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Abstract

Purpose—We aimed to detect, map and quantify a novel nuclear Overhauser enhancement 

(NOE)-mediated magnetization transfer (MT) with water at around −1.6 ppm (NOE(−1.6)) in rat 

brain using MRI.

Methods—Continuous wave MT sequences with a variety of RF irradiation powers were 

optimized to achieve the maximum contrast of this NOE(−1.6) effect at 9.4 T. The distribution of 

effect magnitudes, resonance frequency offsets, and line widths in healthy rat brains and the 

differences of the effect between tumors and contralateral normal brains were imaged and 

quantified using a multi-Lorentzian fitting method. MR measurements on reconstituted model 

phospholipids as well as two cell lines (HEK293 and 9L) were also performed to investigate the 

possible molecular origin of this NOE.

Results—Our results demonstrate that the NOE(−1.6) effect can be reliably detected in rat brain. 

Pixel-wise fittings demonstrate the regional variations of the effect. Measurements on rodent 

tumor model show that the amplitude of NOE(−1.6) in brain tumor is significantly diminished 

compared with that in normal brain tissue. Measurements on reconstituted phospholipids suggest 

that this effect may originate from choline phospholipids.

Conclusion—The NOE(−1.6) could be used as a new biomarker for the detection of brain tumor.
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INTRODUCTION

Magnetization transfer (MT) between tissue water and various metabolites and 

macromolecules has been widely exploited to produce useful contrast in MR images (1-8). 

Conventionally, an off-resonance RF irradiation is applied to saturate targeted protons with 

specific chemical shifts, and the bulk water signal is subsequently affected by ‘magnetic 

coupling’ including chemical exchange and/or dipolar coupling with these saturated nuclei. 

By measuring the attenuated water signal as a function of the irradiation frequency, an MT 

Z-spectrum is obtained, and peaks or dips in the spectrum can be quantified to obtain 

information on the irradiated species. MT techniques, including chemical exchange 

saturation transfer (CEST) and nuclear Overhauser enhancement (NOE)-mediated MT, act 

as ‘chemical amplifiers’, enabling the measurement of millimolar concentrations of solute 

molecules that would otherwise be undetectable, and thus provide molecular MR imaging 

with relatively high sensitivity (9).

The ‘magnetic coupling’ between water protons and biological tissue components has been 

investigated previously using water-exchange filter spectroscopy (WEX) or two-dimensional 

NOE spectroscopy (2D NOESY). For example, Amide Proton transfer (APT), a specific 

form of CEST, has been applied to detect amides in tissues at 3.5 ppm and has been applied 

to study of several pathological conditions including solid tumors (1,10-13), ischemic stroke 

(14-17), and multiple sclerosis (18). In addition, some chemical sites with faster exchanging 

protons also show significant MT effects. For example, amine-proton water exchange effects 

at offsets ranging from 2 to 3 ppm can be detected by CEST (19), and have been applied to 

detect creatine (4,20) and glutamate (2). Hydroxyl-proton water exchange effects can also be 

detected and have been applied to detect myo-inositol (5), glycogen (21), 

glycosaminoglycans (GAG) (22,23), and administered glucose analogues (3,24-29).

In addition to chemical exchange with downfield protons, NOE effects in the upfield MR 

spectral range have been reported. For example, NOE-mediated MT effects at offsets 

ranging from −3 to −5 ppm have been reported in animal and human brains and have been 

applied to image tumors (8,30-32). NOE effects ranging from −3 to −5 ppm between water 

protons and mobile proteins or methylene protons of membrane lipids, as well as an NOE 

effect at around −1.6 ppm between water protons and methyl protons on the choline head 

group of membrane phospholipids, have been reported from tissue extracts, intact cell lines, 

and reconstituted lipid samples (33). By using magic angle spinning, significant changes of 

water signals due to cross-relaxation and/or chemical exchange between water and various 

constituent molecules could be detected. However, an NOE-mediated MT effect at around 

−1.6 ppm has not been reported previously in vivo. Here, we aimed to detect and quantify 

such an NOE-mediated effect on water at around −1.6 ppm upfield in rat brain and to show 
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that it varies in brain tumors. We also investigated the possible molecular origin of this 

signal.

