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Abstract

In the present work, we reported a new nuclear Overhauser enhancement (NOE)-mediated 

magnetization transfer (MT) signal at around −1.6 ppm (NOE(−1.6)) in rat brain and investigated 

its application in the detection of acute ischemic stroke in rodent model. Using continuous wave 

(CW) MT sequence, the NOE(−1.6) is reliably detected in rat brain. The amplitude of this new 

NOE signal in rat brain was quantified using a 5-pool Lorentzian Z-spectral fitting method. 

Amplitudes of amide, amine, NOE at −3.5 ppm (NOE(−3.5)), as well as NOE(−1.6) were mapped 

using this fitting method in rat brain. Several other conventional imaging parameters (R1, R2, 

apparent diffusion coefficient (ADC), and semi-solid pool size ratio (PSR)) were also measured. 

Our results showed that NOE(−1.6), R1, R2, ADC, and APT signals from stroke lesion have 

significant changes at 0.5–1 h after stroke. Compared with several other imaging parameters, 

NOE(−1.6) shows the strongest contrast differences between stroke and contralateral normal 

tissues and stays consistent over time until 2 h after onset of stroke. Our results demonstrate that 

this new NOE(−1.6) signal in rat brain is a new potential contrast for assessment of acute stroke in 
vivo and might provide broad applications in the detection of other abnormal tissues.
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1. Introduction

Magnetization Transfer (MT) techniques provide an amplification process and can indirectly 

detect solute molecules in the millimolar range as well as their chemical environment (e.g. 

pH, temperature) through measurement of water signal changes caused by a cumulative 

transfer effect from saturated protons under a long saturation pulse. An MT Z-spectrum is 

typically acquired so that the effect of magnetization transfer at a specific frequency can be 

identified readily. MT Z-spectra depict the MT effects between the exchangeable proton 

pools of cellular compounds and water via chemical exchange saturation transfer (CEST) as 

well as through-space dipolar couplings of non-exchangeable protons and water via nuclear 

Overhauser enhancement (NOE). MT effects from amide (3.5 ppm), amine (2–3 ppm), 

hydroxyl (1 ppm), and aliphatic protons (−3.5 ppm) have been widely studied in the past 

decade and novel contrast mechanisms (e.g. protein/peptide (1), glutamate (2), glucose (3–

8), creatine (9,10), myo-inositol (11), glycosaminoglycan (12), and pH imaging (13–15), 

etc) have been constantly found and successfully translated to preclinical and clinical use 

(e.g. tumors (1,13,16–18), ischemic stroke (15,19–22), multiple sclerosis (23), and diabetes 

(24)). Exploration of new MT effects promises to provide novel and interesting contrasts and 

improve diagnostic capability of MRI.

Ischemic stroke is one of most frequent causes of severe disability and death. During acute 

ischemic stroke the brain undergoes complex cascade of physiological and metabolic 

disturbances. Magnetic resonance imaging (MRI) is an ideal tool for the assessment of these 

disturbances in brain under acute ischemia. Several conventional MRI techniques (e.g. T1, 

T2, and diffusion) have been applied to diagnose ischemic stroke (25–28). Amide proton 

transfer (APT), a variation of MT or CEST technique, which originates from backbone 

amide protons associated with endogenous mobile, cytosolic proteins and peptides in 

biological tissue has been used previously to distinguish benign oligemia from the ischemic 

penumbra (20,29). It was reported that these MRI contrasts reflect different physiological or 

metabolic changes during stroke (15,30–32). New magnetization transfer mechanisms may 

provide insight into stroke injury which has potential for diagnosing and managing stroke.

