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Background: Carotid stenosis can lead to stroke and cognitive impairment. 
Moreover, the cognitive function was assessed mostly by paper and pencil 
cognitive tests. This study aimed to evaluate the impact of severe asymptomatic 
carotid artery stenosis (SACAS) on cognitive function by a computerized 
neuropsychological assessment device (CNAD). The diagnostic value of screening 
SACAS of the CNAD was analyzed.

Methods: There were 48 patients with ≥70% asymptomatic carotid stenosis and 
52 controls without carotid stenosis. Duplex ultrasound defined the degree of 
stenosis. The differences of cognitive function were analyzed between patients 
and controls. The relationship of scores of cognitive tests and age were analyzed 
in the linear regression equation. The diagnostic value of CNAD was evaluated by 
the receiver operating characteristic (ROC) curve.

Results: Stenosis and control subjects had no statistically significant differences 
in baseline characteristics. Stenosis patients had worse scores for Stroop color-
word test (p = 0.002), one back test (p = 0.013), and identification test (p = 0.006) 
corresponding to attention and executive ability. The analysis of linear regression 
equation indicated that cognitive scores of stenosis patients declined faster with 
age, especially for digit span test, Stroop color-word test, one back test and 
identification test. In analysis of ROC curve, the Stroop color-word test (p = 0.002), 
one back test (p = 0.013), and identification test (p = 0.006), and comprehensive 
index of the three tests (p = 0.001) had the diagnostic value.

Conclusion: The CNAD has evaluation value and screening value for patients with 
cognitive impairment and SACAS. But it is necessary to update the CNAD and 
conduct a study with a bigger sample.
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Introduction

Carotid artery stenosis without incidence of ipsilateral stroke, 
transient ischemic attack (TIA) is considered asymptomatic. Severe 
asymptomatic carotid artery stenosis (SACAS) with a 70% or greater 
diameter reduction is a complication of atherosclerotic cardiovascular 
disease that occurs in approximately 1.7% of adults (de Weerd et al., 
2009). Studies have reported an annual risk of stroke of 3.3% for 
patients with SACAS (Norris et al., 1991). Moreover, severe carotid 
stenosis is considered to be an independent risk factor for vascular 
cognitive impairment (Lal et al., 2017; Ihle-Hansen et al., 2021; Lazar 
et al., 2021). This does not only apply to dementia cases classified as 
vascular dementia but does also to Alzheimer’s Disease (Arvanitakis 
et  al., 2016; Heller and Hines, 2017). Therefore, SACAS seriously 
affects the physical and mental health of the public (Gray et al., 2020). 
Most of the patients with SACAS missed the best treatment time 
because they were not detected in time, so it is of great significant to 
find the patients with SACAS as soon as possible (Qureshi et al., 2007; 
Gates and Kochan, 2015).

There is a certain relationship between carotid stenosis and 
cognitive impairment. Moreover, the cognitive impairment caused by 
carotid stenosis has certain characteristics. For example, it is more 
strongly related to cognitive functions such as memory, attention, 
psychomotor speed and executive ability (Mathiesen et  al., 2004; 
Romero et al., 2009; Casas-Hernanz et al., 2012; Lin et al., 2014). 
Therefore, we  imagine that through the cognitive function test 
between normal people and people with SACAS to find out the 
specific cognitive impairment pattern and the corresponding 
diagnostic parameters. Then, people who have SACAS may be identify 
by the pattern and the diagnostic parameters.

At present, the mild cognitive impairment (MCI) are mostly 
tested by paper and pencil cognitive tests such as Mini-Mental State 
Examination (MMSE), Montreal Cognitive Assessment (MoCA) and 
so on (Folstein et al., 1975; Shulman et al., 2006; De Roeck et al., 
2019). However, these paper and pencil cognitive tests have some 
limitations: (1) The data cannot be stored and played back, due to 
low digitalization and informationization; (Cullen et al., 2007). (2) 
The evaluator’s subjectivity maybe influence the evaluation result 
and lead to a semi-quantitative subjective evaluation (Borson et al., 
2019; Nasreddine, 2020). In order to solve above problems, we design 
an computerized neuropsychological assessment device (CNAD). 
We aim to compare the differences in cognitive function between the 
patients with SACAS and the people without carotid stenosis 
through the CNAD, and to explore the best diagnostic parameters 
of the system.

