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Abstract

Purpose—To explore the relationship of APT and NOE signal intensities with respect to
different World Health Organization (WHO) brain tumor grades (11 to V) at 7T.

Materials and Methods—APT-based and NOE-based signals at 7T using low-power steady-
state CEST were compared among de novo primary gliomas of different WHO grades (Il to IV).
The quantitative APT and NOE signals, calculated by fitting approach using extrapolated semi-
solid MT reference (EMR) signals, were compared with the magnetization transfer ratio
asymmetry (MTRzsym) analysis, commonly used in APT-weighted MRI.

Results—The observed NOE signals of all glioma grades were significantly lower than normal
brain tissue (p < 0.01). NOE signals significantly differed between low-grade (1) gliomas and
high-grade (111 & IV) gliomas (p < 0.05). APT signals showed no difference between the tumor
regions for any glioma grades (M = 3.08 %, 2.64 %, and 3.10 %, 95% CI = 2.81 % ~ 3.33 %,

2.36 % ~ 2.91 %, and 2.85 % ~ 3.36 % for grade I, 111, and IV, respectively), and between normal
brain tissue and all glioma grades (p = 0.08, M = 4.29 % and 2.94 %, 95% CI = 3.57 % ~ 4.99 %
and 2.47 % ~ 3.41 % for normal and average grade II, 111, and 1), while MTR,sym differed

significantly between normal tissue and all glioma grades (o < 0.05).

Conclusion—NOE contributes substantially to APT weighted MRI at 7T at low RF saturation
power and provides a promising biomarker for glioma grading.
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INTRODUCTION

Gliomas are the most common primary glial neoplasms of the central nervous system,
accounting for almost 80% of primary malignant brain tumors.! Malignant gliomas remain
nearly universally fatal, with a median survival of 12—15 months for grade IV and 2-3 years
for grade 111 tumors despite of recent advances in radiation therapy, chemotherapy, and
surgery.l: 2 Therefore, the grading of gliomas has clinical importance in determining a
treatment strategy and evaluating prognosis.

Currently, grading of gliomas depends on the tissue histopathology as a gold standard.
However, histopathologic samples obtained at biopsy may be subject to inherent sampling
error because gliomas are typically heterogeneous.3 Currently, many clinicians rely on
standard anatomical MR to detect and grade gliomas. Conventional T,-weighted imaging
and fluid-attenuated inversion recovery (FLAIR) have been used to define gliomas and
associated edema and necrosis.# In addition, gadolinium (Gd) enhanced Tq-weighted images
can serve as a marker of blood-brain-barrier disruption in gliomas.> However, gadolinium
enhancement has limitations in glioma assessment due to inherent variability in
enhancement patterns across different tumor grades. For example, approximately 10% of
glioblastoma (GBM) and 30% of anaplastic astrocytoma demonstrate no Gd enhancement.®
Therefore, it can be difficult to identify the most malignant portion of tumor for biopsy and
local therapy. Recently, advanced MR imaging, such as diffusion-weighted imaging to probe
tumor cellularity,” 8 susceptibility-weighted imaging,® 10 and perfusion-weighted
imaging®: 12 to detect tumor microvascular integrity have been introduced to characterize
the physiology and metabolism of gliomas. However, they are still limited for assessment of
glioma grade. Therefore, the development of additional methods for grading of primary
gliomas is important for determination of prognosis and sensitivity to chemoradiotherapy.

