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ABSTRACT 

MRI (Magnetic Resonance Imaging), is an integral part of the management of intracranial 

diffuse gliomas, consisting of both astrocytomas and oligodendrogliomas, and ongoing 

improvements in MRI technology continually enhance its value. While advanced MRI 

techniques are adding to the functional information available, standard sequences remain the 

mainstay of the assessment, and are also being improved. Initially, MRI provides critical 

diagnostic information and aids neurosurgical planning, but its role is expanding beyond these 

primary functions, as outlined in this thesis. Improved identification and delineation of the 

tumour allows optimal management by surgical resection and adjuvant radiotherapy. MRI is 

also important for prognostication, by identifying features that may convey a better or worse 

prognosis. The addition of MRI information to clinical data and the histopathological 

assessment thus provides the most comprehensive assessment of the individual patient. 

 

The recent 2016 update to the WHO classification of central nervous system tumours has led 

to significant changes in the histological characterisation of gliomas, now providing an 

integrated genotypic and phenotypic classification1. The two steps in the genotypic 

classification of gliomas is testing for an isocitrate dehydrogenase (IDH) mutation, and if 

present, determination of 1p/19q status1. There are logistic and cost issues, however, and MRI 

can aid decision-making. The value of MRI in this context is greatest when access to definitive 

testing methods is limited, and the focus on the molecular phenotype in the new WHO 

classification increases the potential for a combined histologic-MRI assessment method at such 

centres. Due to its ability to assess the entire tumour and provide non-invasive 

characterisation over time, MRI also has the potential to overcome some of the limitations of 

both the phenotypic and genotypic assessment, including sampling error, intra-tumoural 

heterogeneity and monoallelic gene expression. 

 

Information obtained by MRI is also increasing our understanding of the disease, well 

demonstrated by the growing interest in the non-enhancing component of tumour. Gliomas 

are essentially incurable, with recurrence almost inevitable despite optimal therapy. There is 

thus growing interest in advanced surgical techniques aimed at more aggressive management, 

and accurate delineation of the tumour by MRI provides a critical guide to the surgeon. 
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Similarly, MRI facilitates more aggressive management of the tumour by radiotherapy or 

radiosurgery. 

 

The advances in MRI technology are being complemented by recent and ongoing innovations 

in computational techniques, such as automated volumetric segmentation, extraction of 

quantitative radiomic features, machine learning techniques and the integration of “big data”. 

Incorporating these advances represents the bright future of radiomics in neuro-oncology, 

providing new insights into the biology of gliomas and potential treatments, and allowing 

optimal patient-centred care.  
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INTRODUCTION 

Primary tumours of the central nervous system (CNS) are classified according to the World 

Health Organisation (WHO) classification, from benign (WHO grade I) to the most malignant 

(WHO grade IV)1, 2. Diffuse astrocytomas make up the majority of adult astrocytic tumours, and 

can be considered on a continuum, from grade II (diffuse astrocytoma) to grade III (anaplastic 

astrocytoma) and grade IV (glioblastoma)1, 2. Of these, glioblastoma is the most common, and 

it represents the most commonly primary brain tumour overall2. Grade II and III tumours 

typically progress to higher grades over time. Glioblastomas can thus be considered ‘primary’, 

if presenting as grade IV de novo, or ‘secondary’ if progressing from a grade II or III tumour. 

Grade II tumours are well-differentiated, and demonstrate a moderate increase in cellularity 

and occasional nuclear atypia, while mitotic activity is generally absent2.  Grade III tumours 

have increased cellularity compared to grade II, with distinct nuclear atypia and mitotic 

activity2. The two key histological characteristics of grade IV tumours are prominent 

microvascular proliferation and/or necrosis2. The grade determines subsequent treatment, 

prognosis and follow-up. Oligodendroglial tumours are another category of primary CNS 

tumours, closely related to astrocytic tumours (though less common), and graded in a similar 

way2. Diffuse astrocytomas and oligodendrogliomas can be together referred to as “diffuse 

gliomas”. The majority of gliomas occur in the brain, and most of these are centred 

supratentorially2. Gliomas can also develop in the spinal cord, but these are generally 

considered separately. 

 

Neuroimaging, in particular MRI (Magnetic Resonance Imaging), is an integral part of the 

management of intracranial diffuse gliomas. MRI typically identifies a mass in a patient with 

neurological impairment, often after initial imaging with Computed Tomography, and is thus 

important in suggesting a glioma over other differentials. Conventional sequences are the 

mainstay in making the diagnosis, and features such as the detection of nonenhancing cortical 

involvement on T2 FLAIR (Fluid Attenuation Inversion Recovery) imaging is useful in 

differentiating glioma from metastasis3-5. Advanced MRI techniques such as Diffusion 

Weighted Imaging, Spectroscopy and Perfusion are also well established as important 

diagnostic tools6. More recently, novel MRI techniques including protein-based amide proton 

transfer-weighted imaging have been studied and show promise7. Pre-operative MRI also 
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provides a crucial guide for neurosurgical resection or biopsy. Subsequently, it plays a key role 

in patients’ follow-up, by assessing disease status and response to treatments. 

 

The potential value of MRI is much greater than simply these fundamental uses, however, and 

it provides information not readily available by other means. For example, the anatomical 

localisation of the tumour is important, as involvement of eloquent structures will result in 

worse symptoms and limit resectability. Similarly, determining whether a tumour is localised 

or widely-infiltrating tumour has significantly different implications. Histology remains the gold 

standard, as it is necessary to confirm the diagnosis of a glioma, but combining information 

obtainable from both histology and MRI improves prognostication and decision-making. A 

further advantage is that MRI already constitutes a routine part of the patient’s management, 

thus this information is available without additional cost. The ability of MRI to assess the entire 

tumour and monitor it over time are other key advantages over histopathological assessment 

alone. This thesis profiles this expanding role of MRI in improving our understanding and 

management of intracranial gliomas. 

 

Ongoing improvements in MRI technology are continually increasing the information available 

to the radiologist and the treating clinicians. The development of advanced MRI sequences 

adds functional data to the anatomical information provided by standard sequences. For 

example, functional MRI provides a guide to the neurosurgeon by identifying key anatomical 

landmarks and their potential involvement by tumour, while MRI perfusion techniques are 

important in differentiating between treatment effects and disease progression. Despite the 

growing importance of these advanced techniques, standard sequences remain the mainstay 

of the MRI assessment of intracranial gliomas. While these sequences have been utilised for 

some time, they too are undergoing constant improvement. For example, higher field strength 

scanners have led to significant improvements in image quality, and volumetric sequences 

allow better delineation of the tumour. Combining clinical, histopathological and imaging 

information thus allows the most comprehensive assessment of the individual patient. In 

addition, an enhanced ability to visualise and characterise the patient’s tumour improves our 

understanding of the disease itself. 
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Intracranial gliomas are typically heterogeneous, with components of different grades within 

the same tumour, and the overall tumour grade is based on the highest grade component2. 

This leads to the possibility of sampling error, with the possibility of the tumour being under-

graded if the highest grade component is not assessed, which has subsequent management 

implications. Sampling error has several potential causes. Firstly, in contrast to solid organ 

malignancies, intracranial gliomas are generally not resected en bloc, and the pathologist 

typically receives only a portion of the resected tumour for assessment. In addition, it may not 

be feasible to resect or biopsy the highest grade component of the tumour, for example due to 

an eloquent location. Furthermore, for logistic reasons, the pathologist typically only examines 

a portion of the specimen received, depending on the size of the sample. These limitations 

highlight a crucial strength of MRI, namely being able to assess the entire tumour, which is not 

possible by any other means short of autopsy. MRI appearances suggesting a higher grade of 

tumour than has been revealed by histology thus raise the possibility of sampling error, and 

may result in a change in management. 

 

Another characteristic feature of intracranial gliomas is their infiltrative nature2, and MRI plays 

a crucial role in identifying the extent of the tumour. In many gliomas, especially those of 

higher grade, at least a portion of the tumour enhances after gadolinium contrast 

administration, known as the contrast-enhancing tumour (CET) component. Frequently, there 

is a non-enhancing area at the centre of the CET component, which represents necrosis, and is 

a characteristic feature of glioblastomas histologically2. The CET component is surrounded by a 

varying amount of FLAIR hyperintensity, which consists of both oedema and noncontrast-

enhancing tumour (nCET), though frequently these cannot be accurately delineated. Even 

gliomas which are entirely non-enhancing, typically those of lower grade, usually have a 

degree of surrounding oedema, and the difficulties of distinguishing between nCET and 

oedema remain. In addition to these complexities, advanced MRI techniques such as MR 

Spectroscopy can demonstrate tumour cells extending beyond the area of signal abnormality8. 

As a result, the entire tumour may not be visible with MRI, though technological 

advancements are improving the ability of MRI to demonstrate the extent. 

 

Neurosurgical resection or biopsy is necessary to confirm the diagnosis of a diffuse glioma, as 

well as to determine the tumour type and grade. Due to their infiltrative nature, gliomas 
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cannot readily be excised completely, and are thus incurable in the majority of cases. 

Nevertheless, the neurosurgeon also aims to obtain maximal safe resection of the CET 

component, where feasible, as this is associated with improved patient survival9. The CET 

component, and in particular the central area of necrosis it typically surrounds (in the case of 

glioblastoma), are essentially non-functional, thus resection can be performed safely. In 

contrast, the nCET component reflects tumour cells infiltrating among normal brain tissue, 

which typically retains some function. The nCET component is thus generally not resected, or 

only a minority, to minimise post-operative morbidity. Even when no residual CET remains, 

however, there will almost always be residual nCET, which will have a tendency to progress 

down the track. This provides the basis for another key modality in the treatment of 

intracranial gliomas, namely radiotherapy. Radiotherapy forms part of the standard of care for 

glioblastomas, and is also playing an increasing role in the management of lower grade 

gliomas10. The radiation oncologist aims to encompass both the CET and nCET component, and 

thus the ability of MRI to accurately determine the extent of the tumour is important for 

guiding treatment. 

 

The nCET component can be simply separated into that involving grey and white matter. White 

matter nCET is the most difficult to delineate accurately, due to the aforementioned difficulties 

distinguishing between oedema and nCET. Vasogenic oedema spares the grey matter, 

however, giving rise to the characteristic finger-like appearance. Signal abnormality involving 

the grey matter can, therefore, be more confidently diagnosed as nCET, rather than oedema. 

This feature is useful diagnostically, as is suggests a glioma over other differentials3-5. Individual 

tumours have varying propensity to involve the grey and white matter, however, and both the 

reasons for this and the implications remain unclear. This may be a reflection of the multiple 

complex genetic and molecular alterations occurring in gliomas, which we are increasingly 

becoming aware of, but as yet no specific causative link has been identified. Nevertheless, 

appreciating the different appearances of gliomas has the potential to improve our 

understanding of their patterns of growth and the underlying genetics. 

 

In some cases, MRI is able to identify the presence of multiple discrete lesions in the context of 

a glioma. Multiple enhancing lesions can be either considered multifocal, when there is a 

visible communication between lesions (for example, FLAIR hyperintensity in the intervening 
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brain parenchyma), or multicentric, when no such communication is apparent. Multicentric 

noncontrast-enhancing lesions may also be seen. MRI is the optimal modality for diagnosing 

and characterising such lesions, and the frequency with which multiple lesions are being 

demonstrated is increasing due to technological advances11. MRI is also frequently able to 

show a communication between lesions. The identification of such a communication is 

importantly diagnostically, as it increases the likelihood that a glioblastoma is the underlying 

diagnosis, rather than other differentials such as metastastic disease. There are also prognostic 

implications, as the presence of multiple enhancing lesions limits the ability to obtain gross 

macroscopic resection of the enhancing component of the tumour. 

 

Histological characterisation of intracranial gliomas has traditionally been based on two key 

components: the phenotypic appearances and the tumour grade. The recent 2016 update to 

the WHO classification of tumours of the CNS has led to significant changes in the histological 

characterisation of gliomas, however. A major change is the inclusion of genetic and molecular 

information in the characterisation of intracranial gliomas, providing an integrated genotypic 

and phenotypic classification1. This acknowledges the importance of these characteristics for 

prognostication, and thus management, and improves objectivity1. Diffuse astrocytomas and 

oligodendrogliomas were considered separately in the preceding 2007 iteration of the WHO 

classification2, but given their many similarities, they are now grouped together under the 

heading “diffuse astrocytic and oligodendroglial tumours”1. The characterisation of diffuse 

gliomas is now based primarily on two genotypic markers: the presence or absence of an IDH 

(isocitrate dehydrogenase) mutation, and 1p/19q status1. Several other markers have been 

also been studied, such as ATRX and TP53, but as yet have not been formally incorporated into 

the classification system1. Phenotypic assessment remains crucial to confirm the diagnosis of a 

glioma, and provides the basis for histological grading (which remains an important 

component of histological assessment), but the genotype is now the key to determining the 

type of glioma. Only when complete genotypic characterisation is not possible does the 

classification revert to the histological phenotype, albeit with the suffix NOS (not otherwise 

specified)1. 

 

The improved objectivity of the updated classification is important, as the phenotypic 

distinction between astrocytomas and oligodendrogliomas is frequently unclear. This 
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previously resulted in a substantial proportion of tumours being labelled as oligoastrocytoma, 

a nonspecific diagnosis with high interobserver variability1. On molecular testing, however, the 

majority of tumours previously diagnosed as oligoastrocytomas demonstrate molecular 

features typical of either astrocytoma or oligodendroglioma12. As a result, this entity has now 

largely been abolished under the new classification, with true molecular oligoastrocytomas, 

consisting of histologically and genetically distinct astrocytic and oligodendroglial tumour 

populations, being rare13. This diagnosis is now predominantly used when the tumour has the 

phenotypic appearances of an oligoastrocytoma according to the previous classification, but 

cannot be completely characterised by molecular testing, for example due to unavailability of 

molecular testing or having limited material for examination. In such cases, they are given the 

provisional diagnosis or oligoastrocytoma, NOS, or anaplastic oligoastrocytoma, NOS13. 

 

There were also three other entities within the heading of astrocytic tumours under the 

previous (2007) classification: pilocytic astrocytoma (WHO grade I), subependymal giant cell 

astrocytoma (grade I) and pleomorphic xanthoastrocytoma (grade II)2. Given their significant 

differences compared to diffuse astrocytomas, these are now considered separately in the 

2016 WHO classification, grouped under the banner “other astrocytic tumours”1. A further 

designation “gliomatosis cerebri” was considered a grade III tumour under the previous 

classification, describing a diffuse astrocytoma involving at least three cerebral lobes2. 

Gliomatosis cerebri is no longer a separate entity in the updated classification1, but rather a 

growth pattern which can be seen with any grade (II-IV) of diffuse gliomas1. The change to the 

definition has thus increased the importance of MRI in characterising these diffusely 

infiltrating tumours. Of oligodendroglial tumours, a previous entity “glioblastoma with an 

oligodendroglial component (GBM-O)” has been removed, thus there is no longer a grade IV 

oligodendroglial tumour within the new classification1. Rather, these tumours would be re-

classified as simply a glioblastoma1. 

 

The first step in the genotypic classification of a glioma is IDH testing. There are two forms of 

IDH relevant to gliomas, type 1 (IDH1) and type 2 (IDH2). The majority of combined IDH1/2 

mutations are in IDH1, and the majority of these are R132H-IDH1 mutations, representing an 

amino acid substitution from arginine to histidine at codon 13214. This is true for all infiltrative 

gliomas, albeit with small differences in frequency between tumour type (astrocytomas or 
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oligodendrogliomas) and grade14. In clinical practice, IDH testing is generally performed using 

immunohistochemistry. This is specific to the R132H-IDH1 mutation, and is thus insensitive to 

other (non-R132H) IDH1 mutations and all IDH2 mutations, which can together also be 

referred to as “non-canonical” mutations. Tumours with negative IDH1 immunohistochemistry 

should ideally proceed to more definitive IDH mutation testing, in order to exclude a non-

canonical mutation, though this may be forgone for patients over 50 years of age with a 

glioblastoma, due to the very low probability of a positive result1.  

 

Grade II and III gliomas without an IDH mutation on definitive testing are thus established as 

either an IDHwt diffuse astrocytoma (if grade II) or IDHwt anaplastic astrocytoma (grade III), with 

no further molecular testing being necessary1. Grade II and III tumours harbouring an IDH 

mutation proceed to 1p/19q testing, however, to differentiate between an astrocytoma and 

oligodendroglioma1. Testing methods include fluorescence in situ hybridisation (FISH) and 

polymerase chain reaction (PCR)-based microsatellite loss of heterozygosity (LOH)15. 1p/19q 

codeletion indicates combined loss of both the short arm of chromosome 1 and the long arm 

of chromosome 19. It is the characteristic genotypic feature of oligodendrogliomas, and is 

necessary to make this diagnosis1. The presence of both an IDH mutation and 1p/19q 

codeletion thus diagnoses an oligodendroglioma (grade II or anaplastic, grade III), while the 

absence of 1p/19q codeletion indicates an astrocytoma1. A recent consensus by the European 

Association for Neuro-Oncology has suggested that ATRX immunohistochemistry may provide 

a surrogate marker of 1p/19q status for some gliomas10. For example, loss of ATRX expression 

in an IDHmut phenotypic astrocytoma is characteristic of a 1p/19q non-codeleted tumour, and 

formal 1p/19q testing may not be necessary10. This is useful in centres with limited access to 

1p/19q testing, and decreases the costs associated with glioma diagnosis, though formal 

1p/19q testing remains the gold standard. Glioblastomas (grade IV gliomas) are solely 

subclassified according to IDH status, as either IDH-wild type (IDHwt) if IDH testing is negative, 

or IDH-mutant (IDHmut) if positive. The majority are IDHwt 1. In contrast to grade II and III 

gliomas, 1p/19q testing is not necessary even if an IDH mutation is detected, as there is no 

grade IV oligodendroglial tumour equivalent in the updated classification1. 

 

The limitation of R132H-IDH1 immunohistochemistry, specifically its inability to detect non-

canonical IDH mutations, poses the clinical problem of how to proceed when 
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immunohistochemistry is negative. Ideally, definitive genetic testing should be performed, but 

this adds significantly to costs, and the availability is more limited than for 

immunohistochemistry. The implications depend on the specific tumour, however. For 

example, IDH mutations are present in the majority of grade II and III astrocytomas, and about 

11% of these are non-R132H-IDH1 mutations14. As such, non-canonical mutations are present 

in an important minority of grade II and III tumours with negative immunohistochemistry. In 

contrast, only about 5% of primary glioblastomas harbor IDH mutations16, and more than 95% 

of these are R132H-IDH1 mutations14. The chance of a non-canonical mutation in a primary 

glioblastoma with negative immunohistochemistry is, therefore, very low, and this probability 

decreases further with age1. Similar considerations are relevant to 1p/19q testing, with access 

generally more limited than for IDH1 immunohistochemistry, and the costs being higher. Given 

these issues, supplementing histological characterisation with information obtained from MRI 

may aid decision-making, especially if comprehensive genotypic evaluation is not readily 

available. For example, MRI may be able to support true IDHwt status in a glioblastoma with 

negative IDH1 immunohistochemistry, or, indeed, suggest that definitive genotyping may have 

a greater likelihood of a positive result. Such considerations will become increasingly relevant, 

as ongoing research in this area will inevitably increase the number of clinically-important 

genetic and molecular markers, with an increase in the associated costs and logistic 

considerations. 
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CHAPTER 1 

MRI grading versus histology: Predicting survival of World Health Organization grade II-IV 

astrocytomas 

 

Lasocki A, Tsui A, Tacey MA, Drummond KJ, Field KM, Gaillard F 

AJNR Am J Neuroradiol. 2015 Jan; 36(1): 77-83. Epub 2014 Aug 7. 

 

The following chapter is the author-accepted version of the full article, which is available 

(including references) at doi: 10.3174/ajnr.A4077 
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Abstract 

Background and Purpose 

Histological grading of intracranial astrocytomas is affected by sampling error and substantial 

inter- and intra-observer variability. We propose that incorporating MRI into grading will 

predict patient survival more accurately than histopathology alone. 

 

Materials and Methods 

Institutional Human Research Ethics Committee approval was obtained. Patients with a new 

diagnosis of a World Health Organization grade II-IV astrocytoma or mixed oligoastrocytoma 

diagnosed between September 2007 and December 2010 were identified. A total of 245 

patients met the inclusion criteria. Pre-operative MRIs were independently reviewed by two 

readers, blinded to the histological grade, and an MRI grade was given. The MRI and 

histopathological grades were compared against patient survival. 

 

Results 

Patients with grade II or III astrocytomas on histology but evidence of necrosis on MRI 

(consistent with a grade IV tumour) had significantly worse survival than patients with the 

same histology but no evidence of necrosis on MRI (p=0.002 for grade II histology and p=0.029 

for grade III). Their survival was not significantly different to those patients with grade IV 

tumours on histology (p=0.164 and p=0.385, respectively), suggesting that all or most are likely 

to have truly been grade IV tumours. MRI evidence of necrosis was less frequent in grade II 

and III oligoastrocytomas, preventing adequate subgroup analysis. 

 

Conclusions 

MRI can improve grading of intracranial astrocytomas, by identifying patients suspected of 

being under-graded by histology, with high inter-observer agreement. This has the potential to 
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optimise patient management, for example by encouraging more aggressive treatment earlier 

in the patient’s course.  
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Manuscript 

Introduction 

Management of intracranial astrocytic tumours is heavily influenced by the histological grade 

obtained at the time of surgical biopsy or resection. World Health Organization grade IV 

astrocytomas (glioblastoma) are the most common and the majority of glioblastomas are 

considered to arise de novo (primary glioblastomas). Grade II and III astrocytomas (diffuse 

astrocytoma and anaplastic astrocytoma, respectively) may also progress to grade IV 

(glioblastoma) over time. Secondary glioblastomas are associated with a better prognosis and 

typically demonstrate isocitrate dehydrogenase-1 (IDH1) mutations. Assigning a specific grade 

is important for routine patient management, as well as for inclusion into clinical trials. The 

overall tumour grade depends on the highest grade component within the sample obtained, 

however astrocytomas are heterogeneous tumours on both imaging and histology, and 

different components of the same tumour may exhibit different grades on histopathology. As a 

result, sampling error sometimes occurs when grading astrocytomas from surgical specimens, 

in particular when the specimen was obtained by biopsy. It also remains a risk with a resection, 

because the pathologist typically does not receive the entire resected tumour for examination, 

as generally occurs with visceral tumours. The highest grade component may therefore not be 

present in the sample available for analysis. This sampling error can lead to under-grading of 

tumours, which in turn can potentially result in under-treatment. In addition, due to varying 

practises even among pathologists working within the same department, inter-observer 

correlation for histopathology has been shown to be only poor to moderate (к=0.06-0.66). 

 

MRI has been shown to correlate with histological grade, but holds the important advantage of 

being able to examine the entire tumour in vivo, and is therefore not susceptible to sampling 

error. When evaluating MRI, the literature usually uses histological grade as the gold standard, 

which makes it difficult to interpret the results given the aforementioned limitations of 

histopathology (sampling error and inter- and intra-observer variability), and likely 

underestimates its accuracy and utility. It also does little to clarify the practical questions of 

how to proceed when histopathology and MRI are disparate, and which of the two better 

predicts the patients’ outcome in this situation. In particular, it is not clear whether a patient 

should be presumed to have a higher grade tumour when the MRI appearances suggest a 

higher grade than the histological assessment. 
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In this study we correlate MRI appearances with patient survival and compare how well the 

MRI grade predicts biological behaviour compared to the histological grade. We propose that 

incorporating MRI into grading could predict patient survival better than the current gold 

standard of histopathology alone. 

 



Page 21/163 
 

Methods 

Patient Selection 

Patients with a new diagnosis of a World Health Organization grade II-IV astrocytoma or mixed 

oligoastrocytoma were identified through the Central Nervous System Tumour Database at our 

hospital, which routinely captures all new astrocytoma patients treated at our institution. All 

were adult patients and had not received treatment prior to surgery. Protoplasmic 

astrocytomas (n=9) and gemistocytic astrocytomas (n=5), which are known to have atypical 

imaging appearances, were excluded, as were patients with imaging appearances suggestive of 

gliomatosis cerebri (n=4). Pure oligodendrogliomas were also not included. Only patients with 

MRI available for review on the Picture Archiving and Communication System performed prior 

to their first operation for this tumour, including at least a post-contrast sequence, were 

included. 17 patients were excluded due to a lack of a preoperative post-contrast MRI. The 

study period was September 2007 to December 2010, to allow adequate time for survival 

information. Institutional Human Research Ethics Committee approval was obtained.  

 

Patient demographics and baseline Eastern Co-operative Oncology Group (ECOG) performance 

status were obtained from the database. The histological grade of the tumour was taken from 

the histopathology report available on the hospital’s clinical information system. One patient 

was excluded as the histopathology had been reported at another institution and was not 

available for review. Of those included, all but one patients’ histology was reported by one of 

two experienced neuropathologists. Histology for this single outlying patient and for 6 patients 

where the histopathological grade was not clearly stated in the hospital report were blindly 

reviewed and graded by one of the two neuropathologists for the purposes of the study. IDH1 

mutation testing was subsequently performed for the patients with evidence of necrosis on 

MRI but grade II or III histology, to determine if this subset of patients showed an association 

with IDH1 mutations, which would be suggestive of secondary glioblastomas. Proliferative 

index (Ki-67 or topoisomerase) was also determined for these patients, either taken from the 

formal hospital report (n=10) or calculated on subsequent review if not reported initially 

(n=13). 
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MRI Review 

Pre-operative MRIs were independently reviewed retrospectively on the Picture Archiving and 

Communication System by two readers, blinded to the histological grade, and an MRI grade 

was given. The readers were an MRI fellow and a neuroradiologist with 5 years of subspecialty 

experience. For this study, the MRI grade was determined on the basis of the post-contrast 

MRI, as a surrogate for the histological grading criteria used at our institution.  MRI grade IV 

was assigned when there was evidence of necrosis – a complete enhancing ring on a post-

contrast T1-weighted sequence around a central non-enhancing area. If there was 

enhancement but no convincing necrosis, this was designated grade III. Wispy enhancement 

was not considered sufficient for grade III. MRI grade II was assigned when the tumour 

demonstrated no contrast enhancement or necrosis. Discrepancies in the grade between the 

two MRI readers were decided by consensus, with knowledge of their initial MRI grade but 

again blinded to the histopathological grade. 

