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rich plaques in human coronary arteries:

1,3

Low wall shear stress (WSS) is acknowledged to play a role in plaque development through its influence on local endothelial func-
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tion. Also, lipid-rich plaques (LRPs) are associated with endothelial dysfunction. However, little is known about the interplay =

between WSS and the presence of lipids with respect to plaque progression. Therefore, we aimed to study the differences in ©

6

WSS-related plaque progression between LRPs, non-LRPs, or plaque-free regions in human coronary arteries.

In the present single-centre, prospective study, 40 patients who presented with an acute coronary syndrome successfully under-
went near-infrared spectroscopy intravascular ultrasound (NIRS-IVUS) and optical coherence tomography (OCT) of at least one &
non-culprit vessel at baseline and completed a 1-year follow-up. WSS was computed applying computational fluid dynamics to a %
three-dimensional reconstruction of the coronary artery based on the fusion of the [VUS-segmented lumen with a CT-derived &
centreline, using invasive flow measurements as boundary conditions. For data analysis, each artery was divided into 1.5 mm/45° sec- =
tors. Plague growth based on IVUS-derived percentage atheroma volume change was compared between LRPs, non-LRPs, and pla-
que-free wall segments, as assessed by both OCT and NIRS. Both NIRS- and OCT-detected lipid-rich sectors showed a significantly ©
higher plaque progression than non-LRPs or plaque-free regions. Exposure to low WSS was associated with a higher plaque progres-
sion than exposure to mid or high WSS, even in the regions classified as a plaque-free wall. Furthermore, low WSS and the presence of
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lipids had a synergistic effect on plaque growth, resulting in the highest plaque progression in lipid-rich regions exposed to low shear &
o

stress. S
N

......................................................................................................................................................................... N

This study demonstrates that NIRS- and OCT-detected lipid-rich regions exposed to low WSS are subject to enhanced plaque !
growth over a 1-year follow-up. The presence of lipids and low WSS proves to have a synergistic effect on plaque growth.
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Graphical Abstract

Multimodality (intra)vascular imaging based 3D reconstruction of human coronary arteries
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1. Introduction

Coronary atherosclerosis is a lipid-driven inflammatory disease and the
most common cause of ischaemic heart disease.” In the last few decades,
it has been well established that blood flow—induced wall shear stress
(WSS) plays a crucial role in the process of plaque initiation, because
low WSS is responsible for local regions of endothelial dysfunction.>™ In
these regions, lipids infiltrate the vessel wall, eventually resulting in athero-
sclerotic plaques.” In turn, lipids inside the plaque have been proved to in-
fluence local inflammation and thereby stimulate further plaque
progression.® Interestingly, lipids in the vessel wall as detected by near-
infrared spectroscopy (NIRS) have also been related to endothelial dys-
function in the coronary arteries, independent of the plaque burden.”
Despite expanding knowledge on the individual roles of WSS and plaque
composition (e.g. lipid-rich) on plaque growth, little is known about their
interplay and the combined effect on plaque progression. The effect that

low WSS has on plaque progression via endothelial dysfunction might be
enhanced by an inflamed environment of lipid-rich plaques (LRPs) and
the related endothelial dysfunction. We hypothesize that regions with
endothelial dysfunction due to both low WSS and inflammation, which is
caused by local lipid infiltration, are most susceptible to plaque progression.
The latter could be of particular interest since progression has been de-
monstrated to precede plaque rupture and subsequent events.®

At present, several intravascular imaging modalities are available to visu-
alize these LRPs in vivo.”'® Currently, there are several devices available in
the clinic that can visualize plaque volume and/or plaque components.
Among them, optical coherence tomography (OCT) is a high-resolution
imaging technique able to visualize different layers of a healthy vessel
wall and lipids within the vessel wall. However, it lacks enough penetration
depth to assess plaque volumes."" The introduction of dual-sensor NIRS
intravascular ultrasound (NIRS-IVUS) allowed simultaneous assessment
and thus a co-localization of lipids and plaque volume.'? By combining these
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intravascular imaging techniques with computational fluid dynamics (CFD)
to compute WSS, the interplay between WSS and LRP can be investigated.

The present study uses serial multimodality imaging, three-dimensional
(3D)-vessel reconstruction, and CFD to investigate the interaction be-
tween WSS and intra-plaque lipids on plaque progression in human coron-
ary arteries.

