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Abstract
Background: Perioperative thromboembolism is the main consideration in carotid artery stenting (CAS). 
Precise evaluation of carotid plaque components is clinically important to reduce ischaemic complications 
since CAS mechanically pushes plaque outwards, which releases plaque debris into the bloodstream.
Aims: This study aimed to determine whether high lipid core plaque (LCP) assessed by catheter-based 
near-infrared spectroscopy (NIRS) is associated with ipsilateral cerebral embolism by diffusion-weighted 
magnetic resonance imaging during CAS using a first-generation stent.
Methods: Carotid stenosis magnetic resonance (MR) T1-weighted plaque signal intensity ratio (T1W-SIR) 
followed by NIRS assessment at the time of CAS (using the carotid artery Wallstent) was performed in 117 
consecutive patients.
Results: The maximum lipid core burden index (max-LCBI) at minimal luminal areas (MLA; max-
LCBIMLA) and the max-LCBI for any 4 mm segment in a target lesion defined as max-LCBIarea were signi-
ficantly higher for the post-procedural new ipsilateral diffusion-weighted magnetic resonance imaging 
(DWI)-positive than negative patients (p<0.001 for all). There was a significant linear correlation between 
max-LCBIarea and the number of new emboli (r=0.544, p<0.0001). We also found that the second quantile 
(Q2) of T1W-SIRMLA had a significantly higher max-LCBIMLA and a higher incidence of DWI positivity 
than Q1 and Q3 (p<0.001 for all). Furthermore, max-LCBIMLA appeared to distinguish between patients 
with and without postoperative new ipsilateral DWI positivity (AUC 0.91, 95% CI: 0.86-0.96; p<0.0001).
Conclusions: High LCP assessed by NIRS is associated with cerebral embolism by diffusion-weighted 
imaging in CAS using a first-generation stent.
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Abbreviations
CAS carotid artery stenting
CEA carotid endarterectomy
DWI diffusion-weighted imaging
IPH intraplaque haemorrhage
IVUS intravascular ultrasound
LCBI lipid core burden index
LCP lipid core plaque
MLA minimal lumen area
MRA magnetic resonance angiography
MRI magnetic resonance imaging
NIRS near-infrared spectroscopy
SIR signal intensity ratio
TIA transient ischaemic attack
T1W T1-weighted
TOF time-of-flight

Introduction
Carotid artery stenting (CAS) has become a popular alternative 
to invasive carotid endarterectomy (CEA) in primary and second-
ary stroke prevention. Randomised trial evidence shows that CAS, 
despite being associated with an increased early embolic risk, is 
in the long term not inferior to CEA1. Indeed, one major concern 
with CAS using first-generation (single-layered) stents is incom-
plete plaque insulation, leading to plaque prolapse and an increased 
incidence of, in most cases minor, stroke1,2. Thus, evaluation of the 
carotid plaque composition may play a role in estimating the risk 
of embolic events during CAS3,4. Procedure-related multiple emboli 
may cause not only clinical strokes but also long-term cognitive dys-
function by subclinical embolic infarcts5. Silent brain infarcts on dif-
fusion-weighted magnetic resonance imaging (MRI) are a recognised 
surrogate outcome measure for procedural stroke6. The composition 
of unstable plaque, including a lipid necrotic core and intraplaque 
haemorrhage (IPH), is commonly assessed using MRI7. Although 
a high volume of lipid core plaque (LCP) is the main risk factor 
for myocardial infarct during stent deployment8, unstable carotid 
plaques often contain IPH, and the increased risk of embolism during 
CAS might depend on the lipid component9. Recent catheter-based 
near-infrared spectroscopy (NIRS) can detect LCP in coronary arter-
ies, and NIRS of a non-culprit vessel in patients with coronary artery 
disease predicts increased risk of cardiovascular events10,11. LCP has 
recently been detected in carotid arteries using NIRS12,13 and has con-
firmed histological validation14; however, its value in terms of CAS 
deployment remains unknown. The present study aimed to determine 
whether high LCP assessed by NIRS can define increased risk of 
embolic infarct by diffusion-weighted imaging (DWI) in CAS.

Methods
STUDY DESIGN
This prospective observational study was based on criteria of the 
STROBE (Strengthening the Reporting of Observational Studies 
in Epidemiology) statement. This study analysed LCP assessed by 
NIRS during CAS at a single centre between 2017 and 2020.