METHODS

Animal Preparation

Adult male F344 rats were purchased from Harlan Laboratories (Indianapolis, IN). Animals 

were group housed in large colony rooms under a 12-h light/dark cycle with food and water 

available ad libitum. All procedures were approved by the Vanderbilt University Institutional 

Animal Care and Use Committee. For in vivo imaging, all rats were immobilized and 

anesthetized before MR imaging. Respiration and rectal temperature were continuously 

measured. Respiration was monitored to be stable, and a rectal temperature of 37°C was 

maintained throughout the experiments using a warm-air feedback system (SA Instruments, 

Stony Brook, NY). Animals were anesthetized with 2-3% isoflurane (ISO) for induction and 

2% for maintenance during the experiments.

Three sets of experiments were completed:

[a] Three rats were scanned to optimize the RF irradiation power.

[b] Nine healthy rats were scanned to record the distributions of the amplitude, 

resonance frequency offset, and line width of the NOE-mediated MT effect at −1.6 

ppm.

[c] Eight rats were prepared with 9L tumors. Each rat was injected with 1 × 105 9L 

glioblastoma cells in the right brain hemisphere. Rats were then imaged after 14-18 

days of tumor inoculation.

Phantom Preparation

Reconstituted phospholipids were prepared by adding egg phosphatidylcholine (PC) with 

cholesterol (1: 0.5 Egg PC: cholesterol by weight) to a chloroform solution. Solutions were 

then evaporated/dried under vacuum, and re-suspended to 1: 3 Egg PC: water by weight. The 

lipids were completely disposed with a glass rod by mechanic force, and then went through 

sonication at 55°C (30 mins) and freeze cycle (10-20 mins) for 3 times. All chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture

A cancerous cell line (9L) and a non-cancerous embryonic kidney cell line (HEK293) were 

purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Both cells 

were cultured in Dulbecco’s Modified Eagles Medium (DMEM) (ATCC) supplemented with 

10% heat inactivated fetal bovine serum (Sigma–Aldrich) in a 5% CO2 humidified 

incubator. After the cells were collected, the cells were transferred into 0.65 ml eppendorf 

tubes and were centrifuged at 3,000 rpm for 2 minutes at 4°C. Then the supernatant were 

removed and the cell pellets were ready for MR measurement.
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MRI

All phantom and animal measurements were performed on a Varian DirectDrive™ 

horizontal 9.4 T magnet with a 38-mm Litz RF coil (Doty Scientific Inc. Columbia, SC). A 

continuous wave (CW)-MT sequence with a 5 s hard irradiation pulse followed by single-

shot spin-echo echo planar imaging (SE-EPI) acquisition was used to study all animals. A 

CW-MT sequence followed by a 2 ms 90° excitation pulse and free induction decay (FID) 

readout was used to study the phospholipid samples and cells. The maximum data points of 

the free induction decay (FID) were used for data analysis. Time of echo (TE) in this FID 

acquisition was defined to be the duration between the center of the 90° excitation pulse and 

beginning of the FID readout. Z-spectra, which are the measured signals (S) normalized by a 

reference signal (S0), were acquired with RF offsets at ±4000, ±3500, ±3000, ±2500, and 

from −2000 to 2000 Hz with a step of 50 Hz (−10 to 10 ppm on 9.4 T). S0 was obtained by 

setting the RF offset to 100000 Hz (250 ppm on 9.4 T). Observed water longitudinal 

relaxation rate (R1obs) and semi-solid MT pool size ratio (PSR) were obtained using a 

selective inversion recovery (SIR) method (34). Specifically, a 1 ms 180° hard pulse was 

applied to invert the free water pool and the subsequent longitudinal recovery times were set 

to 4, 5, 6, 8, 10, 12, 15, 20, 50, 200, 500, 800, 1000, 2000, 4000, and 6000 ms. SE-EPI was 

used for the readout scheme followed by a saturation pulse train to shorten total acquisition 

time as described previously (35). A constant delay time of 3.5 s was set between the 

saturation pulse train and the next inversion pulse. Note that in this sequence, TR varies 

depending on the choice of inversion recovery time and delay time (35). For the parameters 

used in this study, TR varied from ~3.6 to ~10s. All images were acquired with matrix size 

64 × 64, field of view 30 mm × 30 mm, and one acquisition.