2. Methods

2.1 Patient inclusion

The IMPACT study was a prospective, single-centre, serial multimodality im-
aging study designed to evaluate the association between biomechanical para-
meters and the natural history of atherosclerotic disease in non-stented
coronary arteries. Haemodynamically stable patients with an acute coronary
syndrome (ACS), who had at least one non-stented non-culprit coronary ves-
sel accessible with intracoronary imaging catheters and a Doppler velocity
wire, were eligible for enrolment. Patients were treated according to the clin-
ical guidelines and discharged on dual-antiplatelet therapy and high-intensity
lipid-lowering therapy (rosuvastatin >20 mg, atorvastatin >40 mg, or the
PCSK9-inhibitor). The most important exclusion criteria were previous cor-
onary artery bypass graft surgery, three-vessel disease, impaired renal function
(creatinine clearing <50 mL/min), left ventricular ejection fraction <30%, and
atrial fibrillation. Written informed consent was obtained from all patients.
The study protocol was approved by the local medical ethics committee of
the Erasmus MC (MED2015-535, NL54519.078.15) and registered
(ISCRTN: 43170100). The IMPACT study was conducted in accordance
with the World Medical Association Declaration of Helsinki (64th WMA
General Assembly, Fortaleza Brazil, October 2013) and Medical Research in-
volving the human subject act (WMO).

2.2 Clinical data acquisition

After successful percutaneous coronary intervention (PCl) of the culprit
lesions, a non-culprit artery segment with a minimum of 30 mm of length
and two readily identifiable side branches (diameter >1.5 mm) was se-
lected as the study segment. An NIRS-IVUS catheter (TVC Insight
Coronary Imaging Catheter, InfraRedX, Burlington, MA, USA) was ad-
vanced and positioned distally from the distal side branch. An automated
pullback (0.5 mm/s) was performed. Subsequently, an OCT catheter
(Dragonfly Optis Imaging Catheter, St Jude Medical, St Paul, MN, USA)
was positioned at the same anatomical location as the NIRS-IVUS catheter,
and an automated pullback (36 mm/s) was performed. Finally, invasive local
flow measurements were performed using a ComboWire (Phillips
Volcano, Zaventem, Belgium) at different locations between the side
branches throughout the study segment to assess the flow distribution.
This invasive imaging protocol was repeated at a 1-year follow-up. In add-
ition, 1 month after the index procedure, the patients visited the outpatient
clinic to undergo a coronary computed tomography angiogram (CCTA)
according to a standard prospectively electrocardiogram-triggered clinical
protocol [SOMATOM Force (3rd generation dual-source CT scanner),
Siemens Healthineers, Germany].

2.3 Invasive imaging analysis

Data were anonymized and analysed offline. Analyses of both IVUS and
OCT data were performed using QCU-CMS software (version 4.69,
LKEB, Division of image processing, LUMC, Leiden, The Netherlands)
blinded for the other invasive imaging. IVUS images were gated using an in-
house developed MATLAB (V.2017B, Mathworks Inc.,, USA) algorithm,
generating one IVUS frame in every end-diastolic phase of the cardiac cycle
to correct for variations in lumen and vessel size due to cardiac contrac-
tion. Lumen and external elastic membrane (EEM) contours were semi-
automatically delineated and segmented. An intra-observer analysis was
performed in a random sample of 5 IVUS pullbacks (748 frames) with at
least a 2-month interval. A good reproducibility of the EEM area, lumen
area, and plaque area was found [0.996 (95% confidence interval, Cl
0.996-0.997), 0.983 (95% CI 0.963-0.990), and 0.958 (95% CI 0.939-

0.970)]. In the IVUS frames, calcium was identified as a bright signal with
echo lucent shadow. Calcium angles were segmented with the protractor
in the centre of the lumen. For each degree in an NIRS-IVUS frame, the
NIRS signal was analysed and was NIRS-positive if the signal had a high
probability (>0.6) for the presence of lipids. The Lipid Core Burden
Index (LCBI) (area positive for NIRS signal/total area x 100) was calculated
for each vessel. Regions with the highest lipid content per 4 mm
(maxLCBI4mm) were identified for vessel characterization.'*'* OCT
images were analysed every millimetre (one out of five frames) according
to the consensus standard."” Lumen contours were segmented, and plaque
components visible on OCT were manually segmented by drawing angles
from the centre of the lumen. In detail, a LRP was defined as an inhomo-
geneous signal on OCT, with a drop in attenuation and no visible EEM.
A lipid pool was identified in the case of an overlying signal-rich cap struc-
ture with a sudden drop of the signal and classified as a fibrous cap ather-
oma (FCA). A fibrous plague was defined as a relatively homogeneous =
signal on the OCT and identifiable EEM (intima-media thickness 3
>0.5 mm). A plaque-free wall was defined as a healthy wall with a visible =
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three-layered structure with an intima-media thickness <0.5 mm. -ﬁ
&
Q
2.4 3D-reconstruction and CFD 8
By fusing the 3D spatial information of the coronary vessel centreline seg- g

