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Original Article
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improve the assessment of patients with ischemic stroke 
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Background: Proton exchange rate (kex) magnetic resonance imaging (MRI) has recently been developed, 
with preliminary results demonstrating its potential for evaluating reactive oxygen species. This prospective 
cohort study investigated the kex in different stroke stages and its correlation with stroke severity and 
prognosis.
Methods: In all, 96 ischemic stroke patients were included in the study. Patients were divided into 3 
groups based on stroke phase (acute, subacute, and chronic). A spin echo-echo planar imaging sequence 
with presaturation powers of 1.5, 2.5, and 3.5 μT was implemented to obtain Z-spectra, and kex maps were 
constructed from direct saturation-removed omega plots. Relative kex (rkex) and the relative apparent diffusion 
coefficient (rADC) were calculated as the ratio of kex or ADC in the infarcts to values in contralateral tissue, 
respectively. Correlations between both kex and rkex and National Institute of Health Stroke Scale (NIHSS) 
scores were evaluated. Receiver operating characteristic (ROC) analysis was used to evaluate the performance 
of kex, rkex, rADC, and lesion volume for predicting acute stroke outcome. 
Results: The kex was significantly higher in ischemic lesions than in contralateral tissue at all stages. 
In addition, the kex of acute lesions was higher than that of subacute and chronic lesions [mean (± SD) 
935.1±81.5 vs. 881.4±55.7 and 866.9±76.7 s–1, respectively; P<0.05 and P<0.01, respectively]. The difference 
in kex between subacute and chronic lesions was not significant. In acute stroke, there was a limited 
correlation between a lesion’s kex and NIHSS score (R2=0.16; P=0.01) and between rkex and NIHSS score 
(R2=0.28; P=0.001). Acute stroke patients with poor prognosis had significantly higher lesion kex and rkex 
than did those with good prognosis (kex: 991.1±78.2 vs. 893.1±55.1 s–1, P<0.001; rkex: 1.28±0.09 vs. 1.15±0.06, 
P<0.001). In ROC analyses, kex and rkex showed favorable predictive performance for acute stroke outcome, 
with areas under the curve (AUC) of 0.837 and 0.880, respectively, which were slightly but not significantly 
higher than the AUCs for lesion volume (0.730) and rADC (0.673).
Conclusions: This study indicates that kex MRI is promising for the diagnosis and management of ischemic 
stroke because it can reflect the oxidative stress of lesions and predict prognosis.
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Introduction

As a common disease, stroke affects one-quarter of 
people during their lifetime and is the second leading 
cause of death and the third leading cause of disability 
among adults worldwide (1). Magnetic resonance imaging 
(MRI) has played a key role in the assessment of stroke 
severity and recovery (2-4). The development of imaging 
technology has enabled the detection of hemodynamics 
and various metabolic biomarkers in ischemic tissues, 
which is instrumental in further understanding the 
pathophysiological mechanisms of ischemic stroke and thus 
improving the therapeutic approach (5-7).

Chemical exchange saturation transfer (CEST) MRI 
is an emerging endogenous metabolic technique in which 
the contrast is produced by the transfer of selectively 
saturated protons from endogenous metabolites to bulk 
water (8). Various studies have used CEST in the metabolic 
assessment of ischemic stroke (3,9,10). Proton exchange is a 
fundamental biophysical process that is critical to generating 
CEST MRI contrasts. Based on direct saturation-removed 
omega plots, in vivo imaging of the proton exchange rate (kex) 
has been recently developed (11).

