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Abstract
Background.  Update 3 of the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy 
(cIMPACT-NOW) recognizes amplification of epidermal growth factor receptor (EGFR) as one important aberration 
in diffuse gliomas (World Health Organization [WHO] grade II/III). While these recommendations endorse testing, a 
cost-effective, clinically relevant testing paradigm is currently lacking. Here, we use real-world clinical data to pro-
pose a financially effective diagnostic test algorithm in the context of new guidelines.
Methods. To determine the prevalence, distribution, neuroradiographic features (Visually Accessible REMBRANDT 
Images [VASARI]), and prognostic relevance of EGFR amplification in lower-grade gliomas, we assembled a con-
secutive series of diffuse gliomas. For validation we included publicly available data from The Cancer Genome 
Atlas. For a cost-utility analysis we compared combined EGFR and isocitrate dehydrogenase (IDH) testing, EGFR 
testing based on IDH results, and no EGFR testing.
Results.  In n = 71 WHO grade II/III gliomas, we identified EGFR amplification in 28.2%. With one exception, all EGFR 
amplifications occurred in IDH-wildtype gliomas. Comparison of overall survival showed that EGFR amplification 
denotes a significantly more aggressive subset of tumors (P < 0.0001, log-rank). The radiologic phenotype in the 
EGFR-amplified tumors includes diffusion restriction (15%, P  =  0.02), >5% tumor contrast enhancement (75%, 
P = 0.016), and mild (not avid) enhancement (P = 0.016). The proposed testing algorithm reserves EGFR fluores-
cence in situ hybridization (FISH) testing for IDH-wildtype cases. Implementation would result in ~37.9% cost reduc-
tion at our institution, or about $1.3–4 million nationally.
Conclusion.  EGFR-amplified diffuse gliomas are “glioblastoma-like” in their behavior and may represent unders-
ampled glioblastomas, or subsets of IDH-wildtype diffuse gliomas with inherently aggressive biology. EGFR FISH 
after IDH testing is a financially effective and clinically relevant test algorithm for routine clinical practice.

Key Points

1. EGFR-amplified diffuse gliomas are “glioblastoma-like” in their behavior.

2. EGFR-amplified diffuse gliomas may represent undersampled glioblastomas.

3. A cost-effective WHO/cIMPACT-NOW update 3 algorithm is applied for EGFR amplification in gliomas.

Financially effective test algorithm to identify an 
aggressive, EGFR-amplified variant of IDH-wildtype, 
lower-grade diffuse glioma
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The 2016 World Health Organization (WHO) Classification 
of Tumors of the Central Nervous System1 defines spe-
cific glioma entities based on their molecular signature 
for optimized prognostication and treatment stratifi-
cation. Arguably the most drastic change has been the 
recognition of isocitrate dehydrogenase 1 and 2 (IDH1/2) 
mutations as an essential component for the diagno-
sis of diffuse astrocytic tumors and oligodendroglio-
mas.1–3 Indeed, despite lacking diagnostic histological 
features, diffuse gliomas that harbor wildtype IDH dem-
onstrate biological and clinical similarities to glioblas-
toma (GBM), WHO grade IV,4 and many, but not all, WHO 
grade II/III tumors may actually represent histologically 
undersampled WHO grade IV GBM. More recent studies 
suggest that the heterogeneous group of lower-grade 
IDH-wildtype gliomas could be further subclassified5–7; 
however, subclassification of IDH-wildtype glioma repre-
sents a new frontier, which awaits reliable clinical imple-
mentation. To address the lack of additional biomarkers 
designating a glioma as WHO grade IV beyond IDH test-
ing, the Consortium to Inform Molecular and Practical 
Approaches to CNS Tumor Taxonomy (cIMPACT-NOW)8 
recently issued update 3, specifically recommending 
diagnostic criteria for “diffuse astrocytic glioma, IDH-
wildtype, with molecular features of glioblastoma, WHO 
grade IV.” The minimal molecular criterion was deter-
mined to be presence of either telomerase reverse tran-
scriptase (TERT) promoter mutation, simultaneous gain 
of whole chromosome 7 and loss of whole chromosome 
10, or amplification of epidermal growth factor receptor 
(EGFR).

