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Long-Term Report of a Comprehensive

Molecular and Genomic Analysis in NRG Oncology/
RTOG 0424: A Phase Il Study of Radiation and
Temozolomide in High-Risk Grade Il Glioma

Jessica L. Fleming, PhD!; Stephanie L. Pugh, PhD?; Barbara J. Fisher, MD3; Glenn J. Lesser, MD*; David R. Macdonald, MD?3;

Erica H. Bell, PhD'; Joseph P. McElroy, PhD?; Aline P. Becker, PhD?; Cynthia D. Timmers, PhD®; Kenneth D. Aldape, MDS;

C. Leland Rogers, MD?; Thomas J. Doyle, MD®; Maria Werner-Wasik, MD®; Jean-Paul Bahary, MD'%; Hsiang-Hsuan Michael Yu, MD'?;
David P. D'Souza, MD3; Nadia N. Laack, MD*?; Penny K. Sneed, MD*3; Young Kwok, MD*4; Minhee Won, MA?;

Minesh P. Mehta, MD'®; and Arnab Chakravarti, MD!

PURPOSE This study sought to determine the prognostic significance of the WHO-defined glioma molecular
subgroups along with additional alterations, including MGMT promoter methylation and mutations in ATRX, CIC,
FUBPI, TERT, and TP53, in NRG/RTOG 0424 using long-term follow-up data.

METHODS Mutations were determined using an lon Torrent sequencing panel. 1p/19q co-deletion and MGMT
promoter methylation were determined by Affymetrix OncoScan and lllumina 450K arrays. Progression-free
survival (PFS) and overall survival (OS) were estimated using the Kaplan-Meier method and tested using the log-
rank test. Hazard ratios were calculated using the Cox proportional hazard model. Multivariable analyses (MVAs)
included patient pretreatment characteristics.

RESULTS We obtained complete molecular data to categorize 80/129 eligible patients within the WHO subgroups.
Of these, 26 (32.5%) were IDHmutant/co-deleted, 28 (35%) were IDHmutant/non-co-deleted, and 26 (32.5%)
were [DHwild-type. Upon single-marker MVA, both /[DHmutant subgroups were associated with significantly better
OS and PFS (P values < .001), compared with the /DHwild-type subgroup. MGMT promoter methylation was
obtained on 76 patients, where 58 (76%) were methylated and 18 (24 %) were unmethylated. Single-marker MVAs
demonstrated that MGMT promoter methylation was statistically significant for OS (P value < .001) and PFS
(Pvalue = .003). In a multimarker MVA, one WHO subgroup comparison (/DHmutant/co-deleted v IDHwild-type)
was significant for OS (P value = .045), whereas MGMT methylation did not retain significance.

CONCLUSION This study reports the long-term prognostic effect of the WHO molecular subgroups, MGMT promoter
methylation, and other mutations in NRG/RTOG 0424. These results demonstrate that the WHO molecular
classification and MGMT both serve as strong prognostic indicators, but that MGMT does not appear to add
statistically significant prognostic value to the WHO subgrouping, above and beyond /DH and 1p/19q status.

JCO Precis Oncol 5:1397-1407. © 2021 by American Society of Clinical Oncology

INTRODUCTION

NRG Oncology/RTOG 0424 was a single-arm, phase Il
study of radiation therapy (RT) plus temozolomide
(TMZ) in patients with high-risk, grade Il glioma. This
study was designed to provide preliminary data for the

(LGGs, grade lI-lll) that the addition of alkylating che-
motherapy to RT extends survival for these patients.!®
What remains unclear is whether this is true for all
molecular subgroups. We recently reported that only the
IDHmutant (/DHmut) WHO subgroups (/DHmutant/co-

combinatorial radiotherapy-TMZ regimen, as a pre-
lude to randomized testing. Long-term results from this
study demonstrated that survival for patients treated
with RT and TMZ was significantly longer compared
with a prespecified historical RT-only control group.!
Molecular analyses for patients on NRG/RTOG 0424
revealed MGMT promoter methylation to be a strong
prognostic biomarker, independent of other clinical
variables as well as IDH1/2 mutation status.? It is clear
from numerous clinical trials of lower-grade gliomas

deleted [/DHmut/co-del] and IDHmutant/non-co-deleted
[/DHmut/non-co-dell) received therapeutic benefit from
the addition of PCV (procarbazine, lomustine (CCNU),
and vincristine) chemotherapy to RT in the NRG/RTOG
9802 trial, but whether the same observation could be
extended to TMZ-based regimens remained unclear.®
Therefore, using the long-term clinical data, we sought to
determine the prognostic significance of the WHO mo-
lecular subgroups in NRG/RTOG 0424. Additionally, we
investigated the prognostic significance of MGMT

