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Abstract

Purpose—To evaluate the use of three EMR methods to quantify APT and NOE signals in
human glioma.

Methods—Eleven patients with high-grade glioma were scanned at 3 T. aEMR2 (asymmetric
magnetization-transfer or MT model to fit two-sided, wide-offset data), SEMR2 (symmetric MT
model to fit two-sided, wide-offset data), and SEMR1 (symmetric MT model to fit one-sided,
wide-offset data) were assessed. Zgpmr and experimental data at 3.5 ppm and —3.5 ppm were
subtracted to calculate the APT and NOE signals (APT# and NOE#), respectively.

Results—The aEMR2 and SEMR1 models provided quite similar APT# signals, while the
SEMR2 provided somewhat lower APT# signals. The aEMR2 had an erroneous NOE#
quantification. Calculated APT# signal intensities of glioma (~4%), much larger than the values
reported previously, were significantly higher than those of edema and normal tissue. Compared to
normal tissue, gadolinium-enhancing tumor cores were consistently hyperintense on the APT#
maps and slightly hypointense on the NOE# maps.

Conclusion—The sSEMR1 model is the best choice for accurately quantifying APT and NOE
signals. The APT-weighted hyperintensity in the tumor was dominated by the APT effect, and the
MT asymmetry at 3.5 ppm is a reliable and valid metric for APT imaging of gliomas at 3 T.
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jzhou@mri.jhu.edu.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article.

Supporting Theory

Conventional MT Models;

APT-Weighted Imaging Signal and Contrast;

MT Model under a Non-Steady-State (NS) Condition



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al. Page 2

Keywords
MT; CEST; APT; NOE; brain glioma

INTRODUCTION

Chemical exchange saturation transfer (CEST) MRI is a novel molecular imaging technique
by which to detect low-concentration, exogenous or endogenous targeted CEST agents (1-
3), and probe the tissue microenvironment, such as the pH (4, 5). Amide proton transfer
(APT) imaging (5), an important type of CEST MRI, is capable of detecting endogenous
mobile proteins and peptides in tissue, such as those in the cytoplasm (6). Technically, the
APT effect is usually quantified by a reduction in bulk water intensity, due to the chemical
exchange of water protons with magnetically labeled backbone amide protons of
endogenous mobile proteins and peptides at ~3.5 ppm downfield of the water resonance.
Thus, specific protein information can be obtained indirectly though the bulk water signal
usually used in water-based MR imaging. In recent years, there has been much progress in
CEST applications, such as detecting and grading tumors (7-9), assessing tumor response to
therapy (10-12), imaging the ischemic penumbra in acute stroke based on tissue acidosis
(13-15), detecting neurotransmitters in the brain (16), imaging glucose uptake and
metabolism in tumors (17, 18), detecting Parkinson’s disease (19), studying creatine kinetics
(20), and characterizing pediatric brain development (21).

