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Abstract

Purpose: Epidermal growth factor receptor (EGFR) amplification promotes gliomagenesis and is
linked to lack of oxygen within the tumor microenvironment. Using hypoxia-sensitive spin-and-
gradient echo echo-planar imaging and perfusion MRI, we investigated the influence of EGFR
amplification on tissue oxygen availability and utilization in human gliomas.

Methods: This study included 72 histologically confirmed EGFR amplified and non-amplified
glioma patients. Reversible transverse relaxation rate (R,"), relative cerebral blood volume
(rCBV), and relative oxygen extraction fraction (rOEF) were calculated for the contrast enhancing
and non-enhancing tumor regions. Using Student t-test or Wilcoxon rank-sum test, median R5’,
rCBYV, and rOEF were compared between EGFR amplified and non-amplified gliomas. ROC
analysis was performed to assess the ability of imaging characteristics to discriminate EGFR
amplification status. Overall survival (OS) was determined using univariate and multivariate cox
models. Kaplan-Meier survival curves were plotted and compared using the log-rank test.

Results: EGFR amplified gliomas exhibited significantly higher median Ry’ and rOEF than non-
amplified gliomas. ROC analysis suggested that R,” (AUC = 0.7190; P = 0.0048) and rOEF (AUC
=0.6959; P = 0.0156) could separate EGFR status. Patients with EGFR amplified gliomas had a
significantly shorter OS than non-amplified patients. Univariate cox regression analysis
determined both R, and rOEF significantly influence OS. No significant difference was observed
in rCBV between patient cohorts nor was rCBV found to be an effective differentiator of EGFR
status.

Conclusion: Imaging of tumor oxygen characteristics revealed EGFR amplified gliomas to be
more hypoxic and contribute to shorter patient survival than EGFR non-amplified gliomas.

Keywords

epidermal growth factor receptor; glioma; hypoxia; relative oxygen extraction fraction; reversible
transverse relaxation rate; spin-and-gradient echo echo-planar imaging
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INTRODUCTION

In 2016, the World Health Organization (WHO) adjusted glioma classification criteria to
integrate molecular findings with histological features [1]. Gliomas are primarily stratified
by isocitrate dehydrogenase (IDH) mutational and 1p19q codeletion statuses [1]. The
impacts of O6-methylguanine DNA-methyltransferase (MGMT) promoter methylation,
IDH, and 1p19q genotypes on glioma invasiveness, metabolism, patient overall survival, and
treatment response have been comprehensively studied [2-6]. Within IDH wild-type
gliomas, epidermal growth factor receptor (EGFR) mutation and amplification are thought to
represent a more aggressive phenotype [7-10] that is often less responsive to traditional
chemoradiation therapy [11]. Therefore, an imaging biomarker with sensitivity to EGFR
amplified IDH wild-type gliomas might be useful for patient stratification or enrichment in
targeted clinical trials, as well as better understanding the basic biology of EGFR amplified
gliomas.

Amplification of EGFR and subsequent increase in ligand binding or receptor activation in
glioblastoma (GBM) is known to prompt cellular proliferation and tumor invasion
independent of angiogenesis [12]. When exposed to nutrient deficient or hypoxic
microenvironments, tumor cells often induce translational up-regulation of EGFR and
subsequent amplification of the receptor, providing cells with a survival advantage [13].
Therefore, we hypothesize that EGFR amplified gliomas may be slightly more hypoxic than
EGFR non-amplified gliomas, which may be detectable non-invasively using blood oxygen
level dependent (BOLD) methods [14]. Deoxygenated blood becomes paramagnetic,
exposing iron in the hemoglobin molecules and altering the magnetic susceptibility of the
surrounding tissue; in this way, BOLD employs deoxyhemoglobin as an endogenous
contrast agent [15]. A multiple-echo spin-and-gradient echo echo-planar imaging (SAGE-
EPI) sequence can be used to measure transverse relaxation rates (R, and R,*) [16-18].
From R, and Ry*, the reversible transverse relaxation rate (R,”) can be calculated as a
measure of susceptibility-induced intra-voxel dephasing and provides an estimate of vascular
oxygen saturation [18,19]. Previous studies demonstrated the correlation between R,’, an
indirect measure of relative changes in deoxyhemoglobin concentration, and the hypoxic
state of human brain tissue [20-22]. R, is proportional to the venous blood volume and
dependent on hemoglobin concentration and the oxygenation level or oxygen extraction
fraction within the blood [14]. A recent study has also shown a strong, positive correlation
between R,” measurements and both hypoxia inducible factor (HIF)-1a and Ki-67, measures
of tumor hypoxia and proliferation, respectively [23]. By accounting for cerebral blood
volume (CBV) using dynamic susceptibility contrast (DSC) MRI, we can estimate the
relative oxygen extraction fraction (rOEF) from Ry’ measurements, allowing investigation of
in vivo metabolic characteristics associated with glioma genotypes [14]. In previous studies,
rOEF has been employed to elucidate oxygen utilization in healthy volunteers and patients
affected by stroke or multiple sclerosis [24-26]. Using this approach, the current study
tested whether EGFR amplified IDH wild-type gliomas exhibit higher measures of rOEF
compared with EGFR non-amplified IDH wild-type gliomas.

