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Abstract
Background. Genomic profiling studies of diffuse gliomas have led to new improved classification schemes that 
better predict patient outcomes compared to conventional histomorphology alone. One example is the recogni-
tion that patients with IDH-wildtype diffuse astrocytic gliomas demonstrating lower-grade histologic features but 
genomic and/or epigenomic profile characteristic of glioblastoma typically have poor outcomes similar to patients 
with histologically diagnosed glioblastoma. Here we sought to determine the clinical impact of prospective ge-
nomic profiling for these IDH-wildtype diffuse astrocytic gliomas lacking high-grade histologic features but with 
molecular profile of glioblastoma.
Methods. Clinical management and outcomes were analyzed for 38 consecutive adult patients with IDH-wildtype 
diffuse astrocytic gliomas lacking necrosis or microvascular proliferation on histologic examination that were 
genomically profiled on a prospective clinical basis revealing criteria for an integrated diagnosis of “diffuse astro-
cytic glioma, IDH-wildtype, with molecular features of glioblastoma, WHO grade IV” per cIMPACT-NOW criteria.
Results. We identified that this diagnosis consists of two divergent clinical scenarios based on integration of 
radiologic, histologic, and genomic features that we term “early/evolving” and “undersampled” glioblastoma, 
IDH-wildtype. We found that prospective genomically guided identification of early/evolving and undersampled 
IDH-wildtype glioblastoma resulted in more aggressive patient management and improved clinical outcomes 
compared to a biologically matched historical control patient cohort receiving standard-of-care therapy based on 
histomorphologic diagnosis alone.
Conclusions. These results support routine use of genomic and/or epigenomic profiling to accurately classify glial 
neoplasms, as these assays not only improve diagnostic classification but critically lead to more appropriate pa-
tient management that can improve clinical outcomes.
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Key Points

• “Diffuse astrocytic glioma, IDH-wildtype, with molecular features of glioblastoma” 
consists of two divergent clinical scenarios: “early/evolving” and “undersampled”.

• Prospective identification results in more aggressive therapy and improved 
outcomes.

Genomic profiling of gliomas over the past two decades 
has led to dramatic advances in tumor classification and 
treatment for affected patients.1,2 Gliomas are no longer 
pathologically classified based exclusively on morphologic 
features, and many brain tumor types now have defining 
genetic alterations that are considered essential for diag-
nosis per the 5th edition of the World Health Organization 
(WHO) Classification of Central Nervous System Tumors.3,4 
Examples include demonstrating the presence of IDH1/2 
hotspot mutation and chromosomes 1p and 19q whole arm 
codeletion for the tumor type “oligodendroglioma, IDH-
mutant and 1p/19q-codeleted”, and IDH1/2 hotspot mutation 
with either ATRX inactivation or intact chromosomes 1p 
and 19q for the tumor type “astrocytoma, IDH-mutant”. This 
new diagnostic classification schema of diffuse lower-grade 
gliomas in adults has mostly eliminated the concept of 
mixed oligoastrocytomas which was previously a frequently 
used diagnosis for gliomas with ambiguous or overlapping 
astrocytic and oligodendroglial microscopic features. Such 
molecular-based diagnostic schemes more accurately pre-
dict patient outcomes compared to histomorphology alone 
and have been widely adopted into clinical practice in-
cluding by the World Health Organization.

Importantly, we now recognize that IDH-wildtype dif-
fuse astrocytic gliomas of lower histologic grade that 
harbor molecular alterations frequent in glioblastoma 
(EGFR amplification, NF1 mutation/deletion, PTEN muta-
tion/deletion, TERT promoter mutation, CDKN2A homo-
zygous deletion) have poor clinical outcomes similar to 
IDH-wildtype glioblastomas with characteristic histologic 
features of necrosis and microvascular proliferation.5–8 
Such IDH-wildtype diffuse astrocytic gliomas harboring an 
epigenetic profile aligning with glioblastoma or genetic al-
terations characteristic of glioblastoma are now thought to 
biologically represent conventional glioblastoma, rather 

than diffuse lower-grade astrocytic gliomas.9 Historically, 
such patients would have been treated less aggres-
sively based on a lower WHO grade pathologic diagnosis 
relying exclusively on histologic features. Subsequent 
to the revised 4th edition of the WHO Classification of 
Central Nervous System Tumors, the Consortium to 
Inform Molecular and Practical Approaches to CNS Tumor 
Taxonomy—Not Official WHO (cIMPACT-NOW) suggested 
that identification of at least one of three specific molecular 
criteria could allow for classification of an IDH-wildtype 
diffuse astrocytoma as a “diffuse astrocytic glioma, IDH-
wildtype, with molecular features of glioblastoma, WHO 
grade IV” (so-called “molecular glioblastoma”): com-
bined whole chromosome gain/trisomy of chromosome 7 
and loss/monosomy of chromosome 10, focal EGFR gene 
amplification, and TERT promoter hotspot mutation (ei-
ther c.-124C > T or c.-146C > T).10 Subsequent retrospective 
studies have confirmed the prognostic value of this genetic 
signature in IDH-wildtype diffuse astrocytic gliomas with 
molecular features of glioblastoma.11–14 As such, these mo-
lecular criteria have since been adopted into the 5th edition 
of WHO Classification of Central Nervous System Tumors 
as sufficient to qualify for the diagnosis of “glioblastoma, 
IDH-wildtype, CNS WHO grade 4” even in the absence of 
high-grade histologic features.4

