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ORIGINAL RESEARCH
BRAIN TUMOR IMAGING

Radiogenomics Provides Insights into Gliomas
Demonstrating Single-Arm 1p or 19q Deletion

Arian Lasocki, Michael E. Buckland, Tahlia Molinaro, Jing Xie, and Frank Gaillard

ABSTRACT

BACKGROUND AND PURPOSE: IDH-mutant gliomas are further divided on the basis of 1p/19q status: oligodendroglioma, IDH-mu-
tant and 1p/19q-codeleted, and astrocytoma, IDH-mutant (without codeletion). Occasionally, testing may reveal single-arm 1p or 19q
deletion (unideletion), which remains within the diagnosis of astrocytoma. Molecular assessment has some limitations, however,
raising the possibility that some unideleted tumors could actually be codeleted. This study assessed whether unideleted tumors
had MR imaging features and survival more consistent with astrocytomas or oligodendrogliomas.

MATERIALS AND METHODS:One hundred twenty-one IDH-mutant grade 2–3 gliomas with 1p/19q results were identified. Two neu-
roradiologists assessed the T2-FLAIR mismatch sign and calcifications, as differentiators of astrocytomas and oligodendrogliomas.
MR imaging features and survival were compared among the unideleted tumors, codeleted tumors, and those without 1p or 19q deletion.

RESULTS: The cohort comprised 65 tumors without 1p or 19q deletion, 12 unideleted tumors, and 44 codeleted. The proportion of
unideleted tumors demonstrating the T2-FLAIR mismatch sign (33%) was similar to that in tumors without deletion (49%; P¼ .39),
but significantly higher than codeleted tumors (0%; P¼ .001). Calcifications were less frequent in unideleted tumors (0%) than in
codeleted tumors (25%), but this difference did not reach statistical significance (P¼ .097). The median survival of patients with
unideleted tumors was 7.8 years, which was similar to that in tumors without deletion (8.5 years; P¼ .72) but significantly shorter
than that in codeleted tumors (not reaching median survival after 12 years; P¼ .013).

CONCLUSIONS: IDH-mutant gliomas with single-arm 1p or 19q deletion have MR imaging appearance and survival that are similar to
those of astrocytomas without 1p or 19q deletion and significantly different from those of 1p/19q-codeleted oligodendrogliomas.

ABBREVIATIONS: codel ¼ codeleted; FISH ¼ fluorescence in situ hybridization; IDHmut ¼ IDH-mutant; IDHWT ¼ IDH-wild-type; WHO ¼ World Health
Organization

The molecular status of tumors of the CNS is of increasing im-
portance in their classification. The 2016 update to the

World Health Organization Classification of Tumors of the
Central Nervous System (henceforth WHO 2016) introduced
molecular status into the diagnosis of intracranial gliomas.1 Some
of the key changes related to grade 2–3 gliomas, which were

divided into 3 subtypes based on IDH and 1p/19q status: oligoden-
droglioma, IDH-mutant (IDHmut) and 1p/19q-codeleted (demon-
strating combined loss of the short arm of chromosome 1 and the
long arm of chromosome 19 [1p/19qcodel]); astrocytoma, IDHmut

(without 1p/19q-codeletion); and astrocytoma, IDH-wild-type
(without an IDHmutation [IDHwt]).1 The 2021WHO classification
(henceforth WHO 2021) increased the importance of molecular
status in tumor diagnosis.2 For example, CDKN2A/B copy number
status has become important in the grading of IDHmut astrocyto-
mas, with CDKN2A/B homozygous deletion allowing the diagno-
sis of a grade 4 tumor even in the absence of the classic histologic
features of microvascular proliferation and necrosis.2

Occasionally, testing for 1p/19q status may reveal a single-arm
1p or 19q deletion (unideletion), without 1p/19q-codeletion. Such
tumors (provided they are IDHmut) remain within the diagnosis of
astrocytoma, IDHmut. Despite being the criterion standard, molec-
ular assessment can have some limitations. For example, 1p/19q
fluorescence in situ hybridization (FISH) can produce false-
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positive results in the presence of partial deletions.3 In addition,
sequencing can provide false-negative results if there are relatively
few tumor cells within the sample,4 particularly relevant to glio-
mas from which only a small sample can be safely obtained. The
possibility of sampling error is also particularly relevant to intra-
cranial diffuse gliomas, given their inherent heterogeneity.5 This
raises the likelihood that some tumors diagnosed as having 1p- or
19q-unideletion could actually be 1p/19q codeleted (1p/19qcodel),

which has implications not only for for-
mal diagnosis but also for grading and
treatment.

