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A B S T R A C T   

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system in which the immune system 
attacks the myelin and axons, consequently leading to demyelination and axonal injury. Magnetic resonance 
imaging (MRI) plays a pivotal role in the diagnosis of MS, and currently various types of MRI techniques have 
been used to detect the pathology of MS based on unique mechanisms. In this study, we applied the relayed 
nuclear Overhauser effect weighted (rNOEw) imaging to study human MS at clinical 3T. Three groups of sub
jects, including 20 normal control (NC) subjects, 14 neuromyelitis optica spectrum disorders (NMOSD) patients 
and 21 MS patients, were examined at a clinical 3T MRI scanner. Whole-brain rNOEw images of each subject 
were obtained by acquiring a control and a labeled image within four minutes. Significantly lower brain rNOEw 
contrast was detected in MS group compared to NC (P = 0.008) and NMOSD (P = 0.014) groups, while no 
significant difference was found between NC and NMOSD groups (P = 0.939). The lower rNOEw contrast of MS 
group compared to NC/NMOSD group was significant in white matter (P = 0.041/0.021), gray matter (P =
0.004/0.020) and brain parenchyma (P = 0.015/0.021). Moreover, MS lesions showed higher number and larger 
size but lower rNOEw contrast than NMOSD lesions (P = 0.002). Our proposed rNOEw imaging scheme has 
potential to serve as a new method for assisting MS diagnosis. Importantly, it may be used to identify MS from 
NMOSD.   

1. Introduction 

Multiple sclerosis (MS) is an autoimmune disease of the central 
nervous system (CNS) in which the immune system attacks the myelin 
(nerve fiber sheath) and axons, leading to demyelination and axonal 
injury. MS causes motor and cognitive impairments. Currently it affects 
more than two million people globally and is a major cause of disability 
in young adults (Browne et al., 2014; Sospedra and Martin, 2005; 
Thompson et al., 2018). Demyelination leads to the change of lipids and 
proteins in the brain, as dehydrated myelin consists of 75–80% lipids 
and 20–25% proteins by weight (Min et al., 2009). Currently most 

treatments aim at reducing inflammation to slow down the disease 
progression, while the efficacy could be very limited if patients are 
diagnosed at an advanced stage of the disease. Therefore, early diagnosis 
of MS is crucial to enhance treatment efficacy by starting effective dis
ease modifying therapies early to avoid extensive demyelination and 
axonal injury (Thompson et al., 2018). Magnetic resonance imaging 
(MRI) plays a pivotal role in the early and accurate diagnosis of MS, 
enabling early interventions or treatments (Filippi et al., 2016). Many 
MRI techniques have been proposed to detect demyelination or relevant 
pathological changes in MS brain. Conventional methods, such as gad
olinium (Gd)-enhanced T1-weighted and T2-weighted images, have been 
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widely used to identify MS lesions with considerable sensitivity (Dalton 
et al., 2003; McDonald et al., 2001). Diffusion tensor imaging (DTI) or 
diffusional kurtosis imaging (DKI, which has the b value set to large 
value) has been used to quantify tissue properties, such as changes of 
water diffusion in myelin, which might not be visible using conventional 
MRI methods (Beaulieu, 2009; Gulani et al., 2001; Klawiter et al., 2011; 
Valsasina et al., 2005). Relaxometry methods, such as multicomponent 
T2 mapping, can measure the myelin water fraction (MWF) by detecting 
short-T2 water trapped between myelin layers. This enables the assess
ment of the myelin structure (Horch et al., 2011; Laule et al., 2006; 
Mackay et al., 1994). Magnetization transfer (MT) imaging is another 
MRI approach that detects the change of macromolecules, including 
myelin lipids/proteins, by applying a radiofrequency pulse at designated 
off-resonance frequency to selectively saturate bound pool of protons 
(Fernando et al., 2005; Schmierer et al., 2004). Previous studies have 
demonstrated the correlation between MTR and myelin content (Dous
set et al., 1995; Dousset et al., 1992), showing large decreases of MTR in 
animal model with experimentally induced demyelination. A high cor
relation between macromolecular proton fraction and myelin content 
was also found in postmortem samples of MS patients using quantitative 
MT (qMT) (Schmierer et al., 2007). The inhomogeneous MT (ihMT) is a 
recently proposed MT technique, which detects the dipolar order of 
myelin sheaths with high sensitivity (Ercan et al., 2018; Manning et al., 
2017; Varma et al., 2015a; Varma et al., 2015b). Other MRI techniques, 
such as ultrashort echo time (UTE) (Sheth et al., 2016) or zero echo time 
(ZTE) (Weiger et al., 2020), and quantitative susceptibility mapping 
(QSM) (Wisnieff et al., 2015) also showed potential to detect myelin 
change in MS brain. 

