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Abstract

This doctoral thesis discusses a programme of magnetic resonance imaging (MRI)
research for predicting molecular characteristics in glioma, a malignant brain tumour,
carried out over 8 years.

In 2016, a new classification system mandated the integration of genetics into glioma
tissue diagnosis. My research is centred around identifying imaging biomarkers of group
specific tumour mutations.

Chapter 1 summarises a pan European survey to investigate conventional and advanced
glioma imaging practices in clinical application. Based on responses from 220 hospital
institutions, anatomical and diffusion-weighted imaging were judged to be essential,
subsequently formulated as consensus guidance. A second survey on advanced MRI
practices corroborated the findings.

Chapter 2 reports on research to identify anatomical MRI features associated with glioma
molecular characteristics. Candidate morphologies were shaped by testing recently
published visual criteria in a pilot study, and by a literature search. Some features,
including diffusion, showed limited reproducibility by qualitative inspection.

Chapter 3 discusses apparent diffusion coefficient (ADC) measurements to distinguish
early aggressive cancer stages from slower growing gliomas. The accuracy of ADC results
differed by tumour contrast enhancement pattern. The performance and interobserver
agreement were tested for different ADC parameters.

Chapter 4 describes research into stratifying visual features by reproducibility and
combining these with ADC values and age to achieve a prediction of glioma genetic status.
An accurate logistic regression model was established and validated in a new glioma MRI
data set.

Chapter 5 details the investigation of histogram methods, including a new software
(TexRAD), for genotyping of gliomas. No superior diagnostic yield was identified from
histogram analysis compared to regional diffusion measurements. Using TexRAD
software did not outperform logistic regression in single MRI sequence assessment.
Chapter 6 discusses ongoing research developments and relates the thesis to recently

published data on glioma imaging.
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Introduction
Definition

Glioma is the most common primary brain malignancy in adults. Gliomas originate from
neural stem and glial progenitor cells, which evolve through a hierarchy of molecular
aberrations into neoplasia (1). The prognosis differs by glioma type, but the vast majority
eventually recur irrespective of therapeutic interventions. Gliomas can spread diffusely
and quickly, particularly along white matter tracts with ability to induce synaptic
connectivity to healthy neurons (2). This makes it difficult, if not impossible, to achieve a
surgical cure. Glioblastoma represents the most frequent and rapidly fatal form of the

disease.

Epidemiology

Approximately 12,000 new brain tumours are diagnosed in the UK each year (3). For
glioblastoma, this corresponds to an incidence of approximately 6 in 100.000, slightly
greater for men (4). Despite global research efforts, the prognosis for glioblastoma shows
little improvement over time with a mean survival of 12-18 months. For other diffuse
gliomas, survival variably exceeds 5 years with the best prognosis for oligodendrogliomas
due to greater chemosensitivity (5). Brain tumours in general, including gliomas, are
overall more common towards older age but represent a leading cause of young adult (<

40 years) and childhood cancer deaths.

Histological grading

For several decades, gliomas have been classed according to light microscopy features. By
describing cell morphology, tumours were divided into presumed astrocytic or
oligodendroglial cell lineage. Additionally, gliomas were assigned a World Health
Organisation (WHO) grade from 2-4 based on cell density, microvascular proliferation
and evidence of vascular invasion. Glioblastoma lies at the most aggressive end of this
spectrum with a WHO grade 4. This system of pathology reporting remained in place for
multiple iterations of the WHO classification until 2015 (6). Imperfections of visual

grading arise from qualitative elements of inspection, giving rise to interobserver and
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Introduction

intraobserver variability (7). Furthermore, a single time point neuropathologist
assessment is not necessarily predictive of future glioma evolution. It has long been
recognised that some ‘low grade’ gliomas grow gradually whereas others progress

rapidly, an observation that has been termed ‘malignant transformation’ (8).

WHO Classification of Central Nervous System Tumors 2016

Consensus recommendations from an International Society of Neuropathology (ISN)
meeting held in Haarlem, the Netherlands culminated in a fundamentally different
strategy for brain tumour tissue diagnosis (9). For gliomas, this built on the landmark
discovery that genetic mutations determine the prognosis, in some cases more than WHO
grade (10). This became reflected in the subsequent WHO Classification of Central
Nervous System Tumors 2016 (hereforth WHO 2016), which newly mandated an
integrated glioma diagnosis based on tumour genetics and microscopy (11). Here, the
status of the isocitrate dehydrogenase (IDH) gene appeared particularly relevant to
prognosis.

WHO 2016 listed three genetic groups of diffuse glioma: The first group is defined by lack
of an IDH mutation (IDH"), which in many cases corresponds to microscopy findings of
WHO grade 4 glioblastoma. Beyond this, glioblastoma is associated with other group-
specific genetic mutations such as combined chromosome 7 gain and chromosome 10
loss, epidermal growth factor receptor (EGFR) amplification, and/or telomerase reverse
transcriptase (TERT) promoter mutations (12). IDH"tastrocytomas WHO grade 2-3 were
adopted into the same genetic group where fulfilling molecular criteria, and these are
characterised by a similarly poor prognosis (13,14).

The second group represents astrocytomas with an IDH mutation and intact short arm of
chromosome 1 and long arm of chromosome 19 (IDH™ut/1p19int) The third group are
oligodendrogliomas with a combined 1p19q codeletion (IDHmut/1p19del) By this, a genetic
basis for glioma grouping was established for the first time. In WHO 2016, the spectrum
of diffuse gliomas spans the microscopic WHO grades 2-4. Certain WHO grade 1 tumours
(e.g. pilocytic astrocytoma) became newly separated by the nomenclature ‘circumscript

glioma’ based on different genetics (15) and are not a subject of this thesis.
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Introduction

Treatment

Prior to WHO 2016, presumed low grade gliomas (LGG, inconsistently represented in the
literature as WHO grade 2 and less often as grade 2-3) were often managed with a ‘watch
and wait’ approach (16). Initial observational periods are still to some extent in practice
today (17), consisting of tumour size monitoring with resection or debulking in case of
progressive growth. Based on survival benefit (18), LGG are increasingly treated
surgically whereby the importance of resection appears to vary by genotype (19).
Radiotherapy and chemotherapy are typically reserved for gliomas, which have recurred
or show aggressive histology features.

Glioblastoma is treated by maximum safe resection, followed by radiotherapy and
Temozolomide chemotherapy (Stupp protocol (20)) with new treatment trials evolving
alongside this. Based on recent multicentre studies, the importance of (supra)maximal
glioblastoma resection has become clearer (21). Furthermore, it increasingly appears that
an earlier diagnosis of glioblastoma in the low grade stage could benefit survival through

more extensive surgery (22).

MRI before the molecular era

Due to the chronic nature of gliomas, imaging plays a key role in their long-term clinical
care. At the time of diagnosis, MRI serves to delineate tumour extent, to estimate
malignant potential and to guide considerations of surgical management. Disease extent
is typically assessed on T2-weighted (T2w) and T2-fluid attenuated inversion recovery

(FLAIR) sequences (Figure 1).

Figure 1. Axial T2w (A, B) and coronal FLAIR (C) images showing examples of diffuse
glioma.
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Introduction

Many LGG lack gadolinium contrast enhancement on T1-weighted (T1w) MRI. On the
contrary, the rapid proliferation of glioblastoma is associated with microscopic hypoxic-
ischaemic events and neovascularisation (23), which results in a network of abnormal,
friable new vessels and tissue breakdown. The typical imaging finding is of an avidly
enhancing, partially necrotic mass. On the contrary, earlier IDH"t glioma stages can

appear LGG-like and may lack contrast uptake entirely (Figure 2).

Figure 2. Post gadolinium contrast T1w (T1CE) images demonstrating IDHYt glioblastoma
WHO grade 4 (A), IDHY! astrocytoma WHO grade 3 (B) and IDH™ut/1p194el gligodendroglioma
WHO grade 2 (C).

For many years, radiologist practice was limited to characterising gliomas according to
contrast uptake. Gadolinium enhancement was considered the best MR imaging predictor
of glioma histological grade and malignancy based on older studies (24,25). However,
contrast uptake is not specific to glioblastoma and occurs in many tumours, and in other
diseases with blood-brain-barrier breakdown.

Non-contrast-enhancing IDH%t gliomas may rapidly progress with development of
malignant features of glioblastoma (26,27). It could be argued that for a non-enhancing
IDH"t astrocytoma WHO grade 2, a radiologist description as ‘low-grade’ would be
partially correct. However, the benignity inferred by this term is problematic, if no further

action follows.

Diffusion-weighted MRI

In diffusion-weighted imaging (DWI), magnetic gradients are applied to measure
naturally occurring water movement in tissues. In the brain, this is commonly performed

with a baseline gradient of b0, (sometimes b500) and b1000 s/mm? (28) to generate a
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paired set of images: the DWI (b1000) sequence and the apparent diffusion coefficient
(ADC) map. On the ADC map, the magnitude of diffusion is depicted as numerical values
in each image voxel.

The application of DWI in cancer is based on the principle that free water movement
becomes restricted in tumours compared to normal tissues (Figure 3), which are less
tightly packed with cells. However, the association between cellularity and diffusion is not
linear and varies for different neoplasms (29). Glioma research preceding WHO 2016
suggested that ADC values could be used as a biomarker of cellularity and histological
grade (30). ADC mapping has shown reproducibility across different MRI machines, and
between vendors (31). It offers quantitative information on tumours, which made it a

technique of great interest for glioma research at the time of WHO 2016.

Figure 3. Axial T1w contrast enhanced (T1CE) image (A), b1000 DWI (B) and ADC map (C)
in a patient with suspected low-grade glioma. The tumour is barely contrast enhancing but
exhibits high DWI signal with peripheral low ADC signal (partial ‘diffusion restriction’). The
tissue diagnosis was IDH*t glioblastoma (microscopy WHO grade 4).

Data availability for studies

The dataset described in this thesis evolved during the timeframe of the research. For all
but one of the studies, cases were sourced from the Department of Neuropathology,
National Hospital for Neurology and Neurosurgery, Queen Square. All gliomas received
the integrated WHO 2016 diagnosis by latest molecular testing standards (32).

In each study, the maximum eligible sample of IDH"t gliomas was studied, however the
number of cases included varies by date and methods, such that the largest IDH"t sample
is featured in Chapter 4 (n=82). The comparison cohorts of [IDHmut/1p19int g d [DHmut/1p19del

tumours were initially convenience samples (Chapter 2), followed by a partially
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randomised sample (Chapter 3). Finally, the entire institutional IDH™ cohort was
screened against predefined inclusion and exclusion criteria (Chapter 3 and 4) amounting
to the total available data (n=290, of which n=208 IDH™ut). The patient cohort in Chapter
5 (33) is derived from consecutive attendances for preoperative MRI with unconfirmed

overlap to the remaining studies.
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Chapter 1: Glioma imaging practices in Europe

1.0 Background

In response to WHO 2016, the European Society of Neuroradiologists’ Diagnostic
Committee established a brain tumour working group (ESNR-BTG). The ESNR-BTG
convened a workshop on glioma imaging practices at the 38™ ESNR Annual Meeting,
Naples. This oversubscribed (150+ attendees), inconclusive discussion highlighted a lack
of recommendations for glioma MRI in clinical application, particularly regarding
physiological methods. To further investigate peer experiences and workflows, a pan-
European peer survey was conducted under the auspices of the ESNR (34). This aimed to
define current diagnostic neuroradiology practices, infrastructure strengths and hurdles
with the application of MRI methods. Research trial guidance published by the United
States National Brain Tumor Society (NBTS), Society for Neuro-oncology (SNO) and the
European Organisation for Research and Treatment of Cancer (EORTC) (35) was taken

into consideration. A second survey on quantitative MRI (qMRI) was conducted in 2019.

1.1 Research questions

e What are the European conventional and advanced imaging practices in glioma?

e Which MRI sequences are widely available to support glioma molecular diagnosis?

1.2 Methods

The ESNR-BTG survey in 2016 asked about MRI practices in glioma using anatomical and
advanced (physiological) sequences. The gMRI survey in 2019 examined to what extent
advanced MRI sequences are integrated in clinical work generally (not specific to
oncology). The results are combined by MRI modality, as this was deemed most

illustrative of specific working habits. Both surveys were anonymous without incentives.

1.2.1 ESNR-BTG survey

The ESNR-BTG online questionnaire consisted of a Google form designed with the open
access toolbox (Google.com, Mountainview, CA, USA). The final version featured 87 items,

divided into multiple choice, single best choice and free text questions on personal
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practice, preferred techniques and clinical scenarios ((36), supplement). The survey
probed sequence use, acquisition parameters, post-processing, and radiologist reporting.
The questionnaire was tested and optimised with peer support, aiming at <10 minutes
for completion to increase returns (37). Invitations were emailed to all ESNR members
(n=1,662) and non-members linked to ESNR activities (n=6,400). The invitation was
distributed via national neuroradiological societies (Netherlands, Belgium and the UK)
and social media. To avoid duplicate response bias, participants were asked to list their
institution or declare they were the sole respondent from their centre. Results were

collated using descriptive statistics in Google Forms and Microsoft Excel.

1.2.2 qMRI survey

The European qMRI survey (38) consisted of 13 topic questions to be answered as free
text, or as a combination of multiple, dichotomous, and single-choice answers, published
in Google Forms as detailed above. Country of work and employer category (e.g. academic
hospital) were mandatory, however institution details were omitted to ensure
confidentiality. The results were screened for probable redundancies in the form of
duplicate answers. The qMRI questionnaire was disseminated in English, German, Italian,
Spanish, French, Turkish, Russian, and Portuguese (emailed to 27 European countries and

Russia, Turkey, and Israel) (38). Analyses were performed in Microsoft Excel.

1.3 Results

1.3.1 ESNR-BTG survey

The survey received 227 replies, of which 7 were excluded as duplicates. Professionals
from 220 different hospital institutions across 31 European countries completed the
glioma imaging survey. A proportion (8.2%) of questionnaires submitted from
neuroradiology practice outside Europe were included in the analysis. The demographic
and institutional results are displayed in Table 1. Figure 4 provides an overview of the

responses by country.
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Participant affiliation
Institution type Position held
University Gengral Oncology Neuroradiologist ngeral Resident Other
hospital hospital centre radiologist profession
58.7 (129) 37.9 (83) 14.6 (32) 80 (176) 9.5 (21) 5.9 (13) 4.5 (10)
Available services Physicist support
Neurosurge Radiothera MR- None General physicist Neurophysicist
gery py oncology phy phy

84.5 (186) 81.4 (179) 76.4 (168) 39.5 (87) 35.5(78) 23.6 (52)

Table 1. Responses listing institution details, professions and physics support. Results are
shown as % of answers (absolute number of answers).

Percentage (%) of responses
per country

B>
W 0-12
B 8-
M s-8
4-6
2-4
1-2
0.5-1
No responses
Not sampled

Created with mapchart.net ©

Figure 4. Institutional responses by country. Countries with no responses are shaded grey.

1.3.1.1 Anatomical MRI practices

Most respondents had frequent exposure to glioma MRI reporting (Table 2).
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Anatomical MRI

Glioma primary diagnosis Glioma follow up

<1 study* 1-5 studies >5 studies <5 studies 5-10 studies >10 studies

16.4 (36) 54.1 (119) 28.6 (63) 26.4 (58) 34.5 (76) 37.3 (82)

Table 2. Glioma MRI workload in European clinical practice. Results are shown as % of
answers (absolute number of answers). *Numbers of glioma MRI reports per week.

The results for glioma primary diagnosis using MRI demonstrated a congruent
application of most anatomical sequences (Table 3). A combination of post contrast 2D
and 3D T1w imaging (T1CE) was performed, of which fast spoiled gradient echo was the
most common (72.3 %) 3D method. Most (77.7 %) institutions used the same protocol
for glioma follow-up as for primary diagnosis. A minority of radiologists (17.2.%)
performed tumour size measurements as part of glioma follow up, for example post

resection.

Anatomical MRI sequences routinely acquired in glioma

T2w FLAIR Tiw T1CE DWI/ADC T2* or SWI

95.5 (210) 98.6 (217) 99.1 (218) 99.1 (218) 99.1 (218) 65 (143)

Table 3. Anatomical MRI practices in Europe. Results are shown as % of answers (absolute
number of answers).

1.3.1.2 Diffusion-weighted MRI (DWI)

Virtually all (99.1%) European centres routinely performed 3-directional diffusion-
weighted MRI in glioma. ADC maps were mostly (78.2%) assessed by visual comparison
with normal appearing brain, not quantitatively (Table 4). In the qMRI survey, 82% of
participants used DWI, however measurement practices were not questioned. Advanced
diffusion methods (intravoxel incoherent motion imaging (IVIM) and diffusion kurtosis
imaging (DKI)) were used by a minority (11.8%, and 3.3%). There were no reports of
advanced (beyond 3-directional DWI/ADC with standard b values) diffusion methods for

glioma characterisation by histological or molecular grading in either survey.
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Diffusion-weighted MRI

Assessment of ADC map

Visual only ROI measurement Advanced analysis

78.2 (172) 17.7 (39) 3.2 (7)

Table 4. ENSR-BTG Respondent’s practices for apparent diffusion coefficient (ADC)
assessment. Results are shown as % of answers (absolute number of answers). ROl=region
of interest.

1.3.1.3 Perfusion

Most institutions (85%) had some experience of perfusion MRI. In the majority this was
dynamic susceptibility contrast (DSC) for initial grading and/or glioma follow-up. Free
text answers reported usefulness of pMRI in grading (n=36) with no explicit reference
made to tumour genetics (Table 5). Similarly, in the gMRI survey the predominating

method was DSC (72.3% in glioma).

Perfusion MRI (pMRI)
When do you acquire pMRI?
Always in glioma Primary diagnosis only Follow up only Upon indication
49.1 (108) 10.9 (24) 3.6 (8) 21.4 (47)
Reasons for using pMRI pMRI sequence duration
qu cIinigaI B.iopsy To guide Mainly <5 mins <2 mins Don't know
diagnosis guidance therapy research
79.7 (149) 46 (86) 61.5 (115) 13.4 (25) 83.5 (71) 45 (38) 5(4)
Reasons for always acquiring pMRI in glioma
| want it to be available when | need it 43.6 (61)
| (almost) always find it useful 55.7 (78)
It impacts patient care and management 56.4 (79)
Clinicians always want it 7.9 (11)
| acquire it for logistical reasons (e.g. standardised protocols) 30 (42)
For research purposes 24.3 (34)
To maintain radiographers’ level of experience 15.7 (22)

Table 5. Clinical, logistic and personal reasons for using pMRI in glioma. ESNR-BTG results
are shown as % of answers (total number of answers).
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Many reporters (43.5%) evaluated perfusion MRI by visual inspection, e.g. of relative
cerebral blood volume (rCBV) maps (Figure 5). Substantial variability (Table 6) in the

choice of pMRI sequences, preload application, and analysis methods was evident.

Figure 5. Axial T2w and DSC perfusion imaging in two different patients with a cerebral
diffuse glioma (A, B) and brainstem glioma (C, D). Adapted from own material, also featured
in (39).

Perfusion MRI continued
Sequence choice Preload bolus
DSC DCE ASL >1 method Yes No Don’t know
82 (153) | 29.4 (55) | 12.3 (23) | 21.4 (40) 46.5 (87) 46 (86) 7.5 (14)
Preload bolus size* Total contrast given*
1/3 Y2 Full DK** Other | Single | 1+1/3 | 1+1/2 | Double | DK**
425 16.1 10.3 11.5 19.5 53.8 13 8.2 14.7 7.6 (14)
(37) (14) 9) (10) (17) (99) | (24) (15) (27)

Analysis method How do you assess glioma perfusion?
el NordiclCE | Olea | Other Qualitatively S Other
software NAWM

78.5 (146) 48(09) |4.8(09) | 7(13) 43.5 (81) 51.5 (95) 5.4 (10)

Table 6. Perfusion acquisition and post processing methods choices. ESNR-BTG results are
shown as % of answers (total number of answers). * Of a typical contrast dose. ** Don’t know.

1.3.1.4 Spectroscopy

Many (ESNR-BTG 80.4%, qMRI 54.8%) institutions reported use of MR spectroscopy
(MRS) (Figure 6). However, this application was not typically applied for glioma
characterisation. Instead, the largest group (35.2%) acquired MRS sporadically,

predominantly for distinction of tumour from non-neoplastic mimics. MRS was not
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routinely (n=21/220) performed for WHO grading. Zero participants reported using

oncometabolite spectroscopy (40).

Figure 6. An example of MRS in glioma: Axial T2w image (A), normal tissue spectrum in
contralateral brain (B) and tumour spectrum (C) characterised by increased Choline and
loss of normal neuronal metabolism (N-acetylaspartate, NAA). Adapted from own material,
also featured in (39).

1.4 Discussion

1.4.1 Questionnaire topics

The number of items assessed, particular in the ESNR-BTG glioma survey, was large
enough to capture a broad range of practices, technical and educational hurdles. However,
we omitted to ask specifically about candidate imaging biomarkers for glioma molecular
diagnosis. For example, the technical development of oncometabolite (D2-
hydroxyglutarate, 2ZHG) MRS as a biomarker of IDH-mutant glioma predates WHO 2016
by several years (41). It may have been valuable to enquire about methods in
development for genotyping and explicitly ask peer experience, where feasible within the
planned questionnaire length. At the same time, the survey almost coincided with WHO
2016, meaning minimal peer experience existed with the new system.

Alimitation of the gqMRI survey is that this was not targeted at glioma specifically, partially
because it followed the ESNR-BTG survey. This means the qMRI survey broadly confirmed
the previous results for advanced MRI, but it delivered minimal new data to support

glioma diagnosis.
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1.4.2 What if more novel modalities had been explored?

A systematic review into an imaging application ‘endogenous chemical exchange
saturation transfer (CEST) MRI’ (42) in glioma performed 3 years after the ESNR-BTG
survey indicates that asking about novel methods may not have added clinically
meaningful survey data: Of 25 studies on CEST use for untreated glioma characterisation,
the majority (n=19) reported no molecular information. Several years after WHO 2016,
the data supporting CEST MRI in glioma were limited by what could be termed
‘classification lag’ with diagnostic test accuracies based on the outdated WHO 2007
reference standard of histological grading only (6). Furthermore, these studies were
subject to a high risk of bias with most (80%) lacking data on blinding to tissue results. It
thus appears unlikely that probing experience with other novel MRI methods would have

substantially altered the survey results on clinical practices.

1.4.3 Survey format

The survey design aimed to capture essential details but remain short enough to avoid
omissions or partial entries that could be misinterpreted (43). Nevertheless, the list of 87
ESNR-BTG question items is long. The mix of multiple choice, single best choice and free
text questions on personal practice was chosen in consensus. In retrospect, several
refinements to the methods could be made: Piloting the entire survey with experts to
appraise the content details, not only time taken, could be valuable (44). Randomising the
sequence of questions would be ideal. It is unknown if the question wording reflected the
topics of interest precisely enough (45), particularly for dynamic techniques, although the
breadth of detailed answers suggests that they do. The persons responsible for question
design may have favoured MRI modalities over others (e.g. neither lead author relies on

spectroscopy), thereby adding unconscious bias to the questionnaire (46).

1.4.4 Number of responses

In both surveys, the number of participating institutions (n>200) was substantial, but the
percentage returns were low (<15%). This means a high risk of non-response bias (47),
nevertheless pursuing higher response rates may not necessarily improve the validity of

results (48). Approaching persons, who are not ESNR members would have increased our
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reach to non-specialist hospitals but likely encountered non-returns from those no longer
working in neuroradiology. The completed responses are skewed towards specialist
practice, and those with interest and experience in glioma imaging would have more
enthusiastically responded (48). Disproportionate returns were received for certain
countries, with a higher number of Spanish, Italian and German responses received. Given
the similarity of anatomical MRI practices between countries, this appears acceptable, but
it could have distorted data for rarer methods, or those with technical variability such as

dynamic perfusion (49).

1.4.5 Real life transparency

The relatively consistent application of anatomical MRI sequences and DWI/ADC
suggests that the survey results captured these sufficiently. However, for the more
challenging methods responses could have been influenced by desirability (50), as
respondents provided their institution details. Participants may have described what they
perceived as best practice rather than daily life. Because the surveys received
disproportionately greater responses from academic institutions, typical European
clinical practice likely corresponds to the less advanced end of the MRI methods

spectrum.

1.4.6 Impact

This research achieved an overview of the applications, strengths and limitations of
glioma MRI methods in Europe preceding the new WHO 2016 reference standard. With
this, it was possible to formulate international recommendations for clinical imaging. The
ESNR consensus protocol (Figure 7), technical parameters in (35)) represents a core set
of widely available MRI sequences. To mitigate between the aims of best practice and
feasibility, 3 protocol alternatives were offered with perfusion made optional
Quantitative MRI assessments were identified as an unmet need, whereby
neuroradiologists almost exclusively rely on subjective judgments. The combination of
peer survey and imaging recommendations was adopted by other ESNR working groups

thereafter (51).
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Figure 7. ESNR-BTG glioma MRI protocol for clinical practice (a), with the optional

additional of perfusion imaging. Acquisition parameters are recommended as specified in
EORTC-NBTS (35).

1.5 Conclusion

Mapping the available infrastructure near the time of the WHO 2016 publication
delivered the fundamental data for imaging studies into glioma molecular diagnosis
(Chapter 2 onwards). Widely available MRI sequences became the next focus of research
to investigate if these could support predictions of the new tissue reference standard

inclusive of genetics.
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2.1 Study background

Qualitative MRI reporting relies on subjective parameters and is variable. In 2013, a

research group at Duke University developed a set of imaging descriptors with the aim

to improve report standardisation for glioblastoma, focused on survival prediction (52).

This resulted in the publication of the VASARI (Visually AcceSAble Rembrandt Images)

feature set, which consists of a lexicon of 24 individual MRI features to describe tumour

morphology. The VASARI system was developed via a multireader method, in which at

least 3 radiologists each examined a total of n=82 glioblastoma MRIs from The Cancer

Genome Atlas (TCGA) (53). The VASARI categories are listed in Table 7 with image

examples from the original user instructions (54) shown in Figures 8-12.

VASARI feature set for glioblastoma

tumour location (f1)

definition of the non-enhancing margin (f13)

side of lesion centre (f2)

proportion of oedema (f14)

eloquent brain (f3)

haemorrhage (f16)

enhancement quality (f4)

diffusion characteristics (f17)

proportion enhancing (f5)

pial invasion (f18)

proportion nCET (f6)

ependymal extension (f19)

proportion necrosis (f7)

cortical involvement (f20)

cysts (f8)

deep white matter invasion (f21)

multifocal or multicentric (f9)

nCET crosses midline (f22)

T1/FLAIR ratio (f10)

CET crosses midline (f23)

thickness of enhancing margin (f11)

satellites (f24)

definition of the enhancing margin (f12)

Calvarial remodelling (f25)

Table 7. The VASARI feature set as listed in (54). Note that the instructions do not include

any category f15.
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f4 — Enhancement Quality

2 — Minimal/Mild 3 — Marked/Avid

Figure 8. VASARI user instructions (54) for f4: ‘The degree of contrast enhancement should
be defined as having all or portions of the tumor that demonstrate significantly higher
signal on the postcontrast T1w images compared to pre-contrast T1lw images. Mild/
minimal = when barely a discernible degree of enhancement is present relative to pre-
contrast images. Marked/avid = obvious tissue enhancement.’

f8 — Cysts

Figure 9. VASARI user instructions (54) for f8:" Cysts are well defined, rounded, often
eccentric regions of very bright T2ZW signal and low T1W signal essentially matching CSF
signal intensity, with very thin, regular, smooth, non-enhancing or regularly enhancing
walls, possibly with thin, regular, internal septations.’
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f11 — Thickness of enhancing margin

(3) Thin (< 3 mm) (4) Thick/nodular (=> 3 mm) () Solid

Figure 10. VASARI user instructions (54) for f11: ‘The scoring is not applicable if there is no
contrast enhancement. If most of the enhancing rim is thin, regular, and measures <3 mm
in thickness and has homogenous enhancement the grade is thin. If most of the rim
demonstrates nodular and/or thick enhancement, the grade is thick. If there is only solid
enhancement and no rim, the grade is solid’

f13 — Definition of the non-enhancing margin (e.g. Grade lll)

(2) Well-defined (3) Poorly-defined

Figure 11. VASARI user instructions (54) for f13: ‘If most of the outside non-enhancing
margin of the tumor is well defined and smooth (geographic), versus if the margin is ill-
defined and irregular.’
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f17 — Diffusion Characteristics

. e
S

(2) Facilitated (3) Restricted

Figure 12. VASARI user instructions (54) for f17: ‘Predominantly facilitated or restricted
diffusion in the enhancing or non-enhancing (nCET) portion of the tumour. (Based on ADC
map). [Rate CET alone when present, otherwise use nCET]. Indeterminate = unsure. Mixed =
relatively equal proportion of facilitated and restricted. No ADC maps = use no-images.
Proportion of tissue not relevant.’

The VASARI feature set has been used widely in research (55). At the time of publication
this represented a new, untested opportunity to obtain glioma data from clinical MRI in a
more structured way. A research study was initiated with the hypothesis that VASARI
criteria could assist the distinction of IDH"t from IDH™ut astrocytomas. This earliest
research was focussed on astrocytic tumours, because these were judged to represent the

molecular group of interest.

2.2 Research questions

e To investigate if VASARI features differ between IDH"t astrocytomas and other
groups.

e To test the performance of VASARI features for predicting IDH status.
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2.3 Methods

Consecutive patients (n=146) were retrospectively selected from the neuropathology
archives by Hyare et al. (56). These included 52 IDH"t astrocytomas (n=19 WHO grade 2
and n=33 WHO grade 3). Two comparison groups were established consisting of 68
[DHmut/1p19gint astrocytomas (n=53 WHO grade 2 and n=15 WHO grade 3), and 26 IDH%t
glioblastomas (WHO grade 4). Initially, two consultant neuroradiologists independently
reviewed the MR images of n=33 IDH%tand 30 IDH™ut/1p19qintysing a picture archiving and
communication (PACS) workstation. The VASARI lexicon was applied to preoperative MRI
studies with both observers working blinded to the histopathological diagnosis. After the
analysis of this subset, modifications were made to VASARI descriptors to capture MRI
features, which appeared frequent in lower grade gliomas: A category “not applicable”
was added to f5 proportion enhancing, f11 thickness of the enhancing margin and {12
definition of enhancing margin. The category “patchy” was added to f11 thickness of the
enhancing margin. This modified VASARI feature set was applied to the remaining data
by a clinical fellow. The interrater agreement was assessed in the initial (n=66) training
set by kappa statistics. Chi-Square testing was performed to test for differences between
the astrocytoma groups. A Bayesian logistic regression model

(https://arxiv.org/abs/1611.06649) was populated with 50 variables derived from

VASARI scoring in Matlab version 2016b (https://uk.mathworks.com/). The logistic

model was then applied to predict IDH status for the entire (n=146) cohort.

2.4 Results

Variable interobserver agreement was demonstrated, which was highest for f1 tumour
location (k=0.723) and presence of tumour cysts (k=0.713). The agreement was lowest
for the categorical diffusion assessment (restricted, facilitated, mixed) of ADC maps
(k=0.357). A consensus review was required for f4 enhancement quality (VASARI
categories: none, minimal/mild or marked/avid), f11 thickness of the enhancing margin
(<3mm, >3mm or solid) and {12 definition of the enhancing margin (well-defined or
poorly-defined).

Statistically significant (Chi-Square p<0.05) differences were identified between IDH"t

and IDH™t WHO grade 2-3 astrocytomas for patient age (younger in IDH™uY), insula
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location, eloquent brain location, presence of cysts, multifocality, numerical T1/FLAIR
ratio, definition of the non-enhancing margin, deep white matter invasion and presence
of satellites (k=0.4-0.75). Qualitative ADC inspection was not associated with IDH status.
The final model performed well (AUC=0.92 +/-0.07, sensitivity 83% and specificity 85%)
for the prediction of IDH status using the variables of age, tumour location in the
thalamus, involvement of speech receptive areas, deep white matter invasion of the

brainstem and T1/FLAIR signal ratio.

2.5 Discussion

2.5.1 Astrocytic cohort sample

The 52 IDH"t WHO grade 2-3 astrocytoma group represented the entire sample available
at our institution, which was expanded during the study. The IDH™ut and glioblastoma
groups were convenience samples, which could have introduced selection bias. No
[DHmut/1p19qdel gligodendrogliomas were studied. Their inclusion may have altered the
selection of variables for the best performing model because of morphological differences
compared to IDH™ut astrocytomas (57). In the Bayesian model, WHO 2-3 and WHO 4
tumours IDH"twere merged for the IDH status prediction, however their VASARI features
tend to markedly differ. Specifically, inclusion of the WHO grade 4 glioblastoma cohort
increased the number of rim-enhancing tumours in the IDH"t sample. Glioblastoma is
often easily distinguished from IDH™uttypical low-grade gliomas by inspection. This may

have resulted in overestimating the genotyping model performance.

2.5.2 Criteria suitability for purpose

The application of the VASARI criteria in gliomas has several theoretical advantages.
Definition of a fixed vocabulary may reduce variability in wording, possibly even in the
visual analysis. Structured image reporting is established in other areas of neuro-
oncology, for example as BI-RADS scoring breast cancer (58). In brain tumour clinical
assessment, templated reports have been associated with greater reproducibility of
documentation and less addenda (59,60). Referrers, more so than radiologists, may

welcome standardised reporting (61).
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Because the VASARI criteria were developed in glioblastoma, this does not equal their
suitability to characterise diffuse gliomas of all grades and genotypes. Subjectively, the
feature categories did not apply well to the visual properties of lower grade gliomas,
which is reflected in the adaptions. For example, the question about margin enhancement
appeared misplaced, as the sample of WHO grade 2-3 gliomas more often exhibited
patchy or solid enhancement. Glioblastoma descriptors such as f18 pial invasion and {19
ependymal extension are rarely applicable to IDH™ut tumours (55). Adapting feature
categories during the study risked inconsistency but did not alter the qualitative

assessments (e.g. by addition of a non-enhancement option).

2.5.3 Interobserver study

The interobserver comparison in this study was incomplete. As the initial kappa analysis
revealed limited agreement for many VASARI categories, the remainder of the assessment
was performed in consensus. Furthermore, a proportion of cases was scored by a non-
radiologist supplemented by senior consensus. This effectively amounts to a single senior
reader, where visual evaluation is susceptible to observer disagreements generally (62),
and specifically in glioblastoma (63). Although the original VASARI study (64) developed
feature categories using 3 or more readers, the total number of cases (n=82) contributing
to criteria is not large. Binarisation of subjective features (well-defined, poorly defined)
is particularly problematic and may not apply to some tumours, even with excellent
observer ‘skill’. Several of the VASARI categories aim for numerical data (%) but lack a
measurement standard, from which substantial disagreements can be expected (65). In
this research, the only VASARI categories with good agreement were location and cysts.
The concordance for location was lower compared to the original VASARI study (k=0.837,

95% C1 0.807-0.902).

2.5.4 Model clinical translatability

The Bayesian model in this study was developed and implemented by a Matlab expert
(PN), using code with partial (BayesReg software package) automation, supplemented by
Markov Chain Monte Carlo simulations (66). This provided the opportunity to compute a
large hierarchical model (estimated from 50,000 data samples) but involved high

dimensional statistics with random number generators (67), which are not easily
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accessible to clinical radiologists. Due to the complexity of the method, certain
components are analytically intractable meaning that repeated data sampling becomes a
statistical substitute to optimise model performance. The obscurity of simulation
methods can pose a risk to the quality and reliability of study results, not dissimilar to a
single reader assessment (68). The limited transparency of this powerful method could
be an important hurdle in the way of clinical implementation. Model validation was

performed in a 15% hold out sample, but no independent validation followed.

2.5.5 Impact and learning from this study

The impact of this study on my subsequent research was multiple: unexpectedly, age
emerged as a numerical variable with predictive strength for IDH genotyping. In
retrospect, the correlation of IDH"t glioblastoma and age appears implicit older
prognostic scoring systems (Pignatti score (69)). Integrating age into genotyping
predictions may be valuable irrespective of imaging biomarker(s). Interestingly, only in
very new imaging literature age is increasingly featured to improve glioma predictive
models (70).

Secondly, visual biomarkers for molecular predictive modelling based on clinical MRI may
benefit from stratification by reproducibility, if they involve radiologist interaction.
Finally, the largest available population should be studied. This should include the

IDHmut/1p19q genotype, and validation of any initial research results should be considered.

2.6 Systematic literature review of visual features

Based on the above (56), anatomical MRI features were judged to be potentially valuable
for glioma molecular characterisation. However, it remained uncertain which visual
characteristic(s) would become preferable for genotyping. To inform the methods design

of subsequent research, a systematic literature review was completed.

2.6.1 Literature research questions

e To document candidate morphologies that can be derived from clinical MRI to
predict glioma molecular status.

¢ To summarise existing data on the reliability of these features.
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2.6.2 Literature methods

A team of 4 reviewers undertook a systematic literature review (71). This research
focused on sequences that could be considered clinical standard in line with ESNR-BTG
survey results. The study was carried out according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA-DTA) criteria (72) and registered in the
PROSPERO online database of systematic reviews (CRD42019127655). The reviewers
worked in pairs with each publication assessed twice. A step system was used to
chronologically randomise abstracts and minimise bias by variable reviewer pairings.
Details of the search strategy, inclusion and exclusion criteria are listed in ((73),
supplement). All abstracts retrieved in the initial search, and all selected full-text articles
were screened independently by two reviewers. The manuscript selection process is

detailed in Figure 13.

Database search (n=623)
From PubMed (580)
From Cochrane (n=43)

Studies after duplicates removed
(n=530)

—{ Studies excluded on title/abstract review (n=428)

v

Full-text studies against
inclusion/exclusion criteria (n=102)

Studies excluded (n=58)
No interpretation of MRl sequences (n=27)
Technical study only (n=12)
> Machine learning only (n=1)
Fewer than 5 patients (n=3)
Review article (n=4)
Molecular markers other than IDH or 1p19q (n=7)

\ 4
Studies included in systematic review ( n=44)
WHO grade 2-3 (n=30)

WHO grade 4 (n=8)

WHO grade 2-4 (n=5)

WHO grade 1-4 (n=1)

Figure 13. Flow diagram of manuscript selection for the systematic review (71).
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2.6.3 Literature results

Forty-four studies including a total of 5286 patients fulfilled the inclusion criteria, with a
mean of 115.9 (standard deviation 73.1) gliomas analysed in each study. All were

retrospective analyses with a mixture of glioma WHO grades reported.

Multiple (n=16) studies assessed the relationship between IDH status and location in
WHO grade 2-3 gliomas. Consistently, a predilection of IDH™t tumours for the frontal
lobes was reported (74-77), including for the 1p19q codeletion (74,78-80). However,
frontal location showed limited (<75%) sensitivity, particularly towards higher WHO
grades. A temporal lobe location makes a IDHmutl/pl9qdel genotype less likely
(77,79,81,82). Associations were reported between IDH"! status and thalamus (56) and
brainstem (83) tumours. Multilobar disease was associated with IDH"t status in one
(n=175) study (84). WHO grade 2-3 IDH™ut lesions were reportedly larger than IDH"t
tumours at diagnosis (74,85). Sharp tumour margins were associated with IDH™" status
(74,76), while indistinct non-enhancing margins aligned with IDH"" status in multiple
publications (56,84,86). However, tumour heterogeneity and poorly-defined margins
also correlated with 1p19q codeletion and did not consistently permit IDH genotyping
(80,81,87). Cysts appeared more prevalent in IDH™" tumours (83,88).

In WHO grade 2-3 gliomas, contrast enhancement was more common in IDH"" status (88-
90). Rim-enhancement and necrosis corresponded to IDH"" status in several studies
(77,87,88), also for low grade gliomas (potentially influenced by tissue sampling bias).
[py™/tProadel oligodendrogliomas displayed absent or ill-defined enhancement in
several studies [16, 26, 36]. However, anaplastic (WHO grade 3) IDH™""9%! tymours
commonly enhanced with contrast (77).

Three studies concluded that T2w/FLAIR mismatch is 100% specific for an [py™ /Pt
astrocytoma, with interobserver agreements between 0.56 and 0.75 (78,91,92). Several
studies observed associations with calcifications and haemorrhage, but methods were
variable for how these were assessed (CT and/or MRI). Calcification may predict 1p19q
codeletion (75,81,93), which aligns to older literature on oligodendroglioma.

Twelve studies reported statistical results for interobserver comparisons of qualitative
features, and 13 /44 studies performed consensus reads. Twenty-four publications used

one reader (7/44) or lacked reader descriptions (12/44). High (>0.9) interobserver

agreements were only reported for laterality and location.
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2.6.4 Discussion
2.6.4.1 Methods design

This systematic review followed the older edition of the PRISMA checklist (72) with a new
version introduced in 2020. It is noted that the 27 item checklist remains unchanged in
principle (94). To be exact, PRISMA serves as a reporting tool and is not intended for
systematic review design (95).

All eligibility criteria, information sources, search strategy and selection process were
defined up front. As the review progressed, the search was appropriately updated prior
to final analysis (96). The search term was refined and tested by one researcher. This did
not include specific terminology that reflects tumour morphology (e.g. location, size,
enhancement) and lacked the term ‘VASARI'. Searching the reference lists of all included
articles may have yielded additional relevant studies. The data extraction could have
benefitted from scrutiny of the reference standard by a neuropathologist to identify
studies with incomplete or ambiguous molecular data, both for the IDH*t and IDH™ut

groups e.g. screening for rarer IDH mutations (97,98).

2.6.4.2 Data extraction and synthesis

All data items for study (research purpose, patient number, WHO grade(s), genetics, MRI
field strength and sequences analysed, ROI/VOI methods, number of observers, statistical
agreement, feature(s) described and statistical results) were defined up front. On piloting
the search, the reviewers judged it to be most appropriate to perform a narrative
synthesis because of a perceiving heterogeneity of the methods, cohorts and features
reported (99). Care was taken to comprehensively document study results, which in most
cases consisted of descriptive statistics. A meta-analysis was avoided because of a
perceived difficulty to produce a meaningful result or risk that this could be misleading
(96). Excluding studies with substantial bias (up 23% for individual QADAS-2 items)
made less data available for meta-analysis. Ideally, a statistics consultation would have

been invited to formally confirm the unsuitability for meta-analysis.
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2.6.4.3 Application of the QADAS-2 tool

QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies 2) represents a revised
system for critical appraisal in systematic reviews, which is recommended by the U.K.
National Institute for Health and Clinical Excellence (NICE) (100). The QADAS framework
has been widely used, however the authors had limited experience (n=1) with the tool
(42). All QADAS-2 items were defined in advance to optimise the quality analysis. To
overcome complexities of nomenclature for reviewers without QADAS-2 experience,
example scenarios were discussed prior to study start. Whilst this still leaves a certain
room for error (e.g. by confusing index test and reference standard), all discrepant results

underwent a consensus involving a third (senior) reviewer.

2.6.4.4 Impact and learning from this study

The combination of the VASARI study for molecular diagnosis and the systematic
literature yielded several candidate morphologies for glioma genotyping, which could be
further investigated based on clinical MRI sequences.

Key learning points from this research are the importance of studying IDHmut/1p19qdel
oligodendrogliomas, because of probable feature overlap (e.g. internal heterogeneity,
poorly defined margin) with the IDH"tgroup, and the need for a clinical predictive model
which could be run by radiologists. Furthermore, the paucity of literature data on feature

reproducibility would need addressing in future study design.

2.7 Conclusion

Although the observations from studying diffuse glioma morphology were important, one
concern was how to obtain quantitative data for molecular characterisation. Anecdotally,
my clinical team had observed low ADC values in malignant gliomas (Figure 3). I
concluded that by applying the VASARI category f17: diffusion characteristics, the gliomas
had not been comprehensively studied and hypothesised that measuring ADC values may
assist the identification of IDHW! status. The investigation of this topic is detailed in

Chapter 3.
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3.1 Background

Following WHO 2016, emerging data indicated a potential for diffusion-weighted MRI to
identify glioma molecular status. One study in 112 cases of WHO 2-4 gliomas applied
diffusion tensor-derived ADC values for IDH genotyping (101). In this research, the most
accurate results were reported for WHO grade 2 (AUC 0.92), with performance
diminished towards WHO grade 4 (AUC 0.66). A further publication reported a stronger
association between ADC and IDH status than cell morphology (astrocytoma or
oligodendroglioma) in WHO grade 2-3 gliomas (102). The proposed methods differed,
whereby one study obtained volumetric measurements and the other regions of interest.
As preliminary results, these data supported a new focus on ADC quantification for
molecular diagnosis. Two studies followed, of which the first (103) investigated non-
contrast enhancing gliomas, and the second (104) analysed the entire WHO grade 2-3

glioma cohort at my institution.

3.2 ADC values in non-contrast-enhancing gliomas

3.2.1 Research Questions

e Do volumetric and/or single slice ADC values correlate with any of the three
genetic subtypes of glioma?

e What is the diagnostic accuracy of any resulting correlation?

3.2.2 Methods

A retrospective observational study (n=44) was conducted. All non-enhancing tumours
(n=14) from the available WHO grade 2-3 IDH"t cohort were compared to IDHmut/1p19gint
molecular astrocytomas (n=16) and IDHmut/1p19del gljgodendrogliomas (n=14). The
IDH™ut comparison group was randomly selected for the same period that accrued the
IDH"t group.

Tumour volumes (VOI) were segmented using ITK snap Toolbox version 3.6 (105)

covering the entire T2 signal abnormality. ADC maps were co-registered to the T2w
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segmentation masks using the FLIRT toolbox in FSL (106) and VOI ADCmean values
extracted. A second volume of interest was drawn in contralateral centrum semiovale to
calculate rADCmean as the ADCmean tumour/ADCmean normal white matter (ADCnawwm) ratio

(Figure 14).

Figure 14. T2w images (A, B) and ADC map (C) demonstrating the whole lesion volumetric
segmentation (green mask overlaid on right frontal IDH™/1p1%int glioma), single slice
largest tumour cross-section ADCmean (black) and comparative contralateral NAWM ROI
placement (brown). Adapted from (103).

Separately, two observers located each tumour on T2w using the hospital PACS system
with the ADC map side by side to draw one region of interest (ROI) ADCmean in the tumour
and one ROI ADCnawwm in the centrum semiovale to produce the ROI rADCrean.

A linear regression was performed in Stata version 14 to test the association between
glioma genotype and ADC values. This was followed by a logistic regression to assess if
ADC values could predict non-enhancing glioma IDH status. A receiver operating
characteristic (ROC) area under the curve (AUC) analysis was used to assess the
diagnostic accuracy of IDH genotyping. Regional and volumetric results were compared,
and the ROI results were compared between both observers (intraclass correlation

coefficient (ICC)) using a two-way random effects model.

3.2.3 Results

Significant (all p<0.01, except IDHmut/1p19adel p=(0.019) associations were observed

between each ADC metric (VOI ADCmean and VOI rADCmean, ROI rADCiean) and the three
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glioma genotypes. The ADC values were lowest for the IDH"tgroup, intermediate for the

[DHmut/1p19qdel group and highest in the IDH™ut/1p1%int groyp (Figure 15).
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Figure 15. Boxplots of the entire tumour VOI ADCmean (a), VOI rADCrmean (b), single slice ROI
rADCrmean for observer 1 (c) and observer 2 (d).

There was excellent agreement between the ROI measurements of both observers
(average ICC 0.92-0.98). For VOI ADC the ROC analysis showed an AUC of 0.94. A VOI
ADC threshold of 1201 x 10™° mmz/s yielded a sensitivity of 83% and a specificity of

mean

86% for the prediction of IDH*t status. For VOI rADC

mean’

means the ROC analysis produced an
AUC of 0.90 with a sensitivity of 80% and a specificity of 92%. For the single slice
mean threshold of 1.83 (1.76) achieved a sensitivity of 80%

(86%) and specificity of 1 (91%) for observer 1 (observer 2).

measurements, a ROI rADC
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3.2.4 Discussion
3.2.4.1 Case selection

Care was taken to assess the entire non-enhancing IDH"t cohort and to randomise the
IDHm™ut cases prior to screening for non-enhancement. Nevertheless, there is a possibility
that selection bias could have affected the process of non-enhancing glioma inclusion,
because this involved neuroradiologist judgement. In some instances, contrast
enhancement can be so minimal that it becomes ambiguous, or T1 shortening may hinder
the assessment (pre and post contrast T1w were reviewed in all cases to correct for this)
(107). By focussing on gliomas which were clearly non-enhancing, the screening process
could have prioritised homogenous tumours. This could be relevant for calcified

[DHmut/1p19qdel with potential to impact their ADCmean quantification.

3.2.4.2 STARD fulfilment

This study aligns to the STARD (Standards for Reporting Diagnostic Accuracy Studies)
criteria (108) but is not identifiable as a diagnostic accuracy study by title. The eligibility
criteria were defined clearly prior to study start but should be described in maximal
detail. For example, the two IDH™ut comparison groups were chosen randomly to form
similar numbers to the IDH"t, from which those without contrast enhancement were
selected. The omission of a sample size calculation (maximum IDH"t sample used) and
exploratory thresholding should have been discussed in the manuscript. The tissue
reference standard description is brief. Information on how ambiguous reference
standard results were to be handled could have been included. From memory none
accrued, and the IDH"t cohort was assembled in accordance with latest testing standards
(32). The reference standard was independent from the index test, however a finding of
WHO grade 2-3 IDH"t glioma could have theoretically prompted neuropathologist
imaging review. MRI results may become disclosed to pathologists at the MDT with
potential to influence the revision of a molecular diagnosis. In summary, this study has

partially fulfilled STARD guidance.
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3.2.4.3 Types of regression

Alinear regression was adopted to associate genotype with ADC values as the continuous
numerical outcome. It is unclear if testing was performed by the statistician to confirm
data suitability for this operation (109), where the relation between glioma genotypes
and ADC is not necessarily linear. A few outliers can be identified in the boxplots, and
overlap exists in the ADCmean values of both IDH™t groups with 1p19qdel ADC values
consistently lower. The subsequent research resolved testing for group differences and
association strength differently (Kruskall-Wallis ANOVA, Eta?).

To identify whether ADC values can predict IDH status, genotype served as the binary
outcome, hence a logistic regression was applied at this point. For the univariable binary
logistic regression of ADC parameters, the 1 in 10 rule was narrowly met (n=14 IDH"t
outcomes). Whilst this requirement has been challenged (110), it was specifically
considered in later categorical grouping (tumour location by epicentre, Chapter 4) to

improve the statistical analysis.

3.2.4.4 Area under the curve

ROC AUC plotting represents a widely applied measure of diagnostic test accuracy, in
which the true positive rate (y-axis) is plotted against the false positive rate (x-axis). This
makes it possible to compare the overall performance of different tests, or of individual
metrics such as ADC values, to predict a statistical outcome (in this case genotype).
Criticism has been expressed that AUC analysis does not automatically translate into
clinically meaningful thresholds (111), and that reciprocal percentage changes in
sensitivity and specificity differ for different points along the curve. In this research,
achieving a high sensitivity for IDH"t identification was judged to be the priority over
specificity. However, it is also important to consider that a marked loss of specificity could
be problematic in terms of NHS capacity and molecular testing inequities (112), if an

unrealistically large number of suspected high risk tumours require urgent tissue testing.

3.2.4.5 Impact and learning from this study

This research consolidated the emerging role of ADC for glioma molecular diagnosis,

particularly to identify the IDH" high risk status. The results are published in European
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Radiology, a journal with reach to the wider (not limited to neuroimaging) radiologist
community, who previously relied on contrast patterns to ‘grade’ gliomas.

Based on the size of this study it was not sufficiently clear, if regional measurements could
replace volumetric ADCmean. If both ROI and VOI measurements showed high concordance
for different observers, and if both performed equally well for genotyping, the more
laborious volume assessments could be omitted. To address this question, a larger study
comparing regional and volumetric ADC parameters followed. The purpose of the next
study was to comprehensively investigate the performance of several ADC metrics and to

assess the entire institutional glioma cohort with available molecular results.

3.3 Multireader studies of ADC metrics for IDH genotyping

3.3.1 Research questions

e Which ADC parameter(s) performs best for WHO grade 2-3 glioma IDH status
prediction?

e Are volumetric ADC measurements superior to region of interest placements?

e What is the interobserver agreement for ADC measurements (for any

enhancement pattern)?

3.3.2 Methods

Consecutive patients diagnosed from July 2008 to January 2018 were eligible for the
research. Inclusion criteria consisted of histologic confirmation of WHO grade 2 or 3
glioma, documented IDH and 1p19q genetic test results, and available pretreatment MR

imaging. A flowchart of the case selection process is shown in Figure 16.
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NHNN study sample
515 histopathology results

Y

473 patients after removal of duplicates

Patients excluded (n=183)
n=29 ambiguous molecular or histology
result
n=2 missing histopathology result
n=43 not WHO grade 2/3 glioma
n=1 cervical cord tumour
n=5 MRI artifact
n=1 missing MRI data
n=24 no pre OP MRI
n=15 unable to compute ADC map by Olea
N=3 duration from MRI to surgery >1 year
n= 60 previous glioma surgery and/or
adjuvant therapy

—>{ Failed FSL registration |

A

‘ 283 included patients ‘

Figure 16. Flowchart of WHO grade 2-3 glioma inclusion in the study. NHNN=National
Hospital for Neurology and Neurosurgery (113).

Using an Olea workstation (Olea Sphere, Version 2.3), a circular region of interest ROl was
drawn into the largest solid tumour cross-section on the ADC map with T2w and b0

viewed side-by-side to obtain ROl ADCpean. One ADCnawm was placed to calculate ROI

rADCmean as in (103).

Three small (30-40 mm?) ROIs were drawn in the perceived lowest ADC regions of solid
tumour and averaged to obtain ROl ADCmin (114). From this, ROI rADCuin was calculated
using the same ADCnawm. Each ADC value was measured by 2 observers (observer 1

n=290, observer 2 n=75, observer 3 n=215), blinded to each other’s results and tissue

data, amounting to n=2900 ADC measurements (Figure 17).
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Figure 17. An example of the ROl ADC measurements in a right temporal IDHY glioma. T2w
image (A) and ADC maps (B-D) with regions of interest (ROI) placed in the 3 perceived
lowest ADC components (ADCnin, blue), largest tumour cross-section (ADCmean, red) and
normal appearing white matter ADCnawm, yellow).

Separately, entire tumour volumes were outlined on T2w using ITK snap (105) by one
observer with directly supervised training. All cases with perceived uncertainty were
optimised by the senior reviewer, and further cases were randomly spot-checked for
correctness. An additional random sample of segmentations (10%, n=28) was subjected
to repeat segmentation by a third observer.

The ADC maps were coregistered to T2w imaging using the FLIRT registration (106) in
FSL (Figure 18). VOI ADC histogram data were extracted using an in-house script written
in Python 2.7. For each tumour, the second and fifth ADC histogram percentiles, ADCmean

and total lesion volume were extracted. ADC values <0 were excluded from the analysis.

Figure 18. An example of the volumetric T2w segmentation mask (white) overlaid onto the
ADC map in an IDH™ut/1p%int gstrocytoma for subsequent ADC data extraction.
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An analysis for group differences in absolute VOI ADC values and VOI rADC values
(derived from the same ROI ADCnawwm) was performed by Kruskal-Wallis ANOVA testing,
including Dunn pairwise comparisons with Bonferroni correction. The strength of the
association between glioma subtype and ADC metrics was examined using Eta’. This was
followed by univariable binomial logistic regression to assess the performance of each

parameter for IDH status prediction.

3.3.3 Results
3.3.3.1 Patient demographics

After exclusion of n=7 failed FSL registrations, n=283 WHO grade 2-3 glioma datasets
were available for study. Their genetic data and contrast enhancement patterns are

shown in Table 8.

All genotypes IDH" [zl |y i
Number of patients 283 79 104 100
Median age (IQR) in years 40 (33-53) 59 (43-67) 35 (29-41) 40 (35-48)
Enhancement category
Non-enhancing 171 33 75 63
Solid-patchy enhancing 87 28 27 32
Rim-enhancing 23 18 0 5

Table 8. Patient demographics, TIw contrast enhancement patterns, IDH and 1p19q
genotypes of the study population (n=283).

3.3.3.2 Interobserver comparisons

Interobserver agreement (ICC) for the regional ADC metrics ranged from 0.82-0.96 (0.76-
0.96 for non-enhancing gliomas) for average measures. The results for average measures
and consistency were nearly identical, indicating no systematic difference between

observers (Table 9).
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All gliomas Non-enhancing subgroup
ROI ICC .. ..
parameter measure Average Individual Average Individual
measures ICC | measures ICC N measures ICC | measures ICC N
(95% CI) (95% CI) (95% CI) (95% CI)
ADCinir Consistency | 0.89 (0.82-0.93) | 0.80(0.70-0.87) | 75 | 0.89(0.8-0.94) | 0.80 (0.67-0.88) | 51
Observer:
1vs.2 Absolute 0.89 (0.82-0.93) | 0.80(0.70-0.87 | 75 | 0.89(0.8-0.94) | 0.80(0.67-0.88) | 51
ADCin Consistency | 0.90 (0.86-0.92) | 0.81(0.76-0.85) | 215 | 0.85(0.75-0.9) | 0.73(0.60-0.82) | 123
Observer:
1vs. 3 Absolute 0.89 (0.83-0.92) | 0.79(0.71-0.85) | 215 | 0.85(0.75-0.9) | 0.73(0.6-0.82) | 123
ADCieay | Consistency | 0.83(0.73-0.89) | 0.71(0.58-0.81) | 75 | 0.76(0.57-0.86) | 0.61(0.40-0.76) | 51
Observer:
1vs.2 Absolute 0.83 (0.73-0.89) | 0.71(0.58-0.81) | 75 | 0.76 (0.57-0.86) | 0.61(0.4-0.76) 51
ADCrean | Consistency | 0.96 (0.94-0.97) | 0.92(0.89-0.94) | 215 | 0.95(0.92-0.96) | 0.90 (0.86-0.93) | 123
Observer:
1vs. 3 Absolute 0.96 (0.94-0.97) | 0.92(0.89-0.94) | 215 | 0.95(0.92-0.96) | 0.90 (0.86-0.93) | 123
fADCyin Consistency | 0.89 (0.83-0.93) | 0.81(0.71-0.87) | 75 | 0.90 (0.82-0.94) | 0.81 (0.69-0.89) | 51
Observer:
1vs.2 Absolute 0.89 (0.83-0.93) | 0.81(0.71-0.87) | 75 | 0.90(0.82-0.94) | 0.81(0.69-0.89) | 51
rADCin Consistency | 0.87 (0.83-0.90) | 0.77 (0.71-0.82) | 212 | 0.86 (0.80-0.90) | 0.75 (0.66-0.82) | 122
Observer:
1vs. 3 Absolute 0.85 (0.76-0.90) | 0.74 (0.61-0.82) | 212 | 0.83(0.69-0.90) | 0.71(0.53-0.81) | 122
rADCyea, | Consistency | 0.86(0.77-0.91) | 0.75(0.63-0.83) | 75 | 0.81(0.66-0.89) | 0.68 (0.49-0.80) | 51
Observer:
1vs.2 Absolute 0.85 (0.75-0.91) | 0.74 (0.60-0.83) | 75 | 0.80(0.65-0.89) | 0.67 (0.49-0.80) | 51
ADCrean | CONSistency | 0.93 (0.90-0.94) | 0.86 (0.83-0.94) | 212 | 0.92(0.89-0.94) | 0.85(0.80-0.89) | 122
Observer:
1vs. 3 Absolute 0.92 (0.90-0.94) | 0.86 (0.81-0.89) | 212 | 0.92(0.89-0.94) | 0.85(0.78-0.89) | 122
ADCnawy | Consistency | 0.86(0.77-0.91) | 0.75(0.63-0.83) | 75 | 0.88(0.79-0.93) | 0.78 (0.65-0.87) | 51
Observer:
1vs.2 Absolute 0.83 (0.65-0.90) | 0.70(0.48-0.82) | 75 | 0.86(0.70-0.92) | 0.75(0.54-0.86) | 51
ADCnawy | Consistency | 0.83(0.78-0.87) | 0.71(0.64-0.77) | 212 | 0.85(0.79-0.90) | 0.74 (0.65-0.81) | 122
Observer:
1vs. 3 Absolute 0.82 (0.75-0.87) 0.70 (0.60-0.77) 212 0.84 (0.77-0.89) 0.73 (0.63-0.81) 122

Table 9. Intraclass correlation coefficients (ICC) for ADC region of interest measurements in
the study sample (n=290, prior to exclusion of n=7 cases of failed volumetric registration),

all gliomas versus non-contrast-enhancing gliomas.
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3.3.3.3 ADC differences between genotypes

As in the pilot data, the lowest ADCmean values were observed for IDH" and the highest
values for IDH™WIPIint agtrocytomas. Despite their best prognosis of the three groups,
IDHmwIp19adel gljoodendrogliomas exhibited intermediate ADC values, previously attributed to

matrix composition (115). Figures 19 and 20 show boxplots for the regional ADC

measurements.
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Figure 19. Boxplots of regional ADCean (left) and rADCpean (vight) (ADC values averaged
between observers) for the WHO 2016 glioma subtypes.
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Figure 20. Boxplots of regional ADCin (left) and rADChin (vight) (ADC values averaged
between observers) for the WHO 2016 glioma subtypes.