Since these diagnostic criteria have only recently 
been standardized, an unresolved question in the neuro-
oncology field is whether prospectively using genomic/
epigenomic profiling to accurately classify glial neoplasms 
will lead to improved patient outcomes. Here, we sought to 
determine if prospective genomic profiling of IDH-wildtype 
diffuse gliomas in adults lacking histologic features of 
glioblastoma (ie, necrosis and microvascular prolifera-
tion) could improve patient management and lead to im-
proved clinical outcomes. We describe two distinct clinical 

Importance of the Study

While more precise diagnostic classification un-
doubtedly leads to more accurate prognostication 
for brain tumor patients, an unresolved question in 
the neuro-oncology field is whether prospectively 
using genomic or epigenomic profiling to more ac-
curately classify glial neoplasms will actually lead to 
improved patient outcomes. Here, we demonstrate 
that prospectively identifying IDH-wildtype diffuse 
astrocytic gliomas in adults with lower-grade histo-
logic features but molecular features of glioblastoma 

results in more aggressive patient management and 
improved clinical outcomes compared to biologically 
matched historical control patient cohorts receiving 
standard-of-care therapy based on histomorphologic 
diagnosis alone. As such, these results support rou-
tine use of genomic and/or epigenomic profiling to 
accurately classify glial neoplasms, as these assays 
not only improve diagnostic classification but also 
lead to altered patient management that improves 
clinical outcomes.
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scenarios where genomic profiling can inform accurate di-
agnostic classification for IDH-wildtype glioblastoma due 
to: 1) early/evolving disease, or 2) surgical undersampling. 
Furthermore, we demonstrate that prospectively using 
genomic profiling to accurately identify IDH-wildtype gli-
oblastoma amongst diffuse astrocytic gliomas in adults 
with lower-grade histologic features results in more ag-
gressive patient management and improved clinical out-
comes compared to biologically matched historical control 
patient cohorts receiving standard-of-care therapy based 
on histomorphologic diagnosis alone.

Methods

Patient Cohort and Tumor Samples

The study cohort consisted of 38 consecutive adult pa-
tients over 18 years of age who underwent surgical sam-
pling of an IDH-wildtype diffuse astrocytic glioma lacking 
necrosis or microvascular proliferation on pathologic ex-
amination performed at the University of California, San 
Francisco between 2015 and 2021 and prospective ge-
nomic profiling yielding an integrated diagnosis of “diffuse 
astrocytic glioma, IDH-wildtype, with molecular features of 
glioblastoma, WHO grade IV” based on cIMPACT-NOW up-
date 3 criteria.10 For 29 of the patients (76%), the genomic 
profiling was performed immediately following the ini-
tial surgical procedure at time of primary diagnosis, and 
clinical management was based upon this genomically 
informed integrated diagnosis including maximal safe re-
section followed by primary adjuvant radiation and che-
motherapy as indicated, as well as clinical trial enrollment 
based on glioblastoma diagnosis in a subset of patients. In 
the remaining 9 patients (24%), the genomic profiling was 
performed later during the treatment course, and subse-
quent therapy decisions were based upon this genomically 
informed integrated diagnosis. Disease progression was 
defined based on RANO criteria.15 This study was ap-
proved by the institutional review board of the University 
of California, San Francisco.

Histopathologic Review and Molecularly 
Integrated Diagnosis

Pathologic review of all tumors was performed at the UCSF 
Division of Neuropathology. All tumors were composed 
of glial cells with astrocytic morphology exhibiting a dif-
fuse growth pattern, and uniformly lacked both microvas-
cular proliferation and necrosis. Tumors were substratified 
into those that would have previously been histologically 
classified as “diffuse astrocytoma, WHO grade II” versus 
“anaplastic astrocytoma, WHO grade III” according to 
the 2016 WHO Classification of Tumors of the Central 
Nervous System based upon degree of mitotic activity 
and cytologic anaplasia.16 Prospective genomic evaluation 
was performed on a clinical basis for all tumors using the 
UCSF500 NGS Panel as described below, which typically 
provides greater than 500× sequencing coverage over the 
IDH1 p.R132 and IDH2 p.R172 mutational hotspots, as well 
as providing comprehensive assessment of cytogenetic 

alterations (eg, chromosomes 1p and 19q status, chromo-
somes 7 and 10 status) and genetic alterations (eg, EGFR, 
PDGFRA, MET, FGFR3, NF1, BRAF, PIK3CA, PIK3R1, PTEN, 
CDKN2A, CDK4, CDK6, RB1, TP53, MDM2, MDM4, CIC, 
FUBP1, TERT [including promoter region], ATRX) critical 
for glioma diagnostic assessment. All tumors were veri-
fied to be IDH-wildtype and contained at least one of the 
following three definitional alterations: TERT promoter 
hotspot mutation (either c.-124C > T or c.-146C > T), focal 
EGFR gene amplification, or combined whole chromosome 
gain/polysomy of 7 and loss/monosomy of 10. A molecu-
larly integrated diagnosis of “diffuse astrocytic glioma, 
IDH-wildtype, with molecular features of glioblastoma, 
WHO grade IV” based upon the cIMPACT-NOW update 3 cri-
teria was rendered for all patients.10 All tumors would now 
qualify for the diagnosis of “glioblastoma, IDH-wildtype, 
CNS WHO grade 4” per the 2021 WHO Classification of 
Central Nervous System Tumors.4

