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In the follow-up treatment of high-grade gliomas (HGGs), differentiating true tumor
progression from treatment-related effects, such as pseudoprogression and radiation
necrosis, presents an ongoing clinical challenge. Conventional MRI with and without
intravenous contrast serves as the clinical benchmark for the posttreatment surveillance
imaging of HGG. However, many advanced imaging techniques have shown promise in
helping better delineate the findings in indeterminate scenarios, as posttreatment effects
can often mimic true tumor progression on conventional imaging. These challenges are
further confounded by the histologic admixture that can commonly occur between tumor
growth and treatment-related effects within the posttreatment bed. This review discusses
the current practices in the surveillance imaging of HGG and the role of advanced imaging
techniques, including perfusion MRI and metabolic MRI.
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INTRODUCTION

Treatment of high-grade gliomas (HGGs) requires a multidisciplinary approach, with the standard
of care first-line treatment comprising the combination of maximal safe surgical cytoreduction,
followed by adjuvant radiotherapy and chemotherapy (1). Posttreatment surveillance imaging
plays a vital role in assessing the therapeutic response and disease progression/recurrence to
guide the clinical management and tailored therapy for each patient. Contrast-enhanced MRI
(CE-MRI), with and without intravenous administration of a gadolinium-based contrast agent
(GBCA), is considered to be the clinical benchmark for imaging follow-up (2). However, the use of
CE-MRI alone can be limited in distinguishing the overlapping features of tumor progression and
posttreatment-related effects. Specifically, both entities can present as contrast-enhancing lesions
due to blood-brain-barrier (BBB) disruption with resultant vasogenic edema. Both entities can also
progress over time and present as serially enlarging masses on follow-up imaging (3).

Multiple advanced imaging techniques including perfusion and metabolic MRI provide
additional biomarkers of tissue characteristics that can improve the diagnostic specificity.
Perfusion techniques include dynamic susceptibility contrast (DSC) MRI based on T2- or T2*-
weighted susceptibility effects of intravascular contrast agent, to measure microvasculature features
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including microvessel volume. Dynamic contrast enhanced
(DCE) MRI, another perfusion technique, can measure features
such as vascular leakage based on T1-weighted (T1W) relaxivity
effects related to BBB permeability, while arterial spin labeling
(ASL) uses the magnetic labeling of arterial blood as an
endogenous contrast agent to primarily measure blood flow.
The use of perfusion MRI techniques relies on the premise
that HGG recurrence will exhibit higher vascularity (microvessel
volume, blood flow) compared to non-tumoral posttreatment
effects. Magnetic resonance spectroscopy (MRS) is a form of
metabolic imaging that can quantify specific metabolites (e.g.,
choline, lipid/lactate, and glutamine/glutamate) associated with
tumor growth, necrosis, and posttreatment effects.

These techniques have been widely applied in the setting of
posttreatment HGG, as evidenced by the myriad of published
studies in this field of research. These techniques are also widely
available in clinical practice, which speaks to their immediate
clinical translation and impact. However, there are persisting
obstacles to widespread adoption, including discrepancies and
variability in the published thresholds/criteria for diagnosis
and the perceived utility of each technique. These issues are
multifactorial, but technical factors and the integrity of validation
methods are likely contributors, particularly in the setting of
intratumoral heterogeneity and histologic admixture. In this
review, we critically assess the literature to date and discuss
some of the contributing factors to this variability, including
the differences in image acquisition, protocol design, and
validation methods. We highlight the methodologies promoting
consistency, accuracy, and robustness of advanced perfusion
and metabolic imaging for HGG- response assessment. We
also discuss the need for spatially resolved validation methods
to overcome the challenges of intratumoral heterogeneity.
Finally, we summarize the recent efforts in the development
of consensus recommendations for the acquisition of perfusion
MRI in HGG and discuss the needs moving forward for clinical
implementation and widespread adoption.

CURRENT TREATMENT PRACTICES

The current treatment of HGG consists of maximal safe surgical
resection followed by adjuvant radiotherapy and chemotherapy.
Radiotherapy has been used since the 1970s after survival benefit
was seen with its use following surgical resection of HGGs
(4). The Stupp protocol (5), published in 2005, showed that
the addition of temozolomide (TMZ), a cytotoxic alkylating
agent, to adjuvant radiotherapy further contributed to survival
benefit. The Stupp protocol is currently the standard of care
for glioblastoma (GBM) and consists of 6 weeks of concomitant
adjuvant radiotherapy and chemotherapy with TMZ followed by
6 months of TMZ alone. Additional FDA-approved therapies
include other cytotoxic alkylating agents (lomustine, intravenous
carmustine, and carmustine wafer implants), bevacizumab, a
vascular endothelial growth factor (VEGF) inhibitor, and an
electric field therapy referred to as Tumor Treating Fields.
Systemic administration of alternate alkylating agents is less
well tolerated than the TMZ and is usually reserved for tumor

recurrence (6). There are different reports regarding the effect
of bevacizumab on overall survival (7), but it does decrease
vasogenic edema and can temporarily improve the quality
of life for inoperable recurrent disease resistant to standard
therapies. However, the phenomenon of “pseudoresponse” has
been well reported after bevacizumab therapy, in which the
imaging signs of decreased BBB permeability (and vessel leakage)
are not reflective of a true decrease in the tumor burden (8).
Despite standard multi-modal therapy, the median survival of
patients with HGG remains poor, particularly in the setting of
isocitrate dehydrogenase (IDH) wild-type tumors. In the case
of GBM, the most aggressive form of HGG which comprises
nearly 50% of all gliomas, the median survival is approximately
15 months (5). These poor outcomes have motivated the
efforts to identify novel therapeutic strategies, including targeted
small molecule therapies, metabolically-targeted therapies, and
immunotherapies, in attempts to improve the treatment response
and overall survival.

Many emerging passive and active immunotherapy treatments
for HGG are currently being evaluated in clinical trials,
attempting to combat the immunosuppressive characteristics
of glioma to bolster the treatment efficacy (9, 10). The
HGGs have been shown to elicit severe reductions in the
number and function of CD4T lymphocytes (11). This can
be reversed with the blockade of inhibitory pathways leading
to increased T-cell response and activation, and subsequently
increased the antitumor activity of these immune cells.
Mouse models have demonstrated improved survival with
the use of anti-programmed cell death protein (anti-PD-1)
immune checkpoint inhibitors for intracranial glioma (12),
and nivolumab and pembrolizumab, both anti-PD-1 agents,
have been evaluated in multiple recent and ongoing clinical
trials. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
lymphocyte activation gene 3 (Lag3), and indoleamine 2,3-
dioxygenase (IDO) are additional immune checkpoint inhibitors
that affect the T- lymphocyte activation pathway, and they
have induced tumor regression and improved the long-term
survival in murine glioma models, particularly when used in
combination (11).