mented from the CCTA and the lumen contours extracted from the IVUS, ©
a 3D reconstruction was made in MeVisLab (MeVis Medical Solutions AG, 2
Bremen, Germany). The two imaging modalities were matched using large S

side branches as landmarks, both in the longitudinal and in the rotational 3\)
directions. For subsequent CFD, reliable inlet and outlets were needed. &
Therefore, the regions proximal and distal to the IVUS-derived region ofg
interest (ROI), as well as side branches (>1.5 mm), were segmented on &
the CCTA and scaled and fused with the 3D reconstruction''® 2
(Figure 1A). For the final analysis, only the IVUS-derived ROl was consid- ©
ered. CFD analyses were used to obtain the local WSS according to a pre- &'

viously described methodology."” In brief, a time-dependent CFD g
simulation was performed in each reconstructed 3D geometry, assuming ©
blood as an incompressible, non-Newtonian fluid, and modelled using
the Carreau fluid model (Fluent, v.17.1, ANSYS Inc.). The vessel lumen 3
was considered rigid and subjected to a no-slip condition. For the CFD si-
mulations, in- and outflow boundary conditions were derived from intra-
vascular Doppler measurements. The quality was examined in alp
consensus meeting of experts (AMK, EMJ.H, FJH.G, and ]J.W.) based 2
on the flow signal’s quality, repeatability, and consistency. For the inflow =
boundary condition of the time-dependent CFD simulation, a flat velocity ©
profile was applied with a time-dependent waveform derived from the 3
most proximal flow measurement of good quality. Furthermore, for the O
outflow boundary conditions, the flow distribution through the side 8
branches was calculated based on the intravascular flow measurements g
at different locations in the coronary artery. A previously described scaling &
law was used for regions with no reliable flow measurements to determine o
the flow ratio between the main and the side branches."®
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2.5 Data analysis
By using side branches as landmarks, both the analysed OCT data and the 5
segmented IVUS follow-up contours were matched to the IVUS baseline Iy
pullback. Matching was performed in both longitudinal and circumferential 'Y
directions. All matched and analysed data were mapped and interpolated on
the IVUS-based ROI on the 3D-mesh geometry using VMTK (Orobix,
Bergamo, Italy) and MATLAB (v2017b, Mathworks Inc., Natick, MA,
USA) (Figure 1A). For further analyses, the 3D ROls were converted into
a two-dimensional (2D) map by folding the vessel open in a longitudinal dir-
ection (Figure 1B). The arteries were splitinto 1.5 mm segments and divided
into 45° sectors (Figure 1B). All continuous data were averaged per sector.
Plaque was expressed as per cent atheroma volume (PAV) (plaque area vol-
ume/total vessel area volume X 100). For each vessel, the cardiac-cycle aver-
aged WSS was divided into vessel-specific tertiles (low, mid, and high),
assigning one-third of the sectors in the vessel as exposed to low, mid, or
high WSS. Furthermore, since calcium hampers visualization of the EEM,
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in calcium positive locations, any wall thickness and therefore PAV estima-
tion was not possible. All sectors containing an [IVUS-derived calcium angle
of more than 90° were excluded from all PAV analyses."® A sector was con-
sidered NIRS-positive when at least 50% of a sector was NIRS-positive
(>0.6 probability of the presence of lipids). NIRS data were divided into
three groups: (i) NIRS-positive sectors, (i) NIRS-negative plaque sectors
(wall thickness >0.5 mm), and (i) NIRS-negative plaque-free wall sectors
(wall thickness <0.5 mm), that is, an NIRS-IVUS-based plaque-free vessel
wall (IVUS-PFW). For the OCT-derived plaque classification, a sector
was assigned to a group when at least 50% of that sector consisted of an
OCT-derived vessel wall feature (FCA, lipid-rich, fibrous, PFW). Since
FCA (28/7851 sectors) were scarce, no dedicated statistical analysis was
performed, and the sectors classified as FCA were pooled together with
the sectors classified as lipid-rich. As such, based on OCT imaging, all sectors
were stratified using three categories: (i) LRPs, (ii) fibrous plaques, and (iii)
plaque-free wall (OCT-PFW).