Targeted Next-generation Sequencing

Tumor tissue was selectively scraped from unstained 
slides or punched from formalin-fixed, paraffin-embedded 
blocks using biopsy punches (Integra Miltex Instruments, 
cat# 33-31-P/25) to enrich for as high of tumor con-
tent as possible. Genomic DNA was extracted from this 
macrodissected formalin-fixed, paraffin-embedded tumor 
tissue using the QIAamp DNA FFPE Tissue Kit (Qiagen). 
Targeted next-generation sequencing was performed 
using the UCSF500 NGS Panel as previously described.17 
Capture-based next-generation DNA sequencing was per-
formed using an assay that targets all coding exons of 479 
cancer-related genes, select introns and upstream reg-
ulatory regions of 47 genes to enable detection of struc-
tural variants including gene fusions, and DNA segments 
at regular intervals along each chromosome to enable 
genome-wide copy number and zygosity analysis, with 
a total sequencing footprint of 2.8  Mb (Supplementary 
Table S1). Multiplex library preparation was performed 
using the KAPA Hyper Prep Kit (Roche) according to the 
manufacturer’s specifications using 250 ng of sample DNA. 
Hybrid capture of pooled libraries was performed using 
a custom oligonucleotide library (Nimblegen SeqCap EZ 
Choice). Captured libraries were sequenced as paired-end 
reads on an Illumina HiSeq 2500 instrument. Sequence 
reads were mapped to the reference human genome build 
GRCh37 (hg19) using the Burrows-Wheeler aligner (BWA). 
Recalibration and deduplication of reads was performed 
using the Genome Analysis Toolkit (GATK). Coverage 
and sequencing statistics were determined using Picard 
CalculateHsMetrics and Picard CollectInsertSizeMetrics. 
Single nucleotide variant and small insertion/deletion 
mutation calling was performed with FreeBayes, Unified 
Genotyper, and Pindel. Large insertion/deletion and struc-
tural alteration calling was performed with Delly. Variant 
annotation was performed with Annovar. Single nucleo-
tide variants, insertions/deletions, and structural variants 
were visualized and verified using Integrative Genome 
Viewer. Genome-wide copy number and zygosity analysis 
was performed by CNVkit and visualized using Nexus Copy 
Number (Biodiscovery).
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Preoperative Imaging Assessment, Measurement 
of Tumor Volumes, and Volumetric Extent of 
Resection

Preoperative imaging studies were reviewed to assess de-
gree of contrast enhancement, and stratified as 1)  non-
enhancing, 2) wispy or patchy/heterogeneous enhancement, 
or 3)  well-defined ring-enhancement. Preoperative and 
postoperative tumor volumes were quantified by manual 
segmentation with the 3D Slicer Medical Image Computing 
Platform (version 4.8.1).18 MRI scans obtained in close prox-
imity to surgery, typically 24 h prior to surgery and within 
72  h postresection, were used for pre- and postoperative 
evaluation. Total contrast-enhancing (CE) and non-enhancing 
(NE) tumor volumes were measured at both pre- and postop-
erative time points. The total CE tumor volume was measured 
on T1-weighted postcontrast images, and the non-enhancing 
tumor volume was measured on T2 or FLAIR sequences. 
Manual segmentation was performed with region-of-interest 
analysis and volumetric measurements were obtained in a 
blinded manner in terms of patient outcomes.19

Comparison to Diagnostically Matched Historical 
Patient Cohorts

Patient demographics, molecular features, treat-
ment regimen, and clinical outcomes were compared 
against two matched historical control patient cohorts 
where molecular evaluation was performed on a ret-
rospective research basis and did not alter patient di-
agnosis or treatment decision making. The first cohort 
consisted of patients from The Cancer Genome Atlas 
(TCGA) Research Network study on diffuse lower-grade 
gliomas,5 and consisted of those 32 adult patients with 
diffuse lower-grade gliomas (grade II or III histologic 
features per 2016 WHO Classification criteria) studied 
by comprehensive genomic profiling that was con-
firmed to be IDH-wildtype and to harbor TERT promoter 
hotspot mutation (32/32, 100%), focal EGFR amplifica-
tion (17/32, 53%), and/or combined trisomy 7/mono-
somy 10 (23/32, 72%), therefore fulfilling the diagnostic 
criteria for “diffuse astrocytic glioma, IDH-wildtype, 
with molecular features of glioblastoma, WHO grade 
IV” per cIMPACT-NOW update 3.  The second cohort 
consisted of patients from the UCSF Adult Glioma 
Study (AGS) on molecular subgrouping of adult diffuse 
gliomas,6 and consisted of those 98 adult patients with 
diffuse lower-grade gliomas (grade II or III histologic 
features per 2016 WHO Classification criteria) studied 
by targeted Sanger sequencing and fluorescence in 
situ hybridization (FISH) that were confirmed to be 
IDH-wildtype, lacking codeletion of chromosomes 1p 
and 19q, and harboring TERT promoter hotspot muta-
tion (98/98, 100%) and EGFR amplification in a subset 
(24/64, 38%), therefore fulfilling the diagnostic criteria 
for “diffuse astrocytic glioma, IDH-wildtype, with mo-
lecular features of glioblastoma, WHO grade IV” per 
cIMPACT-NOW update 3. Patient demographics, tumor 
histologic features, molecular data, treatment regimen, 
and clinical outcomes for the TGCA and AGS patient 

cohorts are listed in Supplementary Tables S2 and S3, 
respectively.

