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INTRODUCTION

Over the last decade, there has been an explosion of 
discoveries and advances in molecular and genetic profiling 
of central nervous system (CNS) tumors, ushering in a 
new era of brain tumor diagnostics and classification. The 
World Health Organization (WHO) 2016 classification of 
CNS tumors put forth an integrated diagnostic approach 
combining phenotypic and genotypic classifications that 
were based on key molecular markers [1]. This approach 
provided a general framework and concept for how CNS 
tumors should be diagnosed to improve prognostic 

Pre- and Post-Treatment Imaging of Primary Central 
Nervous System Tumors in the Molecular and Genetic Era
Sung Soo Ahn1, 2, Soonmee Cha2

1Department of Radiology, Severance Hospital, Research Institute of Radiological Science and Center for Clinical Image Data Science, Yonsei 
University College of Medicine, Seoul, Korea; 2Department of Radiology and Biomedical Imaging, University of California San Francisco, San 
Francisco, CA, USA

Recent advances in the molecular and genetic characterization of central nervous system (CNS) tumors have ushered in a 
new era of tumor classification, diagnosis, and prognostic assessment. In this emerging and rapidly evolving molecular 
genetic era, imaging plays a critical role in the preoperative diagnosis and surgical planning, molecular marker prediction, 
targeted treatment planning, and post-therapy assessment of CNS tumors. This review provides an overview of the current 
imaging methods relevant to the molecular genetic classification of CNS tumors. Specifically, we focused on 1) the correlates 
between imaging features and specific molecular genetic markers and 2) the post-therapy imaging used for therapeutic 
assessment.
Keywords: CNS tumor; Molecular marker; Magnetic resonance imaging; Positron emission tomography

Received: December 11, 2020   Revised: April 8, 2021   
Accepted: April 9, 2021
This research received funding from the Basic Science Research 
Program through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Science, Information and Communication 
Technologies & Future Planning (2020R1A2C1003886).
Corresponding author: Soonmee Cha, MD, Department of 
Radiology and Biomedical Imaging, University of California San 
Francisco, 505 Parnassus Ave, San Francisco, CA 94143, USA. 
• E-mail: Soonmee.Cha@ucsf.edu
This is an Open Access article distributed under the terms of 
the Creative Commons Attribution Non-Commercial License 
(https://creativecommons.org/licenses/by-nc/4.0) which permits 
unrestricted non-commercial use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

stratification and treatment response predictions. With the 
current focus on precision medicine, the molecular and 
genetic characteristics of CNS tumors must be understood to 
gain insight into the biological behaviors and therapeutic 
responses of these tumors.

MRI is an integral part of CNS tumor evaluation for 
preoperative diagnosis, surgical and therapy planning, 
assessment of therapy response, and detection of 
recurrence. In addition to these critical roles in clinical 
practice, radiologic features may reflect histological and 
biological behaviors of the tumors and therefore may 
play an important role in the non-invasive prediction of 
molecular markers [2,3]. In addition, positron emission 
tomography (PET) has been used for brain tumor imaging 
with a variety of radioactive agents such as 11C-methyl-L-
methionine (MET), [18F] fluoroethyl-L-tyrosine (FET), and 
3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (FDOPA) [4,5]. 
Furthermore, treatment-related changes to tumor or normal 
brain tissues can frequently mimic tumor progression, 
making the use of imaging for assessing treatment response, 
including novel targeted and experimental therapies, more 
challenging [6,7]. 

This review aims to provide an overview of the correlates 
between imaging features and specific molecular genetic 
markers. Additionally, in this review, the advances 
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in targeted therapy and the evolving role of imaging 
in response assessment following novel targeted and 
experimental therapies will be discussed.

Imaging Features and Molecular-Genetic 
Markers of CNS Tumors (Table 1)

Diffuse Gliomas 
According to the 2016 WHO classification of CNS 

tumors, diffuse gliomas are graded from II to IV based on 
histological features and further classified based on the 
presence or absence of isocitrate dehydrogenase (IDH) 
mutations and 1p/19q codeletions (WHO grade II and 
III oligodendrogliomas, grade II and grade III astrocytic 
tumors, and grade IV glioblastomas) [1]. The remaining 
tumors that do not fit into the defined tumor types in the 
WHO 2016 classification are designated as not otherwise 
specified (NOS). In addition, the Consortium to Inform 
Molecular and Practical Approaches to CNS Tumor Taxonomy 
(cIMPACT-NOW) was formed and has published several 
guidelines (cIMPACT-NOW updates 1–7) to improve the 
diagnosis and classification of CNS tumors [8].