Amplification of EGFR, a frequent aberration in GBM, 
has also been reported in diffuse gliomas (WHO grade II/
III).3,9–11 The prognostic significance of EGFR amplification 
in diffuse gliomas, particularly in the context of additional 
relevant molecular genetic markers (IDH mutations,  
O6-methylguanine-DNA methyltransferase [MGMT] pro-
moter methylation, and 1p/19q codeletion), has emerged 
relatively recently.12–14 EGFR amplification may also pre-
dict the clinical course of patients with tumors that lack 
classic histological characteristics of GBM, yet display 
imaging features indicative of a more aggressive tumor 
type.14 While perhaps, based on the results of previous 
studies, it is generally accepted that diffuse gliomas 
bearing EGFR amplification can be expected to behave 

similar to GBM regardless of histology, to our knowledge 
a study specifically focusing on practically relevant test-
ing strategies of EGFR amplification in WHO grade II/III 
gliomas (with or without IDH mutations) has not been 
performed.

Here, we examined the diagnostic and prognostic rel-
evance of EGFR amplification, as well as the prevalence 
thereof, in a molecularly annotated clinical cohort of WHO 
grade II/III gliomas.15 We also assessed economic impli-
cations of EGFR testing by performing a cost-effective-
ness analysis. Defining a cost-effective testing paradigm 
for clinically relevant subsets of glioma patients is a key 
step in the improvement of diagnostic classification and 
patient care.

Methods

Study Design and Ethical Approval

The study was designed as a retrospective chart review 
of existing clinical data. For this type of study, formal 
consent is not required. Appropriate institutional review 
board approval was obtained and all procedures were 
performed in accordance with the ethical standards of 
the institutional and/or national research committee and 
with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. The study was 
conducted at Massachusetts General Hospital, which 
includes a clinical molecular diagnostics laboratory (cer-
tified by Clinical Laboratory Improvement Amendments).

Study Population and Data Collection

These cases represent a reanalyzed subset of a previously 
studied cohort, which included patients with a WHO grade 
II/III glioma diagnosis who underwent brain tumor surgery 
at our hospital between January 2010 and December 2015.15 
All included patients underwent molecular-genetic testing 
as a component of their routine clinical care. We identified 
patients using an internally developed laboratory informa-
tion and management system (wikilims), and clinicopatho-
logical characteristics and outcomes were extracted from the 

Importance of the Study

EGFR amplification in IDH-wildtype diffuse gliomas 
identifies an aggressive, glioblastoma-like subset. New 
guidelines from cIMPACT-NOW have recently incor-
porated this diagnostic subclassification; however, to 
our knowledge, no practically relevant test  algorithm 
has been proposed and assessed for financial effec-
tiveness. Here we employed a series of n =  71 WHO 
grade II/III tumors from clinical practice, assessed 
prevalence, confirmed prognostic relevance, and 
correlated IDH and EGFR status with clinical and 

neuroradiographic VASARI features. Based on these 
data, and taking financial sustainability into account, 
we compared several testing paradigms and derived a 
cost-effective test algorithm that incorporates testing 
for EGFR amplification within the context of the current 
WHO classification guidelines and those recommended 
by cIMPACT-NOW update 3. Given that most neuropa-
thology laboratories assess chromosome 1p/19q status 
by FISH, the proposed approach accounts for availabil-
ity, cost-effectiveness, and prognostic relevance.
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electronic medical record. The primary endpoint was overall 
survival, measured from the date of diagnosis until the date 
of death; we censored patients who were alive or lost to fol-
low-up after the last time of contact. We also extracted “pre-
surgical” neuroimaging findings (see below) and the type of 
neurosurgical procedure (ie, biopsy vs resection).

Integrated Neuropathological Diagnosis

At least one board-certified neuropathologist rendered 
each primary diagnosis according to the WHO guidelines. 
All study cases were originally classified according to the 
2007 WHO guidelines.16 As previously described, we con-
verted these diagnoses into the 2016 CNS WHO terminol-
ogy via consideration of IDH mutation as well as 1p/19q 
copy number status.1,15

Neuroimaging

To assess associations between EGFR amplification sta-
tus and neuroimaging features, one of the authors (O.R.) 
reviewed all MRI data and applied the standardized preop-
erative qualitative and semi-quantitative imaging variables 
provided by the Visually Accessible REMBRANDT Images 
(VASARI) project.17–21 Briefly, the VASARI MRI feature set is 
a system designed to enable consistent description of glio-
mas using a set of defined visual features and controlled 
vocabulary (https://radiopaedia.org/articles/vasari-mri-fea-
ture-set; last accessed October 20, 2018).21

