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Most atherosclerotic plaques (APs) form in typical predilection areas of low endothe-
lial shear stress (ESS). On the contrary, previous data hinted that plaques rupture in
their proximal parts where accelerated blood flow causes high ESS. It was postulated
that high ESS plays an important role in the latter stages of AP formation and in its
destabilization. Here, we used near-infrared spectroscopy (NIRS) to analyse the dis-
tribution of lipid core based on the presumed exposure to ESS. A total of 117 carotid
arteries were evaluated using NIRS and intravascular ultrasound (IVUS) prior to ca-
rotid artery stenting. The point of minimal luminal area (MLA) was determined using
IVUS. A stepwise analysis of the presence of lipid core was then performed using
NIRS. The lipid core presence was quantified as the lipid core burden index (LCBI)
within 2mm wide segments both proximally and distally to the MLA. The analysed
vessel was then divided into three 20mm long thirds (proximal, middle, and distal)
for further analysis. The maximal value of LCBI (231.96 245.7) was noted in the seg-
ment localized just 2mm proximally to MLA. The mean LCBI in the middle third was
significantly higher than both the proximal (121.46 185.6 vs. 47.06 96.5, P< 0.01)
and distal regions (121.46 185.6 vs. 32.46 89.6, P< 0.01). Lipid core was more
common in the proximal region when compared with the distal region (mean LCBI
47.06 96.5 vs. 32.46 89.6, P< 0.01).

Introduction

Atherosclerosis is a systemic disease that develops when
endothelia are exposed to its common risk factors that are
distributed uniformly throughout the blood stream.1 It is
also clear that despite this obvious and well-established
fact, atherosclerotic plaques (APs) have a tendency to de-
velop focally in specific predilection areas.1 These typically
include arterial bends and bifurcations.2 This phenomenon
is commonly explained by the direct hemodynamic effect
of blood flow disturbances on endothelial cells, which can
be expressed as the endothelial shear stress (ESS).2 This is

defined as the frictional force exerted by the blood flow
relative to the area of the endothelium.3,4

Research in the past decades established ESS as an inde-
pendent atherosclerotic risk factor.5

It is known that the exposure of endothelial cells to low
ESS leads to a number of epigenetic modifications, which
trigger changes that are important in the early stages of
atherosclerosis.6–9 Conversely, high ESS has been linked to
plaque destabilization in the latter stages of AP develop-
ment.2,4,10 It is known that plaque ruptures occur more of-
ten in the areas of high ESS.11 In vivo imaging previously
revealed an association between high ESS and signs of pla-
que vulnerability.12–16 Recently, a study proved an associa-
tion between the magnitude of ESS and the progression of
coronary AP lipid content as detected by near-infrared
spectroscopy (NIRS).17 We thus decided to perform a NIRS

*Corresponding author. Tel: þ420 224434901, Fax: þ420 224434920,
Email: martin@horvath.cz

Published on behalf of the European Society of Cardiology. VC The Author(s) 2020.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

European Heart Journal Supplements (2020) 22 (Supplement F), F38–F43
The Heart of the Matter
doi:10.1093/eurheartj/suaa097



analysis of the lipid core distribution in carotid artery pla-
ques based on the presumed exposure to ESS.

Material and methods

Study design and population
This is a single-centre study in patients that were enrolled
to the previously published registry of patients that under-
went NIRS-guided carotid artery stenting (CAS).18,19 The
registry included consecutive patients that were scheduled
for CAS due to either a symptomatic (more than 50% in a
patient with a history of transient ischaemic attack or
stroke in the previous 6months) or asymptomatic (more
than 70%) stenosis of the internal carotid artery (ICA) on
non-invasive imaging. This was confirmed by invasive angi-
ography prior to NIRS imaging in all cases. Every patient in-
cluded in the study was �18years old and had been
considered eligible for CAS. Patients were excluded if they
had renal insufficiency (estimated glomerular filtration
rate � 30mL/min/1.73 m2), severe heart failure, active
bleeding, intracranial bleeding, computed tomography, or
angiographic evidence of intraluminal thrombus in the
common carotid artery or ICA. Angiographic exclusion cri-
teria were lesions with angiographic string sign or near-
occlusion and where carotid anatomy was considered high
risk for NIRS-intravascular ultrasound (IVUS) imaging (e.g.
severe tortuosity of the common or ICA, Type III aortic
arch).18,19 The study protocol was approved by
Institutional Review Board and Ethical Committee (Motol
University Hospital EK-755/14). All patients provided a
written informed consent.

