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Background: The occurrence of ischemic lesions is common in patients receiving
carotid artery stenting (CAS), and most of them are clinically silent. However, few studies
have directly addressed the cognitive sequelae of these procedure-related silent ischemic
lesions (SILs).

Objective: In this study, we attempted to investigate the effects of SILs on cognition
using a comprehensive battery of neuropsychological tests.

Method: Eighty-five patients with unilateral carotid stenosis and 25 age-matched healthy
volunteers participated in this study. Brain MRI was performed within 1 week before and
1 week after CAS to monitor the occurrence of post-CAS SlILs. A comprehensive battery
tapping reading ability, verbal and non-verbal memory, visuospatial function, manual
dexterity, executive function, and processing speed was administered 1 week before
and 6 months after CAS. To control for practice effects on repeated cognitive testing, the
reliable change index (RCI) derived from the healthy volunteers was used to determine
the cognitive changes in patients with carotid stenosis.

Results: Among the 85 patients with carotid stenosis, 21 patients received medical
treatment (MED group), and procedure-related SILs were noted in 17 patients (SIL+
group) but not observed in 47 patients (SIL— group) after undergoing CAS. Two-way
(group x phase) ANOVA revealed that the volunteer group showed improved scores in
most cognitive tests while only limited improvement was noted in the SIL- group. The
MED and control groups tended to show improvement in the follow-up cognitive testing
than the SIL+ group. However, most of the cognitive changes for each patient group did
not exceed the upper or lower limits (z = +1.0) of the RCI.

Conclusions: Although the occurrence of procedure-related SlLs is common in patients
undergoing CAS, their impacts on cognitive changes after CAS may be limited. The
practice effect should be taken into consideration when interpreting cognitive changes
following CAS.
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INTRODUCTION

Stroke is one of the leading causes of death in the world,
and vascular cognitive impairment is the second most common
cause of dementia (Madigan et al, 2016). Carotid stenosis
is one of the major stroke risk factors, which can lead
to cognitive impairment secondary to thromboembolism or
hypoperfusion with insufficient collateral compensation (Sztriha
et al., 2009; Wallin et al., 2018). Carotid endarterectomy (CEA)
and carotid angioplasty and stenting (CAS) can be used for
stroke prevention in patients with significant carotid stenosis
(CS) (Brott et al., 2016). However, whether restoration of blood
supply after carotid revascularization is beneficial to cognition
remains inconclusive, and only 10-15% of patients presented
with either cognitive improvement or decline after carotid
revascularization procedure (Paraskevas et al, 2014). Many
factors have been proposed to account for the inconsistent
results of the potential beneficial effects of revascularization
procedures on cognition, including the pre-existing infarcts,
age-related cognitive declines and neurodegeneration, and
peri-operation risks (Moroni et al, 2016; Porcu et al,
2020).

In addition to the peri-operation stroke risk, one of the
hypothetical mechanisms of cognitive deficits produced by CEA
or CAS is procedure-related silent ischemic lesions (SILs).
Diffusion-weighted imaging (DWI) studies have revealed that
the occurrence of SILs can be detected for up to 71% of
patients undergoing CAS (Wasser et al., 2011). The clinical
significance of SILs has been addressed (Kastrup et al,
2003), but relatively fewer studies have directly investigated
their cognitive sequelae (Tiemann et al, 2009; Capoccia
et al, 2010; Zhou et al, 2012; Laza et al, 2013). This
highlights the need to examine the effects of SILs on
cognition, because the presence of these lesions may not only
confound the net differences in cognitive changes (improved
or worse) following CAS or CEA, but also has important
implications in the cost/effectiveness of CAS, which appears to
be more vulnerable than CEA to produce SILs (Bonati et al.,
2010).

In this study, we attempted to investigate the effects of SILs
on a more comprehensive battery of neuropsychological tests
by including a reference group of healthy subjects to derive the
reliable change indices (RCIs) for determining whether there is
any significant improvement or decline in any specific cognitive
domains in patients undergoing CAS. Using RClIs in defining
improvement or decline in cognitive functions has long been
proposed to control for the practice effects and regression toward
the mean of the testing scores, which have been commonly
observed in neuropsychological literature, particularly when
repeated testing of the same cognitive domains were involved
(Tuokko and Smart, 2018). However, these phenomena or
possibilities have rarely been addressed in the cognitive changes
following carotid revascularization. We expected that applying
the psychometrically defined thresholds might be of help to
elucidate the effects of post-CAS SILs on cognition.