Molecular Genetic Testing

Fluorescence in situ hybridization (FISH)—. FISH followed 
previously established protocols.22 Briefly, to identify 
gene-to-copy number ratios (G:CN) on formalin-fixed par-
affin embedded sections, we hybridized probes for EGFR/
centromere 7 (CEP7) by employing the bacterial artificial 
chromosome EGFR (CTD-2113A18) in combination with 
a copy number control corresponding to CEP7 (Abbott-
Vysis 06J54-027). We used a strict definition for defining 
gene amplification as a G:CN ratio of >2.2 scored in 50 
tumor nuclei. Specifically, polysomy, high polysomy, or 
equivocal G:CN ratio (1.8–2.2) was scored as negative for 
amplification.23,24 For diagnostic classification according 
to WHO (2016) we determined the chromosome 1p/19q 
status as previously described.25 

Next-generation sequencing (NGS)—. Isolated nucleic 
acids from tumor specimens were analyzed using our 
NGS assay that employs anchored multiplex polymerase 
chain reaction (PCR)26 to detect single-nucleotide vari-
ants, insertions/deletions, and copy number variation in 
a target set of cancer-related genes. For diagnostic clas-
sification of IDH status we used NGS, rapid IDH testing,27 
and IDH1 R132H–specific immunohistochemistry (IHC).15 
To identify MGMT promoter methylation status we used a 
methylation-specific PCR. Briefly, following bisulfite treat-
ment, PCRs was performed with primers specific to the 
methylated and unmethylated promoter sequences. The 

PCR products were analyzed using an ABI3500xL instru-
ment (Thermo Fisher Scientific).

The Cancer Genome Atlas Data

Data from The Cancer Genome Atlas (TCGA) were retrieved 
from the TCGA FireBrowse website (www.firebrowse.org) 
or cBioPortal (www.cbioportal) (both last accessed March 
29, 2018).28,29 Specifically, we selected the subset of IDH-
wildtype diffuse glioma and distinguished these by EGFR 
copy number status; survival data were taken from the 
clinical data portal.

Cost Modeling

Our cost model uses current billable cost for each test-
ing modality, set to $135 per p.R132H-specific IDH1 
IHC, $360 per EGFR FISH testing, and $1800 for NGS. 
To model various testing scenarios, we used the fol-
lowing formulas: (1) performing NGS testing alone: 
MNGS  =  (NGS)*NALL; (2) performing IDH IHC alone: 
MIDH = (IHC)* NALL; (3) performing IDH IHC and EGFR FISH 
on all cases: MIDH+FISH = (IDH+FISH)* NALL; and (4) the cost 
of performing IDH IHC as a first pass screen, where EGFR 
FISH is only performed on cases that are wildtype for IDH: 
MIDH+FISHwt  =  (IDH)* NALL +(FISH)* NIDHwt. To estimate the 
national impact of these scenarios we extracted annual 
data on diffuse gliomas from the American Brain Tumor 
Association website (http://www.abta.org; last accessed 
October 20, 2018), a derivation from the Central Brain 
Tumor Registry of the United States.30

Statistical Analysis

For contingency testing we employed Fisher’s exact tests 
(association with dichotomous factors), χ2, or t-tests (com-
parison of means). The Kaplan–Meier method was used to 
estimate overall survival differences by EGFR amplifica-
tion status, and we used the log-rank method to compare 
survival differences. Data analysis was conducted by using 
GraphPad Prism 5.0b, and significance was defined as 
P < 0.05.

Results

EGFR-Amplified Gliomas Typically Are  
IDH-Wildtype and Occur in Older Patients

Our study cohort is composed of 71 consecutive WHO 
grade II/III tumors. Briefly, the majority of cases (77%) 
consisted of 2 diagnostic groups: “anaplastic astro-
cytoma, IDH-wildtype” and “anaplastic astrocytoma, 
IDH-mutant” (n =  29 and 26, respectively), whereas all 
other histological subtypes represent 23% of the study 
cohort (n =  16/71). One third of all cases in our cohort 
showed EGFR amplification (28.2%; n =  20 of 71). An 
example of EGFR amplification by FISH is shown in 
Fig. 1A, and the clinical characteristics of the entire 
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study cohort are summarized in Table 1. EGFR-amplified 
tumors occurred in older patients with a median age at 
diagnosis of 61.5 versus 41 years (P < 0.00001; Fig. 1B). 
Notably, EGFR-amplified tumors occurred almost exclu-
sively in IDH-wildtype cases (n = 19 of 20 cases). For the 
vast majority (~95%), EGFR-amplified gliomas are IDH-
wildtype and occur typically in older patients. The one 
exception was an anaplastic astrocytoma, IDH-mutant 
with multifocal clusters of EGFR amplification. The 
rare co-mutation of EGFR amplification with IDH muta-
tion is reflected in larger TCGA cohorts (2/283 cases or 
0.71% of cases). Comparison against other established 