INCLUSION CRITERIA
We prospectively recruited 117 consecutive patients who under-
went CAS to treat internal carotid artery stenosis at our institute 
between April 2017 and March 2020. The inclusion criteria com-
prised >80% stenosis in asymptomatic lesions, and >50% stenosis 
in symptomatic lesions accompanied by ipsilateral acute cerebral 
infarction or transient ischaemic attack (TIA), and high risk for 
CEA according to the Stenting and Angioplasty with Protection 
in Patients at High Risk for Endarterectomy (SAPPHIRE) crite-
ria15. Patients with carotid artery occlusion requiring thrombolysis 
or thrombectomy were excluded.

Two antiplatelet agents (aspirin 100 mg, clopidogrel 75 mg, or 
cilostazol 200 mg) and statins (rosuvastatin 5 mg/day, pitavasta-
tin 4 mg/day, or atorvastatin 10 mg/day) were administered to all 
patients starting four weeks before CAS. Platelet function in all 
patients was analysed using the VerifyNow rapid platelet func-
tion assay (Accumetrics, San Diego, CA, USA) on the day before 
undergoing CAS.

Baseline clinical characteristics recorded for each patient 
included patient age, sex, history of risk factors, and preopera-
tive medical conditions. Hyperlipidaemia was defined as serum 
low-density lipoprotein cholesterol (LDL-C) ≥120 mg/dL. Patients 
with diabetes mellitus were included if they had been medically 
managed for at least two months without changes in their hypo-
glycaemic treatment regimens. Chronic kidney disease (CKD) 
was determined as an estimated glomerular filtration rate (eGFR) 
<60 mL/min/1.73 m2. Current smokers were defined as those who 
had smoked at least one cigarette per day during the month before 
CAS. All patients underwent preoperative MRI/angiography and 
duplex sonography, followed by digital subtraction angiography.

The institutional review board at our university approved the 
study protocol (Approval no. 1456). All patients provided writ-
ten, informed consent to their participation in all CAS procedures 
and allowed access to their medical records for research purposes.

INTERVENTION
An activated clotting time of >275 s was maintained using intra-
venous heparin during CAS procedures under local anaesthe-
sia. An 8 Fr guiding catheter was placed in the common carotid 
artery. A stenotic lesion was then crossed using a guidewire. Then 
a FilterWire EZ™ embolic protection device (Boston Scientific, 
Marlborough, MA, USA) was inserted distal to the lesion. The 
flow was reversed under proximal guiding balloon protection for 
severely stenotic and/or thrombus-containing lesions because of 
the high potential for distal embolism when an embolic protection 
filter passes through the stenotic lesion. The lesion was dilated 
using a 3 or 4 mm-diameter balloon, then a Wallstent™ (Boston 
Scientific) was deployed under distal filter protection. Angioplasty 
balloons with diameters ≤80% of the normal luminal diameter dis-
tal to the stenotic site were used for conservative balloon post-
dilatation under distal filter protection, then removed when the 
procedure was completed16. A column of blood proximal to the 
filter was suctioned several times using an aspiration catheter if 
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the slow-flow phenomenon was recognised. All procedural symp-
tomatic ischaemic and haemorrhagic events, and the slow-flow 
phenomenon were recorded. Ipsilateral and contralateral stroke 
(<7-day and <30-day), cardiovascular events, major adverse car-
diac and cerebrovascular events (MACCE), and disease-specific 
mortality (DSM) for myocardial infarction and stroke within one 
month of CAS were also recorded during patient follow-up.