Statistical Analysis

Patient demographics and tumor characteristics were sum-
marized with descriptive statistics. Student’s t- and χ 2-tests 
were used to compare continuous and categorical variables 
between patient cohorts, respectively. Logistic regression 
was used for multivariate comparisons to estimate odds 
ratios and 95% confidence intervals (95% CI). Overall sur-
vival was defined as the time from initial diagnostic sur-
gical procedure until death or last clinical follow-up visit. 
Median follow-up was estimated with the reverse Kaplan–
Meier method. Differences in survival were determined 
by log-rank test. Median overall survival times, hazard 
ratios, and 95% CI were estimated using the Kaplan–Meier 
method and Cox proportional hazards model. Multivariate 
models were chosen based on backwards variable selec-
tion. All analyses were conducted using the statistical soft-
ware R version 4.0 (http://www.r-project.org/).

Results

Prospective Glioblastoma Precision Medicine 
Patient Cohort

This study included 38 consecutive adult patients with IDH-
wildtype diffuse astrocytic glioma lacking necrosis or micro-
vascular proliferation on histologic examination that were 
genomically profiled on a prospective clinical basis revealing 
criteria for an integrated diagnosis of “diffuse astrocytic 
glioma, IDH-wildtype, with molecular features of glioblas-
toma, WHO grade IV” per cIMPACT-NOW update 3 criteria.10 
Patient demographics and clinical characteristics are sum-
marized in Table 1 and detailed in Supplementary Table S4. 
The median age at initial diagnosis was 59 years (interquartile 
range [IQR], 51.5–64.8). 22 patients (58%) were male and 16 
(42%) were female. The most frequent presenting symptoms 
were seizures, headaches, or extremity weakness. Tumors 
were located in the cerebral hemispheres in 37 patients and 
the thalamus in 1 patient. Preoperative imaging studies 
showed no contrast enhancement for 19 patients, wispy, or 
patchy/heterogeneous enhancement for 14 patients, and well-
developed ring-enhancement for 5 patients. 21 patients un-
derwent surgical resection as the initial diagnostic procedure, 
whereas 17 patients had only a limited diagnostic biopsy 
performed before initiation of adjuvant therapy. Based on 
histologic grading criteria per the 2016 WHO Classification,16 
17 patients (45%) would have previously been diagnosed as 
“diffuse astrocytoma, WHO grade II” and 21 patients (55%) as 
“anaplastic astrocytoma, WHO grade III”.

Prospective Genomic Interrogation of IDH-
wildtype Diffuse Lower-histologic Grade 
Astrocytic Glioma

Prospective genomic profiling was performed using the 
UCSF500 targeted-capture NGS panel as part of the UCSF 
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Glioblastoma Precision Medicine Program (GPMP) to in-
form accurate diagnostic classification and stratify patients 
for possible targeted therapy and clinical trial enrollment 
(Figure 1, Supplementary Tables S5, S6, S7). The 38 tu-
mors were uniformly confirmed to be wildtype for the IDH1 
and IDH2 genes, as well as the histone H3 genes (H3F3A, 
H3F3B, HIST1H3B, and HIST1H3C). Combined whole chro-
mosome gain (polysomy) of chromosome 7 and loss (either 
monosomy or copy-neutral loss of heterozygosity) of chro-
mosome 10 was found in 33/38 (87%) tumors. TERT pro-
moter hotspot mutation (either c.-124C > T or c.-146C > T) 
was present in 37/38 (97%) tumors. Focal EGFR gene am-
plification was found in 11/38 (29%) tumors. Additionally, 
8 tumors harbored known activating missense mutations 
within the extracellular domain or small in-frame insertions 
within the intracellular tyrosine kinase domain of EGFR in 
the absence of focal EGFR gene amplification. Additional 
likely oncogenic alterations known to be common in IDH-
wildtype glioblastoma (eg, CDKN2A homozygous deletion, 
NF1 mutation/deletion, PTEN mutation/deletion, TP53 mu-
tation, FGFR3-TACC3 fusion) were identified in 37/38 tu-
mors. All tumors had a low somatic mutation burden with 
less than 10 mutations per Mb. MGMT promoter methyl-
ation was present in 12 of the 21 evaluated tumors (57%).

Two Divergent Clinical Scenarios – “Early/
evolving” and “Undersampled” Glioblastoma, 
IDH-wildtype

Among diffuse lower-histologic grade astrocytic gliomas 
fulfilling the new definitional criteria for “glioblastoma, 
IDH-wildtype” in the 2021 WHO Classification, we iden-
tify two divergent clinical scenarios (Figure 2). The first we 
term “early/evolving glioblastoma, IDH-wildtype”, which 
we use to designate those patients (33/38) who had sur-
gical sampling of a mass with imaging features sugges-
tive of a diffuse lower-grade glioma (ie, minimal to absent 
contrast enhancement), which is histologically composed 
of a diffuse astrocytic glioma without necrosis or micro-
vascular proliferation and proven to be IDH-wildtype but 
with molecular features of glioblastoma. The second we 
term “undersampled glioblastoma, IDH-wildtype”, which 
we use to designate those patients (5/38) who underwent 
limited surgical sampling of a mass with imaging features 
suggestive of glioblastoma (ie, ring-enhancement with 
central necrosis), which is histologically composed of a dif-
fuse astrocytic glioma without necrosis or microvascular 
proliferation and proven to be IDH-wildtype but with mo-
lecular features of glioblastoma. We find that these two 