Recently, we reported a new NOE-mediated MT signal at around −1.6 ppm (NOE(−1.6)) 

(33). NOE effects result from the transfer of nuclear spin polarization from one nuclear spin 

population to another via cross-relaxation. An NOE-mediated MT signal at −3.5 ppm 

(NOE(−3.5)) has been demonstrated in brain in vivo, and has been used to detect tumor (34) 

and ischemic stroke (22). In this paper, we aim to detect and quantify this new NOE(−1.6) 

signal and evaluate the application of this signal for the detection of acute ischemic stroke in 

a rodent model through comparison with several other MRI parameters. Our results indicate 

that this NOE(−1.6) signal provides the highest contrast differences between stroke lesions 
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and contralateral normal tissues at 0.5–1 h after stroke compared with several other imaging 

parameters.

2. Materials and Methods

2.1 Animal Preparation

All procedures were reviewed and approved by the Vanderbilt University Institutional 

Animal Care and Use Committee. Ischemic strokes were induced via middle cerebral artery 

occlusion (MCAO) in the left hemispheres of six rat brains. Rats were scanned using 

multimodality MRI before surgery for baseline acquisition and at 0.5–1 h, 1–1.5 h, and 1.5–

2 h after onset of ischemic stroke for the time-course study. Animals were anesthetized with 

2–3 % isoflurane (ISO) for induction and surgery, and 2 % for maintenance.

2.2 MRI

Animal measurements were performed on a Varian DirectDrive™ horizontal 7 T magnet 

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

were performed by applying 5 s continuous wave (CW) irradiation before single-shot spin-

echo Echo Planar Imaging (EPI) acquisition. MT Z-spectra were acquired with RF offsets 

from −5 ppm to 5 ppm (−1500 Hz to 1500 Hz at 7 T) with steps of 0.167 ppm (50 Hz at 7T) 

and RF power of 1μT. Control images were acquired with RF offsets of 333 ppm (100000 

Hz at 7T). Longitudinal relaxation rate (R1) and semi-solid component pool size ratio (PSR) 

were obtained using a selective inversion recovery (SIR) method with inversion time of 4, 5, 

6, 7, 8, 10, 15, 20, 50, 100, 400, 800, 1000, 3000, 5000, and 8000 ms (35,36). Transverse 

relaxation rate (R2) was obtained using five echo times of 30, 50, 70, 90, and 110 ms. 

Apparent diffusion coefficient (ADC) was obtained using pulse gradient spin echo sequence 

with gradients applied simultaneously on three axes (gradient duration = 6 ms, separation = 

12 ms, five b-values between 0 and 1000 s/mm2). All images were acquired with matrix size 

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

2.3 Data analysis

All data analyses were performed using Matlab R2013b (Mathworks, Natick, MA, USA). 

Regions of interest (ROIs) with regions of left hemisphere, right hemisphere, and whole rat 

brains were manually outlined. ROIs with regions of gray matter (GM) and white matter 

(WM) were manually outlined from T2-weighted images. The GM was selected from the 

cerebral cortex, and the WM was selected from the corpus callosum. Parameter values for a 

given rat were determined by the average over an ROI of pixel-by-pixel data fittings, and 

reported uncertainties equal the standard deviation across animals. Peaks in the Z-spectra 

overlapped so multiple resonances were resolved by peak fitting over the offset range from 

−5 to 5 ppm. The peak fitting algorithm was implemented by inverting the Z-spectra 

between −5 to 5 ppm and removing the remaining baseline caused by non-specific MT 

effects so that the points at 5 ppm were set to be 0. A non-linear optimization algorithm was 

applied to decompose the B0-corrected signal into a set of overlapping components. The 

fitting was performed to achieve the lowest root mean square of residuals (RMSR) between 

the data and model in the selected segment. The Z-spectra were fit as the sum of several 

peaks of Lorentzian shapes with the following equation (37):
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(1)

where the Z-spectrum is a function of RF offset (Δ), peak full width at half maximum (W) 

and peak amplitude (A). Δ0i is the resonance frequency offset of a solute pool. N is the 

number of proton pools. In the present work, we used a 4 pool (amide, amine, water, and 

NOE at −3.5 ppm) and a 5 pool (amide, amine, water, NOE at −1.6 ppm, and NOE at −3.5 

ppm) Lorentzian fitting to process the Z-spectra. The peak positions of amide, amine, water, 

and NOE(−3.5) were fixed at their resonance frequencies. The peak position of NOE(−1.6) 

was allowed to change from −1.2 to −1.8 ppm for best fitting.