NIRS AND INTRAVASCULAR ULTRASOUND IMAGING
Both NIRS and intravascular ultrasound (IVUS) were performed 
utilising a single 3.2 Fr rapid-exchange Dualpro™ IVUS+NIRS 
imaging catheter (Infraredx Inc., Burlington, MA, USA). Catheter 
retraction at 0.5 mm/s was automated, and raw spectra were acquired 
at 40 Hz (wavelengths, 1,180-2,500 nm), to produce images with 
data points spaced 0.1 mm apart every 1°. The fraction of yellow 
pixels obtained from an image map derived from the NIRS meas-
urements (chemogram) was multiplied by 1,000 to compute the 
lipid core burden index (LCBI). Therefore, the 4 mm long seg-
ment, with the maximum LCBI (max-LCBI 4 mm) ranging from 0 
to 1,000 and representing the percentage of lipid core in the investi-
gated segment, was calculated by the Makoto™ intravascular imag-
ing system (Infraredx). Lipid signals from regions of interest (ROI) 
were quantified using the following parameters: maximal LCBI for 
any 4 mm segment in a target lesion defined as max-LCBIarea, the 
maximal LCBI for a segment 2 mm proximal and distal from the 
site of a minimal luminal area (MLA) was defined as max-LCBIMLA, 
and lesion-LCBI was defined as LCBI when an entire plaque lesion 
defined by IVUS was included. The IVUS images were acquired 
via a 40 MHz transducer rotating at the same speed as the NIRS 
probe. Three NIRS-IVUS measurements were taken during CAS 
before balloon predilatation (baseline), after stent deployment, and 
after balloon post-dilatation. MLAs, plaque burden (PB), and cal-
cifications were assessed using IVUS. Plaques at the MLA were 
defined as calcified when calcifications were visually evident.

MRI PLAQUE IMAGING AND DIFFUSION-WEIGHTED 
IMAGING
Plaques were also characterised by MRI using the MAGNETOM® 
Verio 3-T system (Siemens Healthineers, Forchheim, Germany). 
Two-dimensional T1-weighted (T1W) sequence images (FA:120, 
TR:600, TE:13) were acquired four weeks before CAS using 
black-blood double inversion recovery preparation and fat-satura-
tion pulses. The signal intensity of the T1-weighted sequence was 
measured with the ROI drawn over carotid plaque, and the signal 
intensity ratio (T1W-SIR) of plaque relative to adjacent muscle was 
calculated. The SIR at the MLAs was defined as plaque SIRMLA and 
maximal SIR at all stenotic lesions was defined as plaque SIRarea. 
Three-dimensional time-of-flight (TOF) MR angiography (FA:19, 
TR:22, TE:3.69) was also carried out four weeks before CAS. 
A Cohen κ value of 0.76 indicated a high level of between-observer 
agreement for the presence of hyperintense signals in plaque on 
TOF magnetic resonance angiography (MRA) images4. Diffusion-
weighted images were acquired using multisection, single-shot, 

spin-echo planar imaging from 18 to 24 hrs after the CAS proce-
dure using a MAGNETOM Verio 3-T system. The imaging para-
meters comprised: echo duration, 100 ms; field of view, 23 cm; 
intersection gap, 1 mm; matrix, 96×128; section thickness, 5 mm. 
Experienced neuroradiologists who were blinded to the clinical 
information reviewed all DWI scans and apparent diffusion coef-
ficient (ADC) maps acquired from the patients. Ischaemic lesions 
which arose due to procedure-related cerebral embolisms were 
defined as new ipsilateral hyperintense lesions on DWI. Each 
individual embolus was manually traced on individual MRI slices 
using Synapse Vincent software (Fujifilm Medical, Tokyo, Japan), 
which then incorporated slice thickness and interslice gap to cal-
culate the volume of each infarct as well as their total volume.

STATISTICAL ANALYSIS
All data are presented as means±standard deviation. Between-group 
comparisons were assessed using Student’s tests, Fisher’s exact 
tests and the ANOVA test. Linear regression models were used to 
assess the relationship between two parameters. Differences were 
deemed statistically significant at p<0.05. The diagnostic values of 
LCBI determined by NIRS and plaque burden determined by IVUS 
were assessed by calculating the area under the receiver operating 
characteristic (ROC) curves (AUC) for sensitivity versus 1-speci-
ficity to determine cut-offs for new ipsilateral DWI positivity after 
CAS. Univariate analysis was performed, and factors with a p-value 
<0.10 were included in the multivariate logistic regression analysis.

Results
STUDY POPULATION
Table 1 presents the clinical characteristics of the 117 enrolled 
patients (male, n=104; female, n=13; mean age, 75 years). The mean 

Table 1. Clinical characteristics of the 117 patients.

