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Abstract

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

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

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

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

Diffuse astrocytic and oligodendroglial brain tumours occur
along a contimuum from World Health Organization (WHO)
grade II (diffuse astrocytoma and oligodendroglioma) and
grade III (anaplastic astrocytoma and anaplastic
oligodendroglioma) to grade IV (glioblastoma, GBM) [1].
The latest 2016 WHO update to the Classification of
Tumours of the Central Nervous System has acknowledged
the prognostic importance of molecular parameters, which
now constitute a key component of glioma diagnosis, provid-
ing an integrated phenotypic and genotypic diagnosis [1]. This
has generated a new clinical need for correlating imaging fea-
tures with glioma genotypes, known as radiogenomics or im-
aging genomics.

In the current (2016) WHO classification, grade II and III
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gliomas are considered together (lower grade gliomas, LGG),
but distinct from GBM [1]. Irrespective of grade, the first step
in glioma molecular characterisation is isocitrate dehydroge-
nase (IDH) testing [1]. Most LGG (> 70%) harbour an IDH
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mutation (IDH-mutant, IDH™"), which is associated with sig-
nificantly longer survival [2]. For IDH™" LGG, 1p19q
genotyping follows to distinguish between tumours with
1p19q codeletion (molecular oligodendrogliomas, demon-
strating combined loss of both the short arm of chromosome
1 and long arm of chromosome 19, IDH™/1p19¢°°!) and
those without (molecular astrocytoma, IDH™/1p19¢™")
[1]. In contrast, LGG without an IDH mutation are known as
IDH-wildtype (IDH""), and can be considered “molecular
GBM?” if also associated with other characteristic mutations
[3, 4]. For tumours with histological evidence of GBM, IDH
testing suffices [1]. IDH™" GBMs are rare (< 10% of all
GBMs) [2] and hypothesised to arise from LGG, with corre-
spondingly better outcomes than IDH™" [2].

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

It remains uncertain to what extent assessments in routine
clinical practice can predict glioma genotypes. What can be
considered “conventional” in MRI has evolved over time, but
is largely based around anatomical sequences. Ellingson et al.
have outlined a consensus brain tumour protocol for clinical
trials, which consists of axial T2-weighted imaging (T2WI),
axial (or volumetric) FLAIR (fluid attenuated inversion recov-
ery), axial DWI (diffusion-weighted imaging) and pre- and
post-contrast volumetric T1-weighted imaging (T1WI) [5].
DWI and susceptibility-sensitive sequences such as T2* and
susceptibility-weighted imaging (SWI) are routinely per-
formed in many institutions [6], and may nowadays also be
considered part of basic MRI protocols.

@ Springer

To date, a limited number of reviews have summarized
conventional imaging features of glioma molecular subtypes
[7], whereas the bulk of literature on this topic was published
in recent years and is constantly evolving. The aim of this
research was to systematically review and synthesize currently
available data on the accuracy of standard clinical MRI for
diffuse glioma genotyping. For the purpose of this study, we
have considered sequences as “conventional” in line with re-
cently published guidance on glioma imaging [5, 6], on the
proviso that the results description was not solely based on
advanced analytic techniques (e.g. computational learning).

Methods

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

Data sources

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

Study selection

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

Data analysis

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

Studies identified by database search (n=623)

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

S

-

udies after duplicates removed (n=530)

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

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

Studies excluded (n=58)

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

Machine learning only (n=5)
Fewer than five patients (n=3)

Review article (n=4)

Only molecular markers other than IDH and 1p19q (n=7)

Studies included in systematic review (n=44)
WHO grade II-1II gliomas (n=30)
WHO grade IV gliomas (n=8)
WHO grade II-IV gliomas (n=5)
WHO grade I-IV gliomas (n=1)

Fig. 1 CONSORT diagram of the study selection process

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

Study quality assessment

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

Statistical analysis

Descriptive data are presented in the form of a narrative syn-
thesis, because of the perceived heterogeneity of reported im-
aging features, assessment methods and lack of consistent
quantification.

