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Background: Hemodynamic changes after intracranial artery stenosis (ICAS) or occlusion are important 
causes of metabolic alterations in tissue. This study aimed to explore the feasibility of using amide proton 
transfer-weighted (APTw) magnetic resonance imaging (MRI) to diagnose patients with symptomatic chronic 
ICAS based on pH variations caused by metabolite damage.
Methods: Sixty-seven patients with clinically confirmed unilateral anterior circulation ICAS (≥70% 
arterial narrowing) and 20 healthy volunteers were recruited for the study. Each patient underwent an MRI 
examination including a T2 fluid-attenuated inversion recovery (T2-FLAIR) sequence, spin-echo echo-
planar diffusion-weighted imaging (DWI), three-dimensional pseudo-continuous arterial spin labeling 
(pcASL), and an APTw sequence. Areas with abnormal perfusion and APTw effects were defined as perfusion/
pH matched areas; areas with abnormal perfusion but normal APTw effects were defined as perfusion/pH 
unmatched areas; the contralateral mirror areas were defined as the normal areas. Regions of interest (ROIs) 
were selected within these three areas, and the corresponding apparent diffusion coefficient (ADC), cerebral 
blood flow (CBF), and magnetization transfer ratio asymmetry (MTRasym) were measured.
Results: High intraclass correlation coefficient (ICC) values (0.78≤ ICCs ≤0.97; P<0.05) were observed 
between the two radiologists who independently performed the data analysis. Significant differences were 
found in CBF and MTRasym between the perfusion/pH matched, perfusion/pH unmatched, and normal 
areas [F(2,64)=288.5, 163.5; both P<0.05], but the ADC values were comparable between the three [F(2,64)=2.11; 
P>0.05]. Spearman correlation analysis revealed no significant correlation between changes in MTRasym and 
CBF (P>0.05). Finally, APTw showed a robust performance in diagnosing symptomatic chronic ICAS, with 
an area under the receiver operating characteristic curve (ROC) of 0.953 (sensitivity 97.01%; specificity 
85.07%; cut-off value 1.005%).
Conclusions: The present study has demonstrated that metabolic alterations are present in patients with 
symptomatic chronic ICAS. Our findings illustrate that APTw imaging could potentially serve as an effective 
method to provide a robust clinical diagnosis for patients with symptomatic chronic ICAS.
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Introduction

Intracranial artery stenosis (ICAS) is the primary cause of 
ischemic events globally. Clinically identified ICAS with a 
previous transient ischemic attack (TIA) and infarction is 
known as symptomatic ICAS (1,2). Patients with moderate 
and severe ischemic stroke are characterized by acute onset, 
severe symptoms, and high mortality and disability, so these 
patients have been extensively investigated in previous 
studies (3,4). In chronic cases, symptomatic ICAS often 
produces transient or slight neurological deficits (such as 
recurrent TIA or mild ischemic stroke), and is considered to 
be an independent predictor of death, a high-risk factor for 
stroke recurrence, and a priority for secondary prevention 
(5,6). Therefore, symptomatic chronic ICAS is attracting 
increasing attention from researchers.

Several imaging modalities have been used to diagnose 
symptomatic chronic ICAS. Computed tomography (CT) or 
magnetic resonance imaging (MRI) can reflect morphological 
changes in brain tissues after infarction. Diffusion-weighted 
imaging (DWI), a widely applied functional MRI technique 
for diffusivity measurement in clinic, is particularly sensitive 
to (sub-)acute ischemic stroke but is prone to misdiagnosing 
patients with minor stroke in the non-acute stage or TIA 
(7,8). Magnetic resonance angiography (MRA) and CT 
angiography (CTA) can display the degree and location of 
vascular stenosis; however, they are not capable of assessing 
the state of cerebral parenchymal ischemia (9,10). Also, 
although perfusion MRI (i.e., perfusion-weighted imaging) 
can quantitatively measure blood perfusion in tissue and 
has been proven to have high clinical value in patients with 
infarction and DWI-negative TIA, this technique frequently 
overestimates vascular events (11).

Metabolic damage is a key factor for ICAS stroke and 
may introduce changes before cerebral infarction (12,13). 
An effective indicator of metabolic alterations caused 
by hemodynamic changes is pH (14). During ICAS, the 
body maintains the normal aerobic metabolism through 
compensatory mechanisms, such as arteriole expansion and 
collateral circulation opening, and cellular oxygen uptake 
increases. When stenosis is aggravated, the perfusion 

pressure decreases beyond its compensatory limit and 
cell metabolism is damaged, eventually leading to tissue 
injury and ischemic stroke (15). The pH values of brain 
tissue change according to the cell’s metabolic state after 
experiencing reduced blood perfusion. Therefore, tissue 
pH values may be a biological marker of metabolite damage 
after ischemia (16). 