Method

Patients and study design

This study is a single-center prospective study of patients with 
severe asymptomatic carotid stenosis (stenosis group) vs. patients 
without stenosis (control group) at Beijing Anzhen Hospital, Capital 
Medical University. The recruitment of participants was consecutive 
from September 2020 to August 2021. Patients were enrolled after 
approval by the Ethics Committee of Beijing Anzhen Hospital, Capital 
Medical University, and informed consent was obtained.

Patients recruited to the stenosis group need to meet the following 
including criteria: (1) Unilateral internal carotid artery stenosis ≥70% 
according to NASCET criteria (Moneta et al., 1993; Staikov et al., 
2002); (2) Age ≥ 50 years but ≤80 years; (3) In the past 6 months, had 
no significant neurological symptoms, such as stoke, TIA, dementia 
or depression; (4) Intracranial artery stenosis <50%; (5) No visible 
structural brain lesions on cranial CT or MRI imaging; (6) Be able to 
complete all cognitive function tests. Subjects recruited to the control 
group need to meet the same including criteria as stenosis group, but 
the first including criterion was replaced with bilateral internal carotid 
artery without stenosis.

Exclusion criteria for both stenosis group and control group were 
as follows: (1) Severe systemic or neuropsychiatric disease; (2) History 
of cognitive impairment; (3) Drugs that affect central nervous system 
function or cholinesterase inhibitor treatments; (4) Any 
contraindications to MRI or CT scan.

Imaging examination

The degree of carotid artery stenosis was assessed by duplex 
ultrasound in the special vascular examination department of Beijing 
Anzhen Hospital. Doppler waveforms were acquired at a 60-degree 
angle between the ultrasound beam and the long axis of the artery. The 
highest peak systolic and end-diastolic velocity measurement from 
each index carotid pathway was used to quantify the stenosis. Doppler 
velocity thresholds to determine the degree of stenosis were according 
to consensus criteria (≥70% stenosis to near occlusion when internal 
carotid artery [ICA] peak systolic velocity [PSV] is >230 cm/s; Lal 
et al., 2017; Zierler et al., 2018). The structural brain lesions on cranial 
CT or MRI imaging were judged by the radiologist.

Cognitive testing

The CNAD used in this study was developed by the Institute of 
Software, Chinese Academy of Sciences. The CNAD quantitatively 
evaluate cognitive function in multi-dimensions through interactive 
and digital cognitive testing tools, including digit span test, spatial 
span test, Stroop color-word test, grammatical reasoning test, one 
back test, identification test and detection test. The test system runs 
on the Microsoft Surface Go 2 tablet and needs to be connected to the 
network during the test. The subjects completed the test by clicking 
on the screen with their fingers. Cognitive function was assessed 
automatically by the scoring of the system. The lower the scores in 
digit span test, spatial span test, Stroop color-word test, grammatical 
reasoning test, one back test and identification test, and the higher 
scores in detection test, the more likely the subject is to have 
cognitive impairment.

Digit span test originated from the digital recall experiment 
conducted by J. Jacobs in 1887, which is a classical measure of working 
memory in neuropsychological research and clinical evaluations 
(Wechsler, 1997a,b; Ostrosky-Solís and Lozano, 2006; Woods et al., 
2011). Digit span test requires subjects to memorize the numbers that 
appeared on the screen and enter them on the keyboard. The number 
is displayed every second, and after the number display is finished, the 
page will be automatically turned to the keyboard page. The test starts 
with two numbers, and the number of numbers increases gradually. 
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Each order of magnitude has two opportunities to answer questions, 
and the test ends when the opportunity is used up. The score of digit 
span test is equal to “the highest number of digits that subjects can 
be remembered.”

Spatial span test was originally developed by Corsi (1972), which 
can measure the capacity of the visuospatial short-term memory 
(Kessels et al., 2000). Spatial span test requires subjects to remember 
the flashed squares in the order, and click on them at the end. The 
square flashes every other second. Squares are arranged in a format of 
3*3. The test starts with a random 3 flashed squares, the number of 
squares will gradually increase, and there will be  two chances to 
answer questions in each order of magnitude. The test ends when the 
opportunity is used up. The score of spatial span test is equal to “the 
maximum number of blocks remembered.”

