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Abstract

Purpose: Nuclear Overhauser enhancement (NOE)-mediated chemical exchange saturation 

transfer (CEST) imaging at −3.5ppm has shown clinical interest in diagnosing tumors. Multiple-

pool Lorentzian fit has been used to quantify NOE, which, however, requires a long scan time. 

Asymmetric analysis of CEST signals could be a simple and fast method to quantify this NOE. 

But it has contamination from the amide proton transfer (APT) at 3.5ppm. This work proposes a 

new method using an asymmetric analysis of a low-duty-cycle pulsed-CEST sequence with a flip 

angle of 360°, termed 2π-CEST, to reduce the contribution from APT.

Methods: Simulations were used to evaluate the capability of the 2π-CEST to reduce APT. 

Experiments on animal tumor models were performed to show its advantages compared with the 

conventional asymmetric analysis. Samples of reconstituted phospholipids and proteins were used 

to evaluate the molecular origin of this NOE.

Results: The 2π-CEST has reduced contribution from APT. In tumors where we show that 

the NOE is comparable to the APT effect, reducing the contamination from APT is crucial. 

The results show that the NOE signal obtained with 2π-CEST in tumor regions appears more 

homogeneous than that obtained with the conventional method. The phantom study showed that 

both phospholipids and proteins contribute to the NOE at −3.5ppm.

Conclusion: The NOE at −3.5ppm has a different contrast mechanism from APT and other 

CEST/NOE effects. The proposed 2π-CEST is more accurate than the conventional asymmetric 

analysis in detecting NOE, and requires much less scan time than the multiple-pool Lorentzian fit.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) is an emerging MRI contrast mechanism that 

is based on the saturation transfer between exchangeable or coupling solute protons and 

water protons (1–5). Nuclear Overhauser enhancement (NOE)-mediated saturation transfer 

is a type of CEST effect that is based on the dipolar interaction between motionally 

restricted protons and water protons (6–8). In CEST/NOE imaging, exchanging/coupling 

protons are selectively saturated by a radiofrequency (RF) saturation block, which then 

exchange or interact with water protons. After a long (e.g., a few seconds) saturation, an 

accumulative exchanging/coupling effect causes a substantial change in the water signal. By 

measuring the water signal, CEST/NOE provides an amplification process to detect solute 

molecules with low concentration and/or extremely short transverse relaxation time (T2s) 

that otherwise cannot be directly observed (9).

In CEST/NOE imaging, a Z-spectrum, which is a plot of the water signal as a function of 

RF frequency offset, is usually obtained so that each CEST/NOE effect can be identified. In 

biological tissues, these CEST/NOE effects are usually in a frequency range between −5ppm 

to 5ppm, including the amide proton transfer (APT) effect at 3.5ppm (10,11), amine-water 

saturation transfer effects between 2ppm and 3ppm (12–15), the NOE effect at −1.6ppm 

(16–22), and the NOE effect at −3.5ppm (23,24). These CEST/NOE effects arise from the 

exchanging/coupling protons of different molecules that have different exchanging/coupling 

rates (ksw) and/or T2s: the APT effect has been assigned to be from the amide protons on 

the backbone of mobile proteins/peptides which are in the slow exchange regime (dozens 

of s−1) (11,25); the amine-water saturation effects have been assigned to be from the amine 

protons of creatine (14,15,26–29), glutamate (12,30–32), and proteins (33,34) which are 

in the intermediate to fast exchange regime (a few hundred to a few thousand s−1); the 

NOE at −1.6ppm has been assigned to be from the choline head group of phospholipids 

which is in the slow coupling regime; the NOE at −3.5ppm has been assigned to be from 

mobile macromolecular components with finite linewidth which is also in the slow coupling 

regime (35,36). In addition to these CEST/NOE effects, direct water saturation (DS) and 

magnetization transfer (MT) effects can also be observed on the CEST Z-spectra, which 

overlap with these CEST/NOE effects and always cause difficulty in the accurate and 

specific quantification of these effects. The MT effect is attributed to rigid macromolecules 

(e.g. myelin), which have a very broad peak beyond ± 5ppm. The peak of the NOE effect 

at −3.5ppm is usually broader than other CEST/NOE effects but much narrower than the 

MT effect. This suggests that the T2s of the exchanging/coupling protons that contribute to 

the NOE effect at −3.5ppm should be shorter than those that contribute to other CEST/NOE 

effects but longer than those that contribute to the MT effect.

At relatively low saturation powers, the amplitude of the NOE effect at −3.5ppm is usually 

larger than that of other CEST/NOE effects. It can be clearly observed in nearly all 

biological tissues, including the brain (23,24), muscle (37), kidney (38), and spinal cord 

(39). Previously, the NOE effect at −3.5ppm has shown clinical interest in diagnosing 

tumors (23,40–45). Isolating the NOE effect at −3.5ppm from nonspecific DS, MT, and/or 

other CEST/NOE effects is crucial for accurate and specific quantification. Additionally, 

fast data acquisition and processing are important for clinical and preclinical applications. 
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The NOE effect at −3.5ppm has been quantified by Lorentzian difference (LD) analysis 

(23), multiple-pool Lorentzian fit (17), the three-point method (46), and asymmetric analysis 

of the magnetization transfer ratio (MTRasym) (41). However, both the LD analysis and 

multiple-pool Lorentzian fit require the acquisition of the whole Z-spectrum for the fitting 

of reference signals or each CEST/NOE peak, which takes a long imaging time and relies 

on the initial values of the fitting parameters; the three-point method uses the average of two 

nearby signals (e.g., −2ppm and −5ppm) as a reference to remove the DS and MT effects, 

which is faster than the LD analysis and the multiple-pool Lorentzian fit methods but may 

underestimate the NOE effect (47); the asymmetric analysis method uses the CEST signal 

at the offset frequency symmetric about the water resonance as a reference to remove the 

DS and MT effects (assuming MT is symmetric about water). This asymmetric analysis 

method is also faster than other methods, and the data processing is simple. However, there 

is contamination from the APT effect at 3.5ppm in the quantification of the NOE effect at 

−3.5ppm.