Magnetic resonance spectroscopy (MRS) can measure 
changes in metabolite concentration in the infarct area 
and indirectly reflect the pH of brain tissues. However, its 
clinical application is not wide owing to its intrinsic low 
resolution and sensitivity (17). As a promising alternative, 
non-invasive amide proton transfer-weighted (APTw) 
imaging, which relies on the proton exchange between 
amide compounds and bulk water, is reportedly sensitive 
to intracellular pH changes (18,19). For every 0.5 pH 
unit change in the tissue, the change in the amide proton 
transfer rate can reach 50–70% (20,21). Because of its high 
sensitivity to pH variation, APTw imaging has been applied 
in the diagnosis of (sub-)acute cerebral infarction (22,23). 
In patients with acute stroke, according to the degree of 
acidification, the ischemic tissue allows for the stratification 
of fine tissue damage in the infarct core, ischemic 
penumbra, and benign hypoperfusion area, which is crucial 
for revascularization and medical treatment decision-making 
(24,25). However, whether pH-sensitive APTw imaging can 
reflect the corresponding changes in metabolism in patients 
with chronic ICAS has yet to be established.

Therefore, the main goal of this study was to investigate 
the feasibility of using APTw MRI imaging to diagnose 
patients with symptomatic chronic ICAS based on pH 
variations caused by metabolite damage. We present the 
following article in accordance with the STARD reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-1063/rc).

Methods

Patients

The study was conducted in accordance with the 
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Figure 1 Study population flow diagram. MRI, magnetic resonance imaging; APTw, amide proton transfer-weighted.

Patients who underwent MRI at our institution with clinical suspicions for symptomatic chronic intracranial 
artery stenosis from September 2020 to July 2021 (n=246) 

Final enrollment (n=67)

Excluded (n=179)
• Posterior circulation severe stenosis (≥70%) or occlusion (n=69)
• Double lateral anterior circulation severe stenosis (≥70%) or occlusion (n=19)
• Acute or subacute cerebral infarction (n=25)
• The interval between the first symptom onset and the examination was <4 weeks (n=32) 
• Not underwent APTw imaging (n=12)
• Insufficient image quality (n=16)
• Endovascular therapy for intracranial arterial stenosis before MRI (n=3)
• Hemorrhagic infarction (n=2)
• Concurrent other brain diseases (n=1) 

Declaration of Helsinki (as revised in 2013). This 
prospective study was approved by Shandong Province 
Qianfoshan Hospital Review Board (No. S986), and written 
informed consent was obtained from all the participants. 

Sixty-seven patients were recruited consecutively to 
the study. They included 41 men and 26 women, aged 
56.49±11.27 years old, who were diagnosed with unilateral 
chronic ICAS (≥70% arterial narrowing) or occlusion by 
digital subtraction angiography (DSA) or MRA between 
September 2020 and July 2021 in the Department of 
Neurology, First Affiliated Hospital of Shandong First 
Medical University (Figure 1). The patient inclusion criteria 
were as follows: (I) a DSA or MRA diagnosis of unilateral 
anterior ICAS (≥70% arterial narrowing) or occlusion 
(including an intracranial segment of the internal carotid 
artery, middle cerebral artery, and anterior cerebral artery); 
(II) minor ischemic stroke or TIA, with ischemic symptoms 
corresponding to the vascular lesion distribution; (III) 
an interval of ≥4 weeks between the first symptom onset 
and the examination; and (IV) other intracranial lesions, 
such as cerebral hemorrhage, were excluded by CT/MRI 
examination. Patients with the following conditions were 
excluded: (I) bilateral anterior circulation vascular lesions; 
(II) complications with severe posterior circulation or 
extracranial vascular lesions; (III) a large area of acute 
or subacute infarcts; and (IV) contraindications to MRI 
examination. Various clinical variables were collected from 
the patients, including blood pressure and their history of 
diabetes, smoking, and drinking.

In addition, 20 healthy volunteers (11 men and 9 women, 
aged 55.40±10.15 years old) were recruited, and their 

basic clinical data (sex, age, blood pressure, and history of 
diabetes, smoking, and drinking) were acquired. The lack 
of stenosis was confirmed by MRA and the lack of obvious 
abnormalities or the presence of only small lacunar infarcts 
was confirmed by routine MRI. Further, none of the 
healthy volunteers had a brain injury or any neurological, 
psychiatric, metabolic diseases, or other systemic disease 
that may affect the nervous system.