Stroop color-word test originated from Stroop effect found by 
Stroop (1935), which is a classical measure of executive function for 
patients with mild cognitive impairment in the ability of inhibition 
and control (Bélanger et al., 2010). Stroop color-word test requires 
subjects to judge the font color of Chinese characters on the screen 
during 60 s. There are four kinds of Chinese characters: blue “blue,” 
blue “red,” red “red” and red “blue.” When Chinese characters appear, 
subjects are asked to judge whether the font color of Chinese 
characters is “red” or “blue” as soon as possible. The new Chinese 
characters are displayed 0.5 s after each answer. The score of Stroop 
color-word test is equal to “the number of correct times minus the 
number of errors.”

Grammatical reasoning test is a classical paradigm for testing and 
measuring speech comprehension and reasoning ability (Furnham 
and Chamorro-Premuzic, 2006). Grammatical reasoning test requires 
subjects to judge whether the combination of graphics on the screen 
is consistent with the text description during 60 s. The graphic 
combination consists of a square and a circle with a certain positional 
relationship between them. A sentence will appear in the middle of 
the screen to describe the relationship. If the sentence and the graphic 
combination express the same meaning, the subjects click “correct,” 
and if not, click “wrong.” Then, another new question will be displayed 
1 s after click. The score of grammatical reasoning test is equal to “the 
number of correct times minus the number of errors.”

One back test is based on the N-back working memory paradigm, 
which is an effective method for measuring working memory by 
reflecting the capacity of the temporary storage and manipulation of 
remembered information (Owen et al., 2005). One back test requires 
subjects to judge whether it is the same as the previous number based 
on the number currently displayed during 60 s. Starting from the 
second number, the subjects can make a judgment by clicking “same” 
or “different.” The new number will be displayed 1 s after the click 
operation. The score of one back test is equal to “the number of correct 
times minus the number of errors.”

Identification test requires the subjects to concentrate and 
maintain their attention, perform the task as soon as possible and 
accurately as possible, and involve the functions of attention and 
executive function (Belleville et al., 2007). Identification test requires 
subjects to determine whether the color of the current square is red. 
The square has a total of two colors, one at random at a time, and the 
subjects complete the judgment and click “Yes” or “No” for 0.5 s before 
refreshing the question. The score of identification test is equal to “the 
number of correct times minus the number of errors.”

Detection test requires subjects to be  alert to an object and 
respond to specific stimuli. The response speed and accuracy of the 
psychomotor are related to psychological processes such as perception 
and attention (Levinoff et  al., 2005), and can be  used to identify 
diseases such as cognitive and mood disorders (Jiang et al., 2019). 
Detection test requires subjects to determine whether the current 
animal was a dog, and if so, click it immediately. The display time of 
each animal picture is 1.25 s. If there is a click action within this time 
interval, the picture will disappear immediately. The time interval 
between the two animal pictures is 1 s. The score of detection test is 
calculated as “the average number of click errors x 0.1 s for all point-
to-dog reaction time and all response time skipping ducks (unified 
1.25 s).”

All participants were required to complete all cognitive tests. 
Testing was conducted in a quiet room and administrated by a 
master’s-level technician, under the administered in accordance with 
standardized procedures. The total testing time varied modestly 
among participants from 20 to 30 min because of interindividual 
variability in completion time for tests without specific time limits. 
Sample images of actual screens and usage of the CNAD were showed 
in Figure 1.

Statistical analysis

Continuous variables with normal distribution were presented as 
mean ± standard deviation. Continuous variables with skewed 
distribution were presented as median (25% quantile, 75% quantile). 
Categorical variables were presented as frequency (n) or percentage 
(%). Independent samples t-tests or Mann–Whitney U tests were used 
to evaluate baseline clinical characteristics and cognitive scores of 
stenosis vs. control groups. Contingency table analyses using the χ2 
statistic were used to determine whether frequencies of some baseline 
clinical characteristics differed between the groups. To assess the 
relationship between cognitive function and age, the linear regression 
analysis was performed between cognitive test scores and age. To 
explore the best diagnostic parameters of the CNAD, diagnostic tests 
and receiver operating characteristic (ROC) curves were performed. 
Data analysis was performed using SPSS version 20 (IBM Corp.
Armonk.NY) and MedCalc Statistical Software version 18.2.1 
(MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 
2018). Significant was set at p < 0.05.