The CEST saturation block could be either a continuous wave RF saturation pulse (CW-

CEST) or a series of shaped RF saturation pulses with interleaved spoiler gradients (pulsed-

CEST). In CW-CEST imaging, the saturation power (ω1) is usually adjusted to optimize 

the CEST signal by balancing the saturation efficiency, DS effect, and MT effect. In pulsed 

CEST imaging, an average saturation power (average ω1) can be obtained by adjusting 

the saturation pulse flip angle (θ), saturation pulse duration (τs), and exchange duration 

between two adjacent saturation pulses (τex), which can be used to optimize the CEST 

signal. Compared with the CW-CEST, the pulsed-CEST provides additional dials to control 

the spin labeling and transfer effects. For example, when τs is comparable to T2s and 1/ksw, 

the solute spins are rotated to a flip angle close to θ after a single saturation pulse; when 

the duty cycle is also low (i.e., τex > τs), the solute spins recover to a dynamic equilibrium 

after an exchange duration so that they can be rotated to θ again during the next saturation 

pulse, allowing an accumulative rotation transfer effect. Different from the conventional 

saturation transfer effect with which the spins have nearly no or very small rotation, this 

rotation transfer effect is more sensitive to the solute relaxation and exchange properties, 

which allows the separation of different CEST/NOE effects. Previously, we developed a 

method using the subtraction of two pulsed-CEST sequences with two different θ (i.e., 

π and 2π) but the same average ω1, termed chemical exchange rotation transfer (CERT) 

(48–54), to isolate the CEST effect of slow exchanging pools from the CEST effect of 

the fast exchanging pools, DS and MT effects. This method can isolate APT, guanidino 

amine CEST, and the NOE effect at −1.6ppm, but not the NOE effect at −3.5ppm, from 

confounding factors. In this paper, we developed a new method by using a low-duty-cycle 

pulsed-CEST sequence with a θ of 360° together with asymmetric analysis, termed 2π-

CEST, to isolate the NOE effect at −3.5ppm from confounding factors and applied it to 

quantify variations in the NOE effect at −3.5ppm in tumors.
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METHODS

2π-CEST sequence and quantification metrics

The 2π-CEST saturation block contains a series of low-duty-cycle trains of 2π pulses, 

which is designed to minimize the relative contribution from the APT effect to the NOE 

effect at −3.5ppm, through which we can use asymmetric analysis to remove the DS and MT 

effects and isolate a more accurate NOE effect. Here, we term the asymmetric analysis of 

CW-CEST signals (SCW) as MTRasym_CW and the asymmetric analysis of 2π-CEST signals 

(S2π) as MTRasym_2π,

MTRasym_CW (Δω) = SCW −Δω
S0

− SCW +Δω
S0

(1)

MTRasym_2π(Δω) = S2π −Δω
S0

− S2π +Δω
S0

(2)

where (+) represents the resonance frequency offset of the labeled protons, (−) is the offset 

on the opposite side of the water peak, Δω is the RF saturation pulse frequency offset from 

water, S is the measured signal with RF saturation, and S0 is the control signal acquired 

without RF saturation.

This direct subtraction of S(+Δω) and S(-Δω) cannot fully remove the DS and MT effects 

due to the shine-through effect and also has influence from the apparent water longitudinal 

relaxation rate (R1obs =1/T1obs) (55,56). Therefore, an inverse subtraction analysis with 

correction of R1obs termed apparent exchange-dependent relaxation (AREX), has been used 

to improve the specificity in quantifying CEST/NOE effects (56). Here, we also combine 

AREX with the asymmetric analysis of the CW-CEST signals and the 2π-CEST signals, 

termed AREXasym_CW and AREXasym_2π, respectively,

AREXasym_CW (Δω) = ( S0
SCW +Δω − S0

SCW −Δω )R1obs 1 + fm (3)

AREXasym_2π(Δω) = ( S0
S2π +Δω − S0

S2π −Δω )R1obs 1 + fm (4)

where fm is the MT pool concentration. Here, the term (1+ fm) was added to Eq. (3) and 

Eq. (4) to further improve their specificity to the solute protons when the MT pool is present 

(56).