To demonstrate a specific CEST effect, a Z-spectrum is often generated by acquiring bulk
water signal intensities as a function of radiofrequency (RF) saturation frequency offsets. In
theory, the CEST enhancement displayed in the Z-spectrum depends on pool sizes,
exchange rates, and relaxation times of exchangeable protons (22-24). CEST is often
confounded by the effects of direct water saturation (DS) and the conventional semi-solid
macromolecular magnetization transfer (MT) (25, 26). When the MT asymmetry analysis is
used for quantification (5), the CEST signal is further confounded by the nuclear Overhauser
enhancement (NOE) effects from non-exchangeable protons that resonate in the upfield
region from water (27-32). The NOE signal in vivo may arise from the interaction between
the water protons and mobile and relatively mobile proteins, peptides, metabolites, and
lipids in tissue (33), by way of the intermolecular through-space dipolar coupling, the
intramolecular NOE-relayed CEST process (28), and the intramolecular NOE-relayed
spectral overlap with the water signal (34). The mobile biomolecules in tissue (T2 ~ 10 ms)
detected either by CEST or NOE imaging have a relatively narrow RF saturation width (on
the order of ppm), showing well-defined features in the Z-spectrum. Based on this, we
hypothesize that the relatively less mobile biomolecules (T, ~ 0.1-1 ms) that have a
relatively broad saturation width (tens of ppm) are responsible for the Z-spectrum
asymmetry observed in CEST imaging (33). Note that the conventional MT imaging is
sensitive to semi-solid macromolecules (T, ~ 10 us), with an even broad RF saturation width
of hundreds of ppm (35, 36). Consequently, the Z-spectrum asymmetry analysis can remove
the nearly symmetric DS and semi-solid MT effects (Supporting Fig. S1), whereas the
asymmetric NOE signals from the mobile and relatively mobile proteins, peptides,
metabolites, and lipids in tissue may remain in CEST imaging.
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We recently introduced a new and straightforward fitting approach using extrapolated semi-
solid MT reference (EMR) signals to better quantify the APT (APT#) and NOE (NOE#)
signals (37). The method (called SEMR2) used the well-established, symmetric
Henkelman’s two-pool MT model with a super-Lorentzian lineshape (35, 36) to fit the two-
sided, wide-offset MT data. Further, it has been shown that four-pool CEST data fitting,
using calculated semi-solid MT parameters as prior known information, could reduce the
over-fitting errors for APT and NOE. In this current study, two more possible EMR
approaches were assessed: aEMR2 (using a modified, asymmetric MT model (38) to fit the
two-sided, wide-offset Z-spectrum data); and SEMR1 (using a symmetric MT model to fit
the one-sided, wide-offset Z-spectrum data). The aEMR2 method assumes the chemical shift
center mis-match between bulk water and semi-solid macromolecules (38). The SEMR1
method divides the asymmetric Z-spectrum observed into the conventional, symmetric,
semi-solid Z-spectrum component (Supporting Fig. S1) and the upfield asymmetric NOE
component of the aliphatic and olefinic protons of various relatively less mobile molecules.
The purpose of this study was to assess the quantitative APT# and NOE# signals measured
by three different EMR models and compare them with the commonly used MTRgsym
(3.5ppm) parameters in human gliomas at 3 Tesla.

METHODS

Theory

The reversible exchange process in a two-pool model can be depicted by the Bloch
equations, modified with the coupling terms, which consist of a free bulk water proton pool
(w) and a semi-solid macromolecular proton pool (m) (35, 36), as described in Supporting
Theory. In the SEMR1 and SEMR2 models, the symmetric MT signal expression can be
uniquely determined in terms of five combined model parameters (39, 40), R, Tim, Toms
RM{'T},, and Tyw/Tow, Where Ty, and Ty, are the longitudinal and transverse relaxation
times of the free water proton pool, respectively; Ty, and Ty, are the longitudinal and
transverse relaxation times of the semi-solid macromolecular proton pool, respectively; and
M, is the fully-relaxed equilibrium magnetization value associated with the semi-solid
macromolecular pool; and Ris the rate constant describing the magnetization exchange
between the two proton pools. After these five model parameters are obtained by fitting the
observed wide-offset MT data, the EMR spectra (Zgpmr) can be calculated with the
corresponding RF irradiation amplitude, @y, and frequency offset, An,. For the aBEMR2
model, the MT asymmetry can be described by assuming an average frequency difference
between the semi-solid macromolecular protons and the free water protons, A, The
asymmetric MT signal expression can be determined in terms of six combined model

parameters, R, Tim, Tom RM T}y Tiwd Tow and Ay, (38).

