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Abstract

Purpose—To quantify pure CEST-related APT and NOE signals in a rat glioma model and to 

investigate the mixed effects of water content and water T1 on APT and NOE imaging signals.

Methods—Eleven U87 tumor-bearing rats were scanned at 4.7 T. A relatively accurate 

mathematical approach, based on extrapolated semi-solid magnetization-transfer reference signals, 

was used to remove the concurrent effects of direct water saturation and semi-solid magnetization-

transfer. Pure APT and NOE signals, in addition to the commonly used magnetization-transfer-

ratio-asymmetry at 3.5 ppm, MTRasym(3.5ppm), were assessed.

Results—The measured APT signal intensity of the tumor (11.06%, much larger than the value 

reported in the literature) was the major contributor (about 80.6%) to the MTRasym(3.5ppm) 

contrast between the tumor and the contralateral brain region. Both the water content ([water 

proton]) and water T1 (T1w) were increased in the tumor, but there were no significant correlations 

between APT, NOE, or MTRasym(3.5ppm) signals and T1w/[water proton].

Conclusion—The effect of increasing T1w on the CEST signal in the tumor was mostly canceled 

out by the effect of increasing water content, and the observed APT-weighted hyperintensity in the 

tumor should be dominated by the increased amide proton concentration.
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INTRODUCTION

Chemical exchange-dependent saturation transfer (CEST) imaging provides an important 

contrast mechanism for molecular MRI (1). Thus far, numerous promising CEST 

applications have been exploited in different ways to detect various compounds, including 

proteins (2–5), glycosaminoglycan (6, 7), glutamate (8, 9), and creatine (10). In addition to 

these endogenous biomolecules, many kinds of exogenous CEST agents (paramagnetic and 

diamagnetic) have been introduced, such as paramagnetic lanthanide complexes (11–13), 

some x-ray contrast agents (such as iopamidol and iopromide) (14, 15), and glucose (16–

19). Among them, amide proton transfer (APT) imaging, using mobile proteins and peptides 

in tissue, has been successfully used to detect tumors (increasing mobile protein and peptide 

concentration) (20–24), to assess treatment effects of tumors using radiotherapy, 

chemotherapy, or high-intensity focused ultrasound (25–28), and to detect strokes 

(decreasing pH) (29–34).

To quantify the CEST effects, the magnetization transfer ratio (MTR = 1 − Ssat/S0, where 

Ssat and S0 are the image intensities with and without radiofrequency (RF) saturation) 

asymmetry analysis with respect to the water resonance has been widely used in various 

applications. For example, for APT imaging at 3.5 ppm downfield from the water frequency, 

one has (2, 3):

[1]

Although this analysis method can effectively remove the concurrent effects of direct water 

saturation (spillover) and semi-solid magnetization transfer (MT), the quantified 

MTRasym(3.5ppm) signal intensity is inevitably mixed with the upfield nuclear Overhauser 

enhancement (NOE) effect at −3.5 ppm relative to the water resonance (35–40). Thus, under 

the zero-order approximation, one has (2, 3):

[2]

where APTR is the proton transfer ratio for the amide protons and MTR′asym(3.5ppm) 

includes various non-APT effects asymmetrical at ±3.5 ppm from the water resonance, such 

as the upfield NOE effects of mobile and relatively less mobile polypeptides, lipids, and 

metabolites in tissue, quantified by the NOE-based MT ratio (NOER) (41). Thus, the 

MTRasym(3.5ppm) images calculated by Eq. [2] are usually called APT-weighted images.

According to the theory, the APTR can be approximately described as (42):

[3]
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where Ksw is the pH-dependent amide proton exchange rate (Ksw = 5.57×10pH−6.4 in the rat 

brain (3)), T1w is the water longitudinal relaxation time (excluding the contribution of the 

mobile amide protons), [ ] indicates the concentration of amide protons or water protons, 

and tsat is the applied RF saturation time. As described in Eq. [3], the APT signal intensity 

depends on the mobile amide proton concentration, the amide proton exchange rate 

(depending on tissue pH), and several other tissue and experimental parameters (apparently 

proportional to T1w and inversely proportional to [water proton]). To better understand the 

APT-MRI contrast mechanism, one extremely important issue is to assess whether and how 

T1w and the water proton concentration affect the observed APT signal intensity and image 

contrast.