Multiple-pool Lorentzian fit

Multiple-pool Lorentzian fit of CW-CEST Z-spectrum was performed to quantify each 

CEST/NOE pool. Eq. (5) provides the model function of the Lorentzian fit method.
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S Δω
S0

= 1 − ∑i = 1
N Li Δω (5)

Here, Li(Δω)=Ai/(1+(Δω−Δi)2/(0.5Wi)2), which represents a Lorentzian line with central 

frequency offset from water (Δi), peak full width at half maximum (Wi), and peak amplitude 

(Ai). N is the number of fitted pools. A six-pool model Lorentzian fit including amide (L1), 

amine (L2), water (L3), NOE(−1.6) (L4), NOE(−3.5) (L5), and MT (L6) was performed to 

process the Z-spectra. The fitting was performed to achieve the lowest RMS of residuals 

between the measured data and model. Supporting Information Table S1 lists the starting 

points and boundaries of the fit. The label signal (Slab) was obtained by the summation of 

all Lorentzians. The reference signal (Sref) for quantifying a CEST, NOE, or MT effect was 

obtained by the summation of all Lorentzians except the corresponding pool. The multiple-

pool Lorentzian fitted CEST/NOE effects from the CW-CEST signals are quantified by 

MTRmultifit_CW and AREXmultifit_CW,

MTRmultifit_CW (Δω) = Sref
S0

− Slab
S0

(6)

AREXmultifit_CW (Δω) = ( S0
Slab

− S0
Sref

)R1obs 1 + fm (7)

MTRmultifit_CW for MT effect was also obtained by Eq. (6). AREXmultifit_CW for 

MT was obtained by R1obsL6/(1-L6) (Supplementary Information Theory). Asymmetric 

analysis of each multiple-pool Lorentzian fitted CEST/NOE/MT spectrum, termed 

MTRasym_multifit_CW or AREXasym_multifit_CW, were then obtained using Eq. (1) and 

Eq. (3) by replacing Scw with MTRmultifit_CW or AREXmultifit_CW for each pool. Since 

MTRasym_CW and AREXasym_CW are roughly equal to the sum of MTRasym_multifit_CW 

and AREXasym_multifit_CW from all pools, MTRasym_multifit_CW and AREXasym_multifit_CW 

were used to evaluate the contribution from each pool to MTRasym_CW and AREXasym_CW. 

MTRasym_multifit_CW and AREXasym_multifit_CW for the MT pool represent the contribution 

from MT asymmetry (57).

Simulations

The 2π-CEST signals were simulated with a three-pool (solute, water, and MT) model 

simulation of coupled Bloch equations. The CW-CEST signals were also simulated 

with ω1 the same as the average ω1 of the 2π-CEST for comparison. AREXasym_cw, 

AREXasym_2π, MTRasym_cw, and MTRasym_2π were calculated based on Eqs. (1–4). The 

ratio of AREXasym_2π to AREXasym_cw and the ratio of MTRasym_2π to MTRasym_cw 

were used to evaluate the signal selectivity of the 2π-CEST sequence for measuring APT 

and NOE effects compared with the CW-CEST sequence. The ratio of AREXasym_2π or 

AREXasym_cw for measuring APT to that for measuring NOE was also used to evaluate the 

relative contribution from the APT effect to the NOE effects. In simulation #1, we utilized 

varied sequence parameters but two sets of constant sample parameters mimicking both 

amide and macromolecular protons: the 2π-CEST sequence parameters were varied with 
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duty cycle from 20% to 80% for a few τs (5s to 30s); the amide and macromolecular protons 

have a solute concentration of (0.005, 0.005), ksw of (50s−1, 50s−1), solute longitudinal 

relaxation times (T1s) of (1.5s, 1.5s), T2s of (20ms, 0.5ms), and solute resonance frequency 

offsets of (+3.5ppm, −3.5ppm) corresponding to (1400Hz, −1400Hz at 9.4T). In simulation 

#2, we used varied sample parameters but constant sequence parameters: τs and the duty 

cycle of the 2π-CEST sequence are 13ms and 18.1%, respectively, corresponding to an 

average ω1 of 1μT; ksw was varied from 20s−1 to 5000s−1 with other sample parameters kept 

constant and the same as those in simulation #1; T2s was varied from 0.5ms to 50ms with 

other sample parameters kept constant and the same as those in simulation #1. In simulation 

#3, a certain set of sequence and sample parameters but varied B1 shift (from 80% to 120% 

of the nominal values with a step of 0.5%) and B0 shift (−20 to 20 Hz with a step of 0.5 Hz) 

was employed: the B1 shift in the 2π-CEST imaging causes changes in the saturation pulse 

flip angle and average ω1, but not changes in τs and duty cycle which are kept at 13ms and 

18.1%, respectively; the sample parameters are the same as those for the macromolecular 

protons in simulation #1. The sample parameters from water (w) and MT (m) pools include 

the concentration (fw, fm) of (1, 0.1), (T1w, T1m) of (1.5 s, 1.5 s), (T2w, T2m) of (50ms, 

15μs), ksw of (0s−1, 25s−1), and the resonance frequency offsets of (0ppm, 0ppm). R1obs was 

obtained by using Eq. (8) according to Ref (56),

R1obs ≈ (1/T1w + fm/T1m)/(1 + fm) (8)

The coupled Bloch equations can be written as dM
dt = AM + M0, where A is a 7 × 7 matrix 

for the three-pool model. The water and solute pools each have three coupled equations 

representing their x, y, and z components. The MT pool has a single coupled equation 

representing the z component, with a Lorentzian absorption line shape (58). The total 

saturation time for the CW-CEST and the 2π-CEST is 5s. All numerical calculations of 

the CEST/NOE signals integrated the differential equations through the sequence using the 

ordinary differential equation solver (ODE45) in MATLAB 2018a (Math works, Natick, 

MA, USA).

