI can help guide biopsy
and surgery and serves as a problem-solving tool in cases posing diagnostic dilemmas
during post-treatment follow-up. Various diagnostic criteria have been developed to guide
post-treatment response evaluation. Nuclear medicine acts as an adjunct in challenging
situations, such as post-treatment evaluation of gliomas to rule out progression versus pseu-
doprogression/radiation necrosis and differentiating meningiomas from other dura-based
lesions like metastasis. Artificial intelligence finds numerous applications in brain tumor
imaging and can aid in designing faster workflows. However, future studies should benefit
from external validation and larger datasets to reduce overfitting and increase accuracy.
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