2.6 Statistical analysis

Normally distributed data were presented as mean standard deviation, and
significance was tested using Student’s t-test or ANOVA. Non-normally
distributed data were reported as medians (inter-quartile range), and the
statistical difference was determined by using the Mann—Whitney U test.

A statistical analysis of plaque burden changes (follow-up baseline) was per-
formed using linear mixed models with WSS tertiles (low, mid, high) and OCT
and NIRS plaque phenotypes of the sectors as fixed factors. The individual ves-
sel was added to the model as a random factor using an unstructured covari-
ance and correlation matrix to take random effects and correlations of the
sectors within the individual vessels into account. Since high-intensity
lipid-lowering therapy has shown to impact plaque progression and when con-
sidering the low compliance of high-intensity lipid-lowering therapy in daily
practice,*> > we compared the PAV of patients who remained treated
with high-intensity lowering therapy after 1 year with patients on low- or
moderate-intensity lipid-lowering therapy. All statistical tests for PAV change
were adjusted for baseline PAV since plaques with different phenotypes might
present with different plaque sizes at baseline. All the results on plaque pro-
gression presented in this study are estimated means of the delta PAV, and
a95% CI. P<0.05 was considered statistically significant.

3. Results

Between March 2016 and March 2018, a total of 53 patients were enrolled
in the study. Four patients withdrew consent at the 1-month follow-up,
and eight patients withdrew at the 1-year invasive imaging procedure. In
one patient, there was no possibility of matching between computed tom-
ography and invasive imaging data. As a result, a total of 40 patients with
ACS underwent NIRS-IVUS and OCT assessment of a non-culprit coron-
ary artery after successful treatment of the culprit lesion both at baseline
and at a 12-month follow-up, and after excluding one patient due to insuf-
ficient quality NIRS data and two patients due to a non-analysable OCT. A
complete OCT, serial NIRS-IVUS, and CCTA dataset was available on 37
patients (38 vessels). Consequently, 3D lumen geometries for CFD ana-
lyses were created and intravascular imaging data were analysed and
matched for 38 vessels. The patient characteristics are given in Table 1.
The mean age was 60 + 8.8, 92% were male, 46% of the patients were sta-
tin naive at the time of enrolment, and 51% were on high-intensity
lipid-lowering therapy at 1-year follow-up.

3.1 Baseline imaging characteristics

The studied non-culprit segment was located in the left anterior descend-
ing in 13 vessels, the left circumflex in 10 vessels, and the right coronary
artery (RCA) in 15 vessels. The median length of the IVUS-based ROI
was 54 (39-61.5) mm, the time-averaged WSS was 1.10 (0.77-1.73) Pa,
and the maxLCBI4mm was 275 (167-338). Exclusion of regions with
side branches and dividing the vessels in 1.5 mm by 45° resulted in 9906
sectors. The mean WSS per vessel for the low WSS tertile was 0.47

(0.37-0.69) Pa, for the mid-WSS tertile, it was 0.87 (0.68-1.23) Pa, and
for the high WSS tertile, it was 2.04 (1.22-2.85) Pa.

Calcifications >90° were found in 739 sectors at baseline and/or follow-
up, and these sectors were excluded from all analyses. Due to guidewire
artefacts in the detection of NIRS, 306 sectors at baseline were excluded
for the relevant analyses and sub-analyses. In total, 2041 sectors were ex-
cluded from the OCT analysis due to problems related to matching, or
poor imaging quality (N =1899), or the heterogeneity of plaque compos-
ition (N =142). In total, 504 sectors were identified as NIRS-positive, 2667
sectors as NIRS-negative plaque, and 5690 sectors as IVUS-PFW. When
using OCT for plaque characterization, 1624 sectors were classified as
lipid-rich, 1214 sectors were classified as fibrous, and 4288 sectors were
classified as OCT-PFW.

3.2 Plaque progression

Firstly, no significant differences were observed in terms of PAV change between
patients on high-intensity lipid lowering therapy and those who were either in-
tolerant or on low-intensity lipid therapy after 1-year follow-up (high: 2.7%
95% C10.0-5.4, low/non 2.7% 95% Cl —0.09—6.3). Consequently, no sub-analysis
of the use of high-lipid lowering therapy was performed.