  

The majority of MRI studies (236 patients) were performed entirely at our institution, on one 

of 3 scanners (Siemens Magnetom TIM Trio, 3T, software VB 17; GE SIGNA HDx, 1.5T, software 

version 14; GE SIGNA LX, 1.5T, software version 9.1). The majority of studies (212 of 245) were 

standard diagnostic studies. At 1.5T, this generally included at least axial T1WI, T2WI, FLAIR 

(fluid-attenuated inversion recovery) and DWI (diffusion weighted imaging) sequences; sagittal 

T1WI; and a susceptibility sensitive sequence (varying between scanners). Post-contrast T1-

weighted sequences were performed in the axial and coronal planes, as well as usually a 

volumetric acquisition for the purposes of stereotaxis. At 3T, the only difference was that the 

pre- and post-contrast T1-weighted sequences were acquired volumetrically, with 

reconstructions in three planes. Overall, MR Spectroscopy and Dynamic Susceptibility Contrast 

perfusion were performed in 63 and 31 patients, respectively. The remainder (33) were most 

commonly limited volumetric post-contrast T1WI studies for stereotaxis. The standard 

intravenous contrast medium administered was 15ml of gadopentetate dimeglumine, with the 

post-contrast sequence generally performed 2-3 minutes after contrast administration.  
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Surgical Technique 

Surgical biopsies and resections were guided stereotactically, by targeting the most suspicious 

areas on MRI using the Brainlab Vectorvision Navigation System (Brainlab AG, Feldkirchen, 

Germany). This usually incorporated a volumetric post-contrast T1WI sequence. Whether the 

operation was a biopsy or resection was obtained from the database. 

 

Statistical Analysis 

Inter-observer reliability and agreement between the two readers of MRI grades were 

evaluated using the Kappa statistic, while Spearman’s correlation coefficient was used to 

assess correlation between the Histology and MRI grades.  Both univariate and multivariate 

Cox logistic regression analyses were used to test for associations between overall survival and 

age, gender, performance status and a combination of MRI and histological grades. ECOG 

performance status was considered in a binary manner, namely 0-1 and 2-4. This grouping was 

selected as it provided better balance between the two groups than the other of the two 

groupings commonly used in the literature: 0-2 and 3-4. Different categorical variables were 

created that reflected different combinations of MRI and histological grades. For the univariate 

analysis, the log-rank test was used to test for associations between survival and categorical 

variables, while Cox regression was utilised for continuous variables such as age.  Kaplan-Meier 

curves were estimated to illustrate the association and non-associations between survival and 

the categorical variables, with the Cox proportional hazard model used to compare survival 

between groups, after adjusting for relevant covariates. Results are presented as hazard ratios 

(HR) with 95% confidence intervals. A two-tailed p-value of 0.05 was considered statistically 

significant.  STATA statistical analysis software (version 12.1) was used (StataCorp, College 

Station, TX, USA).



Page 24/163 
 

Results 

Patient Demographics 

A total of 245 patients met the inclusion criteria, out of 281 patients identified initially. There 

were 136 males (56%) and 109 females. Patient ages ranged from 19 to 89 years, with a 

median of 61 years. Patient age was found to be a strong predictor of survival independent of 

histological grade, hence all results provided are corrected for age. 40 patients (16%) had 

grade II histology, 35 (14%) grade III and 170 (69%) grade IV. 34 patients (14%) had mixed 

oligoastrocytomas, the remainder astrocytomas (n=211). All patients had MRI within the 11 

days prior to surgery and all but 7 patients within 7 days. ECOG performance status data was 

available in 91% of patients (223 of 245) - 97 patients were ECOG 0, 60 ECOG 1, 33 ECOG 2, 25 

ECOG 3 and 9 ECOG 4. As for age, performance status was an independent predictor of 

survival, thus the associations with survival for the MRI and histological grades are also 

corrected for performance status. These baseline characteristics and the univariate results are 

presented on Table 1. 

 

MRI-Histology Correlation 

The MRI and histological grades are compared on Table 2 for astrocytomas and Table 3 for 

mixed oligoastrocytomas. Overall agreement between the two MRI readers was high, 

occurring in 233 of 245 patients, or 95% (к=0.87). Correlation between the MRI consensus 

grade and the histological grade was moderate, at 82% (к=0.58). 

 

Astrocytomas 

Of the 25 patients with grade II histology, five (20%) exhibited MRI evidence of necrosis 

(consistent with a grade IV tumour). Their mean survival was 233 days, significantly worse than 

the survival of patients with grade II histology but no evidence of necrosis on MRI (median 

survival >946 days; p=0.002; HR=44.6, 95% CI: 4.0-502.6). These patients with necrosis on MRI 

had statistically equivalent survival (p=0.164) compared to those with grade IV histology 

(median survival 257 days), though with a slight trend towards worse survival (HR=1.9, 95% CI: 

0.8-4.8). The survival of these three groups is compared on the Kaplan-Meier curve, Figure 1. 
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For the grade III histology group, 16 of 28 (59%) had evidence of necrosis on MRI, with a 

median survival of 245 days. Examples are shown in Figure 2. Again, their survival was 

significantly worse than for patients without MRI evidence of necrosis (median survival 564 

days; p=0.029; HR=3.3, 95% CI: 1.1-9.8) and equivalent to the grade IV histology group 

(p=0.385). These survivals are compared on the Kaplan-Meier curve, Figure 3. 

 

IDH1 mutation status was tested on all 21 patients with grade II or III histology but MRI 

evidence of necrosis, and was negative in all patients. Proliferative index varied widely, from 

1% to >75%. Five of the 21 patients had further surgery within 4 months of their initial surgery 

(after 8, 10, 46, 90 and 109 days, respectively). In each case, histology showed grade IV 

tumour. Histology was obtained by resection in 9 of the 21 patients (43%) with grade II or III 

histology but MRI evidence of necrosis, and by biopsy in the other 12. This proportion obtained 

by resection was slightly higher than for the patients with grade II or III histology but no 

evidence of necrosis on MRI (11 of 32, or 34%). This difference was not statistically significant 

(p=0.533). 

 

Of patients with grade II histology, there was no significant difference in survival (p=0.300) 

between those with no enhancement (MRI grade II) compared to those with enhancement but 

no evidence of necrosis (MRI grade III). Similarly, for patients with grade III histology, there 

was no significant difference in survival (p=0.119) between those with MRI grades of II and III. 

Of the patients with grade IV histology, four demonstrated enhancement but not convincing 

necrosis on MRI, and one did not exhibit any enhancement. These five patients without 

evidence of necrosis on MRI showed a trend towards longer survival (median survival 589 

days) compared to the remaining patients with grade IV histology (median survival 252 days; 

HR=0.4, 95% CI: 0.1-1.3), although with the small number of patients, this was not statistically 

significant (p=0.138). 
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Mixed Oligoastrocytomas 

Fewer grade II and III oligoastrocytomas showed evidence of necrosis on MRI (only one of each 

grade), which precluded adequate subgroup analysis. IDH1 was positive in one of these two 

patients. When corrected for age, ECOG performance status and histological grade, mixed 

oligoastrocytomas had significantly better survival than pure astrocytomas (p=0.031, HR=0.52, 

95% CI: 0.3-0.9). 
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Discussion 

We have described a simple yet robust approach to MRI grading of intracranial astrocytomas. 

MRI can accurately identify a significant number of patients under-graded by histology, in 

particular those suspected of truly being grade IV tumours based on MRI evidence of necrosis. 

The survival data strongly suggests that all or most of the astrocytomas with grade II and III 

histology but evidence of necrosis on MRI were indeed glioblastomas. In addition, they appear 

to have generally been primary glioblastomas given IDH1 mutation negativity, rather than 

secondary glioblastomas (which are associated with IDH1 mutations and typically have a better 

prognosis). Under-grading occurred with both stereotactic biopsies and definitive resections. 

We have shown that MRI has excellent inter-observer agreement, better than the inter- and 

intra-observer agreement reported for pathological grading of astrocytomas (к=0.06-0.66). In 

addition, combining MRI studies from different scanners indicates that these results using 

standard sequences should be achievable in a majority of institutions, rather than being 

vendor or model-specific. Finally, the high correlation between a relatively inexperienced 

reader and a more experienced reader shows that the grading system can be easily utilised by 

radiologists of varying experience. 

 

We consider grade IV the most important histological grade to determine accurately at 

diagnosis, as the management is usually more aggressive than for grade III and in particular 

grade II tumours, and patients can deteriorate rapidly. Correct identification of grade IV 

tumours allows appropriate intensification of treatment to a multimodality regimen at 

diagnosis. Patients with grade IV tumours are also those who are potential candidates for the 

greatest number of clinical trials and novel therapies. Clinical trial participation has been 

shown to be an independent predictor of longer survival in glioblastoma, hence being ineligible 

for a trial due to under-grading has the potential to adversely affect a patient’s outcome. 

 

Our results build on work by authors at least as far back as Dean et al, who in 1990 aimed to 

grade astrocytic tumours based on a variety of MRI features. Already over two decades ago, 

they postulated that “MR imaging may serve as an adjunct in case management when the 

clinical course and MR findings appear to be at odds with the neuropathologic diagnosis”. Our 

results are similar to a much more recent study of 151 patients by Pope et al, in which patients 
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with grade III histology but MRI evidence of necrosis (8 of 43 grade III tumours, or 19%) had 

survival similar to patients with grade IV tumours, and 105 of 110 histologically-proven grade 

IV tumours had MRI evidence of necrosis. In our study, the number of patients with grade III 

histology but MRI evidence of necrosis was greater (16 of 28, or 57%). We have also shown a 

similar difference in survival for patients with histological grade II tumours and evidence of 

necrosis on MRI (5 of 25, or 20%), which were not examined by Pope et al. 

 

Previous papers have overall shown moderate correlation between an MRI grade using 

conventional sequences and the histopathological grade, which improves when adding 

advanced imaging sequences such as Perfusion (in particular relative Cerebral Blood Volume, 

rCBV) or Spectroscopy. The results for DWI have been conflicting, as they have for the 

presence of magnetic susceptibility suggestive of haemorrhage. A practical difficulty with the 

advanced sequences is that they are generally continuous variables, with at least some overlap 

between tumours of different grades. It is likely that the degree of overlap between tumour 

grades would substantially increase once those tumours with MRI evidence of necrosis are 

excluded, decreasing the specificity and thus utility of these sequences. A further difficulty 

with many of the studies of MRI grading of astrocytic tumours is that grade III and IV tumours 

have been considered together as “high grade gliomas”. In general, distinction between grade 

III and IV tumours was inaccurate, or was not assessed; yet this distinction can be very 

important for determining both management options and clinical trial inclusion. Not 

unexpectedly, our simple grading system was less helpful in differentiating between grade II 

and III tumours based on the presence or absence of enhancement, and this is likely to be a 

setting in which the advanced sequences will have particular value.  

 

We acknowledge that the management may have varied substantially between patients. Age 

and performance status are both important factors in the decision-making process, and we 

feel that correcting for these variables goes some way to addressing this, especially given that 

ours is a single-institution study in the post-Stupp era. During the study period, our post-

surgery standard therapy for patients with grade IV tumours was combination temozolomide 

and radiotherapy followed by adjuvant temozolomide; patients with grade III tumours were 

initially treated with surgery and post-operative radiotherapy, followed by the introduction of 

temozolomide when there was evidence of recurrence; while patients with grade II tumours 
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were generally managed with surgery alone, followed by active surveillance until evidence of 

de-differentiation. Molecular and genetic markers such as IDH1 mutation status, proliferative 

index and MGMT methylation were not typically obtained during the study period and were 

not used to guide treatment. A further potential criticism of this study is that advanced 

imaging sequences were under-utilised in determining the MRI grade. Although advanced 

sequences can be beneficial in grading, our aim was to develop a fairly direct MRI correlate for 

the WHO classification which was simple and reproducible by all institutions. Additionally, 

given that we have shown that the presence of necrosis on MRI (as a surrogate for necrosis on 

histopathology) is sufficient to identify the majority of grade IV tumours, including those 

suspected of being under-graded due to sampling error, it is not clear from the literature how 

useful the advanced sequences are for assessing tumours that do not have evidence of 

necrosis on the post-contrast T1-weighted sequence. 

 

Our patient group consisted of a higher proportion of grade IV tumours than some other 

studies. This may partly relate to our exclusion of patients with protoplasmic and gemistocytic 

variants and those suspected on MRI of having gliomatosis cerebri. It is not clear whether 

these patients are included in other studies. We considered it important to exclude these 

histological variants from our study, as they have imaging appearances which vary significantly 

from the more common diffuse fibrillary variety (contrast enhancement and cystic change 

being far more common) and, in the case of gemistocytic astrocytomas, the prognosis is worse. 

The patients suspected of having gliomatosis cerebri were also excluded for this same reason 

of having a worse prognosis, as including them could have unfairly biased against histology. 

Nevertheless, due to the size of our study, the absolute number of grade II and III tumours was 

large compared to the existing literature. 

 

The management of astrocytomas has progressed beyond just histological assessment, with 

molecular and genetic markers being able to provide information on prognosis and expected 

treatment outcomes. The interpretation and implications of the genetic analysis is affected by 

the histological grade, however, hence it remains important to optimise the accuracy of 

grading. Accurate grading becomes even more important when these markers are not 

available (for example, due to cost). In either case, utilising MRI to improve the accuracy of 
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grading can help optimise management and prognostication with little or no added cost, as an 

MRI has generally already been performed. 

 

The algorithm we suggest for incorporating an MRI grade into the overall management (Figure 

4) hinges on all grade II and grade III astrocytoma patients having their preoperative MRI 

reviewed for grading, with the radiologist aware of the histology but potentially blinded to the 

histological grade. If the MRI does show evidence of necrosis, our results suggest that the 

tumour can simply be treated as grade IV, with the appropriate multimodality therapy. If 

histological confirmation of grade IV tumour is necessary, we suggest reviewing the histology 

in the first instance, specifically looking for evidence of necrosis to verify the MRI appearances. 

If no necrosis is revealed on review, repeat surgery could also be considered, though in 

practice would be a last resort. The results for astrocytomas were not reproduced for 

oligoastrocytomas due to the smaller numbers and less frequent up-grading of tumours based 

on MRI.
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Conclusions 

Using MRI in tandem with conventional histological grading can significantly enhance the 

accuracy of grading of intracranial astrocytomas, with high inter-observer agreement. 

Detection of necrosis on MRI in a histological grade II or III astrocytoma suggests that the 

patient has been under-graded by histology. This has the potential to optimise patient 

management, for example by encouraging a more aggressive treatment strategy earlier in the 

patient’s course.  
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Tables 

 

Table 1: Patient baseline characteristics and univariate results.  

Variable

Number (%), unless 

otherwise specified HR 95% CI p-value

Total 245

Gender

Female 109 (44.5%) 1 - -

Male 136 (55.5%) 1.15 0.86 - 1.54 0.346

Age, Continuous, Median (IQR) 61 (49 - 71) 1.05 1.04 - 1.07 <0.001

Age, Categorised

19 - 53 79 (32.2%) 1 - -

54 - 67 80 (32.7%) 2.59 1.75 - 3.84 <0.001

68+ 86 (35.1%) 5.05 3.42 - 7.47 <0.001

MRI Grade

II 39 (15.9%) 1 - -

III 19 (7.8%) 2.28 0.97 - 5.38 0.059

IV 187 (76.3%) 8.39 4.50 - 15.67 <0.001

Histology Grade

II 40 (16.3%) 1 - -

III 35 (14.3%) 2.55 1.28 - 5.08 0.007

IV 170 (69.4%) 5.88 3.32 - 10.43 <0.001

Histology Type

Astrocytoma 211 (86.1%) 1 - -

Oligoastrocytoma 34 (13.9%) 0.31 0.18 - 0.52 <0.001

ECOG, Continuous, Mean ± SD 0.78 ± 1.39 1.47 1.30 - 1.67 <0.001

ECOG, Grouped

0-1 157 (64.1%) 1 - -

2-4 66 (26.9%) 2.13 1.54 - 2.94 <0.001

* IQR = interquartile range; SD = standard deviation
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    Histological Grade   

    II III IV Total 

MRI 

Grade 

II 15 5 1 21 

III 5 7 4 16 

IV 5 16 153 174 

  Total 25 28 158 211 

 

Table 2: Number of astrocytoma patients with each histological and MRI grade. 
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    Histological Grade   

    II III IV Total 

MRI 

Grade 

II 13 5 0 18 

III 1 1 1 3 

IV 1 1 11 13 

  Total 15 7 12 34 

 

Table 3: Number of mixed oligoastrocytoma patients with each histological and MRI grade. 
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Figures 

 

Figure 1: Kaplan-Meier Survival Curve showing survival of patients with grade II astrocytomas 

on histology, with and without evidence of necrosis on MRI, compared against patients with 

grade IV histology. 
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Figure 2: Examples of post-contrast T1-weighted sequences of patients with grade III 

astrocytomas on histology but MRI evidence of necrosis. 
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Figure 3: Kaplan-Meier Survival Curve showing survival of patients with grade III astrocytomas 

on histology, with and without evidence of necrosis on MRI, compared against patients with 

grade IV histology.
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Figure 4: Suggested management algorithm for a combined histological/MRI grading system. 
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CHAPTER 2 

Incidence and prognostic significance of nonenhancing cortical signal abnormality in 

glioblastoma 

 

Lasocki A, Gaillard F, Tacey M, Drummond K, Stuckey S 

J Med Imaging Radiat Oncol. 2016 Feb; 60(1): 66-73. Epub 2015 Nov 23. 

 

This is the pre-peer reviewed version of the following article: Incidence and prognostic 

significance of non-enhancing cortical signal abnormality in glioblastoma. Lasocki A, Gaillard F, 

Tacey M, Drummond K, Stuckey S. J Med Imaging Radiat Oncol. 2016 Feb;60(1):66-73, which 

has been published in final form at doi: 10.1111/1754-9485.12421. This article may be used for 

non-commercial purposes in accordance with Wiley Terms and Conditions for Self-Archiving.  
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Abstract 

Introduction 

The presence of nonenhancing cortical signal abnormality is useful for differentiating between 

glioblastoma and metastatic disease, but its significance has not been studied. We aim to 

determine the incidence and prognostic implications of nonenhancing cortical signal 

abnormality in glioblastomas. 

 

Methods 

Patients with a new diagnosis of glioblastoma between September 2007 and December 2010 

were identified. Only patients with at least FLAIR and post-contrast T1-weighted sequences 

were included. Pre-operative MRIs were reviewed together by two readers to determine 

whether there was evidence of nonenhancing cortical signal abnormality, based primarily on 

the FLAIR sequence. The results were compared with patient survival using both univariate and 

multivariate analysis. 

 

Results 

151 patients met the inclusion criteria. 77 patients (51%) had evidence of nonenhancing 

cortical signal abnormality. On both univariate and multivariate analysis, there was overall no 

significant difference in survival between patients with nonenhancing cortical signal 

abnormality and those without. Peripheral enhancing lesions (51 patients) were generally 

associated with the longest survival, but subgroup analysis suggested that nonenhancing signal 

abnormality was associated with worse survival in these patients (p=0.004), conveying an 

intermediate prognosis. 

 

Conclusions 

Nonenhancing cortical signal abnormality is a common feature of glioblastomas, occurring in 

about half of cases. It does not affect survival overall, but appears to be associated with worse 
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survival in the setting of a peripherally-located enhancing lesion. This has the potential to alter 

surgical management.  
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Manuscript 

Introduction 

The presence of nonenhancing cortical signal abnormality (nCS) on T2-weighted FLAIR 

sequences contiguous with an enhancing glioblastoma has been shown to be a useful feature 

for differentiating it from other diagnoses, in particular metastatic disease. In the two larger 

studies, both of which assessed solitary enhancing lesions, nCS occurred in 63% and 44% of 

patients, respectively. To our knowledge, the prognostic implications of nCS have not been 

previously assessed, though other authors have studied the prognostic significance of 

noncontrast-enhancing tumour (nCET) in general, and there is growing interest in this topic. An 

association between nCET and secondary glioblastoma has previously been suggested, though 

correlation between nCET and prognosis in glioblastoma has yielded mixed results. The 

purpose of our study was to determine the incidence and prognostic implications of nCS as 

distinct from the broader feature of nCET, with the added benefit of FLAIR imaging. 
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Materials and Methods 

Patient Selection 

Patients with a new diagnosis of glioblastoma were identified through the Central Nervous 

System Tumour Database at our hospital, which routinely captures all new astrocytoma 

patients treated at our institution. All were adult patients. Only patients with an MRI available 

for review on the PACS performed prior to the first operation for this tumour, consisting of at 

least FLAIR and post-contrast sequences, were included. Pathology was reported by one of two 

experienced neuropathologists. The histological grade was confirmed by review of the formal 

report and the presence or absence of an oligodendroglial component was also noted. Patient 

demographics, baseline Eastern Co-operative Oncology Group (ECOG) performance status, 

treatment information and assessment of the surgical resection were obtained from the 

database. Resection information was stratified as gross total resection (resection of >95% of 

the enhancing component), subtotal resection (50-95%), partial resection (<50%) or biopsy. 

For patients without surgical resection information in the database, this was obtained by 

review of imaging performed within 48 hours post-operatively. Overall, information on 

performance status was available in 133 of 151 patients (88%) and on resection in 137 patients 

(91%). The study period was September 2007 to December 2010, allowing adequate time for 

survival information. Institutional Human Research Ethics Committee approval was obtained.  

 

MR Imaging Review 

Pre-operative MRIs were reviewed on PACS together by two radiologists, with 2 years and 20 

years of subspecialty neuroradiology experience, respectively, to determine whether there 

was evidence of nonenhancing FLAIR hyperintensity with mass effect in the cortex contiguous 

with the area(s) of tumoural enhancement, including with hyperintensity in the intervening 

white matter where relevant. A typical example is shown in Figure 1. While based on the FLAIR 

sequence, the T2- and T1-weighted sequences were used as an adjunct in equivocal cases to 

assist differentiation between true cortical involvement, which often results in grey matter 

expansion, and compressed and thinned grey matter. Only abnormal signal located in the 

cortex was included, not in white matter, due to the known difficulties differentiating between 

tumour infiltration and vasogenic oedema in the latter. If nCS was present, this was classified 

as either minor (only a thin rim of abnormal signal) or more extensive (at least a distinct 
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nodule of nCS, though at times this was much more widespread). The location of any 

enhancing lesion(s) was classified as deep (involvement of the basal ganglia, thalamus, internal 

or external capsules, or corpus callosum), periventricular (abutting the ventricular surface but 

not meeting the criteria for a deep lesion) or peripheral (not meeting the criteria for a deep or 

periventricular location). The axial measurements of the largest enhancing lesion were also 

recorded (the long axis diameter and the short axis diameter taken perpendicular to this). 

  

The majority of MRI studies were performed entirely at our institution, on one of 3 scanners: 

3T Magnetom TIM Trio, software VB 17 (Siemens, Erlangen, Germany); 1.5T SIGNA HDx, 

software version 14 (GE, Milwaukee, Wisconsin); and 1.5T SIGNA LX, software version 9.1 (GE, 

Milwaukee, Wisconsin). A standard 15ml of gadopentetate dimeglumine (Magnevist®; Bayer 

HealthCare Pharmaceuticals, Wayne, NJ) was administered, with the post-contrast sequence 

generally performed 2-3 minutes after contrast administration. FLAIR sequences were 

generally 2-dimensional, with a standard slice thickness of 4mm and interslice gap of 1.2mm 

on the 3T scanner, or slice thickness of 5mm and interslice gap of 1.5mm on both 1.5T 

scanners. Post-contrast T1-weighted fast spin echo sequences were performed in the axial and 

coronal planes, as well as usually a volumetric acquisition for the purposes of stereotaxis. At 

3T, the only difference was that the pre- and post-contrast T1-weighted sequences were 

acquired volumetrically using Three Dimensional Magnetization Prepared Rapid Acquisition 

Gradient Echo (3D MPRAGE), with reconstructions in three planes.  

 

Statistical Analysis 

Both univariate and multivariate cox regression analyses were used to test for associations 

between nCS (negative, minor or more extensive) and survival.  Age was considered as a 3-

level category variable based on tertiles. Performance status was considered in a binary 

manner, namely ECOG 0-1 and 2-4. This grouping was selected as it provided a more even 

balance between the two groups than the other commonly used grouping in the literature: 0-2 

and 3-4. For the resection data, partial resection and biopsy were considered together. 

Treatment information was not available from the database in all patients, but during the 

study period patients typically received post-operative radiotherapy and chemotherapy 

(temozolomide) according to the Stupp protocol (unless contraindicated by factors such as 
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poor performance status), thus treatment was not independently corrected for. For the 

univariate analysis, the log-rank test was used to test for associations between survival and 

each variable.  Kaplan-Meier curves were estimated to illustrate the association between 

survival and nCS after adjusting for identified independent covariates also associated with 

survival. Results are presented as hazard ratios (HR) with 95% confidence intervals (CI). A two-

tailed p-value of 0.05 was considered statistically significant.  STATA statistical analysis 

software (version 12.1) was used (StataCorp, College Station, TX, USA). 
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Results 

151 patients met the inclusion criteria, out of 169 consecutive patients initially identified. 

Patients were excluded when no FLAIR (n=16) or no post-contrast sequences (n=1) were 

available for review. One further patient was excluded due to marked motion artefact. 86 

patients (57%) were male. Patient ages ranged between 28 and 89 years, with a median of 65 

years. Of the 151 patients, 77 (51%) had evidence of nCS (minor in 37 patients and more 

extensive in 40 patients), with a median survival of 276 days. The median survival was 261 days 

for patients without nCS. The proportion of patients with nCS was similar irrespective of 

location: 51% for deep (36 of 70 patients); 48% for periventricular (14 of 29); 51% for 

peripheral (26 of 51). At least one discrete enhancing lesion was detected in 150 of the 151 

patients. The single outlying patient without enhancement showed extensive nCS, but was 

excluded from multivariate analysis, as the tumour could not be classified as either deep, 

periventricular or peripheral. An oligodendroglial component was present in 12 patients (6 

patients with a deep location; three peripheral; two periventricular). 

 

Patient age (p<0.001) and location of the enhancing lesion(s) were significantly associated with 

survival on univariate analysis, and were the only features which remained significant on 

multivariate analysis. A deep location (median survival of 142 days) was associated with 

significantly worse survival than a peripheral location (median survival 388 days; p=0.001; 

HR=1.9, 95% CI 1.3-2.8), as well as a trend towards worse survival than a periventricular 

location (median survival 343 days; p=0.110; HR=1.4). A periventricular location was also 

associated with a trend towards worse survival than a peripheral location (p=0.069; HR=1.8). 