JCO’ Precision Oncology
1397


https://ascopubs.org/doi/suppl/10.1200/PO.21.00112
http://ascopubs.org/journal/po
http://ascopubs.org/journal/po
http://ascopubs.org/doi/full/10.1200/PO.21.00112
http://ascopubs.org/doi/full/10.1200/PO.21.00112
http://ascopubs.org/doi/full/10.1200/PO.21.00112

Fleming et al

CONTEXT

Key Objective

Clinical trial studies that incorporate comprehensive molecular testing remain limited for lower-grade glioma in the context of
temozolomide (TMZ) and radiation. This analysis examined the prognostic performance of the WHO-defined glioma
molecular subgroups in NRG Oncology/RTOG 0424, a phase Il trial of TMZ-based chemoradiation in high-risk, grade |l
gliomas.

Knowledge Generated

These results demonstrate the prognostic significance of both the WHO molecular classification and MGMT promoter
methylation. Importantly, in this long-term study, MGMT does not appear to add significant value to the WHO subgrouping,
above and beyond /DH and 1p/19q status.

Relevance

This is the first phase Il study, to our knowledge, to validate the prognostic importance of the WHO molecular classification in
patients with grade Il glioma receiving TMZ and radiation with long-term follow-up. While /DH and 1p/19q are key
biomarkers, comprehensive molecular testing (ie, MGMT methylation, TERT mutation, and EGFR amplification, etc) is
necessary for clinical decision making.

promoter methylation as well as other molecular alterations
common in LGGs.

METHODS
Patient Cohort

We received formalin-fixed paraffin-embedded (FFPE)
tissue in the form of either 1-mm core punches or un-
stained slides from 105/129 (81 %) eligible patients in NRG/
RTOG 0424. Representative areas (> 70% tumor) were
selected for DNA isolation.

DNA Isolation

DNA was isolated using an optimized protocol specific for
FFPE biospecimens as previously described.® Figure 1
summarizes the number of patients who had sufficient
DNA extracted and were submitted to each of the molecular
profiling platforms.

Mutation and 1p/19q Co-Deletion

A customized lon AmpliSeq (Thermo Fisher Scientific)
sequencing panel was used to assess IDH1, IDH2, ATRX,
CIC, and FUBPI mutation status (Data Supplement).
Mutations in the TERT promoter were evaluated using
Sanger sequencing. TP53 mutation status was determined
using the Affymetrix OncoScan FFPE Assay. 1p/19q co-
deletion status was determined using the Affymetrix
OncoScan FFPE Assay and the lllumina 450K Methylation
Array (Data Supplement).

MGMT Promoter Methylation

MGMT promoter methylation was determined using the
lllumina 450K Methylation Array and MGMT status was
called using the MGMT-STP27 model.”

Statistical Analysis

Overall survival (OS) and progression-free survival (PFS) by
marker status were estimated using the Kaplan-Meier

1398 © 2021 by American Society of Clinical Oncology

method and tested using the log-rank test. Hazard ratios
(HRs) and corresponding 95% Cls were determined using
the Cox proportional hazards model. A stepwise model was
used for multivariable analyses (MVAs) and the following
patient pretreatment characteristics were considered as
covariates: sex, histology, age, neurologic function, Zubrod
score, tumor crossing the midline, extent of surgery, and
tumor size. Subgroup analyses comparing MGMT meth-
ylation status within the /DHwild-type (/DHwt) subgroup
were conducted but no formal statistical tests were per-
formed because of the small sample size.

RESULTS
Molecular Status

IDH1/2 mutation. Of the 93 patients who had sufficient
DNA for sequencing, 89 (96%) were successfully called for
the IDH1/2 mutation, and of these, 63 (71%) patients were
IDH1/2 mutant and 26 (29%) were IDHI1/2 wild-type. The
majority (81%) of the /DH1/2 mutation calls were at the
canonical IDHIR132H position (51/63), whereas we also
observed five IDHIR132C (8%), two IDHIR132G (3%),
three IDHIR132S (5%), and two IDH2R172K (3%) mu-
tations within our patient cohort.