For optimization of the RF irradiation powers (B1) on animal experiments, B1 was varied 

between 0.5, 1.0, and 1.5 μT with RF irradiation duration of 5 s. For experiments on 

reconstituted phospholipids and cultured cell lines, B1 was set to be 0.25 μT and 0.5 μT 

respectively, and data were acquired at 37 °C.

Data analysis

We performed multi-Lorentzian fitting of Z-spectrum using a non-linear optimization 

algorithm. Eq. (1) and (2) gives the model function of the Lorentzian fit method.

(1)

(4)

Here, Li represents a Lorentzian line with central frequency offset from water (Δi), peak full 

width at half maximum (Wi), peak amplitude (Ai). N is the number of fitted proton pools. 
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Δω is the irradiation offset from water. We first performed a multi-Loentzian fit to remove 

the background direct water saturation and MT effects. In this method, a two-pool (semi-

solid MT and water pools) model Lorentzian fit of Eq. (1) was performed to process the Z-

spectra with frequency offsets of ±4000, ±3500, ±3000, ±2500 ±200, ±150, ±100, ±50, and 

0 Hz (−10 to −6.25 ppm, −0.5 to 0.5 ppm, and 6.25 to 10 ppm on 9.4 T). The fitted spectra 

were used as reference signals which represent the background direct water saturation and 

MT effects. Previously, CEST residual spectra (defined in Eq. (3)) have been obtained by 

subtracting the mesured Z-spectra (Smea) with the fitted reference spectra (Sfit) to remove the 

background signal. However, recent studies show that all CEST, NOE-mediated MT, and the 

background signals have non-linear mutual interactions which violates the assumption of the 

multi-Lorentzian fit that all these signal can linearly add up (36). As a result, the direct 

subtraction of reference and label signals can only remove the 0-order of background signal. 

However, the 1st-order of background signal is still significant compared with the weak 

CEST or NOE-mediated MT effects in vivo. This will be very serious when the solute is 

close to water and the direct water saturation effect is significant. An inverse subtraction of 

label and reference signals thus has been provided to solve this problem. In addition, it has 

been proved that water longitudinal relaxation scales the CEST and NOE-mediated MT 

signals (36-40). Here, we obtain CEST exchange-dependent relaxation (AREX) residual 

spectra (defined in Eq. (4)) by inversely subtracting Smea from Sfit and correcting R1obs (41),

(3)

(4)

where fc is the semi-solid pool concentration which is also called PSR in this paper. 1+ fc 

was added in Eq. (4) to make the inverse method more specific, as shown in the previous 

publication (41).

After this first round of fitting, a secondary fitting was performed to resolve the two NOE-

mediated MT peaks at around −1.6 and −3.5 ppm, respectively. In the secondary fitting, 

another two-pool (NOEs at −1.6 and −3.5 ppm) model Lorentzian fit of Eq. (2) was 

performed to process the AREX residual spectra ranging from −1 to −5 ppm. The NOE 

amplitude, offset, and line width are quantified by the fitted parameters of the Lorentzian 

lines. A nonlinear optimization algorithm with the maximum iteration of 2 × 105 was 

applied for the fit. The fitting was performed to achieve the lowest root mean square (RMS) 

of residuals between the data and model in the selected segment. Z-spectrum from each 

voxel was interpolated and B0 correction was then done by assuming the actual water 

resonance to be at the frequency with the lowest signal intensity. All fits for in vivo 
experiments were performed voxel by voxel with images smoothed by a 3 × 3 median filter 
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before fitting. Table 1 lists the starting points and boundaries of the fit. The goodness of fit 

was observed by the sum of squared errors.