Data synthesis
Results overview

Forty-four studies including a total of 5286 patients fulfilled
the inclusion criteria, with a mean of 115.9 (standard deviation
73.1) gliomas analysed in each study. Of these, 30 studies
were confined to LGG analysis: 3 studies assessed WHO
grade II tumours, 6 evaluated WHO grade III and 21 studies
included WHO grades II and III. Grade IV tumours were
examined in 8 studies. Five studies assessed WHO grade II-
IV gliomas, while one further study included WHO grades I-
IV. 18 studies examined IDH alone, 6 1p19q alone, and 20
studies assessed both. 7 studies identified only investigated
molecular markers other than IDH and 1p19q, and were thus
excluded from further analysis.

All included studies were retrospective analyses. Twelve
studies reported statistical results (kappa, ) for interobserver
comparisons of qualitative features, 2 studies reported intra-
class correlation coefficient (ICC) values for quantitative gli-
oma properties, 13/44 studies performed consensus reads
using > 2 observers, and 24 publications used either a single
reader (7/44) or lacked comprehensive information on reader
methods (12/44).
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WHO grade Il/lll glioma (LGG) genotyping
IDH

Tumour location Sixteen studies assessed the relationship be-
tween tumour location and IDH status in LGG. A predilection
of IDH™" tumours to occur in the frontal lobes was identified
by multiple research groups [10—17]. Most of these studies
showed statistical significance, but only one study provided
sensitivity (72.2%) and specificity (63.3%) [12]. A smaller
number of studies reported correlations between IDH"' status
and other locations, specifically thalamus (11/52 IDH" com-
pared with 0/68 IDH™"; p = 0.001) [15] and brainstem (all
brainstem tumours in one cohort were reportedly IDH™, with-
out subgroup numbers provided) [18]. Sonoda et al. observed
that anaplastic gliomas sparing the cerebral cortex were more
likely IDH™" (13/44 IDH"', 0/78 IDH™"; p < 0.0001) [11]. In
a study by Kanazawa et al, non-temporal location was the sole
imaging feature that was significantly associated with IDH
status, with limited specificity (57.1%) [19]. High interobserv-
er agreements were reported for laterality (x = 1.00) and loca-
tion (x = 0.723-1.00) [15, 20].

A study of 193 patients by Qi et al. found that IDH™"
tumours more commonly involved a single lobe, whereas
IDH"' tumours were predominantly located in combined
lobes such as the diencephalon or brainstem (p < 0.001)
[10]. Park et al. reported that a “nonlobar location” was asso-
ciated with IDH™ genotype (adjusted odds ratio (OR) 2.38),
though a definition of “nonlobar location” was not provided
[20]. Multifocality, multicentricity or a gliomatosis cerebri
pattern have been identified as predictive of IDH™ status in
two further, relatively large study samples (n = 146 and n =
175, respectively) [15, 20]. Contrary to these findings, IDH™"
LGG may be larger than IDH™ tumours at diagnosis [13, 21].

Internal signal characteristics and gadolinium enhancement
Multiple studies have examined signal characteristics of LGG.
IDH™" LGG were more commonly homogeneous in one co-
hort (79% of 89 IDH™", compared with 45% of 104 IDH™)
[10], while cystic change appears less frequent in IDH™" tu-
mours [18, 22]. Enhancement is more common in IDH™" tu-
mours: Wu et al. found enhancement in 93% of IDH™ tu-
mours compared with 57% IDH™" [22], and similar results
were reported in the cohort of anaplastic gliomas examined by
Wang et al. (88% IDH™" and 68% IDH™") [23]. Providing
further support, Juratli et al. found that enhancing gliomas
were more common in IDH™ tumours (57%) than both
IDH™/ATR X-inactivated and IDH™/1p19¢°°*' tumours
(28% and 25%, respectively) [24]. IDH"' tumours have also
been associated with a greater degree of enhancement [10, 16,
20, 22, 25]. Ring-enhancement of LGG (i.e. MRI evidence of
necrosis) correlated with IDH™ status in several studies [11,
22, 26]. In a logistic regression model utilizing Visually
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AcceSAble Rembrandt Images (VASARI) features [27], the
proportion of enhancing lesion necrosis was one of two opti-
mal features (together with tumour size), which moderately
predicted IDH status of LGG (area under the curve, AUC
0.73) [28]. Similar to these findings, a different study exam-
ining VASARI features identified the proportion of the tu-
mour that was non-enhancing as the single best feature for
predicting an IDH mutation, with high accuracy (AUC 0.92)
[25].