The field of radiogenomics aims to
predict glioma genotype on the basis of
imaging features, most commonly using
MR imaging, and a variety of features
have been studied.6 The T2-FLAIR mis-
match sign, strongly predictive of an
IDHmut astrocytoma in the case of histo-
logic grade 2–3 gliomas, is the most dis-
tinctive feature across all diffuse glioma
grades and genotypes.6-10 Calcification
has long been reported as a feature of
oligodendrogliomas based on the histo-
logic criteria before WHO 2016, and it
has also been more recently confirmed
as a predictor of oligodendroglioma,
IDHmut and 1p/19qcodel.8,11,12 Additional
features can be helpful in distinguishing
2 of the 3 glioma genotypes, but they are
less predictive when all 3 are included.6

For example, a frontal lobe location pre-
dicts an IDH mutation but has less predictive value for determin-
ing 1p/19q status.6

Radiogenomics has the potential to overcome some of the
limitations of histologic assessment.13 For example, Patel et al14

demonstrated that MR imaging features were able to identify
some tumors incorrectly classified as 1p/19qcodel based on FISH.
We sought to use radiogenomics to provide additional insight
into gliomas demonstrating 1p- or 19q-unideletion, by determin-
ing whether their MR imaging features were more consistent
with astrocytomas (IDHmut but without 1p/19qcodel) or oligoden-
drogliomas (IDHmut and 1p/19qcodel), by using the T2-FLAIR
mismatch sign (Fig 1) and the presence of calcifications (Fig 2),
because the literature6 suggests these features as the best differen-
tiators of the 2 tumor types. The survival associated the different
tumor types was also compared.

MATERIALS AND METHODS
Results from 2 previous radiogenomics studies were combined to
identify IDHmut grade 2–3 gliomas with available 1p/19q testing
results.8,12 All were adult patients. In the earlier study, 1p/19q sta-
tus had been determined by FISH,8 while in the later study, next-
generation sequencing was used unless FISH results were already
available as part of routine clinical practice or earlier research.12

MR imaging had been performed on a variety of scanners,
including at external institutions, and included, at least, T2WI,
FLAIR, and pre- and postcontrast T1WI.8,12 The T2-FLAIR mis-
match sign and the presence of calcifications on preoperative
imaging were assessed by 2 neuroradiologists with subspecialty
expertise in neuro-oncology, blinded to the molecular diagnosis.
Discrepancies were resolved by consensus. Identification of the
T2-FLAIRmismatch sign was based on the definition originally pre-
sented by Patel et al,9 namely an area of non-contrast-enhancing
tumor demonstrating high T2 signal and relatively hypointense
FLAIR signal. The T2-FLAIRmismatch sign was considered positive

FIG 1. T2-weighted (left) and FLAIR (right) MR images of a left fronto-insular glioma show that
much of the tumor has substantially lower signal on FLAIR (asterisk) than on T2-weighted imaging,
consistent with the T2-FLAIR mismatch sign, which is characteristic of astrocytoma, IDHmut. This
tumor had a single-arm 19q deletion.

FIG 2. This unenhanced CT image demonstrates calcifications in an
oligodendroglioma (IDHmut and 1p/19qcodel) involving the left insula.
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if .50% mismatch was present.8,12 Assessment for calcifications
also used susceptibility-sensitive sequences and relevant CT studies,
when available.8,12 If magnetic susceptibility on MR imaging or
precontrast hyperdensity on CT or both were present but could
not be confidently attributed to calcification as opposed to hemor-
rhage, this feature was considered negative for calcification. Good
interobserver agreement has already been reported, with k . 0.6
for both features across both cohorts.8,12

The presence of the 2 MR imaging features was considered
across 3 tumor groups (all being IDHmut): no 1p or 19q deletion,
single-arm 1p or 19q deletion (unideletion), and 1p/19qcodel.

Statistical correlations were performed using the Fisher exact test.
Survival was assessed using Kaplan-Meier curves. The multivari-
ate model included patient age, sex, and histologic tumor grade
(2 or 3). A P value , .05 was considered statistically significant.
All statistical analyses were performed with R statistical and com-
puting software (Version 4.0.3; http://www.r-project.org/) using
standard and validated statistical procedures.

