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Abstract

Target population Adult patients with suspected or histologically proven WHO Grade II diffuse glioma.

Question 1 In adult patients with suspected or histologically proven WHO Grade II diffuse glioma, do advanced MRI
techniques using magnetic resonance spectroscopy, perfusion weighted imaging or diffusion weighted imaging provide
superior assessment of tumor grade, margins, progression, treatment-related effects, and prognosis compared to standard
neuroimaging?

Recommendation Level II: The use of diffusion imaging and dynamic susceptibility contrast (DSC), dynamic contrast
enhancement (DCE) and arterial spin labeling (ASL) sequences are suggested to differentiate WHO Grade II diffuse glioma
from higher grade gliomas when this is not accomplished by T2 weighted and pre- and post-gadolinium contrast enhanced
T1 weighted imaging.

Level III: The use of diffusion and perfusion is suggested for obtaining information in genomics, prognosis, and post treat-
ment monitoring when this information would be of value to the clinician and is not obtained through other methods.
Level III: The use of MR Spectroscopy is suggested to differentiate WHO Grade II diffuse glioma from higher grade gliomas
when this is not accomplished by standard MRI, perfusion and diffusion techniques and when such information would be
of value to the clinician.

Question 2 In adult patients with suspected or histologically proven WHO Grade II diffuse glioma, does molecular imaging
using amino acid PET tracers provide superior assessment of tumor grade, margins, progression, treatment-related effects,
and prognosis compared to standard neuroimaging?

Recommendation Level III: If not already evident by MRI studies, the addition of amino acid PET with FET and FDOPA
as a tracer is suggested to help determine if a brain lesion is a low grade glioma or high grade glioma.

Level III: If the standard clinical prognostic parameters are unclear and novel PET tracers are available, the clinician may
consider FET to assist in determination of prognosis in an individual with grade II diffuse glioma.

Level III: Clinicians may use FDOPA PET in addition to MRI if additional information is required for detection of tumor
progression.

Keywords Grade II diffuse glioma - Perfusion - Diffusion - Amino acid - Positron emission tomography

Introduction

Goals and rationale

Sponsored by: Congress of Neurological Surgeons (CNS) and the

Section on Tumors. In 2015, the CNS published a guideline on the use of imag-
ing for diagnosis and assessment of for diffuse low grade
Endorsement: Reviewed for evidence-based integrity and endorsed gliomas [1]. These lesions generally represent infiltrative,

by the American Association of Neurological Surgeons (AANS) and

Congress of Neurological Surgeons (CNS). slow growing, intra-axial, primary brain tumors. They

typically occur in individuals in the second to fourth dec-
Extended author information available on the last page of the article ade of life. The natural history of these tumors is usually
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slower growth over time than in their higher-grade coun-
terparts, with some ultimately transforming to a higher
grade tumor [2-5].

Early and accurate diagnosis of these tumors is impor-
tant for subsequent appropriate management, and the con-
tribution of imaging to both diagnosis and prognosis is
important. These gliomas are typically identified on an
anatomic MRI study as a non-enhancing mass lesion,
hypointense on T1 weighted imaging and hyperintense on
T2 and FLAIR imaging sequences. The previously pub-
lished guidelines regarding imaging in low grade gliomas
addressed these standard MRI techniques with an eye
toward use of diffusion and perfusion weighted MRI, mag-
netic resonance spectroscopy and nuclear medicine based
techniques such as positron emission tomography and
single-photon emission computed tomography to provide
additional information [1]. As per the recommendations of
the National Academies of Medicine, formerly the Insti-
tute of Medicine, this manuscript is a response to the sug-
gested periodic updates of a given clinical guideline [6].

As part of this update, it is recognized that, since the
first publication of these guidelines in 2015, the terminol-
ogy for classification of these tumors has been updated by
the WHO in 2016 and again in 2021 [7, 8]. From review
of the search parameters noted below, one will see that
the majority of the time interval searched includes the
period when the terminology was taken from the 2016
WHO update. Thus, the publications qualifying for use
in this guideline update most often refer to WHO grade II
diffuse glioma. More recently, and after completion of the
search interval used for this guideline update, the WHO
2021 classification of brain tumors has been released. In
it, these lesions are referred to as “WHO grade 2 adult-
type diffuse glioma” and are comprised of “astrocytoma,
IDH-mutant, WHO grade 2” and “oligodendroglioma,
IDH-mutant and 1p/19qg-codeleted, WHO grade 2” [8].
This newest terminology includes a narrower population of
tumors than described in previous versions of these classi-
fication systems. Few publications from the search interval
used in this guideline update use this 2021 WHO update
terminology. Therefore, the publications discussed in the
text of this guideline update use the terminology appro-
priate for the time interval for that manuscript, that being
WHO grade II diffuse glioma. As this guideline update is
being published after the release of the WHO 2021 update,
the recommendations themselves include the updated ter-
minology. As the newest WHO terminology addresses a
narrower spectrum of tumors, the recommendations made
in this current update remain applicable. Going forward
the impact of the new WHO classification system on pub-
lications regarding diagnosis, therapy, and prognosis of
this group of tumors will unfold and be reflected in future
updates of this guideline.
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Objectives

The objective of this guideline is to update the ability of
magnetic resonance and PET/radiotracer techniques to accu-
rately diagnose and provide prognostic information about
WHO grade II diffuse glioma.

Summary of prior recommendations

The previous set of guidelines was written for adults with a
newly diagnosed lesion suspected to be or histopathologi-
cally proven to be a low-grade glioma. Recommendations
were made in answer to 3 questions and are paraphrased as
follows: The first question asked: what is the optimal imag-
ing technique to be used in the diagnosis of a suspected
low-grade glioma? A level II recommendation was made
stating that in patients with a suspected brain tumor, the
minimum MRI exam should be an anatomic exam with
both T2 weighted and pre- and post-gadolinium contrast
enhanced T1 weighted imaging. A level II recommenda-
tion was also made stating that the addition of diffusion
and perfusion weighted MR imaging could be used in the
assessment of suspected low-grade gliomas, for the purposes
of discriminating between tumor subtypes and detection of
higher-grade diagnoses. Lastly, a level III recommendation
was made to support the potential for magnetic resonance
spectroscopy (MRS) and nuclear medicine methods includ-
ing positron emission tomography and single-photon emis-
sion computed tomography imaging to offer additional diag-
nostic specificity [1].

The second question asked which imaging sequences or
parameters best predict the biological behavior or prognosis
for patients with low grade glioma? A level III recommenda-
tion stated that perfusion weighted imaging when obtained
as a part of an imaging diagnostic evaluation can play a role
in estimating prognosis [1].

A third question asked what is the optimal imaging tech-
nique to be used in the follow-up of a suspected, or biopsy
proven, low grade glioma? A level II recommendation stated
that in patients with a diagnosis of low-grade glioma, ana-
tomic imaging sequences should include T2/ FLAIR MR
sequences and T1 weighted imaging before and after the
administration of gadolinium-based contrast. A level III rec-
ommendation noted that for astrocytic tumors, baseline and
longitudinal elevations in tumor perfusion as assessed by
dynamic susceptibility contrast perfusion MRI are associ-
ated with shorter time to tumor progression but can be dif-
ficult to standardize in clinical practice [1].
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Methodology
Writing group and question establishment

The Joint Tumor Section of the AANS and CNS and CNS
Guidelines Committee have prioritized an update of the evi-
dence-based clinical guidelines for management of newly
diagnosed WHO grade II diffuse gliomas. The writers rep-
resent a multi-disciplinary panel of clinical experts encom-
passing neurosurgery and neuroradiology. The methodology
and findings of the previous guidelines were reviewed, and
additional questions were developed to incorporate recent
literature addressing the diagnosis and assessment of prog-
nosis for this group of tumors using a PICO format. The
methodology used to produce this guideline is the same as
for the prior 2015 version using the CNS Guideline Method-
ology and guidance provided by PRISMA [1, 9].

