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Abstract

Background. Given the invasive nature of glioblastoma, tumor cells exist beyond the contrast-enhancing (CE)
region targeted during treatment. However, areas of non-enhancing (NE) tumors are difficult to visualize and
delineate from edematous tissue. Amine chemical exchange saturation transfer echo planar imaging (CEST-EPI)
is a pH-sensitive molecular magnetic resonance imaging technique that was evaluated in its ability to identify
infiltrating NE tumors and prognosticate survival.

Methods. In this prospective study, CEST-EPI was obtained in 30 patients and areas with elevated CEST contrast
(“CEST+"” based on the asymmetry in magnetization transfer ratio: MTRasym at 3 ppm) within NE regions were
quantitated. Median MTRasym at 3 ppm and volume of CEST + NE regions were correlated with progression-free
survival (PFS). In 20 samples from 14 patients, image-guided biopsies of these areas were obtained to correlate
MTRasym at 3 ppm to tumor and non-tumor cell burden using immunohistochemistry.

Results. In 15 newly diagnosed and 15 recurrent glioblastoma, higher median MTRasym at 3ppm within CEST + NE
regions (P=.007; P=.0326) and higher volumes of CEST + NE tumor (P=.020; P<.001) were associated with de-
creased PFS. CE recurrence occurred in areas of preoperative CEST + NE regions in 95.4% of patients. MTRasym
at 3 ppm was correlated with presence of tumor, cell density, %Ki-67 positivity, and %CD31 positivity (P=.001;
P<.001; P<.001; P=.001).

Conclusions. pH-weighted amine CEST-EPI allows for visualization of NE tumor, likely through surrounding acidi-
fication of the tumor microenvironment.The magnitude and volume of CEST + NE tumor correlates with tumor cell
density, degree of proliferating or “active” tumor, and PFS.

Key Points

Standard of care for treatment of IDH wild-type World Health  focus on removal or treatment of the contrast-enhancing
Organization (WHO) IV glioblastoma® includes maximal safe  (CE) portion of the tumor, which is known to contain the
resection followed by concomitant temozolomide and ra- most aggressive portion of the tumor’-® and is a strong prog-
diation therapy to the surgical bed? followed by adjuvant nostic factor for patient survival.”’® However, given the inva-
temozolomide. Both surgical resection®® and radiotherapy® sive nature of diffuse gliomas™ and the most common area
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Importance of the Study

Visualizing infiltrating tumor cells beyond the contrast-
enhancing portion of glioblastoma has been technically
difficult. Amine chemical exchange saturation transfer
is a pH-sensitive magnetic resonance imaging tech-
nique that demonstrates contrast in the non-enhancing
area surrounding the enhancing bulk of tumor. In this

of recurrence occurring at the margins of the resection
cavity,'? residual infiltrating glioma cells clearly exist be-
yond the CE® and are likely responsible for treatment re-
sistance and the poor prognosis in glioblastoma.

Surgeons have long examined possibility of resecting
the infiltrating, non-enhancing (NE) component of glio-
blastoma in order to improve patient outcomes.'® Because
infiltrating glioma cells cannot be reliably distinguished
on gross inspection, resection of tumor is largely guided
by intraoperative neuronavigation linked to preopera-
tive magnetic resonance imaging (MRI). Therefore, sur-
gical resection of infiltrating NE glioma, described in the
literature as “supratotal or supramarginal resection,” '3
is dependent solely on hyperintensity on T2-weighted or
T2-weighted fluid-attenuated inversion recovery (FLAIR)
sequences, which contains an unknown mixture of both
NE tumor and vasogenic edema. This makes quantita-
tion of supratotal resection difficult and imprecise, as the
AANS/CNS consensus definition is gross total resection of
CE area plus “some non-contrast enhancement.”’® Given
the urgent need to target infiltrating glioma for surgical
and treatment planning, an MRI technique that can more
precisely identify and visualize NE tumor within T2/FLAIR
hyperintense areas of glioblastoma would be of great clin-
ical value.