Chemical exchange saturation transfer (CEST) MRI is a molecular 
imaging technique that can enhance the sensitivity of detecting low 
concentration proteins and metabolites through their natural 
exchangeable protons (Van Zijl and Yadav, 2011; Ward et al., 2000). 
Among endogenous CEST contrasts, relayed nuclear Overhauser effects 
(rNOE), attributed to mobile proteins and lipids, generate CEST con
trasts at 0–5 ppm upfield from the water signal of the Z-spectrum (CEST 
spectrum) and have been applied in imaging diseases, such as Alz
heimer’s disease (AD) (Chen et al., 2019) and brain tumor (Goerke et al., 
2019; Heo et al., 2016; Jones et al., 2013). rNOE imaging has high 
specificity towards mobile proteins and lipids and thus holds the po
tential to detect myelin change in MS brain, as myelin consists of 
abundant lipids and proteins (Baumann and Pham-Dinh, 2001). MT 
contrast and direct water saturation (DS) are two major contaminations 
in rNOE contrast especially at clinical field strengths (such as 3T) 
(Huang et al., 2021a; Xu et al., 2016). Recently, we developed a rNOE 
imaging scheme with MT suppression using an optimized pulsed-CEST 
sequence, i.e. variable delay multi-pulse (VDMP) sequence (Xu et al., 
2014), to sensitively detect changes of mobile proteins and lipids in 
mouse brain at a preclinical 3T MRI scanner (Huang et al., 2021a; Xu 
et al., 2016). In addition to high sensitivity for detecting mobile proteins 
and lipids, this rNOE imaging scheme has the advantages of easy 
implementation and rapid postprocessing, making it readily to be 
translated to clinical MRI. Previous investigations have demonstrated 
the feasibility of using amide proton transfer weighted (APTw) imaging 
(Zhou et al., 2003) to detect myelin changes in MS (By et al., 2018; Lee 
et al., 2021; Sartoretti et al., 2019). Since the MTR asymmetry analysis 
was applied, changes detected in these studies included contributions 
from both amide protons and aliphatic protons (i.e. rNOE). Here, we 
applied our optimized rNOE imaging method to study the pathology 
changes regarding myelin lipids/proteins in MS patients by comparing 
with normal and neuromyelitis optica spectrum disorders (NMOSD) 
subjects at a clinical 3T MRI scanner. 

2. Material and methods 

2.1. Study subjects 

All procedures were carried out in accordance with operational 
guidelines of Human Research Ethics Committee, and all protocols were 
approved by the local Institutional Review Board. Written informed 
consents to undergo MRI examination were obtained from subjects or 
relatives of patients who were unable to provide consents. Subjects were 
scanned at the MRI Center of The University of Hong Kong between July 
2019 and March 2020. The subjects were composed of 20 normal control 
(NC) subjects, 14 patients with NMOSD and 21 patients with MS. Table 1 
summarized gender distribution, mean age, age range and number of 
subjects. NMOSD were diagnosed according to the diagnostic criteria 
suggested by Wingerchuk et al. (Wingerchuk et al., 2006) in 2006 and 
conforming to the criteria updated in 2015 (Wingerchuk et al., 2015), 
while MS was diagnosed according to the 2010 revisions to the McDo
nald Criteria (Polman et al., 2011). The clinical diagnosis results, 
including the duration since clinical onset and the latest expanded 
disability status scale (EDSS), of NMOSD and MS patients were shown in 
Table 2. 

2.2. MRI acquisition 

All MRI scans were performed on a Philips 3T scanner (Achieva, 
Philips Healthcare, Best, The Netherlands) with a body coil for excita
tion and an eight-channel SENSitivity Encoding (SENSE) head coil for 
reception. Pulsed-CEST sequence was set up for rNOE imaging by 
modifying the turbo spin echo (TSE) sequence. The saturation parame
ters optimized in previous study on a preclinical 3T MRI scanner were 
applied here (Huang et al., 2021a). Briefly, the saturation module con
tained a pulse train with a saturation power (B1) of 0.8 μT, a pulse 
duration (tp) of 40 ms, a mixing time (tmix) of 60 ms and a pulse number 
(N) of 10. Other MRI parameters were set as followings: repetition time 
(TR) = 3000 ms; echo time (TE) = 56 ms; flip angle (FA) = 90◦; number 
of average (NA) = 1; Field of view (FOV) = 230 × 230 × 198 mm3; 
acquisition matrix = 76 × 76 × 33; reconstruction matrix = 224 × 224 
× 33; voxel size = 1.03 × 1.03 × 6 mm3; SENSE factor = 2; scan time =
1 min 48 s. In this study, a control image set at − 8 ppm and a labeled 
image set at − 3.5 ppm were acquired, resulting in a total scan time of 3 
min 36 s for each rNOEw image set. Fluid-attenuated inversion-recovery 
(FLAIR) images were also acquired as references. FLAIR parameters 
were set as followings: TR = 4800 ms; TE = 269 ms; inversion time (IT) 
= 1650 ms; FA = 90◦; NA = 2; FOV = 250 × 250 × 198 mm3; acquisition 
matrix = 208 × 208 × 330; reconstruction matrix = 512 × 512 × 330; 
voxel size = 0.49 × 0.49 × 0.6 mm3; SENSE factor = 2; scan time = 4 
min 34 s. 

