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Background and Aim: Carotid atherosclerosis (CAS) is a common pathogenesis of

cerebrovascular disease closely related to stroke and silent cerebrovascular disease

(SCD), while the insufficient brain perfusion mechanism cannot quite explain the

mechanism. The purpose of this study was to utilize diffusion tensor image analysis

along the perivascular space (DTI-ALPS) to evaluate the glymphatic system activity and

correlated DTI-ALPS with enlarged perivascular spaces (ePVS), carotid intima-media

thickening (CIMT), mini-mental state examination (MMSE), and serological indicator in

individuals with carotid plaque.

Methods: Routine MRI and diffusion tensor images scan of the brain, carotid ultrasound,

and blood examination were conducted on 74 individuals (52 carotid plaque subjects,

22 non-carotid plaque subjects), whose demographic and clinical characteristics were

also recorded. DTI-ALPS index between patients with carotid plaque and normal controls

were acquired and the correlations with other variables were analyzed.

Results: The values of ALPS-index in the carotid plaque group was significantly lower

compared to normal controls (2.12 ± 0.39, 1.95 ± 0.28, respectively, p = 0.034).

The ALPS-index was negatively correlated with the basal ganglia (BG)-ePVS score

(r=−0.242, p= 0.038) while there was no significant difference in the centrum semiovale

(CSO)-ePVS score. Further analysis showed that there are more high-grade ePVS in the

BG compared to the carotid plaque group than in the non-carotid plaque group (84.6%

vs. 40.9%, p = 0.001).

Conclusions: ALPS-index reflects the glymphatic system of the brain, which is

associated with early high-risk cerebrovascular diseases. There may be damage in the

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.789918
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.789918&domain=pdf&date_stamp=2022-01-04
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xyneuro@126.com
https://doi.org/10.3389/fneur.2021.789918
https://www.frontiersin.org/articles/10.3389/fneur.2021.789918/full


Liu et al. DTI-ALPS, Cognitive Functions & Carotid Plaque

function of the glymphatic system which induces the expansion of the perivascular space

(PVS) in the BG in individuals with carotid plaque.

Keywords: carotid plaque, carotid atherosclerosis, glymphatic system, DTI-ALPS, ePVS

INTRODUCTION

Carotid atherosclerosis (CAS) can lead to stroke, vascular
cognitive impairment, and silent cerebrovascular disease (SCD)
(1, 2). CAS is a dynamic evolution which can be divided into
three main stages, including carotid intima-media thickening
(CIMT), carotid plaque formation, and carotid stenosis. CIMT
or carotid plaque formation is a subclinical state of CAS. Studies
have shown that the two states may be correlated with cognitive
impairment in the high-risk asymptomatic individuals who
develop stroke. However, the mechanism has not been fully
explained (3, 4). A more recent study has shown that enlarged
perivascular space (ePVS) is an early neuroimaging diagnostic
biomarker of mild cognitive impairment (5). PVS refers to the
normal fluid-filled anatomical structure surrounding the small
blood vessels in the brain. Recent studies have shown that PVS
is a drainage channel, that plays a critical role not only in
the fluid exchange, but also in the removal of waste in the
brain and in the maintenance of brain homeostasis and immune
regulation. Studies have shown that ePVS increases with age and
blood pressure, especially in intracranial atherosclerosis (6, 7).
Some cross-sectional studies have also shown that the more
ePVS, the more severe white matter hyperintensity (WMH) and
lacunar infarction are found in the brain. Furthermore, ePVS are
more common in patients with dementia than in the normal
people. However, the formation mechanisms of ePVS is still
unclear (8, 9).

A recently discovered waste drainage system in the central
nervous system, the glymphatic system, has been found to play a
significant role in the movement of the cerebrospinal fluid (CSF)
along the PVS. This system not only promotes the clearance of
accumulated soluble proteins, but also assists in the distribution
of nutrients and neuromodulators in the brain. In this glymphatic
loop circuit, CSF and interstitial fluid (ISF) interchange by the
influx of CSF along the PVS (10–12). The impairment of the
glymphatic system has been suggested to cause SCD, cerebral
vascular atherosclerosis, neurodegenerative diseases, and other
diseases related to aging (13–15).