3.3.3.4 Associations between ADC and genotype

Significant differences were identified for all ROl parameters, and for most VOI
parameters. VOI ADCnin and VOI rADCnin were not significantly different between IDH™ut

subgroups (Table 10).
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D\?gsggg i Omnibus test Pairwise comparisons N

VOI* ROI* Groups compared VOI* ROI*
IDH"vs |DHMut1P19qdel 0.003 | <0.001

ADCmin | <0.001t | <0.001 | IDH"ys [DHMtp19ain <0.001 | <0.001 | 283
IDHMuY1P19aint g | DHMuUYIP19del | 0 141 | <0.001
IDH"vs IDHMut1P19qdel <0.001 | <0.001

rADCnmin <0.001t | <0.001 | IDH"!vs |IDH™uTP19aint <0.001 | <0.001 | 280
|DHMuYTp18aint yg | DHMUUTPT9adel 10 483 | <0.001
IDH"vs |DHMut1P19qdel <0.001 | <0.001

ADChmean <0.001 <0.001 | IDH"tvs IDHMuV1P19aint <0.001 | <0.001 | 283
|DHmMuYTp18aint yyg | DHMUUTPT9adel | <0 001 | <0.001
IDH" vs |DHMut1P19qdel <0.001 | <0.001

rADC™Mean <0.001 <0.001 | IDH"tvs IDH™uV1P19aint <0.001 | <0.001 | 280
|DHmMuYTp18aint yg | DHMUUTPT9adel | <0 001 | <0.001

Table 10. Kruskal-Wallis ANOVA testing of ADC values for the distinction of glioma subtypes.
* denotes volumetric (VOI) and regional (ROI) measurements, 1 values derived from the 5t
histogram percentile (excluding values <0), £ p value adjusted (Bonferroni method) for
multiple corrections.

(bilateral glioma).

Vs=versus.

Molecular subtype=independent variable for all
comparisons. Note n=3 excluded from rADC analysis due to non-measurable NAWM

Mostly strong Eta? associations were identified between glioma IDH genotype and ADC.

However, VOI ADCnin values showed a weak association, particularly for non-enhancing

tumours (Table 11). Only VOI ADC parameters, but not ROI derived values, showed a

strong association with IDH status in rim-enhancing gliomas.
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Volumetric (VOI) ADC Regional (ROI) ADC
Measure Eta® S N Eta® SIEE N
size size
All gliomas
ADChin 0.06 Small 283 ADCnmin 0.28 Large 283
rADChmin 0.09 Small 280 rADChmin 0.29 Large 280
ADCmean 0.27 Large 283 ADCmean 0.38 Large 283
rADCmean 0.28 Large 280 rADCmean 0.38 Large 280
Subgroup analysis, non-enhancing
ADChin 0.02 Small 171 ADCnmin 0.24 Large 171
rADChmin 0.03 Small 170 rADChmin 0.24 Large 170
ADCmean 0.28 Large 171 ADCmean 0.41 Large 171
rADCmean 0.27 Large 170 rADCmean 0.39 Large 170
Subgroup analysis, solid-patchy enhancing
ADCnmin 0.11 | Medium | 110 ADCnmin 0.21 Large 110
rADChmin 0.19 Large 108 rADChmin 0.25 Large 108
ADCmean 0.19 Large 110 ADCmean 0.24 Large 110
rADCmean 0.23 Large 108 rADCmean 0.28 Large 108
Subgroup analysis, rim-enhancing
ADCnmin 0.06 | Medium | 23 ADCnmin 0.01 Small 23
rADChmin 0.22 Large 23 rADCnmin 0.08 | Medium 23
ADCmean 0.19 Large 23 ADCmean 0.00 None 23
rADCmean 0.36 Large 23 rADCmean 0.05 Small 23
Tumourvolume | 4 55 | gray | 283 N/A
(mm®)

Table 11. Eta? associations between ADC values and glioma genotype.

The AUC values across all gliomas, for non-enhancing and solid-patchy enhancing
tumours were similar (AUC 0.81-0.84). Table 12 demonstrates the sensitivity and
specificity values derived by Youden'’s index for different ADC thresholds. An rADCmean
threshold of 1.75 provided 86.8% sensitivity for IDH*t identification.
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ADC metric AUC N - rAe'SD& q | Sensitvity | Specificity
All gliomas

VOI ADCean 0.78 280 1.19 77.2 64.2
VOI rADCean 0.82 280 1.60 86.8 60.8
ROI ADCmean 0.81 280 1.34 84.8 60.3
ROI rADCmean 0.83 280 1.75 86.8 62.3
Subgroup analysis, non-enhancing

VOI ADCean 0.81 170 1.19 84.4 68.8
VOI rADCean 0.84 170 1.59 90.6 64.5
ROI ADCmean 0.82 170 1.34 84.4 68.1
ROI rADCmean 0.83 170 1.71 84.4 73.9
Subgroup analysis, solid-patchy enhancing

VOI ADCean 0.78 85 1.12 76.9 71.2
VOI rADCean 0.80 85 1.51 80.8 67.8
ROI ADCmean 0.79 85 1.16 731 79.7
ROI rADCmean 0.81 85 1.65 80.8 61.0
Subgroup analysis, rim-enhancing

VOI ADCean 0.84 23 1.27 83.3 80.0
VOI rADCean 0.90 23 1.73 88.9 80.0
ROI ADCmean 0.49 23 1.38 83.3 40.0
ROI rADCmean 0.61 23 1.5 72.2 60.0

Table 12. AUC values and ADC thresholds (listed as 103 mmz/s for raw ADC and as ratio
for rADC) with corresponding sensitivity and specificity at the threshold.

Across all gliomas, the most accurate prediction of IDH status was achieved using ROI

rADC

mean

or VOI

rADC

mean

curve comparison for the volumetric and regional ADC metrics.

(AUC=0.83 and 0.82, respectively). Figure 21 shows the ROC
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Area Under the ROC Curve (AUC)
ADC metrics ARENROE:
the Curve 95% CI
VOI ADCyp 0.68 0.61-0.75
= ——  VOITADCuin 0.72 0.66- 0.79
% ——  VOIADCpean 0.78 0.72-0.84
s VOI rADC ez 0.82 0.76-0.88
N ROI ADC i 0.79 0.73-0.85
—— ROIrADCmin 0.81 0.76 - 0.86
ROI ADC pean 0.81 0.75-0.86
3 | ——  ROITADCppezn 0.83 0.73-0.89
J‘( |

0 02 04 06 08 1.0

1 - Specificity

Figure 21. ROC curves comparison for the prediction of IDH genotype in the study
population (n=283).

3.3.4 Discussion
3.3.4.1 Interobserver agreement

To pursue a system fit for clinical translation, it appeared essential to investigate the
reproducibility of ADC measurements. All measurements were obtained by 2 observers
in the initial glioma cohort (n=44) and by 3 further observers in the larger (n=283)
cohort. Whilst the ICC calculations were performed for pairs of observers, 5 different
individuals took part in the readings with similar agreement for all. The reproducibility
of ROI ADCmean, TADCmean and ADCnawm measurements has since been confirmed for an
external cohort (n=108, University of Nottingham, average ICC 0.86-0.96) including a
larger proportion of WHO grade 4 gliomas (116). Although intraobserver repeatability of
measurements was not tested, the many concordant results point towards good
reliability.

Where observers participated in diffusion measurements and morphological analyses

(Chapter 4), their completion >2 weeks apart served to reduce memory.
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3.3.4.2 Simplicity of the ROI ADCmean

According to survey data (34), most radiologists inspect DWI/ADC pairs without
quantification. To be feasible, any method for diffusion based molecular grading would need
to offer diagnostic value without prolonging clinical workflow. It was hypothesised that a rapid
method, if sufficiently accurate, may be favoured in later adoption (117).

As shown in Figure 17, the circular ROI ADCean spares the tumour margin and does not
include all of the lesion. This was deliberate, as in a non-spherical tumour, a larger ROI would
capture normal brain in some areas. A valid consideration was if to draw a cross-sectional
freehand ROI around the entire T2w lesion instead. However, in the Agfa PACS system this

function was not available, therefore similar issues were expected at other hospitals.

3.3.4.3 Volumetric ADC diagnostic yield

It was expected that ADC readings from entire gliomas would be superior for genotyping.
By definition, analysing all tumour tissue offers more data than a regional measurement.
The volumetric segmentations were reproducible between two observers (ICC 0.97-0.98)
with the limitation that quantifying the uncertainty corrections (by a third senior
observer) should have been considered. It is counterintuitive that volumetric ADC
parameters performed less well in some cases. This could be due to erroneous analysis of
normal brain margins, either due to oversegmentation or imperfect registration, where
the process of FSL registration involves visual judgement. Furthermore, the IDH™ut
infiltrating IDHmut/1p194int rim appears more abundant in glial filaments and cellularity
than the tumour centre (118). This IDH™u property could be counterproductive to
volumetric ADC genotyping.

Conversely, only volumetric ADC values were associated with genotype for rim-
enhancing, centrally necrotic gliomas. The failure of ROI in this scenario could be due to
microscopic necrosis in IDH"t gliomas perceived as solid (119), which would increase the
measured ADC values. Furthermore, ROI placements are more challenging in the presence
of macroscopic necrosis. The small number (n=23, of which n=18 IDH"Y) of gliomas with

necrosis limits the interpretation and generalisability of these results.
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3.3.4.4 ADCnawm for normalisation

A normalisation step has long been applied in DSC perfusion imaging to produce the
relative cerebral blood volume (120). In perfusion, this mitigates for dynamic effects of
contrast leakage, but this precaution is not applicable to ADC mapping.

The contralateral centrum semiovale (CSO) ADCnawwm was selected as an easily identifiable
anatomical marker, which was at the time a subjective decision, but this method is since
supported by data (121). The alternative of a mirror-ROI was judged to pose a risk of
variability with potential influence from cerebrospinal fluid (CSF), vessels or inadvertent
coverage of multiple structures. Use of the posterior limb of internal capsule proposed in
another study (101) was avoided, because this is small and less easy to identify by non-
expert observers.

Eliminating scanner factors was judged to be a priority in the research design, because
the study took place at a specialist referral centre, where the study data originated from
23 different MRI machines. No individual scanner contributed more than 14% of any
glioma subtype (104). Therefore normalised metrics were tested, but this may be
unnecessary because ADC is mathematically independent from scanner factors (122). In

this study, the ADCinean and rADCiean results appeared very similar.

3.3.4.5 Averaging to obtain ROI ADCnin

My method to measure ROI ADCwmin replicated a single centre study, which first attempted
IDH genotyping (114). To maximise comparability with this prior research by Xing et al.,
[ adopted the method of averaging multiple measurements. It should be considered that
designating a multi-ROI average as ADCmin does not represent the lowest ADC in the way
that using the lowest value of multiple ADCuin regions would. However, the averaging
method may potentially safeguard against inadvertent measurement of very low ADC
elements such as calcification or blood. Limitations were apparent with the original
strategy: Xing et al. obtained 5 non-overlapping ADCnin values in each tumour and 5
ADCnmin values in CSO white matter, totalling a laborious number of 10 small ROIs per
patient. This would take time and could be difficult in small lesions. Secondly, no data on
interobserver reproducibility was produced. Instead, ADCs were placed by one observer
and then checked by a senior neuroradiologist. I reduced the number of measurements

to 3 and used a single ADCnawm for normalisation based on the fact that test
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measurements of CSO ADC were extremely similar where the ROl was moved over a short
distance. This was quicker and should still capture the lowest region(s) ADC, whilst
allowing a degree of comparability to the Xing et al. results. In the volumetric study
component, histogram percentiles were extracted, from which the best performing 5t
percentile was designated VOI ADCuin. Therefore VOI and ROI ADCnin are not entirely
comparable in my research. ADC values <0 were excluded from the histogram data, as

ADC cannot adopt a negative value.

3.3.4.6 Sufficiency of segmentation double reads

The near perfect concordance for the 10% twice segmented cases suggests no systematic
error unless made by both observers. However, it is possible that some of the most
challenging cases, which were corrected manually, may have become excluded from
double reading. The ICC calculation was performed from a volume comparison alone,
with no geographic representation as it would be the case by applying a Dice score to

quantify visual overlap (123).

3.3.4.7 Impact

To this date, the above research remains one of the largest comparisons of regional and
volumetric ADC methods for glioma genotyping (Bhatti et al. in draft). Subsequent studies
followed the use of rADCmean for molecular predictions (124,125).

Establishing how to measure, and to ensure sufficient reproducibility was an essential
milestone towards predictive modelling. However, the citation number for this
methodology research is lower (n=18) than for research focused on clinically relevant
predictions (n=88, Chapter 4). Similarly, the multireader comparison of ADCnawwm
methods, which established the preference for centrum semiovale normalisation at a
leading USA neuro-oncology institute is not yet widely cited (n=5, (126)). These citation
figures could be influenced by a perceived lack of novelty in refining clinically available

methods.
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3.4 Conclusion

Because the accuracy of ADC values for IDH status prediction differed by enhancement
pattern, and because certain visual characteristics may support diffuse glioma
genotyping, I hypothesised that combining these would improve the molecular
characterisation of WHO grade 2-3 diffuse gliomas. This topic is investigated in Chapter
4, including interobserver comparisons for several VASARI type features adapted by the

knowledge gain from (56) and (71) .
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4.1 Background

In Chapter 1, the clinical availability of MRI sequences was examined, with a general lack
of glioma quantitative assessments uncovered. Chapter 2 reviewed anatomical
biomarkers for glioma genotyping and highlighted reproducibility as an unmet model
requirement. Chapter 3 investigated the role of ADC values for genotyping, compared
different measurement techniques and established interobserver concordance. The
upcoming Chapter 4 discusses research into combining ADC, visual parameters and age
for glioma characterisation. Because of the marked prognosis difference for the IDH"t
molecular group, the choice was made to pursue a new model for their binary distinction

from both IDH™Ut groups.

4.2 Research questions

e Which sufficiently reproducible imaging variable(s), with or without
consideration of age, predict(s) IDH"t status most accurately?

¢ Which multivariable combination predicts IDH"t status most accurately?

4.3 Methods

Patients (n=290) with a tissue diagnosis of diffuse glioma WHO 2-3 were selected as the
training cohort. The patient selection process and methods for regional ADC
measurements (n=2900) have been described in Chapter 2 (104). rADCmean was adopted
for model inputs as the parameter with the highest AUC value (AUC 0.83).

Three observers independently reviewed all MRI data sets blinded to diagnosis, age and
to other observers. Feature categories were based on multiple previous publications
(56,64,69,71,91). Tumour location, multifocality, enhancement pattern, non-enhancing
tumour margin, haemorrhage, calcification, cysts, T2w/FLAIR mismatch, largest
diameter and age were recorded. Three contrast patterns were defined: non-enhancing,
patchy or solid, or rim enhancing with necrosis. Any avidly enhancing mass with central

non-enhancing foci was assigned to the latter group. This was distinguished from cyst(s),
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defined as exhibiting fluid signal isointense to cerebrospinal fluid with absent or minimal
rim enhancement. T2w/FLAIR mismatch was specified according to Patel et al (20).

Examples of different gliomas morphologies are shown in Figure 22.

Figure 22. An example of typical WHO grade 2-3 glioma morphologies. T2w images
showing a temporal IDHYt glioma (a) versus a frontal IDH™ut/1r1%qdel gJigodendroglioma (b).
T2w and FLAIR mismatch and distinct margins (c, d) in an IDH™ut/1p19qint gstrocytoma.
Indistinct T2w/FLAIR margins in a bithalamic IDHYt glioma (e, f). FLAIR and T1CE images
in a IDHmut/Ip1%qint gstrocytoma with cyst formation (g, h). Larger cyst formation
demonstrated on T2w, FLAIR and T1CE in an IDH™%/1p1%del gligodendroglioma (i-k). T1w
rim-enhancement and central necrosis in a parietal IDH"t glioma (1). Featured in (127).

Cohen'’s kappa (k) was used to test the observer agreement for morphologic categories,
and the majority opinion was designated the final value. Morphologic categories, which
achieved k>0.6 were selected for further analysis. Univariable logistic regression was
applied to test if age, or morphology could predict IDH"" status. Significant (p<0.05)

features were tested as predictor variables in a multivariable binomial logistic regression
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to predict IDH status. Starting from the highest p value, a backward elimination process
(likelihood ratio test) was applied to discard features that did not contribute significantly
to the prediction, concluding with the most parsimonious model (Model A). By the same
method, an alternative model (Model B) was developed, into which calcification status
was not entered.

The multivariable regression results were transcribed into a spreadsheet (Microsoft Excel
for Mac version 14.5.2) formula to calculate the IDH"" status probability for individual
patients with glioma in an independent test cohort (n=49) of newly recruited gliomas,

whereby a probability >0.5 would result in IDH" classification.

4.4 Results

Tumour location (k=0.81-0.89) and maximum diameter (<6 cm or >6 cm adopted from
(69)) demonstrated good agreement (k=0.80-0.82). Calcification reached substantial
agreement (k=0.67-0.74) with uncertain results excluded. Cyst identification (k 0.66-0.7)
and categorisation of enhancement patterns yielded substantial agreement (weighted
k=0.69-0.77). Limited agreement was found for non-enhancing tumour margin
(weighted k=0.45-0.61), T2w/FLAIR mismatch (k=0.44-0.62), multifocality (k=0.20-
0.46) and haemorrhage (k=0.29-0.51).

Several univariables were significant predictors of IDH genotype, namely age,
enhancement category, and tumour location. Locations were grouped according to
whether less than one-third, one to two-thirds, or more than two-thirds of tumours
represented IDH"" gliomas to reduce the number of variables for statistical analysis. The

best performing multivariable model (Model A) consisted of rADC age, enhancement

pattern, location category (frontal or insula, thalamus or brainstem, or elsewhere), and
calcification. Using a likelihood cut-off value of 0.5 (50%), Model A correctly classified 231
of 252 (91.6%; 95% confidence interval [CI]: 88%, 95%) gliomas, with an AUC of 0.96
(95% CI: 0.93, 0.98). In developing this model A, 38 of 290 (13.1%) patients were
excluded because of uncertain calcification status. The alternative model (Model B),

consisted of rADC age, enhancement pattern, location category, and cyst(s). Model B

mean’

correctly classified IDH status in 259 of 285 (90.9%; 95% CI: 88%, 94%) gliomas (AUC,
0.94; 95% CI: 0.93, 0.98). The results are shown in Figure 23 and Table 13.
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Figure 23. Univariable (a) and multivariable (b) logistic regression analysis to predict IDH
Status in the training cohort (n=82 IDH“' and n=208 IDH™). rADCmean is coded as
ADC_MEANRATIO. GAD_CAT refers to the contrast enhancement pattern.
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Using the Microsoft Excel formula (Appendix 2), IDH" status was predicted in a new test
cohort (n=49) by a new blinded rater replicating the methods of the main study. In cases
of uncertainty regarding calcification (n=5), the negative result (no calcification) was
entered to permit results calculation. Model A correctly classified IDH"t mutational status
in 40 of 49 gliomas (82%) with 90% sensitivity and 83% specificity. Model B predicted
IDH status in 42 of 49 (86%) gliomas, with a lower sensitivity of 75% but greater

specificity of 91% (percentage correction aligned to results wording, page 118 (127)).

Univariable Model A Model B
Parameter B level P value B level P value B level P value
rADCmean 4.4 <0.001 -5.7 <0.001 -3.2 <0.001
age (years) 0.09 <0.001 -0.05 0.71* -0.1 0.37*
age? 0.01 <0.001 0.002 0.21* 0.002 0.09*
Enhancement
None Ref Ref Ref Ref Ref Ref
Solid-patchy 0.64 0.03 -0.31 0.58 0.41 0.4
Rim 2.8 0.001 2.96 0.02 1.7 0.02
Tumour location category
SO O Ref Ref Ref Ref Ref Ref
insula
Other? 1.3 <0.001 0.78 0.12 0.9 0.04
fralamusor | 43 <0.001 36 0.01 36 0.02
Morphology
Phsence of 1.1 0.045 4.3 <0.001 N/A
Absence of 19 <0.001 N/A 1.2 0.02
cysts
Constant N/A 2.2 0.54 3.1 0.31
R? N/A 0.75 0.65

Table 13. Univariable and multivariable parameters for probability modelling of IDH
status. Contents simplified from (127), with numbers previously rounded by one digit for
publication. Age and age? are considered joint terms with a combined p<0.001, for which the
likelihood ratio test confirmed a significant contribution to the models. !Indicates a tumour
epicentre in the frontal lobe or insula. ?Indicates a tumour in a location other than frontal
lobe, insula, thalamus or brainstem. 3Refers to a tumour in the thalamus or brainstem.

70



Chapter 4: ADC, morphology and age for predicting IDH status

4.5 Discussion

4.5.1 Advantages and drawbacks of kappa thresholding

The process of stratifying the morphological variables by statistical agreement served to
increase the future reproducibility of model features. This is essential, as any model that
appears excellent in training will not necessarily perform well in validation where human
assessments are involved. It is noteworthy that the variable ‘non-enhancing margin’
yielded a significant result in the astrocytoma VASARI research and in the literature (71),
but we omitted this due to limited reproducibility (k 0.45-0.61). It is possible that the
inclusion of less reproducible variables could have aided genotype predictions in some
cases. Furthermore, the ideal variable selection could differ for computational radiomics

approaches, which may overcome subjectivity issues (128).

4.5.1 Category limitations

The VASARI feature set (64) offers a somewhat reproducible strategy to quantify
Gadolinium enhancement by percentage and rim thickness but includes minimal pattern
descriptions. The contrast categories in my own research are different but also simplistic.
This choice was to facilitate interobserver agreement and to limit the number of variables
for the model design. Subjectively, the evolution of contrast enhancement in glioblastoma
(129) tends to differ from typical findings in IDH™t gliomas (130). It may have been
advantageous to perform a systematic search into contrast patterns for lower grade
glioma genotyping prior to study start (130). The assessment of calcium and
haemorrhage were limited by variable sequence availability. If consistent reviews of CT
and SWI had been possible, this may have produced greater certainty and/or agreement
for these categories. The exclusion of cases with uncertain calcium results could have
risked overestimation of the Model A performance, however this was not confirmed in

validation.

4.5.2 Model A or B

In the test cohort, Model A correctly classified IDH mutational status in 40 of 49 (82%)
gliomas, and Model B predicted IDH status in 42 of 49 (86%) gliomas. This would make
Model B appear slightly preferable. However, the Model B sensitivity was lower (75%)
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compared to that of Model A (90%). Model A could thus be the safer option when applied
for the purpose of early glioblastoma identification. The development of Model B was in
response to statistics advice when discussing practical limitations of calcium
identification. No alternative options to arrive at a single best performing model were
explored. Both models suffered errors in gliomatosis, where a post hoc analysis revealed
1/9 gliomas misclassified as IDH™ut by Model A and 3/9 by Model B. Gliomatosis was
previously considered a distinct tumour type but since WHO 2016 is defined as a
radiological tumour growth pattern, which can occur in both IDH genotypes (131). In our

study, these cases were characterised by relatively high rADC values (1.73-1.87).

4.5.3 Lack of 1p19(q status prediction

[IDHmut/1p19q gligodendroglioma is the only diffuse glioma to show frequent calcification
without prior treatment. Therefore it appears reasonable to assign mineralised gliomas
to this class (97% specificity, 100% observer agreement in (93)) without probability
modelling. In my research, a narrower model strategy to predict IDH was favoured over
attempting to predict three genotypes, because optimisation for two outcomes would
reduce the group sizes and could deteriorate model performance for IDH genotyping.
Where a three group distinction was recently attempted by a numerical scoring system
(132), the 1p19q status prediction in non-enhancing gliomas was solely based on ADC
values.

A small number of IDHmut/1p19qdelyere falsely classed as IDH"t by Model A and B. For these
individuals, an earlier tissue diagnosis would not necessarily be detrimental. The
[DHmut/1p19qdel group ultimately undergoes resection or at least a biopsy, and

chemotherapy only commences once a definitive tissue diagnosis has been secured.

4.5.4 Considerations for model refinements

It could be valuable to further pursue the development of one final model, possibly by
combining cyst and calcification status. The methods in this research were based on the
strategy of an intensive care tool (Paediatric Index of Mortality, PIM), which has
undergone iterative calibrations (133) by means of multivariable logistic regression using
large sets of data. We adopted the PIM convention of entering the ‘normal’ variable in case

of an unknown result, which may not always be justified. The variable coding for ‘cyst(s)’
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and ‘calcification’ followed a system of aligning the result with IDH"t status, thus 1=no
calcification, 1=no cysts in the model, which is counterintuitive. The variable ‘age?’ was
developed due to an exponential relationship between age and IDH"t status. In both
models, age became adopted as the joint term (age+age?) by backward elimination. The
joint term seems to function in the probability formula, however this could appear
confusing to new users.

Like many colleagues, 1 have subsequently focussed on computational research
(automated ADC extraction by deep learning methods). Instead it may have been
preferable to externally validate the multivariable models. Recently, Model A and B have
demonstrated ability to perform IDH genotyping in a second independent cohort

(116,134), which is further discussed in Chapter 6.

4.5.5 Impact

[ delivered a strategy to predict IDH status immediately in clinic, without the need for
software installation or new code. This could be an opportunity to shorten waits to biopsy,
particularly for patients with non-enhancing early glioblastoma to avoid initial
observation periods.

This study has shaped other research, in which several groups replicated IDH prediction
through a combination of visual categories, ADC and age (124,132). The similarities in the
choice of morphological descriptors, enhancement patterns and lobar grouping
underscore that these are valuable parameters. Nearly identical ADC ROI placements
were adopted by Du et al. (Figure 1 in (124)) to good effect. Several citing researchers
closely replicated feature stratification by reproducibility (135-137).

IDH genotyping approaches have employed either complex MRI acquisitions, machine
learning analyses or both (138,139) without achieving substantial gains in diagnostic
accuracy. Interestingly, in one study with imaging parameters similar to ours, a machine
learning approach was outperformed by logistic regression (140). Artificial intelligence
studies may systematically overestimate T1CE performance for IDH genotyping by

including WHO 4 glioblastoma. This is further discussed in Chapter 6.
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Chapter 4: ADC, morphology and age for predicting IDH status

4.6 Conclusion

By combining individual imaging biomarkers and age, accurate predictions of WHO grade
2-3 glioma were possible. Nevertheless, rADC represents a simplistic measure of tumour
diffusivity, which did not predict IDH status in centrally necrotic gliomas. Therefore a
further comparison of volumetric and regional ADC for visually heterogenous gliomas
was pursued. The question arose if a computational extraction of ADC, T1CE and/or T2w
glioma features could assist genotyping. The investigation of these two topics is detailed

in Chapter 5.
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Chapter 5: Histogram analysis of visually complex
gliomas

5.1. Background

In Chapters 3 and 4 the performance of ADCmean and ADCnin for glioma genotyping was
investigated. In solid tumours, regional measurements appeared equivalent to whole
tumour ADC, but in rim-enhancing, necrotic gliomas (n=25) only volumetric
measurements were associated with IDH status (104). This raised the question if a
detailed volumetric ADC analysis could characterise visually complex gliomas better.

A histogram approach was chosen to visualise the cumulative distribution of ADC signal
intensities and to extract statistical data in two studies: Firstly, we examined a rare, newly
classified tumour type with heterogenous MRI morphology: Histone-altered diffuse
midline glioma (HAG) (141). In brief, HAG are defined by epigenetic alterations, which
commonly involve the histone H3 K27M (HAG K27M). HAG K27M are highly aggressive
brain tumours with a propensity for adolescent onset, however they can occur at any age.
The second study focused on MRI texture analysis in diffuse gliomas (WHO grades 2-
4)(33). For this, computer-filtered ADC, T1CE and T2w histograms were analysed using
proprietary software (TexRAD).

5.2 Imaging features of H3 K27M histone-altered diffuse
midline glioma

5.2.1 Research questions

e What are the ADC histogram observations in HAG K27M, a newly classed type of
midline glioma?

e Does the application of a recently published ADC threshold (142) correctly classify
the HAG K27M genotype?

e Are ROI derived ADC results in HAG K27M statistically different from volumetric

ADC histogram parameters?
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5.2.2 Methods

The entire institutional cohort (n=15, age 14-64 years, dates 2016-2019) with a HAG
K27M integrated diagnosis was analysed. Tissue was examined microscopically, followed
by immunostaining and molecular analysis according to latest protocols (32,143).

Imaging was acquired at multiple institutions as discussed previously (104,127). ADC
maps were calculated with Olea Sphere v2.3. Two consultant neuroradiologists placed
ADCmean, TADCmean, ADCmin, TADCmin regions of interest (ROIs) according to the prior
methods (104,114). An exploratory visual rating was performed to record tumour
epicentre, T2w/FLAIR signal characteristics, border definition, enhancement pattern,

cysts and necrosis (Figure 24).

Figure 24. T2w, ADC and T1CE images in two patients (Case 1 (A-D) and Case 12 (E-H))
with histone-altered (HAG K27M) diffuse midline glioma. Featured in (141).

Volumetric segmentations (excluding macroscopic necrosis) were completed to produce
ADC histogram data. For this, VOIs were drawn onto the b0 images (with T2w and T1CE
side by side) in Olea Sphere v2.3 with an automated VOI copy generated on the ADC map.
From this ADC volume, a cumulative histogram was extracted for each glioma and
transcribed into Microsoft Excel. The T2w (b0) total tumour volumes were recorded.

Statistical analysis was performed in SPSS 25 to extract histogram parameters, and to test
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for differences between the ROI and VOI histogram values (Wilcoxon signed rank test for

related samples).

5.2.3 Results

The HAG K27M group average was calculated for each ADC parameter. For ROl ADC
this was 0.84 (¥0.15 standard deviation, SD) ><10'3mm2/s. The ROIADC
was 1.12 (£0.25) x10 “mm’/s. The ROI rADC,_._
and the ROI rADC,_ .., group average was 1.466 (+0.299).

min,
mean group average

group average measured 1.097 (x0.149),

Figure 25 shows examples of the ADC histogram curves obtained in the HAG K27M
cohort. A biphasic distribution was evident in 2/15 histograms, suspected to represent
inclusion of necrotic tissue. A significant difference was observed only between the 2™

centile of the entire tumour ADC histogram and ROI ADC_._(p=0.01). Comparisons of ROI

ADC_ ., with the 5th and 10th histogram percentiles showed no statistical differences. No
differences were identified between ROI rADC, ;, and the VOI rADC The

n 5th percentile*

and the VOI histogram ADC and ADC and

comparisons between ROI ADC median mean,

mean
comparisons between their normalised counterparts were all non-significant (p>0.05).
All HAG K27M were in contact with the brain midline. Lesion volumes ranged from 9.2 to
103.1 cm’. The definition of the non-enhancing tumour margin appeared variable,
whereby most lesions demonstrated heterogeneous T2 and FLAIR signal. None of the H3
K27M histone-mutant gliomas exhibited a T2w/FLAIR mismatch. Several tumours

contained haemorrhage. No calcification was identified, and two tumours contained

cysts. Rim-enhancement surrounding necrosis was present in 10/15 (67%).
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Figure 25. ADC histograms in HAG K27M. T2w (A), T1w+contrast (B), b0 (C) and ADC map
(D) showing an example segmentation (Case 10). ADC histograms in 3 different patients
(Case 10, 11 and 14) (E-G). Featured in (141).

5.2.4 Discussion
5.2.4.1 Cohort size

Because the maximum institutional sample was small, an observational study was
conducted. A diagnostic accuracy study comparing histone-altered and wild-type
tumours was omitted, which would have been limited by numbers. Group differences
would have been missed in this way. Because of the rarity of HAG K27M care was taken to
ensure anonymity in the publication, including consultation of the institutional Caldicott
guardian.

An alternative approach would have been to consider waiting, and to collaborate with
other centres to enlarge the dataset for the study. Molecular testing for H3 K27M status
at NHNN preceded partner institutions, hence an attempt to initiate a retrospective
multicentre study could not be taken further at the time. H3 K27M testing methods
commenced differently (144), which means possible changes to the reference standard

over time, e.g. through novel antibody development (145).
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5.2.4.2 Consensus assessment

The structural MRI assessment was conducted in consensus, as the number of cases was
small for an observer comparison. The same visual categories were used as in Chapter 4,
for which statistical agreement had been tested. The conclusion from this pilot
observation is that HAG K27M glioma morphology and ADC values vary substantially.
This is not as helpful as a new biomarker, but awareness could potentially avoid
dismissing the possibility of this rare tumour type where the imaging does not match

textbook examples.

5.2.4.3 Diagnostic yield of the cumulative histograms

The ADC signal intensity plotting as cumulative histograms graphically highlighted
heterogenous diffusion within tumours, and differences between individuals with HAG
27M. Diffusivity may vary according to the stage of tumour evolution, whereby growing
malignant gliomas can rapidly develop necrosis (146). Histogram differences between
individuals were observed despite segmenting solid appearing tissue, which could be
attributed to microscopic necrosis, or more broadly to genetic-metabolic differences
between cancers of the same WHO class (119,147).

Within the limitations of sample size, no specific ADC percentile cluster was identifiable
as a biomarker for HAG K27M. As shown in Figure 25, there is case-by-case variability in
the histogram shape and its kurtosis, and in the ADC median. Because no statistical
differences were observed between most ROI and VOI ADC metrics, it remains unclear if
these could be used interchangeably in HAG 27M. The difference between the 2nd
histogram percentile and ROI ADCin is explainable by multiple ROI averaging. One
comparative study (Aboian et al. n=60) identified no statical difference in ADC histogram
parameters for HAG K27M and K27M wild-type midline gliomas (148), whereas another
study proposed greater kurtosis and skewness as HAG K27M findings (149).

5.2.4.4 Knowledge gain

This study delivered an important piece of knowledge in the form of a discrepancy: Chen
et al. had published data on ADC measurements in HAG K27M (n=19) compared to a
K27M wild-type patient group (142). The authors proposed an ADC_, threshold of
(O.728><10'3mm2/s) and rADC_;, threshold of 0.982 for HAG K27M classification.

n
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However, the majority of ADC_,, (87%) and rADC_;, (80%) results in the NHNN patient

min min
cohort exceeded this threshold. Because Chen’s study coincided in time, the NHNN
analysis was blinded to their threshold.

The result is important, because the surgical biopsy of midline gliomas carries an
increased morbidity risk with some UK centres avoiding tissue diagnosis in the brainstem
in favour of empirical therapy. This means that an erroneous diagnosis of a HAG K27M
glioma as ‘wild-type’ with a more favourable risk profile may receive initial
undertreatment. This becomes problematic with the HAG K27M prognosis being dismal,
often under 12 months (150). Furthermore, patients with a histone H3 K27M alteration
could be eligible for a new agent ONC201 (Dordaviprone), after this recently

demonstrated survival benefit (151).

5.3 HAG 27M systematic literature review

To move forward from the small observational study, my team performed a systematic
literature review to summarise findings in histone altered gliomas, specifically HAG K27M
(152). This identified 47 publications, of which 21 were case reports, underscoring the
rarity of the disease. The majority (39/47) described HAG K27M altered gliomas (often
reported as H3 K27M-mutant, reflecting a recent nomenclature change), and two
described both HAG K27M and H3 G34R-mutant gliomas (HAG G34R). HAG G34R are rare
cerebral hemispheric gliomas with a more favourable prognosis. These will not be further
discussed in the thesis, as no original research was conducted for this genotype.
Studies varied substantially in their methods design with all being retrospective and most
(n=17) lacking information on whether MRI was analysed blinded to tissue results. HAG
K27M occurred most commonly in the paediatric and young adult population (153,154),
anywhere along the midline, whereby location propensities were described for the
thalamus in adults (155,156) and brainstem in children (148,157). Midline location has
recently become a mandatory diagnostic criterion for HAG K27M (158).
HAG K27M exhibited variable T2 /FLAIR morphology and margins, and contrast patterns
in research. No consistent visual distinction of HAG K27M from K27M wild-type midline
gliomas was established (142,153). HAG K27M may lack the extensive contrast uptake,
which is typical in advanced glioblastoma. The proposal of ADC metrics to predict HAG

27M status remains based on limited data (156,159), and facilitated diffusion does not

80



Chapter 5: Histogram analysis of visually complex gliomas

exclude this lethal neoplasm. Furthermore, ADC may differ according to specifics of the
histone abnormality (160).

In summary, the combination of the pilot study and literature review produced no
imaging biomarker for HAG K27M molecular status. The diagnostic contribution from
analysing volumetric histogram ADC data was not superior to ROl measurements for this

genotype.

5.4 Future research in HAG K27M

To this date, no large imaging studies have investigated HAG K27M. Pooling data for this
tumour type may ultimately identify distinctive features, or at least trends. In the NHNN
case series, two tumours exhibited high perfusion (rCBV 3.5-5.9). Based on subsequent
research, which identified significantly elevated rCBV in the HAG K27M group
(n=94)(156)), it could be valuable to further investigate the role of perfusion modalities.
This may also support the distinction of therapy effects (‘pseudoprogression’) as a
complication of radiation and chemotherapy, perhaps in a multimodal approach (161).
Limits of harmonisation can be expected, especially in paediatric advanced MRI, and
technical challenges will arise in smaller brainstem cross-sections. Only one publication
exists for HAG K27M genotyping by machine learning (162), where future research may

achieve new ways of non-invasive tumour classification.

5.5 Filtration histogram texture analysis in diffuse glioma

5.5.1 Background

Computational imaging analysis has the potential to resolve intricate disease patterns,
which are inaccessible to human vision (163). A plethora of methodologies exists by now
to characterise cancer by feature extraction, termed radiomics, with or without machine
learning. An opportunity arose at UCL to test a new software ‘TexRAD’ (164) for the
purpose of glioma genotyping.

TexRAD employs a process termed filtration-histogram based MR imaging texture
analysis (MRTA) to extract 15t order statistical data (165). Using the TexRAD desktop
application, MRI sequences are loaded for viewing followed by manual tumour outlining

and initiation of the analysis by mouse-click.
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TexRAD commences with a filtration step, which aims to remove image noise, extract and
enhance tissue features of different sizes before measuring signal intensity histogram
parameters. Based on multiple CT studies and initial glioma data (166), my research team
hypothesised that TexRAD may improve the MRI based distinction of diffuse glioma

genotypes.

5.5.2 Research question

e How accurately can TexRAD derived MRI parameters predict diffuse glioma (WHO
grade 2-4) genotypes?
e Which, if any, MRI sequence is preferable for IDH genotyping with TexRAD?

5.5.3 Methods

Cases were identified from attendances for operative planning (n=124) between 2010
and 2016. Fourteen patients were excluded due to a non-glioma histological diagnosis,
11 patients due to prior surgery, and 2 studies had corrupted imaging data. In total, 97
gliomas were eligible for MRTA, amounting to a similar sample size as in prior studies
using the same software (166,167). All image interactions were performed blinded to
histological and molecular diagnosis using TexRAD version 3.3 (www.texrad.com, part of
Feedback Plc, Cambridge, UK).

Segmentations were performed slice by slice with the software’s freehand drawing
function. On T2w and ADC maps, the entire tumour volumes were segmented. On T1CE,
3 types of segmentation (Seg A, Seg B, Seg C) were completed by a student with training
and regular supervision by a consultant. Figures 26 and 27 show example

segmentations.
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Figure 26. TexRAD freehand segmentation of a WHO grade 3 IDH™ut/p1%qint glioma by
including the entire lesion on T2w (a), T1CE (b) and on the ADC map (c).

Figure 27. An example of the 3 different segmentation techniques for T1CE images:
Segmentation of the entire lesion (Seg A), of the enhancing lesion inclusive of necrosis (Seg
B) and of the enhancing lesion excluding necrosis (Seg C).

Slices containing very few (<250) pixels of signal abnormality were excluded to avoid
partial volume effects (mean slice size 4803 pixels, range 349-15499). In addition, the
image with the largest glioma cross-section based on pixel count was subjected to a single

slice evaluation.

5.5.3.1 TexRAD script

TexRAD MRTA follows a published method that was originally developed in CT (168).
The filtration employs spatial scale filter (SSF) values of 0, 2mm, 3mm, 4mm, S5Smm and

6mm in width (radius). SSF=0 hereby means no filtration, SSF=2 mm equals a fine texture
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scale, SSF=3-5 mm a medium texture scale, and SSF=6 mm translates to a coarse texture

scale (Figure 28).

Figure 28. TexRAD filtration steps consisting of T2w glioma segmentation (a) and volume
of interest filtration using scaled texture filters (SSF=2 (b), SSF=4 (c) and SSF=6 (d)).
Towards larger filter sizes, larger objects become amplified in the filtered image.

Following filtration, histogram parameters (mean, standard deviation, entropy, mean of
positive pixels, skewness, kurtosis) were extracted from the tumour volumes and slices,
respectively. TexRAD automates the statistical process for this.

The ability of texture features to determine genotype was tested by non-parametric
(Mann Whitney U for IDH, Kruskal-Wallis ANOVA for three genotypes) testing. This was
repeated over different subgroup analyses e.g. according to WHO grade. For statistically
significant results, a receiver operating characteristic (ROC) analysis was undertaken, to
determine the area under the curve (AUC), and optimum cut-offs for sensitivity and
specificity calculations. A multivariable logistic regression model was generated to

combine the best results from all sequences for IDH genotyping.

84



Chapter 5: Histogram analysis of visually complex gliomas

5.5.4 Results

50 females and 47 males with an average age of 43.3 (27-77) years were included in the
TexRAD study. The histological, molecular and glioma enhancement characteristics of the

patient cohort are shown in Table 14.

WHO grade N |DHwt (ele+n)* |DHmut/1 p9qint (e/e+n)* |DHmut/1 p9qdel (e/e+n)*
2 54 4 (0/0) 24 (2/1) 26 (2/0)
3 20 3 (1/0) 7 (1/0) 10 (4/1)
4 23 12 (11/8) 10/5/1) 1
Total 97 19 (12/8) 41 (812) 37 (6/1)

Table 14. WHO grades, IDH and 1p19q status of the glioma population analysed by TexRAD.
*e/e+n denotes solid-patchy enhancing/rim-enhancing + necrosis.

5.5.4.1 TexRAD T1CE analysis

Filtered T1CE histogram parameters predicted IDH status variably (Table 15). Across
the combination of WHO grades 2-4 (n=91), the SSF 6-filtered signal intensity mean
derived from Seg A (the entire enhancing and non-enhancing tumour) yielded a moderate

sensitivity of 72.2%, specificity 74% and AUC = 0.801. Hereby, the T1w signal intensity

values were higher in the IDH" group.

T1CE (VOI)

Seg A SSF Mean SD Skewness Kurtosis Sens/Spec
0 NS 0.695** NS NS 66.7/61.3
2 0.752 0.743* 0.633** NS 72.2/71.2
(}gm 31-;1) 3 0.764* 0.718** 0.737* NS 83.3/68.5
(IDH™=73) 4 0.786* 0.706** 0.759* NS 83.3/69.9
5 0.800* 0.697** 0.701* NS 72.2/69.9

6 0.801* 0.699** NS NS 72.2/74

Table 15. TexRAD volumetric analysis of T1CE imaging for Seg A (WHO grades 2-4). SSF =
spatial scale factor, *p-value <0.005, **p-value <0.05. NS indicates not significant. Adapted

from (33).
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When analysing the glioblastoma (WHO grade 4) group separately, the mean derived
from Seg A was the best parameter for IDH genotyping with a sensitivity of 91.7%,
specificity 88.9% and AUC 0.935 for SSF 4 (Table 16) with n=21 cases contributing to

this analysis.

T1CE (VOI)

SegA SSF Mean SD Skewness Kurtosis Sens/Spec

0 NS 0.769* NS NS 66.7/100

2 0.778* 0.870* 0.880** NS 83.3/89.9

(|¥)Y4I12142) 3 0.861* 0.870* 0.917* NS 83.3/100
(IDH™=9) 4 0.935* 0.852* 0.852* NS 91.7/88.9
5 0.917* 0.824** 0.769* NS 83.3/100

6 0.907* 0.815** NS NS 83.3/77.8

Table 16. TexRAD volumetric analysis of T1CE imaging for Seg A (WHO grade 4). SSF =
spatial scale factor, *p-value <0.005, **p-value <0.05. NS indicates not significant. Adapted
from (33).

If Seg B (enhancing tumour inclusive of necrosis) was analysed, the standard deviation
(SD) represented the most distinctive parameter with a sensitivity of 87.5%, specificity
100% and AUC 0.969 (also SSF 4) with n=12 cases contributing to this analysis (Table
17).

T1CE (VOI)
Seg B SSF Mean SD Skewness Kurtosis Sens/Spec

0 NS NS NS NS NS
2 NS NS NS NS NS

(I\/E\)li:'g:; ) 3 NS 0.938* NS NS 75/100

(IDH™t=4) 4 NS 0.969* NS NS 87.5/100
5 NS 0.906* NS NS 87.5/100
6 NS NS NS NS NS

Table 17. TexRAD volumetric analysis of T1CE imaging for Seg B (WHO grade 4). SSF =
spatial scale factor, *p-value <0.005. NS indicates not significant. Adapted from (33).

86



Chapter 5: Histogram analysis of visually complex gliomas

Using Seg C (solid enhancing tissue only), kurtosis became the best IDH status predictor
across all filters with a best sensitivity 91.9%, specificity 100%, AUC = 0.945 (Table 18)

with n=16 cases in this analysis.

T1CE (VOI)
SegC SSF Mean SD Skewness Kurtosis Sens/Spec
0 NS NS NS 0.836* 91.9/100
2 NS NS NS 0.927* 91.9/100
(|;\|/4Ijvgf1) 3 NS 0.855* 0.836* 0.891* 91.9/100
(IDH™=5) 4 NS 0.891* 0.782* 0.818* 91.9/100
5 NS 0.873* NS 0.855* 91.9/100
6 NS NS NS 0.945* 91.9/100

Table 18. TexRAD volumetric analysis of T1CE imaging for Seg C (WHO grade 4). SSF =
spatial scale factor, *p-value <0.005. NS indicates not significant. Adapted from (33).

For 1p19q genotyping of lower grade IDH™ut gliomas, the TexRAD analysis of Seg A
produced a sensitivity of 77.4%, specificity of 77.8% and AUC 0.736 (Table 19) with n=64

cases in this analysis.

T1CE (VOI)
Seg A SSF Mean SD Skewness Kurtosis Sens/Spec
0 NS NS 0.736* NS 77.4/77.8
WHO 2-3 2 0.725* NS NS NS 75.8/64.5
IDH™ 3 0.735* NS NS NS 81.8/61.3
(1p19int =31) 4 0.735* NS NS NS 78.8/61.3
(el =EtE) 5 0.738* NS NS NS 75.8/61.3
6 0.750* NS 0.659 NS 75.8/61.3

Table 19. TexRAD volumetric analysis of T1CE imaging for 1p19q status prediction in
IDH™t gliomas (WHO grades 2-3). SSF = spatial scale factor, *p-value <0.005. NS indicates
not significant. Adapted from (33).

5.5.4.2 TexRAD ADC analysis

Table 20 lists the results analysis of ADC values for n=82 cases with available DWI. For
the combination of WHO grades 2-4, ADC skewness without filtration performed
moderately for IDH genotyping (sensitivity 77.8%, specificity 68.7%, AUC = 0.791). The
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unfiltered ADCmean was inferior, for example for a threshold of 1.14 "10'3mm2/s

(sensitivity 64.1%, specificity 66.7% and AUC 0.694).

ADC (VOI)
All gliomas SSF Mean SD Skewness Kurtosis Sens/Spec
0 0.694** NS 0.791* 0.734* 77.8/68.7
2 NS NS NS NS NS
WHO 2-4 3 NS NS NS 0.694** 66.7/64.9
(IDH"=18)
(IDH™t=64) 4 NS NS NS 0.693** 66.7/68.7
5 0.655** NS NS 0.727* 72.2/62.5
6 0.674** NS 0.659 0.736* 77.8/67.2

Table 20. TexRAD volumetric analysis of ADC maps (all gliomas, WHO grades 2-4). SSF =
spatial scale factor, *p-value <0.005, **p-value <0.05. NS indicates not significant. Adapted
from (33).

When excluding cases with macroscopic necrosis (n=11) from the analysis, the ADCmean
area under the curve improved with a limited sensitivity 68.3%, specificity 91.9% and

AUC 0.82 for SSF 6 (Table 21) in n=71 cases available for this analysis.

ADC (VOI)
Solid gliomas SSF Mean SD Skewness Kurtosis Sens/Spec
0 0.753** NS 0.811* 0.755** 72.7/88.3
2 0.785* NS NS 0.736** 73.3/81.8
WHO 2-4 3 0.809* NS NS 0.782* 71.7/81.8
(IDH"=11)
(IDH™=60) 4 0.791* NS NS 0.776* 66.7/81.8
5 0.800* NS NS 0.800* 66.7/81.8
6 0.818* NS NS 0.802* 68.3/91.9

Table 21. TexRAD volumetric analysis of ADC maps (solid gliomas, WHO grades 2-4). SSF =
spatial scale factor, *p-value <0.005, **p-value <0.05. NS indicates not significant. Adapted
from (33).

For non-enhancing gliomas (n=58), the IDH status prediction using ADCmean was slightly
further improved (sensitivity 85.7%, specificity 78.4%, AUC 0.88, also for SSF 6) (Table
22). TexRAD single slice ADCmean by drawing around the peripheral tumour margin
produced a limited sensitivity of 67.2%, specificity 66.7% and AUC 0.73 for IDH status.
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ADC (VOI)

Non-enhancing SSF Mean SD Skewness Kurtosis Sens/Spec
0 0.733* NS 0.843* 0.751* 71.4/88.2

2 0.824* NS NS 0.745* 74.5/85.7

\a/gﬁwi-;‘r 3 0.832* NS NS 0.784** 70.6/85.7
(IDH™=51) 4 0.815* NS NS 0.787** 68.6/85.7

5 0.818* NS NS 0.849* 71.4/82.4

6 0.840* NS NS 0.877* 85.7/78.4

Table 22. TexRAD volumetric analysis of ADC maps (non-enhancing gliomas, WHO grades
2-4). SSF = spatial scale factor, *p-value <0.005, **p-value <0.05. NS indicates not significant.
Adapted from (33).

For the detection of the 1p19q co-deletion in IDH™Ut gliomas, unfiltered ADCmean analysis
yielded a sensitivity 95.0%, specificity of 85.0% and AUC 0.811, but this excluded IDH"t

tumours.

5.5.4.3 TexRAD T2w analysis

All of the T2w results were inferior to T1w+contrast and ADC. These are not listed here

in further detail (maximum AUC 0.69) but are visible in (33).

5.5.4.4 TexRAD multivariable model

Alogistic regression model was generated combing the best results from T1CE, T2w and
ADC volumes for cases with three available MRI sequences, merging WHO grades 2-4
(n=80, 63 IDH /17 IDHWt). This produced a highly accurate prediction of IDH status
(AUC 0.98, Table 23).

mut
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Combined sequences (T1CE+ADC+T2w)
Multivariable SSF AUC Min (95% CI) | Max (95% ClI) Sens/Spec
0 0.937* 0.877 0.998 88/88
2 0.937* 0.887 0.987 86/94
T 3 0.942* 0.894 0.990 87/94
4 0.980* 0.955 1.000 90/94
5 0.895* 0.857 1.000 90/88
6 0.937* 0.869 1.000 100/83

Table 23. Multivariable regression analysis of the best performing T1CE, ADC and T2w
parameters. One individual multivariable model was created for each filter. SSF = spatial
scale factor, *p-value <0.005. NS indicates not significant. Adapted from (33).

5.5.5 Discussion
5.5.5.1 WHO grade 4 sample

IDH"t glioblastoma represents the most common type of adult diffuse glioma. It is
correspondingly overrepresented in epidemiology literature (169) and in public imaging
databases (170,171). In the TexRAD analysis of n=97 gliomas, the proportion of WHO
grade 4 tumours was limited (n=12, 12%). In retrospect, this discrepancy most likely
reflects the path of recruitment via clinical science, who provided anonymised
preoperative MRI data for the study. Although consecutive gliomas were enrolled, the
study population is skewed towards lower WHO grades, most likely because these
frequently undergo functional MRI/diffusion tractography planning at NHNN. This
explains why WHO grades 2-3 would preferentially appear on the enrolment list for any
given time frame, whilst glioblastomas may undergo urgent surgery based on external
hospital MRI, with few or no planning sequences repeated. With this, an imbalance of
genotypes was present.

Since the TexRAD research, the tumour class ‘glioblastoma’ has undergone interpretative
changes. Since 2021, IDH™ut astrocytomas of the WHO grade 4 are no longer termed
glioblastoma under consideration of further genetics including CKDN2A/B genetic status
(172). The nomenclature WHO grade 4 oligodendroglioma (n=1 in this analysis) is
discontinued, reflecting the better prognosis for this genetic group (173). This means

limitations to the interpretability of the TexRAD study results and reference standard.
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5.5.5.2 TexRAD ADC analysis

ADC mean, skewness and kurtosis were informative histogram parameters to predict
glioma IDH status. For ADC kurtosis, the highest AUC values (AUC 0.88, non-enhancing
gliomas) were observed. This finding is plausible from a pathophysiological perspective,
as rapidly evolving malignancy may translate into tissue heterogeneity. However, the
volumetric segmentation derived TexRAD ADC results are barely superior to the single
slice ROI rADCmean (AUC 0.84) methods described in Chapter 3.

The TexRAD parameter kurtosis refers to the tailedness of the cumulative histogram
curve comprising all ADC voxels in the image segmentation. This differs from diffusion
kurtosis imaging (DKI), which represents an advanced diffusion model based on a more
complex (including multiple b values >1000 s/mm?) image acquisition. DKI has been
proposed as a biomarker for IDH status, however controversy remains regarding its value
above standard DWI/ADC (174).

The TexRAD result for single slice ADC was inferior to a margin-sparing largest tumour
cross-section ROI (104). Employing TexRAD software for volumetric ADC read-outs was
laborious with each tumour slice requiring manual outlining prior to statistical analysis.
Furthermore, it was not possible to copy segmentations onto another sequence (e.g. b0
to ADC). Therefore, the TexRAD tumour volume slightly varied by sequence (as illustrated
in Figure 26). The software was freely usable at our institution but would otherwise have

required new funding, permissions and installation.

5.5.5.3 Filtration

For all MRI sequences the AUC values varied depending on which TexRAD filter was used.
Towards larger filter sizes larger objects become emphasised, yet the biological meaning
of this remains unclear from the study. Furthermore, which was the most ‘accurate’ filter
varied by imaging parameter and by tumour grouping. Concerns have been raised about
limited repeatability of signal intensity and texture features generally (175), and this may
also apply to TexRAD. The MRI studies originated from multiple vendors and machines

with unquantified technical variations, and their impact on filtration remains unknown.
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5.5.5.4 Alternative T1CE segmentations

When segmenting entire tumours including non-enhancing tissue (Seg A), mean T1lw
values were most diagnostic of IDH status across WHO grades 2-4. This finding could
relate to contrast avidity, where a previous study by Yamauchi et al. observed dense
contrast-enhancement preferentially in IDH" gliomas (75). The result may also be
influenced by larger non-enhancing components, which have been observed in IDH™ut
higher grade tumours (176). Regarding Seg B, greater necrosis is a known feature
associated with IDH"t status and poor prognosis (177). The small number of IDH"t
tumours in this study precludes any firm conclusions from the data.

The standalone performance of T1CE (AUC 0.8) was inferior to the rapid probability
calculation, which was developed in WHO grade 2-3 (Chapter 4, Model A and B). Most
avidly enhancing, necrotic tumours are glioblastoma requiring no TexRAD or ADC

measurement to achieve the correct working diagnosis.

5.5.5.5 Learning from proprietary MRTA

Although the study confirmed differences between the glioma genotypes, no gain in
accuracy or speed was identified above software-free probability modelling. The results
were not subjected to further research. A search into other studies using TexRAD reveals
numerous statistically significant associations, mostly without independent test sample
validation (178).

The diagnostic accuracy of TexRAD appears promising on first glance. Particularly, the
multisequence (T2, T1CE, ADC) model was accurate (AUC of 0.98). However, this involved
assembly of 6 multivariable models, which could have been subject to overfitting based
on the limited dataset and lack of a test sample.

Moreover, for exploring statistical associations the TexRAD technical environment did not
support multiple test corrections, where the research would be at risk of type 1 statistical
errors (179). The statistical outputs of TexRAD are not transparent, as the best
performing parameters vary by sequence, by segmentation and by filter. Thus, potentially
spurious findings and statistical associations may result in overestimation of the software

performance and are open to misinterpretation.
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5.5.5.6 Impact

Several observations from this research are useful. The performance for ADC-based IDH
typing of gliomas was slightly better for non-enhancing tumours. This aligns to prior data
and means that software could adopt a role in identifying IDH"t gliomas of ‘low grade’
morphology. Secondly, the T1CE TexRAD performance was improved by excluding
necrotic elements. This result could be relevant for future genotyping approaches, in
which larger numbers of enhancing gliomas are featured.

The publication of this research has received 38 citations to date (27t September 2024).
Although the conclusion ‘MRTA is a software platform without machine learning, which
can assist the distinction of glioma IDH and 1p19q molecular subtypes’ remains broadly
warranted, I would hesitate to use this product again.

Computational image analysis is desirable for automation and in this case offered a rapid
histogram analysis compared to the Olea-SPSS methods in (141), but the segmentation
process was slow. Computing is not universally superior to radiologist analysis in terms
of accuracy, reproducibility or, as in this case, time penalty. Furthermore, proprietary
software should offer value for money. The TexRAD retail price approximated to £15K,
whereby subsequently a science colleague produced a workable histogram extraction

script minus filtration in one day (104).

5.6 Conclusion

Major technical advances, particularly in the realm of computing, have occurred since the
studies described in Chapters 1-5. The final Chapter 6 is focused on new developments in

glioma imaging, and how the outputs of my research relate to these.
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From the research discussed in Chapters 1-5, several conclusions follow: Firstly,
radiologist assessment using a reproducible feature system may enable glioma molecular
diagnosis without new software, training or costs. Secondly, predicting WHO grade 2-3
glioma IDH status is in many cases achievable using clinically available MRI sequences.
Finally, no superiority was identified for volumetric ADC histogram analysis in three
studies (33,104,141) at a single institution, for an evolving dataset. Yet, the theoretical
benefit of more sophisticated analysis methods cannot be negated.

The Models A and B have undergone recent testing at a new centre (University of
Nottingham, UoN) in a sample of consecutive gliomas (WHO grade 2-4, January-December
2023). Model A (including calcification) yielded an accuracy of 95.4%, and Model B
(including cysts) was 97.2% accurate for IDH status prediction (134) (rater ST, blinded to
tissue diagnosis and age). When used by a resident (NM, ST4), Model B (accuracy 91.7%)
fractionally outperformed Model A (accuracy 87.0%) with approximately 10% gain over
guessing IDH status (116). Unlike the NHNN training cohort, the new grade-unselected
sample contained n=81/108 (77%) glioblastomas with WHO grade 4 microscopy results.
These data support the role of a probability calculation for a different mix of glioma
grades. Model B was preferred by the resident due to uncertainty about calcification
status.

The rADCmean measurements (ICC 0.86-0.98) and visual criteria (kappa 0.76-0.9) were
reproducible for the UoN cohort. Prospective validation is under consideration, which
would ideally extend to further UK centres.

Results from the ADC research have featured in peer education (T. Yousry, ESNR Advanced
Course in Neuroradiology (180)) and major textbooks (39,181). Currently, ADC maps still
receive mostly qualitative reports, including in neuro-oncology (‘restriction’ yes/no). In
July 2024, my research team completed a statistical meta-analysis (n=32 studies) of ADC
performance for glioma genotyping, stratified according to measurement techniques and
WHO grade composition (Bhatti et al, submitted to ECR 2025). This demonstrated
statistical equivalence of several volumetric and regional ADC parameters for IDH
genotyping, together with evidence that white matter normalisation could be omitted.
The latter step would not be justified in the Model A/B probability formula (127) without

recalibration.
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MRI technology is continuously evolving with refinements to hardware, signal generation
and postprocessing. This includes new ultra-high field opportunities for preclinical and
human scanning (182). Many advanced imaging modalities in development have shown
potential for applications in cancer. For example, oncometabolite MRS (40), chemical
exchange saturation transfer (CEST) MRI, positron emission tomography (PET) methods
(183) and Deuterium metabolic imaging (DMI) (184) may in the future support glioma
molecular diagnosis and mapping treatment response.

In 2024, the translation of physiological MRI into clinical neuro-oncology remains partial
at best. Advanced MRI biomarkers in glioma are mostly based on level 3 evidence as newly
summarised for a European Society of Radiology initiative (ST for DWI, CEST (185,186)).
Amongst MRI modalities with clinical availability (34), perfusion and MRS could be
considered as today’s alternative options for glioma genotyping. In a recent meta-
analysis, the performance of DSC perfusion for IDH status identification was moderate
(79%, pooled sensitivity and 82% specificity (187). A different meta-analysis advocated
2-hydroxyglutarate magnetic resonance spectroscopy (2HG MRS) for IDH genotyping,
based on n=2 studies (188). Cystathionine MRS was recently proposed as a biomarker of
1p19q codeletion (189). Subsequently, the MRS combination of Cystathionine and 2HG
achieved excellent specificity but limited sensitivities for genotyping (62% for IDH, 33%
for 1p19q)(190). In summary, perfusion and MRS are complimentary but not currently
superior for glioma molecular diagnosis.

Artificial intelligence (AI) approaches have flooded the literature in many topic areas,
including cancer detection and prediction (191). Computational successes are emerging
in glioma using machine learning approaches, including deep learning (DL). DL functions
by an artificial neural network, resembling the connectivity of the human brain. It
integrates data from multiple assessment ‘layers’, from which intelligent decision making
can solve complex tasks. DL is potentially game-changing through its ability to detect
hidden image hallmarks but generates classifications from a myriad of parameters in an
obscure (‘black-box’) way.

Transparent and reliable Al could ultimately outperform simpler strategies and resolve
observer dependence for IDH genotyping (192). Automated glioma segmentations have
featured in the BraTS challenges with UNet as a particularly successful method (193-

195). My UCL research team recently automated the process of T2w volumetric

95



Chapter 6: Glioma imaging in 2024 and beyond

segmentation and ADC extraction for the NHNN dataset (104), achieving nearly
equivalent results (Wu | et al. in draft) based on an nnUNet algorithm.

A different DL algorithm for combined segmentation and classification (196) achieved
precise IDH genotyping (AUC 0.99, n=95, Anderson ], MSci Computer Science, UoN 2024)
despite limited visual overlap of the DL masks with gliomas. At multiple research sites
(Erasmus MC, UoN, UCL), a part-prospective validation study has been delayed by
computer scientist staff shortages. Certain workflow issues may improve with greater
integration of radiomics scripts into imaging routine (197). Automated approaches are
economically attractive, as these could become very time efficient and do not suffer
fatigue. However, high level computation does not uniformly translate into diagnostic
value, as highlighted by the survival prediction in VASARI-auto (R? 0.245 (198)).
Importantly, task-based Al lacks intuition and may fail at new problem solving.

