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ABSTRACT

BACKGROUND AND PURPOSE: Epidermal growth factor receptor variant III is a common mutation in glioblastoma, found in approxi-
mately 25% of tumors. Epidermal growth factor receptor variant III may accelerate angiogenesis in malignant gliomas. We correlated
T1-weighted dynamic contrast-enhanced MR imaging perfusion parameters with epidermal growth factor receptor variant III status.

MATERIALS AND METHODS: Eighty-two consecutive patients with glioblastoma and known epidermal growth factor receptor variant III
status who had dynamic contrast-enhanced MR imaging before surgery were evaluated. Volumes of interest were drawn around the entire
enhancing tumor on contrast T1-weighted images and then were transferred onto coregistered dynamic contrast-enhanced MR imaging
perfusion maps. Histogram analysis with normalization was performed to determine the relative mean, 75th percentile, and 90th percentile
values for plasma volume and contrast transfer coefficient. A Wilcoxon rank sum test was applied to assess the relationship between
baseline perfusion parameters and positive epidermal growth factor receptor variant III status. The receiver operating characteristic
method was used to select the cutoffs of the dynamic contrast-enhanced MR imaging perfusion parameters.

RESULTS: Increased relative plasma volume and increased relative contrast transfer coefficient parameters were both significantly
associated with positive epidermal growth factor receptor variant III status. For epidermal growth factor receptor variant III–positive
tumors, relative plasma volume mean was 9.3 and relative contrast transfer coefficient mean was 6.5; for epidermal growth factor receptor
variant III–negative tumors, relative plasma volume mean was 3.6 and relative contrast transfer coefficient mean was 3.7 (relative plasma
volume mean, P � .001, and relative contrast transfer coefficient mean, P � .008). The predictive powers of relative plasma volume
histogram metrics outperformed those of the relative contrast transfer coefficient histogram metrics (P � � .004).

CONCLUSIONS: Dynamic contrast-enhanced MR imaging shows greater perfusion and leakiness in epidermal growth factor receptor
variant III–positive glioblastomas than in epidermal growth factor receptor variant III–negative glioblastomas, consistent with the known
effect of epidermal growth factor receptor variant III on angiogenesis. Quantitative evaluation of dynamic contrast-enhanced MR imaging
may be useful as a noninvasive tool for correlating epidermal growth factor receptor variant III expression and related tumor neoangio-
genesis. This potential may have implications for monitoring response to epidermal growth factor receptor variant III–targeted therapies.

ABBREVIATIONS: DCE � dynamic contrast-enhanced; EGFR � epidermal growth factor receptor; Ktrans � contrast transfer coefficient; rKtrans � relative Ktrans;
ROC � receiver operating characteristic; rVP � relative plasma volume; 75%tile � 75th percentile; 90%tile � 90th percentile; VP � plasma volume

Glioblastoma is the most common and aggressive primary

brain tumor. A highly malignant tumor, it is associated with

a dismal median survival of only 14 months with standard ra-

diochemotherapy.1 Glioblastoma is characterized by histologic

heterogeneity with areas of active cellular proliferation and mito-

ses admixed with areas of necrosis. Large-scale genetic sequencing

has revealed “driver” mutations in several common pathways that

contribute to glioblastoma growth.2 Among these, overactivation

of the epidermal growth factor receptor (EGFR) membrane ty-
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rosine kinase receptor pathway contributes to rapid aberrant cell

proliferation and drives tumor growth and development.3-5

EGFR variant III (EGFRvIII) is the most common EGFR muta-

tion in glioblastoma, occurring in 25%–35% of cases.6 EGFRvIII

is characterized by deletion of exons 2–7 in the extracellular do-

main, rendering the receptor constitutively active. EGFRvIII sta-

tus is determined either through exon sequencing or fluorescence

in situ hybridization on tumor specimens.