2.3. Data analysis 

Image processing were performed using MATLAB (MathWorks, 
Natick, MA, USA) and FMRIB Software Library (FSL, https://fsl.fmrib. 
ox.ac.uk/fsl/fslwiki/FSL). The control image Icon and the labeled 

Table 1 
Demographic data of the study subjects.   

NC NMOSD MS 

No. of 
subjects 

20 14 21 

Gender 18 Female and 2 Male 12 Female and 2 
Male 

17 Female and 4 
Male 

Age (year) 50 ± 12 (26–67) P =
0.500 (ns) to NMOSD 

53 ± 11 (29–72) P 
= 0.006 (**) to MS 

41 ± 12 (23–64) P 
= 0.022 (*) to NC 

NC: normal control; NMOSD: neuromyelitis optica spectrum disorders; MS: 
multiple sclerosis; ns, not significant. Age data were presented as mean ±
standard deviation (SD). 
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image Ilab were obtained for calculating the rNOE weighted (rNOEw) 
image using following equation: 

rNOEw =
Icon − Ilab

Icon
× 100% (1) 

Here we used rNOEw signal to represent the observed rNOE signal as 
it might have minor contributions from residual DS/MT and T1 relaxa
tion. Brain region of each dataset was extracted from corresponding 
control image using BET in FSL and then segmented in to white matter 
and gray matter using FAST in FSL. Lesions were extracted with 

reference to FLAIR images. Volumes of brain and lesion were estimated 
by multiplying corresponding voxel number with the voxel size. After 
obtaining the rNOEw images, the mean values of rNOEw contrast from 
the whole brain and lesions were analyzed. GraphPad Prism 8 (Graph
Pad Software, San Diego, CA, USA) was used for statistical analysis. 
Unpaired student’s t test was employed to evaluate the signal difference 
between diseases and control groups. Difference with P value of < 0.05 
was regarded as significant. The receiver operating characteristic (ROC) 
analysis was used to assess the diagnostic performance of rNOEw 
contrast and Youden’s index was used to identify the best cut-off value. 

3. Results 

An exemplary demonstration of rNOEw image calculation from a 
normal human brain using Eq. (1) was shown in Fig. 1. We can see that 
clear rNOEw images of the whole brain could be easily generated using 
control and labeled images acquired by the optimized pulsed-CEST MRI 
protocol. In the multi-slice rNOEw images, white matter showed 
hyperintensity, while gray matter showed hypointensity. This pattern 
was comparable with rNOE images generated using full Z-spectra in 
previous studies (Jones et al., 2013; Zaiss et al., 2015). 

Representative brain rNOEw images, together with the average 
rNOEw contrasts of slices containing brain region, for NC, NMOSD and 
MS subjects were shown in Fig. 2. In general, the rNOEw images of NC 
brain were more homogeneous than the other two types of brain. Similar 
rNOEw contrasts were observed in NMOSD brain compared to NC brain 
(Fig. 2A, B). However, lower rNOEw contrast was observed in most 
slices of MS brain compared to NMOSD and NC brains (Fig. 2A–C), and 
these differences were found to be significant in most of slices (Fig. 2D). 
All P values of comparisons shown in Fig. 2D were given in Supple
mentary Table 1. The differences of rNOEw contrast between NC/ 
NMOSD and MS were also confirmed with group comparison among 
three types of subjects (Fig. 3). The whole brain rNOEw contrast of MS 
group was significantly lower than that of NC group (7.30 ± 1.27% 
versus 8.52 ± 1.54%, P = 0.008) and NMOSD group (7.30 ± 1.27% vs. 
8.56 ± 1.61%, P = 0.014). However, no significant difference was found 
between NC and NMOSD groups (P = 0.939). As the average age of MS 
group was younger than the other two groups (Table 1, P = 0.022 to NC 
and P = 0.006 to NMOSD), we further investigated if age could be a 

Table 2 
Clinical diagnosis results of NMOSD and MS patients.  

NMOSD MS 

Subject 
No. 

Duration 
(year) 

EDSS Subject 
No. 

Duration 
(year) 

EDSS 

1 8 7 1 9 1 
2 9 2 2 11 2 
3 3 5.5 3 9 6.5 
4 7 5.5 4 7 2 
5 8 4 5 8 2 
6 10 2 6 13 3 
7 19 3 7 16 3 
8 3 2 8 5 3 
9 3 2 9 13 5.5 
10 5 3 10 4 1 
11 3 3 11 9 7 
12 12 2 12 6 3 
13 12 6 13 7 2.5 
14 2 2 14 7 1 
Mean ±

SD 
7.4 ± 4.8 3.5 ±

1.8 
15 5 2    

16 8 1    
17 3 0.5    
18 7 1    
19 20 7    
20 4 1    
21 10 0.5    
Mean ± 
SD 

8.6 ± 4.2 2.6 ±
2.1 

Duration: duration since clinical onset; EDSS: expanded disability status scale 
(0–10). SD: standard deviation. 