According to the 2016 WHO update, WHO grade II and 
III gliomas are largely categorized into astrocytomas or 
oligodendrogliomas based on molecular markers. WHO 
grade II and III oligodendroglial tumors, molecularly 
defined as IDH-mutant and 1p/19q codeleted tumors, 
tend to be located in the frontal lobe and present some 
degree of enhancement with ill-defined margins and 
calcifications. A previous study showed that, among IDH-
mutant lower-grade gliomas, a less homogeneous texture, 
T2* blooming, a frontal location, and absent hydrocephalus 
were imaging features associated with 1p/19q codeletion 
[9]. Furthermore, advanced imaging parameters such as 
apparent diffusion coefficient (ADC), fractional anisotropy 
(FA, MAPK, iRANO, LITT), and cerebral blood volume 
(CBV) have been reported as potentially useful parameters 
for prediction of 1p/19q codeletion status [3,10]. WHO 
grade II diffuse astrocytomas and grade III anaplastic 
astrocytomas are each further divided into IDH-mutant 
and IDH-wildtype. Infiltrating gliomas that harbor IDH 
mutations but not 1p/19q codeletions are classified 
as diffuse astrocytoma, IDH-mutant, and the T2-fluid-
attenuated inversion-recovery (FLAIR) mismatch sign, in 
which tumors that are homogenously hyperintense on T2WI 
and internally hypointense on FLAIR, was reported as an 
imaging biomarker highly specific for this molecular subtype 

(Fig. 1) [11]. Lower-grade gliomas (WHO grade II and III) 
with IDH wildtype have demonstrated molecular alterations 
and biological behaviors similar to those of primary 
glioblastoma [12]. Therefore, the reliable non-invasive 
identification of IDH mutations may be useful for treatment 
planning, and a variety of morphologic and MRI features 
have been correlated with IDH mutation status in diffuse 
gliomas. Although lower-grade gliomas generally appear as 
T2 hyperintense expansile masses involving both the cortex 
and underlying white matter with variable enhancement, 
IDH-wildtype gliomas are more likely to have a multifocal, 
non-lobar location and show more contrast enhancement, 
poor margin definition, low ADC, and high relative CBV (Fig. 
2) in accordance with the genomic analysis results [3,13,14]. 
Several studies using traditional machine learning and 
deep learning to predict IDH mutation status in diffuse 
gliomas using preoperative MRIs have also had promising 
results [15,16]. In addition, IDH mutations can be directly 
detected through increased levels of D-2-hydroxyglutarate, 
which can be quantified using MR spectroscopy with a 
high sensitivity and specificity [17]. Previous studies have 
also shown that FET-PET is associated with IDH mutation 
status, although the biochemical relationship is not well-
understood [18,19].

Even though IDH-wildtype astrocytoma has a worse 
prognosis than IDH-mutant astrocytoma, patients with IDH-
wildtype astrocytomas have been shown to have variable 
survival outcomes. Therefore, cIMPACT-NOW recommends 
that IDH-wildtype astrocytoma with one of the three 
genetic markers (epidermal growth factor receptor [EGFR] 
amplification, telomerase reverse transcriptase [TERT] 
promoter mutation, and the combined whole chromosome 
7 gain and 10 loss) should be diagnosed as glioblastoma 
[8]. A recent study demonstrated that IDH-wildtype 
astrocytomas with EGFR amplification had lower ADC, and 
those with TERT mutations had higher plasma volume 
fractions [20].

Glioblastoma is the most common primary parenchymal 
brain tumor and the most common glioma, with a median 
survival of 15–18 months and a high rate of recurrence 
following initial standard treatment [21]. Glioblastoma is 
a heterogeneous tumor that is characterized by irregular 
margins, heterogeneous enhancement with varying 
degrees of necrosis, edema, and intratumoral hemorrhage. 
According to the 2016 WHO classification of CNS tumors, 
the molecular subtypes of glioblastomas are divided into 
two types: IDH-wildtype and IDH-mutant. IDH-mutant 
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Table 1. Imaging Features and Molecular-Genetic Markers of CNS Tumors
Pathology WHO Grade Molecular-Genetic Markers Common Imaging Features

Oligodendroglioma II/III IDH-mutant and 
1p/19q codeletion

Frontal lobe location
Variable enhancement
Ill-defined margin
Calcifications
T2* blooming
Heterogeneous texture
Mixed diffusion restriction

Diffuse astrocytoma II/III IDH mutant, 
  1p/19q non-codeletion

T2-FLAIR mismatch sign

IDH wildtype Multifocal
Non-lobar location
More contrast enhancement
Poor margin
Low ADC
High relative CBV
High APT

Glioblastoma IV IDH wildtype Intratumoral necrosis 
More contrast enhancement
Low ADC
High relative CBV