Procedure and image acquisition
All CAS procedures were performed in a single centre
according to a protocol that was described previously.18–25

The use of an embolic protection device with either distal
protection [Emboshield NAV6 (Abbott Vascular, Redwood
City, CA, USA)], or proximal protection [Mo.Ma (Invatec,
Roncadelle, Italy)] was mandatory prior to the NIRS imag-
ing. The choice of the protection device was based on the
decision of an experienced operator. The intravascular im-
aging was performed after the initial angiography with the
3.2 F TVC-Catheter (Infraredx Burlington, MA, USA) which
combines both NIRS and IVUS. All NIRS-IVUS images were
obtained prior to CAS. The catheter was advanced over
001400 guidewire 30mm distal to the lesion and start posi-
tion was recorded with fluoroscopy and contrast injection.
A 60mm long automated pullback at the speed of 0.5mm/s
was then performed.

Definitions and data analysis
All NIRS-IVUS data acquired during the imaging procedure
were stored in the Digital Imaging and Communications in
Medicine (DICOM) format for a subsequent off-line analysis
using the dedicated QIvus post-processing software (Medis,
Leiden, the Netherlands). A semi-automatic analysis of the
greyscale IVUS data was performed using this software. In
each patient, the contours of the lumen and external elas-
tic membrane (EEM) were identified. This allowed us to
perform the basic IVUS measurements, which included the

plaque burden, vessel area, and luminal area. Minimal lu-
minal area (MLA) was defined as the IVUS frame in which
the area of the lumen was the smallest.
The results of NIRS were presented simultaneously with

the IVUS data as a colour-coded probability map of lipid
presence, which is called NIRS chemogram. The map
depicts the probability of lipid presence based on NIRS data
on a scale from dark red to light yellow for the NIRS-
derived lipid core plaque (LCP) (probability of lipid pres-
ence exceeding 0.6). The amount of lipids is quantified as
the lipid core burden index (LCBI), which is a unitless mea-
sure defined as the fraction of yellow pixels on the chemo-
grammultiplied by 1000.18,23,26,27

During the actual analysis, we first identified the site of
the MLA. This acted as a reference point fromwhich a step-
wise analysis of the NIRS data was performed in both direc-
tions. The LCBI was determined within 2mm wide
segments. The analysed vessel was then divided into three
20mm long thirds (proximal, middle, and distal) for further
analysis. The reason for that was that the proximal and
middle parts of the plaque are exposed to higher ESS.28,29

No quantification of the ESS was performed in the study.

Statistical analysis
Continuous variables are presented as mean 6 standard
deviation, and discrete data are presented as absolute
numbers (%). Student’s t-test was used as appropriate for
the comparison between the regions. Statistical signifi-
cance was set at the two-tailed 0.05 level. GraphPad prism
6 (GraphPad Software, La Jolla, CA, USA) was used for the
computations.

Results

Baseline characteristics
A total of 117 patients were enrolled in our study
(67.16 8.3 years, 68% men). There was a high prevalence
of the conventional atherosclerotic risk factors (Table 1).
Eighteen of these patients (15.4%) had a symptomatic

Table 1 Here, we provide the baseline characteristics of
our study population

Number of patients, N 117

Males, n/N (%) 78/117 (68)
Age (years), mean 6 SD 67.1 6 8.3
BMI (kg/m2), mean 6 SD 28.1 6 4.1
Symptomatic stenoses, n/N (%) 18/117 (15)
Arterial hypertension, n/N (%) 103/117 (88)
Ischaemic heart disease, n/N (%) 56/117 (43)
Smoking, n/N (%) 43/117 (37)
Diabetes mellitus, n/N (%) 40/117 (34)
Hs-CRP (mg/L), mean 6 SD 2.89 6 2.29
Creatinin (lmol/L), mean 6 SD 85.5 6 26.0
Total cholesterol (mmol/L), mean 6 SD 4.36 6 0.93
LDL cholesterol (mmol/L), mean 6 SD 2.47 6 0.85