1p/19q co-deletion and WHO classification. Eighty-one
patients had good-quality copy-number data available to
call 1p/19q status from either Affymetrix OncoScan arrays
(n=57) or lllumina DNA Methylation 450K arrays (n = 62),
whereas 38 patients’ data were available from both plat-
forms. Concordance in 1p/19q calls between the Affymetrix
and lllumina platforms was 100%. Of these patients, 29
(36%) were 1p/19q co-deleted and 52 (64%) 1p/19q non-
co-deleted.

Of the 89 patients with known /DH1/2 mutation status, 1p/
19q co-deletion status was available for 73 patients. In this
group, 54/73 (74%) were IDHI1/2 mutant, of whom 48%
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NRG Oncology/RTOG 0424—Phase Il Trial of High-Risk Grade Il Glioma
RT plus TMZ
Total enrolled patients (N = 129)
Patient samples received (n =105)
Patient samples submitted for biomarker analysis (n=102)
Submitted for MGMT analysis (n =76)
Submitted for sequencing panel (n =93)
Submitted for 1p/19q analysis (n =97)
FIG 1. Molecular biomarker analysis in IDH1/2 evaluable (n = 89) 1p/19q evaluable (n =81) MGMT evaluable (n = 76)
NRG/RTOG 0424. Sufficient DNA was " — - s RN ( 2
. . utant n= o-delete n= ethylate: n=>5
obtained from 102/105 patients and Wild-type (n = 26) Non-co-deleted  (n = 52) Unmethylated  (n = 18)
subsequently submitted to the following
platforms in a prioritized manner; (1) |
MGMT analysis, (2) sequencing panel,
(3) 1p/19g analysis. RT, radiation Other alterations
therapy; TMZ, temozolomide.
WHO subgroup evaluable (n =80) ATRX evaluable (n =84)
Mutant (n = 26)
IDHmut/co-del (n =26) Nonmutant (n =58)
IDHmut/non-co-del (n=28)
IDHwild-type (n = 26) CIC evaluable (n = 84)
Mutant (n=17)
Nonmutant (n=67)
FUBP1 Evaluable (n = 84)
Mutant (n =28)
Nonmutant (n =76)
TERT evaluable (n =76)
Mutant (n = 34)
Nonmutant (n=42)
TP53 evaluable (n =58)
Mutant (n=13)
Nonmutant (n = 45)

(26/54) were 1p/19qg co-deleted. The remaining 16 patients
with known [DH1/2 mutation status were unable to be
called for 1p/19q. Of these, seven patients were IDH1/2
wild-type and thus classified as /DHwt, and nine were
IDH1/2 mutant and were designated unclassified.

Therefore, overall, 80 patients had adequate /DH1/2 mu-
tation and 1p19q co-deletion data for classification into the
three WHO prognostic subgroups /DHmut/co-del (oligo-
dendroglioma); IDHmut/non-co-del (astrocytoma /DHmut);
and [IDHwt (astrocytoma [DHwt). Twenty-six (32.5%) pa-
tients were classified as /DHmut/co-del, 28 (35%) were
IDHmut/non-co-del, and 26 (32.5%) were [DHwt.

MGMT promoter methylation and other alterations.
Seventy-six patients were submitted for Illumina 450K
Methylation Array analysis and 58 (76%) were MGMT
methylated and 18 (24%) were MGMT unmethylated.

JCO Precision Oncology

For the 63 patients with /IDH1/2 mutations, MGMT status
was known for 51 patients, and was methylated in 48
(94%), whereas for the 26 patients who were IDH1/2 wild-
type, MGMT status was known for 16 patients and five
(45%) patients were methylated.