Partial (<50%) resection or biopsy were associated with a worse survival than subtotal 

resection or gross macroscopic resection on univariate analysis (p<0.001; HR=3.1), but did not 

maintain significance (p=0.063) on multivariate analysis, primarily due to a correlation with 

location, a higher proportion of partial resections or biopsies occurring in deep tumours. For 

example, gross macroscopic resection was achieved in only two patients in each of the deep 

and periventricular groups, compared to 16 in the peripheral group. There was no significant 

difference in survival between gross macroscopic resection and subtotal resection (p=0.530). 

The presence of nCS was not associated with a statistically significant difference in survival on 

univariate analysis (p=0.318), and there remained no significant difference in survival when 

‘minor’ and ‘more extensive’ change were considered separately (p=0.197 and p=0.685, 
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respectively). There was also no significant difference in survival between the two grades of 

nCS (p=0.429). The size of the largest enhancing lesion was not significantly associated with 

survival (eg. p=0.056 combining long and short axis measurements). The baseline patient 

characteristics and univariate results are presented on Table 1. 

 

Correcting for both age and location on multivariate analysis, there was overall no statistically 

significant difference in survival between patients with nCS and those without (p=0.145). 

Subgroup analysis revealed, however, that for peripherally-located enhancing lesions, patients 

with nCS had significantly worse survival (median 331 days) than those without (median 

survival 539 days; p=0.004; HR=2.7, 95% CI 1.4-5.2). This is demonstrated on the Kaplan-Meier 

survival curve, Figure 2. The results remained significant when separating patients with ‘minor’ 

signal change (median survival 339 days; p=0.003; HR=3.4, 95% CI 1.5-7.8) and ‘more 

extensive’ change (median survival 331 days; p=0.038; HR=2.3, 95% CI 1.1-4.9). Considering 

the subgroups with deep and peripheral lesions, there was no significant difference in survival 

comparing patients with nCS and those without (p=0.780 for a deep location, p=0.401 for 

periventricular). There was also no significant difference in survival between patients with nCS 

and those without when patients were stratified by extent of resection (p=0.609 for gross 

macroscopic resection, p=0.346 for subtotal resection, and p=0.389 for partial resection or 

biopsy). 
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Discussion 

The occurrence of nCS in around half of our patients with glioblastoma is consistent with prior 

studies, but in a much larger cohort, reaffirming that the finding is a common feature of 

glioblastomas. While others have suggested that nCS may be an imaging biomarker of 

secondary glioblastomas, our results do not support this. Firstly, nCS was present in 51% of our 

glioblastoma patients, yet secondary glioblastomas only account for about 10% of all 

glioblastomas. Even if only the patients with more extensive nCS are considered, this group still 

accounts for 26% of all glioblastomas. Secondly, if nCS was more common in secondary 

glioblastomas, one would expect the survival of this group to be better, yet survival was 

equivalent overall. Although the lack of IDH1 mutation information for our patients limits a 

definitive statement, these figures make it highly likely that the majority of glioblastomas with 

nCS are primary glioblastomas given their greater incidence. This assertion is supported by the 

findings of Carrillo et al. In their series, 7% of glioblastomas had IDH1 (isocitrate 

dehydrogenase 1) gene mutations, generally indicating secondary glioblastomas, and all these 

demonstrated nCET. Importantly, however, nCET was present in 32% of patients overall, hence 

the majority of patients with nCET did not have IDH1 mutations. 

 

Our results suggest that the presence of nCS is associated with a worse prognosis in the setting 

of peripherally-located enhancing lesions. While peripheral tumours had the best prognosis 

overall, the presence of nCS in these patients conveyed an intermediate prognosis, similar to 

periventricular tumours but still better than deep tumours. Patients with peripheral tumours 

and absent nCS had the best prognosis. Such findings have not been previously reported. We 

suspect the explanation lies in the surgical management rather than a difference in underlying 

tumour biology, supported by the patients with peripheral tumours having much higher rates 

of gross macroscopic resection. Generally, surgical resection of glioblastomas focuses on 

excision of the enhancing component, if this can be achieved safely, on the basis that this is 

the most aggressive component and will determine the rate of recurrence. In deep tumours, 

resection is typically more conservative to avoid substantial postoperative deficits, in part 

contributing to the worst prognosis. When a peripheral tumour is composed largely of 

enhancing tissue, then a complete excision of this component is more likely to be feasible and 

will account for the majority of the tumour, prolonging survival. In contrast, if components of 

nonenhancing cortical tumour are present, these will often be left behind, due to both the 
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focus on removing enhancing tumour, and the fact that nonenhancing tumour is much harder 

to delineate from normal brain. Given that the majority of recurrences occur locally within the 

treatment field, it is logical that a greater volume of residual nonenhancing tumour conveys a 

worse prognosis. This adds strength to the suggestion that extending the surgical resection 

beyond the contrast-enhancing component has the potential to improve treatment response, 

though there remain practical considerations. Brain containing necrotic tumour is non-

functional, therefore resection poses less risk. In contrast, brain infiltrated by tumour without 

associated necrosis may still be functional, thus the potential benefit of more aggressive 

resection needs to be weighed against the risk of functional impairment, and will be highly 

dependent on location. 

 

Our results question the findings of Pope et al, who reported that nCET was associated with a 

better prognosis on univariate analysis. While other studies, with some acknowledged patient 

overlap, have supported their finding, not all studies have been able to replicate these results. 

A definition similar to that described by Pope et al has been incorporated into the VASARI 

(Visually Accessible Rembrandt Images) set of MRI features of glioma. Our definition of nCS is 

analogous to the definition provided, but the most important methodological difference 

between Pope et al and our study is that we have deliberately confined our assessment to 

signal abnormality located within the cortex, rather than also including white matter; nCS can 

thus be considered a subset of nCET. Infiltration of tumour cells beyond the contrast-

enhancing margins is a typical feature of glioblastoma, with the region of surrounding T2 

hyperintensity often containing both oedema and tumour, which has been supported by many 

radiological studies. As such, confidently distinguishing oedema from nCET in the white matter 

is frequently not possible. It is likely, therefore, that in Pope et al at least a component of nCET 

was present in many of the patients considered to have oedema, in particular in the most 

extensive tumours with the worst prognosis, potentially skewing the results. There are also 

several situations in which we feel there is convincing imaging evidence of nCET in the white 

matter that does not meet the definition, for example abnormal signal crossing, but not 

expanding, the corpus callosum, and multifocality. In contrast, vasogenic oedema typically 

does not occur in the cortex, giving rise to its characteristic finger-like appearance. We feel, 

therefore, that confining the definition to the cortex is a more specific marker of nonenhancing 

tumour. 
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During the course of this study, we observed several practical tips for the accurate 

identification of nCS. Firstly, when assessing the FLAIR sequence, variable windowing, in 

particular using a narrower window width, was useful for both detecting nCS and adequately 

delineating its extent (see Figure 3). Accurate delineation is important as the radiotherapy field 

aims to cover areas of nCS, and these more distant areas of tumour may be under-treated if 

the extent of the tumour is not fully appreciated. The differentiation of true nCS from 

compressed parenchyma was another common practical dilemma. Review of the standard T2-

weighted and unenhanced T1-weighted images was often useful, by revealing a thin rim of 

uninvolved but compressed cortex (see Figure 4). It was also important to thoroughly 

scrutinise the entire lesion for the presence of nCS, as frequently it would only be visible in a 

small portion of the lesion, or occasionally only be seen some distance from the enhancing 

lesion in the case of a more disseminated tumour. Newer 3-dimensional volumetric sequences 

may assist in this regard. 

 

The broad categories of our resection data are a limitation and may explain why they did not 

remain a significant factor on multivariate analysis. Computer-aided systems, especially if 

combined with volumetric sequences, would likely improve accuracy and allow this variable to 

be considered in a continuous fashion. Resection information generally focuses on the 

enhancing component, and this was the case in our study. Given the growing understanding of 

the importance of the nonenhancing component, however, resection information on the 

nonenhancing component should also be obtained; one would expect that the presence of nCS 

in our study is associated with a greater volume of nonenhancing tumour remaining post-

resection. Prospective trials with knowledge of the presence and extent of nCS prior to surgery 

and radiotherapy would naturally lead on from this. The lack of computer-aided volumetric 

assessment of the FLAIR abnormality also limited our stratification of the extent of nCS. While 

there was no significance difference between the “minor” and “more extensive” categories of 

nCS, the latter category was broad, and perhaps a difference would be revealed if nCS could be 

measured continuously.  
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Conclusions 

Nonenhancing cortical signal abnormality is a common feature of glioblastomas, occurring in 

about half of cases. Patients with peripheral enhancing lesions had the best prognosis overall, 

but the presence of nCS in these patients was associated with significantly shorter survival, 

conveying an overall intermediate prognosis. In contrast, patients with peripheral enhancing 

lesions but no nCS had the best median survival. This knowledge may be used to alter surgical 

management and attempt to resect more of the tumour with nCS. 
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Tables 

Variable Number (%) HR 95% CI p-value 

Total 151       

Gender         

Male 86 (56.9%) 1 - - 

Female 65 (43.1%) 1.17 0.83 - 1.64 0.374 

Age, Continuous, Median (IQR) 65 (56 - 73) 1.04 1.02 - 1.05 <0.001 

Age, Categorised         

28 - 58 48 (31.8%) 1 - - 

59 - 69 51 (33.8%) 1.88 1.22 - 2.88 0.004 

70+ 52 (34.4%) 2.74 1.78 - 4.20 <0.001 

ECOG, Grouped (n=133)       

0-1 89 (66.9%) 1 - - 

2-4 44 (33.1%) 1.33 0.91 - 1.95 0.142 

Oligodendroglial component       

No 140 (92.7%) 1 - - 

Yes 11 (7.3%) 0.72 0.38 - 1.37 0.320 

Size of largest enhancing lesion (n=150)       

Long axis (mm), Median (IQR) 45 (30 - 57) 1.01 1.00 - 1.02 0.052 

Long axis + short axis, Median (IQR) 78 (51 - 98) 1.01 1.00 - 1.02 0.056 

Location (n=150)       

Deep 70 (46.7%) 1 - - 

Peripheral 51 (34.0%) 0.53 0.36 - 0.77 0.001 

Periventricular 29 (19.3%) 0.69 0.43 - 1.09 0.110 

Resection       

>95% 20 (13.3%) 1 - - 

50-95% 78 (51.7%) 1.19 0.70 - 2.03 0.530 

<50% or biopsy 39 (25.8%) 3.48 1.93 - 6.28 <0.001 

nCS         

Negative 74 (49.0%) 1 - - 

Positive 77 (51.0%) 1.19 0.85 - 1.67 0.318 

nCS Grade         

Negative 74 (49.0%) 1 - - 

Minor 37 (24.5%) 1.31 0.87 - 1.99 0.197 

More Extensive 40 (26.5%) 1.09 0.72 - 1.64 0.685 

* IQR = interquartile range 
    

Table 1: Patient demographics and univariate results. 
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Figures 

 

Figure 1: A typical example of nCS (axial T1 post-contrast and FLAIR sequences). 
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Figure 2: Kaplan-Meier survival curve demonstrating significantly worse survival associated 

with nCS in the setting of a peripheral enhancing lesion.  
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Figure 3: Axial FLAIR image with a standard (left) and narrow window width (right). The 

presence and extent of the nCS is better appreciated with a narrow window (white 

arrowheads). 
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Figure 4: On the axial FLAIR sequence (left image), the cortex is poorly defined, thus it is not 

clear whether it is compressed or involved. The axial T2 image shows that the cortex is not 

involved, however, thus the patient is negative for nCS. 
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CHAPTER 3a 

Multifocal and multicentric glioblastoma: Improved characterisation with FLAIR imaging and 

prognostic implications 

 

Lasocki A, Gaillard F, Tacey M, Drummond K, Stuckey S 

J Clin Neurosci. 2016 Sep; 31: 92-8. Epub 2016 Jun 21. 

 

The following chapter is the author-accepted version of the full article, which is available 

(including references) at doi: 10.1016/j.jocn.2016.02.022.
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Abstract 

Glioblastoma usually presents on imaging as a single peripherally enhancing lesion, but 

multiple enhancing lesions can occur, termed multifocal if there is a connection between 

enhancing lesions, or multicentric when no communication is demonstrated. We aim to 

determine the incidence and prognostic implications of multifocal and multicentric 

glioblastoma in the era of modern MRI, focusing on the added benefit of T2 FLAIR imaging. 

Patients with a new diagnosis of glioblastoma were identified. Pre-operative MRIs were 

reviewed to determine whether more than one distinct enhancing lesion was present, and 

whether there was communication between lesions. The findings were compared against 

survival data. More than one discrete contrast-enhancing lesion was present in 51 of the 151 

patients (34%). Communication between lesions was identified in 47 of these, most commonly 

direct parenchymal spread (41 patients). The patients with multiple lesions had worse survival 

(median 176 days, compared to 346 days), but this difference was not statistically significant 

(p=0.253). These tumours more frequently involved deep structures (p<0.001) and the 

posterior fossa (p=0.045), both of which were associated with worse survival. The presence of 

multiple enhancing foci in glioblastoma is common, occurring in about one-third of patients, 

and the majority have multifocal disease. The FLAIR sequence is the crucial sequence for 

demonstrating a communication between lesions. The worse survival of these patients is at 

least in large part related to more extensive tumour dissemination and more frequent 

involvement of key structures, rather that multiplicity per se. 
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Manuscript 

Introduction 

Glioblastoma most commonly presents on imaging as a single peripherally enhancing lesion in 

an adult patient, although multiple foci of enhancement embedded within a larger region of T2 

signal abnormality (multifocal glioblastoma), or even discrete enhancing regions without 

evidence of connecting tumour (multicentric glioblastoma), are recognised presentations. In 

such cases, metastatic disease is often considered to be the likely diagnosis, which may delay 

the diagnosis while efforts are made to determine the primary site of the presumed metastatic 

disease. As treatment of extra-cranial malignancy continues to improve, glioblastoma will be 

seen more commonly in patients with a prior history of cancer, and should remain a diagnostic 

differential, both to optimise MRI sequences and for appropriate surgical planning. 

 

The concepts of multifocality and multicentricity are relevant to a variety of tumours, including 

breast carcinoma, prostate adenocarcinoma and squamous cell carcinoma of the aerodigestive 

tract. In general, a tumour can be considered multifocal when separate areas of malignant de-

differentiation (two or more) develop within a larger region of cellular abnormality, for 

example squamous cell dysplasia of the aerodigestive tract. In specific reference to 

glioblastoma, multifocality is diagnosed when there is evidence of a macroscopic and/or 

microscopic connection between enhancing lesions, including dissemination along white 

matter tracts, grey matter, the ventricular system or meninges. In contrast, no connection 

between lesions can be demonstrated in a multicentric glioblastoma. 

 

The presence of multiple enhancing lesions at the time of diagnosis of an intracranial 

astrocytoma is not uncommon. While studies generally agree on the definitions of 

multifocality and multicentricity, the ability of imaging to detect and characterise multiple 

enhancing lesions has improved over time. To illustrate, older studies have described the 

incidence of multiple enhancing lesions as 1-10%. In contrast, a more recent study had a much 

higher incidence of 35%. 
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We aim to determine the incidence and prognostic implications of multicentric and multifocal 

glioblastoma in the era of modern imaging, in particular assessing the added benefit of T2 

FLAIR (fluid attenuated inversion recovery) imaging for tumour characterisation. 
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Materials and Methods 

Patients 

Institutional Human Research Ethics Committee approval was obtained. Patients with a new 

diagnosis of a WHO grade IV astrocytoma were identified through the Central Nervous System 

Tumour Database at our hospital. This database contains all astrocytoma patients treated at 

our institution and has also been used for previous research. All were adult patients, as our 

hospital does not generally treat paediatric patients (<18 years old). Only patients with MRI 

available for review on the Picture Archiving and Communication System (PACS) performed 

prior to their first operation for this tumour, including at least T2 FLAIR and T1-weighted post-

contrast sequences, were included. Patients with prior surgery were excluded. The study 

period was September 2007, the commencement of PACS at our institution, to December 

2010, to allow adequate time for survival information. Patient demographics, baseline Eastern 

Co-operative Oncology Group (ECOG) performance status, treatment information and 

assessment of the surgical resection were obtained from the database. Patient age was taken 

at the date of initial surgery (biopsy or definitive resection). Resection information was 

stratified as gross total resection (resection of >95% of the enhancing component), subtotal 

resection (50-95%), partial resection (<50%) or biopsy. In the first instance, assessment of 

resection was based on MRI performed within 48 hours post-operatively was reviewed, in line 

with departmental protocol and published clinical practice guidelines. If no immediate post-

operative MRI was available, the resection information was typically taken from the database, 

where available. 

 

MRI Technique 

The majority of MRI studies were performed entirely at our institution, on one of 3 scanners: 

3T Magnetom TIM Trio, software VB 17 (Siemens, Erlangen, Germany); 1.5T SIGNA HDx, 

software version 14 (GE, Milwaukee, Wisconsin); and 1.5T SIGNA LX, software version 9.1 (GE, 

Milwaukee, Wisconsin). Post-contrast T1-weighted fast spin echo sequences were performed 

in the axial and coronal planes, as well as usually a volumetric acquisition for the purposes of 

stereotaxis. At 3T, the only difference was that the pre- and post-contrast T1-weighted 

sequences were acquired volumetrically, with reconstructions in three planes. The post-

contrast sequences were generally performed 2-3 minutes after contrast administration. A 
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standard 15ml of gadopentetate dimeglumine (Magnevist®; Bayer HealthCare 

Pharmaceuticals, Wayne, NJ) was administered. FLAIR sequences were generally 2-

dimensional, with a standard slice thickness of 4mm and interslice gap of 1.2mm on the 3T 

scanner, or slice thickness of 5mm and interslice gap of 1.5mm on both 1.5T scanners. 

 

MRI Review 

Pre-operative MRIs were reviewed retrospectively on the PACS by a radiologist (with 2 years of 

subspecialty neuroradiology experience) to determine whether more than one distinct 

enhancing lesion was present. The largest axial measurements of the largest enhancing lesion 

were recorded (the long axis diameter and the short axis diameter taken perpendicular to 

this). The location of the lesion(s) were noted as either ‘deep’ (involvement of the basal 

ganglia, thalami, internal or external capsules, corpus callosum or brainstem), ‘periventricular’ 

(contacting the ventricular surface but not meeting the criteria for ‘deep’) or ‘peripheral’ (not 

meeting the criteria for ‘deep’ or ‘periventricular’). The presence of any enhancing lesion(s) in 

the posterior fossa was also recorded. When more than one enhancing lesions was present, 

the shortest distance between lesions in the axial or coronal plane was measured and 

stratified as either <5 mm, 5-9.9 mm, 10-14.9 mm, 15-20 mm or >20 mm. If there were three 

or more lesions, the greatest distance was counted. In additional, the locations of the lesions 

were also classified as either being located in a single cerebral hemisphere, both cerebral 

hemispheres (with or without enhancing lesion(s) in the corpus callosum), in the corpus 

callosum (with additional lesion(s) in one cerebral hemisphere), or involvement of the 

posterior fossa. 

 

The patients with more than one enhancing lesion were reviewed independently by the initial 

reader and a senior radiologist (with 8 years of subspecialty neuroradiology experience) to 

determine whether there was a communicating between lesions. If there was evidence of 

continuous nonenhancing signal change between lesions involving the white and/or grey 

matter (including the corpus callosum), primarily based on the T2 FLAIR (fluid-attenuated 

inversion recovery) sequence, this was considered parenchymal spread (Figures 1 and 2). 

Subependymal (Figure 3) and leptomeningeal spread (Figure 4) were based on the presence of 

separate enhancing lesions abutting the ventricular system or leptomeninges, respectively, 
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without associated T2 FLAIR signal abnormality in the intervening parenchyma. If none of 

these three patterns of spread could be identified (ie. no evident communication), the lesions 

were labelled multicentric (Figure 5). Interobserver agreement was assessed. 

 

Statistical Analysis 

Descriptive statistics are presented to compare those patients with and without multiple 

lesions, using Chi-squared or Fishers Exact tests for categorical variables and Mann-Whitney 

(ranksum) tests for the non-parametric continuous variables.  Age was considered as a 3-level 

category variable based on tertiles. Performance status was considered in a binary manner, 

namely ECOG 0-1 and 2-4. This grouping was selected as it provided a more even balance 

between the two groups than the other commonly used grouping in the literature: 0-2 and 3-4. 

Partial resection and biopsy were considered together for the resection variable. Information 

on post-operative treatment in the database was frequently incomplete, thus treatment was 

not independently corrected for. For the univariate analysis, the log-rank test was used to test 

for associations between multiple lesions and other variables with survival.  Multivariate cox 

regression analysis was then conducted, with the inclusion of variables from the univariate 

analysis with a p-value of <0.2, as well as multiple lesions.  Results are presented as hazard 

ratios (HR) with 95% confidence intervals (CI). A two-tailed p-value of 0.05 was considered 

statistically significant. Cohen’s Kappa statistic was used to measure the inter-rater reliability 

between the two MRI readers for the identification and characterisation of a communication 

between lesions. STATA statistical analysis software (version 12.1) was used (StataCorp, 

College Station, TX, USA). 
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Results 

151 patients met the inclusion criteria. There were 86 males (57%) and 65 females. Patient 

ages ranged from 28 to 89 years, with a median of 65 years. ECOG performance status was 

recorded for the majority of patients (131 of 151, 88%) - 45 patients were ECOG 0; 44, ECOG 1; 

22, ECOG 2; 18, ECOG 3; and 4, ECOG 4. Baseline characteristics and univariate results from the 

survival analysis are presented on Table 1. 

 

All but one patient had at least one discrete enhancing nodule or mass. This single patient 

without a discrete enhancing lesion was excluded from multivariate analysis, as the location 

could not be classification as deep, periventricular or peripheral, and adequacy of resection of 

the enhancing component was not applicable. Assessment of resection was based on post-

operative MRI performed within 48 hours for the majority of patients (93 patients, or 62%). If 

no immediate post-operative MRI was available, the resection information was taken from the 

database, where possible (obtained for a further 42 patients). For one patient, only a pre- and 

post-contrast CT was performed within this period, but it was considered adequate to 

determine partial resection of the enhancing component. For one further patient with a 

brainstem glioblastoma, only an unenhanced CT was performed, but the referral detailed that 

only a biopsy had been performed, and this correlated with the imaging appearances. 12 

patients had only unenhanced CT post-operatively, considered inadequate for assessment of 

resection, while no post-operative neuroimaging was performed within 48 hours for one 

patient. 

 

More than one discrete contrast-enhancing lesion was present in 51 patients (34%). The 

incidence of multiple enhancing lesions did not differ significantly between the three MRI 

scanners (8 of 20, 31 of 91 and 11 of 35 patients; p=0.520-0.779 for pair-wise comparisons). 

There was no significant difference in baseline characteristics (sex, age and performance 

status) between the patients with multiple enhancing lesions and without. The patients with 

multiple enhancing lesions had a median survival of 176 days, compared to 346 days for 

patients without multiple lesions (one or no discrete enhancing lesions), but this difference 

was not statistically significant on univariate (p=0.253) or multivariate analysis (p=0.780). 
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The two MRI readers had 100% correlation for identifying a communication between lesions. 

There was only discrepancy for one patient as to the nature of the communication (overall 

agreement 98%, κ=0.94). This patient has two discrete enhancing lesions abutting the surface 

of the lateral ventricular surface, with evidence of linear ependymal enhancement both 

contiguous with one of these lesions and distant to them. One reader labelled this as 

parenchymal spread, as there was associated FLAIR hyperintensity which appeared to extend 

between, or almost between, the lesions. The other reader called this subependymal spread, 

with the confluent FLAIR hyperintensity taken to represent oedema. Subependymal spread 

was subsequently considered the consensus opinion, as although the appearances would 

otherwise have met the criteria for parenchymal spread, the clear evidence of ependymal 

involvement was felt to make this the more likely method of spread. 

 

Convincing continuity between lesions was identified in 47 of the patients (92%): parenchymal 

spread in 41 patients (80% of patients with multiple enhancing lesions), subependymal spread 

in four patients and leptomeningeal spread in two patients. In four patients, no 

communication could be shown between lesions, meeting the criteria for multicentricity. Table 

2 stratifies the patients with multiple enhancing lesions by location and distribution of lesions, 

as well as the maximum distance between them. Of the four patients considered to have 

multicentric tumours, three had enhancing lesions in both cerebral hemispheres (of eight 

patients with lesions in both hemispheres), while the fourth had lesions located in the corpus 

callosum and one cerebral hemisphere (of eight patients with this distribution). Three of the 

four patients with apparently multicentric lesions had >20 mm separation between enhancing 

lesions, but the majority in this group (14 of 17) were convincingly multifocal. The fourth was 

in the 10-15 mm group.  

 

The presence of lesions in a deep location was an independent predictor of a worse prognosis 

(p=0.001), and this was significantly more common (p<0.001) in the multiple enhancing lesions 

group, occurring in 34 of 51 patients (67%), compared to 34 of 100 patients (36%) without 

multiple lesions. Of the patients with multiple lesions, if all lesions were confined to a single 

cerebral hemisphere, the median survival was 276 days, which was similar to patients with a 
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single enhancing lesion (p=0.575). In contrast, median survival was significantly worse with 

involvement of the corpus callosum (66 days; p=0.034 on univariate analysis compared to all 

lesions in a single cerebral hemisphere), posterior fossa (87 days; p=0.025) or both cerebral 

hemispheres (137 days; p=0.009). Posterior fossa involvement was significantly more common 

(p=0.045) in patients with multiple enhancing lesions (4 of 51) compared to those without 

multiple lesions (1 of 100). Not surprisingly, the resection variable was strongly affected by the 

presence of multiple enhancing lesions (p=0.004). For example, gross total resection was much 

less frequently achieved in the patients with multiple enhancing lesions (in 8%, compared to 

26%), while partial resections or biopsies were more common (47%, compared to 23%). The 

median survival of patients with apparently multicentric tumours (127 days) was not 

significantly worse (p=0.209) than that of patients with multifocal disease (183 days). 