  
Table 1. Clinical Comparison Between the Prospective GPMP Cohort and Retrospective AGS + TCGA Patient Cohorts of “Diffuse Astrocytic 
Glioma, IDH-wildtype, with Molecular Features of Glioblastoma, WHO Grade IV” Per cIMPACT-NOW Update 3 Criteria

 Grade II Histologic Features Per 2016 
WHO Classification

Grade III Histologic Features Per 2016 
WHO Classification

Either Grade II or Grade III Histologic 
Features Combined

Prospective 
(N = 17) 

Retrospective 
(N = 28) 

P Prospective 
(N = 21) 

Retrospective 
(N = 102) 

P Prospective 
(N = 38) 

Retrospective 
(N = 130) 

P 

Age at initial  
diagnosis (yrs)

  0.20   .32   .16

 Mean (SD) 58.8 (9.3) 54.4 (12.0)  59.5 (10.7) 56.7 (11.9)  59.2 (10.0) 56.2 (11.9)  

 Median 60.9 53.0  58.4 57.0  59.0 57.0  

 Q1, Q3 48.7, 63.7 48.0, 63.5  52.6, 65.1 51.0, 64.0  51.5, 64.8 50.0, 64.0  

 Range 44.0 - 75.4 29.0 - 74.0  41.7 - 78.4 20.0 - 86.0  41.7 - 78.4 20.0 - 86.0  

Sex   0.85   .60   .92

 Female 5 (29.4%) 9 (32.1%)  11 (52.4%) 47 (46.1%)  16 (42.1%) 56 (43.1%)  

 Male 12 (70.6%) 19 (67.9%)  10 (47.6%) 55 (53.9%)  22 (57.9%) 74 (56.9%)  

Initial surgical 
procedure

  0.17   .46   .07

 Biopsy 9 (52.9%) 9 (32.1%)  7 (33.3%) 26 (25.5%)  16 (42.1%) 35 (26.9%)  

 Resection 8 (47.1%) 19 (67.9%)  14 (66.7%) 76 (74.5%)  22 (57.9%) 95 (73.1%)  

Primary adju-
vant radiation 
therapy

  0.69   .32   .95

 Yes 9 (60.0%) 15 (53.6%)  19 (95.0%) 82 (87.2%)  28 (80.0%) 97 (79.5%)  

 No 6 (40.0%) 13 (46.4%)  1 (5.0%) 12 (12.8%)  7 (20.0%) 25 (20.5%)  

 Unknown 2 0  1 8  3 8  

Primary 
 adjuvant 
 chemotherapy

  0.09   .17   .06

 Yes 11 (73.3%) 13 (46.4%)  16 (80.0%) 57 (64.0%)  27 (77.1%) 70 (59.8%)  

 No 4 (26.7%) 15 (53.6%)  4 (20.0%) 32 (36.0%)  8 (22.9%) 47 (40.2%)  

 Unknown 2 0  1 13  3 13  
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clinical scenarios are histologically and molecularly indis-
tinguishable (Figure 1, Supplementary Table S8), and this 
categorization requires integration with both the preoper-
ative and postoperative imaging findings (eg, assessment 
of ring-enhancement and extent of surgical sampling). No 
significant difference in clinical outcomes was appreci-
ated when stratifying the patient cohort by early/evolving 
versus undersampled disease (Supplementary Figure S1), 
but this analysis is limited as the cohort only included 5 pa-
tients with undersampled glioblastoma.

Temporal Acquisition of High-grade Radiologic 
and Histologic Features in Early/evolving 
Glioblastoma, IDH-wildtype is Accompanied by 
Genetic Evolution

Current speculation is that the tumors we designate here 
as “early/evolving glioblastoma, IDH-wildtype” are likely 
to represent an early clinical presentation of glioblastoma 
that has yet to develop high-grade radiologic and histo-
logic features. In support of this hypothesis, longitudinal 
observation of these patients over time revealed that dis-
ease progression was associated with the development 
of ring-enhancement and high-grade histologic features 
including necrosis and microvascular proliferation (Figure 
3). Genomic profiling of paired initial and recurrent tumor 
specimens for three such patients with “early/evolving glio-
blastoma, IDH-wildtype” demonstrated shared alterations 

(eg, TERT promoter mutation), as well as genetic diver-
gence including newly acquired alterations at time of re-
currence (eg, CDKN2A/B homozygous deletion for patients 
5 and 11) accompanying the development of high-grade ra-
diologic and histologic features (Supplementary Table S9).