Fig. 1. An exemplary demonstration of generating (C) rNOE weighted (rNOEw) images using (A) control images and (B) labeled images.  
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factor that influenced the comparison of rNOEw contrast. The MS pa
tients were firstly sorted into age order and then divided into two groups 
(32 ± 5 years old and 51 ± 10 years old) with similar patient number (n 
= 11 and 10, respectively). As shown in Fig. 3B, no significant difference 
was observed between these two MS subgroups (P = 0.627). Interest
ingly, the decreased rNOEw contrast of MS groups than NC and NMOSD 
groups was also found to be significant in white matter (NC: P = 0.041; 
NMOSD: P = 0.021), gray matter (NC: P = 0.004; NMOSD: P = 0.020) 
and brain parenchyma, i.e. both white matter and gray matter (NC: P =
0.015; NMOSD: P = 0.021) (Fig. 3C–E). No significant difference of 
rNOEw contrast was found between NC and NMOSD groups in all three 
segmentations (white matter: P = 0.638; gray matter: P = 0.793; brain 
parenchyma: P = 0.838). We compared the volume of whole brain 
among three groups (NC: 1318 ± 141 cm3; NMOSD: 1301 ± 131 cm3; 
MS: 1316 ± 111 cm3) but no significant difference was found (NC vs. 
MS: P = 0.971; NMOSD vs. MS: P = 0.715; NC vs. NMOSD: P = 0.731), as 
shown in Supplementary Fig. 1A. We further compared the volume of 
brain parenchyma (Supplementary Fig. 1B), as brain atrophy might 
appear inside the brain (Fig. 2C). Slight decrease of brain volume was 
found in MS group (1042 ± 129 cm3) compared to NC group (1085 ±
115 cm3) and NMOSD group (1066 ± 112 cm3), but this did not reach 
significance (NC vs. MS: P = 0.265; NMOSD vs. MS: P = 0.567; NC vs. 
NMOSD: P = 0.639). 

We further investigated the rNOEw contrast change in lesions of 
NMOSD and MS brains. For NMOSD, some (11 out of 14) patients were 
found with a few lesions in brain and most of lesions were in the form of 
small dot, as shown in Fig. 4A–C. However, massive lesions were 
observed in brain of all MS patients and the lesions (Fig. 4D–F) were 
much larger and more irregular than that of NMOSD patients. Since the 
lesions had different size, we calculated the average rNOEw contrast and 
volume of lesions for comparison between MS and NMOSD. Results 
showed that the rNOEw contrast of MS lesion was significantly lower (P 

= 0.002) than that of NMOSD (Fig. 5A), while lesion volume of MS was 
substantially larger (P = 0.002) than that of NMOSD (Fig. 5B). We also 
compared the rNOEw contrast between lesion (Fig. 5) and white matter 
(Fig. 3) where the lesions were detected (Fig. 4). As shown in Table 3, 
rNOEw contrast of NMOSD lesion was slightly lower than that of NC (P 
= 0.326) and NMOSD (P = 0.215) whiter matter and slightly higher than 
that of MS (P = 0.538) white matter, but these did not reach signifi
cance. However, rNOEw contrast of MS lesion was significantly lower 
than that of white matter of all three groups (P < 0.001). We then 
studied the correlation of the rNOEw contrast and volume of lesions with 
EDSS. Negative correlations were found between rNOEw contrast of 
lesion and EDSS (Fig. 6A & C), while positive correlations were observed 
between lesion volume and EDSS (Fig. 6B & D). The correlation levels 
were found to be significant in MS (P = 0.017 and P = 0.038 in Fig. 6C & 
D, respectively), but not in NMOSD (P = 0.154 and P = 0.622 in Fig. 6A 
& B, respectively). 

We analyzed the ROC curves to investigate the performance of 
rNOEw imaging in MS diagnosis (Fig. 7). Results of whole brain showed 
that the MS patients could be identified from NC subjects with an area 
under curve (AUC) of 0.73, a sensitivity of 76.2% and a specificity of 
70.0% at a cut-off rNOEw contrast of 7.92%, while they could be 
differentiated from NMOSD patients with an AUC of 0.72, a sensitivity of 
81.0% and a specificity of 64.3% at a cut-off rNOEw contrast of 8.13% 
(Table 4). Similar results were found in the segmented brain regions. 
Notably, the NMOSD patients could not be identified from the NC sub
jects as all the AUC values were lower than 0.56 (Fig. 7C), which was 
consistent with the observation in Fig. 3. 