Results

Clinical characteristics

A total of 105 subjects were recruited in this study. One was 
excluded for color blindness, one for major hypoacusis, three 
declined to participate. This resulted in 48 stenosis patients and 52 
controls. The baseline clinical characteristics of patients analyzed 
are detailed in Table  1. The median age was 66 years (25th 
percentile: 60.5, 75th percentile: 69.5) in the stenosis group and 
58 years (25th percentile: 64, 75th percentile: 69.5) in the control 
group. The proportion of men was similar in both groups. There 
were no significant differences in Body Mass Index (BMI), 
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education levels, smoking, alcoholism, hypertension, 
hyperlipidemia, diabetes, and coronary artery disease between 
stenosis and control groups.

Categorical variables are presented as number (%). Continuous 
variables are presented as median (25th percentile, 75th percentile) or 
mean ± standard deviation (SD).

Cognitive function results

All patients and control subjects completed all cognitive function 
testing (Table 2). Stenosis group performed significantly worse on 
Stroop color-word test (p = 0.002), one back test (p = 0.013) as well as 
identification test (p = 0.006). There was no significant difference in 

A

B

C

FIGURE 1

Sample images of actual screens and usage of the CNAD. (A) Test schematic diagram; (B) Four of seven cognitive tests; (C) Scoring criteria and related 
parameters of testing tasks.

TABLE 1 Baseline clinical characteristics of subjects.

Risk factor Total (n = 100) Stenosis (n = 48) Control (n = 52) p

Male sex 71 (71.0) 33 (68.8) 38 (73.1) 0.634

Age, years 66 (60，69.75) 66 (60.5，69.5) 58 (64，69.5) 0.280

BMI 25.6 ± 3.5 25.0 ± 3.6 26.1 ± 3.3 0.129

Education 0.503

Primary school or below 12 (12.0) 7 (14.6) 5 (9.6)

Middle school 58 (58.0) 29 (60.4) 29 (55.8)

College or above 30 (30.0) 12 (25.0) 18 (34.6)

Smoking 29 (29.0) 11 (22.9) 18 (34.6) 0.198

Alcoholism 14 (14.0) 9 (18.8) 5 (9.6) 0.188

Hypertension 69 (69.0) 35 (72.9) 34 (65.4) 0.416

Hyperlipidemia 89 (89.0) 44 (91.7) 45 (86.5) 0.413

Diabetes 31 (31.0) 17 (35.4) 14 (26.9) 0.359

CAD 68 (68.0) 36 (75.0) 32 (61.5) 0.149

BMI, body mass index; CAD, coronary artery disease.

https://doi.org/10.3389/fpsyg.2023.1055244
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Hu et al. 10.3389/fpsyg.2023.1055244

Frontiers in Psychology 05 frontiersin.org

performance for tests related to digit span (p = 0.754), spatial span 
(p = 0.108), grammatical reasoning (p = 0.467), detection test 
(p = 0.116).

In order to explore the relationship between cognitive function 
and age, the linear regression analysis between cognitive scores and 
age was conducted in stenosis group and control group separately. The 
outcomes indicated that in digit span test (stenosis: p = 0.043 and 
controls: p = 0.009), Stroop color-word test (stenosis: p = 0.021 and 
control: p = 0.017), one back test (stenosis: p = 0.023 and controls: 
p = 0.018) and identification test (stenosis: p = 0.001 and control: 
p = 0.001) the linear regression equation was established 
simultaneously in both stenosis group and control group (Table 3). 
The absolute value of the regression coefficient of the stenosis group 
was larger than that of the control group in digit span test, Stroop 
color-word test, one back test， and identification test. Therefore, the 
cognitive function of the stenosis group declined more significantly 
with the subjects getting older, especially in identification tests 
(stenosis: b = −0.595 vs. controls: b = −0.369).