MATERIALS AND METHODS

Participants

Patients

Eighty-five right-handed patients (81 males, 4 females) with
carotid stenosis participated in this study. Their ages ranged
between 49 and 83 (Mean £ SD = 66.1 + 8.2) years old. They
were all recruited from the Stroke Registry Dataset (Lee et al.,
2011), Lin-Kou Chang Gung Memorial Hospital, and enrolled
based on the following inclusion criteria: (1) the left or right
internal carotid artery showed moderate to severe stenosis (>50%
by the NASCET criteria) on angiography; (2) age was >45 years;
(3) the literacy level was at least equivalent to the level of the
4th-grade pupils on the Chinese Graded Word Reading Test
(CGWRT) (Huang, 2001); (4) the score on the National Institutes
of Health Stroke Scale (NIHSS) score was <8; (5) the score
for the Barthel Index was >80. The exclusion criteria were: (1)
the MMSE score <20; (2) the Clinical Dementia Rating Scale
(CDR) >1; (3) the presence of any expressive/receptive language
disturbance; (4) a history of coronary artery bypass surgery; and
(5) the presence of severe renal disease (serum creatinine >3
mg/dl) or undergoing hemodialysis therapy.

Volunteers

Twenty-five age-matched volunteers were recruited by
advertisements placed at the notice boards around the hospital
to serve as the control group for examining the extent of practice
effects produced by repeated testing. They had no history of head
injuries, stroke, psychiatric illness, or significant carotid stenosis
(>50%) based on the color-coded carotid duplex (CCCD) and
magnetic resonance angiography (MRA). Their MMSE scores
were all well above 25 points.

The study protocol and procedure for obtaining informed
consent were complied with the Helsinki Declaration, and
were approved by the Institutional Review Board of Chang
Gung Memorial Hospital. All participants provided written
informed consent.

Treatment of Carotid Stenosis

Two experienced endovascular physicians performed the CAS
procedures. Depending on patients’ conditions, physicians
decided whether or not the embolic protection devices
(EPDs) needed to be applied on each individual. Post-
stenting angioplasty with balloon dilation was done in all
patients. All patients received intra-procedural heparinization.
A combination of aspirin (100 mg/day) and clopidogrel
(75 mg/day) was administered at least 72h before stenting
procedures. After stenting procedure, clopidogrel was prescribed
for 3 months and aspirin was maintained indefinitely. Two
independent neurologists with expertise in stroke evaluated the
patients the day before and 24 h after the stenting procedures.

MRI Studies

Brain MRI was performed within 1 week before and 1 week after
CAS, and the scanning protocol has been described in previous
studies (Huang et al., 2011, 2014a). In brief, anatomical MRI
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was obtained at a 1.5- or 3.0-Tesla scanner with 5-mm slice
thickness and 0.5-mm inter-slice gap for all sequences, including
axial T1-weighted, fluid-attenuated inversion recovery (FLAIR)
and DWI sequences.

The baseline brain imaging characteristics were visually
evaluated. The severity of periventricular and deep white matter
leukoaraiosis was scored as follows: 0 = absence, 1 = focal
lesions, 2 = beginning confluence of foci, or 3 = diffuse
involvement of the entire region (Wahlund et al., 2001). The
severity of cerebral infarct was visually rated as 0 = no lesion, 1 =
one focal lesion (>5 mm), 2 = more than one focal lesion, and 3
= confluentlesions (Lee et al., 2017). The severity of hippocampal
atrophy was rated by the Schelten medial temporal lobe atrophy
(MTA) score (Scheltens and van de Pol, 2012). Follow-up
MRI was done within 1 week after carotid artery stenting to
evaluate the occurrence of new ischemic lesions on DWI images
that was not present on the pre-treatment images, and post-
treatment SILs were those DWI lesions without corresponding
focal neurological manifestation. Trained neurologists, blinded
to clinical and cognitive conditions, conducted the qualitative,
and quantitative measurements of MRI imaging as described in
our previous study (Huang et al., 2014b).

Neuropsychological Assessment

Patients underwent a comprehensive neuropsychological test
battery 1 week before and 6 months after CAS. These
tests were chosen because our previous studies have shown
they were sensitive to the cognitive deficits in patients with
carotid stenosis (Huang et al., 2014a, 2018). Global cognitive
function was assessed with the MMSE and CGWRT, and the
neuropsychological measures corresponding to each cognitive
domain were summarized in the Supplementary Table 1.

Data Analyses

The demographic and medical data of subjects at the enrollment
were summarized by descriptive statistics with one-factor
ANOVA or x2-tests for group comparisons where appropriate.