Sequencing information from ATRX, CIC, and FUBP1 were
acquired from the same custom lon Torrent panel used to
obtain /DHI1 and /IDH2 mutation status. Ninety-three pa-
tient samples were sequenced, and good-quality data were
obtained on all but nine patients because of low coverage in
one or more genes (Data Supplement). Mutations were
identified within ATRXin 31% (26/84), CICin 20% (17/84),
and FUBPI in 10% (8/84) of patients. Specific site mu-
tations within TP53 were available from Affymetrix Onco-
Scan data on 58 patients. Of these, 13 patients (22%) had
TP53 mutations (Data Supplement). Other mutations in-
cluded on the Affymetrix OncoScan array were in BRAF,
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EGFR, KRAS, NRAS, PIK3CA, and PTEN; however, be-
cause of low mutation frequencies, these genes were not
used for further correlative analyses. To determine the
functional impact of each mutation, a predictive algorithm
was used (Mutation Assessor;® Data Supplement).*®

TERT promoter mutations were acquired through Sanger
sequencing, and only hotspot mutations at C250T
(-146 bp) and C228T (-124 bp) were considered in the final
analysis. Of the 76 patients with TERT promoter data, 34
(45%) were mutant and 42 (55%) were nonmutant. 26%
(9/34) of those mutated had the C250T-146bp site alter-
ation and 74% (25/34) of patients had a mutation at the
C228T-124bp site.

The complete molecular landscape of patients included in
these analyses can be found in Figure 2, and mutation
diagrams for each gene are demonstrated in the Data
Supplement.

Prognostic Correlative Analyses

Median follow-up time was 6.9 years (range, 0.3-11.8
years) for all eligible patients in this analysis (n = 98) and
8.8 years (range, 4.5-11.8 years) for all eligible patients
alive at the time of analysis (n = 41). Pretreatment char-
acteristics were not significantly different between patients
included in this analysis versus those not included, except
for surgery (P = .01; Data Supplement). Patient charac-
teristics by WHO molecular subgroup are shown in Table 1.
Extent of surgery and tumor size were highly imbalanced
and thus not considered as covariates for Cox proportional
hazards models.

Univariable analyses. When comparing the three WHO
molecular subgroups, we found that two of the three
comparisons (/DHmut/co-del v IDHwt and IDHmut/non-co-
del v IDHwt) were statistically significant for OS (Table 2; Fig
3A), but the comparison between /DHmut/co-del versus
IDHmut/non-co-del was not significantly different. The
median survival times (MSTs) were 9.4 years (95% Cl, 8.2
to not reached [NR]; /DHmut/co-del), 8.8 years (95% Cl,
5.9to NR; IDHmut/non-co-del), and 2.3 years (95% CI, 1.4
to 3.4; IDHwt). Patients with MGMT methylated tumors had
significantly better OS (HR, 0.31; 95% Cl, 0.17 to 0.58;
P < .001), with MSTs of 9.0 years (95% Cl, 8.1 to NR),
compared with 3.0 years (95% Cl, 2.2 to 5.9) for MGMT
unmethylated tumors (Fig 4A). A subgroup analysis looking
at MGMT methylation status within the /DHwt subgroup
visually showed no major difference in OS, where the MST
for IDHWYMGMT methylated patients was 3.8 years (95%
Cl, 0.7 to NR) and 2.6 years (95% Cl, 1.4 to 4.4) for IDHwt/
MGMT unmethylated patients (Data Supplement). As in-
dividual biomarkers, IDH1/2 mutation and 1p19q co-
deletion were each significantly correlated with OS (Data
Supplement).

For PFS, each IDHmut subgroup was significantly asso-
ciated with better outcome compared with the /DHwt group
(Table 2; Fig 3B). The median PFS times were 8.1 years

1400 © 2021 by American Society of Clinical Oncology

(95% Cl, 5.2 to NR; IDHmut/co-del), 7.5 years (95% ClI, 3.9
to 11.8; IDHmut/non-co-del), and 1.0 year (95% Cl, 0.6 to
1.7; IDHwt). MGMT promoter methylation was also sig-
nificantly associated with better PFS (HR, 0.39; 95% Cl,
0.22100.70; P=.001; Fig4B). Median PFS times were 7.0
years (95% Cl, 4.5 to 8.4) for patients with MGMT meth-
ylated tumors and 2.0 years (95% Cl, 0.9 to 4.6) for those
with  MGMT unmethylated tumors. Subgroup analysis
looking at MGMT methylation status within the /DHwt
subgroup showed visual trends for methylated patients
having better PFS, with the median PFS time for /IDHwt/
MGMT methylated patients at 3.8 years (95% Cl, 0.7 to NR)
and for IDHWtY/MGMT unmethylated patients at 1.4 years
(95% ClI, 0.4 to 4.4) (Data Supplement). For PFS, IDH1/2
mutation and 1p/19qg co-deletion were each significantly
associated with better PFS as individual biomarkers (Data
Supplement).