CRP, C-reactive protein; LDL, low-density lipoprotein; n, number of
patients; N, total number of patients enrolled; SD, standard
deviation.
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stenosis, all other patients were asymptomatic (84.6%).
Distal embolic protection device was used in 104 (88.9%) of
the patients, while proximal embolic protection was used
in 23 (20.5%) patients. A combination of both devices was
utilized in 11 patients (9.4%). One (0.9%) peri-procedural
transient ischaemic attack occurred during the stenting
procedure. Baseline characteristics of the study population
are summarized in Table 1.

Near-infrared spectroscopy and intravascular
ultrasound analysis
The area of MLA was detectable in all patients. Near-
infrared spectroscopy chemograms were evaluable in all
117 cases. The highest mean value of LCBI (231.96 245.7)
was noted in the segment localized just 2mm proximally to
MLA (see Figures 1A and 2). The mean LCBI in the middle

third was significantly higher than both the proximal (mean
LCBI 121.46 185.6 vs. 47.06 96.5, P< 0.01) and distal
regions (mean LCBI 121.46 185.6 vs. 32.46 89.6,
P< 0.01). Near-infrared spectroscopy-derived LCP was
more common in the proximal region when compared with
the distal region (mean LCBI 47.06 96.5 vs. 32.46 89.6,
P< 0.01). These results are summarized in Figure 1B–D.

Discussion

The principle findings of the study may be summarized as
follows: (i) lipids were most often detectable around the
maximum of the carotid stenosis and (ii) the NIRS-derived
LCP was detected more commonly in the proximal parts of
the carotid APwhen comparedwith the distal tertile.

Figure 1 The maximal value of lipid core burden index (231.96 245.7) was noted in the segment localized just 2mm proximally to minimal luminal
area (A). The mean lipid core burden index in the middle third was significantly higher (mean lipid core burden index 121.46 185.6 vs. 46.976 96.52,
P< 0.01) when compared with the proximal tertile (B). Similarly, when comparing lipid core burden index in the distal and middle thirds (mean lipid core
burden index 32.446 89.61 vs. 121.46 185.6, P< 0.01), we found a statistically significant difference (D). (C) The statistically significant difference be-
tween near-infrared spectroscopy-derived lipid core plaque in the proximal region when compared with the distal one (mean lipid core burden index
46.976 96.52 vs. 32.446 89.61, P< 0.01).
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These observations may potentially be explained by the
influence of ESS. Research in the past decades established
ESS as an independent atherosclerotic risk factor.5 It is
known that the exposure of endothelial cells to low ESS
leads to a number of epigenetic modifications, which trig-
ger changes in their physiology due to altered protein ex-
pression.6–9 Endothelia that are exposed to ESS disturbance
in animal models tend to express different surface mole-
cules, which leads to modifications in their shape, perme-
ability, the ability to bind different molecules such as low-
density lipoprotein particles and the expression of inflam-
matory cell receptors.2,6,30–33 This translates into lipid de-
position, increase in oxidative stress and activation of
inflammatory pathways.6,12 All of these undesirable
changes are important in the early stages of AP
development.2

High ESS has been linked to plaque destabilization in the
latter stages of AP development.2,4,10 Although the patho-
physiology behind this phenomenon is not yet fully under-
stood, we have quite a lot of insight from both basic
science and clinical research.11–17,33–38 An increase in nitric
oxide synthase expression has been described in an animal
carotid artery cross-clamp model of high ESS.34–37 One of
its consequences is over-expression of matrix metallopro-
teinases.34–37 Moreover, high ESS causes overexpression of
plasmin and transforming growth factor beta.38 These
changes lead to undesirable alterations to the composition
of extracellular matrix and ultimately to its gradual degra-
dation.38 Another outcome of nitric oxide over-production
is the macrophage mediated apoptosis of smooth-muscle
cells.38 This participates on the formation of necrotic core
within AP and changes that may ultimately lead to its rup-
ture.38 Indeed, it has been observed that atherosclerotic
plaque ruptures occur most frequently in the areas of high
ESS.11,13 In vivo imaging studies with IVUS and optical co-
herence tomography found the presence of various signs of
vulnerability in the proximal parts of coronary plaques.12,30

