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Abstract

Background—The accurate grading of malignant astrocytomas has significant prognostic and
therapeutic implications. Traditional histopathological grading can be challenging due to regional
tumor heterogeneity, especially in scenarios where small amounts of tissue are available for
pathologic review. Here, we hypothesized that a critical tumor resection volume is needed for
correct grading of astrocytomas by histopathology. For insufficient tissue sampling, IDH1
molecular testing can act as a complementary marker to improve diagnostic accuracy.

Methods—Volumetric analyses were obtained using preoperative and postoperative MRI
images. Histological specimens were gathered from 403 patients with malignant astrocytoma who
underwent craniotomy. IDH1 status was assessed by immunohistochemistry and sequencing.

Results—Patients with >20 cubic centimeters (cc) of the total tumor volume resected on MRI
have higher rate of GBM diagnosis compared to <20cc (OR 2.57, 95% CI 1.6-4.06, P<0.0001).
The rate of IDH1 status remained constant regardless of the tumor volume resected (OR 0.81, 95%
Cl 0.48-1.36, P<0.43). The rate of GBM diagnosis is 2-fold greater for individual surgical
specimen >10cc than those of lower volume (OR 2.48, 95% CI 1.88-3.28, P<0.0001). Overall
survival for AA patients with >20cc tumor resection on MRI is significantly better than those with
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<20cc tumor resected (P<0.05). No volume-dependent differences were observed in patients with
GBM (P<0.4), IDH1 wild type (P<0.1) or IDH1 mutation (P<0.88).

Conclusions—IDH1 status should be considered when total resection volume is <20cc based on
MRI analysis and for surgical specimen < 10cc to complement histopathologic diagnosis of
malignant astrocytomas. In these specimens, under-diagnosis of GBM may occur when analysis is
restricted to histopathology alone.

Keywords

glioblastoma; anaplastic astrocytoma; malignant astrocytoma; diagnosis; surgical resection;
isocitrate dehydrogenase

INTRODUCTION

Malignant astrocytomas are the most common primary central nervous system tumors in
adults, with an incidence of 5 per 100,000 in the United States [1]. Clinicopathologic
features including the patient’s age, performance status, and histology dictate prognosis and
therapeutic decisions, with histologic classification the most influential factor but prone to
subjective variability. In addition, patients with anaplastic astrocytoma (AA) survive much
longer than patients with glioblastoma (GBM) [2—4]. Since histology drives the management
of these subgroups of malignant glioma, accurate classification is fundamentally important

[5].

Here, we report a prospectively collected, retrospective study of malignant astrocytomas that
investigates diagnostic accuracy as a function of tumor volume obtained for pathologic
grading. We hypothesized that accuracy of histological diagnosis in malignant astrocytoma
depends strongly on the volume of surgical specimen obtained, while accuracy of molecular
testing for isocitrate dehydrogenase 1 (IDH1) status is volume-independent. Hence, we test
here whether adding IDH1 molecular testing improves the accuracy of diagnosis and
prognosis when pre-operative imaging features suggest malignant astrocytoma. The added
molecular data may be useful in patients with non-GBM diagnosis from inadequate tissue
samples.

MATERIALS AND METHODS

IRB statement and clinical database

This study was conducted under an M. D. Anderson Cancer Center (MDACC) IRB-
approved protocol (LAB09-0987) using a prospectively collected database for all glioma
patients. The database was queried for patients with a centrally reviewed diagnosis of lobar
supratentorial AA, whose first therapeutic intervention was an open surgical resection at our
institution from June 1993 - April 2009. To minimize histopathologic sampling differences,
biopsy-only patients were excluded, unless they proceeded to debulking surgery and
confirmed AA diagnosis within the subsequent 2 months without intervening treatment. All
pathology specimens were centrally reviewed by a five experienced neuropathologists at
M.D. Anderson. Patients with documented 1p/19q allelic loss characteristic of
oligodendroglial histology, or concomitant secondary malignancy, were also excluded. For
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comparison, a convenience sample of 250 GBMs with available tissue for IDH1 scoring was
used. There were no differences in the clinical characteristics (age, KPS, enhancement,
tumor size) compared to all newly diagnosed GBMs (n=751) recorded at MDACC during
the same time period.