Literature search

The previous version of this guideline encompassed the
dates from the beginning of January 1990 through the end
of December 2012. In this update the PubMed and Embase
databases were searched from January 1, 2013, through Jan-
uary 31, 2020. A combined search was performed for ques-
tions 1 and 2 pertaining to WHO grade II diffuse gliomas.
The search strategies are as follow:

PubMed

(((Low grade glioma PET) OR (Low grade glioma MRI)
OR (low grade glioma MR perfusion) OR (low grade gli-
oma MR diffusion) OR (low grade glioma imaging prog-
nosis) OR (Low grade glioma diagnostic test) OR (Low
grade glioma diagnosis CT) OR (Low grade glioma diag-
nosis PET) OR (Low grade glioma diagnosis MRI)) AND
(“2013/01/01”°[PDAT]: “3000”[PDATYI))).

Embase

(‘nuclear magnetic resonance imaging’/de OR ‘magnetic
resonance imaging’:ti,ab OR nmri:ti,ab OR mri:ti,ab OR
mris:ti,ab OR ‘magnetic resonance tomography’:ti,ab OR
‘magnetization transfer imaging’:ti,ab OR ‘mr imaging’:ti,ab
OR ‘nmr imaging’:ti,ab OR ‘magnetic resonance perfu-
sion’/de OR ‘magnetic resonance perfusion’:ti,ab OR ‘mr
perfusion’:ti,ab OR ‘diagnostic imaging’/de OR ‘diagnos-
tic imaging’:ti,ab OR ‘imaging prognosis’:ti,ab OR ‘imag-
ing prognoses’:ti,ab OR ‘diagnostic neuroimaging’:ti,ab
OR ‘diffusion tensor imaging’/de OR ‘diffusion tensor
imaging’:ti,ab OR ‘mr diffusion’:ti,ab OR ‘diffusion tensor

magnetic resonance imaging’:ti,ab OR ‘diffusion tensor
mri’:ti,ab OR ‘diffusion tensor tractography’:ti,ab OR ‘mag-
netic resonance diffusion tensor imaging’:ti,ab OR (‘low
grade glioma’ AND (‘diagnostic test” OR ‘diagnostic tests’))
OR ((‘computer assisted tomography’/de OR ‘cat scan’:ti,ab
OR ‘computed tomographic scan’:ti,ab OR ‘computed
tomography’:ti,ab OR ‘computed tomography scan’:ti,ab
OR ‘computer tomography’:ti,ab OR ‘computerised axial
tomography’:ti,ab OR ‘computerised tomography’:ti,ab OR
‘computerized axial tomography’:ti,ab OR ‘computerized
tomography’:ti,ab) AND diagnos*) OR ((“positron emission
tomography’/de OR ‘positron emission tomography’:ti,ab
OR ‘pet scan;’:ti,ab OR ‘positron emission tomographic
scan’:ti,ab OR ‘positron tomography’:ti,ab OR ‘posi-
tron-emission tomography’:ti,ab) AND diagnos*)) AND
(‘astrocytoma’/de OR ‘oligodendroglioma’/exp OR ‘low
grade glioma’:ti,ab OR ‘low-grade glioma’:ti,ab OR ‘low
grade gliomas’:ti,ab OR ‘low-grade gliomas’:ti,ab OR
astrocytoma¥*:ti,ab OR oligodendroglioma*:ti,ab OR (‘gli-
oma’/exp AND (‘low grade’:ti,ab OR ‘low-grade’:ti,ab)))
NOT (‘animal’/exp NOT (‘animal’/exp AND ‘human’/exp))
NOT (‘editorial’/exp OR ‘letter’/exp OR ‘conference paper’/
exp OR ‘case report’/de OR ‘conference abstract’/it OR ‘in
vitro study’/exp) AND [english]/lim AND [1-1-2013]/sd
NOT [3-2-2020]/sd AND (‘article’/it OR “article in press’/
it OR ‘review’/it) NOT (‘juvenile’/exp NOT (‘juvenile’/exp
AND ‘adult’/exp)).

Inclusion/exclusion criteria

The 1661 citations derived from these searches were man-
ually reviewed by the team with specific inclusion and
exclusion criteria as outlined below. To be included in the
guideline, a publication had to meet the following inclusion
criteria:

e Peer-reviewed publications

e Clinical studies in adult patients with newly diagnosed
LGG (LGG terminology was used according to the new
WHO classification: WHO grade II diffused glioma)

e Clinical studies in adult patients with mixed new and
recurrent/progressive LGG were included only if we
could separate the outcomes for patients with newly
diagnosed LGG from the other patients

e FEach study reporting on at least five subjects

e Adult patients (> 18 years of age). Studies with mixed
adult and pediatric populations are included if the adult
cohorts could be isolated and analyzed separately

e Publications written in English

Three independent reviewers considered the abstract data
and accepted or set aside citations based on the information
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in the abstract. Full texts for those accepted citations were
then obtained for careful review of information. If the manu-
script still met inclusion criteria then it became eligible for
inclusion in the evidence tables for these questions. Disa-
greements about inclusion or exclusion of citations or full
text documents were resolved by consensus. When consen-
sus could not be reached, the citation in question was not
included. Citations that considered adult patients focusing
on imaging in the diagnosis, and assessment of prognosis of
LGG were considered. We allowed that manuscripts could
focus on a comparison of imaging features of LGG with high
grade glioma or other tumor types, as long as the data on the
LGG could be analyzed separately by the reader. Abstracts
that focused on a pediatric population, therapeutic stud-
ies, case reports noting imaging features of unusual tumor
types, articles focusing on brainstem gliomas or spinal cord
tumors, or those focusing on imaging and correlative histo-
pathology markers as the primary subject were not included
for review. This manual secondary review resulted in a list
of 244 references that appeared best suited to answer the two
questions, all 244 references were pulled for formal paper
review and possible inclusion in evidence tables to help
answer the questions in this section (see Fig. 1). The meth-
odology used to produce this guideline is the same as for the

prior 2015 version using the CNS Guideline Methodology
and guidance provided by PRISMA [1, 9].

Assessment for risk of bias

Following broad screening for relevance, two independ-
ent reviewers evaluated citations and full text screening of
potentially relevant papers using a priori criteria for data
extraction in a standardized manner. Our search generated
a list of abstracts, which were screened, and those articles
that addressed our identified questions underwent full inde-
pendent review by the authors. Reviewers were critical in
their assessment, specifically regarding trial design, such
as randomization between imaging methods, blindedness,
prospective character, size of study population, comparative
baseline characteristics between study groups survivorship
bias, selection bias, and appropriate statistical analyses of
reported data. Disagreements were resolved by discussion of
the points of contention between reviewers, using re-review
of the manuscript until agreement was achieved. The meth-
odology used to produce this guideline is the same as for the
prior 2015 version using the CNS Guideline Methodology
and guidance provided by PRISMA [1, 9].

Records identified through database
searching
(n=1661)

Additional records identified through

other sources
n=0

'

'

Records screened
(n=1661)

Records excluded
(n=1417)

\4

eligibility
(n=244)

Full-text articles assessed for

Full-text articles excluded,
with reasons
(n=175)

A4

(n=69)

Studies included for use in
the evidence tables

Fig. 1 PRISMA diagram
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Rating quality of evidence

Both the quality of the evidence and the eventual strength
of the recommendations generated by this evidence were
graded according to a three-tiered system for assessing
studies addressing diagnostic testing as approved by the
American Association of Neurological Surgeons (AANS)
and Congress of Neurological Surgeons (CNS) Joint Guide-
lines Review Committee on criteria (Table 1). Imaging stud-
ies that considered markers of diagnostic specificity were
reviewed using these guidelines, considering a histopatho-
logical diagnosis as a ‘‘gold standard’’. In order to have
class I evidence leading to level I recommendations regard-
ing imaging, data must be from one or more well-designed
clinical studies in a diverse population using a ‘‘gold stand-
ard’’ reference test. Well-designed clinical studies should
include a blinded evaluation appropriate for the diagnostic
applications and allow calculation of study intervention sen-
sitivity, specificity, positive and negative predictive values,
and where applicable, likelihood ratios. Class II evidence
and level II recommendations require that evidence be pro-
vided by one or more well-designed clinical studies of a
restricted population using a ‘‘gold standard’’ reference test
in a blinded evaluation appropriate for the diagnostic appli-
cations and enabling the assessment of sensitivity, speci-
ficity, positive and negative predictive values, and, where
applicable, likelihood ratios. For Class III evidence and/or a
Level III recommendation, data is provided by expert opin-
ion or studies that do not meet the criteria for the delineation
of sensitivity, specificity, positive and negative predictive
values, and, where applicable, likelihood ratios. The meth-
odology used to produce this guideline is the same as for the
prior 2015 version using the CNS Guideline Methodology
and guidance provided by PRISMA [1, 9].