Tumour margins Sharp tumour margins have been associated
with LGG IDH™" status [10, 13], while poor definition of the
non-enhancing margin has been correlated with IDH"' status
in multiple publications [15, 17, 20]. Of these, only one study,
by Park et al, reported interobserver agreement (x = 0.766)
[20]. One study identified that a lower T1/FLAIR ratio was
more frequent in IDH™ gliomas, together with deep white
matter invasion, but interobserver agreement was not specifi-
cally reported [15]. One study, in which two readers assessed
VASARI features in consensus, suggested that oedema was
more common in IDHY' LGG [22].

Diffusion-weighted imaging A variety of ADC metrics have
been examined, with higher ADC values consistently reported
in IDH™" LGG compared with IDH™. Villaneuva-Meyer
et al. observed that ROI-derived minimum, mean and maxi-
mum ADC correlated with IDH status; of these, a minimum
ADC threshold of 0.9 x 10 mm?%/s provided the greatest
sensitivity (91%) and specificity (76%), with an AUC of
0.901 [18]. Wasserman et al. performed ROI-based minimum
ADC assessments and reported a significant association with
IDH genotype, with an optimal cutoff point of 0.95 x 107
mm?/sec (sensitivity 76.9%, specificity 65.2% and AUC
0.711) [12]. Xing et al. investigated minimum ADC and rel-
ative minimum ADC (comparing to contralateral normal-
appearing white matter) based on multiple ROIs placed in
each glioma, with both yielding statistically significant results;
the reported optimal minimum ADC threshold was 1.01 x
10 mm?/sec (sensitivity 76.9%, specificity 82.6%; AUC
0.87) [14]. Liu et al. assessed both mean and minimum
ADC; results for mean ADC reached statistical significance
(p = 0.028), while those for minimum ADC did not (p =
0.069) [29]. However, there were only 15 WHO grade II/III
gliomas in this cohort, and AUC analysis was not presented
[29]. Thust et al. assessed single-slice mean ADC normalized
to the contralateral centrum semiovale normal-appearing
white matter in 44 non-enhancing LGG, achieving AUC of
0.95 for one reader (optimal ADC,,;, cutoff 1.83) and AUC of
0.96 (optimal ADC,,;, cutoft 1.76) for the other reader [30].
Notably, single-slice ADC measurements correlated strongly
with whole lesion assessment in this study [30]. Of these 5
studies, 2 reported ICC results 0f 0.71-0.91 [18] and 0.98 [30]
for ROI-derived ADC values.
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1p19q

Tumour location A frontal lobe location has repeatedly been
associated with 1p19q codeletion [13, 26, 31-33]. As a poten-
tial confounder, some of these studies may have included
IDH™ tumours amongst “non-codeleted” gliomas [26, 32,
33]. In the studies specifically comparing IDH™/1p19¢°°%!
and IDH™"Y/1p19¢™™*" tumours, the results are heterogenous
and the lobar association is less compelling. Batchala et al.
nevertheless reported a significant association between a fron-
tal lobe location and codeletion in 102 IDH™" LGG (OR 5.68,
95% CI 2.08-15.44; p = 0.001) [31]. In contrast, Sonoda
found no significant difference in the frequency of a frontal
lobe location between the 1p19q°°%! (74%) and 1p19g™=<
tumours (67%; p = 0.61) [11]. The lobar distribution was also
similar in the cohort of Darlix et al. (frontal location in 45% of
1p19g°°*! and 42% of 1p19¢™=") [13]. Several studies ob-
served that a temporal lobe location reduces the likelihood of
1p19¢°°*! genotype (p = 0.011-0.034) [11, 19, 32, 34], with
one reporting no case of temporal-centred 1p19q°°® in a co-
hort of 123 anaplastic gliomas [11]. Sherman et al. found that
1p19¢°°*! tumours were more commonly confined to a single
lobe than non-codeleted tumours [34]. The data on 1p19q
genotype and cortical involvement are ambiguous, with one
study demonstrating a statistical association with codeletion (p
= 0.02) [16], and another showing no significant association
[33]. One study reported weak interobserver correlation (42%)
for cortical involvement [35].

