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Background. IDH1 gene mutations identify gliomas with a distinct molecular evolutionary origin. We sought to determine the impact of
surgical resection on survival after controlling for IDH1 status in malignant astrocytomas—World Health Organization grade III anaplas-
tic astrocytomas and grade IV glioblastoma.

Methods. Clinical parameters including volumetric assessment of preoperative and postoperative MRI were recorded prospectively on
335 malignant astrocytoma patients: n¼ 128 anaplastic astrocytomas and n¼ 207 glioblastoma. IDH1 status was assessed by sequen-
cing and immunohistochemistry.

Results. IDH1 mutation was independently associated with complete resection of enhancing disease (93% complete resections among
mutants vs 67% among wild-type, P , .001), indicating IDH1 mutant gliomas were more amenable to resection. The impact of residual
tumor on survival differed between IDH1 wild-type and mutant tumors. Complete resection of enhancing disease among IDH1 wild-type
tumors was associated with a median survival of 19.6 months versus 10.7 months for incomplete resection; however, no survival benefit
was observed in association with further resection of nonenhancing disease (minimization of total tumor volume). In contrast, IDH1
mutants displayed an additional survival benefit associated with maximal resection of total tumor volume (median survival 9.75 y for
.5 cc residual vs not reached for ,5 cc, P¼ .025).

Conclusions. The survival benefit associated with surgical resection differs based on IDH1 genotype in malignant astrocytic gliomas.
Therapeutic benefit from maximal surgical resection, including both enhancing and nonenhancing tumor, may contribute to the
better prognosis observed in the IDH1 mutant subgroup. Thus, individualized surgical strategies for malignant astrocytoma may be con-
sidered based on IDH1 status.
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Malignant astrocytomas—World Health Organization (WHO) grade
III anaplastic astrocytomas (AAs) and WHO grade IV glioblastoma
(GBM)—are aggressive primary brain tumors.1 They show substan-
tial variability in clinical course, with some patients succumbing to
progressive disease within weeks, while others can survive for a
decade or more. AAs are histologically distinct from glioblastomas,
lacking the characteristic endothelial microvascular proliferation or
pallisading necrosis found in glioblastomas.1 Precise grading of

malignant astrocytomas is difficult and can be highly dependent
upon the volume of tissue provided for pathology review, with
stereotactic biopsy associated with a substantial frequency of
undergrading,2,3 and interobserver agreement can remain elusive
even when sufficient tissue is available.4

Malignant astrocytomas are further distinct from gliomas within
the oligodendroglial lineage,which are characterized by loss of chro-
mosomes 1p and 19q, CIC (capicua transcriptional repressor)
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mutations,5 –7and more indolent growth and chemosensitivity.8 –11

The mainstayof treatment for patients with malignant astrocytoma
is based on 3 modalities: surgical resection, radiation therapy, and
chemotherapy (most typically with the oral alkylating agent temo-
zolomide). Patients with glioblastoma derive a survival benefit when
treated with concomitant chemoradiation therapy12; however, this
benefit has not been demonstrated for AAs.13 The optimal adjuvant
treatment of AAs is currently the focus of the international
“CATNON” EORTC 26053-22054/RTOG-0834 study.

Greater surgical resection of enhancing disease is associated
with improved survival in both GBM and AA patients in retrospective
analyses.14 – 18 Gliomas typically have a penumbra of nonenhan-
cing disease (detectable on T1 noncontrast and T2/fluid attenu-
ated inversion recovery [FLAIR] MRI sequences), and up to 30%
of grade III and 10% of grade IV tumors have no contrast enhance-
ment evident on presentation. However, minimization of post-
operative nonenhancing disease volume has not been reported
to be associated with improved survival in glioblastomas or
AAs.17 This lack of evident surgical benefit stands in stark contrast
to the clear evidence of improved survival in association with
greater resection of nonenhancing disease found in low-grade
(WHO grade II) gliomas.19 The evaluation of the “completeness”
of surgical resection may therefore be dependent upon the initial
histologic and radiographic appearance of a given lesion and
raises the question of whether aggressive resection of the none-
nhancing disease “infiltrated margin” may improve survival for a
subset of malignant astrocytomas. Due to the highly individualized
nature of surgery, the association of various measures of surgical
resection (residual enhancing or nonenhancing volume) with sur-
vival may be further impacted by other prognostic factors, such
as age, KPS score, and tumor location in relation to critical function-
al regions of the brain.15,20

Recently, isocitrate dehydrogenase (IDH) gene mutations were
discovered in a subset of GBM (�5%–10%) and AAs (�50%–
70%).21 – 26 The vast majority (�90%) of IDH mutations in malig-
nant astrocytomas are recurrent arginineto histidine heterozygous
mutations in codon 132 of the IDH1 gene (R132H), with onlya small
fraction of noncanonical mutations found in IDH1 and the related
family member IDH2, which are more typically associated with
oligodendroglial histology.27 Immunohistochemical scoring of
R132H mutations in glioma has been reported to have 100% inter-
observer agreement,28 unlike histologic grading, representing an
opportunity to reduce diagnostic variability in the study of anaplas-
tic gliomas.