None of the other mutations evaluated (ATRX, CIC, FUBPI,
TERT promoter, and TP53) were found to be significantly
associated with OS or PFS (Data Supplement).

Single-marker MVAs. For single-marker MVA, the following
factors were included: sex, histology, age, neurologic
function, Zubrod score, and tumor crossing the midline.
Statistical significance for the two WHO subgroup com-
parisons was maintained in MVAs for OS (/DHmut/co-del v
IDHwt; HR, 0.18 [95% CI, 0.08 to 0.38]; P < .001 and
IDHmut/non-co-del v IDHwt; HR, 0.25 [95% CI, 0.12 to
0.50]; P < .001; Table 2). Upon MVA, MGMT promoter
methylation was found to be associated with significantly
better OS (HR, 0.33; 95% Cl, 0.18 t0 0.61; P < .001; Data
Supplement). As individual biomarkers, significance was
maintained in MVAs for /DH1/2 mutation and 1p/19q co-
deletion (Data Supplement).

For PFS, the WHO subgroup analyses remained significant
upon MVA (/DHmut/co-del v IDHwt; HR, 0.25 [95% Cl,
0.13 t0 0.49]; P < .001 and /DHmut/non-co-del v IDHwt;
HR, 0.31;95% Cl,0.17t0 0.59; P < .001; Table 2). MGMT
status also remained associated with significantly better
PFS (HR, 0.40; 95% Cl, 0.22 to 0.73; P = .003; Data
Supplement). As individual biomarkers, /IDHI/2 mutation
and 1p/19g co-deletion retained significance (Data
Supplement).

Multimarker MVAs. For multimarker MVA, the following
factors and markers were included: WHO molecular sub-
group, MGMT methylation, sex, histology, age, neurologic
function, Zubrod score, and tumor crossing the midline.
This resulted in the following comparative groups: IDHmut/
co-del/MGMT methylated (25 patients), /DHmut/co-del/
MGMT unmethylated (0O patients), /DHmut/non-co-del/
MGMT methylated (19 patients), /DHmut/non-co-del/
MGMT unmethylated (2 patients), IDHWY/MGMT methyl-
ated (five patients), and /IDHWt/MGMT unmethylated (11
patients). In this multimarker MVA, one WHO subgroup
comparison (/DHmut/co-del v IDHwt) was associated with
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WHO subgroup
IDH1/2

1p/19q

ATRX

P53

cic

FUBP1

TERT

MGMT

WHO Subgroup

Histology
Astrocytoma
Mixed
o]

1p/19q

MGMT
Methylated

ND

u

Mutation Age (years)  Sex

<40
=40

FIG 2. Molecularlandscape in NRG/RTOG 0424. A summary of the molecular findings in 98 NRG/RTOG 0424 cases along with select clinical data
including age, sex, and histology. The top row shows the classification of patients into the three established molecular subgroups (/DHmutant/co-
deleted [IDHmut/co-del], IDHmutant/non-co-deleted [/DHmut/non-co-del], and IDHwild-type [/DHwt]), along with a fourth group, unclassified,
because of the lack of available information within these patients. ND, not determined.

IDHmut/codel

IDHmut/non-codel

IDHwt

Unclassified

Codeleted
ND

Mutated
ND

Female

I‘||

Male

Nonmutated Non-codeleted

1T

Histology

significantly better OS (HR, 0.31; 95% Cl, 0.10 to 0.97;
P=.045) and trended with PFS (HR, 0.45; 95% Cl, 0.16 to
1.27; P = .13), whereas the effect of MGMT methylation
was not significant for either OS or PFS (Table 3).

DISCUSSION

In this study, we demonstrate that patients with high-risk,
IDH1/2 mutant grade Il glioma, regardless of 1p/19q co-
deletion status, experienced significantly longer survival
when treated with RT plus TMZ relative to IDHwt patients.
These results are similar to those reported for NRG/RTOG
9802°; however, in NRG/RTOG 0424, a significant survival
benefit in patients with /DHmut/co-del tumors over those in
the /IDHmut/non-co-del subgroup was not observed, al-
though this may be because of our small sample size or the
imbalance of clinical features between subgroups. Addi-
tionally, recent results from the CATNON trial showed no
overall benefit from the addition of concurrent or adjuvant
TMZ to RT in IDHwt anaplastic glioma.® Our study supports
the notion that survival outcomes for grade Il /DHwt patients
remain dismal (MST = 2.3 years) and comparable to grade
[l anaplastic astrocytomas.'® While these results confirm
the prognostic findings of numerous other comprehensive
LGG studies,>!"1* our study used tissue that was pro-
spectively collected from high-risk, grade Il patients treated
on a phase |l trial. Overall, these findings suggest that
IDHwt patients should be separated from /DHmut patients
in future grade Il glioma trials, and novel treatment strat-
egies are warranted.