Imaging studies that consider these same markers with
respect to prognosis were reviewed considering five techni-
cal criteria (Table 2). If all five of these criteria are satisfied,
the evidence is classified as Class I. If four out of five are
satisfied, the evidence is Class II, and if less than 4 are satis-
fied, it is Class III:

Table 1 Classification of evidence on diagnosis

Table 2 Classification of evidence on prognosis

Class of Evidence Definition

All 5 technical
criteria above
are satisfied

Class I Evidence

Class II Evidence Four of five
technical
criteria are
satisfied

Class III Evidence Everything else

From: https://www.cns.org/guidelines/guideline-development-metho
dology

e Was a well-defined representative sample of patients
assembled at a common (usually early) point in the
course of their disease?

e Was patient follow-up sufficiently long and complete?

e Were objective outcome criteria applied in a ‘‘blinded”’
fashion?

e If subgroups with different prognoses were identified,
was there adjustment for important prognostic factors?

e If specific prognostic factors were identified, was there
validation in an independent ‘‘test set’” group of patients?

Revision plans

In accordance with the Institute of Medicine’s standards for
developing clinical practice guidelines and criteria specified
by the National Guideline Clearinghouse, the task force will
monitor related publications following the release of this
document and will revise the entire document and/or specific
sections. In addition, the task force will confirm within five
years from the date of publication that the content reflects
current clinical practice and the available technologies for
the evaluation and treatment for patients with diffuse low
grade glioma. The methodology used to produce this guide-
line is the same as for the prior 2015 version using the CNS

Class of evidence Definition

Class I Evidence

Evidence provided by one or more well-designed clinical studies of a diverse population using a “gold standard” reference

test in a blinded evaluation appropriate for the diagnostic applications and enabling the assessment of sensitivity, specific-
ity, positive and negative predictive values, and, where applicable, likelihood ratios

Class II Evidence

Evidence provided by one or more well-designed clinical studies of a restricted population using a “gold standard” reference

test in a blinded evaluation appropriate for the diagnostic applications and enabling the assessment of sensitivity, specific-
ity, positive and negative predictive values, and, where applicable, likelihood ratios

Class III Evidence Evidence provided by expert opinion or studies that do not meet the criteria for the delineation of sensitivity, specificity,
positive and negative predictive values, and, where applicable, likelihood ratios

From: https://www.cns.org/guidelines/guideline-development-methodology
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Guideline Methodology and guidance provided by PRISMA
[1,9].

Results

Q1: In adult patients with suspected or histologically proven
WHO Grade 1l diffuse glioma, do advanced MRI techniques
using magnetic resonance spectroscopy, perfusion weighted
imaging or diffusion weighted imaging provide superior
assessment of tumor grade, margins, progression, treat-
ment-related effects, and prognosis compared to standard
neuroimaging?

Diffusion imaging
Study selection and characteristics

On full text-review, 16 articles concerning various diffusion
techniques, all providing class III evidence were eligible for
use in guideline creation as outlined in Table 3. Another 17
articles on multiparametric MR imaging studies including
diffusion imaging as one of the techniques are included in
separate table on multiparametric MR imaging (Table 6).
Three articles concerning multi-modality imaging where
MR diffusion imaging was investigated along with amino
acid PET are included in the relevant PET table (Table 7).
Thus, a total of 36 full text articles, all providing class III
evidence concerning diffusion MR were included for guide-
line creation.

Results of individual studies, discussion of study limitations
and risk of bias

Although diffusion imaging including ADC mapping is
acquired as a part of standard MRI exam for brain imaging,
its role is often limited to evaluation for areas of post-sur-
gical cytotoxic edema, effect of anti-angiogenic treatments
or assessment for incidental infarcts. Quantitative assess-
ment of diffusion MRI (ADC histogram analysis, ADC map-
ping, mean diffusivity measurements), intravoxel incoherent
motion (IVIM), high b-value diffusion imaging, diffusion
tensor imaging (DTI) and diffusion kurtosis imaging (DKI)
are considered as advanced diffusion MRI techniques for
development of these recommendations.

Diffusion Imaging For Glioma Grading: Mihailovic et al.
assessed the role of ADC, AADC and K (kurtosis) in glioma
grading and found that all three parameters could differenti-
ate between grade II and grade III gliomas with sensitivity of
78, 78, and 57% respectively, and specificity of 78, 89, and
78% respectively [10]. Another study by Balos et al., dem-
onstrated that AADC/ADC difference between grade II and
grade III gliomas reached statistical significance (p =0.023)
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[11]. Another study by Cui et al. found significant differ-
ences in grade II versus grade IV gliomas based on ADC
and nADC (normalized ADC), but not between grade II
and grade III tumors [12]. Two studies compared standard
b-value (1000 s/mm?) and high b-value (3000 s/mm?) ADC
maps for pre-surgical grading of supratentorial gliomas
[13, 14]. Han et al. found that in non-enhancing supraten-
torial gliomas, ADCy;n, ADCyax, and ADCypan Values
for the non-enhancing HGGs (grade III +1V) were lower
than those for LGGs and these differences were more pro-
nounced when using high b-value imaging [13]. In another
study with ADC measurements, there were significant dif-
ferences between grade II and grade IV tumors with standard
as well as high b-value diffusion techniques, however, no
differences were identified between grade II and grade III
gliomas [14]. Naveed et al. explored the utility of advanced
MR imaging in grading of oligodendroglial tumors to find
no statistical difference between grade II and grade III lesion
based on ADC [15]. Server et al. found that the differences
in ADC, axial diffusivity and radial diffusivity were statisti-
cally significant between grade II and III/IV tumors with
AUC of 0.98 [16]. Maximov et al. assessed the ability of
DTI, DKI and NODDI (neurite orientation dispersion and
density imaging) scalar metrics can be used to differentiate
between grade II and grade III/TV gliomas AUCs between
0.82 and 1 [17]. Bai et al. found that water molecular diffu-
sion heterogeneity index and mean kurtosis (AUC of 0.99)
offered improved differentiation than mean diffusivity and
fractional anisotropy (AUC =0.5-0.7) in the differentiation
of low-grade and high-grade gliomas [18]. In another study,
Cao et al. demonstrated no significant difference in ADC
values of tumor and peritumoral regions in low-grade and
high-grade gliomas [19].