The kex MRI has been used in phantoms and healthy 
brains (11) as well as in characterizing multiple sclerosis 
lesions (12). A recent study investigating the performance 
of kex in subacute and chronic stroke patients found that kex 
maps, which showed differences compared with the contrast 
of diffusion-weighted imaging (DWI), could favorably 
differentiate ischemic stroke lesions from contralateral 
healthy tissue (13). Nevertheless, the small sample size 
and lack of acute stroke patients in that study could not 
fully demonstrate the clinical application of kex maps. 
The previous study (13) has reported the enhanced kex in 
ischemic lesions to be due to increases in reactive oxygen 
species (ROS), which have been shown to play a crucial 
role in the pathogenesis of ischemic brain injury (14).  
The dynamic changes in kex in ischemic tissue deserve 
further investigation because they can help elucidate the 
detailed environmental evolution of the infarcted area 
and improve our understanding of the pathophysiology of 
stroke. In addition, the correlation between kex and both 
stroke severity and prognosis has not yet been investigated. 
Prompt and exact predictions of outcomes in acute stroke 

patients would aid in clinical decision making, facilitate 
individualized treatments, and improve prognosis (15).

The aims of this study were to evaluate changes in kex 
in ischemic lesions at different stages of stroke and to 
explore the correlations between kex and stroke severity. 
Furthermore, we assessed the predictive performance of kex 
for acute stroke prognosis by comparing it with traditional 
MRI parameters, including infarct volume and the apparent 
diffusion coefficient (ADC), which have demonstrated 
predictive efficacy for stroke outcome (16,17). We present 
the following article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-22-78/rc).

Methods

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
specific type of observational study was approved by the 
Institutional Review Board of Tongji Hospital Affiliated 
to Tongji Medical College of Huazhong University of 
Science and Technology. All participants were informed of 
the detailed experimental procedures and signed informed 
consent forms. 

Sample size estimation

The sample size was estimated using Power Analysis and 
Sample Size software (NCSS, LLC, Kaysville, Utah 84037, 
USA) and based on a previous study (13). The following 
settings were used in calculating sample size: power =0.9; 
alpha =0.05; number of groups =3; allocation ratio =1.0; 
group means =940, 900, and 875; and SD =70. Based 
upon this, the least number of measurements required was 
determined to be 30 participants per group.

Study population

In all, 117 ischemic stroke patients who presented to 
Wuhan Tongji Hospital between December 2018 and 
November 2021 were enrolled in the study. To be eligible 
for inclusion in the study, patients had to have (I) been 
diagnosed with unilateral ischemic stroke, (II) no previous 
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stroke history, (III) a known time of symptom onset, (IV) 
no other nervous system disorders or systemic diseases, and 
(V) undergone DWI and CEST MRI (Z-spectral imaging 
scans). Twenty-one patients were excluded from the present 
study due to hemorrhagic transformation (n=2), brain stem 
or cerebellar infarction (n=12), thrombolytic therapy before 
MRI examination (n=2), or severe motion artifact (n=5).

The 96 patients recruited to this study were divided into 
following 3 groups based on the onset-to-MRI time (18): 
acute phase (onset-to-MRI time ≤3 days; n=35), subacute 
phase (3–14 days; n=30), and chronic phase (>14 days; 
n=31). Stroke severity was evaluated in patients before MRI 
examinations by a neurologist (ZS, 7 years’ experience) 
using the National Institute of Health Stroke Scale 
(NIHSS) score. The prognosis of acute stroke patients was 
assessed using the modified Rankin Scale (mRS) score at 
3 months after discharge through a structured telephone 
interview performed by another neurologist (ZGL,  
5 years’ experience) who was blinded to all clinical and 
image data. No patients were lost to follow-up. Prognosis 
was dichotomized into good (mRS score ≤2) and poor (mRS 
score >2). Details of patient selection and grouping are 
shown in Figure 1.