Chemical exchange saturation transfer (CEST) imaging is a novel molecular MRI technique
that can generate contrast based on the proton exchange between free bulk water protons and
solute labile protons.13: 14 Using CEST MRI, endogenous low-concentration mobile
biomolecules with water-exchangeable labile protons, such as polypeptides,1®
glycosaminoglycans,1® glutamate,1” glucose, 18 19 glycogen,2? and creatine,?! can be
detected. In addition, tissue-based physico-chemical properties, such as pH22 and
temperature23, can be detected indirectly through the bulk water signal used for clinical
imaging. Amide proton transfer weighted (APTw) imaging is one variant of the CEST-based
molecular MRI technique that can detect endogenous mobile proteins and peptides in tissue,
such as those in the cytoplasm?4. Studies have shown potential clinical utility of endogenous
APTw MRI for differentiating radiation necrosis from tumor recurrence/progression, and
high-grade (grades 111 and 1V) from low-grade (grades I and I1) gliomas.24-26 An increased
APTw signal in tumors has been attributed to increased saturation transfer due to the
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relatively high concentration of mobile proteins and peptides, in line with expectations from
spectroscopy studies showing large amide proton signals in a malignant tumor cell line.2’

The study of nuclear Overhauser enhancement (NOE) has been useful in nuclear magnetic
resonance spectroscopy and has recently attracted considerable attention in the field of
CEST imaging.13: 16. 28-30 The NOE signal /7 vivo may arise from the magnetization
transfer (MT) between the water protons and aliphatic and olefinic components of mobile
proteins, peptides, metabolites, and lipids, by way of an intramolecular NOE-relayed CEST
process.3 This is different from the conventional magnetization transfer contrast (MTC) of
semi-solid species, where through-space intermolecular dipole-dipole interaction with water
dominates. The opposite of the NOE-relayed effects was first shown in exchange
spectroscopy data in the brain.22 27. 31 Based on this early work, we know that these signals
have a finite line width as was recently verified by low-power NOE experiments at 7T in the
human brain.28: 30 It is likely that the NOE of mobile proteins has the potential to serve as a
new molecular imaging marker for some diseases, similar to the APT signal.

In this ultra-high field (7T) pilot study our aim was to explore how differences in mean
intratumoral amide proton transfer (APT) and nuclear Overhauser enhancement (NOE)
signals may be used to differentiate low from high WHO grade gliomas.

MATERIALS AND METHODS

Conventional MTC model

The MTC model in tissue has been theoretically well established using a two-pool model
based on the modified Bloch equations, in which the free bulk water proton pool (1) is
coupled to the semi-solid macromolecular proton pool (/) through magnetization

exchange.32 The steady-state longitudinal magnetization of the water proton pool ( MY),
which has the equilibrium magnetization ( Az}’) can be simplified to only six parameters (/,
Rm Tomy RM{' /Ry URwTous and Apy):

R, (RM{'/Ry) +Rypm+Rm+R
(RME/Ru) (RymtRu) + [ 14@1/2780)° (1/ RuTow)| (RepmtRon+ ) n

MY /MY =

where Ris the fundamental rate constant describing the magnetization exchange between the
two proton pools ( RAs{for the exchange from the water pool to semi-solid pool and RA7("
for the reverse direction); R, and R, are the longitudinal relaxation rate of the free water
proton pool and semi-solid macromolecular proton pool, respectively; 7, and 75, are the
transverse relaxation times of the free water proton pool and semi-solid macromolecular
proton pool, respectively; and Az is the fully-relaxed equilibrium magnetization value
associated with the semi-solid macromolecular pool. The RF absorption rate, R,#;, is the rate
of loss of longitudinal magnetization by direct saturation of the semi-solid macromolecular
pool due to off resonance irradiation of amplitude o, and offset frequency A, which is
dependent on absorption lineshape, g,,; (27 ,). It should be noted that a super-Lorentzian
lineshape provides the best fit to semi-solid macromolecular protons in biological tissue:33
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where A, is the frequency offset for the semi-solid macromolecular protons, and A, is the
frequency difference between the semi-solid macromolecular protons and the free water
protons.34

The MTC model, as described by Eq. [1], can be uniquely determined in terms of six
combined model parameters by fitting the wide-offset Z-spectra, and then, the extrapolated
semi-solid MT fitted curve (namely, Zgpmgr) can be obtained with the corresponding RF
saturation power and frequency.3>: 36