2.4 Statistics

All statistical analyses were performed using Matlab R2013b. It was considered to be 

statistically significant when P < 0.05. Student’s t-test or one-way analysis of variance 

(ANOVA) was employed to evaluate the signal difference between lesions and normal 

tissues.

3. Results

3.1 Multi-pool Lorentzian fitting

Fig. 1 shows a representative Z-spectrum from a rat brain acquired with a CW-MT sequence. 

In addition to several MT signals from amide protons at 3.5ppm, amine protons at 2 ppm, 

and NOE(−3.5) that have been reported previously, an NOE-mediated MT signal, 

NOE(−1.6), can be observed. To further resolve and quantify the NOE(−1.6), we performed 

multiple Lorentzian fitting of the Z-spectra. Since 4-pool (amide, amine, water, and NOE at 

−3.5 ppm) Lorentzian fitting was used to process the Z-spectra previously (37), we first 

performed this 4-pool fitting of Z-spectra from contralateral normal tissue and stroke lesion 

on a representative rat brain, and results are shown in Fig. 2a and 2c. Note the residuals are 

significantly higher in the range between −1 to −2 ppm (red arrow) compared with those of 

other regions, indicating that there may be another relevant component in this range. Note 

that a similar fitting result was also observed in the previous 4-pool fitting (Fig. 2 in Ref 

(37)), but was not fully discussed. In the second step, a 5-pool Lorentzian fitting with an 

additional MT pool with resonance frequency offset ranging from −1.2 to −1.8 was 

performed, and results are shown in Fig. 2b and 2d. The reduced residual from −1 to −2 ppm 

indicates the successful fitting of this 5-pool Lorentzian method. As shown in Fig. 2, the 

NOE(−1.6) signal is diminished in the stroke lesion compared with that in contralateral 

normal tissue, indicating that it is a new potential contrast for assessment of acute stroke.

3.2 Mapping of NOE(−1.6) in normal rat brain

By using the 5-pool Lorentzian Z-spectral fitting method, the amplitude of the NOE(−1.6) 

signal was quantified. As illustrated in Fig. 3, over six rats, the amplitudes of NOE(−1.6) in 

GM and WM are 7.05 ± 1.31 (%) vs 6.11 ± 1.06 (%); the amplitudes of NOE(−3.5) in GM 

and WM are 12.68 ± 1.06 (%) vs 13.88 ± 0.61 (%); the amplitudes of amine in GM and WM 
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are 9.20 ± 0.34 (%) vs 8.67 ± 0.45 (%); the amplitudes of amide in GM and WM are 4.84 

± 0.20 (%) vs 3.78 ± 0.18 (%). No statistical difference of NOE(−1.6) was observed between 

GM and WM. However, the amplitude of amide in GM is significantly higher than that in 

WM (P<0.01).

3.3 Multi-parametric maps

Fig. 4 and Fig. 5 show the maps of R1, R2, ADC, PSR, amide, amine, NOE(−3.5) as well as 

NOE(−1.6) from a representative rat brain longitudinally after stroke. There are visible 

changes in several MR parameters immediately (0.5–1h) after stroke, such as R1, R2, ADC, 

and APT. In addition to above parameters, NOE(−1.6) maps also showed significant contrast 

difference between normal and lesion tissue immediately after stroke, which evolve over 

time.