There is also a growing interest in the potential imaging-
marker for glymphatic activity [the diffusion tensor image
analysis along the perivascular space (DTI-ALPS) parameter]
using diffusion MRI imaging (16, 17). The DTI-ALPS showed
promising results in its ability to differentiate glymphatic system
impairment in patients with Parkinson’s disease, idiopathic
normal pressure hydrocephalus, and Type 2 diabetes mellitus
(T2DM) (18–20). Previous studies also showed significant
positive correlations between DTI-ALPS and cognitive functions
assessed with the MMSE in individuals who are cognitively
normal and who have Alzheimer’s disease (21).

Carotid atherosclerosis, the causative roles of the
cerebrovascular dysfunction mechanism, following abnormal
vascular endothelial cell damage, lipid deposition, release of

inflammatory factors, results in artery stenosis, or even occlusion.
Not only stable plaque but also vulnerable plaque cause wide
health problems and established risk factors for stroke and
vascular cognitive decline in elderly people and in people with
vascular Parkinsonism (3, 4, 22).

Previous studies of our group have shown that the cognitive
score of patients with carotid artery vulnerable plaque were
different from that of the group with stable carotid plaque,
while there was no significant difference in the blood pressure
and cerebral blood flow perfusion between the two groups (9,
21). By comparing different brain regions in the resting state,
the functional MRI (fMRI) between the two groups and local
consistency in patients with carotid artery vulnerable plaque
were higher than in the stable plaque group, and functional
connections in the default network were significantly enhanced.
These studies indicated that the corresponding brain regions in
the vulnerable plaque group are not in a state of low activity due
to insufficient blood supply (6); thus we speculated that cognitive
impairment might be induced not only based on hemodynamic
changes, but might be due to a new mechanism that causes
the changes. We hypothesize that subclinical state of CAS, the
carotid plaque, which can be used to assess the vascular risk
of asymptomatic individuals and SCD, may induce changes in
the glymphatic function of the brain. Therefore, we aimed to
evaluate the activities of glymphatic system in patients with DTI,
who have carotid plaque, using the DTI-ALPS method. We also
investigated whether there were any relationship between the
DTI-ALPS-index and ePVS, as well as with MMSE score and the
inflammation factors.

To our knowledge, up to now, there is no research to evaluate
the function of the glymphatic system in patients with carotid
plaque. This study is based on the hypothesis that the state of
carotid artery plaque may not change the cerebral perfusion, but
the cause of early white matter fiber damage may be caused by
the impaired function of the glymphatic system in the group with
carotid artery plaque.

MATERIALS AND METHODS

Study Subjects
From December 2015 to December 2017, all subjects were
recruited from the project of Stroke Risk Screening and
Prevention Project in Hunan Province. A total of 2,275 subjects
were surveyed to collect the data regarding their gender,
age, educational level, smoking status, and previous medical
and medication history. Blood samples were also collected.
Physical examination and neuropsychological tests (MMSE)
were also performed by professional neurologists. All subjects
came from the Wujialing community, Changsha city, Hunan
province. About 1,251 of the subjects were at high-risk of
stroke (participants who were over 40 years old and preserved
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≥3 of traditional vascular risk factors were defined as high-
risk of stroke) and completed carotid ultrasound examination.
According to the inclusion and exclusion criteria, as defined in
the following standard, a total of 107 subjects underwent brain
multimodal MRI scanning (i.e., T1WI, T2WI, and FLAIR DTI
sequences) (Figure 1). The inclusion criteria were as follows: (1)
subjects aged from 40 to 75 years old; (2) right handedness;
(3) single type of carotid plaque, hypoechoic, isoechoic, or
hyperechoic; (4) carotid stenosis <50%; (5) no previous history
of stroke or transient ischemic attack; (6) no other organic or
mental diseases in the nervous system; (7) no serious heart
disease, such as atrial fibrillation; (8) no drug dependence, and (9)
education level >6 years. The exclusion criteria were as follows:
(1) MRI contraindications; (2) with subclavian artery plaque;
(3) have a history of carotid endarterectomy; (4) a history of
nervous system trauma; (5) using hormone contraceptive or in
pregnancy and lactation; (6) Fazekas scores >2. According to
the inclusion and exclusion criteria, 107 subjects were scanned
by carotid ultrasound and MRI (i.e., DTI-ALPS). In the end,
74 people (32 men and 42 women; mean of 60.8 years old; age
range of 46–76 years) were enrolled in this study. All procedures
were approved by the ethics committee of Xiangya Hospital of
Central South University. Each participant had given a written
informed consent.

