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Abstract

Purpose: A relayed nuclear Overhauser enhancement (rNOE) saturation transfer effect at around 

−1.6 ppm from water, termed NOE(−1.6), was previously reported in rat and human brain, 

and some publications suggest that it may be related to blood. Here, we studied whether the 

NOE(−1.6) arises from blood through in vivo and ex vivo experiments.

Methods: To evaluate the contribution from in vivo blood to NOE(−1.6), intravascular signals 

in rat brain were suppressed by two approaches: (1) signal acquisition with a diffusion-weighting 

of b = 400s/mm2; (2) intravascular injection of 5 mg/kg monocrystalline iron oxide nanoparticle 

(MION). Ex vivo blood sample was also prepared. The signals were acquired using a chemical 

exchange saturation transfer (CEST) pulse sequence. Multiple-pool Lorentizan fitting of CEST 

Z-spectra was performed to quantify the NOE(−1.6) signal.

Results: There are no significant variations in the fitted in vivo NOE(−1.6) signals when 

measured with or without diffusion-weighting, but significant signal decease does occur after 

injection of MION. The NOE(−1.6) signal from ex vivo blood is weaker than that from in vivo 
tissues.

Conclusion: Considering the relatively small volume of blood in brain, the in vivo experiments 

with diffusion weighting and the ex vivo experiments both suggest that the NOE(−1.6) is not 

mainly from blood. The mechanism for the in vivo experiments with MION are less clear. MION 

not only suppresses MR signals from intravascular space, but changes the susceptibility in the 

perivascular space. This result suggests that although the NOE(−1.6) is not mainly from blood, it 

may be vasculature dependent.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) has emerged as an important contrast 

mechanism for detecting endogenous and exogenous molecules with protons that chemically 

exchange or have (a possibly multi-step interaction) cross-relaxation with water protons. 

Such protons can be selectively saturated by a long (e.g. a couple seconds) off-resonance 

RF irradiation pulse and the saturation is subsequently transferred to bulk water, causing 

an accumulative attenuation in water signal. By measuring the change in water signal, the 

solute protons can be indirectly detected with relatively high sensitivity.

In CEST imaging, a Z-spectrum, the plot of water signal as a function of RF irradiation 

frequency, is usually created so that all exchanging and ‘coupling’ effects can be identified 

(1). In previous studies, multiple effects have been observed in biological tissues, including 

amide proton transfer (APT) at ~3.5 ppm (2-4), amine-water exchange effect at ~2 ppm 

(5-12), and relayed nuclear Overhauser enhancement (rNOE) saturation transfer effects at 

~−1.6 ppm (NOE(−1.6)) (13-21) and ~−3.5 ppm (NOE(−3.5)) (22-31). However, although 

the origin of the amide, amine, and NOE(−3.5) CEST effects have been well studied, 

the origin of the NOE(−1.6) is still controversial. Understanding its biophysical origins in 

tissues may lead to novel and exploitable MR contrast mechanisms.

In general, NOE originates from through-space dipole-dipole interactions (32-34). 

Previously, we have tentatively assigned the NOE(−1.6) to be from dipolar interactions 

between phospholipid choline head group protons and water protons (14,15,19). Recently, 

we have reported that the NOE(−1.6) signal from rat brain changes significantly with intake 

of different gases (i.e. air, O2, and N2O) (16), suggesting that the NOE(−1.6) signal may be 

related to cerebrovascular reactivity. Two other publications also observed the NOE(−1.6) 

signal in blood (17,18). In this paper, we evaluated whether the NOE(−1.6) signal arises 

from blood by using two in vivo blood suppression approaches and an ex vivo blood sample.