IDH gene mutations identify tumors with markedly different
clinical presentations, concurrent molecular genetic alterations,
and overall natural history. It therefore has been proposed that
IDH status can be used as a classifier of different molecular etio-
logic subtypes of glioma.29 – 31 Patients with IDH1 mutant astrocy-
tomas have a better overall prognosis compared to wild-type IDH
astrocytomas, even after controlling for histologic grade.
However, whether this better prognosis is due primarily to an
improved intrinsic natural history or response to therapy (or both)
is not known. Examinations of response to radiation or chemother-
apy in randomized trials of malignant astrocytomas have not
found a therapeutic interaction between adjuvant treatment and
IDH genotype.32 – 34 Studies of IDH and adjuvant chemotherapy
and radiation treatment in lower-grade tumors have yielded con-
flicting results.35,36 In the assessment of surgical resection,
studies may be biased due to their retrospective design; should

IDH1 mutant tumors prove to be more “resectable,” they will be
enriched in the “complete resection group” assignment of a
post-hoc binning schema, and confound the isolated assessment
of the relationship between surgical resection and outcome. The
role of surgery in relation to IDH genotype has not been well
studied.

Given their distinct molecular origins, we hypothesized that the
optimal surgical strategies for IDH1 mutant versus wild-type ma-
lignant astrocytomas may be different. We therefore sought to
understand the contribution of surgical resection to survival in
patients stratified by IDH1 mutation status. By performing a
detailed study of these clinical and molecular factors in well-
defined patient populations, we aimed to determine the independ-
ent contribution of surgical resection to overall survival in each of
these 2 groups of malignant astrocytomas.

Materials and Methods

Institutional Review Board Statement and Clinical Database
This study was conducted under an M.D. Anderson Cancer Center (MDACC)
institutional review board–approved protocol, LAB09-0987. The MDACC
Brain and Spine Center Database prospectively records treatment and sur-
vival data for all glioma patients. The database was queried for patients
with a centrally reviewed diagnosis of supratentorial AA or GBM, whose
first therapeutic intervention was an open surgical resection at our institu-
tion from June 1993 to April 2009, with paraffin tissue scored for IDH. To
minimize histopathologic sampling issues, biopsy-only patients were
excluded, unless they proceeded to debulking surgery and confirmed AA
or GBM diagnosis within the subsequent 2 months, without intervening
treatment. At our institution, surgical resection typicallyemploys stereotac-
tic navigation and other technical adjuncts, such as intraoperative MRI and
motor mapping to maximize resection. Patients with a KPS score ,50,
documented 1p/19q allelic loss characteristic of oligodendroglial histology,
or concomitant secondary malignancy were also excluded. These criteria
identified 130 AAs and 213 cases of GBM, respectively.

Tumor Blocks, Immunohistochemistry, and DNA Sequencing

Formalin-fixed, paraffin-embedded sections were scored using immunohis-
tochemistry with an R132H IDH1 mutation–specific antibody (clone H09,
Dianova).37 Primers for PCR amplification of the IDH1 R132 mutation
hotspot were: forward: 5′-CTCCTGATGAGAAGAGGGTTG-3′ and reverse:
5′-M13Forward-CACATTATTGCCAACATGAC-3′, and products were sequenced
(Beckman Coulter Genomics). Tumors were categorized as IDH wild-type
and mutant by multiple (.2) scoring runs of at least one method. Based
on the low reported frequency of noncanonical IDH1 mutations and IDH2
mutations in malignant astrocytomas, these were not characterized due
to tissue limitations.

Tumor Volume Measurements

MRI volume calculations were performed using Vitrea 2 three-dimensional
volumetric software (Vital Images). Personnel scoring the tumor volumes
were blinded to molecular stratification and patient survival.
Imaging-based tumor volumes were calculable on 335 of 343 cases;
these 335 cases constituted the final study population. Total tumor
volume was calculated as equivalent to the T2/FLAIR volume, or the sum
of enhancing and nonenhancing T1 volume in 41 cases where T2/FLAIR
sequences were not available. Complete resection of enhancing disease
was defined as no residual postoperative enhancement. In the classical
volumetric surgical study of GBM,14 extent of resection has been calculated
as a percentage of preoperative enhancing volume that is removed on
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volumetric calculations on the postoperative scan; our treatment of the
presence of preoperative and postoperative contrast enhancement as
factors separate from total tumor volume attempts to capture the core
component of this variable while allowing for inclusion of nonenhancing
lesions in the overall volumetric analysis. This consideration is particularly
important given the inclusion of grade III tumors in the analysis, a signifi-
cant fraction of which are nonenhancing lesions. Tumor functional grade
was defined by relationship of the tumor to cortical eloquence and scored
as eloquent, near-eloquent, and noneloquent according to prior published
methods.38 Tumor location was scored as frontal, temporal, parietal, or
other, according to the primary localization of the tumor. Multifocal
tumors were assigned location based on the largest component of the
tumor mass.