Tumor blocks, immunohistochemistry, and DNA sequencing

Formalin-fixed, paraffin-embedded sections were scored using immunohistochemistry with
an R132H IDH1mutation-specific antibody (clone H09, Dianova, Hamburg, Germany) [6].
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, Beverly, MA). Tumors were categorized by multiple scoring runs using at least
one method (130/156 AAs and 246/250 GBMs).

Tumor volume measurements

MRI volume calculations were performed using Vitrea2 3D volumetric software (Vital
Images, Inc., Minnetonka, MN). Personnel scoring the tumor volumes were blinded to
molecular stratification and patient survival. T1 post-gadolinium enhancing tumor and T1
non-enhancing tumor volumes were available on 157 AA cases and 246 GBM cases. Total
tumor volume was calculated as equivalent to the T2/FLAIR volume, or to the sum of
enhancing and non-enhancing T1 volume in cases where T2/FLAIR sequences were not
available. For pathology specimen volume measurements, the dimensions of each specimen
were measured and recorded. The volume was estimated assuming tissue samples in a
rectangular conformation.

Statistical analysis

RESULTS

Statistical analyses were performed using the IBM SPSS Statistics software package
v21.0.0. The chi-square test and Fisher exact test, as appropriate, were used to establish
associations between categorical variables; the independent samples T-test was used for
continuous factors. Survival curves were generated using the Kaplan-Meier method and
compared using the log-rank test. All tests were two-tailed. A p-value of < 0.05 was
considered significant.

GBM diagnosis and IDH1 status by volumetric MRI analysis

Patients (n=403) with open surgical resection and a histopathological diagnosis of malignant
astrocytoma were analyzed. These included those with histologically confirmed GBM
(n=246 (61%) and AA (n=157 (39%)). IDH1 status was mutant in 121 patients (30%) and
wild type (WT) in 255 (63%). 27 patients (7%) had indeterminate IDH1 status and excluded
from the subgroup IDH1 analysis (Table 1).

To examine the relationship between tumor volume removed and the rate of GBM
histopathologic diagnosis, we correlated final tumor histological diagnosis with radiographic
volume of resection using the difference between the pre- and post-operative tumor
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volumes. Figure 1A shows the percentage of histologic diagnosis of GBMs and IDH1 status
for different resection volume intervals as determined by MRI volumetric analysis. The rate
of GBM diagnosis among all malignant astrocytomas demonstrated a significant drop from
80% to less than 50% as resection volumes decreased. In contrast, for all malignant
astrocytomas analyzed, the detection rate of IDH1 WT remained relatively constant at
approximately 70% regardless of the tumor tissue volume obtained for diagnosis. The rate of
histopathologic GBM diagnosis begins to diverge from the molecular data with resection
volumes below 20cc (P < 0.05).

Using this resection volume as a cut-off threshold, additional MRI volumetric analysis
revealed that 299 patients had resection volumes greater than the 20cc cut-off, of which 200
patients (67%) were confirmed as histological GBMs and 99 patients (33%) as AAs. In
contrast, 104 patients had resection volumes < 20cc, with 46 GBMs (44%) and 58 AAs
(56%) diagnosed by histology (Figure 1B). Similarly, for patients with > 20cc of resection
volumes, 190 patients had IDH1 WT tumors, representing 67% of all patients with known
IDH1 status. For all patients with < 20cc of resection volume, 64 IDH1 WT samples were
identified, accounting for 71% of the sample group (Figure 1B). The percentage of patients
diagnosed with GBM by histology was highly dependent on tumor resection volume with a
significantly higher rate of diagnosis for volumes < 20cc [Odds ratio (OR) 2.57, 95%
confidence interval (Cl) 1.6-4.06, P<0.0001], whereas no difference was observed in the
percentage of IDH1 WT in these two volume subsets (OR 0.81, 95% CI 0.48-1.36, P<0.43).