Clinical Information at Baseline
Age, gender, hypertension, diabetes mellitus (DM),
hyperlipidemia, body mass index (BMI), coronary heart
disease, and smoking status were recorded. Hypertension
was defined as the mean systolic blood pressure (SBP) ≥140
mmHg and/or mean diastolic blood pressure (DBP) ≥90
mmHg at two consecutive non-invasive measurements with
an interval of at least 15min, or with a medical history of
oral medication with blood pressure lowering drugs. The DM
was defined as fasting plasma glucose (FPG) ≥7.9 mmol/L,
plasma glucose at any time of ≥11.0 mmol/L, or a history of
oral medication of glucose lowering drugs. Hyperlipidemia was
defined as low density lipoprotein ≥160 mg/dL, total cholesterol
of ≥240 mg/dL, triglycerides of ≥150 mg/dL, or a history of
oral medication with lipid-lowering drugs. Coronary heart
disease was defined as the presence of clinical manifestations
of myocardial infarction, angina, or ischemic heart failure
as well as coronary atherosclerosis. Smoking was defined as
smoking ≥10 cigarettes per day or smoking for >1 year. Each
subject was scored with MMSE by the neurologist trained in
professional neuropsychological scoring. MMSE total score was
30 points (23), where the score <27 was considered to be a
cognitive impairment.

Blood Examination
Venous blood was collected from the antecubital vein in the
morning before the participants ate breakfast, following an
overnight fast of 12–14 h. All subjects underwent routine
laboratory tests, including assays for FPG, serum total
cholesterol, serum triglycerides (TG), serum low density
lipoprotein cholesterol (LDL-c), high-sensitivity C-reactive
protein (hsCRP), and interleukin-6 (IL-6).

Carotid Ultrasound Examination
Carotid ultrasound was carried out with an ultrasound scanner
(5-MHz Sector Array transducer; iU22, Philips Ultrasound,
Bothell, WA, USA) in both the right and left common carotid
arteries (CCAs) and bifurcations by an experienced ultrasound
doctor. The distance from the media-adventitia interface to
the intima-lumen interface was defined as the intima-media
thickness (IMT). A plaque was defined as a focal structure with an
IMT >1.5mm (24). The carotid intima-media thickness (CIMT)
was defined as the average IMT and was calculated from the
bilateral IMTs of the CCAs, carotid bulb, and bifurcations in a
region free of plaque (25).

MRI Protocol
Magnetic resonance imaging was acquired by using a 3.0-T
scanner (SIGNA HDX, GE, Boston, USA) with a 12-channel

FIGURE 1 | Procedure for checking the enrolled population.

FIGURE 2 | ePVS in the centrum ovale (A) and in the basal ganglia (B) (arrow).
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head coil. The MRI scanning included T1-weighted imaging
(T1WI), T2-weighted imaging (T2WI), and fluid attenuated
inversion recovery (FLAIR) sequences. Each scan involved
a three-dimensional sagittal brain volume imaging (BRAVO)
sequence with the following parameters: repetition time (TR)
= 7.792ms, echo time (TE) = 2.984ms, flip angle = 7◦, 188
slices, slice thickness = 1mm, slice spacing = 1mm, acquisition
matrix = 256 × 256, voxel size = 111 mm3. Diffusion tensor
imaging (DTI) parameters are as follows: repetition time (TR)
= 12,000ms, echo time (TE) = 72.5ms, acquisition matrix =

256 × 256, field of view (FOV) = 230 × 230mm, slice thickness
= 3mm, flip angle = 90, gradient direction = 32, diffusion
sensitivity coefficient (b)= 0.1000 s/mm2. All the digital imaging
and communications inmedicine (DICOM) images are imported
to RadiAnt DICOM Viewer.