(genetic) prognosticators indicated that EGFR ampli-
fication occurred independently of MGMT promoter 
methylation status (Supplementary Table 1) and EGFR 
amplification was mutually exclusive with codeletion 
of chromosomes 1p and 19q, the diagnostic hallmark of 
oligodendroglioma.

Lesional Enhancement on MRI Is Not Specific for 
EGFR Amplification

The majority (85%) of the EGFR-amplified tumors dem-
onstrated contrast enhancement on MRI at the time of 

Diagnosis
WHO 2017
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WHO Grade
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(G:CN)

EGFR
MGMT

MRI
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T1 /Fiair ratio
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Number of cases (n = 71)
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Fig. 1  EGFR amplification in diffuse gliomas. (A) Dual color fluorescence in situ hybridization for EGFR in a case of anaplastic astrocytoma. The gene 
(EGFR, green probe signals) to copy number (chromosome enumeration probe 7, CEP7 in magenta) ratio was >25:1. (B) Age distribution of EGFR amplifica-
tion indicates that only 7 of the 20 patients with EGFR-amplified gliomas were <55 years old (35%). (C) Landscape of 71 consecutive WHO grade II/III gliomas 
tested for EGFR amplification (columns) alongside main findings (rows). Note that IDH mutations and EGFR amplification status are, with one excep-
tion, mutually exclusive. For details on the subgroup analyses, see results; a detailed analysis of the MRI features is provided in Supplementary Table 2;  
the red box indicates the 2 cases shown in Fig. 2.
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diagnosis (presurgical imaging). However, a large percent-
age of non-amplified tumors also demonstrated evidence 
of contrast enhancement (70%; Fig. 1); the difference did 
not reach statistical significance (P = 0.24, Fisher’s exact). 
In the subset of n = 34 IDH-wildtype tumors, 53.3% of the 
15 EGFR non-amplified tumors (n =  8/15) demonstrated 
contrast enhancement, whereas 84.2% in the 19 EGFR-
amplified, IDH-wildtype tumors showed contrast enhance-
ment (n =  16/19); the difference did not reach statistical 
significance (P = 0.068, Fisher’s exact). Additionally, in the 

subset of WHO grade III tumors (n = 58), contrast enhance-
ment was present at similar frequency among EGFR non-
amplified tumors (73.7%) and EGFR-amplified tumors 
(85.0%, P  =  0.509, Fisher’s exact). Thus, while present in 
the majority of EGFR-amplified cases (Table 1), contrast 
enhancement alone on MRI cannot serve as a surrogate 
to identify this subset of diffuse gliomas; however, degree 
of enhancement may be a helpful factor. Further, recent 
novel multifeature MRI algorithms are able to predict EGFR 
expression status.31 Of note, while overall rare, diffusion 

Table 1  Study demographics

Features Cases N = 71 (%) EGFR-Amplified
N  = 20 (%)

No EGFR 
Amplification
N  = 51 (%)

P-value

Tumor type 0.000197*

 Anaplastic astrocytoma,
 IDH-wildtype

29 (40.8%) 19 (95%) 10 (19.6%) 0.0002**

 Anaplastic astrocytoma,
 IDH-mutant

26 (36.6%) 1 (5.0%) 25 (49.0%)

 Anaplastic oligodendroglioma,
 IDH-mutant and 1p/19q codeleted

3 (4.2%) 0 (0%) 3 (5.9%)

 Diffuse astrocytoma,
 IDH-wildtype

5 (7.0%) 0 (0%) 5 (9.8%)

 Diffuse astrocytoma,
 IDH-mutant

3 (4.2%) 0 (0%) 3 (5.9%)

 Oligodendroglioma
 IDH-mutant and 1p/19q codeleted

5 (7.0%) 0 (0%) 5 (9.8%)