Page 67/163 
 

Discussion 

Earlier autopsy and imaging studies have described the incidence of multifocal and 

multicentric gliomas as 1-10%. Barnard and Geddes’ suggestion that “detection of multifocal 

neoplastic change in these tumors is directly related to the extent to which the brain is 

sampled” highlights an advantage of neuroimaging, namely its ability to assess the entire 

brain. The advent of MRI has allowed the detection of further lesions compared to CT in this 

setting, and ongoing improvements in imaging technology have likely improved detection even 

further. Our rate of multiple enhancing lesions occurring in 34%, compared to less than 10% in 

older imaging studies, supports the view by Thomas et al that “there is a much higher 

incidence of multiple GBM lesions at time of diagnosis than previously assumed”. Even though 

it has previously been suggested that the incidence of multifocal gliomas is increasing, much of 

this apparent increase is likely due to the improvements in neuroimaging, both the inherent 

greater sensitivity of MRI compared to CT, and the ongoing technological improvements in MRI 

techniques, such as the introduction of FLAIR imaging. A greater awareness of the entity may 

also be a factor. For example, such patients may have previously been assumed to have 

metastatic disease and not undergo histological confirmation, leading to under-diagnosis. 

Definitively proving that the apparent increase in incidence is entirely due to improvements in 

imaging is not possible, however, as the assessment of any historical cohort is inevitably 

limited by the imaging available at that time. 

 

Thomas et al showed that patients with single, multifocal and multicentric lesions had 

different survival, but this was no longer significant after correcting for factors including 

Karnofsky Performance Score and extent of resection. This correlates with our findings and is 

not surprising, as patients with multiple lesions are likely to have more disseminated disease, 

thus impacting their performance status, and are less likely to be amenable to aggressive 

resection, especially via a single craniotomy. Our characterisation of lesions by location and 

distribution further supports that it is not multifocality per se that affects prognosis. Rather, 

being more extensive, these tumours are more frequently deep or involve key structures (such 

as the posterior fossa), and may spread to the contralateral hemisphere, all of which are 

associated with worse survival. In contrast, patients with multiple enhancing lesions confined 

to a single cerebral hemisphere had similar survival to patients with a solitary enhancing 

lesion. In addition, gross total resection was achieved much less frequently in patients with 
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multiple lesions, which may also have contributed to the worse prognosis of these patients. A 

potential limitation of our study is the incomplete post-operative treatment data, which 

prevented correcting for differences in treatment. This is unlikely to have had a significant 

bearing on the results, however, as during the study period patients typically received post-

operative radiotherapy and temozolomide chemotherapy according to the Stupp protocol, 

unless contraindicated by factors such as age or poor performance status, which were 

corrected for. 

 

Previous studies have suggested a fairly similar incidence of multifocal and multicentric 

tumours. Our results demonstrate, however, that the majority of glioblastomas with multiple 

enhancing regions are multifocal rather than multicentric, with apparently true multicentricity 

being rare. Giannopoulos and Kyritsis have previously stated that “a strict definition between 

multicentric and multifocal gliomas has no practical clinical value”. This statement was likely 

influenced by the inaccuracies of older neuroimaging, but we nevertheless agree. It is likely 

that some of the cases previously reported as multicentric would have been considered 

multifocal with the benefit of modern imaging, in particular due to the ability of the FLAIR 

sequence to sensitively demontrate a communication between lesions. As such, an overlap in 

the behaviour of the two groups in previous series is to be expected. The use of volumetric 

FLAIR sequences, as well as other technological advances, may further increase the ability of 

MRI to detect a connection between lesions in such cases. Nevertheless, it is likely that at least 

some of the cases which truly appear multicentric, even with current state-of-the-art imaging, 

represent multifocal disease with subtle connections between enhancing components. This 

statement is supported by a recent report of radiologically multicentric tumours being shown 

to be identical on genetic analysis, and thus presumably multifocal rather than multicentric. 

 

Based on the above, the true incidence of multicentricity is likely to be even lower than in our 

study, with the statistical probability of synchronous but truly genetically distinct glioblastomas 

being very low. The survival of patients with radiologically-multicentric glioblastoma appears 

similar to that of patients with multifocal disease after accounting for the distribution of 

disease, hence the poor survival of multicentric tumours can, at least in part, be explained by 

greater dissemination, as for multifocal tumours. Any true effect of multicentricity on 

prognosis is likely to be minimal or nonexistent, and robustly proving such an association is 
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complicated by their rarity. The significant difficulties in accurately making the diagnosis of 

multicentricity, potentially requiring genetic analysis of samples from separate craniotomies, 

make it costly, often impractical and potentially undesirable in a given patient. The value of 

such a practice would be more for therapeutic reasons (to obtain a gross total resection) than 

diagnostic, and it is debatable that the additional morbidity would be otherwise warranted. 

The lack of histological confirmation of a communication between lesions is a potential 

limitation of study, but, similarly, the additional morbidity of such a practice is unlikely to be 

warranted in the majority of patients, and even histology has limitations in this regard. It is 

conceivable that an apparent communication between enhancing lesions could have 

represented confluent oedema surrounding two separate glioblastomas rather than infiltrative 

tumour, but the apparent oedema that surrounds an enhancing glioblastoma on MRI is 

generally assumed to contain at least some infiltrating cells, and the overall results make it 

unlikely that this was the case in more than a small minority of patients, if at all.  

  

Our results refute previous suggestions that lesions separated by more than 2cm or in 

opposite hemispheres are indicators of multicentricity. These criteria would have classified 16 

cases as multicentric though they were convincingly multifocal based on FLAIR – this 

represents a substantial portion (31% of patients with multiple lesions, or 11% of all 

glioblastomas). In this series, the majority of cases with more than 2cm of separation were 

considered multifocal rather than multicentric (14 of 17), and this was similar for lesions in 

opposite hemispheres (5 of 8 multifocal rather than multicentric). At best, these are signs with 

moderate sensitivity and poor specificity. Instead, the FLAIR sequence is the key to 

distinguishing these entities. 

 

Kyritsis et al suggested that meningeal spread was the most common route of dissemination, 

occurring in 10 of their 17 multifocal gliomas at diagnosis; parenchymal spread was only 

reported in two patients in their series. Our results differ significantly, with meningeal 

dissemination visualised in only one patient. This is again likely related to the increased 

sensitivity of FLAIR imaging, which enables the demonstration of a parenchymal 

communication which may otherwise not have been appreciated. FLAIR was also a useful 

adjunct for demonstrating subependymal spread. 
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Conclusion 

Modern MR imaging shows multiple enhancing foci in about one-third of patients with 

glioblastoma at diagnosis. This finding carries a worse prognosis, related to the greater 

dissemination of the tumour and more frequent involvement of key structures, as well as the 

associated difficulties in achieving gross total resection, rather than multiplicity per se. A 

communication between lesions can be visualised in the majority of cases, indicating 

multifocal glioblastoma. T2 FLAIR is the crucial sequence for demonstrating this 

communication and shows that parenchymal spread is the most common pathway of 

dissemination, even when lesions are distant. Multicentricity is rare - significantly less common 

than previously believed - and often a microscopic communication will exist even when one 

cannot be visualised with modern imaging. For these reasons, and given the lack of significant 

prognostic implications, the practical value of the term multicentric glioblastoma is limited. 
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Tables 

Variable Number (%) HR 95% CI p-value 

Total 151       

Gender         

Male 86 (56.9%) 1 - - 

Female 65 (43.1%) 1.17 0.83 - 1.64 0.374 

Age, continuous, median (IQR) 65 (56 - 73) 1.04 1.02 - 1.05 <0.001 

Age, categorised         

28 - 58 48 (31.8%) 1 - - 

59 - 69 51 (33.8%) 1.88 1.22 - 2.88 0.004 

70+ 52 (34.4%) 2.74 1.78 - 4.20 <0.001 

ECOG, grouped (n=133) 
 

  
 

  

0-1 89 (66.9%) 1 - - 

2-4 44 (33.1%) 1.33 0.91 - 1.95 0.142 

Location (n=150) 
 

  
 

  

Deep 70 (46.7%) 1 - - 

Periventricular 29 (19.3%) 0.69 0.43 - 1.09 0.110 

Peripheral 51 (34.0%) 0.53 0.36 - 0.77 0.001 

Resection (n=137)         

Gross Total Resection 30 (19.9%) 1 - - 

Subtotal 60 (39.7%) 1.11 0.69 – 1.78 0.678 

Partial or Biopsy 47 (31.1%) 2.70 1.64 – 4.43 <0.001 

Multiple enhancing lesions         

No 100 (66.2%) 1 - - 

Yes 51 (33.8%) 1.23 0.86 - 1.77 0.253 

* IQR = interquartile range 
    

Table 1: Patient demographics and univariate results. 
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Variable Number (%) 

Total 51 

Location   

Deep 34 (66.7%) 

Periventricular 5 (9.8%) 

Peripheral 12 (23.5%) 

Distribution   

Single hemisphere 31 (60.8%) 

Right hemisphere 17 (33.3%) 

Left hemisphere 14 (27.5%) 

Both hemispheres 8 (15.7%) 

Corpus callosum 8 (15.7%) 

Posterior fossa 4 (7.8%) 

Distance between lesions   

<5 mm 20 (39.2%) 

5-9.9 mm 7 (13.7%) 

10-14.9 mm 7 (13.7%) 

15-20 mm 0 (0%) 

>20 mm 17 (33.3%) 

Table 2: Stratification of patients with multiple enhancing lesions by location, distribution and 

distance between enhancing lesions. 
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Figures 

 

Figure 1: Two discrete enhancing lesions with central necrosis are demonstrated in the right 

cerebral hemisphere on the axial post-contrast T1 image (left). The axial FLAIR image (right) 

shows hyperintensity extending between the lesions, consistent with parenchymal spread of a 

multifocal glioblastoma. 
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Figure 2: Axial post-contrast T1 image (left) demonstrating multiple enhancing nodular lesions 

in the right cerebral hemisphere. The axial FLAIR image (right) shows that all these lesions lie 

within a larger area of FLAIR-hyperintensity, again consistent with parenchymal spread. The 

FLAIR signal change also extends to the left hemisphere, but without enhancing lesions on the 

left. 
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Figure 3: Axial post-contrast T1 image (left) showing the dominant mass near the trigone of the 

right lateral ventricle, with subependymal spread to the frontal horn of the right lateral 

ventricle (arrowhead). There is also the suggestion of abnormal ependymal enhancement 

along the frontal horn of the left lateral ventricle (arrow). The axial FLAIR image (right) shows 

no evidence of a parenchymal communication between these lesions. 
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Figure 4: Axial post-contrast T1 image (left) demonstrating a dominant enhancing mass in the 

left temporo-occipital region, as well as a second enhancing lesion on the left side of the 

midbrain (arrowhead). Both lesions abut the leptomeninges and there is evidence of abnormal 

leptomeningeal enhancement between the lesions (arrow). The lack of a  parenchymal 

communication on the axial FLAIR image (right) further supports the impression of  

leptomeningeal spread. 
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Figure 5: Axial post-contrast images (top) showing separate enhancing lesions in opposite 

hemispheres. There is no evidence of a communication between the lesions on the axial FLAIR 

images (bottom), consistent with a multicentric tumour. 
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CHAPTER 3b 

The incidence and significance of multicentric noncontrast-enhancing lesions distant from a 

histologically-proven glioblastoma  

 

Lasocki A, Gaillard F, Tacey MA, Drummond KJ, Stuckey SL 

J Neurooncol. 2016 Sep; 129(3): 471-478. Epub 2016 Jul 13. 

 

The following chapter is the author-accepted version of the full article, which is available 

(including references) at doi: 10.1007/s11060-016-2193-y 
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Abstract 

Introduction 

Improvements in imaging are increasing the detection of multiple lesions in the setting of 

glioblastoma. Occasionally distant non-enhancing lesions may be identified which have the 

appearances of a multicentric low-grade glioma. We aimed to determine the incidence, 

prognostic significance and diagnostic value of this appearance in new glioblastoma patients. 

 

Methods 

Pre-operative MRIs of patients with a new diagnosis of glioblastoma were reviewed to identify 

multicentric non-enhancing lesions, defined as areas of FLAIR hyperintensity and mass effect, 

without post-contrast enhancement, separate from the histologically-proven glioblastoma. 

Patient survival was compared to glioblastoma patients without these appearances, and 

follow-up imaging was reviewed. 

 

Results 

Nine of 151 patients (6%) had multicentric non-enhancing lesions. Their median survival of 183 

days was significantly worse than the 278 days for patients without multicentric non-

enhancing lesions (p=0.025). Follow-up MRIs were performed in four patients. In one patient, 

there were several additional lesions, one of which developed evidence of necrosis within 22 

days of presentation. In the other three patients, the multicentric lesions developed 

enhancement and evidence of necrosis within one year, and became confluent on FLAIR with 

the dominant lesion.  

 

Conclusions 

The appearance of a multicentric non-enhancing lesion is an uncommon finding in 

glioblastoma, but a poor prognostic feature. These lesions progress faster than expected for a 

low-grade glioma and are thus likely to represent more advanced lesions than their 
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appearances suggest. Confluence with the dominant lesion developing with time suggests that 

the tumor is more extensive than appreciated on imaging.
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Manuscript 

Introduction 

Improvements in imaging are increasing the detection of multiple lesions in the setting of 

glioblastoma. If a communication can be visualised between lesions, this is known as multifocal 

disease. When no communication is identified, this is termed multicentric disease. Most 

research in this area has assessed patients with multiple contrast-enhancing lesions. These 

patients have a worse prognosis, at least partly attributable to the tumor being more 

extensive. Earlier imaging studies suggested a fairly similar incidence of multifocal and 

multicentric enhancing tumors. Technological advances, in particular the FLAIR sequence, now 

allow the demonstration a communication between enhancing glioblastoma lesions in the 

majority of cases, and it is likely that some of the cases previously reported as multicentric 

would have also been considered multifocal with the benefit of modern imaging. Multicentric 

enhancing lesions are now rare radiologically. 

 

Occasionally, noncontrast-enhancing lesions may be identified distant to a glioblastoma which 

have appearances suggestive of a multicentric noncontrast-enhancing glioma. These have not 

been previously studied to our knowledge, and their nature and implications for management 

are therefore unclear. We aimed to determine the incidence, prognostic significance and 

diagnostic value of this appearance in the setting of glioblastoma. 
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Materials and Methods 

Patients 

Institutional Human Research Ethics Committee approval was obtained. Patients with a new 

diagnosis of a WHO grade IV astrocytoma were identified through the Central Nervous System 

Tumor Database at our hospital, which routinely captures all new astrocytoma patients treated 

at our institution. This patient database has also been used for previous research. All were 

adult patients. Patients with prior surgery were excluded. Only patients with MRI available for 

review on the Picture Archiving and Communication System (PACS) performed prior to their 

first operation for this tumor, including at least FLAIR (fluid-attenuated inversion recovery) and 

T1-weighted post-contrast sequences, were included. 

 

Pathology was reported by one of two experienced neuropathologists. Patient demographics, 

baseline Eastern Co-operative Oncology Group (ECOG) Performance Status and postoperative 

treatment information (temozolomide chemotherapy and/or adjuvant radiotherapy) were 

obtained from the database. Patient age was taken at the date of initial surgery, and survival 

was also calculated from this date. The study period was September 2007 to December 2010, 

allowing adequate time for survival information. Isocitrate Dehydrogenase 1 (IDH1) mutation 

testing was retrospectively performed by one of the neuropathologists on all patients where 

previous histology slides could be obtained. 

 

MRI Technique 

The majority of MRI studies (145 of 151) were performed entirely at our institution, on one of 

3 scanners: 3T Magnetom TIM Trio, software VB 17 (Siemens, Erlangen, Germany); 1.5T SIGNA 

HDx, software version 14 (GE, Milwaukee, Wisconsin); and 1.5T SIGNA LX, software version 9.1 

(GE, Milwaukee, Wisconsin). A standard 15ml of gadopentetate dimeglumine (Magnevist®; 

Bayer HealthCare Pharmaceuticals, Wayne, NJ) was administered, with the post-contrast 

sequence usually performed 2-3 minutes after contrast administration. FLAIR sequences were 

generally 2-dimensional, with a standard slice thickness of 4mm and interslice gap of 1.2mm 

on the 3T scanner, or slice thickness of 5mm and interslice gap of 1.5mm on both 1.5T 



Page 83/163 
 

scanners. Post-contrast imaging was a mixture of 2-dimensional (usually axial and coronal) and 

volumetric sequences.  

 

MRI Review 

Pre-operative MRIs were reviewed on PACS together by two radiologists, with 2 years and 20 

years of subspecialty neuroradiology experience, respectively, to determine whether there 

were areas of high FLAIR signal and mass effect, without post-contrast enhancement, separate 

from (with no visible connection to) the histologically-proven glioblastoma, i.e. a multicentric 

non-enhancing lesion (mcNEL). There had to be no visible evidence of a communication 

between lesions, based on the FLAIR sequence. The lesions were classified as involving grey 

matter, white matter, or both. The dimensions of the largest mcNEL were calculated on the 

FLAIR sequence (the long axis diameter and the short axis diameter taken perpendicular to 

this). For patients meeting the criteria, all subsequent neuroimaging studies were reviewed 

and the progress of these lesions monitored. MRIs were typically performed at 3-month 

intervals postoperatively, unless a clinical deterioration warranted earlier investigation. 

 

The following features were also recorded for all patients for the purposes of multivariate 

analysis: location of the enhancing lesion(s), classified as deep (involvement of the basal 

ganglia, thalamus, internal or external capsules, or corpus callosum), periventricular (abutting 

the ventricular surface but not meeting the criteria for a deep lesion) or peripheral (not 

meeting the criteria for a deep or periventricular location); anatomical epicentre (frontal, 

temporal, parietal, occipital, insular, brainstem, deep grey and white matter, or gliomatosis 

cerebri); laterality (right, left or midline); and the axial measurements of the largest enhancing 

lesion (the long and short axis diameters). In addition, the presence or absence of non-

enhancing cortical signal abnormality (nCS) related to the enhancing lesion was noted for 

these patients, defined as non-enhancing FLAIR hyperintensity in the cortex contiguous with 

the area(s) of tumoral enhancement. Imaging of patients performed within 48 hours 

postoperatively was reviewed to determine the extent of neurosurgical resection of the 

enhancing component. Resection information was stratified as gross total resection (resection 

of >95% of the enhancing component), subtotal resection (50-95%), partial resection (<50%) or 

biopsy. In the first instance, assessment of resection was based on MRI performed within 48 
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hours postoperatively. If no immediate postoperative MRI was available, the resection 

information was typically obtained from the database, where available. 

 

Statistical Analysis 

Both univariate and multivariate cox regression analyses were used to test for associations 

between the appearance of a mcNEL and survival.  Median survival is presented in days with 

associated 95% confidence intervals.  Age was considered as a 3-level category variable based 

on tertiles. Performance status was considered in a binary manner, namely ECOG 0-1 and 2-4. 

This grouping was selected as it provided a more even balance between the two groups than 

the other commonly used grouping in the literature: 0-2 and 3-4. Partial resection and biopsy 

were considered together for the resection variable. For the univariate analysis, the log-rank 

test was used to test for associations between survival and each variable. Results are 

presented as hazard ratios (HR) with 95% confidence intervals (CI). A two-tailed p-value of 0.05 

was considered statistically significant.  STATA statistical analysis software (version 12.1) was 

used (StataCorp, College Station, TX, USA). 
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Results 

Out of 169 patients with a new diagnosis of glioblastoma during the study period, 151 patients 

met the inclusion criteria. Patients were excluded when no FLAIR (n=16) or no post-contrast 

sequences (n=1) were available for review. One further patient was excluded due to marked 

motion artefact. Patient demographics and univariate results are presented on Table 1. 

 

Nine of the 151 patients (6%) had at least one mcNEL. Of these nine patients, five were male 

(56%), with a median age of 72 years. There was no significant difference in the baseline 

characteristics (age, sex and performance status) between patients with a mcNEL and those 

without. Lesions were detected at both 1.5T (7 patients, of 126 in total) and 3T (2 patients out 

of 20). The additional lesions involved grey matter only in seven patients, both grey and white 

matter in one patient and white matter only in the last patient. The lesions were generally 

small, with a median long axis measurement of 15 mm (range 7-60 mm) and a median short 

axis measurement of 11 mm (range 5-42 mm). The glioblastoma component was considered 

deep in five of the patients (55%) and peripheral in four (44%). For comparison, in the entire 

cohort, the tumors were deep in 46%, peripheral in 33% and periventricular in 21%. There was 

no significant difference in the distribution of the enhancing lesions for patients with a mcNEL 

and those without (p=0.391). The enhancing component of the tumor was right-sided in five 

patients. The tumor epicentre was most commonly in the frontal lobes (n=6), with two 

patients having parietal tumors and one having a tumor centred on the deep grey and white 

matter.  

 

Patients with IDH1-mutated tumors (n=5) were excluded from multivariate analysis. A single 

patient without a discrete enhancing lesion or mcNEL was excluded from multivariate analysis, 

as the location could not be classified as deep, periventricular or peripheral, and adequacy of 

resection of the enhancing component was not applicable. One patient with multicentric 

enhancing tumors in opposite cerebral hemispheres was also excluded from multivariate 

analysis, as the laterality of the enhancing component could not be classified as right, left or 

midline. Assessment of resection was based on postoperative MRI performed within 48 hours 

for the majority of patients (93 patients, or 62%). If no immediate postoperative MRI was 

available, the resection information was taken from the database, where possible (obtained 
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for a further 42 patients). For two patients, only CT was performed postoperatively, but was 

considered adequate to determine only partial resection of the enhancing component. 13 

patients were excluded from multivariate analysis due to the inability to adequately assess 

resection. Information on postoperative treatment (temozolomide chemotherapy and 

radiotherapy) was often incomplete in the database, as patients frequently received these 

treatments at an institution closer to their place of residence, and these details were not 

available. Postoperative treatment information was therefore excluded from the multivariate 

analysis. 

 

The median survival of patients with a mcNEL was 183 days (95% CI: 25 to 367), compared to 

278 days (95% CI: 194 to 372) for patients without this appearance. This worse survival was 

statistically significant on multivariate analysis (HR 2.49, 95% CI: 1.12 to 5.51, p=0.025). IDH1 

mutation testing was able to be performed on seven of the nine patients in the mcNEL group; 

histology slides were not available for the other two patients. These seven patients were all 

shown to have wild-type IDH1. The majority of patients with mcNELs had evidence of nCS 

related to the dominant enhancing tumor, found in 8 of the 9 patients (89%). The patient 

without nCS was the only patient in whom the mcNEL involved only white matter. 

 

Follow-up MRIs were available for review in four patients. In one patient, there were several 

additional lesions, of which one developed evidence of necrosis in the 22-day interval between 

the full diagnostic study and the limited post-contrast study performed for stereotaxis. In the 

other three patients, these additional areas of suspected tumor developed enhancement and 

MRI evidence of necrosis within one year, and became confluent on FLAIR with the dominant 

lesion (Figures 1 and 2). The lack of follow-up MRIs for the other five patients is attributable to 

their poor survival, their median survival being only 43 days. 
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Discussion 

The imaging appearance of a distant non-enhancing mass in the setting of glioblastoma is an 

uncommon finding, occurring in 6% of patients in our series, and a poor prognostic sign. The 

follow-up imaging on these patients suggests that these mcNELs behave more aggressively 

than their imaging appearances would suggest, i.e. more in keeping with a glioblastoma than a 

low-grade glioma. This fits with the presence of wild-type IDH1 in these patients. It also 

supports the findings of Barajas et al, who compared the genetic profiles of enhancing and 

non-enhancing regions of a tumor in a given patient, and challenged the view that non-

enhancing areas of tumor have limited malignant potential. In their study, the non-enhancing 

areas were contiguous with the enhancing areas on imaging, in contrast to our study. We 

suspect, however, that at least in some cases, the apparently distinct lesions in our study did 

have a microscopic communication with the dominant glioblastoma that was below the 

resolution of imaging. Unfortunately, this would be difficult to definitively prove with 

histology, as resection of such non-enhancing areas distant from the enhancing glioblastoma 

would generally be avoided to minimise the risks of a postoperative deficit, and would be of 

doubtful benefit given that the suspected occult communication would be left behind. In 

addition, a recent study showing genetic heterogeneity within different portions of the same 

glioma may make it difficult to definitively prove multicentricity, even if these areas were 

shown to be genetically different.  

 

Assuming an MR-occult communication was indeed present, these patients appear to have 

had more extensive tumors than the average glioblastoma, explaining at least partly, and 

possibly entirely, the worse survival of patients in this group. The suspicion of an MR-occult 

communication is similar to that reported in the setting of multiple enhancing lesions, and the 

assessment of follow-up MRIs in our study provides us with greater confidence that these 

additional lesions were indeed part of the same tumor. Given that there is evidence of 

substantial noncontrast-enhancing tumor in the patients with mcNELs, our findings somewhat 

question a previous suggestion that the presence of noncontrast-enhancing tumor in the 

setting of a glioblastoma is associated with IDH1 mutations, or at least suggest that this is an 

over-simplification. Specifically, the presence of more diffusely infiltrating noncontrast-

enhancing tumor beyond the enhancing component does not appear to correlate with IDH1 

mutations. It is, in fact, more likely to be a feature of wild-type IDH1 tumors, though the rarity 



Page 88/163 
 

of cases with a mcNEL makes it difficult to be definitive. With the importance of genetic 

analysis in the management and prognostication of glioblastomas increasing, our findings 

provide further information in the search for imaging biomarkers of IDH1 mutation status. 

 

There is little literature on this subject. For one, in many of the patients, these mcNELs would 

not have been detected without modern MR imaging, in particular the FLAIR sequence. To our 

knowledge, ours is the first study to specifically assess non-enhancing lesions separate from a 

histologically-proven glioblastoma. Terakawa et al described 5 consecutive cases of 

multicentric low-grade glioma, accumulated over a 13 year period, but the key difference is 

that all lesions were consistent with a low-grade glioma. Given that prognosis is largely 

determined by the highest-grade component, the survival of patients in their series was much 

better than in ours, as would be expected. Terakawa et al showed that resection of the 

multiple lesions could be done safely, and suggested this as first-line therapy. Importantly, 

however, it is not clear from their study that such a practice results in clinical benefit, due to 

the relatively short follow-up in their study compared to the life expectancy of patients with 

low-grade gliomas. Similarly, Hassaneen et al showed that it was feasible to perform multiple 

craniotomies in patients with multifocal and multicentric glioblastomas, with equivalent 

survival and complication rates compared to patients with a single enhancing lesion. In 

contrast to our study, however, the lesions resected were all enhancing, thus the mcNELs in 

our study would not have met their criteria for resection. 