Statistical Analysis
Analyses were performed using Stata software v10.0 and the PASW 17–
SPSS statistical package. The chi-square test and Fisher’s exact test, as ap-
propriate, were used to establish associations between categorical factors;
the independent samples t-test was used for continuous factors, and the
Mann–Whitney test for variables not normally distributed. Binary logistic
regression was performed to determine factors associated with complete

resection. Survival analyses were performed using the Kaplan–Meier
method and the Cox proportional hazards regression method. Patients
who were alive at the last known follow-up were considered censored in
those analyses. Bivariate interaction terms were included in the Cox
model where appropriate to assess whether the effects of a given variable
varied with the levels of other variables. Smoothed martingale residual
plots were used to assess the need for modeling continuous variables as
categorical. Hazard ratios (HRs) and their 95% confidence intervals (CIs)
were obtained. All tests were 2-tailed. P ≤ .05 was considered significant.

Results

Descriptive Characteristics

Our study cohort consisted of 128 AA patients (52 females and 76
males) and 207 GBM patients (86 females and 121 males). The de-
scriptive characteristics of our patient dataset are detailed by
genotype in Table 1 (and by classical histology in Supplementary
material, Table S1). IDH1 mutations were identified in 86 of 128
AAs (67%) and 27 of 207 GBM (13%). The baseline differences
between mutant and wild-type tumors were similar to those

Table 1. Clinical characteristics of the study population by IDH1 status

Factor IDH1 Status

All Patients (N¼ 335) Mutant (n¼ 113) Wild-type (n¼ 222) P

Histology, n (%) <.001
Glioblastoma 207 (62) 27 (24) 180 (81)
Anaplastic astrocytoma 128 (38) 86 (76) 42 (19)

Age, y, median (range) 50.3 (18.3–87.8) 37.0 (18.3–79.0) 57.0 (18.9–87.8) <.001
Preoperative KPS score, median (range) 90 (60–100) 90 (60–100) 90 (60–100) .022
≥80 299 (89) 107 (95) 192 (86)
,80 36 (11) 6 (5) 30 (14)

Location, n (%) .004
Frontal 150 (45) 62 (55) 88 (40)
Parietal 41 (12) 7 (6) 34 (15)
Temporal 124 (37) 34 (30) 90 (40)
Other supratentorial locations 20 (6) 10 (9) 10 (5)

Tumor functional grade, n (%)a .012
Eloquent 142 (42) 53 (47) 89 (40)
Near-eloquent 160 (48) 43 (38) 117 (53)
Noneloquent 33 (10) 17 (15) 16 (7)

Presence of preoperative enhancement, n (%) 239 (71) 45 (40) 194 (87) <.001
Volume of preoperative enhancement, cc; median (range)b 28.5 (0.1–164.8) 11.1 (0.1–158.0) 31.0 (0.4–164.8) <.001
Presence of postoperative enhancement, n (%) 67 (20) 3 (3) 64 (29) <.001
Volume of postop enhancement, cc; median (range)c 2.3 (0.4–44.8) 28.3 (1.5–42.6)* 2.3 (0.4–44.81)* <.001
Preoperative enhancing and nonenhancing volume, cc; median (range) 70.8 (3.8–340.0) 58.6 (8.3–340.0) 75.3 (3.8–294.4) .23
Postoperative enhancing and nonenhancing volume, cc; median (range) 24.0 (0.0–190.9) 16.5 (0.0–190.9) 29.4 (0.0–170.5) .008
Long-term survivor (.5 y; remaining cases; % surviving) 59 (35%) 40 (72%) 19 (17%)
Overall survival, mo; median (95% CI) 26.8 (20.1–33.5) 163.4 (93.3–233.5) 16.2 (14.5–17.9) <.001
Follow-up in survivors, mo; median (range)d 47.8 (0.2–207.7) 47.9 (0.2–207.7) 45.3 (0.5–186.9) ..5

Bold indicates statistical significance at level of ,.05.
*Note: comparison includes non-enhancing postop (ie, complete resections)
aBased on initial tumor location.
bAmong those with preop enhancement, 6 missing.
cAmong those with postop enhancement, 4 missing.
dAmong 123 patients.
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previously reported.21,23,30 IDH1 mutant tumors were more
commonly found in younger patients and were more commonly
located in the frontal lobe (55% vs 40% for wild-type; P¼ .008).
The prevalence and volume of preoperative contrast enhancement
was significantly higher in wild-type IDH1 tumors. Where 87% of
the wild-type tumors were enhancing, only 40% of the mutant
lesions (P , .001) displayed enhancement. Wild-type enhancing
tumors had a significantly greater median preoperative volume
of enhancing disease (31.0 cm3 vs 11.1 cm3 in mutant enhancing
tumors, P , .001). Wild-type tumors also had a greater volume of
total (enhancing and nonenhancing) disease preoperatively, with a
median of 75.3 cm3 versus 58.6 cm3, but this difference was not
significant (P¼ .23).