Patient Recruitment

The study was approved by the Johns Hopkins Institutional Review Board. Before
involvement in this study, written, informed consent was obtained from all patients. Eleven
patients (eight males, three females; median age, 50 years; age range, 30-65 years) with a
confirmed high-grade glioma were recruited for this study.
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MRI Experiments

All patients were scanned on a Philips 3 T MRI scanner (Achieva 3.0 T; Philips Medical
Systems, Best, The Netherlands) using a body coil for RF transmission and a 32-channel
sensitivity-encoding coil for reception (Invivo, Gainsville, FL). Several standard MR images
were acquired for reference, including To-weighted (repetition time or TR = 2772 ms; echo
time or TE = 80 ms; field of view or FOV = 212 x 190 mm2; slice thickness = 2.2 mm; slice
spacing = 1 mm; matrix size = 512 x 512; 60 slices; and scan time = 3 min), fluid-attenuated
inversion recovery (FLAIR: TR = 11 s; TE = 120 ms; inversion recovery time or Tl = 2.8 s;
FOV =212 x 190 mm2; slice thickness = 2.2 mm; slice spacing = 1 mm; matrix size = 512
x 512; 60 slices; and scan time = 3 min), Tq-weighted, and gadolinium-enhanced T+-
weighted (three-dimensional, magnetization-prepared, rapid-gradient-echo sequence; TR = 3
s; TE=3.7ms; Tl = 843 ms; FA = 8°; 150 slices; isotropic voxel = 1.1 mm3). T,-weighted
and FLAIR imaging were acquired first to localize the tumor for APT imaging, and
gadolinium (Gd)-enhanced T-weighted imaging was the last sequence acquired.

CEST image data were obtained using a fat-suppressed, fast spin-echo pulse sequence using
the following parameters: TR =3 's; TE = 6.4 ms; FOV = 212 x 190 mm2; matrix size = 256
x 256; slice thickness = 4.4 mm; turbo-spin-echo factor = 45; and single slice acquisition.
The RF saturation section included a series of four block RF saturation pulses (200 ms
duration each and 2uT amplitude), each followed by a crusher gradient (10 ms duration and
10 mT/m strength). This interleaved approach was used to satisfy amplifier requirements
regarding unblank time and duty cycle. The frequency sweep corresponded to a full Z-
spectrum with 64 frequency offsets: off (S0 image), 0, £0.5, ..., and 14 ppm in intervals of
0.5 ppm. In order to obtain sufficient signal-to-noise ratios for the APT and NOE images,
four acquisitions were placed at +3.5 ppm. The water saturation shift-referencing (WASSR)
method (26 offsets from 1.2 to —1.2 ppm at intervals of 0.125 ppm, one average, B; = 0.5
UT) was used to determine By maps (41).

Data Processing and Fitting Procedure

All data processing was performed using Interactive Data Language (IDL, Version7; Exelis
Visual Information Solutions, Inc., Boulder, CO) or MATLAB (The MathWorks, Inc.,
Natick, MA). Figure 1 shows the flow chart of the data processing procedures. First, the
WASSR method, with Z; 5 - -1 2ppm, Was used to correct for By field inhomogeneity effects
(41). Z14 ~ -14ppm SPectra were interpolated and aligned correspondingly on a pixel-by-pixel
basis along the direction of the frequency offset axis. Then, the wide-offset data were fitted
to Henkelman’s two-pool MT model with a super-Lorentzian lineshape for the aEMR2,
SEMR2, and SEMR1 models. For the aEMR2 and SEMR2 models, data points of small
frequency offsets between 7 and =7 ppm (2’14 ~ -14ppm) Were excluded prior to conventional
MT modeling to avoid possible APT and mobile NOE contributions. For the SEMR1 model,
data points of small frequency offsets between 7 and —14 ppm (Z14 ~ 7ppm) Were excluded to
avoid possible APT and NOE contributions, including NOEmobile and NOEless mobile
effects.