3.4 Time courses

Fig. 6 shows the time courses of several conventional imaging parameters including R1, R2, 

ADC, and PSR, and Fig. 7 shows the time courses of the fitted amplitudes of the MT pools 

from ischemic stroke lesions and contralateral normal tissues. At 0.5–1 h after MCAO, the 

following parameters from ischemic stroke lesions and contralateral normal tissues changed 

statistically: 4.6% decrease vs 2.9% increase on R1; 5.4% increase vs 0.4% increase on R2; 

15. 4% decrease vs 3.6% increase on ADC; 14.9% decrease vs 2.1% decrease on APT; 

33.5% decrease vs 7.0% decrease on NOE(−1.6). Among all these parameters, NOE(−1.6) 

shows the strongest contrast differences between stroke lesions and contralateral normal 

tissues (29.0%, P=0.0004) at 0.5–1 h after stroke. This difference of NOE(−1.6) stayed 

consistent over time until 2 h after MCAO.

4. Discussion

4.1 A new MT signal at around −1.6 ppm

In the present work, we reported a novel NOE(−1.6) in rat brain on 7 T and found this signal 

is dramatically reduced in acute ischemic stroke lesion compared with the contralateral 

normal brain tissue. This new MT signal was already been apparent using another 

Lorentzian fitting method in previous publications on a 7 T human scanner (Fig. 8a in Ref 

(34)), but it has not been previously discussed. This signal has not been reported on 3 T 

human scanners (38) presumably because it is challenging to resolve this signal since its 

resonance frequency is close to water on lower field scanners. The signal to noise ratio 

(SNR) of this signal is around 110 in our measurement on rat brain, which is less than the 

SNR of amide (around 135). In contrast, the NOE(−1.6) shows stronger contrast differences 

between stroke lesions and contralateral normal tissues than amide signal (see Fig. 7) which 

has previously been applied in detecting pH change in ischemia, indicating that the 

NOE(−1.6) is a more sensitive method. However, the standard deviation/amplitude of the 

NOE(−1.6) in GM across all normal subjects (18%) is larger than that of amide (4%) (see 

Fig. 3), indicating that the repeatability of NOE(−1.6) is lower than that of amide. Influence 

from physiological conditions on the NOE(−1.6) signal might be one possible reason for this 

higher standard deviation.
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Similar to other CEST effects, the NOE signal also strongly depends on sequence 

parameters. Since the NOE coupling rate is slow (39), a long irradiation time (usually a few 

seconds) is required for the spin system to reach steady state. In addition, a moderate 

irradiation power is required to avoid much direct water saturation effect which becomes 

significant when the resonance frequency of solute molecules is close to water line. In APT 

experiments, a 5 s irradiation time and 1 μT irradiation power have been used (40,41). To 

compare the NOE(−1.6) with APT, we used the same sequence parameters in all our 

measurements. Experimental result in Fig. 1 shows a NOE dip at around −1.6 ppm by using 

these sequence parameters. Since the resonance frequency of NOE(−1.6) is closer to water 

than that of amide. A lower irradiation power may be better to specifically quantify 

NOE(−1.6). Optimization of these parameters needs further studies.

4.2 Comparison among different imaging parameters

In Fig. 4 and Fig. 6, we found that several imaging parameters (R1, R2, ADC, and APT) 

show changes in ischemic stroke which is in agreement with previous publications (22). The 

amplitude of fitted amine signal does not change in stroke which is different from previous 

measurement (42). This could be caused by the different irradiation power used in the two 

measurements, since the amine peak likely originates from several metabolites and proteins 

which have a broad range of chemical exchange rates and irradiation power affects the 

effective exchange rate filter. Different power could select different metabolites. The 

amplitude of fitted NOE(−3.5) signal has slight change in stroke which is also different from 

previous study in which significant change of NOE(−3.5) was found by using a three-point 

method (22). This could be caused by the different quantification method used in the two 

studies. Here, a multi-pool Lorentzian fit was used to quantify each MT pool so that 

overlapping signals can be resolved. However, the three-point method, which subtract the 

signal at −3.5 ppm and the average of two signals at −2 and −5 to quantify NOE(−3.5), may 

has contaminations from the significant change of NOE(−1.6) during stroke.