Enlarged Perivascular Space Scoring
The layer with the largest number of ePVS was selected
independently in the centrum ovale and in the BG. The ePVS was

determined according to the following criteria: (1) depending on
the image plane, the ePVS was spotty or strip-like, with clear and
smooth borders and usually <3mm in diameter; (2) the ePVS
was consistent with the passage of the perforating vessels; and (3)
on all MRI sequences, the density of the ePVS was equal to that
of the CSF (Figure 2). The ePVS of each region was graded as
follows: 0, none; 1, ≤10; 2, 11–20; 3, 21–40; 4, ≥40 (26, 27).

DTI-ALPS Processing and Image Analysis
The ALPS-index was calculated to assess the activity of the
glymphatic system. We adopted the method for DTI-ALPS
processing and measurement from the previous publication (7–
9, 21, 28, 29). Diffusion metric images were generated by using
dTV.II.13k+ software (Department of Biomedical Information
Sciences, Graduate School of Information Sciences, Hiroshima
City University) (30). The software creates computational images
of the diffusion tensor including a color-coded fractional
anisotropy (FA) map and diffusivity map, and in addition, has

FIGURE 3 | (A) shows three ROIs that are placed in the area with projection fibers (projection area), association fibers (association area), and subcortical fibers

(subcortical area) to measure diffusivities of the three directions (x, y, z). (B) indicates the relationship between the direction of the perivascular space (gray cylinders)

and the directions of the fibers [(B) uses Figure 2b in the paper, “Evaluation of glymphatic system activity with the diffusion MR technique: diffusion tensor image

analysis along the perivascular space (DTI-ALPS) in Alzheimer’s disease cases” for reference].

TABLE 1 | Demographic and clinical characteristics of the patients.

Non-carotid plaque group (n = 22) Carotid plaque group (n = 52) χ2/t value/ z value P-value

Age (year), mean (SD) 58.77 ± 71.16 61.65 ± 6.79 −1.641 0.105

Male sex no. (%) 11 (50) 11 (21) 0.582 0.445

Current cigarette smoker no. (%) 5 (22.7) 15 (28.8) 0.293 0.588

Hypertension no. (%) 15 (68.2) 32 (61.5) 0.294 0.587

Diabetes no. (%) 7 (31.8) 20 (38.5) 0.294 0.792

Hyperlipidemia no. (%) 21 (95.5) 41 (78.8) 3.139 0.587

Coronary heart disease no. (%) 0 (0) 2 (3.8) 0.870 0.351

BMI of 30 or more no. (%) 3 (13.6) 3 (5.8) 1.284 0.257
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TABLE 2 | Imaging index and blood examination.

Non-carotid plaque group (n = 22) Carotid plaque group (n = 52) χ2/t value/ z value P-value

ALPS-index 2.12 ± 0.39 1.95 ± 0.28 2.167 0.034*

BG-ePVS (high grade) no. (%) 9 (40.9) 44 (84.6) 14.529 0.000*

CSO-ePVS (high grade) no. (%) 6 (27.3) 7 (13.5) 2.036 0.154

BG-ePVS score 25.68 42.50 −3.127 0.001*

CSO-ePVS score 41.45 35.83 −1.085 0.278

Mean arterial pressure 102.86 ± 10.80 104.81 ± 11.64 −0.670 0.505

Pulse pressure 50.32 ± 9.54 50.94 ± 15.00 −0.18 0.858

IMT 0.72 ± 0.08 0.80 ± 0.10 −3.415 0.001*

MMSE 29.05 ± 1.00 28.58 ± 1.16 1.651 0.103

FPG 6.32 ± 0.26 6.25 ± 2.22 0.120 0.905

TG 2.31 ± 1.80 1.95 ± 0.81 1.204 0.232

LDL-c 3.34 ± 1.03 3.42 ± 0.88 −0.373 0.711

IL-6 72.27 ± 37.55 69.24 ± 26.88 0.392 0.696

hsCRP 1.54 ± 1.14 1.18 ± 1.26 −1.009 0.316

* represents that the difference is statistically significant.