A metanalysis of 10 studies using DKI technique with
430 patients including primary and recurrent gliomas found
AUC of 0.94 for discrimination of HGG from LGG, with
0.85 (95% CI10.74, 0.92) sensitivity and 0.92 (95% CI 0.81,
0.96) specificity with heterogeneity driven by neuropatho-
logic subtype and DKI technique [20]. Intravoxel incoher-
ent motion (IVIM) is a method for simultaneous measure-
ment of diffusion and perfusion [21, 22]. Five studies using
IVIM were included in these guidelines [23—27]. Hu et al.
assessed the relationship between IVIM derived parameters
(ADC, slow diffusion coefficient (D), fast diffusion coeffi-
cient (D¥), and fraction of fast ADC/perfusion fraction (f))
and the glioma grades. They found that ADC, D, and f were
higher in the low-grade gliomas, whereas D* tended to be
lower (all p <0.05). The AUC, sensitivity, specificity and
the cutoff value, respectively, for differentiating low- from
high-grade gliomas for ADC, D and f, and differentiating
high- from low-grade gliomas for D* were: ADC, 0.926,
100%, 82.8%, and 0.7 x 107> mm?/sec; D, 0.942, 92.3%,
86.2%, and 0.623 X 10~ mm?sec; f, 0.902, 92.3, 86.2, and
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35.3%; D*,0.798, 79.3%, 84.6%, and 0.303 x 10~ mm*/sec
[23]. Togao et al. found that ADC and D were higher and f
was lower in LGGs as compared to HGGs, while D* showed
no separation [25]. In another study, Wang et al. found that
ADC and D were higher and D* and f were lower in LGGs
as compared to HGGs. The area under the receiver operating
characteristic (ROC) curve (AUC) was 0.937, 0.898, 0.770,
and 0.838, respectively for ADC, D, D* and f [24].

Several additional multiparametric studies combine dif-
fusion imaging with other advanced imaging techniques.
Caulo et al. found that a cut off of >2.61 for restricted dif-
fusivity was able to distinguish between low and high grade
gliomas with an AUC of 0.88 [28]. Tietze et al. found poor to
fair correlation between presurgical MRI with perfusion and
diffusion imaging, and MET-PET scans in 13 patients with
gliomas where MET-PET was considered a surrogate for
tumor heterogeneity and invasion [29]. Perez et al. assessed
the performance of perfusion and diffusion imaging in dif-
ferentiating between high-grade and low-grade gliomas to
find that all perfusion parameters and minimum ADC were
able to differentiate between all glioma grades [30]. Lin et al.
found that IDH-mutant and 1p/19q co-deleted oligodendro-
gliomas can be stratified by grades using advanced mag-
netic resonance imaging techniques including DWI and DSC
perfusion imaging [31]. In a study of 49 newly diagnosed
gliomas, Sakata et al. found that minimum ADC, tumor to
normal 18-F FDG uptake and mean amide proton transfer
were able to differentiate between grade II and grade III/IV
tumors with AUC of 0.78, 0.84 and 0.72, respectively [32].
In another multiparametric approach, Durmo et al. found
that normalized ADC, normalized CBF and normalized
CBV were able to differentiate between low and high-grade
gliomas, moreover when all the parameters were combined,
the sensitivity and specificity reached 100% [33]. Liu et al.
compared the performance of 3D pseudocontinuous ASL
with DWI for differentiating low-grade from high-grade dif-
fuse gliomas and found that the ADCmean (AUC 0.81) and
ADC min (AUC 0.85) outperformed CBFmax, rCBFmean
and rCBFmax (AUCs of 0.70-0.74) [34]. Yoon et al. used a
multiparametric approach with ADC, rCBYV, and MRS and
found that using a cut-off value of 0.85, only ADC was able
to separate low and high grade gliomas with an AUC of
0.76 [35].

In a study with 32 patients, Fudaba et al. found that
when minimum ADC and choline/creatine ratios were used
together, low grade gliomas could be differentiated from
high grade gliomas with sensitivity and specificity of 87
and 88.9%, respectively [36]. Jeong et al. utilized isotropic
diffusion spectrum imaging (IDSI) and compared it with
AMT-PET uptake regions and glioma proliferative index.
They found that IDSI-derived cellularity showed significant
correlation with glioma proliferative index (based on ki-67
labeling) with R=0.95 and p <0.001 [37].

Diffusion Imaging for Genomics and Prognostication:
In a study with 35 grade II gliomas, Cui et al. found that
a threshold mean ADC value of 1565 x 10°° mm? /s could
predict the 1p/19q chromosomal status with 72% sensitiv-
ity and 88% specificity (AUC 0.82, 95% confidence inter-
val 0.68-0.97) and could distinguish low-grade glioma
with low-risk factors from the high-risk group (p <0.01).
The mean ADC value could be used as a non-invasive tool
to evaluate the prognosis with lower ADC values indica-
tive of a favorable prognosis in LGGs [11]. In another
study with 100 grade II gliomas, IDH wild-type tumors
were associated with a lower ADC. ADC_; threshold of
0.9 x 107> mm?%/s or less provided the greatest sensitiv-
ity and specificity (91 and 76%, respectively) in defining
IDH wild-type grade II diffuse gliomas. Combining low
ADC,_;, with IDH wild-type status conferred worse out-
comes than did IDH wild-type status alone [38]. On the
other hand a study with 31 LGGs by Leu et al. did not
find any significant difference between IDH-WT, IDH-
Mutant/1p19q* and IDH-mutant/1p19q~ gliomas using
ADC or rCBVleu [39].

Diffusion Imaging for Post-treatment monitoring: Neill
et al. performed diffusion imaging in 122 patients with
baseline diagnosis of grade II gliomas, who presented
with recurrence (41% Grade 11, 43% Grade III and 15%
Grade IV). The relationship between various nADC and
nFA, and progression-free survival (PFS) till subsequent
re-recurrence was tested after adjusting for age, EOR and
subsequent treatment and found to be significant. nADC
values were lower and nFA values were higher in patients
with poorer PFS [40]. Lotumolo et al. assessed for lower
ADC values within the tumors as compared to prior MRI
scans. They found that DWI imaging had accuracy of
87.5% for differentiation between disease progression and
response with RANO criteria as gold standard [41]. In a
smaller study with 12 patients, Rossi-Espagnet et al. evalu-
ated the ability of ADC, rCBV and 18F-FDOPA PET to
predict stable or progressive disease at 1-year follow-up
and found only 18F-FDOPA to be useful [42]. In another
retrospective study of 28 LGGs, the interval change of
ADC values between sequential scans was used to differ-
entiate stable disease from progression. The authors found
that the interval change of ADC,, values can be used to
identify progression versus stability of low-grade glio-
mas with a diagnostic accuracy of 86% and on an average
8 months before apparent radiologic progression on con-
ventional MR imaging [43]. In another study of 21 LGGs,
Castellano et al. demonstrated the utility of DTI in early
detection of mid-therapy response, well before changes
were seen on conventional imaging. Early changes in DTI
correlated well with symptomatic seizure control as well
as with final tumor volume change [44].
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Synthesis

Since our prior recommendations were published, there
has been a significant amount of work published on role of
diffusion imaging in the assessment of low-grade gliomas,
however all the papers have produced class III evidence.
The ability to differentiate between LGG and HGG is con-
firmed by 28 articles. As such, there is no rationale to alter
the previous level II recommendation that the addition of
diffusion weighted MR imaging could be used in the assess-
ment of suspected low-grade gliomas, for the purposes of
discriminating between tumor subtypes and detection of
higher-grade diagnoses. Also, diffusion imaging is consid-
ered part of standard MR imaging and falls under the Level
II recommendations of MRI which remain unaltered.

The evidence supporting the role of diffusion imaging in
genomics, prognosis and post-treatment monitoring is not as
robust as for grading, again with all evidence falling in the
class III category. Given the class III evidence, a level III
recommendation for diffusion imaging for identifying tumor
genomics, prognosis and post treatment monitoring in WHO
Grade II diffuse glioma is warranted.

Perfusion imaging
Study selection and characteristics

On full text-review, 14 articles concerning various perfusion
techniques, all providing class III evidence were eligible for
use in guideline creation as outlined in Table 4. Another 18
articles on multi-parametric MR imaging studies including
perfusion imaging as one of the techniques are included in
separate table on multi-parametric MR imaging (Table 6).
Three articles concerning multi-modality imaging where
MR perfusion imaging was investigated along with amino
acid PET are included in Table 7. Thus, a total of 31 full text
articles, all providing class III evidence concerning perfu-
sion MR were included for guideline creation.