In this study, we quantified the downfield APT, the upfield NOE, and the MTRasym(3.5ppm) 

signal features in rat brain tumor model. We used extrapolated semi-solid MT reference 

(EMR) signals at ±3.5 ppm from the water resonance, a relatively accurate approach that 

was recently introduced for the quantification of APT and NOE effects (43, 44). The goals 

of this study were two-fold: (i) to investigate the APT, NOE, and MTRasym(3.5ppm) signal 

features and their relationships in malignant glioma in order to demonstrate the reliability 

and validity of MTRasym(3.5ppm) as an APT imaging metric for daily clinical applications; 

and (ii) to investigate the correlations between APT signal intensities and other tissue 

parameters (T1w and [water proton]) in order to elucidate the possible factors that affect the 

APT imaging mechanism.

METHODS

MRI Data Acquisition

All experiments, as well as animal care, were approved by the Johns Hopkins Animal Care 

and Use Committee. All imaging experiments were performed on a 4.7 T animal MRI 

system (Bruker Biospin, Billerica, MA), with a 7 cm coil for RF transmission and a 2.5 cm 

surface coil for signal reception. Eleven U87 glioma-bearing male nude rats (0.2 million 

cells implanted for each rat, post-implantation days 12–14) were scanned. High-resolution 

coronal T2-weighted images were acquired around the lesion in the brain, with the following 

parameters: repetition time (TR) = 3 sec; echo time (TE) = 64 msec; five slices with no gap; 

slice thickness = 1.5 mm; field of view (FOV) = 40/32 × 32 mm2; matrix size = 256/192 × 

192; number of averages (NA) = 2. Several quantitative MRI datasets were then acquired 

(26). For T1w
obs mapping, based on an inversion recovery, spin-echo, echo-planar imaging 

(EPI) sequence, seven inversion recovery times (0.05, 0.3, 0.6, 1.2, 1.8, 2.5, and 3.5 sec) 

were used with a pre-delay time = 3 sec; TE = 30 msec; and NA = 4. For T2w
obs mapping, a 

spin-echo EPI sequence with seven TEs (30, 40, 50, 60, 70, 80, and 90 msec); TR = 3 sec; 

and NA = 4 was used. Apparent diffusion coefficient (ADC) maps were obtained, using an 

isotropic, pulsed-gradient, spin-echo diffusion sequence with seven b-values (0, 166.7, 

333.3, 500, 666.7, 833.3, and 1000 s/mm2); TR = 3 sec; TE = 80 msec; and NA = 8. 

Cerebral blood flow (CBF) maps were obtained, using the standard arterial spin labeling 

technique with 3-sec labeling at a distance of 15 mm away from the imaging plane; TR = 6 

sec; TE = 28.6 msec; and NA = 16.
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CEST datasets were acquired using a fat-suppressed, spin-echo EPI pulse sequence (40, 45), 

with a long continuous-wave RF saturation pulse and a single-shot EPI readout (TR = 10 

sec; TE = 30 msec; coronal; single slice; matrix size = 64 × 64 mm2; FOV = 32 × 32 mm2; 

slice thickness = 1.5 mm; RF saturation power = 1.3 μT; and RF saturation time = 4 sec). Z-

spectra with 61 frequency offsets were acquired as follows. A control image (S0 image) and 

saturation images, with offsets from +15 to −15 ppm at intervals of 0.5 ppm, were obtained 

for MT modeling and quantification analysis. For B0-field inhomogeneity corrections, water 

saturation shift referencing (WASSR) (46) Z-spectra, with 26 frequency offsets, were 

acquired from +0.6 to −0.6 ppm at intervals of 0.05 ppm, using 0.5-μT RF saturation power. 

In addition, high signal-to-noise ratio APT images were acquired using two frequency 

offsets (±3.5 ppm) and 16 signal averages.