Importantly, we noted a uniform consistency of objective clinic-
al measures across the period of case accrual. The divided cohort of
2 groups based on cases accrued early versus late (168 cases on or
prior to November 12, 2004 and 167 thereafter), the median age
(49.3 vs 49.8 y), and KPS (90 vs 90) were indistinguishable
between early-half versus late-half cases. Fifty-six of the first 168
cases collected scored mutant for IDH1, compared with 57 of
167 subsequent cases scoring mutant. Similarly, examination of
radiographic measures revealed no significant differences in the
frequency of preoperative or postoperative enhancement or
volume of preoperative or postoperative enhancing disease
between early-half versus later-half accrued cases. Tumors
within the later-half of the series did have a larger measured
median total preoperative volume (85.7 cm3 later-half versus
57.4 early-half cm3) and a larger measured median postoperative
total tumor volume (28.4 cm3 later-half versus 16.9 cm3 early-
half), but the median extent of resection of total volume was no
different (66.9% later-half versus 70.6% early-half), but the
median extent of resection of total volume was no different
(66.9% vs 70.6%, respectively), and the median extent of resection
of enhancing volume was 100% for both groups, indicating that
the maximization of surgical resection wasmaintained throughout
the study period.

Interestingly, there was a difference in histopathologic diagno-
ses between the 2 eras, with the histologic assignment of glioblast-
oma applied to 55.4% of the cases in the early cohort but in 68.3%
of later-cohort cases. We speculate this discrepancy could arise
from the known interaction between histopathologic diagnosis
and volume of tissue provided to the neuropathologist for centrally
reviewed diagnosis,2 since there was a paucity of objective demo-
graphic, radiographic, or tumor molecular alterations in tumors
between the 2 eras, but there was a significant difference in
resected tumor volume, as already noted. Notwithstanding this
difference in histopathologic assignment, there was no significant
difference in survival between the early (median 105 wk; 95% CI¼
82.2–123.0 wk) and later (median 132 wk, 75.3–188.5 wk)
cohorts, suggesting that the underlying disease process of malig-
nant astrocytic glioma was uniform throughout the cohort.

Survival Analysis by Histology

Consistent with prior reports,14 – 18 we observed improved survival
associated with complete resection of enhancing disease in both
AAs (Supplementary material, Fig. S2) and GBM (Supplementary
material, Fig. S3), although our dataset had only 3 AAs with post-
operative enhancement, limiting our conclusions regarding this
comparison. We found that minimization of total tumor volume

(enhancing disease and nonenhancing disease) was not asso-
ciated with improved survival in AA (Supplementary material, Fig.
S4) or in GBM (Supplementary material, Fig. S5). There was,
however, a notable difference in survival when comparing the
AAs identified by Keles et al,17 a cohort of 102 patients with a
median age of 49, where 67 patients had preoperative enhance-
ment and the median survival was 163.8 weeks, with our AA
cohort of 128 patients, median age 38, 38% enhancing, with a
median survival of greater than 10 years. Since there can be an as-
sociation between surgical resection and histologic diagnosis
(“undersampling”) that can inappropriately undergrade GBM as
AA,2 we sought to examine the underlying molecular features of
these tumors as a potential explanation for this difference.

IDH1 Mutation and Complete Resection of Enhancing
Disease

Cursory inspection of the baseline tumor characteristics demon-
strated that of 45 IDH1 mutant malignant astrocytomas with pre-
operative enhancement, 42 (93%) underwent complete resection
of enhancing disease (as evidenced by the absence of post-
operative enhancement), a remarkably high frequency for this sur-
gical result—indeed, all 24 mutant IDH1 glioblastomas underwent
complete resection of enhancing disease, as did 18 of 21 AAs (86%;
P¼ .1). The corresponding figure in the wild-type tumors was 130
(67%; P¼ .002). All 17 AAs (100%) and 113 (64%) of glioblastomas
achieved complete resection.

The clinical factors associated with IDH1 mutant tumors
(younger age, frontal location, nonenhancing disease component)
may impact the ability to achieve a complete resection of enhan-
cing disease. We therefore sought to analyze the molecular
factors that were associated with the achievement of complete re-
section of enhancing disease in our cohort in univariate and multi-
variate models. Since not all tumors display enhancement
preoperatively, we restricted this analysis to the subset of 239
lesions (mutant and wild-type) that displayed preoperative en-
hancement. In a univariate binary logistic regression analysis
(Table 2), we found that age, KPS, histology (AA vs GBM), IDH1 mu-
tation, and frontal tumor location were factors associated with the
achievement of complete resection of enhancing disease. In the
multivariate analysis including these factors, IDH1 mutation,
tumor location, and KPS were found to be independent factors sig-
nificantlyassociated with complete resection of enhancing disease.