MGMT promoter methylation Loss edema
High ADC
Low relative CBV

Pilocytic astrocytoma I BRAF and KIAA1549 (> 70%) Well-circumscribed cystic mass with mural nodule
Little peritumoral edema
High ADC

Pleomorphic xanthoastrocytoma II/III BRAFV600E mutation (> 60%) Cystic mass with enhancing mural nodule
Rosette-forming glioneuronal 
  tumor

I Synaptophysin Fourth ventricle and aqueduct of Sylvius
Circumscribed tumor with variable solid-cystic components

Diffuse leptomeningeal 
  glioneuronal tumor

Not assigned OLIG2, S-100 Diffuse leptomeningeal enhancement, with or without 
  a parenchymal component

Ependymoma II/III RELA fusion Supratentorial location
Heterogeneous large mass with solid and cystic components
Intratumoral hemorrhage
Peritumoral edema
Low ADC

Medulloblastoma IV WNT-activated Cerebellar peduncle, cerebellopontine angle cistern

SHH-activated Cerebellar hemispheres

Group 3 Cerebellar vermis and fourth ventricle
Early metastasis

Group 4 Cerebellar vermis and fourth ventricle
Minimal or no enhancement

ETMR IV C19MC-altered Large
Frequent calcifications
Little edema
Absent or weak enhancement
Intratumoral veins
Low ADC
Low CBF
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glioblastomas correspond to what were previously called 
secondary glioblastomas, which were tumors that started 
as a lower-grade diffuse astrocytoma before undergoing 
malignant transformation. IDH-mutant glioblastomas 
have been reported to have less aggressive imaging 
features and less intratumoral necrosis, less contrast 
enhancement, higher ADC values, and less hyperperfusion 
than IDH-wildtype glioblastoma (Fig. 3) [13,22,23]. 
O6-methylguanine methyltransferase (MGMT) promoter 
methylation is considered a predictive biomarker for 
alkylating chemotherapy in glioblastoma [24]. Several 
studies have reported the use of imaging features for the 
prediction of MGMT promoter methylation, which include 
less edema, high ADC, and low perfusion, which are present 
in MGMT promoter methylated glioblastoma [25].

Diffuse midline glioma, H3 K27M-mutant, which is 

classified as WHO grade IV, is a new entity in the 2016 WHO 
classification of CNS tumors that is defined as an infiltrative 
glioma involving midline structures such as the thalamus, 
brain stem, spinal cord, and an H3 K27M mutation. H3 
K27M mutation occurs predominantly in children and the 
expansile tumors involving pons with variable infiltration 
into the midbrain, medulla, and cerebellum were previously 
referred to as diffuse intrinsic pontine glioma. However, 
one-third of midline gliomas do not harbor the H3 K27M 
mutation [26]. A recent study reported that there were 
no imaging features that were significantly associated 
with the H3 K27M mutation for midline gliomas [27]. 
Another study of spinal cord gliomas also demonstrated 
heterogeneous imaging features of diffuse midline gliomas, 
and hemorrhage was the only distinct feature of H3 K27M-
mutated diffuse midline glioma [28].

Fig. 1. A 32-year-old male with diffuse astrocytoma, isocitrate dehydrogenase-mutant, showing T2-FLAIR mismatch sign. 
A. T2-weighted image. B. FLAIR image. FLAIR = fluid-attenuated inversion-recovery

A B

Table 1. Imaging Features and Molecular-Genetic Markers of CNS Tumors (Continued)
Pathology WHO Grade Molecular-Genetic Markers Common Imaging Features

Atypical teratoid/
  rhabdoid tumor

IV Loss of INI1 expression Heterogeneous signal intensity
Low ADC

Solitary fibrous tumor/ 
  hemangiopericytoma

I/II/III STAT6 nuclear expression Vivid enhancement
Dural tail
Erosion of adjacent bone

ADC = apparent diffusion coefficient, APT = amide proton transfer, CBF = cerebral blood flow, CBV = cerebral blood volume, CNS = central 
nervous system, ETMR = embryonal tumor with multilayered rosettes, FLAIR = fluid-attenuated inversion-recovery, IDH = isocitrate 
dehydrogenase, MGMT = O6-methylguanine methyltransferase, SHH = Sonic Hedgehog, WNT = wingless
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Circumscribed Gliomas
Pilocytic astrocytoma (WHO grade I) typically occurs 

in children and young adults. Common locations are the 

cerebellum, optic nerve, cerebrum, and brainstem. Although 
pilocytic astrocytoma is typically a well-circumscribed cystic 
mass with intramural nodules and minimal peritumoral 