Acquisition of MRI images

All MRI examinations were performed using a 3.0T MRI 
scanner (GE Discovery 750, USA) with a 32-channel 
head coil. In addition to routine MRI imaging [T2 fluid-
attenuated inversion recovery (T2-FLAIR) and DWI], 
three-dimensional pseudo-continuous arterial spin 
labeling (3D-pcASL) and APTw imaging were performed 
on each patient. The healthy volunteers only underwent 
APTw imaging. Two-dimensional fast-spin-echo (FSE)-
based T2-FLAIR was first acquired in the axial plane. 
The scan parameters were as follows: field of view (FOV) 
=240 mm × 240 mm, slice thickness =5 mm, repetition 
time (TR)/echo time (TE) =8,000/88.4 ms, inversion time 
=2,344 ms, matrix size =320×256, number of slices =20, 
and scanning time =1 min 44 s. A two-dimensional spin-
echo echo-planar-imaging (EPI)-based sequence was 
used for DWI in the axial plane. The scan parameters 
were as follows: FOV =240 mm × 240 mm, slice thickness 
=5 mm, TR/TE =3,000/65.6 ms, matrix size =160×160, 
b=0, 1,000 s/mm2, number of slices =20, and scan time  
=24 s. Three-dimensional FSE-based pcASL imaging 
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was used to measure brain perfusion. The following scan 
parameters were applied: FOV =240 mm × 240 mm, slice 
thickness =4 mm, TR/TE =4,632/10.5 ms, matrix size 
=128×128, labeling time =1,450 ms, post-labeling delay 
(PLD) =1,525 ms, number of slices =36, and scan time  
=4 min 29 s. For APTw imaging, a spin-EPI-based 
sequence was used with three consecutive axial slices 
centered on the layer of the largest hypoperfusion area 
for the patients with chronic ICAS and the corresponding 
three axial slices for the healthy volunteers. B1 saturated 
images were acquired with 49 off-resonance frequencies 
ranging from –600 to 600 Hz in increments of 25 Hz, 
and another three images were acquired at 5,000 Hz but 
without B1 saturation. The applied saturation B1 power 
was 2 µT and the saturation duration 2,000 ms. In this 
study, ±3.5 ppm frequency off sets were acquired, a Fermi 
shaped radio-frequency pulse was used for chemical 
exchange saturation transfer (CEST). The other scan 
parameters were: FOV =240 mm × 240 mm, slice thickness 
=6 mm, TR/TE =3,000/21.9 ms, matrix size = 128×128, 
number of slices =3, and total scan time =14 min 15 s.

Data post processing

All data were analyzed using vendor-provided DWI, 
3D-pcASL, and APTw post-processing software on the GE 
workstation 4.6. The apparent diffusion coefficient (ADC) 
for DWI imaging, 3D-pcASL derived cerebral blood 
flow (CBF) mapping, and magnetization transfer ratio 
asymmetry (MTRasym) for APTw imaging were obtained.

The DWI-derived ADC was calculated using the 
following equation (26):

( )0S / S exp ADCb b= −  [1]

where S0 is the signal intensity at a b-value of 0, and Sb is the 
signal intensity at a b value of 1,000 s/mm2.

The 3D-pcASL-derived CBF mapping was determined 
by applying the following formula (27):
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where f is the flow multiplied by a scaling factor [6,000] 
and converted to physiological units of mL/100 g/min; S 
is the acquired signal on the control (ctrl), labeled (1bl) 
signal, or the reference image; T1b and T1g are the T1 

values of blood and gray matter, respectively (T1b=1.6 s;  
T1g=1.2 s); α is the labeling efficiency (α=0.85); λ is the 
cortex-blood partition coefficient (λ=0.9); and τ and ω 
represent the labeling duration (1,450 ms) and PLD time 
(1,525 ms), respectively.

Before generation of the APTw imaging contrast, the 
B0 map was first calculated with off-resonance frequencies 
of –200 to 200 Hz based on the water saturation shift 
reference (WASSR) method (28) for B0 inhomogeneity 
correction. Then, MTRasym was calculated using the 
following formula (29):
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[3]

where S−∆ω and S∆ω correspond to the water signals at negative 
and positive frequency offsets, respectively, and S0 is the 
mean level over three imaging cycles without saturation at 
5,000 Hz. To quantify the APTw effect, ω was set to 3.5 ppm.