An evaluation of the diagnosis test was performed to explore the 
value of the CNAD for the diagnosis of SACAS. In the analysis of ROC 
curve, the area under the ROC curve of 7 cognitive tests shown that 
Stroop color-word test (p = 0.002), one back test (p = 0.013) and 
identification test (p = 0.006) had the diagnostic value (Table 4). Therefore, 
the Stroop color-word test, one back test and identification test were 
integrated to get the comprehensive index. Moreover, the comprehensive 
index also had diagnostic value (p = 0.001; Table 4). According to the ROC 
curves (Figure 2) and the comparison of ROC curves using Hardey & 
McNeil method, these four indices had no significant differences in 
diagnostic ability. Therefore, the optimal diagnostic cutoff point was 
calculated for Stroop color-word test, one back test, identification test and 
comprehensive index. The optimal diagnostic cutoff point is 27 for Stroop 
color-word test. When the score of Stroop color-word test is no more than 
27, subjects are likely to have severe carotid stenosis. The Youden index is 
0.2628, the sensitivity is 66.67%, the specificity is 59.62%, and the area 
under the ROC curve is 0.680, so the diagnostic ability of Stroop color-
word test is relatively low. The same is true of one back test (cutoff point 
≤18, Youden index = 0.2436, sensitivity = 41.67%, specificity = 82.69%, 
area = 0.644)，identification tests (cutoff point ≤42, Youden 
index = 0.3413, sensitivity = 68.75%, specificity = 65.38%, area = 0.660) and 
comprehensive index (cutoff point >51.563%, Youden index = 0.6314, 
sensitivity = 70.83%, specificity = 92.31%, area = 0.868). When the score of 
Stroop color-word test is less than 26, the score of one back test is less than 
19 and the score of identification test is less than 46, the comprehensive 
index reaches to the best optimal cutoff point. The diagnostic specificity 
and sensitivity of comprehensive index are, respectively, up to 93.2 
and 70.83%.

Discussion

In this study, the CNAD showed the characteristics of 
quantification, semi-automation and traceability. In this way, the 
subjects can even install the computerized cognitive evaluation system 

TABLE 2 The results of cognitive function test between stenosis group 
and control group.

Name of test Stenosis Controls p

Digit span test 6.0 (5.0,7.0) 5.0 (5.0,7.0) 0.754

Spatial span test 5.0 (4.0,5.0) 5.0 (4.0,6.0) 0.108

Stroop color-word 

test

26.5 (22.5,28.0) 28.0 (26.0,32.0) 0.002

Grammatical 

reasoning test

5.0 (2.0,7.0) 5.0 (2.0,7.5) 0.467

One back test 19.5 (15.0,24.0) 22.0 (19.0,25.0) 0.013

Identification test 40.0 (37.0,45.0) 44.0 (40.0,48.0) 0.006

Detection testa 916.0 (857.0,1000.5) 893.0 (835.5,974.5) 0.116

aFor the detection test, lower scores reflect better performance.

TABLE 3 The linear regression analysis between cognitive scores and age 
in stenosis group and control group separately.

Name of 
test

Stenosis Controls

pa bb ac pa bb ac

Digit span test 0.043 −0.082 11.256 0.009 −0.065 10.118

Spatial span test 0.029 −0.038 7.22 0.690 −0.007 5.530

Stroop color-

word test

0.021 −0.249 6.877 0.017 −0.223 42.496

Grammatical 

reasoning test

0.106 −0.068 4.444 0.015 −0.141 13.721

One back test 0.023 −0.344 40.865 0.018 −0.198 34.360

Identification 

test

0.001 −0.595 78.517 0.001 −0.369 66.426

Detection test 0.057 6.342d 674.395 0.221 5.922d 469.246

aIn the results of variance analysis of linear regression equation, when p < 0.05, it can 
be considered that there is a linear regression relationship between cognitive scores and age.
bb is the regression coefficient of the linear regression equation.
ca is the constant of the linear regression equation.
dFor the detection test, lower scores reflect better performance. Therefore, the regression 
coefficient is a positive number.

TABLE 4 Area under the ROC curve of 7 cognitive tests and the 
comprehensive index.