 

There is increasing interest in the role of the noncontrast-enhancing component of tumor 

surrounding an enhancing glioblastoma. For example, Jain et al have suggested extending the 

surgical resection beyond the enhancing tumor into the noncontrast-enhancing component 

where feasible. Even though the findings of Terakawa and Hassaneen discussed above show 

that multiple craniotomies can be performed safely, in our nine patients with a mcNEL, such an 

approach may have had limited benefit, as the inadequate delineation of the suspected 

communication limits the ability to treat it surgically or with adjuvant radiotherapy. Identifying 

the mcNELs is nevertheless likely to be of value. Preoperatively, these appearances may argue 

against a more aggressive surgical approach to the noncontrast-enhancing component, as the 

rate of tumor recurrence is likely to be higher despite extensive resection. Encompassing the 
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mcNELs within the radiotherapy field may also be warranted, even if the suspected 

communicated is not covered due to the limited visualisation. 

 

In the setting of an indeterminate enhancing intracranial mass, the presence of a mcNEL is 

likely to favour glioblastoma over a metastasis, as does nCS. The incremental diagnostic value 

of a mcNEL seems to be limited, however. nCS was also present in the majority of these 

patients, and is overall found much more frequently  - in about half of glioblastoma patients. 

Of note, all of the patients who had nCS and a mcNEL had at least some cortical involvement in 

the area of the mcNEL. This may suggest that this subset of glioblastomas has a propensity to 

involve and/or spread along grey matter. Alternatively, it may reflect greater conspicuity of 

lesions in grey matter compared to white matter. If tumor infiltrates along white matter tracts, 

the cellular density (and thus signal change) may be lower than in tumor centred on grey 

matter, which is often more expansile. In addition, mcNELs in the white matter may be 

obscured by, or attributed to, chronic small vessel ischaemic changes.  

 

The small number of patients with a mcNEL is a limitation of this study. Despite a large initial 

cohort, a mcNEL is a rare finding, correlating with the low incidence of multicentric enhancing 

lesions in glioblastoma, reported as 5% in a recent study. We lack definitive histological 

correlation of the mcNELs, thus alternate aetiologies such as ischaemia may have caused these 

appearances instead, but the follow-up imaging supports our belief that these additional 

lesions were indeed further areas of glioma. A further limitation is the absence of followup 

imaging in some of the patients with a mcNEL, related to their short survival, thus we cannot 

confirm that the mcNELs behaved in the same way in these patients as in those surviving 

longer. Nevertheless, their short survival supports our overall assertion, namely that these 

patients have more advanced tumors than their imaging may suggest. MRI review was 

performed in tandem, thus we have not determined the reproducibility of these imaging 

appearances. The use of three different MRI scanners could also be considered a limitation, 

but the appearances described are not scanner- or vendor-specific, and it instead suggests that 

the results can be extrapolated more widely. Another potential limitation of our study is the 

incomplete postoperative treatment data, which prevented correcting for differences in 

treatment. This is unlikely to have had a significant bearing on the results, however, as during 

the study period patients typically received adjuvant temozolomide chemotherapy and 
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radiotherapy unless contraindicated by factors such as age or poor performance status, which 

were corrected for. 
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Conclusions 

The MRI appearance of a non-enhancing lesion distant from a glioblastoma is an uncommon 

occurrence. These patients have a poor prognosis and the areas of noncontrast-enhancing 

tumor progress more rapidly than would be expected from their imaging appearances, more in 

keeping with glioblastoma than a low-grade glioma. These appearances are likely to represent 

part of the same tumor, with an MRI-occult communication between lesions. This implies that 

the glioblastoma is more extensive than appreciated on imaging, thus conveying a worse 

prognosis. The additional information provided by the detection of these appearances has the 

potential to change the patient’s management. 
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Tables 

 

Table 1: Patient demographics and univariate results.

Variable Number (%) HR 95% CI p-value

Total 151

mcNEL

No 142 (94.0%) 1 - -

Yes 9 (6.0 %) 1.84 0.93 - 3.65 0.079

Gender

Male 86 (56.9%) 1 - -

Female 65 (43.1%) 1.17 0.83 - 1.64 0.374

Age (continuous) 1.04 1.02 - 1.05 <0.001

Age

28 - 58 48 (31.8%) 1 - -

59 - 69 51 (33.8%) 1.88 1.22 - 2.88 0.004

≥70 52 (34.4%) 2.74 1.78 - 4.20 <0.001

ECOG, n=133

0 45 (33.8%) 1 - -

1 44 (33.1%) 1.48 0.95 - 2.31 0.080

2 22 (16.5%) 1.52 0.88 - 2.63 0.133

3 18 (13.5%) 1.52 0.84 - 2.74 0.162

4 4 (3.0%) 3.85 1.34 - 11.01 0.012

ECOG, n=133

0-1 89 (66.9%) 1 - -

2-4 44 (33.1%) 1.33 0.91 - 1.95 0.142

Location, n=150

Deep 70 (46.7%) 1 - -

Peripheral 51 (34.0%) 0.53 0.36 - 0.77 0.001

Periventricular 29 (19.3%) 0.69 0.43 - 1.09 0.110

Lobe, n=150

Brainstem 2 (1.3%) 3.78 0.90 - 15.82 0.069

Deep grey/white 7 (4.7%) 1.61 0.72 - 3.59 0.247

Frontal 52 (34.7%) 1 - -

Gliomatosis 3 (2.0%) 1.13 0.35 - 3.65 0.836

Insular 4 (2.7%) 0.88 0.32 - 2.44 0.804

Occipital 3 (2.0%) 0.37 0.09 - 1.53 0.171

Parietal 34 (22.7%) 0.70 0.44 - 1.13 0.143

Temporal 45 (30.0%) 0.96 0.63 - 1.47 0.850

Side, n=150

Left 69 (46.0%) 1 - -

Midline 8 (5.3%) 5.78 2.64 - 12.66 <0.001

Right 73 (48.7%) 1.15 0.81 - 1.63 0.431

Size largest enhancing

Long axis 1.010 1.000 - 1.021 0.052

Short axis 1.012 0.999 - 1.024 0.079

Long + short axis 1.006 1.000 - 1.012 0.056

Resection, n=138

Gross Resection 30 (20.0%) 1 - -

Subtotal 60 (40.0) 1.10 0.69 - 1.78 0.683

Partial/Biopsy 47 (31.3) 2.70 1.65 - 4.44 <0.001

IDH1, n=143

Negative 138 (96.5%) 1 - -

Positive 5 (3.5%) 0.44 0.16 - 1.19 0.106
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Figures 

 

Figure 1: FLAIR (a) and post-contrast T1-weighted (b) images from the pre-operative MRI 

demonstrate a left frontal lobe glioblastoma. The FLAIR sequence (c) also shows high signal in 

the right cerebral hemisphere with expansion of the corpus callosum (arrow), with no post-

contrast enhancement (d) or visible communication between lesions. FLAIR (e) and post-

contrast T1-weighted (f) images performed 10 months after diagnosis demonstrate confluent 

high FLAIR signal extending between these areas, as well as the development of a discrete 

contrast-enhancing nodule with apparent central necrosis (arrowhead). 
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Figure 2: The pre-operative FLAIR (a) and post-contrast T1-weighted (b) images demonstrate a 

glioblastoma in the opercular region of the right frontal lobe. Further superiorly in the right 

frontal lobe, without a visible communication, the FLAIR sequence (c) shows a separate area of 

FLAIR hyperintensity with cortical expansion (arrowhead). There was no enhancement at 

presentation (d). Four months from initial diagnosis (e), wispy contrast-enhancement was 

visible (long arrow). Subsequently, seven months from diagnosis (f), this region developed 

more discrete nodular enhancement with evidence of central necrosis (short arrow). 
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CHAPTER 4a 

Reliability of noncontrast-enhancing tumor as a biomarker of IDH1 mutation status in 

glioblastoma 

 

Lasocki A, Gaillard F, Tsui A, Tacey M, Drummond K, Stuckey S 

J Clin Neurosci. 2017 May; 39: 170-175. Epub 2017 Feb 14. 

 

The following chapter is the author-accepted version of the full article, which is available 

(including references) through Science Direct at doi: 10.1016/j.jocn.2017.01.007.  
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Abstract 

Isocitrate dehydrogenase 1 (IDH1) mutations in gliomas have been associated with a frontal 

lobe location and a greater proportion of noncontrast-enhancing tumour (nCET). The purpose 

of our study was to validate the utility of MRI imaging features in predicting IDH1 mutations in 

glioblastomas. Pre-operative MRIs of new glioblastoma patients, consisting of at least FLAIR 

and T1-weighted post-contrast sequences, were reviewed by a neuroradiologist based 

primarily on the VASARI feature set. IDH1 mutation testing was performed on all patients using 

immunohistochemistry. 153 patients met the inclusion criteria, of whom five had IDH1 

mutations (3.3%). A frontal lobe location had equivalent frequency in both the IDH1-mutated 

and IDH1-wildtype cohorts (p=1.000). Three (60%) of the IDH1-mutated tumours had >33% 

nCET, compared to 21% of IDH1-wildtype (p=0.073). 12 tumours had a frontal lobe epicentre 

and >33% nCET, all being IDH1-wildtype. All five IDH1-mutated tumours had either a frontal 

lobe epicentre or >33% nCET, but none had both these features. Our results question the 

strength of the association between frontal lobe glioblastomas with substantial nCET and IDH1 

mutations, as these features are also relatively frequent in IDH1-wildtype tumours, which are 

much more common. MRI is thus more useful for ruling out an IDH1 mutation rather than 

strongly suggesting its presence: if a particular glioblastoma does not have a frontal lobe 

epicentre and has less than 33% nCET, it can be predicted to be IDH1-wildtype with a high 

degree of confidence.   
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Introduction: 

Glioblastomas (World Health Organization grade IV astrocytomas) are the most common 

primary brain tumours. The majority are considered to arise de novo (primary glioblastomas) 

and these have the worst prognosis. A smaller proportion (known as secondary glioblastomas) 

develop from an underlying lower grade astrocytoma, most commonly grade II (diffuse 

astrocytoma) or III (anaplastic astrocytoma). Histopathological assessment has historically 

been the gold standard for astrocytoma grading, which thus determined management. In 

recent times, knowledge of the genetic makeup of an individual tumour is growing in 

importance, as it has implications for prognosis and management. For example, mutations in 

the IDH1 (isocitrate dehydrogenase 1) gene are found in over 80% of grade II and III 

astrocytomas. Accordingly, most secondary glioblastomas also demonstrate IDH1 mutations. In 

contrast, IDH1 mutations are rare in primary glioblastomas, reported as occurring in <5% of 

tumours, but these patients have a better prognosis. 

 

With the growing importance of genetics in glioblastomas, there is increasing interest in 

imaging biomarkers, which aim to predict the genetic composition of the tumour by the MRI 

appearances. MRI has the potential to be complementary to mutation analysis performed on 

surgical specimens, and has some advantages. Glioblastomas are typically heterogeneous 

tumours, with components appearing lower grade within the same tumour. Similarly, genetic 

mutations can vary within a given tumour. Due to this inherent heterogeneity of 

glioblastomas, histological assessment is prone to sampling error. In contrast, MRI is not 

affected by sampling error, being able to assess the entire brain. A further advantage of MRI is 

the ability to assess the tumour temporally, without the morbidity and costs of additional 

surgical procedures. Given that neoplasms typically acquire additional genetic mutations over 

time, MRI has the potential to identify associated changes in the appearance and behaviour of 

the tumour. 

 

Several studies have suggested associations between specific imaging features and IDH1 

mutation status. In a study of 202 glioblastomas by Carrillo et al, all 14 IDH1-mutated (IDH1mut) 
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tumours demonstrated evidence of noncontrast-enhancing tumour (nCET), compared to 31% 

in the entire cohort, and there was a correlation with a greater proportion of nCET. There were 

also associations with a frontal lobe location, larger size of tumour, cysts and satellites. 

Another study showed an association with both frontal and temporal lobe locations. A study 

correlating a variety of variables with IDH1-R132H mutations in anaplastic astrocytic tumours 

demonstrated only moderate strength for predicting mutation status. Of note, almost half of 

the patients had IDH1 mutations, a much higher frequency than occurs in glioblastomas, 

suggesting that the association would be substantially weaker for glioblastomas. 

 

The purpose of our study was to determine whether MRI imaging features, in particular 

location and the presence of a greater proportion of nCET, could confidently predict IDH1 

mutations in glioblastoma patients. 
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Materials and Methods 

Patient Selection 

Institutional Human Research Ethics Committee approval was obtained. Patients with a new 

diagnosis of de novo glioblastoma between September 2007 and March 2011 were identified 

through the Central Nervous System Tumour Database at our hospital, which routinely 

captures all new astrocytoma patients treated at our institution. All were adult patients. 

Patients with prior surgery were excluded. Only patients with an MRI available for review on 

the PACS performed prior to the first operation for this tumour, consisting of at least FLAIR and 

T1-weighted post-contrast sequences, were included. The histological grade was confirmed by 

review of the formal report. Patients were also excluded if there was insufficient material to 

perform IDH1 mutation testing. Patient demographics and baseline Eastern Co-operative 

Oncology Group (ECOG) Performance Status were obtained from the database. Patient age 

was taken at the date of initial surgery. 

 

MRI Technique 

The majority of MRI studies (148 of 153) were performed entirely at our institution, on one of 

3 scanners: 3T Magnetom TIM Trio, software VB 17 (Siemens, Erlangen, Germany; 18 patients); 

1.5T SIGNA HDx, software version 14 (GE, Milwaukee, Wisconsin; 38 patients); and 1.5T SIGNA 

LX, software version 9.1 (GE, Milwaukee, Wisconsin; 92 patients). A standard 15ml of 

gadopentetate dimeglumine (Magnevist®; Bayer HealthCare Pharmaceuticals, Wayne, NJ) was 

administered, with the post-contrast sequence generally performed 2-3 minutes after contrast 

administration. FLAIR sequences were generally 2-dimensional, with a standard slice thickness 

of 4mm and interslice gap of 1.2mm on the 3T scanner, or slice thickness of 5mm and interslice 

gap of 1.5mm on both 1.5T scanners. Post-contrast T1-weighted fast spin echo sequences 

were performed in the axial and coronal planes, as well as usually a volumetric acquisition for 

the purposes of stereotaxis. At 3T, the only difference was that the pre- and post-contrast T1-

weighted sequences were acquired volumetrically using Three-Dimensional Magnetization 

Prepared Rapid Acquisition Gradient Echo, with reconstructions in three planes.  
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MR Imaging Review 

Pre-operative MRIs were reviewed on PACS by a neuroradiologist with a subspeciality interest 

in neuro-oncology, based primarily on the VASARI feature set. The following features were 

assessed: location; laterality; sizes of the largest contrast-enhancing lesion and the overall 

region of FLAIR hyperintensity (long and axis diameters in the axial plane); proportions of the 

contrast-enhancing component, central necrosis, oedema and nCET; the presence of 

multifocality or multicentricity; T1/FLAIR ratio; thickness of the contrast-enhancing margin; 

definition of the contrast-enhancing margin; evidence of necrosis, cysts, haemorrhage, pial 

invasion, ependymal invasion, cortical involvement, deep white matter involvement, satellites 

and/or calvarial remodelling; diffusion characteristics; and contrast-enhancing tumour and/or 

nCET crossing the midline. Based on the recent update to the WHO classification, gliomatosis 

cerebri was removed from the location and multifocality/multicentricity variables. The 

proportions of the oedema, nCET, enhancing and necrotic components were stratified as <5%, 

5-33%, 34-67%, 68-95% and >95%. 

 

The stratification of oedema, nCET, the enhancing component and the necrotic component by 

percentage was based on these four components making up the entirety of the signal 

abnormality, excluding any unrelated signal changes (such as those attributable to chronic 

small vessel ischaemia). The FLAIR and post-contrast T1 sequences were primarily used for this 

assessment, supplemented by the standard T2 sequence. As per the VASARI criteria, nCET is 

defined as regions of T2-hyperintensity (less than the intensity of CSF, with corresponding T1-

hypointensity), associated with mass effect and architectural distortion, including blurring of 

the grey-white interface. There are some situations in which the distinction between nCET and 

oedema is unclear based on the criteria, however, and these were assessed as follows. If areas 

of FLAIR hyperintensity without associated post-contrast enhancement could be confidently 

distinguished from both oedema, for example based on lower T2/FLAIR signal and/or 

morphology, these were labelled as nCET even if there was a paucity of mass effect. For 

example, we considered the presence of abnormal signal within grey matter to be evidence of 

nCET even if there was no conspicuous expansion, as oedema should not produce this 

appearance. The T2 sequence was useful to confirm cortical involvement in this regard. 

Similarly, eccentric extensions of abnormal signal in the white matter were considered to be 

evidence of nCET, in contrast to oedema, which is typically fairly symmetric around the 
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enhancing component, provided an alternate explanation (such as ischemic changes) could be 

excluded. Oedema also generally does not substantially cross the corpus callosum. 

 

Histological Assessment: 

The cases were reviewed by a single neuropathologist. One representative block was selected 

from each tumour and IDH1 R132H immunohistochemistry (Dianova; 1:50 dilution) was 

performed using Leica Bond immunostainer and Bond refine detection system code no. 

DS9800. Antigen retrieval was used (Bond ER2 code no. AR9640). The slides were interpreted 

as either positive or negative, accompanied by appropriate external control.  

 

Statistical Analysis 

Descriptive statistics (counts and percentage frequencies, range, 95% confidence interval [CI]) 

are provided as appropriate to summarize patient characteristics and differences between the 

IDH1mut and IDH1wt glioblastoma groups.  Differences in categorical variables were evaluated 

using the Chi-squared test, or Fisher’s Exact test on occasions when frequencies were less than 

5.  For the continuous variables, a students’ t-test was performed when the variables were 

normally distributed, and on occasions when they were non-normally distributed, the Mann-

Whitney (rank-sum) test was applied. A two-tailed p-value of 0.05 was considered statistically 

significant.  STATA statistical analysis software (version 12.1) was used (StataCorp, College 

Station, TX, USA). 
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Results 

Of 186 patients initially identified, 153 patients (82%) met the inclusion criteria. Patients were 

excluded due to inadequate preoperative imaging (n=24, usually due to lack of the FLAIR 

sequence) or insufficient histological material for IDH1 testing (n=9 patients). Tumours 

frequently demonstrated >5% nCET, occurring in 89 patients (59%), with 34 patients (22%) 

demonstrating >33% nCET. Five patients (3%) had IDH1 mutations. In all positive cases, the 

staining was diffuse and with at least moderate intensity (all cases 2-3+). It stained both the 

nucleus and cytoplasm of the tumour cells, while normal glial cells were negative. Not one case 

showed focal weak staining. The IDH1mut patients were typically younger (mean age 50.6 years, 

compared to 64.9 years for IDH1wt patients; p=0.014) and had longer median survival (681 days 

compared to 264 days), although this was not statistically significant (p=0.098). Three of the 

five were male, equivalent to the IDH1wt cohort (58% male). The demographics and selected 

imaging features for both the IDH1mut and IDH1wt patients are detailed on Table 1. 

 

The frontal lobes were the most common location for both IDH1mut and IDH1wt glioblastoma 

(40% and 38%, respectively). There was no significant difference in the frequency of a frontal 

lobe location in the two groups (p=1.000). There was evidence of ≥5% nCET in four of the five 

IDH1mut patients (80%), compared to 57% of IDH1wt patients (p=0.400). Three (60%) of the 

IDH1mut tumours had >33% nCET, compared to 21% of IDH1wt (p=0.073). 12 tumours had a 

frontal lobe epicentre and >33% nCET, all being IDH1wt. All five IDH1mut tumours had either a 

frontal lobe epicentre (Figure 1) or >33% nCET, but none had both these features. The 

sensitivity, specificity, positive predictive value, negative predictive value and overall accuracy 

for predicting IDH1 mutations were calculated for the following three options: all tumours with 

a frontal lobe location; all tumours with >33% nCET; or tumours with either a frontal lobe 

location or >33% nCET. These results are presented on Table 2. 

 

The only MRI feature showing a statistical significance between the IDH1mut and IDH1wt groups 

was proportion of oedema (p=0.009): all five IDH1mut patients had 5-33% oedema, while the 

majority of IDH1wt had >33% oedema (44% of IDHwt patients with 34-67% oedema, 14% with 

68-95%). The presence of satellites was equivalent in both the IDH1mut and IDH1wt cohorts 

(40% and 34% of patients, respectively). None of the IDH1mut tumours demonstrated cysts. 
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There was no significant difference in the size of the tumour between the two cohorts, neither 

based on the largest enhancing lesion (p=0.858) nor on the overall area of FLAIR hyperintensity 

(p=0.943). 
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Discussion 

Carrillo et al suggested a 97.5% accuracy of MRI features in predicting IDH1 mutation status, 

but our results question the strength of this association when applied in a broader context. 

The relatively high frequency of both a frontal lobe location and the presence of >33% nCET in 

both IDH1mut and IDH1wt tumours limits their value as prospective predictive markers. In our 

cohort, criteria of a frontal lobe tumour with >33% nCET would have missed all five of our 

IDH1mut tumours, and the other features suggested as being predictive of IDH1 mutations 

(namely, cysts, satellites and larger size of the enhancing lesion) were equally unhelpful. 

Nevertheless, using >33% nCET as a cut-off to suggest an IDH1mut glioblastoma is worthwhile, 

as below this level the value of nCET as a predictor is limited, due to the high frequency in 

IDH1wt tumours. The high frequency of at least small proportions of nCET in IDH1wt 

glioblastomas is to be expected given their highly infiltrative nature. Similarly, it is not 

surprising that the frontal lobes were the most common location for both IDH1mut and IDH1wt 

tumours in our cohort, being the largest lobe of the brain, accounting for 41% of the total 

cerebral cortex. The only MRI feature significantly associated with IDH1 mutations in our 

cohort was a lower proportion of oedema, which may simply reflect greater proportions of 

nCET in these patients, as the proportions of nCET and oedema are inversely related. 

 

A difficulty that imaging faces in accurately predicting IDH1 mutation status in glioblastoma is 

the low incidence of IDH1 mutations in this highest grade of astrocytoma, which inevitably 

limits its positive predictive value. As a result, the presence of MRI features suggesting an IDH1 

mutation in a newly-diagnosed glioblastoma will in fact be more common in IDH1wt tumours, 

at least until the criteria can be refined further. In the clinical setting, therefore, MRI is likely to 

be more useful for ruling out an IDH1 mutation rather than strongly suggesting its presence. 

Specifically, if a particular glioblastoma does not have a frontal lobe epicentre and has less 

than 33% nCET, it can be predicted to be IDH1wt with a high degree of confidence. This high 

negative predictive value (100% in our cohort) has the potential to improve targeting of IDH1 

mutation testing, resulting in significant savings in costs and time. Using these criteria to 

screen for glioblastomas which may benefit from IDH1 mutation testing, only about half (78 of 

153) of tumours would have warranted testing, almost doubling the detection rate from 3.3% 

of glioblastomas demonstrating IDH1 mutations to 6.4%, without any false negatives. Using a 

single criterion of >33% nCET for predicting IDH1 mutation status provided the highest 
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specificity, positive predictive value and accuracy, but at the expense of a lower negative 

predictive value. Only 22% of patients would have required testing, with a further 

improvement in positive predictive value, to 8.8%.  

 

Currently, the detection of an IDH1 mutation in a glioblastoma provides useful prognostic 

information, but does not change management, thus it may be worthwhile targeting testing to 

patients in whom there is the greatest chance of a significant result. This is particularly 

relevant as the number of clinically-relevant genetic mutations, and the resultant costs of 

testing, continue to increase. In addition, despite the lack of management implications 

currently, this may change given the continuing growth of targeted therapies. For example, a 

chemotherapeutic agent targeting IDH1wt tumour cells could potentially result in the 

morphology of the tumour changing to resemble a de novo IDH1mut tumour, and this evolution 

could be monitored with MRI. 

 

The relatively low incidence of IDH1mut glioblastomas in our cohort is the most notable 

limitation of our study. This is most likely due to chance, with our incidence being only at the 

lower end of the reported range. A lesser component may also relate to our use of 

immunohistochemical IDH1 mutation testing: although this a reflection of standard clinical 

practice, its sensitivity is not 100%. Being specific to the R132H mutation in the IDH1 gene, it is 

unable to detect different IDH1 mutations or IDH2 mutations. Fortunately, the R132H 

mutation is reported to account for more 95% of IDH1/2 mutations in glioblastomas, thus 

there is likely to have been little or no detrimental effect related to the limitations of 

immunohistochemistry. Our results are also somewhat skewed by one of the IDH1mut tumours 

being infratentorial (Figure 2), a rare location for these tumours. This may account for the lack 

of a significant association between a frontal lobe location and IDH1 mutations in our cohort, 

as the overall literature is compelling that such an association exists. There are also limitations 

related to the VASARI assessment, given that features such as nCET and oedema are stratified 

into relatively broad, arbitrary groups. The single-reader nature of our study is a further 

limitation, though unlikely to have significantly changed the results. Moderate to high 

interreader agreement has been shown for interpretation according to the VASARI feature set, 

and at least one of the two main variables assessed (namely location) would be expected to 

have very high correlation.  
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Conclusions 

In the setting of a newly-diagnosed glioblastoma, our results support a correlation between a 

frontal lobe location and substantial nCET with the presence of an IDH1 mutation, but question 

the strength of this association, as both features are relatively frequent in both IDH1mut and 

IDH1wt glioblastomas. Given that the vast majority of glioblastomas are IDH1wt, the presence of 

MRI features suggesting an IDH1 mutation are more common in IDH1wt tumours, at least until 

the criteria can be refined further. MRI is thus more useful for ruling out an IDH1 mutation 

rather than strongly suggesting its presence: if a particular glioblastoma does not have a 

frontal lobe epicentre and has less than 33% nCET, it can be predicted to be IDH1wt with a high 

degree of confidence. As the number of clinically-relevant genetic mutations continue to 

increase, targeting IDH1 mutation using such criteria has the potential to produce significant 

savings in costs and time.   
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Tables 

  

Table 1: Patient demographics and selected imaging features.  

n % n %

Patients 148 5

Male 86 58% 3 60% 1.000

Age, mean ± standard deviation 0.014

ECOG, n=136 0.769

0 47 32% 2 40%

1 42 28% 1 20%

2 22 15% 0 0%

3 17 11% 1 20%

4 4 3% 0 0%

Frontal lobe location 1.000

Yes 56 38% 2 40%

No 92 62% 3 60%

Proportion of nCET 0.209

<5% 63 43% 1 20%

5-33% 54 36% 1 20%

34-67% 18 12% 2 40%

68-95% 12 8% 1 20%

>95% 1 1% 0 0%

Proportion of oedema 0.009

<5% 22 15% 0 0%

5-33% 41 28% 5 100%

34-67% 65 44% 0 0%

68-95% 20 14% 0 0%

>95% 0 0% 0 0%

Satellites 1.000

Yes 50 34% 2 40%

No 98 66% 3 60%

Variable

64.9 ± 12.0 50.6 ± 11.2

IDH1 Mutation Status

p-value

Negative Positive



Page 108/163 
 

 

 

Table 2: Sensitivity, specificity, positive predictive value, negative predictive value and overall 

accuracy for predicting IDH1 mutations based on different imaging features: all tumours with a 

frontal lobe location; all tumours with >33% nCET; or tumours with either a frontal lobe 

location or >33% nCET.   

sensitivity = 40.0%

- + specificity = 63.5%

frontal lobe - 94 3 97 PPV = 3.6%

+ 54 2 56 NPV = 96.9%

148 5 153 accuracy = 62.7%

sensitivity = 60.0%

- + specificity = 79.1%

- 117 2 119 PPV = 8.8%

+ 31 3 34 NPV = 98.3%

148 5 153 accuracy = 78.4%

sensitivity = 100.0%

- + specificity = 50.7%

- 75 0 75 PPV = 6.4%

+ 73 5 78 NPV = 100.0%

148 5 153 accuracy = 52.3%

frontal or 

>33% nCET

IDH1

PPV = positive predictive value; NPV = negative predictive value

IDH1

IDH1

>33% nCET
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Figures 

 

Figure 1: Axial post-contrast T1 and FLAIR images of a patient with an IDH1mut glioblastoma 

centred on the frontal lobes and demonstrating <5% nCET. 
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Figure 2: Axial post-contrast T1 and FLAIR images of an IDH1mut glioblastoma centred on the 

brainstem, with 34-67% nCET. 
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CHAPTER 4b 

Morphologic patterns of noncontrast-enhancing tumor in glioblastoma correlate with IDH1 

mutation status and patient survival 

 

Lasocki A, Gaillard F, Tacey M, Drummond K, Stuckey S 

J Clin Neurosci. 2018 Jan; 47: 168-173. Epub 2017 Oct 5. 