Multiple imaging modalities have been studied in regards
to identifying NE tumor, including: Fluorodeoxyglucose
(FDG) positron emission tomography,’®'7 diffusion-
weighted imaging,'®" diffusor tensor imaging,?® perfusion
weighted imaging,?' and magnetic resonance spectros-
copy.?22 These studies have been limited to correlation
studies and have been used to differentiate glioma from
alternative diagnoses, and estimate prognosis. However,
lack of resolution and pathologic confirmation limits the
validity of these techniques. Amine chemical exchange
saturation transfer echo planar imaging (CEST-EPI) is a
noninvasive MRI sequence that provides contrast based
on the exchange rate of amine protons on amino acids, in-
cluding neurotransmitters, with protons in bulk water.24-26
The exchange rate of these fast-exchanging amine protons
are base-catalyzed and phosphate-dependent,?” making
amine CEST-EPI contrast highly dependent on extracel-
lular acidity, particularly within areas of high amino acid
concentration and elevated T2, both known to occur within
NE tumor. Consistent with physics simulations, we have
shown the asymmetry in the magnetization transfer ratio
at 3 parts per million from water resonance, or the reso-
nance frequency for amine protons (MTRasym at 3 ppm),
is sensitive to extracellular acidity, is dependent on un-
derlying molecular characteristics of specific brain tumor

study, we prospectively show this novel technique cor-
relates with presence and density of infiltrating glio-
blastoma cells as well as progression-free survival. The
ability to visualize these cells may allow for improved
local extent of resection, targeted radiotherapy, and
earlier identification of recurrence.

subtypes, and can be used to quantify response to var-
ious treatments.?62829 \We theorize that pH-weighted amine
CEST-EPI may be useful for visualizing areas of infiltrating
NE glioblastoma by focusing on the unique way infiltrating
tumor cells increase the acidity of the surrounding micro-
environment through elevated glycolysis leading to in-
creased lactic acid production.30-32

In the current study, we examine amine CEST-EPI in a
surgical cohort of glioblastoma patients, identify areas of
elevated tumor acidity within NE tumor, correlate these
measurements with pathology and progression-free sur-
vival, then prospectively acquire image-guided targeted
biopsies to quantitate cell type and characteristics of amine
CEST-EPI contrast using immunohistochemistry.

Materials and Methods
Patient Selection

This prospective study was approved by the Institutional
Review Board at University of California Los Angeles
under Institutional Review Board #10-000655 and #14-
001261. All patients provided written informed consent
for all clinical information, imaging exams, treatments,
and prospective biopsy acquisition. A total of 30 patients
were included in this study: Fifteen pathologically con-
firmed newly diagnosed IDH wild-type glioblastoma and
15 first recurrence IDH wild-type glioblastoma. The newly
diagnosed IDH wild-type glioblastoma had no previous
therapy, had radiologically confirmed gross total resec-
tion of the CE portion of tumor, and were treated with
standard-of-care adjuvant temozolomide and radiation
therapy. The recurrent IDH wild-type glioblastoma only
had a single previous surgery and adjuvant standard of
care temozolomide and radiation therapy without ad-
ditional medical therapy, had radiologically confirmed
gross total resection of the CE portion of tumor, and were
treated with adjuvant CCNU. Recurrence was based on
radiology reports of progressive enhancement on post-
contrast T1-weighted images consistent with the mod-
ified RANO criteria. Additionally, all cases of potential
progression were discussed in a multidisciplinary tumor
board that included review of anatomic and physiologic
imaging (eg, diffusion MRI, perfusion MRI, T1 subtraction
maps, etc.) as well as clinical characteristics and previous
treatment to verify the date of tumor progression. Cases
noted to have recurrence and shown to have significant
treatment effects after surgery (i.e. radiation necrosis,
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pseudoprogression, etc.) were excluded from the current
study.