Active immunotherapy regimens capable of inducing
antitumor response include multiple vaccine-based treatments.
Dendritic cell-based vaccines, already FDA-approved for
prostate cancer treatment, also increased survival in preclinical
GBM models (13). Dendritic cells are a type of antigen-
presenting cell derived from a patients CD144 monocytes,
loaded with tumor antigens in vitro, and subsequently injected
back into the patient to activate T-cell and B-cell responses
(14). Peptide vaccines are comprised of synthetic amino
acid chains mimicking proteins that are over-expressed by
tumors. Current peptide vaccines under investigation target
the isocitrate dehydrogenase 1 (IDHI1), epidermal growth
factor receptor variant III (EGFRVIII), and human leukocyte
antigens (HLAs) (10). Oncolytic viruses, already FDA-approved
for metastatic melanoma, are recombinant viruses, such as
adenovirus or herpes simplex virus (HSV) that are used to infect
and destroy tumor cells. The safety, efficacy, and long-term
effects of oncolytic viruses in glioma treatment are currently
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under investigation (9). Chimeric antigen receptor (CAR)-
T cell therapy utilizes CARs that are bound to a patients
T-cells (15). The CAR-T cell therapy is FDA-approved for
hematologic malignancies (9), showing robust efficacy in
preclinical models and has demonstrated a proof of principle
in refractory human GBM (16). Despite a strong biological
premise and promise in the early phase trials, showing evidence
of biological efficacy based upon early radiographic evidence
of pseudoprogression, no immunotherapy regimen has yet
demonstrated improved survival in a randomized phase 3 trial
for GBM. These translational challenges increase the urgency to
improve individual longitudinal analysis of individual human
gliomas through improved radiographic analyses.

TREATMENT-RELATED EFFECTS

Posttreatment radiation effects (PTREs), which include
pseudoprogression and radiation necrosis, have been well
documented following chemoradiation, with a similar
phenomenon following immunotherapy (17, 18), and can
confound the assessment of treatment response both clinically
and on imaging findings. A spectrum of imaging findings and
histologic changes in the treated tumor field can be presented
with or without associated clinical symptoms. Pseudoprogression
has been defined as treatment effects immediately after or soon
after radiotherapy leading to perceived tumor progression on the
follow-up imaging and subsequent improvement without any
change in the intervention (17). Pseudoprogression is generally
used to describe early PTRE occurring within 3-6 months after
the initiation of adjuvant therapy (19), while radiation necrosis
typically occurs beyond 6 months of completing the therapy, but
can occur early, mid, or late (even after many years) after the
completion of adjuvant therapy (20). Both entities are believed
to be manifestations of radiation-induced effects, and both were
documented in postradiotherapy patients prior to the widespread
use of TMZ (21). However, the added effect of TMZ appears
to increase the incidence of pseudoprogression and radiation
necrosis (22, 23), presumably due to increased radiosensitization
by the cytotoxic agent (19, 24). Pseudoprogression has been
associated with improved overall survival in multiple studies
(25, 26), and it has been suggested that the presence of
pseudoprogression could correlate with the efficacy of therapy
(27). The presence of radiation necrosis has also been associated
with the improved rate of survival, although some studies
suggest that this association may be influenced by the timing
of radiation necrosis development and confirmation on biopsy.
One study reported improved survival when radiation necrosis
was diagnosed from biopsies obtained more than 5 months after
treatment (28). Another study suggests that radiation necrosis is
associated with improved progression-free survival as well as the
overall survival from the time of recurrence, rather than from
the initial diagnosis (29).

The pathophysiology of PTRE is not completely understood
but is suggested to be a combination of inflammation, edema,
myelin destruction, and changes in the vessel permeability
resulting in the breakdown of BBB (30). These findings may

be transient in the setting of pseudoprogression but do not
always resolve spontaneously with radiation necrosis. Pathologic
specimens of pseudoprogression changes have been described
as bland necrosis, vascular fibrinoid necrosis, reactive gliosis,
demyelination, and vascular hyalinization (31) and there is
considerable overlap with the pathologic changes seen with
radiation necrosis. The incidence of pseudoprogression has a
wide variation across studies, but a meta-analysis of 73 studies
demonstrated a pooled incidence of 36% after standard therapy
for HGG with a range of 0-64% (32). A greater incidence of
pseudoprogression has been shown in gliomas with methylated
MGMT promoter status compared to the unmethylated status
(27). The reported incidence of radiation necrosis ranges from 3
to 24% (3). Clinical symptoms can accompany the development
of PTRE and include headache, nausea, or dizziness that are
related to increased intracranial pressure. These symptoms are
typically managed with steroid therapy unless the patient is
taking immune checkpoint inhibitor therapy, in which case,
symptoms are managed with bevacizumab, as steroids counteract
the therapeutic effects of immune checkpoint inhibitors. In some
cases, additional treatments are required, including bevacizumab,
Laser Interstitial Thermal Therapy, or surgical resection (33).

Immunotherapy for gliomas and other cancers is well
documented to increase the incidence of pseudoprogression (34,
35). The mechanism is not fully elucidated but is presumably
related to the direct inflammatory response caused by the
activation of the immune system (36). Reports of histologic
changes specific to glioma are lacking, but the histology of
pseudoprogression seen in the melanoma of brain metastases
demonstrated clusters of tumor cells with surrounding reactive
astrocytosis, inflammatory cells, and microglial cells (37).
Generalized neuroradiologic changes and neurotoxicities, such
as aseptic encephalitis or meningitis, have also been documented
in the use of immunotherapy for tumors outside of the CNS
(38-40), and these changes could contribute to the posttreatment
effects of immunotherapy for HGG.

CURRENT USE OF POSTTREATMENT
IMAGING FOLLOW-UP

Contrast-enhanced MRI is considered the golden standard
for the follow-up of brain tumors, and the protocols are
largely based on the standardized brain tumor imaging protocol
(BTIP) consensus recommendations published in 2015 (2). The
minimum standard protocol includes 3D pre- and postcontrast
T1-weighted sequences, axial 2D T2-weighted sequence, axial
2D FLAIR, and axial 2D diffusion-weighted imaging (DWI).
Following surgical resection, baseline postoperative imaging
is usually acquired within 24-48h to evaluate the degree of
tumor removal, which has important prognostic implications
(41), and to provide a baseline for subsequent imaging. The
National Comprehensive Cancer Network (NCCN) guidelines
recommend an initial follow-up imaging of 2-8 weeks later
following the completion of adjuvant therapy (1). Subsequent
imaging will be spaced out every 2-4 months for 3 years and then
every 3-6 months indefinitely.
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Traditionally, response assessment was determined on the
basis of measurable enhancement using the Macdonald Criteria
(42). The 2010 Response assessment in neuro-oncology (RANO)
criteria have since superseded the Macdonald Criteria and
account for other imaging characteristics that may be present
in addition to or instead of an enhancement (43). In particular,
the RANO criteria acknowledge that gliomas may demonstrate
T2/FLAIR changes only without enhancement. Therefore, the
RANO criteria define tumor progression as “greater than or equal
to 25% increase in the sum of the products of perpendicular
diameters of enhancing lesions measurable enhancement” or
“significant progression in T2/FLAIR changes” (43). These
criteria also take into account the changes in steroids and
symptoms to help compensate for the limitations of interpreting
imaging without clinical context (44). Due to the prevalence
of pseudoprogression within the first 3 months of initiating
therapy, the RANO criteria recommend defining progression
within the first 3 months only if it is confirmed pathologically
or if the majority of enhancement is outside the radiation field.
Given the multiple emerging immunotherapy options for brain
tumors, the immunotherapy RANO (iRANO) criteria were later
published in 2015 and further expand on the recommendations
related to pseudoprogression (36). In patients with the early
imaging signs of progression, within 6 months of initiating
immunotherapy, iRANO advocates for confirmatory imaging no
sooner than 3 months after the initial radiologic progression.
Despite the development of these criteria, there are limitations
described below that limit the practical application in the routine
clinical use, due in large part to the non-specificity of contrast-
enhancement (which could represent tumor or posttreatment
effect) and histologic admixture within a single lesion.