Results of individual studies, discussion of study limitations
and risk of bias

Grading: Out of the 31 full text articles, 28 articles informed
our recommendations on grading with 4 out of these 28 pro-
viding additional data on IDH1 mutation assessment. There
are 2 articles on survival/prognosis and 3 articles on post
treatment follow-up. The three key perfusion techniques
that have been used in these articles include dynamic sus-
ceptibility contrast (DSC), dynamic contrast enhancement
(DCE) and arterial spin labeling (ASL). In a DSC perfusion
study, Kim et al. looked at cumulative histogram analysis of
normalized CBV and found that 99 percentile CBV values
were able to differentiate between LGGs and HGGs [45].

@ Springer

In another study using DSC perfusion imaging, Kang et al.
found that rCBV and vessel size imaging values (VSImean)
had 85 and 100% accuracy, respectively in differentiating
low and high grade gliomas [46]. In a study directly com-
paring DSC and DCE techniques, Nguyen et al. found that
selected parameters from both were useful in differentiating
between grade II and grade III gliomas and there was no dif-
ference between diagnostic accuracy of the two techniques
[47]. A similar study by Falk et al. using histogram analysis
found that Ktrans skewness (DCE) and rCBF standard devia-
tion were superior in differentiating between grade II and
IIT gliomas with AUC of 0.76 and 0.80, respectively [48].
In a study of 27 grade II and 38 grade III oligodendroglio-
mas by Jia et al., cut-off values of the Ktrans (0.037 min~")
and Ve (0.079) could be used to distinguish between the
two groups (Ktrans: Sensitivity 97.4% Specificity 96.3%
and AUC=0.99; Ve: Sensitivity 94.7% Specificity 100%
and AUC =0.99)[48]. In similar studies using DCE by Jung
et al. and Li et al., several parameters were useful in dif-
ferentiating between low and high grade gliomas [49, 50].
A study by Brendle et al. found that Ktrans, CBF and Ve
(from DCE) were able to differentiate between grade I from
grade III 41V gliomas, but CBF derived from ASL was not
useful. Zeng et al. evaluated the role of 3D ASL in grading
and found significant differences in ASL parameters between
LGGs and HGGs with AUCs of 0.82 and 0.86 for maximum
CBF and maximum relative CBF, respectively [51]. Similar
studies by Komatsu et al. and Qu et al. also demonstrated the
utility of various ASL parameters to differentiate between
low and high grade gliomas [52, 53]. In a multiparametric
study with modest sample size, when CBF, CBV and ADC
measurements from tumor and peritumoral region were
used, LGG and HGG could be discriminated with 100% sen-
sitivity and specificity [33]. Naveed et al. explored the util-
ity of advanced MR imaging in grading of oligodendroglial
tumors to find no statistical difference between grade II and
grade III lesion based on rCBV [15]. Wang et al. and Saini
et al. demonstrated the utility of rCBV in differentiating
between grade II and grade III and low and high grade glio-
mas [54, 55]. Liu et al. used histogram analysis of perme-
ability parameters derived from first-pass pharmacokinetic
modeling based on DSC perfusion imaging to differentiate
between low and high grade gliomas [34]. Sengupta et al.
developed a machine learning framework based on T1 per-
fusion MRI features that was able to differentiate between
grade II and grade gliomas with classification error of 3.7%
and AUC ranging from 0.76-0.81 [56].

Caulo et al. used a multiparametric MR approach in 118
gliomas to differentiate grade II from grade III/IV tumors
and found that rCBV in contrast-enhanced regions showed
AUC of 0.93 at a cutoff 2.59 [27]. Tietze et al. found poor
to fair correlation between presurgical MRI with perfu-
sion and diffusion imaging, and MET-PET scans in 13
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patients with gliomas where MET-PET was considered a
surrogate for tumor heterogeneity and invasion[28]. Perez
et al. assessed the performance of perfusion and diffu-
sion imaging in differentiating between high-grade and
low-grade gliomas to find that all perfusion parameters
and minimum ADC were able to differentiate between all
glioma grades[29]. Another study by Perez et al. demon-
strated that Vp,,.,,» @ DCE MRI parameter can differentiate
between grade II and grade III oligodendrogliomas with
an AUC of 0.757 [57]. Yoon et al. used a rCBV cut-off of
2.44 to differentiate between low- and high-grade gliomas
with an AUC of 0.81. In the same study, AUC for ADC,
MRS ratios and FDG-PET were lower in comparison to
rCBV[34].

Lin et al. found that IDH-mutant and 1p/19q co-deleted
oligodendrogliomas can be stratified by grades using
advanced magnetic resonance imaging techniques includ-
ing DWI, SWI and DSC perfusion imaging. The combina-
tion of SWI and DSC perfusion resulted in sensitivity and
specificity of 100 and 93%, respectively [31]. In another
multiparametric approach, Durmo et al. found that normal-
ized ADC, normalized CBF and normalized CBV were able
to differentiate between low and high-grade gliomas, moreo-
ver when all the parameters were combined, the sensitivity
and specificity reached 100% [33]. Fudaba et al. assessed
multiple pulsed ASL measurements to separate low from
high grade gliomas with sensitivity and specificity values
ranging from 0.65-0.80 to 0.66—0.77, respectively [36].

Genomics, prognostication, and post treatment monitor-
ing: There is paucity of robust literature on role of perfu-
sion imaging in additional pre-and post-treatment imaging
of LGGs. Of the 4 articles on LGG genomic assessment, Leu
et al. found negative ability of rCBV to differentiate between
IDH and 1p19q mutation categories in grade II gliomas [39].
Brendle et al. demonstrated that CBF by ASL perfusion ena-
bled discrimination of astrocytomas with and without IDH
mutation (p =0.014, sensitivity =0.75, specificity =0.88),
however, grade II, III and IV tumors were included for this
analysis [58]. Similarly, Liu et al. demonstrated the ability
of ASL to distinguish between IDH mutant and WT gliomas,
however, again in a combined cohort of grade II and grade
IIT tumors [34]. Stadlbauer et al. assessed tumor vascular-
ity with quantitative blood oxygen level-dependent imaging
and vascular architecture mapping and demonstrated clear
differentiation of glioma grades as well as IDH mutant and
WT grade II gliomas [57].

There is paucity of adequate literature on role of per-
fusion imaging in predicting outcomes in WHO Grade II
diffuse gliomas. Only two studies were identified in this cat-
egory, both studies combined all glioma grades for survival
analysis [59, 60]. There is very limited evidence on role of
perfusion in WHO Grade II diffuse glioma follow-up. In a
small sample study (n=12), Rossi-Espagnet et al. found no

@ Springer

difference between CBV parameters of patients with subse-
quent progression or stable disease [42].

Synthesis

Similar to diffusion, there is robust body of evidence pertain-
ing to the role of perfusion imaging (DCE, DSC and ASL)
in the differentiation glioma grades, however all the papers
have produced class III evidence. Out of the 28 studies on
DCE and DSC imaging, all studies but 1 were useful in dif-
ferentiating low from high grade gliomas. Out of 5 articles
on ASL, 4 were useful for grade based differentiation. As
such, there is no rationale to alter the previous level II rec-
ommendation that the addition of perfusion weighted MR
imaging could be used in the assessment of suspected low-
grade gliomas, for the purposes of discriminating between
tumor subtypes and detection of higher-grade diagnoses.

The evidence supporting the role of perfusion imaging
in genomics, prognosis and post-treatment monitoring is
not as robust as for grading, again with all evidence fall-
ing in the class III category. Given the class III evidence, a
level III recommendation is made for perfusion imaging for
identifying tumor genomics, prognosis and post treatment
monitoring in low grade gliomas is made that DSC, DCE
and ASL may be considered if this information is not avail-
able through other techniques.

TH magnetic resonance spectroscopy
Study selection and characteristics

On full text-review, 2 articles concerning only MRS tech-
niques, providing class III evidence were eligible as out-
lined in Table 5. Another 6 articles on multiparametric MR
imaging studies including MRS as one of the techniques are
included in Table 6. Two articles concerning multi-modality
imaging where MRS imaging was investigated along with
FDG PET and MET-PET are included in Table 7. Thus,
a total of 10 full text articles, all providing class III evi-
dence concerning MRS were included for guideline crea-
tion. Out of these 10 articles, 8 articles on grading and/or
initial assessment, one article on post-treatment monitoring
and a single article on progression free survival prediction
informed our recommendations in this category.