 

The following chapter is the author-accepted version of the full article, which is available 

(including references) through Science Direct at doi: 10.1016/j.jocn.2017.09.007.  
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Abstract 

Glioblastomas with a substantial proportion of noncontrast-enhancing tumour (nCET) have a 

variety of imaging appearances. We aimed to determine whether glioblastomas demonstrating 

a substantial proportion (>33%) of nCET can be sub-classified by different morphologic pattern 

of nCET. We then assessed whether this improves the ability of MRI to predict isocitrate 

dehydrogenase-1 (IDH1) mutation status and whether this has prognostic significance 

independent of IDH1 mutation status. Pre-operative MRIs of patients with a new diagnosis of 

glioblastoma were reviewed. Tumours with >33% nCET were sub-classified by the dominant 

morphologic pattern of nCET: mass-like expansion, white matter dissemination, grey matter 

dissemination or a combination. IDH1 mutation status (by immunohistochemistry) and survival 

were compared for each pattern. 153 patients met the inclusion criteria, of whom 34 patients 

demonstrated >33% nCET. 10 patients had a significant mass-like component, either as the 

dominant pattern (n=4) or as part of a mixed pattern (n=6). The 10 patients with a significant 

mass-like component had longer survival than those without (median 387 days, compared to 

241 days), though this was not statistically significant (p=0.242). Three patients had R132H-

IDH1 mutations and >33% nCET, and all three had a mass-like component. Using the presence 

of a mass-like component of nCET for predicting IDH1 mutation status improved the positive 

predictive value, specificity and overall accuracy of MRI. Classification of nCET by morphologic 

pattern improves the ability of MRI to predict IDH1 mutations and may provide useful 

prognostic information. 
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Introduction 

Tumours with the same histological diagnosis of glioblastoma and an equivalent proportion of 

noncontrast-enhancing tumour (nCET) according to the current VASARI criteria often, 

however, have vastly different imaging appearances. We sought to determine if variation in 

appearance has clinical or prognostic implications for the patient. Isocitrate dehydrogenase 

mutation testing has become a crucial part of glioma assessment and is recommended as 

routine in the recently-updated World Health Organisation guidelines due to its prognostic 

importance. Carrillo et al have previously described an association between isocitrate 

dehydrogenase-1 (IDH1) mutations in glioblastoma patients with the presence and a greater 

proportion of nCET. In our own patient cohort we also found that the presence of >33% nCET 

improved the prediction of IDH1 mutation status, however this association was only modest. 

Due to the low incidence of IDH1 mutations in glioblastoma, reported as being <5%, the 

majority of patients with >33% nCET nonetheless have IDH1-wildtype (IDH1wt) tumours. 

 

Illustrative images were provided for four patients with IDH1-mutated (IDH1mut) glioblastomas 

in the study by Carrillo et al, and closer inspection suggests that all patients had a dominant, 

partially-enhancing mass, rather than a more widely-disseminated pattern of nCET. In fact, the 

presence of nCET distant to the dominant glioblastoma has been shown to be a feature of 

IDH1wt tumours. Similarly, Seiz et al found significant differences in the incidence of IDH1 

mutations in patients with gliomatosis cerebri depending on the MRI appearances. IDH1 

mutations were demonstrated in 10 of 24 patients who met the criteria for gliomatosis cerebri 

but also had a dominant mass, while no mutations were detected in 11 patients with 

widespread tumour but no dominant mass. All patients in the above study can be assumed to 

have had extensive nCET given the diagnosis of gliomatosis cerebri, suggesting that it is not 

just the extent of nCET that has a role in determining IDH1 mutation status, but also the 

morphologic pattern. 

 

We hypothesise that the current definition of nCET is too broad, encompassing a variety of 

molecular phenotypes, and thus limiting the predictive value of MRI. The purpose of this study 
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was to determine whether glioblastomas demonstrating a substantial proportion (>33%) of 

nCET can be sub-classified by different morphologic pattern of nCET, and whether this 

classification can both improve the ability of MRI to predict IDH1 mutation status and provide 

prognostic information independent of IDH1 status. 
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Materials and Methods 

Patient Selection 

Institutional Human Research Ethics Committee approval was obtained. Patients with a new 

diagnosis of glioblastoma between September 2007 and March 2011 were identified through 

the Central Nervous System Tumour Database at our hospital, which routinely captures all new 

astrocytoma patients treated at our institution. All were adult patients. Patients with prior 

surgery were excluded. Only patients with an MRI consisting of at least FLAIR and T1-weighted 

post-contrast sequences available for review on the PACS, performed prior to the first 

operation for this tumour, were included. The histological grade was confirmed by review of 

the formal report. Patients were also excluded if there was insufficient material to perform 

IDH1 mutation testing. Patient demographics and baseline Eastern Co-operative Oncology 

Group (ECOG) Performance Status were obtained from the database. Patient age was taken at 

the date of initial surgery. 

 

MRI Technique 

The majority of MRI studies (148 of 153) were performed entirely at our institution, on one of 

3 scanners: 3T Magnetom TIM Trio, software VB 17 (Siemens, Erlangen, Germany; 18 patients); 

1.5T SIGNA HDx, software version 14 (GE, Milwaukee, Wisconsin; 38 patients); and 1.5T SIGNA 

LX, software version 9.1 (GE, Milwaukee, Wisconsin; 92 patients). A standard 15ml of 

gadopentetate dimeglumine (Magnevist®; Bayer HealthCare Pharmaceuticals, Wayne, NJ) was 

administered, with the post-contrast sequence performed 2-3 minutes after contrast 

administration. FLAIR sequences were generally 2-dimensional, with a standard slice thickness 

of 4mm and interslice gap of 1.2mm on the 3T scanner, or slice thickness of 5mm and interslice 

gap of 1.5mm on both 1.5T scanners. Post-contrast T1-weighted fast spin echo sequences 

were performed in the axial and coronal planes, as well as usually a volumetric acquisition for 

the purposes of stereotaxis. At 3T, the only difference was that the pre- and post-contrast T1-

weighted sequences were acquired volumetrically using Three-Dimensional Magnetization 

Prepared Rapid Acquisition Gradient Echo, with reconstructions in three planes.  

 

  



Page 116/163 
 

MR Imaging Review 

Pre-operative MRIs were reviewed on PACS by a neuroradiologist with four years of 

subspecialty experience in neuro-oncology, identifying tumours with >33% nCET as stratified 

by the VASARI feature set. Assessment was performed blinded to IDH1 mutation status, 

patient demographics and survival. Patients with >33% nCET were subsequently reviewed 

together with a senior neuroradiologist with 9 years of subspecialty experience, in order to 

sub-classify the nCET by the dominant morphologic pattern. The patterns were mass-like 

expansion, white matter dissemination and grey matter dissemination. If there was a 

substantial component of more than one pattern, this was classified as a mixed pattern, and 

the contributing patterns were specified. 

 

Categorisation into these morphologic patterns was primarily performed using the FLAIR and 

post-contrast T1 sequences (Figure 1), supplemented by T2 imaging for problem-solving. Mass-

like morphology was based on the presence of a well-defined, rounded, expansile, partially-

enhancing or non-enhancing mass, typically involving both grey and white matter. White 

matter dissemination correlated with an infiltrative pattern of nCET, with the extent of the 

white matter FLAIR hyperintensity substantially greater than the area of T1-hypointensity. 

White matter nCET was largely differentiated from oedema by signal, nCET typically having a 

lower degree of T2/FLAIR hyperintensity, and being associated with mass effect (as per the 

VASARI criteria). If areas of mild FLAIR hyperintensity in the white matter could be confidently 

attributed to the tumour (rather than, for example, ischemic changes), but demonstrated a 

relative paucity of mass effect, additional morphological features were used to the support the 

categorisation as white matter nCET. Such features included FLAIR hyperintensity seen to be 

disseminating along white matter tracts (most commonly substantial signal along the corpus 

callosum, greater in extent than would be expected for oedema), or the presence of tongues 

of FLAIR hyperintensity eccentric to the area(s) of enhancement (in contrast to oedema, which 

is typically relatively concentric around a contrast-enhancing lesion, producing the 

characteristic finger-like appearance). A pattern of grey matter dissemination demonstrated 

FLAIR hyperintensity along the cortex with a gyriform pattern, typically with mild parenchymal 

expansion, but without a dominant rounded mass. A narrow window width aided in the 

demonstration of this appearance.  
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Histological review: 

Histopathology of the tumours from the patients included in this study had been previously 

reviewed by a single neuropathologist as part of a prior study. One representative block was 

selected from each tumour and IDH1 R132H immunohistochemistry (Dianova; 1:50 dilution) 

was performed using Leica Bond immunostainer and Bond refine detection system code no. 

DS9800. Antigen retrieval was used (Bond ER2 code no. AR9640). The slides were interpreted 

as either positive or negative, accompanied by appropriate external control.  

 

Statistical Analysis 

Descriptive statistics are provided as appropriate to summarize patient characteristics and 

outcomes.  The association between each patient characteristic and IDH1 mutation status was 

assessed using chi-squared tests for categorical variables or Fishers exact test when 

frequencies were less than five for a particular group.  The continuous variables were assessed 

as being normally distributed; thus the independent group Student’s t-test was used.  Both 

univariate and multivariate cox regression analyses were used to test for associations between 

IDH1 status and survival, adjusted for confounding factors.  Performance status was 

considered in a binary manner, namely ECOG 0-1 and 2-4. This grouping was selected as it 

provided a more even balance between the two groups than the other commonly used 

grouping in the literature: 0-2 and 3-4.  The log-rank test was used to test for associations 

between survival and each variable. Those variables identified with a p-value of less than 0.2 

were then included in the multivariate cox regression analysis. Results are presented as hazard 

ratios (HR) with 95% confidence intervals (CI). A two-tailed p-value of 0.05 was considered 

statistically significant.  STATA statistical analysis software (version 12.1) was used (StataCorp, 

College Station, TX, USA). 
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Results: 

Of 186 patients initially identified, 153 patients met the inclusion criteria. Patients were 

excluded due to inadequate preoperative imaging (n=24, usually due to lack of the FLAIR 

sequence) or insufficient histological material for IDH1 testing (n=9 patients). 34 patients 

demonstrated >33% nCET (22% of the overall cohort). These were categorised as having a 

dominant mass-like pattern of nCET in four patients, a white matter pattern of dissemination 

in 8 patients, and a grey matter dissemination pattern in 8 patients. 14 patients had a mixed 

pattern, 8 with mixed grey and white matter dissemination, one with mass-like and white 

matter patterns, and 5 with all three patterns.  

 

Patients were compared both between each of the four patterns of nCET, and also on whether 

there was a significant mass-like component (either as the dominant pattern or as part of a 

mixed pattern). There was no significant difference in the patient demographics between 

different morphologic patterns of nCET, nor in the sizes of the largest enhancing lesion or 

overall signal abnormality on FLAIR imaging. Preoperative ECOG performance status was not 

available for all patients, but there were some differences between patterns of nCET when 

performance status was stratified as 0-1 or 2-4 (p=0.041). The majority of patients with grey 

matter and mass-like patterns were ECOG 0-1 (6 of 7 and 3 of 3 patients, respectively), in 

contrast to the majority with white matter and mixed patterns being ECOG 2-4 (5 of 8 and 8 of 

12 patients, respectively). The 10 patients with a significant mass-like component were 

significantly younger (55.1 ± 18.4 years, compared to 66.3 ± 10.8 years; p=0.035), though there 

was no significant difference in sex or performance status. These results are presented on 

Table 1. 

 

The median survival was 143, 257, 304 and 710 days for mixed, white matter, grey matter and 

mass-like patterns, respectively. This compares with a median survival of 175 days for patients 

with ≤33% nCET. The differences in survival between different patterns of nCET were not, 

however, statistically significant. Only age was found to be independently associated with 

reduced survival (p=0.014). The 10 patients with a significant mass-like component, either as 

the dominant pattern or as part of a mixed pattern, had longer survival than those without 
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(median 387 days, compared to 241 days), but this was not statistically significant (p=0.242). 

Survival comparisons are presented on Table 2. 

 

Five patients (3% of the overall cohort) had R132H-IDH1 mutations, of whom three 

demonstrated >33% nCET; these results have been previously reported for this cohort. All 

three IDH1mut patients with >33% nCET had at least a component of a mass-like pattern, one 

with dominant mass-like morphology, one with mixed mass-like and white matter morphology, 

and the third with a combination of all three patterns. Using the presence of a dominant or 

mixed mass-like pattern of nCET for predicting IDH1 mutation status, compared to >33% nCET 

alone, substantially improved the positive predictive value (from 8.8% to 30.0%), specificity 

(79.1% to 95.3%) and overall accuracy (78.4% to 94.1%), without a decrease in the sensitivity 

(60% using both criteria). There was also a small increase in the negative predictive value 

(98.3% to 98.6%). These results are presented on Table 3. 
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Discussion 

We have shown that a classification of nCET by morphologic pattern is not only feasible, but 

also clinically relevant. Characterisation of nCET by morphology substantially improves the 

ability of MRI to predict IDH1 mutations. As the rate of IDH1 mutations in glioblastoma is low, 

performing IDH testing routinely for all glioblastoma patients provides prognostic benefit to 

only a small proportion of patients, yet adds substantial cost. Using MRI may thus allow testing 

to be targeted to patients with the highest chance of a positive result in practices where 

routine testing of all glioblastoma patients for IDH mutations is not possible. Much of the 

literature correlating MRI appearances with IDH status has been in lower grade gliomas, which 

is not surprising given the much higher rates of IDH mutation in these tumours, but these 

potential cost savings are greatest in the context of glioblastoma. 

 

Improved morphologic characterisation of glioblastomas also has potential implications for the 

broader field of imaging genomics beyond IDH1. Verhaak et al described four molecular 

subtypes of glioblastoma, based on patterns on genetic mutations, rather than mutations in a 

single gene. This bears similarities with the morphologic pattern of nCET we have described, 

with each pattern incorporating a similar combination of multiple VASARI features, for 

example enhancement quality, T1/FLAIR ratio, definition of the non-enhancing margin, cortical 

involvement and deep white matter invasion. The nCET patterns may thus correlate with a 

broader molecular phenotype, based on a combination of genetic processes. The corollary of 

this is that the current broad definition of nCET restricts its value as a predictor of genomic 

phenotype and prognostic biomarker. 

 

The different nCET patterns may also provide useful prognostic information in this era of 

increasingly patient-centred care, though the results did not reach statistical significance due 

to the relatively small numbers in each group. The poor prognosis associated with a white 

matter or mixed pattern is to be expected, as the tumours are typically more widely 

infiltrative, with frequent involvement of key structures such as the corpus callosum. This may 

at least in part account for the worse preoperative performance status of these patients. The 

extent of nCET in these patients is also most likely to be under-appreciated with imaging, 

limiting the efficacy of treatment (in particular radiotherapy). In contrast, there is the 
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suggestion that patients with a mass-like pattern of nCET have better survival, independent of 

IDH1 status, though this would need to be confirmed in a larger cohort. 

 

Much of the recent radiological literature on gliomas has focused on advanced sequences or 

higher field-strength scanners. In a routine clinical setting, particularly in less affluent 

practices, it is important to optimise the utility of conventional sequences. FLAIR and post-

contrast imaging are standard in the evaluation of intracranial tumours, thus our results are 

equally relevant in the absence of advanced sequences or a state-of-the-art MRI scanner, and 

can be readily applied widely. Similarly, another growing area of research in this area has been 

in using computer algorithms and/or machine learning to predict genetic subtypes of gliomas. 

While such techniques are certainly the future of imaging genomics, there is still some time 

until they can be disseminated widely into clinical practice. 

 

Appreciation of these different imaging patterns and an understanding of how to optimise 

characterisation is also useful for accurate delineation of nCET in general. For example, a 

narrow window width is useful for determining the extent of nCET in both grey and white 

matter, which otherwise may be under-appreciated. As improvements in surgical technology 

have allowed more aggressive resection of enhancing tumour in glioblastoma with greater 

safety, particularly using neuronavigation, fluorescence-assisted resection, intraoperative 

imaging and awake craniotomy with intraoperative monitoring, residual nCET takes on greater 

significance. This is an area in which radiologists can substantially benefit the individual 

patient. Radiation oncologists are hesitant to treat unaffected brain in order to minimise 

treatment-related morbidity. If the pre-treatment localisation of tumour can be improved, 

however, this gives the radiation oncologist greater confidence in determining the treatment 

field, potentially decreasing the rate of local recurrence while minimising morbidity. There may 

also be merit in extending the surgical resection to the non-enhancing component if this can 

be done safely. 

 

We made a few interesting observations during the assessment. Firstly, the grey matter 

dissemination pattern was most commonly appreciated in the anterior temporal lobes, even if 
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the enhancing lesions were somewhat distant. The reasons for this are not clear, but perhaps 

related to the orientation of the gyri allowing clearer delineation of grey and white matter in 

the axial plane. Three tumours were centred on the brainstem and thalami, and all cases were 

designated as a mixed pattern, as it was difficult to distinguish between grey and white matter 

involvement. Two of the three also demonstrated more conspicuous expansion, and were 

considered to have a combination of all three patterns. Subclassification of nCET is thus more 

difficult in this location, but fortunately this is an uncommon location for adult astrocytomas. 

 

Relatively low numbers of patients having each individual pattern of nCET and the low 

incidence of IDH1 mutations are significant limitations of our study. The presence of >33% 

nCET occurs in a minority of glioblastoma patients, and further sub-classification inevitably 

decreases patient numbers further. Despite these small numbers, correlation with existing 

literature, such as the study by Carrillo et al as discussed above, increases our confidence in 

the association between mass-like nCET and IDH1 mutations. Similarly, the negative prognostic 

impact of white matter nCET correlates with our general understanding of glioblastomas. We 

were unexpectedly limited by the relatively low incidence of IDH1 mutations in our cohort, 

with the incidence being at the lower end of the reported range. Much of this low incidence 

was likely due to chance. Our use of immunohistochemistry may explain a component, as, 

being specific to R132H-IDH1 mutations, it cannot detect non-R132H IDH1 mutations or IDH2 

mutations. Fortunately, the R132H mutation is reported to account for more than 95% of 

IDH1/2 mutations in glioblastomas, thus few if any IDH1mut are likely to have been missed. This 

also suggests a possible role of MRI in the clinical setting, as a potential means of identifying 

tumours with a non-R132H mutation that should proceed to more definitive IDH mutation 

testing. 

 

We have not assessed inter-observer variability, as, being a novel classification method, we felt 

it more important to discuss and optimise the method by tandem assessment. This represents 

a further limitation of the method at this stage. We also do not know whether this 

morphologic prediction of IDH mutations is equally valid for grade II and III astrocytomas, given 

their higher frequency of IDH mutations. 
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Conclusions 

Glioblastomas with substantial nCET exhibit different, but recognisable, morphologic patterns, 

which correlate with IDH1 mutation status and may influence patient survival. There is also the 

potential for a correlation with other genetic mutations and molecular subtypes. The current 

definition of nCET should be reviewed and sub-classified, for example into a dominant mass, 

grey matter dissemination and white matter dissemination as illustrated above. Such 

assessment may also improve our understanding of the genetics and biology of glioblastomas 

in general, as MRI can directly visualise a tumour’s propensity to enlarge by expansion or 

infiltration, and the preferred path of this infiltration.  
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Tables 

 

Table 1: Univariate patient comparison according to the dominant pattern of nCET and the 

presence or absence of a substantial mass-like component. 

  

white matter grey matter mass-like mixed No Yes

Number of patients 8 8 4 14 24 10

IDH1 mutations 0 0 1 (25.0%) 2 (14.3%) 0.326 0 3 (30.0%) 0.020

Male 7 (87.5%) 4 (50.0%) 3 (75.0%) 8 (57.1%) 0.460 14 (58.3%) 8 (80.0%) 0.432

Age (years)* 65.5 ± 12.8 68.0 ± 11.3 52.3 ± 23.8 61.7 ± 12.9 0.310 66.3 ± 10.8 55.1 ± 18.4 0.035

Largest enhancing (mm)*

Long axis 31.3 ± 10.3 25.4 ± 12.1 18.0 ± 17.7 29.8 ± 16.6 0.440 28.9 ± 13.0 24.7 ± 17.7 0.441

Short axis 23.5 ± 5.7 18.4 ± 9.4 12.8 ± 11.0 20.2 ± 10.6 0.319 20.8 ± 9.1 17.0 ± 10.6 0.298

ECOG, n=30 0.578 0.382

0 2 (25.0%) 5 (71.4%) 2 (66.7%) 3 (25.0%) 9 (42.9%) 3 (33.3%)

1 1 (12.5%) 1 (14.3%) 1 (33.3%) 1 (8.3%) 2 (9.5%) 2 (22.2%)

2 1 (12.5%) 0 0 4 (33.3%) 2 (9.5%) 3 (33.3%)

3 2 (25.0%) 1 (14.3%) 0 3 (25.0%) 5 (23.8%) 1 (11.1%)

4 2 (25.0%) 0 0 1 (8.3%) 3 (14.3%) 0

ECOG group, n=30 0.041 1.000

0-1 3 (37.5%) 6 (85.7%) 3 (100%) 4 (33.3%) 11 (52.4%) 5 (55.6%)

2-4 5 (62.5%) 1 (14.3%) 0 8 (66.7%) 10 (47.6%) 4 (44.4%)

Largest FLAIR (mm)*

Long axis 72.6 ± 21.3 59.6 ± 18.5 47.0 ± 14.6 58.8 ± 22.2 0.223 63.5 ± 21.9 54.4 ± 18.1 0.254

Short axis 45.5 ± 16.4 40.1 ± 13.2 33.8 ± 9.2 39.4 ± 14.8 0.595 41.0 ± 15.2 38.8 ± 11.8 0.687

* Presented as the median +/- 1 standard deviation

Variable

Dominant pattern of nCET

p-value

Mass-like component

p-value
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Table 2: Multivariate hazard ratios (with 95% confidence intervals) for mortality according to 

the dominant pattern of nCET and the presence or absence of a substantial mass-like 

component. 

  

Pattern of nCET HR (95% CI) p-value

Dominant spread

white matter 1 -

grey matter 0.81 (0.30 - 2.17) 0.671

mass-like 0.39 (0.11 - 1.38) 0.143

mixed 0.94 (0.38 - 2.33) 0.892

Mass-like component

no 1 -

yes 0.64 (0.30 - 1.36) 0.242
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Table 3: Sensitivity, specificity, positive predictive value, negative predictive value and overall 

accuracy for predicting IDH1 mutations based on a criterion of >33% nCET compared to 

patients with >33% nCET and a substantial mass-like component. 

  

sensitivity = 60.0%

- + specificity = 79.1%

- 117 2 119 PPV = 8.8%

+ 31 3 34 NPV = 98.3%

148 5 153 accuracy = 78.4%

sensitivity = 60.0%

- + specificity = 95.3%

- 141 2 143 PPV = 30.0%

+ 7 3 10 NPV = 98.6%

148 5 153 accuracy = 94.1%

PPV = positive predictive value; NPV = negative predictive value

IDH1

Mass-like 

nCET

IDH1

>33% nCET
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Figures 

 

Figure 1: a) axial FLAIR image of a non-enhancing glioblastoma with mass-like morphology; b) 

& c) FLAIR and post-contrast T1 images with an incompletely-enhancing mass with mass-like 

morphology; d) & e) FLAIR and post-contrast T1 images of a tumour with a white matter 

pattern of spread, including nCET crossing the corpus callosum; f) FLAIR image showing a grey 

matter pattern of dissemination. 
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CHAPTER 5 

MRI features can predict 1p/19q status in intracranial gliomas 

 

Lasocki A, Gaillard F, Gorelik A, Gonzales M 

AJNR Am J Neuroradiol. 2018 Apr; 39(4): 687-692. Epub 2018 Mar 8. 

 

The following chapter is the author-accepted version of the full article, which is available 

(including references) at doi: 10.3174/ajnr.A5572 
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Abstract 

Background and Purpose 

The 2016 revision of the WHO Classification of Tumors of the Central Nervous System 

mandates codeletion of chromosomes 1p and 19q for the diagnosis of oligodendroglioma. We 

studied whether conventional MRI features could predict 1p/19q status. 

 

Materials and Methods 

Patients with previous 1p/19q testing were identified through Pathology Department records, 

typically performed on the basis of an oligodendroglial component on routine histology, and 

sixty-nine patients met the inclusion criteria. Preoperative imaging of patients with grade II or 

III gliomas was retrospectively assessed by two neuroradiologists, blinded to the 1p/19q 

status. Thirteen MRI features were first assessed in a small initial cohort (n=10), after which 

the criteria were narrowed for the remaining patients as a validation cohort. 