Internal signal characteristics and gadolinium enhancement
As for IDH, internal signal characteristics have been examined
by multiple authors. Yamauchi et al. identified that heteroge-
neous T2 signal was significantly more common in 1p19q°°%!
tumours (94%) than both 1p19¢™** (33%) and IDH™' tu-
mours (50%), using consensus assessments [16]. Three further
studies observed that tumour heterogeneity correlated signifi-
cantly with 1p19q codeletion, but this feature did not permit a
reliable IDH genotype distinction [19, 26, 33]. Batchala et al.
observed that LGG which were < 75% homogeneous were
much more likely to be 1p19g°°®®' than 1p19¢™** (p <
0.001), with an OR of 12.33 and « = 0.69 [31]. Similarly,
Johnson et al. found that, while it was overall uncommon for
a tumour to be completely homogeneous, homogeneity was
more frequent in 1p19q™*' LGG (14% and 10% based on T1-
and T2-weighted imaging, respectively) than in codeleted gli-
omas (1%), also by consensus assessment [32].

1p19q codeleted tumours have shown a correlation with
either absent or ill-defined enhancement [16, 26, 36], in con-
trast to more nodular or ring-like enhancement in 1p19¢™*"*
LGG [36]. One group reported that 1p19q°°* tumours more
commonly demonstrated <5% enhancing tumour [37]. In con-
trast, a different study assessing anaplastic gliomas concluded
that 1p199°°®' tumours more commonly enhance than non-

codeleted tumours, but this was assessed in a binary fashion,
with no distinction made between different qualities of en-
hancement [11].

Tumour margins Several studies have assessed tumour mar-
gins, most utilizing a binary distinction. Kim et al. found that
an indistinct rather than sharp border correlated with 1p19q
codeletion on both T1- and T2-weighted imaging (p = 0.005
and p = 0.036, respectively) [33]. Similarly, Johnson et al.
observed that the majority of 1p19q codeleted tumours lacked
sharp borders on both T1- and T2-weighted images (97% for
each), with p < 0.0001 for each marker of border sharpness
evaluated, and an odds ratio of 16.35 [32]. Conversely, a sharp
border was much more common in non-codeleted tumours,
with an incidence of 40% and 38% based on T1- and T2-
weighted imaging, respectively [32]. Kanazawa et al. reported
a strong correlation (p = 0.002), though only assessed tumour
borders on TIWI [19]. Some studies have not shown a signif-
icant difference [16, 22]. Darlix et al. described tumour bor-
ders as sharp, indistinct or intermediate, and found that
1p19¢°°** tumours more commonly had intermediate borders,
while indistinct tumour borders were more frequent in IDH™'
tumours [13]. No studies reported interobserver statistics for
1p19q tumour border evaluations.

Calcifications, haemorrhage and magnetic susceptibility
Several studies have examined associations with calcifications
and haemorrhage, but there is substantial variability in the
literature in how these are assessed, both regarding whether
CT has been performed and with respect to MRI techniques.
Calcification has been shown to predict 1p19q codeletion [16,
19, 35]. In one of these studies, paramagnetic susceptibility on
T1WI (T1 shortening) was examined and this too was associ-
ated with codeletion, but not as strongly [19]. T2* blooming
also predicted codeletion in one study [31]. Other studies
which used MRI to assess for calcification [33] and paramag-
netic susceptibility artefact [32] did not show a difference, but
did not pursue a distinction of calcification from blood prod-
ucts based on the phase. Indeed, one study examining MRI
suggests that haemorrhage is associated with codeletion, but
did not evaluate calcification or discuss how these character-
istics were separated [37]. All studies consisted of consensus
reads, except one, which reported a moderate interrater agree-
ment for T2* blooming, with x = 0.74 [31].