Results of individual studies, discussion of study limitations
and risk of bias

Balos et al. found in a study with 14 grade II and 8 grade
III gliomas, Choline/N-acetyl aspartate(Cho/NAA) ratio
was able to distinguish between two groups [11]. Raschke
et al. were able to achieve an accuracy of 86% using MRS
for differentiating between grade II and grade IV gliomas
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Table 5 Magnetic resonance spectroscopy: diagnosis, prognosis, monitoring

Author Description Data class Conclusions
Tong et al. [65] Study Description Class III Results
Prospective, single institution Glioma patients regardless of grade had a
Patient Population significantly different Cho/NAA ratio in
49 pathologically confirmed glioma patients and 20 tumor area on the 0 min scan than on the
normal control subjects 6 min scan (p-0.017), with no significant
Treatment Regimen difference in surrounding normal tissue areas
The ability of changes in the Cho/NAA ratio between 0 and 6 min (p=0.121). Difference
measured by dynamic 1H-MRS to differentiate of Cho/NAA ratio between 0 and 6 min was
between HGG and LGG was evaluated. ANOVA significantly higher in HGG than LGG (3.86
and post-hoc Scheffe’s tests was used to measure vs 0.81, p<0.001). No significant difference
differences in Cho/NAA in HGG and LGG. ROC in LGG and control subjects. Differences in
curves were used to determine cutoff values with Cho/NAA >1.07 had SE and SPE of 87.5 and
best SPE and SEN 80%, respectively of HGG
Author’s Conclusions
Dynamic H-MRS can be useful for differentiat-
ing HGG and LGG and provide insight into
the heterogeneity within the tumor
Comments and Conclusions
No meaningful contemporaneous or historical
control cohort was provided. Therefore, this
is class III data
Raschke et al. [63] Study Description Class I1I Results

Retrospective, single institution

Patient Population

24 tumor patients

Treatment Regimen

The use of group average single voxel MRS to
estimate normal brain and tumor proportions
within each voxel of 1H 2dMRSI from glioma
patients was assessed. An LCModel basis set was
used to represent normal brain spectra as well as
different glioma grades from single voxel spectra
and spectra of healthy controls. Simulations were
used to evaluate the performance of the LCModel
by modeling tissue heterogeneity, noise, and line
widths

LCModels and whole tissue representation can
be used to decompose 1H MRSI spectra to
identify tumor extent, infiltration, and overall
tumor grade. Infiltrative tumor proportions as
low as 20% can be identified at the typical 1H
MRS signal-to-noise found in vivo. Accuracy
of grading between grade II and IV glioma
was 86% with this method

Author’s Conclusions

LCModel and whole tissue representations can
be used to decompose 1H MRSI spectra into
proportions of normal and abnormal tissue.
This can help identify tumor extent, infiltra-
tion, and overall tumor grade. This method-
ology could potentially be applied toother
tumor types both in and outside of the brain

Comments and Conclusions

The retrospective nature of the data acquisition
provides class III data

Cho Choline, NAA N-acetyl aspartate, MRS magnetic resonance spectroscopy, HGG high-grade glioma, LGG low-grade glioma, ANOVA analy-
sis of variance, ROC receiver operating characteristics, SPE specificity, SEN sensitivity, /H 2dMRSI free-induction-decay magnetic resonance

spectroscopic imaging

[61]. Naveed et al. explored the utility of MRS in grading
of oligodendroglial tumors along with perfusion, perme-
ability and ADC to find no statistical difference between
grade IT and grade III lesion based on choline/creatine,
and choline/NAA [15]. Yoon et al. demonstrated signifi-
cant differences in Choline to Creatine and Lipid-Lactate
to Creatine ratios between low- and high-grade gliomas
with 63 and 70% accuracy, respectively. When the ratios
were used together, the accuracy improved to 81.6% [35].
Other multiparametric approaches by Caulo et al., Fudaba
et al. and Bisdas et al. demonstrate utility of MRS metabo-
lite ratios in differentiating between low and high grade

gliomas [27, 28, 36]. Tong et al. demonstrated the role of
dynamic MRS and difference in Choline to NAA ratio to
differentiate between low and high grade gliomas [62].
Bund et al. found that the nCho/Cr and nCho/NAA rations
were significantly higher in high- than in low-grade glio-
mas in a study of 53 total subjects [63]. Previous work by
Guillevin et al. provided supporting data for these studies
demonstrating that proton magnetic resonance spectros-
copy measurements of the choline/creatine ratio, reso-
nance of lactates and resonance of free lipids correlates
with Ki-6 7 immunohistochemistry in diffuse low grade
gliomas [64].
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MRI magnetic resonance imaging, SVM support vector machine, SBS sequential backward selection, DWI diffusion-weighted imaging, pCASL pseudo-continuous ASL, HGG high-grade glioma,
LGG low-grade glioma, ROC receiver operating characteristics, M-TBF contralateral mirror regions, G-TBF normal grey matter, W-TBF white matter, SEN sensitivity, SPE specificity, a dif-
fusion heterogeneity, T/p spin—lattice relaxation in the rotation frame at the presence of an external RF pulse in the transverse plane, ADC apparent diffusion coefficient, IDH isocitrate dehy-
drogenase, AUC area under the curve, FDG fluorodeoxyglucose, PET positron emission tomography, Cho choline, Cr creatinine, PPV positive predictive value, NPV negative predictive value,
Ktrans volume transfer constant, Vp plasma volume, DSC dynamic susceptibility contrast, PW perfusion weighted, CBV cerebral blood volume, pCASL pseudo-continuous arterial spin labeling,

MRS magnetic resonance spectroscopy, rPs relative permeability surface product, NAA N-acetylaspartate, T/N tumor to normal ratio, NRI net reclassification index (NRI), an index that shows
volume fraction, PS permeability surface area product, MET metastasis, KM Kaplan Meier, nCBF normalized cerebral blood flow, WHO World Health Organization, OEF oxygen extraction

fraction, OD oligodendroglioma, nCBV normalized maxim CBV, CBF cerebral blood flow, nCBFmax normalized maximum CBF, cMRI conventional MRI, aMRI advanced magnetic resonance
nFA normalized fractional anisotropy, /VIM intravoxel incoherent motion, R correlation coefficient, /CC intraclass correlation coeffecient, D* fast diffusion coefficient, D slow diffusion coef-

imaging, nADC normalized ADC, PFS progression-free survival, ROI region of interest, nLAC levels of Lactate normalized by the median level of NAA from voxels within the selected volume,
ficient, f fraction of fast ADC, Ki-67 mitotic index, PASL pulsed arterial spin labeling, DTI diffusion tensor imaging, DCE dynamic contrast enhanced

how well a new model reclassifies subjects, SWI susceptibility weighted imaging, PMRI perfusion MRI, ITSS intratumoral susceptibility signals, MTT microvessel type indicator, Ve Interstitial

Table 6 (continued)

18

For prediction of PFS after first recurrence, Neill et al.
performed MRS imaging in 122 patients with baseline
diagnosis of grade II gliomas, who presented with recur-
rence (41% Grade II, 43% Grade III and 15% Grade IV).
The authors found that after adjusting for age, EOR and
subsequent treatment, Cho/NAA and Lactate were higher
in patients with poorer PFS [40]. This data supports a pre-
viously published single cohort study showing the value of
proton spectroscopy parameters over tumor volume alone
in predicting progression of grade II gliomas during treat-
ment with temozolomide [65].

A single study evaluating the role of MRS for post treat-
ment monitoring was identified. Lotumolo et al. compared
MRS and ADC to evaluate for tumor progression in 32
LGGs treated only by radiation therapy with RANO cri-
teria used a gold standard for comparison. Standard and
advanced MRI was performed 3 months after completion
of RT and then subsequently at every 4—6 month inter-
vals. The authors found higher accuracy for ADC (87.5%)
as compared to Cho/NAA (62.5%), NAA/Cr (43.7%) and
Cho/Cr (50%) [41].