Data Processing and Fitting

Figure 1 shows the flow chart of data processing procedures. Prior to the fitting, the Z-

spectrum within a range of ±15 ppm, normalized by the unsaturated image, was subjected to 

B0-field correction, using the WASSR method (46). The B0-corrected Z-spectrum was fitted 

to Henkelman’s two-pool MT model with a super-Lorentzian lineshape (47, 48). The EMR 

fitting was performed by the similar procedures based on the recently published papers (43, 

44). To avoid possible CEST and NOE contributions around the water resonance to 

conventional MT modeling, we performed the fitting within limited data points of frequency 

offsets +15 ~ +7 ppm in B0-corrected Z+15 ~ −15 ppm. By fitting of the modified offset range, 

the four independent MT model parameters (R, RM0mT1w, T1w/T2w, T2m) were obtained 

using the nonlinear least-squares fitting approach. The R is the exchange rate between the 

bulk water pool and the semi-solid macromolecule pool; M0m is the equilibrium 

magnetizations of the semi-solid macromolecular pool; T1w and T2w are the longitudinal and 

transverse relaxation times of the free water proton pool, respectively; T2m is the transverse 

relaxation time of the semi-solid macromolecular proton pool. In this fitting procedure, the 

equilibrium magnetization of the bulk water pool was normalized to 1, and the longitudinal 

relaxation time of the semi-solid macromolecular proton pool, which is not sensitive to the 

fitting procedure (47, 48), was fixed to be one second. Moreover, the water longitudinal 

relaxation parameter, T1w, and the observed value obeyed the following equation (47):

[4]

Acquired T1w
obs and T2w

obs values from the longitudinal and transverse relaxation maps 

(see below) were also combined to improve the fitting of the MT model parameters. The 

fitting results using the estimated MT model parameters were evaluated by the root of the 

sum of the squared differences between the fitted and experimental data, and goodness of fit 

(R2) was calculated on a pixel-wise basis. Finally, APT# and NOE# were calculated by 

subtracting the experimental data from the EMR data.
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For other MRI parameters, the T1w
obs map and T2w

obs map were fitted using the following 

equations: I = I0 + A exp(−TI/T1w
obs) and I = I0 exp(−TE/T2w

obs). The [water proton] map 

was obtained based on the I0 values, together with the T1w
obs fitting. To minimize the T2 

effect, the [water proton] map was corrected with an exp(−TE/T2w
obs) factor. Note that the 

absolute [water proton] quantification is a little difficult by MRI, so only the relative water 

proton concentration (tumor compared to contralateral brain) was reported in this study. The 

ADC map was fitted using the following equation: I = I0 exp(−b ADC). The CBF map was 

reconstructed from images with and without labeling.

Quantitative Image Analysis and Statistical Analysis

Two regions of interest (ROIs) from the contralateral and tumor regions were carefully 

drawn on the ADC map. Image contrast values were calculated by signal intensity 

differences between the contralateral and the tumor regions. Statistical differences in signal 

intensities and image contrasts among the contralateral and the tumor regions were analyzed 

by a one-way analysis of variance test, followed by the Tukey’s post-hoc test. The level of 

significance was set at p < 0.05. Correlations of APT#, NOE#, and MTRasym(3.5ppm) with 

T1w/[water proton] were performed. For the correlation analysis, the Pearson’s correlation 

coefficients and p values were acquired. The strengths of the correlations were set at r > 0.70 

(very strong), 0.69 to 0.40 (strong), 0.39 to 0.30 (moderate), 0.29 to 0.20 (weak), and < 0.19 

(none or negligible). All image data processing was performed using MATLAB R2013b 

(The MathWorks, Inc., Natick, MA), and all statistical analyses were performed using the 

statistical package SPSS for Windows (Version 18, Chicago, IL).

RESULTS

Figure 2a and b shows the average, two-pool, semi-solid MT-fitted ZEMR curves (based on 

Z+15 ~ +7 ppm) and experimentally measured Z-spectra (Z+15 ~ −15 ppm) from the contralateral 

and tumor regions. Table 1 indicates the calculated MT model parameters (R, RM0mT1w, 

T1w/T2w, T2m) and the R2 goodness-of-fit values. Notably, both ZEMR curves for the 

contralateral and tumor regions had higher signal intensities than the measured Z-spectra for 

all frequency offsets, particularly those around the water resonance, due to the downfield 

APT and other CEST and upfield NOE contributions.