Fig. 2. Anaplastic astrocytomas, IDH-mutant and IDH-wildtype.
A. Anaplastic astrocytoma, IDH-mutant. MRI shows well-defined T2 hyperintense mass in the right temporal lobe on FLAIR with no definite 
enhancement on postcontrast T1WI. ADC map shows facilitated diffusion and CBV is not increased within the mass. B. Anaplastic astrocytoma, 
IDH-wildtype. An ill-defined infiltrative mass is seen in the right parietal lobe crossing the corpus callosum on FLAIR with focal enhancement on 
postcontrast T1WI. Diffusion restriction, showing low ADC, and high CBV are noted within the solid enhancing portion (arrows). ADC = apparent 
diffusion coefficient, CBV = cerebral blood volume, FLAIR = fluid-attenuated inversion-recovery, IDH = isocitrate dehydrogenase, T1WI = T1-
weighted image

A

B

Fig. 3. Glioblastomas, IDH-mutant and IDH-wildtype. 
A. Glioblastoma, IDH-mutant. MRI shows infiltrative mass in the right parietal lobe on FLAIR with multifocal enhancement on postcontrast 
T1WI. Diffusion restriction, showing low ADC, and high CBV are noted within the solid enhancing portion. B. Glioblastoma, IDH-wildtype. 
Heterogeneously enhancing mass with intratumoral necrosis and peritumoral edema involving the corpus callosum and bilateral frontal lobes. The 
mass shows diffusion restriction and a marked increase in the CBV. ADC = apparent diffusion coefficient, CBV = cerebral blood volume, FLAIR = 
fluid-attenuated inversion-recovery, IDH = isocitrate dehydrogenase, T1WI = T1-weighted image

A

B
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edema, it may present as a mass with heterogeneous 
enhancement mimicking high-grade tumors. In these 
cases, the most useful indications for correct diagnosis 
are the imaging features related to low cellularity showing 
hyperintensity on T2WI and increased diffusion on 
diffusion-weighted image (DWI) [29].

Pilomyxoid astrocytoma, an uncommon variant of pilocytic 
astrocytoma, is commonly located in the hypothalamic/
chiasmatic region. Although there is extensive histological 
and genetic overlap with pilocytic astrocytoma, pilomyxoid 
astrocytomas are predominantly solid and rarely have cystic 
components, in contrast to typical pilocytic astrocytomas 
[30].

Pleomorphic xanthoastrocytoma (PXA) exhibits a BRAFV600E 
mutation. BRAF is an oncogene located on chromosome 
7q34 and a crucial regulator of the mitogen-activated 
protein kinase (MAPK) signaling pathway [31]. The 
BRAFV600E mutation is detected at a high frequency in PXA, 
ganglioglioma, and extra-cerebellar pilocytic astrocytoma 
[32], and these tumors typically demonstrate cystic masses 
with enhancing mural nodules (Fig. 4). In addition, PXA 
may exhibit a dural tail from reactive change and skull 
remodeling.

Glioneuronal Tumors
Ganglioglioma (WHO grade I), also commonly harboring 

the BRAFV600E mutation, is a slow-growing tumor composed 
of dysplastic ganglion cells and neoplastic glial cells and 
can occur anywhere throughout the craniospinal axis 
with a predilection for the temporal lobe [33]. Rosette-
forming glioneuronal tumors (WHO grade I) are rare and 

predominantly involve the fourth ventricle and aqueduct 
of Sylvius and may have variable solid-cystic components 
[34]. Diffuse leptomeningeal glioneuronal tumors that 
express synaptophysin in addition to OLIG2 and S-100 
are newly recognized in the 2016 WHO classification and 
present as diffuse leptomeningeal disease with or without a 
parenchymal component (Fig. 5) [1]. 

Ependymomas
Ependymomas are glial brain tumors that can arise 

from any of the CNS compartments, and recent extensive 
molecular analyses have revealed that supratentorial and 
posterior fossa ependymomas have distinct molecular 
profiles and are genetically different diseases [35]. 
Ependymoma, RELA fusion-positive was recognized 
in the 2016 WHO classification of CNS tumors as a 
distinct clinicopathological entity accounting for 70% 
of supratentorial tumors in children and has the worst 
prognosis among the supratentorial ependymomas [1,36]. 
Supratentorial ependymomas often present as large masses 
that appear heterogeneous, with both solid and cystic 
components (Fig. 6). A recent study reported that RELA 
fusion-positive ependymomas are frequently associated 
with intratumoral hemorrhage, peritumoral edema, diffusion 
restriction, prominent cysts, and necrosis [37].