Further, the independent semi-solid MT model parameters (R, Tom, RM§ Ty Tl Tows Brw
for aEMR?2) were obtained by fitting all modified 2’14 ~ —14ppm and Z14 ~ 7ppm data to the
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two-pool semi-solid MT models (Eq. [S1] in Supporting Theory), based on the nonlinear
least-squares fitting approach, which implemented the Levenberg-Marquardt algorithm. In
this procedure, A7’ was conventionally normalized to 1 (35, 42). Ty, was set as a constant
value of 1.4 s (43) because it could not be determined well from fits. The super-Lorentzian
function, characterized by one parameter, Ty, Was evaluated by numerical integration.
Fortunately, the singularity in the super-Lorentzian lineshape could be avoided during the
MT fitting because the wide-frequency offsets were not defined at on-resonance. However,
the super-Lorentzian value was extrapolated from 128 Hz to the asymptotic limit at the zero
offset when drawing Zgpr curves. The quality of the estimated MT model parameters was
evaluated by the root of the sum of the signal-normalized squared difference between the
fitted and experimental data, and the x2 goodness-of-fit metric. Finally, estimated baselines
based on the three models were obtained, and APT# and NOE# were calculated by
subtracting the corrected experimental data from the EMR data.

To quantitatively compare the APT# and NOE# signals in the glioma, regions of interest
(ROIs) were analyzed. Three ROIs, enclosing the contralateral normal-appearing white
matter (CNAWM), the glioma, and the edema, were carefully drawn on the conventional
MR images. Data in graphs were presented as mean xstandard error. Statistical analysis was
performed using one-way ANOVA, followed by Tukey’s post-hoc test. Statistical
significance was considered at p < 0.05.

RESULTS

Figure 2 compares the average Z-spectra and MTRasym spectra of all ROIs from seven
patients. The Z-spectra in the glioma and in the peritumoral edema overall showed higher
signal intensities for all frequency offsets than those in the CNAWM. As reported
previously (33), all MTR,sym Spectra were negative at the higher frequency (>5.5 ppm) due
to the upfield NOEless mobile effects. The presence of the APT and other CEST effects
became more pronounced between 1 ~ 4 ppm in the MTRasym Spectra, and a higher
MTRzsym (3.5 ppm) signal was observed in the glioma, compared to the edema and the
CNAWM.

Figure 3 shows the average two-pool MT-fitted results from the glioma (n = 11). Supporting
Table S1 summarizes the fitted MT model parameters (R, Tom, RM Ty, aNd Tyl Tow, Amw
for aEMR?2). As reported previously (37), the use of the super-Lorentzian lineshape fits the
lineshape of the curves quite well for wide-frequency offsets, yielding a close fit for Z

"14 ~ ~14ppm O Z14 ~ 7ppm- Based on Z’14 — _14ppm data (where frequency offsets between 7
and -7 ppm were excluded to remove CEST and most mobile NOE effects close to the
water resonance), the aEMR2 model accurately predicted the behavior of the semi-solid MT
system for wide-frequency offsets, while the SEMR2 model was associated with a deviation
of one-to-two percentage points at both the positive and negative frequency offsets,
primarily due to the asymmetric effect contributed by the upfield NOEless mabile signals.
Based on Zy4 ~ 7ppm data (where frequency offsets between 7 and —14 ppm were excluded to
remove CEST, mobile NOE, and relatively less mobile NOE contributions), the SEMR1
model fitted the MT behavior very well. Notably, the Zgpr spectra with the SEMR1 model
overall showed higher signal intensities for all negative frequency offsets, compared with
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the experimental Zy4 - —14ppm in the ROI, providing further evidence regarding the presence
of mobile NOE and relatively less mobile NOE contributions.