T Score Transformation and Domain Assignment for
Cognitive Results

More than 20 neuropsychological measures were recorded in
this study. Some of these measures are purported to tap
similar specific cognitive functions, thereby a scale-reduction
procedure was applied to minimize the potential redundancy of
multiple comparisons. Each raw score of the neuropsychological
measure was transformed to T score (Mean = 50, SD =
10) based on the local normative data corresponding to each
participant’s age. After this, we adopted a data-driven approach
to carry out a principal component analysis (PCA) on the T
scores of all neuropsychological measures of 94 participants
randomly selected from a previous study for determining the
factor loadings of each measure on extracted latent components
(cognitive domains). Varimax rotation of the components
revealed 7 specific cognitive domains were extracted from this
dataset, accounting for >72% of the total variance. Of note, the
T score of the CGWRT was not included in the PCA for scale
reduction, because it has commonly been used as a measure

for estimating premorbid general ability (Chen et al., 2009).
Except for the CGWRT, the T scores for cognitive measures
corresponding to each component were averaged to derive the
mean T score for each specific cognitive domain.

The average T scores for each cognitive domain as well as the T
scores of the CGWRT obtained before and after treatment were
analyzed by two-factor (group x phase) ANOVA with repeated
measure on the latter factor, and post-hoc comparisons using
Bonferroni corrections were applied where appropriate. Since
cognitive changes after treatment can be affected by pre-existing
cerebrovascular pathologies, age-related cognitive decline, and
neurodegeneration, we further employed ANCOVA (analysis
of covariance) with repeated measures to adjust for potential
variables, such as demographic factors (age and education in
Model I), neurodegeneration factor (MTA score in Model II),
and vascular factors (severity of leukoaraiosis, infarct, and carotid
stenosis in Model III).

Reliable Change Index

As the results of two-factor (group x phase) ANOVA indicated
there was strong and significant main effect of phase on the
T scores for many neuropsychological tests, suggesting that
the possibility of practice effects brought about by repeated
testing needs to be examined. The method proposed by Chelune
et al. was used to derive the RCI based on control group’s
testing scores between the pre- and post-treatment phases that
showed significant main effect of phase (Chelune et al., 1993).
The RCIs for the testing scores were calculated based on the
following equation:

RCI = [(X; — X1) — (M — M1)]/SEp

where X, = individual’s post-treatment score, X; = individual’s
pre-treatment score, M, = mean post-treatment score and M| =
mean pre-treatment score of the control group, respectively. The
correlation coefficients (rs) of the scores between two phases in
the control group were calculated to derive the SEM of each test,
where SEM = SDpre—treatment X +/(1-7); and SEp for each test was
determined, SEp = /2 x (SEM)?. The cutoff values of +1.0 and
—1.0 were used to indicate a reliable improvement and decline,
respectively. The frequency and percentage of patients whose
score changes fell in the significant ranges were calculated. x2-
tests were used to examine the differences in all patient groups.

RESULTS

Demographic and Medical Data

We recruited 85 patients with carotid stenosis and 25 healthy
volunteers in this study. After the treatment options were
explained in details, 64 patients decided to undergo the CAS,
whereas the remaining 21 patients chose to receive medication
treatment and served as the medication (MED) group. Based on
the follow-up MRI scanning, 17 of the 64 patients undergoing
CAS had newly acquired asymptomatic DWI lesions after
stenting; and they were allocated to the SIL+ group, whereas the
remaining 47 CAS patients were assigned to the SIL- group.
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TABLE 1 | The demographic data and imaging characteristics among groups.

SIL- group SIL+ group MED group Control group p
n a7 17 21 25
Demographic data
Age, years 66.0 + 8.8 68.5 £ 7.2 642 £ 7.4 64.9 £ 4.2 0.33
Years of education 9.2 £37 9.2 £ 36 9.0 £83.2 100+2.8 0.78
MMSE 272 £ 21 271 +£23 271 +£1.8 27.3+15 0.98
Male, n (%) 44 (94) 17 (100) 20 (95) 20 (80) 0.08
Hypertension, n (%) 41 (87) 17 (100) 16 (76) 8(32) <0.0001
Hyperlipidemia, n (%) 24 (51) 12 (71) 10 (48) 15 (60) 0.46
Diabetes mellitus, n (%) 16 (34) 10 (59) 11 (62) 1(4) <0.0001
EPD employment, n (%) 30 (64) 14 (82) - - 0.14
Baseline imaging characteristics
Ipsilateral stenosis, % 79.6 + 13.11 79.4 + 10.31 84.3 + 19.61 120 £ 9.7 <0.0001
Contralateral stenosis, % 41.4 + 34.71 24.9 + 25.6 35.8 + 22,31 54+£72 <0.0001
Leukoaraiosis severity 1.1+ 06" 1.4 +0.8" 1.0+ 07" 05+ 05 <0.0001
Infarct score 1.4 4+ 1.0 1.7 £1.21 1.1 +1.2f 0.0 £ 0.0 <0.0001
Medial temporal atrophy score 0.7+ 0.8 1.1 £0.8" 0.5+ 06 0.3+06 0.005

CAS, carotid artery stenting, EPD, embolic protection device; MMSE, Mini Mental Status Examination; SIL—, absence of new silent ischemic lesions after stenting; SIL+, presence of

new silent ischemic lesions after stenting;t p < 0.05 compared to the control group.