Amine Chemical Exchange Saturation Transfer
Echo Planar Imaging

Each patient was referred for amine chemical exchange
saturation transfer echo planar imaging (CEST-EPI) im-
aging along with preoperative MRI within 1 week of
planned surgery for tumor on a 3T Siemens Prisma or
Skyra scanner (Siemens Healthcare, Erlangen, Germany).
Standard of care brain tumor imaging preoperative
sequences adhered to the standard brain tumor imaging
protocol® and included at least a 1 mm 3D inversion-
recovery gradient recalled echo images prior to and after
injection of gadolinium contrast (Gd-DTPA, 0.1 mmol/kg)
as well as dual-echo proton density/T2-weighted turbo
spin echo images and T2-weighted FLAIR images with
3mm slice thickness and no interslice gap, as well as 2mm
isotropic resolution 64 direction diffusion tensor images
and dynamic susceptibility contrast perfusion MRI ac-
quired according to current recommendations.?* Amine
CEST-EPI was acquired and post-processed according
to previously published protocols.'625-2735 Briefly, amine
CEST-EPI was composed of a nonselective saturation
pulse train of three 100 milliseconds Gaussian pulses,
with a peak amplitude of 6 uT and an inter-pulse delay
of 5 milliseconds, followed by spoiling gradients before
each EPI readout. Images had a field of view of 256 x 256
mm?, matrix size of 128 x 128, slice thickness of 4mm. A
total of 29 z-spectral points were acquired, densely sam-
pled around the amine proton resonance frequency (+3.0
ppm), the reference frequency (-3.0 ppm), and the water
resonance frequency (0 ppm). We additionally performed
a reference (S,) scan with 4 averages using identical se-
quence parameters and no saturation pulse. Total scan
time was approximately 5-7 minutes. CEST-EPI were
then post-processed by (1) motion correction using af-
fine transformation (mcflirt; Functional MRI of the Brain
Software Library, Oxford, United Kingdom), (2) B, inho-
mogeneity correction using a z-spectra-based k-means
clustering and Lorentzian fitting algorithm; X, and (3)
calculation of MTR, =~ at amine proton resonance fre-
quency as a measure related to tissue acidity. MTR_
at 3.0 ppm was defined using the equation: MTRaSym(é’.O
ppm) = 5(-3.0 ppm)/S, - S(+3.0 ppm)/S,,, where S(w)is the
water MR signal available following the saturation pulses
with offset frequency w and S, is the reference signal ac-
quired without RF saturation. An integral of width of 0.4
ppm was quantified around both -3.0 and + 3.0 ppm (-3.2
to -2.8 ppm and + 2.8 to + 3.2 ppm, respectively) spec-
tral points, in order to improve signal-to-noise. All im-
ages were registered to post-contrast T1-weighted and
T2-weighted FLAIR images for subsequent analyses.

Construction of CEST Positive NE Regions of
Interest

CEST-positive NE regions of interest (CEST + NE ROI) were
created using the Analysis of Functional Neurolmages
(AFNI) software package.®® First, CE tumor (CE) was

segmented using contrast-enhanced T1-weighted digital
subtraction as previously described,?-3° where contrast
enhancement was quantified by a positive signal inten-
sity after voxel-wise subtraction pre-contrastT1-weighted
images from post-contrast images. Following CE tumor
segmentation, central necrotic and/or cystic regions
were filled within the CE ROl (AFNI; 3dmask_tool, di-
late). NE ROls were then identified by dilating the CE ROI
(AFNI, 3dmask_tool, dilate) in areas that overlap with T2
hyperintensity on FLAIR images. The purpose of this ROI
was to capture the T2 hyperintensity that may include
both vasogenic edema and NE infiltrating tumor cells.
NE ROls were filtered by MTRasym values from CEST-EPI.
Using previously described MTR, = values of normal-
appearing white matter, T2 hyperintense regions, CE re-
gions, and necrotic regions of glioma,?® we quantified
acidic tissue (CEST positive, or “CEST+") as having an
MTR,,,, threshold of between 1.50% and 4.00%. These
bounds were determined by median MTR,_ = of normal-
appearing white matter (0.7%), T2 hyperintensity (1.7%),
and CE regions (2.9%) from our prior work,?6354% as well
as noise from non-tumor structures (lateral ventricle).
Similar to previous work quantitatively studying T2 re-
gions,*’ median MTR,_ in CEST + NE ROIs and volume
of CEST + NE ROIls normalized by volume of CE tumor
(CEST + NE ROI volume/ CE ROI volume) were quanti-
fied and used for further analyses.This normalization was
done to control for bias contributed to the association be-
tween CE volume and survival, and achieve a comparison
similar to that of Figure 2A-B, where radiographic differ-
ences are primarily attributed to differences in CEST + NE
regions.394243

Acquisition of Prospective Biopsy Targets in
CEST + NE ROI

In patients undergoing surgery for glioma in whom pre-
operative CEST-EPI imaging was obtained, prospec-
tive biopsy targets were planned in the CEST + NE ROI.
A 5 mm diameter spherical biopsy target was placed
in the CEST + NE ROl and median MTR,,, within this
region was quantified. This 3D object was transferred
to intraoperative neuronavigation software (BrainLab
Elements, BrainLab Surgical Navigation System,
Munich, Germany) and uploaded to the intraoperative
neuronavigation system (BrainLab Curve, BrainLab
Surgical Navigation System, Munich, Germany). During
resection of the tumor, biopsy specimens were identified
and removed, and screenshots were acquired to confirm
proper localization within the operating room. These spe-
cimens were immediately sent to pathology for storage
and processing.