The simulated conventional MT Z-spectra based on the aEMR2 model were asymmetric
around the water resonance frequency, with lower signal intensities appearing on the
negative frequency offset side, as shown in Fig. 4. According to the usual definition (Eq.
[S5] in Supporting Theory), the aEMR2 asymmetry changed from 0 to a few negative
percentage points at the offset of ~4 ppm (around -2.8% for the CNAWM, —2.4% for
edema, —1.1% for glioma) and then remained relatively stable (around —2.5% for the
CNAWM, —2% for edema, —1% for glioma) for the offsets far from water (>5 ppm).
Therefore, the magnitude of the upfield NOEless mobile effects was dependent on the
frequency offset and the tissue type. The maximal aEMR2 asymmetry was observed in the
CNAWM, which had a chemical shift center about 1.55 + 0.1 ppm upfield from the water.
The chemical shift center was found to be 1.26 + 0.3 ppm and 0.51 £ 0.4 ppm for the edema
and the glioma, respectively.

Figure 5 shows the experimentally measured downfield APT# and upfield NOE# signal
features as a function of frequency offsets, which were obtained by subtracting the
experimental data (gray asterisks in Fig. 3) from the corresponding Zgpr curves (solid lines
in Fig. 3). The downfield CEST# signals may be attributable to amide protons (APT#, 3.5
ppm downfield from water), amine protons (2 ppm downfield from water), and other
possible sources. The upfield NOE# signals may be attributable (according to the mobility)
to mobile biomolecules (T, ~ 10 ms) and less mobile biomolecules (T, ~ 0.1-1 ms, hamely,
between semi-solid and mobile; for sSEMR1 and sEMR2). Note that a large dip around water
frequency was observed in all three EMR methods, which was caused by a non-zero
saturation intensity at water frequency (Fig. 2e), due to the low signal-to-noise ratio and the
remaining By inhomogeneity.

Figure 6 quantitatively compares the MTRasym (3.5ppm), APT#, NOE#, and § (for aEMR2
only) in the CNAWM, peritumoral edema, and glioma across the three different EMR
models used. Based on this, several important results can be observed. (i) The MTRgsym
(3.5ppm) signal of the glioma was significantly higher than those of the edema and the
CNAWNM (both p < 0.001), as expected. (ii) The APT# signals measured for all ROIs from
the three EMR methods were overall larger than the corresponding NOE# signals, due to the
use of the relatively larger RF power levels (2 uT), as reported previously (33). (iii) The
downfield APT# signals of the glioma were significantly higher than those of the edema and
the CNAWM for each of the three EMR models (all p < 0.05). The APT# signals seemed
slightly lower in the edema than in the CNAWM, but the differences were statistically not
significant. (iv) Interestingly, the APT# signals measured by the aEMR2 and SEMR1 were
quite similar for all ROIs. However, the APT# signals measured by the SEMR2 were
somewhat lower, particularly the values for the edema and the CNAWM, which were
significantly lower than those by the aEMR2 (both p < 0.05). (v) The upfield NOE# signals
were slightly lower in edema than in glioma and the CNAWM, and the differences were
most statistically significant (p < 0.05). Note that the negative NOE# values in the CNAWM
and the edema (with larger A,y values), using the aEMR2 model, were observed due to the
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largely overestimated NOEless mobile that resulted from the oversimplified assumption of
only one chemical shift center, Ay

Figure 7 further compares the image contrasts of MTRasym (3.5ppm), APT#, NOE#, and &
(for aEMR2 only) between the glioma (or the edema) and the CNAWM for the three EMR
methods. (i) The downfield APT# image contrasts between the glioma and the CNAWM
were consistently positive across all EMR models (p < 0.05). (ii) The upfield NOE# image
contrast between the glioma and the CNAWM were negative for both SEMR2 and sSEMR1.
For the aEMR2 method, the § image contrast between the glioma and the CNAWM was
negative. The upfield NOE# image contrast between the glioma and the CNAWM was
positive; however, the (NOE# + &) image contrast between the glioma and the CNAWM
also became negative. (iii) Interestingly, the downfield APT# and upfield NOE# image
contrasts between the edema and the CNAWM were all negative across all EMR models,
although some differences were not significant. (iv) Notably, the APT# image contrasts
between the glioma and the CNAWM were consistently larger than the corresponding
NOE# contrasts across all EMR models (p < 0.05). However, the APT# image contrast
between the edema and the CNAWM were consistently smaller than corresponding NOE#
contrast (all p < 0.05). (v) Finally, the MTRasym (3.5ppm) image contrasts between the
glioma (or the edema) and the CNAWM were both positive (p < 0.01) (as described by Eq.
[S6] in Supporting Theory).