Variable
No. of patients (%)

p-valueDWI positive 
(n=39)

DWI negative 
(n=78)

General characteristics

Median age (range) 77 (52-90) 76 (59-89) 0.158

Females 3 (7%) 10 (13%) 0.603

Risk factor

Hypertension 25 (64%) 60 (77%) 0.213

Diabetes 15 (42%) 36 (46%) 0.553

Current smoker 5 (13%) 5 (6%) 0.413

CKD 22 (56%) 43 (55%) 0.948

Medications

Statins 39 (100%) 78 (100%) 1.000

ARBs 19 (49%) 47 (60%) 0.323

PPIs 9 (23%) 18 (13%) 0.816

DAPT 39 (100%) 78 (100%) 1.000

ARBs: angiotensin receptor blockers; CKD: chronic kidney disease; 
DAPT: dual antiplatelet therapy; DWI: diffusion-weighted imaging; 
PPIs: proton pump inhibitors
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ages of the new ipsilateral DWI positive (n=39) and negative (n=78) 
groups were 77 (range, 52-90) and 75 (range, 59-89) years, respec-
tively. Baseline characteristics, risk factors and medications did not 
significantly differ between the groups, but symptomatic lesions 
were significantly more frequent in the new ipsilateral DWI positive 
group than in the negative group (74% vs 53%, p=0.028) (Table 2). 
There were four ipsilateral strokes (<7 days) and 3 of 4 patients 
showed slow-flow phenomenon (Supplementary Table 1). Figure 1 
shows two representative patients.

NIRS WITH IVUS ASSESSMENT FOR CAROTID PLAQUE
Details can be found in Supplementary Appendix 1 and Supple-
mentary Table 2.

NIRS-DERIVED LCP AND NEW IPSILATERAL DWI POSITIVITY
A significant linear correlation was indicated between 
max-LCBIarea and the number of new emboli (r=0.544, p<0.0001) 
and between max-LCBIarea and the total volume of embolic 
lesions (r=0.473, p<0.0001) (Figure 2A, Figure 2B). There were 
significant differences in the number of new emboli and the total 
volume of emboli between the groups with max-LCBI <500 
and ≥500 (0.7±2.7 vs 5.0±7.0, 0.9±3.6 mm3 vs 22.0±42.3 mm3, 
p<0.001 for both) (Figure 2C, Figure 2D)8. Analyses of ROC 
curves for max-LCBIMLA, max-LCBIarea, lesion-LCBI, and plaque 
burden showed that the max-LCBIMLA could be more useful to 

Table 2. Comparison of lesion characteristics between groups.

Variable

No. of patients (%)

p-valueDWI  
positive  
(n=39)

DWI  
negative 
(n=78)

Lesion characteristics

Symptomatic lesion 29 (74%) 40 (53%) 0.028*

Lesion side (left) 22 (56%) 39 (50%) 0.852

Degree of stenosis (%) 85.6±12.6 84.2±10.4 0.248

NIRS measurement

LCBIlesion 336.0±186.3 124.0±123.2 <0.001*

Max-LCBIMLA 612.7±193.1 199.1±183.9 <0.001*

Max-LCBIarea 647.6±175.4 273.0±173.0 <0.001*

IVUS measurement

MLA (mm2) 5.6±3.6 6.3±4.0 0.366

Plaque burden (%) 82.8±10.2 82.6±9.2 0.875

Calcification 20 (51%) 51 (65.0%) 0.204

MRI plaque imaging

T1W-SIRMLA 1.9±0.3 1.8±0.6 0.593

T1W-SIRarea 2.1±0.5 2.1±0.8 0.956

TOF high intensity 11 (39%) 28 (47%) 0.627

*p<0.05. LCBI: lipid core burden index; MLA: minimal lesion area; 
T1W-SIR: T1-weighted image of signal intensity ratio; TOF: time of flight 