As previously shown in our short-term report,> MGMT
promoter methylation remains a highly significant prog-
nostic biomarker for OS and PFS in both univariable and
single-marker MVAs including clinical factors using the
long-term clinical follow-up data. However, the significance
of MGMT was not retained in the long-term multimarker
MVAs that included WHO molecular subgroups, which may
be because of the small sample size or the dependency of
MGMT promoter methylation on /DH1/2 mutation. Median
follow-up for patients in this analysis was 6.9 years, whereas
for the short-term report, median follow-up was 4.1 years.1®
Although our previous report suggested that MGMT may

JCO Precision Oncology

add value to the /DHwt subgroup,? analyses using the long-
term follow-up data visually showed no difference in sur-
vival outcomes between methylated and unmethylated
patients (Data Supplement). These findings need to be
interpreted with caution and require further validation in a
larger cohort. Unfortunately, the /DHmut molecular sub-
groups were too small to determine whether MGMT pro-
moter methylation added prognostic value. Other LGG
studies have also shown /DH1/2 mutation to be a stronger
prognostic marker than MGMT promoter methylation®6;
however, as evidenced by the cIMPACT-NOW updates,*’-*°
comprehensive molecular testing (ie, IDHI1/2, 1p/19q,
MGMT methylation, TERT, EGFR, and chr7/9/10) is nec-
essary for accurate classification and assigning the most
appropriate therapeutic regimen to patients with LGG.

When we assessed the prognostic significance of additional
gene mutations, none were found to be statistically sig-
nificant (Data Supplement). We did, however, observe
trends for both C/Cand FUBPI mutations being associated
with better OS and PFS, although these alterations com-
monly coincide with 1p/19q co-deletions (Data Supple-
ment). Similar to other studies, in this cohort, we
predominantly observed ATRX and TP53 mutations in the
IDHmut/non-co-del subgroup,**2°2L CIC and FUBPI
mutations in /DHmut/co-del patients,'*?! and TERT pro-
moter mutations within both /DHmut/co-del and [DHwt
patients.'32922 Although we did perform subset analyses
evaluating the prognostic significance of each mutation
within the WHO molecular subgroups, none were signifi-
cant (P> .2). Again, subset sample sizes were too small for
meaningful interpretation (Data Supplement).

In NRG/RTOG 0424, the addition of TMZ to RT was shown
to significantly improve survival outcomes for patients
compared with the RT-only historical control group.*® To
better understand which of the WHO molecular subgroups
benefit from the addition of TMZ to RT, we performed a post
hoc cross-trial comparison of NRG/RTOG 0424 and the RT-
alone arm of NRG/RTOG 9802.° This cross-trial compari-
son, however, has limitations because of small subset
sample sizes and differences in patient pretreatment
characteristics between the two trials. NRG/RTOG 0424
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TABLE 1. Patient Characteristics in NRG Oncology/RTOG 0424 by WHO Subgroup