 WHO grade

 III 58 (82%) 20 (100%) 38 (75%) 0.0141*

 II 13 (12%) 0 (0%) 13 (25%)

 Median age in years 46 61.5 41

 Number of patients ≤55 53 (75%) 7 (35%) 46 (90%) <0.00001*

 Number of patients >55 18 (25%) 13 (65%) 5 (10%)

 MRI characteristicsM

 Contrast enhancing 37 (52%) 14 (70%) 23 (45%) 0.070

 No enhancement 34 (48%) 6 (30%) 28 (55%)

MRI characteristics (IDH-wildtype) (N = 34) (N = 19) (N = 15)

Contrast enhancing 24 (70.6%) 16 (84.2%) 8 (53.3%) 0.068

No enhancement 10 (29.4%) 3 (15.8%) 7 (46.7%)

MRI characteristics (WHO grade III) (N = 58) (N = 20) (N = 38)

Contrast enhancing 45 (77.6%) 17 (85%) 28 (73.7%) 0.509

No enhancement 13 (22.4%) 3 (15%) 10 (39.5%)

 Procedure type (N = 20) (N = 51)

 Biopsy 22 (31%) 11 (55%) 11 (22%) 0.009

 Resection 49 (69%) 9 (45%) 40 (78%)

 Procedure type (IDH-wildtype) (N = 34) (N = 19) (N = 15)

 Biopsy 16 (47%) 10 (53%) 6 (40%) 0.51

 Resection 18 (53%) 9 (47%) 9 (60%)

*P-values derived from Fisher’s exact test (WHO grade, number of patients at age of diagnosis) and chi-square analysis (tumor type). ** Results from 
Fischer’s exact test comparing EGFR-amplified vs non-amplified anaplastic astrocytomas, IDH-wildtype vs all other groups combined. Significant 
difference in tumor type is caused by the high number of EGFR-amplified tumors in this subgroup. Msee also Supplementary Table 2.
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restriction on MRI was seen only in EGFR-amplified, IDH-
wildtype tumors and reached significance (P  =  0.0199). 
Additionally, presence of >5% contrast enhancement, mild 
(not avid) enhancement, and an infiltrative/mixed pattern 
on T1/fluid attenuated inversion recovery ratio was sig-
nificantly increased among EGFR-amplified, IDH-wildtype 
tumors (P  =  0.0161 and P  =  0.0296, respectively; see 
Supplementary Table 2).

EGFR Amplification Identifies a Highly 
Aggressive Subset of IDH-Wildtype Glioma

EGFR amplification is associated with significantly shorter 
overall survival compared with non-amplified tumors 
(P  <  0.0001, hazard ratio [HR]: 0.47, 95% CI: 0.26–0.86; 
Supplementary Figure. 1A, B). The high prevalence of EGFR 
amplification in IDH1/2 wildtype cases (known to have a more 
aggressive disease course)32–34 raised the question of inde-
pendent prognostic significance. To clarify this notion, we 
employed multivariate Cox proportional hazard regression 
modeling in the entire cohort of diffuse gliomas and confirmed 
that EGFR amplification does not carry independent prognostic 
significance (HR: 0.8 ± 0.5, P = 0.16) beyond the IDH mutation 
status (HR: 2.89 ± 1.1, P = 0.007). In other words, at least part of 
the prognostic relevance of EGFR amplification is attributable 

to the relatively good prognosis of IDH-mutant diffuse gliomas. 
Given that the distinct prognostic and biological properties of 
IDH-mutant gliomas3 have been acknowledged in the current 
2016 WHO classification,1 we assessed prognostic relevance of 
EGFR amplification status in the subset of IDH-wildtype tumors 
(Supplementary Figure 1C). Patients with EGFR-amplified, IDH-
wildtype gliomas had an aggressive course compared with 
double (EGFR, IDH) wildtype patients. Due to the number and 
distribution of events in these specific lower-grade glioma 
subgroups (P  =  0.16, log-rank), we employed publicly avail-
able diffuse glioma data from the cohort of TCGA for validation 
(Supplementary Figure. 1D). We identified significantly shorter 
overall survival in the EGFR-amplified subset of IDH-wildtype 
(P = 0.019, log-rank) diffuse glioma patients, and we estimated 
the median overall survival difference by pooling our data with 
those of TCGA to be 0.8 years (9.6 mo). The significantly shorter 
overall survival of patients with EGFR amplification among 
those with IDH-wildtype tumors indicates clinical significance 
of this biomarker (P = 0.016, HR = 0.47; 95% CI: 0.28–0.86; Fig. 
3E). To assess possible undersampling, we compared biopsy 
versus resection rates in the entire cohort versus the IDH-
wildtype subset. There was a significantly higher rate of resec-
tions in the EGFR non-amplified group (P  =  0.009; Table 1); 
however, there was no significant difference in the fraction of 
biopsies versus resections in the IDH-wildtype subset (P = 0.51; 
Table 1). Thus, the highly aggressive disease course with a 