Figure 8 shows one example of the conventional MR images and quantitative APT# and
NOE# maps for a patient with GBM. As reported before (7), the Gd-enhancing area (tumor
core) on the post-Gd Ty-weighted image was hyperintense on the MTR;sym (3.5ppm) and
APT# maps, but the glioma was seemingly hypointense on the NOE# maps. Therefore, the
APT effect was the major contributor to the APT-weighted image contrast (based on MT
asymmetry analysis) between the tumor and the normal brain tissue.

DISCUSSION

In this study, we investigated the mixed effects of conventional MT, APT, and NOE in
human gliomas at 3 T and assessed three EMR approaches based on Henkelman’s two-pool
MT model with a super-Lorentzian lineshape for the quantification of APT and NOE
signals. The key point was to find the accurate EMR signals at 3.5 and —3.5 ppm as the
reference signals by which to quantify APT and NOE. The quantitative results from the
three EMR methods showed that the APT# signals were significantly higher in the glioma
than in the edema and in the CNAWM. The APT# signals were overall larger than the
NOE# signals at the RF power level of 2 uT, and were the major contributor to the APT-
weighted image contrast in the glioma, compared to the CNAWM.

It has become clear recently that the observed Z-spectrum is asymmetric with the center of
the Z-spectrum shifted slightly upfield from the water signal (38, 44, 45), resulting in a
negative background signal for asymmetry analysis of Z-spectrum (5). The immobile semi-
solid macromolecule protons associating with the conventional MT resonate over a very
large spectral width and have very short T, (~10 ps), thus corresponding to an extremely
large saturation width of hundreds of ppm (based on the Bloch equations). Therefore, the
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semi-solid MT should appear to be nearly symmetric around the water resonance
(Supporting Fig. S1), such that the SMER1 and SMER2 models can work. Further, the
mobile molecules (T, ~ 10 ms) lead to upfield well-defined NOE signals in the offset range
of 0 to =5 ppm. Notably, the observed Z-spectrum asymmetry in tens of ppm may be
attributable to some relatively less mobile (T, ~ 0.1-1 ms) proteins, peptides, lipids, and
metabolites in tissue (33). The NOE# signals obtained by SEMR1 and SMER2 may include
the NOEmobile and NOEless mobile contributions, while the NOE# signals obtained by
aEMR2 may include the NOEmobile contribution only.

As shown in Figs. 6 and 7, all three EMR models resulted in quite similar APT# signals and
contrasts. Roughly, for each ROI, the APT# signal intensities had a relationship: aMER2 ~
SMER1 = sMER2, because slightly lower Zgpgr (3.5ppm) signals were obtained for SMER2
(Fig. 3b). However, these EMR models may show very different NOE# signals, as discussed
above. Roughly, one had a relationship: aMER2 < SMER2 < sMER1. Using the aEMR?2
method, the presence of a single resonance frequency difference, Amy, is actually an
oversimplified assumption. Although the model fitted the wide-offset data well (Fig. 3a), it
gave inaccurate EMR signals (extra dips in Fig. 4b) around the water resonance, thus
influencing the NOE# quantification. As shown in Fig. 5a, some negative NOE# values with
aEMR2 were observed in the CNAWM and in edema (with larger Ay values). These errors
may be due to that fact that the single resonance frequency difference is used to define all
macromolecular protons. Thus, the aEMR2 model may not be suitable for the quantification
of the upfield NOE signals. As a result, the SEMR1 method (using the data points in the
offset range between 14 and 7 ppm, and thus, excluding most APT and NOE contributions)
would be the best choice for the accurate quantification of both the downfield APT and the
upfield NOE signals.