IDH Wild-Type IDH Mutant/Non-co-deleted IDH Mutant/Co-deleted
Characteristic (n = 26) (n = 28) (n = 26) Chi-Square P
Age, years .30
< 40 3 (11.5) 8 (28.6) 6 (23.1)
> 40 23 (88.5) 20 (71.4) 20 (76.9)
Sex .054
Male 18 (69.2) 18 (64.3) 10 (38.5)
Female 8 (30.8) 10 (35.7) 16 (61.5)
Race White v Other .84°
Asian 0 (0.0 0 (0.0 1(3.8)
Black or African American 0 (0.0) 1 (3.6) 1(3.8)
Native Hawaiian or Other Pacific Islander 1(3.8) 0 (0.0) 0 (0.0
White 25 (96.2) 27 (96.4) 24 (92.3)
Zubrod performance status .29
0 14 (53.8) 9(32.1) 10 (38.5)
1 10 (38.5) 14 (50.0) 15 (57.7)
2 2(7.7) 5(17.9) 1(3.8)
Neurologic function None v minor v moderate .88
No symptoms 8 (30.8) 6 (21.4) 8 (30.8)
Minor symptoms 8 (30.8) 12 (42.9) 9 (34.6)
Moderate symptoms (fully active) 10 (38.5) 5(17.9) 7 (26.9)
Moderate symptoms (required assistance) 0 (0.0) 5(17.9) 2(7.7)
Histology from central review Astrocytoma v oligoastrocytoma v oligodendroglioma < .001°
Astrocytoma 23 (88.5) 18 (64.3) 4 (15.4)
Oligoastrocytoma, astro dominant 2(7.7) 5(17.9) 1(3.8)
Oligoastrocytoma, astro = oligo 0(0.0) 1(3.6) 0(0.0)
Oligoastrocytoma, oligo dominant 0 (0.0) 2(7.1) 4 (15.4)
Oligodendroglioma 1(3.8) 2(7.1) 17 (65.4)
Surgery Biopsy or other v partial resection v total resection .001°
Stereotactic biopsy? 7 (26.9) 3(10.7) 0 (0.0
Partial resection 15 (57.7) 13 (46.4) 21 (80.8)
Total resection 2(7.7) 10 (35.7) 5(19.2)
Other 2(7.7) 2(7.1) 0 (0.0
No. of high-risk factors .99
3 17 (65.4) 18 (64.3) 17 (65.4)
4 7 (26.9) 8 (28.6) 7 (26.9)
5 2(7.7) 2(7.1) 2(7.7)
Individual high-risk factors
Age > 40 years 23 (88.5) 21 (75.0) 20 (76.9) 42
Largest preoperative tumor diameter > 6 cm 16 (61.5) 23 (82.1) 26 (100) < .001°
Tumor crosses midline 12 (46.2) 16 (57.1) 20 (76.9) .07
Tumor subtype astrocytoma or mixed (astro dominant) 25 (96.2) 26 (92.9) 7 (26.9) < .001
Preoperative neurologic function status > 1 13 (50.0) 10 (35.7) 16 (61.5) .16
MGMT status Methylated v unmethylated < .001°
Methylated 5(19.2) 19 (67.9) 25 (96.2)
Unmethylated 11 (42.3) 2(7.1) 0 (0.0
NA 10 (38.5) 7 (25.0) 1(3.8)

Abbreviation: NA, not analyzed.

@Stereotactic biopsy is no longer allowed for the study per amendment No. 1.

PFisher's exact test.
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TABLE 2. Univariable and Single-Marker Multivariable Cox Proportional Hazards Models for OS and PFS With WHO Subgroup

Variable

P HR (95% CI)
0S
IDH-1p/19g-WHO subgroup model
Univariable analysis
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH wild-type) < .001 0.19 (0.09 to 0.40)
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH mutant-1p/19q non-co-deleted) .36 0.68 (0.30 to 1.56)
IDH-1p/19qg (IDH mutant-1p/19q non-co-deleted v /DH wild-type) < .001 0.25 (0.12 to 0.49)
Multivariable analysis
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH wild-type) < .001 0.18 (0.08 to 0.38)
IDH-1p/19qg (IDH mutant-1p/19q non-co-deleted v /DH wild-type) < .001 0.25 (0.12 to 0.50)
PFS
IDH-1p/19g WHO subgroup model
Univariable analysis
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH wild-type) < .001 0.26 (0.13 to 0.50)
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH mutant-1p/19g non-co-deleted) 45 0.76 (0.38 to 1.53)
IDH-1p/19q (IDH mutant-1/19q non-co-deleted v /DH wild-type) < .001 0.32 (0.17 to 0.60)
Multivariable analysis
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH wild-type) < .001 0.25 (0.13 to 0.49)
IDH-1p/19q (IDH mutant-1p/19q non-co-deleted v /DH wild-type) < .001 0.31 (0.17 to 0.59)

NOTE. Model derived from stepwise selection with significant level of 0.1 for entering into the model. Sex, histology, age, neurologic function, Zubrod score,
and tumor crossing the midline were included as covariates in variable selection. Those not listed in the table dropped out during selection process. Bolded

value has favorable outcome.