A B C D

E F G H

T1 post-gadolinium ADC DWI FLAIR

T1 post-gadolinium ADC DWI FLAIR

Fig. 2  Representative spectrum of MRI neuroimaging features in EGFR-amplified, IDH-wildtype lower-grade glioma. Top row (A–D) shows ex-
ample of a T1-weighted post-contrast enhancing (A), diffusion restricted (B, C), FLAIR infiltrative (D), EGFR-amplified anaplastic astrocytoma. 
Bottom row (E–H) shows an example of a non-enhancing (E), diffusion facilitated (F, G), and expansile (H) EGFR-amplified anaplastic astrocytoma. 
Abbreviations: ADC, apparent diffusion coefficient; DWI, diffusion-weighted image; FLAIR, fluid-attenuated inversion recovery.
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median survival of ~1.2 years indicates that EGFR amplifica-
tion in IDH-wildtype glioma denotes a disease course that is 
“glioblastoma-like.”

Economic EGFR Testing Cost Analysis Supports 
Testing of IDH-Wildtype Cases

A variety of testing modalities are available to molecularly 
characterize brain tumors. While we recognize that the selec-
tion of molecular tests is contingent upon many circum-
stances beyond cost (eg, availability of NGS, or case-based 
features), the prioritization of testing from a resource utili-
zation standpoint presents a growing challenge for many 
institutions and the health care system at large. Therefore, 
we present a test cost comparison of several testing scenar-
ios at our institution as well as national estimates (Table 2). 
The cost for universal NGS testing serves as a reference, in 
acknowledgment that while of high cost, this testing modal-
ity affords a more comprehensive molecular assessment, in 
particular for the detection of noncanonical IDH mutations 

in the appropriate setting.15 Alternatively, we considered 
universal EGFR FISH testing concurrent with IDH IHC (IDH1 
p.R132H), which was associated with the next highest finan-
cial costs ($35 145; nationally $4 937 130). Additionally, we 
examined the cost of EGFR FISH testing only in IDH-wildtype 
cases ($21 825; nationally $2 024 010). Finally, we examined 
IDH testing alone (ie, no EGFR testing). While theoretical cost 
reductions associated with this lattermost strategy (~72.7%; 
national extrapolation: ~$2.9–3.6 million) are economically 
attractive, our findings presented here argue for a more judi-
cious employment of EGFR FISH testing. The results of this 
analysis are summarized in Table 2.

Proposal for a Cost-Effective EGFR Testing 
Algorithm

Based on the prognostic relevance, distribution of amplified 
cases, and our economic analysis (Table 2), we propose testing 
for EGFR amplification in grade II/III gliomas only when they 
are found to be IDH wildtype. Specifically, elimination of EGFR 

100
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50

25

0

0 1 2 3 4 5

Overall Survival (WHO Grade II/III, IDH wildtype)A Proposed Testing AlgorithmB

P = 0.016
HR:0.47 (0.26–0.86)

EGFR wildtype

EGFR-amplified

Time in years

WHO Grade II/III

IDH1/2 testing

EGFR amp.
testing

Pos.

Pos.

IDH-mutant
(No EGFR testing)

Aggressive

‘GBM-Iike’

Neg.

Neg.

IDH1/2 NOS

Less aggressive

Fig. 3  EGFR Amplification identifies a highly aggressive subset of IDH-wildtype glioma. (A) Kaplan–Meier survival estimates in IDH-wildtype glio-
mas according to their EGFR amplification status. P-value from log-rank test (for details, see supplement). (B) Proposed testing algorithm. Based 
on the data presented herein and the requirement to determine IDH mutation status (WHO 2106), we propose to test for EGFR amplification in the 
subset of IDH-wildtype glioma, WHO grade II/III. Abbreviations: amp., amplification (ie, gene copy number gain); Pos. positive (mutant, amplified); 
Neg. negative (not mutant, not amplified).