Immunohistochemical Staining and Evaluation

Biopsy specimens were paraffin-embedded and prepared
for immunohistochemical (IHC) staining. Each specimen
was stained for: (1) hematoxylin and eosin only, (2) Ki-67,
(3) CDS8, (4) CD31. These blocks were reviewed for quality
control and whole slide images were captured and sent
for analysis on QuPath (Aperio Technologies, Vista, CA).*
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H and E slides were evaluated for whole cell density, Ki-67
slides were evaluated for percentage of positive nuclei, and
CD8/CD31 were evaluated for percentage of positive cells.

Statistical Methods

All statistical tests were performed on GraphPad Prism (ver-
sion 9.0.0 for Mac, GraphPad Software, San Diego, California,
USA, www.graphpad.com). Sample size calculation for bi-
opsy targets showed a sample size of 20 with expected
change in cell density of 50% would provide approximate
power of 80% at the 0.05 significance level. Survival analyses
were carried out using Cox proportional hazard modeling and
Kaplan-Meier analysis with reporting of median survival and
Log-Rank P-value. Comparisons between CEST + NE ROI
and patterns of recurrence were evaluated with chi-square
analysis. Immunohistochemical staining and MTRasym were
compared using unpaired t-tests as well as linear regression
analysis with reporting of Pearson rvalue. A linear regression
model was generated using the equation below:

Cellularity [cells/mmz] = A (MTRasymat 3ppm|%]) + B

Using neuropathological diagnosis as the gold standard,
a MTRasym value of > 1.56% was evaluated as a diagnostic
test for presence of tumor cells. True positives, true nega-
tives, false positives, and false negatives were calculated.
Sensitivity, specificity, positive predictive value, and neg-
ative predictive value were calculated from these data.
P-values <.05 were considered statistically significant.

Results
Amine CEST-EPI in CE Regions of Glioblastoma

In 30 patients (patient demographics in Table 1) with IDH-
wild-type glioblastoma, the median MTF?aSym at 3 ppm was
calculated for CE tumor (Figure 1A-B). No differences in
MTRasym at 3 ppm were observed between newly diagnosed
(n=15) and recurrent (n=15) IDH wild-type glioblastoma
(mean 2.88 vs. 2.27 unpaired t-test P =.193; Figure 1C).

In newly diagnosed glioblastoma patients, there was
no difference in progression-free survival (PFS) by me-
dian MTRasym at 3 ppm using a Cox proportional hazard
model (HR =1.07; P=.717) or when stratified by the me-
dian value of the cohort (median PFS 0.80 vs. 0.70 years,
log-rank P =.773, Figure 1D). There was no difference in
overall survival (OS) by median MTRasym at 3 ppm using
a Cox proportional hazard model (HR=0.78; P=.258) or
when stratified by the median value of the cohort (median
OS 1.70 vs. 1.60 years, log-rank P = .474, Figure 1E).

In recurrent glioblastoma patients, there was no differ-
ence in PFS by median MTRasym at 3 ppm using a Cox
proportional hazard model (HR =1.41; P=.321) or when
stratified by the median value of the cohort (median PFS
0.20 vs. 0.90 years, log-rank P =.148, Figure 1F).There was
no difference in OS by median MTRasym at 3 ppm using
a Cox proportional hazard model (HR=1.17;, P=.713) or
when stratified by the median value of the cohort (median
OS 1.60 vs. 1.70 years, log-rank P =.732, Figure 1G).