The high proportion of advanced IDH"t glioblastoma amongst all diffuse gliomas in real
life (169) and in public databases (199) probably inflates the performance of Al tools for
IDH genotyping (200). Specifically, such cohort compositions may overestimate the
contribution of T1CE to molecular diagnosis (201). Indeed, genotypes and WHO grade
mixes have the potential to impact research outputs for any imaging biomarker. For
example, paucity of 1p19¢codel in a public dataset (202) may ease the distinction of IDHwt
from IDH™ut ADC values (boxplots, Figure 15). It is also known that rarity of one class
limits the learning of Al Thus, it could be essential to develop tools with a focus on
genotyping solid gliomas, if the aim is to identify early IDH*t tumour stages.

As the UK’s view has shifted upon improving brain tumour outcomes with the promise of
a transformative investment linked to the Tessa Jowell initiative (203), the emphasis on
early diagnosis cannot be strong enough (204,205). After all, this has been the stepping

stone to revise the prognosis for many systemic cancers.
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This thesis is based on the following peer-review publications, which are presented in the
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with co-author signatures supplied to the University of East Anglia by separate
documentation.
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recommendations endorsed by the European Society of Neuroradiologists.

Principal author, design of the investigation, conduct of the research, analysis of the
outcome, consensus formulation of international guidance, manuscript preparation for
publication (IF 5.2, 212 citations).
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Senior author, design of the investigation, conduct of the research (lead for literature
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Formula

The log odds ratios for Model A and B in (127) were calculated as follows:

Model A: [LA =(25.71 XrADCmean) + (20.05 x age) + (0.002 x age?) + (20.32 x solid contrast
enhancement) + (2.96 x rim contrast enhancement) + (0.78 x tumour location = other) +
(3.58 x tumour location in thalamus or brainstem) + (4.34 x absent calcification) + 2.24].
Model B: [LB = (-3.23 x rADCmean) + (20.1 x age) + (0.002 3 age?) + (20.41 x solid contrast
enhancement) + (1.66 x rim contrast enhancement) + (0.86 x tumour location = other) +
(3.64 3 tumour location in thalamus or brainstem) + (1.17 x absent cyst or cysts) + 3.07].
Each tumour is assigned one contrast enhancement category only, meaning a result of 1
is assigned for the tumour’s enhancement category and O for the contrast categories that
are not applicable. Accordingly, the tumour location is designated 1 for the applicable
category and O if not in this category.

Calcification (Model A) and cysts (Model B) are coded as 1 if present and as 0 if absent. In
the case of an uncertain result of calcification, 0=absent is entered.

The probability of IDH"!is calculated for Model A and B by using the following equation:

1/(1 + e2L), where L is the relevant log odds ratio.
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Abbreviations

1p19q Short arm of chromosome 1 and long arm of chromosome 19
2D Two dimensional

2HG D2-hydroxyglutarate

3D Three dimensional

ADC Apparent diffusion coefficient (unit mm?/s)

ADCmean Apparent diffusion coefficient mean value

ADCmin Apparent diffusion coefficient minimum value

ADCnawm Apparent diffusion coefficient in normal appearing white matter
Al Artificial intelligence

ANOVA Analysis of variance

ASL Arterial spin labelling

AUC Area under the curve

b0 Diffusion gradient of 0 s/mm?

b500 Diffusion gradient of 500 s/mm?

b1000 Diffusion gradient of 1000 s/mm?

BI-RADS Breast imaging reporting and data system

BTG Brain tumour working group

CDKNZ2A/B Cyclin dependent kinase inhibitor 2A/B
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CEST

CET

CSF

CSO

CT

DCE

DKI

DL

DMI

DSC

DWI

EORTC

ESNR

FLAIR

HAG

HAG K27M

NHS

IDH

IDHwt

Chemical exchange saturation transfer

Contrast enhancing tumour

Cerebrospinal fluid

Centrum semiovale

Computed tomography

Dynamic T1-weighted contrast enhanced MRI

Diffusion kurtosis imaging

Deep learning

Deuterium metabolic imaging

Dynamic susceptibility-weighted contrast enhanced imaging

Diffusion-weighted imaging

European Organisation for Research and Treatment of Cancer

European Society of Neuroradiologists

T2-weighted fluid attenuated inversion recovery

Histone altered glioma

Glioma with a H3 K27M histone alteration

National Health System

[socitrate dehydrogenase

[socitrate dehydrogenase wild-type
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[DHmut/1p19int

[DHmut/1p19del

ISN

ICC

IVIM

LGG

MCMC

MRI

MRS

MRTA

NAA

NAWM

NBTS

nCET

NICE

NHNN

PACS

[socitrate dehydrogenase mutant with intact 1p19q

[socitrate dehydrogenase mutant with 1p19q codeletion

International Society of Neuropathology

Intraclass correlation coefficient

Intravoxel incoherent motion imaging

Kappa

Low grade glioma

Markov Chain Monte Carlo

Magnetic resonance imaging

Magnetic resonance spectroscopy

MR imaging texture analysis

Number

N-acetylaspartate

Normal appearing white matter

United States National Brain Tumor Society

Non contrast enhancing tumour

National Institute for Health and Clinical Excellence

National Hospital for Neurology and Neurosurgery

Picture archiving and communication
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PET Positron emission tomography

PIM Paediatric Index of Mortality

pMRI Perfusion-weighted MRI

PRISMA-DTA Preferred Reporting Items for Systematic Reviews and Meta-
Analyses

QADAS-2 Quality Assessment of Diagnostic Accuracy Studies 2

qMRI Quantitative magnetic resonance imaging

rCBV Relative cerebral blood volume

rADCmean Relative apparent diffusion coefficient mean value

rADCmin Relative apparent diffusion coefficient minimum value

ROC Receiver operating characteristic

ROI Region of interest

SD Standard deviation

Seg A Segmentation A

Seg B Segmentation B

Seg C Segmentation C

SNO Society for Neuro-oncology

SSF Spatial scale filter

STARD Standards for Reporting Diagnostic Accuracy Studies

SWI Susceptibility-weighted imaging
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T1CE

Tiw

T2w

T2*

TCGA

UCL

UoN

VASARI

VOI

WHO

WHO 2007

WHO 2016

T1-weighted gadolinium contrast enhanced

T1-weighted

T2-weighted

T2-weighted gradient echo

The Cancer Genome Atlas

University College London

University of Nottingham

Visually AcceSAble Rembrandt Images

Volume of interest

World Health Organisation

WHO Classification of Central Nervous System Tumors 2007

WHO Classification of Central Nervous System Tumors 2016
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Glossary

Absolute agreement
A measure of the numerical agreement between observers in intraclass correlation

coefficient testing.

Adjuvant therapy
Additional treatment given after the primary treatment (e.g. surgery) to lower the risk of

cancer recurrence. Adjuvant therapy may include radiotherapy and chemotherapy.

Algorithm
A mathematical process or rule applied in calculations or computerised problem-solving

operations.

Antibody
An immune system protein, which may be created in a lab, that interacts with specific

targets. Antibodies may be applied in diagnostic testing or as a form of cancer therapy.

Arterial spin labelling
A perfusion imaging method which uses magnetically labelled arterial blood water

protons as an endogenous tracer.

Astrocyte
A type of glial cell.

Bayesian
Bayesian inference is a statistical method in which Bayes' theorem is used to update the

probability for a hypothesis as more information becomes available.
Bias

Any factor that leads to a systematic difference between the true parameters of a

population and the statistical estimate of those parameters.
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Binomial

A discrete probability distribution that gives only two possible results in an experiment.

Biomarker
A measurable parameter that is a sign of a normal or abnormal physiological condition or

disease.

Biopsy

A surgical procedure to remove a piece of tissue or cell sample for testing.

Blood-brain-barrier
A selective endothelial layer, which restricts the passage of potentially harmful

substances and infective pathogens to the brain.

Bonferroni correction

A statistical correction method, which may be applied in the circumstance of multiple
hypothesis testing to reduce the likelihood of a type 1 error (at the expense of a type 2
error). This can be applied in form of a p value adjustment, whereby each p value is

multiplied by the number of tests.

Brainstem
The neural structure that connects the cerebrum of the brain to the spinal cord and

cerebellum.

BraTs challenge

The Brain Tumor Image Segmentation (BraTS) benchmark challenge was first organized
in conjunction with the MICCAI 2012 conference as a competition for testing of
automated glioma segmentation algorithms. In 2024, over 200 publications have arisen

from the international BraTS challenges held yearly.
b value

A factor that reflects the strength and timing of the gradients used to generate diffusion-

weighted images.
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B value

Logistic regression coefficient, see logistic regression.

Caldicott guardian
A senior representative of the NHS responsible for protecting the confidentiality of

people's health and care information and making sure it is used appropriately.

Calvarial remodelling
A change in skull shape or contour, typically as a gradual effect due to pressure e.g. from

a tumour mass.

Centrum semiovale
The cerebral white matter region situated cranial to the lateral ventricles and corpus

callosum.

Cerebrum

The largest part of the human brain, which consists of two hemispheres.

Cerebral blood volume
The volume of blood within a given amount of brain tissue, which can be estimated from

dynamic susceptibility contrast enhanced (DSC) perfusion imaging.

Cervical cord

The spinal cord of the neck region.

Chemical exchange saturation transfer

A recently developed MRI method, in which image signal is generated by selective
radiofrequency saturation of exchangeable protons followed by measuring saturation
transfer, as this becomes amplified in water. The CEST effect is dependent on solute (e.g.

protein) concentration and pH, which can be depicted as image contrast.
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Chemotherapy

A systemically administered cancer treatment.

Chi square test
A statistical test to assess whether an association exists between two categorical

variables.

Cohen’s kappa

A measure of agreement between raters of categorical variables.

Combined chromosome 7 gain and chromosome 10 loss

A characteristic molecular alteration in glioblastoma.

Computed tomography
An imaging technique that combines x-rays with computation for generating cross-

sectional images of the brain or body.

Consistency of agreement
A measure of the systematic agreement between observers in intraclass correlation

coefficient testing.

Contrast bolus

A predefined dose of contrast given over a short duration, typically in seconds.
Contrast enhancement
Increased signal on T1w images post Gadolinium administration, typically as a result of

blood brain barrier breakdown.

Coregister

The fusion of two or more image sequences to make them fully overlap.
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Cumulative histogram
A statistical plot, which summarises the signal intensity distribution for all voxels of an

image.

Cyst
A fluid filled structure surrounded by a thin membrane as a feature of disease or

developmental abnormality.

Cystathionine
An intermediate metabolite in the synthesis of cysteine, a semi-essential amino acid

which contributes to protein synthesis.

D2-hydroxyglutarate, 2ZHG

A cancer metabolite which is produced by IDH-mutant gliomas.

Deep learning
A machine learning method which uses artificial neural networks to perform complex

tasks such as segmentation or classification.

Deuterium metabolic imaging

An MRI method based on generating signal from heavy water (2H20).

Dice score
A metric used for measuring the visual overlap between two data sets, typically used in
the context of image segmentation. The score quantifies how well the predicted region

aligns with the ground truth region.

Dunn pairwise comparisons

A type of post hoc correction applied following Kruskall-Wallis ANOVA testing.
Dynamic contrast enhanced (DCE) imaging
A type of perfusion MRI technique in which contrast is rapidly injected for acquiring T1w

images.
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Dynamic susceptibility contrast enhanced (DSC) imaging
A type of perfusion MRI technique in which contrast is rapidly injected for acquiring T2w

gradient echo images.

Epigenetic
The study of changes in gene expression that occur through alterations in the

chromosome rather than in the DNA sequence.

Eta2

A measure of effect size in a statistical association between variables.

Facilitated diffusion

Increased diffusion compared to normal brain parenchyma.

Fluid attenuated inversion recovery
A T2w MRI acquisition in which fluid signal is deliberately suppressed to increase tissue

contrast.

Frontal lobe

The anterior part of the cerebrum.

Gadolinium
A commonly used intravenous contrast medium that increases T1 signal by shortening

magnetic relaxation time.

Genotype

Belonging to a genetic group.
Glia

A type of cell that provides physical and chemical support to nerve cells and contributes

to the physiological blood brain barrier.
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Gliomatosis

A glioma growth pattern defined by involvement of three or more brain lobes.

H3 G34R

A glycine 34-to-arginine or valine substitution in the histone gene 3.3.

H3 K27M

A lysine 27-to-methionine substitution in the histone gene 3.3.

Histology

The microscopic study of tissues.

Histone
A protein that provides structural support for a chromosome and plays a role in gene

expression.

Insula

A small, deep seated area of cerebral cortex.

Internal septations

Thin strands of tissue, typically within a fluid filled structure such as a cyst.

Intraclass correlation coefficient
A statistical test used to quantify the level of agreement for numerical variables between

two observers, or in test-retest application.

Intravoxel incoherent motion imaging
An advanced diffusion-weighted imaging technique, which uses multiple b values and

biexponential fitting to model intracellular and extracellular diffusion.
Kappa statistics

A statistical measure used to quantify the level of agreement between two raters of

categorical items.
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Kruskal-Wallis ANOVA
A non-parametric statistical test to compare two or more groups for a continuous or

discrete variable.

Kurtosis
The tailedness of a distribution curve with higher kurtosis corresponding to greater

extremity of numerical deviations.

Likelihood ratio test
A statistical test, which compares the goodness of fit of two statistical (e.g. logistic

regression) models.

Linear regression
A statistical model that estimates the linear relationship between a dependent response

variable and one or more independent explanatory variables.

Logarithm
The inverse of an exponent or power to which a base must be raised to yield a given

number.

Log odds ratio

Logarithm of the odds ratio.

Logistic regression
A logistic model estimates the log-odds of an event as a combination of one or more
independent explanatory variables. The logistic function converts log odds to a

probability between 0 and 1.
Machine learning

A type of artificial intelligence focused on developing computer models that learn from

data to make predictions.
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Macroscopic

Visible without magnification.

Mann-Whitney U test

A non-parametric statistical test to compare unrelated samples.

Markov Chain Montecarlo method
A high dimensional statistical simulation method to study a probability distribution

through repeated data sampling.

Mean
The average value of the sum of all the numbers is divided by the total number of numbers

in a sample.

Median

The middle value in a list of given numbers when ordered from smallest to largest.
MR Spectroscopy
An imaging method, which assesses the presence and concentration of metabolites in one

or more image voxels.

Multicentric

Multiple spatially distant tumour foci.

Multifocal

Multiple interconnected tumour foci.

Multivariable

Multiple explanatory parameters in a statistical model, e.g. in logistic regression.

Necrosis

Devitalised tissue.
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Neovascularisation

Formation of new vessels.

Neural stem cell
A pluripotent cell with ability to differentiate into a range of cell types such as neuron,

astrocyte or oligodendrocyte.

Neuron
A nerve cell with ability to generate electric signals for communication within a network

of other neurons in the nervous system.

Normal appearing white matter

White matter without macroscopic evidence of tumour infiltration.

Normalisation
The process by which a numerical measurement in tumour is divided by a numerical

measurement in normal appearing tissue, for example white matter.

Odds ratio
The odds that an outcome will occur given a particular condition compared to the odds of

the outcome occurring in the absence of that condition.

Oligodendrocyte
A type of glial cell.

ONC201
An orally administered agent Dordaviprone, which selectively binds to the G-protein
coupled dopamine receptor D2 and the mitochondrial protease ClpP as a treatment for

diffuse midline glioma.

Oncogenic

Something that causes cancer.
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Oncometabolite

A metabolite which is produced as an effect of cancer.

PACS
Picture archiving and communications system, a digital imaging technology for secure
storage and image viewing. Images are stored in DICOM (Digital Imaging and

Communications in Medicine) format.

Paediatric index of mortality
A severity scoring system for predicting the outcome of patients admitted to paediatric

intensive care units based on data collected within the first hour of admission.

Percentile
A theshold below which a given percentage of a sample falls, e.g. 10t percentile = 10% of

the sample falling below the threshold.

Perfusion-weighted MRI
An MRI method, which measures blood flow related parameters based on intravenous

injection of gadolinium (DSC, DCE) or endogenous contrast (ASL).

Perfusion post-processing

The computational process, which derives quantitative maps from perfusion raw data.

Pial invasion
Tumour infiltration of the leptomeninx, a thin cover layer surrounding the brain and

spinal cord.

Pignatti score

A clinical risk score derived from multiple EORTC glioma trials in 2002. In brief, this
identified age >40 years, astrocytoma histology, largest tumour diameter >6 cm, tumour
crossing the midline, and neurologic deficit before surgery as unfavorable factors for

survival.
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Pixel

The smallest unit in a digital image.

Positron emission tomography

An imaging method that uses radioactive tracers to visualise metabolic processes.

Probability

The likelihood of a statistical outcome. This can be calculated as odds/1+odds.

Pseudoprogression
A self-limiting treatment effect, typically following combined radiation and
chemotherapy, resulting in temporary enlargement or new appearance of contrast

enhancing imaging abnormalities in the absence of true tumour progression.

QUADAS-2
A tool developed at Bristol University to assess the quality of primary diagnostic accuracy

studies, separate from and complementary to the data extraction process.

R2

A goodness of fit measure for a model, representing ‘pseudo’ R?in logistic regression.

Radiomics

The extraction of imaging data to predict a disease state, for example genetics in cancer.

Radiotherapy

latrogenic application of radiation, typically to treat cancer.

Receiver operating characteristic curve
A graphical representation of the performance of a classification model at varying

threshold values.

Restricted diffusion

Reduced diffusion compared to normal brain parenchyma.
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Sample size calculation
A step in research planning with the aim to determine the number of samples or

participants required to correctly represent a population.

Satellites

Discrete tumour lesions in addition to a main tumour mass.

Script

A file or code that contains computational commands.

Segmentation

The delineation of a target structure in an image.

Skewness

A measure of the deviation from a symmetric distribution.

Standard deviation
A statistical measure of the variation of the values in a distribution with regards to its

mean.

Stupp protocol
The current standard of care protocol for glioblastoma of radiotherapy and concomitant
chemotherapy with temozolomide, an alkylating agent. Where possible, this is preceded

by maximum safe tumour resection.

Synaptic connectivity

A connection by which nerve cells communicate through electrochemical activity.
Susceptibility

A source of MRI contrast which exploits the magnetic susceptibility differences of various

compounds, such as paramagnetic blood, iron, and diamagnetic calcium.
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T2 /FLAIR mismatch
Bright T2w signal in a glioma with corresponding signal drop out on FLAIR imaging. This
represents a specific feature of IDHmut/1p19int astrocytomas, thought to be caused by

microcystic tissue elements.

Telomerase reverse transcriptase promoter
A subunit of the telomerase enzyme complex that adds nucleotides to the ends of
telomeres. This process contributes to cell life span and is often upregulated in cancer

cells due to a mutation in the promoter region.

Tertiary referral centre
A specialist hospital service that receives referrals from district hospitals and general

practice.

Tessa Jowell initiative

Dame Tessa Jowell was a Labour Party politician and MP, who in 2018 made a moving call
for action to improve brain tumour outcomes. The Tessa Jowell Brain Cancer Mission has
become a national strategy to deliver transformational programmes in the areas of

research, trials, training and patient experience.

Test cohort

A sample of cases independent from training cases, typically to test a predictive algorithm.
Texture analysis
A type of image analysis focused on the spatial distribution of signal intensity values in

an image.

Thalamus

A paired grey matter structure surrounding the brain midline.
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The Cancer Genome Atlas (TCGA)
A landmark cancer genomics program, which molecularly characterized over 20,000
primary cancer samples spanning many cancer types, including glioblastoma, with a

linked imaging database.

Training cohort

A sample of cases used for statistical model training.

Type 1 error
A false positive error in statistics resulting in the rejection of the null hypothesis when it

is true.

Type 2 error
A false negative error in statistics resulting in failure to reject the null hypothesis when it

is false.

Univariable

A single explanatory parameter in a statistical model, e.g. in logistic regression.

Vendors

Commercial manufacturers of MRI machines.

Voxel

The smallest volumetric unit within an image, representing a three-dimensional pixel.

WHO grading
Since 2021, Arabic numerals have been adopted instead of the previous Roman
numbering system. This change was implemented to align brain tumour grading with

body cancer grading. The numbers can otherwise be used interchangeably.

Wilcoxon signed rank test

A non-parametric statistical test to compare related samples.
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Youden'’s index
A statistical tool for selecting the optimal threshold value or cutoff point along a receiver

operating characteristic curve.
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Abstract

Objectives At a European Society of Neuroradiology (ESNR) Annual Meeting 2015 workshop, commonalities in practice,
current controversies and technical hurdles in glioma MRI were discussed. We aimed to formulate guidance on MRI of glioma
and determine its feasibility, by seeking information on glioma imaging practices from the European Neuroradiology community.
Methods Invitations to a structured survey were emailed to ESNR members (n=1,662) and associates (n=6,400), European
national radiologists’ societies and distributed via social media.

Results Responses were received from 220 institutions (59% academic). Conventional imaging protocols generally include T2w,
T2-FLAIR, DWI, and pre- and post-contrast T1w. Perfusion MR1 is used widely (85.5%), while spectroscopy seems reserved for
specific indications. Reasons for omitting advanced imaging modalities include lack of facility/software, time constraints and no
requests. Early postoperative MRI is routinely carried out by 74% within 24-72 h, but only 17% report a percent measure of
resection. For follow-up, most sites (60%) issue qualitative reports, while 27% report an assessment according to the RANO
criteria. A minority of sites use a reporting template (23%).

Conclusion Clinical best practice recommendations for glioma imaging assessment are proposed and the current role of advanced
MRI modalities in routine use is addressed.

Key Points

» We recommend the EORTC-NBTS protocol as the clinical standard glioma protocol.

* Perfusion MRI is recommended for diagnosis and follow-up of glioma.

* Use of advanced imaging could be promoted with increased education activities.

* Most response assessment is currently performed qualitatively.

* Reporting templates are not widely used, and could facilitate standardisation.

Keywords Brain neoplasms - Magnetic resonance imaging - Surveys and questionnaires - Guideline - Glioma
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ISMRM International Society for Magnetic Resonance in
Medicine

1TSS Intratumoral Susceptibility Signals

MPRAGE Magnetization Prepared RApid Gradient Echo

MRI Magnetic Resonance Imaging

MRS MR Spectroscopy

NAA N-acetylaspartate

NBTS National Brain Tumor Society

NCI National Cancer Institute

PMRI Perfusion MRI

rCBV Relative Cerebral Blood Volume

RANO Response Assessment in Neuro Oncology

SNO Society for Neuro-oncology

SPACE SPAtial and Chemical Shift Encoded Excitation

SWI Susceptibility Weighted Imaging

WHO World Health Organisation

Introduction

Gliomas are a diverse group of neoplasms, the principal
treatment for which is surgical resection followed by ra-
diation and/or chemotherapy. Despite ongoing efforts to
advance treatments, practically all adult gliomas eventual-
ly progress and have an overall poor prognosis [1].
Magnetic resonance imaging (MRI) is fundamental to
the characterisation of brain tumours, guides the surgical
strategy and is required to monitor treatment response.
There is a current lack of MRI protocol standardisation
[2], which can be problematic for patient management.
Differences in scanning protocols (spatial and contrast
resolution, image planes, sequences, etc.), whether within
the same institution or between institutions, may affect
image interpretation, assessment of contrast enhancement
and (volume) changes in follow-up examinations [3]. For
advanced imaging modalities, the absence of uniform pro-
tocols may delay their implementation, hamper the estab-
lishment of threshold values, and in the worst case render
the technique non-diagnostic.

In 2015, the Diagnostic Committee of the European
Society of Neuroradiology (ESNR) held a workshop on
glioma imaging practices at its 38th Annual Meeting in
Naples, Italy. Among the audience present, the lack of
recommendations for MRI in clinical practice was found
to be a universal deficit, whilst variations in protocols
seemed to exist.

Best practice is defined as the conscientious and judi-
cious use of current best evidence in making decisions
about the care of individual patients [4]. The published
evidence around brain tumour MRI protocols constitutes
a complex and dynamic entity, particularly where ad-
vanced techniques are concerned. Key changes have oc-
curred in the understanding of glioma, which are

reflected in the recent World Health Organisation
(WHO) classification [5]. It is now clear that the biolog-
ical aggressiveness of glioma subtypes is primarily influ-
enced by their molecular genetic composition, in some
cases discrepant from histological results and conven-
tional imaging features [6—8]. MRI protocols must ac-
count for the new integrated approach to glioma classifi-
cation, and should aim to complement and add value in
the diagnostic workup. The goal is to develop imaging
protocols, which reflect best practice, but also to consid-
er differences between institutions in equipment, levels
of expertise, and financial factors in resource-limited
healthcare systems. Furthermore, protocol harmonisation
could serve as a means of quality assurance and support
multicentre research into new treatments.

Consensus recommendations have recently been devel-
oped for glioma imaging in clinical trials. The United
States National Brain Tumor Society (NBTS), Society
for Neuro-oncology (SNO) and the European
Organisation for Research and Treatment of Cancer
(EORTC) jointly published the EORTC-NBTS protocol
[9]. The main aim of this protocol is to enable in a defined
group of patients a reproducible assessment of tumour
volume change according to the response assessment in
neuro-oncology (RANO) criteria [10]. The focus of this
protocol is therefore on anatomical T1-weighted (T1w),
T2-weighted (T2w) and T2w fluid-attenuated inversion
recovery (T2-FLAIR) sequences, and also includes rec-
ommendations for diffusion-weighted imaging (DWI).

The question has been raised whether the EORTC-
NBTS protocol would be suitable for implementation in
a clinical setting. A simple adoption of a trial protocol
into the challenging clinical service may, however, be
problematic. In the clinical context, a variable number
of questions need to be addressed such as diagnosis, dif-
ferential diagnosis as well as treatment planning, out-
come and monitoring. Furthermore, a clinical protocol
must be time efficient and applicable in a wide range
of medical institutions, and must affect the management
of the individual patient. Advanced techniques, which are
not relevant in current clinical trials and therefore not
included in the EORTC-NBTS protocol, can be important
for patient management.

This paper aims to provide best clinical practice recom-
mendations on conventional and advanced MRI of glioma
patients and assesses whether the EORTC-NBTS protocol
would be suitable for routine clinical practice. To inform the
recommendations and to assess their feasibility, information
was sought from European institutions about MRI practices,
technical parameters and common diagnostic challenges. To
this end, a structured survey was carried out to ensure the
involvement and representation of the European neuroradiol-
ogy community in the guidance.
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European survey on glioma MRI practices
Method

An online questionnaire was designed using a Google forms
open access toolbox (Google.com, Mountainview, CA, USA).
The questionnaire featured 87 items, divided into multiple
choice, single best choice and free text questions on personal
practice, preferred MRI techniques and clinical scenarios (see
online Supplement 1). The questionnaire was optimised and
tested by peers such that it would take a maximum of 10 min
to fill out. This information was given at the start of the
questionnaire.

Questions were derived from issues raised at the 38th
ESNR annual meeting workshop on brain tumour imaging
(attendance + 150 people), as well as those identified during
the development of the EORTC-NBTS protocol. Survey invi-
tations were emailed to all ESNR members (n=1,662), non-
members who had expressed their interest in ESNR-activities
in the past (n=6,400), European national neuroradiological
societies (The Netherlands, Belgium and the UK), and distrib-
uted via LinkedIn and Twitter. The survey was open for 1
month, from 1 March to 1 April 2016, with one reminder sent.
To avoid duplicate bias, participants were instructed to supply
institution details or confirm they were the only person an-
swering from their centre.

Results

Demographic and institution data (online Supplement 2,
Table 1)

Two hundred and twenty-seven professionals working in 31
out of 51 European countries completed the survey; seven
were duplicates from the same institution, resulting in re-
sponses from 220 institutions. A proportion of questionnaires
(8.2 %) included in the analysis were submitted by individuals
currently working outside Europe. Figure 1 provides an over-
view of the responses by country.

A number of questions included the option ‘other’. If this
was answered by < 5 % of individuals, percentages are not
quoted in the results. A few undecipherable free text answers
were excluded from the analysis.

Primary diagnosis and follow up (online Supplement 2,
Table 2)

Typical glioma standard MRI protocols lasted between 20-60
min. The proportion of institutions per country that use proto-
cols shorter than 30 min is displayed in Fig. 2.

In more than 95 %, the protocols included T2w, T2-
FLAIR, pre- and post-contrast T1w, and DWI. At many insti-
tutions (65 %) T2*w or susceptibility weighted imaging
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(SWI) were part of the MRI protocol. 3D anatomical se-
quences were used by most (81.8 %) of the institutions, most
commonly post-contrast T1w. In free text answers, reasons
given for not using 3D imaging included time pressure
(n=10), quality concerns, scanner limitations, financial rea-
sons and lack of technical support (n=2 each). Most (77.7
%) institutions used the same protocol for glioma follow-up
as for primary diagnosis. Some chose a different protocol for
follow up with omission or selective use of sequences, most
frequently MR spectroscopy (MRS) or perfusion MRI
(pPMRI).

Contrast-enhanced MRI (online Supplement 2, Table 3)

To depict enhancement, the most commonly (72.3 %) per-
formed sequence was FSPGR/MPRAGE. Not all users felt
comfortable using this 3D gradient echo sequence as the sole
sequence to assess contrast uptake. In free text answers, the
most frequently (n=48) reported concern was absent or sub-
optimal sensitivity to detect enhancement, followed by arte-
fact, reduced sensitivity, and a risk of missing small lesions.

Diffusion-weighted imaging (DWI; online Supplement 2,
Table 4)

DWI was almost always (99.1 %) performed in glioma imag-
ing. ADC was much more often (78.2 %) assessed by visual
comparison with normal appearing brain than quantitatively.
Nearly all users employed b values of 0 and 1,000 s/mm?, with
some acquiring an additional b-value of 500 s/mm?.

Perfusion MRI (pMRI; online Supplement 2, Table 5)

Most institutions (85 %) applied pMRI (most frequently dy-
namic susceptibility contrast [DSC; 81.8 %]) for initial grad-
ing and/or glioma follow-up. The use of this modality was
homogeneously distributed across Europe. Some institutions
(21.4 %) reported use of either DSC plus one other perfusion
technique, and rarely all three were acquired. Free text an-
swers highlighted usefulness of pMRI in differentiating che-
moradiation effects from tumour progression (n=55) and for
grading (n=36).

MR Spectroscopy (MRS; online Supplement 2, Table 6)

The majority (80.4 %) of institutions used MRS in clinical
brain tumour imaging, but rarely as part of the routine proto-
col. The largest group (35.2 %) of users acquired MRS occa-
sionally, upon request or for a specific indication. Free text
answers regarding MRS indications featured lesion character-
isation (n= 56), including distinction of tumour from non-
neoplastic conditions, and grading (n=21). Less commonly
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Fig. 1 Institutional responses (%) per country. Countries with no responses are shaded grey

MRS was employed for brain tumours in general or to differ-
entiate therapy effects from tumour recurrence.

Functional MRI (fMRI; online Supplement 2, Table 7)

Approximately half (49.8 %) of participating institutions used
fMRI in clinical practice, mostly for surgical planning (95.4
%). Free text answers on the clinical impact reported its value
for operative planning, to guide the interventional approach,
and to determine tumour resectability. Functions assessed
were language lateralisation and localisation, visual cortex
localisation and motor cortex localisation (resting state fMRI
not assessed). fMRI scan times varied substantially lasting up
to 1 h, depending on tasks.

Diffusion-tensor imaging (DTI) tractography (online
Supplement 2, Table 8)

Nearly two-thirds (63.7 %) of participating institutions carried
out DTI tractography in their practice, generally for
presurgical evaluation (88.2 %). Numerous free text answers
stated that DTI tractography was useful for operative

planning, underscoring the potential of DTT results to change
the surgical approach. Some users reported limited impact or
experience. The number of acquired directions varied signifi-
cantly, but over half (58.5 %) of the DTI performing institu-
tions acquired at least 20 directions in their clinical practice.

Clinical scenarios and issues

Early postoperative MRI (online Supplement 2, Table 9) At the
majority (74.3 %) of institutions, early postoperative MRI was
routinely performed to assess the extent of glioma resection,
but few (17.2 %) radiologists provided a percent measure on
completeness of resection in their report, with no uniform
method identifiable from the free text answers (n=28).

Monitoring of therapy response (online Supplement 2,
Table 9) For glioma follow-up, most respondents (60.6 %)
undertook a qualitative assessment, and a smaller group
(27.1 %) obtained measurements according to the RANO
criteria [10]. Less than a quarter (23.3 %) of institutions incor-
porated a reporting template in their current practice.
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Fig. 2 Percentage of MRI protocols of < 30 min duration for each country. The remaining protocols nearly always lasted between 31 and 60 min.
Amongst all 220 responses, only 2.7 % of glioma MRI protocols were longer than 60 min

Post-processing and non-use of advanced imaging (online
Supplement 2, Table 10) For all advanced modalities, data
post-processing was most commonly carried out by a radiol-
ogist. Multiple reasons featured amongst non-use of advanced
imaging, with lack of MRI equipment (40.5-49.5 %) slightly
dominating for all methods.

Discussion

A conventional MRI protocol consisting of T2w, T2-FLAIR,
DWI and pre- and post-contrast T1w appears representative of
standard glioma imaging practice in Europe. To the best of our
knowledge, level I evidence in the form of randomised con-
trolled trials for the MRI assessment of glioma is currently
lacking. Conventional MRI, but also the use of DWI and
PMRI for glioma characterisation are supported by some level
1I evidence, and by numerous level III studies [11]. The cur-
rent data on the use of MRS, SWI, fMRI and DTI are restrict-
ed to level III evidence, mostly in the form of retrospective
comparative studies.
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3D versus 2D imaging

3D (volumetric) imaging has clear advantages over 2D imag-
ing. First, reconstructions can be made in all planes, allowing
not only for a better appreciation of anatomical location, but
also for more accurate longitudinal assessment [12]. Second,
tumour volumes can be more accurately measured, in partic-
ular when this is done automatically [13]. In addition, the
higher through-plane resolution of 3D imaging reduces the
risk of missing small foci of contrast enhancement due to
partial volume effects [14]. FSPGR/MPRAGE appears overall
diagnostic for glioma imaging [15] and remains the most
widely available T1w 3D technique at present [9]. However,
some concerns exist regarding its suitability to depict post
contrast enhancement, increased susceptibility to movement
or pulsation artifacts, and lack of sensitivity for the detection
of leptomeningeal disease. The short repetition times used for
FSPGR/MPRAGE sequences are known to result in less
marked T1-dependent signal enhancement compared with
spin-echo using the same Gadolinium-chelate dose [16].
This effect was not found to be detrimental for small brain
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lesions in vivo [17], but potentially superior 3D spin-echo
alternatives such as SPACE and CUBE [14, 18] could well
supersede FSPGR over time.

Diffusion-weighted imaging

DWI with a maximum b value of 1,000 s/mm? matches the
EORTC-NBTS protocol and National Cancer Institute (NCI) -
International Society for Magnetic Resonance in Medicine
(ISMRM) consensus recommendations [19], which specify
the preferred use of 3 b-values (0, 500 and 1,000 s/mm?),
but acknowledge the fact that not all scanners have this capa-
bility. DWI can non-invasively contribute to estimating tu-
mour cellularity and grade [11, 20-22] and support the assess-
ment of therapy response, although as a single modality its
accuracy appears limited for the distinction of tumour and
radiation effects [23, 24]. Advanced diffusion techniques
could provide greater information on tissue microstructure
for the distinction of glioma molecular subgroups [25, 26,
83] and to support early response assessment, e.g. via para-
metric mapping [27-29], but such methods are not yet a clin-
ical standard.

T2*w and SWI

Susceptibility sensitive sequences may identify haemorrhage
or calcification in glioma primary diagnosis, and help depict
biopsy tracts. For SWI, an association has been observed be-
tween intratumoral susceptibility signals (ITSS), histological
WHO grade and relative cerebral blood volume (rCBV) [30].
The latter could provide substitute evidence of neovascularity,
where pMRI is unavailable. However, current evidence is
confined to a limited number of studies [31]. It remains doubt-
ful what information SWI can offer above other MRI se-
quences in glioma, with a possible exception of tumour mar-
gin delineation on contrast-enhanced SWI [32].

Perfusion MRI (pMRI)

DSC pMRI constitutes the primarily used perfusion method
(>80 %) in the European institutions surveyed, which matches
published data [33], with nearly half of all users acquiring it
for all glioma indications. With DSC, high-grade glioma can
be differentiated from low-grade glioma using rCBV values
with high (95 %) sensitivity, but specificity is relatively low
(70 %) [34, 35]. This finding can be attributed to the misclas-
sification of low-grade gliomas with elevated rCBV, most no-
tably oligodendroglioma [36, 37]. Raised rCBV has recently
been highlighted as a characteristic of isocitrate dehydroge-
nase (IDH) wildtype glioma, even at a histological low grade
[38]. Furthermore, rCBV is the most validated perfusion pa-
rameter for the distinction of therapy effects from tumour pro-
gression [39, 40]. DSC studies consistently demonstrate that

rCBV is low in areas of radiation necrosis or
pseudoprogression and high in tumour progression, allowing
for accurate (generally accuracy >90 %) distinction between
these entities [41-44].

Alternative perfusion techniques such as dynamic contrast-
enhanced (DCE) perfusion MRI and arterial spin labelling
(ASL), though less established, appear beneficial, especially
for such gliomas in which susceptibility effects render DSC
non-diagnostic. Neither technique has, however, been exten-
sively validated or integrated into clinical glioma imaging
practice to date.

Spectroscopy (MRS)

Whilst a high number of institutions have experience with
MRS in glioma, the survey results suggest that this method
is clinically used for specific indications only. The relative
intensity of metabolite spectra is influenced by echo time
(TE), with short or intermediate TE (30—144 ms) considered
preferable for glioma imaging. The benefit of MRS in the
distinction of glioma from non-neoplastic conditions was
highlighted in many free text answers, which is well supported
by published data [45, 46]. The evidence for the selective use
of MRS in the distinction of glioma from other tumours, such
as metastases and brain lymphoma, remains indeterminate
[47, 48]. A potential advantage of MRS lies in the character-
isation of grade I oligodendroglioma, which commonly show
elevated rCBV, and may be misclassified as high-grade tu-
mour [49]. Otherwise, MRS finds a less prominent application
in grading, tumour classification, biopsy planning and charac-
terisation of radiation effects, with a moderate performance
shown for the latter indications in research [50-52]. For glio-
ma grading, Cho/Cr and Cho/NAA ratios have most frequent-
ly been reported to increase diagnostic accuracy, but in isola-
tion MRS remains inferior to rCBV measurements [47, 53].
For various thresholds, quantitative MRS suffers from a mis-
match between sensitivity and specificity, therefore a clear
diagnostic benefit in grading has only been shown through
combination with other techniques [34, 50, 53]. For the dif-
ferentiation of radiation necrosis and recurrent glioma, a sys-
tematic meta-analysis revealed a limited performance for
MRS, and strongly recommended its use only in combination
with other modalities [51].

fMRI and DTI tractography

With a principal clinical application of surgical planning, these
modalities are used to determine language lateralisation and
localisation of the motor and visual cortex as well as various
white matter tracts. Even though there is now substantial lit-
erature support for the use of task-based fMRI in glioma in the
pre-operative context, reported accuracies for this modality
are variable and its impact on clinical practice remains to be
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further established [54, 55]. Whilst the notion that DTI may
change the surgical approach is supported by data [56, 57] and
by the survey results, there are still important limitations to the
standardisation and clinical integration of tractography for
neurosurgical decision-making [58]. DTI was the only ad-
vanced imaging method for which users specifically men-
tioned limited experience, which is judged to reflect its partial
clinical establishment in Europe. Although it has been
highlighted that the reliability of DTI may increase according
to the number of diffusion directions acquired [57], no con-
sensus was identifiable from the survey results on an optimal
number of directions for clinical glioma imaging.

Non-use of advanced imaging

The fact that data processing for all advanced techniques
was most commonly carried out by a radiologist suggests
that these methods can be user-led. Such an arrangement
could however impact neuroradiology workflow. Lack of
MRI facility/equipment or software appears to be a great-
er limiting factor than time pressure. In some countries,
advanced techniques are not reimbursed, which can be a
significant hurdle. Lack of experience with and not know-
ing how to implement the techniques appear to be impor-
tant obstacles, especially for fMRI.

Reporting practices and quantification

With improved outcomes after complete or near-complete gli-
oma removal, postoperative residual measurement can be ex-
pected to become a focus of attention [59, 60]. Yet most radi-
ologists do not offer any quantitative information in their re-
port, and the literature provides no established system to as-
sess extent of resection.

In follow up, most respondents relied on a visual estimate
of tumour size despite existing RANO guidance. The current
RANO criteria incorporate two-dimensional measurements,
reflecting evidence indicating that changes in tumour volume
correlate with changes in unidimensional or two-dimensional
measurements [61-63], especially in high-grade glioma [64,
65]. The debate about whether volumetric glioma measure-
ments would be more accurate than linear measurements
and/or would impact clinical management is ongoing, espe-
cially for the response assessment of lower grade gliomas,
which may be challenged by subtle growth. Conflicting re-
sults exist regarding the reliability of low-grade glioma seg-
mentations [66, 67]. An additional hurdle is that currently
available semi-automated volumetric segmentation algo-
rithms tend to require manual editing [67-70].

An important issue revealed by the survey is the limit-
ed use of quantification methods for physiological param-
eters such as ADC and rCBV. Lack of available software
tools and/or familiarity with how to use them, as well as
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time pressure may be contributing factors to the limited
quantification of findings [22, 71].

Survey limitations

From all persons contacted, only a small proportion (14 % of
ESNR members) responded, meaning the survey results may
not represent the entire neuroradiology community, almost
certainly introducing a response bias from those with a partic-
ular interest or expertise in glioma imaging. Moreover, it is
likely that the length of the survey contributed to the low
participation rate. Duplicate bias was avoided through only
allowing one person answer from each institution. The disad-
vantage of this approach is that variations in practice within
one department may not have been captured. This survey does
not cover most of the practices in outpatient general radiology
outside neuroradiology. We did not survey imaging practices
specific to paediatric glioma. However, a central imaging re-
view has been instituted for more than 20 years for paediatric
brain tumour studies and recommendations on imaging and
response assessment do exist [72, 73].

Best clinical practice recommendations

The following recommendations for MRI of glioma were
formulated taking together the information provided by a
peer group (>150 persons) discussion at the 38th ESNR
Annual Meeting in 2015, a structured survey of clinical
practices at over 200 European hospital institutions from
31 European countries, and the currently available litera-
ture on the subject (Fig. 3).

Conventional MRI protocol recommendations

The MRI sequences prescribed by the EORTC-NBTS proto-
col are widely used and scan durations generally allow for the
implementation of the 25-30 min EORTC-NBTS basic pro-
tocol in routine clinical practice. It is therefore recommended
that this should be used as a minimum clinical standard. As a
base structure this will support glioma imaging
standardisation across Europe with a view to establishing da-
tabases, which could be shared for radiomics and
radiogenomic analyses and upon which advanced techniques
can further build in the future.

3D imaging is preferable for the aforementioned rea-
sons and to support the transition into volumetric tumour
measurements, but it is recognised that further develop-
ment is required in this area. Where 3D Tlw imaging is
adopted, this should be performed as isotropic sequences
before and after contrast, taking care to ensure consistent
and sufficient post contrast timing [9]. FSPGR/MPRAGE
remains the most widely available Tlw 3D technique as
part of the standard MRI vendor Alzheimer’s Disease
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Fig. 3 Three possible options for

a glioma imaging protocol in
clinical practice based on the
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Neuroimaging Initiative (ADNI) protocol [74] and is rec-
ommended for clinical brain tumour trials [9]. Its use is
again endorsed here as an accessible method for serial
glioma imaging in clinical practice, but it could be re-
placed by 3D spin-echo T1w imaging where this is avail-
able, or supplemented with 2D spin-echo sequences
where optimisation of the 3D technique fails to be maxi-
mally sensitive to contrast enhancement. In individual cir-
cumstances where only 2D imaging achieves good quality
imaging within a clinically justifiable time, this may be
retained as a standard.

For diffusion analysis, quantitative ADC comparison to
normal brain is recommended, due to the potential pitfall of
visual assessment that a tumour surrounded by oedema will
appear dark on the ADC map, even in the absence of diffusion
restriction. Because of the limited number of studies on T2*w/
SWI, these sequences are considered optional. We would sug-
gest using the same anatomical protocol for both primary di-
agnosis and follow-up to maximise comparability.

Advanced imaging recommendations

Perfusion MRI should be performed in gliomas of suspected
low grade that have not undergone histological evaluation or
prior to biopsy [34, 35, 39, 75]. The use of perfusion for serial
lesion assessment is recommended to identify malignant
transformation and to distinguish therapy effects
(pseudoprogression or radiation necrosis) from tumour pro-
gression [41-44]. A caveat must be made that threshold values
are not simply transferable between institutions, as they very

contrast bolus f 3D Tiw
DSC perfusi st contrast)

b c

much depend on scan parameters and post-processing methods
[76]. Based on currently available data, we recommended DSC
as the standard technique. Using pMRI routinely in all glioma
patients has several advantages: diagnostic information is avail-
able when needed, there is consistency of imaging protocols,
and both radiographers and radiologists gain and sustain expe-
rience with the technique. The available evidence strongly sup-
ports the use of a preload bolus technique, to overcome errors in
estimation cerebral blood volume due to contrast leakage ef-
fects [40, 77, 78]. Gadolinium contrast dose can — at 3.0T — be
kept low by splitting a single dose into preload and bolus injec-
tion, as outlined by the American Society of Functional
Neuroradiology (ASFNR) in 2015 [40]. The acquisition of an
appropriate baseline prior to contrast injection, high temporal
resolution (TR<1,500 ms), and fast contrast bolus injection
(preferably with a power injector) are important aspects of ap-
propriate DSC acquisition [79]. Consistency of acquisition and
post-processing techniques is critical, as differences between
software packages, and even algorithm alterations within the
same product may produce significantly different quantitative
perfusion results [78]. Where sufficient evidence has been gath-
ered within an institution to show the reliability of an alternative
technique (DCE, ASL), this could be performed optionally,
preferably as an adjunct.

On the basis of the survey results and current data, MRS is
recommended in glioma as an optional modality for specific
indications as aforementioned. Its clinical indication should be
considered on an individual case basis, whereby caution is
advised regarding the use of MRS in isolation for some of
its less certain indications.
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Because of their limited availability and limited use by the
survey respondents at the present time, fMRI and DTI will not
form part of these recommendations. The authors would like
to highlight their potential value, however, and would support
their use where adequate facilities, expertise and quality as-
surance measures exist. Further research into these techniques
is desirable and recommended.

Discussion of recommendations

Relatively easy adaptation towards the standard best clinical
practice recommendations can be expected, although some
variations throughout Europe are likely to remain, depending
on reimbursement strategies, practical and logistical setups
and availability of scanning facilities.

For advanced techniques, lack of facility, software and ex-
perience is likely to hamper their introduction at some institu-
tions, and it is possible that this could be especially the case for
centres from which no survey results were available. The neu-
roradiological community has an important role here to in-
clude such technical aspects in their various training
programmes.

For anatomical MRI, the use of measurements, bidirection-
al as a standard (and optionally volumetric, where segmenta-
tion software is available) is strongly recommended, as this
has been shown to increase diagnostic accuracy in serial fol-
low up [80]. The use of RANO criteria in clinical practice
could be facilitated by the introduction of structured reports,
which could also have other advantages both in terms of ac-
curacy and effectiveness [81, 82]. These are preferably devel-
oped together with treating physicians, to ensure that all rele-
vant information is consistently reported.

Regarding advanced imaging, we would like to emphasise
that, where possible, quantification is a powerful tool in clin-
ical practice, since it allows for the formulation of threshold or
reference values and avoids certain pitfalls of subjectivity.
Validation is, however, required. Multicentre research will
be of key importance to establish transferable quantification
methods for advanced imaging, which would be applicable
across scanners and vendor platforms.

Conclusion

The MRI sequences prescribed by the EORTC-NBTS proto-
col are well established in glioma imaging practice throughout
Europe, and we recommend that this protocol is adopted as the
clinical standard for anatomical MRI. Advanced imaging
methods may offer crucial diagnostic information, and should
be utilised where possible, within the constraints of currently
available data and local expertise. The results from the litera-
ture review and survey highlight the value of pMRI in glioma,
and also potentially important roles for other methods. The

@ Springer

relative lack of quantitative assessment and reporting tem-
plates reflects a further need for standardisation. The
harmonisation of glioma imaging protocols across Europe to-
gether with ongoing research should aim to support the devel-
opment of quantitative biomarkers for brain tumour diagnosis
and therapy response assessment.
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Abstract

Objective Quantitative MRI (QMRI) methods provide versatile neuroradiological applications and are a hot topic in research. The

degree of their clinical implementation is however barely known. This survey was created to illuminate which and how gMRI

techniques are currently applied across Europe.

Methods In total, 4753 neuroradiologists from 27 countries received an online questionnaire. Demographic and professional

data, experience with gMRI techniques in the brain and head and neck, usage, reasons for/against application, and knowledge of

the QIBA and EIBALL initiatives were assessed.

Results Two hundred seventy-two responders in 23 countries used the following techniques clinically (mean values in %): DWI

(82.0%, n =223), DSC (67.3%, n = 183), MRS (64.3%, n = 175), DCE (43.4%, n = 118), BOLD-fMRI (42.6%, n = 116), ASL

(37.5%, n = 102), fat quantification (25.0%, n = 68), T2 mapping (16.9%, n = 46), T1 mapping (15.1%, n = 41), PET-MRI

(11.8%, n = 32), IVIM (5.5%, n = 15), APT-CEST (4.8%, n = 13), and DKI (3.3%, n = 9). The most frequent usage indications

for any qMRI technique were tissue differentiation (82.4%, n = 224) and oncological monitoring (72.8%, n = 198). Usage

differed between countries, e.g. ASL: Germany (n = 13/63; 20.6%) vs. France (n = 31/40; 77.5%). Neuroradiologists endorsed

the use of qMRI because of an improved diagnostic accuracy (89.3%, n = 243), but 50.0% (n = 136) are in need of better

technology, 34.9% (n = 95) wish for more communication, and 31.3% need help with result interpretation/generation (n = 85).

QIBA and EIBALL were not well known (12.5%, n = 34, and 11.0%, n = 30).

Conclusions The clinical implementation of gMRI methods is highly variable. Beyond the aspect of readiness for clinical use,

better availability of support and a wider dissemination of guidelines could catalyse a broader implementation.

Key Points

* Neuroradiologists endorse the use of gMRI techniques as they subjectively improve diagnostic accuracy.

* Clinical implementation is highly variable between countries, techniques, and indications.

* The use of advanced imaging could be promoted through an increase in technical support and training of both doctors and
technicians.

Keywords Neuroimaging - Perfusion imaging - Magnetic resonance imaging - Surveys and questionnaires
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Abbreviations

ADC Apparent diffusion coefficient

APT Amide-proton transfer

ASL Arterial spin labelling

BOLD Blood-oxygen level dependent (imaging)
CEST Chemical exchange saturation transfer
DCE Dynamic contrast-enhanced

DKI Diffusion kurtosis imaging

DSC Dynamic susceptibility contrast

DTI Diffusion tensor imaging

DWI Diffusion-weighted imaging

EIBALL European Imaging Biomarker Alliance
FatQuant  Fat quantification techniques

fMRI Functional MRI
GDP Gross domestic product

GERD Gross domestic expenditure on research
and development as percentage of GDP

IVIM Intravoxel-incoherent motion

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

QIBA Quantitative Imaging Biomarkers Alliance

qMRI Quantitative magnetic resonance imaging

Introduction

Quantitative MRI (qMRI) techniques, both technically and
with respect to clinical indication, cover a very broad field
ofapplications [1]. While standard MRI techniques classically
provide visual-anatomical information [2], quantitative tech-
niques allow an insight into the physiological activity or bio-
chemical composition of the tissue through quantifiable pa-
rameters [3, 4]. qMRI techniques comprise a broad range of
sequence applications and, mostly in a research setting, have
shown benefits on innumerable levels including vascular and
neoplastic diseases, neurodegeneration, or infectious and in-
flammatory brain lesions [5-12].

Based on the long-standing research efforts and increasing
availability of user-friendly post-processing software, one
should expect a broad application of advanced MRI tech-
niques in clinical practice. While several of the techniques
were first proposed several decades ago: DSC [13], DCE
[14], IVIM [15], ASL [16], and relaxometry [17], a routine
application is recommended only for a limited range of dis-
eases and techniques, such as DWI and DSC in glioma imag-
ing [18]. For many other techniques, such as IVIM or ASL, a
clinical routine introduction is still not within close reach. One
of the reasons is that methodological standardisation remains
low and standards for acquisition and processing are limited
[19-21].

In the long term, the routine clinical implementation of
innovative qMRI techniques is pivotal to justify future re-
search in the field and its funding. It is, however, very difficult

to estimate how far the process of clinical implementation has
advanced without conducting a wider investigation.

The aim of this European survey was to find out which,
how, and to what extent qMRI techniques are applied to solve
neuroradiological questions in a primarily clinical setting. The
in-depth analysis also focuses on the reasons for the lack of
clinical application and general knowledge of qMRI.

Materials and methods
Questionnaire

The online questionnaire had a total of 13 main questions to be
answered as free text, or multiple, dichotomous, and single-
choice answers (online supplement 1). Google Forms was
used to implement the questionnaire (Google Inc.). To en-
hance clarity, techniques that provide quantitative morpho-
metric measurements but are based on conventional MRI se-
quences were not included in this survey. Brain and head/neck
were surveyed as separate organ systems.

The survey was anonymous, voluntary without incentives
and all responses were treated confidentially. Information on
the country of work and categorisation of the employing in-
stitution were mandatory. By design, it was therefore impos-
sible to reliably identify multiple answers from a single insti-
tution and thus determine the exact number of institutions
answering. Furthermore, respondents could decide if their in-
stitution is classified as a large or small hospital.

Questionnaire distribution

The questionnaire was disseminated in English, German,
Italian, Spanish, French, Turkish, Russian, and Portuguese.
The questionnaire was emailed to 27 European countries and
Russia, Turkey, and Israel as listed in detail in the online
supplement 2.

The exact contact procedure is described in the online sup-
plement 3 and technically by Fig. 1 (Fig. 1, online supplement
3). The questionnaire was open from Mid-July 2019 to Mid-
October 2019. Invitations were sent out three times.
Additional phone interviews were conducted in German-
speaking countries dedicated to the locally large number of
radiologists working in outpatient practices.

Survey analysis

Numerical analyses were performed in Microsoft Excel.
Fisher’s exact tests were performed with SPSS® V. 26.0
(IBM Corp.) to identify significant differences between
groups where applicable.

Answers from professionals who had multiple workplaces
were included, but only their primary working place was
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* One responder for Cyprus was identified through the UK mailing list.

Fig. 1 Flow diagram illustrating the data acquisition process

considered. It was possible that more than one radiologist
affiliated with the same institution would fill in and submit
the questionnaire, or that the same participant would reply
more than once. Therefore, answers were screened for proba-
ble redundancies.

If someone denied the use of a certain technique in question
3, but later reported in the detailed answer block (question 6)
that she/he used it for several indications, we extrapolated that
the responder indeed used the technique, but erroneously for-
got to tick the box in the beginning. In the reverse case (with
the detailed answers left blank), a non-intentional blank was
presumed, e.g. due to oversight.

As advanced MRI needs extra processing and scanning
time, we investigated the association between the potential
dissemination of knowledge and the presumed economic con-
straints. qMRI technique dissemination was analysed based

@ Springer

Language barrier, no contacts
found, no answer.

on the gross domestic product per person (GDP pP) and the
research and development expenditures per country as per-
centage of GDP (GERD) separating countries of respondents
into above or below EU 28 average [22].

Results
Demographic information of respondents

In total, 272 neuroradiologists answered in 23 countries (online
supplement 2, Fig. 2). The average return rate per country
was 6.7 £ 6.1% (range from 0.0 to 23.5%) of the respon-
dents. The following countries had zero returns: Greece,
Slovakia, Hungary, and Poland, or a return rate of
<2%: Russia (1.2%, n = 22/1812) and Norway (1.5%, n = 1/68).
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Fig. 2 Map showing the number of radiologists responding by country
with GDP and GERD. GDP, gross domestic product per capita in 2018;
GERD, gross domestic expenditure on research and development as

Most respondents worked in institutions of 6 to 20 doctors
(44.9%, n = 122/272). However, 29.0% (n = 79/272) had
more than 50 colleagues. Response rates varied by institution
type (Table 1).

Table 1 Questionnaire response rates by institution type
Type Response rate Range by
(in % and standard deviation country (%)
University hospital 19.4+16.3 0.0-60.7
Large hospital 59+54 0.0-15.4
Small hospital 26+32 0.0-10.3
Outpatient practice 08+19 0.0-6.7
Teleradiology centres 04+0.7 0.0-1.8
Research institution 07+13 0.0-3.4

B/2

Y. T
2.7

4 CYP:B/2§{ '

g 1sR:A/1{

percentage of GDP (in 2018 except for Switzerland with last numbers
from 2017); in bold are countries with discrepancy between economic
power and spending on research (“under average spenders”)

Usage dissemination by sequence and indication

The most commonly applied gMRI sequence based on
question 3 was DWI (82.0%), followed by DSC (67.3%)
and MRS (64.3%). DCE, BOLD-based techniques, ASL,
and fat quantification still had an intermediate dissemina-
tion of 43.4%, 42.6%, 37.5%, and 25.0%, respectively. T1
and T2 mapping, PET-MR, IVIM, APT-CEST, and diffu-
sion kurtosis imaging (DKI) were uncommon (15.1%,
16.9%, 11.8%, 5.5%, 4.8%, and 3.3%, respectively) in
most institutions.

Sequence usage showed extensive geographical differ-
ences (online supplements 4 to 9).

For the detailed clinical indication questions (section II,
question 6 of the questionnaire), DWI was not an answer
option. A total of 94.9% of respondents used at least one
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gMRI technique other than DWI in the brain, while only
31.3% applied qMRI sequences in head and neck MRI.

Tissue differentiation (82.4%) and oncological monitoring
(72.8%) were the most common reasons to apply any quanti-
tative technique. QMRI (other than DWI) was less common
for stroke imaging (58.8%) and only a minority of respondents
used it for neurodegenerative diseases (26.1%) or multiple
sclerosis (22.8%).

The most frequently applied techniques for glioma imaging
were DSC (73.2%) and MRS (54.8%). DSC (39.3%) and ASL
(20.6%) had an intermediate use in stroke diagnostics and
oncological monitoring. PET-MRI and APT-CEST were rare-
ly used (10.7% and 0.0%, for general oncological monitoring;
9.6% and 2.2% for glioma diagnostics; 8.1% and 1.1% in
lesion differentiation, respectively).

In the head and neck region, lesion differentiation was the
single most common reason to apply quantitative techniques,
with and DSC (29.0%) or DCE (20.6%) most frequently used
(DWI was not an answer option).

Dissemination by institution type and GDP

Clear trends could be observed between the type of institution
and the frequency of use of a qMRI technique based on the
compulsory country answer and answers to questions 3 of the
questionnaire. University hospitals were the most frequent
users of a technique, large hospitals second, and small hospi-
tals the least likely users. With DSC as an example, university
hospitals used it more often than large hospitals (126/156 vs.
46/70; p = 0.01), or small hospitals (13/36; p = 0.01).

The countries with GDP above the EU28 average in 2018
(44,748 USD/capita) used the following techniques significantly
more than the countries below this average: DSC (p = 0.0001),
ASL (p =0.02), DWI (p = 0.0001), CEST (p = 0.04), T2 map-
ping (p = 0.001), and MRS (p =0.003). DSC (p =0.0007), DWI
(p = 0.0001), T2 mapping (p = 0.004), and MRS (p = 0.002)
were significantly more often performed in countries with an
above-average EU28 GERD (2.03% of GDP; Fig. 2).

Motivation analysis and network knowledge

Figure 3 illustrates the main reasons for and against the use of
gMRI based on section III, questions 7 to 9. In summary, the
majority of neuroradiologists favoured the usage of qMRI
because of an improved diagnostic accuracy (89.3%). Only a
small minority (4.0%) did not see any advantages in qMRI.

Scientific reasons (41.5%) were a major impulse to per-
form additional quantitative sequences.

The greatest impediment for advanced MRI applications
seemed a lack of time (39.0%) rather than a lack of financial
compensation (12.9%).
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Notably, both QIBA and EIBALL as imaging biomarker
institutions were not widely known (12.5% and 11.0%, re-
spectively) amongst clinicians.

Discussion

This survey is unique in its purpose and aimed to assess the
clinical dissemination of qMRI techniques in neuroradiologi-
cal practice across Europe. While common usage of DWI,
DSC, and MRS was confirmed for certain indications such
as glioma imaging, it is apparent that some techniques are
rarely used, show variable use by country, or are only per-
formed for a limited number of indications. Our data show
that an overwhelming majority of respondents sees a benefit
in the use of QMRI for their diagnostic work, but mention a
lack of time as the main reason not to implement qMRI tech-
niques. This factor, together with the need for more training,
technical adjustments, and an improved exchange of expertise
with other institutions, was identified through this survey as
the key element hampering the clinical translation of qMRI
into clinical neuroradiology.

In most European countries, MRI protocols are being con-
tinuously shortened to reduce waiting times for MRI. These
waiting times differ largely between countries from an average
of 18 days in the Netherlands [23] to 126 days in Ireland [24]
and show regional differences within countries (e.g. Italy,
North-East 50 days vs. South 111 days [25]). Beyond protocol
length, waiting times depend on several factors: number of
available MRI scanners, radiologists, and limitations of
healthcare budgets [26]. While, e.g., the UK faces a bottleneck
for gMRI implementation regarding all of these factors, rea-
sons for limitations of qMRI are different in Germany and
have more than four times as many MRI scanners per inhab-
itant as the UK (37/IM vs. 9/1M inhabitants) [27]. In
Germany, insurance compensation frequently has a fixed
price per scan without sufficient compensation for additional
sequences, which may limit the incentive to add gMRI. This
may partially explain the relatively lower usage of many tech-
niques in Germany compared to other above-average GDP
and GERD countries, e.g. France—a country with also rela-
tively many respondents, but fewer scanners (14/1M inhabi-
tants; online supplements 5-9). The larger number of scanners
in Germany is also not sufficiently reflected in the number of
exams performed: 143 MRI exams/1000 inhabitants/year in
Germany as opposed to UK and France with 62 and 114,
respectively, which makes the possibly lower use of qMRI
techniques even more surprising.

