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ABSTRACT. MRI using T1 weighted, T2 weighted and gadolinium-enhanced sequences
plays a central clinical role in diagnosis, characterisation, surveillance and therapeutic
monitoring of gliomas. Such conventional MRI protocols provide high resolution
multiplanar structural information, and substantially improved tissue characterisation
compared with CT. However, the MRI signal lacks biological specificity, e.g. T2 weighted
dependent signal abnormality is dominated by tissue water content, and contrast
enhancement reflects a non-specific increase in blood-brain barrier permeability. This
limits non-invasive glioma diagnosis, characterisation and therapeutic planning and
assessment of active tumour load may be confounded by treatment-related effects. The
complex features of glioma morphology and often subtle changes between MRI
examinations are also frequently difficult to detect reliably by visual inspection of the
images, even by an experienced radiologist. Moreover, the most widely used response
criteria in clinical practice and therapeutic trials rely on linear measurements of
enhancing tumour and are further challenged by the irregular shape and
heterogeneous composition of gliomas. This contributes to the poor correlation of
these criteria with hard clinical endpoints. While conventional MRI is widely available
and provides essential anatomical information, the lack of pathology-specific
biomarkers available from standard MRI sequences and methods of image analysis used
limit overall diagnostic and prognostic efficacy of the examination.
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Imaging plays a central role in diagnosis, characterisa-
tion, surveillance and therapeutic monitoring of intra-
cranial tumours.

Contrast-enhanced CT has gradually been supplanted
by MRI as the mainstay of clinical tumour imaging in
many centres. Tumour hyperintensity on T2 dependent
sequences [including spin echo and fluid-attenuated inver-
sion-recovery (FLAIR)] reflects prolongation of transverse
relaxation times related to increased tissue water content
and ultrastructure, and areas of calcification or haemosi-
derin may show as foci of signal dropout. Pathological
contrast enhancement following administration of in-
travenous gadolinium chelates reflects accumulation of
paramagnetic compound in the interstitium, resulting from
non-specifically increased blood–brain barrier permeability
related to neovascularisation and necrosis.

Evaluation is by a radiologist’s visual inspection of
images in a clinical context, and response evaluation in
clinical trials has been traditionally based on linear
measurements of enhancing tumour components.

Tumour characterisation

Neoplasm vs non-neoplastic lesions

Although some intracranial masses have sufficiently
distinctive radiological features to allow confident ima-
ging diagnosis, conventional structural imaging has

limited specificity in distinguishing brain tumours from
other non-neoplastic diseases that can present as space-
occupying lesions [1]. For peripherally enhancing masses,
the main differential diagnosis lies between high-grade and
secondary brain tumours, inflammatory or demyelinating
lesions and abscesses. Non-enhancing lesions may repre-
sent low-grade gliomas (LGGs), viral encephalitis and
developmental anomalies, such as focal cortical dysplasia.

Glioma grading

Although pathological contrast enhancement is gen-
erally associated with more aggressive lesions, up to
one-third of non-enhancing gliomas are malignant [2].
Certain subtypes of LGGs, notably gangliogliomas and
pilocytic astrocytomas, some grade II oligodendroglio-
mas [3] and more rarely, low-grade astrocytomas [2],
show enhancement. Contrast enhancement alone is there-
fore a limited differentiator between high-grade gliomas
and LGGs in an individual patient.

Multiple regression analysis has been used to relate
MRI features to pathological grade in astrocytomas. The
degree and heterogeneity of contrast enhancement,
oedema ¡ mass effect and necrosis/cyst formation were
found to be related to higher tumour grade [4].
However, significant overlap for imaging characteristics
between groups limits MRI as a definitive predictor of
grade in clinical practice.

In LGGs undergoing malignant progression, change
in imaging appearance frequently precedes clinical
deterioration. The development and evolution of focal
contrast enhancement is the most commonly used sign
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of tumour progression in clinical practice. It has proved a
more reliable indicator of malignancy in gliomas than
oedema, border definition, mass effect, necrosis and
haemorrhage [5]. The point at which enhancement
appears during the process of malignant transformation
in a pre-existing low-grade lesion is uncertain.

Tumour subtyping

The distinction between oligodendrogliomas, notably
those associated with 1p/19q translocation mutation,
and astrocytomas has important implications for treat-
ment response and prognosis. Oligodendrogliomas more
frequently calcify, contain cystic elements, have better
defined margins and more often occur in temporal
locations than astrocytomas. Primary or de novo glio-
blastomas are associated with epidermal growth factor
receptor amplification, and are associated with larger
enhancing components relative to overall tumour volume
and ill-defined margins compared with secondary glio-
blastoma arising from LGG [6, 7].

However, the specificity of these findings on conven-
tional MRI is too low to distinguish the above tumour
subtypes reliably in an individual patient.