Statistics

One-way analysis of variance (ANOVA) was employed to evaluate whether the distributions 

of fitted parameters (i.e. amplitude, offset, and line width) are different in different brain 

regions (i.e. cortex (C), singular cortex (SC), corpus callosum (CC), and caudate putamen 

(CP)). To evaluate the difference between tumor and normal tissue, a Wilcoxon rank sum 

test was performed. P < 0.05 was considered to be statistically significant.

RESULTS

Parameter optimization for detecting the NOE(−1.6) signal at 9.4 T

Fig. 1a and 1b show the CEST Z-spectra and CEST residual spectra, respectively, from three 

healthy rat brains obtained with B1 of 0.5 μT (red), 1.0 μT (blue), and 1.5 μT (green). It was 

found that the most distinct CEST and NOE signals in brain in the range from −5 to 5 ppm 

on CEST Z-spectra arise from amide protons at around 3.5 ppm, amine protons at around 2 

ppm, and aliphatic protons at around −3.5 ppm (NOE(−3.5)). However, after removal of the 

background signal, a new NOE-mediated MT signal at around −1.6 ppm (NOE(−1.6)) can 

be identified on the CEST residual spectra, although it is not clear on the CEST Z-spectra. 

Also note in Fig. 1b that the NOE(−1.6) signal is optimized at B1 of 1.0 μT. In addition, it 

can be found from the CEST residuals that the NOE(−1.6) peaks overlap with the nearby 

NOE(−3.5) peaks, indicating the necessary to further resolve and quantify this signal.

Quantification of the NOE(−1.6) signal in rat brain

To quantify the NOE(−1.6) signal, AREX residual spectra were created using Eq. (4), and 

another two-pool Lorentzian fit was then performed to process the AREX residual spectra. 

Fig. 2 shows the AREX residual spectra (magenta) and the fitted NOE(−1.6) peak (blue) and 

NOE(−3.5) peak (green) from nine healthy rat brains. It was found that the NOE(−1.6) 

signal becomes more significant than amide signal on the AREX residual spectra, but not on 

the CEST residual spectra. This suggests that the NOE(−1.6) is actually a significant MT 

effect which, however, is attenuated by the greater direct water saturation effect at frequency 

offset close to water line. The separation of the NOE(−1.6) and NOE(−3.5) peaks in Fig. 2 

indicates the successful fitting of this method.

Using the optimized irradiation power and the Lorentzian fit method, we investigated 

different regions to evaluate the distribution of the NOE(−1.6) in rat brain. Fig. 3a shows 

four regions of interest (ROIs): the cortex (C), corpus callosum (CC), caudate putamen (CP), 

and singular cortex (SC) (left), and the averaged Z-spectra from these four ROIs (right) on 

nine healthy rat brains. Fig. 3b shows that the amplitudes of the NOE(−1.6) are 8.96 ± 1.45 

(%), 9.49 ± 1.22 (%), 9.72± 1.82 (%), and 8.06 ± 1.76 (%) in C, CC, CP, and SC, 

respectively. Fig. 3c shows that the resonance frequency offsets of NOE(−1.6) are −1.52 

± 0.09 ppm, −1.46 ± 0.08 ppm, −1.48 ± 0.09 ppm and −1.36 ± 0.08 ppm in C, CC, CP, and 

SC, respectively. Fig. 3d shows that the line widths of NOE(−1.6) are 0.84 ±  0.15 ppm, 0.73 

± 0.15 ppm, 0.79 ± 0.22 ppm, and 0.63 ± 0.11 ppm in C, CC, CP, and SC, respectively. The 
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one-way ANOVA provided P=0.3529 for the amplitude in the four brain regions, indicating 

there are no significant differences of amplitude in different rat brain regions. However, 

there are slight differences of the line width (P=0.0509) and significant differences of the 

resonance frequency offset (P=0.0062) in different rat brain regions.