MRI acquisition

All MRI scans were performed using a 3.0-T MRI system 
(Discovery MR750; GE Healthcare, Waukesha, WI, USA) 
with a 32-channel head coil. DWI was used to localize 
the infarction. Single-slice CEST Z-spectral data were 
acquired on an axial slice where the largest infarction was 

located with reference to DWI, and the acquisition method 
for the CEST MRI was a spin echo-echo planar imaging 
sequence. The parameters for DWI were as follows: 
repetition time (TR) =3,000 ms, echo time (TE) =65.7 ms, 
field of view (FOV) =240×240 mm, matrix size =160×160, 
in-plane resolution =1.5×1.5 mm, slice thickness =5 mm, 
b=0, and 1,000 s/mm2. The parameters for Z-spectral data 
acquisition were as follows: TR =6,114 ms; TE =22.6 ms;  
FOV =240×240 mm; matrix size =160×160; in-plane 
resolution =1.5×1.5 mm; slice thickness =5 mm; number of 
excitation =1; amplitude of saturation radiofrequency (RF) 
=1.5, 2.5, and 3.5 μT; duration of saturation RF =1,500 ms; 
and number of saturation RF =4. Each Z-spectrum included 
33 images obtained at the following saturation offsets: 
+39.1, +15.6, ±6, ±5, ±4.5, ±4, ±3.75, ±3.5, ±3.25, ±3, ±2.5, 
±2, ±1.5, ±1, ±0.75, ±0.5, ±0.25, and 0 ppm. The scanning 
time for each of the three Z-spectral data was 3 min and 22 s.

Data analysis

Previously developed programs in MATLAB (MathWorks, 
Natick, MA, USA) were used for the processing and 
analysis of raw data (13). Initially, the motion artifacts of 
Z-spectral images were rectified by the intensity-based 
image registration routine “imregister” in MATLAB, 
using the “translation” transform type with 2 degrees 
of freedom. Based on the B0 map generated from the 
Z-spectrum collected at the lowest saturation RF power 
(1.5 μT), all Z-spectral data underwent B0 correction. 
The Z-spectra were inverted to be 100×(1–Mz/M0), with 
M0 (the Z-spectrum signal at 39.1 ppm) being used as 

Figure 1 Flow diagram of patient selection and grouping. MRI, magnetic resonance imaging.
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the reference for Mz (the Z-spectrum signal at +3.5 ppm, 
the conventional amide proton resonance). The spectra 
were then fitted to a linear combination of 2 Lorentzian 
functions corresponding to the bulk water direct saturation 
and all the residual effects [magnetization transfer (MT) 
from semisolid components, CEST, and nuclear overhauser 
enhancement (NOE)]. Next, the bulk water peak was 
subtracted from the original Z-spectra, and the residual 
signals were used to establish the omega plot. As the 
various exchange mechanisms (MT, NOE, CEST) would 
contribute to the tissue kex, the omega plot was extended 
and generalized in order to include all proton-exchange 
sources, as has been done previously (11,13). As a result, 

the linear relationship between 
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z
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M M−  (the inverse of 

the Z-spectral signal intensities) and 
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square of the saturation RF powers) would indicate that the 
x-axis intercept of the omega plot can provide a weighted 
average readout of the intricate tissue kex contributed to by 
the various exchange mechanisms, including CEST, MT, 
and NOE (13). 

Considering that the ischemic area shown on the kex maps 
typically differs from that on ADC maps (13), to ensure the 
accuracy of kex calculations in lesions, the regions of interest 
(ROIs) of stroke lesions were drawn on the kex maps by an 
experienced neuroradiologist (WZX, 6 years’ experience) 
and double-checked by another neuroradiologist (LL,  
10 years’ experience). Both neuroradiologists were 
blinded to the patient information. The kex of the ROI was 
considered the mean value of all pixels. To calculate the 
relative kex (rkex), the kex of the infarcted ROIs was divided 
by the kex of contralateral (normal) tissue. 

For the 35 acute stroke survivors, DWI data were 
imported into the GE ADW 4.6 workstation to generate 
ADC maps. To calculate infarct volume, the hypointense 
ischemic lesions were manually drawn on the ADC maps 
using ITK-SNAP software (version 3.8.0, the University 
of Pennsylvania and the University of Utah, USA) by 
a neuroradiologist (WD, 5 years’ experience) who was 
blinded to the clinical data. The relative ADC (rADC) was 
calculated for the slice corresponding to the kex map as the 
ratio of the signal intensity of the infarct area to that of 
contralateral (normal) tissue.