Table 2  Economic analysis of adding EGFR amplification testing to existing IDH testing strategies

This Study  Cost Reduction* National Estimates  Cost Reduction*

Total # grade II/III gliomas 71 9974

Total # IDH-wildtype gliomas 34 1882

NGS (all) cost $42 600–127 800 $5 984 400–17 953 200

IDHIHC + EGFRFISH (all) cost $35 145 $4 937 130

IDHIHC (all) + EGFRFISH (IDH-wildtype) cost $21 825 $13 320 $2 024 010 $2 913 120

IDHIHC (all) $9585 $25 560 $1 346 490 $3 590 640

National estimates are derived from publicly available resources (see methods). Abbreviations: IDHIHC, IDH1 p.R132H specific immunohisto-
chemistry; EGFR FISH, fluorescence in situ hybridization for EGFR (and control probe) for gene to copy number assessment; NGS, next generation 
sequencing (DNA panel for full assessment of IDH1/2 including non-canonical mutations). 
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testing in IDH-mutant cases results in ~37.9% cost reduction. 
Our proposed testing scheme is based on the existing WHO 
(2016) classification, and at its inception takes into account 
WHO grade II/III and IDH genotyping. The proposed strat-
egy would achieve 3 objectives: first, the integration of EGFR 
amplification status into existing classification strategies; sec-
ond, the resolution of distinct biologic and prognostic catego-
ries currently encompassed within the basket of IDH-wildtype 
tumors; and third, the delineation of a financially responsible 
testing algorithm for diagnostic neuropathologists.

Discussion

Among WHO grade II/III IDH-wildtype gliomas, we report 
that EGFR amplification portends a significantly shorter 
overall survival compared with EGFR non-amplified 
tumors. In the heterogeneous group of IDH-wildtype 
tumors we find that specifically the EGFR-amplified sub-
set is associated with older age at diagnosis and a clinical 
course that is similar to GBM. We find that EGFR amplifi-
cation is not associated with MGMT promoter methylation 
status, neither can these tumors necessarily be distin-
guished by contrast enhancement on MRI.

Our findings support the evolving consensus on the impor-
tance of testing for EGFR amplification in histologically 
WHO grade II/III gliomas. Previous efforts to determine the 
prognostic significance of EGFR in the setting of bona fide 
GBM, WHO grade IV, have not established EGFR as an inde-
pendent biomarker.35–37 Thus, while representing a frequent 
molecular aberration in GBM, EGFR testing is currently not 
recommended in this context. In contrast, the importance of 
IDH mutations in prognostication of glial tumors4 has been 
acknowledged by the most recent WHO classification,1 and 
here we propose a testing algorithm that builds on initial IDH 
assessment. The current official WHO guidelines—despite 
acknowledging that anaplastic astrocytoma, IDH wildtype, 
may follow a clinical course similar to that of GBM—offers 
no mechanisms for making this grade IV diagnosis based on 
molecular characteristics. Recently, however, the updated rec-
ommendations from cIMPACT-NOW have identified molecu-
lar markers in diffuse gliomas that are predictive of grade 
IV–like behavior, including EGFR amplification.8 These recom-
mendations are based on previous studies which suggest that 
diffuse astrocytoma (IDH wildtype) may represent a dissolv-
ing diagnosis and the apparent specificity of EGFR amplifi-
cation to delineate GBM-like behavior.38 Prior reports have 
proposed reclassification of IDH-wildtype gliomas according 
to various additional molecular features. In part, these stud-
ies did include EGFR amplification; however, it has mostly 
been examined as part of a more complete molecular signa-
ture, aiming to distinguish GBM from other diagnoses.4,5,7 
Other studies did include EGFR amplification in cohorts of 
histologically diffuse gliomas (grade II/III),3,9–11,39,40 and several 
larger studies suggest that at least by prevalence, our find-
ings are generalizable.4–6,41 Our work lends further support 
to the reclassification of IDH-wildtype astrocytomas as GBM 
or GBM-like, despite lacking requisite histologic features of 
microvascular proliferation or necrosis,42 based on the pres-
ence of EGFR amplification. This study serves as a practical 
proof of concept for the clinical use of the new cIMPACT-NOW 
guidelines, demonstrating that this particular biomarker holds 