Synthesis

There were only a handful of class III articles on MR spec-
troscopy that demonstrated ability to differentiate between
low- and high-grade gliomas. No MRS studies to assess
IDH status were eligible to be included in this review. A
single study on MRS found utility in performing MRS for
post treatment monitoring. A single study identified the
utility of performing diffusion, perfusion and MRS for pre-
diction of progression free survival after first recurrence
in LGGs. Given the class III evidence, a level III recom-
mendation for role of MR spectroscopy in WHO Grade
II diffuse gliomas can be made that MR spectroscopy be
performed for grading of this information is not available
through other techniques.

None of the studies were able to give information on
delineation of margins in LGGs.

Q2: In adult patients with suspected or histologically
proven WHO Grade 1l diffuse glioma, does molecular
imaging using amino acid PET tracers provide superior
assessment of tumor grade, margins, progression, treat-
ment-related effects, and prognosis compared to standard
neuroimaging?

Study selection and characteristics

After full text review 18 studies met the inclusion criteria
for inclusion in this guideline (Table 7).
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Results of individual studies, discussion of study
limitations and risk of bias

The studies that met inclusion criteria regarding amino acid
PET imaging provide class III data regarding the use of
advanced preoperative imaging techniques based on their
retrospective nature, or prospective nature with no mean-
ingful contemporaneous, historical control or validation set.
The studies are discussed by tracer molecule.

0-(2- [18F]-fluoroethyl)-L-tyrosine (18F-FET) positron
emission tomography (PET): FET PET

A total of six qualifying manuscripts dealt with FET as a
tracer. In two, use of this compound was helpful in preopera-
tive studies to provide predictive information separating low
grade gliomas from high grade gliomas, but in neither paper
could oligodendroglioma be separated from astrocytoma.
Bette et al. noted elevated FET uptake in LGG, but there was
no correlation with IDH status, or survival [66]. Gempt et al.
found low grade gliomas had a T/N ratio (tumor/normal) just
over half that seen in HGG, 1.65 vs. 3.14, respectively, and
this was deemed as likely significant (p <0.001) [67].

In four of the six manuscripts, FET PET was used to
assess prognosis. In the manuscript by Gempt et al. study-
ing 152 patients with low grade gliomas prior to surgery, no
deaths were recorded during the follow-up period for those
with a T/N ratio < 1.6, while median survival for T/N>3
was 14.0 months (p <0.001) [67]. Jansen et al. also found
FET PET to have prognostic value noting that in patients
with FET-positive gliomas, increasing time to peak on time-
activity curves presented with significantly longer progres-
sion free survival (p <0.01), time to malignant transforma-
tion (p <0.001), and overall survival (p =0.002) [68]. Thon
et al. characterized FET-PET time activity curves into three
patterns which they termed homogeneous increasing, focal
decreasing, and homogenous decreasing [69]. Patients with
homogeneous increasing time activity curve patterns were
less likely to suffer tumor progression during the time of
the study follow-up and had a superior progression free
survival compared to those with the homogeneous decreas-
ing time activity curve pattern [69]. Conflicting with these
three conclusions were the findings of Bette et al. where FET
uptake was not correlated with survival [66]. The study to
use FET PET for detection of progression produced con-
flicting results between different authors. Bashir et al. found
that interindividual variability in FET uptake within in dif-
ferent WHO groups was high, and a reliable cut off value
could not be determined for TBRmax and mean using ROC
analysis [70]. Also trying to use FET PET to detect progres-
sion, Galldiks et al. found that in patients with histologically
proven progression, TBRmax and mean values were signifi-
cantly increased compared to baseline values (p <0.001). An

increase of 33% in TBRmax was determined as an optimal
cutoff to identify progression to higher grade gliomas (sensi-
tivity: 72%, specificity: 89%, positive predictive value: 93%,
negative predictive value: 62%) [71]. None of the qualifying
FET PET studies provided findings suggesting this tracer
contributes significantly to identification of tumor margins
assessing treatment response.

[18F]-fluoro-3'-deoxy-3'-L: -fluorothymidine (FLT) positron
emission tomography: (FLT) PET

One study looking at FLT PET qualified for inclusion in
this guideline. Belohlavek et al. scanned 41 patients with
low grade gliomas prior to radiation therapy [72]. FLT-PET
parameters predict overall survival in previously untreated
patients with SUVmean being the most significant predictor
(»=0.0001). Patients without identifiable FLT uptake had
good prognosis, while those with clearly visible FLT uptake
in the region of tumor had a significantly higher risk of death
during the observation period of this study [73].

L-methyl-[11]C-methionine-positron emission tomography:
(MET) PET

Four studies assessing MET PET met inclusion criteria for
this guideline update. In a study of MET PET by Nomura
et al., there was no difference in MET-SUV between ana-
plastic astrocytoma, diffuse astrocytoma and normal fron-
tal cortex. They did observe that MET SUV was higher in
the initial phase and had tendency to increase more in the
early phases of the time activity curve in tumors with an
oligodendroglial component [74]. In contradiction to these
Tietze et al. found that MET PET added little to the ability
to diagnose or grade low grade gliomas beyond what could
be derived from various MRI sequences [72].

Bisdas et al. found that the addition of MET PET to nCr
(Creatine in tumor voxel/Creatine in the contralateral healthy
voxel)values from MR spectroscopic data assisted in sepa-
rating low grade gliomas from high grade gliomas, where
low grade lesions were associated with lower values of MET
T/N (T/N=tumor to normal brain uptake ratio) and nCr [74].
Santoni et al. reported that 11C-MET PET was able to pro-
vide early detection of progression of low grade to anaplastic
astrocytoma with a sensitivity of 91.56% and a specificity
of 95.18% [75]. None of the studies looking at MET PET
assessed for this modality was as a method of delineating
tumor margins or response to treatment.

4-dihydroxy-6- [18F]-fluoro-phenylalanine positron
emission tomography: FDOPA PET

Upon review of the literature within the search period, five
manuscripts dealing with FDOPA met inclusion/exclusion
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criteria for use in this guideline. Three papers dealt with the
use of FDOPA for determining tumor grade prior to surgery.
In a study by Bund et al., it was found that, using SUV-
max, oligodendroglioma could be differentiated from grade
I tumors and that low grade gliomas could be differentiated
from high grade gliomas [63]. In a retrospective analysis
of 33 patients with gliomas, Nioche et al. studied FDOPA
PET/CT. There was a significant difference in the SUVmean
and max between HGG and LGG when considering all time
intervals of the time activity curve. Interestingly, it appears
that progressive low grade tumors that are remain LGG
and can be distinguished from those that are progressing
to HGG using static 18F-FDOPA PET [76]. Janvier et al.
studied 31 patients including 21 low grade gliomas with
F-FDOPA PET. They found that SUV-derived indices are
routinely available information that enables accurate dis-
crimination of low-grade and high-grade gliomas. The best-
correlated indices were SUVmean/T/N and SUVmean/T/S
with thresholds of 1.33 and 1 [77]. None of these studies
were able to show the ability to separate astrocytomas from
oligodendrogliomas.

Two qualifying publications dealt with FDOPA as a tool
for detection low grade glioma progression during therapy.
Villani et al. looked at 50 low grade gliomas with serial
FDOPA PET scans to assess the ability of this modality to
predict eventual tumor progression. The best predictive cut-
off value for maximum standardized uptake value in predict-
ing disease progression was 1.75, with a sensitivity, specific-
ity, positive predictive value, and negative predictive values
of 0.769, 0.824, 0.625, and 0.914, respectively [78]. Rossi-
Espagnet et al. looked at a small group of 12 low grade
gliomas with FDOPA PET and a series of MRI sequences.
There was a significant correlation between follow-up status
(stable vs progressed) and T/Nmax (p <0.05) derived from
FDOPA PET. At a cut-off value of 1.7, this had a sensitivity
of 83% and specificity of 100% of detecting progression.
Neither DWI, PWI or other MRI sequences were able to
accomplish this task [42].