Similar linear regression analysis was performed to identify
factors associated with total residual tumor volume (inclusive of
enhancing and nonenhancing disease). Not unexpectedly, the
factor most predictive of postoperative tumor volume was pre-
operative tumor volume.

Surgical Resection Measures in Wild-type IDH Malignant
Astrocytomas

We analyzed the parameters associated with prolonged survival in
IDH wild-type malignant astrocytomas (42 AAs and 180 GBM). This
cohort had a median overall survival after surgical resection of 16.2
months (95% CI¼ 14.5–17.9 mo). Patients remaining alive at the
end of the follow-up period were followed for a median of 45.3
months (range, 0.5–186.9 mo).

In univariate modeling of survival in this subgroup with wild-
type IDH status, age, KPS, histologic grade (AA vs GBM), and
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tumor location, the presence of preoperative and postoperative en-
hancement and the overall postoperative tumor volume (enhan-
cing and nonenhancing) were each associated with survival
(Table 3). Complete resection of enhancing disease was associated
with a median survival of 19.6 months versus 10.7 months for in-
complete resection (HR¼ 1.96 for incomplete resection; 95% CI
¼ 1.42–2.68; P , .001; Fig. 1A).

In the multivariate model, age (HR¼ 1.03, P , .001) and KPS
(HR¼ 0.98, P¼ .06) remained prognostic at P , .1. A stepwise
backward conditional Cox proportional hazards model identified
4 factors associated with overall outcome at P , .1: age, KPS, pres-
ence of preoperative enhancement, and resection of enhancing
tumor (Table 3).

The association of postoperative residual contrast enhance-
ment with survival remained significant in the subset of patients
(n¼ 90; 27 with missing data) who received combined chemora-
diation, in both univariate and multivariate analyses, with com-
plete resection associated with a near-doubling of the median
survival estimate to 22.4 months (95% CI¼ 15.7–29.1 mo) com-
pared with that seen with incomplete resection (13.2 mo; 95% CI
¼ 8.5–18.0 mo). Notably, in this multivariate analysis, post-
operative residual tumor volume (scored as continuous volumetric
cubic centimeters) was not significantly associated with survival
for wild-type IDH1 tumors; for comparison with the previously
noted univariate association of contrast enhancing disease,

Fig. 1B demonstrates that complete resection of enhancing and
nonenhancing volume was not associated with prolonged survival
(median, 17.2 mo; 95% CI¼ 8.8–25.6 vs 15.5 mo [95% CI¼ 13.2–
17.8 among patients with incomplete resection; P¼ .38]).

Surgical Resection Measures in Mutant IDH Malignant
Astrocytomas

Next, we analyzed the parameters associated with improved
overall survival in IDH mutant tumors (27 GBM and 86 AAs).
Patients remaining alive at the end of the follow-up period were fol-
lowed for a median of 47.9 months (range, 0.2–207.7 mo). This
cohort had an estimated median overall survival after surgical re-
section exceeding the median follow-up period, at 163.4 months
(95% CI¼ 93.3–233.5 mo). Since only 3 IDH1 mutant cases (all
AAs) had postoperative enhancement, and therefore conclusions
about the association of postoperative enhancement and survival
would be limited, we did not include this variable in our analyses.
These patients experienced poor survival indistinguishable from
their wild-type counterparts, as might be expected. Importantly,
exclusion of these patients did not meaningfully impact the find-
ings regarding the association between overall postoperative
tumor volume and survival in the remainder of the cohort.

In univariate modeling, we found that age, KPS, histology (GBM
vs AA), tumor location, the presence of preoperative enhancement,

Table 2. Complete resection of enhancing disease—univariate and multivariate modeling of factors associated with survival among 239 patients with
preoperative enhancement

Factor Univariate Multivariate

Number With CR (%) ORa 95% CI P OR 95% CI P

Age, yb – 1.03 1.01–1.06 .002 1.01 0.99–1.04 .39
Preoperative KPSb – 0.96 0.93–0.99 .006 0.97 0.94–1.00 .053
Tumor functional grade

Eloquent 75 (73) 1.00 – – 1.00 – –
Near-eloquent 81 (68) 1.26 0.70–2.24 .44 1.01 0.53–1.90 .99
Noneloquent 16 (94) 0.17 0.02–1.32 .09 0.28 0.03–2.31 .24

Location
Frontal 77 (84) 1.00 – –
Parietal 25 (66) 2.67 1.12–6.36 .03 –
Temporal 62 (63) 3.06 1.54–6.09 .001 –
Other supratentorial locations 8 (80) 1.28 0.25–6.65 .77 –