Table 1 shows the pre-treatment demographic data and
medical conditions of the volunteers and all patient groups. The
ages, years of education, and baseline MMSE scores did not
significantly differ between groups. The post-hoc analyses showed
there was no significant difference in the severity of carotid
stenosis, leukoaraiosis, infarct score, and MTA score among
carotid stenosis patients, but the volunteers had less vascular and
degeneration burdens than carotid stenosis patients.

Cognitive Performance

In patients with carotid stenosis, baseline cognitive function was
mostly correlated with education as well as the degeneration
severity (the MTA score), while it was less associated with
the severity of ipsilateral carotid stenosis, infarct score,
and leukoaraiosis (Supplementary Table 2). Table 2 shows the
averaged (£SD) T scores of the specific cognitive domains
obtained from the pre- and post-treatment phases in all groups,
and the results of main effects of two-factor (group x phase)
ANOVA. The main effects of group were significant in most mean
T scores of cognitive domains. Post-hoc comparisons revealed
that the cognitive performance of volunteers was significantly
better than that of all patient groups in both phases, respectively.
However, the mean T scores of all specific cognitive domains
between patient groups did not significantly differ in either
phase. For the main effect of phase, the inter-phase cognitive
improvement was observed in most tests for the volunteers,
but it was only noted in a few tests for each patient group.
Similar trends were observed after adjustment for potential
confounding factors in the ANCOVA of Models I-III (Tables 3-
5). In addition, the vascular-related imaging markers were only
correlated with the changes in executive function after carotid
artery stenting, while MTA score was correlated with changes in
visual memory and executive function (Supplementary Table 3).

Cognitive Changes Between Phases
Correlation Between Phases

Only the tests that had main effect of phase and group difference
on the two-factor ANOVA were plotted in Figure 1. The diagonal
lines represent the best-fit linear functions and the dashed lines
represent the 95% prediction intervals of the regression functions
of the mean T scores of the specific cognitive domains between
the two phases in the control group. Although there was a
trend for improvement in the T scores of all cognitive domains
across all groups (Table 2) and the correlations between the two
phases were all positively significant (rs = >0.43, p = <0.02;
Supplementary Table 4), vast majority of the data points of all
patients in each panel fell inside the prediction interval for the
corresponding cognitive domain (Figure 1). Only one or two
subjects in all patient groups showed reliable improvement in
the post-treatment phase on each cognitive domain. In contrast,
relatively more subjects in all patient groups showed significant
deterioration on all cognitive domains.

Reliable Change Index

In order to account for practice effect resulting from repeated
testing, we adopted the RCI derived from the controls to tally
the proportions of reliable cognitive changes in each patient
group (Table 6). We found the proportions of subjects in each
patient group showing significant improvement or deterioration
(1 SD of the RCI) in each cognitive domain did not
significantly differ.

DISCUSSION

Carotid stenosis is a risk factor for cognitive impairment,
and most of the studies have been focused on the perfusion
restoration effects on cognitive function after carotid
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TABLE 2 | Comparisons of cognitive domain performance before and after treatment by ANOVA.

Group Pre-treatment phase Post-treatment phase F

DWI(-) DWI(+) MED Control DWI(-) DWI(+) MED Control  Group (A) Phase (B) A x B
n a7 17 21 25 17 21 25
Reading 50.0 £ 9.2 435+ 122 454 +10.7 520+838 46.0 £ 11.1% 383 £ 15.1TF 42.0 +£ 10.2% 49.8 + 104  3.59* 27.22** 0.82
Verbal memory 43.6 +7.57 449 +93 44.3 £ 9.0 49.7 £ 8.3 47.2 £10.8% 450+ 102 504 + 11.7+ 53.8 + 8.4* 3.56" 16.12*  1.63
Visual memory 40.8 + 11.67 36.9 + 14.1T 39.3 + 10.6T 50.0 + 8.3 43.4 + 11,67 39.6 + 1557 46.4 + 12,0 54.6 £9.1% 7.41*  20.34" 1.34
Construction  47.0+ 119 383+ 186 456+ 126 481+ 124 482+ 11.3 444+ 151+ 479+ 124 533 + 8.9+ 2.45 8.14* 0.94
Visual motor 37.0 £ 10.8*‘ 27.8 4+ 135" 36.7 £ 88" 4624+ 9.1 38.5 + 10.3" 32,5 + 1241+ 40.1 + 7.0"* 49.6 £ 7.8t 12977 1555 (.81
Design fluency 34.0 + 18.0 32.8 £21.0 29.3 + 19.7" 46.7 £20.1 39.1 + 20.7"* 33.3 + 16.6" 30.5 + 19.0" 56.7 + 24.2% 596"+ 6.77* 1.79
Word speed 38.7 £ 12.87 435+ 127 383+ 1047 507 £9.5 38.6 + 15.01 40.8+17.9 31.0+ 15.0M* 50.4 &+ 9.1 6.91** 4.07* 1.97
Color speed  36.3 + 16.07 35.3 + 18.37 37.1 £ 12.3" 506+ 8.1 385+ 156" 323 + 185" 33.2+ 1717 406+82  6.68* 1.68 2.18