Phantom preparation

Samples of reconstituted phospholipids from egg phosphatidylcholine (Egg PC), bovine 

serum albumin (BSA), and egg white albumen (EWA) were used to evaluate the molecular 

origin of the NOE effect at −3.5ppm. The Egg PC sample was prepared by first dissolving 

it together with cholesterol in chloroform. The chloroform was then removed under an air 

stream and vacuum. The lipids were resuspended in water at a ratio of 1:3 (lipid to water) by 

weight. The suspension was sonicated in a bath sonicator, and was frozen and thawed for a 

few cycles to produce liposomes. The BSA and EWA samples were prepared by adding 10% 

(weight/weight) BSA or EWA to phosphate buffered saline (PBS) at pH 7.

Animal Preparation

Three rats bearing 9L tumors were included in this study. For brain tumor induction, each 

rat was injected with 1 × 105 9L glioblastoma cells in the right brain hemisphere, and 

was then imaged after 2 to 3 weeks. All rats were immobilized and anesthetized with 
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a 2%/98% isoflurane/oxygen mixture during data acquisition. Respiration was monitored 

to be stable, and a constant rectal temperature of 37 °C was maintained throughout 

the experiments using a warm-air feedback system (SA Instruments, Stony Brook, NY, 

USA). All animal procedures were approved by the Animal Care and Usage Committee of 

Vanderbilt University Medical Center.

MRI

In the 2π-CEST sequence, θ = 360°, τs = 13ms, and τex = 59.2ms, corresponding to an 

average ω1 of 1μT and duty cycle of 18.1%. The pulses were repeated 69 times or 110 

times so that the total saturation time (Tsat) was 5s (animals) or 8s (phantoms), respectively. 

The 2π-CEST blocks are followed by a single-shot spin-echo echo planar imaging (SE-EPI) 

readout (animals) or a free induction decay (FID) acquisition (phantoms) and a recovery 

time of 2s before the next experiments. The CW-CEST contains a 5s rectangular RF pulse 

with ω1 of 1μT, followed by a single-shot SE-EPI readout and a recovery time of 2s. TE 

for the SE-EPI readout is 13ms and TR is 7s. . The 2π-CEST Z-spectra were acquired with 

RF offsets from −2000 to 2000 Hz with a step of 50 Hz (−5 to 5 ppm on 9.4 T). The 

CW-CEST Z-spectra 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). The Control signal 

was obtained by setting the RF offset to 100000 Hz (250ppm on 9.4 T). R1obs and fm were 

obtained using a selective inversion recovery (SIR) method with inversion times of 4, 5, 6, 

8, 10, 12, 15, 20, 50, 200, 500, 800, 1000, 2000, 4000, and 6000ms (59). All images were 

acquired with matrix size 64 × 64, field of view 30mm × 30mm, slice thickness of 2mm, and 

one average. Experiments were performed on a Varian DirectDrive™ horizontal 9.4T magnet 

with a 38-mm Litz RF coil (Doty Scientific Inc. Columbia, SC).

Data analysis and statistics

Regions of interest (ROIs) of tumors were outlined from the fm map with values less than a 

threshold of 7%. ROIs of contralateral normal tissue were chosen to mirror the tumor ROIs. 

Student’s t-test was employed to evaluate the signal difference. Differences were considered 

to be statistically significant when P < 0.05. All data analysis and statistical analyses were 

performed using MATLAB 2018a (Math works, Natick, MA, USA).

RESULTS

Fig. 1a, 1b, 1e, and 1f show the ratio of AREXasym_2π to AREXasym_cw and the ratio of 

MTRasym_2π to MTRasym_cw vs. duty cycle from the simulated CW-CEST and 2π-CEST 

signals with varied sequence parameters but constant sample parameters. Compared with 

the AREXasym_CW and the MTRasym_CW values, the AREXasym_2π and the MTRasym_2π 
values for amide protons with lower duty cycles have greater reductions than those for 

macromolecular protons. For the duty cycle of 20% and τs of 10ms as an example, 

although AREXasym_2π is 70.4% of the corresponding AREXasym_CW for macromolecular 

protons, AREXasym_2π is 22.5% of the corresponding AREXasym_CW for amide protons. 

This suggests that the low-duty-cycle 2π-CEST has more signal selectivity than the high-

duty-cycle 2π-CEST and the CW-CEST. Additionally, note that this signal selectivity is 

relatively insensitive to τs in the parameter range in this simulation. Fig. 1c, 1d, 1g, and 
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1h show the scatter plots of all the AREXasym_CW, AREXasym_2π, MTRasym_CW, and 

MTRasym_2π values from Fig. 1a, 1b, 1e, and 1f as a function of ω1 or average ω1. Note that 

although the AREXasym_CW values for amide protons as well as the AREXasym_CW and the 

AREXasym_2π values for macromolecular protons simply increase with ω1 or average ω1, 

the AREXasym_2π values for amide protons do not have a simple relationship with average 

ω1. This suggests that the CW-CEST imaging of both the APT effect and the NOE effect at 

−3.5ppm as well as the 2π-CEST imaging of the NOE effect at −3.5 ppm have a saturation 

transfer effect that mainly depends on ω1 or average ω1. In contrast, the 2π-CEST imaging 

of the APT effect has the rotation transfer effect, which depends on not only average ω1 

but also other sequence parameters. Supporting information Table S2 lists the ω1 and the 

corresponding τs, τex, duty cycle, number of pulses, and Tsat in the 2π-CEST imaging in 