Location
Frontal 77 (84) 1.00 – 0.41 0.20–0.82 .01
Other supratentorial locations 95 (65) 0.36 0.19–0.68 .002 1.00 – –

Histology
GBM 137 (68) 5.45 1.62–18.38 .006 1.98 0.52–7.54 .32
Anaplastic astrocytoma 35 (92) 1.00 – – 1.00 – –

IDH1 status
Mutant 42 (93) 0.14 0.04–0.49 .002 0.24 0.07–0.90 .03
Wild-type 130 (67) 1.00 – – 1.00 – –

Bold indicates statistical significance at level of ,.05.
Abbreviations: OR, odds ratio; CR, complete resection.
aAn OR ,1 means higher chance of achieving complete resection. An OR .1 means lower chance of achieving complete resection; an OR¼ 1 means equal
chance of achieving complete resection (bOR expressed per unit increase for these 2 factors).
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Table 3. Wild-type IDH1 malignant astrocytoma—univariate and multivariate modeling of overall survival

Factor Univariate Multivariate Cox Stepwise

HR 95% CI P N Event Median 95% CI HR 95% CI P HR 95% CI P

Age, y 1.04 1.03–1.05 <.001 1.03 1.02–1.04 <.001 1.03 1.02–1.04 <.001
Preoperative KPS 0.97 0.96–0.98 <.001 0.98 0.97–1.00 .06 0.98 0.97–0.99 .04
Tumor functional grade

Noneloquent 1.00 – – 16/10 20.6 13.3–27.9 1.00 – –
Near-eloquent 2.01 1.05–3.86 .04 117/100 15.1 12.3–17.9 1.25 0.62–2.53 .53
Eloquent 1.55 0.80–3.02 .19 89/70 16.3 10.7–21.8 1.19 0.59–2.40 .62

Tumor location
Frontal 1.00 – – 88/62 20.5 15.4–25.6 1.00 – –
Parietal 1.52 0.98–2.36 .06 34/30 15.1 12.7–17.5 0.91 0.57–1.45 .69
Temporal 1.55 1.11–2.16 .01 90/79 13.2 9.3–17.1 1.15 0.79–1.67 .46
Other supratentorial 1.68 0.83–3.38 .15 10/9 15.1 4.8–25.5 1.50 0.71–3.16 .28

Preop enhancement
No 1.00 – – 28/12 127.2 7.4–246.9 1.00 – – 1.00 – -
Yes 3.16 1.76–5.70 <.001 194/168 14.9 12.6–17.1 1.77 0.83–3.80 .14 2.10 1.14–3.86 .02

Postop enhancement
No 1.00 – – 158/121 19.6 16.0–23.1 1.00 – – 1.00 – -
Yes 1.96 1.42–2.68 <.001 64/59 10.7 9.3–12.1 1.24 0.87–1.76 .23 1.33 0.96–1.85 .09

Preoperative volume–
enhancing and
nonenhancing, cc

1.01 1.00–1.00 .16 1.00 0.99–1.01 .46

Postoperative volume–
enhancing and
nonenhancing, cc

1.01 1.01–1.01 .021 1.01 0.99–1.02 .39

Extent of resection based on
total postoperative volume

1.00 0.99–1.01 .10 1.01 0.99–1.01 .50

Histology
Anaplastic astrocytoma 1.00 – – 42/24 1.00 – –
Glioblastoma 2.68 1.72–4.19 <.001 180/156 1.32 0.72–2.41 .37

Bold indicates statistical significance at level of ,.05.
Abbreviation: NR, not reached.
Multivariate cohorts are based on cases with data on all variables (n¼ 222).
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the volume of preoperative and postoperative disease, and the
extent of resection of enhancing and nonenhancing disease were
significantly associated with survival. After controlling for these
variables in multivariate models, age, postoperative volumes
(expressed as continuous variables in cubic centimeters), and hist-
ology (GBM vs AA) were significantly associated with overall sur-
vival (Table 4). The strong association between postoperative
residual tumor volume and survival (Fig. 2) is in notable contrast
to the findings in wild-type malignant astrocytomas.

Discussion
Here we report the relationship between IDH1 mutation status and
the benefit of surgical resection in malignant astrocytic gliomas.
We report for the first time that IDH1 mutation is an independent
predictor of complete resection of enhancing disease in malignant
astrocytomas. This relationship between IDH1 mutation and re-
section serves as a potential explanation for the yet unexplained
association of younger age and tumor eloquent location with com-
plete resection of enhancement seen in the recent randomized trial
of 5-aminolevulinic acid.15 IDH1 mutation frequency decreases
significantly after age 40 (a cutpoint significant by martingale resi-
duals analysis). Our findings raise the possibility that ongoing use of
the clinical heuristics of age and contrast enhancement may
reflect, in part, their incomplete surrogacy for IDH1 status. Since
one trivial explanation of our finding that IDH1 mutant malignant
astrocytomas are more resectable is that IDH1 status could re-
present merely a proxy for these other well-established prognostic
factors, it is important to note that we find no combination of clin-
ical factors that can a priori identify IDH1 mutant cases with 100%
certainty and that IDH1 status remains an independent predictor
of complete resection after controlling for these potentially con-
founding factors, including histology. In our anecdotal experience,
we find that IDH mutant tumors have a less fibrous vascular
quality, which may afford a greater extent of resection; however,
the reason that IDH mutant tumors are more resectable will
need further study to definitely determine.