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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METHODS

Patient Selection

A total of 72 histologically confirmed glioma patients were included in this retrospective
study. Within the cohort, 36 patients were diagnosed with WHO Grade IV gliomas
(glioblastoma), while 19 patients presented WHO Grade 111 gliomas (i.e., anaplastic
astrocytoma, anaplastic oligodendroglioma, and oligoastrocytoma) and 17 patients had
WHO Grade Il gliomas (i.e., astrocytoma, oligodendroglioma, and mixed glioma). At the
time of the scan, 33 patients were on active treatment including chemotherapy and/or
radiation, and the remaining 39 patients were not on active therapy for at least two years
prior to the scan. Overall survival (OS) ranged from 7 to 1426 days with a median OS of 361
days. A more comprehensive summary of patient demographics and molecular information
can be found in Table 1. Isocitrate dehydrogenase (IDH1) 1 mutational status and EGFR
amplification status were obtained from the patients’ clinical charts. IDH1 status was
determined using genomic sequencing analysis, specifically through polymerase chain
reaction (PCR) and/or immunohistochemistry of resected tumor tissue [27]. Patient EGFR
amplification status was determined using fluorescent in situ hybridization or the Foundation
Medicine genomic profiling service [28]. When available, MGMT promoter methylation
status, determined using PCR, was obtained from the patients’ clinical charts [29]. All
patients provided written informed consent to participate in this study, receive advanced
imaging, and have medical information included in our IRB-approved research database. All
patients received SAGE-EPI, DSC perfusion, and anatomic MRI between April 2015 and
July 2019.

Magnetic Resonance Imaging Acquisition and Analysis

All patients received standard anatomic imaging, multi-echo SAGE-EPI, and DSC perfusion
MRI. All scans were acquired on 3T MRI scanners (Prisma, or Skyra, Siemens Healthcare;
Erlangen, Germany).

Anatomic MRI—In accordance with the standardized brain tumor imaging protocol (BTIP)
[30], anatomic scans consisted of at least To-weighted turbo spin-echo images, fluid-
attenuated inversion recovery (FLAIR) images (3 mm slice thickness and no interslice gap),
and Ty-weighted pre- and post-contrast imaging (2D axial turbo spin-echo with 3 mm slice
thickness and no interslice gap or 3D magnetization-prepared rapid gradient-echo images of
1 mm isotropic voxel size). All anatomic images were registered to post-contrast T1-
weighted images for subsequent analyses.

Multi-echo Spin-and-gradient-echo Echo-planar Imaging (SAGE-EPI)—In
addition to standard anatomic scans, patients received brain imaging with a SAGE-EPI
sequence consisting of two gradient echoes with echo times (TEs) = 14.0 and 34.1 ms, one
asymmetric spin-echo with TE = 58.0ms, and one spin-echo with TE = 92.4 ms. Additional
acquisition parameters include a repetition time (TR) >10,000 ms, field-of-view (FOV) =
217 x 240 mm, matrix size = 116 x 128, slice thickness = 4.0 mm with no inter-slice gap,
partial Fourier encoding = 6/8, GRAPPA = 3, and bandwidth = 1628 Hz/pixel. Figure 1
illustrates details on the specific pulse sequence.