We suppressed the blood signal via diffusion gradients and relaxation agent 

compartmentation. In biological tissues, the structure of microvasculature is random and 

the blood flow in large vessels is laminar. Based on the intravoxel incoherent motion 

(IVIM) model (35), when moderate diffusion weighting from diffusion gradients is applied 

during the signal acquisition, intravascular signals from an imaging voxel can be effectively 

suppressed, but the extravascular signals do not reduce greatly (36-39). Here, we acquired 

CEST signals with/without moderate diffusion weighting during the signal acquisition to 

evaluate the contributions from in vivo blood to the NOE(−1.6). Our second approach 

used monocrystalline iron oxide nanoparticle (MION), which were usually used as a 

susceptibility agent with a long half-life, and which can reduce the water transverse 

relaxation time. Intravenous injection of MION can suppress signals from intravascular 

space and change the susceptibility in the perivascular space (40-42).
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METHODS

Animal Preparation

All rats were immobilized and anesthetized with 2-3% isoflurane (ISO) and 97-98% oxygen 

(O2) for both induction and maintenance during the experiments. Respiration rate was 

monitored to be in a range from 40 to 70 breaths per minute. Rectal temperature was 

maintained at 37°C using a warm-air feedback system (SA Instruments, Stony Brook, NY). 

Five rats were used for the CEST experiments with diffusion weighting during the signal 

acquisition. Five rats were used for the CEST experiments with injection of MION. All 

animal procedures were approved by the Animal Care and Usage Committee of Vanderbilt 

University.

Ex vivo blood Preparation

A rat was anesthetized with 2-3% isoflurane (ISO) and 97-98% oxygen (O2). Ex vivo blood 

was then collected from the rat artery using a syringe containing lyophilized heparin, and 

moved quickly to a sealed tube immediately before the MRI scan.

MRI

All measurements were performed on a Varian DirectDrive™ horizontal 9.4 T magnet 

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

animals were performed by applying a continuous wave (CW)-CEST sequence with a 5-s 

CW irradiation pulse followed by a single-shot spin-echo echo planar imaging (SE-EPI) 

acquisition. CEST measurements on the ex vivo blood sample were also performed by 

applying a CW-CEST sequence with 5-s CW irradiation pulse, but followed by a free 

induction decay (FID) acquisition so that they have high signal-to-noise ratio. The first 

points of each FID were used for data analysis. The delay time between two adjacent CW 

pulses is 2 s. The effective time of echo (TE) is 27 ms and 31 ms for the SE-EPI acquisition 

in the experiments with injection of MION and with diffusion weighting, respectively. 

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) and irradiation powers (ω1) of 1 μT 

(43). Control images or signals (S0) were obtained by setting the RF offset to 100 kHz (250 

ppm on 9.4 T). Apparent water longitudinal relaxation rate (R1obs) and semi-solid MT pool 

concentration (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 6000 

ms (44). Before data acquisition, shimming was carefully performed so that the root mean 

square (RMS) deviation of B0 was less than 5 Hz. All images were acquired with matrix size 

64 × 64, field of view 30 × 30 mm2, and one acquisition. For the diffusion weighted SE-EPI 

imaging, two unipolar gradients (Stejskal-Tanner) along all three axes with duration of 2 ms, 

separation of 12 ms, and amplitude of 200 mT/m (b = 400 s/mm2) were applied on both 

sides of the 180° refocus pulse (45). Several previous publications (36-39) have indicated 

that moderate diffusion weighting can suppress the most of the intravascular signal. CEST 

and SIR measurements were applied with/without the diffusion gradients on animals. For 

the MION injection experiments, 5 mg/kg MION, which was shown to effectively suppress 

intravascular signals in several previous publications (40-42), were injected intravenously 
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to each rat. CEST and SIR measurements were applied before and after (within 1 h) the 

injection of MION.

Data analysis

Previously, it was reported that slow exchanging CEST effects as well as semi-solid MT and 

direct water saturation (DS) effects in a frequency range close to the water resonance can 

be modeled using Lorentzian functions (46). Here, we performed a multiple-pool Lorentzian 

fitting of Z-spectrum to isolate each peak. Eq. (1) provides the model function of the 

Lorentzian fit method.