As already noted, the criteria for diagnosis of AA versus GBM
have evolved over time and, even in the current era, display institu-
tional variabilityon central review.4 The stabilityover time of clinical
measures, including survival, and underlying molecular genotype
within our cohort provides evidence that the intrinsic tumor com-
position of the study population was not impacted byvariable diag-
nostic criteria (by either the inclusion or, more importantly, the
selective exclusion of cases affecting the underlying composition
of the patient population with malignant astrocytic gliomas over
time). Thus, our findings are likely to be generalizable to the popu-
lation of malignant astrocytomas (AA and GBM) considered as a
whole.

The association between IDH1 mutation and more complete re-
section of enhancement in malignant astrocytomas raises an im-
portant cautionary note for prior surgical studies; a critical
molecular reappraisal is warranted, as IDH1 mutant tumors are
likely to disproportionately populate the “complete resection” cat-
egory in any retrospectively designed histology-based analyses,
carrying a significant survival bias that will confound the assess-
ment of surgical efficacy. For example, in our series, all 24 IDH1
mutant GBMs (a subgroup with a median survival .5 y) achieved
complete resections of enhancing disease, contributing a substan-
tial survival advantage to a retrospective “complete resection”
cohort.

With this in mind, our analyses of resection stratified by IDH1
mutation reassesses the evidence base for complete resection of
enhancing disease in the surgical treatment of malignant astrocy-
tomas. It has recently been noted that wild-type IDH1 AA and
wild-type IDH1 GBM have a nearly identical time to progression,39

suggesting that the underlying natural history of these lesions is
similar.31 The recent discovery of hotspot somatic mutations in
the promoter of the telomerase reverse transcriptase gene in
nearly all IDH1 wild-type AA and GBM40 further provides objective

Fig. 1. Kaplan–Meier estimates of IDH1 wild-type malignant astrocytoma
overall survival according to (A) presence or absence of postoperative
enhancing disease and (B) presence or absence of postoperative total
disease volume (enhancing and nonenhancing). IDH1 wild-type
malignant astrocytomas (AA and GBM) display an improved survival in
association with resection of enhancing disease, but not minimization of
overall tumor volume (enhancing and nonenhancing).
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Table 4. Univariate and multivariate modeling of overall survival—mutant IDH1 malignant astrocytoma

Factor Univariate Multivariate Cox Stepwise

HR 95% CI P N Event Median 95% CI HR 95% CI P HR 95% CI P

Age, y 1.04 1.01–1.08 .04 1.05 1.01–1.09 .03 1.04 1.01–1.08 .02
Preoperative KPS 0.95 0.91–0.99 .03 0.96 0.92–1.02 .17
Tumor functional grade

Noneloquent 1.00 0.99–12.42 – 17/6 61.2 ND 1.00 – –
Near-eloquent 0.63 0.23–1.74 .37 41/10 NR – 0.44 0.13–1.47 .18
Eloquent 0.77 0.29–2.06 .60 52/13 118.7 70.4–166.9 0.55 0.18–1.66 .29

Tumor location
Frontal 1.00 – – 60/14 NR – 1.00 – –
Parietal 3.51 0.99–12.42 .05 6/3 34.9 ND 4.09 0.93–17.92 .06
Temporal 2.07 0.92–4.63 .08 34/11 95.5 53.0–138.0 1.46 0.55–3.91 .45

Other supratentorial locations 1.25 0.16–9.82 .83 10/1 NR – 1.40 0.15–13.37 .77
Preop enhancement

No 1.00 – – 68/14 NR – 1.00 – –
Yes 2.23 1.06–4.70 .035 42/15 118.7 72.6–164.7 0.69 0.23–2.04 .50

Preoperative volume–enhancing and nonenhancing, cc 1.01 1.00–1.01 .054 0.98 0.97–1.00 .04 0.98 0.97–0.99 .01
Postoperative volume–enhancing and nonenhancing, cc 1.01 1.01–1.02 .001 1.04 1.01–1.08 .006 1.04 1.02–1.06 <.001
Extent of resection based on total postoperative volume 0.99 0.98–0.99 .03 1.00 0.98–1.03 .78
Histology

Anaplastic astrocytoma 1.00 – – 83/15 NR – 1.00 – – 1.00 – –
Glioblastoma 3.67 1.74–7.74 .001 27/14 63.1 18.6–107.6 6.36 1.95–20.77 .002 5.30 2.15–13.06 <.001