Fig. 1c, 1d, 1g, and 1h. Supporting information Figure S1 shows the scatter plots of the 

corresponding τs, τex, and duty cycle in the 2π-CEST imaging in Fig. 1c, 1d, 1g, and 

1h as a function of average ω1. Note that the pattern of AREXasym_2π values vs. average 

ω1 in Fig. 1c is quite similar to the pattern of duty cycle vs. average ω1 in supporting 

information Figure S1c, suggesting that the rotation transfer effect depends mainly on the 

duty cycle. The MTRasym_CW and MTRasym_2π values directly reflect the measured signal 

variation due to the CEST/NOE effects. Higher ω1 or average ω1 can not only increase the 

CEST/NOE effects, but reduce the measured signal variation due to the shine-through effect 

from greater DS and MT effects. These MTRasym metrics can thus be used to optimize ω1 or 

average ω1 for higher SNRs. Fig. 1h shows that the optimized average ω1 in the 2π-CEST 

is approximately 1.2μT at 9.4T. For a certain duty cycle, this average ω1 can be obtained by 

adjusting τs.

Fig. 2 shows the ratio of the AREXasym_2π, AREXasym_CW, MTRasym_2π, and MTRasym_CW 

values for amide protons to those for macromolecular protons from the simulated CW-CEST 

and 2π-CEST signals with varied sequence parameters but constant sample parameters. 

Notice that the ratio is smaller with a lower duty cycle and shorter τs in the 2π-CEST. 

For example, with a duty cycle of 20% and τs of 10ms in the 2π-CEST, the relative 

contribution from the APT effect to the NOE effect at −3.5ppm is 56.3%. In contrast, in 

the corresponding CW-CEST, it is 176.2%. This result suggests that the low-duty-cycle 

2π-CEST can effectively reduce the contamination from the APT effect to the quantification 

of the NOE effect at −3.5 ppm.

Fig. 3 shows the simulated AREXasym_2pi, AREXasym_CW, AREXasym_2pi/AREXasym_CW, 

MTRasym_2pi, MTRasym_CW, and MTRasym_2pi/MTRasym_CW as a function of ksw and T2s, 

respectively, with other sample parameters kept constant. Compared with AREXasym_CW 

and MTRasym_CW, AREXasym_2pi and MTRasym_2pi are less sensitive to slow-intermediate 

exchanging pools with relatively long T2s (e.g., amide at 3.5ppm and guanidino amine 

at 2ppm), but are sensitive to short T2s components with slow ksw (e.g., NOE effect at 

−3.5ppm) and fast exchanging pools (e.g., lysine amine at 3 ppm). This simulation suggests 

that 2π-CEST can also remove the guanidino amine at 2ppm in addition to the APT effect 

but not the lysine amine at 3ppm.

Fig. 4 shows the average CW-CEST and 2π-CEST Z-spectra as well as the AREXasym_CW, 

AREXasym_2pi, MTRasym_CW, MTRasym_2pi, AREXmultifit_CW, and MTRmultifit_CW spectra 
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from the tumor and the contralateral normal tissue of three rat brains. Note in Fig. 4a 

that although the APT at 3.5ppm and the guanidino amine at 2ppm are apparent in the 

CW-CEST spectra, they become weak in the 2π-CEST spectra. Additionally, note in Fig. 

4b and 4c that two dips at −3.5 ppm and −2 ppm are overlaid on a broad NOE peak on the 

AREXasym_CW and MTRasym_CW spectra, which is due to the contamination from the APT 

and the guanidino amine, but not on the AREXasym_2pi and MTRasym_2pi spectra.

Fig. 5 shows the significant differences in the NOE effect at −3.5ppm quantified 

by AREXasym_CW, AREXasym_2π, AREXmultifit_CW, MTRasym_CW, MTRasym_2π, and 

MTRmultifit_CW between tumor and contralateral normal tissues in rat brains. All these 

metrics show significant differences between the tumor and contralateral normal tissue, 

except for MTRmultifit_CW.

Fig. 6 shows the maps of AREXasym_CW at −3.5ppm, AREXasym_2π at −3.5ppm, 

AREXasym_CW at −4.25ppm, and AREXmultifit_CW of NOE from the three rat brains. Fig. 

7 shows the maps of MTRasym_CW at −3.5ppm, MTRasym_2π at −3.5ppm, MTRasym_CW 

at −4.25ppm, and MTRmultifit_CW of NOE from the three rat brains. Since the APT peak 

is much narrower than the NOE peak at −3.5ppm, AREXasym_CW and MTRasym_CW 

at −4.25ppm (subtraction of the label signal at −4.25ppm and the reference signal at 

4.25ppm) were used to avoid contamination from the APT effect. Supporting Information 

Table S3 lists the standard deviation of these values from all voxels in the tumor regions 

from the three rat brains. Note that the standard deviations from the tumor regions 

in the maps of AREXasym_2π(−3.5ppm) and MTRasym_2π(−3.5ppm) are much smaller 

than those from AREXasym_CW(−3.5ppm) and MTRasym_CW(−3.5ppm) for all the three 

rats. Also observe that the standard deviations from the tumor regions in the maps of 

AREXasym_2π(−3.5ppm) and MTRasym_2π(−3.5ppm) are much smaller than those from 

AREXasym_CW(−4.25ppm) and MTRasym_CW(−4.25ppm) for the rat #2 and #3, and close 

to those from AREXasym_CW(−4.25ppm) and MTRasym_CW(−4.25ppm) for the rat #1. 