Regions of interest (ROIs) analysis

Two radiologists ( Xinyi Wang and Dong Dong), each with 
more than 3 years of diagnostic experience in cerebrovascular 
disease, independently performed the data analysis. CBF 
and MTRasym images were fused on axial T2-FLAIR images 
to delineate the abnormal signal area. On the slice with 
the low perfusion area, areas with abnormal perfusion 
and APTw effects were defined as perfusion/pH matched 
areas; areas with abnormal perfusion but normal APTw 
effects were defined as perfusion/pH unmatched areas; the 
contralateral mirror areas were the normal areas (Figure 2). 
Three ROIs of comparable area (0.3–0.4 cm2) were chosen 
by each radiologist accordingly. These ROIs were further 
copied onto the ADC, CBF, and MTRasym maps, and the two 
radiologists obtained the corresponding mean ADC, CBF, 
and MTRasym values for further statistical analyses.

To investigate the difference in the APTw effect between 
patients with chronic ICAS and healthy volunteers, 20 
of the 67 patients were randomly selected based on the 
random sampling method using the IBM SPSS 23.0 
statistical software (Armonk, NY, USA). Their basic clinical 
information (sex, age, blood pressure, and their history of 
diabetes, smoking, and drinking) was matched to that of the 
20 healthy volunteers. Because certain differences in APTw 
effects occur between the left and right cerebral hemispheres 
in healthy subjects (30), the average APTw effect over the 
bilateral cerebral hemispheres should be used as a normal 
reference to exclude the influence of region-specific APTw 
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Figure 2 Regional division diagram. (A) CBF and (B) MTRasym images were fused on axial T2-FLAIR images to delineate the abnormal 
signal area. (C) Axial T2-FLAIR image showing the relationship between CBF and MTRasym abnormal regions. Orange represents abnormal 
CBF regions; blue represents abnormal MTRasym regions. A shows the perfusion/pH matched region; B shows the perfusion/pH unmatched 
region; C shows the normal region. CBF, cerebral blood flow; MTRasym, magnetization transfer ratio asymmetry; T2-FLAIR, T2 fluid-
attenuated inversion recovery sequence.

signals. Therefore, based on the ROIs drawn in the patient 
group, the bilateral areas in healthy volunteers were selected 
according to the MTRasym maps, and the mean MTRasym 
values for both sides were calculated for statistical analysis.

Statistical analysis

All statistical analyses were performed in GraphPad 
Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA) 
and IBM SPSS 23.0 (Armonk, NY, USA). The intraclass 
correlation coefficient (ICC) was used to evaluate the 
inter-observer agreement for ADC, CBF, and MTRasym 
measures between the two radiologists, with ICC >0.75 
considered to show good reproducibility. The Kolmogorov-
Smirnov test was used to test the normality of continuous 

variables. Continuous variables with normal distribution 
were expressed as the mean ± standard deviation (SD). A 
paired t-test was used to compare differences in MTRasym 
between the healthy volunteers and patients’ normal 
region. One-way analysis of variance (ANOVA) was used to 
compare differences in ADC, CBF, and MTRasym between 
the matched, unmatched, and normal regions. A post hoc 
least-significant difference test was applied to further the 
compare parameter differences of each group in pairs. Non-
normally distributed continuous variables were represented 
as the median and interquartile range (IQR) and were 
analyzed using the Wilcoxon rank-sum test. Enumeration 
data were expressed as n (%) and tested using the χ2 test. 
Spearman correlation analysis was used to analyze the 
correlation between CBF and MTRasym in the matched area. 
Receiver operating characteristic curve (ROC) analysis 
and the area under the ROC curve (AUC) were used to 
evaluate the diagnostic efficacy of APTw-derived MTRasym 
for symptomatic chronic ICAS. All statistical tests were 
bilateral, and the significant threshold was set at P<0.05.

Results

Baseline data summary

A total of 67 patients (41 men, aged 53.90±11.98 years old; 
26 females, aged 60.19±8.62 years old) were included in 
our study (Table 1). Of the patients, 9 were diagnosed with 
internal carotid artery lesions, 48 with middle cerebral 
artery lesions, 1 with an anterior cerebral artery lesion, and 
9 with internal carotid artery lesions combined with middle 

Table 1 Baseline patient characteristics (n=67)

Variable Value

Age (mean ± SD) (year) 56.49±11.27

Male/female 41/26

Interval time [median (IQR)] (months) 3 [1–24]

Risk factors, n (%) 

Hypertension 43 (64.18)

Diabetes 15 (22.39)

History of smoking 23 (34.33)

History of drinking 22 (32.84)

SD, standard deviate; IQR, interquartile range.
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Table 2 Baseline characteristics and MTRasym of normal brain regions in healthy volunteers and patients with ICAS