the capability to calculate diffusivity in the direction of the x-, y-
, and z-axes on each image. We selected the slice at the level of
the lateral ventricle body (Figure 3A). At this level, the direction
of the perivascular space is perpendicular to the ventricle wall
and is thus mostly in the right-left direction (x-axis) on the axial
plane. The direction is also perpendicular to the direction of both
the projection fibers (mostly in the z-axis) and the association
fibers (mostly in the y-axis). Thus, the diffusivity along the x-axis
at regions with projection/association fibers will at least partly
represent the diffusivity along the perivascular space. A 5-mm
diameter spherical region of interest (ROI) was placed in the area
of the projection fibers, the area of the association fibers, and the
area of the subcortical fibers in the left hemisphere (Figure 3B).
For each area, we calculated the diffusivity in the directions of the
x-, y-, and z-axes and the index value was derived from the ratio
of the two diffusivity value sets that are perpendicular to the main
fibers in the tissue: that is, the ratio of the average values of the
x-axis diffusivity in the area of the projection fibers (Dxproj) and
the x-axis diffusivity in the area of the association fibers (Dxassoc)
to the average value of the y-axis diffusivity in the area of the
projection fibers (Dyproj), and the z-axis diffusivity in the areas
of the association fibers (Dzassoc), as shown below:

ALPS− index = mean(Dxproj, Dxassoc)/(mean (Dyproj, Dzassoc)

Repeatability Assessment
The ePVS SCORING and ALPS-index in our project were
measured by two radiologists (with 10 and 15 years of experience
in neuroimaging, respectively). Intra-class correlation coefficient
(ICC) and Bland-Altman plot (mean difference, 95% limits of
agreement) were used to assess the agreement between the
two radiologists. For ePVS SCORING, The ICC coefficients of
inter-class and intra-class were 0.93 and 0.91, respectively. For
ALPS-index, The ICC coefficients of inter-class and intra-class
were 0.86 and 0.81, respectively. Bland-Altman plot showed that

FIGURE 4 | ALPS-index in two groups.

only 1 plot is outside of the 95% conformance limitation for
ePVS SCORING and ALPS-index, respectively. At last, the two
radiologists compared their ratings and decided on the final
data together.

Statistical Analysis
All the data were analyzed by SPSS 22.0 software, the continuous
variables were expressed by mean value ± standard deviation.
ShapiroWilk (S–W) test was used to test the normally distributed
variables, independent sample T-test was used for two sample
variables, Mann–Whitney U-test for non-normal distribution
variables, and χ

2 test for type variables. Pearson’s correlation
analysis was used to analyze the correlation between the two
sample variables, and Spearman’s correlation was used to analyze
the rank variables. The value, P < 0.05 means that the
difference is statistically significant. An independent samples
t-test and Wilcoxon rank-sum test were used for evaluating
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FIGURE 5 | High grade BG-ePVS in two groups.

patient characteristics. The statistical significance levels of
the report were two-sided, with the statistical significance
set at 0.05.

RESULTS

According to the carotid ultrasound examination, 74 people
(32 men and 42 women; mean of 60.8 years old; age
range of 66–76 years) were allocated into two groups (non-
carotid plaque group and carotid plaque group). Demographic
and clinical characteristics of the two groups are shown
in Table 1.

Table 1 shows that 22 patients have no carotid plaque and
52 patients belonged to the carotid plaque group; there were no
significant differences found between the groups in years, gender,
diabetes, hypertension, hyperlipidemia, coronary heart disease,
and BMI.

As shown in Table 2, between the two groups, ALPS-index
values in carotid plaque group were significantly lower than
that of the non-carotid plaque group (P = 0.034, Figure 4);
conversely, IMT in carotid plaque group were significantly higher
than that of non-carotid plaque group (P = 0.034, Figure 4).
Moreover, compared with non-carotid plaque group, there were
more ePVS high grade and score in BG (P = 0.000, Figure 5).