This suggests that after removing the confounding APT signals by using the low-duty-

cycle 2π-CEST, the NOE imaging in the tumor regions become more homogeneous. 

The standard deviations from the tumor regions in the maps of AREXasym_2π(−3.5ppm) 

and MTRasym_2π(−3.5ppm) are also much smaller than those from AREXmultifit_CW and 

MTRmultifit_CW of NOE, except for AREXasym_2π(−3.5ppm) in rat #1. The dark voxels 

in some maps are negative values, which are due to the significant contamination from 

the APT effect. Supporting Information Table S3 also shows the number of voxels with 

negative values. For rat #2 as an example, the number of voxels with negative values in 

the AREXasym_2π(−3.5ppm) and MTRasym_2π(−3.5ppm) maps (2 voxels) as well as maps 

of AREXmultifit_CW and MTRmultifit_CW of NOE (0 voxel) are much smaller than that in 

the AREXasym_CW(−4.25ppm) and MTRasym_CW(−4.25ppm) maps (6 voxels) as well as 

AREXasym_CW(−3.5ppm) and MTRasym_CW(−3.5ppm) maps (13 voxels), suggesting the 

reduced contamination from the APT effect by using the low-duty-cycle 2π-CEST.

Fig. 8 shows the average multiple-pool Lorentzian fitted APT, amine, NOE, and 

MT spectra using AREXmultifit_CW and MTRmultifit_CW as well as the average 

AREXasym_multifit_CW and MTRasym_multifit_CW spectra for each pool from the tumor 

and the contralateral normal tissue. Supporting Information Table S4 lists the values of 
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AREXasym_multifit_CW and MTRasym_multifit_CW at −3.5ppm from each fitted CEST/NOE 

pool, AREXasym_CW and MTRasym_CW at −3.5ppm, as well as AREXasym_2π and 

MTRasym_2π at −3.5ppm. Note that besides NOE, there are also contributions from APT, 

amine, and MT asymmetry to AREXasym_CW and MTRasym_CW. In tumors, the contribution 

from APT (AREXasym_multifit_CW and MTRasym_multifit_CW at −3.5ppm for APT are 

−0.058±0.006s−1 and −0.058±0.023, respectively) are comparable to that from NOE 

(AREXasym_multifit_CW and MTRasym_multifit_CW at −3.5ppm for NOE are 0.089±0.012s−1 

and 0.109±0.005, respectively), suggesting the necessity to remove APT. In contrast, 

contributions from amine (AREXasym_multifit_CW and MTRasym_multifit_CW at −3.5ppm 

for amine are −0.025±0.013s−1 and −0.030±0.014, respectively) and MT asymmetry 

(AREXasym_multifit_CW and MTRasym_multifit_CW at −3.5ppm for MT asymmetry are 

0.016±0.011s−1 and 0.024±0.017, respectively) are relatively small compared with that from 

NOE. This suggests that the asymmetric analysis of 2π-CEST can significantly improve the 

accuracy in quantifying NOE in tumors after removing the contribution from APT. In normal 

tissues, the contribution from APT, amine, and MT asymmetry are relatively small compared 

with that from NOE. (AREXasym_multifit_CW and MTRasym_multifit_CW are −0.046±0.005s−1 

and −0.033±0.011, respectively, for APT, are −0.036±0.014 and −0.036±0.014, respectively 

for amine, are 0.158±0.016s−1 and 0.114±0.012, respectively, for NOE, as well as are 

0.049±0.012s−1 and 0.052±0.009, respectively, for MT asymmetry). Thus our low-duty-

cycle 2π-CEST method provides an NOE-weighted imaging with the contribution from 

NOE dominating other confounding signals.

Fig. 9 shows the measured 2π-CEST Z-spectra on three samples of Egg PC, BSA, and 

EWA. Note that the NOE effect at −3.5ppm is present in all these samples. This experiment 

suggests that both phospholipids and proteins may contribute to the NOE effect at −3.5 ppm. 

Besides the NOE effect at −3.5ppm in Egg PC, the NOE effect at approximately −1.6ppm 

can also be observed in Egg PC, which is in agreement with our previous reports on both 

animals and samples of reconstituted phospholipids (16–22).

Fig. 10 gives the simulated AREXasym/nominal AREXasym and MTRasym/nominal MTRasym 

as a function of the B1 and B0 shifts. Note that the 2π-CEST is more robust to the B1 shift 

than the CW-CEST but is less robust to the B0 shift than the CW-CEST. In these preclinical 

experiments, the B1 and B0 shifts are very small. However, in situations where the B1 and B0 

shifts are severe, correction of these field shifts is necessary.

DISCUSSION

In this paper, we used asymmetric analysis of low-duty-cycle 2π-CEST signals to provide 

a more accurate quantification of the NOE effect at −3.5ppm in tumors by reducing 

contamination from the APT effect. In normal tissues with commonly used saturation 

powers (e.g. 1 μT), the NOE effect at −3.5ppm is much larger than the APT effect as 

shown in supporting information Table S4 as well as our previous reports (18,47), so the 

resulting contamination from APT can be ignored. However, in tumors with commonly used 

saturation powers (e.g. 1μT), the NOE effect at −3.5ppm is comparable to the APT effect 

(18), which produces a complex signal origin in tumors using the conventional asymmetric 

analysis method. The phantom studies in Fig. 8 show that the NOE effect at −3.5ppm 
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may arise from both phospholipids and large proteins which have reduced correlation time. 