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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Dynamic Susceptibility Contrast (DCS) Perfusion MRI—For DSC perfusion MRI,
patients were administered with a total dose of 0.1 mmol/kg of a gadolinium contrast agent,
either gadopentetate dimeglumine (Gdg-DTPA; Magnevist, Bayer Schering Pharma,
Leverkusen, Germany) or gadobenate dimeglumine (Gd-BOPTA; Multihance, Bracco
Diagnostics, Princeton, NJ) [31]. First, patients were given a preload dose of 0.025 mmol/kg
of Gd-DTPA or Gd-BTDO3A to mitigate contrast agent leakage effects. Following at least
two minutes of incubation time, 10 to 25 baseline acquisitions were taken. Next, an
additional 10-20 cc (0.075 mmol/kg) at a rate of 3-5 cc/second of Gd-DTPA or Gd-
BTDO3A was delivered for dynamic bolus administration [17]. DSC acquisition parameters
included: TE = 21.0-23.0 ms, TR = 1250-1290 ms, flip angle = 60°, matrix size = 128 x
128, slice thickness = 5.0 mm with no inter-slice gap, and number of timepoints = 120. The
total scan time for DSC-MRI was between 2 and 3 minutes. All DSC-MRI acquisitions
covered the volume of contrast-enhancing and non-enhancing tumor.

Post-Processing—Three mutually exclusive regions of interest (ROIs) were defined: (1)
contrast enhancing tumor (CET) defined by T-weighted subtraction map; (2) regions of
central necrosis defined by hypointensity on post-contrast T1-weighted images within
contrast enhancing tumor; and (3) T, hyperintense regions on T,-weighted FLAIR images
(referred to as non-enhancing tumor (NET)), excluding areas of necrosis and contrast
enhancement. In the hemisphere contralateral to the lesion, a ROI of normal appearing white
matter was segmented. All ROIs were segmented by two investigators (T.O. and J.Y.) using a
semi-automated thresholding method previously documented [32—-34] using the Analysis of
Functional Neurolmages (AFNI) software (NIMH Scientific and Statistical Computing
Core; Bethesda, MD, USA).

To Relaxometry, Relative Cerebral Blood Volume (rCBV), and the Relative Oxygen
Extraction Fraction (rOEF)

SAGE-EPI acquisition was used to estimate the transverse relaxation rates R, and Ry*, by
solving a set of Bloch equations as described by Schmiedeskamp et al. [35] as:

A=Y'.S [Eq. 1]
Where
ln(Sl) 10 —TE1 0 ln(So)
In(.S») 10 -TE 0 In(8)
= Y = A= " [Eq. 2]
In(S%) 1 =1 —TE4+TE3; TE;—2-TE; R}
ln(S4) 1 -1 0 —TE4 R2

S, is the signal magnitude for the ' echo, and &iis the difference caused by imperfectly
matched slice profiles between echo trains before and after the refocusing pulse. Ry and Ro*
were calculated for each voxel. The reversible transverse relaxation rate, Ro’, was calculated
as: Ry’= R7* — Ry to create the Ry’ maps.

DSC data were first motion-corrected using FSL (mcflirt, FMRIB library). CBV maps were
then calculated using a previously described bidirectional contrast agent leakage correction

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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method [36]. We normalized the CBV maps by the average CBV within the normal
appearing white matter ROI to calculate the relative CBV (rCBV). All maps were aligned to
the corresponding post-contrast Tq1-weighted images for further analysis.

The reversible relaxation rate characterizes the signal loss due to local susceptibility-induced
dephasing. A theoretical model has been developed to predict R,” using deoxygenated blood
volume (A) and the deoxyhemoglobin-induced frequency shift (6w) [37]: R2'= A+ bw,
where Sw is proportional to the susceptibility difference between oxygenated and
deoxygenated blood (Ay), fractional hematocrit, static magnetic field By, and oxygen
extraction fraction (OEF). Here, we assume that By, Ay, and hematocrit remain constant,
and that A is a constant fraction of CBV. With these assumptions, we can reduce the Ry’
dependency to only the CBV and OEF: R,’= C- CBV- OEF. C is a constant. By using the
R’ map estimated from SAGE-EPI acquisition and the rCBV calculated from DSC
imaging, we are able to obtain a relative measurement of cerebral blood oxygen extraction
fraction (rOEF):

R

rOEF = Tpy

[Ea. 3]

Statistical Analyses

All calculations and analyses were performed in MATLAB (Release 2018a, MathWorks,
Natick, MA) and/or GraphPad Prism software (Version 7.0c GraphPad Software, San Diego,
California). Pvalues less than 0.05 were considered statistically significant.