When paired with three-dimensional arterial reconstruc-
tion and ESS assessment by computational fluid dynamics
the imaging proved that signs of vulnerability are more of-
ten found in the high ESS regions.12–16 Recently, a similar
finding has also been described in a prospective study using
the NIRS-IVUS catheter in the coronary arteries.17 Here the

authors found an association between the magnitude of
baseline ESS and the progression of LCBI leading to the de-
velopment of lipid-rich plaque at follow-up.17 We hypothe-
size, based on these findings, that our observations can be
explained by the distribution of ESS in the carotid AP.39–41

To our knowledge, this study is the first to investigate
the spatial distribution of NIRS-derived LCP in the carotid
arteries. Near-infrared spectroscopy is a technique that
has been intentionally developed for the identification of
lipid cores within AP through determination of their chemi-
cal composition based on the different absorbance of the
near-infrared spectra.42,43 This presumably makes it an op-
timal tool for the evaluation of plaque vulnerability. Most
of the previously published NIRS research focused on the
coronary arteries, where the catheter has been validated
against autopsy specimens.26,44 It was proven that high
NIRS-derived LCBI predicts lesions that cause acute coro-
nary syndromes.45–48 Different reports found an association
between baseline LCBI and future coronary events.46,49–52

In light of these findings and the abovementioned associa-
tion between the magnitude of ESS and local progression of
LCBI we believe that the observation of NIRS-derived LCPs
in the proximal parts of AP might be translatable into clini-
cal events. A less invasive estimation of ESS might possibly
help with the choice between optimal medical therapy and
invasive treatment. The information about the localization
of lipid core might help with the fine-tuning of CAS proce-
dures in order to cover the whole lesion and to prevent dis-
tal embolization in a manner that was described in the
coronary arteries.53,54 However, these are only hypotheses
that are currently not supported by any scientific evidence.
No prospective study using NIRS imaging has been published
in the carotid artery research to date.
Our team previously documented the safety and feasibil-

ity of NIRS imaging in the carotid arteries.21 We docu-
mented that LCBI decreases during CAS, which might be
attributable to the distal embolization of LCPs as was docu-
mented in a case report.19,55 This leads us to believe that
NIRS can truly detect LCPs in the carotid arteries despite
their larger diameter when compared with coronary arter-
ies. However, the absence of a validation of the NIRS cathe-
ter for larger vessels is an important limitation to consider
when interpreting our results. A possible explanation for
the high detection of lipids around the maximum of steno-
ses may solely be its better detection due to a smaller dis-
tance between the probe and the vessel wall.
Nevertheless, this alone would not explain the fact that
LCPs were more often detected in the proximal parts
where the average arterial caliber is largest.
This study has several limitations. The most obvious one

is the lack of ESS quantification. We assessed our data ret-
rospectively from the previously mentioned registry, which
means that we were not able to obtain the data needed for
computational fluid dynamics reconstruction. The poten-
tial association between our observation and ESS thus
remains to be further tested. Other limitations include the
observational design and the relatively small study sample.
This did not allow us to reliably verify whether the observa-
tions translate into any clinically relevant outcomes. The
study should therefore be viewed as a pilot project aiming
to generate hypotheses for further research.

Figure 2 To better illustrate our results, we provide the reader with an
artificially created chemogram, which depicts the mean lipid core burden
index in individual arterial segments. The chemogram is the basic output
of near-infrared spectroscopy. Yellow colour indicates the presence and
location of lipids in the lesion. The x-axis represents the distance of the
pullback within the artery, whereas the y-axis signifies rotation of the im-
aging probe from 0� to 360�.

Carotid artery plaque composition and distribution F41



Conclusion

In patients with significant carotid artery disease, lipid
core is more frequent in areas located proximally to the
maximum of stenosis.
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