The NOE(−1.6) is reduced in tumor

Fig. 4 shows a quantitative comparison between tumors and the contralateral normal tissues, 

for eight rat brains bearing 9L tumors, of the amplitude of NOE(−1.6), offset of NOE(−1.6), 

line width of NOE(−1.6), amplitude of NOE(−3.5), offset of NOE(−3.5), line width of 

NOE(−3.5), R1obs, and PSR. The amplitude of NOE(−1.6) is significantly reduced in tumor 

compared with that in the contralateral normal tissue (3.93 ± 1.23 (%) vs. 8.73 ± 2.55 (%), 

P=0.0011). However, there are no significant differences between tumor and contralateral 

normal tissue for the resonance frequency offset and the line widths of NOE(−1.6). The 

amplitude of NOE(−3.5) is also significantly reduced in tumor compared with that in 

contralateral normal tissue (8.54 ± 0.79 (%) vs. 13.92 ± 1.13 (%), P<0.001). The resonance 

frequency offset of NOE(−3.5) in tumor is slightly higher than that in contralateral normal 

tissue (−3.3 ± 0.04 (ppm) vs. −3.4 ± 0.02 (ppm), P=0.0032). However, there is no significant 

difference between tumor and contralateral normal tissue for the line width of NOE(−3.5). 

The R1obs in tumor (0.41 ± 0.03 (s−1)) is significantly lower than that in the contralateral 

normal tissue (0.51 ± 0.02 (s−1)) (P<0.001). The PSR in tumor (5.7 ± 1.0 (%)) is also 

significantly lower than that in the contralateral normal tissue (10.2 ± 1.2 (%)) (P<0.001). 

Fig. 5 shows representative maps of amplitude of NOE(−1.6), amplitude of NOE(−3.5), 

R1obs, and PSR, as well as T2 weighted image from a rat brain bearing a 9L tumor. Note that 

the tumor is clearly shown (red arrow) in the NOE(−1.6) image.

Molecular origin of the NOE(−1.6) effect

As illustrated in Fig. 6a, both NOE-mediated MT signals at around −1.6 ppm and −3.5 ppm 

were isolated in Egg PC. This sample shows the same resonance as identified as the 

NOE(−1.6) in rat brain, suggesting that the origin of the NOE(−1.6) in brain might be 

closely related to the interaction of water with choline phospholipids in cell membranes. The 

direct measurement of signals from lipid protons can also cause dips on MT Z-spectra, 

which is called pseudo NOE (42). To study the possible contributions from the direct 

measurement on the NOE(−1.6) signal, we further performed MT experiments on Egg PC 

with a variety of TEs. In this FID acquisition, the measured signal should be the vector sum 

of signals from both the lipid protons and water protons, and an oscillation with a period of 

~ 1.6 ms would indicate the presence of the pseudo NOE from protons around −1.6 ppm 

(640 Hz at 9.4 T). Fig. 6b and 6c shows the MT Z-spectra and the fitted amplitude of the 

NOE(−1.6), respectively, with a variety of TEs. However, although an oscillation with a 

period of ~ 2 ms is found in Fig. 6c, it is very small compared with the amplitude of 

NOE(−1.6) signal, indicating that the NOE-mediated MT signal dominates the pseudo NOE. 

In animal experiments with SE readout, the MT signal at 0 ppm, which should has 

contributions from the direct measurement of lipids (42), is very small compared with the 

CEST residual signal at −1.6 ppm (see Fig.1), which indicates that the in vivo NOE(−1.6) is 

not a pseudo NOE, but a real MT effect. Fig. 6d shows the Z-spectra from cultured HEK293 
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and 9L gliosarcoma cells, respectively. The NOE(−1.6) signal can be observed in both cell 

lines, and the NOE(−1.6) signal in 9L cells is less significant than that in HEK293 cells.