Median Ry’, rCBYV, and rOEF within (1) contrast-enhancing tumor (CET), (3) T,
hyperintense non-enhancing tumor or edema (NET), and (4) a combined ROI of CET and
NET were compared between EGFR non-amplified and amplified gliomas, using Student t-
test or Mann-Whitney U test if one or both samples were not normally distributed as
assessed by Shapiro-Wilk parametric hypothesis test. For normally-distributed data,
Student’s t-test or analysis of variance (ANOVA) was performed. For non-normally-
distributed data, a Mann-Whitney or Wilcoxon rank-sum analysis was performed. Using
Matlab, heatmaps were generated for R,’, rCBV, and rOEF. Receiver-operating
characteristic (ROC) analysis was performed to assess the ability for Ry’, rCBV, and rOEF
to discriminate between EGFR non-amplified and amplified tumors. The area under the
curve (AUC), cut-off value, sensitivity, specificity, and prediction accuracy (percentage of
cases predicted correctly) were reported.

Univariate cox proportional hazards regression analysis was performed to investigate the
association between overall survival and imaging metrics (i.e., Ry’, rCBV, and rOEF) along
with IDH status, EGFR status, treatment status, and age. Also, multivariable Cox regression
was used to determine whether imaging characteristics significantly predict survival while
controlling for clinical factors. Kaplan-Meier curves were used to illustrate differences in
survival between EGFR amplified and EGFR non-amplified patients. Additional Kaplan-
Meier survival curves were performed based on median R,’, median rCBV, median rOEF,

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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age, tumor grade, and treatment status. Log-rank (Mantel-Cox) test was performed to
compare survival curves. Statistical significance was defined as alpha = 0.05.

RESULTS

EGFR amplified gliomas appeared to demonstrate greater hypoxia and oxygen extraction
compared with EGFR non-amplified gliomas. Figure 2 illustrates the anatomic MR images
(post-contrast T1-weighted image and FLAIR image) and R,’, rCBYV, and rOEF maps of a
51-year-old male patient with an IDH wild-type, EGFR non-amplified glioblastoma (Fig.
2A) and an 83-year-old male patient with an IDH wild-type, EGFR amplified glioblastoma
(Fig. 2B), supporting this general observation.

Consistent with /n vitro and in vivo animal model studies showing higher hypoxia in EGFR
amplified tumors [12,13], median R’ in the combined CET and NET region was
significantly higher in EGFR amplified than non-amplified gliomas (Fig. 3Aand E; P =
0.0049; 5.760 + 1.325 s71 vs. 4.685 + 1.214 s71). No significant difference was observed in
median rCBV between EGFR amplified and non-amplified gliomas (Fig. 3C and G;
P=0.3241, 0.728 + 0.360 vs. 0.780 # 0.338). In the NET tissue, median Ry’ was significantly
higher in EGFR amplified gliomas (Fig. 3B and F; P=0.0253; 5.567 + 1.340 s71 vs. 4.653 +
1.192 s71), while no significant difference was observed in median rCBV (Fig. 3D and H;
P=0.1319; 0.634 + 0.295 vs. 0.723 + 0.317). EGFR amplified tumors also exhibited
significantly higher rOEF in both the combined CET and NET regions (Fig. 4A and C; P =
0.0159; 5.833 + 2.337 vs. 4.220 + 2.023) as well as NET alone (Fig. 4B and D; P=0.0058,
6.340 + 2.189 vs. 4.453 + 2.048).

ROC analysis was performed to assess the ability for median R,’, rCBYV, and rOEF to
discriminate between EGFR amplified and EGFR non-amplified tumors using either CET
and NET (Fig. 5A) or NET regions alone (Fig. 5B). Results suggest the best differentiation
of EGFR amplified and non-amplified gliomas within combined CET and NET regions
could be achieved using an R’ threshold of 5.2264 s~ with an estimated sensitivity of
73.7% and specificity of 60.4% (Fig. 5A; Area under the curve (AUC) = 0.7190, P = 0.0048,
Accuracy = 63.89%). Using the combined CET and NET region of interest, rCBV was
insufficient in separating EGFR status, with a cut-off value of 1.1281 AU and sensitivity and
specificity of 62.26% and 64.71%, respectively (Figure 5A; AUC = 0.5805; P = 0.3207;
Accuracy = 62.86%). With a threshold of 6.9467 AU, sensitivity of 52.9%, and specificity of
86.8%, rOEF was also able to distinguish EGFR status in CET and NET tissue (Figure 5A;
AUC = 0.6959; P = 0.0156,; Accuracy = 78.57%).