Limitations of Conventional CE-MRI and
Challenges Due to Intratumoral

Heterogeneity

The overlapping imaging characteristics of PTRE and tumor
progression on CE-MRI are well recognized (17, 19, 36, 43). Both
tumor and PTRE can present as enlarging, enhancing masses
with the surrounding vasogenic edema on serial conventional
CE-MRI examinations. These imaging features relate to the
extravasation of contrast into the tissues secondary to vascular
leakage and BBB disruption (45). The non-enhancing edema
seen on T2/FLAIR imaging is presumably related to increased
water content from associated vascular leakage. However, this
can be further complicated by the likely admixture of non-
enhancing tumors that can infiltrate the peritumoral vasogenic
edema regions surrounding the enhancing core (46).

Aside from the difficulties in distinguishing the appearance of
tumor and PTRE on CE-MRI, histologic admixture commonly
occurs, such that tumor growth can (and arguably typically does)
occur within a background of treatment-related changes (46—
49). This admixture can occur within a single biopsy specimen,
as highlighted recently in a study by Winter et al. (50) from
a large cohort of biopsy- proven cases of pseudoprogression
and radiation necrosis. But at the same time, studies have also
shown that foci of tumor recurrence can be spatially distinct

from the regions of pure PTRE within different regions of
a single MRI-enhancing lesion, which suggests the different
spatial scales of intralesional histologic heterogeneity (51, 52).
While most studies on intralesional heterogeneity have been
within the context of the posttreatment setting following
standard chemo-radiation, intralesional heterogeneity is also well
documented following immune therapies, with admixed regions
of tumor growth co-occurring with the adjacent regions of
pseudoprogression/posttreatment changes (36, 53). Importantly,
this heterogeneity also increases the risk of surgical sampling
errors, as the histologic diagnosis from one biopsy location may
not accurately reflect the diagnosis from other regions of the same
MRI enhancing lesion (46). Further, variability in the histologic
admixture within individual biopsy specimens also opens the
door to variability in histologic criteria to define HGG vs. PTRE.
The clinical utility of quantifying relative tumor burden within
an enhancing lesion is still being investigated, as some studies
have shown that histologic tumor fraction (i.e., the proportion
of residual tumor) has important prognostic implications (54),
while others failed to show a significant correlation with the
survival (55). However, to the extent that imaging may be
relevant to interpret the therapeutic response to a presumed
recurrent tumor, the ability to reliably discriminate tumor
from treatment effects could help accelerate the therapeutic
translation and help decrease the guesswork currently inherent
to patient management.

ADVANCED IMAGING TECHNIQUES AND
PRINCIPLES

Perfusion Imaging

Perfusion MRI comprises a variety of functional imaging
techniques, supplemental to conventional MRI, that can provide
additional information related to hemodynamics and vascularity
of tissues. Perfusion techniques include dynamic susceptibility
contrast (DSC), dynamic contrast enhanced (DCE), and arterial
spin labeling (ASL) imaging. Both DCE and DSC require
exogenous GBCA while ASL uses the endogenous contrast of
magnetic labeling. Many studies have shown that perfusion
MRI techniques, in general, can provide valuable additional
information to standard MRI in the assessment of brain
tumors, particularly when assessing the post-treatment effects
of HGG.

Dynamic susceptibility contrast-based perfusion imaging is
based on the paramagnetic susceptibility effects of GBCA on
the acquired MRI signal. DSC is also termed “bolus-tracking”
MRI, as the first pass of a contrast bolus through the brain
tissue is dynamically evaluated with gradient echo (GRE) T2*-
weighted or spin echo (SE) T2-weighted images (56, 57).
The intravascular and extravascular compartments experience
differing susceptibility effects from GBCA and each contributes
to the acquired signal. The voxel-wise change in signal over time
can be mapped to a contrast concentration-time curve which can
be further analyzed to create parametric maps of relative cerebral
blood volume (rCBV) and relative cerebral blood flow (rCBF).
Additional derived parameters include peak height (PH) and the
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percentage of signal intensity recovery (PSR). PH is defined as the
maximum signal intensity loss during bolus tracking compared
to the baseline, and it has been shown to correlate with CBV
(58). PSR is based on the signal recovery relative to baseline
after the first pass of contrast bolus and is influenced by vessel
permeability, acquisition parameters, as well as cell density and
cell size (59).

Among these various advanced DSC-MRI metrics, rCBV
represents the most commonly employed and widely published
metric for distinguishing tumor recurrence from PTRE. This
is based on the biological premise that vascular volume (and
thus rCBV measurement) significantly differs between the two
entities, as HGG recurrence exhibits higher microvessel volume
compared to the PTRE (60, 61) (Figures 1-3). As such, tumor
is associated with higher rCBV compared to PTRE. Given the
quantitative nature of rCBV, and the clinical importance of
distinguishing tumor from PTRE, there has been tremendous
interest in identifying reliable rCBV thresholds to differentiate
HGG from treatment effects (57, 62-67). A recent meta-analysis
by Patel et. al. (68) has highlighted many of these studies
and reported 28 studies using DSC-MRI for evaluating gliomas
after radiation and/or chemotherapy, a pooled accuracy of
approximately 85% for mean rCBV. This body of literature,
and the clinical accessibility of the DSC-MRI technique, have
helped drive widespread clinical adoption of DSC-MRI for rCBV
measurement to aid in the differential diagnosis of tumor vs.
PTRE for HGG-response assessment. At the same time, this
meta-analysis also highlighted the wide variability in the reported
rCBYV thresholds across different studies, which ranged from 0.9
to 2.15 for mean rCBV. This variability has likely led to confusion
within the neuro-oncologic field regarding the reliability of the
predictive diagnostic threshold criteria to distinguish tumors
from PTRE. For example, one institution may recommend the
rCBYV threshold of 1.0 (above which would favor the diagnosis
of tumor, and below which would favor the diagnosis of PTRE),
while another institution may favor an rCBV threshold of 1.75.
While several important factors contribute to this variability,
addressing these issues will facilitate the development of universal
diagnostic guidelines across institutions for incorporating rCBV
thresholds in response assessment.