Subjects

The study was approved by the Johns Hopkins Institutional Review Board. Before
involvement in this study, written informed consent was obtained from all patients. Ten brain
tumor patients (eight males, two females; median age, 25 years; age range, 21-65 years; see
Table 1 for more demographic information) underwent CEST imaging on a 7T MRI system
prior to surgical resection or initiation of chemoradiation therapy. These patients were
recruited from neurosurgical referrals for routine 3T presurgical functional brain mapping;
only those patients who both successfully completed routine 3T presurgical fMRI
examinations and consented to additional participation in our 7T research study, prior to
surgical intervention. All of these patients subsequently underwent surgical biopsy or
resection for definitive histopathologic diagnoses. As shown in Table I, this sample includes
6 WHO grade Il, 2 WHO grade |11 and 2 WHO grade IV tumors.

Pulse sequence and data acquisition

All patients were scanned on a Philips 7 T MRI scanner (Achieva 7.0 T; Philips Medical
Systems, Best, The Netherlands) using a quadrature head coil for RF transmission and a 32-
channel coil for reception (Nova Medical Inc., Wilmington, MA). High dielectric pads
placed next to the head were applied to improve RF excitation homogeneity and minimize
head motion. Standard T-weighted MR images (MPRAGE) were acquired for structural
imaging using a three-dimensional, magnetization-prepared, rapid-gradient-echo sequence;
with the following parameters: TR = 4.023 s; TE = 1.81 ms; Tl = 843 ms; flip angle (FA) =
7°; T1 = 843 ms; 180 slices; isotropic voxel = 1 mm3.
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CEST image data were obtained using a fat-suppressed, 3D multi-shot gradient-echo
sequence:28:30 TR = 71 ms; TE = 7.2 ms; FA = 12°; EPI factor = 9; 50 slices; isotropic
voxel = 2 mm3. The parallel imaging SENSE factor was set to 2 x 1 (read-out) x 1.5
(anterior-posterior x right-left x foot-head). The steady-state pulsed CEST sequence for
whole-brain acquisition allows for the interleaving of acquisition pulses including excitation
and readout with a single-lobe sinc-gauss RF saturation pulse.28 30 The low RF saturation
power (1 UT peak amplitude, 25 ms duration, and 208° flip angle, 0.54 uT average power)
and pulsed saturation scheme led to slow build up of a saturation steady state. The time for
whole brain acquisition was 10.3 s per irradiation frequency and the total scan time was
about 13 min. Following two dummy scans, 75 volumes at saturation frequency offsets were
acquired: off (Sg image), off, -18, -14, -12, -10, -8, off, -7, -5, -4.7, -4.5, off, -4.3, —-4.1,
-3.9,-3.7, -3.5, off, -3.3, -3.1, -2.9, -2.7, -2.5, off, -2.0, -1.8, -1.6, -1.4, -1.2, off, -1.0,
-0.8, -0.6, -0.4, -0.2, off, 0, 0.2, 0.4, 0.6, 0.8, off, 1.0, 1.2, 1.4, 1.6, 1.8, off, 2.0, 2.5, 2.7,
2.9,3.1, off, 3.3,3.5,3.7, 3.9, 4.1, off, 4.3,4.5,4.7,5.0, 7.0, off, 8.0, 10.0, 12.0, 14.0, 18.0
ppm (relative to the water resonance), off, and off.

Data processing

All data processing was performed using a combination of the Analysis of Functional
Neuroimages3” and MATLAB (The MathWorks, Inc., Natick, MA). For pre-processing, all
CEST data were registered to the saturated volume (3.5ppm) using the rigid body
registration algorithm with a mutual information cost function and bicubic resampling.
Second, a smoothed B-spline function was fitted to the unsaturated data in each voxel for the
signal drift correction. Then the signals were reordered to generate a Z-spectrum, which
displays the water intensity as a function of RF saturation frequency offset. Last, a
Lorentzian curve fit was used to correct for By field inhomogeneity effects. The Z-spectra
were interpolated with the interval step of 0.01 ppm and aligned correspondingly on a pixel-
by-pixel basis with the water frequency in each voxel at 0 ppm.