The calculated downfield APT# and other CEST#, upfield NOE#, and MTRasym(3.5ppm) 

signal features as a function of frequency offsets are shown in Fig. 2c and d. Based on the 

EMR method, the specific, large APT# signals peaked at roughly 3.5 ppm downfield from 

water, and the amine CEST# signals peaked at roughly 2 ppm downfield from water were 

observed in both regions (particularly noticeable in the tumor region). In addition, there were 

large NOE# signals that appeared at roughly −2 to −5 ppm upfield from water in the tumor 

region and in a wider offset range (outside of −5 ppm) in the contralateral region. According 

to Fig. 2c, it is clear that the APT# contrast between the tumor and the contralateral brain 

region was most dominant at 3.5 ppm, and the contrast was close to zero as the frequency 

offset increase. On the contrary, the NOE# contrast was small at 3.5 ppm and increased with 

frequency offsets (> 5 ppm). Based on the MTR asymmetry analysis (defined by Eq. [1]), 

the absolute MTRasym signal intensity values were reduced due to the upfield NOE 
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contributions. The MTRasym curves clearly peaked at roughly 2 and 3.5 ppm downfield from 

water (particularly in the tumor region), and became negative for large frequency offsets 

(particularly in the contralateral region, representing a significant influence of the upfield 

NOE effects). Moreover, the MTRasym contrast between the tumor and the contralateral 

brain region at 3.5 ppm was most dominant (about 80.6%) due to the downfield large APT#. 

These results clearly show that the APT effect contributes the most to the tumor MTRasym 

contrast at 3.5 ppm.

Figure 3 shows the calculated APT#, NOE#, and MTRasym(3.5ppm) signal intensities, and 

image contrasts (signal intensities in the tumor region - signal intensities in the contralateral 

region). Several important results can be summarized as follows. (i) In the U87 tumor 

xenografts, typically without spontaneous necrosis (49), the calculated APT# signal intensity 

(11.06 ± 0.46%) of the tumor was much larger than the value reported previously (25), and 

significantly higher than that of the contralateral (6.33 ± 0.68%; p < 0.001). The APT# 

image contrast between the tumor and the contralateral regions was as large as 4.73 

± 0.86%. (ii) The quantified NOE# signal intensities were as large as 6.93% (tumor) and 

8.08% (contralateral), and showed no significant difference between the contralateral and 

tumor regions. The NOE# image contrast between the contralateral and tumor regions was 

negative and small (−1.14 ± 0.92%). (iii) The quantified MTRasym(3.5ppm) signal intensity 

became smaller than the APT# signal intensity, due to contamination from the upfield NOE 

effects (based on Eq. [2]). The tumor xenograft had positive MTRasym(3.5ppm) signal 

intensity (4.12 ± 1.02%). This is because we used relatively higher RF saturation power (1.3 

μT) and the downfield APT effects in the tumors were stronger than the upfield NOE, as 

reported previously (26, 41). However, the contralateral region had negative 

MTRasym(3.5ppm) signal intensity (−1.74 ± 0.76%). As far as image contrast is concerned, 

the tumor xenograft showed large, positive MTRasym(3.5ppm) image contrast (5.87 

± 1.01%) in the tumor region, compared to the contralateral region. Moreover, it is 

particularly important to note that most MTRasym(3.5ppm) image contrasts (about 80.6%) in 

the tumor region were dominated by the APT# contrasts, rather than the NOE#.

Figure 4 shows Pearson’s correlation analysis results between two measured tissue 

parameters (T1w, water content), as well as between the measured CEST-MRI signal 

intensities (APT#, NOE#, or MTRasym(3.5ppm)) and T1w/[water proton]. It can be seen that 

the T1w values showed a significant, very strong positive correlation with the water content 

(Pearson’s correlation coefficient, r = 0.7768; p = 0.0001), as reported before (50, 51). The 

APT# and MTRasym(3.5ppm) signal intensity values were largely higher in the tumor region 

than in the contralateral region, while the NOE# signal intensity values were quite similar for 

these two regions. Notably, all measured APT#, NOE#, and MTRasym(3.5ppm) signal 

intensities showed insignificant, negligible correlations with the combined tissue parameter, 

T1w/[water proton] (all r < 0.1376; all p > 0.5799).

Figure 5 shows the T2-weighted MR image and quantitative multi-parametric MR maps for 

representative rat. The tumor region (compared to the contralateral region) showed 

hyperintensities on the ADC, CBF, T2w
obs, T1w

obs, T1w, water content, APT#, and 

MTRasym(3.5ppm) maps. Consistent with Fig. 3, the tumor region can clearly be identified 

from APT# and MTRasym(3.5ppm) maps (hyperintensity region). However, the NOE# maps 
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showed negligible image contrasts in tumor region, compared to the contralateral region. 

Notably, the T1w/[water proton] maps showed negligible image contrasts between the 

contralateral and the tumor regions. Table 2 summarizes the quantitative analysis results of 

multi-parametric MRI signal intensities. Consistent with Figs. 3–5, there were significantly 

large differences between contralateral and tumor regions in all parametric values (p < 0.05), 

except for T1w/[water proton] and NOE#.