Bold indicates statistical significance at level of ,.05.
Abbreviation: NR, not reached.
Multivariate cohorts are based on cases with data on all variables.
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molecular evidence that IDH wild-type malignant astrocytomas
likely arise from a common precursor cell that is distinct from
IDH mutant malignant astrocytomas. We also observe a lack
of association between grading and outcome in multivariate ana-
lyses of our wild-type IDH1 tumor cohort; an observation that
largely mirrors prior age-based stratification (as older age skews
cohorts toward wild-type tumors), where minimal difference in
overall survival has been observed for AA and GBM patients initially
diagnosed at advanced age (.50 y).41,42 Thus, we propose that
surgical treatment for IDH wild-type malignant astrocytomas
can be guided by the existing clinical framework that has been
developed for histologically classic GBM14,15and AA17 (ie, complete
resection of enhancing disease). Notably, however, neither our
study nor these prior studies uncover a survival association in
favor of (or against) the resection of the tumor-infiltrated none-
nhancing margin. Malignant astrocytomas defined by the
absence of IDH mutations display marked heterogeneity43 – 45

and likely require further subclassification to determine optimal
therapies.

Our cohort consists of a retrospective review of a single institu-
tion practice, highlighting the potential limitation in the compari-
son of histology-based patient cohorts from different institutions.
For example, our GBM cohort had 13% IDH1 mutant tumors, a
higher frequency compared with other, more locoregional,
cohorts. The molecular profile of gliomas from our referral center
has been demonstrated to differ from other histology-matched
cohorts,44 likely as a result of the well-established selection bias

associated with travel and tertiary care coordination. With this in
mind, IDH1 status can provide an objective stratification factor
for comparison with other patient cohorts, thus improving meth-
odologically on prior studies in this field and preventing diagnostic
heterogeneity from obscuring the impact of otherwise effective
therapeutic interventions.46 These factors mayexplain the discrep-
ancy between our positive association of nonenhancing disease re-
section with survival in our IDH mutant cohort compared with the
lack of association reported in a prior study of AA17 and serves as a
justification for IDH1 molecular testing routinely forall cases of ma-
lignant astrocytoma.

Indeed, our most striking observation is that IDH1 mutant AAs
and GBM have substantially improved survival in association with
more aggressive resection of nonenhancing disease, compared
with IDH1 wild-type tumors. Though we cannot formally infer a
causal relationship in our retrospective analysis, our study
attempts to minimize surgical selection bias through the examin-
ation of prognostic factors collected prospectively and thus sup-
ports the proposal that maximal surgical resection positively
impacts survival in this patient subgroup. This finding is compar-
able to the benefit of nonenhancing disease resection in low-grade
gliomas,19 the majority of which are IDH1 mutant, indicating that
as IDH1 mutant lesions progress from lower to higher grades, the
optimal surgical strategy may remain aggressive resection of
both enhancing and nonenhancing disease (ie, total tumor
volume).

Our data are particularly intriguing compared with other malig-
nant astrocytoma cohorts, considering the absolute blinding of
surgeons and clinicians to molecular bias prior to the discovery of
IDH1 mutations. As an internal control, the survival of our wild-type
cohort comparably overlapped existing modern-era reports of sur-
vival for GBM, as histologically defined, a primarily wild-type IDH1
disease. In contrast, given the current stage of follow-up on surviv-
ing IDH1 mutant patients (estimated median survival, 163.4 mo) in
our cohort, the finalized median survival of this subgroup can be
expected to exceed previous reports of survival for IDH1 mutant
AAs (65 mo23) or GBM (31–46 mo21,23). Thus, our findings
support the potential utilityof surgical resection to improve survival
for IDH1 mutant malignant astrocytoma patients. Focusing on the
specific goals of resection, aggressive minimization of the total
volume of MRI-detectable disease burden (enhancing and none-
nhancing) is associated with improved survival in our IDH1
mutant cohort. We conclude that IDH1 mutation in malignant
astrocytoma may serve as a predictive molecular biomarker to
guide aggressive surgical resection, allowing for individualized
therapy based on tumor genotype.

Supplementary Material
Supplementary material is available at Neuro-Oncology Journal
online (http://neuro-oncology.oxfordjournals.org/).

Funding
This work was supported by funding from the Burroughs Wellcome Trust,
the James S. McDonnell Foundation, and the Texas Neurofibromatosis
Foundation.

Fig. 2. Kaplan–Meier estimates of IDH1 mutant malignant astrocytoma
overall survival according to presence or absence of postoperative total
disease volume (enhancing and nonenhancing). IDH1 mutant malignant
astrocytomas (AA and GBM) display an improved survival in association
with minimization of overall tumor volume (enhancing and
nonenhancing). Importantly, no “cutoff” value was apparent within the
continuous volumetric data.
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