Amine CEST-EPI in NE Regions of Glioblastoma

CEST + NE ROls were created for all gliomas to identify po-
tential areas of NE tumor as indicated by elevated tumor
acidity. Interestingly, CEST + NE ROIls did not have com-
plete overlap with the T2/FLAIR hyperintensity, and there
was heterogeneity in the median MTRasym and volume
(Figure 2A-B). Median MTR,,,, at 3 ppm of CEST + NE of
grade IV IDH wild-type glioblastoma was lower than of the
CE region (2.09 vs. 2.63, paired t-test P =.0176, Figure 2C).
There were no differences in median MTRaSym at 3 ppm or
volume ratio of CEST + NE ROIs between new and recur-
rent wild-type glioblastoma (median MTFs’Zsym 2.13 vs. 2.05

unpaired t-test P=.387 Figure 2E; volume ratio 1.05 vs.
0.70 unpaired t-test P = .366, Figure 2F).

CEST + NE ROI Characteristics are Associated
With Spatial Areas of Tumor Recurrence and PFS

In 15 newly diagnosed IDH wild-type glioblastoma patients
and 15 recurrent IDH wild-type glioblastoma patients, Cox
Proportional Hazard Regression was used to evaluate PFS
and OS by median MTR, = at 3 ppm of CEST +NE ROI
(newly diagnosed PFS HR=2.31, P=.021; OS HR=0.73,
P=.737; recurrent PFS HR=3.61, P=.297; OS HR=0.33,
P =.487). Kaplan—-Meier survival analysis of PFS and OS strat-
ified by median MTRaSym at 3 ppm CEST + NE ROI showed
significantly lower PFS with higher MTRasym at 3 ppm in
both groups of patients, but no difference in OS (newly
diagnosed median PFS 0.2 vs. 1.4 years, log-rank P=.0007,
Figure 3A; OS 1.6 vs. 1.7 years log-rank P =.230, Figure 3B;
recurrent median PFS 0.3 vs. 1.5 years, log-rank P=.020,
Figure 3C; OS 1.6 vs.1.7 years, log-rank P =.456, Figure 3D).
Cox Proportional Hazard Regression of PFS and OS by
CEST + NE ROI/ CE ROI volume ratio showed association of
poor PFS with higher ratio (newly diagnosed PFS HR = 1.56,
P=.046; OS HR=1.75 P=.061; recurrent PFS HR = 155,
P=.128; OS HR = 1.77, P =.079). Kaplan—-Meier survival anal-
ysis by CEST + NE ROI/ CE ROI volume ratio showed signifi-
cantly lower PFS with higher ratio (newly diagnosed median
PFS 0.2 vs. 0.9 years log-rank P =.033, Figure 3E; OS 1.3 vs.
1.7 years log-rank P=.388, Figure 3F; recurrent PFS 0.2 vs
1.7 years log-rank P <.0001, Figure 3G, OS 0.9 vs. 4.0 years
log-rank P =.0003, Figure 3H). In 22 IDH wild-type glioblas-
toma patients with GTR and follow-up imaging showing
CE progression, 21/22 (95.4%) had recurrence in an area of
CEST + NE ROI (chi-square P <.001). lllustrative examples in-
clude those with CEST + NE ROI well beyond the CE region
of tumor with conversion to CE tumor on 1 year follow-up
(Figure 3l), patients with very small areas of CEST + NE ROI
without CE recurrence on 1 year follow-up (Figure 3J), and
patients with CEST + NE ROI distant to the CE region with lo-
calized recurrence on 1 year follow up (Figure 3K).