None of the qualifying publications looked at the use of
FDOPA for definition of tumor margins, treatment response
Or Prognosis.

Alpha-[11C]-methyl-L-tryptophan positron emission
tomography: AMT PET

Jeong et al. studied a small group of patients (5§ WHO grade
IT and 5 WHO grade IV gliomas) with AMT PET and MRI
prior to surgery. The primary parameter measured with the
PET was the isotropic diffusion spectrum imaging (IDSI)
with independent component analysis (ICA) in assessing the
cellularity and grade of tumor. The MRI utilized primar-
ily FLAIR, DWI and ADC imaging for the same purposes.
IDSI-derived cellularity showed a slightly higher probability

@ Springer

to differentiate HGG from LGG compared with the DWI-
ADC (SEN: 80%, SPE: 80%) [37].

[11C]-acetate positron emission tomography

Kim et al. carried out a reasonably sized study [11C]-acetate
using PET/CT prior to surgery in 73 patients with surgically
confirmed cerebral gliomas (19 grade II, 21 grade III, and 33
grade IV). Using their primary parameter of tumor/choroid
plexus uptake ratio (TCR) they found significant differences
in TCR were seen between the three WHO grade groups
(p<0.001). TCR was prognostic for PFS (p=0.016) and
for OS (p=0.024). Thus, this technique seems to be able to
assist in making the diagnosis of low grade or high grade gli-
oma and determining prognosis in low grade gliomas [78].

Synthesis

Recent studies on amino acid PET techniques have gener-
ated enthusiasm on their potential role in glioma imaging.
In diffuse grade II gliomas, a small number of papers dem-
onstrate the ability of these tracers to separate low grade
and high grade gliomas with mixed results. These include
two class III papers with FET-PET and three class III using
FDOPA PET. Single manuscripts on AMT PET and[11C]-
acetate PET, respectively were able to provide significant
differentiation between high and WHO grade II diffuse
gliomas. The ability to grade gliomas with MET-PET was
suggested in two class III papers but contradicted in three
other class III papers. Neither FET PET, FDOPA, AMT PET
nor [11C]-acetate PET could reliably separate astrocytomas
from oligodendrogliomas. In light of this evidence, a level
III recommendation is made that if not already evident by
MRI studies and if it would be of value to the clinician to
know if a brain lesion is a low-grade glioma or high-grade
glioma before surgery, then the addition of amino acid PET
with FET or FDOPA as a tracer may be considered. The
data on AMT and [11C]-acetate is limited to single papers
and does not warrant making a recommendation. The use of
MET-PET for this purpose is not currently recommended.

Use of FET PET and MET-PET for assessing low grade
glioma progression during treatment resulted in conflicting
class III results between publications. The ability of a stand-
ardized FDOPA PET uptake cut off values to detect pro-
gression of low-grade gliomas to a higher grade lesion was
confirmed in two class III papers. In light of these data, a
level III recommendation is made that if a clinician believes
they need additional information beyond MRI for detection
of tumor progression FDOPA PET is suggested as a useful
adjunct.

Though three manuscripts provided class III data to
suggest that FET PET could be of assistance in predict-
ing low grade glioma survival and prognosis, one class III
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manuscript contradicted that ability. The single class III
studies qualifying on FLT PET and [11C]-acetate PET found
that scans with these tracers prior to surgery to be of value
in assessing prognosis. Given limited data, a level III rec-
ommendation is made which states that if standard clinical
prognostic parameters are unclear, and novel PET tracers are
available, the clinician might consider FET PET to assist in
determination of the prognosis in an individual with a WHO
Grade II diffuse glioma.

The search of the amino acid PET tracers qualifying for
inclusion in this guideline did not provide evidence that they
can assist in definition of tumor margins. Though the quali-
fying literature was searched for the use of amino acid PET
to assess treatment response, none of the six tracers identi-
fied were found to have addressed that endeavor.

Discussion

Since the previous guidelines were published, a significant
amount of new literature on role of advanced MRI tech-
niques and amino acid PET imaging in assessment of low-
grade gliomas has been published. The previous guidelines
focused on diagnosis, biological behavior/ prognosis and
imaging follow-up, while the current guidelines focus on
assessing the role of specific imaging techniques in evalu-
ation of WHO Grade II diffuse gliomas. In addition to
advances in imaging, the last 10 years have also seen evolu-
tion in WHO Grade II diffuse glioma management and fol-
low-up strategies, largely driven by the WHO classification
of primary brain tumors in 2016, and more recently, in 2021.
The current management strategies for low grade gliomas
include surgical resection followed by radiation + chemo-
therapy depending on presence of additional risk factors.
Standard clinical MR imaging is essential for diagnosis,
surgical planning, and immediate post-surgical assessment
as well as for follow-up. This guideline update provides an
overview of how advanced MRI and amino acid PET imag-
ing can provide additional information during the entire
course of therapy in a manner that can play a role in clinical
decision making.

Of all the advanced MRI techniques, the most robust
evidence available was for diffusion imaging. Diffusion
parameters such as ADC and others are indicators of tumor
hypercellularity and unsurprisingly have shown significant
promise in glioma grading to differentiate low from high
grade neoplasms. Furthermore, a small but significant body
of literature shows that diffusion imaging has value in pre-
diction of IDH mutation status, post treatment monitoring
and recurrence prediction. The perfusion data on grading
of gliomas is also robust and can be easily explained by
the ability of various perfusion parameters to identify tissue
changes related to tumor angiogenesis and hypervascularity.

Indeed, the simplest evidence supporting this phenomenon
is more frequent presence of gadolinium-based contrast
enhancement in higher grade gliomas as compared to LGGs.
Amino acid PET agents have physiological basis for char-
acterization of gliomas as these agents can detect the bur-
den of DNA replication and cellular proliferation. In theory,
lower uptake of amino acid PET agents in grade II gliomas
as compared to grade III and grade IV neoplasms should
be a universal finding, however, inconsistencies in tracer
uptake, and differences based on molecular status can make
the interpretation challenging.

Conclusions and future research

Based on this current guideline update, advanced MRI imag-
ing techniques and amino-acid PET agents can play valu-
able supportive role in management of WHO Grade 11 dif-
fuse gliomas. For future studies, effort needs to be directed
towards critical areas where advanced imaging can play a
more dominant role. Some of these areas of clinical interest
are discussed here.

Grade II gliomas with IDH-WT status are associated with
unfavorable outcomes as compared to IDH-mutant neo-
plasms. While IDH status is confirmed on tissue analysis
after surgery, having a-priori knowledge before surgery will
help surgeon pursue more aggressive resection strategies in
suspected IDH-WT lesions. The diffusion and perfusion data
on IDH status determination is limited, without clear evi-
dence to support their implementation in clinical practice.
While there is significant body of literature that demon-
strates utility of 2hydroxyglutarate MRS for IDH detection
in gliomas, these papers consider all glioma grades together
and did not qualify for use in this guideline [79].

Nearly all LGGs eventually recur at some point during
the post treatment phase which can be as short as 2 years
or as long as 2 decades. The first sign of tumor progression
is new area of enhancement or new signal abnormality on
the MRI scan. About 50% of LGGs recur as grade II, 30%
as grade III and 20% recur as grade IV gliomas. Given the
unpredictable timeline of recurrence, there is a need for an
imaging tool that can pre-date the standard MRI changes to
predict recurrence so that early changes in follow-up regi-
men and treatment plan can be made. Again, the evidence
from diffusion imaging studies is the most promising in this
regard as compared to other advanced MRI techniques. More
studies with perfusion and MRS are needed to further assess
the potential of these techniques in post-treatment monitor-
ing and recurrence prediction. Similarly, despite significant
strengths, amino acid agents need more assessment in WHO
grade II diffuse gliomas to assess their role in treatment
response assessment.

@ Springer
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