Test Result 
Variable(s)

Area p Asymptotic 95% CIa

Lower 
bound

Upper 
bound

Digit span test 0.518 0.759 0.403 0.633

Spatial span test 0.588 0.128 0.477 0.700

Stroop color-word 

test

0.680 0.002 0.577 0.784

Grammatical 

reasoning test

0.542 0.469 0.429 0.655

One back test 0.644 0.013 0.536 0.752

Identification test 0.660 0.006 0.553 0.767

Detection test 0.591 0.116 0.480 0.703

Comprehensive 

indexb

0.868 0.001 0.615 0.815

aCI, confidence interval.
bComprehensive index refers to the diagnosis index combined Stroop color-word test and 
identification test.
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on their tablet PCs to test themselves in their own homes. In addition, 
without the participation of professionals, it can ensure that the test 
outcomes are more objective. The CNAD can automatically collect 
and analysis the related parameters during testing, and the evaluation 
of the cognitive function can be displayed immediately at the end of 
the test. These advantages cannot be possessed by the traditional paper 
and pencil cognitive tests.

Cognitive impairment may be caused by others factors (Sabia 
et al., 2019). However, in this study, there was no significant difference 
in sample size and baseline characteristics between the stenosis group 
and the control group. The results of the cognitive foundation tests 
showed that there was a statistical difference in the scores of Stroop 
color-word test，one back test and Identification test between the 
stenosis group and the control group, but there was no significant 
difference in other tests. The Stroop color-word test mainly assesses 
the executive ability. The one back test mainly assesses working 
memory. The Identification test mainly assesses the attention and 
executive ability. The other four tests are related to visuospatial short-
term memory, speech comprehension and reasoning ability, and 
response speed and accuracy of the psychomotor. Therefore, according 
to the outcomes of this study, it can be preliminary inferred that the 
cognitive functions about attention, working memory and executive 
ability are significantly decreased in patients with SACAS than normal 
people without carotid artery stenosis. However, there was no 

significant difference in cognitive function about visuospatial short-
term memory, speech comprehension and reasoning ability, and 
response speed and accuracy of the psychomotor between two groups. 
This result is in line with the results of previous studies (Lal et al., 
2017; Lazar et al., 2021).

The scores of seven tests and age were analyzed with the linear 
regression analysis in both stenosis group and control group. The 
results showed that the scores of digit span test, Stroop color-word 
test, one back test and identification test decreased with age in both 
groups, but the score of detection test increased with age. In addition, 
in these five tests, the absolute value of the regression coefficient of the 
stenosis group was larger than that of the control group. Therefore, the 
cognitive function of people with severe asymptomatic carotid 
stenosis decreased faster than those without carotid stenosis, especially 
in working memory, attention and executive function (Johnston et al., 
2004). However, this conclusion needs to be further assessed by a 
longitudinal study.

Stroop color-word test, one back test and identification test were 
identified to have the value of diagnosing severe asymptomatic carotid 
stenosis according to the outcomes of ROC curve analysis, but their 
sensitivity and specificity were low. The comprehensive index of 
Stroop color-word test and identification test could improve the 
specificity of diagnosis, but the sensitivity was relatively low. Two 
solutions were proposed. First, new cognitive tests will be added in the 

FIGURE 2

ROC curves of Stroop color-word test, identification test and comprehensive index.
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computerized cognitive function test system, such as psychomotor 
speed test, delayed memory test and so on, in order to identify other 
indicators with more diagnostic value (Era et al., 2011; Abadie and 
Camos, 2019). Second, multiple diagnostic indicators will 
be  combined to further improve the diagnostic sensitivity and 
specificity of the comprehensive index (Breton et al., 2019).

Limitations

The sample size of this study was small. Therefore, more sample 
size would been needed to obtain more credible and more 
valuable results.

Conclusion

The outcomes of this study showed that the cognitive function of 
patients with severe asymptomatic carotid stenosis is lower than that of 
normal people, especially in terms of working memory, attention and 
executive ability. The CNAD has evaluation value and screening value 
for patients with cognitive impairment and severe asymptomatic carotid 
stenosis. However, it is necessary to conduct a study with a bigger sample.
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