4. Discussion 

In this study, we applied our optimized rNOEw imaging technique 
for detecting MS pathology in the human brain at a clinical 3T MRI 

Fig. 2. Representative rNOEw images from central 20 brain slices (8–27) of (A) NC, (B) NMOSD and (C) MS. (D) Average rNOEw contrasts of all slices for NC (n =
20), NMOSD (n = 14) and MS (n = 21) groups. Significance levels: ns, not significant; *P < 0.05; **P < 0.01. 
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scanner. Similar to most CEST studies, MT contrast and DS are two major 
contaminations in rNOE contrast. In previous animal study, we have 
developed and optimized a pulsed-CEST MRI scheme to rapidly obtain 
rNOEw images with MTC and DS suppression at a preclinical 3T scanner 
(Huang et al., 2021a). In this study, we applied the optimized pulsed- 
CEST scheme to obtain the rNOEw images from human brain by sim
ply acquiring a labeled image Ilab at − 3.5 ppm and a control image Icon at 
− 8 ppm. Results showed that this scheme can quickly and robustly 
obtain good-quality rNOEw images covering the whole brain (Fig. 1) 
within 4 min, which indicated that it could be easily incorporated to the 
routine clinical examination without taking too much extra time. 
Hyperintensity in white matter and hypointensity in gray matter were 
detected, basically because myelin mostly localized within the white 
matter (Marner et al., 2003). 

Here, rNOEw images from three types of human subjects, i.e. NC, 
NMOSD and MS, were acquired for comparison. An obvious lower 
rNOEw contrast was detected in brains of MS patients compared to the 
other two groups of subjects (Fig. 2). It is well known that myelin is 
necessary for healthy functioning of the CNS, and MS is one of inflam
matory demyelinating diseases which have devastating effect on the 
cognitive and motor functions (Lucchinetti et al., 2000; Murray, 2006). 
Myelin is a sheath of multi-layered specialized membrane that is formed 
around axons in the CNS by oligodendrocytes. It is composed primarily 
of lipids along with a large variety of proteins (Jahn et al., 2009). Our 
rNOEw imaging scheme has been validated to have high sensitivity and 
specificity to monitor changes of the lipids/proteins (Huang et al., 
2021a), thus being able to detect the lipids/proteins decrease induced by 
the demyelination in MS brains (Fig. 3). This study has demonstrated 
that our proposed rNOEw imaging scheme can be used to facilitate MS 
diagnosis, nevertheless, further study is underway to explore the specific 
contributions to the rNOEw contrast changes during the disease 

progress. MS has been conventionally regarded as a white matter dis
ease, but demyelination has also been found in gray matter of chronic 
MS (Bo et al., 2006; Bø et al., 2003; Geurts and Barkhof, 2008). Here, 
substantially decreased rNOEw contrast of MS than NC was not only 
found in white matter (P = 0.041) but also in gray matter (P = 0.004), 
indicating that gray matter might also suffer from demyelination in 
these MS patients. The onset age of MS is typically young, as some 
studies report an average age at onset lower than 30 years old (Cierny 
et al., 2017; Ligouri et al., 2000). This could be a reason that the average 
age of MS group was younger than the NC and NMOSD groups (Table 1). 
Nevertheless, the age difference was not contributing to the decreased in 
rNOEw contrast of MS in this study, since no significant difference of 
rNOEw contrast was found between 32-years old and 51-years old MS 
subgroups (Fig. 3B). 

NMOSD is sometimes misdiagnosed as MS especially at the early 
stage, as the presenting neurological features are similar. These include 
acute transverse myelitis and optic neuritis. However, the CNS pathol
ogies are different in NMOSD and MS, suggesting different mechanisms 
of brain injury (Kawachi and Lassmann, 2017; Pittock and Lucchinetti, 
2016). In NMOSD, the water channel aquaporin-4 is the target of the 
pathogenic autoantibodies presenting in the serum of the majority of 
NMOSD patients, and binding of aquaporin-4 autoantibodies to CNS 
aquaporin-4 is believed to trigger neuroinflammation via both 
complement-dependent and complement-independent mechanisms 
with secondary demyelination, axonal and neuronal injuries (Yick et al., 
2018). In contrast, migration of activated lymphocytes from peripheral 
blood into the CNS is believed to trigger inflammatory demyelination 
and axonal injury in MS (Sospedra and Martin, 2005; Thompson et al., 
2018). Thus, conventional diffusion imaging could have limitations in 
identifying these neuropathologies. In this study, the EDSS were found 
to be similar in NMOSD and MS groups (3.5 ± 1.8 versus 2.6 ± 2.1), 