Embryonal Tumors
Embryonal tumors are poorly differentiated tumors 

of neuroepithelial origin and, as a group, underwent 
substantial changes in the 2016 WHO classification. 
Specifically, genetically defined subtypes of 

Fig. 4. Common imaging features of gliomas harboring the BRAFV600E mutation: a cystic mass with enhancing mural nodule; 
pleomorphic xanthoastrocytoma (A), ganglioglioma (B), pilocytic astrocytoma (C).

A B C
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medulloblastomas were added, the CNS primitive 
neuroectodermal tumor classification was removed, and 
embryonal tumor with multilayered rosettes (ETMR), C19MC-

altered, defined by amplification or gain of the C19MC 
region on chromosome 19, was newly described [1]. 

The 2016 WHO classification defines medulloblastoma 

Fig. 5. An 11-week-old girl with a diffuse leptomeningeal glioneuronal tumor. 
A-D. Sagittal (A) and axial (B) postcontrast T1WI show diffuse leptomeningeal enhancement along the spinal cord and brain stem. A large cystic 
mass with an enhancing solid portion is noted in the right frontal lobe on postcontrast T1WI (C). Diffuse enhancement along the ependymal 
lining with hydrocephalus is also noted. Gradient echo imaging (D) demonstrates intratumoral hemorrhage combined with intraventricular 
hemorrhage. T1WI = T1-weighted image

A B C D

Fig. 6. A 7-month-old boy with ependymoma, RELA fusion-positive. 
A-D. Huge mass with necrosis is seen in the right cerebral hemisphere on precontrast T1WI (A), T2-weighted image (B), postcontrast T1WI (C), 
and diffusion-weighted image (D). T1WI = T1-weighted image

A B C D
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both histologically and genetically. Histologically, four 
variants of medulloblastoma have long been established: 
classic, desmoplastic/nodular, extensive nodularity, and 
anaplastic/large cell. More recently, four distinct molecular 
subgroups have been identified based on genomic profiles: 
wingless (WNT)-activated, Sonic Hedgehog (SHH)-activated 
and TP53-mutant, SHH-activated and TP53-wildtype, and 
non-WNT/non-SHH consisting of Group 3, and Group 4. 
Molecular subgroups have been shown to correlate with 
clinical outcomes [38], and it has been suggested that MRI 
features can be helpful to predict the molecular subgroups 
preoperatively (Fig. 7) [39,40]. Specifically, WNT arises 
from the lower rhombic lip and therefore predominantly 
occurs in the cerebellar peduncle/cerebellopontine angle 
cistern, SHH occurs in the cerebellar hemispheres, and 
Groups 3 and 4 occur in the midline involving the cerebellar 
vermis and fourth ventricle [39,41]. In addition, minimal 
or no enhancement is a diagnostic indicator of Group 4, 
and a small midline tumor association with early metastasis 
suggests Group 3 [42]. 

ETMR, C19MC-altered refers to tumors formerly known as 
embryonal tumors with abundant neuropil and true rosettes 
and ependymoblastoma [1]. Any childhood CNS tumor 
with alterations at chromosome 19 (C19MC amplification) 

is now classified as ETMR, regardless of histology. ETMR 
mostly occurs in children under 2 years of age and is more 
often supratentorial. Although there is significant overlap 
in the radiologic appearance of embryonal tumors, the 
characteristic imaging features of ETMR, C19MC-altered 
include large tumor size with frequent calcifications, little-
to-no edema, absent or weak contrast enhancement, 
intratumoral veins, restricted diffusion, and low cerebral 
blood flow values using arterial-spin-labeling MRI have 
been reported (Fig. 8) [43]. 

Atypical teratoid/rhabdoid tumor (AT/RT), genetically 
defined by a loss of INI1 expression, is aggressive and 
tends to affect infants. AT/RT should be considered when 
encountering striking heterogeneous tumors of the CNS 
with high cellularity on MRI in the pediatric population, 
especially in those aged < 4 years [44].

Solitary Fibrous Tumor/Hemangiopericytoma
In the 2016 WHO classification, the combined term 

solitary fibrous tumor/hemangiopericytoma was used to 
describe mesenchymal non-meningothelial tumors with 
STAT6 nuclear expression, which includes previously referred 
solitary fibrous tumor (grade I), hemangiopericytoma 
(grade II), and anaplastic hemangiopericytoma (grade III) 

Fig. 7. Characteristic MRI features according to medulloblastoma molecular subgroups. 
A. Wingless subgroup predominantly occurs in the cerebellar peduncle/cerebellopontine angle cistern. B. Sonic Hedgehog subgroup is 
predominantly located in the cerebellar hemispheres. C, D. Group 3 (C) and Group 4 (D) tumors are commonly located in the midline involving 
the cerebellar vermis and the fourth ventricle. Group 4 tumor tends to show minimal-to-no enhancement. 