Data points of small frequency offsets between 8 and —8 ppm were excluded prior to MTC
fitting to avoid possible downfield CEST and upfield NOE contributions, and the frequency
offsets between 0 and -1 ppm were included to improve the fitting quality. The wide-offset
Z-spectra were fitted to an asymmetric two-pool MTC model with a super-Lorentzian
lineshape based on the nonlinear least-squares fitting approach, which implemented the
Levenberg-Marquardt algorithm. The super-Lorentzian lineshape function was evaluated by
numerical integration. During the MTC fitting, on-resonance singularity can be avoided
because the wide-frequency offsets were not defined at on-resonance. However, the super-
Lorentzian function extrapolated from a 298 Hz offset to the asymptotic limit at zero offset
was used to model the semi-solid macromolecular pool lineshape during on-resonance
irradiation when drawing Zgpg curves. Fit parameter errors were estimated as the root of
the sum of the signal-normalized squared difference between the fitted and experimental
data, and the x2 goodness-of-fit metric. For convenience, 77, Was set as a constant value of
1.7 s because it could not be determined well from fits. A7}’ was normalized to 1. Finally,
quantitative APT# and NOE* were calculated by subtracting the By-corrected experimental
Z-spectra from the Zgpg curve. The quantitative APT# and NOE* were compared with the
commonly used APTw parameter, namely MTRgsym at 3.5ppm?2, where MTR = 1 — Sg.4/Sp:
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MTR oy (3.5ppm)=MTR(+3.5ppm, label) -MTR(—3.5ppm, reference) [5]

A region of interest (ROI) analysis was performed to compare the APT# and NOE? signals
across all grade gliomas. Two ROls, enclosing the normal-appearing white matter and
glioma were carefully drawn on the unsaturated image. The APT#, NOE*, and
MTR,sym(3.5ppm) were statistically compared using a one-way ANOVA, followed by
Tukey’s post-hoc test. Statistical analyses were performed using the Statistical Package for
the Social Sciences (SPSS, Chicago, IL, USA). Statistical significance was accepted for p <
0.05.

Figure 1a shows representative 3D unsaturated images of the steady-state acquisition
covering the whole brain. A montage of images from a single slice image as a function of
saturation frequency is shown in Fig. 1b, indicating sufficient direct water saturation on or
near water resonance.

Figure 2 shows the pre-processing procedures for the CEST data including three-
dimensional motion correction, baseline trend removal, and By correction. The normalized
acquired signal of the unsaturated and saturated images is shown within the ROI defined in
the tumor (yellow outline in Fig. 2a). Baseline drifts calculated based on Sy variation over
the scan period are shown by a non-linear function of time due to By drift from heating of
the passive shims when using high gradient duty cycle as shown in Fig. 2c and 2d. The
motion-corrected and detrended signals were used to generate a Z-spectrum (Fig. 2e). Then,
Lorentzian curve fitting was used to correct for the frequency shift of the Z-spectrum due to
By field inhomogeneity as shown in Fig. 2f. These pre-processing steps should be performed
prior to EMR fitting; otherwise it could be tracking the large scale variation in the signal,
instead of the CEST effect.