Tumor and Non-tumor Cell Burden Correlates
With MTR at 3 ppm in CEST + NE ROI

asym

A total of 14 patients with IDH-wild-type glioblastoma re-
ceived successful MR-guided biopsies within CEST + NE
ROIs to vyield 20 individual samples (Figure 4A, pa-
tient demographics Table 2). A blinded, board-certified
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Table1. Patient Characteristics for Survival Analysis
Pt Age Gender New vs.Recurrent Diagnosis IDH1/2 Mutation 1p/19q Loss EGFRAmp PTEN Loss MGMT Methyl
1 49 M New GBMWHO4 - - + + -
2 75 M New GBMWHO4 - - - + +
3 65 M New GBMWHO4 - - + + =
4 68 F New GBMWHO4 - - + + +
5 56 M New GBMWHO 4 - — = + -
6 36 M New GBMWHO 4 - - + + -
7 67 M New GBMWHO 4 - - + + =
8 61 F New GBMWHO4 - - - + +
9 60 M New GBMWHO 4 - - - + +
10 86 F New GBMWHO 4 - - - + +
1 66 F New GBMWHO 4 - - = + -
12 70 M New GBMWHO 4 - - + + +
13 70 F New GBMWHO 4 - - = + -
14 75 M New GBMWHO 4 - - + + +
15 51 M New GBMWHO 4 - - = + -
16 44 M Recurrent GBMWHO4 - - - + -
17 61 F Recurrent GBMWHO4 - - = 4 =
18 52 F Recurrent GBMWHO4 - - - + +
19 56 M Recurrent GBMWHO 4 - - + + +
20 54 M Recurrent GBMWHO 4 - - + - +
21 46 M Recurrent GBMWHO4 - - - + +
22 60 M Recurrent GBMWHO4 - - + + —
23 60 F Recurrent GBMWHO4 - - + + —
24 62 F Recurrent GBMWHO4 - - + + +
25 51 F Recurrent GBMWHO4 - - + + -
26 55 M Recurrent GBMWHO 4 - - + + +
27 M F Recurrent GBMWHO4 - - - + —
28 67 F Recurrent GBMWHO4 - - - + +
29 78 M Recurrent GBMWHO4 - - + + -
30 53 M Recurrent GBMWHO 4 - - - - -

neuropathologist reviewed randomized H&E stained slides
of each of these 20 samples and provided a diagnosis of
either (1) solid tumor, (2) infiltrating tumor, or (3) no tumor.
The MTE’asym at 3 ppm of these samples correlated with the
pathological diagnosis (solid tumor mean MTR =2.36%;
=1.88%,; no tumor mean

infiltrating tumor mean MTR,_ tum
MTRasym at 3 ppm = 1.41%; ANOVA P =.0028, Figure 4B).
Cell density using a quantitative image analysis tool
(QuPath, Aperio Technologies) showed a positive linear
correlation between MTRasym at 3 ppm and cell density
(pearson r=0.801; P <.001, Figure 4C) and a significant dif-
ference with a median stratification between high and low
MTRasym at 3 ppm (4951 vs. 1082 cells/ mmA2; unpaired
t-test P <.001, Figure 4D). The mean cell density of slides
deemed to be non-pathological brains was 811 cells/mm?Z.

A linear regression equation from this data were generated:

Cellularity [cells/mm?| = 3793 « (MTRasymat 3ppm|%]) — 4453

Having a cellularity matching that of non-pathological brain
is estimated to have a baseline MTFn’asym at 3 ppm of 1.38%.
Given these data, we used a cut-off of a MTR,  of > 1.50%.
Using pathological diagnosis as the gold standard, we see
a threshold of 1.50% as able to identify tumor cells with a
sensitivity of 100%, specificity of 71.4%, positive predictive
value of 86.7%, and negative predictive value of 100%.
There was positive linear correlation between MTHasym
at 3 ppm and the proportion of nuclei with positive Ki-67
staining (pearson r = 0.834; P <.0001, Figure 4E) and a sig-
nificant difference with a median stratification between
high and low MTRasvm (26.7% vs. 2.7%; unpaired t-test
P =.004, Figure 4F). Staining against CD8 was used to
quantitate levels of CD8* T-cells. There was no significant
correlation between proportion of cells positive for CD8
and MTR_ . (pearson P=.594; median stratified t-test

P =.614, Figure 4G-H). There was a significant correlation
between proportion of cells positive for CD31, used to
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quantitate levels of endothelial cells and MTRasym at 3 ppm
(pearson r=0.708; P =.001, Figure 4l); and when stratified
by median MTRasym at3ppm, (9.0% vs. 1.8%, t-test P =.006,
Figure 4J).

Discussion

In this study, we show the feasibility of amine CEST-EPI in
identifying differences in MTRasym at 3 ppm within the CE
region as well as in areas beyond the CE region. We build
upon previous work studying amine CEST-EPI in the CE
regions of gliomas,'625-2735 by constructing an automated