The growing interest in EGFRvIII-specific therapy and other

EGFR-targeted treatments for glioblastoma demands a better un-

derstanding of the correlation between molecular changes in tu-

mors and neuroimaging features. Prior studies have demon-

strated a correlation of T2* dynamic susceptibility contrast MR

imaging perfusion with EGFR amplification and EGFRvIII

mutations.5,7 The role of T1-weighted dynamic contrast-en-

hanced (DCE)–MR imaging in distinguishing molecular sub-

populations of glioblastoma, however, has not been well-es-

tablished, to our knowledge. DCE–MR imaging offers several

technical advantages over DSC–MR imaging, including im-

proved characterization of tumor vascularity through quanti-

fication of plasma volume (VP) and improved characterization

of tumor leakiness through calculation of the contrast transfer

coefficient (Ktrans).8-10 The purpose of this study was to exam-

ine the relationship between T1-weighted DCE–MR imaging

perfusion parameters and EGFRvIII status in patients with

newly diagnosed glioblastoma. We hypothesized that patients

with glioblastomas positive for EGFRvIII would demonstrate

increased perfusion and leakiness at DCE–MR imaging com-

pared with patients with EGFRvIII-negative glioblastomas.

MATERIALS AND METHODS
Protocol Approval and Informed Consent
The local institutional review board approved this retrospective

study, which was compliant with the Health Insurance Portability

and Accountability Act regulations. The requirement to obtain

patient informed consent was waived.

Subjects
A hospital data base was queried from March 2011 through March

2014 to identify all patients meeting the following inclusion crite-

ria: 1) pathologically confirmed glioblastoma diagnosis after bi-

opsy or resection, 2) EGFRvIII status obtained from the biopsy or

the resection specimen, and 3) baseline DCE–MR imaging perfu-

sion scan with matching postcontrast axial T1-weighted images

before surgery. EGFRvIII status was determined by reverse tran-

scriptase polymerase chain reaction amplification of the corre-

sponding exons followed by a single base extension at the site of

the mutation. The single base extension product was detected by

tandem mass spectrometry on a MassArray Spectrometer (Seque-

nom, San Diego, California) and reported in a binary manner as

either positive or negative.

MR Imaging Protocol
MR imaging sequences were acquired with a 1.5T or 3T MR im-

aging scanner (Signa Excite, HDx, and Discovery 750; GE Health-

care, Milwaukee, Wisconsin) and a standard 8-channel head

coil. Gadopentetate dimeglumine (Magnevist; Bayer HealthCare

Pharmaceuticals, Wayne, New Jersey) was power-injected via an

intravenous catheter (18 –21 ga) at doses standardized by patient

body weight (0.2 mL/kg body weight, maximum 20 mL) at 2–3

mL/s. DCE–MR imaging of the brain was acquired as part of a

standard clinical protocol with a 3D T1-weighted echo-spoiled

gradient-echo sequence (TR, 4 –5 ms; TE, 1–2 ms; section thick-

ness, 5 mm; flip angle, 25°; FOV, 24 cm; matrix, 256 � 256; tem-

poral resolution, 5– 6 seconds. Ten phases were acquired prein-

jection followed by another 30 phases during the dynamic

injection of intravenous contrast and then a 40-mL saline flush.

Matching contrast T1-weighted (TR/TE, 600/8 ms; thickness, 5

mm) spin-echo images were obtained.

Imaging Analysis
DCE perfusion MR imaging raw data and T1-weighted images

were transferred to an off-line workstation and processed by

using commercially available software (nordicICE; (Nordic-

NeuroLab, Bergen, Norway) by a trained radiologist who was

blinded to the EGFRvIII status. Preprocessing steps included

noise adjustments and semiautomated selection of the arterial

input function. These steps allowed the operator to optimize

the signal-to-noise ratio and the arterial input function by se-

lecting an appropriate artery to characterize the input function

curve and the concentration-time curve.11 The arterial input

function was calculated individually for every patient. Appro-

priate curves demonstrating an optimal relationship between

the arterial input function and the concentration-time curve

were selected. On the basis of the 2-compartment pharmaco-

kinetic model proposed by Tofts et al,12 the perfusion analysis

method was applied to determine pharmacokinetic parame-

ters, and the results were displayed as parametric maps. Vol-

umes of interest were drawn on axial planes on contrast T1-

weighted images, excluding intralesional macrovessels, to not

contaminate the measurements. VOIs were transferred to

coregistered parametric maps to obtain the pharmacokinetic

parameters VP and Ktrans. Parameters were then normalized by

using the ratio of tumor to normal white matter by placing

ROIs in normal white matter of the contralateral hemisphere

in a healthy-appearing area of brain parenchyma. The values

were then binned into histograms, and the relative mean VP

(rVPmean), 90th percentile VP (rVP90%tile), and 75th percentile

(rVP75%tile) ratios were recorded, along with the relative mean

Ktrans (rKtrans
mean), 90th percentile Ktrans (rKtrans

90%tile), and

75th percentile Ktrans (rKtrans
75%tile) ratios.