Respondents in most countries already use some kind of
qMRI technique at least for some indications according to our
results. We therefore interpret their claims of impediments and
incentives for QMRI as a wish for more extensive use. The
questionnaire responses show directions on how to allow
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Endorsing factors
We do research with these techniques ONLY.
My employer/institution wants us to apply these techniques.
We are a company test site for these quantitative techniques.
The referring clinician demands to get this information.
We ALSO do research with these techniques.

a Increase the diagnostic accuracy.

Impediments

My superiors do not want me to use quantitative MR techniques.

1 do not trust the software that generates the data.

1 do not believe in an additional benefit.

It is not reimbursed.

| do not know how to interpret the data.

I lack the skills to process the data.

There is no demand for quantitative imaging on the clinicians' side.

| cannot afford/do not have the software to process the MR sequence.
b | cannot afford/do not have the necessary MR sequences.
It takes too much time.

Catalysts

Nothing, for me DWI/diffusion MRI is the maximum it ever should get.
Additional reimbursement/financing would be necessary.

We would need help with sequence installation.

I need a training on the generation and interpretation of images.

Our technicians would need more training.

We would like more exchange with other institutions.

C We would need technical adjustments (software, hardware).

= 3.7% (n=10)
—5.5% (n=15)
m—7.4% (n=20)

—— 7 9% (N=76)

41.5% (n=113)
89.3% (n=243)

= 1.8% (n=5)

== 3.7% (n=10)

== 3.7% (n=10)

—12.9% (n=35)

— 14.0% (n=38)

—15.4% (n=42)
——18.0% (n=49)
—— 2 3.2% (n=63)
— ) 9.4% (n=80)

39.0% (n=106)

= 4.0% (n=11)
—)3.2% (n=63)
—3.9% (n=65)
— 3| 3% (n=85)
—33 1% (n=90)
——— 3}, 9% (n=95)

50.0% (n=136)

Fig. 3 Factors influencing the use of quantitative advanced MRI sequences in clinical practice. a Factors that endorse the use of these quantitative MRI
sequences. b Factors that impede the use of these quantitative MRI sequences. ¢ Factors that could catalyse a greater implementation

gMRI to find a larger entrance into clinical neuroradiology.
The level of evidence concerning a diagnostic benefit must be
increased, as this is the key to acceptance of a technique into
guidelines and eventually financing by the public sector,
which is needed to cover costs for technical adjustments, soft-
ware, and training. DSC in glioma imaging, which is now part
of EORTC guidelines, is an example. It had the highest prev-
alence as an indication in this study and was previously iden-
tified as relevant in other surveys on either glioma or perfusion
imaging [18, 28, 29]. For some techniques, such as ASL,
which is much less used despite reduced risks for the patient
and reduced costs compared to DSC, clinical research should
possibly be facilitated. Another aspect is the clinical indica-
tions for which gMRI techniques. A large discrepancy can be
observed between scientific trials and clinical implementation,
e.g. concerning neurodegenerative diseases as also testified in
this survey. In many countries, patients are still likely to re-
ceive a CT scan when dementia is suspected. Although neu-
rodegenerative diseases and also respective imaging receive a

lot of funding, there is currently limited evidence to justify
qMRI technique implementation. DWI imaging and structural
brain volumetric analysis mark the quantitative imaging as-

pect in this field, as corroborated by very recent clinical data

regarding dementia imaging in Europe [30].

In this context, and suggested by our data, one major

obstacle to implement gMRI sequences is not a lack of ac-

ceptance by clinicians, but indeed a multi-level shortfall of

clinical technical skill. Our analyses by institution type un-

covered important associations with the likeliness to use

qMRI techniques. A clear slope of dissemination was ob-

served from university setting already to large hospitals, and

further to small sites. Only DWI would be available at all
types of sites in the majority of cases, with all other gMRI

techniques mark the exception rather than the norm outside
a university setting. This corroborates the slow velocity of
trickle-down effects. Therefore, beyond time constraints
and financial burdens, clinicians in smaller institutions are
also in the need of better knowledge transfer as a motivation
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for implementation. Here, not only scientists but also ven-
dors are required to act through hands-on trainings at a low
financial and knowledge threshold. The involvement of
non-university sites in scientific projects can be another
meaningful way to accelerate clinical dissemination of
qMRI techniques. An example can be Denmark, which in-
tegrates smaller hospitals into large national trials and facil-
itates also the implementation of private-public partnership
projects [31]. Such advances must however be supported by
an interaction of the national- and European-level political
forces of both the healthcare and science sectors. Here, in-
stitutions such as the ESR and in particular EIBALL could
act as important lobbyists, but must still be better known
according to our data and assuming an over-average inter-
ested group of Neuroradiologists as respondents. The radio-
logical training curriculum has the potential to be extended
concerning advanced imaging data processing and interpre-
tation. One should remember that many countries do not
provide a strictly hierarchical structure of primary to tertiary
healthcare providers. Small institutions can, therefore, also
be confronted with complex cases that may benefit from
qMRI.

A worrying revelation of this study is the possible associ-
ation between qMRI usage and GDP as well as GERD. Living
in a lower GDP European country negatively affects the pa-
tients’ chances to receive a neuroradiological examination that
includes DSC and DWI—two qMRI methods, which are con-
sidered an important part of glioma MRI protocols [32, 33].
While political solutions to achieve the desired equal stan-
dards of European healthcare are one aspect, neuroradiologi-
cal societies and scientific European initiatives can contribute
their share, too, e.g. through knowledge exchange and provi-
sion of free software solutions.

This study has a few limitations starting with a selection
bias due to the variable modes of contact to the radiologists.
Only a proportion of radiologists were contactable in every
country with university centres being, partially deliberately,
overrepresented. The resulting data distortions reduce the rep-
resentativeness of the survey data. Another aspect is the un-
even response rate. One reason could be the mode of commu-
nication that may have excluded, some respondents, e.g. due
to language barriers. Furthermore, it must be assumed that
despite the anonymous nature of the survey, respondents
may not have felt comfortable providing realistic answers.
They may have also mixed up a clinical implementation with
research implementation performed in a clinical setting, e.g.
an experimental CEST sequence as part of a clinical pro-
gramme. Neuroradiologists frequently working with quantita-
tive techniques were probably also more willing to answer the
survey, biasing results towards a wider use. There remains
minimal survey data on the topic, and this survey is unique
in its focus. It served as a first attempt to clarify the extent of
the current clinical use of qMRI in neuroradiology in Europe
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and can, also due to the size, not be considered fully represen-
tative. The additive value of gMRI techniques must be ex-
plored in prospective blinded comparative studies elsewhere
and was not attempted to be answered within this survey.

Conclusion

Usage of qMRI techniques in neuroradiology is not
standardised throughout Europe. Its clinical translation varies
substantially between techniques as well as geographically.
Local healthcare policies and variable sharing of expertise
can be presumed as underlying reasons, while neuroradiolo-
gists in principle feel positive about qMRI opportunities. This
survey highlights an unmet need to promote qMRI through
larger clinical studies showing a convincing benefit, improved
networking between clinicians and scientists as well as
training.
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Purpose:  To generate a narrative synthesis of published data on the use of endogenous chemical exchange saturation transfer (CEST)
MRI in brain tumors.

Materials and Methods: A systematic database search (PubMed, Ovid Embase, Cochrane Library) was used to collate eligible studies. Two
researchers independently screened publications according to predefined exclusion and inclusion criteria, followed by comprehensive
data extraction. All included studies were subjected to a bias risk assessment using the Quality Assessment of Diagnostic Accuracy
Studies tool.

Results: The electronic database search identified 430 studies, of which 36 fulfilled the inclusion criteria. The final selection of included
studies was categorized into five groups as follows: grading gliomas, 19 studies (area under the receiver operating characteristic curve
[AUC], 0.500-1.000); predicting molecular subtypes of gliomas, five studies (AUC, 0.610-0.920); distinction of different brain tumor
types, seven studies (AUC, 0.707-0.905); therapy response assessment, three studies (AUC not given); and differentiating recurrence
from treatment-related changes, five studies (AUC, 0.880-0.980). A high bias risk was observed in a substantial proportion of studies.

Condusion: Endogenous CEST MRI offers valuable, potentially unique information in brain tumors, but its diagnostic accuracy re-
mains incompletely known. Further research is required to assess the method’s role in support of molecular genetic diagnosis, to inves-

tigate its use in the posttreatment phase, and to compare techniques with a view to standardization.

Supplemental material is available for this article.
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liomas account for most malignant intrinsic brain
Gtumors in adults and, despite being a relatively rare
disease, represent a major cause of mortality (1). Diffuse
gliomas are categorized into World Health Organization
(WHO) grades II to IV, based on histologic evidence of
proliferation and vascular invasion. However, histologic
(WHO) grade and glioma cell lineage (oligodendroglioma
vs astrocytoma) are limited predictors of disease progres-
sion, which is predominantly influenced by genetic factors
(2). Recent studies have identified molecular markers, such
as the isocitrate dehydrogenase (IDH) gene and methyl-
guanyl methyltransferase (MGMT) enzyme, as key deter-
minants of clinical outcomes (1). The optimal treatment
and overall prognosis of glioma subtypes depend on the
combination of molecular features and histologic grade
(1); however, tumor malignant potential remains incom-
pletely captured by clinical imaging techniques (3). In
addition, MRI features can overlap between gliomas and
different brain tumors (eg, lymphoma, metastases) to such
an extent that only tissue diagnosis is conclusive (3). Post-
operative radiation and chemotherapy with temozolomide
may result in predominantly transient (pseudoprogression)

or permanent (radiation necrosis) phenomena, which no-
toriously resemble contrast-enhancing tumor progression
due to breakdown of the blood-brain barrier. Definitive
distinction of these entities frequently requires serial imag-
ing with a combination of structural and advanced tech-
niques (4).

Chemical exchange saturation transfer (CEST) is a
promising imaging technique that has recently emerged
as an alternative contrast mechanism for MRI (5). CEST
signal can be generated through application of a radio-
frequency “saturation” pulse targeted at the resonance
frequency of solute (eg, protein or metabolite bound)
protons, from which the saturation is transferred to
bulk water via chemical exchange. The much larger
water proton pool ensures a continuous flux of unsatu-
rated protons close to the exchangeable sites, thereby
leading to a measurable reduction in the water signal
amplitude after a few seconds (6). CEST contrasts are
classified into diamagnetic CEST, mostly consisting of
endogenous agents, and paramagnetic CEST, which
usually involves the use of exogenous agent administra-
tion (6). Diamagnetic CEST uses chemical compounds
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Abbreviations

APT = amide proton transfer, AUC = area under the ROC curve,
CEST = chemical exchange saturation transfer, FDG = fluorode-
oxyglucose, GBM = glioblastoma, HGG = high-grade glioma, IDH
= isocitrate dehydrogenase, LGG = low-grade glioma, MGMT =
methylguanyl methyltransferase, MTR = magnetization transfer
ratio, MTRM = magnetization transfer ratio asymmetry, NOE

= nuclear Overhauser enhancement, PCNSL = primary central
nervous system lymphoma, QUADAS-2 = Quality Assessment of
Diagnostic Accuracy Studies 2, ROC = receiver operating character-
istic, WHO = World Health Organization

Summary

Chemical exchange saturation transfer can be further developed as

a biomarker for metabolically active brain tumors, evidenced by
correlations to tissue findings, including proliferative indexes; further
study is required to assess its diagnostic power with respect to specific
clinical indications.

Key Points

= Endogenous chemical exchange saturation transfer (CEST) meth-
ods can support glioma grading, molecular subtyping, and differ-
ential diagnosis.

CEST signal may aid the identification of metabolically active tu-
mor following treatment.

Study data are heterogeneous with a substantial bias risk, high-
lighting the importance of future prospective research and techni-
cal standardization.

with a range between 0 and 7 ppm from water (eg, -NH,-
NH,,-OH groups), representing the first discovered and
most studied CEST contrast (7). CEST techniques can be
classified according to the type of molecular construct, such
as amide proton transfer (APT), amine CEST, glucoCEST
(glucose-based CEST contrast), and gagCEST (CEST con-
trast originating from glycosaminoglycans) (6). APT imaging
targets endogenous mobile proteins and peptides featuring
amide protons and is the most widely used CEST imaging
method, whereby the APT-weighted signal can be quantified
by magnetization transfer ratio (MTR) asymmetry (MTR_ )
analysis at +3.5 ppm, using the water peak as reference (5).
In addition, nuclear Overhauser enhancement (NOE)-medi-
ated signal arises from mobile protein and lipid spin cross-
relaxation effects between 0 and -5 ppm (8). It has been pro-
posed that NOE could also become an imaging biomarker to
characterize brain tumors, similar to APT (9).

Numerous single-center studies have highlighted the po-
tential of CEST MRI in stratifying brain tumors; however,
the exact diagnostic contribution of the method remains un-
certain. To date, a single systematic review and meta-analysis
have evaluated the diagnostic performance of only APT in
grading gliomas (10). To our knowledge, ours is the first sys-
tematic review to explore the diagnostic and prognostic value
of endogenous CEST for a variety of brain tumor indica-
tions. Our analysis aims to evaluate (2) the diagnostic value
for grading gliomas, (4) the accuracy for predicting glioma
molecular subtypes, (¢) the distinction of glioma from other
brain tumor types, () the assessment of brain tumor therapy
response, and (¢) the power of differentiating tumor recur-
rence from treatment-related changes.

Materials and Methods

This study was performed according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis of Diagnos-
tic Test Accuracy Studies criteria (11). The research was regis-
tered in the PROSPERO online database of systematic reviews
(CRD42019122320).

Search Strategy

In November 2018, a medical researcher performed a system-
atic search in PubMed, Ovid Embase, and the Cochrane Li-
brary. We used the following search key words: (“brain tumor,”
“glioma,” “brain neoplasm,” “brain metastasis,” “glioblas-
toma”) and (“CEST,” “chemical exchange saturation transfer,”
“amide proton transfer,” “magnetization transfer,” “chemical
exchange,” “nuclear Overhauser effect”). Further details of the
search strategy are shown in Appendix E1 (supplement).

Selection Criteria

The abstracts of all articles retrieved in the initial search were
screened by two board-certified radiologists (S.O. and A.H.)
with research experience in neuro-oncology. Selected full-text
manuscripts were reviewed in detail to determine their rele-
vance. A stepwise selection was performed by two independent
reviewers (S.0. and A.H.) according to the following criteria:
The exclusion criteria were as follows: (z) no CEST technique
(eg, CEST, APT, NOE) performed; (4) no patients with brain
tumor examined; (¢) animal and/or laboratory study; () tech-
nical study or diagnostic and/or prognostic value in brain tu-
mors not evaluated; (¢) comparisons confined to different MRI
acquisition technique; (f) review article, case report (defined as
fewer than five cases), letter, commentary, or conference pro-
ceeding; and (g) non-English full text. The inclusion criteria
were (2) CEST technique was performed in patients with brain
tumor before, during, or after treatment and (%) study assessed
diagnostic or prognostic value of CEST parameters in brain
tumors or examined pseudoprogression or recurrent tumors.
Disagreement was resolved in consensus with a senior reviewer

(8. T).

Data Extraction

The following data were extracted from the included studies:
CEST parameter values, diagnostic or prognostic accuracy,
and method characteristics. The latter included study design,
country of origin, number of patients, participant age, tumor
histologic features, and, where available, molecular data, MRI
field strength, type of CEST contrast, CEST acquisition pa-
rameters, methods of correcting BO field inhomogeneity, and
region-of-interest placements. The same two reviewers inde-
pendently performed the full-text screening, followed by data
extraction, and any discrepancies were resolved in consensus
with the third reviewer.

Study Quality Assessment

The study quality was examined by using the Quality As-
sessment of Diagnostic Accuracy Studies 2 (QUADAS-2)
instrument (12). We evaluated concerns regarding applica-
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bility in three domains and the risk of bias in four
different domains. Each study was independently
assessed for quality and potential bias by the same
two researchers. Disagreements were resolved as
described above.

Studies identified by databasesearch (n = 430)
174 from PubMed
240 from Cochrane Library
16 from Embase

Statistical Analysis

Descriptive data are presented in the form of a nar-
rative synthesis because of the perceived heterogene-
ity of research questions, CEST technical parameters,
and brain tumor cohorts studied.

’ 323 studies after duplicatesremoved

»| Studies excluded on title/abstract (n = 255)

‘Full—tex‘c studies assessed for the meta-analysis(n = 68)

Results

Search Results

A total of 430 studies were identified through the
electronic database searches. After we removed du-
plicate studies and screened the studies’ titles and
abstracts, 68 studies that provisionally satisfied the
inclusion criteria remained. Of these, 36 studies
were relevant in subsequent full-text screening. We
categorized the final selection of 36 studies into
five groups as follows: grading gliomas, 19 stud-
ies (9,13-30); predicting molecular subtypes of
gliomas, five studies (13,14,31-33); distinction of
different brain tumor types, seven studies (5,8,34—
38); therapy response assessment, three studies
(39-41); and differentiating recurrence from treat-
ment-related changes, five studies (25,42-45). Two
studies (13,14) contained data on glioma grading
and predicting molecular subtypes, and one study
(25) was assigned to both glioma grading and dif-
ferentiating recurrence from treatment-related

Studies excluded (n=32)

3 animal studies

21 did not examine diagnosticor
prognostic value

4with fewer than 5 patients

4 reviews

Studies included in systematic review (n = 36)

- grading gliomas (n = 19)

- predicting molecularsubtypes (n = 5)

- diagnosing different type of brain tumors (n = 7)

- differentiating recurrence from treatment-related changes (n = 5)
- therapy response assessment (n = 3)

Figure 1:  Flowchart describes the study selecfion process. Two studies contained data on
glioma grading and predicting molecular subtypes, and one study was assigned to both glioma
grading and differentiating recurrence from freatment-related changes

changes. A flowchart of the study selection process
is presented in Figure 1. All studies included in
the analysis are summarized in Tables E1-E6 (see
supplement).

CEST Techniques

Thirty-three of the 36 studies used APT-weighted imaging. Six
studies presented NOE-weighted images, and four studies as-
sessed amine CEST. Three studies tested conventional magne-
tization transfer imaging, which depicts semisolid macromole-
cules in the more solid environment of the cell than APT (37),
and one study used fitted magnetization transfer and NOE.

Glioma Grading

A total of 596 patients with glioma (one with WHO grade
I, 232 with WHO grade II, 129 with WHO grade III, 193
with WHO grade V, and 41 with WHO grades IIT or IV) were
included from 19 studies. Studies summarized WHO grades I
and IT into low-grade gliomas (LGGs), whereby WHO grade I
corresponds to indolent entities other than diffuse glioma (eg,
pilocytic astrocytoma [2]) and WHO grades III and IV into
high-grade glioma (HGGs). Seventeen of 19 studies for glioma
grading used light microscopic analysis according to the WHO
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2007 Classification of CNS Tumors; only two of 19 (more re-
cent) studies adopted the WHO 2016 Classification of CNS
Tumors as the diagnostic reference standard. Of these, both
studies performed immunohistochemistry testing for /DHI
status, and one study performed analysis for MGMT genetic
status. In five of 19 studies, investigators reported the Ki-67
labeling index as a biomarker of tumor cellularity. Seventeen
studies used APT-weighted imaging, two studies evaluated
amine CEST, two studies presented NOE-weighted images,
and one study used fitted magnetization transfer and NOE.
Seventeen studies used 3-T MRI and two studies used 7-T
MRI. The imaging parameters and grading results are shown
in Tables E1 and E2 (see supplement).

Statistically significant differences of APT signals between
HGGs and LGGs (with greater and lower signal, respectively)
were identified in 16 of 17 studies using APT-weighted images
(P < .0001-0.0497); the other study by Heo et al (9) found
no difference. Furthermore, significant differences were demon-
strated between WHO grades II, III, and IV in studies by Bai
et al (23) and Togao et al (28). A significant difference between
WHO grades II and III but no difference between WHO grades
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IIT and IV was reported in the studies by Zou et al (15) and Jiang
etal (21). In contrast, in the studies published by Choi et al (22)
and Sakata et al (27), no difference was shown between WHO
grade IT and III, but WHO III differed significantly from WHO
grade IV. Receiver operating characteristic (ROC) curve analyses
were carried out in 13 of 17 studies. These demonstrated low to
high diagnostic performance with areas under the ROC curve
(AUC) of 0.500-1.000.

Paech et al (13) and Heo et al (9) evaluated NOE-weighted
MR images by using 7-T imaging. Paech et al (13) showed a
lower diagnostic performance for NOE-weighted images than
APT-weighted images and downfield-relayed NOE-suppressed
APT. Conversely, Heo et al (9) reported that NOE-based signals
of HGGs were significantly lower than those of LGGs (P < .05),
with no statistically significant difference in APT-based signals.

Harris et al (14,26) performed two studies to evaluate di-
agnostic performance of pH-weighted amine CEST for glio-
mas. The initial research, in 2016 (26), yielded a statistically
significant amine CEST signal difference for glioma of WHO
grades II, III, and IV (P < .05 for WHO grade III vs grade IV
and WHO grade II vs grade IV), but the subsequent study, in
2018 (14), identified a difference only for WHO grade IT versus
WHO grade IV (P < .05). CEST signals increased with increas-
ing tumor grades in both studies.

Some study authors proposed a combination of CEST and
multimodal techniques to increase the diagnostic accuracy. Zou
et al (15) reported that the combined use of intravoxel incoher-
ent motion resulted in the increase of AUC from 0.957 to 0.986.
Sakata et al (17) observed that the combined use of fluorodeoxy-
glucose (FDG) PET improved the AUC from 0.76 to 0.85, and
Choi et al (22) found that the addition of relative cerebral blood
volume derived from dynamic susceptibility contrast material—
enhanced MRI increased the AUC from 0.877 to 0.923. The
correlation of APT signals and MR spectroscopic parameters
(choline, choline-to-/N-acetylaspartate ratio, N-acetylaspartate,
choline-to-creatine ratio, N-acetylaspartate-to-creatine ratio)
were investigated in three studies with moderate correlations (r

=0.4-0.6).

Predicting Molecular Subtypes of Gliomas

A total of 165 patients with glioma (60 with /DH wild type,
44 with IDH mutant, 23 with MGMT methylated, 17 with
MGMT unmethylated, 38 with positive MGMT immunos-
taining, four with negative MGMT immunostaining) were
included from five studies. Three of the five studies performed
immunohistochemistry testing for IDH1 status, two of five did
so for MGMT promotor methylation status, and one of five
did so for MGMT protein expression. The MGMT methyla-
tion status was assessed with a methylation-specific polymerase
chain reaction, and MGMT protein expression in tumor cells
was reviewed with light microscopy. Four studies used APT-
weighted imaging, one study performed amine CEST, one
study used NOE-weighted imaging, and one study tested con-
ventional magnetization transfer imaging. Four studies were
undertaken by using 3-T and one study using 7-T magnetic
field strength. Details of MRI parameters and molecular sub-
typing results are shown in Tables E1 and E3 (see supplement).

Jiang et al (33) and Paech et al (13) investigated the value of
CEST to predict /DH mutation status. Jiang et al reported an
AUC of 0.89 with use of a maximum region-of-interest value
(“hot spot”) analysis of APT imaging in WHO grade II gliomas
(n = 27), with greater APT signal identified in /DH wild-type
gliomas. Paech et al proposed that downfield-relayed NOE-
suppressed APT had a high diagnostic performance (AUC,
0.92-0.98) for IDH typing in a mixture of gliomas with various
WHO grades (II-1V, 7 = 31) with increased APT signal in /DH
wild-type gliomas. Harris et al (14) evaluated /DH status using
pH-sensitive and oxygen-sensitive amine CEST, reporting mar-
ginally greater signal in /DH mutant (P = .0434).

Studies by Su et al (31), Jiang et al (2018) (32), and Paech et
al (13) evaluated APT for the prediction of MGMT methylation
status. Su et al reported a moderate diagnostic accuracy (AUC,
0.849) for a visual scale (qualitative) assessment of APT charac-
teristics. Tumors with greater signal intensity on the solid part
or peripheral abnormality tended to be MGMT-positive glio-
mas. Jiang et al observed a moderate performance (AUC, 0.856)
using histogram analysis of M7R _ at 3.5 ppm in a compari-
son of the MGMT-unmethylated glioblastomas (GBMs) versus
the MGMT-methylated GBMs. APT signals were significantly
higher in the unmethylated GBMs than in the methylated
GBMs (mean APT, P = .022; 90th percentile APT, P = .006).
Paech et al presented APT and NOE results, which achieved low
diagnostic accuracy (AUC, 0.61-0.69) although slightly greater
compared with perfusion (relative cerebral blood volume AUC
0.59) and diffusion-weighted MRI (apparent diffusion coefhi-
cient AUC 0.59). APT and NOE between the unmethylated
gliomas and the methylated gliomas had no statistically differ-
ences (P =.13-.39).

Distinction of Different Brain Tumor Types

A total of 215 patients (124 gliomas [four WHO grade I, 20
WHO grade II, 17 WHO grade III, 77 WHO grade 1V, six
unclear], 59 metastases, 11 primary central nervous system
lymphomas (PCNSLs), eight meningiomas, two pituitary ad-
enomas, three hemangioblastomas, one angiosarcoma, six cav-
ernous malformations, and one angiosarcoma) were included
from seven studies. Six brain metastases and nontumor lesions
were confirmed by clinical diagnosis, and the remaining tu-
mors were confirmed by histopathologic assessment. The MRI
parameters and CEST characteristics are shown in Tables E1
and E4 (see supplement).

Yu etal (34) proposed that APT may help differentiate solitary
brain metastases from GBM. In their study of 45 patients with
solitary brain metastases versus 43 patients with GBM, APT val-
ues in perilesional tissue were significantly lower in the solitary
brain metastases group, in which the minimum APT-weighted
values produced the highest AUC (0.905) compared with mean
APT-weighted values (AUC, 0.868) for lesion discrimination.

Jiang et al (37) reported a high accuracy (AUC, 0.963) for
a subtraction parameter (APT weighted ) to differentiate
11 PCNSLs from 21 HGGs, whereby the PCNSLs had sig-
nificantly lower APT weighted - (mean, 0.76% * 0.42
[standard deviation]) than the HGGs (2.55% = 1.20). Jeong
et al (36) compared APT signals in hemorrhagic brain lesions
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of 16 tumors and seven lesions with nonncoplastic causes,
observing that MTR in acute to subacute hemorrhage was
greater than in surrounding brain, regardless of the underly-
ing pathologic condition.

Park et al (38) analyzed 45 gadolinium-enhanced tumors,
consisting of 19 “low-grade” tumors (four pilocytic astrocyto-
mas, two hemangioblastomas, three low-grade astrocytomas,
seven low-grade oligodendrogliomas, three pleomorphic xanth-
oastrocytomas) and 26 “high-grade” tumors (five anaplastic as-
trocytomas, three anaplastic oligodendrogliomas, two anaplastic
oligoastrocytomas, 11 GBMs, five brain metastases), reporting
that APT 90th percentile had an AUC of 0.85-0.86 in discrimi-
nating low-grade tumors and high-grade tumors. Compared
with normalized 90th percentile cerebral blood volume alone,
adding APT 90th percentile significantly improved the AUC for
the identification of contrast-enhanced low-grade tumor from
0.80-0.82 t0 0.97.

Of three studies (5,8,35) featuring gliomas and meningio-
mas, Jones et al (5) were the first group to demonstrate that the
APT effect is quantifiable (eight gliomas and two meningiomas).
Shen et al (8) used NOE maps, observing a significantly lower
signal within tumor than contralateral normal-appearing white
matter for six gliomas (2 < .001) versus no significant difference
for five meningiomas (P = .116). Khlebnikov et al (35) used the
effect of water T1 relaxation on APT to compare three different
metrics of APT contrast: MTR, relaxation-compensated magne-
tization transfer ratio, and traditional asymmetry (MTR_ ) in
five gliomas and one meningioma. This study identified a differ-
ence that appeared between LGG and HGG in non—gadolin-
ium-enhanced solid tumor regions using MRT and no differ-
ence in relaxation-compensated MTR.

Differentiating Tumor Recurrence from Treatment-related
Changes

A total of 161 patients with glioma (15 WHO grade II, 15
WHO grade 111, 131 WHO grade IV; 108 with tumor pro-
gression, 53 with treatment-related effects) and 16 patients
with brain metastasis (five with tumor progression, 11 with
radiation necrosis) were included from five studies. Final diag-
noses were confirmed by second-look surgery or clinical-radio-
logic follow-up by using the Response Assessment in Neuro-
Oncology criteria. All studies used APT-weighted imaging,
and one study also assessed magnetization transfer and NOE
signals. All studies were completed with 3-T MRI. The patient
characteristics and study results are listed in Tables E1 and E5
(see supplement).

One study (43) found a significant difference between tumor
progression and radiation necrosis for brain metastases. An ROC
analysis was not performed, but NOE MTR and amide MTR
differed between tumor progression and radiation necrosis (P <
.0001). The remaining four studies (25,42,44,45) enrolled pa-
tients with glioma (15 with WHO grade II, 15 with WHO grade
111, 131 with WHO grade IV). In all four studies, APT signals
were significantly higher in tumor progression than in therapy-
induced lesion changes; diagnostic accuracies were high (AUC,
0.88-0.98). In a 2018 study, Park et al (42) compared APT and
PET imaging and reported greater diagnostic accuracy for APT
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than carbon 11 (*'C) methionine PET. Previously, Park et al (44)
had combined gadolinium enhancement features and normal-
ized cerebral blood volume with APT, resulting in increased di-
agnostic accuracy (AUC, 0.97) over APT alone (AUC, 0.89) for
the distinction of glioma recurrence from therapy effects.

Therapy Response Assessment and Prognosis Prediction
Three studies examined therapy response assessment and prog-
nosis prediction by using CEST MRI. Of note, each study
differs in its research purposes and investigated different types
of brain tumors. The patient characteristics and study results
are presented in Tables E1 and E6 (supplement). Regnery et al
(39) examined NOE and APT signals at 7-T MRI in 20 pa-
tients with GBM to predict early tumor progression after first-
line treatment. Pretreatment tumor signal in NOE-Lorentzian
difference differed significantly according to responsiveness to
first-line treatment (AUC, 0.98).

Desmond et al (40) evaluated the predictive value of various
CEST metrics in 25 brain metastases treated with stereotactic
radiosurgery at baseline compared with 1 week after treatment
and related these to changes in tumor volume at 1 month. A
significant association was observed between metastasis volume
changes and the relative change in NOE peak amplitude in con-
tralateral normal-appearing white matter.

Harris et al (41) performed pH-weighted imaging in 20
patients with GBM and evaluated differences between acidic
tumors and nonacidic tumors in progression-free survival. The
median progression-free survival intervals for acidic tumors and
nonacidic tumors were 125 days and 450 days, respectively.

Study Quality

The results of the study quality assessment, performed by using
the QUADAS-2 tool, are demonstrated in Figure 2. Several
studies had a high risk of bias regarding the selection of pa-
tients (17 of 36) and/or concerning the conduct or interpreta-
tion of the index test (six of 36) due to retrospective design
and/or region-of-interest placement by a single researcher. In
a high proportion of studies (approximately 80%), it was un-
clear whether radiologists were blinded to histologic results
when placing regions of interest, and in approximately 50%
it was unknown whether the interval between imaging and tis-
sue diagnosis was appropriate (ie, when imaging signals were
compared to subsequently diagnosed histologic glioma grades).

Discussion

Glioma Grading

Through this systematic review, we identified 36 research stud-
ies on the value of endogenous CEST techniques to depict
brain tumor metabolism. Approximately half of this research
was aimed at predicting glioma histologic (WHO) grades.
Broadly, these grading studies indicate a link between greater
cellularity in HGGs, higher concentration of proteins and pep-
tides, and APT signal intensity (15,18). Most grading research
found higher APT image signals in HGGs than in LGGs, with
variable diagnostic accuracy for individual WHO grade distinc-
tion. According to the ROC curve analyses, which produced
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Figure 2:  Results of the Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) quality assessment of the included studies. The
risk of bias in four different domains and concerns regarding applicability in three domains are shown

moderate to high AUC values in many studies (13 of 19), the
evidence for the use of CEST in glioma grading is judged to be
moderate, whereas the diagnostic accuracy differs among gli-
oma grading studies. For example, Zou et al (15) and Jiang et
al (21) reported AUC values of 0.957 and 1.000, respectively,
whereas Zhang et al (16) and Sakata et al (27) achieved AUC
values of 0.723 and 0.760, respectively, for differentiating be-
tween HGGs and LGGs using APT. Aside from technical dif-
ferences and sampling limitations, the heterogeneity in these
data sets is likely to be influenced by the lack of glioma group-
ing according to molecular genetics. A fundamental change has
occurred in the reference standard of the WHO classification
of central nervous system tumors from the previous 2007 ver-
sion (histologic grading only) to the 2016 classification (inte-
grated diagnosis considering histologic grading and molecular
markers), whereby most CEST studies carried out for glioma
grading (17 of 19) took into account histologic findings only.
Specifically, LGGs indistinguishable by histologic criteria may
differ in malignant potential (eg, according to /DH status),
which may affect the CEST signal through difference in the
number of solutes (related to the proteasome content) and the
pH, depending on the presence or lack of an /DH mutation
(2,33). Whereas numeric thresholds from individual studies
lacking molecular data should be interpreted with caution,
in its entirety the research on glioma grading underscores the
potential of CEST to quantify malignant metabolism. This is
further supported by the statistical associations between APT
metrics and Ki-67 in two prospective studies (16,21).

CEST signals contain complex information from various
technical factors, whose contributions strongly depend on the
experimental setup, such as power, length, and shape of the ra-
diofrequency saturation pulses (24,26), all of which may affect
results. A recent meta-analysis by Suh et al (10) focused on the
use of APT for glioma grading and attributed variations in radio-
frequency saturation power as a probable factor on the heteroge-
neity of study results.

NOE signals, which are hypothesized to originate from magne-
tization transfer between water protons and proteins or lipids me-
diated through intramolecular NOE effects (9), have been identi-
fied as valuable to support glioma characterization. However, the
extent to which NOE plays a role remains uncertain; Paech et al
(13) observed no significant differences for glioma WHO grades,
whereas Heo et al (9) reported WHO grade differences for a study
of only 10 patients (molecular data unknown). In the study by
Paech et al, downfield-relayed NOE-suppressed APT had higher
diagnostic performance than conventional APT at 7-T MR, in-
dicating that NOE contributes to CEST image signal, probably
as a confounding effect. Of note, NOE effects are thought to be
substantial at 7-T but smaller at 3-T clinical field strength (46).

The comparison of APT CEST with techniques such as
diffusion-weighted imaging, FDG PET, and MR spectroscopy
for glioma characterization could be of interest for a multimodal
diagnostic approach. APT was reported to provide greater diag-
nostic accuracy for grading than other techniques, and in several
studies (13,15,17,22) the combination of CEST with other se-
quences (intravoxel incoherent motion, FDG PET, and dynamic
susceptibility contrast-enhanced MRI) increased diagnostic per-
formance. Therefore, the use of APT together with other modal-
ities has been proposed to aid in grading gliomas. For the combi-
nation with APT; it has been reported that intravoxel incoherent
motion resulted in an increase in AUC from 0.957 to 0.986
(15), that FDG PET improved the AUC from 0.76 to 0.85
(17), and that dynamic susceptibility contrast-enhanced MRI
produced an AUC increase from 0.877 to 0.923 (22). However,
the diagnostic accuracy of the combined use of APT and MR
spectroscopy has not been comprehensively investigated.

Predicting Molecular Subtypes of Gliomas

Research into the ability of CEST to predict glioma molecu-
lar subtypes remains confined to a small number of studies on
IDH and MGMT typing (32,33). IDH-mutant gliomas pre-
dominantly consist of WHO II-1II gliomas and rarely (<10%)
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of secondary GBM, with an overall better clinical prognosis
(1). Distinct from this are /DH wild-type gliomas, many of
which correspond to the genetic equivalent of primary GBM
with a similarly dismal prognosis, regardless of WHO grade (1).
Key disturbances of cellular metabolism, including alterations
of amino acid concentrations and reduction of protein expres-
sion, are caused by mutations in /DH gene-encoded enzymes
(33). In addition, /DH mutations result in accumulation of the
oncometabolite 2-hydroxygluterate, which inhibits oxidative
phosphorylation and promotes aerobic glycolysis (14). How-
ever, lactic acidosis due to anaerobic glycolysis in the context of
nutrient depletion and growing tumor hypoxia is a key prop-
erty of IDH wild-type gliomas, which could confound a pH-
based distinction (47). The reported diagnostic accuracy for
IDH typing by Jiang et al (21) at 3 T (AUC, 0.89) and Paech et
al (13) at 7 T (AUC, 0.98, including downfield-relayed NOE
suppression) is very high. These results are promising, with the
caveat that no information on blinding to immunohistochem-
istry is stated for either. Larger studies, including multicenter
research on CEST imaging for glioma characterization, would
be desirable, for example to investigate LGGs, which carry
other mutational risk factors for malignant progression (48).

MGMT is a DNA repair enzyme, the activity of which de-
termines glioma susceptibility to alkylating chemotherapy (te-
mozolomide), whereby the methylated MGMT promoter status
increases chemosensitivity. Both immunohistochemical MGMT
protein expression and MGMT promoter methylation status are
prognostic markers of survival in patients with gliomas (31,32).
With regard to AUC, the results of Su et al (31) correlating APT
signals with MGMT protein expression are similar to those of Ji-
ang et al (32) assessing MGMT promoter methylation status, but
differences in the glioma cohorts and analysis methods limit di-
rect comparability. It has been proposed that MGMT promoter
methylation in gliomas produces a decrease of protein expression,
which may affect other protein activity downstream of MGMT
(31). Therefore, CEST could be considered as a biomarker for pre-
dicting MGMT methylation status, but whether it has accuracy
sufficient to affect clinical decisions is yet unclear (13).

Pacech et al (13) compared CEST with diffusion-weighted
imaging and dynamic susceptibility contrast-enhanced MRI for
predicting /DH and MGMT status and found the diagnostic
performance of CEST was marginally better than that of the
other modalities.

The number of studies aimed at predicting glioma molecular
subtypes is still limited, and the evidence for CEST in this con-
text, although promising, is uncertain. Further research is desir-
able to confirm the method’s role in predicting specific genetic
signatures and/or tumor biologic behavior.

Diagnosing Different Types of Brain Tumors

'The study reporting the highest diagnostic accuracy (37) for differ-
entiating PCNSL from GBM (AUC, 0.963) used a parameter not
studied in other research, derived from a calculation (APT,
as opposed to one measurement. However, the result is notewor-
thy, possibly reflecting greater APT signal heterogeneity in GBM,
which is known to contain areas of rapid proliferation mixed with

Radiology: Imaging Cancer Volume 2: Number 12020 = radiology-ic.rsna.org

Okuchietal

(metabolically inactive) necrosis. Also of interest is the finding of
greater APT signal in GBM perilesional tissue compared with
metastases (34) because it raises the possibility that CEST could
improve the delineation of MRI-occult GBM infiltration.

Park et al (38) reported that adding APT to dynamic sus-
ceptibility contrast-enhanced MRI increased the diagnostic ac-
curacy in characterizing brain tumors. This finding suggests that
a multiparametric approach could be valuable for differentiating
malignant gliomas, PCNSL, and brain metastatic disease.

The CEST data on the distinction of different types of brain
tumors are limited by small patient numbers (5,8,35), different
purposes (34,36-38), and quantitative metrics presented, so
that the evidence supporting CEST for this clinical indication
remains uncertain.

Differentiating Recurrence from Treatment-related Changes
Conventional MRI sequences are unreliable for differentiating
treatment-related changes from tumor recurrence (44) and,
even with use of advanced techniques, the distinction can be
challenging. Thus, there remains an unmet clinical need for a
serial imaging method to provide information on tumor vi-
ability. The high reported accuracy in several studies (AUC,
0.88-0.98) suggests that APT may dramatically improve the
diagnostic value of MRI for this clinical question. In fact,
the performance of APT for differentiating recurrence from
treatment-related changes appears to be higher than for dif-
ferentiating LGGs and HGGs. Recurrent tumors include more
protein species, whereas there are fewer proteins in regions
of treatment-related changes due to reduced cell density and
cytoplasm disruption (49). These metabolic conditions could
explain differences in APT signals between recurrence and
treatment-related changes. Both APT and methionine PET
aim to depict endogenous protein metabolism. Park et al (42)
observed a higher diagnostic accuracy for APT than for ''C
methionine PET, which could be influenced by differences in
protein metabolism. APT signal depends on mobile protein
concentration, whereas methionine PET signal originates from
actively synthesized proteins. In addition, methionine accumu-
lation may contribute to disruption of the blood—brain barrier
in HGGs (42). As in many studies on the distinction of brain
tumor recurrence from therapy effects, the reference standard
in this study included both cases where the final diagnosis was
secured via second-look operation and imaging-only follow-up
(using the Response Assessment in Neuro-Oncology criteria).

The evidence for the use of CEST in differentiating recur-
rence from treatment-related changes is judged to be weak, with
study numbers as the main limitation. Those studies consistently
report positive results, and more evidence is required for evalu-
ating the efficacy of CEST in differentiating recurrence from
treatment-related changes.

Therapy Response Assessment and Prognosis Prediction

In the posttherapy phase, APT may be able to depict baseline
and dynamic changes in lesion acidity as a biomarker signature
of viable GBM, as suggested by Harris et al (41). This evidence
originates from a single-center study and requires validation,
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particularly as certain metabolic features of therapy changes
and disease recurrence are known to overlap (50).

In a study following stereotactic radiosurgery, Desmond et
al (40) identified dynamic changes in normal-appearing white
matter, which correlated with volume changes in recently treated
brain metastases. As such, CEST signal measurement in normal-
appearing tissue may be of interest in monitoring disease pro-
gression and disease response. Given these few studies evaluating
the relationships between CEST and therapy response or prog-
nosis, the evidence in support of this indication is uncertain.

In summary, CEST techniques can provide information on
brain tumor pathologic metabolism and tissue viability in hu-
mans at clinical magnetic field strength. But many complexi-
ties are unresolved. In particular, the current evidence is shaped
by a majority of studies, which solely examined image signals
in relation to glioma histologic grade. This limits the clinical
impact of these data in the context of WHO 2016 integrated
brain tumor diagnosis. The heterogeneity of brain tumor co-
horts, acquisition, and interpretative approaches is problem-
atic, including a high risk of bias for a substantial proportion
of the published data. From the QUADAS-2 analysis, there
was no relationship identifiable between the severity of bias risk
and diagnostic accuracy.

Conclusion

Endogenous CEST imaging offers valuable, potentially unique
information on brain tumors, but its diagnostic accuracy is in-
completely known. Further research is required to assess the
method’s role in support of molecular genetic diagnosis, to in-
vestigate its use in the posttreatment phase, and to compare
methods with a view to technical standardization.
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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: There is increasing evidence that many IDH wildtype (IDHwt) astrocytomas have a poor
MRI prognosis and although MR features have been identified, there remains diagnostic uncertainty in the clinic. We

VASARI have therefore conducted a comprehensive analysis of conventional MR features of IDHwt astrocytomas and
?H performed a Bayesian logistic regression model to identify critical radiological and basic clinical features that
strocyloma

can predict IDH mutation status.

Materials and methods: 146 patients comprising 52 IDHwt astrocytomas (19 WHO Grade II diffuse astrocytomas
(A 1I) and 33 WHO Grade III anaplastic astrocytomas (A III)), 68 IDHmut astrocytomas (53 A Il and 15 A I1II) and
26 GBM were studied. Age, sex, presenting symptoms and Overall Survival were recorded. Two neuroradiolo-
gists assessed 23 VASARI imaging descriptors of MRI features and the relation between IDH mutation status and
MR and basic clinical features was modelled by Bayesian logistic regression, and survival by Kaplan-Meier plots.
Results: The features of greatest predictive power for IDH mutation status were, age at presentation (OR = 0.94
+/—0.03), tumour location within the thalamus (OR = 0.15 +/—0.25), involvement of speech receptive areas
(OR = 0.21 +/—0.26), deep white matter invasion of the brainstem (OR = 0.10 +/—0.32), and T1/FLAIR
signal ratio (OR = 1.63 +/—0.64). A logistic regression model based on these five features demonstrated ex-
cellent out-of-sample predictive performance (AUC = 0.92 +/-0.07; balanced accuracy 0.81 +/—0.09).
Stepwise addition of further VASARI variables did not improve performance.

Conclusion: Five demographic and VASARI features enable excellent individual prediction ofI[DH mutation
status, opening the way to identifying patients with IDHwt astrocytomas for earlier tissue diagnosis and more
aggressive management.

Summary of importance

This study adds to existing evidence by highlighting the sig-
nificantly worse prognosis of low to intermediate grade IDH wildtype
(IDHwt) astrocytomas compared to their IDH mutant (IDHmut) coun-
terparts, with a striking similarity in Overall Survival (OS) between
WHO III IDHwt and GBM, demonstrating the significant effect of WHO
tumour grade. IDHwt astrocytomas are suspected to represent ‘early
GBM’ making it vital to identify these patients for early and aggressive
treatment. From a comprehensive analysis of structural MR imaging in
IDHwt grade II and grade III astrocytomas, we identify five critical
imaging and demographic features with substantial power to predict

IDH mutation status. The current strategy of ‘imaging only’ observa-
tional management for gliomas of presumed low grade, without diag-
nostic biopsy, may thus be modified by probabilistically stratified risk
of adverse tumour genetics.

1. Introduction

The recently published World Health Organization Classification of
tumours [1] has now incorporated molecular parameters to comple-
ment histological features in the definition of tumour entities. In the
updated WHO guidelines, WHO grade II diffuse astrocytomas (A II) and
WHO grade III anaplastic astrocytomas (A III) are now divided into IDH
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Fig. 1. Illustration of effect of IDH mutation status on VASARI MRI features. legend: IDHmut WHO grade II tumour in left frontal lobe demonstrating a well-defined
nonenhancing margin on T2W, patchy enhancement on T1W + C and T1 FLAIR ratio. IDHwt WHO grade II tumour centred on the left temporal lobe, demonstrating a
poorly-defined non enhancing margin with gliomatosis on T2W, no contrast enhancement on TIW+C and T1 < < FLAIR ratio. IDHwt WHO grade III thalamic
tumour demonstrating a well-defined tumour margin on T2W, thick/nodular enhancement > 3mm on T1W +C and T1 FLAIR ratio.

mutant (IDHmut), IDH wildtype (IDHwt) and not otherwise specified
(NOS) categories. A recent study of more than 160 adult IDHwt astro-
cytomas demonstrated that 78% were the molecular equivalent of
conventional glioblastoma (GBM) based on molecular profiles and
hallmark DNA alterations with similar poor survival profiles [2].

There are now numerous reports predicting IDH mutation status
using both conventional and quantitative MRI. IDHwt tumours have
been shown to have an indistinct tumour margin [3], tend to involve
the temporal lobes, demonstrate lower ADC and have a higher rCBV [4]
compared to IDHmut tumours. Whilst these findings are important, in
isolation these MR features are non-specific, leading to diagnostic un-
certainty.

At our institution, we have also observed that a number of patients
with histology suggestive of astrocytoma WHO grade II or III, but
molecular features of primary glioblastoma, including IDHwt, 7p gain
or EGFR amplification, 10q loss and TERT promoter mutation, have
behaved clinically similar to GBM. The purpose of this study was to
identify a robust set of clinical and radiological features that could
accurately identify this group of ‘early stage GBM’.

We performed a comprehensive qualitative imaging analysis of
IDHwt astrocytomas using the VASARI (Visually Accessible Rembrandt
Images) MR feature set [5] and compared with two reference sets of
IDHmut astrocytomas and GBM. A Bayesian logistic regression model
was then used to identify the critical MR and demographic features with
substantial power to predict IDH mutation status.
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2. Materials and methods
2.1. Patient population

146 consecutive patients undergoing surgery were selected from the
archives of the Neuropathology Department at our Institution betwwen
2012 and 2017, following appropriate institutional review board ap-
proval. They comprised 52 IDHwt astrocytomas (19 A II and 33 A III),
68 IDHmut astrocytomas (53 A II and 15 A III) and 26 IDHwt GBM.

Clinical information (age, sex) and overall survival was available in
all cases and presenting symptom was available in all WHO grade I1/11T
astrocytoma cases. Overall survival was defined as the number of
months between the date of the initial pathological diagnosis and time
to death (or point of censure if patient was still alive). In addition, the
proportion of patients still alive at two years was determined in each
group. Pre-surgical MRI data were available in all cases, of which
contrast images were not available in 4 cases (3 IDHmut, 1 IDHwt) fluid
attenuated inversion recovery (FLAIR) images were not available in 6
patients (2 IDHwt, 4 IDHmut), ADC maps were not available in 18
patients (7 IDHwt and 11 IDHmut) and the presence of haemorrhage
could not be determined in 35 patients (12 IDHwt and 23 IDHmut).

2.2. Radiological features

The VASARI lexicon for MRI annotation contains 25 imaging de-
scriptors based on different MRI modalities, including T1 and T2/FLAIR
sequences, and was developed for use in analyzing GBMs. The exact
description of all the features can be found at the National Cancer
Institute’s Cancer Imaging Archive (https://wiki.cancerimagingarchive.
net/display/Public/VASARI + Research + Project).
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For the purposes of this study, the most commonly used MRI fea-
tures were assessed: f1 tumor location, f2 side of lesion center, f3.
eloquent brain, f4 enhancement quality, f5 proportion enhancing, f6
proportion non-contrast enhancing tumor (nCET), f7 proportion ne-
crosis, 8 cysts, f9 multifocal or multicentric, f10 T1/FLAIR ratio, f11
thickness of enhancing margin, f12 definition of the enhancing margin,
f13 definition of the nonenhancing margin, f14 proportion of edema,
f16 hemorrhage, f17 diffusion characteristics, f18 pial invasion, f19
ependymal invasion, f20 cortical involvement, f21 deep white matter
invasion, f24 satellites, and {25 calvarial remodeling.

In a subset of 33 patients with IDHwt astrocytomas and 30 patients
with IDHmut astrocytomas, two board-certified neuroradiologists (HH
and ST) independently reviewed the MR images on a PACS workstation,
blinded to histopathological diagnosis, and recorded a set of mark-ups
for imaging features describing the location and morphology of the
tumour. After initial review of this subset, modifications were made to
some of the VASARI feature set to capture MRI features, which ap-
peared unique to diffuse astrocytomas and anaplastic astrocytomas
compared to GBMs. As a number of tumours demonstrated no contrast
enhancement, an additional category “Not applicable” was added to 5
proportion enhancing, f11 thickness of enhancing margin and f12 de-
finition of enhancing margin. In addition, an extra category “patchy”
was added to f11 thickness of the enhancing margin to better describe
the ill-defined enhancement perceived in many of the diffuse and
anaplastic astrocytomas (Fig. 1).

The modified VASARI features were recorded on the remaining
dataset by a clinical research fellow and checked by neuroradiologist
HH.

2.3. Interrater agreement

We assessed the interrater agreement in the training set of each of
the VASARI criteria by using the Kappa statistic. Values close to 1 in-
dicate high interrater agreement for that particular feature, whereas
values close to O signify that interrater agreement is due to chance.
Interrater agreement for the lesion size measurements was assessed by
means of the intraclass correlation coefficient. Finally, for each patient
image set, a consensus review was performed for f4 enhancement
quality, f11 thickness of enhancing margin, f12 definition of enhancing
margin and f17 diffusion characteristics. For the remaining MR fea-
tures, the consensus value was equal to the median of the neuror-
adiologists’ measurements.

2.4. Histopathology and molecular analysis

Paraffin blocks containing tissue of adult patients (above 18 years)
with IDHwt A 1II or A III were collected from the archives of the
Neuropathology department at our Institution and analysed according
to previously published data [6].

2.5. Association between MRI features and genomics

For descriptive purposes, a univariate analysis of the association of
each of the 25 VASARI features with the clinical label was performed
with a Chi-Squared test, uncorrected for multiple comparisons.

Independently, we sought to derive a multivariable statistical model
that could be used to predict the genetic mutation status (IDHwt versus
IDHmut) of grade II and grade III astrocytomas, based on a combination
of basic clinical and radiological criteria. To achieve this, the genetic
mutation status of 120 subjects with grade II/IIl astrocytomas (52
IDHwt, 68 IDHmut) was subjected to a Bayesian penalized logistic
multiple regression model using the fully automated BayesReg software
package (https://arxiv.org/abs/1611.06649), running in Matlab ver-
sion 2016b (https://uk.mathworks.com/). Independent variables in-
cluded age at presentation, gender, and the VASARI imaging de-
scriptors. Each ordinal VASARI criterion (such as F10 T1/FLAIR ratio)
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was modelled as a single covariate using dummy coding of the cate-
gorial levels. Nominal variables were parameterized with categorial
expansion: for example F1 Tumour location is thereby decomposed into
8 categorial variables corresponding to each anatomical location. The
following variables with fewer than 2 occurrences were removed from
the dataset: F1 Tumour Location (Brainstem); F1 Tumour Location
(Occipital Lobe); F3 Eloquent Brain (Vision); F11 Thickness of enhan-
cing margin (Thin); F17 Diffusion (Restricted)).

This reparameterisation resulted in a logistic multiple regression
model with 50 independent variables. Where the number of in-
dependent variables is large relative to the number of cases in the data,
estimating a model with conventional statistical methods can lead to
extreme and unstable model parameters with high variance, resulting in
poor out-of-sample predictive power. We therefore used penalised re-
gression, applying a penalty to extreme model parameter estimates. In
the Bayesian setting, this is robustly achieved by applying a shrinkage
prior: a hyperparameter of the regression coefficients, whose distribu-
tion has a substantial mass around zero. Here we used the default ridge
prior in the BayesReg package which is a half-Cauchy function with
mean of zero and scale parameter of 1.

High-dimensional models are analytically intractable and so mar-
ginal likelihoods and posterior parameter estimates were estimated
using Markov Chain Monte Carlo (MCMC) sampling using Gibbs pro-
cedure. The model was estimated from 50,000 samples (2000 samples
burn-in and every 5th sample was included (thinning)). Odds ratios are
presented as maximum a posteriori (MAP) estimates + /- standard de-
viation (sd).

Following estimation of the full model with the entire dataset, we
investigated the predictive power of model with a reduced number of
independent variables. For this stage, each regression coefficient was
ranked according to a Bayesian feature ranking algorithm (Malik and
Schmidt, 2011), where higher ranks indicate a stronger relationship
between the dependent variable and the independent variable in
question. We created 50 variants of the regression model, incrementally
adding independent variables on order of their rank (from 1 variable up
to 50 variables). The same MCMC settings were used as for the full
model. In order to avoid overfitting, each model was estimated 100
times holding out 15% of the data and model performance was mea-
sured with out-of-sample predictive performance as quantified by the
mean + /- sd of the area under the curve (AUC) of the Receiver oper-
ating characteristic (ROC) curve and mean + /- sd of the balanced ac-
curacy.

Note an advantage of adopting a Bayesian framework is intellig-
ibility of null results, allowing us to infer not only that a feature is
associated but also that it is not.

3. Results
3.1. Interrater agreement

Interrater agreements were moderate to high. The highest agree-
ment was seen for f1 tumour location (0.723) and f8 presence of tumour
cyst(s) (0.713). The lowest agreement was for f17 diffusion character-
istics (0.357) prior to consensus review.

3.2. Patient features and mutation status

Patients with IDHwt astrocytomas were significantly older than
patients with IDHmut astrocytomas (mean 54 (21-76) years compared
to 37 (20-63) years) and with GBM (mean age 42 (29-68) years
(Table 1). No significant differences were observed for gender or pre-
senting symptoms (Table 1). Seizure was the most common presenting
symptom, seen in 39 of 68 IDHmut patients, 20 of 52 IDHwt patients
and 12 of 26 GBM patients followed by motor paresis and dysphasia.
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Table 1
Differences in VASARI MR features between the study set.
Variable GBM IDHwt IDHmut IDHwt vs  IDHwWt vs
(n=26) (n=52) (n=68) IDHmut GBM
Age (year) 42 54 37 < 0.001 0.274
(29-68)  (21-76)  (20-63)
Sex (male:female) 13:13 34:18 38:30 0.292 0.793
Presenting complaint 0.377 0.230
Cognitive disorder 2 5 3
Dizziness 0 2 2
Dysphasia 0 7 4
Gait disturbance 2 1 1
Headache 3 3 3
Incidental 0 3 5
Isolated CN 0 2 3
Motor paresis 7 8 3
Seizure 12 20 39
Sensory disturbance 0 1 2
Visual field 0 0 1
disturbance
F1 Tumour Location
Cerebellum 0 1 0
Corpus Callosum 0 2 1
Frontal Lobe 11 13 37
Insula 1 4 4 0.001 0.682
Occipital Lobe 1 1 0
Parietal Lobe 4 5 8
Temporal Lobe 6 15 18
Thalamus 3 11 0
F2 Side of lesion 0.235 0.681
Center/Bilateral 1 5 2
Left 12 26 32
Right 13 21 34
F3 Eloquent Brain 0.007 0.726
Motor 4 8 8
No Eloquent Brain 18 30 44
Speech motor 0 3 13
Speech receptive 3 11 2
Vision 1 0 1
F4 Enhancement 0.663 0.003
Quality
18 9 8
Marked/avid 8 18 21
Minimal/Mild 0 24 36
No Contrast
Enhancement 0 1 3
No Contrast given
F5 Proportion 0.773 < 0.001
Enhancing
68-95% 6 1 1
34-67% 6 7 5
6-33% 13 16 21
< 5% 1 3 2
None 0 24 36
N/A 0 1 3
F6 Proportion Non- 0.538 < 0.001
Contrast
68-95% 12 42 59
34-67% 7 7 5
6-33% 7 1 1
< 5% 0 2 3
F7 Proportion 0.872 < 0.001
Necrosis
68-95% 1 0 0
34-67% 8 4 3
6-33% 10 3 5
< 5% 2 1 1
None 5 44 59
F8 Cysts 0.022 0.176
Present 20 2 12
Absent 6 50 56
F9 Multifocal or 0.005 0.190
Multicentric
Focal 23 32 58
Gliomatosis 0 11 8
Multifocal 3 9 2
F10 T1/FLAIR ratio < 0.001 0.002
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Table 1 (continued)

Variable GBM IDHwt IDHmut IDHwt vs  IDHwt vs
(n=26) (n=52) (n=68) IDHmut GBM

No FLAIR images 4 2 4

Tl < < FLAIR 4 27 9

T1 < FLAIR 4 13 22

T1FLAIR 14 10 33

F11 Thickness of 0.388 0.003
enhancing margin

Patchy 4 13 20

Solid 3 2

Thick/nodular 15 7 4

Thin 4 1 0

Minimal 0 1 3

N/A 0 25 39

F12 Definition of the 0.138 0.011
enhancing margin

Poorly defined 13 17 23

Well defined 13 10 6

N/A 0 25 39

F13 Definition of the < 0.001 0.162
non-enhancing
margin

Poorly defined 15 40 28

Well defined 11 12 40

F14 Proportion of 0.160 0.003
Edema

34-67% 3 1 1

6-33% 10 5

< 5% 10 18 14

None 3 28 50

F16 Haemorrhage 0.434 0.375

Cannot determine 6 12 23

No 15 37 42

Yes 5 3 3

F17 Diffusion 0.713 0.001

Characteristics

No ADC Images 4 7 11

Facilitated 4 27 37

Mixed 14 18 19

Restricted 4 0 1

F18 Pial Invasion 0.232 0.023

Absent 20 51 63

Present 6 1 5

F19 Ependymal

Extension 24 50 63

Absent 2 2 5 0.697 0.494

Present

F20 Cortical 0.034 0.109
Involvement

Absent 10 15 8

Present 16 37 60

F21 Deep White < 0.001 0.916
Matter

Invasion

Brainstem 1 6 0

Corpus Callosum 3 9 10

Internal Capsule 7 15 6

None 15 22 52

F24 Satellites 0.042 1.000

Absent 24 46 67

Present 2 6 1

F25 Calvarial 0.315 1.000

Remodeling 49 67

Absent 24 3 1

Present 2

Note. GBM: glioblastoma, IDHwt: isocitrate dehydrogenase wild type, IDHmut:
isocitrate dehydrogenase mutated, VASARI: Visually Accessible Rembrandt
Images.

3.3. Patient survival
Overall Survival was available in 120 patients (13 GBM, 59 IDHmut

and 48 IDHwt) and is shown by Kaplan-Meier plots for each tumour
category in Fig. 2. As can be seen, the IDHwt A III and IDHwt A II
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Fig. 2. Kaplan Meier survival curves illustrating effect of tumour grade and IDH
mutation on Overall Survival. legend: Kaplan Meier survival curves demon-
strating: (A) significantly poorer survival in IDHwt compared to IDHmut as-
trocytomas (p < 0.0001) but similar survival to GBM, (B) poorer survival in
Grade III IDHmut astrocytomas compared to Grade II IDHmut (p=0.031) and
Grade III IDHwt compared to Grade II IDHwt astrocytomas (p=0.013).

demonstrated poorer survival compared to the IDHmut reference set
(p < 0.001) and, as expected, the GBM patients demonstrated the
poorest overall survival. The median survival for IDHwt was 18.3
months compared to 37.8 months for the IDHmut patients, similar to
GBM (18.4 months).