Fig. 3. The comparisons of average rNOEw contrast for NC (n = 20), NMOSD (n = 14) and MS (n = 21) groups. The rNOEw contrast comparisons of whole brain 
(WB) for (A) three groups and for (B) two MS subgroups with different ages (32-years old: n = 11; 51-years old: n = 10). The rNOEw contrast comparisons of (C) 
white matter (WM), (D) gray matter (GM) and (E) brain parenchyma (WM & GM) for three groups. Significance levels: ns, not significant; *P < 0.05; **P < 0.01. 
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indicating a minor difference of disability status between these two 
groups. However, we found that rNOEw imaging could sensitively 
differentiate MS from NMOSD, as significant lower rNOEw contrast was 
found in the MS group compared to NMOSD group (P = 0.014). More
over, substantial differences were also found in white matter (P = 0.021) 
and gray matter (P = 0.020). Therefore, rNOEw imaging has potential 
for identifying MS from NMOSD, which could be attributed to the 

specificity of rNOEw imaging towards myelin lipids/protein. The 
rNOEw results showed that the number and size of MS lesions were 
much larger than that of NMOSD lesions (Figs. 4 & 5B). Besides, NMOSD 
lesions showed comparable rNOEw contrast with surrounding white 
matter, whereas the MS lesion showed substantially lower rNOEw 
contrast than white matter of all three groups (Table 3). Therefore, the 
rNOEw contrast of MS lesion was significantly lower than that of 

Fig. 4. Representative lesion-containing rNOEw images, together with corresponding fluid-attenuated inversion-recovery (FLAIR) images, of (A-C) three NMOSD 
patients and (D-F) three MS patients. Lesions were circumscribed by blue. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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NMOSD (Fig. 5A). The lesion results strongly supported the different 
neuropathology in these two diseases, where similar observations were 
also reported by previous studies (Matthews et al., 2013; Sinnecker 
et al., 2012). Obviously decreased rNOEw contrast was found in MS 
lesions compared to surrounding normal brain region (Fig. 4D–F), 
indicating that rNOEw imaging was sensitive to myelin lipids/protein 
related changes. Interestingly, the correlations of EDSS with rNOEw 
contrast and volume of lesions were significant in MS (Fig. 6C & D), 
indicating that the disability status of MS patients was largely attributed 
to lesion load (Fisniku et al., 2008). Similar correlation trends were 
observed in NMOSD group but not significant, which needed more 
validation in the future as the patient number of NMOSD was less than 
MS in current study. 

In rNOE or other CEST studies, saturation parameters need to be 
specifically optimized according to the static field strength (B0). At low 
field strengths, the saturation power has to be low enough to avoid large 
DS effect. Owing to the extremely slow exchange rate (≤20 Hz), rNOE 
can be fully saturated even with low saturation powers (<1 μT) (Huang 
et al., 2021a; Huang et al., 2021b). This makes rNOE imaging suitable 
for clinical applications at 3T. To further investigate the influence of DS 
contamination under different field strengths, the simulations based on 
Bloch-McConnell equations including three pools (DS, MT and rNOE) 
were performed using the same saturation parameters with this study. 
Other simulation parameters were approximately assigned with refer
ence to previous studies, (Chen et al., 2019; Huang et al., 2021a; Jin and 
Kim, 2021; Khlebnikov et al., 2017; Rooney et al., 2007), as listed in 
Supplementary Table 2. From the simulation results (Fig. S3), the DS 
effect at − 3.5 ppm was negligible under 3T (0.69%) and 7T (0.24%) 
compared to the corresponding rNOEw contrast (8.32% and 10.09%, 

respectively). However, this imaging method became challenged at 
1.5T, as the DS effect contributed to a large portion of the calculated 
rNOEw contrast (2.14% out of 6.64%). In this case, the full Z-spectra 
need to be acquired to exclude the DS effect using Lorentzian fitting, 
which would result in longer scan time. 

The rNOEw imaging technique requires two scans for control and 
labeled images, thus motion issue needs to be considered. To assess the 
degree of motion in this study, we calculated the structural similarity 
index (SSIM) (Wang et al., 2004) between control and labeled images for 
all investigated subjects. Notably, the SSIM used here only included the 
structural term but not the intensity-related terms as the control and 
labeled images by nature had different image intensity due to the 
different saturation offsets. We found that the motion level was negli
gible in current study as the SSIM values of all subjects were higher than 
0.995, as shown in Supplementary Fig. 3. For representative rNOEw 
images with different average rNOEw contrasts, the SSIM maps were 
homogeneous with values close to 1 (Supplementary Fig. 3A). Moreover, 
no correlation was found between average rNOEw contrasts and SSIM 
values for all investigated subjects (Supplementary Fig. 3B). Therefore, 
the motion correction should not be critical in this study. 

There were some limitations in this study when we primarily 
considered the total scan time to be <5 min in this pilot study: (i) The 
voxel size especially in the sagittal dimension (6 mm thickness) was too 
large. Thus, brain structures and NMOSD/MS lesions were blurred in 
rNOEw images. In the future study, the acquisition module of rNOE 
imaging sequence needs to be optimized to achieve high spatial reso
lution and reasonable temporal resolution. (ii) B1 map was not acquired. 
Previous study reported that B1 correction improved the CEST image 
quality and provided clear glioma rim (Windschuh et al., 2015). It is 
highly recommended to collect B1 map for correction of rNOE image in 
the future investigation, which could benefit the identification of MS 
lesion. As for B0 issue, the rNOE signal is insensitive to a drift of <0.5 
ppm at 3 T due to its broad peak (Huang et al., 2021a). If the scanner has 
large B0 inhomogeneity, water saturation shift referencing (WASSR) 
(Kim et al., 2009) could be included in the acquisition protocol for post- 
correction. (iii) T1 relaxation could contribute to the observed rNOE/ 
CEST signals, this was one reason that we used rNOEw contrast to 
represent the observed rNOE contrast in this study. The level of influ
ence depends on the T1 difference between lesion and normal tissue. One 
possible solution is to acquire the T1 map and then calculate the 
apparent exchange-dependent relaxation (AREX) to reveal the chemical 