More Aggressive Adjuvant Treatment of Early/
evolving and Undersampled IDH-wildtype 
Glioblastoma Improves Clinical Outcomes

The prospective genomically informed diagnostic classi-
fication of these tumors as “glioblastoma, IDH-wildtype” 
guided aggressive management with most patients re-
ceiving adjuvant radiation and chemotherapy despite 
not meeting traditional histologic criteria for glioblas-
toma (Figure 4, Supplementary Table S4). To determine 
the impact of this prospective genomic profiling and 
more aggressive adjuvant therapy, we compared the clin-
ical outcomes for this prospective GPMP patient cohort 
against a biologically matched historical control patient 
cohort where molecular evaluation was performed on a 
retrospective research basis and did not alter patient diag-
nosis or treatment decision making. This matched histor-
ical control cohort consisted of 130 patients with diffuse 
lower-grade gliomas (grade II or III histologic features per 
2016 WHO Classification criteria) pooled from The Cancer 
Genome Atlas (n = 32) and the UCSF Adult Glioma Study 
(n = 98) that were confirmed to be IDH1/2 wildtype and 
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Fig. 1 Oncoprint plot summarizing the genomic alterations identified in the 38 early/evolving or undersampled glioblastoma, IDH-wildtype.
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fulfill genetic criteria for “diffuse astrocytic glioma, IDH-
wildtype, with molecular features of glioblastoma, WHO 
grade IV” per the cIMPACT-NOW update 3.5,6 Compared to 

the retrospective cohort, our prospective GPMP cohort had 
similar age at initial diagnosis (59.2 vs 56.2 years, P = .16) 
and sex distribution (42% vs 43% female, P = .92), but a 

  

Patient #13, 51 y/o F; IDH-wildtype, +7/–10, TERTp mutant, EGFR amplified
Early/evolving glioblastoma, IDH-wildtype

Patient #34, 48 y/o M: IDH-wildtype, +7/–10, TERTp mutant, NF1 and PTEN inactivation
Undersampled glioblastoma, IDH-wildtype

Pre-op FLAIR Pre-op T1
with contrast

Minimal
enhancement

Histology:
Diffuse astrocytic
glioma
No necrosis
No MVP

Pre-op FLAIR

Impression:
Diffuse high-
grade glioma
(glioblastoma)

Histology:
Diffuse astrocytic
glioma
No necrosis
No MVP

Impression:
Diffuse low-

grade glioma

Post-op FLAIR

Near-total
resection

Pre-op T1
with contrast

Ring-enhancing

Post-op T1
with contrast

Limited subtotal
resection

Fig. 2 Illustration of two representative patients highlighting the two divergent clinical scenarios where the diagnosis of “diffuse astrocytic 
glioma, IDH-wildtype, with molecular features of glioblastoma, WHO grade IV” based on the cIMPACT-NOW update 3 can be applied. The first 
(top panel) is “early/evolving” disease where the patient presents with imaging features suggestive of a lower-grade diffuse glioma (ie, minimal 
to absent contrast enhancement) and histology reveals a diffuse lower-grade astrocytic glioma despite extensive surgical resection. The second 
(bottom panel) is “undersampled” disease where the patient presents with imaging features of glioblastoma (ie, ring-enhancing mass with central 
necrosis), but with limited surgical sampling from the infiltrative edge of the tumor whereby histology reveals a diffuse astrocytic glioma without 
necrosis or microvascular proliferation (MVP) that likely would have been found upon more extensive surgical resection.
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greater proportion of tumors with grade II histologic fea-
tures per 2016 WHO Classification criteria (45% vs 22%). 
Additionally, a larger proportion of patients in our prospec-
tive cohort underwent a diagnostic biopsy only compared 
to the retrospective cohort (42% vs 27%, P = .07), whereas 
a greater proportion of patients in our prospective GPMP 
cohort were treated with adjuvant radiation and chemo-
therapy given the molecularly integrated diagnosis of 
IDH-wildtype glioblastoma compared to the retrospective 
control cohort (Table 1). In a multivariate logistic regres-
sion model of membership in the prospective GPMP co-
hort versus the retrospective control cohort, patient age at 
diagnosis, histologic grade per 2016 WHO Classification, 
and primary adjuvant chemotherapy were significantly 
different (Supplementary Table S10). The odds ratio for pri-
mary adjuvant chemotherapy was 3.02 (95% CI: 1.20–7.62), 
indicating that a patient was approximately 3 times more 
likely to be from the prospective cohort if they had re-
ceived primary adjuvant chemotherapy while controlling 
for age at diagnosis and histologic grade per 2016 WHO 
Classification.

The median overall survival in our prospective GPMP 
cohort was 23.8  months (95% CI: 20.7–39.6), which was 
significantly longer when compared to the retrospec-
tive control cohort with median survival of 16.2  months 
(95% CI: 13.2–18.9) (Figure 5A, P = .011 by log-rank test). 
The hazard ratio (HR) of the retrospective control co-
hort compared to our prospective GPMP cohort was 1.82 
(95% CI: 1.14–2.9, P = .012). When segregated by histologic 
grade per 2016 WHO Classification, median overall sur-
vival was prolonged in the prospective GPMP cohort for 
both grade II and III subgroups compared to the historical 
control cohort, most pronounced in the grade II (“diffuse 
astrocytoma”) tumors (Figure 5B, C). In a multivariate Cox 
proportional hazard ratio model (Supplementary Table 
S11), protective factors for overall survival were cohort 
membership (prospective GPMP vs retrospective con-
trol: HR = 0.47, 95% CI: 0.29–0.76), primary adjuvant che-
motherapy (yes vs no: HR = 0.53, 95% CI: 0.36–0.78), and 
initial surgical procedure (resection vs biopsy: HR = 0.45, 
95% CI: 0.29–0.69). Adverse risk factors were age at initial 
diagnosis (per year: HR = 1.02, 95% CI: 1.01–1.04) and pri-
mary adjuvant radiotherapy (yes vs no: HR = 2.20, 95% CI: 
1.37–3.51). Patient sex and tumor histologic grade per 2016 
WHO Classification were not significant. The hazard ratio of 
0.47 signifies that if a patient was in the prospective GPMP 
cohort, they have a 53% reduction in risk of death com-
pared to the retrospective control cohort while controlling 
for age at diagnosis, initial surgical procedure, primary ad-
juvant radiotherapy, and primary adjuvant chemotherapy.