A

C

B

D
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[1]. Solitary fibrous tumor/hemangiopericytoma exhibits 
radiographic features similar to those of meningioma, with 
vivid enhancement and the dural tail sign, but tends to 
erode adjacent bone [45].

Post-Therapy Imaging of CNS Tumors (Table 2)

MRIs play an important role in monitoring tumor burden 
over the course of treatment; however, the accurate 
assessment of disease status is challenging due to the 
complex combination of therapies and treatment-related 
changes. As novel treatment approaches rapidly evolve 
and tumor appearance can be modified through therapy, 
it is important for radiologists to be aware of the imaging 
findings related to each treatment to accurately assess 

treatment response. 
A postoperative baseline MRI should ideally be obtained 

within 24 to 48 hours of surgery (especially for high-grade 
glioma) to avoid misinterpreting postoperative changes as 
residual enhancing tumor since postoperative enhancement 
can be seen along the resection margins by 48–72 hours 
post-operation. In addition, diffusion restriction around 
the resection cavity, which is related to direct trauma and 
vascular injury, can occur following surgery, potentially 
mimicking recurrent tumors on follow-up imaging [46]. 
Therefore, enhancement on follow-up imaging after surgery 
should be carefully interpreted with reference to the DWI 
obtained in the immediate postoperative period.

Pseudoprogression, defined as a new or enlarging contrast-
enhancing lesion followed by subsequent improvement 

Fig. 8. A 2-year-old girl with embryonal tumor with multilayered rosettes, C19MC-altered. 
A-E. The mass shows low signal intensity on T1WI (A) and high signal intensity on T2-weighted image (B). There is no peritumoral edema or 
enhancement on postcontrast T1WI (C). Diffusion is restricted within the mass on diffusion-weighted image (D) and the apparent diffusion 
coefficient map (E). T1WI = T1-weighted image

A

D

B

E

C
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without any change in treatment, occurs in 20–30% of 
patients with glioblastoma within 3 months of concurrent 
chemoradiotherapy (CCRT) [47]. Cytotoxic therapies not 
only damage tumor vessels and normal brain tissue but can 
also induce inflammatory responses in microglia, which can 
induce a pronounced blood-brain barrier disruption and 
a transient increase in enhancement on MRI. Therefore, 
the Response Assessment for the Neuro-Oncology (RANO) 
working group has recommended that within 3 months of 
CCRT, progression be confirmed only if the majority of the 
new enhancement is outside of the radiation field or if 
there is pathologic confirmation of disease progression [47]. 
To identify early tumor progression, the development of 
imaging biomarkers would be ideal. However, conventional 
MRIs do not allow for a reliable distinction between 
treatment-related changes and true progression, as both 
may share imaging features of mass effect, perilesional 
edema, and contrast agent enhancement due to blood-brain 
barrier breakdown. In addition, variable treatment-related 

effects and recurrent tumors are frequently combined. 
Although surgical sampling or follow-up imaging may be 
necessary for a definitive diagnosis, imaging modalities 
such as perfusion imaging, MR spectroscopy, and PET scans 
have been extensively investigated and may sometimes be 
helpful for differentiating treatment effects from recurrent 
tumors [4,6].

Previous studies have shown that relative CBV from 
Dynamic susceptibility contrast imaging and Ktrans and 
Ve from DCE imaging may be helpful for differentiating 
between true progression and pseudoprogression [7,48,49]. 
In addition, perfusion MRIs significantly improved the 
prediction of recurrent glioblastoma in combination with 
postcontrast T1-weighted image and DWI [6]. Another 
study showed that multiparametric radiomics can be 
helpful for identifying pseudoprogression with good 
generalizability [50]. In another study, amide proton 
transfer imaging has added value to other advanced 
imaging parameters for distinguishing between recurrent 

Table 2. Post-Therapy Imaging Features
Therapy Treatment-Related Changes Common Imaging Features

Concurrent chemoradiotherapy Pseudoprogression New or enlarging contrast-enhancing lesion within 
  3 months after therapy and subsequent improvement 
  on follow-up

Antiangiogenic therapy Pseudoresponse Decrease in contrast enhancement with progressive 
  increase in nonenhancing T2 hyperintense lesion

Immunotherapy Pseudoprogression New or enlarging contrast-enhancing lesion within 
  6 months of initiating therapy followed by improvement 
  on follow-up

Convection-enhanced 
  delivery therapy

Gadolinium administered along 
  with therapeutics

High signal intensity mimicking enhancing tumor

Laser interstitial thermal therapy Reactive inflammation or granulation
  tissue

Thin peripheral rim enhancement within 24 hours, 
  which tends to enlarge during the first 40 days followed 
  by a continuous reduction

Fig. 9. A 65-year-old female presenting with an enhancing mass in the left frontoparietal lobe on MRI after postoperative 
concurrent chemoradiotherapy for glioblastoma (A). The mass demonstrates a mild increase in relative cerebral blood volume 
(B) and an increase in the amide proton transfer signal (C). The follow-up MRI shows increased enhancing mass (D), suggesting 
recurrent glioblastoma.