Figure 3a and 3b show the representative two-pool MTC-fitted results from the tumor and
normal tissue ROIs in a low-grade (grade I1) oligodendroglioma patient. The EMR model
using the super-Lorentzian lineshape predicted the behavior of the conventional MTC
system for wide-frequency offsets (blue crosses). Even with the low RF saturation power,
the residual conventional MTC effect was observed in the normal tissue while the
conventional MTC signal was largely removed in the glioma region. Figure 3¢ and 3d show
the experimentally measured downfield CEST# (including APT# and AmineCEST#) and
upfield NOE” signal features as a function of frequency offset, which were obtained by
subtracting the experimental data (sky-blue crosses in Fig. 3a and 3b) from the
corresponding Zgwmg curves (red solid line in Fig. 3a and 3b; mainly direct water saturation
effect for this tumor case). The upfield NOE signals show a composite broad resonance
between —1.5 ppm and -5 ppm as shown in Fig. 3¢ and 3d. The upfield NOE* signals of the
normal tissue were much higher than those of the tumor (p < 0.01) as shown in Fig. 3c and
3d (black arrows) while downfield APT# (3.3 ~ 3.7 ppm) and AmineCEST# (2.0 ~ 3.1 ppm)
signals showed a trend towards reduction, but this was not significant (o0 = 0.08 M = 2.91 %
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and 3.04 %, 95% CI = 2.72 % ~ 3.08 % and 3.07 % ~ 3.22% for APT# and AmineCEST# of
the normal tissue, respectively, and M = 2.79 % and 2.82 %, 95% CI = 2.59 % ~ 2.97 % and
2.64 % ~ 3.00 % for APT# and AmineCEST* of the tumor tissue, respectively).

Figure 4 shows a comparison of the MTR,sym spectra of the normal (Fig. 4a) and tumor
tissue (Fig. 4b). As observed before, the MTR,sym Values were negative at most frequency
offsets due to larger upfield NOE effects at the lower RF saturation power. The MTRasym
signals in the frequency offset range of 1 to 5 ppm were all dominated by the upfield NOE
signals. However, the NOE (positive confounding factor) enhanced the MTRsym image
contrast (Fig. 4c).

Figure 5 shows the CEST# and NOE* maps for several frequency offset ranges in the Z-
spectrum. The downfield APT# map showed contrast similar to the AmineCEST# map and
both were quite uniform in the white matter and gray matter. However, NOE* maps not only
had much higher signals compared to the downfield CEST#, but also showed contrast
between the white matter and gray matter probably due to the residual conventional MTC
effect. The highest NOE* signal was observed in the frequency offset range between —3.3
ppm and —3.7 ppm. Notably, the NOE* signals of the tumor were significantly lower than
those of the normal tissue (p < 0.01) while there was no contrast between tumor and normal
tissue in both APT# and AmineCEST* maps due to the use of the relatively lower RF
saturation power (average power ~ 0.54 uT). The MTR,sym(3.5ppm) image contrast were all
dominated by the NOE* image contrast under the low RF saturation power condition.

Figure 6 quantitatively compares the APT# (3.3 ~ 3.7 ppm), NOE* (3.3 ~ 3.7 ppm), &
(MT asymmetry, = Zgmp(3.5ppm) — Zgmr(=3.5ppm)) and MTRagym(3.5ppm) signals in the
normal tissue and glioma in each grade (grades Il to IV). Several important results can be
observed. (i) The downfield APT# signals showed no significant difference between the
glioma (2.94 £ 0.41 % for average grade Il, 111, and IV) and normal tissue (4.29 + 1.12 %),
but a trend towards lower APT (p= 0.08). This can be explained as a consequence of the low
RF saturation power used. (ii) The upfield NOE* signals of the gliomas (4.06 + 1.03 % for
average grade 11, 111, and 1) were significantly lower than those of the normal tissue (7.36
+0.82 %) (p< 0.01). (iii) The upfield NOE* signals of the grade 111 and IV gliomas (3.50

+ 0.52 % for average grade Il and I11) were significantly lower than those of grade 1l gliomas
(5.18 + 0.36 %) (p < 0.05) due to high water content and high intratumoral heterogeneity in
the higher-grade gliomas. (iv) The upfield NOE? signals seemed lower in the grade 1V
gliomas (3.14 = 0.22 %) than in the grade I11 gliomas (3.87 + 0.21 %), even though this
difference was not statistically significant. (v) The MTRagym(3.5ppm) signal of all grades of
glioma (-1.44 £ 1.17 % for average grade II, 111, and 1V) was significantly higher than those
of normal brain regions (-4.08 + 0.74 %) (p < 0.05). (vi) & of all grades of glioma (0.25

+ 0.13 % for average grade I, 11, and 1V) was significantly lower than those of normal brain
regions (1.31 + 0.14 %) (p < 0.05) due to large conventional MTC effect of the normal
tissue.