The first factor relates to the differences in the validation
methods that compare rCBV with the histologic classification
of tumor vs. PTRE. For example, in the first type of
validation method, some studies lack surgical biopsy specimens
and histologically confirmed diagnoses when classifying MRI
enhancing lesions as tumor vs. PTRE (69, 70). While these
studies instead rely on serial imaging, the non-specific nature
of MRI, and the fact that PTRE can exactly mimic tumor
as enlarging enhancing masses on MRI, may lead to the
misclassification of tumor vs. PTRE, which can confound the
reliability of the reported rCBV thresholds distinguishing the
two entities. Furthermore, as discussed above, the spatial and
histologic heterogeneity of tumor and PTRE can complicate the
use of CE-MRI in tracking the temporal evolution of enhancing
lesions, as the radiographic appearance of MRI enhancement
and edema may be influenced by the relative abundance of
tumor and PTRE. Meanwhile, the second type of validation

method is the use of non-localizing biopsies as a form of
histologic confirmation to classify MRI enhancing lesions as
tumor vs. PTRE (71). This generally involves the use of a
biopsy specimen from an unspecified location within the MRI
enhancing lesion to classify the entire lesion as either tumor or
PTRE, based on histologic criteria. As the location of the biopsy
(and thus the corresponding location for rCBV measurement)
is undocumented, the rCBV value of a particular lesion is
generally measured from the entire MRI enhancing volume.
This creates a spatial discrepancy between the measured rCBV
and the histologic diagnosis, which can be confounded by
intratumoral heterogeneity (as detailed in the previous heading),
which increases the risk of sampling errors in the diagnosis and
histologic misclassification (Figure 2). Also, as MRI enhancing
lesions invariably comprise a variable histologic admixture of
tumor and PTRE components, the measured rCBV across the
entire lesion is likely influenced by these admixed components.
Finally, there are also differences in the histologic criteria across
studies that are used to define tumor vs. PTRE classifications. For
instance, one study required that surgical samples contain at least
20% of tumor components to classify an MRI enhancing lesion
in the “tumor” category (64), while lower histologic thresholds
(i.e., 0-20%) were used by other studies (49, 51, 52, 61, 72).
All of these factors can not only influence the accuracy of the
reported rCBV thresholds to distinguish tumor from PTRE but
also likely contribute to the variability in the reported threshold
values themselves, as published by one institution vs. another.
The third type of validation method relates to the use of image-
localized biopsies to record the stereotactic locations of surgical
specimens that are submitted for histologic diagnosis, which
are then spatially correlated with the localization of regional
rCBV measurements from the corresponding biopsy locations.
There are several distinct advantages to this method of histologic
validation. This spatially accurate method of correlating the
localized rCBV with individual biopsy samples addresses the
confounds of histologic heterogeneity at the regional spatial
scale, which can refine the rCBV thresholds distinguishing
tumors from PTRE. Also, the use of individual biopsy specimens
as separate “observations” within a large enhancing mass can
improve the likelihood of isolating histologically “pure” PTRE
vs. “pure” tumor (49, 52, 61), which addresses the histologic
heterogeneity at the biopsy scale. Finally, the use of localized
regional rCBV measurements (on the order of less than 10
voxels per region of interest) can facilitate the identification
of rCBV thresholds that distinguish tumor vs. PTRE at the
regional level, and even at the voxel level, which allows for
the use of rCBV to differentiate and quantify the regions of
tumor vs. PTRE within the admixed lesions (46, 49, 51, 52, 61,
73). Identifying regionally-specific tumor populations and the
regions of PTRE can help overcome clinical sampling errors by
guiding surgical biopsy targets that are specific to foci of tumor
recurrence which not only aids clinical diagnostic confirmation
of tumor progression but can also help isolate adequate tumor
burden for other applications, such as molecular profiling and
investigational assays.

A second factor contributing to the variability in rCBV
thresholds across published studies relates to differences in
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FIGURE 1 | Posttreatment changes on Dynamic Susceptibility (DSC) MRI: A 58-year-old man with right frontal glioblastoma (GBM) status post resection and adjuvant
radiation with concomitant temozolomide presented 6 months after resection with left facial droop and left-sided weakness. Initial CT and Contrast-enhanced MRI
(CE-MRI) showed an increased mass effect and ill-defined enhancement around the resection cavity, indeterminant for recurrent tumor vs. posttreatment effects. (A)
Axial postcontrast T1-weighted image demonstrates a linear enhancement around the right frontal resection cavity with more ill-defined nodular enhancement along
the posteromedial margin (arrow). (B) Axial T2-weighted image shows T2 hyperintense signal and mass effect throughout the right frontal and parietal lobes. (C) DSC
Fractional tumor burden (FTB) map derived from rCBV thresholds shows low FTB around the resection cavity favoring posttreatment changes (D) Stereotactic
biopsies were performed and cross-registered retrospectively to areas of enhancement. Pathology demonstrated virtually entirely necrotic tissue with no viable tumor,
concordant with the rCBV map.

the acquisition methods for clinical DSC-MRI. The meta- (TR), echo time (TE), flip angle (FA), and contrast agent
analysis by Patel et al. (68) highlighted the broad variability =~ dosing. Variations in these pulse sequence parameters can
in pulse sequence parameters, principally the repetition time  affect the measurement of rCBV, particularly in the setting
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FIGURE 2 | Posttreatment changes on DSC-MRI: A 68-year-old woman with left frontal GBM with two prior surgical resections and adjuvant radiation, temozolomide,
and lomustine therapy undergoing routine surveillance imaging. (A) CE-MRI 2 years after initial diagnosis demonstrated increased nodular enhancement along the
resection cavity concerning recurrent tumor. (B) The DSC FTB map derived from relative cerebral blood volume (rCBV) thresholds demonstrate a small area of high
FTB centrally (arrowhead) suggesting tumor recurrence, but the majority of the surrounding tissue had low rCBV consistent with posttreatment effect. (C) Stereotactic
biopsies were performed and cross-registered with areas of enhancement, but only corresponded with low rCBV regions. Pathology showed scant atypical cells in a
background of extensive therapy-related changes, compatible with the rCBV map. No viable GBM was identified. Unfortunately, the central portion of the tumor was
not sampled and cross-registration with the DSC images at the time of biopsy may have been helpful in fully characterizing the lesion pathologically.
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FIGURE 3 | Recurrent tumor on DSC-MRI: A 27-year-old man with right temporoparietal GBM with prior surgical resection with carmustine wafer placement and
adjuvant radiation/temozolomide. Five months after surgical resection, the patient experienced clinical deterioration with signs of increased intracranial pressure with
clinical concern for tumor progression vs. pseudoprogression. His symptoms did improve with steroid therapy. (A) Axial postcontrast T1 weighted image shows a
large area of nodular and ring-like enhancement along the medial margin of the resection cavity (arrow). (B) The DSC FTB map derived from rCBV thresholds
demonstrates high FTB centrally in the area of nodular enhancement consistent with the tumor. (C) The patient underwent surgical debulking, and the stereotactic
biopsy at the site of the elevated rCBV (circular marker) was positive for 80% recurrent viable tumor.