Prognostic measures

A study comparing MRI features to the hard endpoint
of patient survival found that oedema and multifocality
were poor prognostic indicators in high-grade gliomas,
while non-contrast enhancing tumour was associated
with longer survival [8]. Although not predicting grade,
these findings have obvious clinical relevance.

Tumour delineation

Gliomas, in particular high-grade lesions, are hetero-
geneous in appearance and gene expression [8] with ill-
defined boundaries. Breakdown of the blood–brain bar-
rier leads to an increase in enhancement and vasogenic
oedema [9]. The margins of active tumour have a limited
correlation with contrast-enhancing components and
T2 dependent oedema, which usually contains viable
tumour cells.

This has implications for targeted biopsy where sam-
pling may not include the most aggressive tumour com-
ponent and planning for maximal safe surgical resection.

Imaging response criteria

The most widely used methods of defining tumour
response in clinical trials rely on changes in linear
measurement of enhancing tumour bulk.

WHO and Macdonald criteria

The World Health Organization (WHO) criteria were
developed in 1979 to measure tumour response, and

involves calculating the product of the largest diameter
and its perpendicular length for each measurable
lesion and summing the products. Macdonald et al
[10] adapted these for brain tumours in 1990, sug-
gesting steroid treatment and clinical deterioration
should also be considered when establishing response.
Although the Macdonald criteria have been widely
adopted, they have been criticised for being ambiguous
in defining the appropriate threshold for lesion size and
lacking detail in how to apply the criteria [11].

RECIST criteria

The Response Evaluation in Solid Tumours (RECIST)
criteria were introduced in an attempt to simplify
measurements in solid tumours. They rely on a one-
dimensional, rather than two- dimensional measurement
and summing the longest diameters of lesions. A small
number of studies have attempted to validate this
unidimensional approach [12, 13] and found comparable
results when using the MacDonald criteria and RECIST
criteria. The application of RECIST 1.0 criteria to brain
neoplasia has been questioned; the method was designed
for well-marginated solid tumours outside the central
nervous system, whereas gliomas can be heterogeneous,
infiltrating and partially cystic. The recently updated
RECIST 1.1 criteria attempt to address this problem by
providing guidance on the approach to partially necrotic
tumours and discrete cystic lesions [14]. Tables 1 and 2
highlight key features and definitions related to the
Macdonald and RECIST criteria.

Challenges to tumour measurement and
therapeutic evaluation

There are major limitations to linear measurement of
enhancing tumour components in defining glioma
progression and treatment response. First, gliomas are
frequently irregular in shape and may change anisotro-
pically or differentially, which limits meaningful linear
measurement. In addition, visible contrast-enhancing
components are not necessarily representative of active
tumour volume; non-enhancing active tumour compo-
nents and therapy-related changes in enhancement are
well recognised. These factors are considered in more
detail below.

Table 1. A comparison of the features of the main response
criteria

WHO Macdonald RECIST 1.0 RECIST 1.1

Measurements 2D 2D 1D 1D
Clinical

parameters
No Yes No Yes

Cystic
areas included

N/Aa Nob No Yesc

1D, one-dimensional; 2D, two-dimensional; WHO, World
Health Organization.

aSpecific guidance on cystic lesions is not provided.
bThe authors of the Macdonald criteria suggest their guide-

lines are suitable for heterogeneous lesions but not for
discrete non-enhancing lesions.

cNon cystic lesions are preferable target lesions.
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Tumour shape and heterogeneity

Gliomas can have an irregular shape, particularly after
surgery, and hence their volume is difficult to estimate
from a linear measurement. Reproducibility of measure-
ments is poor. Moreover, differential growth of tumour
components and the structure of surrounding brain
(notably white matter tracts) frequently causes them to
grow anisotropically (i.e. more in one plane than
another), which further confounds unidimensional mea-
sures of growth and response.

Multifocal enhancement and multiple small satellite
lesions can make assessment difficult [11]. These are
more common after treatment. Necrotic and cystic
lesions have also caused ambiguity in determining
appropriate tumour measurement. Although this specific
issue is addressed in the new RECIST 1.1 criteria [14], it
is worth noting that cystic and solid elements can be
intimately related, particularly after treatment, making
them difficult to measure.

Evaluation of non-enhancing tumour

The challenge of measuring areas of non-enhancing
tumour have been highlighted by The Response Asse-
ssment in Neuro-Oncology (RANO) Working Group,

who suggest criteria for response assessment that
include evaluation of non-enhancing areas of tumour
[15]. This is thought to be particularly important for
grade II and grade III gliomas, where the non-enhancing
component may represent a sizeable proportion of the
whole tumour and can be demonstrated by comparison
of FLAIR and contrast-enhanced T1 weighted images
(Figure 1). It can, however, be difficult to differentiate
non-enhancing tumour from changes due to medical
treatment, surgery or radiotherapy. The authors ack-
nowledge these challenges, which prevent guidance on
exact measures for response or progression of the non-
enhancing components.