GBM diagnosis by pathology sample volume

To assess the likelihood of GBM diagnosed as a function of the actual surgical specimen
volume submitted to the neuropathologists, we reviewed all recorded tissue specimens with
tissue dimension information. As a result, 1059 brain tumor fragments submitted for
histologic analysis with specimen dimensions were identified for volume calculations. Of
these samples, 599 (56.6 %) were diagnosed as GBM, 300 (28.3%) as AA, and 160 (15.1 %)
as histological subtypes that were indeterminant. Figure 1C shows the percentage of GBMs
diagnosed with respect to individual pathology sample volume. As the sample volume
dropped to 5-10cc, a sharp decline in the percentage of GBM diagnosis was made from a
mean of 71.2% to 51.7%. Using 10cc as the volume cut-off, further analysis showed that
330 samples had volume > 10cc, from which 235 GBM were diagnosed, representing a
71.2% GBM tissue diagnosis (Figure 1D). For specimen volume < 10cc, GBM diagnosis
was confirmed in 364 of 729 tissue samples, giving a GBM diagnosis percentage of 49.9%
(Figure 1D). This corresponds to a 30% reduction in the rate of GBM diagnasis in tissue
samples < 10cc as compared to samples > 10cc. In contrast, IDH1 WT status remained
consistent regardless of sample volume, with IDH1 WT percentages of 66.7% and 64.1% for
tissue equal to or greater than, and < 10cc, respectively (Figure 1B). A significantly higher
rate of pathological diagnosis in GBM among tissue specimens > 10cc was noted (OR 2.48,
95% CI 1.88-3.28, P < 0.0001), while no difference was observed for IDH1 WT status
percentage (P < 0.45).
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Effect on patient outcomes

To investigate whether the under-diagnosis of GBM by tissue pathology in smaller resection
volumes correlates with patient outcome, we analyzed the overall survival of patients with
respect to their MRI volumetric analysis. For patients diagnosed with GBM, we observed no
significant difference between the groups with tumor resection volume > 20cc and those
with < 20cc (P < 0.4) (Figure 2A). However, for patients diagnosed with AA by pathology,
there is a divergence between the survival curves for resection volume > 20cc and those with
< 20cc of tumor resected (P < 0.05) (Figure 2B). This is consistent with pathology sample
volume of < 10cc, where patients with AA by pathology also showed worse survival
(Supplemental Figure S3). In contrast, for both IDH1 WT and IDH1 mutant patients, there
were no significant differences between groups with > 20cc and < 20cc resection volumes (P
<0.1and P <0.88, respectively) (Figure 2C, D). AA patients with > 20cc and < 20cc of
resection volume but similar IDH1 status also showed no survival differences (Supplemental
Figure S1.1).

DISCUSSION

Reasons for under-grading in malignant gliomas

The accurate diagnosis and grading of malignant astrocytomas has significant clinical
implications. Consistency in histopathological diagnosis of glioma grades is hindered by its
overall reliance on the variable experience of pathologists and confounded by regional
heterogeneity when small tissue volumes are collected. As a result, several studies have
questioned the role of stereotactic biopsy for gliomas altogether [7-14].

The probability of detecting histological features described by the WHO grading system for
GBM remains a diagnostic challenge in small volume tissue samples. Glantz and colleagues
demonstrated that AA diagnoses frequently underestimate the true grade, and that
stereotactic biopsy disproportionately over-diagnose AAs and under-diagnose GBMs as
compared to open resection [8]. Stereotactic biopsy has become commonplace when the risk
of craniotomy is deemed too high (when tumor is in deep or eloquent regions). However, its
lower morbidity and mortality and shorter hospital stays must be balanced against the
greater tendency for error in identifying tumor grade and type, and the higher chance of non-
diagnosis. Stereotactic biopsy specimens are typically cylinders with dimensions of 1x2x5
mm. They are suitable for grading homogenous lesions but may be prone to diagnostic error
in heterogeneous tumors [15].