Smea(Δω)
S0

= 1 − ∑
i = 1

N
Li(Δω) (1)

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. The fitting has 6 pools including CEST(3.5), CEST(2), 

NOE(−1.6), and NOE(−3.5) representing the CEST/rNOE dips at 3.5 ppm, 2 ppm, −1.6 

ppm, −3.5 ppm, as well as water at 0 ppm and semi-solid MT at −2.3 ppm. Smea is the 

measured signal on the Z-spectrum, and Δω is the irradiation frequency offset from water. 

The fitting was performed to achieve the lowest RMS of residuals between the measured 

data and model. All fitting for in vivo experiments were performed voxel by voxel with 

images smoothed by a 3 × 3 median filter before fitting. Supporting Information Table S1 

lists the starting points and boundaries of the fit.

The reference signal (Sref) for quantifying a CEST or rNOE effect was obtained by the 

sum of all Lorentzians except the corresponding pool. Magnetization transfer ratio (MTR), 

which is the difference of Sref and the measured signal (Smea), has been traditionally used 

to quantify the CEST or rNOE effect. However, MTR values depend not only on CEST or 

rNOE effects, but also on other tissue parameters including direct water saturation (DS), 

semi-solid MT, and water longitudinal relaxation rate (R1w=1/T1w) (47,48). Thus, the CEST 

or rNOE effects quantified by MTR across different biological tissues (e.g. blood and brain 

parenchyma) may not be compared fairly due to variations in R1w and fm. Here, we instead 

use a metric, termed exchange-dependent relaxation (AREX), to quantify CEST and rNOE 

effects with greater specificity to a single exchange mechanism (47). AREX spectra (Eq. (2)) 

were obtained by inversely subtracting Smea from Sref and correcting for R1obs.

AREX(Δω) = ( S0
Smea(Δω) − S0

Sref(Δω) )R1obs(1 + fm) (2)

Here, 1+fm was added to make the inverse method more specific, as shown in the previous 

publication (47). The AREX values for CEST(3.5), NOE(−1.6) and NOE(−3.5) were 

obtained by choosing the maximum values in a frequency range from 3 ppm to 4 ppm, 

−1 ppm to −2 ppm, and −2.5 to 4.5 ppm, respectively, on the AREX spectrum. The 

AREX values for CEST(2) were not analyzed since there are multiple fast exchanging pools 
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close to 2 ppm, resulting in line shapes that are not single Lorentzians (49,50). Since we 

previously reported that the central frequency offset of the NOE(−1.6) shifts in different 

regions (14), the AREX map for NOE(−1.6) was created by the maximum values in a 

frequency range from −1 ppm to −2 ppm on the AREX spectrum for each voxel. The AREX 

spectrum and values from the whole brain and four different region of interests (ROIs) (CP, 

caudate putamen; CC, corpus callosum; SC, singular cortex; C, cortex) in the measured slice 

were analyzed. The ROIs were defined based on a T2w-weighted anatomy image.

Statistics

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

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

performed using Matlab R2020a (Mathworks, Natick, MA, USA).

RESULTS

Fig. 1a and 1b show the average CEST Z-spectra and AREX spectra, respectively, from 

the whole brain of 5 rat brains acquired with diffusion weighting of b = 0 s/mm2 (blue) 

and 400 s/mm2 (red). The fitting residuals (Supporting Information Figure S1) are very 

low, indicating the success of the fitting. The average CEST Z-spectra and AREX spectra 

from other four ROIs acquired with/without the diffusion weighting are shown in Supporting 

Information Figure S2. Note that the CEST/rNOE dips at ~3.5 ppm, ~2 ppm, ~−1.6 ppm, 

and ~−3.5 ppm can be clearly observed on the Z-spectra. The AREX spectra shows the 

fitted peaks for these pools. Fig. 1c and 1d give the control images without/with the 

diffusion weighting, respectively, from a representative rat brain. Fig. 1e and 1f give the 