DISCUSSION

Previously, an NOE-mediated MT signal only at around −3.5 ppm offset from water has 

been studied in brain tissue in vivo. In the present work, we report a new NOE-mediated MT 

signal at around −1.6 ppm which can be reliably detected in rat brains. This NOE-mediated 

MT signal is close to water and thus is significantly influenced by direct water saturation 

effect, resulting in a dip that is not easily identified from the Z-spectrum. However, this 

NOE-mediated MT signal becomes apparent after removal of the direct water saturation 

effect. A similar fitting result showing an MT signal at around −1.6 ppm was also observed 

in a previous publication on a 7 T human scanner (Fig. 8a in Ref (8)), but it has not been 

discussed. Note that in both the previous human study and in our animal study (see Fig.1b), 

the NOE(−1.6) signal is comparable to other MT signals from amide, amine, and aliphatic 

protons at −3.5 ppm, indicating that it is a significant MT effect.

As an indirect method to detect solute molecules through measurements of water signals, 

MT effects depend on several tissue parameters including direct water saturation, 

background semi-solid MT effects, and other overlapping MT effects. To improve the 

quantification of the NOE(−1.6) effect, we fitted the Z-spectra to a Lorentzian function. 

Lorentzian functions were recently used to fit Z-spectra as a combination of several 

components: using three pools (solute, water, and background semi-solid pool) (43) and four 

pools (amide, amine, water, and NOE pool at −3.5 ppm) (44). However, the NOE pool at 

−1.6 ppm was not considered as a component in previous studies. In this work, we used a 

two-step Lorentzian fitting which first removes the background direct water saturation and 

MT effects and then separates the NOE(−1.6) signal from the overlapping NOE(−3.5) 

signal. In our fitting method, an inverse analysis of the reference and label signals was 

applied and the T1 normalization was considered so that the fitted NOE(−1.6) signal is more 

specific to the ‘coupling’ effect of the target molecule. Different from other MT effects 

which have constant resonance frequency offsets and line widths, the NOE(−1.6) appears to 

have a variable resonance frequency offset and line width.

In the present work, a dense saturation frequency sampling of Z-spectra (sampling interval is 

0.125 ppm in the range from −5 to 5 ppm) was used for the Lorentzian fit. However, a 

sparsely sampling is usually required for fast acquisitions. We fitted the NOE(−1.6) with two 

other sampling intervals (0.25 and 0.5 ppm) (Sup. Fig. S1). It was found that when the 

sampling point around −1.6 ppm was obtained, the fitted amplitudes, offsets, and line widths 

of NOE(−1.6) do not show significant changes with the sampling interval of 0.25 and 0.5 

ppm compared with those with sampling interval of 0.125 ppm, although there are slight 

changes in tumors with sampling interval of 0.5 ppm. This indicates that the sampling points 

or intervals can be further adjusted, and the acquisition time can be further shortened. Signal 

to noise ratio (SNR) also affects the fitting results. We have investigated the influences of 

SNR on the fittings of NOE(−1.6). Specifically, high-SNR (roughly 310 for tumor and 250 

for contralateral normal tissue) Z-spectra were first created from the average of the Z-spectra 

acquired from 8 rat brains. Random noises at different SNR levels (20-100) were then added 
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to the Z-spectra according to the procedure described in Ref (45). Results show that the 

contrast between the tumor and the contralateral normal tissue depends on SNR. When SNR 

is larger than 40, the tumor and the contralateral normal tissue can be reliably differentiated 

by the NOE(−1.6) (Sup. Fig. S2).

The NOE(−1.6) effect should be considered in the quantification of other MT effects by 

using conventional MT asymmetry analysis (MTRasym). MTRasym removes effects caused 

by direct water saturation and other symmetric MT contributions, and works well for 

analyzing pure samples with exchangeable protons. However, in vivo MTRasym experiments 

are still confounded by asymmetric contributions, including semi-solid MT asymmetry (46) 

and NOE-mediated MT effects. For example, asymmetry analyses of APT at 3.5 ppm can be 

affected by the NOE(−3.5) signal (8). For the same reason, asymmetry analyses of hydroxyl 

(1.2 ppm) signals (27,28) downfield may also be confounded by the new NOE(−1.6) signal, 

which has a spread ranging from −1 to −2 ppm.