3.4. MRI features and mutation status

The univariate descriptive analysis of the difference between IDHwt
and IDHmut, highlighted 8 of the VASARI features: f1 location, f3
eloquent brain, f9 multifocal, f10 T1/FLAIR ratio, f13 definition of
nonenhancing margin, f20 cortical, f21 deep white matter invasion and
24 satellites (Table 1). IDHwt tumours were more likely to demonstrate
a lower T1/FLAIR ratio (27/52) compared to 9 of 68 IDHmut astro-
cytomas, suggestive of an infiltrative rather than expansive pattern. The
definition of the non-enhancing margin was poorly defined in 40 of 52
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IDHwt astrocytomas compared to 28 of 68 IDHmut tumours. A higher
proportion of IDHwt tumours demonstrated deep white matter invasion
(30 of 52 (6 brainstem, 9 corpus callosum, 15 internal capsule) com-
pared to 16 of 68 IDHmut astrocytomas.

IDHwt astrocytomas were more likely to be multifocal (9 of 52) or
demonstrate a gliomatosis pattern (11 of 52) compared with 2 of 68
multifocal and 8 of 68 gliomatosis in the IDHmut reference set. There
was a difference in tumour location between IDHwt and IDHmut tu-
mours. The most common anatomical location for IDHwt tumours was
the temporal lobe (15 of 52) whereas the frontal lobe was the most
frequently involved site in IDHmut tumours. A higher proportion of
IDHwt tumours were located in the thalamus (11 of 52) whereas the
thalamus was not involved in any of the IDHmut cases. A higher pro-
portion of IDHwt tumours involved eloquent brain, specifically speech
receptive: (11 of 52 IDHwt compared to 2 of 68 IDHmut).

There were no significant differences in any of the MRI features
describing contrast enhancement between IDHwt and IDHmut astro-
cytomas. 24 of the 52 IDHwt tumours and 36/68 IDHmut astrocytomas
demonstrated no enhancement, whereas all the GBM cases demon-
strated enhancement. Where enhancement was present, it was more
likely to be patchy in the IDHwt astrocytomas (13 of 27) similar to the
IDHmut reference set (20 of 30) whereas the GBM cases were more
likely to be thick/nodular (7 of 13).

There were also no significant difference observed in diffusion
characteristics between the IDHwt and IDHmut astrocytomas with the
majority of lesions demonstrating facilitated diffusion (27/52 IDHwt
and 37/68 IDHmut) rather than restricted diffusion. The GBM cases
were more likely to demonstrate mixed diffusion with 3 cases demon-
strating restricted diffusion.

3.5. Predicting mutation status from imaging features

Our Bayesian logistic regression model was used to estimate the
odds ratios for each demographic and imaging feature within a prob-
abilistic multivariable inferential framework. These ratios, ranked by
strength of association, are shown in Fig. 3. In agreement with the
univariate analysis, only a subset of the features were strongly asso-
ciated with IDH mutation status. To quantify the optimal number of
features to incorporate in a model with potential clinical predictive
utility, we evaluated a set of 50 models with increasing numbers of
independent variables, entered in order of their rank. The cross-vali-
dated performance of these models is shown in Fig. 4. Note that ex-
cellent performance (AUC = 0.92 +/-0.07; balanced accuracy 0.81
+/- 0.09) was achieved with only the top five variables: age at pre-
sentation (OR = 0.94 + /-0.03), tumour location within the thalamus
(OR = 0.15 +/-0.25), involvement of speech receptive areas
(OR = 0.21 +/-0.26), deep white matter invasion of the brainstem
(OR = 0.10 +/-0.32), and T1/FLAIR signal ratio (OR = 1.63 +/-0.64).

An ROC curve for this five variable model is shown in Fig. 4. At the
optimal decision threshold, this corresponds to a sensitivity of 0.83 and
specificity of 0.85.

4. Discussion

In this comprehensive analysis of IDHwt and IDHmut WHO Grade
II/II astrocytomas, we have shown that IDHwt have a survival
equivalent to that of GBM, and much less than IDHmut astrocytomas,
irrespective of histological grade. We have identified five most strongly
predictive variables of IDH mutation status, and demonstrated—within
a Bayesian framework that allows us to make this inference positive-
ly—that other imaging features are not contributory. A model based on
these five features: older age at presentation, tumour location within
the thalamus, involvement of speech receptive areas, deep white matter
involvement of the brainstem and lower T1/FLAIR ratio shows ex-
cellent predictive performance for IDHwt astrocytomas, potentially
alerting the clinician to IDHwt status and consequently earlier more
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F13 Definition of non-enhancing tumour margin: well defined
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F11 Thickness of enhancing margin: minimal

F12 Definition of enhancing margin: well-defined

F21 Deep WM invasion: none

F6 Proportion non-enhancing tumour

F11 Thickness of enhancing margin: patchy

F12 Definition of enhancing margin: poorly defined

F1 Tumour location: temporal lobe
F17 Diffusion: mixed

F2 Side of tumour epicenter: right

F9 Multifocal or multicentric:

F9 Multifocal or multicentric: i or i ic

F11 Thickness of enhancing margin: n/a

F11 Thickness of enhancing margin: solid

F12 Definition of enhancing margin: n/a

F4 Enhancement quality

F5 Proportion enhancing

F14 Proportion of cedema
Sex

F2 Side of tumour epicenter: left

F3 Eloquent brain: none

F9 Multifocal or ic: focal
F11 Thickness of enhancing margin: thick
F16 Haemorrhage: indeterminate

F16 Haemorrhage: none

F17 Diffusion:

F17 Diffusion: n/a

F21 Deep WM invasion: corpus callosum
F21 Deep WM invasion: internal capsule

F24
F1 Tumour location: insula
F1 Tumour location: parietal lobe
F2 Side of tumour epicenter: Center or bilateral
F3 Eloquent brain: motor
F16 Haemorrhage: yes
F7 Proportion necrosis
F18 Pial invasion

F20 Cortical invol it
F1 Tumour location: corpus callosum
F25 Calvarial modelling

1 2 3 4
Odds Ratio (>1 predicts IDH mutant)

Fig. 3. Odds ratios of IDH status predictive demographic and VASARI features. legend: Forest plot of the odds ratio of demographic and VASARI features predictive of
IDH mutation status, reparameterised to enable multivariable modelling within a Bayesian penalized logistic regression model. The features are ranked in order of
decreasing strength of association. The black squares indicated the estimated mean, with their associated lines indicating + /- 1 standard deviation of the parameter.

aggressive management.

The revised WHO classification of gliomas [1] has provided an op-
portunity to re-examine the imaging features of these tumours with
potential for additional validation and potential for an imaging-based
classification that could complement the genomic classification. This
would be particularly useful in unresectable tumours where a policy of
surveillance may be preferred without recourse to a histological and
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molecular diagnosis. Our study findings of a more invasive imaging
phenotype in IDHwt astrocytomas is supported by a recent radio-
genomic study of 110 WHO grade II and III astrocytomas from The
Cancer Genome Atlas [7], reporting that the 25 IDHwt tumours were
more likely to be associated with an irregular tumour boundary and a
poorer outcome. The authors used a computer algorithm approach to
analyze tumour shape in two or three dimensions and hypothesized that
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Fig. 4. Predicting IDH mutation status from demographic and VASARI features. legend: The plot on the right shows the estimated AUC (black line) tested on a held
out random sample of 15% of the dataset with logistic regression models incorporating incrementally larger number of features, from 1 to 50, added in order of the
rank displayed in Fig. 3. The grey lines indicate + /- 1 standard deviation of the parameter, estimated by running each model with randomly resampled training and
testing data 50 times. Note that there is no substantial increase in performance beyond the top five features. The plot on the left shows the receiver operating
characteristic (ROC) curve for the 5 parameter model, with + /- 1 standard deviation given in grey. The black square shows the optimal decision point. Note excellent

predictive performance.

the irregular tumour boundary corresponded to an “invasive” pheno-
type. In another study of 198 diffuse low grade gliomas, the 34 IDHwt
astrocytomas were more likely to have an indistinct tumour margin [8].
The authors also reported an association with anatomical location, si-
milar to our findings, where IDHwt astrocytomas were more likely to be
temporo-insular lesions compared to the more frequently observed
frontal location in IDHmut astrocytomas. The temporo-insular pre-
dominance of IDHwt astrocytomas corresponds to the increased in-
volvement of eloquent brain observed in our study with the speech
receptive area being most affected.

We also observed an increased incidence of thalamic involvement in
the IDHwt tumours, seen in 11 of the 52 (21.1%) IDHwt astrocytomas
compared to no thalamic involvement in any of the 68 IDHmut astro-
cytomas and 3 of the 26 (11.5%) GBM tumours. A recent study of 331
gliomas reported an incidence of 6.4% in the deep structures of the
cerebrum but did not investigate anatomical location according to IDH
mutation status [9]. Our findings, not previously reported in the lit-
erature, may be due to institutional bias of increased referrals for
complex inoperable tumours. Nevertheless, our findings suggest that
thalamic involvement is more likely to be seen in IDHwt astrocytomas
and should be referred for early biopsy.

The importance of the T1/FLAIR ratio is an interesting finding in
our study. It is well-established in high grade gliomas that the sur-
rounding nonenhancing region represented by T2W and FLAIR signal
abnormality is a mixture of infiltrative tumour and oedema [10]. In
GBM, multiple studies investigating the qualitative extent of peritu-
moural oedema/nonenhancing disease have shown that the presence
and extent of FLAIR signal abnormality is a negative prognostic factor
[11-13] with increased resection of FLAIR abnormalities correlating
positively with progression-free survival [14]. The inclusion of FLAIR
assessment in the recently updated RANO criteria also highlights the
importance of FLAIR signal in monitoring treatment response [15].
Whilst recent reports have described an ill-defined border on FLAIR
sequences predictive of IDHwt tumours [3,16,17] to our knowledge,
there are no reports of T1/FLAIR ratio assessment in low-grade gliomas.
This MR descriptor offers potential as an important prognosticator in
these predominantly non-enhancing tumours.

Our patient survival data supports the growing literature that IDHwt
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grade II/III astrocytomas have a poorer survival than their IDHmut
equivalents [18,19]. The TCGA study of 31 IDHwt grade II/III astro-
cytomas found an intermediate overall survival between IDHmut grade
II/11I and GBM as we have shown here [20]. As seen in our study, WHO
grade had a significant influence on survival. Whilst survival was more
similar to GBM than IDHmut, our IDHwt reference set was radi-
ologically more similar to the IDHmut astrocytomas than GBM: less
likely to show enhancement, macroscopic necrosis and haemorrhage. In
particular, the majority of IDHwt and IDHmut tumours were non-en-
hancing and where enhancement was present, tended to be patchy ra-
ther than thick/nodular or solid, as seen in GBMs.

It is well established that diffusion can support glioma grading and
survival prediction in GBM and diffuse gliomas [21-23]. A recent study
of 65 WHO grade II and III astrocytomas demonstrated a lower ADC in
IDHwt astrocytomas compared to IDHmut [24]. However, we were
unable to detect a significant difference in diffusion characteristics
between IDHwt and IDHmut astrocytomas. The absence of an available
ADC map in 22 patients may have limited our power to detect sig-
nificant differences. Low inter-rater agreements may have been due to
T2 effects and attempting to describe heterogeneous diffusion appear-
ances within the predefined VASARI diffusion categories.

Radiologist-made measurements are potentially open to user bias. In
this study the neuroradiologists were blinded to IDH mutation status
and histopathological grade and where agreement was poor, a con-
sensus review was performed. Studies building radiogenomic maps
using quantitative features have shown that these may be a useful
complementary strategy to non invasive GBM management [25]. Such
studies are currently underway at our institution and we expect the
preliminary findings in this study to be validated in a larger dataset.

5. Conclusion

Our results provide further evidence that IDHwt astrocytomas de-
monstrate poorer survival, more equivalent to that for GBM, than
IDHmut astrocytomas. These tumours are more likely to be located in
eloquent areas, show deep white matter invasion and demonstrate more
infiltrative radiological features with lower T1/FLAIR ratio when
compared to their IDHmut counterparts.
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We believe that these findings may help clinicians to predict IDH
mutation status on imaging, identifying those patients that are more
likely to have an IDHwt tumour for early biopsy/resection and more
GBM:-like treatment. This could have important implications for diag-
nostic decision-making, by alerting clinicians to the presence of early
stage glioblastoma.
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Abstract

Purpose Molecular parameters have become integral to glioma diagnosis. Much of radiogenomics research has focused on the
use of advanced MRI techniques, but conventional MRI sequences remain the mainstay of clinical assessments. The aim of this
research was to synthesize the current published data on the accuracy of standard clinical MRI for diffuse glioma genotyping,
specifically targeting IDH and 1p19q status.

Methods A systematic search was performed in September 2019 using PubMed and the Cochrane Library, identifying studies on
the diagnostic value of T1 pre-/post-contrast, T2, FLAIR, T2*/SWI and/or 3-directional diffusion-weighted imaging sequences
for the prediction of IDH and/or 1p19q status in WHO grade II-IV diffuse astrocytic and oligodendroglial tumours as defined in
the WHO 2016 Classification of CNS Tumours.

Results Forty-four studies including a total of 5286 patients fulfilled the inclusion criteria. Correlations between key glioma
molecular markers, namely IDH and 1p19q, and distinctive MRI findings have been established, including tumour location,
signal composition (including the T2-FLAIR mismatch sign) and apparent diffusion coefficient values.

Conclusion Consistent trends have emerged indicating that conventional MRI is valuable for glioma genotyping, particularly in
presumed lower grade glioma. However, due to limited interobserver testing, the reproducibility of qualitatively assessed visual
features remains an area of uncertainty.

Keywords Glioma - Glioblastoma - Magnetic resonance imaging - Radiogenomics - Imaging genomics

Introduction

Diffuse astrocytic and oligodendroglial brain tumours occur
Electronic supplementary material The online version of this article along a continuum from World Health Organization (WHO)
(hnpsz//doi.org/llo.l00l7/s00234-020»(?2532-7) contains supplementary grade 1I (diffuse astrocytoma and oligodendroglioma) and
material, which is available to authorized users. A .
grade III (anaplastic astrocytoma and anaplastic
59 Arian Lasocki oligodendroglioma) to grade IV (glioblastoma,. GBM) [1].
arian.lasocki@petermac.org The latest 2016 WHO update to the Classification of
Tumours of the Central Nervous System has acknowledged
the prognostic importance of molecular parameters, which
now constitute a key component of glioma diagnosis, provid-
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mutation (IDH-mutant, IDH™"), which is associated with sig-
nificantly longer survival [2]. For IDH™" LGG, Ipl19q
genotyping follows to distinguish between tumours with
1p19q codeletion (molecular oligodendrogliomas, demon-
strating combined loss of both the short arm of chromosome
1 and long arm of chromosome 19, IDH™Y1p19¢®°*) and
those without (molecular astrocytoma, IDH™""/1p19¢™")
[1]. In contrast, LGG without an IDH mutation are known as
IDH-wildtype (IDH"), and can be considered “molecular
GBM?” if also associated with other characteristic mutations
[3, 4]. For tumours with histological evidence of GBM, IDH
testing suffices [1]. IDH™" GBMs are rare (< 10% of all
GBMs) [2] and hypothesised to arise from LGG, with corre-
spondingly better outcomes than IDH™' [2].

This molecular characterisation gives rise to 3
prognostically relevant groups for imaging research in glioma:
IDH status of LGG; 1p19q status of LGG; and IDH status of
GBMs. Radiogenomics studies have primarily focused on the
use of advanced MRI techniques for genotyping, including
perfusion, spectroscopy and computational algorithms.
However, specialist neuro-oncology centres receive referrals,
and thus imaging, from a variety of outside institutions, which
often utilize less comprehensive protocols. Repeating imaging
and/or performing additional advanced sequences pending tis-
sue diagnosis is often impractical, and while such a practice is
valuable from a research perspective, it may not necessarily
change management. As a result, anatomical MRI sequences
remain the basis of the pre-operative MRI characterisation. In
addition, the methodology around advanced techniques — both
in acquisition and post-processing — is variable, limiting re-
producibility and clinical translation. Computational imaging
approaches such as machine learning offer new opportunities
for the recognition of microstructural tissue patterns, but most
have not undergone in-depth clinical testing. Specifically,
there is a risk of “over-fitting” when training with a fixed set
of imaging parameters in research, with accuracy decreasing
when encountering the more variable clinical environment. In
this context, human observers may more flexibly recognize
morphological differences without a substantial detriment to
accuracy.

It remains uncertain to what extent assessments in routine
clinical practice can predict glioma genotypes. What can be
considered “conventional” in MRI has evolved over time, but
is largely based around anatomical sequences. Ellingson et al.
have outlined a consensus brain tumour protocol for clinical
trials, which consists of axial T2-weighted imaging (T2WTI),
axial (or volumetric) FLAIR (fluid attenuated inversion recov-
ery), axial DWI (diffusion-weighted imaging) and pre- and
post-contrast volumetric T1-weighted imaging (T1WI) [5].
DWI and susceptibility-sensitive sequences such as T2* and
susceptibility-weighted imaging (SWI) are routinely per-
formed in many institutions [6], and may nowadays also be
considered part of basic MRI protocols.
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To date, a limited number of reviews have summarized
conventional imaging features of glioma molecular subtypes
[7], whereas the bulk of literature on this topic was published
in recent years and is constantly evolving. The aim of this
research was to systematically review and synthesize currently
available data on the accuracy of standard clinical MRI for
diffuse glioma genotyping. For the purpose of this study, we
have considered sequences as “conventional” in line with re-
cently published guidance on glioma imaging [5, 6], on the
proviso that the results description was not solely based on
advanced analytic techniques (e.g. computational learning).

Methods

This research was carried out according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA-DTA) criteria [8]. The study has been registered in
the PROSPERO online database of systematic reviews
(CRD42019127655).

Data sources

A systematic search was performed in September 2019 using
PubMed and the Cochrane Library (until September 2019).
The following search key words were used: (“brain tumo(u)r”,
“glioma”, “glioblastoma”, “astrocytoma”,
“oligodendroglioma”) AND (“isocitrate dehydrogenase”,
“IDH”, “1p19q”, “1p/19q”, “molecular”, “WHO 2016”)
AND (“magnetic resonance imaging”). Further details of the
search strategy are shown in Supplementary Material 1.

Study selection

The abstracts of all articles retrieved in the initial search were
screened independently by two reviewers (board-certified ra-
diologists with research experience in neuro-oncology). All
selected full-text manuscripts were reviewed independently
by two reviewers (from a team of four board-certified re-
viewers), with abstracts chronologically randomized and re-
viewer pairings varied to avoid bias. A stepwise selection was
performed independently by each reviewer according to the
same method. The exclusion criteria were: no interpretation of
conventional MRI sequences (defined as T1 pre-/post-con-
trast, T2, FLAIR, T2*/SWI and/or 3-directional DWI [6]);
animal/laboratory measurements only; technical comparison
between different MRI acquisition technique(s); studies con-
fined to physiological MRI (e.g. perfusion, spectroscopy, dif-
fusion tensor or kurtosis imaging, functional imaging
methods) or machine learning; studies restricted to predicting
WHO histological grade; studies lacking glioma molecular
subtype information; studies reporting on prognosis only; re-
view articles; case reports of < 5 cases; studies only examining
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molecular markers other than IDH and 1p19q; conference
abstracts; or no English full text. The inclusion criteria were:
studies examining the diagnostic value of MRI regarding IDH
and/or 1p19q in the context of WHO grade II-IV gliomas;
assessment of conventional MRI sequences (as defined
above) performed on glioma patients pre-treatment; and de-
scription of qualitative and/or quantitative glioma feature(s).
In cases of disagreement, each full-text article was reviewed
and the discrepancy resolved in consensus with a third (senior)
reviewer. A summary of inclusions and exclusions is provided
in Fig. 1.

Data analysis

The results of the included studies were documented with the
use of a data extraction form to derive the glioma molecular
information tested, diagnostic MRI sequence(s) used, descrip-
tive and statistical results, and method characteristics. The
latter included study design and institute of origin, number
of patients, participant age, tumour histology and molecular
data, MRI field strength, contrast agent, feature description,

Studies identified by database search (n=623)

From PubMed (n=580)
From Cochrane Library (n=43)

Studies after duplicates removed (n=530)

Studies on title/abstract review (n=428)

Full-text studies assessed for
exclusion/inclusion criteria (n=102)

Studies excluded (n=58)

No interpretation of conventional MRI sequences (n=27)
Technical comparison between different MRI acquisition
techniques (n=12)

Machine learning only (n=5)
Fewer than five patients (n=3)
Review article (n=4)
Only molecular markers other than IDH and 1p19q (n=7)

Studies included in systematic review (n=44)
WHO grade II-111 gliomas (n=30)
WHO grade IV gliomas (n=8)

WHO grade II-1V gliomas (n=5)

WHO grade I-1V gliomas (n=1)

Fig. 1 CONSORT diagram of the study selection process

quantification (e.g. region of interest (ROI) placements) and
interobserver testing. Each of the reviewers independently
performed the full-text screening followed by the data extrac-
tion with two reviewers analysing each publication.
Discrepancies were resolved in consensus with a third review-
er. A summary of the data extraction table is presented in
Supplementary Material 2.

Study quality assessment

The study quality was examined using the Quality
Assessment of Diagnostic Accuracy Studies (QUADAS-2)
instrument [9]. We evaluated concerns regarding applicability
in three domains (low, high, unclear) and the risk of bias in
four different domains (patient selection, index test, reference
test, timing). Each study was independently assessed for qual-
ity and potential bias by two reviewers. Disagreements were
resolved by consensus with a senior reviewer.

Statistical analysis

Descriptive data are presented in the form of a narrative syn-
thesis, because of the perceived heterogeneity of reported im-
aging features, assessment methods and lack of consistent
quantification.

Data synthesis
Results overview

Forty-four studies including a total of 5286 patients fulfilled
the inclusion criteria, with a mean of 115.9 (standard deviation
73.1) gliomas analysed in each study. Of these, 30 studies
were confined to LGG analysis: 3 studies assessed WHO
grade II tumours, 6 evaluated WHO grade IIT and 21 studies
included WHO grades II and III. Grade IV tumours were
examined in 8 studies. Five studies assessed WHO grade II-
1V gliomas, while one further study included WHO grades I-
IV. 18 studies examined IDH alone, 6 1p19q alone, and 20
studies assessed both. 7 studies identified only investigated
molecular markers other than IDH and 1p19q, and were thus
excluded from further analysis.

All included studies were retrospective analyses. Twelve
studies reported statistical results (kappa, «) for interobserver
comparisons of qualitative features, 2 studies reported intra-
class correlation coefficient (ICC) values for quantitative gli-
oma properties, 13/44 studies performed consensus reads
using > 2 observers, and 24 publications used either a single
reader (7/44) or lacked comprehensive information on reader
methods (12/44).
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WHO grade II/lll glioma (LGG) genotyping
IDH

Tumour location Sixteen studies assessed the relationship be-
tween tumour location and IDH status in LGG. A predilection
of IDH™" tumours to occur in the frontal lobes was identified
by multiple research groups [10—17]. Most of these studies
showed statistical significance, but only one study provided
sensitivity (72.2%) and specificity (63.3%) [12]. A smaller
number of studies reported correlations between IDH™' status
and other locations, specifically thalamus (11/52 IDH™" com-
pared with 0/68 IDH™"; p = 0.001) [15] and brainstem (all
brainstem tumours in one cohort were reportedly IDH™, with-
out subgroup numbers provided) [18]. Sonoda et al. observed
that anaplastic gliomas sparing the cerebral cortex were more
likely IDH™* (13/44 IDH™", 0/78 IDH™"; p < 0.0001) [11]. In
a study by Kanazawa et al, non-temporal location was the sole
imaging feature that was significantly associated with IDH
status, with limited specificity (57.1%) [19]. High interobserv-
er agreements were reported for laterality (x = 1.00) and loca-
tion (k = 0.723-1.00) [15, 20].

A study of 193 patients by Qi et al. found that IDH™"
tumours more commonly involved a single lobe, whereas
IDH™ tumours were predominantly located in combined
lobes such as the diencephalon or brainstem (p < 0.001)
[10]. Park et al. reported that a “nonlobar location” was asso-
ciated with IDH™" genotype (adjusted odds ratio (OR) 2.38),
though a definition of “nonlobar location” was not provided
[20]. Multifocality, multicentricity or a gliomatosis cerebri
pattern have been identified as predictive of IDH™ status in
two further, relatively large study samples (n = 146 and n =
175, respectively) [15, 20]. Contrary to these findings, IDH™"
LGG may be larger than IDH™" tumours at diagnosis [13, 21].

Internal signal characteristics and gadolinium enhancement
Multiple studies have examined signal characteristics of LGG.
IDH™" LGG were more commonly homogeneous in one co-
hort (79% of 89 IDH™", compared with 45% of 104 IDH™")
[10], while cystic change appears less frequent in IDH™" tu-
mours [18, 22]. Enhancement is more common in IDH™" tu-
mours: Wu et al. found enhancement in 93% of IDH"" tu-
mours compared with 57% IDH™" [22], and similar results
were reported in the cohort of anaplastic gliomas examined by
Wang et al. (88% IDH™ and 68% IDH™") [23]. Providing
further support, Juratli et al. found that enhancing gliomas
were more common in IDH™ tumours (57%) than both
IDH™YATR X-inactivated and IDH™"/1p19¢*°* tumours
(28% and 25%, respectively) [24]. IDH"" tumours have also
been associated with a greater degree of enhancement [10, 16,
20, 22, 25]. Ring-enhancement of LGG (i.e. MRI evidence of
necrosis) correlated with IDH™' status in several studies [11,
22, 26]. In a logistic regression model utilizing Visually
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AcceSAble Rembrandt Images (VASARI) features [27], the
proportion of enhancing lesion necrosis was one of two opti-
mal features (together with tumour size), which moderately
predicted IDH status of LGG (area under the curve, AUC
0.73) [28]. Similar to these findings, a different study exam-
ining VASARI features identified the proportion of the tu-
mour that was non-enhancing as the single best feature for
predicting an IDH mutation, with high accuracy (AUC 0.92)
[25].

Tumour margins Sharp tumour margins have been associated
with LGG IDH™" status [10, 13], while poor definition of the
non-enhancing margin has been correlated with IDH"" status
in multiple publications [15, 17, 20]. Of these, only one study,
by Park et al, reported interobserver agreement (x = 0.766)
[20]. One study identified that a lower T1/FLAIR ratio was
more frequent in IDH™ gliomas, together with deep white
matter invasion, but interobserver agreement was not specifi-
cally reported [15]. One study, in which two readers assessed
VASARI features in consensus, suggested that oedema was
more common in IDHY' LGG [22].

Diffusion-weighted imaging A variety of ADC metrics have
been examined, with higher ADC values consistently reported
in IDH™" LGG compared with IDH". Villaneuva-Meyer
et al. observed that ROI-derived minimum, mean and maxi-
mum ADC correlated with IDH status; of these, a minimum
ADC threshold of 0.9 x 10> mm?s provided the greatest
sensitivity (91%) and specificity (76%), with an AUC of
0.901 [18]. Wasserman et al. performed ROI-based minimum
ADC assessments and reported a significant association with
IDH genotype, with an optimal cutoff point of 0.95 x 1072
mm?/sec (sensitivity 76.9%, specificity 65.2% and AUC
0.711) [12]. Xing et al. investigated minimum ADC and rel-
ative minimum ADC (comparing to contralateral normal-
appearing white matter) based on multiple ROIs placed in
each glioma, with both yielding statistically significant results;
the reported optimal minimum ADC threshold was 1.01 x
107> mm%/sec (sensitivity 76.9%, specificity 82.6%; AUC
0.87) [14]. Liu et al. assessed both mean and minimum
ADC; results for mean ADC reached statistical significance
(p = 0.028), while those for minimum ADC did not (p =
0.069) [29]. However, there were only 15 WHO grade II/IIT
gliomas in this cohort, and AUC analysis was not presented
[29]. Thust et al. assessed single-slice mean ADC normalized
to the contralateral centrum semiovale normal-appearing
white matter in 44 non-enhancing LGG, achieving AUC of
0.95 for one reader (optimal ADC ., cutoff 1.83) and AUC of
0.96 (optimal ADC,,;, cutoff 1.76) for the other reader [30].
Notably, single-slice ADC measurements correlated strongly
with whole lesion assessment in this study [30]. Of these 5
studies, 2 reported ICC results 0f 0.71-0.91 [18] and 0.98 [30]
for ROI-derived ADC values.
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1p19q

Tumour location A frontal lobe location has repeatedly been
associated with 1p19q codeletion [13, 26, 31-33]. As a poten-
tial confounder, some of these studies may have included
IDH™ tumours amongst “non-codeleted” gliomas [26, 32,
33]. In the studies specifically comparing IDH™"/1p19¢°*%!
and IDH™"/1p19¢™*" tumours, the results are heterogenous
and the lobar association is less compelling. Batchala et al.
nevertheless reported a significant association between a fron-
tal lobe location and codeletion in 102 IDH™" LGG (OR 5.68,
95% CI 2.08-15.44; p = 0.001) [31]. In contrast, Sonoda
found no significant difference in the frequency of a frontal
lobe location between the 1p19g°°*®! (74%) and 1p19g™=*
tumours (67%; p = 0.61) [11]. The lobar distribution was also
similar in the cohort of Darlix et al. (frontal location in 45% of
1p19¢°° and 42% of 1p19¢™*") [13]. Several studies ob-
served that a temporal lobe location reduces the likelihood of
1p19¢°°%! genotype (p = 0.011-0.034) [11, 19, 32, 34], with
one reporting no case of temporal-centred 1p19¢°°*! in a co-
hort of 123 anaplastic gliomas [11]. Sherman et al. found that
1p199°°* tumours were more commonly confined to a single
lobe than non-codeleted tumours [34]. The data on 1p19q
genotype and cortical involvement are ambiguous, with one
study demonstrating a statistical association with codeletion (p
= 0.02) [16], and another showing no significant association
[33]. One study reported weak interobserver correlation (42%)
for cortical involvement [35].

Internal signal characteristics and gadolinium enhancement
As for IDH, internal signal characteristics have been examined
by multiple authors. Yamauchi et al. identified that heteroge-
neous T2 signal was significantly more common in 1p19¢°**
tumours (94%) than both 1p19¢™* (33%) and IDH" tu-
mours (50%), using consensus assessments [16]. Three further
studies observed that tumour heterogeneity correlated signifi-
cantly with 1p19q codeletion, but this feature did not permit a
reliable IDH genotype distinction [19, 26, 33]. Batchala et al.
observed that LGG which were < 75% homogeneous were
much more likely to be 1p19q°°%! than 1p19¢™*' (p <
0.001), with an OR of 12.33 and x = 0.69 [31]. Similarly,
Johnson et al. found that, while it was overall uncommon for
a tumour to be completely homogeneous, homogeneity was
more frequent in 1p19¢™** LGG (14% and 10% based on T1-
and T2-weighted imaging, respectively) than in codeleted gli-
omas (1%), also by consensus assessment [32].

1p19q codeleted tumours have shown a correlation with
either absent or ill-defined enhancement [16, 26, 36], in con-
trast to more nodular or ring-like enhancement in 1p19g™t
LGG [36]. One group reported that 1p19¢°°**! tumours more
commonly demonstrated <5% enhancing tumour [37]. In con-
trast, a different study assessing anaplastic gliomas concluded
that 1p19¢°°®*! tumours more commonly enhance than non-

codeleted tumours, but this was assessed in a binary fashion,
with no distinction made between different qualities of en-
hancement [11].

Tumour margins Several studies have assessed tumour mar-
gins, most utilizing a binary distinction. Kim et al. found that
an indistinct rather than sharp border correlated with 1p19q
codeletion on both T1- and T2-weighted imaging (p = 0.005
and p = 0.036, respectively) [33]. Similarly, Johnson et al.
observed that the majority of 1p19q codeleted tumours lacked
sharp borders on both T1- and T2-weighted images (97% for
each), with p < 0.0001 for each marker of border sharpness
evaluated, and an odds ratio of 16.35 [32]. Conversely, a sharp
border was much more common in non-codeleted tumours,
with an incidence of 40% and 38% based on T1- and T2-
weighted imaging, respectively [32]. Kanazawa et al. reported
a strong correlation (p = 0.002), though only assessed tumour
borders on TIWI [19]. Some studies have not shown a signif-
icant difference [16, 22]. Darlix et al. described tumour bor-
ders as sharp, indistinct or intermediate, and found that
1p19¢°°*! tumours more commonly had intermediate borders,
while indistinct tumour borders were more frequent in IDH"
tumours [13]. No studies reported interobserver statistics for
1p19q tumour border evaluations.

Calcifications, haemorrhage and magnetic susceptibility
Several studies have examined associations with calcifications
and haemorrhage, but there is substantial variability in the
literature in how these are assessed, both regarding whether
CT has been performed and with respect to MRI techniques.
Calcification has been shown to predict 1p19q codeletion [16,
19, 35]. In one of these studies, paramagnetic susceptibility on
T1WI (T1 shortening) was examined and this too was associ-
ated with codeletion, but not as strongly [19]. T2* blooming
also predicted codeletion in one study [31]. Other studies
which used MRI to assess for calcification [33] and paramag-
netic susceptibility artefact [32] did not show a difference, but
did not pursue a distinction of calcification from blood prod-
ucts based on the phase. Indeed, one study examining MRI
suggests that haemorrhage is associated with codeletion, but
did not evaluate calcification or discuss how these character-
istics were separated [37]. All studies consisted of consensus
reads, except one, which reported a moderate interrater agree-
ment for T2* blooming, with £ = 0.74 [31].

T2-FLAIR mismatch The T2-FLAIR mismatch sign has been
examined by several authors since being first described in
2017 [38]. Three studies concluded that the presence of T2-
FLAIR mismatch is 100% specific for an IDH™Y/1p19g™*t
tumour, with interobserver agreements between 0.56 and 0.75
[31, 38, 39]. Another study also found that all patients with >
50% T2-FLAIR mismatch were 1p19™, though definitive
IDH testing results were not available for patients with
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negative IDH1-R132H immunohistochemistry [35]. In con-
trast, Juratli et al. had a false-positive rate of 28.5% for T2-
FLAIR mismatch [24]. This study included enhancing glio-
mas, and separate results for non-enhancing gliomas in this
cohort were not provided [24]. All false-positive cases were
1p19g°°%!, with no false-positive IDH" cases reported [24].

Diffusion-weighted imaging With the caveat that a minority of
IDH™ tumours (which are associated with lower ADC values
as summarized above) may have been included in some of the
studies assessing DWI, 1p19q codeletion has consistently
been associated with lower mean ADC values compared with
IDH™/1p19¢™*' LGG (p = 0.0005-0.003) [30, 32, 40], with
two studies suggesting an ADCmean cutoff in the region of
1.4-1.6 x 107> mm?/s for 1p19q genotyping [32, 40].

Glioblastoma
IDH

Tumour location Publications on the geographical distribution
of IDH genotypes in GBM broadly correspond to descriptions
in LGG, supportive of a continuum of disease. Carrillo et al.
found that 11 of 14 (79%) IDH™" GBMs (comprising 7% of
all GBMs in their cohort) were located in the frontal lobes,
compared with only 69 of 188 (37%) IDH™ [41]. Xing et al.
also identified a geographic correlation with IDH status (p =
0.002), with 9 of 10 (90%) IDH™" GBMs being located in the
frontal lobes, compared with 23 of 60 (38%) IDH"' [42]. The
cohort of Lasocki et al. displayed a similar frequency of fron-
tal lobe location in both IDH™ (38%) and IDH™" (40%)
GBMs, but there were only 5 IDH™" GBMs in this study
[43]. In contrast, the IDH™"* GBMs in the cohort of Hong
et al. displayed a higher frequency of an insular location than
IDH™ (33% compared with 12%; p = 0.01) [44], and Hata
etal. reported that all five IDH™" tumours in their cohort of 92
GBMs involved the insula [45].

Enhancement and noncontrast-enhancing tumour In a study
by Yamashita et al, the necrotic area inside the largest cross-
sectional enhancing lesion and the largest cross-section necro-
sis percentage were both associated with IDH status (p <
0.005) [46]. Wang et al. found that IDH™" GBMs were slight-
ly less likely to demonstrate enhancement (73.3%, compared
with 94.9% for IDH™'; p < 0.001) [47]. When the tumour did
enhance, multiple enhancing foci were more common in
IDH™" tumours (42.4%, compared with 19.3% for IDH""; p
=0.003), though the distribution of contrast enhancement pat-
terns did not differ significantly between IDH™" and IDH™
GBMs [47]. The presence of enhancing satellites positively
correlated with IDH mutations in another cohort [41].
Similar to these findings, a larger proportion of
noncontrast-enhancing tumour (nCET) has been associated

@ Springer

with IDH mutations. All 14 IDH™" GBMs in the cohort of
Carrillo demonstrated nCET, and a higher percentage of
nCET was shown to correlate with IDH™" status; the propor-
tion of IDH™ tumours with nCET was not specified, however
[41]. Hong et al. identified a larger T2WI tumour volume in
IDH™" GBMs and a higher volume ratio between T2WI and
contrast-enhanced TIWT in IDH™" GBMs (p < 0.05) [44].
Similarly, in a study by Lasocki et al, 60% of IDH™ GBMs
had > 33% nCET, compared with 21% of IDHY, though this
did not reach statistical significance (p = 0.073) [43]. This
study highlighted that nCET was also common in IDH™" tu-
mours, with 57% of IDH" GBMs containing > 5% nCET
[43]. To overcome this limited specificity, the same group
subsequently proposed that a mass-like morphology of
nCET could potentially provide better specificity for the pre-
diction of an IDH mutation than the presence of nCET alone
[48]. A larger GBM size at diagnosis and the presence of cysts
have also been associated with IDH mutations [41].

Diffusion-weighted imaging In a study of 176 patients by
Hong et al, IDH™" GBMs demonstrated higher mean normal-
ized ADC (2 reader ICC 0.97) in both T2-hyperintense non-
enhancing (1.64 x 10> mm?/s for IDH™, 1.49 x 10~> mm?*/s
IDH™; p = 0.022; sensitivity 66.7% and specificity 65.2% for
ADC > 1.57 x 10> mm?/s) and enhancing areas (1.80
IDH™", 1.54 IDH"'; p = 0.008; sensitivity 77.8% and speci-
ficity 53.8% for ADC > 1.53 x 10> mm?/s) [44]. Another
study (n = 75) by Xing et al. found IDH™" GBMs to have
higher relative minimum ADC values in the enhancing region
(AUC 0.703) [42].

Study quality
The results of the study quality assessment using the

QUADAS-2 tool [9] are summarized in Fig. 2, with additional
information available in Supplementary Material 3. Several

W High Unclear  Low

patient sececTion [
oexTesT [}

RerFERENCE STANDARD |

QUADAS-2 Domain

FLOW AND TIMING

0% 20% 40% 60% 80% 100%
Proportion of studies with high, unclear or low risk of bias

Fig. 2 Results of the QUADAS-2 quality assessment of the included
studies. The risk of bias in four different domains is shown
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(7/44) studies had a high risk of bias regarding patient selec-
tion. In addition, 7/44 studies were unclear about the selection
of patients and/or the conduct or interpretation (5/44) of the
index test. All research was of retrospective design. 23% (10/
44) of studies lacked information on whether index test results
were interpreted without knowledge of the reference standard,
while 23% of studies gave insufficient information on whether
reference standards were defined without knowledge of index
test results.

Discussion

This systematic review aimed to summarize and appraise the
literature on conventional MRI for glioma radiogenomic pre-
dictions. Due to a wide variation in the assessment and
reporting methods, we did not proceed to a statistical (meta-
analysis) evaluation for any particular sequence or imaging
biomarker(s). To group studies with similar topic themes,
the LGG and GBM data were presented in separate sections;
however, the key results support that molecular-specific im-
aging features occur on a continuous spectrum across grades.
For this reason, the following discussion is structured accord-
ing to morphology.

Location (by epicentre) appears to be a valuable, static and
reproducible tumour property with some of the highest inter-
observer ratings (x) achieved in single centre studies [15, 20]
and in multi-rater, multi-timepoint testing (VASARI criteria
(laterality x = 0.943, 95% CI 0.915-0.982 and tumour location
k= 0.837,95% CI 0.807-0.902)) [27]. A frontal lobe location
suggests an IDH mutation [10-16], with 1p19q®°*' marginally
favoured over 1p19¢™*“* [13, 31]. In contrast, an IDH™" tu-
mour located in a temporal lobe is unlikely to be 1p19q**' [11,
19, 32]. In glioblastomas, radiogenomic correlations are chal-
lenging, due to IDH mutations occurring in a small proportion
(< 10%) of GBMs [2, 41, 43, 45, 47]. Corresponding to LGG
characteristics, the two more useful GBM features for suggest-
ing an IDH mutation are tumour location (frontal and/or insu-
lar) and a greater amount of nCET. However, in the case of a
frontal lobe location, the association appears weaker than in
LGG. Indeed, frontal location is moderately common in
IDH™ tumours, probably greater than for IDH™' GBM in
absolute terms [41-43]. Therefore, location can contribute to
radiogenomic predictions with limited specificity.

No reliable WHO grade prediction is possible based on
glioma enhancement properties for any glioma molecular sub-
type. IDH™" tumours tend to demonstrate less enhancement
than IDH™ [22-24], and 1p19q°°*' tumours may show ill-
defined enhancement'” '°, while ring-enhancement with cen-
tral necrosis increases the likelihood of an IDH" glioma [11,
22, 26]. There are challenges with the use of nCET size com-
parisons; while a larger noncontrast-enhancing tumour pro-
portion may indicate IDH™" status [41], no size threshold is

applicable and most IDH"" tumours exhibit nCET to some
extent [43]. As such, it may be more appropriate to utilize
“lack of nCET” to predict IDH"' status [43].

A homogeneous, well-defined glioma is likely to be
IDH™/1p19¢™**, while a heterogeneous, ill-defined tumour
is likely IDH™ or 1p19¢°°*'. Provided the glioma does not
enhance [24], the presence of T2-FLAIR mismatch allows a
confident designation as an IDH™Y1p19q™** astrocytoma
[31, 38, 39]. With a published specificity of 100% in three
different cohorts [31, 38, 39], this is the single most distinctive
conventional MRI feature across both LGG and GBM, with
moderate to substantial interobserver agreement. Several stud-
ies highlighted the value of indistinct non-enhancing lesion
margins to identify IDH™, but this feature is problematic
due to overlap with 1p19¢°°®!, and for reasons of subjectivity.
In particular, the agreement reported for 2 observers by Park
etal. (k=0.766) is discrepant from the much lower agreement
(k=0.374,95% C10.347-0.514) in multi-reader testing of the
original VASARI research, which explicitly casted doubt on
the reproducibility of this sign [27]. Calcifications in an un-
treated glioma suggest 1p19q°°! [16, 19, 35]; this should
ideally be assessed on CT, as intratumoural susceptibility ef-
fects due to petechial haemorrhage are common in GBM, and
have more recently been associated with IDH"' LGG [49].
Several studies have highlighted an association between cyst
formation and IDH™" status [18, 22, 41], which underscores
the importance of distinguishing this morphology from rim-
enhancing necrosis during imaging assessments.

ADC values are generally highest in 1p19¢™!, lowest in
IDH™ and intermediate in 1p19q°**®!, which is consistently
reported in the literature. Furthermore, ADC is one of few
metrics quantifiable on clinical MRI at the time of reporting,
with substantial to near perfect interobserver agreement [18,
30]. It remains unclear whether minimum or mean ADC is
most accurate, and whether normalizing ADC (e.g. to contra-
lateral normal-appearing white matter) is beneficial. ADC
values also appear higher in IDH™" GBM, but there is less
evidence for this and the results are not as compelling, with
necrosis being a potential confounder of ADC quantification.

The systematic evaluation of genotyping literature was
more challenging for LGG than in GBM, because numerous
studies investigated either IDH or 1p19q status, or assessed
both independently, with a three-group distinction according
to the 2016 WHO criteria being less common. Consequently,
it is not clear how accurate some particular visual features are
for separating the three LGG subtypes in clinical practice,
compared with examining a single molecular marker in a bi-
nary group distinction, due to a degree of overlap for most
visually assessable MRI features across the three subtypes.

A number of strategies, including multivariate regression
models, have been proposed to combine imaging features for
glioma genotype predictions, but their method variability
limits comparison. In general, features that are either specific

@ Springer

189



360

Neuroradiology (2021) 63:353-362

(to confidently predict a given molecular subtype) or sensitive
(to exclude a subtype) are most suited to such an approach.
Lasocki et al. suggested an algorithm combining the T2-
FLAIR mismatch sign and the presence of calcifications, be-
ing predictive of 1p19¢™*" and 1p19q°**®! tumours, respec-
tively, with no overlap between the groups [35]. The main
limitation of this algorithm was the sensitivity, as 38 of 59 in
this cohort did not exhibit either feature [35]. Kanazawa et al.
presented a scoring system for predicting 1p19q codeletion
comprised of four features — calcification, indistinct tumour
border on T1WI, paramagnetic susceptibility effect on TIWI
and a cystic component on FLAIR — and found that the pres-
ence of at least three of the four features had a positive pre-
dictive value of 96% and specificity of 98% [19]. In the con-
text of glioblastomas, the absence of either a frontal lobe lo-
cation or at least 33% nCET has been reported as being strong-
ly predictive of IDH™" status [43].

A key finding of this analysis is that most studies per-
formed no interobserver comparisons, so that human factors
remain a concern for qualitative visual assessments in clinical
practice. Thus, their diagnostic accuracy and variability re-
main to some extent uncertain, even when summarizing mul-
tiple studies.

Conclusions

A substantial body of literature exists on conventional MRI
for glioma radiogenomic predictions, detailing findings in
several thousand tumours. Despite heterogeneous methods,
consistent result themes have emerged in this review with
respect to tumour epicentres and signal characteristics, which
indicate that conventional MRI is valuable for glioma
genotyping, particularly in presumed LGG. However, due to
sparse interobserver testing, the reproducibility of qualitative
features remains an area of uncertainty.

Authors’ contributions All authors contributed significantly to this re-
search and have approved the final manuscript.

Data availability The data extraction table and QUADAS-2 table are
provided as Supplementary Material.

Funding information Arian Lasocki was supported by a Peter MacCallum
Cancer Foundation Discovery Partner Fellowship. Stefanie Thust re-
ceives funding from the University College London/UCL Hospitals
National Institute of Health Research Biomedical Research Centre.

Compliance with ethical standards
Conflict of interest None

Ethics approval  The study was performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki and its later
amendments. Formal ethics committee approval is not required for a
study of this nature.

@ Springer

Informed consent Informed consent was obtained from all individual
participants included in the study.

Code availability N/A

References

1. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK, Ohgaki H, Wiestler OD, Kleihues P,
Ellison DW (2016) The 2016 World Health Organization
Classification of Tumors of the Central Nervous System: a summa-
ry. Acta Neuropathol 131(6):803-820. https://doi.org/10.1007/
500401-016-1545-1

2. Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W,
Kos I, Batinic-Haberle I, Jones S, Riggins GJ, Friedman H,
Friedman A, Reardon D, Herndon J, Kinzler KW, Velculescu
VE, Vogelstein B, Bigner DD (2009) IDH1 and IDH2 mutations
in gliomas. N Engl J Med 360(8):765-773. https://doi.org/10.1056/
NEJM0a0808710

3. BratDJ, Aldape K, Colman H, Holland EC, Louis DN, Jenkins RB,
Kleinschmidt-DeMasters BK, Perry A, Reifenberger G, Stupp R,
von Deimling A, Weller M (2018) cIMPACT-NOW update 3: rec-
ommended diagnostic criteria for “Diffuse astrocytic glioma, IDH-
wildtype, with molecular features of glioblastoma, WHO grade
IV”. Acta Neuropathol 136(5):805-810. https://doi.org/10.1007/
500401-018-1913-0

4. Tesileanu CMS, Dirven L, Wijnenga MMJ, Koekkoek JAF,
Vincent A, Dubbink HJ, Atmodimedjo PN, Kros JM, van Duinen
SG, Smits M, Taphoorn MJB, French PJ, van den Bent MJ (2019)
Survival of diffuse astrocytic glioma, IDH1/2-wildtype, with mo-
lecular features of glioblastoma, WHO grade IV: a confirmation of
the cIMPACT-NOW criteria. Neuro-Oncology 22:515-523.
https://doi.org/10.1093/neuonc/noz200

5. Ellingson BM, Bendszus M, Boxerman J, Barboriak D, Erickson
BJ, Smits M, Nelson SJ, Gerstner E, Alexander B, Goldmacher G,
Wick W, Vogelbaum M, Weller M, Galanis E, Kalpathy-Cramer J,
Shankar L, Jacobs P, Pope WB, Yang D, Chung C, Knopp MV,
Cha S, van den Bent MJ, Chang S, Yung WK, Cloughesy TF, Wen
PY, Gilbert MR (2015) Consensus recommendations for a stan-
dardized Brain Tumor Imaging Protocol in clinical trials. Neuro-
Oncology 17(9):1188-1198. https://doi.org/10.1093/neuonc/
nov095

6. Thust SC, Heiland S, Falini A, Jager HR, Waldman AD, Sundgren
PC, Godi C, Katsaros VK, Ramos A, Bargallo N, Vernooij MW,
Yousry T, Bendszus M, Smits M (2018) Glioma imaging in
Europe: A survey of 220 centres and recommendations for best
clinical practice. Eur Radiol 28(8):3306-3317. https://doi.org/10.
1007/s00330-018-5314-5

7. Smits M, van den Bent MJ (2017) Imaging Correlates of Adult
Glioma Genotypes. Radiology 284(2):316-331. https://doi.org/10.
1148/radiol.2017151930

8. McInnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM,
Clifford T, Cohen JF, Deeks JJ, Gatsonis C, Hooft L, Hunt HA,
Hyde CJ, Korevaar DA, Leeflang MMG, Macaskill P, Reitsma JB,
Rodin R, Rutjes AWS, Salameh JP, Stevens A, Takwoingi Y,
Tonelli M, Weeks L, Whiting P, Willis BH (2018) Preferred
Reporting Items for a Systematic Review and Meta-analysis of
Diagnostic Test Accuracy Studies: The PRISMA-DTA Statement.
JAMA 319(4):388-396. https://doi.org/10.1001/jama.2017.19163

9.  Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ,
Reitsma JB, Leeflang MM, Sterne JA, Bossuyt PM (2011)
QUADAS-2: arevised tool for the quality assessment of diagnostic

190



Neuroradiology (2021) 63:353-362

361

20.

21.

accuracy studies. Ann Intern Med 155(8):529-536. https://doi.org/
10.7326/0003-4819-155-8-201110180-00009

QiS, YuL,LiH, OuY, Qiu X, Ding Y, Han H, Zhang X (2014)
Isocitrate dehydrogenase mutation is associated with tumor location
and magnetic resonance imaging characteristics in astrocytic neo-
plasms. Oncol Lett 7(6):1895-1902. https://doi.org/10.3892/ol.
2014.2013

Sonoda Y, Shibahara I, Kawaguchi T, Saito R, Kanamori M,
Watanabe M, Suzuki H, Kumabe T, Tominaga T (2015)
Association between molecular alterations and tumor location and
MRI characteristics in anaplastic gliomas. Brain Tumor Pathol
32(2):99-104. https://doi.org/10.1007/s10014-014-0211-3
Wasserman JK, Nicholas G, Yaworski R, Wasserman AM, Woulfe
JM, Jansen GH, Chakraborty S, Nguyen TB (2015) Radiological
and pathological features associated with IDHI-R132H mutation
status and early mortality in newly diagnosed anaplastic astrocytic
tumours. PLoS One 10(4):e0123890. https://doi.org/10.1371/
journal.pone.0123890

Darlix A, Deverdun J, Menjot de Champfleur N, Castan F, Zouaoui
S, Rigau V, Fabbro M, Yordanova Y, Le Bars E, Bauchet L, Goze
C, Duffau H (2017) IDH mutation and 1p19q codeletion distinguish
two radiological patterns of diffuse low-grade gliomas. J Neuro-
Oncol 133(1):37-45. https:/doi.org/10.1007/s11060-017-2421-0
Xing Z, Yang X, She D, Lin Y, Zhang Y, Cao D (2017)
Noninvasive assessment of IDH mutational status in World
Health Organization grade II and I1I astrocytomas using DWI and
DSC-PWI combined with conventional MR imaging. AJNR Am J
Neuroradiol 38(6):1138—1144. https://doi.org/10.3174/ajnr.A5171
Hyare H, Rice L, Thust S, Nachev P, Jha A, Milic M, Brandner S,
Rees J (2019) Modelling MR and clinical features in grade II/IIT
astrocytomas to predict IDH mutation status. Eur J Radiol 114:120—
127. https://doi.org/10.1016/j.ejrad.2019.03.003

Yamauchi T, Ohno M, Matsushita Y, Takahashi M, Miyakita Y,
Kitagawa Y, Kondo E, Tsushita N, Satomi K, Yoshida A, Ichimura
K, Narita Y (2018) Radiological characteristics based on isocitrate
dehydrogenase mutations and 1p/19q codeletion in grade II and III
gliomas. Brain Tumor Pathol 35(3):148-158. https://doi.org/10.
1007/s10014-018-0321-4

Delfanti RL, Piccioni DE, Handwerker J, Bahrami N, Krishnan A,
Karunamuni R, Hattangadi-Gluth JA, Seibert TM, Srikant A, Jones
KA, Snyder VS, Dale AM, White NS, McDonald CR, Farid N
(2017) Imaging correlates for the 2016 update on WHO classifica-
tion of grade II/III gliomas: implications for IDH, 1p/19q and
ATRX status. J Neuro-Oncol 135(3):601-609. https://doi.org/10.
1007/s11060-017-2613-7

Villanueva-Meyer JE, Wood MD, Choi BS, Mabray MC, Butowski
NA, Tihan T, Cha S (2018) MRI features and IDH mutational status
of grade I1 diffuse gliomas: impact on diagnosis and prognosis. AJR
Am J Roentgenol 210(3):621-628. https://doi.org/10.2214/ajr.17.
18457

Kanazawa T, Fujiwara H, Takahashi H, Nishiyama Y, Hirose Y,
Tanaka S, Yoshida K, Sasaki H (2019) Imaging scoring systems for
preoperative molecular diagnoses of lower-grade gliomas.
Neurosurg Rev 42(2):433—441. https://doi.org/10.1007/s10143-
018-0981-x

Park YW, Han K, Ahn SS, Bae S, Choi YS, Chang JH, Kim SH,
Kang SG, Lee SK (2018) Prediction of IDH 1-mutation and 1p/19q-
codeletion status using preoperative MR imaging phenotypes in
lower grade gliomas. AJNR Am J Neuroradiol 39(1):37-42.
https:/doi.org/10.3174/ajnr.A5421

Compes P, Tabouret E, Etcheverry A, Colin C, Appay R, Cordier
N, Mosser J, Chinot O, Delingette H, Girard N, Dufour H, Metellus
P, Figarella-Branger D (2019) Neuro-radiological characteristics of
adult diffuse grade II and I1I insular gliomas classified according to
WHO 2016. J Neuro-Oncol 142(3):511-520. https://doi.org/10.
1007/s11060-019-03122-1

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Wu CC, Jain R, Radmanesh A, Poisson LM, Guo WY, Zagzag D,
Snuderl M, Placantonakis DG, Golfinos J, Chi AS (2018)
Predicting genotype and survival in glioma using standard clinical
MR imaging apparent diffusion coefficient images: a pilot study
from The Cancer Genome Atlas. AINR Am J Neuroradiol
39(10):1814-1820. https://doi.org/10.3174/ajnr.A5794

Wang Y'Y, Wang K, Li SW, Wang JF, Ma J, Jiang T, Dai JP (2015)
Patterns of tumor contrast enhancement predict the prognosis of
anaplastic gliomas with IDH1 mutation. AJNR Am J Neuroradiol
36(11):2023-2029. https://doi.org/10.3174/ajnr.A4407

Juratli TA, Tummala SS, Riedl A, Daubner D, Hennig S, Penson T,
Zolal A, Thiede C, Schackert G, Krex D, Miller JJ, Cahill DP
(2019) Radiographic assessment of contrast enhancement and T2/
FLAIR mismatch sign in lower grade gliomas: correlation with
molecular groups. J Neuro-Oncol 141(2):327-335. https://doi.org/
10.1007/s11060-018-03034-6

Su CQ, Lu SS, Zhou MD, Shen H, Shi HB, Hong XN (2019)
Combined texture analysis of diffusion-weighted imaging with
conventional MRI for non-invasive assessment of IDHI mutation
in anaplastic gliomas. Clin Radiol 74(2):154-160. https://doi.org/
10.1016/j.crad.2018.10.002

Reyes-Botero G, Dehais C, Idbaih A, Martin-Duverneuil N,
Lahutte M, Carpentier C, Letouze E, Chinot O, Loiseau H,
Honnorat J, Ramirez C, Moyal E, Figarella-Branger D, Ducray F
(2014) Contrast enhancement in 1p/19q-codeleted anaplastic
oligodendrogliomas is associated with 9p loss, genomic instability,
and angiogenic gene expression. Neuro-Oncology 16(5):662—670.
https://doi.org/10.1093/neuonc/not235

Wiki for the VASARI feature set. The National Cancer Institute
website. 2015. Available at: https://wiki.cancerimagingarchive.
net/display/Public/VASARI+Research+Project. Accessed
Dec 2019

Zhou H, Vallieres M, Bai HX, Su C, Tang H, Oldridge D, Zhang Z,
Xiao B, Liao W, Tao Y, Zhou J, Zhang P, Yang L (2017) MRI
features predict survival and molecular markers in diffuse lower-
grade gliomas. Neuro-Oncology 19(6):862-870. https://doi.org/10.
1093/neuonc/now256

Liu T, Cheng G, Kang X, Xi Y, Zhu Y, Wang K, Sun C, Ye J, Li P,
Yin H (2018) Noninvasively evaluating the grading and IDH1 mu-
tation status of diffuse gliomas by three-dimensional pseudo-con-
tinuous arterial spin labeling and diffusion-weighted imaging.
Neuroradiology 60(7):693—702. https://doi.org/10.1007/s00234-
018-2021-5

Thust SC, Hassanein S, Bisdas S, Rees JH, Hyare H, Maynard JA,
Brandner S, Tur C, Jager HR, Yousry TA, Mancini L (2018)
Apparent diffusion coefficient for molecular subtyping of non-
gadolinium-enhancing WHO grade I/ glioma: volumetric seg-
mentation versus two-dimensional region of interest analysis. Eur
Radiol 28(9):3779-3788. https://doi.org/10.1007/s00330-018-
5351-0

Batchala PP, Muttikkal TJE, Donahue JH, Patrie JT, Schiff D,
Fadul CE, Mrachek EK, Lopes MB, Jain R, Patel SH (2019)
Neuroimaging-based classification algorithm for predicting 1p/
19g-codeletion status in IDH-mutant lower grade gliomas. AJNR
Am J Neuroradiol 40(3):426-432. https://doi.org/10.3174/ajnr.
AS5957

Johnson DR, Diehn FE, Giannini C, Jenkins RB, Jenkins SM,
Parney IF, Kaufmann TJ (2017) Genetically defined
oligodendroglioma is characterized by indistinct tumor borders at
MRI. AJNR Am J Neuroradiol 38(4):678-684. https://doi.org/10.
3174/ajnr.A5070

Kim JW, Park CK, Park SH, Kim YH, Han JH, Kim CY, Sohn CH,
Chang KH, Jung HW (2011) Relationship between radiological
characteristics and combined 1p and 19q deletion in World Health
Organization grade III oligodendroglial tumours. J Neurol

@ Springer

191



362

Neuroradiology (2021) 63:353-362

34.

3s.

36.

37.

38.

39.

40.

41.

Neurosurg Psychiatry 82(2):224-227. https://doi.org/10.1136/jnnp.
2009.178806

Sherman JH, Prevedello DM, Shah L, Raghavan P, Pouratian N,
Starke RM, Lopes MB, Shaffrey ME, Schiff D (2010) MR imaging
characteristics of oligodendroglial tumors with assessment of 1p/
19q deletion status. Acta Neurochir 152(11):1827-1834. https:/
doi.org/10.1007/s00701-010-0743-1

Lasocki A, Gaillard F, Gorelik A, Gonzales M (2018) MRI features
can predict 1p/19q status in intracranial gliomas. AINR Am J
Neuroradiol 39(4):687-692. https://doi.org/10.3174/ajnr.A5572
Xiong J, Tan W, Wen J, Pan J, Wang Y, Zhang J, Geng D (2016)
Combination of diffusion tensor imaging and conventional MRI
correlates with isocitrate dehydrogenase 1/2 mutations but not 1p/
19q genotyping in oligodendroglial tumours. Eur Radiol 26(6):
1705-1715. https://doi.org/10.1007/500330-015-4025-4

Peng X, Yishuang C, Kaizhou Z, Xiao L, Ma C (2019)
Conventional magnetic resonance features for predicting 1p19q
codeletion status of World Health Organization grade II and III
diffuse gliomas. J Comput Assist Tomogr 43(2):269-276. https://
doi.org/10.1097/rct.0000000000000816

Patel SH, Poisson LM, Brat DJ, Zhou Y, Cooper L, Snuderl M,
Thomas C, Franceschi AM, Griffith B, Flanders AE, Golfinos JG,
Chi AS, Jain R (2017) T2-FLAIR mismatch, an imaging biomarker
for IDH and 1p/19q status in lower-grade gliomas: a TCGA/TCIA
project. Clin Cancer Res 23(20):6078-6085. https://doi.org/10.
1158/1078-0432.Ccr-17-0560

Broen MPG, Smits M, Wijnenga MMJ, Dubbink HJ, Anten M,
Schijns O, Beckervordersandforth J, Postma AA, van den Bent
MJ (2018) The T2-FLAIR mismatch sign as an imaging marker
for non-enhancing IDH-mutant, 1p/19q-intact lower-grade glioma:
a validation study. Neuro-Oncology 20(10):1393-1399. https://doi.
org/10.1093/neuonc/noy048

Cui Y, Ma L, Chen X, Zhang Z, Jiang H, Lin S (2014) Lower
apparent diffusion coefficients indicate distinct prognosis in low-
grade and high-grade glioma. J Neuro-Oncol 119(2):377-385.
https://doi.org/10.1007/s11060-014-1490-6

Carrillo JA, Lai A, Nghiemphu PL, Kim HJ, Phillips HS,
Kharbanda S, Moftakhar P, Lalaezari S, Yong W, Ellingson BM,
Cloughesy TF, Pope WB (2012) Relationship between tumor en-
hancement, edema, IDHI1 mutational status, MGMT promoter
methylation, and survival in glioblastoma. AJNR Am J
Neuroradiol 33(7):1349—1355. https://doi.org/10.3174/ajnr.A2950

@ Springer

42.