NOE(−1.6) images without/with the diffusion weighting, respectively, from a representative 

rat brain. Fig. 2 shows the statistical analysis of the fitted AREX values for CEST(3.5), 

NOE(−1.6), and NOE(−3.5) as well as the control signals from the whole brain without/with 

the diffusion weighting. The statistical analysis of the fitted AREX values from other four 

ROIs acquired with/without the diffusion weighting are shown in Supporting Information 

Figure S3. Note that although there are significant difference between the control signals 

acquired without/with diffusion weighting due to the loss of intravascular signals and 

diffusion effects, there are no statistical differences between the AREX values of the CEST 

and NOE data acquired without/with diffusion weighting, except that for the NOE(−1.6) 

from CP (P = 0.022). (The mean AREX value for NOE(−1.6) from CP only deceases by 

16.4 % (from 11.4 %s−1 to 9.5 %s−1)).

Fig. 3 shows the CEST Z-spectrum and AREX spectrum from ex vivo blood. The fitting 

residuals (Supporting Information Figure S4) are very low, indicating the success of the 

fitting. Note that the CEST at ~3.5 ppm and ~2 ppm, rNOE dips at ~−1.6 ppm and ~−3.5 

ppm can be clearly observed on the Z-spectra. Also note that although the fitted NOE(−3.5) 

from ex vivo blood (20.1 %s−1) is higher than that from the in vivo tissue of the whole brain 

(16.3 %s−1 ± 1.6 %s−1, b = 0 s/mm2 in Fig. 2c), the fitted NOE(−1.6) from ex vivo blood 

(7.0 %s−1) is lower than that from the in vivo tissue of the whole brain (10.1% s−1 ± 0.6 

%s−1, b = 0 s/mm2 in Fig. 2b).
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Fig. 4a and 4b show the average CEST Z-spectra and AREX spectra, respectively, from the 

whole brain of 5 rat brains acquired before and after the injection of MION. The fitting 

residuals (Supporting Information Figure S5) are very low, indicating the success of the 

fitting. The average CEST Z-spectra and AREX spectra from other four ROIs acquired 

before and after the injection of MION are shown in Supporting Information Figure S6. 

Note the disappearance of the rNOE dip at ~−1.6 ppm, but not dips at other frequency 

offsets, on the CEST Z-spectra acquired after the injection of MION. Fig. 4c and 4d give the 

control images before and after the injection of MION, respectively, from a representative 

rat brain. Fig. 4e and 4f give the NOE(−1.6) images before and after the injection of MION, 

respectively, from a representative rat brain. Fig. 5 shows the statistical analysis of the fitted 

AREX values for CEST(3.5), NOE(−1.6), and NOE(−3.5) as well as the control signals 

from the whole brain before and after the injection of MION. The statistical analysis of the 

fitted AREX values from other four ROIs acquired before and after the injection of MION 

are shown in Supporting Information Figure S7. The control signals from the whole brain 

decrease significantly by 16.5 % ± 3.6 %, suggesting the successful intravenous injection 

of MION. Note that the AREX values for NOE(−1.6) from the whole brain (P < 0.001), 

CP (P < 0.001), CC (P = 0.001), SC (P = 0.002), and C (P = 0.002) decrease significantly 

by 54.6 % (from 10.9 %s−1 to 4.9 %s−1), 53.4 % (from 11.9 %s−1 to 5.3 %s−1), 47.2 % 

(from 11.3 %s−1 to 6.0 %s−1), 67.8 % (from 14.1 %s−1 to 4.5 %s−1), and 56.0 % (from 

11.3 %s−1 to 5.0 %s−1), respectively, after the injection of MION, suggesting the NOE(−1.6) 

is greatly influenced by MION. There are also significant changes of AREX values for 

CEST(3.5) from the whole brain (P = 0.023) and from SC (P = 0.036), and AREX values for 

NOE(−3.5) from SC (P = 0.019). However, the mean AREX value for CEST(3.5) from the 

whole brain and from SC, and AREX values for NOE(−3.5) from SC only decease by 14.6 

% (from 5.7 %s−1 to 4.9 %s−1), 13.8 % (from 5.7 %s−1 to 5.0 %s−1), and −11.5 % (from 

12.4 %s−1 to 13.8 %s−1), respectively, which are much smaller compared with the change of 

AREX value for NOE(−1.6).