Figure 1. Findings from NIRS-IVUS and MRI of carotid plaques. A) Right symptomatic carotid stenosis in a 79-year-old man on TOF image 
(arrow). B) Plaque has slightly higher intensity on the T1-weighted image (arrow). C) NIRS-IVUS has a very high LCBI (961) at the MLA 
segment. This patient presented with embolic stroke and stent occlusion after CAS. D) Left asymptomatic carotid stenosis in a 72-year-old man 
on TOF image (arrow). E) Plaque manifests as higher intensity than adjacent muscle on the T1-weighted image (arrow). F) NIRS-IVUS reveals 
very low LCBI (111) at the MLA segment. Embolic events did not occur after CAS in this patient. CAS: carotid artery stenting; 
IVUS: intravascular ultrasound; LCBI: lipid core burden index; MLA: minimal lumen area; MRA: magnetic resonance angiography; 
MRI: magnetic resonance imaging; NIRS: near-infrared spectroscopy; TOF: time-of-flight
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distinguish between patients with and without postoperative new 
ipsilateral DWI positivity (AUC 0.91, 0.89, 0.85, 0.50, sensi-
tivity: 0.79, 0.79, 0.73, 0.29, specificity: 0.83, 0.81, 0.85, 0.78, 
95% CI: 0.86-0.96, 0.84-0.95, 0.78-0.92, 0.39-0.62, p<0.0001, 
<0.0001, <0.0001, 0.95, respectively) (Figure 3). A max-LCBIMLA 
of ≥504 was the optimal cut-off for the risk of new ipsilat-
eral DWI positivity. On multivariate logistic regression analy-
sis, high LCP was the factor related to ipsilateral DWI-positive 
embolism (p<0.001, odds ratio 33.34, 95% CI: 8.68-128.03) 
(Supplementary Table 3).

Discussion
The high LCP measured by NIRS was a crucial factor with which 
to define increased risk of ipsilateral embolic infarct during CAS, 
and max-LCBIarea ≥504 was the optimal cut-off for the risk of ipsi-
lateral embolism. A significant linear correlation was indicated 
between max-LCBIarea and the number of new emboli, and the 
high LCP group also had a significantly higher frequency of new 
ipsilateral DWI positivity than the low LCP group. This first com-
parison with MRI showed that NIRS could identify a relationship 
between carotid plaque characteristics and risk of ipsilateral cere-
bral embolism associated with CAS. The strength of the present 
study is that it clearly shows an association between the carotid 

A B

C D

1.000

800

600

400

200

0

1.000

800

600

400

200

0
 0 5 10 15 20 25 30 35 40  0 20 40 60 80 100 120 140 160 180 200

Total volume of new emboli (mm3)The number of new emboli

m
ax

-L
C

B
I 

at
 a

re
a

40

35

30

25

20

15

10

5

0

200

180

160

140

120

100

80

60

40

20

0

Th
e 

nu
m

be
r 

of
 n

ew
 e

m
bo

li

To
ta

l v
ol

um
e 

of
 n

ew
 e

m
bo

li 
(m

m
3
)

m
ax

-L
C

B
I 

at
 a

re
a

r=0.473
p<0.0001

r=0.544
p<0.0001

max-LCBI <500 max-LCBI ≥500 max-LCBI <500 max-LCBI ≥500

*p<0.001 *p<0.001

Figure 2. Relationship between new ipsilateral emboli and LCBI. A significant linear correlation was indicated between max-LCBIarea and the 
number of new emboli (A) and between max-LCBIarea and total volume of the embolic lesion (B). There were significant differences in the 
number of new emboli (C) and total volume of emboli (D) between the groups with max-LCBI <500 and ≥500.

lesion-LCBI, A=0.85
plaque burden, A=0.50

max-LCBI at area, A=0.89
max-LCBI at MLA, A=0.91

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity

S
en

si
ti

vi
ty

Figure 3. Accuracy of max-LCBI and plaque burden to detect new 
ipsilateral emboli after CAS assessed using ROC curves. Pairwise 
comparisons show significantly greater AUC for max-LCBIMLA (red 
line), max-LCBIarea (blue line), and lesion-LCBI (black line) than 
plaque burden (grey line). AUC: area under the ROC curve; 
CAS: carotid artery stenting; ROC: receiver operating characteristic
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high LCP by NIRS and cerebral DWI-positive embolism in neuro-
protected CAS using a single-layer stent.