It is known that the APT-weighted signal quantified by the MTR asymmetry analysis with
the saturation signal at the other side of water (—3.5ppm) as a reference is an apparent APT
signal that is contaminated with the NOE signal, as described early (46). The measured
APT-weighted signal can be positive or negative, dependent on saturation power levels and
durations, as well as on the By field strength (47). At 3 T, as shown in Fig. 6, the APT#
signal in the tumor was larger than the NOE# signal at this relatively larger RF power
applied (~ 2 uT), which is an optimal saturation power level for APT (48), rather than for
NOE. The measured MTRasym(3.5ppm) signals in the glioma, the edema, and the CNAWM
were all positive. In addition, the lower NOE# (or NOE# + § for aEMR2) signal in the tumor
relative to the normal brain tissue boosted the APT-weighted image contrast (Fig. 7). It is
important to notice that our conclusion based on 3 T and specific experimental parameters
cannot be generalized to other measurement conditions, particularly other field strengths
(30, 49). In addition to the EMR method, several other alternative data processing or
acquisition approaches are being developed for isolating the APT signal from various
concurrent saturation effects (50-55).

Whether and how the T, relaxation time of water (namely, Tyy) in tissue affects the
measured APT signal is currently an interesting research topic (37, 52, 53, 56, 57). As far as
tumor tissue is concerned, it has long been known that higher water content and longer T,y
relaxation time are usually simultaneously observed (58-60). Therefore, the effect of the

Magn Reson Med. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al.

Page 9

increasing Ty, on the measured APT signal may mostly or partially be compensated by the
effect of the increasing water content, as pointed out previously (5). Based on this work
(Fig. 6) and several previous reports at 3 T (46, 61), the measured APT# signals were
significantly higher in the high-grade glioma than in the peritumoral edema (with
comparable T1y,) and in the CNAWM (with short Ty,,; see also Supporting Fig. S2). Thus,
the influence of T,,, on APT imaging in vivo is not as being linear as it appears in the
equation (5). This may explain why the use of the newly introduced quantitative metric
(AREX, simply multiplying by R;,,) led to the unexpected result (AREXymor ~
AREXpormal) (52, 53), although the method can bring back the diluted effects of spillover
and semi-solid MT on APT imaging. These authors further reported that their corrected APT
measurement was consistent with the total protein measurement with the Bradford and
bicinchoninic acid assay (BCA) methods (52). However, as pointed out in our recent studies
(37, 57), it is important to keep in mind that APT imaging can in principle detect mobile
proteins and peptides in tissue only, not the total protein (mobile and semi-solid) contents
measured by the standard biochemical methods.

Based on a long continuous-wave (CW) RF saturation (typically used in animal MRI
scanners), the MT process can approach a steady state. However, if this is not the case, the
longitudinal magnetization of the free bulk water protons would not reach a steady state. In
Supporting Table S2, we compared MT model parameters fitted under the steady-state and
the non-steady-state conditions. Our results show that only a small difference exists in these
MT parameters observed from two saturation conditions. Therefore, the simple steady-state
expression (Eq. [S1] in Supporting Theory) can always be used to fit the MT model
parameters for the EMR signals.

CONCLUSIONS

Three possible EMR approaches (REMR2, sEMR2, and SEMR1) were assessed to
quantitatively measure pure APT and NOE signals in normal tissue, edema, and glioma.
Results showed that all EMR models can be used to accurately calculate the APT and other
CEST signals downfield from the water resonance, but the SEMR1 approach (using a
symmetric MT model to fit the one-sided, wide-offset Z-spectrum data) could more
accurately quantify the upfield NOE signals. The tumor cores identified by Gd-enhanced T;-
weighted MR images were consistently hyperintense on the APT# maps and slightly
hypointense on the NOE# maps. Thus, the strong APT effect in the tumor would be the
major contributor to the APT-weighted image contrast (based on MT asymmetry analysis)
between the tumor and normal brain tissue. These quantitative results have clearly
demonstrated the reliability and validity of the MT asymmetry at 3.5 ppm [namely,
MTRgsym (3.5ppm)] as a metric for APT imaging of malignant gliomas at 3 Tesla.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow chart of data processing procedures for APT# and NOE#. After Bg corrections with