ANOVA, analysis of variance; DWI(-), absence of new ischemic lesions on diffusion-weighted imaging; DWI(+), presence of new ischemic lesions on diffusion-weighted imaging; MED,

medication group.

< 0.05,"p < 0.01, and "o < 0.001 main effect or interaction of ANOVA.
p < 0.05 compared to the control group within each phase.

5 < 0.05 compared to the DWI+ group within each phase.

b < 0.05 paired t-tests in each individual group between two phases.

TABLE 3 | Comparisons of cognitive domain performance before and after treatment by ANCOVA in Model |.

Group Pre-treatment phase Post-treatment phase F

DWI(-) DWI(+) MED Control DWI(-) DWI(+) MED Control Group (A) Phase (B) A x B
n 47 17 21 25 17 21 25
Reading 50.0 £ 9.2¢% 4354+ 1227 454 +107 520488 46.0+ 11.1%f 383 + 1517+ 42.0 £ 10.2% 49.8 + 104 4.14* 4.93* 1.09
Verbal memory 43.6 + 757 449 +93 443+90 497 +83 472+ 10.8% 4504+ 10.2" 50.4 £ 11.7+ 538 +84+ 317" 0.13 1.50
Visual memory  40.8 + 11.67 36.9 + 14.1T 39.3 + 10.6" 50.0 + 8.3 43.4 + 116" 39.6 + 1557 46.4 + 12.0f 546 £ 9.1  6.96** 0.01 1.35
Construction 470+ 11.9 383+ 186 456+ 12.6 481 +12.4 482+ 113 444 +151% 479+ 124 533 +89*% 2.01 3.35 1.12
Visual motor 37.0 £ 10.87‘27.8 + 13,57 36.7 £8.8" 46.2 + 9.1 38.5 + 10.37 32.5 + 12.47% 40.1 £ 7.01  49.6 £ 7.8 12.34 0.78 0.82

340+ 180" 3284+ 21.0 29.3+19.77 46.7 £ 20.1
38.7 + 12.87 4354+ 12.7 383 + 1047 507 £ 9.5
36.3 + 16.07 35.3 4+ 18.37 37.1 + 12.37 50.6 + 8.1

Design fluency
Word speed
Color speed

39.1 £ 20.71% 33.3 + 16.67 30.5 £ 19.0" 56.7 £ 24.2F 6.02"* 1.19 1.63
38.6 + 15.01 40.8+17.9 31.0 + 15.0M* 50.4 + 9.1
38.5 4+ 15.67 32.3 + 18,57 33.2 + 17.1T 496 + 8.2

7.32" 0.65 1.67
7.62" 0.06 2.15

ANCOVA, analysis of covariance; DWI(-), absence of diffusion weighted ischemia; DWI(+), presence of diffusion weighted ischemia; MED, medication group.
< 0.05, "p <0.01,and ""p < 0.001 main effect or interaction of ANCOVA after adjustment for age and education.

o < 0.05 compared to the control group within each phase.
*0 < 0.05 compared to the DWI+ group within each phase.
b < 0.05 paired t-tests in each individual group between two phases.

revascularization. Although a certain proportion of patients may
suffer from cerebral silent ischemic lesions after carotid artery
stenting, relatively few studies have addressed their cognitive
sequalae. In this study, we adopted the MED group and the
healthy volunteer group as the double control reference to gauge
the cognitive changes after stenting. There were no differences
in cognitive changes after treatment in the DWI(+), DWI(-) or
the MED groups. On the other hand, the volunteer group was
more likely to have better cognitive performance in the follow-up
evaluation. These findings suggest cognitive performance may
not change 6 months after carotid revascularization, irrespective
of the presence of perfusion restoration or silent ischemic
lesions, and practice effect should be taken into consideration
when assessing the cognitive changes in patients with
carotid stenosis.