Statistical analysis

All statistical analyses were conducted using IBM SPSS 

statistics (version 26; IBM Corp., Armonk, NY, USA) 
and R (version 3.6.3; R Foundation for Statistical 
Computing, Vienna, Austria). One-way analysis of variance 
(ANOVA) and the chi-squared test were used to compare 
demographics between groups. The kex, rkex, and rADC 
datasets used in the analysis were all normally distributed 
(Kolmogorov-Smirnov test) and had equal variance (Levene 
test). The significance of differences in kex between different 
stroke phases and different ROIs was evaluated using one-
way ANOVA with a post hoc Bonferroni test and 2-tailed 
paired t tests, respectively. Coefficients of determination 
(R2) were used to evaluate correlations between both kex 
and rkex and the NIHSS score. Independent-samples t 
test, the Mann-Whitney U test, and the chi-squared test 
were used to compare age, sex, kex, rkex, rADC, and infarct 
volume between patients with different prognoses. The 
receiver operating characteristic (ROC) curve was used to 
evaluate the predictive performance of these parameters for 
prognosis. The DeLong test was used to compare different 
areas under the curve (AUC). Unless indicated otherwise, 
data are presented as the mean ± SD. A 2-sided P value 
<0.05 was considered statistically significant.

Results

Figure 2A shows Z-spectra data from a representative stroke 
lesion at different saturation RF powers. Figure 2B shows 
the fitted Z-spectrum for the bulk water direct saturation 
and the residual signal. Omega plots for the quantification 
of kex in the stroke lesion or the contralateral tissue are 
shown in Figure 2C. The 95% CIs of the slope and x-axis 
intercept in the linear fitting of the omega plots are 
presented in Table S1.

The clinical information for the 96 patients, along with 
kex and rkex, is presented in Table 1. Representative DWI, 
ADC maps, and kex maps for each of the 3 ischemic stroke 
phases are shown in Figure 3. The ischemic stroke lesions 
in each of the 3 phases are all distinctly delineated, with 
markedly elevated intensity on kex maps.

As shown in Figure 4, the kex of the ischemic lesions was 
significantly higher than that of the contralateral tissue in 
all stroke phases (acute phase: 935.1±81.5 vs. 777.3±45.1 s–1,  
P<0.001; subacute phase: 881.4±55.7 vs. 762.2±36.6 s–1,  
P<0.001; chronic phase: 866.9±76.7 vs. 756.3±36.7 s–1, 
P<0.001). The percentage increase in kex relative to the 
contralateral tissue in the acute, subacute, and chronic 
phases was 20.3%, 15.6%, and 14.6%, respectively. In 
addition, the kex of the ischemic lesions was higher in the 

https://cdn.amegroups.cn/static/public/QIMS-22-78-supplementary.pdf
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Figure 2 Process showing the quantification of the kex in the brain. (A) Typical Z-spectra from an ischemic lesion for 3 different B1: 1.5, 
2.5, and 3.5 μT. (B) Water DS was removed by Lorentzian fitting at a B1 of 1.5 μT. The omega plot was established on the basis of residual 
signals after the subtraction of DS. (C) Representative DS-removed omega plots of an ischemic lesion (red line) and contralateral tissue (blue 
line). The x-axis intercept of this plot provides a readout of kex. kex, proton exchange rate; B1, saturation power; DS, direct saturation.
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acute phase than in both the subacute and chronic phases, 
whereas there was no significant difference in kex between 
the subacute and chronic lesions.

Although kex, rkex, and the NIHSS score all showed a 
downward trend from the acute to the chronic phase, the 
correlation between both kex and rkex and the NIHSS score 
was limited to being significant only for acute stroke lesions 
(kex: R

2=0.16, P=0.016; rkex: R
2=0.28, P=0.001). 