IDH1 as a prognostic marker

A recent genome-wide sequencing study of GBMs identified mutations in a gene that
encodes for IDH1 [16]. The IDH1 gene is located on chromosome 2933 and encodes for
cytoplasmic and peroxisomal proteins that catalyze the oxidative decarboxylation of
isocitrate to a -ketoglutarate. The resulting production of nicotinamide adenine dinucleotide
phosphate provides an antioxidant affecting tumor cell viability. IDH1 mutations are highly
specific to gliomas and acute myeloid leukemia (AML), with up to 75% of mutations found
in WHO Il and WHO I11 gliomas [17-19]. IDH1 mutations have been associated with early
genetic events in gliomagenesis although their exact role in glioma pathogenesis remains
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unclear. As they appear to inhibit the activity of IDH1 WT, mutation of this gene causes
tumor suppression by increasing the enzymatic activity of the aberrant gene product. This in
turn causes excess production of 2-hydroxyglutarate via NADPH-dependent reduction of a-
ketoglutarate and other tumor-associated growth factors such as hypoxia-inducible factor
subunit HIF-1a [20-21]. IDH1 mutations are more common in gliomas of lower grade and
are associated with younger patient population and longer overall survival [17, 22-24]. The
low rate of IDH1 mutations in GBM raises the question as to whether primary GBMs with
IDH1 mutations may actually be secondary GBMs that arise from a lower grade malignant
precursor tumor not detected initially [25]. Regardless, IDH1 mutation status has been
suggested as a possible marker for improved segregation of primary GBMs from other
malignant astrocytomas. Thus, its use would help resolve the current clinical dilemma that a
subset of AA patients succumb to the disease within months and thus behave much like a
GBM, while a minority of GBM patients with extended progression-free survival behave
like tumors of lower grade [23-24, 26-27].

It is now clear that IDH1-mutated GBM patients have better prognosis and increased overall
survival than those without IDH1 mutation [28, 29]. Survival in IDH1 WT AA patients is
similar to that of IDH1 WT GBM patients [17, 28, 30-33]. Although the management of
GBMs has been standardized according to the Stupp regimen [34], a unified treatment
protocol has not yet been established for those with AA. At our institution, patients with
IDH1 WT AA are managed more aggressively with adjuvant treatment than are IDH1
mutated patients.

In this study we had two aims. First, we examined the role of IDH1 mutation status in
glioma samples and its relation to the sufficiency of pathological diagnosis in malignant
astrocytomas. The importance of analyzing IDH1 status has not yet been well characterized
with respect to tumor volumes obtained for pathological diagnosis. Second, no clearly
defined tissue volume threshold has established the point at which such additional molecular
data provide the greatest complement to histological analysis. Consistent with previously
published reports, our data showed that the percentage of patients diagnosed with GBM
varies significantly with tumor volume collected, and showed under-diagnosis of GBMs in
smaller tissue samples [7]. However, the incidence of IDH1 mutation was consistent and
independent of the tissue volumes collected across all ranges. This result suggests that in
cases of insufficient tumor tissue collection, GBM may be under-diagnosed. When a
negative pathologic analysis in a small biopsy specimen is insufficient to truly rule out
GBM, IDH1 mutational status may provide an independent and complementary diagnostic
and prognostic marker. Our analyses suggest that IDH1 mutational status would provide the
greatest benefit for total resection < 20cc based on MR imaging analysis, or for individual
tissue specimens < 10cc.

The discrepancy between the extent of resection volume based on MR imaging and the
actual tissue volume collected occurs for several reasons. First, post-operative brain tissue
swelling and expansion after the removal of tumor can cause the surgical cavity to appear
smaller when visualized on the post-operative MRI, thus artificially inflating the true
resection volume. Intraoperatively, the inadvertent suctioning of tumor fragments or partial
submission of tumor resected may account for the volume differences. GBMs may be more
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prone to these intraoperative factors due to the presence of necrotic areas more easily
removed by suctioning and less likely to be saved for specimen analysis. We observed
significantly worse overall survival of histologically diagnosed AA patients with total
resection volume of <20cc based on imaging analysis as compared to those with total
resection volume >20cc. While it is worth noting that increased tumor tissue resection itself
would provide certain benefit to survival. We have found no significant differences in
histologically diagnosed AA patients with resection volumes greater than the threshold of
20cc (Supporting Figure S2). This suggests that the worse survival we observed in AA
patients with resection volume less than 20cc is mainly due a portion of patients diagnosed
with AA may in fact harbor under-diagnosed lesions of higher grade. Consistent with
previous studies [29-30, 33], we found that IDH1 WT AA patients had similar survival to
those with IDH1 mutant GBM (p=0.95). As such, we suggest that for histologically
diagnosed AA with total resection < 20cc based on MR imaging, additional IDH1 testing
should be performed, with WT AA treated as aggressively as GBM. However, it remains a
matter of debate whether IDH1 WT AA should be more classified as a true GBM under-
diagnosed by histology, or as a unique subclass of AA with similar prognostic outcomes to
GBM.