RESULTS
One hundred twenty-one patients with an IDHmut grade 2–3 glio-
mas with available 1p/19q results were identified across the 2
studies. These comprised 65 tumors without 1p or 19q deletion,
12 tumors with unideletion (11 with 19q-unideletion and 1 with
1p-unideletion), and 44 1p/19qcodel tumors. Most tumors were
WHO grade 2 (103 of 121, or 85%); the remainder were grade 3.
The median age across the cohort was 37 years (range, 17–
72 years), with a slightly greater proportion of males (73 of 121,
or 60%). The demographics of the patients across the 3 genotypes
and the overall cohort are summarized in Table 1.

T2-FLAIR mismatch was identified in 4 (33%) of the 12 tumors
with unideletion, 32 (49%) of 65 tumors without deletion, and none
(0%) of the 44 codeleted tumors. There was a significant difference

in the frequency of T2-FLAIR mis-
match when comparing the unideleted
and codeleted tumors (P¼ .001), but
there was no significant difference
when comparing the unideleted tumors
and those without deletion (P¼ .39).
Calcifications were demonstrated in
none (0%) of the unideleted tumors, 2
(3%) of the tumors without deletion,
and 11 (25%) of the codeleted tumors.
There was a trend (P¼ .097) toward a
difference in the frequency of calcifica-
tions when comparing the unideleted
and codeleted tumors, but no signifi-
cant difference was found when com-
paring the unideleted tumors and those
without deletion (P¼ 1). Of note, the
tumor with 1p-unideletion demon-
strated neither T2-FLAIR mismatch
nor calcifications. The above results are
summarized in Table 2.

The median survival of patients with
unideleted tumors was 7.8 years, which
was similar to the median survival of

8.5 years for those with tumors without deletion (P¼ .72). In con-
trast, the median survival was not reached for the codeleted tumors
after 12 years of follow-up, and there was a statistically significant
difference in survival between those with unideleted and codeleted
tumors (P¼ .013 on multivariate analysis). Kaplan-Meier survival
curves for all 3 tumor groups are shown in Fig 3, and median sur-
vival data are also included in Table 2.

DISCUSSION
Both our imaging and survival data strongly support that tumors
with single-arm 1p or 19q deletion are equivalent to IDHmut

Table 1: Patient demographics for the 3 tumor genotypes and
the overall cohort

No Deletion Unideletion Co-Deletion Total
No. (%) 65 (54%) 12 (10%) 44 (36%) 121
Age (yr)
Range 17–70 23–61 17–72 17–72
Median 37 34 39 37

Sex
Male 42 (65%) 7 (58%) 24 (55%) 73 (60%)
Female 23 (35%) 5 (42%) 20 (45%) 48 (40%)

Table 2: Comparison of imaging features and median survival
across the 3 tumor genotypes

No Deletion Unideletion Co-Deletion
T2-FLAIR mismatch
Present 32 (49%) 4 (33%) 0 (0%)
Absent 33 (51%) 8 (67%) 44 (100%)
P value P¼ .39 Reference P¼ .0013

Calcifications
Present 2 (3%) 0 (0%) 11 (25%)
Absent 63 (97%) 12 (100%) 33 (75%)
P value P¼ 1 Reference P¼ .097

Survival
Median (yr) 8.5 7.8 .12
P value P¼ .72 Reference P¼ .013

FIG 3. Kaplan-Meier survival curves of all 3 groups of tumors, demonstrating that the unideleted
tumors in the cohort had survival that was significantly shorter than that of 1p/19qcodel tumors
(P¼ .013), but similar to that in tumors without 1p or 19q deletion (P¼ .72).
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astrocytomas, rather than oligodendrogliomas, in line with the
WHO classification.2 This finding provides reassurance to path-
ologists and treating clinicians that tumors with 1p- or 19q-
unideletion should indeed be considered astrocytomas, rather
than having a reason to question the 1p/19q result or repeat
testing on a different part of the tumor. Our results are also
concordant with our understanding of the underlying biology:
1p/19q-codeletion is thought to occur due to a translocation
between chromosomes 1 and 19, with loss of the resulting de-
rivative chromosome,15,16 accounting for the simultaneous de-
letion of both chromosome arms. In turn, this implies that
single-arm 1p or 19q deletion occurs through different mecha-
nisms, which then manifest as different MR imaging appearan-
ces and clinical behavior compared with those of an
oligodendroglioma.