The rADC, infarct volume, kex, and rkex of acute stroke 
lesions differed significantly between patients with different 
prognoses (Table 2). In addition, ROC curve analysis 
demonstrated that kex and rkex of the ischemic lesion had 
favorable predictive efficacy for the prognosis of acute 
stroke patients, with AUCs of 0.837 and 0.880, respectively 
(Figure 5). The AUCs for kex and rkex were higher than those 

for infarct volume and rADC; however, the DeLong test 
indicated that there were no significant differences in the 
AUCs of these 4 parameters (P>0.05).

Discussion

In this study, ischemic stroke lesions showed favorable 
contrast on kex maps, with a significantly higher kex than the 
contralateral tissue regardless of stroke phases. In addition, 
kex values were higher for acute ischemic lesions than for 
lesions in the subacute or chronic phases. There was a 
positive correlation between both the kex and rkex of acute 
ischemic lesions and the NIHSS score. In addition, we 
demonstrated that kex and rkex could predict the prognosis of 
acute ischemic stroke patients with favorable efficacy.
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Figure 3 DWI, ADC maps, and kex maps of representative cases of acute, subacute, and chronic ischemic stroke phases. DWI, diffusion-
weighted imaging; ADC, apparent diffusion coefficient; kex, proton exchange rate.
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Table 1 Population demographics and proton exchange rate of patients in acute, subacute, and chronic ischemic stroke phases

Characteristics Acute (≤3 days; n=35) Subacute (3–14 days; n=30) Chronic (>14 days; n=31) P value

Age (years) 57.9±10.6 54.4±11.9 53.8±11.8 0.290

Male sex 26 (74.3) 20 (66.7) 19 (61.3) 0.524

Hypertension 24 (68.6) 16 (53.3) 19 (61.3) 0.453

Diabetes 6 (17.1) 7 (23.3) 10 (32.3) 0.355

Hyperlipidemia 5 (14.3) 4 (13.3) 9 (29.0) 0.203

Coronary heart disease 1 (2.9) 2 (6.7) 3 (9.7) 0.517

Current smoker 16 (45.7) 7 (23.3) 10 (32.3) 0.159

Alcohol 16 (45.7) 8 (26.7) 10 (32.3) 0.251

NIHSS score 8 [4–10] 4 [1.8–8] 3 [1–7] 0.001

kex (s
−1) 935.1±81.5 881.4±55.7 866.9±76.7 0.001

rkex 1.20±0.10 1.16±0.07 1.15±0.07 0.01

Unless indicated otherwise, data are given as the mean ± SD, median [interquartile range], or n (%). P values shown are for differences 
across the 3 groups. Alcohol, excessive alcohol consumption. kex, proton exchange rate; NIHSS, National Institutes of Health Stroke Scale; 
rkex, relative proton exchange rate.



Quantitative Imaging in Medicine and Surgery, Vol 12, No 10 October 2022 4871

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(10):4865-4874 | https://dx.doi.org/10.21037/qims-22-78

Figure 4 kex in ischemic lesions and contralateral tissue in the 
acute, subacute, and chronic ischemic stroke phases. kex, proton 
exchange rate. Figure 5 ROC curves of the kex, rkex, infarct volume, and rADC 

for the prediction of prognosis in acute stroke survivors. ROC, 
receiver operating characteristic; kex, proton exchange rate; rkex, 
relative kex; rADC, relative apparent diffusion coefficient.
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Table 2 Patients’ characteristics according to stroke outcome

Characteristics Good outcome (n=20) Poor outcome (n=15) P value

Age (years) 55.2±10.8 61.5±9.7 0.079

Male sex 14 (70.0) 12 (80.0) 0.503

rADC 0.69±0.09 0.61±0.11 0.031

Infarct volume (mL) 2.7 [1.9–8.1] 11.1 [3.0–30.3] 0.021

kex(s
-1) 893.1±55.1 991.1±78.2 <0.001

rkex 1.15±0.06 1.28±0.09 <0.001

Unless indicated otherwise, data are given as the mean ± SD, median [interquartile range], or n (%). rADC, relative apparent diffusion 
coefficient; kex, proton exchange rate; rkex, relative proton exchange rate.