Figure 7 shows representative cases of grade Il (oligodendroglioma), grade 111 (anaplastic
astrocytoma), and grade IV (glioblastoma) gliomas, respectively. The downfield APT# and
AmineCEST* signals seemed lower in the glioma (2.94 + 0.41 % and 2.79 + 0.88 % for
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APT# and AmineCEST?, respectively) than in the normal tissue (4.29 + 0.92 % and 4.11
+1.01 % for APT# and AmineCEST?, respectively), even though the difference was not
statistically significant (o= 0.08). However, the lower NOE* signals were observed in the all
grades of gliomas while higher MTR,sym(3.5ppm) signals were observed in the all grades of
gliomas as compared to the normal tissue.

DISCUSSION

In this study, we assessed the ability of APT# and NOE* imaging to differentiate tumor
grades of primary gliomas at 7T. The APT# and NOE* signals were compared among de
novo primary gliomas of different WHO grades (I to 1V). Quantitative results showed that
the NOE? signals of all grades of glioma were significantly lower than those of the normal-
appearing (contralesional) white matter regions. When the grade | and grade Il cases were
grouped as low-grade glioma and compared to the higher grade gliomas (grade I11 and grade
IV), there was a significant difference in NOE* signals between the groups while no
difference was observed between normal tissue and all glioma grades I-1V in APT# signals
because the low RF saturation power used for suppressing conventional MTC also
substantially reduced the detectability of the APT signal. Thus, our findings suggest that
NOE* imaging may provide a promising biomarker for glioma grading at 7T MRI with low
RF saturation power, in line with a previous suggestion.3°

There have been many attempts to grade gliomas with unique histological features using
MRI. Diffusion-weighted imaging,’:8 perfusion-weighted imaging,11- 12 susceptibility-
weighted imaging,® 10 and proton spectroscopy38: 39 have been investigated as potential
imaging biomarkers for gliomas. A recent study? by Togao et al. suggested that
MTR,sym(3.5ppm) signals are correlated with the cell proliferation marker Ki-67 and cell
density. Further, it was also observed that MTRasym(3.5ppm) imaging has high sensitivity
and specificity for discrimination between grade 11 and 111, and high grade (V) gliomas at
3T MRI. The MTR,sym(3.5ppm) signal progressively increases with increasing glioma grade
at 3T by using the MTR asymmetry approach.2> In our study, however, no difference was
observed between low-grade (I and 11) and high-grade (111 and 1V) gliomas in APT# and
MTR;sym(3.5ppm). Despite high cellular density in many tumors, water content in high-
grade tumor enhancing regions (included in ROIs) is generally higher than in normal tissue
due to the larger extravascular extracellular spaces. This leads to a general reduction in
saturation in Z-spectra, conventional MTC, and CEST effects. Such an increase in
extracellular water content leads to a reduction in cell-based APT/NOE saturation effects,
but this should not be interpreted as an associated decrease in the mobile cellular protein and
peptide contents. Previous studies?® 26 showed positive MTRgsym(3.5ppm) contrast between
the tumor and normal tissue with relatively higher RF saturation power (>2 uT) using
asymmetry analysis. However, the NOE effects become more pronounced at the lower RF
saturation power, resulting in a reduction of MTR,sym(3.5ppm) signal in normal tissue,
while the relative increase in tumor cells remains. One possible source for changes in APT
and relayed-NOE signals is pH22 30, The APT signal increases with pH in tissue because the
amide proton exchange rate is base-catalyzed in the physiological pH range. However, the
pH change is not the major contributor to the observed APT and NOE signals because there
is only a small intracellular pH increase (< 0.1 pH) in the tumor with respect to normal brain
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tissue. Another potential factor affecting CEST and NOE signals is B; inhomogeneity. As
shown in Figure 1, however, this is not a major issue for these protons with relatively slow
exchange rate (as long as variation is not more than 10~20% from the optimal B,). The
inhomogeneity of the CEST# and NOE# maps as shown in Figure 5 is probably due to mild
head tilt that likely contributes more to asymmetries rather than B field inhomogeneity.