 

Results 

There was 85% agreement between radiologists for the overall prediction of 1p/19q status in 

the validation cohort, with an accuracy of 84%. The presence of >50% T2-FLAIR mismatch and 

calcification were found to be the most useful for predicting 1p/19q status. The >50% T2-FLAIR 

mismatch variable was demonstrated in fourteen tumors and had 100% specificity for 

identifying a non-codeleted tumor (p=0.001), with 97% inter-observer correlation. Calcification 

was visualised in seven tumors, six of which were 1p/19q codeleted (specificity 97%; p=0.006), 

with 100% inter-observer correlation. 

 

Conclusion 

The presence of >50% T2-FLAIR mismatch is highly predictive of a non-codeleted tumor, while 

calcifications suggest a 1p/19q codeleted tumor. If formal 1p/19q testing is not possible, a 

combined MRI-histological assessment may improve diagnostic accuracy over histology alone. 
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Manuscript 

Introduction 

The diagnostic criteria for astrocytic and oligodendroglial tumors have recently been updated 

by the WHO (World Health Organization), leading to a greater reliance on molecular markers 

over just the histological phenotype. An important update has been the mandating of 

codeletion of chromosomes 1p and 19q genes for the diagnosis of oligodendroglioma, in 

addition to the presence of a mutation in the isocitrate dehydrogenase (IDH) genes, either type 

1 (IDH1) or type 2 (IDH2). As such, the previous heterogeneous group of oligoastrocytoma, 

containing both neoplastic astrocytic and oligodendroglial components, has been largely 

abolished, with true mixed oligoastrocytomas now being rare. As the number and importance 

of distinct genetic mutations increases, however, there is the potential for a substantial 

increase in costs. MRI has the potential to improve the targeting of molecular testing to those 

patients with a greater likelihood of a positive result. In addition, 1p/19q testing is not readily 

available in many centres, and there may be insufficient tissue to perform 1p/19q testing in 

some cases. It is not clear how to optimise diagnosis in this context. In such situations, the 

WHO recommends labelling the tumor based on its histological phenotype, but with the suffix 

“NOS” (not otherwise specified). This essentially reverts to the prior classification, the 

deficiencies of which have been acknowledged. 

 

A conventional MRI feature labelled “T2-FLAIR mismatch” has been studied by Patel et al in 

patients from the TCGA/TCIA cohort, with this feature being found in fifteen of one hundred 

and twenty-five cases of lower grade gliomas, all of which were 1p/19q non-codeleted. The 

authors subsequently validated their findings in eighty-two patients from their own institution, 

with all ten tumors having this appearance being 1p/19q non-codeleted. This is equivalent to 

the MRI appearances of so-called “protoplasmic” astrocytomas, these tumors typically 

demonstrating a component with high signal on T2WI and significant suppression on T2 FLAIR 

imaging. This T2 FLAIR suppression was found in all eight protoplasmic astrocytomas in the 

series by Tay et al, and occupied more than half of the tumor in five of their eight cases. 

Although protoplasmic astrocytomas are no longer recognized as a distinct entity in the 

updated WHO classification, now being included within the diagnosis of diffuse astrocytoma, 

this does provide an explanation for the correlation between T2-FLAIR mismatch and 1p/19q 

non-codeleted tumors.  
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In contrast, the presence of calcification on CT has been found to predict 1p/19q loss of 

heterozygosity. Non-circumscribed borders have also been shown to correlate with 1p/19q 

codeletion, occurring in 92% of molecular oligodendrogliomas in a recent series by Johnson et 

al, but this appearance is not specific, as it was also present in 45% of non-codeleted tumors. 

Other conventional imaging features suggested as being typical of oligodendrogliomas include 

a cortical-subcortical location, though it is not clear whether this remains true in the current 

molecular era. Also prior to the classification update, elevated CBV was a well-known feature 

of oligodendrogliomas related to its “chicken wire” vascularity. CBV elevation has been 

associated with chromosome 1p deletion, albeit in a small cohort. The value of CBV elevation 

for the differentiation between codeleted and non-codeleted tumors is limited, however, by 

the association with high grade gliomas. This is of particular relevance to anaplastic gliomas, 

but also relevant to WHO grade II tumors, due to the risk of sampling error. 

 

The purpose of this study was to determine whether conventional MRI features can be used to 

predict 1p/19q status in WHO grade II and III gliomas. 
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Materials and Methods 

Patient Selection 

Institutional Human Research Ethics Committee approval was obtained. Patients with previous 

1p/19q testing were identified through the records of The Department of Anatomical 

Pathology at our hospital. 1p/19q testing by fluorescence in situ hybridisation had been 

performed on samples received between August 2010 and August 2016 as previously 

described, assessing 20 nuclei at 10 different sites for a total of 200 nuclei. Reference to test 

signal ratio of <0.8 was regarded as indicating detection. WHO grade II or III gliomas with the 

following histological diagnoses were included: astrocytoma, oligodendroglioma, 

oligoastrocytoma or diffuse glioma. 1p/19q testing had generally been performed due to the 

presence of an oligodendroglial component or diagnostic uncertainty on standard histological 

assessment, although testing was performed more broadly in the last few months of the study 

cohort (thus in the minority of patients) as a result of the updated WHO criteria. IDH1, ATRX 

and TP53 immunohistochemistry was also performed for all patients, but more definitive IDH 

mutation testing was not routinely available for patients with negative IDH1 

immunohistochemistry. Histological assessment was performed by subspecialist 

neuropathologists for all patients. Patients were excluded if they had a histological diagnosis 

other than those listed, a WHO grade IV tumor, or no preoperative MRI available. 

 

MRI Assessment 

Preoperative MRIs were reviewed by two neuroradiologists with a subspecialty interest in 

neuro-oncology. MRIs were performed on several different scanners at our institution (thirty-

five at 1.5T and twelve at 3T) or incorporated from a variety of outside institutions (n=22). 

Assessment was performed in two stages. Initially, ten cases thought by the neuropathologist 

involved in the study to be histologically characteristic of each entity (five 1p/19q codeleted 

and five non-codeleted tumors, all WHO grade II) were reviewed, assessing a larger number of 

conventional MRI features based on the VASARI feature set. These features were: lobar 

location; tumor laterality; cortical involvement (the percentage of the total perimeter of the 

tumor within the cortex); enhancement quality; proportions of enhancing tumor, non-

contrast-enhancing tumor (nCET), necrosis and oedema; proportion of T2-FLAIR mismatch; 

cysts; T1/FLAIR ratio; definition of nCET margin; and calcification. Proportions were stratified 
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as 0%, 1-5%, 6-33%, 34-67%, 68-95% or >95%, as per VASARI criteria. Calcification was only 

considered present if it could be confidently differentiated from haemorrhage, either by CT or 

by the phase component of Susceptibility Weighted Imaging, where performed. T2-FLAIR 

mismatch was subjectively determined as the proportion of the tumor demonstrating high 

signal on T2WI and significant suppression on T2 FLAIR imaging (Figure 1). Finally, an overall 

subjective MRI prediction of 1p/19q status was made based on the combination of findings, as 

at this initial stage of the evaluation, the relative specificities of each feature were not clear. 

 

After the initial cohort of ten patients, the cases were discussed and the imaging features 

included in the subsequent assessment were rationalised to those felt to be most helpful in 

suggesting either a 1p/19q codeleted or non-codeleted tumor, to minimise the chances of 

finding an association by chance alone. These features were the presence of calcification, the 

extent of T2-FLAIR mismatch, and the extent of cortical involvement. The other MRI features 

were felt to have too much overlap between the two tumor types. Calcification was based on 

CT for the majority of patients (preoperative CT was available for forty patients and performed 

within 48 hours postoperatively in another fifteen), supplemented by Susceptibility Weighted 

Imaging including phase images in twelve patients. T2-FLAIR mismatch and cortical 

involvement were stratified as <33%, 33-50% or >50%, in order to determine the optimal 

threshold for predicting 1p/19q status. As before, an overall MRI prediction on 1p/19q status 

was also made, based on the sequential assessment of calcification (its presence indicating a 

codeleted tumor), T2-FLAIR mismatch (>50% indicating a non-codeleted tumor) and 

substantial cortical involvement (>50% suggesting a codeleted tumor). If all three features 

were absent, the assessment was then subjective, typically considering 33-50% T2-FLAIR 

mismatch or cortical involvement as a positive finding (for a non-codeleted and codeleted 

tumor, respectively). This assessment was performed for the remaining patients in the cohort. 

 

Statistical analysis 

Kappa statistics were calculated to determine inter-observer agreement between the two 

reviewers and Fisher’s exact test was used to determine association between 1p19q status and 

the presence of calcification and >50% T2-FLAIR mismatch. The analysis was performed using 

STATA12 (StataCorp, College Station, TX, USA).  
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Results 

Histology 

Of ninety-two patients initially identified as having had 1p/19q testing, twenty-three were 

excluded (fourteen did not have a preoperative MRI available for review; four had a grade IV 

tumor; and five had other histological diagnoses). This left a total of sixty-nine patients, 

comprising the initial cohort of ten patients and the fifty-nine patients in the validation cohort. 

The histological diagnoses in the validation cohort (based on Pathology Department records) 

consisted of oligoastrocytomas (n=35), oligodendrogliomas (n=12), astrocytomas (n=6, 

including one protoplasmic astrocytoma based on the prior WHO classification) and diffuse 

gliomas (n=6). The tumors labelled as diffuse gliomas were diagnosed after the release of the 

2016 revision of the WHO classification. Forty-three tumors were WHO grade II (73%), the 

remaining sixteen grade III. Twenty-one of the fifty-nine tumors (36%) in the validation cohort 

were 1p/19q codeleted (twelve phenotypic oligoastrocytomas, seven oligodendrogliomas, one 

astrocytoma and one diffuse glioma), the remaining thirty-eight tumors non-codeleted 

(twenty-three oligoastrocytomas, five oligodendrogliomas, five astrocytomas and five diffuse 

gliomas).  

 

Forty-seven patients had positive IDH1 immunohistochemistry. IDH pyrosequencing was also 

performed for one of the patients with negative immunohistochemistry, demonstrating a 

R132S mutation. Five of the ten non-codeleted tumors with negative IDH1 

immunohistochemistry demonstrated both ATRX and TP53 mutations, four had mutations in 

either ATRX or TP53, and one patient had negative immunohistochemistry for both. All but one 

of the 1p/19q codeleted tumors had positive IDH1 immunohistochemistry. This tumor had the 

appearances of an oligodendroglioma on standard histology, with wild type ATRX and TP3, and 

is thus suspected to harbor a non-R132H IDH mutation given the strong association between 

1p/19q codeleted oligodendrogliomas and IDH mutations.  

 

MRI assessment - initial 10 patients 

The two radiologists agreed on the diagnosis in nine of the ten patients in the initial cohort, 

with 100% agreement with 1p/19q status in these cases. The one discrepancy was a patient 
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with calcification (suggesting of 1p/19q codeletion), but features otherwise suggestive of a 

non-codeleted tumor. This tumor had 1p/19q codeletion. 

 

MRI assessment - validation cohort 

There was good agreement between radiologists for the overall prediction of 1p/19q status 

(kappa=0.61, 95% CI 0.4-0.8, p<0.001), with both giving the same diagnosis in fifty of the fifty-

nine cases (85%). Both radiologists had 78% accuracy in predicting 1p/19q status, which 

improved to 84% for the fifty cases with agreement between radiologists. Inter-observer 

correlation varied between individual MRI features. Calcification had 100% correlation 

between radiologists. The agreement between radiologists for the T2-FLAIR mismatch variable 

was almost perfect, with absolute agreement in fifty-seven of fifty-nine patients and two with 

± 1 point difference (weighted kappa=0.88, 95% CI 0.76-1.00, p<0.001). The cortical 

involvement variable had poor inter-observer correlation, however, at 42%, which largely 

accounted for the differences in the overall MRI prediction of 1p/19q status between the two 

readers. 

 

Calcification was visualised in seven tumors, six of which were 1p/19q codeleted (p=0.006). 

This consisted of five oligoastrocytomas, one oligodendroglioma and one diffuse glioma based 

on initial phenotypic assessment. Fourteen tumors demonstrated >50% T2-FLAIR mismatch 

according to both readers, all non-codeleted (p=0.001). Importantly, the presence of >50% T2-

FLAIR mismatch correctly identified the non-codeleted status in two patients when this was 

not suspected on initial histology (both being phenotypic oligodendrogliomas). Of the 

remaining twelve, eight were initially labelled as oligoastrocytomas, three as astrocytomas and 

one as a diffuse glioma. Of note, the one protoplasmic astrocytoma in this cohort did 

demonstrate >50% T2-FLAIR mismatch. Eleven of the fourteen tumors with >50% T2-FLAIR 

mismatch had positive IDH1 immunohistochemistry, while the three patients with negative 

IDH1 immunohistochemistry all demonstrated both ATRX and TP53 mutations, suggesting that 

they had non-R132H IDH mutations. Only one tumor had 33-50% T2-FLAIR mismatch, also non-

codeleted. Greater than 50% cortical involvement (Figure 2) was identified by both readers in 

four patients, all codeleted. Only one patient had the presence of more than one of these 
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three features: this patient had both calcification and >50% cortical involvement, both features 

correctly predicting 1p/19q codeletion.  

 

Specificity was high for both the >50% T2-FLAIR mismatch variable (100% specific for 

predicting a non-codeleted tumor) and the presence of calcification (97% specific for 

predicting a codeleted tumor). The positive predictive values were also high, at 100% and 86%. 

Sensitivity was relatively low, however, at 37% and 29%, as most tumors (thirty-eight of fifty-

nine) did not have either of these two features. Given the poor inter-observation for the 

cortical involvement variable, it was not considered appropriate to determine consensus 

results and thus an overall correlation with 1p/19q status was not calculated. For one reader, 

the overall accuracy was 71% using cut-offs of either >33% or >50% cortical involvement as 

predictive of 1p/19q codeletion; for the second reader, the overall accuracy was 61% and 53%, 

respectively. Using a cutoff of >33% cortical involvement (which fared better across the two 

readers), the sensitivity and specificity were 55% and 81%, respectively, for one reader, and 

78% and 50% for the other reader.  

 

Using the presence of >50% T2-FLAIR mismatch and/or calcification as a means of predicting 

1p/19q status in the thirty-five patients with phenotypic oligoastroctyomas decreased the 

number of patients with indeterminate 1p/19q status by thirteen (to twenty-two), and thus 

doubled the number of patients in which 1p/19q status was predicted correctly (from thirteen 

to twenty-six). If these MRI features were used in preference to the histologic phenotype 

where present (in the two phenotypic oligodendrogliomas demonstrating >50% T2-FLAIR 

mismatch, as described above), 1p/19q status was correctly predicted in a further two 

patients, decreasing the number of incorrect predictions from five to three. 
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Discussion 

The simple MRI assessment described was overall moderately accurate for predicting 1p/19q 

status, but the accuracy of 82% is insufficient to replace formal 1p/19q testing for all patients. 

The inaccuracy is partly related to the fact that, in some tumors, none of the key MRI features 

was present. More importantly for the clinical setting, however, a substantial proportion of 

tumors demonstrate MRI features which can predict 1p/19q status with high specificity, 

including in cases in which this is not expected from the histological phenotype. As such, >50% 

T2-FLAIR mismatch is strongly predictive of a non-codeleted tumor, while the tumor is likely 

1p/19q-codeleted if there are calcifications. Of these two MRI features, >50% T2-FLAIR 

mismatch was both more sensitive and more specific than the presence of calcifications. No 

patients had both features, suggesting that they are mutually exclusive, at least in large part. 

 

Histology remains a crucial first step, both to confirm the diagnosis of glioma (as these MRI 

features can also occur in other tumors and non-neoplastic conditions) and for glioma grading. 

Nevertheless, once a grade II or III glioma has been diagnosed (and other differentials have 

been excluded), MRI is very useful for predicting 1p19q status. The presence of >50% T2-FLAIR 

mismatch or calcification may provide a surrogate marker of 1p/19q status in cases where 

formal testing cannot be performed, for example due to financial or geographic limitations. 

This would be most useful in patients with indeterminate histological phenotype, specifically 

those labelled as oligoastrocytoma NOS according to the updated WHO classification. The MRI 

features may even negate the need for formal 1p/19q testing, especially if the phenotypic 

appearances are supportive. Figure 3 illustrates a possible combined MRI-histology assessment 

method for cases in which formal 1p/19q testing is not possible. Firstly, the tumor is assessed 

for the presence of >50% T2-FLAIR mismatch or calcifications. If neither of these features are 

present, or if the results are discordant (which we feel is likely to be a very rare occurrence), 

the diagnosis reverts to the histological phenotype. While there will be rare exceptions to this 

method, as not all tumors having calcifications are non-codeleted (as demonstrated by one 

patient in our cohort), our results show that this method is likely to be more accurate than 

using the histological phenotype alone. 
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Johnson et al have shown that non-circumscribed borders correlate with 1p/19q codeletion, 

but given that this appearance was also present in 45% of non-codeleted tumors, this MRI 

feature is not sufficiently specific to predict codeletion with confidence. Rather, in order to 

predict 1p/19q status with high specificity, it may be more useful to use circumscribed borders 

as predictive of a non-codeleted tumor, albeit with limited sensitivity. The suggested combined 

assessment method could also potentially be extended to cases in which MRI is not available, 

as CT provides useful information. CT is excellent for the detection of calcifications, while the 

correlation of T2-FLAIR mismatch on CT is a markedly hypodense tumor. Using these features 

may also have some value even if formal 1p/19q testing is available. Both of the most common 

methods of determining 1p/19q status (fluorescence in situ hybridisation and polymerase 

chain reaction-based microsatellite loss of heterozygosity) have been shown to occasionally 

produce false positive results, and there is also a small risk of sampling error due to the 

inherent heterogeneity of glial series tumors. In contrast, MRI provides the potential to 

overcome this limitation due to its ability to assess the entire tumor. A discrepancy between 

the MRI appearances and formal 1p/19q testing may thus raise the possibility of sampling 

error or a mixed tumor. 

 

Dominant cortical involvement was the least useful feature in our cohort due to the high inter-

observer variability and low incidence. In addition, it is likely to be the least specific feature, 

especially in smaller tumors, as cortical involvement is also frequently present in astrocytomas. 

These limitations of the cortical involvement variable account for some of the inaccuracies in 

the overall prediction of 1p/19q status. We also assessed the two possible thresholds of >50% 

or >33% for the proportions of T2-FLAIR mismatch and cortical involvement. This is most 

relevant to T2-FLAIR mismatch, given the limitations of cortical involvement discussed above. 

Of the two thresholds, we feel that >50% is the most appropriate. Only one tumor had 33-50% 

T2-FLAIR mismatch, thus dropping the threshold to >33% would only slightly increase the 

sensitivity of MRI assessment in identifying a non-codeleted tumors, but at the risk of 

decreasing the specificity and inter-observer correlation. 

 

We acknowledge the presence of selection bias, as 1p/19q testing was not performed on all 

intracranial gliomas during this period, which was largely before the update to the WHO 

criteria. As 1p/19q testing was generally performed on the basis of an oligodendroglial 
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component on standard histological assessment (usually an oligoastrocytoma), one may have 

expected a relatively large proportion of 1p/19q codeleted tumors, but the proportion of 

1p/19q codeleted tumors in our cohort is similar to a large series described recently. 

Presumably this reflects a balance between the relatively small numbers of histological 

astrocytomas and oligodendrogliomas in our cohort, which were not felt to require 1p19q 

testing at the time. Also related to this selection bias, there was only one protoplasmic 

astrocytoma in our cohort (diagnosed prior to the recent WHO classification). Nevertheless, 

the substantial number of patients in our cohort with >50% T2-FLAIR mismatch suggests that 

this MRI feature is not specific to tumors labelled as protoplasmic astrocytomas. This may 

relate to the fact that a protoplasmic (or microcystic) appearance on histology occurs on a 

continuum, and the diagnosis was not clearly defined in the previous WHO classification, a 

reason why this entity is no longer recognized in the more recent classification. Whatever the 

histological correlate for T2-FLAIR mismatch, however, it is a very useful biomarker. 

 

More definitive IDH mutation testing was not routinely available for patients with negative 

immunohistochemistry, but the addition of ATRX and TP53 immunohistochemistry data 

overcomes some of this limitation, suggesting some tumors that are likely to harbor non-

R132H IDH mutations. Our results thus somewhat support the findings of Patel et al, that 

substantial T2-FLAIR mismatch is specific to IDH-mutant astrocytomas rather than IDH-wild 

type astrocytomas, but we are unable to support this definitively. Of note, the single 1p19q 

codeleted tumor with negative IDH1 immunohistochemistry did not demonstrate calcifications 

or >50% T2-FLAIR mismatch, and thus the uncertainty regarding the exact diagnosis according 

to the updated WHO criteria does not affect the results. 

 

The single-institution nature of our study is a limitation, though in this context, ours is a large 

cohort, with the number of co-deleted tumors demonstrating >50% T2-FLAIR mismatch being 

similar to that reported for the TCGA/TCIA cohort. Our study is retrospective, and prospective 

validation of our results in a different cohort would be important. The targeted nature of our 

MRI assessment is also a potential limitation. We felt it was important to focus on a small 

number of MRI features, to minimise the chance of finding an association by chance alone. 

Given the small size of the initial cohort, consisting of only ten patients, it is possible that some 

MRI features which would have been useful in this context were not identified. In addition, the 
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incidence of calcification is likely to be under-estimated in our cohort. Firstly, CTs were not 

available for all patients, and in patients with only a post-operative CT available, there is the 

potential for the component containing calcifications to have been resected (and thus not 

accurately identifiable on the imaging available). Secondly, Susceptibility Weighted Imaging 

was variably available, thus often calcification could not be accurately differentiated from 

haemorrhage, in which case tumors were labelled as negative for calcification. We suspect, 

therefore, that our results under-estimate the frequency of calcifications, and the ability of 

MRI to identify codeleted tumors may be higher if CT and/or Susceptibility Weighted Imaging 

had been performed in all patients. This has the potential to further increase the value of the 

method we have outlined. 
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Conclusions 

Some MRI features can predict 1p/19q status with high specificity. In particular, >50% T2-FLAIR 

mismatch is highly predictive of a non-codeleted tumor, while calcifications suggest a 1p/19q 

codeleted tumor. Both these features have high inter-observer correlation. If formal 1p/19q 

testing is not possible, these MRI features are likely to be more specific for determining 1p/19q 

status than the histological phenotype, and are particularly useful in phenotypic 

oligoastrocytomas. We thus suggest the use of combined MRI-histological assessment in such 

situations to optimise diagnosis. 
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Figures 

 

Figure 1: Axial T2 and FLAIR images of a patient with a low-grade right frontal lobe glioma. It is 

markedly T2-hyperintense, similar to CSF, with the majority demonstrating substantially lower 

signal on the FLAIR sequence. This tumor was 1p/19q non-codeleted. 
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Figure 2: Axial FLAIR image showing a right frontal tumor with >50% cortical involvement. The 

margin of the expanded cortex is demonstrated by the white arrow. This tumor was 1p/19q 

codeleted. 
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Figure 3: A suggested combined MRI-histology method of determining 1p/19q status when 

formal testing is not possible. 
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DISCUSSION 

The recent changes to the WHO classification of tumours of CNS have led to substantial 

changes in the diagnosis of intracranial gliomas, with more complete tumour characterisation 

and improved objectivity1. Although the update to the diagnostic criteria may seem to lessen 

the importance of MRI in this context, this is not the case. While it is true that some potential 

roles of MRI will become less important, such as the identification of under-grading due to 

sampling error, new doors have been opened. Indeed, the importance of genetic and 

molecular markers has given rise to the area of imaging genomics, which aims to correlate 

imaging features with genetic markers. This field preceded the updated criteria, but is growing 

rapidly, as its clinical relevance has expanded. The term radiogenomics is often used 

interchangeably with imaging genomics, but this term may also be used for radiation 

genomics, which refers to the identification of genetic markers which predict a patient’s 

susceptibility to adverse effects from radiation therapy17. Imaging genomics is part of the 

wider field of radiomics, in which objective imaging features are obtained and correlated with 

other patient data. In additional to imaging genomics, potential uses of radiomics in neuro-

oncology include tumour classification, prognostication and differentiation between tumour 

and post-treatment effects18-21. 

 

Many previously-diagnosed gliomas would now be classified differently according to the 

current system. For some tumours, this will simply reflect improved characterisation, such as 

the addition of IDH mutation status to a grade II or III astrocytoma. For others, the change will 

be more substantial, with some previous entities (such as glioblastoma with an 

oligodendroglial component) being removed. Furthermore, in an important minority of 

gliomas, molecular testing will result in re-classification from astrocytoma to 

oligodendroglioma, or vice versa. This has the potential for changes to management, as 

recommended treatment regimens vary between the two. For example, suggested first-line 

therapy for anaplastic astrocytomas (IDHmut) is radiotherapy followed by temozolomide 

chemotherapy, while the recommendation for anaplastic oligodendrogliomas (IDHmut and 

1p/19 codeleted) is radiotherapy followed by PCV combination chemotherapy (procarbazine, 

lomustine and vincristine)10. 
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As a result of the re-classification, some data from previous studies will need to re-evaluated, 

in particular in the context of the less frequent tumour subtypes, including IDHwt grade II and III 

gliomas and IDHmut glioblastomas. For example, previously-accepted practices for grade II 

tumours may not be optimal for the IDHwt variants, as most tumours in trials assessing grade II 

tumours will have been IDHmut. Indeed, it may be more appropriate to base treatment of an 

IDHwt grade II astrocytoma on that occurring for glioblastomas10. At the least, MRI followup 

intervals should be more frequent than for IDHmut tumours, and possibly equivalent to 

glioblastomas. It is inevitable that the changes to the diagnostic criteria will lead to 

modification of management paradigms, and these will evolve over time. 