Amine CEST-EPI
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T1-weighted with contrast (A) and amine chemical exchange saturation transfer echo planar imaging (CEST-EPI) (B) sequences of
of contrast-enhancing region in new and recurrent glioblastoma (C). Kaplan—Meier curves evaluating
of the contrast-enhancing region in newly diagnosed glioblastoma progression-free survival (D), overall survival (E), recurrent glioblas-

pathway for identifying abnormality in the NE region, al-
lowing for more information than previously studied
CE regions of glioma. There is a clinical need for visuali-
zation of NE tumors. Standard T1 in contrast fails to visu-
alize tumors in areas of intact blood-brain barrier.** T2 or
FLAIR hyperintensity often extends much farther past the
tumor and is thought to be cerebral edema. Identifying
areas of this region that harbor infiltrating tumor cells has
been studied with radiomic evaluation.*®4’ Scola et al. re-
view standard and advanced techniques for evaluating
this region including™ While standard MRI studies can
quantify NE low-grade gliomas,*® and prognosticate high-
grade gliomas,*® confirmation with biopsies is lacking.
In regards to alternative imaging techniques, FDG PET,
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Figure 2. Quantitative segmentation pipeline for generation of CEST + non-enhancing (NE) regions of interest (ROI) with examples of high (A)
and low (B) CEST + NE ROI. Median MTR,,, of contrast-enhancing (CE) and NE areas of tumor (C). Median MTR,,, of CEST + NEROI in new and
recurrent glioblastoma (D). Raio of CEST + NE ROl to CE ROl in new and recurrent glioblastoma.

perfusion-weighted imaging, diffusion-weighted imaging,
diffusion tensor imaging, and MR spectroscopy have
been studied to differentiate glioma from alternative diag-
noses'®20 and prognosticate outcome,??®° but resolution
is extremely low and therefore cannot be leveraged by
intraoperative neuronavigation.'> Amine CEST-EPI identi-
fies abnormality beyond the CE but not the entire extent
of the FLAIR or T2. Although heterogeneous between pa-
tients, amine CEST-EPI abnormality follows white matter
tracts. We show in this study a streamlined post-processing
technique for amine CEST-EPI to identify areas beyond
the CE region with abnormal MTRaSym at 3 ppm, “CEST+
NE ROI,” and introduce to quantitative measures for these
ROls: median MTI-'n’aSym at 3 ppm and volume normalized by
CE volume. Furthermore, amine CEST-EPI has near whole-
brain coverage with 4mm slices, and MTI?asym at 3 ppm
color maps can be registered to the MP-RAGE images used
in the intraoperative neuronavigation software.

CEST + NE ROI metrics were strongly associated with

decreased progression-free survival (PFS) in IDH wild-type

glioblastoma. We hypothesize that if infiltrating glioblas-
toma cells exist in this area, the larger this area (as denoted
by volume of ROI), the more residual tumor, as standard of
care surgery is resection of CE tumor only.25' Similarly,
the higher the median MTR, ., the more metabolically
active this residual tumor. This suggests that the term “re-
current glioblastoma” is actually capturing progression
of NE infiltrating glioblastoma into higher density CE gli-
oblastoma. In our newly diagnosed cohort, there was no
difference in OS based on CEST + NE ROI volume. In our
academic brain tumor center, these patients often receive
multiple surgeries and trials and therefore depending on
the arm of a trial and whether the family decided to pursue
surgery is a large confounding factor for OS. In our re-
current cohort, we did see a significant association of
CEST + NE ROI volume with PFS and OS, as these patients
were much less likely to receive additional treatment upon
progression other than palliative bevacizumab.

We sought to confirm the presence of tumor cells in
CEST+NE ROIs by using prospective image-guided
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Figure 3. Kaplan-Meier survival curves in newly diagnosed (A-D) and recurrent (E-H) glioblastoma evaluating median MTR,  of CEST + non-
enhancing (NE) ROI (A-B, E-F) or volume ratio of CEST + NE ROI: CE ROI (C-D, G—H) on progression-free survival (PFS) (A, C, E, G) or overall sur-
vival (0S) (B, D, F, H). CEST + NE ROl on initial presentation and contrast-enhancing recurrence on follow-up showing high (1), low (J), or satellite

(K) CEST + NE RO

Table 2. Patient Characteristics for IHC Analysis

Pt Age Gender New vs. Recurrent Diagnosis IDH1/2 Mutation 1p/19q Loss EGFRAmp PTEN Loss MGMT Methyl