Previous studies demonstrated the RF power dependencies of APT and NOE signals both in
humans and animals.2?: 40 The different power dependence of the APT and NOE peaks may
result from the fact that the amide proton exchange rate is faster than the NOE-related
proton exchange rate so that the NOE signal has relatively lower optimal saturation power
level than the APT signal. Our NOE* data agree with the findings of Paech et al.,%0
suggesting that NOE mediated CEST signal (By = 0.7 pT) based on MTRasym at 7T is
significantly lower in glioblastoma tumors compared to contralateral normal tissue.
However, the NOE mediated CEST signal based on the MTR asymmetry approach would be
underestimated due to residual downfield amide protons (~ 3.5 ppm) and amine protons in
glutamate (~ 2 ppm). On the contrary, the use of high RF power (~ 2 uT) can enhance the
downfield APT effects relative to upfield NOE effects related to semi-solid macromolecules.

A fast low-power steady-state pulsed CEST sequence was used to acquire 3D whole-brain
volumes with an acquisition time of 10.3 s per irradiation frequency at a 2 mm isotropic
resolution?8: 30, The pulsed CEST approach significantly reduces the repetition time (TR =
71 ms) by the interleaving of RF saturation pulses and readout gradients, and efficiently
achieves steady-state CEST contrast over the whole brain by setting the readout to begin at
the edge of k-space to allow a sufficient number of saturation pulses to be applied before the
3D phase encoding gradient scheme encodes near the center of k-space. The low RF
saturation power was used to minimize contribution from direct water saturation and
conventional MTC effect. In this study, an EMR approach based on the steady-state two-
pool MTC model with a super-Lorentzian lineshape was used for the quantification of APT
and NOE signals. We fitted asymmetric conventional MTC model with the wide-offset
experimental data excluding the data points of small frequency offsets where possible CEST
and NOE signals are present. Therefore, downfield CEST and upfield NOE contributions
were largely removed in our conventional MTC model, and the obtained Zgpr baseline
included only direct water saturation and conventional MTC effect. However, the observed
NOE? signal with a narrower spectral width indicates an origin in mobile tissue components
through a relayed transfer mechanism to the water signal. Similarly, the NOE* signal with
broad lineshape under the fine structure originates from the relayed-NOE transfer
mechanism, but based on fast dipolar transfer of NOEs through the semi-solid
macromolecules and then to water. Thus, our measured results for the NOE* would be
overestimated due to the overlapping contribution between the relayed-NOE and the semi-
solid NOE via through-space dipolar coupling. Additional study limitations include use of a
small patient sample size, which necessarily reduces overall statistical power. Additionally,
sampling bias may have been introduced since recruitment of lower grade tumors into our
research study was more readily accomplished than high grade (WHO grade V) tumors due
to the greater urgency of rapid surgical intervention immediately following the clinical
presurgical fMRI examinations and generally greater neurological disability associated with
glioblastomas. This accounts for the relatively small number (n=2) of glioblastomas in our
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study. Furthermore, a higher representation of oligodendroglial tumors was present in our
sample (50%) than in the general population of glioma patients. Lastly, while the sole aim of
this study was to explore differences in CEST and NOE signals among the different glioma
grades, our study may have been enhanced by comparison of such results to those of more
conventional MR imaging, including structural, perfusion or spectroscopic MR imaging.