T2-FLAIR mismatch The T2-FLAIR mismatch sign has been
examined by several authors since being first described in
2017 [38]. Three studies concluded that the presence of T2-
FLAIR mismatch is 100% specific for an IDH™/1p19¢™*"*
tumour, with interobserver agreements between 0.56 and 0.75
[31, 38, 39]. Another study also found that all patients with >
50% T2-FLAIR mismatch were 1p19q™*, though definitive
IDH testing results were not available for patients with
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negative IDH1-R132H immunohistochemistry [35]. In con-
trast, Juratli et al. had a false-positive rate of 28.5% for T2-
FLAIR mismatch [24]. This study included enhancing glio-
mas, and separate results for non-enhancing gliomas in this
cohort were not provided [24]. All false-positive cases were
1p19q°°%!, with no false-positive IDH™ cases reported [24].
Diffusion-weighted imaging With the caveat that a minority of
IDH™" tumours (which are associated with lower ADC values
as summarized above) may have been included in some of the
studies assessing DWI, 1p19q codeletion has consistently
been associated with lower mean ADC values compared with
IDH™Y1p19¢™*' LGG (p = 0.0005-0.003) [30, 32, 40], with
two studies suggesting an ADCmean cutoff in the region of
1.4-1.6 x 10> mm?%/s for 1p19q genotyping [32, 40].

Glioblastoma
IDH

Tumour location Publications on the geographical distribution
of IDH genotypes in GBM broadly correspond to descriptions
in LGG, supportive of a continuum of disease. Carrillo et al.
found that 11 of 14 (79%) IDH™" GBMs (comprising 7% of
all GBMs in their cohort) were located in the frontal lobes,
compared with only 69 of 188 (37%) IDH"' [41]. Xing et al.
also identified a geographic correlation with IDH status (p =
0.002), with 9 of 10 (90%) IDH™" GBMs being located in the
frontal lobes, compared with 23 of 60 (38%) IDH"' [42]. The
cohort of Lasocki et al. displayed a similar frequency of fron-
tal lobe location in both IDH™ (38%) and IDH™" (40%)
GBM:s, but there were only 5 IDH™" GBMs in this study
[43]. In contrast, the IDH™" GBMs in the cohort of Hong
et al. displayed a higher frequency of an insular location than
IDH™ (33% compared with 12%; p = 0.01) [44], and Hata
etal. reported that all five IDH™" tumours in their cohort of 92
GBMs involved the insula [45].

Enhancement and noncontrast-enhancing tumour In a study
by Yamashita et al, the necrotic area inside the largest cross-
sectional enhancing lesion and the largest cross-section necro-
sis percentage were both associated with IDH status (p <
0.005) [46]. Wang et al. found that IDH™" GBMs were slight-
ly less likely to demonstrate enhancement (73.3%, compared
with 94.9% for IDH™; p < 0.001) [47]. When the tumour did
enhance, multiple enhancing foci were more common in
IDH™" tumours (42.4%, compared with 19.3% for IDH"'; p
= 0.003), though the distribution of contrast enhancement pat-
terns did not differ significantly between IDH™" and IDH™"
GBMs [47]. The presence of enhancing satellites positively
correlated with IDH mutations in another cohort [41].
Similar to these findings, a larger proportion of
noncontrast-enhancing tumour (nCET) has been associated
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with IDH mutations. All 14 IDH™ GBMs in the cohort of
Carrillo demonstrated nCET, and a higher percentage of
nCET was shown to correlate with IDH™ status; the propor-
tion of IDH™* tumours with nCET was not specified, however
[41]. Hong et al. identified a larger T2WI tumour volume in
IDH™" GBM s and a higher volume ratio between T2WI and
contrast-enhanced TIWI in IDH™ GBMs (p < 0.05) [44].
Similarly, in a study by Lasocki et al, 60% of IDH™" GBMs
had > 33% nCET, compared with 21% of IDH", though this
did not reach statistical significance (p = 0.073) [43]. This
study highlighted that nCET was also common in IDH"" tu-
mours, with 57% of IDH"' GBMs containing > 5% nCET
[43]. To overcome this limited specificity, the same group
subsequently proposed that a mass-like morphology of
nCET could potentially provide better specificity for the pre-
diction of an IDH mutation than the presence of nCET alone
[48]. A larger GBM size at diagnosis and the presence of cysts
have also been associated with IDH mutations [41].