of BBB disruption with resultant contrast extravasation, which
can result in the so-called “T1W leakage effects” that lead
to underestimates of rCBV (74). While TIW leakage effects
are exaggerated by specific pulse sequence parameters (e.g.,
higher FA, a spin-echo technique), a number of studies have
revealed techniques to minimize their influence. For instance,
the use of preload bolus injection was introduced to “pre-
saturate” TIW shortening prior to a second bolus injection
for DSC-MRI acquisition (75, 76). A full-dose preload of 0.1
mmol/kg and the incubation time of 6 min in combination
was found to optimize the differentiation of rCBVs between
true tumor progression and PTREs, when validated against
coregistered stereotactic biopsy specimens (77). The body of
literature regarding the DSC-MRI accuracy has motivated the
development and publication of consensus recommendations
for DSC-MRI acquisition (57). This stemmed from initial
efforts from the American Society of Functional Neuroradiology
(ASFNR), which released DSC protocol recommendations in
2015 prior to the BTIP consensus recommendations (78).
Building upon the ASFNR guidelines, the Jumpstarting Brain
Tumor Drug Development Coalition Imaging Standardization
Committee subsequently published the updated consensus
recommendations for the DSC MRI protocol in 2020 (57). The
consensus guidelines address the multiple protocol decisions that
must be addressed for reliable CBV measurements. In addressing
acquisition parameters, GRE sequences are recommended over
spin echo, as the T2*W effects of GRE are more sensitive to
the larger vessels present in the gliomas. The GRE DSC effect is
also proportional to GBCA concentration over a broader range

TABLE 1 | Consensus Guidelines for DSC MRI by Boxerman et al. (57).

Pulse sequence Gradient echo

Mode 2D
Pre-load + Bolus: 30° or 60° FA
Bolus only: 30° FA

3T: 30ms (25-35ms for 30° FA or
20-25ms for 60° FA)

1.6T: 45 ms (40-50 ms)
1,000-1,500 ms

>120

50 (30-50)

Dosing protocol and flip angle (FA)

Echo time

Repetition time

Total time points
Baseline time points

of vessel sizes, and GRE is less sensitive to changes in tissue-
diffusion coefficient, which leads to greater rCBV accuracy. The
recommended acquisition parameters, including the TR, TE,
and FA, derived from computational studies aimed to optimize
rCBV accuracy (79). The selected parameters were subsequently
validated in patients. These parameters are summarized in
Table 1.

A third factor contributing to variability in the published
rCBV thresholds relates to the use of postprocessing model-based
correction for rtCBV measurements. Model-based postprocessing
is required to calculate “corrected rCBV” values that account for
both TIW leakage effects and T2*W residual effects that may
persist despite optimal DSC acquisition conditions (74, 77). A
model-based correction has been shown necessary, in addition to
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the use of specific pulse sequence acquisition parameters, to fully
correct for TIW leakage effects (as well as confounding residual
T2*W* effects) (57). While there are a wide variety of model-
based correction methods, some of the commercially available
studies have shown that not all software methods can generate
reliable corrected rCBV values. At least, 16 different software
packages were used across the 28 studies of Patel et al.’s (68)
meta-analysis. Different software modeling and postprocessing
algorithms impact the accuracy and reproducibility of perfusion
imaging. For instance, Conte et al. (80) studied the intraobserver
and interobserver variability of DSC and DCE interpretation
of 20 patients with two different commercial software packages
and different postprocessing choices. Good intraobserver and
interobserver reproducibility was seen with the use of particular
software, but only “fair to moderate” agreement was seen with
different software applications (80). Hu et al. (81) evaluated
leakage correction and the rCBV calculations of 52 patients using
two different commercial software packages (IB Neuro from
Imaging Biometrics and nordicICE from NordicNeuroLab). In
12 of the patients, the parameters were also validated with
histologic benchmarks from stereotactic biopsies. The study
concluded that the IB Neuro software was more accurate in
diagnosing tumor vs. posttreatment effects. This has motivated
efforts by the quantitative imaging network (QIN) to compare
broader arrays of model-based correction methods to work
toward consensus recommendations (82-84).

Recommendations on rCBV Thresholds to
Distinguish Tumor From PTRE Following Standard
Chemo-Radiation Therapy

Based on the issues discussed above, we recommend that the
selection of a numerical rCBV threshold, to clinically distinguish
tumor from PTRE, should be based on those reported thresholds
that have been spatially validated through the use of image-
localized biopsies. Due to the regionally specific nature of
this method of validation, the rCBV thresholds are more
appropriately applied to distinguish tumor vs. PTRE at the
regional voxel level, rather than for a global single mean value
across an entire enhancing MRI lesion (49, 52). The threshold
of 1.0 normalized rCBV has been validated by Hu et al. (49)
and provides a straightforward guideline for differentiating
tumor (rCBV > 1.0) from PTRE (rCBV < 1.0). This value is
derived by “normalizing” rCBV against CBV from two regions
of interest (ROIs), placed within the normal appearing white
matter (NAWM) adjacent to the frontal horn, and also within
the corona radiata in the deep frontoparietal region, as seen in
the Supplemental On-Line Figure 1 by Hoxworth et al. (51).
An early study by Hu et al. (61) reported a lower threshold
(rCBV = 0.71) by normalizing the CBV against both the NAWM
and deep gray matter structures in the basal ganglia. As the
gray matter structures can exhibit higher microvessel density
compared to the white matter, using the gray matter to normalize
CBYV will by definition result in lower normalized rCBV values. A
separate study by Hu et al. (77) found that NAWM demonstrated
greater stability in CBV over multiple preload dose injections,
compared to the normal gray matter structures. As a result,
our recommendation is to follow the simpler approach of using

NAWM to normalize CBV and to use the rCBV threshold of
1.0. While this threshold was validated for distinguishing the
biopsy samples with any amount of tumor (i.e., greater than 0%
tumor) from biopsy samples with pure PTRE (i.e., 0% tumor),
Prah et al. (52) performed a separate image-localized biopsy
study and validated a similar rCBV threshold to distinguish
the pure tumor (i.e., 100% tumor) from pure PTRE (i.e., 0%
tumor) biopsy specimens. Of note, these rCBV thresholds are
specific to postprocessing software (49, 51, 52, 81), and the
thresholds may need to be modified if other postprocessing
software methods are used. As an alternative to the normalization
process, which requires the user-input to place NAWM ROIs, the
use of standardized rCBV (std-rCBV) values has been proposed
to help offset the potential variabilities in user-defined inputs
(85). A std-rCBV threshold to distinguish tumor from PTRE
was first validated by Prah et al. (52), employing the image-
localized biopsies. The scale of the std-rCBV reported by Prah et
al. (52) (3,575 a.u.) has since been modified to mirror the scale of
normalized rCBV values (1.0 a.u), and the threshold of 1.0 for std-
rCBV was validated subsequently by Hoxworth et al. (51) using
image-localized biopsies to reliably distinguish HGG recurrence
PTRE. As such, our recommendation of the threshold of 1.0
can be used for both normalized rCBV and standardized rCBV
measurements to distinguish the HGG recurrence from PTRE.
This can be applied to measurable enhancing lesions both within
and beyond the radiation field. Of note, these thresholds have
not yet been validated for other tumor types, such as metastases
or primary CNS lymphoma. Application of these thresholds for
non-measurable disease (defined by RANO criteria) has also
not been validated, particularly for non-enhancing T2/FLAIR
regions, and should represent an important focus for future
studies. With respect to non-measurable enhancing lesions, care
should be taken not to “over-interpret” the rCBV maps in setting
the small lesions (on the order of several millimeters), as the DSC-
MRI technique has an inherent limitation to spatial resolution
(voxel sizes in the order of several millimeters).