Despite the large amount of research into glioma radioge-
nomics, more recently incorporating artificial intelligence, clinical
translation of these techniques has been limited and should be a
priority for future research.17,18 We see radiogenomics as comple-
mentary to the criterion standard histologic/molecular assess-
ment, rather than a competing technique. As noted before,
radiogenomics can be used to question a molecular testing result,
prompting additional genetic testing and hence refinement of the
diagnosis.14 We have demonstrated another potential role of
radiogenomics through this work, namely using MR imaging to
support the molecular diagnosis and provide additional insight
into the underlying tumor biology.

We deliberately assessed only 2 of the radiogenomic features
described in grade 2–3 tumors, because these features are the
most specific predictors of genotype when IDH status is
unknown.6 As we sought to identify features that might poten-
tially question the molecular testing result, it was important to
select features with high specificity,13 rather than necessarily
those with the highest sensitivity or overall accuracy. Some other
features can help distinguish astrocytomas and oligodendroglio-
mas if the tumor is known to be IDHmut—ie, predicting whether
the tumor is 1p/19qcodel—but are less helpful discriminators if
an IDHwt tumor is also a consideration. For example, oligoden-
drogliomas tend to be more ill-defined and demonstrate lower
ADC values than IDHmut astrocytomas,19-22 but IDHwt tumors
are also usually ill-defined, with generally even lower ADC val-
ues than oligodendrogliomas.6,23-26 Similarly, oligodendroglio-
mas can demonstrate elevated CBV even when low-grade,27 but
CBV elevation is also a feature of IDHwt tumors.28 It can be
challenging to confidently distinguish calcification and hemor-
rhage, especially if a preoperative CT scan is not available, so it
is possible that calcification could have been underdiagnosed
among the unideleted tumors. However, this issue is also true of
the oligodendrogliomas, so if optimal characterization had been
possible for all tumors, we consider it more likely that calcifica-
tion would have been identified in additional oligodendroglio-
mas. If so, a statistically significant difference in the frequency
of calcifications between the unideleted and codeleted tumors
may have been found. Despite these limitations, we think that
our results show quite conclusively that the MR imaging fea-
tures of unideleted tumors are equivalent to those of IDHmut

astrocytomas rather than oligodendrogliomas.

It was not feasible to correct for treatment in the survival anal-
ysis, because the use of chemotherapy and/or radiation therapy
was often prompted by evidence of tumor progression, thus could
not be considered an independent variable. We did not consider
it appropriate to correct for the 2 imaging features assessed in our
survival analysis because none of the 1p/19qcodel tumors demon-
strated T2-FLAIR mismatch and none of the unideleted tumors
exhibited calcifications. Additionally, the survival of patients with
IDHmut astrocytomas with and without T2-FLAIR mismatch has
already been compared for part of this cohort, with no significant
difference in survival found.29

We note that there was only one 1p-unideleted tumor in our
cohort; thus, it is not possible to assess any potential differences
in the MR imaging appearance between 1p- and 19q-unideleted
tumors. This is in line with earlier research demonstrating a
larger (albeit still small) number of tumors with single-arm 19q
deletion than 1p-unideletion.16,30 Given that 1p- or 19q-unidele-
tion does not alter the molecular diagnosis, it is possible that such
findings were under-reported (predominantly for the minority of
1p/19q testing in this cohort that was performed as standard of
care), though the numbers seem to be broadly consistent with
those in previous studies.16,30 The rarity of 1p-unideleted tumors
implies that if only chromosome 1 were to be assessed, most
tumors with 1p deletion would actually be 1p/19qcodel. This possi-
bility likely accounts for earlier research showing that 1p deletion
predicts a better response to chemotherapy and longer survival.31

We acknowledge that the number of unideleted tumors in our
cohort is small, but these tumors are uncommon, representing a
small proportion of IDH-mutant histologic grade 2–3 gliomas
(10% in our cohort), which themselves comprise a minority of all
adult-type diffuse gliomas. Although these relatively small num-
bers invite further validation, ultimately our results are them-
selves providing validation for the existing WHO guidelines,
utilizing the unique and complementary ability of imaging to
assess the entire tumor. This feature increases confidence that an
IDHmut glioma shown to have single-arm 1p or 19q deletion can
truly be considered an astrocytoma, in turn increasing confidence
regarding the appropriate management.

CONCLUSIONS
We have shown that IDHmut gliomas demonstrating single-arm
1p or 19q deletion have MR imaging appearances and survival
similar to those of astrocytomas without 1p or 19q deletion and
significantly different from those of 1p/19qcodel oligodendroglio-
mas. This result supports the existing WHO classification that
such tumors lie within the spectrum of astrocytomas.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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