A previous study (13) hypothesized that the increased kex 
in ischemic lesions may be due to excessive ROS production 
because the sensitivity and specificity of kex for ROS has 
been demonstrated (19). Another study identified 3 distinct 
phases of ROS generation after cellular ischemia and 
hypoxia (20). The first increment in ROS occurs during 
hypoxia and glucose deprivation, coinciding with a period 
of mitochondrial depolarization. Approximately 25–35 min  
after ischemia, there is a second increase in ROS due to 
the activation of xanthine oxidase, whereas the third stage 
of ROS generation results from improvements in tissue 
oxygenation levels due to blood flow restoration (20).  
The acidic environment in stroke lesions increases the 
H+ concentrations and thus the rate of conversion of 
superoxide anion to more reactive ROS, such as hydrogen 

peroxide (H2O2) or the hydroperoxyl radical (HO2), so as to 
facilitate oxidation (21). In acute ischemic stroke, lactic acid 
accumulates in the neurons due to energy depletion, giving 
rise to acidosis (22). Nevertheless, subacute infarctions are 
characterized by a shift in pH to alkaline (23). Reduced 
inflammation over time may be another reason for the 
decline in kex of the subacute and chronic infarct lesions 
relative to the acute lesions, as inflammation is the main 
cause of extracellular ROS production (24). The findings 
of the present study are consistent with those of previous 
studies (20,22-24), as kex was significantly higher in infarct 
lesions during the acute rather than the subacute and 
chronic phases.

However, the interpretation of increased kex in stroke 
lesions may be more complicated than simply assuming 
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that the entire change is due to elevated ROS. It is well 
known that acidosis in stroke lesions decreases the kex of 
metabolites (11). This leads to the observation of more 
metabolites with a relatively faster exchange of protons on 
CEST MRI and therefore an overall increase in tissue kex. 
This may also be one of the reasons why the kex of ischemic 
lesions in the acute phase is higher than that of lesions in 
the subacute and chronic phases. Nevertheless, it is hard to 
estimate the contribution of acidosis to tissue kex compared 
with that of ROS and other potential factors. Future studies 
in animal models using invasive measurement of tissue ROS 
are needed to precisely elucidate the correlation between kex 
and ROS.

A positive but limited correlation between both kex 
and rkex and NIHSS scores in acute patients was found in 
the present study. ROS have significant cellular effects, 
including lipid peroxidation, protein denaturation, enzyme 
inactivation, and nucleic acid and DNA damage, ultimately 
leading to tissue destruction and cell death (25). Neuronal 
cells are very sensitive and vulnerable to oxidative stress 
due to low antioxidant enzyme activity, high lipid peroxide 
concentrations, high oxygen consumption, the absence of 
energy reserves, and the presence of pro-oxidants such as 
iron (24). In addition, ROS contribute to disruption of the 
blood-brain barrier and inflammatory processes (26,27). ROS 
production has been demonstrated to be a pivotal damaging 
event leading to neuronal death (28). Because the increment 
in kex may be not entirely caused by elevated ROS, only 
limited correlations were found for kex and rkex with NIHSS 
scores in acute stroke survivors examined in this study. 

Extracellular ROS in the acute phase of stroke has 
been shown to be an indicator of stroke prognosis (29). 
In the present study, kex and rkex had a favorable predictive 
performance for the prognosis of acute stroke. Because 
the difference in AUCs between kex and rkex and traditional 
parameters (rADC and infarct volume) was not statistically 
significant (possibly due to the small sample size) and 
there was no independent verified dataset in this study, 
the potential predictive value of kex maps for acute stroke 
outcome requires further investigation. 