LIPID CORE OF PLAQUE ASSESSED BY NIRS AND CAS 
HIGH-RISK PLAQUE
The main concern during CAS is to avoid embolic infarct. 
Unlike CEA, CAS mechanically pushes plaque outwards, which 
could release plaque debris into the bloodstream. Therefore, pre-
cise evaluation of carotid plaque components is clinically impor-
tant to reduce ischaemic complications. In the present study, 
values for max-LCBIarea were significantly higher than those of 
max-LCBIMLA in all lesions, which indicates that the MLA is 
not always the site of the worst lipid-rich plaque characteristics. 
These results are consistent with previous reports12,17. IPH is one 
of the most dangerous features because it is significantly assoc-
iated with clinical ipsilateral cerebrovascular events. However, 
not all plaque with IPH is associated with embolism3,18. Indeed, 
MRI and several other techniques can detect and differenti-
ate LCP from IPH19,20. However, conventional MRI has limited 
ability to measure the volumes of these components. A catheter-
based NIRS system has recently been validated for the auto-
mated identification of LCP in coronary arteries21-24. Recent 
coronary studies have found that max-LCBI >400 determined 
by NIRS can accurately distinguish culprit from non-culprit 
segments within arteries of patients with ST-segment elevation 
myocardial infarction (MI)21. Percutaneous coronary interven-
tion of lesions with large and small (max-LCBI ≥500 and <500, 
respectively) lipid cores determined by NIRS is associated with 
50% and 4.2% risk, respectively, of periprocedural MI8,25. The 
detection of LCP by NIRS has been validated basically in ves-
sels with a diameter <3.5 mm, and the NIRS-IVUS technology 
had not been histologically validated in larger vessels; however, 
we have currently proved that max-LCBI assessed by NIRS 
showed a significant positive linear correlation with histological 
evaluations in carotid lesions14. Here, we found that a high LCP 
measured by NIRS is a crucial factor for defining increased risk 
of embolic infarct in CAS and that a max-LCBIarea ≥504 was the 
optimal cut-off for the risk of ipsilateral embolism. Our results 
are consistent with those of previous coronary studies. Although 
the closed-cell design carotid artery Wallstent was used in the 
present study, recent optical coherence tomography assess-
ments proved that the incidence of plaque prolapse of second-
generation stents was lower than that of standard closed-cell 
stents26,27. The incidence of plaque prolapse of the single-layer 
stents (including closed-cell) is substantial, and only signi-
ficantly reduced with two overlapped closed-cell stents26. The 
dual-layer carotid artery stent constitutes a second generation, 
where the MicroNet® mesh-covered stent (InspireMD, Tel Aviv, 
Israel) has demonstrated superiority versus the Roadsaver® stent 
(Terumo Corp., Tokyo, Japan)27. In contrast, an increased occu-
pation ratio of IPH is more closely associated with the develop-
ment of microembolic signals than the occupation ratio of LCP 
during CEA28,29. These results indicate that lipid-predominant 

plaque could be an embolic risk factor during CAS and that 
IPH-predominant plaque could be an embolic risk factor dur-
ing CEA. If high embolic risk could be considered by NIRS as 
a high LCP in the clinical context, mesh-covered or dual-layer 
carotid stents could be deployed30, double filtration devices 
could be applied, and treatment strategies could be changed 
from CAS to CEA.

LIPID CORE OF PLAQUE ASSESSED BY NIRS AND 
INTRAPLAQUE HAEMORRHAGE
Details can be found in Supplementary Appendix 2.

Limitations
The small sample assessed at a single institution limited the sta-
tistical power and might have introduced bias into patient selec-
tion, data collection, and clinical outcomes. Therefore, the present 
results cannot be translated directly into clinical decision making. 
The other limitation is the lack of analysis of embolism parameters 
including the mean, total volume of LCPs, the length of LCPs, and 
the lack of 30-day imaging analysis. Although plaque evaluation 
by catheter-based NIRS is a relatively invasive imaging technique, 
it could be an additional modality to discriminate LCP at high risk 
for cerebral embolism by diffusion-weighted imaging during CAS. 
Standard closed-cell stents were used with a distal filter embolic 
protection device in the present study; however, usage of second-
generation stents under flow reversal with Mo.Ma™ (Medtronic, 
Minneapolis, MN, USA) and transcarotid artery revascularisa-
tion (TCAR) could further reduce the incidence of new ipsilateral 
emboli31-33. Further work is needed to confirm whether optimised 
plaque insulation with new-generation (double-layer) carotid 
stents abolishes the association between the NIRS highly lipidic 
plaque characteristics and periprocedural cerebral embolism in 
neuroprotected CAS.

Conclusions
High LCP assessed by NIRS is associated with cerebral embolism 
by diffusion-weighted imaging in CAS.

Impact on daily practice
Large lipid core detected by NIRS was associated with an 
increased risk of cerebral embolism using a first-generation 
(single-layer) stent. This risk might be mitigated by selecting 
a second-generation (such as MicroNet-covered) carotid artery 
stent rather than a single-layer stent and strengthening the peri-
CAS hypolipidaemic and antithrombotic therapy.