43.

44.

45.

46.

47.

48.

49.

Xing Z, Zhang H, She D, Lin Y, Zhou X, Zeng Z, Cao D (2019)
IDH genotypes differentiation in glioblastomas using DWI and
DSC-PWI in the enhancing and peri-enhancing region. Acta
Radiol:284185119842288. https://doi.org/10.1177/
0284185119842288

Lasocki A, Tsui A, Gaillard F, Tacey M, Drummond K, Stuckey S
(2017) Reliability of noncontrast-enhancing tumor as a biomarker
of IDH1 mutation status in glioblastoma. J Clin Neurosci 39:170—
175. https://doi.org/10.1016/j.jocn.2017.01.007

Hong EK, Choi SH, Shin DJ, Jo SW, Yoo RE, Kang KM, Yun TJ,
Kim JH, Sohn CH, Park SH, Won JK, Kim TM, Park CK, Kim IH,
Lee ST (2018) Radiogenomics correlation between MR imaging
features and major genetic profiles in glioblastoma. Eur Radiol
28(10):4350-4361. https://doi.org/10.1007/3s00330-018-5400-8
Hata N, Hatae R, Yoshimoto K, Murata H, Kuga D, Akagi Y,
Sangatsuda Y, Suzuki SO, Iwaki T, Mizoguchi M, lihara K
(2017) Insular primary glioblastomas with IDH mutations:
Clinical and biological specificities. Neuropathology 37(3):200—
206. https://doi.org/10.1111/neup.12362

Yamashita K, Hiwatashi A, Togao O, Kikuchi K, Hatae R,
Yoshimoto K, Mizoguchi M, Suzuki SO, Yoshiura T, Honda H
(2016) MR Imaging-based analysis of glioblastoma multiforme:
estimation of IDHI mutation status. AJNR Am J Neuroradiol
37(1):58-65. https://doi.org/10.3174/ajnr. A4491

Wang K, Wang Y, Fan X, Wang J, Li G, Ma J, Ma J, Jiang T, Dai J
(2016) Radiological features combined with IDH1 status for
predicting the survival outcome of glioblastoma patients. Neuro-
oncology 18(4):589-597. https://doi.org/10.1093/neuonc/nov239
Lasocki A, Gaillard F, Tacey M, Drummond K, Stuckey S (2018)
Morphologic patterns of noncontrast-enhancing tumor in glioblas-
toma correlate with IDH1 mutation status and patient survival. J
Clin Neurosci 47:168-173. https://doi.org/10.1016/j.jocn.2017.09.
007

Kong LW, Chen J, Zhao H, Yao K, Fang SY, Wang Z, Wang YY,
Li SW (2019) Intratumoral susceptibility signals reflect biomarker
status in gliomas. Sci Rep 9(1):17080. https://doi.org/10.1038/
$41598-019-53629-w

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

192



European Radiology (2018) 28:3779-3788
https://doi.org/10.1007/500330-018-5351-0

NEURO

@ CrossMark

Apparent diffusion coefficient for molecular subtyping
of non-gadolinium-enhancing WHO grade II/lll glioma: volumetric
segmentation versus two-dimensional region of interest analysis

S.C.Thust'?3 . S, Hassanein '3 - S. Bisdas '3 - J. H. Rees* - H. Hyare 2. J. A. Maynard? - S. Brandner” - C. Tur® .
H. R. Jager"**. T. A. Yousry * . L. Mancini '

Received: 17 October 2017 /Revised: 26 December 2017 / Accepted: 23 January 2018 /Published online: 23 March 2018
© The Author(s) 2018. This article is an open access publication

Abstract

Objectives To investigate if quantitative apparent diffusion coefficient (ADC) measurements can predict genetic subtypes of non-
gadolinium-enhancing gliomas, comparing whole tumour against single slice analysis.

Methods Volumetric T2-derived masks of 44 gliomas were co-registered to ADC maps with ADC mean (ADC,y,cap) calculated.
For the slice analysis, two observers placed regions of interest in the largest tumour cross-section. The ratio (ADC,y,) between
ADCean in the tumour and normal appearing white matter was calculated for both methods.

Results Isocitrate dehydrogenase (IDH) wild-type gliomas showed the lowest ADC values throughout (p < 0.001). ADC y,can in
the IDH-mutant 1p19q intact group was significantly higher than in the IDH-mutant 1p19q co-deleted group (p < 0.01). A
volumetric ADC,eqn threshold of 1201 x 10~¢ mm?/s identified IDH wild-type with a sensitivity of 83% and a specificity of 86%;
a volumetric ADC , cut-off value of 1.65 provided a sensitivity of 80% and a specificity of 92% (area under the curve (AUC)
0.9-0.94). A slice ADC,, threshold for observer 1 (observer 2) of 1.76 (1.83) provided a sensitivity of 80% (86%), specificity of
91% (100%) and AUC of 0.95 (0.96). The intraclass correlation coefficient was excellent (0.98).

Conclusions ADC measurements can support the distinction of glioma subtypes. Volumetric and two-dimensional measurements
yielded similar results in this study.

Key Points

* Diffusion-weighted MRI aids the identification of non-gadolinium-enhancing malignant gliomas

* ADC measurements may permit non-gadolinium-enhancing glioma molecular subtyping

* IDH wild-type gliomas have lower ADC values than IDH-mutant tumours

* Single cross-section and volumetric ADC measurements yielded comparable results in this study

Keywords Brain - Diffusion magnetic resonance imaging - Isocitrate dehydrogenase - Glioma - Neuroimaging

Abbreviations DKI Diffusion kurtosis imaging
ADC Apparent diffusion coefficient DTI Diffusion tensor imaging
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IDH™ Isocitrate dehydrogenase wild-type IDH™1p19q®' belong to the oligodendroglioma group
IDH™1p19™  Isocitrate dehydrogenase-mutant 1p19q  [13]. IDH"' gliomas probably constitute a genetically hetero-
intact geneous category of lesions, but often exhibit aggressive be-
IDH™"1p19%!  Isocitrate dehydrogenase-mutant 1p19q co-  haviour and have been suspected to represent early glioblas-
deleted toma [14—17]. In the emerging literature on MR imaging fea-
ICC Intraclass correlation coefficient tures of IDH™ glioma, initial lack of enhancement has been
LGG Low grade glioma reported in some of these tumours [6, 18, 19].
NAWM Normal appearing white matter Diffusion-weighted imaging (DWI) is a technique of great
PACS Picture archiving and communications  interest in cancer, because water diffusivity is impaired in
system highly cellular tissues, which reflects tumour proliferative rate
ROC Receiver operating characteristic and aggressiveness [20]. The phenomenon of reduced diffu-
ROI¢cg Centrum semiovale region of interest sion preceding fulminant radiological progression of pre-
ROIym Tumour region of interest sumed LGG has been observed prior to molecular typing
TE Echo time [7], evoking later descriptions of IDH" glioma serial imaging
TR Repetition time findings [4]. Quantitative apparent diffusion coefficient
VOlIcg Centrum semiovale volume of interest (ADC) values have demonstrated high accuracy for glioma
VOIym Tumour volume of interest grading through meta-analysis [21]. For the non-invasive
WHO ‘World Health Organization identification of low to intermediate IDHY" glioma, diffusion
2HG D2-hydroxyglutarate tensor imaging (DTI) and diffusion kurtosis imaging (DKI)
have shown potential, suggesting that reduced and heteroge-
nous diffusivity are IDHY' features [22-24]. However, ad-
Introduction vanced diffusion techniques are not universally available out-

Gadolinium contrast uptake was previously considered the
best MR imaging predictor of glioma histological grade and
malignancy[1-3]. On the basis of this, it has been common
practice to interpret non-enhancing intrinsic tumours as prob-
able low grade gliomas (LGG) [4]. But conventional MRI has
proven to be unreliable in predicting subsequent tumour be-
haviour, whereby a proportion of presumed LGG may rapidly
progress with development of malignant features such as en-
hancement and necrosis [4-8].

The discovery of several key genetic alterations as princi-
pal determinants of glioma prognosis has challenged the ref-
erence standard of glioma grouping by histology [9].
Mutations in isocitrate dehydrogenase (IDH) represent a com-
mon (> 70%) defining event in the development of LGG,
conversely more than 90% of glioblastomas belong to the
IDH wild-type group [10, 11]. Despite its oncogenic effect
through production of a toxic metabolite D2-
hydroxyglutarate (2HG), the presence of an IDH mutation is
associated with a favourable prognosis.

The revised 2016 World Health Organization (WHO) clas-
sification of brain tumours for the first time incorporates mo-
lecular data to augment the diagnosis [12]. For WHO grade I/
1T gliomas, three molecular subgroups have been defined:
IDH wild-type glioma (IDH™) with survival similar to that
of glioblastoma, IDH-mutant glioma with intact 1p19q
(IDH™"'1p19'™) and an intermediate prognosis, and IDH-
mutant 1p19q co-deleted glioma (IDH™1p19q*") with the
best prognosis and greatest chemosensitivity [11]. There is
partial overlap with histomorphology, whereby many
IDH™"'1p19'™" are astrocytic and the majority of
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side academic hospital institutions, may require longer scan
times and dedicated post-processing.

Mean ADC measurement could be a rapid and practicable
approach to assess glioma diffusivity, being computationally
non-demanding compared to histograms or texture analysis.
Although theoretically superior, there is no conclusive evi-
dence that whole lesion analysis outperforms region-of-
interest placement for the identification of malignant gliomas
[25].

The study presented sought to (i) investigate whether ADC
measurements from routine clinical DWI were associated with
glioma molecular subtype and (ii) to compare the performance
of volumetric whole tumour ADC with single slice ADC
measurements.

Materials and methods
Patients

Following institutional board approval for a retrospective
study, we searched the neuropathology records revealing 37
patients with WHO grade II/III IDH"' glioma between 2009
and 2016. For comparison of the molecular groups, control
samples of IDH (IDH1-R132H) mutant gliomas (34
IDH™!1p19¢™ and 32 IDH™'1p19q*') were randomly se-
lected. We sought to evaluate ADC for suspected LGG prior
to tissue diagnosis. To replicate the clinical situation, only
gliomas without gadolinium enhancement were included (2
non-enhancing gliomas were excluded because of missing
images and degraded DWI, respectively). The study sample
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consisted of 14 IDH"" (7 WHO II and 7 WHO III), 16
IDH™'1p19q™ (8 WHO II and 8 WHO III) and 14
IDH™1p19¢%! (11 WHO II and 3 WHO III), amounting to
44 non-enhancing gliomas for the three molecular groups
(patient selection diagram shown in Fig. 1). No haemorrhagic
or necrotic gliomas were featured in the study.

MRI acquisition

Ours is a quaternary neurosurgical centre; therefore the stan-
dard (structural and DWI) MRI sequences in this study orig-
inated from 10 different referring institutions (institution 1 to
institution 10): 29 from our own institutions, 4 from institution
2, 3 from institution 3, 2 from institution 4, and one each from
the remaining six institutions. The studies were acquired on 18
different scanners (31 at 1.5 Tesla, and 13 at 3 Tesla) from all
major vendors: four General Electric scanners [Discovery
MR450 (number of patients n = 5), 2x Signa Excite (n = 1
each), Genesis Signa (n = 2)], seven Siemens scanners [3x
Avanto (n =7, n=2,n=1), a Trio (n = 9), Symphony (n =
4), Skyra (n = 3), Espree (n = 1)], six Philips scanners [Ingenia
(n=2), 5% Achieva (n = 1 each)] and one Toshiba scanner (n =
1). All acquisitions included axial T2-weighted images, and
axial standard 3-directional whole brain DWI. The median
[min, max] values of the parameters of the T2-weighted im-
ages were echo time (TE) = 99.5 [80, 141] ms; repetition time
(TR) = 4610 [2500, 7480] ms, in-plane resolution = 0.5 x 0.5
[0.3%0.3,0.9 x0.9] mm?; slice thickness = 5 [1, 6] mm; gap
between slices = 1.5 [0, 2] mm. All DWI acquisitions included
diffusion gradient weighting values b = 0 s/mm” and b = 1000
s/mm?; the median [min, max] of other parameters were TE =

Fig. 1 Flow diagram of patients
included and excluded from the
analyses

90.5 [69.5, 137] ms; TR = 4000 [2837, 10,000] ms, in-plane
resolution = 1.25 x 1.25 [0.5 x 0.5, 2.5 x 2.5] mm?; slice
thickness = 5 [4, 6] mm; gap between slices = 1.5 [0, 2]
mm. For each patient, the imaging study was performed on
average (standard deviation, sd) 2.3 (2.8) months prior to the
tissue diagnosis. Image examples for the glioma molecular
subgroups are shown in Fig. 2.

Post-processing and ADC analysis
ADC map calculation

In a spin echo diffusion-weighted sequence, the signal Sy, [S, =
So €72 APOY from each pixel in an image is formed of a first
component (Sp) dependent on tissue properties (i.e. ‘spin den-
sity’, Ty and T, relaxation times) and sequence properties (e.g.
repetition time, TR); and a second component (efb ADCYy de-
pendent on the diffusion gradients (b, in units of s/mm?) and
the apparent diffusion coefficient (ADC, in units of mm®s).

The ADC is obtained by dividing the image acquired with-
out diffusion gradients (Sj, - o = Sp) by the image acquired with
diffusion gradients (Sy):

ADC = (1/b) In(So/Ss) )

In this division, the dependence of ADC from S, (and
therefore from Tj, T, and TR) is eliminated [26]. The ADC
maps were calculated using Eq. 1 and the utility fslmaths from
the software library fsl (version 5.0) [27]. Offline whole tu-
mour analysis and single slice analysis were subsequently
performed.

Review of neuropathology
records WHO 1I/lll

Maximum sample
37 IDH"

‘ Control sample ‘ ’

Control sample
34 IDH™1p19g™n*

32 IDH™1p19q%

|

Missing images (n=1)

\maging revi
Imaging review Degraded DWI (n=1)

|

14 non-enhancing IDH"
16 non-enhancing IDH™1p19q™
14 non-enhancing IDH™1p19qd!

ilateral CSO
trati

No ADC map on
PACS (n=3)

Volumetric ADC a0

Volumetric ADC 4, Single slice ADC i,
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Fig. 2 WHO II/III molecular
subgroup examples showing T2-
weighted images, 1000, ADC
maps and T1-weighted post
gadolinium images of non-
enhancing a IDH", b
IDH™1p19¢™ and ¢
IDH™'1p19q* glioma

Whole tumour (volumetric) ADC analysis

Tumour volumes of interest (VOI,,,;,) were outlined by a
neuroradiology resident (S.H.) using ITK snap Toolbox
version 3.6 (www.itksnap.org [28]), covering the entire
T2 signal abnormality with each segmentation optimised
by a board-certified neuroradiologist specialised in brain
tumour imaging (S.C.T.). For multicentric gliomas, the
total volume of signal abnormality was treated as one
lesion. ADC maps were co-registered to T2 imaging using
the FLIRT toolbox [29, 30] performing a rigid body trans-
formation with a six-parameter model and ‘Normalised
Mutual Information’ as cost function. Subsequently,
ADC,can measurements were obtained for each tumour,
using the fslstats utility from fsl [25-27].

To consider possible interindividual variations in brain
diffusivity, we assessed the ADC ., in normal appearing
white matter (NAWM). For each patient, a standardised
second volume of interest (VOI¢g) was drawn in the con-
tralateral centrum semiovale (CS). This VOIcg was used
to calculate the ADC,,i0 = ADChcan(VOIium)/
ADC ean(VOI¢s) (Fig. 2). For two IDHY tumours, the
NAWM analysis was omitted because of bilateral tumour
infiltration.
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Single slice ADC analysis

Standard picture archiving and communication systems
(PACS) software (IMPAX 6.5.1.1008, Agfa-Gevaert, Mortsel,
Belgium) was used to exploit tools routinely available for
reporting of MR images. Two observers blinded to
histomolecular results (J.A.M. general radiology trainee = ob-
server 1 and S.C.T. = observer 2) located the tumour on the T2-
weighted sequence, selecting two round regions of interest on
the ADC map viewed side-by-side: The first region of interest
(ROI,;;,) was drawn in the largest lesion cross-section sparing
the tumour margin to avoid partial volume effects. The second
round ROI¢g aiming for a similar size to ROl,,, was placed in
contralateral centrum semiovale NAWM, taking care to exclude
images with visible ventricular surfaces, cortex and/or sulcal
spaces at measurement level. Three patients were excluded
from the single slice analysis because of non-availability of an
ADC map on PACS. The ratio between the ADC e, in the
tumour and CS was calculated [PACS_ADC, ., =
ADC ean(ROIym)/ADC hean(ROIcs)]. No absolute ADC
values were measured by the single slice method, as their work-
station display can vary depending on the referring institution.
An example of the volumetric segmentation and single slice
ADC measurement is demonstrated in Fig. 3.
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Fig. 3 Image examples
demonstrating the whole lesion
volumetric segmentation (mask
overlaid on right frontal
IDH™"1p19¢™ glioma), single
slice largest tumour cross-section
RO, and comparative
contralateral NAWM ROl
placements

Histopathology and molecular analysis

Paraffin blocks containing tissue were analysed at our institu-
tion’s neuropathology department according to WHO 2016
guidance and previously published data [16]. IDH R132H
immuno-negative tumours underwent multiple gene Sanger
sequencing. A quantitative polymerase chain reaction-based
copy number assay was used to determine 1p/19q status.

Statistical analysis

For the volumetric and single slice data, the statistical analysis
consisted of two steps each: (i) linear regression to assess the
association between the tumour type (IDH"', IDH™1p19¢™,
IDH™1p19q*") and ADC values, followed by (ii) logistic
regression to determine if ADC values can differentiate
IDH™" from IDH™" gliomas. A receiver operating character-
istic (ROC) analysis was used to quantify the performance of
the logistic regression. For the identification of a cut-off point
for the logistic regression the ‘nearest to (0,1)” method was
performed. Statistical significance was set at 5%. The inter-
rater agreement was expressed as an intraclass correlation co-
efficient (ICC) using a two-way random effects model. All
statistical analyses were performed using Stata version 14
(College Station, TX: StataCorp LP).

Table 1  Patient demographic data and tumour volumes

Results

The mean age was greater in the IDH" group than in the
IDH™" groups (p = 0.0001 for IDH™'1p19¢™, p = 0.005
for IDH™"1p19q*"). The larger proportion of WHO II glio-
mas in the IDH™1p19q%" was not statistically significant
(Pearson chi-square test p = 0.115 for IDH"" and p = 0.105
for IDH™1p19q™). The patient demographic data and tu-
mour volumes are reported in Table 1.

Association between molecular subtype and ADC
values

In the volumetric analysis, IDH"" tumours showed significantly
lower whole tumour volume ADC,,can(VOIym) than
IDH™1p19¢™ (p < 0.0005) and IDH™1p19¢*! (p = 0.001).
The ADCpean(VOlyy) in the IDH™ 1p19¢™ group was signif-
icantly higher than in the IDH™1p19®* group (p = 0.0047).

IDH™' gliomas had a significantly lower whole tumour
ADC, .0 than IDH™'1p19¢™ (p < 0.0005) and
IDH™'1p19g%" (p = 0.019). The ADC,,, in the
IDH™"1p19q™ group was significantly higher than in the
IDH™"1p19q%" group (p = 0.0054).

On single slice assessment, a significantly lower mean
PACS_ADC,4 i, was observed for IDHY' than for

Whole tumour ADC,,ean (VOIym)

Patient group Nr of patients Age in years Tumour volume CS NAWM volume Tumour volume for patients
total (male) (mean =+ sd) (years) (mean + sd) (cm®) (mean + sd) (cm®) with bilateral infiltration
(mean =+ sd) (cm®)
IDH™ 14 (9) 53 (x14) 64 (£68) (n=12) 11.6 (£2.5) (n=12) 366 (£46) (n=2)
IDH™1p19™ 16 (6) 33.9 (£ 8.6) 60 (+44) 10.9 (£2.3) N/A
IDH™1p19%! 14.(7) 389 (x8.3) 48 (+50) 10.8 (£2.5) N/A
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IDH™!1p19¢™ (p < 0.0005 observer 1; p < 0.0005 observer
2) and for IDH™'1p19¢® (p = 0.001 observer 1; p = 0.001
observer 2). The PACS_ADC, ;o in the IDH™1p19¢™ group
was higher than in the IDH™"'1p19¢% group (» = 0.0008 for
observer 1 and p = 0.0025 for observer 2). No statistical asso-
ciations were demonstrated between the NAWM ADC,,can
values and molecular subtype.

The intra-rater agreement for the PACS_ADC,,;, mea-
surements was very high: the correlation of measurements
made on the same individual was 0.96, while the correla-
tion between mean observer ratings was 0.98. The correla-
tion of measurements equaled the consistency agreement,
indicating no systematic difference between the two ob-
servers. The single slice ADC,,, values were slightly but
systematically higher than the volumetric ADC,,;,. The
numerical results of the association between tumour type
and ADC values for the volumetric and single slice analy-
ses are reported in Table 2. In Table 3, the difference be-
tween the ADC values in IDH™'1p19g™" and in
IDH™'1p19q%" is shown. In Table 4 the ICC values are
detailed. The boxplots of the ADC pcan and ADC,,y, values
are depicted in Fig. 4.

Table 2

Table 3 F test for the difference between IDH™'1p19™ and
IDH™1p19*'

Analysis type ¥4

ADC ean (VOliym) 0.0047
Whole tumour ADC 4 0.0054
PACS_ADC, 4, 1st observer 0.0008
PACS_ADC, 4, 2nd observer 0.0025

Diagnostic performance of ADC values

For ADC ,¢an(VOlyp), a ROC analysis quantified the accuracy
of correctly classifying tumour type to an area under the curve
(AUC) 0f 0.94. The cut-off point for the ADCy,ean(VOIy,m,) Was
1201 x 107° mm®s, with a sensitivity of 0.83 and a specificity
of 0.86. For a decrease in the ADC peqn(VOl ) value by 1.0 x
1075 mm?s, the odds of IDH™ increased by 78% (p = 0.003).

For the volumetric ADC 0, the ROC analysis yielded an
AUC of 0.90 with a sensitivity of 0.80 and a specificity of
0.92 for a threshold ADC,,;, of 1.65. For a decrease in the
volumetric ADC g, value by 0.1, the odds of IDH" increased
by 46% (p = 0.004).

Results of the linear regression between ADC and tumour type (IDH™" is the reference group)

Whole tumour ADCyean (VOlgym)

Patient group ADC ean(VOIym)
mean (sd)
(10 mm?/s)
IDH" 1032 (168)
IDH™1p19™ 1543 (254)
IDH™ " p19%! 1321 (162)
Whole tumour ADC 0
Patient group ADCraio
mean (sd)
IDH™ 1.49 (0.32)
IDH™"1p19™ 2.09 (0.34)
lDHm"‘lp19dCI 1.77 (0.20)

Single slice PACS_ADC,,y, first observer

Patient group PACS_ADCy0

mean (sd)
IDH™ 1.50 (0.21)
IDH™1p19™ 2.37 (0.35)
IDH™"1p19%! 1.96 (0.27)

Single slice PACS_ADC,,, second observer

Patient group PACS_ADC,.40
mean (sd)
IDH™ 1.48 (0.19)
IDH™ " p19™* 2.37(0.38)
IDH™1p19%! 1.96 (0.36)

Regression 95% CI of the P

coefficient regr. coeff.

(10°° mm?/s) (107° mm%s)

1032 922-1141 0.0005
511 361-661 0.0005
289 134-444 0.001

Regression 95% CI of the P

coefficient regr. coeft.

1.49 1.32-1.66 0.0005

0.59 0.37-0.82 0.0005

0.28 0.05-0.51 0.019

Regression 95% CI of the 4

coefficient regr. coeft.

1.50 1.33-1.68 0.0005

0.87 0.63-1.10 0.0005

0.45 0.20-0.70 0.001

Regression 95% CI of the P

coefficient regr. coeft.

1.48 1.28-1.68 0.0005

0.88 0.62-1.14 0.0005

0.47 0.20-0.75 0.001

Regression coefficient represents the difference in the dependent variable (ADC) between each of the two IDH™" groups and the reference group

(IDH"")
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Table 4 Inter-rater agreement expressed as intraclass correlation
coefficient (ICC)
Correlation ICC Consistency ICC
(95% CI) (95% CI)
Observer 1 vs observer 2 - PACS_ADC 40
Individual ICC 0.96 (0.92-0.98) 0.96 (0.92-0.98)
Average ICC 0.98 (0.96-0.99) 0.98 (0.96-0.99)

Observer 1 PACS_ADC 4, Vs volumetric ADC,,0

Individual ICC 0.80 (0.35-0.92) 0.87 (0.77-0.93)

Average ICC 0.89 (0.52-0.96) 0.93 (0.87-0.96)
Observer 2 PACS_ADC 4, vs volumetric ADC,,

Individual ICC 0.79 (0.43-0.91) 0.85 (0.74-0.92)

Average ICC 0.88 (0.60-0.95) 0.92 (0.85-0.96)

A ROC analysis quantified the accuracy of the
PACS_ADC ., logistic regression in correctly classifying tu-
mour type to an AUC of 0.96 for observer 1 and 0.95 for
observer 2. The cut-off point for the PACS_ADC,,;, for ob-
server 1 (observer 2) was 1.83 (1.76) with a sensitivity of 0.80
(0.86) and a specificity of 1.00 (0.91) at the cut-off point. For a
decrease in the single slice ADC,,, value by 0.1, the odds of
IDH™" increased by 62% (p = 0.005) for observer 1 and 57%
(p = 0.004) for observer 2. The numerical results for glioma
subtype prediction are reported in Table 5. The ROC curves
are depicted in Fig. 5.

Discussion

In this analysis, we observed that ADC values obtained from
standard clinical DWI are a highly significant predictor of
non-enhancing glioma IDH status and may permit non-
invasive molecular subtyping in accordance with the 2016
WHO classification.

Two recent surveys highlighted clinical practices in caring
for patients with presumed LGG, with approximately 50% of
neurosurgeons adopting a ‘wait and see’ approach balanced
against surgical risk [31], and only 21% performing an upfront
biopsy [32]. Consequently, innocuous appearing IDH"" glio-
mas may reveal their aggressive nature through progression
and receive treatment with a delay.

Low ADC values are associated with increased glioma cel-
lularity and worse prognosis, supported by comparisons of dif-
fusivity, histological specimens and clinical data in multiple
studies [5, 33-37]. Low diffusivity predicts poor astrocytoma
survival independent from WHO grade [38], although no linear
relation exists between ADC and glioma prognosis [39].

Past studies to distinguish astrocytoma and oligodendroglioma
using ADC values yielded variable success [40, 41], and in ret-
rospect may have been influenced by the incomplete overlap
between histological and molecular groups. Diagnostic focus
has shifted to genetic typing, yet immunohistochemistry tests
are complex and not infallible, requiring interpretation in in the
context of morphological criteria and test type performed to avoid
interpretational errors [42].

Fig. 4 Boxplot of the values of a b
the a whole tumour 0.0025 3.5
ADCnean(VOlym), b whole
tumour ADC,,, ¢ single slice 0.0020 . 3.0
PACS_ADC,, first observer and — 2.5 . _'_
d single slice PACS_ADCryo - *
single slice » " 0.0015 E 20 i; ‘
first observer . ' ; )
00010 E= D - 150 23 - -
1.0
0.0005 05
0.0000 IDHwt IDHmut IDHmut 00 IDHwt IDHmut IDHmut
1pl9qint  1p19q del 1pl9qint  1p19q del
c d
35 35
3.0 T 3.0 -
25 l;' . 25 E .
2.0 _ o === 2.0 _ ; %
1sf B + = - -
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Table 5 Cut-off point estimation
Method Cut-off point Sensitivity at cut-off point Specificity at cut-off point AUC at cut-off point
ADCnean(VOlium) 1201 0.83 0.86 0.85

(107° mm?/s)
Whole tumour ADC 1.65 0.80 0.92 0.86
PACS_ADC,,y, 1st observer 1.83 0.86 1.00 0.93
PACS_ADC,, 2nd observer 1.76 0.86 0.91 0.88

Recently, Leu et al. were able to assign gliomas to the WHO
2016 molecular groups using ADC; however, their method dif-
fered from ours by including enhancing lesions and ADC median
values derived from »700-1000 gradients with DTI analysed for
some patients [43]. To our best knowledge, this is the first IDH
typing study to focus on non-enhancing gliomas, using 51000
values derived from 3-directional DWI. This is particularly im-
portant, as such tumours are usually assumed to be less aggres-
sive in common clinical practice.

We found ADC,;, values to be closely reproducible when
comparing whole lesion measurements against single slice region
of interest placements, for which there was near complete inter-
observer agreement. The similarity of our volumetric and single
slice results could be explained by a relative homogeneity of
these non-enhancing, non-necrotic gliomas. Both the absolute
ADCean values and ADC,, appear valuable for this lesion
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type. The quicker and easier single slice analysis even performed
marginally better. This is in line with results of previous imaging
research, which suggested that whole lesion diffusivity measure-
ment is not always superior to ROI analysis [25, 44].

The ability of ADC to predict glioma subtypes and optimum
thresholds may be subject to ROI placement technique with pre-
vious research focusing on minimum ADC value analysis: Xing
et al. showed a statistical correlation between ADC and IDH
status using a multiple (> 5) ROI technique with the mean of
the lowest ADC measurement chosen as minimum ADC in con-
sensus [45]. In a similar fashion, a previous DTI study for IDH
typing used multiple ROI placements and a two-reader consen-
sus method to obtain minimum ADC values [24].

As areference ROI, we chose the centrum semiovale for its
potentially greater reproducibility compared to a ‘mirror’ ROI
[45], because this could be influenced by tumour location. We
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Fig. 5 ROC curves for the a whole tumour ADC ;ean(VOlym), b whole tumour ADC,, ¢ single slice PACS_ADC,,;, observer 1 and d observer 2
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avoided the internal capsule [24], which is a smaller structure
and more difficult to locate by an untrained rater.

Lee et al. found ADC mean and ADC histograms useful for
IDH typing of WHO grade IIT and IV gliomas [46]. However,
for glioblastoma IDH typing alone, a recent study identified
no difference in ADC values [47]. In Tan et al.’s study of grade
II-IV gliomas, the accuracy of ADC for IDH typing decreased
with higher grade, which may reflect greater lesion heteroge-
neity [24]. It is probable that in such circumstances advanced
diffusion acquisitions (e.g. DKI or multi-b-value imaging)
could provide greater tissue microstructural information.

The good performance of the single slice ROI technique in
IDH typing of non-enhancing lower grade gliomas was unex-
pected, but is highly relevant. It implies that such easy-to-
perform measurements could be incorporated into clinical re-
ports, complementing advanced MR modalities such as perfu-
sion and 2HG spectroscopy [48, 49] pending tissue diagnosis.
The origin of data from 18 MRI systems could represent a lim-
itation of this study, but reflects clinical reality. The fact that
significant separation of glioma subtypes could be obtained from
this dataset further underscores the robustness of ADC.

It remains unknown why intermediate ADC values were
observed in the 1p19q co-deleted gliomas, despite their best
prognosis. This result is consistent with published data on
intermediate diffusivity in oligodendroglioma; interestingly
this tumour subtype may also mimic malignant gliomas on
MR perfusion studies [39, 50].

In summary, the results from this study suggest that for
newly diagnosed non-enhancing gliomas with ADC ratio
values of 1.8 or less, further investigation with consideration
of early tissue diagnosis is advisable given an increased risk of
IDH™" molecular status.

Conclusions

ADC measurement appears to be a simple and powerful meth-
od for molecular subtyping of non-enhancing WHO II-III
gliomas, specifically to identify IDH"' neoplasms. In our pa-
tient cohort, a two-dimensional ROI measurement in the larg-
est lesion cross-section appeared representative of the entire
tumour with comparable results.
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Regional and Volumetric Parameters for Diffusion-Weighted
WHO Grade Il and 11l Glioma Genotyping: A Method
Comparison

S.C. Thust, ““).A. Maynard, *“’M. Benenati, “'S). Wastling, ““'L. Mancini, *“'Z. Jaunmuktane, ““'S. Brandner, and ““'H.R. Jager
o~

ABSTRACT

BACKGROUND AND PURPOSE: Studies consistently report lower ADC values in isocitrate dehydrogenase (IDH) wild-type gliomas
than in IDH mutant tumors, but their methods and thresholds vary. This research aimed to compare volumetric and regional ADC
measurement techniques for glioma genotyping, with a focus on IDH status prediction.

MATERIALS AND METHODS: Treatment-naive World Health Organization grade Il and Il gliomas were analyzed by 3 neuroradiolo-
gist readers blinded to tissue results. ADC minimum and mean ROIs were defined in tumor and in normal-appearing white matter
to calculate normalized values. T2-weighted tumor VOIs were registered to ADC maps with histogram parameters (mean, 2nd and
5th percentiles) extracted. Nonparametric testing (eta’ and ANOVA) was performed to identify associations between ADC metrics
and glioma genotypes. Logistic regression was used to probe the ability of VOI and ROI metrics to predict IDH status.

RESULTS: The study included 283 patients with 79 IDH wild-type and 204 IDH mutant gliomas. Across the study population, IDH
status was most accurately predicted by ROl mean normalized ADC and VOI mean normalized ADC, with areas under the curve of
0.83 and 0.82, respectively The results for ROI-based genotyping of nonenhancing and solid-patchy enhancing gliomas were com-
parable with volumetric parameters (area under the curve = 0.81-0.84). In rim-enhancing, centrally necrotic tumors (n = 23), only

volumetric measurements were predictive (0.90).

CONCLUSIONS: Regional normalized mean ADC measurements are noninferior to volumetric segmentation for defining solid gli-
oma IDH status. Partially necrotic, rim-enhancing tumors are unsuitable for ROl assessment and may benefit from volumetric ADC
quantification.

ABBREVIATIONS: AUC = area under the curve; NAWM = normal-appearing white matter; min = minimum; 1p19q°°*' = codeletion of the short arm of

chromosome 1 and the long arm of chromosome 19; rADC = normalized ADC; WHO = World Health Organization

iffuse gliomas of World Health Organization (WHO) grades
IT and III comprise a diverse group of tumors characterized
by distinct genetic profiles and varied median survival." Three
major types of diffuse gliomas are found in adults: isocitrate
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dehydrogenase (IDH) wild-type gliomas with a molecular profile
of IDH wild-type glioblastoma, IDH mutant astrocytoma (with
p53 and ATRX chromatin remodeler [ATRX] mutations), and the
IDH mutant oligodendroglioma with a codeletion of the short
arm of chromosome 1p and the long arm of chromosome 19q
(IDH mutant/1p19q°°*®).? In addition to these major intrinsic
neoplasms, multiple other tumor types exist, for example, with
alterations in the map kinase pathway (B-Raf proto-oncogene, ser-
ine/threonine kinase [BRAF] mutations), histone mutations, and
the distinct group of ependymal tumors.

IDH wild-type astrocytomas share glioblastoma-specific
genetic mutations such as combined chromosome 7 gain and
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chromosome 10 loss, epidermal growth factor receptor (EGFR)
amplification, and/or telomerase reverse transcriptase (TERT)
promoter mutations’ and have a short life expectancy.>*
Henceforth, with the term “IDH wild-type diffuse glioma,” we
will refer to molecular glioblastoma, IDH wild-type.

Rapid glioma genotyping is of prognostic importance and
influences therapeutic planning; for example, IDH mutant/
1p19g=>!
1p19q intact (IDH mutant/1p19q intact) tumors, maximum safe

gliomas are responsive to chemotherapy,” whereas in

resection appears critical to improve outcomes.® It remains
uncertain to what extent the strategy of maximal glioblastoma
resection”® could prolong survival for diffusely infiltrative IDH
wild-type gliomas in the WHO grade I and III stages.

A number of imaging techniques have shown the potential for
glioma genotype predictions. Of these, conventional MR imaging
has the advantage of universal availability, but mostly provides vis-
ual-anatomic features, some of which have limited reproducibil-
ity.”'" Advanced MR imaging techniques such as perfusion and
spectroscopy provide physiologic, quantifiable tumor data but can
have threshold overlap and lack of technical standardization.""

DWI is widely integrated into clinical glioma MR imaging
protocols with tissue properties measurable at the time of report-
ing. DWI exploits the inverse relationship between free water
motion in tissues and cellularity.'* Differences in diffusion-
weighted image signals have been shown for glioma WHO grades
and, more recently, between genetic subtypes.'>'* The finding of
lower ADC values in IDH wild-type diffuse glioma compared
with IDH mutant tumors is consistently reported; however, the
methods and accuracy vary among studies, whereby published
techniques include mean and minimum ROI measurements and,
in some cases, volumetric ADC quantification."*”® Hypothetically,
“entire lesion” analysis might provide the most representative in-
formation on any individual tumor, whereas ROI placements have
the advantage of being minimally time-consuming in clinical
workflow.

There are few data comparing regional and volumetric diffu-
sivity measurements for glioma genotyping, currently limited to
nonenhancing glioma evaluation. The purpose of this study was
to compare the performance of whole-tumor ADC measure-
ments with different ROI parameters for glioma molecular typ-
ing, with a focus on IDH status prediction.

MATERIALS AND METHODS

Patients

Ethics review board approval (University College London
Hospitals and Health Research Authority, United Kingdom) was
obtained with informed consent waived for this retrospective
imaging data study. Consecutive patients diagnosed at our
national brain tumor referral institution from July 2008 to
January 2018 were eligible for the research.

Inclusion criteria consisted of histologic confirmation of
WHO grade II and III glioma, documented IDH and 1pl19q
genetic test results, and available pretreatment MR imaging.
Exclusion criteria were previous glioma treatment; a diagnosis other
than WHO grade II and III gliomas; incomplete, inconclusive, or

ambiguous molecular results (eg, IDH wild-type/lp19q°°del); a

2 Thust ©2021 www.ajnr.org

prolonged (= year) interval from MR imaging to surgery; incom-
plete images; and failed volumetric image registration.

All tissue samples were analyzed at our neuropathology
department, using the latest methodology according to the WHO
2016 Classification of CNS Tumors, as described previously.'”'®
Multiple gene Sanger sequencing was completed for IDH R132H-
negative tumors to identify rarer IDH mutations, and the 1p/19q
status was established through quantitative polymerase chain
reaction-based copy number assay.

MR Imaging Acquisition and Postprocessing

All MR imaging examinations included T2-weighted, T2-FLAIR,
and T1-weighted sequences; pre- and postadministration of a
gadolinium-based contrast agent; and DWI sequences (n = 211
at 1.5T, n = 79 at 3T). Because our institution is a quaternary
center, the imaging originated from 23 different MR imaging
machines with no individual scanner contributing >14% of any
glioma subtype. In the generation of an ADC map, the image
acquired without diffusion gradients is divided by the image
acquired with diffusion gradients, removing dependence on T1,
T2, and TR." Sufficient comparability of ADC among scanners
has been demonstrated previously.”” The range of MR imaging
parameters used has been described in a prior component of the
study.”’ ADC maps were calculated from 3-directional DWI
acquired with 2 gradient values (b = 0 and b = 1000 s/mm?)
using proprietary software (Olea Sphere, Version 2.3; Olea
Medical).

ROI Measurements

The ADC regional measurements were performed by 3 inde-
pendent observers as detailed in Maynard et al,>! blinded to tissue
diagnosis. First, each observer sited small (30-40 mm?) ROIs 3x
into the visually perceived lowest ADC portions of each glioma
(within =1 axial image slice), while remaining in the solid tumor
component and avoiding apparent necrotic, hemorrhagic, or
cystic areas or blood vessels, as identified on the relevant accom-
panying contrast-enhanced and other sequences. From these 3
ROIs, the mean value of the numerically lowest ADC measure-
ment was designated minimum ADC (ADC,,;,,) as described in
Xing et al."*

Thereafter, 1 large ROI (ADC,yeqn) Was placed to cover most
of the largest axial tumor cross-section, excluding tumor margins,
necrosis, macroscopic hemorrhage, and calcifications, as
described in Thust et al.** Finally, a comparative ROI was posi-
tioned in the contralateral normal-appearing centrum semiovale
white matter (ADCyawwm), amounting to 5 ROI measurements
per patient. Multifocal tumors were measured as 1 glioma.

Observer 1 analyzed all (n = 290) gliomas, observer 2 re-ana-
lyzed a subset of 75 gliomas, and observer 3 re-analyzed the
remaining subset of 215 gliomas, totaling 2900 ADC measure-
ments (ie, 5 ROIs by 2 observers per glioma, ie, 10 X 290 meas-
urements). From these, the normalized minimum ADC
(rADCy,, defined as ADC,;,/ADCyawn ratio) and the mean
normalized ADC (rADCe.p) (defined as ADCean/ ADCnawm
ratio) were calculated, resulting in 4 regional ADC parameters
(ROI ADCpyin, ROI rADCpin ROI ADCpean and ROI

204



FIG 1. An example of regional and volumetric ADC measurements in a patient with IDH mutant Tp19q intact glioma. T2-weighted image (A) and
ADC maps (B-D) show ADCpyin (3 X 30—40 mm?” (black, B and C), ADCppean (White, C), and ADCrawm (white, D) ROI measurements. T2-weighted
image (E) and ADC map (F) in the same patient demonstrate the volumetric segmentation and image registration, respectively.

rADCean) per glioma. An example of the ROI placements is
shown in Fig 1A-D.

Volumetric ADC Histogram Analysis
Whole-tumor VOIs were segmented by a general radiologist
(M.B., 5years’ experience) using the ITK-Snap Toolbox, Version 3.6
(www.itksnap.org™) following training and under supervision of a
neuroradiologist specialized in brain tumor imaging (S.C.T, 9 years’
experience). Segmentations incorporated the entire T2-weighted sig-
nal abnormality. For multicentric gliomas, the total volume of signal
abnormality was treated as 1 lesion. To assess interobserver reprodu-
cibility, a proportion (10%) of gliomas was randomly chosen to
undergo a repeat unsupervised segmentation by a second neuroradi-
ologist (J.A.M., 4 years’ experience, including brain tumor research).
ADC maps were then co-registered to T2-weighted sequences
using the FMRIB Linear Image Registration Tool (FLIRT; http://
www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT),>*** according to an affine
12-parameter model with the correlation ratio as a cost function,
except in 15 cases in which manual review favored optimization

of the registration by substitution of Normalized Mutual
Information as the cost function. Subsequently, ADC histogram
data were obtained for each tumor ROI, using an in-house script
written in Python 2.7. For each tumor, the second and fifth ADC
histogram percentiles, ADC mean, and the T2-weighted total
lesion volume were extracted. Normalized histogram parameters
were calculated using the same ROI ADCyaww value for the re-
gional measurements to maximize direct comparability. An
example of the volumetric segmentation is provided in Fig 1E, -F.

Enhancement Pattern Subgroup Analysis

Information on tumor enhancement, recorded as part of a pre-
ceding study,”’ was used for a subgroup analysis. Thus, the
ability of ROI and VOI parameters to predict the IDH geno-
type was assessed separately for 3 morphologic groups: 1)
nonenhancing, 2) solid-patchy enhancing, and 3) rim-
enhancing, centrally necrotic gliomas. An example of the
enhancement pattern distinction is provided in the Online
Supplemental Data.

AINR Am J Neuroradiol ®:@ @ 2021 www.ajnr.org 3

205



Patient demographics, IDH, and 1p19q genotypes of the study population

All Glioma IDH IDH Mutant/ IDH Mutant/
Subtypes Wild-Type 1p19q Intact 1p19g<ede!
No. of patients = 283 (male/female = 164:119) 283 79 104 100
Median age (interquartile range) (yr) 40 (33-53) 59 (43-67) 35 (29-41) 40 (35-48)
Enhancement category?®
Nonenhancing 7 33 75 63
Solid-patchy enhancing 87 28 27 32
Rim-enhancing 23 18 0 5

codel ;

Note:—1p19q
*In 2/283 patients, Tl-weighted contrast-enhanced MR images were unavailable.

Statistical Analysis

All statistical testing was performed in SPSS 25 (IBM). The inter-
observer agreement for the ROI-derived ADC measurements and
for the volumetric segmentations was assessed by intraclass corre-
lation coefficient analysis, using a 2-way random effects model.
For each ADC ROI, the mean of the observers’ measurements
was adopted as the final value. For the proportion of tumors that
were segmented by 2 observers, the average of the volumetric
ADC results was designated as the final value.

To compare the mean ranks of the groups of ADC values and
glioma subtypes, we used the nonparametric Kruskal-Wallis
ANOVA test, including the Dunn pair-wise comparisons with
Bonferroni correction. The strength of the association between
glioma subtype and ADC metrics was tested using eta® (n?),
which quantifies the percentage of variance in the dependent
variable (ADC value) that is explained by >1 independent vari-
able (glioma genotype).

Univariable logistic regression was applied to test which ROI or
VOI ADC parameter best predicted glioma IDH status (with
P<.05 considered significant). The Youden index was used to
identify diagnostic thresholds for the most predictive parameter, as
determined by the area under the curve (AUC). Nonparametric
(Wilcoxon signed rank) testing was performed to assess differences
between the region-derived and volumetric ADC values.

RESULTS

Patient Demographics

Of 515 patients identified as potentially eligible for the study, 42
were duplicates, and 190 met the exclusion criteria as follows: pre-
vious glioma treatment (n = 60), tumor other than WHO grade II
or III glioma (n = 43 and n = 1 spinal cord tumor), ambiguous or
incomplete molecular results (n = 29), no preoperative DWI (n =
24 and n = 15 ADC maps not computable), unavailable histopa-
thology report (n = 2), prolonged (= 1year) interval from MR
imaging to surgery (n = 3), MRI artefact (n = 5), incomplete
images (n = 1), and failed volumetric image registration (n = 7).
Finally, 283 patients (median, 40 years of age; interquartile range,
33-53 years; 164 men) were included in the analysis. The demo-
graphic details for the study population are listed in the Table.

Observer Comparison

The reproducibility of the ROI ADC parameters and contrast-
enhancement patterns among 3 independent raters has been
established in preceding research (intraclass correlation coeffi-
cient = 0.83-0.96 and Cohen x = 0.69-0.72, respectively).”' In
the current study, the concordance between the 2 observers for

4 Thust 2021 www.ajnr.org

indicates codeletion of the short arm of chromosome 1and the long arm of chromosome 19.

the twice-segmented tumor volumes (n = 28) was near-complete
(intraclass correlation coefficient = 0.97-0.98). This information
is further detailed in the Online Supplemental Data.

Association between ADC Values and IDH Genotype

Box and whisker plots showing a comparison between IDH mu-
tant and IDH wild-type gliomas for ADCean TADCineans
ADCyin, and rADC,y,;, are shown in the Online Supplemental
Data (VOI and ROI methods). Detailed results from the statistical
analysis with Kruskal-Wallis and 7> tests are provided in the
Online Supplemental Data. For all regional parameters (ROI
ADCpins ROI tADCypins ROI ADCrpeans and ROI tADC ean), the
ADC values significantly differed among the IDH wild-type, IDH
mutant, 1p19q intact, and IDH mutant 1p19q°** glioma groups
(P<.001). VOI ADCpean and VOI rADC,., also differed
among the glioma molecular groups (P <.001).

VOI ADC,;, and VOI rADC,,;, differed between IDH wild-
type and IDH mutant 1p19q°* genotypes (P=.003 and
P <001, respectively). However, no significant difference in VOI
ADC,,i, or VOI rADC,,;, was shown between IDH mutant
1p19q intact and IDH mutant 1p19q°*** gliomas.

Wilcoxon signed rank testing confirmed statistically signifi-
cant differences between the VOI and ROI results of the absolute
and normalized ADC values (P < .001). The association between
glioma genotype and diffusivity was strongest for ROI ADCy,can
and ROI rADC,ean values (9% = 0.38) across the study popula-
tion, while also being substantial for ROI ADC,,;, and ROI
rADCpyin (7 = 0.28-0.29).

The subgroup analysis according to the contrast-enhancement
pattern revealed associations between ROI ADC,e,, and ROI
rADCpeqn Values and genotype for nonenhancing gliomas (n =
170, n* = 0.39-0.41) and solid-patchy enhancing gliomas (1n =
85, 1;2 = 0.24-0.28). No association was evident between ROI
ADC parameters and the rim-enhancing, centrally necrotic gli-
oma IDH genotype (n = 23, 1% = 0.0-0.05). The strongest asso-
ciation for the rim-enhancing gliomas was with VOI rADC,ean
values (1% = 0.36).

No correlation among IDH status, VOI ADC,;,, and VOI
rADC,,;,, was identified for nonenhancing gliomas ( 1]2 = 0.02-
0.03). Across all regional and volumetric parameters, smaller 7>
effect sizes were observed for minimum ADC values compared
with mean ADC values. The VOI ADC,;, was tested as deter-
mined by either the 2nd or 5th percentile by histogram analysis,
with consistently larger 1> values observed between ADC,y;, and
genotype when the 5th percentile was used. Thereafter, VOI
ADC i, referred to the 5th percentile only.
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ROC Curves for the prediction of IDH genotype in the study population (n = 283)

Sensitivity

Area Under the ROC Curve (AUC)
ADC metrics AreaBnder
the Curve 95% Cl
—— VOIADC;, 0.68 0.61-0.75
—— VOIrADCwin 0.72 0.66-0.79
——  VOIADCpezn 0.78 0.72-0.84
VOI rADCpezn 0.82 0.76-0.88
ROI ADC iy 0.79 0.73-0.85
—— ROIrADCmin 0.81 0.76- 0.86
ROI ADCppesn 0.81 0.75-0.86
——  ROIADCpean 0.83 0.73-0.89
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FIG 2. ROC curves for the prediction of IDH genotype in the study population (n = 283).

Univariable Analysis for Prediction of IDH Status

The univariable analysis of regional and volumetric ADC metrics,
when compared across all (n = 283) gliomas, showed that the
most accurate prediction of IDH status was achieved using ROI
rADCean Or VOI rADCean (AUC = 0.83 and 0.82, respec-
tively). The least accurate predictions were observed for VOI
ADCin (AUC = 0.68) and VOI rADC,,;, (AUC = 0.72). The
ROC curve analysis is presented in Fig 2, with additional results
listed in the Online Supplemental Data.

When assessing nonenhancing gliomas alone, the ROI
ADCpean (AUC = 0.82) and ROI rADCpean (AUC = 0.84)
results were almost equal to the VOI ADC,¢,, (AUC = 0.81)
and VOI rADC,,c.n, (AUC = 0.84). For solid-patchy tumors, the
ROI ADC pean (AUC = 0.79) and ROI rADC,pean (AUC = 0.81)
were almost equal to the VOI ADC, ., (AUC = 0.78) and VOI
rADCppean (AUC = 0.80), respectively.

Conversely, in rim-enhancing centrally necrotic lesions, only
volumetric ADC results demonstrated a significant ability to pre-
dict IDH status (VOI ADCyean [AUC = 0.84], VOI rADCypean
[AUC = 0.90]), but not the ROI ADC,ean and ROI TADCyrean
values (AUC = 0.49-0.61). Given the lack of an association
between the volumetric ADC,,;,, parameters and IDH status,
these were not further subjected to a subgroup analysis according
to enhancement patterns.

DISCUSSION

This study investigated the comparability of region-derived and
volumetric ADC values for WHO grade II and IIT glioma geno-
typing, specifically their performance for predicting IDH status.
Our results indicate that the accuracy of regional measurements

for solid glioma IDH typing is unimproved by performing whole-
tumor segmentations (maximum AUC = 0.84 for VOI and ROI
rADC pean). However, for IDH status prediction in the small pro-
portion of rim-enhancing, centrally necrotic tumors (n = 23),
entire lesion ADC mean parameters were superior to solid-tumor
ROI measurements. Throughout the study, mean ADC measure-
ments appeared more accurate than ADC,,;, metrics, particularly
if performing a volumetric analysis.

Before the discovery of glioma molecular subgroups, research
was focused on testing the ability of ADC to predict glioma histo-
logic grades, showing an inverse correlation between cellularity
and diffusion.*>® More recently, Leu et al’® demonstrated a
stronger association between glioma ADC values and genotype
than WHO grade. Specifically for IDH wild-type glioblastoma, no
difference in diffusivity may exist between grades IT and IV.*
Villaneuva-Meyer et al*’ previously assessed ROI-derived mini-
mum, mean, and maximum in WHO grade II gliomas: A mini-
mum ADC threshold of 0.9 x 107> *“™%mm? provided the
greatest sensitivity (91%) and specificity (76%) for IDH typing,
with an AUC of 0.901."” ROI-based minimum ADC analysis was
also performed by Wasserman et al'® with a proposed cutoff
point of 0.95x 107> *°°™/mm? (sensitivity of 76.9%, specificity
of 65.2%, and AUC = 0.711)"* and by Xing et al'* with a sug-
gested minimum ADC threshold of 1.01x 1072 *°"¥/mm? (sen-
sitivity of 76.9%, specificity of 82.6%, AUC = 0.87)."

By means of ROI measurements, ADC,,;, and rADCyin
appeared valuable for IDH typing in our study, with optimal
thresholds in the region of 1.07 x 107> *°™*/mm? (sensitivity of
82.3%, specificity of 61.3%, AUC = 0.79) and 1.40 (sensitivity of
85.5%, specificity of 62.3%, AUC = 0.81), respectively. For an
ROI ADC, e,y threshold of 1.34 x 1072 *<°™/mm?, a similar
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sensitivity of 84.8%, specificity of 60.3%, and AUC of 0.81 were
observed. For an rADC,c.n threshold of 1.75, the results were
marginally better (sensitivity of 86.8%, specificity of 62.3, AUC =
0.83).

Across the whole study population, the largest ROI AUC
(0.83) was observed for rADC,,,ca, Values in our research. Liu et
al'® previously assessed glioma mean and minimum ADC, but
only the results for mean ADC reached statistical significance
(P=.028). Recently, in a study of normalized mean measure-
ments for IDH typing of non-gadolinium-enhancing WHO
grades II and III gliomas, an rADCye,, threshold in the region of
1.8 was proposed.””

Several studies reported lower ADC values in IDH mutant
codel

1p19q
1p19q intact astrocytomas, with 2 studies indicating an ADCy,ean
threshold in the region of 1.4-1.6 x 10> **“°™/mm? for 1p19q
genotyping.’"*> However, similar to the reduced specificity of

oligodendrogliomas compared with IDH mutant

elevated perfusion (blood volume), which may be observed in
low-grade oligodendrogliomas, erroneously low ADC values can
occur in this tumor type despite its relatively good prognosis. A
potential influence from extracellular matrix components is prob-
able.” It is also noteworthy that measurements in calcified tumor
components may underestimate ADC values and should be
avoided.

From our results, it appears that ROI ADCge,, and
rADC peqn are slightly superior to minimum ROI ADC measure-
ments for IDH genotyping of WHO grade II and III gliomas.
Similarly, Han et al** investigated the variability of ADC values
according to the ROI technique for glioma grading, with the
mean ADC value of single-round ROI showing the highest effect
size (0.72) and the greatest AUC (0.872), being superior to mini-
mum measurements for the identification of high-grade gliomas.
Within the aforementioned study, minimum ADC values also
differed significantly between whole-volume and single-round
ROI placements (P=.003),*" indicating that these are not
interchangeable.

It has been shown that volumetric tumor diffusivity analysis is
not necessarily superior to ROI placements, for example, for
WHO grading.® In 2 recent studies using ADC for H3 K27M
histone-mutant glioma characterization, only the study using
ROI measurements was predictive of genoty'pe.%’37

It could be hypothesized that the previously reported lower
accuracy of ADC for WHO grade IV glioblastoma IDH typing®®
could be related to the foci of necrosis. However, in our current
study, the best prediction of IDH status for such masses was
achieved using VOI rADC,,,, values derived from segmentation
inclusive of necrosis, as opposed to ROI measurement in solid
lesion components. Indeed, our data suggest that partially ne-
crotic tumors may benefit from a volumetric diffusivity (VOI
rADC pe.n) assessment, but the small patient number (n = 23) in
this subgroup is a limitation of our research. Furthermore, it is
possible that in some cases of necrotic tumors, limited tissue sam-
pling resulted in a WHO grade II and III diagnosis instead of
glioblastoma.

Imperfections in the volumetric image registration at glioma
margins due to ADC map distortion from susceptibility gradients
and eddy current effects, which are not visible in the T2-weighted

6 Thust 2021 www.ajnr.org

image data, could have contributed to volumetric minimum
ADC measurements performing less well in our research.

While the binary discrimination of IDH wild-type from IDH
mutant gliomas is imperfect, noninvasive identification of early
glioblastoma stages could help prioritize tissue sampling in such
circumstances in which observational management is initially
favored or when waiting times to surgery could result in a diag-
nostic delay.

CONCLUSIONS

Regional diffusivity measurements are noninferior and are possi-
bly preferable to volumetric histogram analysis for IDH status
prediction of macroscopically solid WHO grade II and III glio-
mas. ROI rADC,y,,, calculation is rapid and scanner-independ-
ent, thus easily introduced into clinical reporting. Partially
necrotic, rim-enhancing lesions are unsuitable for ROI assess-
ment and may benefit from volumetric ADC quantification for

genotyping.
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Background: A readily implemented MRI biomarker for glioma genotyping is currently lacking.
Purpose:  To evaluate clinically available MRI parameters for predicting isocitrate dehydrogenase (/DH) status in patients with glioma.

Materials and Methods:  In this retrospective study of patients studied from July 2008 to February 2019, untreated World Health
Organization (WHO) grade II/III gliomas were analyzed by three neuroradiologists blinded to tissue results. Apparent diffusion
coefficient (ADC) minimum (ADC_| ) and mean (ADC_ ) regions of interest were defined in tumor and normal appearing white
matter (ADCN AWM). A visual rating of anatomic features (T1 weighted, T1 weighted with contrast enhancement, T2 weighted, and
fluid-attenuated inversion recovery) was performed. Interobserver comparison (intraclass correlation coefficient and Cohen k) was
followed by nonparametric (Kruskal-Wallis analysis of variance) testing of associations between ADC metrics and glioma genotypes,
including Bonferroni correction for multiple testing. Descriptors with sufficient concordance (intraclass correlation coefficient,
>0.8; k > 0.6) underwent univariable analysis. Predictive variables (P < .05) were entered into a multivariable logistic regression
and tested in an additional test sample of patients with glioma.

Results: 'The study included 290 patients (median age, 40 years; interquartile range, 3352 years; 169 male patients) with 82 /DH
wild-type, 107 /DH mutant/1p19q intact, and 101 /DH mutant/1p19q codeleted gliomas. Two predictive models incorporating
ADC,__ -to-ADC,, ., ratio, age, and morphologic characteristics, with model A mandating calcification result and model B recording
cyst formation, classified tumor type with areas under the receiver operating characteristic curve of 0.94 (95% confidence interval [CI]:
0.91, 0.97) and 0.96 (95% CI: 0.93, 0.98), respectively. In the test sample of 49 gliomas (nine /DH wild type, 21 IDH mutant/ 1p19g
intact, and 19 /DH mutant/ 1p194 codeleted), the classification accuracy was 40 of 49 gliomas (82%; 95% CI: 71%, 92%) for model
A and 42 of 49 gliomas (86%; 95% CI: 76%, 96%) for model B.

Conclusion: Two algorithms that incorporated apparent diffusion coefficient values, age, and tumor morphologic characteristics predicted
isocitrate dehydrogenase status in World Health Organization grade II/III gliomas on the basis of standard clinical MRI sequences alone.
©RSNA, 2020

Online supplemental material is available for this article.

Asubgroup of lower-grade gliomas is characterized by
genetic overlap with primary glioblastoma and ex-
hibits similarly rapid disease progression (1,2). Such
malignant neoplasms are indistinguishable from indo-
lent astrocytomas by assessing proliferative indexes and
cell morphologic features (3). Mutations in the isoci-
trate dehydrogenase (/DH) gene, most commonly /DH1
(RI132H), define most slow-growing gliomas (>70%)
within the World Health Organization (WHO) histo-
logic grades II/II (4). /DH mutations (/DH™") are ab-
sent (/DH wild-type [IDH"™]) in lower-grade tumors of
the primary glioblastoma spectrum, which further differ

This copy is for personal use only. To order printed copies, contact reprints@rsna.org

by genetic hallmarks of combined chromosome-7 gain
and chromosome-10 loss, epidermal growth factor recep-
tor amplification, and telomerase reverse transcriptase
promoter mutations (2). Among /DH™" gliomas, syn-
chronous deletion of the short arm of chromosome 1 and
long arm of chromosome 19 (IDH™/ 1p194*) constitutes
a specific feature of oligodendrogliomas, whereas ZDH™:*
astrocytomas are mostly 1p19q intact (IDH™/1p194™)
(5). This genetic grouping serves an important clinical pur-
pose of stratifying tumors with differential susceptibility to
adjuvant treatment; for example, IDH™"/1p194* gliomas
have greater sensitivity to alkylating chemotherapy (6).

210



World Health Organization Grade I1/11l Glioma Molecular Status

Abbreviations

ADC = apparent diffusion coefficient, ADC,_ _ = mean ADC,ADC =
minimum ADC, ADC_, . = ADC in normal-appearing white matter,
AUC = area under the receiver operating characteristic curve, CI = con-
fidence interval, FLAIR = fluid-attenuated inversion recovery, /DH =
isocitrate dehydrogenase, I[DH™" = IDH mutation, IDH" = IDH wild-
type, ROI = region of interest, WHO = World Health Organization

Summary

An algorithm on the basis of standard MRI sequences and age predicted
isocitrate dehydrogenase status in lower-grade gliomas without advanced
computational methods.

Key Results

Apparent diffusion coefficient (ADC) measurements supported
the distinction of nongadolinium chelate—enhancing and solid
enhancing lower-grade glioma genotypes (P < .001).