Discussion

Here, we show that prospective application of a tar-
geted NGS panel can readily identify the molecular al-
terations characteristic of IDH-wildtype glioblastoma in 
histologically lower-grade IDH-wildtype diffuse gliomas, 
thereby improving diagnostic and prognostic classifica-
tion for affected patients. Importantly, when compared to a 
biologically matched historical control patient cohort with 

molecular evaluation performed only on a retrospective re-
search basis, we found that this prospective genomic pro-
filing led to more aggressive treatment including a greater 
fraction of patients who received primary adjuvant radia-
tion and chemotherapy immediately after initial diagnostic 
surgical procedure. This was accompanied by prolonged 
survival times compared to the matched historical control 
cohort, thereby highlighting the power of a molecularly 
integrated diagnostic approach to improve outcomes for 
glioma patients.

Although no significant outcome difference was found 
between early/evolving and surgically undersampled IDH-
wildtype glioblastoma in this cohort potentially due to 
limited sample size, additional studies are warranted to 
examine the clinical impact of these two divergent clinical 
scenarios which have now been included under the diag-
nosis of “glioblastoma, IDH-wildtype” in the 2021 WHO 
Classification. We speculate that undersampled tumors 
are likely to have worse clinical outcomes due to the lim-
ited surgical sampling and the known benefit of maximal 
surgical resection for diffuse glioma patients.19 In contrast, 
we speculate the tumors we have designated as “early/
evolving glioblastoma, IDH-wildtype” likely represent an 
early clinical presentation of glioblastoma that has yet to 
develop high-grade radiologic and histologic features. 
More aggressive therapy for affected patients earlier in 
the disease course prior to development of high-grade fea-
tures is likely to be the underlying cause of the prolonged 
survival for early/evolving glioblastoma patients in our co-
hort (median overall survival of 23.6 months) compared to 
conventional glioblastoma, IDH-wildtype. Despite being 
genetically indistinguishable from conventional glioblas-
toma, such early/evolving glioblastomas may nonetheless 
have underlying biologic differences such as immune mi-
croenvironment and intact blood-brain barrier that may 
affect treatment efficacy, for which future studies are war-
ranted. We additionally identified genetic evolution of 
these early/evolving glioblastomas over time, indicating 
the need for longitudinal genomic profiling to inform pre-
cision medicine treatment approaches for these patients.

While NGS can identify molecular alterations that are sug-
gestive of an IDH-wildtype glioblastoma, these now defini-
tional molecular alterations in isolation are not entirely specific 
to IDH-wildtype glioblastoma. For example, TERT promoter 
mutations can be seen in other glial neoplasms such as oligo-
dendroglioma, IDH-mutant and 1p/19q-codeleted, and pleo-
morphic xanthoastrocytoma (typically those with anaplastic 
features).20,21 Notably, some studies have demonstrated that 
diffuse gliomas harboring TERT promoter mutations in the ab-
sence of EGFR amplification or combined trisomy 7 and mono-
somy 10 may follow a more favorable clinical course compared 
to the broader group of glioblastoma, IDH-wildtype.13,14 In our 
prospective patient cohort, only two of the 38 patients had 
diffuse astrocytic gliomas that fulfilled the cIMPACT-NOW cri-
teria for “molecular glioblastoma” based on solitary TERT 
promoter mutation (ie, lacking concurrent EGFR amplification 
and combined +7/−10). The first was patient 5, a 42-year-old 
man whose diffuse astrocytic glioma in the left frontal lobe 
had patchy enhancement on preoperative imaging, grade III 
histologic features per 2016 WHO Classification, and harbored 
TERT promoter mutation, FGFR3-TACC3 fusion, and trisomy 7 
(without aberration of chromosome 10). His tumor recurrence 
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without XRT
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Private to recurrence

T2/FLAIR

Post-op>

T1 post-gad Histology H&E

Fig. 3 Temporal acquisition of high-grade radiologic and histologic features for early/evolving glioblastoma, IDH-wildtype, is accompanied by 
genetic evolution. Shown are three patients with IDH-wildtype diffuse astrocytic gliomas lacking ring-enhancement on imaging and necrosis 
or microvascular proliferation on histology at time of initial surgical procedure. These patients subsequently developed ring-enhancement and 
histologic features characteristic of glioblastoma (or gliosarcoma for patient 12). Genomic profiling of both initial and recurrent tumor specimens 
demonstrated shared alterations (eg, TERT promoter mutation), as well as genetic divergence including newly acquired alterations at time of 
recurrence (eg, CDKN2A/B homozygous deletion for patients 5 and 11) accompanying the development of high-grade radiologic and histologic 
features.
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at 29 months included development of ring-enhancement and 
both microvascular proliferation and necrosis histologically, 
with molecular profiling demonstrating the identical TERT pro-
moter mutation, FGFR3-TACC3 fusion, and trisomy 7, but also 
with newly acquired monosomy 10, as well as CDKN2A/B ho-
mozygous deletion and TP53 mutation (Figure 3). We believe 