Use of RCBYV in the Setting of Anti-angiogenic
Therapy

Anti-angiogenic therapies like bevacizumab demonstrate a
strong effect on vessel permeability, which decreases as a result
of the blockade in VEGF pathways. Post-processing leakage
correction algorithms are particularly important in this setting,
to offset potential technical influences of rCBV measurement
that result from alterations in T1W leakage effects across
serial examinations. Anti-angiogenic therapies also likely exert
a measurable decrease in the microvessel volume, which has
been shown in preclinical models to be due in part to pericyte
contraction (86). Clinical studies utilizing dual-echo GE/SE
DSC MRI before, during, and after anti-angiogenic therapy
have shown decreased relative vessel size, particularly affecting
large-caliber microvessels (those greater than 5-10 microns in
diameter) (87). Despite these observed decreases in tumoral
rCBV following anti-angiogenic therapy, longitudinal clinical
trial data have shown that the rCBV values themselves, in
many cases, do not necessarily fall below the spatially-validated
thresholds for distinguishing tumor from PTRE (88), including
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those for standardized rCBV (51, 52) and normalized rCBV (49).
For example, if we were to consider the standardized rCBV
threshold (greater than 3,575a.u. represents tumor, less than
3,575 represents PTRE), as reported by Prah et al. (52) that
was spatially validated using image-localized biopsies, then we
observe that in Figure 5A of the study by Schmainda et al. (88),
many of the lesions with elevated rCBV above the threshold
(presumably representing tumor) on the pretreatment timepoint
(TP1), continued to retain the elevated rCBV values above the
threshold at the posttreatment time point (TP2). As such, despite
a serial decrease in rCBV following anti-angiogenic therapy, an
absolute rCBV value that remains above the threshold would still
provide value in distinguishing HGG recurrence from PTRE. In
contrast, for those lesions that demonstrated a fall in rCBV below
the threshold following anti-angiogenic therapy, the rCBV would
be non-specific for distinguishing the tumor (with diminished
microvessel volume) from PTRE.

Utility of DSC-MRI and RCBYV to Distinguish Tumor
From Pseudoprogression Following Immune
Therapies
There have been preliminary studies evaluating the potential
prognostic associations between rCBV and RANO-based
classification of tumor progression vs. pseudoprogression
in HGG following immune-based therapies (34, 89, 90).
For instance, Cuccarini et al. (89) analyzed serial rCBV
measurements following Dendritic Cell Immunotherapy and
found that the serial increase in rCBV was correlated with
the likelihood of tumor progression based on RANO criteria.
However, similar to standard chemoradiation therapy, immune-
based therapies can induce treatment-related changes that result
in variable histologic admixture between pseudoprogression and
tumor recurrence, with the possibility of a single MRI enhancing
lesion demonstrating both the components of PTRE (that resolve
over time) as well as components of tumor progression (that
increase over time) (36, 53). This presents similar confounding
limitations in RANO-based criteria as a surrogate for histologic
identity and underscores the critical importance of establishing
rCBV guidelines based on histologic validation from surgical
tissue specimens using image-localized biopsies. To date,
no published studies have validated the use of DSC-MRI
metrics, including rCBYV, to distinguish HGG recurrence from
posttreatment-related effects following immune therapies. As
such, no reliable thresholds can be recommended at this time.
However, given the increasing use of immune-based therapies
in the treatment of HGG, it is paramount to perform such
histologic validation studies as a future goal in neuro-oncologic
research. For such future studies, it would be important to adhere
to consensus recommendations for DSC-MRI acquisition (57).
A potential alternative to gadolinium-based DSC-MRI
uses ferumoxytol, an ultrasmall superparamagnetic iron oxide
nanoparticle, which has been introduced as an off-label
MRI contrast agent and does not extravasate due to its
larger particle size (91-94). This technique has been used
to distinguish pseudoprogression from tumor recurrence, and,
with delayed imaging, provides additional information about
neuro-inflammation, as it is phagocytosed by inflammatory

cells and potentially localizing cells, such as tumor-associated
macrophages (95, 96). However, it is likely to be used in
complement to gadolinium-based DSC MRI, as this contrast
agent serves as the current clinical standard for CE-MRI in
neuro-oncologic practice using the BTIP protocol. Also, there
are potential issues, such as the time needed for the clearance
of ferumoxytol, as MR image contrast may be altered by
ferumoxytol for days to months after administration and by
questions related to its safety profile (97).

Utility of PSR and PH in Distinguishing HGG
Recurrence From PTRE

Young et al. (66) evaluated a cohort of 20 patients with GBM,
9 of whom had pathologic confirmation, although not with
spatially resolved image-localized biopsies. In the absence of
pathologic specimens, they relied on imaging follow-up and
RANO criteria to classify lesions as either tumor progression
or as pseudoprogression. None of the pseudoprogression cases
were confirmed by biopsy. Their DSC-MRI protocol employed
a pulse sequence with the FA of 60 degrees, with no preload
dose administration. They found that rCBV was significantly
higher in the tumor progression group and that PSR was
significantly lower in the tumor progression compared to the
pseudoprogression group. They observed similar predictive
accuracy when comparing the use of rCBV vs. PSR. In a larger
cohort of 57 recurrent patients with GBM, Barajas et al. (72)
also evaluated the predictive performance of rCBV, PH, and
PSR derived from DSC-MRI (FA = 35 degrees, no preload
dose). They were able to confirm PTRE in a larger number
of patients (15 out of 17 cases) through validation by surgical
biopsy specimens, although these were not spatially resolved
using image-localized biopsies. They found that PH, like rCBYV,
was significantly increased in the tumor compared to the PTRE
cases. Similar to the findings of Young et al. (66), they also
found that PSR was significantly lower in tumor progression
compared to higher PSR values in the PTRE group and that
rCBV, PH, and PSR provided similar predictive performance in
distinguishing tumors from PTRE (72). Prah et al. (52) compared
PSR measurements in spatially localized biopsy specimens that
confirmed regional diagnosis of tumor vs. PTRE. They found
that rCBV outperformed PSR measurements and that PSR could
not reliably distinguish tumor from PTRE. However, this study
employed preload dose prior to PSR measurement, which has
been shown to degrade the reliability of PSR as a predictive metric
(98). As such, future studies employing image-localized biopsy
specimens to validate PSR measurements should utilize DSC-
MRI acquisitions in the absence of preload dose. An example case
of PSR measurement is provided in Figure 4.