Diffusion-weighted imaging In a study of 176 patients by
Hong et al, IDH™ GBMs demonstrated higher mean normal-
ized ADC (2 reader ICC 0.97) in both T2-hyperintense non-
enhancing (1.64 x 10> mm?/s for IDH™, 1.49 x 10> mm?/s
IDHY'; p = 0.022; sensitivity 66.7% and specificity 65.2% for
ADC > 1.57 x 10> mm?/s) and enhancing areas (1.80
IDH™", 1.54 IDH™'; p = 0.008; sensitivity 77.8% and speci-
ficity 53.8% for ADC > 1.53 x 10> mm?s) [44]. Another
study (n = 75) by Xing et al. found IDH™" GBMs to have
higher relative minimum ADC values in the enhancing region
(AUC 0.703) [42].

Study quality
The results of the study quality assessment using the

QUADAS-2 tool [9] are summarized in Fig. 2, with additional
information available in Supplementary Material 3. Several

W High Unclear Low

paTienT seLecTion [
INDEX TEST -

REFERENCE STANDARD .

QUADAS-2 Domain

FLOW AND TIMING

0% 20% 40% 60% 80% 100%

Proportion of studies with high, unclear or low risk of bias

Fig. 2 Results of the QUADAS-2 quality assessment of the included
studies. The risk of bias in four different domains is shown
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(7/44) studies had a high risk of bias regarding patient selec-
tion. In addition, 7/44 studies were unclear about the selection
of patients and/or the conduct or interpretation (5/44) of the
index test. All research was of retrospective design. 23% (10/
44) of studies lacked information on whether index test results
were interpreted without knowledge of the reference standard,
while 23% of studies gave insufficient information on whether
reference standards were defined without knowledge of index
test results.

Discussion

This systematic review aimed to summarize and appraise the
literature on conventional MRI for glioma radiogenomic pre-
dictions. Due to a wide variation in the assessment and
reporting methods, we did not proceed to a statistical (meta-
analysis) evaluation for any particular sequence or imaging
biomarker(s). To group studies with similar topic themes,
the LGG and GBM data were presented in separate sections;
however, the key results support that molecular-specific im-
aging features occur on a continuous spectrum across grades.
For this reason, the following discussion is structured accord-
ing to morphology.

Location (by epicentre) appears to be a valuable, static and
reproducible tumour property with some of the highest inter-
observer ratings (x) achieved in single centre studies [15, 20]
and in multi-rater, multi-timepoint testing (VASARI criteria
(laterality x = 0.943, 95% CI10.915-0.982 and tumour location
Kk =0.837,95% CI 0.807-0.902)) [27]. A frontal lobe location
suggests an IDH mutation [10-16], with 1p19¢°°* marginally
favoured over 1p19qintaCt [13, 31]. In contrast, an IDH™" tu-
mour located in a temporal lobe is unlikely to be 1p19g=°%'[11,
19, 32]. In glioblastomas, radiogenomic correlations are chal-
lenging, due to IDH mutations occurring in a small proportion
(< 10%) of GBMs [2, 41, 43, 45, 47]. Corresponding to LGG
characteristics, the two more useful GBM features for suggest-
ing an IDH mutation are tumour location (frontal and/or insu-
lar) and a greater amount of nCET. However, in the case of a
frontal lobe location, the association appears weaker than in
LGG. Indeed, frontal location is moderately common in
IDH™' tumours, probably greater than for IDH™" GBM in
absolute terms [41-43]. Therefore, location can contribute to
radiogenomic predictions with limited specificity.

No reliable WHO grade prediction is possible based on
glioma enhancement properties for any glioma molecular sub-
type. IDH™" tumours tend to demonstrate less enhancement
than IDH™ [22-24], and 1p19q°°* tumours may show ill-
defined enhancement!” '°, while ring-enhancement with cen-
tral necrosis increases the likelihood of an IDH™ glioma [11,
22, 26]. There are challenges with the use of nCET size com-
parisons; while a larger noncontrast-enhancing tumour pro-
portion may indicate IDH™" status [41], no size threshold is

applicable and most IDH"' tumours exhibit nCET to some
extent [43]. As such, it may be more appropriate to utilize
“lack of nCET” to predict IDH™" status [43].