On an MT Z-spectrum, dips at different frequency offsets represent MT effects from 

different molecules. Specifically, previous reports have shown that a negative NOE-mediated 

MT effect could be originated from restricted metabolites (47,48) and macromolecules (40), 

but not from mobile small molecules. In biological tissues, the main metabolites that have 

MRS signals with frequency offsets from water at around −1.6 ppm include free choline and 

choline-containing metabolites (−1.6 ppm), taurine (−1.4 ppm), as well as creatine and 

phosphocreatine (−1.8 ppm). However, these water-soluble metabolites are mobile and thus 

cannot contribute to the negative NOE-mediated MT effect. Choline phospholipids, which 

contain choline head groups, are the major phospholipid component of eukaryotic cells 

accounting for approximate 60% of total membrane lipids (49). Therefore, it is plausible that 

the observed in vivo NOE(−1.6) signal stems from choline phospholipids. Reconstituted 

choline phospholipids have been previously used to model conventional MT effect (50-52). 

In this paper, we used this sample as a model to study the possible origin of the NOE(−1.6) 

effect. Our results on reconstituted Egg PC in Fig. 6a confirm the presence of an NOE-

mediated MT signal at −1.6 ppm from choline phospholipids.

As a through-space dipolar coupling effect, the NOE depends on the correlation time of the 

coupled protons. It has been reported that the restriction of molecules plays a key role in 

causing negative NOE effects (53,54). Choline methyl proton has a resonance frequency at 

around −1.6 ppm from water. In eukaryotic cells, choline forms soluble choline-containing 

metabolites or appears in the head group of phospholipids. Although the soluble free choline 

and choline-containing metabolites are in a mobile state, the choline head groups are in a 

restricted state through strong binding to a rigid membrane, which may enhance a negative 

NOE between water protons and choline methyl protons. Actually, this NOE effect has been 

previously reported for tissue extracts and intact cell lines by using 2D NOESY and magic 

angle spinning (33). Therefore, the MT effect relayed by this NOE should be observable by 

selectively saturating the choline phospholipids and detecting the reduction of water signal.

Fig. 6c indicates the presence of direct measurement of signals from phospholipid choline 

head groups. This directly measured signal could be greater in lipids that are more mobile 

and thus have longer T2. However, for lipids with rigid structures, the correlation time is 
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longer and T2 is shorter, which would decrease the direct measurement, but facilitate NOE 

effects between the protons in these molecules and water. Hence, the NOE-mediated MT 

signal may provide complementary information to the direct measurements of lipids. In our 

lipid sample, an appropriate amount of cholesterol was added to the Egg PC to stiffen the 

lipid structures that cause NOE effects. According to the power dependence of this NOE-

mediated MT signal at −1.6 ppm in Fig. 1, its coupling rate should be slow. The exact 

mechanism of this NOE effect at −1.6 ppm remains unclear. There might be two possible 

pathways: (1) the NOE at −1.6 ppm is a direct dipole-dipole interaction between the 

metabolite carbon bound protons and water protons; (2) the NOE at −1.6 ppm is due to a 

multi-step process involving both dipole-dipole and chemical exchange contributions.

Fig. 6d shows that NOE(−1.6) signals from 9L and HEK293 cells are different suggesting 

that this signal may be a new potential biomarker for detecting tumor cells. The reduction of 

NOE(−1.6) in tumors may correspond to variations of membrane lipid components in 

tumors (55). Here, we named the new NOE-mediated MT signal as NOE(−1.6) because we 

postulated that it is related to choline which has a resonance frequency at −1.6 ppm from 

water (3.2 ppm from Tetramethylsilane (TMS)), although Fig. 3c shows that this signal is 

more close to −1.5 ppm and varies in different regions. The shift of the resonance frequency 

of this NOE signal suggests its complicated signal mechanisms. Further investigations of the 

molecular origins and the signal mechanisms of the NOE(−1.6) effect in vivo are underway.