Consistent with the combined CET and NET regions, examination of NET excluding any
enhancing tumor also suggested median Ry’ (Figure 5B; AUC = 0.6743; P = 0.0249;
Accuracy = 62.50%) and rOEF (Figure 5B; AUC = 0.7214, P = 0.0063, Accuracy = 62.86%)
could differentiate EGFR amplified from non-amplified gliomas; whereas rCBV, with a cut-
off value of 0.8889 AU and sensitivity and specificity of 67.9% and 58.8%, could not
(Figure 5B; AUC = 0.6226, P = 0.1302; Accuracy = 65.71%). Within the NET region, an

Ry’ threshold of 5.1106 s~1 could differentiate EGFR amplified from non-amplified gliomas

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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with sensitivity of 79.0% and specificity of 56.6%, while a rOEF threshold of 5.0387 AU
could differentiate them with sensitivity of 76.5% and specificity of 58.5%.

Univariate cox regression analysis revealed that both clinical characteristics (age, treatment,
IDH, and EGFR status) and MR measurements (R,’ and rOEF) significantly influenced
overall survival (OS). No significant association was observed between rCBV and OS.
Using a multivariate regression model to control for clinical factors, no MR measurements
were significant independent prognostic factors of survival. However, multivariate analysis
demonstrated a trend towards increased risk of death with increasing R,’(Table 2; P =
0.1175, Hazard Ratio (HR) = 1.2974, Confidence Interval (Cl) = [0.9364, 1.7978)).

Kaplan-Meier curves were graphed by EGFR amplification status or pre-specified threshold
for metabolic MR measurements including R,’, rCBYV, and rOEF. Consistent with findings
of Cox regression analyses, EGFR amplified patients had a significantly shorter OS than
EGFR non-amplified patients (Figure 6C; P=0.00357, HR = 3.07 [1.16-8.12)). Patients who
exhibited gliomas with a median Ry’ greater than or equal to 4.8 s™1 had significantly worse
OS than patients with lower median Ry’ (Figure 6A; P = 0.00013, HR= 7.04 [3.16-15.7)).
Although rCBYV was not an effective differentiator of EGFR status, rCBV remained a
significant predictor of OS. Patients with rCBV greater than or equal to 0.6 AU exhibited a
survival advantage over patients with lower rCBV (Figure 6B; P = 0.00137, HR = 0.262
[0.0681-1.01)). Furthermore, rOEF was a significant predictor of OS (Figure 6D; P=4.8 x
107 HR = 4.59 [1.53-13.8)). Patients who exhibited an rOEF greater than or equal to 7.1
AU had shorter OS than patients with lower rOEF. A significant survival advantage was
observed in patients younger than 51 years of age (Figure S2A; P = 0.0031, HR = 0.407
[0.182-0.91}), patients with low grade gliomas (Figure S2B; P = 6.36 x 107°, HR = 0.191
[0.083-0.44]), and patients who were not on active therapy at the time of the scan (Figure
S2C; P=9.56 x 107¢, HR = 0.277 [0.117-0.66)).

DISCUSSION

Genotypic characteristics of a tumor influence cancer metabolism and growth,
microenvironmental nutrient availability, and cellular response to radiation and
chemotherapy. With advanced MR imaging techniques and increasingly available genetic
sequencing, researchers and clinicians may elucidate specific abnormalities within diseased
brain tissue. In this study, a combination of SAGE-EPI and DSC-MRI was implemented to
measure glioma tissue oxygen availability and utilization with relatively high spatial
resolution. The examined imaging metrics were used to better understand the tumor
microenvironment and prognostication in patients with EGFR amplified and non-amplified
gliomas.

For each glioma, two mutually exclusive regions of interest (ROIs), specifically the contrast
enhancing tumor (CET) and the non-enhancing tumor (NET), were defined. Higher grade
tumors tend to display contrast-enhanced regions on T1-weighted images, while low-grade
gliomas often do not exhibit contrast enhancement. In order to prevent bias toward grade |11
and IV contrast-enhancing tumors, statistical evaluation was performed on the “combined”
tumor region (CET and NET) and the NET region alone.