DISCUSSION

In this paper, the recently introduced EMR approach (43, 44), based on Henkelman’s two-

pool MT theory, was applied to the quantification of APT and NOE effects in a rat tumor 

model, and the correlations between the quantified APT (APT#) and NOE (NOE#) signal 

intensities and tissue parameters were quantitatively assessed. The Henkelman’s two-pool 

MT model, combined with the super-Lorentzian lineshape for semi-solid protons, has been 

widely used to describe the semi-solid MT phenomenon in tissue (47, 48). Because the two-

pool MT model parameters were fitted using only the one-sided, wide-offset Z-spectrum 

data (+15 ~ +7 ppm) acquired experimentally (Fig. 2), the downfield CEST and upfield NOE 

effects in the offset frequency range (+6.5 ~ −15 ppm) were minimized in the obtained EMR 

signals. The EMR approach could thus measure the pure APT and NOE effects in a more 

accurate and straightforward manner.

It is important to note that we assumed that the fitted offset range (15ppm ~ 7 ppm) in the 

EMR approach had no contributions from various CEST and NOE effects. However, these 

mobile to relatively mobile molecular CEST and NOE effects always have some frequency 

widths, and their presence may extend into 7 ppm and even further. Therefore, a small fitting 

deviation at the smaller frequency offset side (~7 ppm) may be seen, as shown in Fig. 2, 

reflecting the presence of some extended CEST (or even NOE) effects and, thus, affecting 

the fitting accuracy of the EMR signals. Further, it is known that the observed Z-spectrum is 

somewhat asymmetric (2, 3), due to the presence of some relatively less mobile 

biomolecules with a RF saturation width of tens of ppm (41). Thus, when the symmetric MT 

model-based EMR method is used, the symmetrical semi-solid MT effect is removed, and all 

others remain. The quantified APT# signal is almost pure, but the quantified NOE# signal 

includes both the local NOE (from mobile biomolecules) component and the conventional 

MTRasym component (from relatively less mobile biomolecules). Finally, it should be noted 

that there is currently no gold-standard method which gives accurate APT and NOE values, 

although we believe that APT# and NOE# are in principle more accurate, as discussed in our 

previous papers (43, 44).

Based on our quantitative results (Fig. 5 and Table 2), the tumor region had higher ADC, 

water T2, water T1, water content, APT#, and MTRasym(3.5ppm) values than the 

contralateral normal brain region. In several previous APT-MRI studies using the 

MTRasym(3.5ppm) method at 4.7 T, relatively small APT-weighted signal intensities in 

tumor region (4.11% for 9L gliosarcoma (2), ~3% for U87 tumor (26, 52)) were reported. 

Thus, it has been generally accepted that the APT effect in tumor is a few percentages of the 

water signal intensity. However, the measured signal intensities of APT# (which were less 

contaminated by the NOE effects) in the tumor region were actually as large as 11.06%, 
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which were much larger than the values expected. In Table 2, we simply assumed that the 

contralateral amide concentration was 71.9 mM, based on the previous literature (3), and 

calculated the tumor amide concentration. If Eq. [3] is completely correct, these amide 

proton concentrations should be re-calculated according to the newly measured APT# 

values, and the new concentration values would be much larger.

The fact that the APT# contrast between the tumor and the contralateral region is most 

dominant at 3.5 ppm and close to zero for wide offsets from 8 to 15 ppm, while the NOE# 

contrast is small at 3.5 ppm and increases with frequency offsets (> 5 ppm) clearly shows 

that the MTRasym contrast mechanism at 3.5 ppm is unique from that for the wide offsets 

from 8 to 15 ppm. The MTRasym contrast at 3.5 ppm between the tumor and the contralateral 

region was dominated (about 80.6%) by the downfield large APT# difference, and the 

MTRasym contrast for the wide offsets from 8 to 15 ppm was dominated by the upfield 

NOE#. Notably, the NOE#(3.5ppm) or MTR′asym(3.5ppm) contrast is much smaller than the 

NOE# or MTR′asym contrast for the wide offsets from 8 to 15 ppm. In a recent study at 3 T 

(53), Scheidegger et al. ignored this difference in the MTR′asym contrast and, basing on the 

MTR′asym contrast at 20 ppm, concluded the MTR′asym contrast to be a major contributor to 

the MTRasym contrast at 3.5 ppm, which was not a good guess.