Glioma location, enhancement characteristics, calcification, and cyst
formation were multivariable predictors of isocitrate dehydrogenase

(IDH) status.

Two predictive models incorporating ADC, age, and morphologic

characteristics defined IDH genotype with accuracies of 92% and
91%.

Glioblastoma outcomes are improved with gross total
gadolinium-based contrast agent—enhancing lesion resection (7)
and potentially beyond this for T2 fluid-attenuated inversion
recovery (FLAIR) component removal (8). The similarity between
the biology of low-grade /DH"" glioma and glioblastoma makes
it crucial to identify glioblastoma early and separate it from the
more favorable /DH™" entities.

Diffusion-weighted MRI imaging is routinely used in cancer
imaging. It functions on the assumption that free water motion
in tissues diminishes with growing tumor cellularity (9). Three-
direction diffusion-weighted imaging is widely performed and
integrated into clinical glioma imaging protocols, and quantita-
tive results are available immediately at reporting (10). Diffu-
sion-based methods can support grading and have shown capa-
bility for /DH typing (11-13), including for gliomas in which
there is no contrast enhancement (14). Prior studies (15) suggest
that lesion properties such as location, internal architecture, and
enhancement patterns differ between glioma genetic subtypes.
Additionally, consideration of patient age may help diagnosis be-
cause it has been shown that /DA™ gliomas are more common
in older patients (16). The purpose of our study was to evaluate
clinically available MRI parameters for predicting /DH status in
patients with glioma.

Materials and Methods

Ethics review board approval was obtained and written informed
consent was waived for this retrospective study.

Patient Cohort

All patients consecutively diagnosed with WHO grade 11/
III glioma at our national brain tumor referral institution be-
tween July 2008 and January 2018 were eligible for the study.
Inclusion criteria were a proven histologic diagnosis of WHO
grade II/III glioma, available /DH and 1p194 genetic test re-
sults, and MRI examination before treatment.

1n2

Exclusion criteria included previous treatment for glioma;
a tumor other than WHO grade II/III glioma; missing, incon-
clusive, or ambiguous molecular results (eg, IDH""/1p19¢"");
prolonged (=1 year) interval from MRI to operation; or miss-
ing images. In 44 of the 290 patients who were included, mean
apparent diffusion coefficient (ADC; ADC__ |
reported in a previous study (14) that compared volumetric and
regional ADC measurements. In our study, multiple region-
derived ADC metrics and morphologic descriptors were ana-
lyzed (by different observers) in these patients. Results derived
from the original patient cohort (July 2008 to January 2018)
were validated by using a previously unseen test sample of
patients included between January 2018 and February 2019
(49 patients).

) values were

MRI Parameters

All' MRI  examinations included T2-weighted, T2-
weighted FLAIR, and T1-weighted sequences before and
after administration of a gadolinium-based contrast
agent and diffusion-weighted imaging (211 examina-
tions at 1.5 T and 79 examinations at 3.0 T). Our in-
stitution is a quaternary center and therefore the MRI
examinations originated from multiple sites and systems
(57 GE systems, 206 Siemens systems, 26 Phillips systems, and
one Toshiba system). No machine model contributed more
than 14% gliomas of one molecular subtype. The range of
MRI parameters is provided in Table E1 (online).

Histopathologic Analysis

All tissue samples were fixed as paraffin blocks and analyzed
at our institution’s neuropathology department by using the
latest method consistent with the WHO 2016 guidance on
histopathologic analysis and immunohistochemistry (17).
For IDH R132H-negative tumors, multiple—gcne Sanger se-
quencing was performed to identify alternative /DH muta-
tions. A quantitative polymerase chain reaction-based copy
number assay was employed to determine 1p/19q status.

ADC Quantification

The ADC measurements were blinded to tissue diagnosis
(reference standard), age, and other observers’ results. Three
independent observers (M.K., with 6 years of experience, and
W.M., with 3 years of experience, both board-certified neuro-
radiologists; and S.O., a resident in training) placed three dif-
ferent 30-40-mm? regions of interest (ROIs) into the visually
perceived lowest ADC portions of each glioma. From these,
the mean value of the numerically lowest ADC ROI measure-
ment was designated as the ADC minimum (ADC ) as
in Xing et al (11). Subsequently, one large ROI (ADC_ )
was drawn to cover the largest axial tumor cross-section, ex-
cluding tumor margins, necrosis, macroscopic hemorrhage,
and calcifications. A comparative ADC ROI was placed in the
normal-appearing white matter (ADC ), following a previ-
ous study (14), amounting to five ROls per patient. Multifocal
tumors were measured as one glioma. Observer 1 analyzed all
290 gliomas, observer 2 reanalyzed 75 gliomas, and observer
3 reanalyzed the remaining 215 gliomas, amounting to a
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Figure 1:  An example of apparent diffusion coefficient (ADC) measurements. (@) Axial T2-weighted image of a right temporal isocitrate dehydrogenase (IDH) wild-

Maynard et al

type glioma and (b=d) ADC maps showing the regions of interest used to defermine minimum ADC (perceived lowest ADC regions [three per patient] blue), mean ADC
(largest tumor cross-section measurement, red), and ADC in normal-appearing white matter (contralateral centrum semiovale, yellow). Note that round regions of interest
were chosen because this method can be replicated on most picture archiving and communication systems.

total of 2900 ADC measurements. From these, ADC _ -
t0-ADC_,,,, and ADC_ -to-ADC,, ratios were calcu-

lated, resulting in four ADC parameters (ADC  , ADC _ -to-
ADC ratio ADCmm, and ADCmm—ro—ADC

NAWM
patient.

awy Fatio) per
For the test sample (2 = 49), one researcher newly trained
in the ADC method (A.A.B., a board-certified neuroradiologist
with 3 years of experience) obtained all ADC values blinded as
described. Figure 1 shows examples of the region placements.

Morphologic Assessment

Three observers (S.T., with 8 years of experience, and A.A.B.,
both board-certified neuroradiologists; and S.O., a resident)
independently reviewed 290 MRI data sets and were blinded
to diagnosis and the results of other observers. Morphologic
readings were performed at a separate time (>2 weeks later
than evaluation of ADC measurements). Feature categories
were adapted on the basis of previous publications (16,18).
Tumor location was specified by epicenter, with locations
grouped according to the frequency of /DH" status to reduce
the number of variables for statistical analysis. Multifocality
was marked positive if more than one discrete tumor deposit
was visible or if three or more lobes were involved. The non-
enhancing tumor margin was described by using a visual rat-
ing scale as follows: 1, able to clearly draw around the lesion
on T2-weighted images; to 4, indistinct margin on T2-weighted
and FLAIR images. Hemorrhage and calcification were assessed
at T1-weighted imaging together with CT, T2* sequences, and
susceptibility-weighted imaging, as available. The option un-
certain was added for these categories to allow for variability
in the diagnostic sequences. The single largest tumor diameter
was measured on T2-weighted images according to Pignatti et
al (19). Contrast agent uptake was categorized into nonenhanc-
ing, patchy or solid, or rim enhancing. Rim enhancement sur-
rounding central necrosis was distinguished from cysts, defined
as exhibiting fluid signal isointense to cerebrospinal fluid with
absent or minimal rim enhancement. T2-weighted FLAIR mis-
match was specified according to Patel et al (20). Examples of
different morphologic features of gliomas are shown in Figure 2.
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Statistical Analysis

Statistical testing was performed by using software (SPSS 25,
IBM, Armonk, NY; and Stata 15, Statacorp, College Station,
Tex). The concordance of ADC measurements between observ-
ers was examined by intraclass correlation coefficient analysis,
with a two-way random-effects model. For each ADC region of
interest, the mean of the observers’ measurements was adopted
as the final value.

Cohen k testing was used to evaluate the observer agreement
for morphologic categories, and the majority opinion of the
raters was designated the final value. If three opinions differed,
it was resolved in consensus.

The relation between ADC and glioma subtypes was ana-
lyzed by using nonparametric testing (Kruskal-Wallis analy-
sis of variance), including Dunn pairwise comparisons with
Bonferroni correction. The strength of the association between
glioma subtype and ADC metrics was probed by using Eta® (1?).
Eta’ quantifies the percentage of variance in the dependent
variable (ADC value) that is explained by one or more inde-
pendent variables (glioma subtype).

Univariable logistic regression was applied to test if ADC
metrics, age, or morphologic criteria could predict /DH" status.
Nagelkerke (Pseudo) R was used as a summary statistic express-
ing the degree to which the overall model predicts the variation
in the outcome (/DH" status). Youden index was used to identify
a diagnostic threshold for the most predictive (by area under the
receiver operating characteristic curve [AUC] and R*) ADC
parameter. Morphologic categories with k values of 0.6 or
greater were subjected to univariable analysis. If significant
(P < .05) at univariable analysis, features with substantial
agreement (intraclass correlation coefficient > 0.8; k > 0.6)
were tested as predictor variables in a multivariable binomial
logistic regression to predict glioma /DH" versus IDH™" status.
Starting from the highest P value, a backward elimination pro-
cess by using the likelihood ratio test was applied to discard
features that did not contribute significantly to the prediction,
concluding with the most parsimonious model to identify /DH
status. By the same method, an additional backward elimina-
tion was performed to develop an alternative model, into which

13
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Figure 2: Glioma morphologic characterisiics. (a, b) T2-weighted images show a temporal isocitrate dehydrogenase (IDH) wild-type {IDH") glioma (@) versus an-
other patient with a frontal IDH mutant (IDH™)/1p19q codeleted (1p19g™) glioma (b). Nonenhancing tumor margins: (¢, d) T2-weighted and fluid-attenuated
inversion recovery (FLAIR) images show distinct borders (also a T2-FLAIR mismatch sign) in an IDH™/ 1p19q intact (IDH™ / 1p19g") glioma versus (e, f) the indistinct
margin of a bithalamic IDH* glioma. Cyst formation and enhancement patterns: (g, h) IDH™/ 1p 199" astrocytoma show a small cyst (arrow in @) nearly isointense to

cerebrospinal fluid on FLAIR image without contrast agent uptake; (i=k) T2-weighted, FLAIR, and contrast-enhanced T1-weighted images show small cysts (arrows in j)

and patchy contrast uptake in a IDH™' 1p19g™ oligodendroglioma; (I) contrast-enhanced T1-weighted image shows rim enhancement surrounding central necrosis in an

IDH* glioma.

calcification status was not entered, to allow for the clinical
situation in which this may be unavailable from the existing
imaging (eg, no CT and no T2*/susceptibility-weighted im-
aging performed). To assess model discrimination, we used a
receiver operating characteristic analysis for both final models.

The numerical results from the multivariable regression de-
veloped with the study sample (7 = 290) were then transcribed
into a spreadsheet (Microsoft Excel for Mac version 14.5.2;
Microsoft, Redmond, Wash) formula to calculate the /DH*
status probability for individual patients with glioma in the
subsequent test sample (7 = 49) of previously unseen gliomas.

114

Results

Patient Demographics

At the start of the study, 515 patients were eligible for inclusion.
After removal of duplicates (72 = 42), 183 patients were excluded
because of previous treatment for glioma (7 = 60), tumor other
than WHO grade II/III glioma (7 = 43, and one cord tumor),
ambiguous molecular result (7 = 29), no preoperative diffusion-
weighted imaging (7 = 24, and 15 ADC map not computable),
missing histopathologic report (7 = 2), prolonged (=1 year)
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Test sample

Study sample
515 histopathology results

71 histopathology results

=.001). Defining calcification as present reached
substantial agreement (k = 0.67-0.74; P = .001)

| 473 Patients after removal of i |

with uncertain results (eg, missing sequences) ex-
cluded. In 63.4% (184 of 290) of patients, one of
three raters marked calcification as uncertain. In
11.7% (34 of 290), more than one rater specified

Patients excluded (n=183)
n=29 ambiguous molecular or histology

n=2 missing histopathology result
n=43 not WHO grade II/lll glioma
n=1 cervical cord tumor
n=5 MRI artifact

Patients excluded (n=22)
n=3 ambiguous molecular or
result histology result
n=3 not WHO grade Il/lll glioma
n=12 no pre OP DWI
n=4 previous glioma surgery and/or
adjuvant therapy

calcification status as uncertain. The opinion of
the raters regarding tumor cysts showed substan-
tial agreement (k = 0.66-0.70; P = .001). The
categorization of enhancement patterns yielded
substantial agreement (weighted k = 0.69-0.77;

n=1 missing MRI data
n=24 no pre OP DWI
n=15 Unable to compute ADC map by Olea
n=3 duration from MRI to surgery > 1 year
n=60 previous glioma surgery and/or
adjuvant therapy

290 included patients

weighted imaging, OP = operation, WHO = World Health Organization.

interval from MRI to operation (7 = 3), or missing images
(n = 1). A total of 290 patients (median age, 40 years; inter-
quartile range, 33-52 years; 169 male patients) were included
in the analysis of the study sample (patient inclusion from
June 2008 to January 2018). An overview of the case selection
process is in Figure 3. An overview of patient demographics
and molecular groups is in Table 1. The relation between glioma
IDH status and age was found to be nonlinear, with an expo-
nential rise in the likelihood of /DH"" status toward older age.

ADC Quantification for Glioma Molecular Subtyping

The interobserver reproducibility was good to excellent for all
ADC parameters (intraclass correlation coefficient, 0.83-0.96).
Consistency and absolute agreement were identical, indicating
no systematic difference between the raters. Detailed intraclass
correlation coefficient test results are shown in Table E2
(online). Each of the ADC parameters enabled /DH™/
Ip]9q““' IDH™/1p194™, and IDH"" glioma discrimination
r< .Oi; Table E3, Fig E1 [online]).

Eta’ (n?) testing revealed an association between ADC values
and glioma subtype for nongadolinium-enhancing and solidly
enhancing tumors (m? = 0.28-0.42), but not for rim-enhanced
masses (n? = 0-0.3) (Table E4 [online]). Across all gliomas, an
ADC,  -t0-ADC_,,, ratio of 1.8 predicted /DH status with a
sensitivity of 69 of 79 (87%) and specificity of 124 of 208 (60%).
For unenhanced gliomas, an ADC__ -to-ADC_, . ratio thresh-
old of 1.8 yielded a sensitivity of 28 of 33 (85%) and specificity
of 93 of 140 (66%) for IDH"" identification, compared with a
sensitivity of 32 of 33 (97%) and specificity of 76 of 140 (54%)
for a higher ADC__ -to-ADC,, ., ratio threshold of 1.9 (Fig 4).
Morphologic Assessment
For tumor location, the agreement between the three observ-
ers was good (k = 0.81-0.89; P < .001; Table E5 [online]).
Measurement of the single longest tumor diameter (<6 cm
or =6 cm) demonstrated good agreement (k = 0.80-0.82; P
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49 included patients

Figure 3:  Patient selection flowchart. ADC = apparent diffusion coefficient, DWI = diffusion-

P=.001).

Moderate interobserver agreement was found
for unenhanced tumor margin (weighted k =
0.45-0.61; P = .001) and for the T2-weighted
FLAIR mismatch sign (k = 0.44-0.62; P < .001).
Fair agreement was observed for multifocality
(k = 0.20-0.46; P < .001) and hemorrhage (k =
0.29-0.51; P < .001).

Univariable Analysis

The univariable logistic regression results are in Table 2 and
Table E6 (online). Several features were statistically significant pre-
dictors, including all four ADC metrics (negative association),
age (negative association), and several morphologic categories
(enhancement pattern, nonenhancing margin, calcification,
and cysts). ADC_  -to-ADC . ratio was deemed the best-
performing ADC parameter (AUC, 0.83; R = 0.38). For the
remaining diffusion parameters, the AUC values were margin-
ally lower (AUCs: ADC_, 0.78; ADCmin—to—ADCNAWM ratio,
0.8; and ADCmm, 0.81). Locations were grouped according to
whether less than one-third, one- to two-thirds, or more than
two-thirds of tumors represented /DH" gliomas to reduce the
number of variables for statistical analysis. The presence of cal-
cification was positively associated (odds ratio, 2.2; P < .001)
with 1p194* status in I[DH™* gliomas (not tabulated). Tumor
diameter and T2-FLAIR mismatch sign demonstrated no
association with /DH status.

Multivariable Logistic Regression Model

The multivariable regression results are listed in Table 2
and Figure 5. The best-performing model (model A) for pre-
dicting /DH" (n = 82) versus IDH™" (n = 208; 107 IDH™"/
1p194™ and 101 IDH IDH™*/ 1p194™") genotype consisted of
ADC,  -to-ADC_,,, ratio, age in years + age? (joint term),
enhancement pattern, tumor location category (three groups:
frontal or insula region, thalamus or brainstem, or elsewhere),
and absence of calcification. On the basis of a likelihood cut-
off value of 0.5 (50%), model A correctly classified 231 of 252
(91.6%; 95% confidence interval [CI]: 88%, 95%) gliomas,
with an AUC of 0.96 (95% CI: 0.93, 0.98). In developing
this model A, 38 of 290 (13.1%) patients were excluded by
the statistics software; 33 patients were excluded because
of uncertain calcification status as per the majority result of
the raters, three patients were excluded because of absent ADC
ratio values from tumor infiltration of normal-appearing white
matter, one patient was excluded because of absent contrast
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Table 1: Patient Demographics

Parameter

All Glioma Subtypes

IDH*"

IDH™ 1p194" IDH™ 1p194°

No. of patients 290 82
Median age (y) 40 (17-77) [33-52]

Enhancement category

Nonenhancing 174 34

Patchy enhancing 89 28

Rim enhancing 25 20
Tumor location category

Front or insula 163 24

Other* 113 45

Thalamus or brainstem® 14 13
Absence of calcification!

Noncalcified 225 70

Calcified 31 4
Absence of cyst or cysts

Noncystic 189 73

Cystic 101 9
Hemorrhage*

None 238 63

Petechial 7 5

Macroscopic 11 5
T2-weighted FLAIR mismatch

Present 51 0

Absent 239 82
Diameter**

=6 cm 121 32

<6 cm 162 43

58.50 (20-77) [24.25]

107* 101
35 (17-66) [13] 40 (19-76) [13.50]

77 63
28 33

0 5
69 70
37 31

1 0
94 61

4 23
58 58
49 43
96 79

2 0

2 4
46 5
61 96
47 42
60 59

chromosome 19, IQR = interquartile range.
" The lesion was located in the frontal lobe or the insula.

§ The lesion was located in the thalamus or the brainstem.

Note.—The study sample included 290 patients (169 men and 121 women). Data in parentheses are range and data in brackets are interquartile
range. FLAIR = fluid-attenuated inversion recovery, IDH = isocitrate dehydrogenase, IDH" = IDH wild type, IDH™"/1p194™ = IDH
mutant and /p19q intact, IDH™"/1p194*' = IDH mutant with synchronous deletion of the short arm of chromosome 1 and long arm of

*Two patients within the /DH™/1p19q™ group had no postcontrast imaging available for assessment.
#The lesion was in a location other than the frontal lobe, insula, thalamus, or brainstem.
I Calcification status was evaluated as uncertain in a total of 34 patients.

* Hemorrhage status was evaluated as uncertain in a total of 34 patients.
** Single largest tumor diameter could not be clearly measured in a total of seven patients.

agent administration, and one patient was excluded because
of both absent contrast agent administration and uncertain
calcification status.

An alternative model (model B), derived by the same
backward elimination method (except for not considering
calcification status), performed nearly as well, achieving a cor-
rect classification of /DH status in 259 of 285 (90.9%; 95%
CI: 88%, 94%) gliomas (AUC, 0.94; 95% CI: 0.93, 0.98).
In the design of model B, the variable 7o_calcification was in-
tentionally not entered to replicate the clinical situation where
this information might be unavailable. Model B consisted of
ADC, -to-ADC_,,, ratio, age in years + age® (joint term),
enhancement pattern, tumor location category, and absence of
tumor cyst or cysts. For additional details on the logistic re-
gression analysis, please see Table E6 (online). The diagnostic
contribution from age and tumor morphologic structure is in
Figures 6 and 7.

116

Test Sample

‘The numerical results from the study sample were transcribed
into a software formula (Microsoft Excel for Mac version 14.5.2,
Microsoft; see Note in Table 2) to calculate the /DA™ status
probability for individual patients with glioma in the sub-
sequent test sample.

In the sample of patients with newly diagnosed glioma (7 =
49; nine patients with I[DH"™, 21 patients with IDH™"/1p194™,
and 19 patients with /DH™/1p194"), the single blinded rater
(A.A.B.) replicated the method of the main study. In cases of
uncertainty regarding calcification (% = 5), the term 7o calcifi-
cation was specified to permit results calculation.

Model A correctly classified /DH mutational status in 40
of 49 gliomas (82%:; 95% CI: 71%, 93%), with 89% sensitivity
and 80% specificity. Model B predicted /DH status in 42 of 49
(86%; 95% CI: 76%, 96%) gliomas, with a lower sensitivity of
67% but greater specificity of 90%.
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Figure 4:  Boxplot shows differences in the apparent diffusion coefficient (ADC) values
(mean ADC [ADC___ ]-to—normal-appearing white matter ADC [ADC,,,,.,]
World Health Organization grade I1/11l glioma molecular subtypes in the study sample
(82 wild-type isocitrate dehydrogenase [IDH; IDHw1]; 208 IDH mutation [IDHmut; 107
IDHmut/ 1p19gint, and 101 IDHmut/ 1p 19gdel).

ratio) between

Table 2: Univariable and Multivariable Binomial Logistic Regression Results for Prediction of Gli IDH"* Status in the Study
Sample versus IDH™'/1p19q™ or IDH™'/ 1p19q

Univariable Analyses Multivariable Model A Multivariable Model B
Parameter B Level P Value B Level P Value B Level P Value
ADC_t0-ADC,, rato  —44 <001 =57 (=8.1, —3.4) <001 —32(—49,—16) <001
Age (y) .09 <.001 —.05(—.31,.21) 71 —.1(=.3,.11) 37*
Age? (y) .01 <.001 .002 (.04 - 1072, .004) 21 .002 (.04 - 1072, .004) .09*
Enhancement (categorical)
Nonenhancing Ref Ref Ref Ref Ref Ref
Patchy enhancing .64 .03 —.32 (—1.44, .81) 58 —.41(—1.4,.6) 4
Rim enhancing 2.8 <.001 2.96 (.57, 5.34) .02 1.7 (.3, 3.1) .02
Tumor location category
Front or insula’ Ref Ref Ref Ref Ref Ref
Other* 1.3 <.001 78 (—.21, 1.76) 12 9 (.05, 1.7) .04
Thalamus or brainstem® 43 <.001 3.6 (.9, 6.3) .01 3.6 (1.3, 6.0) .002
Absence of calcification 1.1 .045 4.3 (2.01,6.7) <.001 NA
Absence of cyst(s) 1.9 <.001 NA 1.2 (.2,2.2) .02
Constant NA 2.2(—4.9,9.4) 54 3.1(—2.8,9.0) 31
R NA 75 .65

Note.—Data in parentheses are 95% confidence intervals. Numbers were rounded by one digit for publication. There were 82 patients in
the study sample, 107 patients in the /DH™/1p10q™ group, and 101 patients in the ZDH™"/1p19q* group. By using the multivariable regression
results, a formula was designed to calculate the likelihood of wild-type isocitrate dehydrogenase (/DH) status for individual patients with
glioma. The log odds ratios for models A and B are as follows: [L, = (=5.71 X ADC__ -to-ADC, . ratio) + (—0.05 X age) + (0.002 X
age?) + (—0.32 X solid contrast enhancement) + (2.96 X rim contrast enhancement) + (0.78 X tumor location = other) + (3.58 X tumor
location in thalamus or brainstem) + (4.34 X absent calcification) + 2.24] and [L = (-3.23 X ADC__ -to-ADC,,,, ratio) + (—0.1 X age) +
(0.002 X age?) + (—0.41 X solid contrast enhancement) + (1.66 X rim contrast enhancement) + (0.86 X tumor location = other) + (3.64 X
tumor location in thalamus or brainstem) + (1.17 X absent cyst or cysts) + 3.07], respectively, where solid contrast enhancement and rim
contrast enhancement pattern is 1 if present, 0 if absent, with each tumor assigned to one contrast enhancement category only; tumor location
is 1 if in this category, 0 if not in this category; and calcification (model A)/cyst or cysts (model B) is 1 if present, 0 if absent (note the reversal

is intentional). The probability of IDH" was calculated for models A and B by using the following equation: 1/(1 + ¢7%), where L is the
relevant log odds ratio. ADC = apparent diffusion coefficient, ADC,_ = mean ADC, ADC, ., = ADC of normal-appearing white matter,
IDH™ = IDH mutation, IDH" = wild-type IDH, NA = not applicable, Ref = reference category.

* Age and age? are considered joint terms, hence a joint significance test was applicable. This was significant at 2 < .001, which combined
with the likelihood ratio test confirmed a significant contribution of age to the prediction model.

T Indicates that the lesion was in the frontal lobe or the insula.

*Indicates that the lesion was in a location other than the frontal, insula, thalamus, or brainstem.

$ Indicates that the lesion was located in the thalamus or the brainstem.
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Figure 5: Univariable and multivariable logisfic regression analysis to predict isocitrate dehydrogenase (IDH)

status in the study sample (82 wild-type IDH [IDH"] and 208 IDH mutation [IDH™;107 IDH™/1p19q™ and 101
IDH™/ 1p19q™/). (@) Receiver operating characteristic curves show age and selected imaging features to predict (ID-
H*) glioma and (b) receiver operating characteristic curves of the multivariable probabilities for model A and B from
Table 2 show similar model performance. Model A consisted of mean ADC [ADC,__ )-to—ADC in normal-appearing

white matter (ADC.

NAWM

) rafio, age in years + age? (joint term), enhancement pattern, tumor location category (three

groups: frontal or insula region, thalamus or brainstem, or elsewhere), and absence of calcification. Model B consisted of

ADC  -10-ADC
of tumor cyst or cysts.

Of the IDH™" gliomas that were erroneously diagnosed as
IDH" (eight gliomas by using model A and four gliomas by us-
ing model B), 75% (six of eight and three of four, respectively)
were [DH™/1p194" with an average ADC,__ -to-ADC,
ratio of 1.43 (ranging from 1.21 to 1.76). One IDH™"/1p194™
astrocytoma  with an ADC, _ -to-ADC_,,, ratio of 1.84
was misclassified by both models in an elderly patient (age, 81
years), and one anaplastic /DH™"/1p194™ astrocytoma with an

rafio, age in years + age? (joint term), enhancement pattern, tumor location category, and absence

ADC,  -t0-ADC,,, ratio of 1.46 was misclassified by model A
alone. The IDH"" gliomas erroneously predicted as /DA™ tumors
(one of nine, model A; three of nine, model B) had ADC,  -to-
ADC_ i, ratio values of 1.73-1.87. At subsequent review, all
misclassified /DH*" tumors exhibited a gliomatosis growth pattern
with diffusely T2-weighted hyperintense infiltration of three or
more lobes. In one /DH™ glioma, the comparison ADC Ol

NAWM R
was sited in artifact (Nyquist ghost of scalp fat).
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Figure 6: Images in a patient in whom the contribution of age and glioma morphologic structure resulted in correct isocitrate dehydrogenase (IDH) status classification over
apparent diffusion coefficient alone. (@) T2-weighted, (b) fluid-attenuated inversion recovery, (€) apparent diffusion coefficient (ADC), and (d) T1-weighted gadolinium
chelate—enhanced images in a male patient age 75 years with an IDH wild-type glioma tumor with high solid component diffusivity (nean ADC—to—ADC in normal-

appearing white matter ratio, 2.19) and a rim-enhancement pattern

a.

é: d.

Figure 7: Images in a patient in whom the contribution of age and glioma morphologic structure resulted in correct isocitrate dehydrogenase (IDH) status classification
over apparent diffusion coefficient (ADC| alone. (@) Noncontrast-enhanced CT, (b) T2-weighted, (¢) ADC, and (d) T1-weighted gadolinium chelate —enhanced images
in a male patient age 45 years with a calcified IDH mutant/ 1p19g codeleted oligodendroglioma (mean ADC—to—ADC in normal-appearing white matter rafio of 1.07).

Discussion

In this study, the combination of apparent diffusion coefficient
(ADC) region of interest measurements (mean apparent diffusion
coefficient [ADC; ADC__ ]-to—normal-appearing gray matter
ADC [ADC_,,,] ratio) and morphologic descriptors (enhance-
ment, calcification, and cyst formation) measured at standard
MRI (10) permitted isocitrate dehydrogenase (/DH) genotyping
of lower-grade gliomas (area under the receiver operating charac-
teristic curve [AUC], 0.94-0.96; study sample, 290 patients). Two
models, model A (mandating calcification result) and model B (re-
cording cyst formation), were developed, which correctly classified
IDH status with similar accuracy (82% and 86%, respectively) in
a previously unseen test sample (72 = 49) of World Health Organi-
zation II/III gliomas. By using ADC values alone, significant dif-
ferences were observed between /DH mutation (/DH™*)/ 1p194™*,
IDH™"/1p194™, and IDH wild-type (IDH™) glioma subtypes (P
< .001), but the /DH status prediction was less precise (AUC,
0.83 for ADC__ -to-ADC_,,, ratio).

Volumetric (12,14) and region-derived minimum (11) and
mean (14) ADC measurements were previously used to estimate
WHO grade II/11I glioma IDH status. Our study confirms excel-
lent (intraclass correlation coefficient, 0.83—0.96) interobserver
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agreement for ROI measurements, consistent with the reproduc-
ibility of ADC values described in other cancer research (21).
Whereas ADC values are independent of hardware and field
strength at fixed parameters (22), the use of a ratio offers
the further advantage of being vendor neutral. Drawing one
maximum-size round ADC__ ROl in the largest tumor cross-
section is considered feasible on most clinical workstations.
Good reproducibility was shown previously for two observers
by using ADCmm—to—ADCNAWM ratio regions of interest, rep-
resentative of entire lesion volumetric measurements (14).
In our analysis, three observers used the technique in the study
sample, and one observer in the test sample, amounting to
a total of six different observers between the studies. It is hy-
pothesized that most lower-grade gliomas are sufficiently ho-
mogeneous to make such ROI measurements reliable.

When testing ADC  -to-ADC,,, ratio for IDH typing,
we confirmed a threshold in the region of 1.8 (14), applicable to
solid tumors with or without contrast enhancement. ADC val-
ues appear unreliable for /DH typing in rim-enhanced necrotic
gliomas even when measured in macroscopically solid com-
ponents, which mirrors a previous study (23) of WHO grade IV
glioblastoma.
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The accuracy of ADC_ -to-ADC, . ratio alone for
predicting WHO II/III grade glioma /DH status in our study
(AUC, 0.83 across all tumor morphologic characteristics)
exceeded that of published approaches by using multishell
diffusion (neurite orientation dispersion and density im-
aging; AUC maximum, 0.76) (24) and diffusion kurtosis
(AUC maximum, 0.72 [25] and 0.79 [26]). The ADC -to-
ADC,,, ratio was a highly significant predictor (2 < .001)
in both multivariable models, indicating a strong inverse re-
lationship between ADC and the likelihood of /DH"" status.

Because the qualitative description of glioma features is
subjective, we limited the statistical modeling to morphologic
categories with substantial agreement such as tumor location.
Frontal glioma location has repeatedly been associated with
IDH™" status (27,28). Gozé et al (29) found 100% of insula-
centered low-grade gliomas to be /DA™, In our study, both
locations were similarly associated with a greater likelihood of
IDH™" status, which is also consistent with a report by Xiong
et al (30). Conversely, we confirmed that thalamic or brain-
stem location is predominantly a feature of /DH", which
may variably be associated with malignant glioma mutations
such as H3 K27M (31).

In our study, the presence versus absence of solid enhance-
ment was not consistently associated with IDH status (mul-
tivariable P = .41-.58). However, glioblastoma morphologic
characteristics featuring rim enhancement was a predictor of
IDH"" status. We did not test percentage enhancement, which
in a study by Delfanti et al (27) failed to predict /DH type.

The absence of calcification strongly correlated with ZDH*™
status and negatively with 7p794%! at univariable analysis.
In a study by Kanazawa et al (18), both calcification and cysts
were significantly related to IDH™/1p194*!. We hypothesize
that in many patients undergoing CT at diagnosis, consistent
availability of this and/or susceptibility-weighted imaging
could further increase observer certainty and concordance.
In keeping with our observations (model B), absence of cysts
has been proposed previously as an IDH" glioma feature (32).

In our study sample, there was no association between multi-
focality and /DH status, which was recently proposed as a feature
predictive of IDH* in WHO grade II glioma (33). Our results
support that the T2-FLAIR mismatch sign is a specific feature
of IDH™[1p194™ status. However, the interobserver agree-
ment was moderate (k = 0.44-0.62), closer to the lower 95%
CI bound (k = 0.53) of the original publication by Patel et al (20).
The T2-FLAIR mismatch sign did not directly predict /DH sta-
tus because all molecular glioma subtypes can lack this feature.
For nonenhancing margin definition, the agreement was moder-
ate, meaning that although /DH*" gliomas are less well demarcated
(16,34), subjectivity and overlap with IDH™/1p194*" indistinct
margins (35) limit the reproducibility of this feature.

Our study had some limitations, including its retrospective
design and that it lacked a definitive calcification result in a pro-
portion of patients. Both models may have a misclassification
risk for low diffusivity IDH™/1p 194" oligodendrogliomas and
for IDH™ tumors exhibiting a T2-weighted and ADC hyperin-
tense gliomatosis growth pattern. We have not tested the models
on WHO grade IV gliomas.

120

In conclusion, the combination of mean apparent diffusion
coefficient (ADC)-to—normal-appearing white matter ADC
ratio, tumor morphologic characteristics, and age predicted the
presence of isocitrate dehydrogenase (/DH) wild-type glioma ver-
sus /DH mutation tumor types with high accuracy.
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Background: To assess anatomical and quantitative diffusion-weighted MR imaging features in a recently
classified lethal neoplasm, H3 K27M histone-mutant diffuse midline glioma [World Health Organization
(WHO) IV].

Methods: Fifteen untreated gliomas in teenagers and adults (median age 19, range, 14-64) with
confirmed H3 K27M histone-mutant genotype were analysed at a national referral centre. Morphological
characteristics including tumour epicentre(s), T2/FLAIR and Gadolinium enhancement patterns,
calcification, haemorrhage and cyst formation were recorded. Multiple apparent diffusion coefficient (ADC,;,,
ADC,,.,,) regions of interest were sited in solid tumour and normal appearing white matter (ADCyawyy) using
post-processing software (Olea Sphere v2.3, Olea Medical). ADC histogram data (2™, 5%, 10" percentile,
median, mean, kurtosis, skewness) were calculated from volumetric tumour segmentations and tested against
the regions of interest (ROI) data (Wilcoxon signed rank test).

Results: The median interval from imaging to tissue diagnosis was 9 (range, 0-74) days. The structural
MR imaging findings varied between individuals and within tumours, often featuring signal heterogeneity
on all MR sequences. All gliomas demonstrated contact with the brain midline, and 67% exhibited rim-
enhancing necrosis. The mean ROI ADC,;, value was 0.84 (£0.15 standard deviation, SD) %107 mm’/s. In
the largest tumour cross-section (excluding necrosis), an average ADC,,, value of 1.12 (0.25)x10~ mm"/s
was observed. The mean ADC,;,nawy ratio was 1.097 (x0.149), and the mean ADC,,.,,,xawy ratio measured
1.466 (+0.299). With the exception of the 2" centile, no statistical difference was observed between the
regional and histogram derived ADC results.

Conclusions: H3 K27M-mutant gliomas demonstrate variable morphology and diffusivity, commonly
featuring moderately low ADC values in solid tumour. Regional ADC measurements appeared representative

of volumetric histogram data in this study.
Keywords: Glioma; histones; diffusion magnetic resonance imaging
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Introduction

Diffuse midline gliomas are brain tumours with a mean
survival of approximately 9 months from diagnosis (1,2).
Midline gliomas may arise anywhere near the cerebral or
infratentorial brain midline and occasionally develop in the
spinal cord (3,4). They demonstrate overlapping anatomical
features with the now discontinued World Health
Organization (WHO) category of diffuse intrinsic pontine
glioma (DIPG) (5).

In 2012, aberrations in a regulatory histone gene (H3)
resulting in an amino acid substitution from lysine to
methionine (K27M) were discovered in up to 40% of
paediatric glioblastomas (6,7). H3 K27M mutations have
since been identified as a key genetic trait of midline
gliomas, present in up to 80% of childhood DIPG cases
and associated with a dismal prognosis (mean survival
0.73 years) compared to midline gliomas lacking
a histone mutation (mean survival 4.6 years) (2,8).
Although H3 K27M-mutant gliomas tend to manifest at
a much younger age (median 10.5, range, 5-23 years) (3)
than conventional glioblastoma, they also develop in
adults across a wide age spectrum with exceptionally poor
survival (9-11).

Histones are nuclear protein complexes, which condense
and structure chromosomal DNA into functional units
with the potential to modify gene activity (12). Histone
octamers, consisting of paired H2A, H2B, H3, and H4
subunits, contain terminal protein terminals as the access
point for post-translational modification (6). It has been
hypothesised that the genetic code and spatial orientation
of these histone terminals direct epigenetic processes,
including DNA repair and cell proliferation. Because
sixteen nearly identical genes encode histone H3, it is
incompletely understood how mutations in a single H3 gene
produce tumour growth (13). The transcriptomic profile
of H3 K27M resembles mid to late fetal stages of thalamic
and corpus striatum development, which could explain the
associated tumour locations (3). Consistent with the genetic
signature of childhood glioblastoma, adult histone-mutant
gliomas are isocitrate dehydrogenase (IDH) wild-type,
but may exhibit loss of alpha-thalassaemia-retardation-X
(ATRX) gene expression and chromosome 10q loss (14). H3
K27M-mutant gliomas in most cases display histological
features of glioblastoma, or progress rapidly if discovered
in the low grade stage. A distinct entity ‘diffuse midline
glioma, H3 K27M-mutant, WHO grade IV’ has been newly
adopted into the latest 2016 WHO Classification of Central

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Nervous System (CNS) Tumours, thereby replacing the
previous (DIPG) nomenclature (15). Imaging is essential in
the investigation of H3 K27M-mutant gliomas to estimate
the tumour extent, and because the diagnosis may be
considered based on lesion site. The deep location within
eloquent structures poses a risk to biopsy, in a situation
where a rapid diagnosis is required. Midline gliomas may
present with obstructive hydrocephalus and critical mass
effect (16), particularly if enclosed in the infratentorial
compartment. To date, no distinctive structural imaging
feature has been identified for histone-mutant gliomas (17).
Several MR imaging descriptions exist for DIPG prior
to the integrated 2016 WHO diagnosis; it is likely that
a substantial proportion of this literature applies to H3
K27M-mutant glioma, but few imaging reviews address
the new entity specifically (18). Reduced diffusivity is a
well-known feature of cellular gliomas (19) and has been
observed as a poor prognostic predictor in DIPG (20). We
aimed to analyse morphological and diffusion-weighted
imaging data in genotypically confirmed H3 K27M-mutant
gliomas, derived from preoperative clinical studies.

Methods
Patient cobort

Institutional ethics approval was obtained, with informed
consent waived due to the nature of the disease and
retrospective analysis.

Since the classification of H3 K27M histone-mutant
glioma (15), 15 individuals aged 14-64 years (median
19 years, 9 female) with a proven diagnosis were treated at
our specialist brain tumour unit (between 2016 and 2019).
In all cases, MR imaging acquired prior to tissue diagnosis
and treatment was analysed.

Histopathology and molecular analysis

All tissues were fixed in formalin for at least 4 hours,
followed by processing through graded alcohols and xylene,
to paraffin according to standard practice in histology
laboratories; 4 pm thick sections of the formalin fixed
paraffin embedded samples were mounted on glass slides.
All samples were examined initially on haematoxylin
and eosin stained sections, followed by immunostaining
according to routine diagnostic protocols, including
antibodies against IDH1 (R132H), H3 K27M, and ATRX,
and Ki67 on a Roche Ventana benchmark platform (21-23).
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Figure 1 Histological and immunohistochemical features of histone H3 K27M mutant midline glioma (case 15). (A) Tinctorial stain with

haematoxylin and eosin shows a moderately cellular glial tumour with relatively monomorphic nuclei. (B) immunohistochemical staining for

glial fibrillary acidic protein (GFAP) shows labelling of most tumour cells which are arranged along glial fascicles. (C) Loss of expression of

the ATRX protein: brown stained nuclei indicate residual (local) cells with retained ATRX expression whilst tumour cells (blue counterstain)

have lost ATRX expression. (D) Immunostaining for mutant histone H3 K27M. The antibody detects the mutant protein only, thus labels

all nuclei of tumour cells but not of vascular cells or local glial cells. Scale bar corresponds to 180 pm in (A,C,D) and 360 pm in (B).

Molecular analysis was carried out to confirm the histone
mutation according to published protocols (24). All tissue
samples fulfilled the histological and molecular criteria for
diffuse midline glioma, H3 K27M-mutant (WHO IV). A
histopathology imaging example is shown in Figure 1.

MR imaging data

Because our institution represents a quaternary referral
centre, the MR imaging studies were performed on several

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

1.5T (n=10) and 3T (n=5) systems, consisting of T2-
weighted (T2w), fluid-attenuation inversion recovery
(FLAIR), pre- and post-gadolinium T1-weighted (T'1w),
+/- T2*/susceptibility-weighted (SWI) sequences, and
3-directional diffusion-weighted MRI (DWI) with two b
values of 0-1,000 mm’/s, and in some cases an additional
b500 mm’/s value under the presumption that adding an
intermediate image at exactly half the highest b-value will
not change the calculated apparent diffusion coefficient
(ADC) (25). The conventional imaging parameters were
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as follows: T2w (TR/TE, 3,000-6,270/80-380 ms; FOV,
179-231 mm x 220-287 mm; slice thickness, 1-6 mm;
matrix, 256-512 x 226-532), FLAIR (TR/TE, 6,000-
11,000/81-363 ms; T1, 2,370-2,800 ms; FOV, 193-240 mm
x 239-298 mmy; slice thickness, 1-6 mm; matrix, 256-328 x
151-241), pre and post contrast-enhanced T1w (TR/TE,
5.25-2,020/1.65-15 ms; FOV, 193-280 x 240-348 mm; slice
thickness, 0.9—6 mm; matrix, 256 x 192-256), T2* (TR/TE,
788-857/16-26 ms; FOV, 195-230 mm x 42-286 mm; slice
thickness, 5 mm; matrix, 256-320 x 168-256), SWI (TR/
TE, 25-49/19-49 ms; FOV, 185-230 mm x 230-286 mm;
slice thickness, 1.5-2 mm; matrix, 256-320 x 163-256),
and DWI (TR/TE, 3,078-11,500/55-102 ms; FOV, 210-
240 mm x 261-298 mmy; slice thickness, 2.5-6 mm; matrix,
84-192 x 84-192).

ADC quantification

ADC maps were calculated using clinically integrated post-
processing software (Olea Sphere v2.3, Olea Medical). Two
board certified neuroradiologists with subspecialisation in
neuro-oncology (ST 5-year experience and CM 10-year
experience) in consensus placed ADC regions of interest
(ROIs) according to published methods (26-28); three small
(30-40 mm’) ROTs were sited in the visually perceived
lowest ADC portions of each H3 K27M-mutant glioma
on one or more image slices. The mean value of the
lowest ADC measurement was designated the minimum
ADC value (ADC,,,) (28). One ROI (ADC,,,,) was then
placed to cover most of the largest axial tumour cross-
section as reported in (27), taking care to exclude necrosis,
macroscopic haemorrhage and lesion margins. For
comparison, an additional ROI was placed into normal
appearing centrum semiovale white matter (ADCyywa)-
Absolute ADC values, as well as ADC,,;,/xawn and
ADC,../xawn ratios were calculated blinded to published
thresholds (29) and at an interval to ROI siting to minimise
bias. Subsequently, volumetric segmentations (excluding
macroscopic necrosis) were completed for each whole
tumour in order to produce ADC histogram data. For this,
volumes of interest (VOIs) were drawn onto the b0 images
in Olea Sphere v2.3 with an automated VOI copy generated
on the ADC map. From the ADC volume, a cumulative
ADC histogram was generated for each glioma. Statistical
testing (Wilcoxon signed rank test for related samples)
was performed in SPSS 25 (IBM, New York) to assess for
differences between the ROI and VOI histogram derived
ADC values.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Visual rating

Tumour location was specified according to the
predominant site(s) of expanded tissue abnormality. A
T2w-based manual segmentation of each whole lesion
was performed to measure tumour volumes. T2w/FLAIR
signal characteristics were described, whereby the ability
to draw around the lesion on T2w/FLAIR was designated
as distinct margin and uncertainty regarding lesion borders
as indistinct. Haemorrhage was assessed by inspecting
non-contrast T1w and T2w. CT, T2* and/or SWI were
taken into consideration, where available. Enhancement
patterns were classified as non-enhancing, solid or rim-
enhancing. Rim-enhancement surrounding central necrosis
was distinguished from cysts, defined as central fluid signal
isointense to CSF with absent or minimal contrast uptake.
If hydrocephalus was present, it was documented if this was
severe enough to require shunting.

Results
Clinical findings

Symptoms of raised intracranial pressure, motor deficits,
and seizures, alone or in combination, were the most
frequent clinical manifestations identified in the patient
group. Other signs included acute onset squint, double
vision, swallowing difficulties slurred speech and abnormal
gait. Behavioural and mental changes were common in
individuals with thalamic tumours. Several patients showed
signs of cognitive dysfunction (i.e., language, attention,
executive functioning), with deterioration of handwriting
and/or speech. Overall, the presenting clinical features
appeared predominantly dependent on tumour location,
without any H3 K27M-specific symptomatology.

ADC quantification

The median interval between the imaging and tissue
diagnosis was 9 days (range, 0-74 days). Tuble 1 shows
the ADC values obtained in 15 gliomas. The solid
tumour ROI ADC,;, results measured a mean of
0.84 (£0.15 standard deviation, SD) x10” mm?/s. The
solid tumour ROI ADC, ., values within the largest cross-
section had a mean of 1.12 (20.25)x10” mm’/s. A mean of
0.76 (£0.06)x10° mm’/s was observed for the ADCyuwu
values. The ROI ADC,,;,/nawy ratio values measured a
mean of 1.097 (£0.149), and for the ROI ADC,...xawm
ratio the mean was 1.466 (£0.299). Tuable 2 shows the

Quant Imaging Med Surg 2021;11(1):43-56 | http://dx.doi.org/10.21037/qims-19-954

225



Quantitative Imaging in Medicine and Surgery, Vol 11, No 1 January 2021

Table 1 ADC (region of interest derived) measurements in H3 K27M histone-mutant glioma (ADC values displayed as x10” mm®/s)

47

Case number ADC,;, ADC,can ADCyawm ADC,;/nawm ratio ADC,car/nawm ratio Physiological MRI
1 0.79 0.94 0.80 0.987 1.183

2 0.74 0.86 0.76 0.977 1.135

3 0.79 1.36 0.79 1.009 1.727 18F-Cho avid
4 0.48 0.71 0.59 0.815 1.192

5 0.71 0.87 0.73 0.973 1.192

6 1.11 1.38 0.78 1.426 1.771

7 0.73 0.99 0.72 1.013 1.371 rCBV =5.9
8 0.88 1.34 0.74 1.187 1.818

9 0.90 0.98 0.81 1.111 1.212

10 0.95 1.33 0.83 1.145 1.595

11 1.01 1.42 0.81 1.245 1.751

12 0.85 1.16 0.76 1.112 1.527

13 1.04 1.07 0.84 1.236 1.280

14 0.80 0.92 0.78 1.028 1.179

15 0.85 1.48 0.73 1.185 2.051 rCBV =3.5
Mean (SD) 0.84 (0.15) 1.12(0.25) 0.76 (0.06) 1.097 (0.149) 1.466 (0.299)

ADC, apparent diffusion coefficient; SD, standard deviation.

Table 2 ADC histogram data derived from tumour volumetric segmentation in H3 K27M histone-mutant glioma (ADC values displayed as x 10" mm?/s)

Casenumber (Jhs O i e ADC s DO ey Kurtosis Skeuness
1 0.69 073 0.77 0.92 0.93 0.93 1.16 0.14 14.88 2.00
2 0.72 0.77 0.81 1.01 4.32 3.54 5.72 1.99 -1.38 -0.37
3 0.62 0.73 0.83 0.93 1.21 1.23 153 0.35 3.15 0.98
4 0.51 0.55 0.59 0.93 0.69 0.71 1.16 0.12 13.90 2.31
5 0.71 0.75 0.79 1.03 0.99 1.08 1.36 0.31 5.89 1.97
6 0.85 0.93 1.04 1.20 1.36 1.34 1.74 0.23 1.18 0.87
7 0.67 0.71 0.76 0.98 0.91 0.93 1.27 0.22 55.37 5.90
8 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
9 0.76 0.82 0.88 1.01 1.09 1.72 1.35 0.94 ~1.51 0.56
10 0.84 0.90 0.96 1.09 1.23 1.24 1.48 0.22 1.84 0.54
1 1.03 1.15 1.28 1.41 1.85 1.81 2.27 0.38 -0.60 -0.25
12 0.88 0.94 0.99 1.24 1.30 1.35 1.71 0.31 0.49 0.74
13 0.77 0.84 0.89 1.00 1.08 1.11 1.28 0.21 8.03 1.88
14 0.66 0.71 0.76 0.91 0.92 1.02 1.19 0.33 6.57 2.31
15 0.81 0.86 0.94 1.19 1.40 1.37 1.94 0.33 -0.40 0.12
Mean (SD)  0.75 (0.13) 0.81 (0.14) 0.88 (0.16) 1.06 (0.15) 1.38 (0.89)1.38 (0.69) 1.80(1.17)  0.43(0.49)  7.67 (14.72) 1.40 (1.58)

ADC, apparent diffusion coefficient; SD, standard deviation.
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Figure 2 ADC histograms in H3 K27M histone-mutant glioma. T2w image (A), post gadolinium T1w image (B), b0 DWI image (C) and

ADC map (D) demonstrating an example of glioma volumetric segmentation (case 10). Segmentations were performed on the b0 images

under view of the corresponding anatomical sequences, then copied onto the ADC maps in Olea Sphere v2.3 (Olea Medical). Images (E,E,G)

show ADC histograms in 3 different patients (case 10, case 11 and case 14). ADC, apparent diffusion coefficient.

results of the volumetric ADC histogram measurements.
Figure 2 shows an example of different ADC histogram
curves observed in the H3 K27M mutant glioma cohort.
A biphasic ADC distribution was evident in 2 histograms,
with one glioma (case 2) showing a high volumetric
ADC,,.., (3.54 mm’/s), likely due to inadvertent inclusion
of necrotic tissue. In one glioma (case 8), no histogram
could be produced due to missing data. A significant
difference (P=0.01) was only observed between the 2™
centile of the volumetric ADC histogram and the ROI
ADC,,;, values. The comparisons between ROI ADC,;, and
the 5" and 10™ histogram percentiles showed no statistical
difference (P=0.379 and P=0.177, respectively). No
difference was observed between ROI ADC, ;. nawwm ratio
and the ADCysy, percendionawy ratio measurements (P=0.421).
The comparisons between ROI ADC,,.,, and the histogram
ADC,, i.n and ADC,,,, were non-significant (P=0.576
and P=0.208). And no statistical difference was apparent
between ROI ADC,,.,,nawn ratio and the histogram
ADC,connawn ratio (P=0.60).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Structural MRI features

An overview of conventional imaging features is shown
in Table 3. All H3 K27M-mutant gliomas were in contact
with the brain midline (Figure 3). The lesion volumes
ranged from 9.2 to 103.1 cm’. The definition of the non-
contrast enhancing tumour margin appeared variable,
whereby most lesions demonstrated heterogeneous T2/
FLAIR signal. The observed T2/FLAIR heterogeneity
corresponded to visible differences in ADC signal, with
facilitated diffusion shown in necrotic glioma components.
None of the H3 K27M histone-mutant gliomas exhibited
a T2-FLAIR mismatch sign. Several tumours contained
haemorrhagic components (Figure 4), whereas calcification
was not identified, and only two tumours contained cysts.
Rim-enhancement surrounding necrosis was present
in 10/15 (67%) gliomas; 6/15 (40%) patients required
shunting for hydrocephalus. Two gliomas were imaged
with dynamic susceptibility contrast enhanced (DSC)
perfusion MRI (Figure 5), which revealed elevated relative
cerebral blood volume (rCBV) indicative of neovascularity.
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Figure 3 Locations of H3 K27M-mutant diffuse midline glioma. Case 1: T2w (A), ADC map (B), and post gadolinium T1w (C,D) images
in a patient with a thalamic glioma. Case 12: T2w (E), ADC map (F), and post gadolinium T1w (G,H) demonstrating a tectal plate tumour

epicentre. ADC, apparent diffusion coefficient.

In one case, "F-choline PET imaging was performed,
showing radioactive tracer accumulation within enhancing
tumour components (Figure 6).

Discussion

Few studies have investigated MR imaging findings in H3
K27M histone-mutant diffuse midline glioma, with most
radiological series to date only describing qualitative tumour
features (18,30). We quantified ADC values in H3 K27M-
mutant solid tumour components, and found diffusivity to
be variable, characterised by a relatively narrow spectrum of
ADC,,;, values.

Limited extracellular diffusion is recognised as a
hallmark feature of cancer, presumed to indirectly reflect
tissue cellularity (31). Low diffusivity has been reported

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in glioblastoma (19,32), in WHO grade II/III malignant
gliomas (33) and as an adverse prognostic biomarker in
DIPG (20).

The ADC,,;, and ADC,,.,, values in our H3 K27M-
mutant glioma cohort are consistent with previous findings
in glioblastoma (34). Many of the tumour ADC,,, values
were similar to normal appearing white matter (average
ADC,i,nawy ratio 1.097), which is in agreement with
published data on ADC quantification in malignant gliomas
(28,35). During their research into the conventional
imaging morphology of histone-mutant gliomas, Aboian
et al. observed reduced diffusion (unquantified) on
inspection (18), whereas in a recent larger (n=66) series
no restricted diffusion was reported (30). H3 K27M-
mutant gliomas reportedly have higher cell densities
and pronounced nuclear pleomorphism compared to
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Figure 4 Variable morphology of H3 K27M-mutant diffuse midline glioma. Case 4: T2w (A), ADC map (B), T1w (C) and post Gadolinium
T1w (D,E) images demonstrating a large, partially haemorrhagic tumour. Case 6: T2w (F), ADC map (G), FLAIR (H) and post gadolinium

T1w (1)) in a patient with a non-enhancing glioma. ADC, apparent diffusion coefficient.

glioblastoma types (36), which could give rise to the visual
observation. On the contrary, indolent low grade gliomas
typically show facilitated diffusion, evidenced by higher
absolute ADC and ADC ratio values (27).

Chen et al. recently compared ADC ROI measurements
in H3 K27M-mutant diffuse midline glioma (n=19) to a H3
K27M wild-type patient group (29). This study reported an
average ADC,;, of 0.734 (x0.120 SD) x10” mm’/s and an
average ADC,nawy ratio of 0.972 (£0.165)x10” mm’/s.
In our patient group, the results for ADC,;, [mean
0.84 (+0.15)x10”° mm?*/s] and ADC,,;,/xawm ratio [1.097
(£0.149)x10™ mm?/s] are slightly higher despite using a
similar ROI method. Furthermore, the majority of ADC,;,
[13/15 (87%)] and ADC,;,yxawm ratio [12/15 (80%)] values
in our research exceed the proposed ADC,;, threshold
(0.728x10° mm?/s) and ADC,;, naww ratio threshold (0.982),
respectively (29). This deviation may to some extent be
explained by technical factors, such as differences in DWI
acquisition and modelling. Observer dependence could
also play a role, although excellent reproducibility has been
demonstrated for region based glioma and NAWM ADC
measurements in prior research (27,37).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

In our study, less variability (smaller SD) was shown
for ADC,,;, compared to ADC,,,, values, both for the use
of the ROI based and the histogram technique. Given the
high proportion of necrotic lesions, when using a ROI
assessment the ADC,;, method (using several small ROIs)
appears technically more feasible to assess diffusivity
in midline gliomas. The placement of a single circular
ADC,,.., ROlin tumours with large portions of necrosis or
haemorrhage would invariably exclude parts of the lesion.
All (n=3) non-Gadolinium-enhancing, solid H3 K27M-
mutant gliomas exhibited ROI ADC,,,,nxawn ratio values
in the range reported for non-enhancing glioblastoma (27),
thus ADC,,.,, measurement could potentially be informative
for such cases. The regional NAWM ADC values measured
in our study showed the least variation (smallest SD) and
were numerically in keeping with previous research in
normal white matter (38).

The ROI parameters, specifically ADC,;, and ADC,,,,
xawa ratio, appeared representative of the 5™ and 10" ADC
histogram percentiles. Most tumour histograms showed
positive kurtosis and skewness, corresponding to the visually
perceived ADC heterogeneity. The clinical impact of
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Figure 5 Serial progression and perfusion features of H3 K27M-mutant diffuse midline glioma. Case 7: T2w (A), FLAIR (B), ADC map (C)

and post gadolinium T1w images (D) performed on admission showing a non-gadolinium enhancing tumour with ADC signal approximately

isointense to surrounding brain. The same patient after 7 months: T2w (E, featuring volumetric segmentation example), FLAIR (F), post

gadolinium T1w (G) and DSC perfusion-derived rCBV map (H) revealing interval progression with development of contrast enhancement

and pathologically raised blood volume (arrow). ADC, apparent diffusion coefficient; DSC, dynamic susceptibility contrast enhanced

perfusion MRI; rCBYV, relative cerebral blood volume.

diffusion findings in H3 K27M-mutant glioma remains yet
unknown; Aboian et al. recently compared ADC histogram
statistics between paediatric H3 M27M-mutant and wild-
type diffuse midline gliomas observing no difference (39).
Conversely, Su et al. were recently able to predict H3 K27M
glioma genotype using a FLAIR based machine learning
algorithm (40) without considering DWT features.

Whilst our study did not include specific testing of ADC
repeatability, recent evidence indicates that the majority of
diffusion MRI derived parameters, and in particular ADC,
are sufficiently robust across 1.5T and 37T scanners and
suitable for multi-centre clinical studies (41). Furthermore,
in the case of relative ADC measurements normalised to
unaffected white matter (ADC,,;,/nawy ratio and ADC,,.,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Nawn Tatio), any potential effect from scanner variation
would be minimised.

Variable T2/FLAIR characteristics, tumour border
definition and contrast patterns were encountered, with
solid and rim enhancement patterns coexisting. T2
hypointense glioma regions tended to correspond to low
ADC signal in keeping with features previously reported
for DIPG anaplastic components (42). Haemorrhage was
evident in one third of cases, which has been hypothesised
to represent a specific feature of H3 K27M-mutant gliomas
in the cord (43). The diversity of glioma features and lesion
volumes may reflect discovery at different time points
during the disease, as suggested by the serial morphology
change in case 7. High genomic instability has been
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A

Figure 6 Quantitative ADC measurement in H3 K27M histone-mutant glioma. T2w (A,B), post gadolinium T1w (C) and T1w/18F

choline PET fusion image (D) demonstrating a partially necrotic H3 K27M-mutant diffuse midline glioma (case 3) with considerable signal

heterogeneity on all image sequences. ADC maps in the same patient featuring superimposed ADC,,, (E,F), ADC,,, (G) and ADCywy (H)
regions of interest (ADC,;,=blue, ADC,,,,=red, ADCywy=yellow). ADC, apparent diffusion coefficient.

discovered in histone-mutant gliomas (7), which may be
associated with complex lesion architecture and imaging
changes over time.

As a limitation, this study did not perform a comparison
to other midline glioma genotypes. The cohort is small
due to the rarity of the disease and its recent [2016]
classification, which limits the generalisability of our results.
We minimized potential bias by working according to
published, reproducible ROI ADC quantification methods
whilst being blinded to published thresholds.

In summary, our analysis underscores the potential role
of diffusion-weighted MRI as a biomarker of H3 K27M-
mutant glioma. While low diffusivity appears to be a typical
feature of this tumour type, we observed a broader spectrum
of ADC,;, and ADC,;,xawn ratio values than previously
reported.

Conclusions

Heterogeneous morphology and diffusivity, commonly
featuring moderately low ADC values in solid tumour,
represents a quantifiable feature of H3 K27M-mutant

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

glioma. Regional ADC measurements appeared
representative of volumetric histogram data in this study.
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Abstract

Background: Advances in molecular diagnostics accomplished the discovery of two malignant glioma entities har-
boring alterations in the H3 histone: diffuse midline glioma, H3 K27-altered and diffuse hemispheric glioma, H3 G34-
mutant. Radiogenomics research, which aims to correlate tumor imaging features with genotypes, has not compre-
hensively examined histone-altered gliomas (HAG). The aim of this research was to synthesize the current published

data on imaging features associated with HAG.

irrespective of enhancement characteristics.

Methods: A systematic search was performed in March 2022 using PubMed and the Cochrane Library, identifying
studies on the imaging features associated with H3 K27-altered and/or H3 G34-mutant gliomas.

Results: Forty-seven studies fulfilled the inclusion criteria, the majority on H3 K27-altered gliomas. Just under half
(21/47) were case reports or short series, the remainder being diagnostic accuracy studies. Despite heterogeneous
methodology, some themes emerged. In particular, enhancement of H3 K27M-altered gliomas is variable and can
be less than expected given their highly malignant behavior. Low apparent diffusion coefficient values have been
suggested as a biomarker of H3 K27-alteration, but high values do not exclude this genotype. Promising correlations
between high relative cerebral blood volume values and H3 K27-alteration require further validation. Limited data on
H3 G34-mutant gliomas suggest some morphologic overlap with 1p/19g-codeleted oligodendrogliomas.