Fig. 5. Lesion comparison between NMOSD (n = 11, excluding three patients without lesion) and MS (n = 21) groups. (A) Comparison of lesion rNOEw contrast. (B) 
Comparison of lesion volume. Significance levels: **P < 0.01. 

Table 3 
Comparison of rNOEw contrast between lesion and white matter (WM).   

NC WM 
10.02 ± 1.54% 

NMOSD WM 
10.29 ± 1.70% 

MS WM 
9.12 ± 1.16% 

NMOSD Lesion 
9.43 ± 1.62% 

P = 0.326 (ns) P = 0.215 (ns) P = 0.538 (ns) 

MS Lesion 
7.51 ± 1.68% 

P < 0.001 (***) P < 0.001 (***) P < 0.001 (***) 

The number under each group name indicated the mean and standard deviation 
of rNOEw contrast of corresponding group. ns, not significant. 
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exchange-related effect (Zaiss et al., 2015), but this might not be 
necessary for cases with small T1 variation. Various MRI techniques have 
been applied in MS diagnosis currently, the origin of signal changes 
upon demyelination or remyelination could be different. For example, 
DTI/DKI detect the myelin structure, relaxation methods (such as MWF) 
measure the myelin water changes, while MTR methods detect the in
formation of all macromolecules. We speculated that rNOEw imaging 
could provide supplementary information regarding the myelin lipids/ 
proteins. Therefore, multiparametric study incorporating other MRI 
techniques can be performed in the future for a comprehensive assess
ment of related neuropathology in MS. Besides, longitudinal studies 

could be useful for exploring the rNOE signal changes related to the MS 
disease progression. Nevertheless, as a proof-of-concept study, our re
sults have already demonstrated that rNOEw imaging has potential for 
assisting MS diagnosis. 

5. Conclusions 

In this study, we applied our optimized pulsed-CEST MRI scheme for 
rapid rNOEw imaging (<4 min) to investigate the pathology changes 
related to myelin lipids/proteins in MS at a clinical 3T scanner. No 
substantial difference of rNOEw contrast was detected in NMOSD group 

Fig. 6. Correlation results between EDSS and (A&C) rNOEw contrast /(B&D) volume of lesions, for (A&B) NMOSD and (C&D) MS groups.  

Fig. 7. Receiver operating characteristic (ROC) analysis of rNOEw contrast as an imaging biomarker for diagnosis of MS. ROC analysis between (A) NC and MS, (B) 
NMOSD and MS, and (C) NC and NMOSD (NC: n = 20; NMOSD: n = 14; MS: n = 21). 
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compared to NC group, while significantly lower rNOEw contrast was 
found in MS group compared to above two groups. Notably, an obvious 
decrease of rNOEw contrast was observed in MS lesion region compared 
to normal-appearing brain tissue, indicating the sensitivity of rNOEw 
imaging towards myelin changes. Our proposed rNOEw imaging scheme 
has potential to serve as a new way for assisting MS diagnosis, impor
tantly it holds promise to identify MS from NMOSD. 
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Cut-off 
value 
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NC vs. 
MS 

WB 0.73 
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76.2 
(54.9–89.4) 

70.0 
(48.1–85.5)  

7.92 

WM 0.67 
(0.51–0.84) 

81.0 
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60.0 
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70.0 
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6.81 

WM & 
GM 
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AUC, area under the ROC curve; CI, confidence interval; WB: whole brain; WM: 
white matter; GM: gray matter; The cut-off value was determined by Youden’s 
index. 
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Zhou, J., McMahon, M.T., Pillai, J.J., van Zijl, P.C.M., 2013. Nuclear Overhauser 
enhancement (NOE) imaging in the human brain at 7 T. Neuroimage 77, 114–124. 

Kawachi, I., Lassmann, H., 2017. Neurodegeneration in multiple sclerosis and 
neuromyelitis optica. J. Neurol. Neurosurg. Psychiatry 88 (2), 137–145. 

Khlebnikov, V., Windschuh, J., Siero, J.C., Zaiss, M., Luijten, P.R., Klomp, D.W., 
Hoogduin, H., 2017. On the transmit field inhomogeneity correction of relaxation- 
compensated amide and NOE CEST effects at 7 T. NMR Biomed. 30, e3687. 

Kim, M., Gillen, J., Landman, B.A., Zhou, J., van Zijl, P.C.M., 2009. Water saturation shift 
referencing (WASSR) for chemical exchange saturation transfer (CEST) experiments. 
Magn. Reson. Med. 61 (6), 1441–1450. 