In this study, we assessed the ability of APT# and NOE* imaging to differentiate histologic
grades of de novo primary gliomas at 7T. We report significant differences in NOE* among
tumors of varying grade. When acquiring Z-spectra using low RF power pulsed steady-state
CEST acquisition with the purpose of reducing semi-solid MT contrast and reducing and
narrowing direct saturation effects, saturation-transfer effects based on slow exchange are
pronounced, such as upfield relayed NOE signals. Our findings suggest that NOE imaging
may serve as a promising biomarker for glioma grading.
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Figurel.
A representative 3D whole-brain pulsed steady-state CEST image using low RF saturation

power for a low-grade (grade 1) oligodendroglioma patient. (a) 3D unsaturated images of
the steady-state acquisition covering the whole brain. (b) A montage of a single slice image
for saturation offset frequencies ranging from —18 to 18 ppm.
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Figure 2.
Pulsed steady-state CEST image preprocessing procedure. (a) Axial unsaturated image and

tumor ROI (yellow outline) for a low-grade (grade 1) oligodendroglioma patient. (b)
Ilustration of the variation of CEST signal intensity before (blue line) and after (red line)
motion correction. (c) Signal drift estimate (red line) based on multiple unsaturated data
(blue circles). (d) lllustration of the variation of CEST signal intensity before (blue line) and
after (red line) detrending. (e) Hlustration of Z-spectrum before (blue line) and after (red
line) motion and trend correction. (f) lllustration of Z-spectrum before (blue line) and after
(red line) Bg correction using Lorentzian fitting. The inset shows the CEST signal intensity
before (blue line) and after (red line) Bq correction in the frequency offset range of -1 to 1

ppm.
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Figure 3.

Quantification of downfield CEST* and upfield NOE* signals using EMR approach. Two-
pool MTC (red line) and DS models (black line) were fitted with experimental data (blue
crosses) obtained from the normal-appearing white matter tissue (a) and the tumor region (b)
for a low-grade (grade 11) oligodendroglioma patient. Quantitative CEST# and NOE? signals
were obtained by subtracting the experimental measured Z-spectra (sky-blue crosses as
shown in Fig 3a and 3b) from the Zgp\ g data (red lines as shown in Fig 3a and 3b) in the
normal tissue (c) and the tumor region (d).
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Figure5.
Downfield CEST#, upfield NOE¥, and MTRasym(3.5ppm) maps for a low-grade (grade 11)

oligodendroglioma patient (black arrow: tumor core).

J Magn Reson Imaging. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Heo et al.

ns

Figure 6.

Page 18

Il Normal
Bl Grade ll
Bl Grade lll
W Grade IV

MTR. . .(3.5ppm)

asym

Group average APT#, NOE¥, §, and MTRgsym(3.5ppm) signal intensities obtained from all
three grades of glioma, as well as normal-appearing white matter tissue in a group of 10
patients. 6 = Zgpmr(3.5ppm) — Zgmr(—3.5ppm). Error bars depict standard errors.

J Magn Reson Imaging. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Heo et al.

Page 19

AmineCEST# NOE* MTR,,m(3.5ppm)

T,-weighted Unsaturated

Grade Il

o - e
10% 0% 10% 0% 10% -10%

Figure 7.
Ts-weighted and unsaturated, as well as APT#, AmineCEST#, NOE*, and

MTRgsym(3.5ppm) maps overlaid on a corresponding unsaturated image, for representative
patients with each WHO tumor grade. Note the progressively decreasing NOE signal as the
tumor grades vary from Il to IV.
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Table 1

Clinical/Demographic data for all 10 patients recruited for the study.

Patient No. Age Sex Lesion Location Histology/ Tumor Grade
1 23 M R superior frontal gyrus Oligodendroglioma / 2
2 36 M R perirolandic Oligoastrocytoma / 2
3 44 M L frontal brain Oligodendroglioma / 2
4 23 M L perirolandic Oligodendroglioma / 2
5 21 F L frontal lobe Oligodendroglioma / 2
6 23 M L perirolandic Low grade glioma /2
7 23 M L parieto-occipital Infiltrating astrocytoma with early anaplastic transformation / 3
8 22 M R occipital Anaplastic astrocytoma / 3
9 62 F L frontal mass Glioblastoma / 4
10 65 M R temporal lobe Glioblastoma / 4
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