Stroke risk is linearly associated with the carotid stenosis
severity, and carotid revascularization by CEA or CAS has
been suggested to prevent stroke occurrence in patients
with significant carotid stenosis (Howard et al, 2021).
Nevertheless, carotid artery stenting also harbors a peri-
operative stroke and microemboli risk (Brott et al, 2016).
Although no post-CAS stroke case was noted in our study,
the percentage of post-CAS SILs was ~27%, which is in good
agreement with previous findings that about 22-71% of CAS
patients may have silent post-CAS DWI lesions (Witt et al,
2007; Tiemann et al, 2009; Capoccia et al., 2010; Huang
et al., 2011, 2014a; Wasser et al., 2011; Zhou et al., 2012).
Considering the high occurrence rate, it is important to identify
whether these silent ischemic lesions would further lead to
insidious cognitive decline. Some studies found post-CAS
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TABLE 4 | Comparisons of cognitive domain performance before and after treatment by ANCOVA in Model II.

Group Pre-treatment phase Post-treatment phase F

DWI(-) DWI(+) MED Control DWI(-) DWI(+) MED Control  Group (A) Phase (B) A x B
n 47 17 21 25 17 21 25
Reading 50.0 + 9.2¢% 4354+ 1227 454 +10.7 520+88 46.0+ 11.1% 383 + 15174 42,0+ 10.2% 49.8 + 104 3.98* 4.49* 1.31
Verbal memory 43.6 + 7.57 449+ 93 443+90 497 +83 47.2 +10.8™ 450 + 102" 50.4 + 11.7t 53.8+84F 227 0.01 1.05

40.8 + 11.6" 36.9 + 14.17 39.3 + 10.6" 50.0 + 8.3
470+ 119 383+ 186 456+ 126 481 + 12.4
37.0 £ 10.8'%27.8 + 135" 36.7 + 88" 462 + 9.1
340+ 180" 3284 21.0 29.3+19.7t 46.7 + 20.1
38.7 £ 12.8" 4354+ 127 383+ 104t 50.7 + 9.5
36.3 + 16.0f 35.3 + 18.3" 37.1 +£ 12.3" 50.6 + 8.1

Visual memory
Construction
Visual motor
Design fluency
Word speed
Color speed

43.4 4+ 11.61% 39.6 + 15.5T 46.4 + 12.0 54.6 + 9.1
4824+ 11.3 444 +151% 479+ 124
38.5 4+ 10.3" 32.5 + 12.47¥ 401 + 7.0"
39.1 +20.71% 33.3 + 16.67 30.5 + 19.0" 56.7 + 24.2F
38.6 + 15.01 40.8 +17.9 31.0 £ 15.0" 50.4 + 9.1
385+ 15.67 32.3 + 1857 332 +17.1T 496 £82

5.00™ 0.12 1.10
53.3 £ 8.9% 0.94 2.73 117
49.6 + 7.8  9.01"™ 0.77 0.81
4.84** 0.77 1.30
7.39" 1.08 1.83
6.08"* 0.08 2.16

ANCOVA, analysis of covariance; DWI(-), absence of diffusion weighted ischemia; DWI(+), presence of diffusion weighted ischemia; MED, medication group.
b <0.05 "p <0.01,and ""p < 0.001 main effect or interaction of ANCOVA after adjustment for age, education, and medial temporal atrophy.

n < 0.05 compared to the control group within each phase.
*0 < 0.05 compared to the DWI+ group within each phase.
o < 0.05 paired t-tests in each individual group between two phases.

TABLE 5 | Comparisons of cognitive domain performance before and after treatment by ANCOVA in Model ll.

Group Pre-treatment phase Post-treatment phase F

DWI(-) DWI(+) MED Control DWI(-) DWI(+) MED Control  Group (A) Phase (B) A x B
n 47 17 21 25 17 21 25
Reading 50.0 +£9.2¢ 435+ 1221 454+ 107 520+88 46.0+ 11.1F 38.3 + 1511 42.0 + 10.2t 49.8 + 10.4* 3.07* 150  0.44
Verbal memory 43.6 + 7.5 449+ 93 443+90 497 +83 472+ 10.8" 450 + 1021 50.4 + 11.7f 53.8 £ 84  0.35 0.11 0.76
Visual memory  40.8 + 11.6"7 36.9 + 14.1T 39.3 + 10.67 50.0 +8.3 43.4 + 11.67 39.6 + 155" 46.4 + 12.0f 546 +£9.1F  0.78 150  1.33
Construction ~ 47.0 +11.9 3834 186 456+ 12.6 48.1 + 124 482 + 11.3 44.4 +£ 151% 479+ 124 533 +£89% 055 358  0.90
Visual motor  37.0 + 10.8"%27.8 + 135" 367 + 88" 462+9.1 3885+ 10.3' 325+ 12.41%401 + 7.07 496 + 7.88 323 075  0.69
Design fluency 34.0 + 18.07 32.8 £21.0 29.3 + 19.77 46.7 + 20.1 39.1 + 20.7F 33.3 + 16.6" 30.5 + 19.0" 56.7 £ 24.2%+ 1,56 1.47 416
Word speed 38.7 + 12.87 4354+ 12,7 383 + 104" 50.7 £+ 9.5 38.6 + 15.0 40.8 4+ 17.9 31.0 + 15.0" 50.4 + 9.1 1.77 0.07 1.96
Color speed 36.3 +£ 16.0" 35.3 + 18.31 37.1 + 12.3" 506 +8.1 385 + 15.67 32.3 + 185" 33.2 + 17.11 496 + 8.2 1.38 069  2.36