WASSR, the wide-offset dataset, Z'14 ~ ~14ppm OF Z14 ~ 7ppm, Was fitted to the two-pool MT
model with a super-Lorentzian lineshape, and R, Tom, RM [T}, and T1/Tow and Apyy (for
aEMR?2) were determined from the MT fitting routine. By subtracting experimental data
(Z14 ~ -14ppm) from fitted EMR data, APT# and NOE# signals could be obtained.
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Figure 2.

ROI analysis results from seven patients. a—d: Example of ROIs on conventional MR
images for a patient with a glioblastoma (edema, blue; CNAWM, black; glioma, red). e—f:
Average Z-spectra and MTRasym spectra for the CNAWM (black), edema (blue), and glioma
(red).
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Figure 3.
Average two-pool MT fitted results (solid lines) obtained with three EMR models, and

experimental data (black asterisks) from the glioma (n = 11). a: aEMR2 fit using Z

'14 ~ ~14ppm data. b: SEMR2 fit using Z’14 - —14ppm data. ¢: SEMRL fit using Z14 ~ 7ppm data.
The Lorentzian lineshapes of bulk water protons (dashed lines) are shown for comparison.
The downfield APT# and upfield NOE# features were obtained by subtracting the
experimental Z-spectra (gray asterisks) from the corresponding EMR spectra.
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Figure 4.

S4 12 10 8 6 4 2

Frequency offset (ppm)

a: Average aEMR2 spectra and asymmetry spectra obtained from the CNAWM (black), the
edema (blue), and the glioma (red) from 11 patients. The aEMR2 spectra are asymmetric
with the lower signal intensities on the negative frequency offset. b: Detailed aEMR2
asymmetry spectra. The asymmetric effect is dependent on the frequency offset and different

tissue type.
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Figure 5.

Downfield APT# and upfield NOE# signal features as a function of frequency offsets
obtained with the aEMR2 (a), SEMR2 (b), and SEMRL1 (c) models from the CNAWM
(black), the edema (blue), and the glioma (red) from 11 patients. The results were obtained
by subtracting the experimental Z-spectra (gray asterisks in Fig. 3) from the corresponding
EMR spectra (solid lines in Fig. 3).
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Figure 6.
Average MTRgsym (3.5ppm), APT#, NOE#, and & (for aEMR2 only) signal intensities

obtained with three EMR models from the CNAWM, edema, and glioma from 11 patients.
APTH# = Zgpmr (+#3.5ppm) — Z(+3.5ppm); NOE# = Zgr (—3.5ppm) — Z(-3.5ppm); § =
Zemr (3.5ppm) — Zgmr (—3.5ppm), for aEMR2 only. Error bars depict standard errors.
Calculated APT# signal intensities of glioma (~4%) were much larger than the values
reported previously (7).
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Figure 7.
Average MTRgsym (3.5ppm), APT#, NOE#, and & (for aEMR2 only) image contrasts

between the CNAWM and the glioma or the edema (values at the glioma/edema — values at
the CNAWM). Error bars depict standard errors. All values are statistically significant (p <
0.05) unless otherwise indicated. NS indicates not statistically significant.
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Figure 8.

MTRgsym (3.5ppm), APT#, and NOE# maps calculated with three EMR models and overlaid
on a corresponding FLAIR image for a representative patient with a glioblastoma.

Magn Reson Med. Author manuscript; available in PMC 2017 April 01.