 

It is thus also worthwhile reassessing our own findings in the context of the updated 

classification. We have shown that grade II and III gliomas with the MRI appearances of a grade 

IV tumour, based on the MRI evidence of necrosis, have equivalent survival to histological 

grade IV tumours21. The addition of genotypic information in the updated WHO classification 

has reduced the clinical impact of under-grading, but nevertheless the histological grading 

remains a key component of histological assessment, and sampling error remains a 

consideration. The updated classification also provides new insights into studies, such as 

ours21, which were performed prior to the molecular era. All lower grade tumours in our series 

which demonstrated MRI evidence of necrosis had negative IDH1 immunohistochemistry21, 

and even though a minority may have had non-canonical mutations, we can confidently assert 

that the majority of these tumours, and perhaps all, were genuinely IDHwt. We suggested that 

such tumours should be treated as grade IV tumours, or at least that the histology should be 

reviewed or repeat biopsy considered21. These assertions were controversial under the 

previous classification, as treatment was based on histological grade alone, but the greater 

focus on the molecular phenotype in the new WHO classification now supports such an 

approach. Equally, we have provided radiological support for IDH status having equal or 

greater importance than the histological grade in determining prognosis, as has been reflected 

in the new classification. Furthermore, suggesting a glioblastomas over a grade II or III tumour 

has implications for the genetic testing which will be required. If IDH1 immunohistochemistry 

is negative in a tumour with the MRI appearances of a glioblastoma and the patient is older 

than 50 years of age, definitive IDH testing may not be necessary, due to the very low 

probability of a non-canonical mutation1. In contrast, it should be performed for a grade II or III 

tumour1. 
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It is important to acknowledge that, even though definitive IDH and 1p/19q testing is highly 

recommended, it is not universally available, even in major centres. This is particularly true of 

IDH sequencing, in the frequent instances of IDH1 immunohistochemistry being negative. It 

also adds significant cost to the histopathologic assessment. MRI has the potential to play an 

important role in decision-making and resource allocation in this context. Indeed, the focus on 

the molecular phenotype in the new WHO classification increases the potential for a combined 

histologic-MRI assessment method at centres with limited access to molecular and genetic 

testing. 

 

Chen et al have created and described an on-line tool to predict definitive IDH status based on 

a limited number of features, consisting of patient age, tumour location, glioblastoma 

diagnosis, prior history of grade II or III glioma, and IDH1 immunohistochemistry results22. 

Their method was shown to have an overall accuracy of approximately 94%22. This overall 

accuracy is impressive, but it provides only a predicted probability, and the accuracy is lower in 

patients outside of the typical demographic of a given tumour type, such as relatively younger 

patients with a glioblastoma or older patients with a lower grade tumour. Also, even if the 

confidence regarding IDH status is moderately high, this may not be adequate if the presence 

of a less likely molecular subtype would significantly change management. Such potential 

changes to management will likely increase as treatment paradigms evolve after the updated 

classification. As a result, the addition of imaging features has the potential to significantly 

enhance such a method, and provides complementary information. A similar tool to predict 

1p/19q status would also be of value, as IDH status alone is insufficient to characterise grade II 

and III gliomas. It is likely to be more difficult, however, to develop such a method based on 

similar clinical features to those used for IDH. For example, both 1p/19q codeleted and non-

codeleted tumours occur in a similar demographic, and some of the features used for IDH are 

either not relevant - such as previous glioblastoma diagnosis (as these patients do not need 

1p/19q testing) - or do not discriminate between the two - such as prior history of grade II or III 

glioma (being only relevant to glioblastomas), and IDH1 immunohistochemistry results (as 

1p/19q testing is only warranted in IDHmut tumours). This increases the potential value for MRI 

features to be incorporated into, and likely predominate within, such a model. 
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For an MRI feature to be useful clinically in this way, it is important that it be either specific or 

sensitive for a particular molecular subtype. The overall accuracy will never reach 100%, but 

the thresholds can be tailored to the clinical scenario. For example, it will be more important 

to detect a non-canonical IDH mutation in a grade II glioma than in a glioblastoma, as there is 

greater potential for a change in the management, thus sensitivity is more important than 

specificity. In contrast, specificity may be more important if there is the potential to forgo 

formal testing based on the MRI appearances. The pre-test probability of a specific genotype 

based on the histological grade will affect how a particular feature can be used optimally. For 

example, a grade II glioma has a high pre-test probability of being IDHmut, thus an MRI feature 

specific for an IDH mutation will be able to provide high confidence, but there is likely to still 

be a significant chance of an IDH mutation even if this feature is not present. In contrast, a 

glioblastoma is highly likely to be IDHwt, limiting the ability of MRI to provide high specificity for 

predicting an IDH mutation; rather, the absence of a feature which is sensitive for an IDH 

mutation will be useful to support IDHwt status. In the determination of 1p/19q status of a 

grade II or III glioma, there is a smaller difference between the proportions of 1p/19q 

codeleted and non-codeleted tumours, thus both sensitivity and specificity may be relevant 

considerations. 

 

Several conventional MRI features have been correlated with IDH and 1p/19q status in lower 

grade gliomas. T2-FLAIR mismatch (high T2 signal which shows substantial suppression on 

FLAIR imaging) in a grade II or III glioma is strong evidence of an IDHmut astrocytoma (1p/19q 

non-codeleted)23, 24. Similarly, the presence of calcifications is suggestive of an 

oligodendroglioma (IDHmut and 1p/19q codeleted)24, 25. Johnson et al have shown that the 

majority of genetically-defined oligodendrogliomas have non-circumscribed borders26. This 

appearance appears to have high sensitivity for detecting 1p/19q codeletion, but is not 

specific, as almost half of 1p/19q non-codeleted tumours in their cohort had a similar 

appearance26, and this may limit its value for predicting 1p/19q codeletion in the clinical 

setting. Rather, it may be more useful to consider circumscribed borders as being specific for a 

1p/19q non-codeleted tumour, acknowledging the limited sensitivity. In contrast, MRI 

evidence of necrosis in a grade II or III glioma is strong evidence of an IDHwt tumour21. 

Associations between MRI features and IDH status have also been shown in glioblastomas. A 

frontal lobe location and substantial nCET have both been associated with an IDHmut 

glioblastoma27, 28. Given the high pre-test probability of a glioblastoma being IDHwt, however, 
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specificity is limited, and many tumours having these characteristics will nevertheless be IDHwt 

28. Sub-classification of nCET may, therefore, be of value, with the identification of a mass-like 

pattern of nCET likely to improve the specificity for predicting an IDHmut glioblastoma29. The 

limitations of a given MRI feature can also be somewhat overcome by combining features into 

a single paradigm24. For example, this is useful for features with high specificity but limited 

sensitivity, especially if there is little overlap between features, as the overall sensitivity of 

such a combined method can be improved24. With the updated classification being only recent, 

our knowledge of the MRI characteristics of specific genotypically-classified tumour types is 

growing rapidly, and thus the overall ability of MRI to predict the genotype will increase in 

turn. 

 

Possible clinical scenarios in which the addition of information gained from MRI may alter 

management include: 

 The presence of a specific MRI feature may provide sufficient evidence to guide 

management decisions in the absence of definitive testing. For example, in the setting 

of a grade II or III glioma, substantial T2-FLAIR mismatch implies an IDH mutation23, 24. 

In contrast, MRI evidence of necrosis, in conjunction with negative IDH1 

immunohistochemistry, may be sufficient evidence of IDHwt without needing to 

proceed to definitive genetic testing21. 

 If IDH1 immunohistochemistry is negative in a tumour with MRI features suggestive of 

an IDH mutation, such as T2-FLAIR mismatch23, 24, this supports the need for definitive 

IDH testing to exclude a non-canonical IDH mutation. 

 The absence of a feature or features which are sensitive for a less frequent molecular 

subtype may identify patients who are unlikely to have a positive test result. For 

example, the lack of either a frontal lobe location or substantial nCET in a glioblastoma 

make an IDH mutation highly unlikely28, and suggest that IDH testing may be 

unnecessary. 

 

It is important to be aware that genetic testing methods provide substantial improvements 

over immunohistochemistry alone, but are not infallible. Any histopathological assessment 

remains inherently limited by the tissue available for testing. For example, definitive 
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techniques may not detect IDH mutations if there are only a few infiltrating tumour cells 

among predominantly non-neoplastic tissue14, 30. Indeed, immunohistochemistry may be more 

accurate in such situations, provided it is an R132H-IDH1 mutation14. Similarly, the possibility 

of intra-tumoural genetic heterogeneity is a consideration. Preusser et al found that over 20% 

of gliomas demonstrating R132H-IDH1 mutations had immunostaining in only a fraction of the 

tumour cells, raising the possibility that genetic methods could produce false negative results 

in the case of a small biopsy30. Monoallelic gene expression, wherein only one allele of a gene 

is expressed even though both alleles are present, is also relevant in this context14, 31. In the 

series by Walker et al, 15% of IDHmut tumours demonstrated this phenomenon, and in the 

majority, the monoallelic expression was towards the normal (IDHwt) allele31. Such patients had 

significantly worse survival than IDHmut tumours without monoallelic expression31, as would be 

expected given the known worse survival of IDHwt tumours in general. Furthermore, there is 

the potential for an IDHmut tumour to lose the mutated IDH allele32. As such, there are a few 

mechanisms by which gliomas demonstrating an IDH mutation on testing may be functionally 

IDHwt, and this may not be readily identifiable by genetic testing methods14. 

 

At least some of the potential limitations of IDH testing, such as intra-tumoural heterogeneity, 

are also relevant to 1p/19q testing13. 1p/19q testing methods also have their own specific 

limitations. Two common methods for assessing 1p/19q status are fluorescence in situ 

hybridisation (FISH) and polymerase chain reaction (PCR)-based microsatellite loss of 

heterozygosity (LOH), and both have been shown to occasionally produce false 1p/19q 

codeletion results15. For example, there is the potential for FISH to produce false positive 

results in the case of partial deletions rather than whole-arm chromosomal loss33. Testing for 

loss of heterozygosity on the long arm of chromosome 10 (10q) can help identify such cases, as 

gliomas with true whole arm 1p/19q codeletion and 10q LOH are rare, thus apparent 1p/19q 

codeletion by FISH is likely to be a false negative if 10q is also deleted33.  

 

For these reasons, the possibility of sampling error remains a consideration despite the 

improved objectivity of the new WHO classification. MRI continues to be useful in helping to 

overcome this, due to its ability to assess the entire tumour. Therefore, the identification of 

MRI features at odds with molecular testing results suggests that there may be benefit to more 

extensive histological and molecular assessment, or even repeat resection, if there was the 
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potential to change management. The use of MRI to suggest under-grading due to sampling 

error also continues to have value, as while tumour grade is no longer the dominant 

histological criterion, it remains one of the two key components of histological glioma 

characterisation. The ability of MRI to identify tumour de-differentiation on follow-up imaging 

is related to this concept, and this remains a key role of MRI at follow-up, together with the 

assessment of tumour extension.  

 

MRI also has potential utility in the setting of mixed oligoastrocytomas. In practice, it will have 

greatest value in those without molecular characterisation, ie. those labelled 

“oligoastrocytoma NOS”, by identifying features which are characteristic of either astrocytoma 

or oligodendroglioma, as outlined above. MRI also has, however, the potential to identify true 

mixed oligoastrocytomas according to molecular criteria, by way of its ability to evaluate the 

entire tumour. While these are rare, a few cases have been reported in the molecular era34, 35, 

and there exists the possibility that these entities are under-diagnosed, as molecular 

assessment of multiple areas of diffuse gliomas is rarely performed34. With intra-tumoural 

genetic heterogeneity and the progressive accumulation of genetic alterations over time both 

being typical features of neoplasms in general, biologically divergent subclones may exist 

within a single glioma34. The frequency and clinical relevance of this phenomenon may be 

greatest in slower-growing gliomas, in particular those which are IDHmut 34. A mixed tumour 

may be suggested on MRI by the presence of distinct components with different MRI 

appearances, or a change in morphology over time. MRI will subsequently provide localisation 

for surgical biopsy, which will likely be necessary to confirm the suspicion based on MRI, and 

this has the potential to change management. 

 

IDH and 1p/19q status are the two key genetic alterations in the new diagnostic framework1, 

thus these have been the focus of our imaging genomics research24, 28, 29. This is a rapidly 

expanding and evolving field, however, and there is an increasing number of genetic 

alternations with proven or potential clinical relevance, either diagnostically, therapeutically or 

prognostically. For example, diagnostically, nuclear ATRX immunohistochemistry can help 

distinguish between astrocytomas and oligodendrogliomas, and it has been suggested that the 

presence of an IDH mutation and loss of nuclear ATRX expression may be sufficient to infer a 

1p/19q non-codeleted tumour without formal 1p/19q testing10. A gene relevant 
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therapeutically is MGMT (O6-methylguanine-DNA methyltransferase), with gliomas 

demonstrating methylation of MGMT being associated with a better response to alkylating 

chemotherapy36, the most common used in clinical practice being temozolomide. A variety of 

other genetic mutations have been shown to influence prognosis in both astrocytomas and 

oligodendrogliomas37. More comprehensive analysis has been performed by Verhaak et al, 

who examined the expression of 601 genes in 91 glioblastoma patients and identified four 

subtypes of glioblastoma based on clustering of gene expression, naming the subtypes 

“Proneural”, “Neural”, “Classical” and “Mesenchymal”38. Each subtype was found to have 

characteristic features, for example a major feature of the Proneural class was point mutations 

in IDH1, and this class accounted for 11 of the 12 tumours with IDH1 mutations in the study 

cohort38. The subtypes were associated with different responses to treatment, and there was a 

trend towards differences in survival38. Such findings highlight the complexity of the genetics 

of gliomas, and show that it is not just individual genetic mutations which are important, but 

also the interactions between genetic alterations. There is, therefore, great scope for MRI to 

correlate with a variety of genotypic features. 

 

Many studies in this area have utilised the comprehensive information available through the 

TCGA (The Cancer Genome Atlas) and TCIA (The Cancer Imaging Archive) datasets23, 38-41, but 

are thus inherently limited by the data and imaging technology available at that time. 

Increased availability of advanced genetic testing methods will widen the ability to correlate 

the MRI appearances with the genotype, both with specific genetic mutations and 

combinations of genetic alterations. Some of the prognostic value that MRI currently provides 

is likely to be explained by differences in genotype, at least in part. For example, the presence 

of MRI evidence of necrosis in a grade II or III glioma conveys a worse prognosis, similar to that 

of a glioblastoma, but given the association with IDHwt 21, it is not clear that this appearance 

influences prognosis beyond that simply related to IDH status. As comprehensive genomic 

information becomes routinely available in the clinical setting, such associations between MRI 

and the genotype may become less relevant, though they continue to add to our 

understanding of the underlying biology. It will thus be increasingly important to provide 

information over and above that which is conveyed by comprehensive genomic examination. 
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There have been revolutionary advancements in the treatment of other malignancies, such as 

the development of immunotherapy42, but progress has been slower in the treatment of 

gliomas, and they remain essentially incurable. For example, anti-angiogenic agents such as 

bevacizumab have been shown not to improve survival, though they do prolong progression-

free survival43. The development of new MRI techniques and advancements in existing 

sequences will continue to improve our understanding of glioma biology, such as the patterns 

of tumour growth and de-differentation. These advances, combined with the explosion in 

knowledge on the genetics of gliomas, will lead to further evolution of the diagnostic criteria 

and patient management. Over time, our improved understanding will also hopefully yield 

therapeutic results. In the meantime, however, it is important to optimise existing therapies. 

 

Gross macroscopic resection of the CET component of glioblastomas is associated with longer 

survival44, thus this has traditionally been the focus of surgical management. The frequency 

with which complete or near-complete resection of the CET component can be achieved is 

increasing due to technological advances, including neuronavigation techniques, fluorescence-

guided surgery and intra-operative MRI, which is translating to improved survival45-47. Despite 

satisfactory resection and adjuvant chemoradiotherapy, however, recurrence is almost 

inevitable, and this usually occurs locally48. Improved management of the CET component thus 

elevates the importance of the residual nCET component in the patient’s course. It is likely of 

particular importance in tumours with a greater amount of nCET, this being associated with a 

worse prognosis19, 39. 

 

The traditional view of nCET surrounding the CET component of a glioblastoma has been that it 

is of low grade, but this is being challenged49. It frequently progresses faster than one would 

expect for the imaging appearances, with even distant areas of nCET rapidly evolving to CET in 

patients with IDHwt glioblastoma50. The high malignant potential of the nCET component is 

supported by our growing understanding of the genetics of gliomas, with IDHwt grade II and III 

tumours frequently behaving more like glioblastomas than their lower grade IDHmut 

counterparts1. These observations have led authors to suggest extending the surgical resection 

to the nCET component, rather than solely focusing on the CET19, 39. The goal remains not 

necessarily to achieve cure, but to delay progression and the development of symptomatic 

recurrence. 



Page 154/163 
 

 

Indeed, recent efforts to more aggressively resect the area of FLAIR-hyperintensity 

surrounding the CET component (correlating with the nCET component) have been shown to 

provide additional prognostic benefit above that achieved by gross macroscopic resection of 

the CET component alone. Pessina et al demonstrated an impressive overall survival of 29 

months when the entirety of the CET component and the infiltrative tumour component was 

resected, compared to 16 months for patients with gross total resection (≥90%) of the CET 

component patients and variable resection of the infiltrative tumour component51. For 

patients with gross total resection of the CET component, 45% resection of the infiltrative 

tumour component was the threshold which conveyed a survival benefit, achieving a 2-year 

survival rate of 54%, compared to 12% when resection of the infiltrative component was less 

extensive51. Similarly, Li et al showed that, in patients in whom total resection of the CET 

component was achieved, resection of ≥53.21% of the surrounding FLAIR abnormality 

conveyed an additional survival benefit52. These patients had a median survival of 20.7 

months, compared with 15.5 months when <53.21% of the surrounding FLAIR abnormality was 

resected52. The thresholds identified by these authors are somewhat arbitrary, however, and 

in practice the extent will be limited by the neurosurgeon’s ability to visualise and safely resect 

the nCET component rather than aiming to resect a particular percentage. 

 

It is important to recognise, however, that the patterns of nCET vary substantially between 

patients29. These patterns themselves likely have prognostic implications29, which have not 

been accounted for in the above studies. For example, nCET having a mass-like morphology or 

preferentially involving the grey matter may be associated with a better prognosis than white 

matter infiltration29. These more favourable morphologies are also generally easier to 

delineate, which is important if planning more aggressive resection. Furthermore, their 

typically more superficial location (compared to nCET involving the white matter) is likely to be 

associated with less surgical morbidity, again assisting surgical resection. There is thus 

potential for selection bias in the studies describing resection of the surrounding FLAIR-

hyperintense area, as more aggressive resection may have been facilitated by the nCET having 

a morphology that in itself conveyed an improved prognosis, compared to patients with a 

more infiltrative - and thus more difficult to resect - pattern of nCET. Nevertheless, the size of 

the survival benefit described is such that there is likely to be true benefit to more aggressive 



Page 155/163 
 

resection even accounting for potential confounders, and this benefit is intuitive given our 

knowledge of the growth patterns of glioblastoma. 

 

Extent of resection, based on T2-weighted imaging, has also been correlated with longer 

survival for low grade gliomas44. As a result, the identification and delineation of nCET will 

become an increasingly important element of the MRI assessment of all diffuse gliomas, 

irrespective of grade. Such delineation is assisted by the increasingly widespread use of 

volumetric FLAIR imaging, and the development and enhancement of advanced MRI 

sequences will provide more confident differentiation from oedema and other pathologies. A 

trend towards more aggressive surgical management will also increase the value of advanced 

MRI techniques used for preoperative planning, such as functional MRI and tractography. 

Neurosurgical advances, such as intraoperative neurophysiological mapping, awake 

craniotomy techniques and intraoperative MRI, further improve the neurosurgeon’s ability to 

perform more extensive resection safely and accurately52. 

 

Nevertheless, aggressive resection of nCET will frequently not be feasible due to the risks of 

operative morbidity, for example when it involves the corpus callosum or deep white matter. 

This highlights the important role of optimal adjuvant radiotherapy. Postoperative 

radiotherapy according to the Stupp protocol53 has been the standard of care for glioblastomas 

for many years, but recently, more aggressive management of the nCET component with  

radiotherapy has also been shown to convey survival benefit54. Duma et al have described a 

technique performing radiosurgery to the “leading edge” of a glioblastoma, namely the 

migratory white matter pathways adjacent to, and leading away from, the CET component54. 

The patients in their series had a median overall survival of 23 months, which is substantially 

longer than other comparable series53, 54. These results provide further evidence supporting 

aggressive management of the nCET in glioblastomas, and again highlight the importance of 

high quality pre-treatment imaging. They also suggest benefit in close multidisciplinary 

interactions between the radiologist, neurosurgeon and radiation oncologist in order to 

determine how best to manage the various components of nCET in a given patient. 
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MRI features have traditionally been assessed on predominantly axial images, and currently 

this remains the standard of care. Clinical translation requires that these be assessable 

qualitatively, for example according to the VASARI (Visually Accessible Rembrandt Images) 

feature set55. The increasing utilisation of volumetric imaging allows these principles to be 

extended. For example, the proportions of nCET, CET, necrosis and oedema are grouped in the 

VASARI feature set according to the percentage of the total signal abnormality they account 

for, as either 0%, <5%, 6-33%, 34-67%, 68-95%, >95% or 100% (with all four components 

together making up 100%)55. To some extent, this requires the interpreting radiologist to 

combine multiple axial images into a mental 3-dimensional representation, which inevitably 

results in a degree of variability and inaccuracy. This conveys limitations to much of the 

research in this field, including our own work, though better reflects current clinical practice. 

 

Volumetric segmentation overcomes this limitation and allows such data to be presented in a 

continuous fashion, rather than arbitrary and at times broad groupings, providing significant 

benefits. It also allows the rapid extraction of a much larger number of radiomic features, 

many of which would not be readily appreciated by the human eye. Radiomic features can be 

grouped together as either “semantic” or “agnostic”56. Semantic features are those which are 

already commonly used by radiologists, such as size, shape and location, though these can be 

quantified more reproducibility with computer assistance56. In contrast, agnostic features are 

mathematically extracted quantitative descriptors, describing the distribution of values of 

individual voxels or the statistical interrelationships between voxels56. Agnostic features thus 

provide quantitative measures of intratumoural heterogeneity56. 

 

The number of agnostic features which can be identified, defined and extracted is constantly 

increasing, such that the number of features which can be assessed is now in the order of 

several hundred56. The additional of machine learning methods to integrate multiple radiomic 

features further improves the ability to correlate with patient survival and molecular 

subtypes57. Nevertheless, the integration of these computational techniques into clinical 

practice is likely to be limited until they can be correlated with traditional imaging features and 

the underlying biology18. For example, Kickingereder et al correlated 31 multiparametric and 

multiregional MRI features with multiple molecular characteristics in glioblastoma patients58. 

While they did demonstrate statistically significant correlations between the MRI and 
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molecular phenotypes, the authors concluded that the associations were not of sufficient 

strength to provide reliable and meaningful prediction of molecular characteristics58. As such, 

there is still some way until MRI could potentially provide a non-invasive surrogate for genetic 

sequencing, and it is not clear that such a goal will indeed be achievable. 

 

A limitation of manual volumetric segmentation (for example, by a radiologist) is that it is time-

consuming, which limits its dissemination to clinical practice. Currently, therefore, it is largely 

limited to the research domain. This issue is particularly important in the era of “big data”, 

with the assessment of large volumes of data. This has led to the development of automatic 

segmentation techniques, for example harnessing deep learning and convolutional neural 

networks, and these are constantly being improved59. Automatic segmentation techniques also 

have the potential to improve the efficiency and accuracy of routine clinical workflow. An 

important component of the MRI follow-up assessment is determining the extent of the 

tumour, but the human eye may struggle to confidently identify small changes in tumour 

extent. The greater quantification available through automatic segmentation techniques may, 

therefore, be able to do this more accurately, with the potential to demonstrate disease 

progression earlier. 

 

A difficulty with combining MRI information from various sources - obtained from different 

MRI scanners, produced by different vendors and employing different sequences - is the 

variability of the data. A standardised brain tumour imaging protocol has thus been developed 

to address this issue in the context of the clinical trials60, and this standardisation will also aid 

the assimilation of data in other research areas such as imaging genomics. Similarly, the 

computational techniques utilised in research are variable, and there will be value in 

standardising the MRI feature set utilised in advanced radiomic analysis, to aid incorporating 

data from different sources. The VASARI feature set provides such a standardised approach to 

image interpretation, and is a close reflection of current clinical practice, but is limited by its 

focus on axial imaging and semi-subjective radiologist interpretation. 
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The development of novel techniques such as MR fingerprinting further enhances the ability to 

obtain quantitative MRI data61. This technique is able to simultaneously quantify multiple 

tissue properties, including T1 and T2 relaxation time61, and thus lends itself well to the 

advanced radiomic methods described. The integration of the advances in MRI technology 

with those in computational techniques thus represents the bright future of radiomics in 

neuro-oncology. This combination provides a very powerful tool in our efforts to understand 

and treat intracranial gliomas, and will contribute to the greater focus on patient-centred care. 

 

We have focused our research on the current standard of care, namely conventional MRI 

sequences assessed by radiologists, and the histological grading and genetic markers which 

form the basis of the current glioma classification system. This allows our findings to be utilised 

readily and widely. The MRI assessment of intracranial gliomas is a rapidly evolving and 

expanding field, however, and this imparts limitations to our work. Our findings can be 

extrapolated to volumetric sequences and, indeed, this should only improve the accuracy and 

reproducibility of the results. Computational feature extraction undoubtedly represents the 

future, however, and identifying associations between conventional and computational MRI 

features may provide challenges. It is likely that a single conventional MRI feature, such as T2-

FLAIR mismatch, will correlate with a combination of several computational features, and the 

individual computational features may provide additional subtle information which is not 

discernible by a radiologist. In the future, therefore, conventional features will decrease in 

importance, being overtaken by computational techniques, though this is still some time off. 

Similarly, the use of MRI to predict IDH and 1p/19q status will become less important as 

genetic testing methods become cheaper and more accessible. Nevertheless, the broader 

principles of imaging genomics and the additional value that MRI can provide will remain valid 

to this growing field.  
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CONCLUSIONS 

MRI plays a key role in the management of patients with intracranial gliomas and has the 

unique ability to accurately and non-invasively assess the entire tumour, and re-assess over 

time. The molecular era of glioma diagnosis has opened new avenues for integrating histologic 

and MRI information in order to provide optimal patient management and rationalise 

healthcare expenditure. IDH and 1p/19q status are the key genetic markers in the updated 

diagnostic classification, but the rapid growth in our understanding of glioma genomics and 

improving access to comprehensive genomic analysis will expand the opportunities for 

correlating MRI appearances with the tumour genotype. The insights MRI provides into the 

behaviour of gliomas is also allowing more aggressive therapeutic strategies, which is 

translating to survival benefits. There have been significant advances in MRI technology, 

including higher field strength magnets, volumetric imaging and advanced sequences, 

increasing the information availability to the radiologist and treating clinicians. Similarly, there 

have been remarkable innovations in computational techniques, such as automated 

volumetric segmentation, extraction of quantitative radiomic features, machine learning 

techniques and the integration of “big data”. Incorporating these advances represents the 

bright future of radiomics in neuro-oncology, providing new insights into the biology of 

gliomas and potential treatments, and allowing optimal patient-centred care. 
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