Table 3 demonstrates that ALPS-index was negatively
correlated with IMT (r =−0.262, P= 0.024) and BG-ePVS score
(r = −0.242, P = 0.038) whereas no significant correlation was
found between ALPS-index and CSO-ePVS score (r = −1.085,
P = 0.278). Meanwhile, ALPS-index showed no significant
correlations with FPG, IL-6, hsCRP, cognitive function score
(MMSE), pulse pressure, etc. ALPS-index has no significant
correlations with gentle either, as shown in Table 4.

Table 5 shows that the effect of IMT and BG-ePVS score on
ALPS-index was statistically significant (P < 0.05).

TABLE 3 | Relationship between ALPS-index and other variables.

Variable R P-value

ALPS-index BG-ePVS score −0.242* 0.038*

CSO-ePVS score −0.006 0.960

Systolic pressure 0.059 0.619

Diastolic blood pressure −0.003 0.983

Pulse pressure −0.078 0.509

FPG −0.071 0.549

IMT −0.262* 0.024*

IL-6 0.003 0.980

hsCRP −0.054 0.645

Cholesterol 0.091 0.443

MMSE 0.041 0.730

Age 0.084 0.477

* represents that the difference is statistically significant.

TABLE 4 | ALPS-index in different sex groups.

Male (n = 32) Female (n = 42) t-value P-value

ALPS-index 1.97 ± 0.35 2.02 ± 0.30 −0.652 0.516

TABLE 5 | Multiple linear regression analysis of ALPS-index and other variables.

Variable Coefficients t-value P-value

Age 0.040 0.345 0.731

MMSE 0.181 1.579 0.119

IMT −0.249 −2.238 0.028*

BG-ePVS score 0.256 2.257 0.027*

* represents that the difference is statistically significant.

DISCUSSION

There are growing interests in the fluid loop circuit in the
glymphatic system and driving mechanisms for this interchange.
Transmission in the PVS is believed to be an advection and
it is generated by the cardio-cerebrovascular pulsatility in each
cardiac cycle on the brain parenchyma (10, 11, 31, 32).

Recently, there are several studies that have made use of
the ALPS-index to evaluate the function of cerebral glymphatic
system (16, 18–20). We calculated the ALPS-index in order to
clarify the activity of the glymphatic system in asymptomatic
patients with carotid plaque and controls. There are several
important findings in this study. First of all, we found
that there were significant differences in ALPS-index between
carotid plaque group and non-carotid plaque group using
the means of the groups in an independent-sample t-test
(Table 2). ALPS-index in the carotid plaque group is lower
than that in the non-carotid plaque group. This finding is
evident of the dysfunction of glymphatic system in the early
and middle stages of CAS. This result is similar to the results
of the research by Yang et al. on T2DM (20). Asymptomatic
patients with carotid plaque might have a common feature
of cortical atherothrombotic embolism and lacunar stroke; the
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coexisting macrovascular and microvascular damage can be
induced by different degrees of carotid plaque, increasing the
risk of developing small vessel disease with the enlargement
of the PVS (11, 33). The results were consistent with those
of previous studies, specifically those that showed that carotid
atherosclerosis is associated with brain changes (34, 35).
Our research supports the hypothesis that CAS is related
to changes in the brain injury and the cardiovascular and
cerebrovascular diseases can affect the brain structure and brain
function (25, 36), which might be achieved by affecting the
function of the glymphatic system. It is interesting to note
that comparing asymptomatic patients with carotid plaque
and non-carotid plaque, the correlation analysis showed that
the ALPS-index was not a significant sign correlated with
sex, age, MBP, FBS, TG, LDL-c, cognitive function score
(MMSE), pulse pressure, history of hypertension, diabetes,
and hypercholesterolemia.