The findings of this study may provide support for 
the application of antioxidant therapy in ischemic stroke, 
especially in the acute phase. Although antioxidant 
treatments in the acute phase have been proposed as a 
neuroprotective strategy in stroke, most antioxidants have 
not been successfully implemented in the clinical treatment 
of stroke (26,30). Studies have demonstrated a high sensitivity 
and specificity of kex MRI for ROS both in vivo and in vitro 

experiments as well as the potential of kex MRI to reflect 
ROS levels in tissues in vivo (13,19). Thus, kex MRI may have 
potential as a noninvasive tool to monitor the efficacy of 
antioxidant treatments in real time, thereby facilitating the 
development of new antioxidant treatments or personalized 
treatment doses. In addition, kex MRI could be implemented 
to further stratify Gd-negative multiple sclerosis lesions 
based on inflammatory status (12). We believe that kex MRI 
will play a growing role in the imaging assessment of various 
diseases in the future because oxidative stress is associated 
with the pathogenesis of numerous diseases, including cancer 
and neurodegenerative diseases (25).

This study has several limitations. First, hyperacute 
(<6 h) stroke patients were not recruited to the study due 
to time constraints, and the study did not longitudinally 
assess the kex of the same patient at different stroke phases. 
Longitudinal imaging may be performed in future research 
to better clarify the progression or recovery of stroke 
lesions. Second, a scanning time of almost 10 min may 
not be tolerable for some patients, and thus using only 2 
Z-spectra and reducing the number of saturation offsets 
to considerably shorten the scanning time could enhance 
clinical application. However, this may affect the precision 
of kex determination (11). Third, the ADC value was 
simply calculated by a 2-point fitting, and it represented 
a combination of perfusion and diffusion because it was 
determined using a b value of 0 s/mm2. The predictive 
efficacy of ADC may be improved with advanced diffusion 
models, such as the stretched exponential model (31), 
intravoxel incoherent motion (32), and fractional-order 
calculus (33). Fourth, the increments in the vicinity of the 
water signal were 0.25 ppm in this study, which is relatively 
coarse because increments of 0.1–0.2 ppm are often used 
in the water saturation shift referencing method (34).  
Nevertheless, our method is based on the fitting of the entire 
Z-spectrum, and we expect the effect due to the 0.25-ppm 
increment to be negligible. Using 200 ppm as a saturation 
frequency instead of 39.1 ppm may be a better choice 
because it is further from water. However, the difference 
in normalization is similar to all Z-spectra collected at 
different saturation powers for omega plots, minimizing the 
effect on the omega plot quantification of tissue kex. Finally, 
pathological evidence was absent in this study, but this will 
be collected in animal models in future studies. 

Conclusions

In  summary,  by  on prev ious  s tudies ,  we  further 
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demonstrated the feasibility of kex MRI for ischemic stroke. 
The kex was significantly higher for acute stroke lesions than 
for subacute and chronic lesions. In addition, there was a 
slight statistical correlation between kex and stroke severity, 
indicating its potential for the prediction of prognosis of 
ischemic stroke patients. With sensitivity to ROS or free 
radicals, kex MRI could have considerable potential in the 
clinical management of stroke and other neurological 
diseases.
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Supplementary

Table S1 The x-intercept and slope in the linear fitting of the omega plots

Acute (≤3 d), n=35 Subacute (3–14 d), n=30 Chronic (>14 d), n=31 P†

X-intercept of lesion (−10-6) (95% CI) 1.17 (1.10–1.23) 1.30 (1.24–1.37) 1.36 (1.28–1.44) 0.001

X-intercept of mirror tissue (−10-6) (95% CI) 1.67 (1.61–1.73) 1.73 (1.67–1.80) 1.76 (1.70–1.82) 0.09

Slope of lesion (105) (95% CI) 1.69 (1.61–1.78) 1.70 (1.64–1.76) 2.00 (1.84–2.15) <0.001

Slope of mirror tissue (105) (95% CI) 1.43 (1.39–1.47) 1.44 (1.40–1.48) 1.41 (1.38–1.44) 0.514
†, difference among three groups; CI, confidence interval.