Conflict of interest statement
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Supplementary data 

Supplementary Appendix 1. NIRS with IVUS assessment for carotid plaque 

There were no NIRS-IVUS related complications in the present study. Parameters associated with 

IVUS including MLA, plaque burden and calcification did not differ significantly; however, values 

for lesion-LCBI, max-LCBIMLA and max-LCBIarea were significantly higher in the new ipsilateral 

DWI positive group, than in the negative group (336.0±186.3 vs 124.0±123.2, 612.7±193.1 vs 

199.1±183.9 and 647.6±175.4 vs 273.0±173.0, respectively; p<0.001 for all) (Table 2). Values for 

max-LCBIarea were significantly higher than those of max-LCBIMLA in all lesions (397.9±47.8 vs 

338.1±270.5, respectively; p=0.036). Furthermore, the patients were equally divided (n=39 each) 

into three quantiles (Q1, 2 and 3; based on T1W-SIRMLA of MR plaque imaging and mean SIR of 

1.30 [0.95–1.66], 1.93 [1.68–2.15] and 2.82 [2.17–3.08], respectively). The frequency of new 

ipsilateral DWI positivity, number and total volume was significantly higher in Q2 than in Q1 and 

Q3. In contrast, the frequency of TOF high intensity was significantly higher in Q3 than in Q1 and 

Q2 (Supplementary Table 2). 

 

 

  



Supplementary Appendix 2. Lipid core of plaque assessed by NIRS and intraplaque 

haemorrhage 

Recent developments in MRI with high-contrast resolution have enabled non-invasive assessment of 

carotid plaque vulnerability34-36. IPH manifesting as a high-signal intensity ratio is closely associated 

with ischaemic events in symptomatic patients37,38; however, IPH was not a significant risk factor for 

cerebral embolism during CAS in patients with severe carotid stenosis9. Therefore, we found 

significantly high max-LCBI in Q2, which also had a significantly high frequency of new ipsilateral 

DWI positivity compared with Q1 and Q3. Recent non-gated T1-weighted plaque MRI has indicated 

that the median (range) contrast ratios among carotid plaques comprising mainly fibrous tissue, or 

lipid/necrosis and haemorrhage were 0.97 (0.54–1.17), 1.27 (1.16–1.53) and 1.99 (1.40–2.29), 

respectively, with a small overlap and high sensitivity and specificity20,39. The present results are 

consistent with these findings. We presumed that the low LCBI in the low (Q1) and high (Q3) T1W-

SIR ranges was due to a high ratio of fibrous tissue, and to high ratios of IPH, respectively. These 

results are consistent with a previous report that IPH was not a significant risk factor for cerebral 

embolism during CAS9. Moreover, ROC curve analyses indicated that max-LCBI determined by 

NIRS could effectively distinguish patients with postoperative new ipsilateral DWI positivity with 

high sensitivity and specificity. These results still indicate that high LCP is a crucial risk factor 

involved in embolic infarct by diffusion-weighted imaging during CAS, whereas IPH is not. 

 

 

  



 

Supplementary Table 1. Carotid artery stenting and clinical outcomes. 

 

                                                                      No. of patients (%) 

Variable                         DWI positive (n=39)      DWI negative (n=78)   

                           

CAS procedure 

   Filter EPD                                   39 (100%)                       78 (100%)   

   with flow reversal*                     12 (31%)                         20 (26%)   

   post-MLA (mm2)                        9.7±4.4                         10.1±3.7 

Procedural events 

Slow flow                                     3 (8%)                            0 (0%)   

Ipsilateral ischaemic events           2 (5%)                            0 (0%)   

Contralateral ischaemic events      0 (0%)                             0 (0%)   

Haemorrhagic events                     0 (0%)                             0 (0%)   

  Clinical outcomes 

    Ipsilateral stroke (<7 days)           4 (10%)                           0 (0%) 

    Contralateral stroke (<7 days)      0 (0%)                             0 (0%) 

    Ipsilateral stroke (<30 days)         4 (10%)                           0 (0%) 

    Contralateral stroke (<30 days)    0 (0%)                             0 (0%) 

    Cardiovascular events                  0 (0%)                             0 (0%)   

    MACCE                                       3 (8%)                             0 (0%) 

    DSM                                             0 (0%)                             0 (0%) 

 

CAS: carotid artery stenting; DSM: disease specific mortality; DWI: diffusion weighted image; EPD: embolic 

protection device; MACCE: major adverse cardiac and cerebrovascular events; Post-MLA: minimal lumen area after 

balloon post-dilatation. *Flow reversal was applied only initially crossing the stenotic lesion over 95%.  