Variable 
First Second

Patients Healthy volunteers t/χ2 P value Patients Healthy volunteers t/χ2 P value

Age (mean ± SD) (year) 58.10±10.32 55.40±10.15 0.84 0.41 53.75±12.37 55.40±10.15 0.45 0.66

Male/female 14/6 11/9 0.96 0.33 13/7 11/9 0.42 0.52

Risk factors, n [%] 

Hypertension 13 [65] 10 [50] 0.92 0.34 15 [75] 10 [50] 2.67 0.10

Diabetes 4 [20] 3 [15] 0.17 0.68 3 [15] 3 [15] 0.00 >0.99

History of smoking 9 [45] 8 [40] 0.10 0.75 8 [40] 8 [40] 0.00 >0.99

History of drinking 9 [45] 10 [50] 0.10 0.75 9 [45] 10 [50] 0.10 0.75

MTRasym (mean ± SD) (%) 0.72±0.26 0.68±0.21 0.56 0.59 0.63±0.28 0.64±0.20 0.25 0.81

MTRasym, magnetization transfer ratio asymmetry; ICAS, intracranial artery stenosis.

Table 3 ADC, CBF and MTRasym values in matched, unmatched, and normal areas of patients with ICAS

Variables Matched area (mean ± SD) Unmatched area (mean ± SD) Normal area (mean ± SD) F P value

ADC (×10–3 mm2/s) (b=1,000 s/mm2) 2.74±0.14 2.69±0.13 2.72±0.13 2.11 0.12

CBF (mL·100 g−1·min−1) 20.51±6.68 26.36±6.77 54.79±12.00 288.5 <0.0001

MTRasym (%) 1.38±0.36 0.67±0.19 0.69±0.20 163.5 <0.0001

ADC, apparent diffusion coefficient; CBF, cerebral blood flow; MTRasym, magnetization transfer ratio asymmetry; ICAS, intracranial artery stenosis.

cerebral artery lesions. The ICAS or occlusion etiologies 
were as follows: thrombus, n=25; atherosclerotic stenosis, 
n=36; intermural hematoma, n=3; arterial dissection, n=1; 
and smoke syndrome, n=2. On DWI, 23 patients showed 
microinfarcts in the disordered vessel supply area, and  
44 patients showed no definite infarction lesions with 
recurrent and intermittent TIA attacks. The median interval 
from the first ischemic stroke or TIA to the examination 
was median 3 (IQR 1 to 24) months.

Inter-observer agreement analysis

The ICC analysis revealed high inter-observer agreement 
between the two radiologists in their measurements of 
ADC (0.78), CBF (0.95), MTRasym (0.97), and the healthy 
volunteers’ MTRasym (0.93).

Comparison of APTw effects between patients and healthy 
volunteers

Twenty  pa t i en t s  ( f i r s t :  14  ma le /6  f ema le ,  aged 
58.10±10.32 years old; second: 13 male/7 female, aged 

53.75±12.37 years old) were randomly selected and 
compared with 20 healthy volunteers (11 male/9 female, 
aged 55.40±10.15 years old). The χ2 test showed no 
significant difference in baseline characteristics between 
the patients and the healthy volunteers (P>0.05). Using 
paired t-test analysis, the MTRasym of the contralateral 
normal region of randomly selected patients was 
comparable with the mean MTRasym of the bilateral brain 
parenchyma of the healthy controls (P>0.05; Table 2).

Quantitative analysis of DWI, 3D-pcASL and APTw 
imaging of patients with ICAS

One-way ANOVA revealed significant differences in 
the CBF and MTRasym values between the perfusion/
pH matched, unmatched, and normal areas [F(2,64)=288.5, 
163.5; both P<0.0001]; however, the ADC values were 
comparable between the areas [mean: (2.74±0.14)×10−3 vs. 
(2.69±0.13)×10−3 vs. (2.72±0.13)×10−3 mm2/s, F(2,64)=2.11, 
P>0.05; Table 3]. In the further post hoc least-significant 
difference test, the matched side showed significantly 
lower CBF (20.51±6.68 mL·100 g−1·min−1) than the 
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Figure 3 Box-plot analysis. Group comparisons of (A) ADC, (B) CBF, and (C) MTRasym among matched, unmatched, and normal areas 
using box-plot analysis (significant difference: ****, P<0.0001). Areas with abnormal perfusion and APTw effects were defined as perfusion/
pH matched areas; areas with abnormal perfusion but normal APTw effects were defined as perfusion/pH unmatched areas; the contralateral 
mirror areas were defined as the normal areas. ADC, apparent diffusion coefficient; CBF, cerebral blood flow; MTRasym, magnetization 
transfer ratio asymmetry; APTw, amide proton transfer-weighted.

unmatched side (26.36±6.77 mL·100 g−1·min−1) and the 
contralateral side (54.79±12.00 mL·100 g−1·min−1; all 
P<0.0001). Higher MTRasym was found in the matched side 
(1.38%±0.36%) than in the unmatched (0.67%±0.19%) 
and contralateral (0.69%±0.20%) sides (all P<0.0001). 
However, the difference between the unmatched and 
contralateral sides was not statistically significant (P=0.89; 
Figure 3).