CONCLUSION

Here, we have shown that traditional histopathological diagnosis of malignant astrocytomas
can result in inaccurate diagnosis, especially in surgical specimens of smaller volume. When
total resection volume is < 20cc by radiologic analysis or < 10cc for individual pathology
specimen, the probability of diagnosing GBM decreases, making a diagnosis of AA more
likely. This discrepancy led to worsening of overall survival in patients with histological
AA, as they were more likely to have GBM missed by histopathological analysis. Similarly,
when surgical specimen volume was < 10cc, a tendency to under-diagnose GBM by
histology was observed. By using IDH1 mutational status as an additional marker, the
diagnostic discrepancy at different resection or tissue specimen volumes can be minimized,
as IDH status is tissue volume-independent. When tumor specimen collected for histological
analysis is of insufficient volume, IDH1 molecular testing provides an independent and
complementary marker for diagnosing malignant astrocytomas.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Tissue volume-dependent diagnosis of malignant astrocytomas
(A, B) The rate of GBM diagnosis is dependent on the MR volume of tumor resected. As the

total tumor resection volume decreases, the percentage of GBM diagnosis also decreases. In

contrast, the proportion of IDH1 WT tumors remained constant regardless of tumor

resection volumes. The divergence between the rate of histopathological GBM diagnosis

and IDH1 WT occurs at 20 cc. (C,D) The rate of histopathological GBM diagnosis is
significantly reduced for tissue samples <10 cc. (C) The percentage of GBM diagnosis

among all patient samples is inversely proportional to the tissue specimen volume. (D) For
tissue samples > 10cc, there is a significantly higher likelihood that patient will have been
diagnosed with GBM as compared to tissue samples < 10cc. No difference was observed for

IDH1 WT status (* denotes P < 0.05).
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Fig. 2. Survival analysis of malignant astrocytomas based on histopathology and IDH1 status
Kaplan-Meier curves show that in patients with histological diagnosis of GBM (A), the

overall survival is similar with resection volumes > 20 cc or < 20 cc. However, in patients
diagnosed with AA (B), resection volume < 20 cc correlated with worse prognosis (P <
0.05). Neither IDH1 WT (C) nor IDH1 mutants (D) demonstrated significant differences in

patient survival between the two resection volume groups.

J Neurooncol. Author manuscript; available in PMC 2015 June 01.




Page 12

Kim et al.

Author Manuscript

0'50C 9€TT 060z  (»193Mm) SIOAIAINS Ul AN-MO]|0f UBIPSIN
1000> 0'502 €85 TY6  (IM) [eAIAINS UBIPAIA
sisAjeue dn-mojjo4
860> 9SrFvLT  LLEF9BT  6LEFEGT QS F UBAW '09) BwnjoA 3jdwes
sisAjeue [ea160]01s1H
(sT) 85 (T1) ov (92) #0T (9% ‘N) 92 0Z > BWINJOA UOIRIISY
100°0> L'le 9'65 987 (9% ‘N) 99 0Z < SWNJOA UO[IZSIY
T00'0> 1'2e Tov ¢'ee  (ueaw ‘02) swnjoA aAIle8d0ISOd
T00'0> ¥'09 1'S6 6'T8  (ueaw ‘22) awnjon anneaadoald
sisAreue 19N
Lz 0 (1) Lz ereulwuaispul
L8 ve (0g) Tzt eI
100°0> 57 A4 (£9) 55z adA1 pim
(% ‘N) smels Hal
(001-09) 06  (001-02) 06  (00T-02) 06 (sbueu) uerpaw ‘SdX
29 16 6GT  9lewsa-
6 6vT vve  olenN
J1apuss
T2/-€8T  8l8-€vT  8§.8-€yT obuey
T000> TTI¥86E OSTFLYS LSGT¥68y QST UesiN
(1eak) aby
(L8T=N) (9vz=N) (eor =N)
d A% Wgo  swaned |1V sonsigloRIRYd JUBITed

"S211S11819RIRY2 J1418WN[OA pue 21auab Jown Jo pue ‘salydesbowsp jusied jo Arewwnsg

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

J Neurooncol. Author manuscript; available in PMC 2015 June 01.