Conclusions: The existing data are limited, especially for H3 G34-mutant gliomas and artificial intelligence tech-
niques. Current evidence indicates that imaging-based predictions of HAG are insufficient to replace histological
assessment. In particular, H3 K27-altered gliomas should be considered when occurring in typical midline locations

Keywords: Magnetic resonance imaging, Radiogenomics, H3 K27M-altered glioma, H3 G34-mutant glioma

Introduction

Advances in molecular diagnostic methods have
improved the distinction of brain tumors based on char-
acteristic genetic abnormalities, which has been reflected
in the 2016 update to the World Health Organization

*Correspondence: arian.lasocki@petermac.org

" Department of Cancer Imaging, Peter MacCallum Cancer Centre, Grattan St,
Melbourne, Victoria 3000, Australia
Fulllist of author information is available at the end of the article

B BMC

(WHO) Classification of Tumors of the Central Nerv-
ous System (forthwith referred to as WHO 2016) and the
more recent 2021 WHO Classification (forthwith WHO
2021). WHO 2016 introduced the entity diffuse midline
glioma, H3 K27M-mutant, which typically occurs in chil-
dren and young adults, in characteristic midline loca-
tions (in particular, thalamus, brainstem and spinal cord)
[1]. A midline location is critical for the diagnosis of this
neoplasm, and hence the diagnosis cannot be applied to
tumors which demonstrate an H3 K27M mutation but
occur elsewhere in the brain [2]. Subsequently, gliomas

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http//creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data
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with a similar demographic distribution characterized by
an H3 G34 mutation have been identified, however these
typically arise in the cerebral hemispheres, not in the
midline [3, 4]. Growing understanding of these tumors
has led to a diagnostic refinement in WHO 2021 [4], in
which the two groups are now diffuse midline glioma,
H3 K27-altered and diffuse hemispheric glioma, H3 G34-
mutant, respectively. Both are classed WHO grade 4
pediatric-type diffuse high-grade gliomas [4].

In parallel with our growing understanding of the
molecular mechanisms underlying gliomagenesis,
research has correlated imaging features, in particular
MRI, with key genetic alterations, known as “radiog-
enomics” or “imaging genomics” Given their much
higher incidence, the majority of this research has exam-
ined adult gliomas, predominantly targeting two key
genetic markers, IDH mutations and 1p/19q-codeletion
(combined loss of the short arm of chromosome 1 and
the long arm of chromosome 19) [1, 5], which are absent
in histone-altered gliomas (HAG). Earlier radiogenomics
research has utilized conventional imaging assessment
(“conventional radiogenomics”), while more recent work
has investigated augmentation with artificial intelligence
(AI) techniques (“Al radiogenomics”), including radiom-
ics [6] and deep learning.

Radiogenomics arguably has greater potential value in
HAG than in adult-type gliomas. This is particularly the
case for the H3 K27-altered group, given that their mid-
line location increases the morbidity risk associated with
obtaining a definitive tissue diagnosis. Because of their
rarity and recent discovery, large radiogenomics stud-
ies exploring features of HAG are currently limited, and
much of the existing literature consists of case reports
and short series. The lower incidence of HAG also makes
research into Al-augmented diagnostic methods particu-
larly challenging. The purpose of this systematic review
was to summarize the existing imaging literature on
HAG, with a view to identifying diagnostic trends and
targets for future research.

Materials and methods

This research was performed based on the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA-DTA) criteria for diagnostic accu-
racy studies [7]. Acknowledging the limited number
of larger series published at this time, case reports and
short case series were also examined, but exempt from
PRISMA-DTA.

Data sources
A systematic search was performed in March 2022
using PubMed and the Cochrane Library, identifying all

Page 2 of 26

relevant papers published at the time of the search. The
following search key words were used: (brain tumor OR
brain tumour OR glioma OR midline glioma OR diffuse
midline glioma OR pontine glioma OR DIPG OR brain
neoplasm OR brain cancer OR glioblastoma) AND (mag-
netic resonance imaging OR imaging) AND (histone OR
histone-mutant OR mutant OR mutation OR gene OR
H3 OR G34 OR K27M OR H3 OR H3.1 OR H3.3 OR
K27M OR H3 G34). The search was deliberately broad,
rather than explicitly searching for particular techniques,
in order to avoid biasing some techniques over others.

Study selection

The abstracts of all articles retrieved in the initial search
were screened independently by two reviewers (board-
certified radiologists with research experience in neuro-
oncology). All selected full text manuscripts were
reviewed independently by the same two reviewers. The
exclusion criteria were: no imaging interpretation; ani-
mal or laboratory measurements only; study confined to
technical comparison between different MRI acquisition
technique(s); studies restricted to predicting WHO his-
tological grade or light microscopic features by imaging;
or no English full-text. The major inclusion criterion was:
contains a description of imaging features associated with
diagnosis and/or prognosis of one or more histone-altered
glioma subtypes as defined in WHO 2016 or WHO 2021
(based on the search terms described above). References
for all studies fulfilling the above criteria were checked,
and if additional publications potentially met the criteria,
these were also assessed against the exclusion and inclu-
sion criteria as outlined above. Case reports with or with-
out literature review were included, provided that imaging
findings were described. In cases of disagreement, each
full text article was reviewed by a third (senior) reviewer
and the discrepancy was resolved by consensus.

Data analysis

The results of the included studies were documented
with the use of a data extraction form to derive the study
methods, study population, glioma mutation(s) identi-
fied, imaging findings, correlations and statistical results.
Greater detail regarding the data extraction table is pre-
sented in Table 1. Each of the reviewers independently
performed the full-text screening followed by the data
extraction with two reviewers analyzing each publication.
Discrepancies were resolved in consensus with a third
(senior) reviewer.

Study quality assessment
The study quality was examined using the Quality Assess-
ment of Diagnostic Accuracy Studies (QUADAS-2)
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instrument [55]. We evaluated concerns regarding appli-
cability in three domains (patient selection, index test
and reference standard) and the risk of bias in four dif-
ferent domains (patient selection, index test, reference
test and timing). Each study was independently assessed
for quality and potential bias by two reviewers. Disagree-
ments were resolved by consensus with a senior reviewer.
QUADAS-2 assessment was conducted on all original
research, but is not applicable to case reports.

Statistical analysis

Descriptive data are presented in form of a narrative syn-
thesis, because of the heterogeneity of reported imag-
ing features, assessment methods and lack of consistent
quantification.

Data synthesis

A total of 47 papers was identified after exclusions [8—54]
(Fig. 1). Just under half (21/47) of the included papers
were case reports or short series (up to three cases). The
majority of the publications (39/47) described only H3
K27-altered gliomas (typically reported as H3 K27M-
mutant, reflecting the recency of the change in nomen-
clature), two described both H3 K27-altered and H3
G34-mutant gliomas, and six reports included only H3
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G34-mutant gliomas (in one of these studies, K27-altered
were included as a comparator, but were not the focus of
the research [44]). The case reports generally described
‘novel’ features, for example previously undescribed
tumor locations, clinical behavior, patient demographics
or pathological features. Tumors varied between publi-
cations in terms of their histological grade. Despite the
mostly high-grade nature of HAG, several tumors with
grade 2 histology were described [9, 12, 24], highlighting
that the lack of high grade histological features does not
negate the need for appropriate molecular testing if the
tumor occurs in a typical location [17] or demographic.

Studies assessing larger numbers of patients varied
greatly in their method design. Patient demographics
were heterogeneous, with studies variably assessing pedi-
atric and/or adult patients. Several cohorts included only
HAG, thus were unable to compare imaging appearances
with H3-wildtype tumors in a similar location. The major-
ity of studies assessed MRI appearances, with or without
CT. Two series (one publication each for H3 K27-altered
and H3 G34-mutant gliomas) assessed PET (positron
emission tomography) using the amino acid tracer FET
(fluorine-18-fluoroethyl-L-tyrosine) [13, 15]. Three recent
papers assessed the use of MRI radiomics for predicting
H3 K27 status [38, 46, 47].

‘ n=104

Studies for abstract screening

g

No histone testing n=15

No imaging n=13

Conference abstract n=6
Review article n=6

Missing or insufficientimaging description n=4

Non-English n=2

Animal study n=1

Studies for full-text analysis n=57 I

Studies from reference lists n=2 l—b

Fig. 1 CONSORT diagram outlining included and excluded studies
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No imaging description n=3 |

Case report for histone-wild type n=1 |
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H3 K27-altered gliomas

Patient demographics

As would be expected according to incidence, the like-
lihood of H3 K27 mutations varied depending on the
age distributions within the study samples, with H3
K27-alteration being more common in younger age
groups. For example, 19 of 22 DIPGs in the pediat-
ric cohort reported by Giagnacovo et al. were H3 K27-
altered [29], while only seven (28%) of 25 adult brainstem
gliomas reported by Daoud et al. demonstrated H3
K27M mutations [17]. This is also well demonstrated by
the cohort of diffuse midline gliomas reported by Chen
et al., with H3 K27M-mutant patients being on average
15years younger than -wildtype patients [25]; a similar
finding was reported by Su et al. [50].

Tumor location

Marked heterogeneity in reporting and study design lim-
its assessment of the relative frequency of the different
locations. Several studies assessed only tumors in specific
locations, for example the pons (diffuse intrinsic pontine
glioma, DIPG) or spinal cord, while others included only
intracranial tumors. The reporting of tumor location was
also variable, for example whether a pontine location was
distinguished from other brainstem sites. Nevertheless,
the thalami and brainstem (in particular pons) are unam-
biguously the most common locations. The spinal cord
is the third-most-common location, though the data are
limited.

There were notable differences in tumor location
depending on the age group studied. The thalami were
the most common location in cohorts which either
largely or exclusively assessed adult patients [22, 25, 28,
46, 48]. In contrast, the brainstem was the most common
overall location in studies targeting a pediatric popula-
tion [10, 13, 31, 51]. Another common theme was that
most intracranial H3 K27-altered gliomas were located in
either the thalami or brainstem, while H3 K27-wildtype
tumors were relatively more evenly distributed across
midline locations [48, 51]. There are suggestions that the
likelihood of H3 K27-alteration is higher in the brainstem
rather than the thalami [48, 51], though this may relate
to a brainstem location being more common in younger
patients, who inherently have a higher likelihood of H3
K27-alteration. Two studies on spinal cord gliomas sug-
gest that H3 K27M mutations occur in approximately
half of cases, with 28/59 in one cohort [54] and 24/41 in
another [21].

Beyond demonstration of a midline location, as a key
diagnostic criterion [4], few anatomical characteristics
have been described to predict H3 K27 status. One study
by Chiba et al. subdivided their 10 pediatric thalamic
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gliomas (four H3 K27M-mutant) into three anatomical
groups: anterior, combined thalamic and internal capsu-
lar, and thalamopulvinar [39]. All four H3 K27M-mutant
gliomas in their cohort were thalamopulvinar, compared
to only one H3 K27M-wildtype, and this association was
statistically significant (p=0.0036) despite the low num-
ber of cases [39]. Chiang et al. found slightly different
rates of H3 K27M mutations in pontine tumors stratified
as “typical” DIPG (defined radiographically as a poorly-
demarcated, T1-hypointense and T2-hyperintense tumor
with mass effect occupying >75% of the axial diameter of
the pons; 50% H3 K27M-mutant), versus “atypical” DIPG
(35%) and non-DIPG with an extrapontine epicenter
(25%) [30]. Qiu et al. noted that all six of their H3 K27M-
mutant gliomas which only involved the brainstem were
located dorsally, though such tumors accounted for a
minority of their cohort (6/66) [22]. In a cohort of spinal
cord gliomas, neither the axial location (central vs eccen-
tric) nor longitudinal location (cervical, thoracic or lum-
bar) correlated with H3 K27M status [21].

Tumor margins and extent

Individual studies vary in their results, but both well-
and ill-defined tumor margins may occur. Fewer studies
have specifically assessed tumor size, though most H3
K27-altered appear to be relatively well demarcated. This
is supported by the radiomics study of Su et al., which
found that the maximal 2D slice diameter was signifi-
cantly lower for H3 K27M-mutant gliomas compared to
-wildtype tumors [38]. Nevertheless, these tumors can
occasionally be larger. For example, out of 66 H3 K27M-
mutant adult gliomas reported by Qiu et al., eight dem-
onstrated cerebral hemispheric infiltration together with
thalamic and/or brainstem involvement [22], and cases
of extensive H3 K27M-mutant gliomas in older patients
have been reported [33, 36].

Distant tumor spread was identified in several studies.
For example, Karlowee et al. observed dissemination and
remote recurrence in 75% of 12 H3 K27-altered gliomas
[28]. Of the 66 H3 K27M-mutant gliomas described by
Qiu et al., leptomeningeal and subependymal dissemina-
tion were noted in eight and three patients, respectively
[22]. According to publications, such dissemination gen-
erally occurred later in the disease course rather than
already being manifest at initial diagnosis, although
details remained unclear. A midline location itself was
associated with leptomeningeal dissemination [40],
however, thus it is unclear whether the biology of H3
K27M-altered gliomas predisposes to leptomeningeal
dissemination or whether this is simply related to their
location. One case report described extracranial HAG
metastases [41].
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Signal characteristics and contrast-enhancement

The data on signal characteristics, in particular con-
trast-enhancement, are highly variable, but it is clear
that H3 K27M-altered gliomas demonstrate a spectrum
of appearances, from a lack of enhancement to ring-
enhancement with central necrosis [10]. Thus, a lack of
enhancement should not dissuade from considering an
H3 K27M-altered glioma. Hohm et al. found that H3
K27M-mutant gliomas in their pediatric cohort were
more commonly T2-hyperintense and heterogeneous
than H3 K27M-wildtype tumors [51]. A different pediat-
ric study demonstrated significantly more enhancement
in H3 K27M-mutant tumors than -wildtype (p<0.05)
[40]. However, other studies found no statistically signifi-
cant differences in the degree of enhancement between
H3 K27M-mutant and -wildtype tumors [10, 17, 54].
Information on the specific contrast agent, contrast
dose and type of post-contrast T1-weighted imaging
sequence(s) used is generally lacking.

Hemorrhage

Results on the incidence of hemorrhage in H3 K27-
altered gliomas are variable, but overall this feature
seems to have limited predictive value. Hemorrhage was
the only imaging feature predictive of H3 K27M muta-
tion in a cohort of spinal cord gliomas, occurring in six
of 24 (25%) H3 K27M-mutant gliomas, compared to none
of the 17 H3 K27M-wildtype tumors (p=0.033) [21].
However, in another cohort of 59 spinal cord gliomas, the
rate of hemorrhage was almost identical (and marginally
higher in the wildtype group); the presence of a tumor
syrinx (being more common in H3 K27M-wildtype
tumors) was the only MRI feature with a statistically sig-
nificant difference in this study [54]. Similar variability
has been reported intracranially, though no other studies
have found a statistically significant difference in the rate
of hemorrhage between H3 K27-altered and -wildtype
tumors. Comparing across studies, there are sugges-
tions that hemorrhage may be more common in pediat-
ric patients than adults [22, 51], but this question has not
been specifically investigated.

Apparent diffusion coefficient values

Studies investigating apparent diffusion coefficient
(ADC) values have reported variable results, similar to
the variability in the conventional imaging appearances,
with a recurring trend towards H3 K27-altered gliomas
demonstrating lower ADC values. Chen et al. reported
that both tumoral and peritumoral apparent diffusion
coefficient (ADC) values were significantly lower in H3
K27M-mutant gliomas than -wildtype (ratio of minimal
ADC and ratio of peritumoral ADC combined, AUC
0.872) [25]. Another study also found lower ADC values
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in the peritumoral region of H3 K27M-mutant gliomas
[48]; ADC values within the tumoral region were lower
in H3 K27M-mutant tumors located in the thalami, but
this was not reproduced across their overall cohort [48].
A further study also noted that relative ADC histogram
parameters (15th, 25th, 50th and 75th percentiles) were
lower in the H3 K27M-mutant group [50]. In contrast, no
statistically significant correlations between ADC values
and H3 K27 status were identified in two other studies,
one having calculated mean, median, minimum and max-
imum ADC values and percentiles [26], the other having
examined average and minimum ADC values [40]. All of
the 66 H3 K27M-mutant gliomas reported by Qiu et al.
had low or moderate diffusivity, with none demonstrat-
ing diffusion restriction on visual inspection [22]. Thust
et al. reported moderately low ADC values in some H3
K27M-mutant gliomas, consistent with previous findings
in glioblastoma, but highlighted ADC variability [43].

Other advanced MRI techniques

Two out of the 15 H3 K27M-mutant gliomas reported
by Thust et al. were imaged with dynamic susceptibility
contrast perfusion, both demonstrating elevated rela-
tive cerebral blood volume (rCBV; 3.5-5.9) [43]. Kath-
rani et al. reported higher rCBV in H3 K27M-mutant
gliomas compared to -wildtype [48]. Su et al. noted
slightly higher rCBV in their discovery cohort, but this
was not replicated in the validation cohort [50]. The
authors also evaluated several MR Spectroscopy param-
eters, with lower myo-inositol/total creatine values in
the H3 K27M-mutant group being the only parameter
with statistical significance [50]. A multivariate model
developed from this research achieved AUC=0.976 in
the validation set, but this comprised only 13 patients
[50], thus the reproducibility of this model is unknown.

FET-PET

One study assessed the use of FET-PET in H3 K27-altered
gliomas [13]. Baseline TBR,,, (maximal tumor-to-back-
ground ratio) did not correlate with histological grade or
patient outcome, but was potentially useful to identify a
subsequent increase of >20% in TBR,,, which predicted
tumor progression and poor survival [13]. However, in
the case example provided, new contrast-enhancement
coincided with the increase in TBR,, [13], hence the
added diagnostic value of FET-PET is uncertain.

Radiomics

Kandemirli et al. investigated radiomics for the predic-
tion of H3 K27 status in a cohort of 109 tumors, com-
prising 50 H3 K27M-mutant and 59 -wildtype, with just
over half being pediatric cases [47]. Of the two models
investigated, better results were obtained using XGBoost

256



Lasocki et al. Cancer Imaging (2022) 22:63

with additional feature selection, which achieved an area
under the curve (AUC) of 0.791 in the training set and
0.737 for the test set [47]. Su et al. examined a similar
cohort, including 40 H3 K27M-mutant and 60 -wildtype
midline gliomas across pediatric and adult age groups,
using the Tree-based Pipeline Optimization Tool [38].
This study reported better results, with the best-per-
forming of the 10 models assessed yielding AUC 0.903
in the training cohort and 0.85 in the validation set [38].
Of note, the latter results were obtained utilizing only
the FLAIR sequence [38], while Kandemirli et al. incor-
porated multiple conventional sequences and ADC [47].
Li et al. used principal component analysis in a smaller
cohort, comprising 30 tumors, of which 16 were H3
K27M-mutant [46]. They observed overlap between H3
K27M-mutant and -wildtype types, with only cyst forma-
tion (favoring a H3 K27M-mutant tumor) showing a sta-
tistically significant difference between the two [46]. All
three of the above studies extracted features using PyRa-
diomics [38, 46, 47].

H3 G34-mutant gliomas

Only eight studies reported on H3 G34-mutant gliomas,
with small numbers. All cases were high-grade histologi-
cally, the majority grade 4 [11, 40, 42, 44, 53]. Yoshimito
identified four G34-mutant tumors amongst 411 con-
secutive gliomas (1.0%) of all ages, compared to 10 H3
K27-altered gliomas [11]. Picart et al. also had fewer H3
G34-mutant gliomas than H3 K27-altered tumors in their
cohort (17 compared to 32) [44]. In a pediatric cohort of
gliomas divided into midline and cerebral hemispheric
locations, H3 G34 mutations were demonstrated in seven
of 54 cerebral cases [40].

Tumor margins and location

All four of the H3 G34-mutant tumors reported by Yoshi-
moto et al. all had ill-defined tumor margins [11]. The
gliomas varied in location, and some involved deeper
structures such as the basal ganglia [11]. Five of the seven
H3 G34-mutant tumors in a pediatric cohort were ill-
defined, and tumor definition was significantly different
to non-midline H3 G34-wildtype tumors (the major-
ity being well-defined) [40]. Similarly, most of the 17 H3
G34-mutant gliomas reported by Picart et al. were ill-
defined [44]. Midline involvement was observed in four
of the patients in this cohort, but always as an extension
of a primarily hemispheric tumor [44]. In contrast, two
of the three H3 G34-mutant gliomas described by Kurok-
awa et al. were well-defined [53]. Similarly, in a series of
12 H3 G34-mutant gliomas, the tumors were most com-
monly large and well-delineated, with mild peritumoral
edema [20]. Leptomeningeal contact was observed in
all 12 [20]. Concordant with these results, the two H3
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G34-mutant described by Onishi et al. exhibited little
peritumoral edema given their large size [42].

Contrast-enhancement

Eleven of the 17 H3 G34-mutant gliomas reported by
Picart et al. demonstrated absent or faint contrast-
enhancement initially, but all eight of these which
received subsequent MRIs developed nodular or ring-
enhancement after a median of 2.6 months [44]. Some
other series have demonstrated relatively mild enhance-
ment [11, 42], while a range of enhancement patterns
have been reported in other cohorts [15, 20, 53]. As for
H3 K27-altered tumors, there is limited information on
the specific contrast agent, contrast dose and type of
post-contrast T1-weighted imaging sequence(s) used.

Other MRI features

Two of the four H3 G34-mutant tumors reported by
Yoshimoto et al. demonstrated calcification [11]. One
tumor in a cohort of eight reported by Vetterman et al.
demonstrated both calcification and hemorrhage, while
four demonstrated cystic components [15]. Microcalcifi-
cations have also been noted on histology [20]. All three
tumors reported by Kurokawa et al. demonstrated intra-
tumoral hemorrhage, with varying degrees of diffusion
restriction [53]. Two tumors in one series had available
arterial spin labelling perfusion data and both demon-
strated hyperperfusion [20]. One small series described
choline elevation and N-acetyl aspartate depletion on
Spectroscopy [42].

FET-PET

One study described FET-PET features of eight H3
G34-mutant gliomas, noting high uptake in all (median
TBR, 3.4, range 2.5-11.7) [15]. In contrast, the MRI
appearances of these tumors were more variable; for
example, three tumors did not demonstrate contrast-
enhancement, while three demonstrated rim-enhance-
ment with central necrosis [15].

Data quality

Of 47 included publications, 29 were diagnostic accuracy
studies proceedable to QUADAS-2 assessment, with the
remaining 18 studies being case reports or short series
unsuitable for QUADAS-2 assessment. All studies were
retrospective, introducing a high risk of bias in the patient
selection domain, which parallels other radiogenom-
ics literature. For most (n=17) research, it was unclear
whether the imaging was analyzed without knowledge of
tissue results, specifically glioma genotypes, thus increas-
ing the risk of bias. For 13 of the 29 publications, images
were reviewed by only one observer or no information
was provided at all. No formal interobserver comparisons
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were reported. The diagnostic reference standard was
similar and judged to be appropriate in most (n=20)
studies. HAG genotype was presumed to represent a
static tumor property, therefore the timing between ref-
erence standard and target test was considered appropri-
ate for all studies. QUADAS-2 graphs are shown in Fig. 2,
while individual study data are presented in Supplemen-
tary Material 1.

Discussion

The reported cohort sizes are substantially lower for
HAG than in the adult-type diffuse glioma radiogenom-
ics literature, which is expected given their lower inci-
dence, particularly for H3 G34-mutant gliomas. We
identified marked heterogeneity of study designs, firstly
in the cohorts investigated, but also for visual features
assessed and in the definitions of such features, which
limits comparability and precluded a meaningful meta-
analysis of the data. Results have been conflicting for
several features, highlighting that these tumors present
a variety of appearances, whereby HAG cannot yet be
confirmed or excluded with a high degree of confidence.
The heterogeneity of the data indicates a need for more
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consistent biomarker definitions across studies, and
highlights a challenge that could potentially benefit from
AT approaches in future research. Despite these diagnos-
tic limitations, some patterns have emerged, in particu-
lar for H3 K27-altered gliomas, which are summarized
in Table 2. Of particular note, common to both H3 K27-
altered and H3 G34-mutant gliomas was the frequent
observation of less aggressive MRI appearances, belying
their highly malignant histopathological classification.
H3 K27-altered gliomas vary considerably in their
degree of enhancement, and often demonstrate less
contrast uptake than one would expect for a WHO
grade 4 tumor. In contrast, the majority of adult-type
grade 4 diffuse gliomas manifest as enhancing, centrally
necrotic lesions [56]. Furthermore, a relative paucity
of enhancement does not help distinguish between an
H3 K27-altered glioma and a low grade adult-type dif-
fuse glioma, which arguably is the more important dis-
tinction. Similar variability is evident in terms of tumor
margins and ADC values. There have been some prom-
ising results with other advanced MRI features, in par-
ticular rCBV values, but data are currently limited and
further research is warranted. Most H3 K27M-altered

FLOW AND TIMING
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Table 2 Features of H3 K27M-altered gliomas

Less common
locations

Common locations Tumor margins &

extent

Enhancement

ADC values rCBV

« Thalami (esp. adults)
« Brainstem (esp.
children)

« Spinal cord

- Corpus callosum
« Hypothalamus

- Pineal gland
«Tectum

and localized

« Occasionally more
widely infiltrative

- Leptomeningeal dis-
semination common,
esp. later in disease
course

- Usually well-defined -
than expected for a low
high-grade tumor

Variable, but often less - Variable, but generally - Variable, but generally
increased
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gliomas are relatively localized, though more dif-
fusely infiltrative tumors (with a component of midline
involvement) can occasionally be seen. Thus, the iden-
tification of thalamic and/or brainstem involvement
in disseminated tumors could prompt testing for H3
K27-alteration, though the incidence would be expected
to be low. There are possible differences in the imag-
ing appearances of H3 K27-altered gliomas depending
on their location. Suggestions that a pulvinar location
in thalamic gliomas [39] or a dorsal location in pure
brainstem gliomas [22] could predict H3 K27M muta-
tion are notable, but require further validation. There
is currently minimal information regarding whether a
feature combination could provide additional predic-
tive value. While the variability of MRI appearances
limits the ability to confidently predict HAG genotypes,
it highlights the importance of stereotactic biopsy and
molecular testing for candidate lesions (e.g. based on
location) even if the MRI appearances suggest a lower-
grade tumor, for example based on well-defined margins
or a lack of enhancement.

Subtle differences in the results between pediatric and
adult studies have been reported. Most convincingly, a
thalamic location is most common in adult patients [22,
25, 28, 46, 48], while a brainstem location is relatively
more common in children [10, 13, 31, 51]. Beyond loca-
tion, however, the data are less compelling, and there is
clearly substantial overlap in the appearances. A particu-
lar challenge relates to methodological differences in the
definitions of the assessed features, which make it diffi-
cult to compare across studies. In addition, studies com-
bining pediatric and adult patients have generally not
compared the two patient populations, and the limited
patient numbers within each cohort present a further
challenge. More targeted studies, correcting for patient
age, would be required to clarify such observations.

The pre-test probability of an H3 K27-altered glioma
varies according to each particular location, being high-
est in the brainstem, thalami and spinal cord. Data on less
common midline locations are limited, but these seem to
have a lower likelihood of H3 K27M-alteration. In turn,
this will alter the role of features predictive of H3 K27M
status, analogous to the difference in the ability to confi-
dently predict an IDH mutation in adult-type diffuse gli-
omas depending on tumor grade (grade 2-3 vs grade 4)
[5]. Thus, in a midline location with a higher likelihood of
an H3 K27-altered glioma, a particular feature may allow
more confident prediction of this genotype. In contrast,
it may be difficult to confidently identify an H3 K27-
altered glioma in a location with a lower pre-test prob-
ability, but instead the absence of features associated with
H3 K27M-alteration could make it highly unlikely, such
that definitive genetic testing would become redundant.
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This is particularly valuable given the challenging surgical
access to many of these locations.

For G34-mutant gliomas, the existing data are scarce.
A particular challenge is that the vast majority of hemi-
spheric gliomas in adults will be H3 G34-wildtype. Nev-
ertheless, some features worthy of further investigation
have been reported. Tumors were often noted to be quite
large, with relatively mild peritumoral edema. As for H3
K27-altered gliomas, H3 G34-mutant gliomas often dem-
onstrate relatively mild enhancement given their WHO
grade 4 status. For some tumors, there was possible mor-
phologic overlap with IDH-mutant, 1p/19q-codeleted
oligodendrogliomas: calcifications are characteristic of
IDH-mutant, 1p/19g-codeleted oligodendrogliomas [5,
57, 58], but were reported in several H3 G34-mutant
gliomas [11, 15]. Therefore, testing for an H3 G34 muta-
tion should be considered for a calcified tumor without
1p/19q-codeletion in a young adult patient.

Very limited Al research exists on HAG. The results
presented by Su et al. show promise, though the vari-
ability across the described models used raises the pos-
sibility over-fitting [38]. The substantial overlap in the
features found in H3 K27M-mutant and -wildtype glio-
mas reported by Li et al. [46] is consistent with the results
of conventional MRI radiogenomics studies, though the
finding that cyst formation could predict H3 K27-altera-
tion [46] is notable and warrants further investigation. A
limitation of all three Al studies identified (and also some
of the conventional MRI research) is that both pediatric
and adult patients were included, in order to maximize
numbers. This raises questions regarding clinical applica-
bility, given that the H3 K27M-wildtype group will have
included a mix of neoplasms. We expect that Al research
in HAG will increase, but this may need to harness multi-
institutional datasets in order to provide more uniform
methodology whilst being relevant to clinical practice,
for example when distinguishing between pediatric and
adult patients and aiming to better characterize the
tumors within the H3 K27M-wildtype group.

Conclusion

The existing imaging data on HAG are limited and het-
erogeneous, but certain patterns have emerged. H3 K27-
altered gliomas exhibit variable appearances, thus these
tumors should be considered when occurring in typical
locations irrespective of their conventional MRI appear-
ances. Low ADC has been proposed as a biomarker of
H3 K27-alteration, but results have been variable and
facilitated diffusion does not exclude this malignant
tumor type. Higher rCBV has also been reported in H3
K27-altered gliomas, but requires further validation.
H3 G34-mutant gliomas are commonly large, with rela-
tively mild peritumoral edema and variable, often mild
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enhancement. Some of these tumors may exhibit cal-
cification, potentially mimicking IDH-mutant, 1p/19q-
codeleted oligodendrogliomas. As a rare disease, HAG
research will benefit from collaborative multi-institu-
tional datasets, especially if investigating Al techniques.
Al techniques could also be valuable for addressing the
issue of heterogeneity of the existing data.
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ARTICLE INFO ABSTRACT

Background: To determine if filtration-histogram based texture analysis (MRTA) of clinical MR imaging can non-
invasively identify molecular subtypes of untreated gliomas.

Methods: Post Gadolinium T1-weighted (T1 + Gad) images, T2-weighted (T2) images and apparent diffusion
coefficient (ADC) maps of 97 gliomas (54 = WHO II, 20 = WHO III, 23 = WHO IV) between 2010 and 2016
were studied. Whole-tumor segmentations were performed on a proprietary texture analysis research platform
(TexRAD, Cambridge, UK) using the software’s freehand drawing tool. MRTA commences with a filtration step,
followed by quantification of texture using histogram texture parameters. Results were correlated using non-
parametric statistics with a logistic regression model generated.

Results: T1 + Gad performed best for IDH typing of glioblastoma (sensitivity 91.9%, specificity 100%, AUC 0.945)
and ADC for non-Gadolinium-enhancing gliomas (sensitivity 85.7%, specificity 78.4%, AUC 0.877). T2 was mod-
erately precise (sensitivity 83.1%, specificity 78.9%, AUC 0.821). Excellent results for IDH typing were achieved from
a combination of the three sequences (sensitivity 90.5%, specificity 94.5%, AUC = 0.98). For discriminating 1p19q
genotypes, ADC produced the best results using unfiltered textures (sensitivity 80.6%, specificity 89.3%, AUC 0.811).

Conclusion: Preoperative glioma genotyping with MRTA appears valuable with potential for clinical trans-
lation. The optimal choice of texture parameters is influenced by sequence choice, tumour morphology and
segmentation method.

Keywords:

Glioma

Brain tumour

Texture analysis
Isocitrate dehydrogenase
1p19q codeletion

de novo IDH mutation (IDH™"") probably represents the initiating event
that distinguishes lower grade (WHO II-III) gliomas from primary glio-
blastoma (WHO IV) [5]. The most common mutation is IDHIR132H,

1. Introduction

Gliomas exhibit considerable genetic and clinical diversity, even

amongst tumors of the same World Health Organization (WHO) histo-
logical grade [1]. Over 100 DNA mutations have been implicated in
glioma genesis [2], from which tumors may be stratified into distinct
molecular subgroups of prognostic and predictive value [2-4]. As a
biomarker, the Isocitrate Dehydrogenase (IDH) gene is pivotal, because a

present in > 90% of lower grade gliomas and in secondary glioblastoma
[6]. Absence of an IDH mutation (IDH wild-type, IDH"") is a key feature
of primary glioblastoma and defines malignant lower grade gliomas
within the same genetic disease spectrum [3]. IDH™" gliomas with
combined deletion of the short arm of chromosome 1 and the long arm of

Abbreviations: IDH, Isocitrate Dehydrogenase; IDH™™, Isocitrate Dehydrogenase mutation; IDH", Isocitrate Dehydrogenase wild type; IDH™"1p19q®, Isocitrate
Dehydrogenase mutant gliomas with combined deletion of the short arm of chromosome 1 and the long arm of chromosome 19; IDH™"'1p19q™, Isocitrate
Dehydrogenase mutant gliomas with intact short arm of chromosome 1 and long arm of chromosome 19; MRTA, magnetic resonance imaging texture analysis; SSF,
spatial scale filter; WHO, World Health Organization; s.d., standard deviation; m.p.p., mean of positive pixels
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chromosome 19 (IDH™"1p19q®*!) are mostly oligodendrogliomas with a
better prognosis, which can be distinguished from 1pl9q intact
(IDH™"1p19q™) gliomas that are predominantly astrocytomas, with an
intermediate prognosis. Glioma genotyping by immunohistochemistry
depends on tissue sampling and requires facilities for testing, with po-
tential geographical restrictions on turnaround times. Presurgical muta-
tional analysis could influence the timing and extent of tumor resection
[7] and predict adjuvant therapy response, for example the sensitivity to
temozolomide is greater in IDH™" gliomas [8].

Morphological assessment can contribute to glioma molecular sub-
typing [9,10], but limitations include observer dependence and lack of
quantitative thresholds. Filtration-histogram based MR imaging texture
analysis (MRTA) provides quantitative information about tumor mi-
crostructure beyond the limits of visual perception, as reflected by the
distribution of pixel values within the lesion [11]. MRTA requires no
programming skills and is operated by performing a manual tumor
segmentation using workstation-integrated software, with calculations
initiated via mouse-click. The application commences with a filtration
step, which serves to remove image noise, extracts and enhances tissue
features of different sizes before measuring signal intensity histogram
parameters. The interpretation of results as a reflection of biological
processes depends on the tumor type examined, but broadly MRTA
provides a measure of tissue heterogeneity. The software has previously
undergone a qualification process for glioma histological grading and
differential diagnosis [12-14]. In this study, we investigated whether
filtration-histogram based MRTA could predict glioma IDH and 1p19q
genotypes using MR images acquired in routine clinical practice.

2. Materials and methods
2.1. Patient cohort

Ethics review board approval was obtained with informed consent
waived for this retrospective study of anonymized imaging data. Cases
were identified randomly from attendances for operative planning
(n = 124) between 2010 and 2016. 14 patients were excluded due to a
non-glioma histological diagnosis, 11 patients due to prior surgery, and
2 studies had corrupted imaging data. In total, 97 gliomas were eligible
for MRTA (Fig. 1, SHARDS diagram). The sample size for this analysis
was chosen based on previous work with the software algorithm.

European Journal of Radiology 113 (2019) 116-123
2.2. MRI imaging acquisition

96 patients had available T2-weighted (T2) sequences, 91 had T1-
weighted post Gadolinium (T1 + Gad) imaging and 82 had ADC maps
(ADC). Our institution is a quaternary neurosurgical centre, therefore
the conventional MRI sequences in this study originated from multiple
referrers. The imaging was acquired on 44 different machines (67 at
1.5T, 30 at 3T) from all major vendors: 6 GE, 26 Siemens, 11 Phillips
and 1 Hitachi scanner. No single MRI machine supplied more than 20%
gliomas of one molecular subtype or WHO grade. The median [min,
max] values of the parameters of the T2-weighted images were:
TE = 99 [17, 140] ms; TR = 4690 [1205, 6300] ms; in plane resolution
0.65 X 0.5 [0.45 X 0.45, 1.13 X 0.95] mm?, slice thickness = 5 [4,7]
mm. For T1+ Gad, the median [min, max] values of the parameters
were: TE = 10 [2.28, 26.38] ms; TR = 470 [160, 740] ms; in plane
resolution 0.575 X 0.525 [0.45 X 0.375, 1.5 X 1.9] mm?, slice thick-
ness = 5 [0.9, 7] mm. All DWI acquisitions included three diffusion
gradients with weighting values b = 0s/mm? and b = 1000 s/mm?; the
median [min, max] of the other parameters were: TE = 95 [55, 136]
ms; TR = 3972 [2873, 8570] ms; in plane resolution 1.25 x 1.2
[1.15 X 1.15, 1.8 x 1.8] mm2, slice thickness = 5 [4,6] mm.

2.3. Histopathology

Following fixation as paraffin blocks, all tissue samples underwent
analysis at our institution’s neuropathology department according to
World Health Organization (WHO) 2016 guidance on im-
munohistochemistry testing and previous published methodology [15].
For IDH R132H immune-negative tumors, multiple gene Sanger se-
quencing was performed to exclude alternative IDH mutations. A quan-
titative polymerase chain reaction based copy number assay was used to
determine 1p/19q status.

2.4. Image segmentation

All image interactions were performed blinded to histological and
molecular diagnosis, using proprietary texture analysis research software
(TexRAD version 3.3, TexRAD Ltd, www.texrad.com, part of Feedback
Plc, Cambridge, UK). Segmentations were performed slice by slice with
the software’s freehand drawing function. For T2, the entire volume of
signal abnormality was segmented (Fig. 2). For T1+Gad, 3 different
types of segmentation were completed: the entire region of T1 signal

Total sample

N=124

Exclusionsn =27

14 non-glioma histology
11 prior surgery

2 corrupted imaging

Eligible patients

N = 97 (50 f/47 m)

v v

’

AvailableT2

N =96

AvailableT1+Gad

N =91

Available ADC

N =382

Fig. 1. SHARD flow diagram for patient exclusion and inclusion in the study.
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int

Fig. 2. Freehand segmentation of grade IIl IDH™" 1p19q

a) entire T2w hyperintense area, b) entire T1 hypointense area, and ¢) ADC map using T2w as a guide.

Fig. 3. Example of the 3 different segmentation techniques for T1 +Gad MRTA: a) segmentation of entire mass including enhancing and non-enhancing tissue (Seg
A), b) segmentation of the enhancing lesion including central necrosis (Seg B) and c) segmentation of enhancing tissue only (Seg C).

abnormality (enhancing + non-enhancing tissue, Seg A), the enhancing
lesion inclusive of necrosis (enhancing + necrosis, Seg B) and enhancing
tissue only (enhancing tissue — necrosis, Seg C) (Fig. 3). ADC volumes of
interest were defined by manually copying the area of T2 signal ab-
normality (Fig. 2). Segmentations were undertaken by one researcher
(M.L.), trained and supervised by a board-certified radiologist specialized
in neuro-oncology (S.T., 7 years experience). Slices containing very few
(< 250) pixels of signal abnormality were excluded to avoid partial
volume effects (mean slice size 4803 pixels, range 349-15499). In ad-
dition, the image with the largest glioma cross-section based on pixel
count was subjected to a separate (single slice) evaluation.

2.5. MR texture analysis (MRTA)

MRTA in this study follows a previously published method [13,16].
The filtration used here corresponds to the spatial scale filter (SSF)
values of 0, 2mm, 3mm, 4mm, 5mm and 6 mm in width (radius).
SSF = 0 hereby means no filtration, SSF = 2mm equals a fine texture
scale, SSF = 3-5mm a medium texture scale, and SSF = 6 mm trans-
lates to a coarse texture scale (Fig. 4). This was followed by quantifi-
cation of the image texture via measuring histogram and statistical
parameters (mean, standard deviation, entropy, mean of positive pixels,
skewness, kurtosis) with slice data mathematically interpolated.

2.6. Statistical analysis

All statistical testing was performed with SPSS 24 (IBM). For each
sequence, the ability of the texture features (with and without filtra-
tion) to differentiate between the presence and absence of IDH was
evaluated using non-parametric Mann Whitney testing. For 1p19q
genotyping, Kruskal-Wallis 1 way ANOVA was used. This was repeated
over different subgroup analyses e.g. according to WHO grade. For
statistically significant results, a receiver operating characteristic (ROC)
analysis was undertaken, to determine the area under the curve (AUC),
and optimum cut-offs for sensitivity and specificity calculations. A
multivariate logistic regression model was generated, to combine the
best results from all sequences for IDH genotyping. Pearson coefficient
was used to test associations between volumetric and single slice re-
sults. Statistics advice was obtained at our institute.
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3. Results
3.1. Participants

50 females and 47 males with an average age of 43.3 (27-77) years
were included in the study. The histological and molecular character-
istics of the patient population are listed in Table 1.

3.2. MRTA using T1+ Gad

3.2.1. T1+ Gad volumes for IDH typing

Table 2 summarizes the most significant T1+ Gad results for mo-
lecular subtyping. For IDH typing, filtered texture parameters produced
the best results. When examining all Gadolinium enhancing gliomas
(WHO II-1V) together, coarse texture mean derived from Seg A per-
mitted moderately accurate IDH status prediction (sensitivity 72.2%,
specificity 74%, AUC = 0.801), with mean signal intensity values being
higher in the IDH"* group.

In glioblastoma, using Seg A, mean was the best parameter for IDH
genotyping (sensitivity 91.7%, specificity 88.9%, AUC = 0.935). Using
Seg B, SD represented the most distinctive parameter to predict IDH
status (sensitivity 87.5%, specificity 100%, AUC 0.906 — 0.969). With
Seg C, kurtosis was the best IDH status predictor across all filters
(sensitivity 91.9%, specificity 100%, AUC = 0.945) (Fig. 5).

3.2.2. T1+ Gad volumes for 1p19 typing

Combining WHO grades II-III, T1 + Gad using Seg A demonstrated
moderate results with unfiltered skewness as the best predictor (sensi-
tivity 77.4%, specificity 77.8%, AUC 0.736). For WHO 1III alone, the
algorithm performance for mean was better (AUC 0.871).

3.3. MRTA using ADC maps

3.3.1. ADC volumes for IDH typing
Table 3 summarizes the ROC analysis using ADC volumes for MRTA.
Combining WHO II-IV, ADC skewness without filtration performed best
for IDH genotyping (sensitivity 77.8%, specificity 68.7%, AUC = 0.791).
Including all gliomas with available ADC maps (n = 82), unfiltered
mean ADC performed moderately for a threshold of 1135mm/s [2]
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Table 1
WHO grades, IDH and 1p19 genotypes of glioma population.

European Journal of Radiology 113 (2019) 116-123

Fig. 4. MRTA filtration step: a) segmentation of entire T2 hyperintense area, b)
volume of interest on filter SSF = 2 mm corresponding to fine texture scale, ¢)
volume of interest on filter SSF = 4 mm corresponding to medium texture scale
and d) volume of interest on filter SSF = 6 mm corresponding to coarse texture
scale. Signal intensities (SI) of bright objects within the filter range are en-
hanced with concurrent suppression of pixels outside the filter range, high-
lighting size specific features. With the increase in filter SSF value larger objects
are amplified within the segmented volume.

WHO grade Number of gliomas IDH"' (e/e + n)° IDH™"1p19¢™ (e/e + n) IDH™'1p19q“! (e/e + n)
i 54 4.(0/ 0) 24 (2/1) 26 (2/0)

I 20 3(1/0) 7 (1/0) 10 (4/1)

v 23 12 (11/8) 10 (5/1) 1

Total 97 19 (12/8) 41 (8/2) 37 (6/1)

® (e/e + n) denotes (enhancing/enhancing + necrotic) gliomas within each molecular subgroup.

(sensitivity 64.1%, specificity 66.7%, AUC 0.694). When excluding
cases with macroscopic necrosis (n = 11) from the analysis, the mean
ADC area under the curve improved (sensitivity 68.3%, specificity
91.9%, AUC 0.818). By additional exclusion of cases with enhancement
lacking necrosis (n = 13), the results improved minimally further. For
non-enhancing gliomas, the prediction using ADC mean (sensitivity
70.6%, specificity 100%, AUC 0.840) was near that of kurtosis (sensi-
tivity 85.7%, specificity 78.4%, AUC 0.877). When removing 1p19q
codeleted gliomas from the analysis, the accuracy of ADC to distinguish
IDH" and IDH™1p19™ was greater across WHO II-IV with further
improved results for ADC mean (AUC 0.888), and kurtosis (AUC 0.949).
The algorithm was less able to distinguish IDH"* and IDH™"1p194¢!
ADC features with only one significant result observed for unfiltered
skewness (AUC 0.690). But when applied only to non-enhancing
gliomas, mean ADC and kurtosis could separate IDH" and
IDH™*1p19q"! better (AUC 0.79, AUC 0.807 respectively).

3.3.2. ADC volumes for 1p19q typing

For the detection of the 1p19q co-deletion in IDH™, ADC was the
most useful sequence. Combining WHO II-III, unfiltered textures pre-
dicted 1p19q genotype well (sensitivity 80.6%, specificity of 89.3%, AUC
0.811). The algorithm performance for ADC mean was marginally
greater in WHO II alone (sensitivity 90%, specificity 85%, AUC 0.905). In
WHO grade III, kurtosis generated the best results (sensitivity 88.9%,
specificity 100%, AUC 0.952).
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3.4. MRTA using T2

3.4.1. T2 volumes for IDH typing

T'able 4 shows the numerical results for the T2 image segmentation.
Overall, T2 texture parameters were less distinctive, but the results
reached statistical significance. Combining WHO II-1V, the ability to
predict IDH status was highest for unfiltered skewness (sensitivity
83.1%, specificity 78.9%, AUC = 0.821). There was no improvement in
accuracy when excluding necrotic or non-necrotic enhancing gliomas
from the T2 analysis.

3.4.2. T2 volumes for 1p19q typing

T2 appeared more limited for 1p19q typing across WHO grades II-III
with medium filtered skewness as the best parameter (sensitivity
75.7%, specificity 62.5%, AUC 0.728). An improved result was ob-
served for WHO III gliomas alone (unfiltered skewness AUC 0.843).

3.5. Sequence combination for IDH typing

A logistic regression model was generated combing the best results
from T1 + Gad, T2 and ADC volumes, merging all WHO grades (n = 80, 63
IDH™"/17 IDH""). Since the filtering precedes MRTA, 6 different logistic
regressions were undertaken. Each filter was selected in turn and a re-
gression undertaken using the 18 textures derived from the 3 sequences.
This was a fast operation, taking less than 30 seconds after tabulating the
texture results. Using a ROC analysis of the predicted probabilities
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Table 2
Volumetric analysis using T1+ Gad.

European Journal of Radiology 113 (2019) 116-123

SSF Mean SD Skewness Kurtosis Sens/Spec (%) SSF Mean SD  Skewness Kurtosis Sens/Spec (%)
T1+ Gad for IDH genotyping
0 NS  0.695** NS NS 66.7/61.3 0 NS NS NS NS NS
2 0.752* 0.743*  0.633** NS 72.2/71.2 2 NS NS NS NS NS
WHO II-IV Seg A (IDH** 3 0.764* 0.718**  0.737* NS 83.3/68.5 WHO IV Seg B 3 NS  0.938* NS NS 75/100
=18, IDH™' =73) 4 0.786* 0.706**  0.759* NS 83.3/69.9 (IDH"'=8, IDH™ =4) 4 NS 0.969* NS NS 87.5/100#
5 0.800* 0.697** 0.701* NS 72.2/69.9 5 NS 0.906* NS NS 87.5/100
6 0.801* 0.699** NS NS 72.2/74# 6 NS NS NS NS NS
0 NS 0.769* NS NS 66.7/100 0 NS NS NS 0.836* 91.9/100
2 0.778* 0.870*  0.880* NS 83.3/89.9 2 NS NS NS 0.927* 91.9/100
WHO IV Seg A (IDH"" 3 0.861* 0.870* 0.917* NS 83.3/100 WHO 1V Seg C 3 NS 0.855*  0.836*  0.891* 91.9/100
= 12, IDH™ =9) 4  0.935* 0.852* 0.852* NS 91.7/88.9# (IDH"'=11, IDH™'=5) 4 NS 0.891* 0.782*  0.818* 91.9/100
5 0.917* 0.824** 0.769** NS 83.3/100 5 NS 0.873* NS 0.855* 91.9/100
6 0.907* 0.815** NS NS 83.3/77.8 6 NS NS NS 0.945* 91.9/100#
T1+Gad for 1p19q genotyping of IDH™"* glioma
0 NS NS 0.736* NS 77.4/77.8% 0 NS NS 0.800* NS 85.7/80
2 0.725* NS NS NS 75.8/64.5 2 0.871* NS NS NS 70/100#
WHO II-1II (1p19¢™ = 3  0.735* NS NS NS 81.8/61.3 WHO III (1p19¢™= 7, 3  0.886* NS NS NS 70/100
31,1p19¢*' = 33) 4 0735 NS NS NS 78.8/61.3 1p19¢*! = 10) 4 0.857* NS NS NS 70/100
5 0.738* NS NS NS 75.8/61.3 5 0.871* NS NS NS 70/100
6 0.750* NS 0.659 NS 75.8/61.3 6 0.871* NS 0.857*  0.896* 70/100

SSF = spatial scale factor, *p-value < 0.005, **p-value < 0.05, Bold indicates the texture with the highest AUC for which accuracy is displayed, # indicates best

accuracy, NS indicates not significant.

(AUC = 0.98 (CI 0.955, 1)), the regression model yielded a high sensitivity
of 90.5% and specificity of 94.1% (SSF 4). The model was statistically
significant (Hosmer and Lemeshow test = 0.999, omnibus p < 0.001)
and demonstrated predictive accuracy (Nagelkerke R Square = 0.826).

3.6. Single slice analysis for IDH typing

For T1 + Gad, mean remained significant in the single slice analysis,
with best results achieved for medium to coarse scale filtration, con-
sistent with volumetric results (sensitivity 72.2%, specificity 69.9%,
AUC 0.786). ADC results showed a profile comparable to volumetric
assessment for unfiltered mean (sensitivity 60.9%, specificity 80.9%,
AUC 0.727). The T2 segmentation produced unfiltered skewness as the
only significant marker (sensitivity 68.6%, specificity 79.2%, AUC
0.816), also consistent with volumetric analysis. For those textures,
which generated significant results in both volumetric and single slice
use, the Pearson correlation between the two methods was excellent
(r = 0.956) (Fig. 6).
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4. Discussion

MRTA has shown ability to identify microstructural disease pat-
terns, including cancer genotypes and chemotherapy response [17,18].
We demonstrated its potential value for the non-invasive assessment of
glioma IDH and 1p19q status. To our knowledge, this is the first study
to present results for low and high grade glioma molecular subtyping
using a filtration histogram approach based on conventional MR se-
quences. Preoperative genotyping matters for several reasons: in IDH™"
astrocytoma even small residual volumes of tumour reduce survival
[19], however, molecular results are not usually available during sur-
gery. Glioblastoma therapy is considered appropriate for WHO II-IIT
IDH"™" gliomas, consisting of maximum safe resection followed by
radiotherapy and chemotherapy. But morphologically ‘low grade’
IDH"" gliomas are at risk of receiving observation only [20]. All three
MRI sequences tested in this study could contribute to non-invasive
genotyping, whereby T1+Gad generated the best results in glio-
blastoma. Gadolinium enhancement occurs in rapidly proliferating
gliomas as a result of pathological neovascularity and blood brain
barrier disruption [21]. It has been suggested that the extent and
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Fig. 5. Boxplots of a) SD and b) Kurtosis showing the separation of T1+ Gad signal intensities between IDH" and IDH™" gliomas using Seg C.
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Table 3
Volumetric analysis using ADC values.

ADC for IDH genotyping

SSF Mean Skewness Kurtosis Sens/spec (%) SSF  Mean Skewness Kurtosis Sens/spec (%)

0 0.694** 0.791* 0.734**  77.8/68.7# 0 0.733* 0.843* 0.751* 71.4/88.2

2 NS NS NS NS 2 0.824* NS 0.745* 74.5/85.7

WHO II-IV (IDH"'=18, 3 NS NS 0.694%* 66.7/64.9 'WHO II-IV Non-enhancing 3 0.832* NS 0.784** 70.6/85.7
IDH™" = 64) 4 NS NS 0.693%* 66.7/68.7 (IDH"'=7, IDH™'=51) 4 0.815* NS 0.787%* 68.6/85.7

5 0.655** NS 0.727* 72.2/62.5 5 0.818* NS 0.849* 71.4/82.4
6 0.674** NS 0.736* 77.8/67.2 6  0.840% NS 0.877* 85.7/78.4#

0 0.753** 0.811* 0.755**  72.7/88.3# 0 0.847* 0.939*  0.898* 100/85.7

. . 2 0.785* NS 0.736** 73.3/81.8 . 2 0.872* NS 0.796* 85.7/85.7

WHO "'11_" E"C“l‘g;‘fffﬁ‘)“c 3 0.809* NS  0782* 71.7/818 WH?Dﬂ-j)' f“;“'le[‘;;?n‘}f‘“g 3 0.862* NS  0857*  857/71.4
gliomas (IDH"' =11, 4 0791 NS 0776*  66.7/81.8 ¢ it 4 0852 NS 0847%  78.6/71.4
IDH™=60) 5 0800+ NS 0800  66.7/818 1p19g™ =28) 5 0857 NS 0.949%  100/85.7#

6  0.818* NS 0.802* 68.3/91.9 6 0.888* NS 0.934* 100/85.7

ADC for 1p19q genotyping of IDH™" glioma

SSF Mean (WHO Il only) Kurtosis Sens/spec (%) SSF  Mean Skewness Kurtosis Sens/spec (%)

0 0.811* (0.905%) NS 95/85# 0 NS 0.921*  0.952* 88.9/100#

2 0.708* (0.798*) NS 75/80 2 NS 0.873* NS 100/71.4

WHO II-1II (1p19¢™ =31, 3 0.722* (0.808*) NS 70/75 WHO III (1p19¢™ =7, 3 NS 0.937* NS 100/71.4
1P19qde‘ =33) 4 0.715* (0.793*) NS 70/70 1p19qd°| =9) 4 NS 0.937* NS 100/71.4

5 0.737* (0.802%) NS 75/70 5 NS 0.905* NS 100/71.4

6 0.736* (0.800%) NS 85/65 6 NS 0.889* NS 100/71.4

SSF = spatial scale factor, *p-value < 0.005,
accuracy, NS indicates not significant.

p-value < 0.05, Bold indicates the texture with the highest AUC for which accuracy is displayed, # indicates best

Table 4
Volumetric analysis using T2 values and single slice results for all sequences.
T2 volumes for IDH genotyping T2 volumes for 1p19q genotyping of IDH™" glioma
SSF Mean Skew  Kurtosis  Sens/spec (%) SSF Mean Skew Kurtosis Sens/spec (%)
0 NS 0.821*  0.669** 78.9/83.1# 0 NS 0.722* NS 73/62.5
2 0.696** NS NS NS 2 NS 0.717* NS 62.2/70
WHO II-IV (IDH"* = 19, 3 0.677** NS 0.657** 63.6/57.9 WHO II-IV (1p19¢™ =37, 3 NS 0.728* NS 75.7/62.5#
IDH™" = 77) 4 0.668** NS 0.717* 61.0/73.7 1p19q’1“' =40) 4 NS 0.703** NS 73/60
5 0.658** NS 0.706* 63.6/73.7 5 NS 0.678** NS 64.9/62.5
6  0.653** NS 0.661** 57.1/68.4 6 NS 0.631** NS 59.5/55
Single slice T1+ Gad for IDH genotyping Single slice ADC for IDH genotyping
SSF Mean SD Entropy  Sens/spec (%) SSF Mean Skew Kurtosis Sens/spec (%)
0 0.657** 0.690** 0.694** 77.8/61.6 0 0727* 0.722* 0.724* 67.2/66.7
2 0.738*  0.711*  0.693** 66.7/76.7 2 NS 0.753* NS 77.8/64.1#
WHO II-IV (IDH"' = 18, 3 0.747* 0.704** 0.685** 72.2/71.2 WHO II-IV (IDH"' = 18, 3 NS 0.654** 0.674** 66.7/60.9
IDH™ = 73) 4 0.778* 0.695** 0.670** 88.9/64.4 IDH™" = 64) 4 NS NS 0.681** 66.7/57.8
5 . NS 72.2/69.9# 5 NS NS 0.663** 66.7/64.1
6 . NS 77.8/63 6 0.6 NS NS 61.1/56.3
Single slice T2 for IDH genotyping Sequence combination for IDH genotyping
SSF Mean SD Skew  Sens/spec (%) SSF  AUC Min (95% CI)  Max (95% CI)  Sens/Spec (%)
0 NS NS 0.816* 84.2/66.2# 0 0.937* 0.877 0.998 88/88
2 NS NS NS NS 2 0.937* 0.887 0.987 86/94
WHO II-IV (IDH"' = 19, 3 NS NS NS NS _ 3 0.942* 0.894 0.990 87/94
IDH™ = 77) 4 NS NS NS NS WHO I-IV (n = 80) 4 0.980% 0.955 1.000 90/94#
5 NS NS NS NS 5 0.895* 0.857 1.000 90/88
6 NS NS NS NS 6  0.937* 0.869 1.000 100/83

SSF = spatial scale factor, *p-value < 0.005, **p-value < 0.05, Bold indicates the texture with the highest AUC for which accuracy is displayed, # indicates best
accuracy, NS indicates not significant.
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Fig. 6. Scatter plot with Pearson correlation of AUC (VOI - volume of interest) and AUC (SS - single slice) for all T1, T2 and ADC texture parameters, which were

significant on both volume and single slice analysis.

morphology of new vessel formation differs by mutational status, with
greater vascularity in IDH"' compared to IDH™" [22]. These processes
are known to develop gradually and could explain why enhancement
patterns become more precisely recognized by MRTA towards WHO IV.
The comparison of three different T1+Gad segmentation methods
highlights that the performance of texture parameters is technique-
dependent. Using Seg A, mean values were most diagnostic of IDH
status, which may relate to overall tumor contrast uptake intensity. In
support of this, a recent study by Yamauchi et al. observed dense
contrast-enhancement preferentially in IDH"* gliomas [23]. With Seg B,
SD performed best, probably reflecting greater variability of signal in-
tensity values according to the extent of necrosis. Using the same seg-
mentation technique (Seg B) and parameter (SD), Skogen et al. were
able to non-invasively predict glioma WHO grade with MRTA [13].
When applying Seg C, kurtosis was most significant suggesting addi-
tional differences in microstructural enhancement heterogeneity, which
appeared greater for IDH"" gliomas. Our results are consistent with a
recent machine learning study, in which T1 + Gad supported IDH status
prediction especially for WHO IV [24]. Diffusion-weighted imaging has
been widely recognized as a biomarker of cellularity in neoplasia [25].
Reduced ADC values are a feature of malignant gliomas [26,27],
however, the occurrence of increased diffusivity in necrosis may con-
found quantitative assessment. In a previous diffusion tensor study by
Tan et al., the accuracy of ADC for IDH typing diminished towards
WHO IV [28]. Our analysis confirms that macroscopic ‘high grade’
features impact on diffusion quantification: Mean ADC values showed
limited sensitivity and specificity when examining WHO II-IV together,
with skewness and kurtosis as markers of heterogeneity [29] achieving
better results in this context. On the contrary, kurtosis and mean ADC
were both valuable for IDH typing of gliomas with ‘low grade’ ap-
pearances. This is consistent with recent studies, which highlighted that
low mean ADC values are predictive IDH" status in lower grade
gliomas [10,27,30]. Amongst IDH mutant gliomas, mean ADC values
were best at predicting 1p19q genotype in this study, especially for
WHO II. IDH™1p19%! glioma ADC values tend to be intermediate,
which may impede its distinction from IDH"', despite marked differ-
ences in survival. The T2 texture signatures identified as predictive of
IDH status were similar to those identified for ADC. This result is in
keeping with previous research showing associations between ADC, T2
signal and tissue cellularity in glioma, medulloblastoma and lymphoma
[31]. However, our T2 derived results are less accurate than reported
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for WHO 1II gliomas alone [32]. The single slice analysis showed a
strong correlation with the volumetric findings, although it was less
distinctive. Using this strategy, MRTA appears sufficiently rapid to be
integrated into clinical reporting. Further prospective evaluation is re-
quired to determine the respective benefits of whole tumor versus lar-
gest cross-section texture analysis in terms of precision versus time
expense. The combination of T1 4+ Gad, ADC and T2 sequences appears
excellent in the absence of advanced MRI techniques, which might
otherwise be employed to assist presurgical glioma subtyping. The di-
agnostic results presented here are at least equivalent to the best per-
forming D2-Hydroxyglutarate (2HG) MR spectroscopy [33], perfusion
[22] and artificial intelligence approaches published to date, with po-
tential advantages for clinical translation. In summary, MRTA is an
easily applicable image workstation tool with potential to perform IDH
and 1p19q genotyping of untreated gliomas based on conventional MRI
sequences.

5. Limitations

Our patient cohort included a limited number of IDH™ tumours,
particularly in WHO grade II and III. It is unknown whether with a
larger sample the MRTA software could achieve IDH genotyping by
solely using T1w post Gadolinium sequences as suggested by one pre-
vious study [34]. Further software development is required to optimize
transposing regions of interest from one sequence to another, which
would increase time efficiency. The origin of MRI sequences from
multiple institutions could have influenced measurements, but as no
scanner contributed any particular WHO grade or molecular subtype, a
systematic error is unlikely. As discussed in prior research, for ADC
mapping the dependence from T;, T, and TR settings is mathematically
eliminated [30,35].

6. Conclusion

MRTA is a software platform without machine learning, which can
assist the distinction of glioma IDH and 1p19q molecular subtypes.
Results may be optimized through tailoring the choice of MRI sequence
(s) to tumor morphology. It also appears possible to predict genetic
status using a sequence combination without considering specific lesion
features.
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