Correlation analysis between CBF and MTRasym in the 
matched areas of patients with ICAS

Spearman correlation analysis was applied to investigate 
the relationship between CBF and MTRasym changes in the 
perfusion/pH matched region in patients with ICAS. No 
significant correlation was found between the changes in 
CBF and MTRasym (CBF and MTRasym, r=−0.14, P=0.26; 
CBF(/normal-matched/) and MTRasym (/normal-matched/), r=0.03, P=0.81; 
CBF(normal/matched) and MTRasym(normal/matched), r=−0.03, P=0.78; 
Figure 4).

Diagnostic ROC analysis of APTw imaging for 
symptomatic chronic ICAS

The ROC analysis confirmed the robust clinical efficacy 
of APTw-derived MTRasym for diagnosing symptomatic 
chronic ICAS, with a high AUC (0.953) and sensitivity and 

specificity of 97.01% and 85.07%, respectively (Figure 5). 
The cut-off MTRasym value was 1.005%.

Discussion

This study investigated the clinical value of using 
intracellular pH-sensitive APTw imaging to reflect 
metabolite damage-induced pH variation in chronic 
ischemic brain tissues for the diagnosis of patients with 
symptomatic chronic ICAS. The intracranial arteries mainly 
include the anterior and posterior circulation systems. 
Bilateral cerebral hemispheres are mainly supplied by the 
anterior circulation, specifically the middle cerebral artery. 
Therefore, in this study, we chose patients with unilateral 
anterior circulation artery stenosis or occlusion. Aside from 
DWI and 3D-pcASL, we performed APTw imaging to 
measure the hypoperfusion area of brain tissues caused by 
unilateral anterior circulation artery stenosis or occlusion. 
The resultant ADC, CBF, and MTRasym were quantitatively 
compared between the affected and normal sides to analyze 
the chronic ischemic tissues further. We found no abnormal 
ADC in the matched, unmatched, and normal areas of 
patients, but abnormal CBF and MTRasym levels were found 
in diseased vessels.

Interestingly, the abnormal CBF and MTRasym areas were 
not perfectly matched. In the matched area, CBF decreased, 
and MTRasym increased, but no significant correlation was 
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found between the changes in CBF and MTRasym. In the 
unmatched area, CBF also decreased, but MTRasym in this 
area was not statistically different from that in the normal 
area (Figure 6). Further, ROC analysis demonstrated 
the robust performance of APTw imaging in diagnosing 

symptomatic chronic ICAS, with high AUC, sensitivity, and 
specificity values.

In our study, tissue perfusion in the affected side was 
obviously reduced compared with that in the contralateral 
region, and APTw imaging in partial hypoperfusion areas 
(perfusion/pH matched regions) showed a high signal. In 
ischemic disease, Zhou et al. (19) showed that the exchange 
rate of amide protons was highly sensitive to pH changes. 
The significant change in the high APTw signal in our study 
could be attributed to the elevated pH level in the lesion. 
Sappey-Marinier et al. (31) showed that, for patients with 
chronic ischemic stroke, the pH was higher in the stroke 
group than in the control group (7.25±0.07 vs. 7.03±0.04). 
A recent study by Seiler et al. (32) found that, before the 
carotid intervention, T2' was significantly decreased in 
hypoperfusion areas ipsilateral to the stenosis relative to 
the contralateral side, and intracellular pH and T2' showed 
a significant negative relationship. With these findings, 
it can be speculated that the pH levels in hypoperfusion 
areas ipsilateral to the stenosis are increased, which was 
consistent with our results. However, the mechanism of 
tissue alkalosis in the brain after hypoxia-ischemia has not 
been fully elucidated. Studies in the literature tend to agree 
that this phenomenon is caused by an active compensatory 
mechanism after tissue acidosis or a relatively high perfusion 
state after necrosis (33,34).