A homogeneous, well-defined glioma is likely to be
IDH™"/1p19¢™*", while a heterogeneous, ill-defined tumour
is likely IDH™ or 1p19q°°*!. Provided the glioma does not
enhance [24], the presence of T2-FLAIR mismatch allows a
confident designation as an IDH™Y1p19q™**" astrocytoma
[31, 38, 39]. With a published specificity of 100% in three
different cohorts [31, 38, 39], this is the single most distinctive
conventional MRI feature across both LGG and GBM, with
moderate to substantial interobserver agreement. Several stud-
ies highlighted the value of indistinct non-enhancing lesion
margins to identify IDH™, but this feature is problematic
due to overlap with 1p19q°°®!, and for reasons of subjectivity.
In particular, the agreement reported for 2 observers by Park
etal. (k =0.766) is discrepant from the much lower agreement
(k=0.374,95% CI 0.347-0.514) in multi-reader testing of the
original VASARI research, which explicitly casted doubt on
the reproducibility of this sign [27]. Calcifications in an un-
treated glioma suggest 1p19¢°°%' [16, 19, 35]; this should
ideally be assessed on CT, as intratumoural susceptibility ef-
fects due to petechial haemorrhage are common in GBM, and
have more recently been associated with IDH™ LGG [49].
Several studies have highlighted an association between cyst
formation and IDH™" status [18, 22, 41], which underscores
the importance of distinguishing this morphology from rim-
enhancing necrosis during imaging assessments.

ADC values are generally highest in 1p19q™*, lowest in
IDH™ and intermediate in 1p19q°°*, which is consistently
reported in the literature. Furthermore, ADC is one of few
metrics quantifiable on clinical MRI at the time of reporting,
with substantial to near perfect interobserver agreement [18,
30]. It remains unclear whether minimum or mean ADC is
most accurate, and whether normalizing ADC (e.g. to contra-
lateral normal-appearing white matter) is beneficial. ADC
values also appear higher in IDH™" GBM, but there is less
evidence for this and the results are not as compelling, with
necrosis being a potential confounder of ADC quantification.

The systematic evaluation of genotyping literature was
more challenging for LGG than in GBM, because numerous
studies investigated either IDH or 1p19q status, or assessed
both independently, with a three-group distinction according
to the 2016 WHO criteria being less common. Consequently,
it is not clear how accurate some particular visual features are
for separating the three LGG subtypes in clinical practice,
compared with examining a single molecular marker in a bi-
nary group distinction, due to a degree of overlap for most
visually assessable MRI features across the three subtypes.

A number of strategies, including multivariate regression
models, have been proposed to combine imaging features for
glioma genotype predictions, but their method variability
limits comparison. In general, features that are either specific
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(to confidently predict a given molecular subtype) or sensitive
(to exclude a subtype) are most suited to such an approach.
Lasocki et al. suggested an algorithm combining the T2-
FLAIR mismatch sign and the presence of calcifications, be-
ing predictive of 1p19¢™* and 1p19q°°* tumours, respec-
tively, with no overlap between the groups [35]. The main
limitation of this algorithm was the sensitivity, as 38 of 59 in
this cohort did not exhibit either feature [35]. Kanazawa et al.
presented a scoring system for predicting 1p19q codeletion
comprised of four features — calcification, indistinct tumour
border on T1WI, paramagnetic susceptibility effect on TIWI
and a cystic component on FLAIR — and found that the pres-
ence of at least three of the four features had a positive pre-
dictive value of 96% and specificity of 98% [19]. In the con-
text of glioblastomas, the absence of either a frontal lobe lo-
cation or at least 33% nCET has been reported as being strong-
ly predictive of IDH™' status [43].

A key finding of this analysis is that most studies per-
formed no interobserver comparisons, so that human factors
remain a concern for qualitative visual assessments in clinical
practice. Thus, their diagnostic accuracy and variability re-
main to some extent uncertain, even when summarizing mul-
tiple studies.

Conclusions

A substantial body of literature exists on conventional MRI
for glioma radiogenomic predictions, detailing findings in
several thousand tumours. Despite heterogeneous methods,
consistent result themes have emerged in this review with
respect to tumour epicentres and signal characteristics, which
indicate that conventional MRI is valuable for glioma
genotyping, particularly in presumed LGG. However, due to
sparse interobserver testing, the reproducibility of qualitative
features remains an area of uncertainty.
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