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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In general, patients with EGFR amplified gliomas exhibited significantly higher median Ry’
and rOEF, regardless of which ROI was examined. The difference in Ry’ and rOEF was large
enough to adequately differentiate these two genotypes with sufficient sensitivity and
specificity, and both measurements could be used to stratify long and short-term OS using
univariate analysis. We did not observe any significant differences in rCBV between EGFR
amplified and non-amplified gliomas and continuous values of rCBV were not prognostic
for OS. Additionally, it is important to note that R, and rOEF were not independent
predictors of OS when accounting for clinical variables in multivariate analysis, including
EGFR amplification status. This lack of prognosis when accounting for clinical variables
may reflect both the relationship between EGFR status and Ry’ or rOEF measures as well as
the limited predictive nature of EGFR amplification itself. Recent studies have suggested
limited prognostic value of EGFR amplification in high grade gliomas [7] and those treated
with chemoradiation [38], while clinical factors including age, IDH status, and treatment
remained strongly prognostic. Therefore, if R,” and rOEF strongly reflect EGFR
amplification status, and EGFR status is only weakly associated with OS when accounting
for other factors, then measures of Ry’ and rOEF may not be expected to be independent
predictors of OS when also explicitly accounting for EGFR status. This may be due to a
number of factors including subsequent treatments, surgeries, or other thigs that may alter
the metabolic behavior of the tumor in later stages of the disease.

Although oxygen-sensitive MRI does not provide a direct measure of tissue oxygen
consumption or hypoxia, oxygen-sensitive MRI techniques can provide higher spatial
resolution images at a fraction of the cost compared with more exotic approaches including
dynamic 170 MRI or fluoromisonidazole (FISMO) positron emission tomography (PET)
[39,40]. Although PET can provide a more direct measure of tumor hypoxia associated with
absolute oxygen concentration, PET imaging is costly and provides poor spatial resolution.
R,’ mapping does not require injection of a radiotracer or exotic contrast agent, while rOEF
only requires additional DSC perfusion data that is routinely collected in brain tumor
patients during standard of care MRI examinations. It is important to note that Ry’
measurements reflect the degree of vascular hypoxia, as it is influenced by both
deoxyhemoglobin concentration and relative blood volume in the underlying image voxel.
Therefore, while Ry’ appears to provide slightly more sensitivity compared with rOEF, this
may be more related to slight alterations in blood volume than differences in tissue oxygen
utilization. Nevertheless, R,” mapping has a significant advantage over quantification of
rOEF in that rOEF requires additional rCBV calculation with the use of contrast agents and
may be less reproducible because of these extra steps.

One limitation of this study was the relatively small population size and heterogeneity of the
patient population. Of the 72 patients, only 19 presented EGFR amplified gliomas and a
majority was diagnosed with GBM. The patient population also consisted of patients who
had not received treatment within two years prior to the completion of the study and those
who were on a variety of active therapies. With increased availability and use of genetic
testing, future studies will be able to include more patients with EGFR amplified and non-
amplified gliomas.

Neuroradiology. Author manuscript; available in PMC 2022 June 01.
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Another potential limitation is the heterogeneous composition of gliomas, which presents a
limitation in which EGFR amplified tumors may have varying proportions of amplified and
non-amplified cells. EGFR amplified tumors contain both EGFR amplified cells, which tend
to be in the invasive regions of the tumor, and EGFR non-amplified cells [41]. Further
investigation is necessary to elucidate the influence of tumor heterogeneity on imaging
characteristics and determine the relationship between MR measurements and the number of
cells harboring amplification. While in-plane resolution was around 2 mm for Ry’ and rOEF
images, higher spatial resolution mapping of tissue oxygenation would likely reveal more
information about tumor heterogeneity.

Lastly, it is important to note that the MR measurements of Ry’ and rOEF are a relative and
indirect measure of tumor hypoxia or tissue oxygen utilization. Nonetheless, previous
studies have established Ry, rCBYV, and rOEF to be useful biomarkers of tissue oxygen
saturation and consumption in the human brain [16,18,19,21,22,24-26] and have been
shown to correlate with tissue markers of hypoxia and proliferation in brain tumors [23],
suggesting Ry’ and rOEF may be useful non-invasive surrogates of tumor hypoxia in brain
tumors.