Klawiter, E.C., Schmidt, R.E., Trinkaus, K., Liang, H.-F., Budde, M.D., Naismith, R.T., 
Song, S.-K., Cross, A.H., Benzinger, T.L., 2011. Radial diffusivity predicts 
demyelination in ex vivo multiple sclerosis spinal cords. Neuroimage 55 (4), 
1454–1460. 

Laule, C., Leung, E., Li, D.KB., Traboulsee, A.L., Paty, D.W., MacKay, A.L., Moore, G.RW., 
2006. Myelin water imaging in multiple sclerosis: quantitative correlations with 
histopathology. Mult. Scler. J. 12 (6), 747–753. 

Lee, D.-W., Heo, H., Woo, D.-C., Kim, J.K., Lee, D.-H., 2021. Amide proton transfer- 
weighted 7-T MRI contrast of myelination after cuprizone administration. Radiology 
299 (2), 428–434. 

Ligouri, M., Pugliatti, M., Giuliani, F., Robertis, F.D., Zimatore, G.B., Livrea, P., 
Trojano, M., Cocco, E., Marrosu, M.G., 2000. Age at onset in multiple sclerosis. 
Neurol. Sci. 21 (0), S825–S829. 

Lucchinetti, C., Bruck, W., Parisi, J., Scheithauer, B., Rodriguez, M., Lassmann, H., 2000. 
Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of 
demyelination. Ann. Neurol. Official J. Am. Neurol. Assoc. Child Neurol. Soc. 47 (6), 
707–717. 

Mackay, A., Whittall, K., Adler, J., Li, D., Paty, D., Graeb, D., 1994. In vivo visualization 
of myelin water in brain by magnetic resonance. Magn. Reson. Med. 31 (6), 
673–677. 

Manning, A.P., Chang, K.L., MacKay, A.L., Michal, C.A., 2017. The physical mechanism 
of “inhomogeneous” magnetization transfer MRI. J. Magn. Reson. 274, 125–136. 

Marner, L., Nyengaard, J.R., Tang, Y., Pakkenberg, B., 2003. Marked loss of myelinated 
nerve fibers in the human brain with age. J. Comparative Neurol. 462 (2), 144–152. 

Matthews, L., Marasco, R., Jenkinson, M., Kuker, W., Luppe, S., Leite, M.I., Giorgio, A., 
De Stefano, N., Robertson, N., Johansen-Berg, H., Evangelou, N., Palace, J., 2013. 
Distinction of seropositive NMO spectrum disorder and MS brain lesion distribution. 
Neurology 80 (14), 1330–1337. 

McDonald, W.I., Compston, A., Edan, G., Goodkin, D., Hartung, H.-P., Lublin, F.D., 
McFarland, H.F., Paty, D.W., Polman, C.H., Reingold, S.C., Sandberg-Wollheim, M., 
Sibley, W., Thompson, A., Van Den Noort, S., Weinshenker, B.Y., Wolinsky, J.S., 
2001. Recommended diagnostic criteria for multiple sclerosis: guidelines from the 
International Panel on the diagnosis of multiple sclerosis. Ann. Neurol. 50 (1), 
121–127. 

Min, Y., Kristiansen, K., Boggs, J.M., Husted, C., Zasadzinski, J.A., Israelachvili, J., 2009. 
Interaction forces and adhesion of supported myelin lipid bilayers modulated by 
myelin basic protein. Proc. Natl. Acad. Sci. 106 (9), 3154–3159. 

Murray, T.J., 2006. Diagnosis and treatment of multiple sclerosis. BMJ 332 (7540), 
525–527. 

Pittock, S.J., Lucchinetti, C.F., 2016. Neuromyelitis optica and the evolving spectrum of 
autoimmune aquaporin-4 channelopathies: a decade later. Ann. N. Y. Acad. Sci. 
1366, 20. 

Polman, C.H., Reingold, S.C., Banwell, B., Clanet, M., Cohen, J.A., Filippi, M., 
Fujihara, K., Havrdova, E., Hutchinson, M., Kappos, L., Lublin, F.D., Montalban, X., 
O’Connor, P., Sandberg-Wollheim, M., Thompson, A.J., Waubant, E., 
Weinshenker, B., Wolinsky, J.S., 2011. Diagnostic criteria for multiple sclerosis: 
2010 revisions to the McDonald criteria. Ann. Neurol. 69 (2), 292–302. 

Rooney, W.D., Johnson, G., Li, X., Cohen, E.R., Kim, S.-G., Ugurbil, K., Springer, C.S., 
2007. Magnetic field and tissue dependencies of human brain longitudinal 1H2O 
relaxation in vivo. Magn. Reson. Med. 57 (2), 308–318. 

Sartoretti, E., Sartoretti, T., Wyss, M., Becker, A.S., Schwenk, Á., van Smoorenburg, L., 
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