CONCLUSION

A novel NOE(−1.6) effect upfield from water, which has not been noticed from in vivo 
imaging studies, can be reliably detectable in normal rat brain tissues and may reflect an 

NOE effect between membrane choline phospholipids and water protons. The amplitude of 

this effect is dramatically reduced in brain tumors. Further studies of this NOE-mediated MT 

signal are warranted as it may represent a new biomarker of pathological or other 

physiological variations of interest.
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Fig. 1. 
CEST Z-spectra (a) and CEST residual spectra (b) with B1 of 0.5 μT (red), 1.0 μT (blue), 

and 1.5 μT (green) from three healthy rat brains. Black lines in (a) are the reference signals 

obtained with the Lorentzian fit of background direct water saturation and MT effects. Note 

that the NOE(−1.6) is not easily identified from the Z-spectra in (a), but can be identified 

from the CEST residual spectra in (b). Also note in (b) that the NOE(−1.6) signal (arrow) is 

optimized at B1 of 1.0 μT. Regions of interest (ROIs) were drawn from the whole brain. 

Error bars are the standard deviations across subjects.
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Fig. 2. 
AREX residual spectra (magenta), fitted NOE(−1.6) peak (blue), and fitted NOE(−3.5) peak 

(green) from nine healthy rat brains. Note that the NOE(−1.6) peak can be isolated from the 

NOE(−3.5) peak by using Lorentzian fit. Regions of interest (ROIs) were drawn from the 

whole brain. Error bars are the standard deviations across subjects.
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Fig. 3. 
Left column: anatomic image to show the four ROI (C: Cortex; CC: Corpus Callosum; CP: 

Caudate Putamen; SC: Singular Cortex) (a) and pixel-by-pixel fitted maps for amplitude (b), 

resonance frequency offset (c), and line width (d) of the NOE(−1.6) signal from a healthy rat 

brain. Right column: averaged Z-spectra from the four ROIs (a) and the statistical analysis of 

amplitude (b), resonance frequency offset (c), and line width (d) of the NOE(−1.6) signal 

from nine healthy rat brains. (n=9)
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Fig. 4. 
Statistics of amplitude of NOE(−1.6) (a), offset of NOE(−1.6) (b), line width of NOE(−1.6) 

(c), amplitude of NOE(−3.5) (d), offset of NOE(−3.5) (e), line width of NOE(−3.5) (f), R1obs 

(g), and PSR (h) from tumors and contralateral normal tissue from eight rat brains bearing 

9L tumors. (n=8, **P<0.01, *P<0.001 )
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Fig. 5. 
Images of amplitude of NOE(−1.6) (a), amplitude of NOE(−3.5) (b), R1obs (c), and PSR (d), 

as well as T2 weighted image (e) from a representative rat brain bearing a 9L tumor. Note 

the tumor indicated by the red arrow in (a).
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Fig. 6. 
Z-spectra from reconstituted Egg PC with TE of 1.1 ms (a), a variety of TEs (b), fitted 

amplitude of NOE(−1.6) as a function of TE (c), and Z-spectra from cultured HEK293 and 

9L cell lines (d).
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Table 1

Starting points and boundaries of the amplitude, width, and offset of the exchanging pools in the Lorentzian 

fit. The unit of peak width and offset is ppm.

Start Lower Upper

Awater 0.9 0.02 1

Wwater 1.4 0.3 10

Δ water 0 −1 1

Amt 0.1 0 1

Wmt 25 10 100

Δ MT 0 −4 4

ANOE(−1.6) 0.001 0 0.2

WNOE(−1.6) 1 0 1.5

ANOE(−1.6) −1.5 −2 −1

ANOE(−3.5) 0.02 0 1

WNOE(−3.5) 3 1 5

ANOE(−3.5) −3.5 −4.5 2
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