4.3 Possible origin of the NOE(−1.6) contrast in ischemic stroke

During acute ischemic stroke, the cerebral tissue undergoes physical and chemical changes 

including a complex cascade of metabolic disturbances, cerebral edema, tissue acidosis, and 

cell membrane depolarization. Although the biological mechanisms responsible for the 

change of these imaging parameters are not fully understood, it has been reported that water 

accumulation contributes to T1 prolongation in ischemia (30); the blood oxygen level-

dependence (BOLD) and chemical exchange changes contribute to T2 change in ischemia 

(31,32); the water shift between intracellular and extracellular spaces contributes to ADC 

change in ischemia (43), and the tissue acidosis contributes to the APT change (15).

The molecular origin of the NOE(−1.6) is still not clear. Negative NOE effects arise from 

restricted molecules. Phosphatidylcholine (PtdCho), a major phospholipid component of 

eukaryotic cells, contains a choline head group with resonance frequency at around −1.6 

ppm from water. The choline head group is covalently linked to lipids which integrate into 

membrane and thus is in a restricted state. In previous publications, NOE effects between 

choline headgroups in membrane phospholipids and water protons have been reported using 

2D nuclear Overhauser enhancement spectroscopy (NOESY) (44–46). Thus, it is likely that 
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the NOE-mediated MT signal at −1.6 ppm originates from phospholipid choline headgroups. 

However, another study assumed that signals at this RF offset could be due to NOE effects 

from the α-protons of mobile membrane proteins (37). The signal origin and its contrast 

mechanism in ischemic stroke warrant further investigation.

5. Conclusion

A novel NOE(−1.6) signal in rat brain is reported as a new potential contrast for assessment 

of acute ischemic stroke. Compared with several other imaging parameters, the NOE(−1.6) 

provides the strongest contrast difference between stroke lesion and contralateral normal 

tissue.
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Figure 1. 
A representative Z-spectrum showing amide at 3.5 ppm, amine at 2 ppm, NOE at around 

−3.5 ppm, and NOE at around −1.6 ppm from normal tissue in a rat brain. S: measures 

signal; S0: standard signal.
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Figure 2. 
The Z-spectrum, fitted peaks using Lorentzian function, and the residual from a 

representative rat brain with ischemic stroke. (a) and (b) show the 4-pool and 5-pool 

Lorentzian fitted results from the contralateral normal tissue, respectively. (c) and (d) show 

the 4-pool and 5-pool Lorentzian fitted results from the stroke lesion, respectively. Note the 

significantly bad residual ranging from −1 to −2 ppm (red arrow) in (a) and (c), but not in (b) 

and (d), indicating the presence of a possible MT pool in this range. Also note that the 

NOE(−1.6) signal is diminished in the stroke lesion compared with that in contralateral 

normal tissue.
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Figure 3. 
pixel-by-pixel fitted amplitude maps from a representative healthy rat brain. The top panel: 

from left to right are NOE(−1.6), amide at 3.5 ppm, NOE at −3.5 ppm, and amine at 2 ppm. 

The bottom panels are statistical analysis of corresponding maps from 6 healthy rat brains 

(G: gray matter; W: white matter). **P<0.01
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Figure 4. 
Multi-parametric maps of R1, R2, ADC, and PSR acquired at different time points before 

and after ischemic stroke from a representative rat brain.
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Figure 5. 
Multi-parametric maps of NOE (−1.6), amide, NOE(−3.5), and amine acquired at different 

time points before and after ischemic stroke from a representative rat. Figure 6:
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Figure 6. 
Time-dependent statistics of R1 (a), R2 (b), ADC (c), and PSR (d) in lesion and contralateral 

normal tissue from 6 rats. *P< 0.05, **P<0.01.
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Figure 7. 
Time-dependent statistics of NOE(−1.6) (a), amide (b), NOE(−3.5) (c), and amine (d) in 

lesion and contralateral normal tissue from 6 rats. *P< 0.05, **P<0.01, ***P<0.001.
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