A B C D
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gliomas and treatment-induced changes (Fig. 9) [51]. 
A recent meta-analysis showed the highest diagnostic 
accuracy for MR spectroscopy, followed by perfusion 
imaging, and all advanced MRI techniques had higher 
diagnostic accuracy than conventional MRIs [52]. Amino 
acid PET using FET and FDOPA has been increasingly used 
as a tracer for brain tumor imaging and has been useful in 
differentiating tumor progression from treatment-induced 
changes with a diagnostic accuracy ranging 80–90% (Fig. 
10) [5,53]. The diagnostic performance of MET PET seems 

to be slightly lower, with an accuracy of approximately 
75% [54].

Antiangiogenic Therapy
Angiogenesis is the process by which tumors develop 

additional blood vessels from pre-existing vessels to provide 
oxygen and nutrients for tumor expansion, and tumor 
vasculature formed by neoangiogenesis is structurally and 
functionally abnormal. Antiangiogenic agents normalize 
tortuous and leaky tumor vasculature so that drug and 

Fig. 10. Recurrent glioblastoma in the right temporal lobe shows heterogeneous enhancement with marked perilesional edema 
on postcontrast T1-weighted image (A). Diffusion is restricted on the apparent diffusion coefficient map (B) and cerebral 
blood volume is mildly increased (C). 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine-PET demonstrates increased uptake in the 
corresponding area (D).

A

C

B

D
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oxygen delivery is more efficient, leading to a significant 
decrease in contrast enhancement in most patients, though 
this may not necessarily indicate an antitumor effect. 
Sometimes tumors become more infiltrative and show 
an aggressive phenotype after antiangiogenic therapy 
(Fig. 11). Therefore, a decrease in enhancement with 
a progressive increase in the non-enhancing portion is 
referred to as pseudoresponse and RANO incorporated non-
enhancing T2 hyperintense lesions as well as enhancing 
lesions for response assessment to better evaluate the 
effect of antiangiogenic therapy [47]. Diffusion-restricted 
lesions may appear within the previously enhanced tumor 
area on follow-up imaging after antiangiogenic therapy, and 
conflicting results have been reported, with these regions 
either developing atypical necrosis or hypercellular tumors. 
A previous report showed that the pathology obtained in 
diffusion-restricted lesions revealed an infiltrative tumor 
with dense cellularity [55]. In contrast, another study 
found that pathology showed atypical necrosis and the 
accumulation of HIF-1a in diffusion-restricted lesions 
[55]. In a recent study of postmortem brain specimens, 
progressively expanding diffusion restriction was 
predominantly coagulative necrosis surrounded by a viable 

hypercellular tumor [56].

Immunotherapy 
Immunotherapy has emerged as a promising therapeutical 

strategy, and a wide range of immunotherapies are currently 
being investigated for brain tumors, from immune-checkpoint 
blockage, vaccination therapy, oncolytic viral therapy, and 
chimeric antigen receptor (CAR) T cell therapy [57].

Immune checkpoint inhibitors are monoclonal antibodies 
to PD-1 (nivolumab, pembrolizumab), PD-L1, and cytotoxic 
T-lymphocyte antigen-4 (ipilimumab) that promote immune 
system-mediated tumor destruction by inhibiting the 
signaling pathways that suppress antitumor T cell activity.

Vaccine therapy aims to activate a successful immune 
response and effective T cell cytotoxicity in the tumor 
microenvironment. Using different tumor-associated 
antigens, such as EGFR variant III and IDH, peptide 
vaccines are directly administered to the patient to prime 
the immune system to recognize cells presenting that 
antigen [57]. Dendritic cell vaccines induce active immune 
surveillance against tumor cells in the brain by the dendritic 
cell-mediated presentation of antigens to T cells of the 
adaptive immune system. 

Avastin/irinotecan Postcontrast T1WI FLAIR T2WI

Fig. 11. Recurrent glioblastoma in a 37-year-old male with heterogeneous enhancement along the resection margin on 
postcontrast T1WI and marked perilesional edema (upper row). After 10 cycles of Avastin and Irinotecan, contrast enhancement and 
edema improved significantly. However, FLAIR and T2WI demonstrate nonenhancing nodular lesions along the septum pellucidum, which suggests 
pseudoresponse. FLAIR = fluid-attenuated inversion-recovery, T1WI = T1-weighted image, T2WI = T2-weighted image
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With oncolytic viral therapy, viruses that selectively infect 
or replicate in tumor cells are created, resulting in the 
destruction of the infected tumor cells and the activation of 
pathways of immunogenic tumor cell death.