Abbreviations: HR, hazard ratio; OS, overall survival; PFS, progression-free survival.
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FIG 3. Survival by WHO molecular subgroup. Kaplan-Meier survival plots demonstrate the three WHO-defined molecular subgroups (/DHmutant/co-
deleted [/DHmut/co-del], IDHmutant/non-co-deleted [/DHmut/non-co-dell, and /DHwild-type [/DHwt]), and stratified patients for both (A) OS and (B)

PFS. OS, overall survival; PFS, progression-free survival.
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consisted of patients who were older, had slightly more
neurologic symptoms, were of astrocytoma histology, and had
a different distribution of surgery. For OS, no difference was
observed within the /DHwt subgroup, but /DHmut/non-co-del
patients experienced longer median OS times with the ad-
dition of TMZ to RT (8.8 years) compared with RT-alone (4.3
years). Interestingly, /DHmut/co-del patients treated with RT-
alone experienced longer median OS times (13.9 years)
compared to those treated with RT plus TMZ (9.4 years),
which may be because of differences in the clinical char-
acteristics mentioned above. For PFS, all subgroups experi-
enced longer MSTs when treated with RT plus TMZ
compared to those treated with RT-alone (Data Supplement).®

Over the past decade, there has been an ongoing debate
regarding the usage of PCV versus TMZ in the setting of LGG.
From previous studies, patients treated on NRG/RTOG 9802

FIG 4. Survival by MGMT promoter methylation. Kaplan-Meier survival plots show that patients with MGMT methylated tumors experienced
significantly longer (A) OS and (B) PFS rates compared to patients with MGMT unmethylated tumors. OS, overall survival; PFS, progression-free
survival.

(RT plus PCV) experienced longer median OS (13.3 years)
and PFS (10.4 years) times compared with those treated on
NRG/RTOG 0424 (OS, 8.2 years; PFS, 4.5 years; Data
Supplement).'® Again, these findings may be because of
differences within patient populations as these trials defined
high risk differently, and in general, NRG/RTOG 0424
contained more patients with high-risk features.

When comparing the WHO molecular subgroups between
NRG/RTOG 9802 (RT plus PCV arm) and NRG/RTOG 0424,
we observed similar median OS times within the /DHwt
subgroup (2.1 v 2.3 years); however, extended OS survival
times were observed for each of the IDHmut subgroups when
treated with RT plus PCV versus RT plus TMZ (/DHmut/co-
del; [NR v 9.4 years] and /DHmut/non-co-del [11.4 v 8.8
years]). We observed a similar effect within subgroups when
looking at median PFS times (Data Supplement). The added

TABLE 3. Multimarker Multivariable Cox Proportional Hazards Models for OS and PFS With WHO Subgroup and MGMT Status

Variable P HR (95% CI)
0S
IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH wild-type) .045 0.31 (0.10 to 0.97)

IDH-1p/19q (IDH mutant-1p/19q non-co-deleted v /DH wild-type) .288 0.57 (0.20 to 1.61)

MGMT status (methylated v unmethylated) 421 0.65 (0.23 to 1.86)
PFS

IDH-1p/19q (IDH mutant-1p/19q co-deleted v /DH wild-type) 132 0.45 (0.16 to 1.27)

IDH-1p/19q (IDH mutant-1/19q non-co-deleted v /DH wild-type) .365 0.64 (0.24 to 1.69)

MGMT status (methylated v unmethylated) .358 0.63 (0.23 t0 1.69)

NOTE. Model derived from stepwise selection with significant level of 0.1 for entering into the model. Sex, histology, age, neurologic function, Zubrod score,
and tumor crossing the midline were included as covariates in variable selection. Those not listed in the table dropped out during selection process. Bolded
value has favorable outcome.

Abbreviations: HR, hazard ratio; OS, overall survival; PFS, progression-free survival.
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benefit of PCV, specifically within the /IDHmut/co-del sub-
group, has been observed in other trials, suggesting this effect
may be inherent to oligodendrogliomas.34©12

The small sample size of the NRG/RTOG 0424 study is a
clear limitation to obtaining appropriate power for certain
molecular subsets and MVAs. A significantly lower pro-
portion of patients with biopsy only had specimens
available for use as compared to those without available
specimens (10.2% v 32.3%; P = .01), which may com-
promise the generalizability of these results to the study
as a whole. Additionally, results may have been affected
by the imbalance of surgery and tumor size between
subgroups.
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