ANCOVA, analysis of covariance; DWI(-), absence of diffusion weighted ischemia; DWI(+), presence of diffusion weighted ischemia; MED, medication group.
P < 0.05and “p < 0.01 main effect or interaction of ANCOVA after adjustment for age, education, medial temporal atrophy, leukoaraiosis, infarct severity, and ipsilateral carotid

stenosis severity.

o < 0.05 compared to the control group within each phase.

*0 < 0.05 compared to the DWI+ group within each phase.

b < 0.05 paired t-tests in each individual group between two phases.

DWI lesions would induce cognitive decline on some single-
domain cognitive tests, such as the MMSE and auditory verbal
learning test (Capoccia et al., 2010; Huang et al., 2011; Zhou
et al., 2012). However, the trend for DWI-related cognitive
decline was not observed when further evaluating with more
comprehensive neuropsychological tests involving multiple
cognitive domains (Tiemann et al., 2009; Wasser et al., 2011).
Such findings were compatible with our study results that
the cognitive changes after CAS in patients with DWI(+)
lesions were similar to those without DWT lesions as well as the
MED group.

Although carotid artery stenting can restore cerebral
hypoperfusion state, whether carotid revascularization is
beneficial to cognitive improvement remains controversial
(Porcu et al,, 2020). In our study, the carotid stenosis severity
was correlated with changes in executive function after carotid

artery stenting. However, the cognitive impact of carotid
artery stenting was not observed by the more conservative
analysis, the RCI method. In Schroder and Wangs studies,
MR perfusion scan was adopted to evaluate the relationship
between hypoperfusion and cognitive changes after carotid
stenting (Wang et al., 2017; Schroder et al.,, 2019). They found
there was significant impact of revascularization on all perfusion
parameters, but the correlation of perfusion improvement
with carotid stenosis severity and cognitive changes was not
significant. In another study restricting patient inclusion
criteria to higher severity of carotid stenosis (>80%), cognitive
benefits were observed in patients with MCA flow improvement
(Whooley et al,, 2020). The lack of consistent correlation
between carotid revascularization and cognitive changes can
be partly attributed to the intracranial collateral circulation
system, which can dynamically provide compensatory flow to
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FIGURE 1 | Relationships between the scores at the pre- and post-treatment phases. Diagonal lines: best-fit linear functions of the pre- and post-treatment scores in
the control group. Dashed lines: 95% prediction intervals of the linear functions in the control group.

TABLE 6 | The proportions of patients with reliable changes in T-scores for each specific cognitive domain?.

DWI(-) group (n = 47) DWI(+) group (n = 17) MED group (n = 21) x2 P
Improved Deteriorated Improved Deteriorated Improved Deteriorated
Reading 10 (21) 15 (32) 1(6) 6 (35) 2 (10) 3 (14) 6.75 0.15
Verbal memory 19 (21) 10 (21) 3(18) 6 (35) 6 (29) 1) 5.65 0.23
Visual memory 9 (19 9 (43) 4 (24) 8 (47) 10 (48) 4 (19) 7.39 0.12
Visual motor 7 (15) 13 (28) 4 (24) 3(18) 1) 1) 8.82 0.07
Design fluency 4(9) 13 (28) 2(12) 5(30) 1) 7 (33) 0.78 0.99
Word speed 5 (14) 8 (22) 2(12) 2(12) 2 (10) 8 (38) 3.86 0.43

Only the cognitive domains that showed significant differences between pre- and post-treatment phases within groups are shown. Improved, 1 standard deviation above the mean of
the reliable change index of the control group; deteriorated, 1 standard deviation below the mean of the reliable change index of the control group.
DWI(-), absence of diffusion weighted ischemia; DWI(+), presence of diffusion weighted ischemia; MED, medication group.

4Data is presented as n (%).

areas with hypoperfusion (Chuang et al., 2011; Shakur et al,
2014). Another possible mechanism is the neuroplasticity effect;
neural hypoconnectivity ipsilateral to carotid stenosis side
and hyperconnectivity in the contralateral hemisphere can be
observed on functional MRI, and such asymmetric connectivity
alteration gradually recovered to the normal condition after CAS
(Huang et al.,, 2018). Therefore, neuroimaging markers with
perfusion and neural connectivity information are important
tools to evaluate the cognitive influence from carotid artery
stenting in future studies.