As described in our early studies (2, 3), the APT effect in tissue is primarily related to the 

mobile amide proton content and the amide proton exchange rate in many diseases, such as 

brain tumors and strokes, although several other tissue and experimental parameters may 

contribute. In particular, according to Eq. [3], it seems that the APT effect in tissue may be 

related to the water proton content and the water longitudinal relaxation time (T1w) in tissue. 

Our study demonstrated that both the water content and the T1w increased in the tumor 

region (Table 2), compared to the normal brain tissue, consistent with several early studies 

(50, 51). However, our quantitative results revealed that T1w/[water proton] remained nearly 

unchanged in the U87 tumor. This means that the effect of the increasing T1w on the 

measured APT signals was mostly canceled out by the effect of the increasing water content 

in the tumor xenograft at 4.7 T. Indeed, our correlation analysis results (Fig. 4) indicated that 

there were no significant correlations between APT#, NOE#, or MTRasym(3.5ppm) signals 

and T1w/[water proton] in the tumor xenograft. These quantitative measurement results have 

clearly shown that it is actually unnecessary to correct for the influence of T1w on APT and 

NOE imaging of gliomas. In a few recent studies at 9.4 T (using the 9L tumor model) and 7 

T (using human gliomas), two very different, inverse Z-spectrum (1/Z)-based quantitative 

metrics (MTRRex and AREX) were introduced (54, 55). These authors used MTRRex 

(defined as the subtraction of the inverse Z-values) to correct for the effects of spillover and 

semi-solid magnetization transfer, and AREX (= MTRRex·R1w) to further correct for the T1w 

effect. Indeed, the MTRRex method can restore the diluted effects of spillover and semi-solid 

magnetization transfer. However, the effects of the increasing T1w and the increasing water 

content on the APT measurements may actually mostly be canceled out in many diseases 

(50, 51). The fact that the influence of T1w on APT imaging in vivo is not as being linear as 

it appears in Eq. [3] led to the unexpected result (AREXtumor ≈ AREXnormal) in the AREX 

method (simply multiplying by R1w to correct for the T1w effect), as pointed out in our 

recent study (56).
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It is important to assess how the observed APT or APT-weighted hyperintensities in the 

tumor, compared to the normal brain tissue, are related to the increased mobile amide proton 

content or the increased amide proton exchange rate (a parameter that depends on tissue pH) 

in the tumor. Based on previous 31P NMR spectroscopy studies in experimental brain tumors 

and in patients with brain tumors (57–59), the intracellular pH of untreated malignant 

gliomas was near neutrality, or a little alkaline (with a slight increase of 0.05–0.08 pH unit 

reported). The amide proton exchange rate is base-catalyzed in the physiological pH range, 

and thus, increases exponentially with tissue pH. According to Eq. [3], the quantified amide 

proton concentration would be decreased if the intracellular pH value indeed increases, or 

vice versa. Based on our quantitative analysis results (Table 2), the APT or APT-weighted 

contrasts between the tumors and the normal brain tissue are usually dominated by the 

increased amide proton concentration in the tumors, but an extra contribution from the 

possibly alkaline intracellular pH may exist.

Finally, based on our EMR method, the large APT# signal at 3.5 ppm downfield from water, 

the amine CEST# signal at 2 ppm downfield from water, and the large NOE# signal at 

roughly −3.5 ppm upfield from water were observed in the tumor-related regions, consistent 

with the Z-spectrum fit with multiple Lorentzian lineshapes at ultrahigh B0 magnetic fields 

(>7 T) (60, 61). In several recent CEST studies at ultrahigh B0 fields (7 T or higher), 

multiple other endogenous CEST and NOE signals have been observed, such as glutamate 

CEST at 3 ppm (8, 9), myo-inositol CEST at 0.6 ppm (62), and NOE at −1.6 ppm (63). 

Although our quantification results (APT# and NOE#) at 4.7 T may be contaminated by 

these extra signals, the contributions should be very small or negligible, based on the 

calculated APT# and NOE# signal features plotted as a function of frequency offsets (Fig. 2). 

Further, the NOE signal from aromatic protons in an offset range of 1 to 5 ppm downfield 

from water may also exist in the observation (64, 65). However, similar to the aliphatic 

NOE, the aromatic NOE contrast at 3.5 ppm downfield from water between the tumor and 

contralateral region should be very small or negligible.