Differential response

Heterogeneous biology within tumours may also be
reflected in differential responses of different tumour
components to treatment. Although complex patterns of
tumour response on imaging are sometimes discussed
for individual cases in clinical practice, there has been
limited systematic examination of this in the literature.
Differential treatment response has been described in
transformed oligodendroglioma, and correlated with
relative cerebral blood flow (rCBV) and local apparent
diffusion coefficient (ADC) measures [16]. A study of

Table 2. A comparison of the definitions for disease progression and response set out by the MacDonald and RECIST 1.1 criteria

MacDonald RECIST 1.1

Progressive disease Tumour increased by $25%
or new sites of disease

Neurology worse with stable or
increased glucocorticosteroid use

Sum of diameters of target lesions
$20% and increase of $5 mm

New unequivocal malignant lesions
New q FDG uptake

Stable disease Other criteria not met Other criteria not met
Partial response Enhancing tumour measurements

decreased by $50% on
consecutive studies one month
apart. No new sites of disease

Stable or reduced glucocorticosteroid use
Neurology stable or improved

Sum of diameters of target
lesions decreased by $50%

Complete response No enhancing tumour on consecutive
studies one month apart

No glucocorticosteroid use
Neurology stable or improved

Disappearance of all target lymph nodes
Pathological lymph nodes decrease

to ,10 mm in short axis

FDG, fluorodeoxyglucose.

Figure 1. Grade III astrocytoma. (a)
Fluid-attenuated inversion-recovery
image demonstrates the sizeable
non-enhancing component of the
tumour compared to (b) the modest
enhancement demonstrated on the
gadolinium-enhanced spin echo T1

weighted study.
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patients treated with bevacizumab showed response in
areas of necrotic tumour, while areas of solid tumour
continued to grow [17]. These changes may not be
captured reliably in summated measures of tumour bulk.

Pseudoprogression

It has long been known that radionecrosis may
manifest as oedema and enhancement, which can be
impossible to distinguish from progressive tumour using
conventional MRI [18–20], and a range of non-specific
enhancement patterns have been demonstrated [19].
Radiological pseudoprogression, where transient in-
creases in apparent tumour size and enhancement are
seen during and shortly after aggressive chemora-
diotherapy regimens, is also increasingly recognised
[21]. This phenomenon is more commonly seen in
tumours with favourable MGMT (methylated O6-methyl
guanine-DNA methyltransferase) methylation status,
which ultimately show better treatment response. This
issue has also been acknowledged by the RANO group,
who suggest that within 12 weeks of chemoradiotherapy,
progression can only be defined on imaging if there is
new enhancement outside the radiation field [15].

Pseudoregression

Steroid treatment has been shown to decrease blood–
tumour barrier permeability and regional cerebral blood
volume [22]. Controlling for steroid treatment is there-
fore important when measuring response.

Anti-angiogenic agents specifically targeted to vascu-
lar endothelial growth factor are now being used to treat
gliomas, and may have a complex effect upon vascu-
lature [23], which in turn modulates contrast enhance-
ment. There is concern the antivascular effects may cause
pseudoregression, with decreased enhancement with-
out actual tumour regression [11]. Therefore, contrast
enhancement alone is not a suitable marker for tumour
response in this context.

Validation of conventional MR endpoints

There is limited evidence that some MRI features
correlate negatively with survival. Oedema is the most
commonly cited negative predictor [8, 24]. Again, the low
specificity of these MR characteristics limits their use.

Studies assessing the conventional MRI measurements
of brain tumour response described above, in general,
have shown poor correlation between imaging response
and survival [12, 25]. However, one study has shown
evidence of correlation between linear methods and
overall survival at 2 months that could not be repro-
duced at 6 months [13]. The authors pointed to the short
duration of response of current therapies as a possible
explanation for these findings. Therefore, the intervals at
which response is measured need careful consideration
before assessments are made about the validity of
imaging markers as predictors of survival.

The poor correlation of response criteria with hard
endpoints is attributable to both the limitations in linear

measures in defining irregular lesions and limited
specificity of enhancement as a marker of active tumour
outlined above. The subjective nature of deciding whether
changes are treatment or tumour related is also likely to
increase interobserver variability.

Conclusion

Conventional imaging with CT and MRI is widely
available and provides useful structural information
about gliomas but limited physiological detail. Res-
ponse metrics based on linear measurements of enhan-
cing tumour components are biologically non-specific
and poorly reproducible, and provide limited prognostic
power for outcome.
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