Dynamic Contrast Enhanced Perfusion Imaging

DCE-MRI is based on the T1 relativity effects of gadolinium
in contrast to the TIl-weighted imaging before, during, and
after contrast administration. The derived signal intensity-
time curve depicts the influx of contrast agent into the local
vasculature and its extravasation into the extravascular space
(56). In brain tumors, K@ is a derived volume transfer constant
that primarily reflects capillary permeability by measuring the
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FIGURE 4 | Percentage signal recovery in PTRE and recurrent tumor: A 68-year-old woman with left frontal GBM with two prior surgical resections and adjuvant
radiation, temozolomide, and lomustine therapy undergoing routine surveillance imaging. DSC was performed due to concern for tumor recurrence (refer to Figure 2).
The FTB map shows peripheral low rCBV (blue) consistent with PTRE which was confirmed on stereotactic biopsy. The central component with higher rCBV (yellow)
was presumed to have a recurrent tumor and resected, but not confirmed with stereotactic biopsy. Correlating PSR maps and signal intensity-time curves are
provided to demonstrate a high PSR of essentially 100% for the peripheral region consistent with the PTRE and a lower PSR of 58% for the central region that was
presumed to have a recurrent tumor.

transfer rate and accumulation of contrast in the extravascular ~ combination. Anzalone et al. (103) reported findings from a
extracellular space (EES). Additional derived parameters include =~ multi-center trial comparing DCE and DSC in the setting of
Ve, a measure of the EES volume fraction, and vp, the blood  pretreatment glioma grading and reported similar performance
plasma volume fraction. Compared to DSC, fewer studies have  between the two techniques. However, the clinical translation
evaluated DCE imaging for glioma follow-up, but K™ is  of DCE has been hindered by several disadvantages, including
the most commonly reported parameter to differentiate tumor  longer acquisition time, fewer commercially available software
response from posttreatment effects (99-101). The 11 DCE  packages, and far fewer validation studies comparing DCE
studies that were included in the meta-analysis by Patel et al.  metrics in the classification of tumor vs. PTRE. Additionally,
(68) demonstrated a pooled sensitivity of 89% and specificity = DCE assessment of tumors is limited primarily due to the
of 85%. Reported K" thresholds have a wide range (0.05-  contrast-enhancing components (due to the dependency on
0.347) (99, 100), and this variability is caused by the same  BBB leakage). As such, the DCE shows limited applicability in
factors for variability discussed previously for DSC studies, assessing the non-enhancing components of tumors (compared
including different quantitative models employed in the different ~ to DSC-MRI). Finally, since DCE methods are less studied
certified software vendors. Furthermore, substantial inter-reader ~ compared to the DSC, consensus efforts for standardization
variability and lack of reproducibility have been reported with the  of acquisition/postprocessing are less developed. Future studies
use of DCE and K™ (102). employing the histologic validation of DCE metrics, to
Advantages of DCE (relative to DSC) include higher differentiate tumor from PTRE, are needed, particularly taking
signal-to-noise ratio (SNR), spatial resolution, and reduced into account the spatial heterogeneity through the use of image-
sensitivity to susceptibility artifacts (56). There are also fewer localized biopsies.
contamination effects from adjacent cortical/sulcal vessels, the
calvarium, and the paranasal sinuses, which can be helpful ~ Arterial Spin Labeling
in assessing the tumors near the cortical regions and the  ASL represents an alternative perfusion imaging method
skull base. The complementary role of DCE in the case of that does not require exogenous gadolinium contrast agent
hemosiderin deposition, which can cause artifacts on DSC, also ~ administration. Tissue perfusion is measured by magnetically
supports the potential utility of using both DCE and DSC in  labeling the protons in the arterial blood using a 180-degree
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radiofrequency inversion pulse on blood before it reaches the
brain (104). The inversion pulse results in the magnetization of
the water molecules in the blood which serve as an endogenous
tracer that will alter the magnetization characteristics of the tissue
of interest. The ASL data proportional to the cerebral blood flow
is derived by subtracting the labeled images at the ROI from the
control images prior to magnetic labeling. In evaluating brain
tumors, cerebral blood flow (CBF) or tumor blood flow (TBF)
is the most commonly reported parameter (105). In a study by
Nyberg et al. (106), the authors reported a positive correlation
between CBF from a region of interest across the entire MRI
enhancing lesions and the histologic quantification of tumor
(vs. PTRE elements) taken from a surgical resection material.
While the ASL provides an alternative perfusion technique for
patients when GBCA is contraindicated or not preferred (e.g.,
nephrogenic systemic fibrosis and pediatric populations), its
widespread use has been limited by disadvantages, such as lower
SNR, which increases the difficulty of clinical interpretation.
Also, the vast majority of patients with HGG receive GBCA
for routine CE-MRI examinations, which allows for DSC-MRI
acquisition. Overall, there have been far fewer studies (compared
to DSC-MRI) correlating ASL with the differentiation of tumor
vs. PTRE (105-108). And to date, no studies have employed
image-localized biopsies to directly compare the regional ASL
measurements with spatially resolved histopathologic validation
to address the confounds of intratumoral heterogeneity. While
the ASL measures of CBF do not suffer from contrast agent
leakage effects, they can be confounded by transit time delays
(time between the tagging and acquisition of pulses) in tumors
with highly tortuous vessels, and it is likely that CBF does not
provide additional information above and beyond DSC-MRI
measures of rCBV, particularly when appropriate acquisition and
leakage correction methods are employed. As such, it is likely that
the ASL continues to have a limited role for ASL in the routine
clinical practice in the context of HGG response assessment.

Metabolic MRI

Proton (H) MRS is a method of metabolic assessment using the
principle that different molecules resonate at slightly different
frequencies and thus obtain different signal echoes. Given the
significantly high relative ratio of water in the brain, water
suppression must be performed with inversion recovery or
chemical-shift selective techniques to provide resolution for
the detection of these metabolites. These techniques require
large volumes of interest for adequate SNR (43). Measurable
metabolites include lactate, lipids, choline, glutamate, and 2-
hydroxyglutarate. Choline (Cho), often present in cell membrane
compounds, is associated with high cell turnover and tumor
growth. Lactate can indicate tissue necrosis but is also present in
tumor microenvironments by cells undergoing aerobic glycolysis
(109). MRS has been shown to correlate with histologic findings
in the initial workup of untreated disease, including identifying
the molecular signatures of IDH mutations with increased
levels of 2-hydroxyglutarate (110) and defining the tumor
boundaries (111).

In posttreatment imaging, MRS has shown reasonable
accuracy in distinguishing pure tumor or pure necrosis but has

limited accuracy in the setting of admixed histology (112). In
a well-designed study by Rock et al. (112) employing image-
localized biopsies and co-registered MRS measurements in a
cohort of 27 recurrent HGG patients, it was found that a Cho
to Creatine (Cr) ratio of 1.79 or greater provided 7 times the
odds ratio of a biopsy sample yielding pure tumor (compared
to pure PTRE). Unfortunately, no values of the MRS ratio
could distinguish mixed specimens (containing both tumor
and PTRE) in a statistically significant way from either pure
tumor or pure PTRE. In a subsequent follow-up study from
the same group, Rock et al. (113) reported a further refined
Cho-to-Cr ratio threshold of 2.23 that could discriminate the
pure tumor from pure PTRE with an odds ratio of 13.56.
However, they again found that no MRS ratios could reliably
distinguish the admixed specimens from a pure tumor or pure
PTRE. Given that histologic heterogeneity commonly occurs
in the setting of posttreatment HGG, and the need for large
voxel volumes to maximize SNR ratio and the quality of MRS
images, the MRS technique has suffered from declining clinical
use. MRS also has the disadvantages of technically challenging
imaging acquisitions, due to the need to avoid specific anatomic
structures (i.e., ventricles, resection cavities, and scalp fat). As
such, the scan time can be long if multiple repeated attempts
for image acquisition are needed during a clinical examination.
While multi-voxel MRS techniques have shown promise in
differentiating the treatment recurrence vs. pseudoprogression,
(114) this can further reduce SNR and further degrade the
image quality, making the clinical interpretation difficult. As
such, given the requirements of voxel size, the technical
challenges of image acquisition, and the difficulty in assessing
the intratumoral heterogeneity, the use of MRS is likely to
remain secondary to techniques such as DSC-MRI. Nonetheless,
metabolic information can potentially be complementary for
specific clinical scenarios, such as the assessment of non-
enhancing tumor regions (Figure 5).