In conclusion, the current study demonstrates measurable differences between EGFR
amplified and non-amplified gliomas dependent on oxygen-sensitive measures of R’ and
rOEF obtained using SAGE-EPI combined with DSC-MRI on clinical MRI systems, with
EGFR amplified tumors exhibiting higher oxygen utilization.
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Figure 1.
Pulse sequence diagram of spin-and-gradient echo (SAGE) sequence. The sequence is

composed of a slice-selective water-excitation radio-frequency (RF) pulse, a refocusing
pulse, and four single shot echo-planar imaging (EPI) readouts. The first two echos are
gradient echos with echo times of TE; and TE,. The third echo is a mixed gradient and spin
echo (TEg). The last one is a pure spin echo (TEy4). TE4 is twice as long as the time from the
excitation pulse to the refocusing pulse.
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Figure 2.
Oxygen-sensitive MR images in representative EGFR non-amplified and EGFR amplified

gliomas. (A) The postcontrast T1-weighted image (left) and T2-weighted FLAIR image
(right) of a 51-year-old male patient with an IDH wild-type, EGFR non-amplified
glioblastoma. (B) The postcontrast T1-weighted image (left) and T2-weighted FLAIR image
(right) of an 83-year-old male patient with an IDH wild-type, EGFR amplified glioblastoma.
(C-H) The selected tumor regions include contrast enhancing tumor (CET) and non-
enhancing tumor (NET) tissue and exclude necrotic regions. (C-D) R,” map (left) and Ry’
color map within the tumor regions overlaid on FLAIR (right). Scale bars illustrate Ry’
values in which blue and black represent low Ry’ or less hypoxic regions, while red and
white illustrate high R,” or more hypoxic regions. (E-F) rCBV map (left) and rCBV color
map within the tumor regions overlaid on FLAIR (right). Scale bars illustrate rCBV values
in which blue and black represent low rCBV and red and white represent voxels with high
rCBV. rCBYV is shown as an arbitrary unit. (G-H) rOEF map (left) and rOEF color map
within tumor regions overlaid on FLAIR (right). Scale bars illustrate rOEF values in which
blue and black represent low rOEF and red and white represent voxels with high rOEF.
rOEF is shown as an arbitrary unit.
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Figure 3.
Quantitative comparison of oxygen-sensitive characteristics of EGFR amplified and non-

amplified gliomas. (A and B) Comparison of median Ry’ and (C and D) median rCBV
between EGFR amplified and non-amplified gliomas. (A, C, E, and G) Tumor region
includes contrast enhancing tumor (CET) and non-enhancing tumor (NET) tissue. (B, D, F,
and H) The tumor region includes only NET tissue. (A and B) EGFR amplified gliomas
exhibited significantly higher Ry’ than non-amplified gliomas. (C and D) No significant
difference was found in rCBV measurements between the EGFR amplified and non-
amplified gliomas. Heatmaps illustrate (E and F) median R’ and (G and H) median rCBV
in tumor regions of EGFR amplified and non-amplified gliomas. The y-axes represent the
MR measurement ranging from (E and F) 0 to 15 sec™! and (G and H) 0 to 3 AU. (E-H)
Each column of the heatmap represents the (E and F) Ry’ or (G and H) rCBV values within
a patient’s tumor region, with the EGFR amplified gliomas on the left and the EGFR non-
amplified gliomas on the right. EGFR amplified and non-amplified gliomas are ordered from
the highest to the lowest median (E and F) R,” and (G and H) rCBYV values. The color bar
indicates the fraction of voxels with each (E and F) Ry’ and (G and H) rCBV value. Red
represents the highest frequency or fraction of voxels with the corresponding MR value,
while yellow represents the lowest frequency. Extreme values were excluded from this
analysis. The solid black line represents the mean of all median values for EGFR amplified
or non-amplified gliomas, while the dashed lines represent the standard deviation of the
mean. “n.s.” refers to no significance or £=0.05, while “*” and “**” refer to £<0.05 and
<0.01, respectively.
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Figure 4.
Quantitative comparison of oxygen extraction between EGFR amplified and non-amplified