CONCLUSIONS

The results of this study (Figs. 2 and 3) indicated that the pure APT# signal intensities in the 

tumor were much larger than the values reported in the literature and were significantly 

higher than those in the contralateral. Based on the definition (Eq. [1]), the absolute APT-

weighted signal intensities measured were reduced by the NOE effect, but remained positive, 

because the APT# signals were all larger than the NOE# signals at this relatively larger RF 

power (≤1.3 μT). Notably, the MTRasym(3.5ppm) image contrast between the tumor and 

contralateral regions was actually increased by the presence of the NOE (a positive 

confounding factor). Moreover, the APT# signal intensities were generally the major 

contributor to the observed MTRasym(3.5ppm) image contrast. Our further quantitative 

analysis results (Fig. 4 and Table 2) showed that both the water content ([water proton]) and 

water T1 (T1w) were increased in the tumor xenograft study. However, the effects of the 

changes in these two tissue parameters on APT imaging were nearly canceled out in this 

tumor. Notably, the observed APT# and MTRasym(3.5ppm) hyperintensities in the tumor 

depended predominantly on increased mobile protein and peptide concentration, with an 

extra contribution from the possible alkaline intracellular pH, rather than other contribution 
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factors. Our approach and findings would be helpful for a better understanding of APT and 

other endogenous CEST imaging contrast mechanisms in malignant tumors and other 

diseases.
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Fig. 1. 
Flow chart for APT# and NOE# quantification procedures. The acquired Z-spectrum was 

subject to the B0 correction using WASSR or other methods. The limited Z-spectrum dataset 

with positive, large frequency offsets (to avoid possible CEST and NOE effects) and 

calculated T1w
obs and T2w

obs, based on additional relaxation time measurement experiments, 

were used to fit the two-pool MT model parameters. ZEMR spectra were calculated by the 

fitted MT model parameters. Finally, the APT# and NOE# signals were calculated by 

subtracting ZEMR and experimentally acquired data at 3.5 and −3.5 ppm, respectively. All 

procedures were performed on the basis of ROI or pixel-by-pixel.
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Fig. 2. 
Experimentally acquired Z-spectra (black and red asterisks) and calculated ZEMR spectra 

(blue lines) for the contralateral (a) and the tumor (b) brain regions. For each ROI, the 

limited Z-spectrum dataset with positive, large frequency offsets (red asterisks) was used for 

the two-pool MT model fitting. Calculated APT#, NOE# (c) and MTRasym(3.5ppm) (d) 

signal features as a function of frequency offsets for the contralateral (black line) and the 

tumor (red line) regions. The APT# and NOE# results were obtained by subtracting the 

experimentally acquired Z-spectra from the corresponding calculated EMR spectra, and the 

MTRasym(3.5ppm) results were obtained by subtracting the experimental Z-spectra on the 

positive offset side from the experimental Z-spectra on the negative offset side. All spectra 

were represented with standard errors.
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Fig. 3. 
(a) Calculated APT#, NOE#, and MTRasym(3.5ppm) signal intensities. (b) Calculated 

corresponding image contrasts using signal intensity differences between the tumor and 

contralateral brain regions. Error bars depict standard errors. The statistical significance of 

the signal intensity difference compared with the contralateral brain region for each group: * 

p < 0.05, *** p < 0.001, not marked = not significant.
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Fig. 4. 
Pearson’s correlation analysis results (n = 11). (a) T1w versus water content. (b) APT# signal 

intensities versus T1w/[water proton]. (c) NOE# signal intensities versus T1w/[water proton]. 

(d) MTRasym signal intensities versus T1w/[water proton]. The black lines indicate the linear 

regression of all ROI values. The Pearson’s correlation coefficients (r) and p values were 

calculated in each correlation graph.
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Fig. 5. 
Acquired T2-weighted MR images and calculated quantitative multi-parametric MR maps 

for a four representative rat. The display windows are: ADC (0.5 ~ 2 × 10−9 m2/sec); CBF (0 

~ 200 mL/100g/min); T2w
obs (0 ~ 100 msec); T1w

obs and T1w (0 ~ 3 sec); T1w/[water 

proton] (0 ~ 3); APT# and NOE# (0 ~ 15%); and MTRasym(3.5ppm) (−6% ~ 6%).
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