In this study, a simple index of MTRasym, which has been 
widely applied in clinical CEST studies, was calculated to 
assess the APT effect quantitatively. However, in addition 

Figure 5 Using ROC curve analysis, APTw-derived MTRasym 
showed a robust performance in diagnosing symptomatic chronic 
ICAS, with a high AUC of 0.953, sensitivity of 97.01%, and 
specificity of 85.07%. The corresponding MTRasym cut-off value 
was 1.005%. ROC, receiver operating characteristic; APTw, amide 
proton transfer-weighted; AUC, area under curve; MTRasym, 
magnetization transfer ratio asymmetry; ICAS, intracranial artery 
stenosis.
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Figure 6 Typical cases. (A) A 49-year-old man with severe stenosis of the left MCA M1. (B) A 56-year-old man with an occlusion in the left 
MCA [a, white arrow; b, DWI (b=1,000 s/mm2)] showed no obvious abnormal signals. (c) Lower perfusion in the ipsilateral side than in the 
contralateral side; A-CBFave =20.48 vs. 38.16 mL·100 g−1·min−1; B-CBFave =19.32 vs. 40.72 mL·100 g−1·min−1 (white arrows). (d) High APTw 
value area; A-MTRasym =1.41% vs. 0.68%; B-MTRasym =1.47% vs. 0.54% (black arrows). (e) APTw original map; (f) APTw Z spectrum, MR 
units represent signal intensity, images (im) represent the corresponding number frequency point; (g) APTw MTR map and T2-FLAIR 
image fusion. DSA, digital subtraction angiography; DWI, diffusion-weighted imaging; 3D-ALS, three-dimensional arterial spin labeling; 
PLD, post-labeling delay; APTw, amide proton transfer-weighted; MTR, magnetization transfer ratio; T2-FLAIR, T2 fluid-attenuated 
inversion recovery sequence; MCA, middle cerebral artery; CBF, cerebral blood flow; MTRasym, magnetization transfer ratio asymmetry.
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to the pure APT effect, other components, including 
magnetization transfer (MT), direct saturation (DS) as 
well as relayed nuclear Overhauser enhancement (rNOE), 
may also contribute to MTRasym at 3.5 ppm, and the 
effect of rNOE is sensitive to intracellular pH level (35). 
Nowadays, multiple advanced post-processing methods 
for CEST effect analysis have been developed to separate 
pure APT signals from other signals. A novel method called 
extrapolated semisolid MT reference can remove the rNOE 
signal and obtain the APT signal (36). Another apparent 
exchange-dependent relaxation method takes into account 
the contribution of the T1 relaxation time while quantifying 
the CEST effect (37). With these advantages, our follow-up 
study may investigate the relationship between pH variation 
and the APT effect in the hypoperfusion areas of patients 
with symptomatic chronic ICAS.

Neither pH nor metabolite levels were measured directly 
in our study. Mapping pH based on CEST could provide 
a quantitative pH level for the abnormal metabolic region. 
Based on analysis of CEST effects under different radio 
frequency irradiation power levels (38), a novel ratiometric 
pH MRI method has been proposed to generate pH 
mapping that can be used for glioma pH quantification, 
skeletal muscle, and renal pH mapping (39-41). We will 
consider the application of pH mapping in our follow-up 
study.

Compared with previous MRS studies on metabolic 
changes in chronic cerebral infarction, our study did not 
find obvious signs of infarction in ADC maps. This result 
may be due to small and scattered ischemic infarction cells 
in the hypoperfusion area when no marked lesions had yet 
formed. A previous 1H-MRS study (42) found that N-acetyl 
aspartate decreased and choline increased in the brain 
tissues of patients with a non-infarcted internal carotid 
artery, middle cerebral artery severe stenosis or occlusion. 
The results confirmed the presence of brain cell damage in 
non-infarcted areas. In acute ischemic stroke studies, the 
APTw/DWI mismatch zone around the infarct core, known 
as the ischemic penumbra, was key to clinical treatment 
and prognosis (43-45). Accordingly, we speculate that 
tissues in the abnormal pH region might have metabolic 
and electrophysiological abnormalities but are not yet 
dead, which can survive or progress to complete necrosis. 
However, the specific mechanism underlying these findings 
needs to be further validated. Nevertheless, these tissues 
with metabolic abnormalities may be a potential cause of 
ischemic stroke symptoms and may increase the risk of 
ischemic stroke.