Our study suggested that CAS is directly related to the
glymphatic system of the brain (37). Previous studies have
speculated that the expansion of the PVS is evident of intracranial
imaging lesions caused by the dysfunction of the glymphatic
system (38). However, so far, studies using the DTI-ALPS
method assessing the function of the glymphatic system lack
the analysis of ePVS of the study subjects. Our study examined
the relationship between MRI-visible ePVS and DTI-ALPS.
Further analysis showed that there are more high-grade ePVS
in the BG area compared to the carotid plaque group with the
non-carotid plaque group; the ALPS-index showed significantly
negative correlation with the BG-ePVS score while there was
no significant difference in the CSO-ePVS score. This result
further confirms the hypothesis that CAS affects the function
of the glymphatic system and causes PVS in BG-ePVS. We
know that the expansion of PVS in the BG is related to blood
pressure variability (39) and is related to deep perforating
atherosclerosis (40). In our study, there was no significant
difference in the variability of blood pressure or pulse pressure
between the two groups. The reasons may be as follows: First,
there may be other mechanisms involved in carotid plaque,
deep perforating artery atherosclerosis, DTI-ALPS changes and
glymphatic system dysfunction, BG-ePVS. Second, due to the
deviation of the study, for example, the sample size is too
small. The sample will be expanded for further research in
the future, but it cannot be ignored that it is very likely that
CAS itself can mediate the decrease in the clearance of the
glymphatic system.

Clinical research data have proved that ePVS is a risk factor for
cognitive impairment and dementia. The ePVS is an important
risk factor for cognitive decline in Parkinson’s disease and
Alzheimer’s disease, as well as vascular cognitive impairment and
vascular dementia (21, 41–43). However, we found no significant
difference between MMSE and BG-ePVS score and CSO-ePVS
score. The correlation analysis also showed that the ALPS-index
had no significant signs correlated with the MMSE score. The
glymphatic system is a covert discovered waste drainage system
in the brain parenchyma that involves the movement of the
CSF along the PVS. This study further confirms that cognitive
dysfunction is the result of abnormalities in the glymphatic

system rather than the cause. In the early stages of atherosclerosis,
MMSE score is not a sensitive indicator of vascular cognitive
decline. Previous research findings of our studies (44), using
ASL technique to evaluate mean CBF of the whole brain, found
normal cognitive functions and CBF in two groups. In other
words, the phenomenon that CAS affects the function of the
glymphatic system and causes the perivascular space in the
basal ganglia to expand might not be caused by decreased
cerebral perfusion.

We investigated the associations between inflammation
biomarkers and the ALPS-index changes in asymptomatic
patients with carotid plaque and control group to further evaluate
the pathophysiological mechanism of the glymphatic system
in individuals with cerebral arteriosclerosis before stroke and
dementia, such as serum IL-6 and hsCRP. But the results
showed that the ALPS-index was not a significant sign correlated
with inflammation biomarkers mentioned above, which may be
attributed to the insufficiency of sample size or the possibility that
systemic inflammation may not affect the CSF along the ePVS.

In this pilot study, limitations included small sample size
in our single center; further multiple center studies with larger
samples are needed to assist in improving the usefulness of
the DTI-ALPS parameter and whether it may be a biomarker
of neuro-fluid dynamics in the glymphatic system. Due to the
limited sample size, we failed to further analyze other different
types of CAS, such as carotid vulnerable/stable plaque and carotid
stenosis. Second, the ROIs were placed manually, and the ePVS
score were counted manually, which might be a subjective factor
of our measurement. Third, the method of the ALPS-index is
theoretically deductive. In future, even if the components of
carotid plaque are related to the function of the glymphatic
system, it is necessary to combine the high-resolution MRI of
carotid and high-level DTI parameter analysis, which will be a
very meaningful task.

CONCLUSION

In summary, the present study provides elementary evidence that
carotid plaque may reduce DTI-ALPS, damage the function of
the glymphatic system, and promote the expansion of the PVs in
the BG. This study revealed novel interesting evidence indicating
that alterations in ALPS-index are associated with early high-risk
cerebrovascular diseases, helping to find out the actual damage of
carotid plaque in patients with early dysfunction of intracranial
neurovascular unit, looking for the early pathophysiological
changes from the micro level.
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