1 75 M New GBMWHO 4 - - = s +
2 45 M New GBMWHO 4 - - - + -
3 68 F New GBMWHO 4 - - + + +
4 65 M New GBMWHO 4 - - + + -
5 36 M New GBMWHO 4 - - + a* -
6 62 M New GBMWHO 4 - - - + +
7 62 M New GBMWHO 4 - - = @ -
8 82 M New GBMWHO4 - - + - +
9 44 M Recurrent GBMWHO 4 - - - + +
10 65 M Recurrent GBMWHO 4 - - - + +
1 69 M Recurrent GBMWHO 4 - - = = -
12 78 M Recurrent GBMWHO 4 - - + + +
13 67 F Recurrent GBMWHO 4 - - + + +
14 58 M Recurrent GBMWHO 4 - - + + -
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Figure 4. Prospective guided biopsies pipeline showing selection
Correlation of pathological diagnosis with MTRaSym of biopsy target (B)
of positive cell countin high or low MTR

asym

biopsies of these regions and quantitating tumor cell
burden via IHC. Using pathological diagnosis as the gold
standard, we see a threshold of 1.50% as able to identify
tumor cells with sensitivity. Furthermore, tumor cell den-
sity correlated with MTRasym at 3 ppm, where an estimated
MTRasym at 3 ppm 2 1.41% was predictive of tumor cells.
With these data, we hypothesize using a threshold of
1.560% can better visualize NE tumors, and guide surgeons
to establishing an improved minimal residual disease
baseline.

We began to address the question as to what is con-
tributing to abnormal MTRHSym at 3ppm in NE regions.
We show in this study differences in tumor cell burden,
and have previously shown differences in metabolism.?8
We hypothesize that MTRasym at 3 ppm abnormalities
are due to (1) neoplastic cell burden and turnover, (2)
intratumoral differences in metabolism (ie, aerobic gly-
colysis or the Warburg Effect3%315%) or (3) immune re-
sponse. Using IHC, we identify MTRasym at 3 ppm in
CEST + NE ROI is associated with % Ki-67 and CD31*
positivity but not % CD8* positivity. In fact, there are low
CD8* cells (<1%) identified throughout CEST + NE ROls.
This suggests that CEST + NE regions of tumors have
active replication and vascular proliferation without ev-
idence of a cell-mediated immune response. This makes
this population of cells, likely those that remain after sur-
gery, potential originators of recurrence and true target
of adjuvant therapy.

in CEST + non-enhancing ROIs (A).
. Linear correlation (C, E, G, ) and median stratified comparison (D, F, H, J)
for cellular density on H&E (C-D), Ki-67 (E-F), CD8 (G—H), and CD31 (I-J).

of areas of high/mid/low MTR

asym

This study has several limitations. The first is that there
are multiple sources of bias that may lead to false posi-
tives/false negatives. CEST voxel size still [imits resolution
as compared to high-resolution MRI. Second, translation
of prospective biopsy targets to real brain space in the
operating room is difficult given shifts in cerebrospinal
fluid and brain during exposure of the tumor. While we
use neuro-pathologic review as the gold standard for de-
fining negative tissue, individual infiltrating tumor cells
may be present, a known limitation of defining margins
in glioma. The second limitation extends to the applica-
bility of this method. CEST sequences require significant
post-processing, and interpretation in the operating room
requires a surgeon with significant experience with this
imaging modality. Differences in MRI scanners, contrast
administration, and processing in different centers may
lead to heterogeneity in application. In addition, with lim-
ited sample size, specifically for areas of low MTRasym, true
sensitivity, and specificity may benefit from further ex-
ternal validation. Lastly, our prognostic evaluation would
be improved by measurement of actual post-operative NE
tumors. This is an area of active further study. Additional
future directions include correlating with additional
MRI sequences, studying cell burden, RNA expression
patterns, and microenvironment in these regions with
single-cell sequencing and consideration of surgical trials
to resect CEST + NE regions of glioblastoma to achieve a
minimal disease post-operative state.
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Conclusions

We introduce a novel method to visualize NE tumor cells
using amine CEST-EPI. We investigate the relationship of
our metrics to tumor characteristics and find these met-
rics as strongly associated with PFS. We confirm that
CEST + NE ROIs do contain tumor cells and this is correl-
ated with MTRasym at 3ppm. Lastly, we show that MTRaSym
at 3 ppm correlates with markers of cell turnover and dif-
ferences in metabolism rather than presence of an immune
response. We suggest that amine CEST-EPI can help visu-
alize infiltrating tumor cells for further study of residual tu-
mors after surgery.
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