the potential to separate a significant fraction of patients into 
those with a more benign and those with a more aggres-
sive course. A  somewhat higher biopsy rate among EGFR-
amplified gliomas along with a prevalence of high-grade 
neuroimaging features as demonstrated in our study sug-
gest that these tumors may represent undersampled GBM, 
where the histologic hallmarks of the disease were not well 
represented in the relatively small amount of diagnostic tis-
sue. However, undersampling alone cannot explain all cases, 
and it is not possible to distinguish these from gliomas with 
otherwise aggressive growth. Therefore the overall designa-
tion “glioblastoma-like” captures the unique phenotype of 
the EGFR-amplified, IDH-wildtype, grade II/III gliomas in older 
patients—or as aptly captured in “diffuse astrocytic glioma, 
IDH-wildtype, with molecular features of glioblastoma, WHO 
grade IV,” per cIMPACT-NOW recommendations.8

Indeed, it is important to recognize that the subgroups delin-
eated by our diagnostic algorithm are heterogeneous and 
composed of tumor types with additional molecular alterations 
of likely diagnostic and prognostic significance. This is particu-
larly true of the IDH-wildtype, EGFR non-amplified subgroup. 
While our data show that these tumors demonstrate less 
aggressive behavior compared with those with EGFR amplifi-
cation, this may reflect the inclusion of tumors with molecu-
lar features of true lower-grade tumors, alongside those with 
more characteristic high-grade alterations.5,43 Therefore, a role 
for expanded genomic testing is not entirely obviated by our 
diagnostic algorithm and we emphasize that an EGFR-focused 
testing algorithm cannot make these distinctions. In keeping 
with cIMPACT-NOW recommendations, EGFR testing in IDH-
wildtype gliomas (along with chr 7 gain/chr 10 loss or TERT pro-
moter mutation) represents a necessary, but not necessarily 
sufficient, molecular characterization for all gliomas.

To our knowledge, prior testing approaches for subclassifica-
tion have not taken into account practical feasibility or financial 
considerations; arguably these are significant impediments 
to uniform clinical adoption. While we took these aspects into 
account, our cost analysis cannot account for the variability 
of billable costs across practice sites. For example, the cost 
of comprehensive NGS testing varies widely between the US 
and Europe. These more comprehensive testing approaches 
(eg, NGS), once widely adopted, will offer important additional 
insights—and clinical utility may ultimately justify the higher 
costs when compared with FISH. Despite improvements in 
NGS technology and wider clinical adoption, most neuropa-
thology laboratories will not have access to NGS-based copy 
number calling. In contrast, most diagnostic neuropathology 
laboratories are already applying FISH (eg, to assess 1p/19q 
status) and we believe that the relatively succinct nature of the 
workup presented here can be implemented across several 
practice settings. Of note, the use of dual-color EGFR/CEP7 
FISH simultaneously provides copy number information with 
respect to the centromere of chromosome 7. In other words, 
FISH-based analyses can account for loci of interest included 
in the new cIMPACT-NOW guidelines (in conjunction with chr 
10/phosphatase and tensin homolog) as well as other emerg-
ing targets (9p/cyclin-dependent kinase inhibitor 2A). Our 
proposed algorithm is readily scalable to enable meaningful 
genomic characterization of gliomas.44–47

Therapeutically, EGFR signaling and downstream activation 
of receptor tyrosine kinase/Ras/phosphatidylinositol-3 kinase 
pathways have received significant attention in multiple cancer 
types.48–50 Despite the relative success in lung and breast cancer, 
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EGFR tyrosine kinase inhibitors have not shown significant 
response rates in gliomas to date,51,52 and antibody-based thera-
pies have been similarly disappointing.53,54 While vaccination for 
the EGFR variant III gene fusion has also not been a successful 
strategy,55 preliminary data for an EGFR-targeting antibody–
drug conjugate in EGFR-amplified tumors have shown promis-
ing results (NCT02573324). Therefore, while EGFR amplification 
as a target for therapy is currently of limited therapeutic utility, it 
remains of interest in the context of clinical trials. Our findings 
therefore also outline a possibly underrecognized subgroup of 
patients who may benefit from these therapies.

In summary, we present a cost-effective, clinically rel-
evant diagnostic workup to subclassify WHO grade II/III, 
IDH-wildtype gliomas according to EGFR amplification 
status. WHO grade II/III, IDH-wildtype gliomas with EGFR 
gene amplification represent a prognostically relevant and 
distinct (“glioblastoma-like”) subset of patient with signifi-
cantly shorter overall survival.
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