Machine Learning (ML), Deep Learning (DL), and
Advanced Processing Methods for Distinguishing the
Tumor Recurrence From PTRE

The field of radiomics has seen extensive growth in the past
decade in medical imaging and typically employs a combination
of image feature extraction (often through texture analysis)
and ML/DL based approaches to develop predictive models
for the characterization of diseases, such as glioma (46, 115).
Most published studies have focused on the characterization
of brain tumors prior to treatment, for instance, to predict
the molecular subtypes or disease extent (116, 117). While a
detailed discussion of the radiomics methods is beyond the
scope of this review, which focuses primarily on perfusion and
metabolic MRI, prior studies have applied these methods to help
distinguish the tumor from PTRE in the posttreatment setting
(118, 119). Other advanced postprocessing methods, such as the
use of delayed contrast extravasation, have also been reported to
help differentiate the lesions classified as tumor progression vs.
pseudoprogression (120). In each of these circumstances, future
studies are needed for validation, specifically with the use of
spatially resolved image-localized biopsies to help overcome the
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Cho:Cr=2.6

FIGURE 5 | Disease recurrence on DSC-MRI and MRS: A 50-year-old man with right temporal WHO grade Ill anaplastic oligodendroglioma status post three surgical
resections, radiation therapy, and chemotherapy with temozolomide, procarbazine, and lomustine was found to have signs of recurrence on surveillance CE-MRI. (A)
Axial FLAIR image superior to the resection cavity shows prominent increased FLAIR signal posteriorly (blue arrowhead) and less intense, but more rounded FLAIR
signal anteriorly (arrow). (B) Axial post-contrast T1-weighted image demonstrates heterogenous enhancement of the posterior region (blue arrowhead) with no
significant enhancement in the anterior region (arrow) (C) The DSC rCBV map shows increased perfusion of the anterior nonenhancing/FLAIR hyperintense region
(arrow) but heterogeneous areas of both increased and decreased perfusion in the enhancing posterior region (arrowhead). (D) Magnetic resonance spectroscopy
(MRS) demonstrates elevated Cho:Cr ratios in both the anterior nonenhancing (arrow, ratio = 2.3) and the posterior enhancing (solid blue arrowhead, ratio = 2.6)
regions. Normal ratios are shown on the contralateral brain (open arrowhead, Cho:Cr ratio = 0.99) for comparison, showing the normal upslope vs. the “Cho-to-Cr
flip” seen with the tumor. Both sites with elevated Cho:Cr ratio was concerning for disease progression. The heterogeneous rCBV of the posterior enhancing region
was attributed to a combination of disease recurrence and necrotic change. The patient was treated with repeat proton-beam radiation and temozolomide with
improvement in the enhancement and FLAIR signal abnormality on subsequent MRI (not shown).
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TABLE 2 | Summary of advanced MRI techniques and recommended thresholds for clinical use.

Imaging Imaging metric Tumor PTRE Premise Limitations of technique Reported thresholds from validation studies employing image-localized biopsies
technique
Threshold Sensitvity Specificity Accuracy Study Notes
Summary of advanced MRI techniques
DSC-MRI' Normalized rCBV High  Low Microvessel volume  Susceptbility from blood 0.71 91.70% 100% 95.90% Huetal (61)  Lower threshold results from
products, large cortical vessels normalizing to both NAWM
can obscure superficial regions and NAGM; tumor samples
could be admixed
1 100% 100% 100% Huetal. (49)  Normalized using only
NAWM; only GBM
specimens; tumor samples
could be admixed
1.18 82.10% 90% 86% Prah et al. (52) Pure GBM vs. pure PTRE;
normalized using only
NAWM
Standardized rCBV ~ High  Low Microvessel volume 3,575 79.40% 90% 84.70%  Prahetal. (52) Pure GBM vs. pure PTRE
Normalized cerebral  High  Low Blood flow 1.05 79.40% 80% 79.70%  Prahetal (52) Pure GBM vs. pure PTRE
blood flow
PSR Low High Leakage, contrast NA NA = not available, as validation studies employing image-localized
re-circulation biopsies have not been published
Peak height High  Low Microvessel volume NA NA = not available, as validation studies employing image-localized
biopsies have not been published
DCE-MRI  k-trans High Low Vessel leakage Longer acquisition time, fewer NA NA = not available, as validation studies employing image-localized
commercially available software biopsies have not been published
packages, limited applicability for
evaluating non-enhancing tumor
vp (plasma volume)  High  Low Microvessel volume NA NA = not available, as validation studies employing image-localized
biopsies have not been published
ASL Cerebral blood flow ~ High  Low Blood flow May suffer from noisy maps due NA
to limitations in SNR
Threshold  Odds ratio pure tumor (vs. pure PTRE) Study Notes
MRS Cho:Cr ratio High  Low High cellular Large voxel volumes required to 1.79 7 Rock et al. Pure tumor vs. pure PTRE
membrane turnover  maximize SNR, limited ability to (112)
evaluate regions of histologic
admixture between tumor and
PTRE; technical challenges in
image acquisition
2.23 13.56 Rock et al. pure tumor vs. pure PTRE

(113)
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intratumoral heterogeneity and histologic admixture which can
confound a diagnostic performance.

SUMMARY AND FUTURE DIRECTIONS

Of the advanced imaging methods discussed, the DSC-MRI
technique, specifically the measurement of rCBV, provides the
most robust and widespread clinically adopted method for
response assessment in HGG. For a summary the advanced
MRI techniques discussed in this review, please refer to Table 2.
This is due in large part to the myriad of published studies
consistently demonstrating the high accuracy of rCBV to
distinguish the tumor recurrence from PTRE, which represents
a persisting clinical challenge for routine CE-MRI. With that
said, there remains a need to develop consensus criteria for
rCBV thresholds that will guide prospective clinical diagnosis
of tumor vs. non-tumoral PTRE. There are several necessary
gaps that will need to be addressed to facilitate the development
of these diagnostic criteria. One important step has already
been addressed, which is the development and publication of
consensus recommendations on DSC-MRI acquisition methods
(57). One immediate next step will necessitate multi-institutional
clinical trials comparing rCBV measurements across clinical
sites employing the consensus of DSC-MRI protocols. There is
also a need for the development and validation of evidence-
based consensus recommendations on model-based correction
methods for the calculation of rCBV values, particularly in the
context of correcting for TIW leakage effects (and residual
T2*W effects). This will need to be driven by clinical validation
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