 

 

  



 

Supplementary Table 2. Lesion characteristics and DWI positivity among three quantiles (n=39 each). 

                                                                 No. of patients (%) 

Variable                Quantile 1 (n=39)     Quantile 2 (n=39)      Quantile 3 (n=39)        p-value                          

                                        

Lesion characteristics 

   Symptomatic lesion            16 (41%)               30 (77%)                    23 (59%)                    0.006* 

   Lesion side (left)               18 (46%)               21 (54%)                     22 (56%)                   0.641 

   Degree of stenosis (%)       85.1±11.1               86.1±10.7                   82.8±12.2                  0.423 

NIRS measurement 

   LCBIlesion                             116.8±122.9         375.0±176.5            109.5±93.3              <0.001* 

   Max-LCBIMLA                     222.2±204.3         591.1±234.6            196.8±175.1            <0.001* 

   Max-LCBIarea                       299.2±218.6         625.9±195.4            277.9±153.3            <0.001* 

IVUS measurement                  

   MLA (mm2)                       5.9±3.4                  5.8±5.1                     7.2±5.4                    0.264 

   Plaque burden (%)            82.6±10.5               83.3±10.4                 81.7±9.2                  0.559 

   Calcification                      23 (59%)                 24 (62%)                   23 (59%)                    0.965 

MRI plaque imaging 

   T1W-SIRMLA                     1.3 ± 0.2                  1.9 ± 0.2                    2.8±0.3                  <0.001* 

   T1W-SIRarea                       1.5±0.4                  2.2 ± 0.4                    2.7± 0.6                 <0.001* 

   TOF high intensity             9 (23%)                   18 (46%)                  31 (79%)                 <0.001* 

MRI DWI bright lesion 

   Positivity                            4 (10%)                  27 (69%)                     8 (21%)                   <0.001* 

   Number                              0.4 ± 1.3                 7.1 ± 13.6                  1.2±3.4                    <0.001* 

   Maximum size (mm3)        0.1 ± 0.7                 9.5 ± 18.3                  0.4±1.2                    <0.001* 

   Total volume (mm3)           0.4 ± 1.7                24.0 ± 44.0                 1.5±4.5                    <0.001* 

 

CAS: carotid artery stenting; DWI: diffusion weighted imaging ; LCBI; lipid core burden index; MLA; minimal lesion 

area; T1W-SIR: T1-weighted image of signal intensity ratio ; TOF: time of flight; *: p<0.05 

  



 

Supplementary Table 3. Logistic regression analysis for factors related to DWI-positive embolism. 

 

                         Univariate                                            Multivariate 

                                     p-value     OR (95% CI)                      p-value     OR (95% CI) 

                                        

Age (>75)               0.625       0.821 (0.373-1.808)               -                 - 

 Females                   0.541        1.437 (0.426-4.843)               -                 - 

Hypertension           0.056       0.450 (0.182-1.111)                -                 - 

Diabetes                  0.167        0.597 (0.275-1.296)               -                  -. 

Current smoker       0.860        1.000 (0.317-3.157)               -                  - 

CKD                        0.943        1.000 (0.463-2.162)               -                  - 

ARBs                       0.106        0.508 (0.228-1.134)               -                  - 

PPIs                         0.106         0.803 (0.143-1.039)              -                  - 

Symptomatic           0.030*       2.368 (1.051-5.335)             -                  - 

Severe stenosis        0.130         1.765 (0.812-3.835)             -                  - 

Calcification            0.625         0.805 (0.366-1.770)             -                  - 

High LCP              <0.001*      12.708 (5.033-32.089)       <0.001*      33.34 (8.68-128.03) 

 

ARBs: angiotensin receptor blockers; CKD: chronic kidney disease; LCP: lipid core plaque; PPIs: proton pump 

inhibitors. High LCP cut off values were 504 of max-LCBIMLA defined by receiver operating characteristic curve 

analysis for DWI-positive embolism. *: p<0.05, 
 