Phospholipids have been shown to be cancer biomarkers (60). The concentration of most 

phospholipid species decreases in tumors, which may contribute to the decreased NOE 

signal at −3.5ppm quantified by all AREX metrics in tumors. The variation in the structure 

of large proteins in tumors may also contribute to the decreased NOE effect at −3.5ppm 

quantified by all AREX metrics in tumors (61). In contrast, APT should mainly arise from 

mobile proteins/peptides (10), but not large proteins since amide groups inside large proteins 

might be isolated from water protons and thus should make smaller contributions to APT. 

These different molecular origin causes the relatively longer T2s for amide, but shorter T2s 

for NOE, based on which we can separate them by using the 2π-CEST.

APT signal has been traditionally quantified by the asymmetric analysis method, which 

should have contributions from both APT and NOE based on our analysis in Fig. 8. 

Previously, both the APT quantified by the asymmetric analysis and NOE have shown 

clinical interest in diagnosing tumors (10,23,40–45,62–66). It is thus not clear which effect 

contributes to the diagnosis. Further studies to investigate the clinical interest of specifically 

quantified APT and NOE are required for optimizing the sequence and for finding the 

underlying imaging biomarkers.

The contamination from the APT effect decreases the values of the quantified NOE effect at 

−3.5ppm using the conventional asymmetric analysis method and produces negative values 

in some voxels (dark voxels) in the tumor regions in Fig. 6 and Fig. 7. This reduces the 

accuracy and specificity of the quantification of the NOE effect at −3.5ppm, and may 

cause diagnostic errors. In contrast, the maps of the NOE effect at −3.5ppm obtained using 

2π-CEST have nearly no negative values. The use of AREXasym_CW at −4.25ppm to avoid 

contamination from the APT effect can also reduce the number of negative values. However, 

it relies on the choice of the RF offsets and the magnetic fields. The images in Fig. 6 and 

Fig. 7 suggest that 2π-CEST has better performance than AREXasym_CW at −4.25ppm in 

reducing the number of negative values.

The simulations in Fig. 1a, 1b, 1e, and 1f suggest that the 2π-CEST has better signal 

selectivity for a lower duty cycle. However, a lower duty cycle results in a lower average 

ω1 for a certain τs. The simulations in Fig. 1h show that the MTRasym values, which reflect 

the SNR of the signal variation due to the NOE effect, decrease with very low average ω1 

when it is less than the optimal average ω1. The simulations in Fig. 2a and 2c show that a 

shorter τs results in less contribution from the APT to the NOE effect. However, a shorter 

τs results in a higher average ω1 for a certain duty cycle. The simulations in Fig. 1h also 

show that the MTRasym values increase until the optimal average ω1 is reached. When the 

ω1 is higher than the optimal average ω1, the MTRasym values decrease. In our experiments 

at 9.4T, we used τs of 13ms and duty cycle of 18.1%, corresponding to an average ω1 of 

1μT, which is close to the optimal average ω1. At lower magnetic fields, the DS effect is 

more significant and the optimized average ω1 should be lower. Optimizing the 2π-CEST 

sequence parameters requires consideration of both the specificity and the sensitivity to the 

NOE effect at −3.5ppm.
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The simulations in Fig. 2 suggest that the relative contribution from the APT effect to the 

NOE effect at −3.5 ppm by using the 2π-CEST sequence with a duty cycle of 20% and τs 

of 10ms can be reduced by a factor of 3 compared with that using the CW-CEST sequence. 

In this simulation, the concentrations and exchange rate of the amide and macromolecular 

protons are the same so that the contribution from only T2s can be observed. In biological 

tissues, the NOE coupling rate is much slower than the amide-water exchange rate, and the 

macromolecular concentration should be higher than the amide concentration considering 

that the amplitude of the NOE effect at 3.5 ppm is usually larger than the APT effect. 

Supporting Information Figure S2, S3, and S4 show the same simulations to Fig. 1, 2, and 

3, respectively, but with fs of 0.01 and ksw of 15s−1 for the macromolecular protons (other 

parameters were not changed). Similar conclusion to that in Fig. 1–3 can be found.

Previously, the contributions to APT signal quantified by the conventional asymmetric 

analysis in tumors have been also evaluated (67) . Our results are different from this previous 

paper which shows that the both APT and NOE effects are very small and MT asymmetry 

dominates the APT signal quantified by the conventional asymmetric analysis. This may 

be due to that: first, the previous experiment was performed at 3T and used much shorter 

saturation time, which caused much lower APT signal; second, the previous experiment 

used a polynomial fitting to quantify NOE. This method requires prior knowledge of the 

frequency range of the solute peak. By arbitrarily setting this frequency range to be from 

−2 to −5ppm in this previous paper, it may underestimate the NOE. We have previously 

compared the accuracy of the multiple-pool Lorentzian fit in quantifying CEST/NOE with a 

few other quantification methods, which suggested that the multiple-pool Lorentzian fit with 

low ω1 is more accurate than other methods (47). In addition, the MTRasym_multifit_CW at 

10ppm from normal tissue in Fig. 8d is ~0.057 which is in agreement with another previous 

report in quantifying MT asymmetry at 9.4T (68); lastly, the previous experiment as well as 

all MTR metrics in our paper used the direct subtraction of label and reference signals which 

have contaminations from MT, DS, and T1. Since MT and T1 change significantly in tumor, 

these MTR metrics cannot specifically reflect the actual change in the solute of interest. In 

contrast, the AREX metrics provide specific quantification of solute of interest.