Lower tissue perfusion is the fundamental reason 
for changes in the cellular pH level. The APTw signal 
intensity has been reported to reflect the pH-weighted 
characteristics of ischemic tissue at different stages or time 
points (23,44). Therefore, we evaluated the relationship 
between CBF and MTRasym changes in the perfusion/
pH matched region. However, no significant correlation 
was observed. A previous study showed that although a 
decrease in CBF caused a change in the tissue pH, the 
tissue pH did not change with the CBF after ischemia, 
which may be related to the dynamic change in the tissue 
pH value with the extension of ischemia time (16). In the 
early stage of ischemic injury, different processes occur 
in the affected brain tissues, including a sharp decrease in 
blood flow, insufficient tissue perfusion, aerobic metabolic 
disorder, increased anaerobic metabolism, and lactic acid 
accumulation. These events eventually lead to a decrease in 
pH. Low pH in cells may cause tissue damage by activating 
destructive enzymes such as proteases and lipases (12). 
Previous APTw and MRS studies (46-48) have confirmed an 
increase in lactic acid, a decrease in MTRasym, and neuron 
damage in the acute infarction area. With the increase in 
the ischemic injury time, the acidification gradually eased 
and the pH increased. Zöllner et al. (33) showed that the 
pH of subacute stroke tissue was significantly increased 
compared to that of the contralateral healthy tissue. Song 
et al. (23) reflected the dynamic pH evolution in post-
infarction tissue by grouping stroke patients according to 
onset time. Also, alkalosis in the later stage of metabolic 
tissue injury is related to various mechanisms, and tissue 
sensitivity to ischemia differs. Therefore, we were unable 
to establish a clear correlation between CBF and MTRasym 
changes.

In this study, we found that the hypoperfusion area was 
larger than the APTw hyperintensity area on the lesion 
side (the perfusion/pH unmatched area). In acute ischemic 
infarction studies, similar mismatched areas have been called 
“benign hypoperfusion areas” (24,25). The progression from 
hemodynamic damage to metabolic alterations can be divided 
into three stages: 0, I, and II (15). In stage 0, the cerebral 
vessels maintain a constant CBF through small artery self-
regulation. With a further decrease in perfusion pressure, 
CBF starts to decrease when it exceeds the autoregulation 
limit of vasodilation. In stage I, brain cells begin to obtain 
enough oxygen to maintain their own physiological and 
metabolic needs by increasing the oxygen extraction 
fraction. Positron emission tomography and quantitative 
susceptibility mapping (QSM) studies have confirmed 
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the existence of this compensatory process (49-52).  
In addition, the collateral circulation pathway in the brain 
gradually opens, providing an alternative vascular pathway 
for ischemic tissue (53,54). In stage II, the body’s reserve 
capacity is exhausted, and the ischemic tissue shows 
metabolic alterations and changes in pH. In severe cases, 
ischemic stroke eventually occurs. Therefore, despite the 
fluctuating cerebral perfusion and oxygen saturation in 
the perfusion/pH unmatched area, the tissue pH is well 
regulated under normal physiological conditions and the 
APTw signal is at a normal level.

Currently, angiography imaging techniques such as CTA, 
MRA, or DSA are widely used in the clinical diagnosis of 
ICAS or occlusion. In recent years, high-resolution vascular 
wall MRI, with its unique imaging mode, has gradually 
demonstrated its diagnostic value in assessing stenosis 
etiology and predicting stroke risk (55,56). However, the 
damage to the blood flow rate is not necessarily related to 
the degree of arterial stenosis, and collateral connections and 
compensation mechanisms between cerebral arteries play 
an important role (57,58). Compared with these imaging 
methods, perfusion imaging, such as 3D-pcASL, can more 
directly and sensitively reflect hemodynamic changes in 
cerebral artery stenosis or occlusion. However, in patients 
with severe chronic ICAS, 3D-pcASL may overestimate the 
size of the hypoperfused area due to the slow compensatory 
blood flow (59,60). However, APTw can exclude the 
influence of compensatory factors and directly reflect tissue 
metabolism damage. Our experimental results confirm that 
APTw has high diagnostic efficiency for ICAS. Therefore, 
APTw can provide added clinical diagnostic value in new 
dimensions from the perspective of molecular biology.

Limitations

Our study has several limitations. First, our study had a 
limited sample size, which may have introduced potential 
selection bias. Second, due to technical and time constraints, 
we did not perform APTw imaging in more than three slices 
covering the whole blood supply area for the narrowed artery. 
Third, we did not include patients with posterior circulatory 
artery stenosis because the APTw signal has been reported to 
have poor reproducibility in the subtentorial position (61).

Conclusions

High APTw-derived MTRasym could reflect pH variation 

in patients with symptomatic chronic ICAS, which may 
indicate the presence of potential metabolic alterations in 
brain tissues in chronic ischemia. Therefore, APTw imaging 
may be an effective method to provide a new dimension and 
additional clinical value in the diagnosis of patients with 
symptomatic chronic ICAS.
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