Statistical Analysis
Univariate analysis by using the Wilcoxon rank sum test was per-

formed to examine the correlations between the rVP and rKtrans

histogram parameters and EGFRvIII status. The cutoffs of the

DCE–MR imaging perfusion parameters were selected by using

the receiver operating characteristic (ROC) method. The areas

under the ROC curves of the perfusion parameters were com-

pared by using the Delong test. The statistical analysis was per-

formed with the software SAS, Version 9.2 (SAS Institute, Cary,

North Carolina) and R package ROCR and pROC (Version 3.1.2;

R statistical computing software; http://www.r-project.org/). The

significance level was set to P � .05.
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RESULTS
Patient Characteristics
Eighty-two consecutive treatment-naïve patients with glioblas-

toma were included in the study. Twenty-four (29.3%) patients

had positive EGFRvIII status, while 58 (70.7%) had negative

EGFRvIII status. The median age was 66.7 years (range, 38 – 87)

years; there were 21 women (25.6%) and 61 men (74.4%).

DCE–MR Imaging
As summarized in the Table, increased VP and Ktrans were asso-

ciated with positive EGFRvIII status for all histogram metrics.

rVPmean, rVP90%tile, and rVP75%tile were better predictors than

rKtrans
mean, rKtrans

90%tile, and rKtrans
75%tile, with P values � .004.

A representative case is shown in Fig 1. The areas under the ROC

curves for the VP metrics were 0.818 – 0.833, while those for the

Ktrans metrics were 0.669 – 0.692. With ROC analysis, a thresh-

old value for VP90%tile � 9.50 yielded a specificity of 89.7% and

a sensitivity of 62.5% for predicting positive EGFRvIII status

(Fig 2).

DISCUSSION
We demonstrated that perfusion and leakiness, as determined by

rVP and rKtrans histogram parameters, respectively, were greater

in EGFRvIII-positive glioblastomas than in EGFRvIII-negative

glioblastomas. These results suggest that DCE–MR imaging pa-

rameters may be useful imaging biomarkers to follow in patients

with EGFRvIII-positive tumors or other tumors with abnormal

pretreatment parameters. We postulate that this radiogenomic

characterization may be particularly relevant in patients undergo-

ing active targeted, mutation-specific treatment, in which changes

in perfusion and leakiness could be used to repetitively and non-

invasively evaluate treatment efficacy in lieu of surgery.

Alteration of EGFR is among the frequent oncogene muta-

FIG 1. Representative DCE–MR images and parametric maps from a patient with EGFRvIII-positive glioblastoma. Axial contrast T1-weighted (A)
image demonstrates a large heterogeneously enhancing tumor in the right frontal lobe. Corresponding VP (B) and Ktrans (C) maps reveal increased
perfusion and increased leakiness, respectively, as indicated by the arrows. Matching images in a non-EGFRvIII glioblastoma in the right frontal
lobe (D–F) show little increase in VP or Ktrans.

Analysis of the relationship between baseline perfusion
parameters and EGFRvIII mutation status

Perfusion
Parametera

EGFRvIII Status
(Median, Range)

P Value AUC
Negative
(n = 58)

Positive
(n = 24)

rVPmean 3.6 (1.5–18.1) 9.3 (2.9–29.3) �.001 0.818
rVP90%tile 5.1 (1.6–19.1) 10.7 (4.1–30.2) �.001 0.833
rVP75%tile 4.2 (1.6–18.4) 9.2 (3.5–28.1) �.001 0.821
rKtrans

mean 3.7 (1.1–20.3) 6.5 (1.7–22.4) .008 0.688
rKtrans

90%tile 4.8 (1.5–22.6) 7.6 (2.1–31.8) .02 0.669
rKtrans

75%tile 4.2 (1.4–19.7) 6.8 (1.9–24.7) .007 0.692

Note:—AUC indicates area under the curve in the ROC analysis.
a All values are relative ratios normalized to tumor/contralateral normal tissue.
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tions in primary glioblastomas.13-15 In addition to promoting cel-

lular growth and proliferation, EGFRvIII accelerates tumor an-

giogenesis and induction of proangiogenic factors, including

vascular endothelial growth factor, interleukin 18, and angiopoi-

etin-like 4 in the extracellular signal-regulated kinase and c-Myc

pathways, to confer a more heterogeneous and aggressive pheno-

type.16-19 These increases in angiogenic activity in patients with

EGFRvIII may manifest at DCE–MR imaging as increased VP,

which is a measure of the tumor blood plasma volume per unit

volume of tissue, and as increased Ktrans, the volume transfer con-

stant between the blood plasma and the extravascular extracellu-

lar space.