A recent study shows the presence of downfield aromatic NOE which overlaps with APT 

(69). Based on our simulations in Fig. 3d, if the T2s of aromatic protons is as long as that 

of amide protons, the low-duty-cycle 2π-CEST can also reduce its contribution. If the T2s 

of aromatic protons is much shorter than that of amide protons, it should have a broader 

peak than APT. Then the multiple-pool Lorentzian fitted amine should contain the additional 

contribution from the aromatic NOE. However, this should be also a small contribution 

based on the fitted values shown in supporting information Table S4.

In Fig. 1c, the average ω1 was varied by changing the duty cycle and τs, but keeping the 

saturation pulse flip angle constant, to study the dependence of the rotation effect on duty 

cycle. In Fig. 9a, the average ω1 was varied by changing the saturation pulse flip angle, but 

keeping the duty cycle and τs constant, to study the dependence of the 2π-CEST signal on 

B1 inhomogeneity. Different dependence of AREXasym on the average ω1 in Fig. 1c and Fig. 

9a were found. This is due to that the pulsed-CEST signal has a complex dependence on not 

only the average ω1 but multiple other sequence parameters (48).
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CONCLUSION

The NOE effect at −3.5ppm reflects important macromolecules (i.e., phospholipids and 

proteins) in tissues that are associated with multiple pathologies. 2π-CEST can provide 

a more accurate and specific quantification of the NOE effect at −3.5ppm by reducing 

the contamination from the APT effect. In tumors where the NOE effect at −3.5ppm is 

comparable to the APT effect, the 2π-CEST imaging of the NOE effect at −3.5ppm shows 

significant advantages over the conventional asymmetric analysis method.
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Fig. 1. 
Simulated AREXasym_2π/AREXasym_CW and MTRasym_2π/MTRasym_CW as a function of 

duty cycle for a series of τs values for amide protons (a, e) and macromolecular protons 

(b, f). Scatter plot of all the AREXasym_CW, AREXasym_2π, MTRasym_CW, and MTRasym_2π 
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values from (a, e, b, f) as a function of ω1 or average ω1 for amide protons (c, d) and 

macromolecular protons (g, h). The CW-CEST signals were simulated with ω1 the same 

as the average ω1 calculated from the duty cycle and pulse duration in the corresponding 

2π-CEST. The change of the average ω1 in the 2π-CEST is obtained by varying the duty 

cycle and pulse duration. The number of pulses was also adjusted in the 2π-CEST so that 

Tsat was kept at around 5s.
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Fig. 2. 
Simulated ratio of the AREXasym_2π (a), AREXasym_CW (b), MTRasym_2π (c), and 

MTRasym_CW (d) values for amide protons to those for macromolecular protons.
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Fig. 3. 
Simulated AREXasym_CW and AREXasym_2pi values as well as MTRasym_CW and 

MTRasym_2pi values as a function of ksw (a, e) and T2s (b, f), respectively. Simulated 
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AREXasym_2pi/AREXasym_CW and MTRasym_2pi/MTRasym_CW as a function of ksw (c, d) 

and T2s (g, h), respectively. Other sample parameters were kept constant.
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Fig. 4. 
Average CW-CEST and 2π-CEST Z-spectra (a), AREXasym_CW and AREXasym_2pi 

spectra (b), MTRasym_CW and MTRasym_2pi spectra (c), AREXmultifit_CW spectra (d), and 

MTRmultifit_CW spectra (e) from the tumor and the contralateral normal tissue of three rat 

brains. The vertical dashed line in (b-e) indicates a Δω of −3.5 ppm. The horizontal dashed 

line in (b-e) indicates the AREXasym and MTRasym values of 0.
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Fig. 5. 
Statistical differences in the NOE at −3.5 ppm quantified by AREXasym_CW (a), 

AREXasym_2π (b), AREXmultifit_CW (c), MTRasym_CW (d), MTRasym_2π (e), and 

MTRmultifit_CW (f) between tumor and contralateral normal tissues in the rat brain. (N=3, 

*P<0.05)
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Fig. 6. 
Maps of AREXasym_CW(−3.5ppm), AREXasym_2pi(−3.5ppm), AREXasym_CW(−4.25ppm) 

and AREXmultifit_CW of NOE from three rat brains. The units in these figures are s−1.
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Fig. 7. 
Maps of MTRasym_CW(−3.5ppm), MTRasym_2pi(−3.5ppm), MTRasym_CW(−4.25ppm) and 

MTRmultifit_CW of NOE from three rat brains.
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Fig. 8. 
Average multiple-pool Lorentzian fitted APT, amine, NOE, and MT spectra using 

AREXmultifit_CW (a) and MTRmultifit_CW (b), as well as using AREXasym_multifit_CW (c) 

and MTRasym_multifit_CW (d) from the tumor and the contralateral normal tissue of three rat 

brains. The vertical dashed line in (c, d) indicates a Δω of −3.5 ppm. The horizontal dashed 

line in (c, d) indicates the AREXasym_CW and MTRasym_CW values of 0.
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Fig. 9. 
2π-CEST Z-spectra on samples of Egg PC, BSA, and EWA.
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Fig. 10. 
Simulated AREXasym/nominal AREXasym and MTRasym/nominal MTRasym vs. B1 shift (a, 

b) and B0 shift (c, d). The nominal values were obtained with no B1 and B0 shifts.
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