Serial neuropsychological evaluation is useful for assessing
cognitive changes in response to carotid revascularization.
However, practice effect brought about by repeated testing is
a formidable challenge to interpret neuropsychological results,
because it has proved difficult to dissociate the practice effect
from a real change in cognition, particularly when the same
testing materials were administered repeatedly (Bartels et al,
2010; Rao, 2014). To control for practice effect in our study, we
recruited the MED group and healthy volunteers as the reference
groups, and both groups received the same repeated cognitive
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testing protocols as the CAS groups. Interestingly, the healthy
subjects showed cognitive improvements in nearly all cognitive
domains, suggesting the practice effect could still exist even
when the cognitive testing was repeated 6 months apart. The
cognitive changes in healthy volunteers were further epitomized
by the best-fitted linear functions depicted in Figure 1. Although
all patient groups also demonstrated upward trend of the
linear relationships between the pre- and post-treatment scores
(Table 2), relatively few subjects in the patient groups falling
above the upper limits of the predictive intervals of the linear
functions of the volunteers in all cognitive domains, but there
were slightly more clinical subjects falling beyond the lower
limits of the predictive intervals. These observations suggest
there was no solid evidence for real changes in most cognitive
domains between pre- and post-treatment in subjects with
carotid artery stenosis.

In addition to using regression approach in examining the
practice effects, we also utilized the reliable change index
approach to measure the cognitive changes, which has been
widely used in neuropsychological literature for controlling the
practice effects of repeated testing (Tuokko and Smart, 2018).
In agreement with the regression approach, the proportions
of subjects showing reliable changes (improvement or decline)
did not significantly differ between the DWI(-), DWI(+),
and MED groups when using the data of volunteers as a
reference. This lends further support for the notion that neither
carotid revascularization nor silent ischemic lesions contribute to
cognitive function after receiving carotid artery stenting.

The general lack of reliable cognitive changes following
carotid revascularization in this study raises the doubt that
whether the cognitive impairments detected in subjects with
carotid artery stenosis at the pre- and post-treatment phases
could be directly attributed to cerebral hypoperfusion brought
about by carotid stenosis. Indeed, the two-way ANOVA revealed
that although there were significant main phase effects for
most specific cognitive domains, these main effects of phase
diminished after using age, education, and MTA score as
covariates. In addition, all these factors were also distinctly and
significantly correlated with the baseline cognitive performance
depending on which cognitive domains were in question in
this study. This is consistent with the suggestion that age,
education and MTA might play a pivotal role in moderating
cognitive performance in most intervention studies, including
the present one (Lezak et al, 2012). Compared to healthy
volunteers, subjects with carotid artery stenosis tended to
be older with lower educational attainments and have more
severe MTA scores in this study. It is quite possible that the
presence of these risk factors could impede the improvement in
cognition, if any, following carotid revascularization. However,
the sample size of this study was relatively small, and the
statistical results should be interpreted cautiously when applying
to general CS patients. Clearly, further studies with more subjects
to explore the possible moderating role of these factors in
the relationships between carotid stenosis and cognition are
deemed necessary.

There were some limitations in our study. Firstly, the study
protocol did not include perfusion and neural connectivity

parameters. Considering the great variation of collateral
flow system and autoregulation mechanism, patients with
significant carotid stenosis should be further grouped by their
perfusion states in order to elucidate the interaction between
hypoperfusion, altered neural connectivity and related cognitive
impairment. Secondly, not all acute DWI lesions would evolve
to cavitation in the chronic stage (Koch et al, 2011), and
follow-up image was not done for the peri-CAS silent ischemic
lesions in our study. The cognitive influence of DWI(+)
lesions could be further stratified depending on whether they
result in permanent structure injury. Furthermore, cognitive
trajectories after vascular events are dynamic and versatile. The
cognitive changes 6 months after CAS in this study could merely
represent a tentative impression of the cognitive influence from
SILs. Therefore, long-term follow-up with multiple assessment
sessions to delineate the cognitive trajectories can be of
immense value, and would be helpful for planning treatment
strategies for patients with carotid stenosis. Finally, the sample
size was relatively small, and the statistical results may be
underpowered to demonstrate the cognitive influence from silent
ischemic lesions.

CONCLUSION

Carotid stenosis can lead to vascular cognitive impairment
through multiple mechanisms. Although the cognitive sequalae
from procedure-related silent ischemic lesion was not significant,
the overall cognitive benefit from carotid artery stenting still
requires further investigation.
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