Due to its unique protein sequence and tumor-specific expres-

sion, EGFRvIII is an attractive target for drug therapy. Several

FIG 2. Discrimination power of baseline VP (A) and Ktrans (B) perfusion parameters for EGFR status (positive versus negative).
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small molecular tyrosine kinase inhibitors with affinity for the

EGFR receptor are available on the market and under develop-

ment in clinical trials.20 A glioblastoma vaccine based on a unique

EGFRvIII peptide sequence is currently under investigation in a

phase III clinical trial.21 Effective implementation of these novel

targeted therapies will require parallel development of targeted

imaging technologies such as DCE–MR imaging, also specific for

particular mutations.

Perfusion on MR imaging has been shown to correlate with

glioma grade, prognosis, and response to treatment.22-26 Perfu-

sion parameters may be useful as imaging markers of vascular

attenuation and angiogenesis in gliomas.2,27 Increased relative tu-

mor blood volume shown by DSC perfusion MR imaging has

been associated with EGFR amplification and EGFRvIII muta-

tion.5,7 The T2* technique may render DSC–MR imaging inade-

quate, however, in areas with leakage of contrast through an ab-

normal blood-brain barrier or in areas with strong susceptibility

artifacts due to blood, vessel, bone, and air interfaces such as those

near the skull base.10-28 DCE–MR imaging offers several potential

advantages,8 the most important of which is the more accurate

quantification of perfusion and leakiness through greater spatial

resolution, steady-state imaging, and advanced compartmental

modeling.8-10 We also advocate the use of histogram analysis after

whole-tumor VOI evaluation, which should yield measurements

that are more objective and reproducible and less user-dependent

than those obtained with the usual ROI-based methods.7-29

There are a few potential limitations to the present study. First,

this retrospective study included patients with glioblastoma with

EGFRvIII status determined by reverse transcriptase polymerase

chain reaction. Whole exome sequencing was not available for

these patients, so we did not account for other mutations or am-

plifications in EGFR that may also correlate with changes in

DCE–MR imaging. Our observed frequency of mutant EGFRvIII,

however, was consistent with the frequency reported in the liter-

ature.5-30 Second, given the retrospective nature of this study, an

inherent limitation is the absence of stereotactic localization in

cases of biopsy or subtotal resection. Tissue sampling error may

confound the assessment of EGFRvIII status (ie, undersampling

of less metabolically active areas in heterogeneous tumors may

lead to erroneous correlations, eg, false-negatives). Third, the

VOIs were manually drawn around the enhancing tumor and

then transferred onto the coregistered DCE–MR imaging perfu-

sion maps, which may have introduced bias and variability. For

example, subjectivity would be expected in terms of exclusion of

vessels within the lesions. To account for this subjectivity, we in-

spected the VOIs in each case and adjusted them as necessary to

match the enhancing tumor. To reduce operator variability, we

chose to have all of these steps performed by a single experienced

user trained in the use of the DCE–MR imaging software. Other

groups have advocated semiautomated segmentation and coreg-

istration; however, the validity and interinstitutional reproduc-

ibility of results obtained with their proprietary tools, which were

developed in-house, remain unproven.31 We believe that the ex-

pertise of a trained user of commercially available DCE–MR im-

aging software best matches the expertise available at most insti-

tutions and broadens the applicability of our results. A dual-rater

or multiple-rater consensus approach could have also been an

optimal way to assess uniform ROI placement.

CONCLUSIONS
We found that EGFRvIII-positive glioblastomas demonstrate

greater vascular leakiness and perfusion than do EGFRvIII-neg-

ative glioblastomas. Quantitative evaluation of DCE–MR im-

aging may be useful as a noninvasive tool for correlating

EGFRvIII expression and related tumor neoangiogenesis. This

may have implications for monitoring response to EGFRvIII-

targeted therapies.
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