this patient 5 biologically has glioblastoma, IDH-wildtype ac-
cording to the constellation of radiologic, histologic, and mo-
lecular features, and may potentially have experienced longer 
survival (40  months) due to both the aggressive treatment 
and FGFR3-TACC3 fusion, which is a known favorable prog-
nostic factor in IDH-wildtype glioblastoma.22,23 The second was 
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Fig. 4 Swimmer’s plot showing timing of genomic results, treatment, and clinical outcomes for the 38 patients with early/evolving or 
undersampled glioblastoma, IDH-wildtype.
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Fig. 5 Kaplan–Meier curves comparing overall survival for the 38 consecutive patients with prospectively identified early/evolving and 
undersampled IDH-wildtype glioblastoma versus biologically matched historical control patient cohorts receiving standard-of-care therapy 
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patient 6, a 66-year-old woman who had imaging features of 
“gliomatosis cerebri” with molecular profiling demonstrating 
TERT promoter mutation, PPM1D exon 6 frameshift mutation, 
and missense mutations in PIK3CA, NF1, and PTPN11. This pa-
tient survived for 38 months and remains enigmatic in terms of 
definitive diagnostic classification despite fulfilling current cri-
teria for the diagnosis of “Glioblastoma, IDH-wildtype” in the 
2021 WHO Classification. Further studies are needed to refine 
classification and prognosis for IDH-wildtype diffuse gliomas 
with TERT promoter mutation lacking EGFR amplification and/
or combined +7/−10.

We now recognize that not all diffuse gliomas with mi-
crovascular proliferation and necrosis are biologically 
“glioblastoma, IDH-wildtype”. Genomic and epigenomic 
analysis of histologically high-grade IDH-wildtype 
gliomas allows for segregation of other distinct CNS 
tumor entities (eg, diffuse midline gliomas with H3 K27 
alteration, diffuse hemispheric gliomas with H3 G34 mu-
tation, high-grade astrocytoma with piloid features, etc) 
which are each associated with their own unique mo-
lecular pathogenesis and natural history.24–27 Even in 
the setting of an adult-type diffuse astrocytic glioma 
not aligning with other well-characterized tumor types, 
the current diagnostic criteria for IDH-wildtype glioblas-
toma as outlined in the 2021 WHO Classification do not 
fully encapsulate the broad spectrum of molecular alter-
ations that drive glioblastoma tumorigenesis. This is due 
to the fact that “glioblastoma, IDH-wildtype” still repre-
sents a heterogeneous disease encompassing multiple 
biologic and epigenetic subtypes with various genetic 
drivers beyond the combination of TERT promoter muta-
tion, combined +7/−10, or EGFR amplification. While EGFR 
amplification is present in approximately 50% of cur-
rently defined IDH-wildtype glioblastomas, those tumors 
lacking EGFR amplification can instead have amplification 
or fusion of other receptor tyrosine kinase genes such as 
PDGFRA, MET, and FGFR3.7,28,29 We also demonstrate here 
several tumors with known activating EGFR missense or 
indel mutations occurring in the absence of EGFR gene 
amplification (8 of 38 gliomas in this cohort). While one 
of two recurrent hotspot substitutions (c.-124C > T or 
c.-146C > T) in the promoter region of the TERT gene is the 
most frequent mechanism of telomere maintenance in 
IDH-wildtype glioblastomas,30 other less common genetic 
alterations can also occur such as TERT gene amplifica-
tion or rearrangements in the upstream TERT promoter 
region resulting in “enhancer hijacking”.31 Integrating his-
tologic and molecular features while accounting for any 
limitations in molecular test results (eg, low tumor con-
tent) is now considered best practice for the accurate di-
agnostic classification of CNS tumors.

Utilizing prospective genomic profiling and refined 
tumor classification schemes, we have shown that upfront 
identification and aggressive treatment of early/evolving 
or undersampled IDH-wildtype glioblastoma extends pa-
tient survival compared to prior matched patient cohorts 
whose treatment was predicated upon histologic grading. 
While these results are encouraging, additional multi-
center studies are necessary to confirm our findings and 
further support precision medicine-based treatment ap-
proaches to CNS tumors.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
online.
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based on histomorphologic diagnosis alone (ie, adult diffuse lower-grade astrocytic gliomas where molecular evaluation demonstrating IDH-
wildtype status and molecular features of glioblastoma was performed on a retrospective research basis and did not alter patient diagnosis or 
treatment decision making). (A) Overall survival analysis for all 38 patients from this prospective cohort versus 130 matched historical control 
patients from The Cancer Genome Atlas (TCGA) and UCSF Adult Glioma Study (AGS). (B) Overall survival analysis limited to those patients with 
tumors categorized as grade II per the 2016 WHO Classification criteria (“diffuse astrocytoma”). (C) Overall survival analysis limited to those 
patients with tumors categorized as grade III per the 2016 WHO Classification criteria (“anaplastic astrocytoma”). Patient demographics, tumor 
histologic features, molecular data, treatment regimen, and clinical outcomes for the TGCA and AGS patient cohorts are listed in Supplementary 
Tables S2 and S3, respectively.
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