Genetically modified CAR T cells are another promising 
immunotherapy approach. T cells extracted from a patient’s 
blood are genetically modified to recognize tumor-associated 
antigens and to signal T cells to kill tumor cells [58].

Approximately 2–14% of patients treated with immune-
checkpoint inhibitors have been shown to develop new 
or enlarged enhancing lesions (which might mimic tumor 
progression) and a subsequent decrease in tumor burden, 
also known as pseudoprogression (Fig. 12). Early imaging 
findings that appear worse following immunotherapy 
might be associated with an inflammatory response 
directed against infiltrative brain tumor cells. Therefore, 
the immunotherapy Response Assessment for Neuro-
Oncology (iRANO) criteria recommends that tumor response 
to immunotherapy be assessed and that radiographic 
progression be confirmed on follow-up imaging when 
progressive change is seen within 6 months of initiating 
immunotherapy [59].

Convection-Enhanced Delivery Therapy (Figure 13)
Convection-enhanced delivery therapy is a promising 

technique that generates a pressure gradient at the tip of 
an infusion catheter to deliver therapies directly into a 
brain tumor [60], resulting in high local concentrations of 
the drug with minimal systemic absorption. An implantable 
catheter system enables repeated administration of drugs 
to the brain through a port mounted on the skull [61]. In 
addition, drug distribution can be monitored in vivo by 
infusion of surrogate tracers such as gadolinium along with 
therapeutics [62]. High signal intensity from administered 
gadolinium during treatment should not be misinterpreted 
as an enhancing tumor on follow-up imaging. 

Laser Interstitial Thermal Therapy (Figure 14)
Laser interstitial thermal therapy (LITT), a stereotactically 

guided percutaneous procedure, delivers light energy to 
target tissue via a fiberoptic catheter, resulting in selective 
thermal ablation of the lesions [63]. MRIs may be helpful 
for monitoring tissue ablation in real time during the 
procedure and for evaluating the effectiveness of ablation 
after therapy. Radiologists should be aware of the normal 
temporal radiographic evolution of the treated lesions. 
Within 24 hours, ablated lesions demonstrate a thin 
peripheral rim of enhancement and tend to enlarge during 
the first 40 days, followed by a continuous reduction in size 
thereafter [64]. Residual enhancement may persist during 

Before
immunotherapy

Postcontrast T1-weighted image FLAIR

3 months after
immunotherapy

Fig. 12. A 64-year-old male with recurrent glioblastoma shows heterogeneous enhancing masses with perilesional edema at the 
posterior resection margin and in the right superior frontal gyrus. MRIs obtained 3 months after immunotherapy demonstrate marked 
enlargement of enhancing lesions with progression of edema, suggesting pseudoprogression. FLAIR = fluid-attenuated inversion-recovery
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Fig. 13. A 7-year-old girl with diffuse intrinsic pontine glioma. 
A-E. Expansile T2 hyperintense mass with heterogeneous enhancement predominantly involving the pons on FLAIR (A) and on axial and sagittal 
postcontrast T1WI (B, C). MRIs obtained during convection-enhanced delivery demonstrate an infusion catheter (arrows) and drug delivery 
showing low signal intensity on FLAIR (D) and high signal intensity on T1WI (E) as gadolinium was administered along with therapeutics. FLAIR = 
fluid-attenuated inversion-recovery, T1WI = T1-weighted image

A

D

B

E

C

Fig. 14. A 38-year-old male with glioblastoma. 
A-C. Before LITT (A), homogeneously enhancing tumor is seen in the left mesial temporal lobe on postcontrast T1-weighted image. During LITT (B), 
fiberoptic catheter targeting the tumor is seen on MRI. Four weeks after LITT (C), the lesion shows interval enlargement of the enhancing tumor. 
LITT = laser interstitial thermal therapy

A B C
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long-term follow-up, likely due to reactive inflammation or 
granulation tissue.

SUMMARY

In summary, the current trend toward the molecular 
characterization of CNS tumors will continue to advance. 
The use of imaging biomarkers for noninvasive profiling of 
specific molecular tumors will also advance and become part 
of the integrated diagnosis and be used to guide treatment 
planning for clinical studies and to optimize patient care. 
To maximally contribute to patient care, radiologists must 
be aware of the current tumor classification system and 
recognize specific imaging features following various 
treatments that allow for an accurate assessment of the 
response.
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