DISCUSSION AND CONCLUSION

Previously, it was reported that b = 200-400 s/mm2 is sufficient to suppress most the MR 

signals from large vessels and microvasculature where they are randomly orientated (39). 

Our in vivo experiments with diffusion weighting (b = 400 s/mm2) thus indicates that blood, 

at least, is not a dominant contributor to NOE(−1.6) in live rat brain. The cerebral blood 

volume takes ~5% of rodent brain volume (51,52). If the NOE(−1.6) signal is only from 

blood, blood should have an AREX value of 202 %s−1 for the NOE(−1.6) (NOE(−1.6) of 

10.1 %s−1 from the whole brain in Fig. 2b / 5%) which is much higher than the NOE(−1.6) 

value of 7.0 %s−1 from the ex vivo blood. This ex vivo experiment thus further suggests that 

the NOE(−1.6) signal should not be mainly from blood.

The mechanism for the significant change of NOE(−1.6) signal with injection of MION 

in the in vivo experiments is less clear. MION not only suppresses MR signals from 

intravascular space, but changes the susceptibility in the perivascular space. This in vivo 
experiment with MION suggests that although the NOE(−1.6) is not mainly from blood, it 

may arise from the perivascular space and may be relevant to vasculature. This experiment 

may also provide insight into the mechanism for the dependence of NOE(−1.6) on the gas 
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challenge studies in our previous publication (16) in which the vascular susceptibility always 

changes. Future studies on the mechanism and the exact location of the NOE(−1.6) signal 

are warranted.

The NOE(−1.6) is very close to water, and thus fitting errors due to the presence of DS 

effects may not be avoided even if the fitting residual is low. However, the DS effects 

in our experiments before and after the injection of MION are roughly close (Supporting 

Information Figure. S8). Thus their fitting errors may be similar, and our conclusion 

drawn from the different fitted NOE(−1.6) signals acquired before and after the injection 

of MION should be still valid. In addition, we found that the central frequency offset of 

the NOE(−1.6) shifts in different brain regions which is similar to our previous report (14) 

(Supporting Information Table S2 and S3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Average CEST Z-spectra (a) and AREX spectra (b) for each pool from the whole brain 

of 5 rat brains with a diffusion-weighting of b = 0 s/mm2 (blue) and 400 s/mm2 (red), 

respectively. Control images without (c) and with (d) the diffusion weighting, respectively, 

from a representative rat brain. NOE(−1.6) images without (e) and with (f) the diffusion 

weighting, respectively, from a representative rat brain.
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Figure 2. 
Statistical analysis of AREX values for CEST(3.5) (a), NOE(−1.6) (b), and NOE(−3.5) (c) 

as well as control signals (d) from the whole brain acquired with a diffusion-weighting of b 

= 0 s/mm2 (blue) and 400 s/mm2 (red), respectively.
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Figure 3. 
CEST Z-spectra (upper) and AREX spectra for each pool (lower) from ex vivo arterial 

blood.
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Figure 4. 
Average CEST Z-spectra (a) and AREX spectra (b) for each pool from the whole brain of 5 

rat brains before (blue) and after (red) the injection of 5mg/kg MION, respectively. Control 

images before (c) and after (d) the injection of MION, respectively, from a representative rat 

brain. NOE(−1.6) images before (e) and after (f) the injection of MION, respectively, from a 

representative rat brain.
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Figure 5. 
Statistical analysis of AREX values for CEST(3.5) (a), NOE(−1.6) (b), and NOE(−3.5) (c) 

as well as control signals (d) from the whole brain acquired before (blue) and after (red) 

injection of 5mg/kg MION, respectively.
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