gliomas. (A and B) Comparison of median rOEF between EGFR amplified and non-
amplified gliomas. (A and C) Tumor region includes contrast enhancing tumor (CET) and
non-enhancing tumor (NET) tissue. (B and D) Tumor region only includes NET tissue. (A
and B) EGFR amplified gliomas exhibited significantly higher rOEF than non-amplified
gliomas. Heatmaps illustrate (C and D) median rOEF in tumor regions of EGFR amplified
and non-amplified gliomas. The y-axis represents rOEF values ranging from 0 to 15 AU.
Each column of the heatmap represents the rOEF values within a patient’s tumor region,
with the EGFR amplified gliomas on the left and the EGFR non-amplified gliomas on the
right. EGFR amplified and non-amplified gliomas are ordered from the highest to the lowest
median rOEF values. The color bar indicates the fraction of voxels with each rOEF value.
Red represents the highest frequency or fraction of voxels with the corresponding MR value,
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while yellow represents the lowest frequency. Extreme values were excluded from this
analysis. The solid black line represents the mean of all median rOEF for EGFR amplified or
non-amplified gliomas, while the dashed line represents the standard deviation of the mean.
“n.s.” refers to no significance or £=0.05, while “*” and “**” refer to £<0.05 and <0.01,
respectively.
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Receiver-Operator Characteristic (ROC) curves. (A) ROC curves for predicting EGFR
amplification status using oxygen-sensitive MR characteristics of contrast enhancing tumor
(CET) and non-enhancing tumor (NET) regions. (B) ROC curves for predicting EGFR
amplification status using oxygen-sensitive MR characteristics of the NET region. (A and B)
Curves are plotted for Ry’ (red), CBV (black), and rOEF (gray), and a reference line of 50%
sensitivity and specificity is shown (dashed). The area under the ROC curves (AUC) and P

value for each curve are reported in the results.
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Figure 6.

Survival curves. Kaplan-Meier plots showing significant difference in overall survival
between (A) patients with median R,’ values above or equal to 4.8 sec™? (red) and Ry’
below 4.8 sec™! (black), (B) patients with median rCBV values above or equal to 0.6 (red)
and rCBV below 0.6 (black), (C) EGFR amplified (red) and EGFR non-amplified (black)
gliomas, and (D) patients with median rOEF values above or equal to 7.1 (red) and rOEF
below 7.1 (black). All curves illustrate a significant difference (< 0.001) in overall
survival. (A) Median Ry’, (B) rCBV, and (D) rOEF were calculated from the contrast-
enhancing and the non-contrast enhancing tumor region.
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Table 1
Patient demographics and molecular information

All Patients [ wHO Il | wHO Il | wHO IV
(Enhanci ng;’ngmiﬂggg gwmon | 726820 | 17Ge) | 19(12) | 3635

(off treat;;eri}r(r)]r?rgeatment) (39/33) (11/6) (1712) (11/25)
e aAng[$ ange] 51[21-83] | 41[21-62] | 49 [21-68] | 57 [32-83]

el e 45027 oi8 1277 24/12

wild t;&?mutant 42/30 1/16 8/11 33/3

. On_ampﬁ%’;ﬁm olified 53/19 16/1 1772 20/16
unmethylated/me?h'\){lll—ted (unknown) 34130 (8) 69(2) 10/6 (3) 18/15(3)
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Table 2

Univariate and Multivariate Cox proportional-hazards model analysis. Univariate Cox regression model
identified significant (< 0.001) influence of Ry’ and rOEF on overall survival. For Ry’, rCBV, and rOEF,
median values from the combined CET and NET region were included. For treatment status, off-treatment
patients were coded as 0 and those who were on active therapies as 1. For IDH status, wild-type (WT) patients
were coded as 0 and mutant (Mut) as 1. For EGFR status, non-amplified (Non-amp) patients were coded as 0
and amplified (Amp) as 1.

| OS (Univariate) OS (Multivariate)
Characteristic (unit) P value Z score HR (CI) P value | Z score | HR (CI)
Age (year) 0.0130 2.4829 | 1.0477 (1.0099 - 1.0869)

Treatment status (on/off) | 1.99E-03 | 3.0925 | 3.7735 (1.6264 — 8.7550)

IDH (Mut/WT) 1.17E-03 | -3.246 | 0.0905 (0.0212 — 0.3860)
EGFR (Amp/Non-amp) | 5.76E-03 | 2.7609 | 3.1891 (1.3999 — 7.2649)
Ry (s 6.68E-04 | 3.4024 | 1.5121(1.1916-1.9187) 01175 | 1.5652 | 1.2974 (0.9364 — 1.7978)
rCBV 02335 | -1.1914 | 0.6791 (0.3593 —1.2836) 0.8973 | -0.129 | 0.9552 (0.4765 — 1.9148)
rOEF 8.82E-04 | 3.3256 | 1.282(1.1074-1.4842) 0.4276 | 0.7932 | 1.1043 (0.8643 - 1.4109)
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