Secondly, sectors exposed to low WSS demonstrated a significantly
higher plaque progression compared with sectors exposed to high WSS
(low: 3.7% 95% Cl 2.3-5.1, mid: 2.0% 95% Cl 1.7-2.4, high: 1.7% 95% ClI
14-2.1, P<0.001). No differences in plaque progression were found
when sectors exposed to mid and high WSS (P=0.73) (Figure 2) were
compared.

Thirdly, when analysing the effect of NIRS-detected local lipids on plaque
progression, lipid-rich sectors showed a significantly higher plaque progres-
sion compared with sectors in which lipids were not present (non-LRPs)
(LRP: 5.2% 95% Cl 4.3-6.0 vs. non-LRP: 3.9% 95% Cl 3.3-4.4, P=0.010).
Furthermore, LRPs showed more plaque progression than PFW sectors
(PFW: 2.29% 95% Cl:0.9-3.5%, P=10.001) (Figure 3A).

Fourthly, when assessing the differences in plaque progression between
sectors that demonstrated various OCT-based plaque components, both
fibrous and lipid-rich sectors showed a significantly more pronounced pla-
que progression than the OCT-based PFW sectors. However, no signifi-
cant differences in plaque progression were found between lipid-rich
and fibrous sectors [Lipid: 5.6% (95% Cl: 3.8-7.4), Fibrous: 5.1% (95%
Cl: 4.6-5.6), PFW: 1.3% (95% Cl: 0.1-2.4), P < 0.001] (Figure 3B).

Finally, lipid-rich sectors exposed to low WSS showed a significantly
higher plaque progression compared with those exposed to high WSS,
both for OCT-based and NIRS-based LRPs. In the PFW regions (wall thick-
ness <0.5 mm), plaque progression was primarily found in sectors exposed
to low WSS and had a significantly higher plaque progression compared
with PFW sectors exposed to high WSS. (Figure 3C and D). In the linear
mixed models, the presence of lipids based on NIRS or OCT and WSS
showed a significant interaction effect (P<0.001), indicating that low
WSS had a larger effect on plaque progression in the lipid-rich sectors
compared with the non-lipid-rich sectors.

4. Discussion

In this study, we combined serial multimodality imaging with CFD to inves-
tigate the influence and interplay of WSS and the presence of NIRS- and
OCT-detected lipids on IVUS-based plaque progression over a 1-year
follow-up period in a dedicated single-centre study. We used a detailed
sector-based analysis of NIRS-IVUS-derived 3D-CFD models, thereby con-
sidering the local heterogeneity in WSS, lipid presence, and plaque progres-
sion. The most important findings were: (i) sectors exposed to low WSS
displayed more plaque progression than those exposed to mid and high
WSS. (ii) In NIRS-detected lipid-rich sectors, more plaque progression
was observed than in non-LRP sectors and PFW sectors. (iii) Both lipid-rich
and fibrous plaques, as detected by OCT, showed a significantly higher pla-
que growth compared with PFW sectors. (iv) When combining WSS and
plague components, lipid-rich sectors exposed to low WSS showed the
highest plaque progression. (v) In PFW sectors, as determined by either
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Figure 1 Methodology overview of 3D reconstruction, WSS, and data analysis matching plaque components. (A) Example of a 3D-reconstructed RCA.
IVUS-derived lumen contours (green) were fused with the CT-derived vessel centreline (blue) and CT-derived side branch contours (white). By adding local
flow measurements and using CFD, WSS was calculated in these reconstructed models. NIRS- and OCT-derived plaque phenotypes were matched and plotted
on the [IVUS-derived 3D reconstruction, the ROI. (B) From the 3D-reconstructed vessels, 2D maps were created by cutting the vessel open in the longitudinal
direction. For statistical analysis, the 2D maps were divided into sectors of 1.5 mm/45°. Examples of 2D maps in this overview are as follows: the continuous
WSS, the WSS tertiles (low, mid, high), wall thickness (WT), NIRS-derived plaque phenotype, and OCT-derived phenotype.

NIRS-IVUS or OCT, plaque progression was the highest in sectors ex-
posed to low WSS.

4.1 Plaque progression was most visible in
LRPs detected by NIRS

The present study is the first to show that lipid-rich regions, as detected by
NIRS, are prone to plaque progression at a 1-year follow-up compared
with sectors that do not contain lipids. Our findings correspond well with
the earlier studies showing that lipids cause a pro-inflammatory response

inside the vessel wall, leading to the influx of inflammatory cells.
Subsequently, the presence of lipids and inflammatory cells stimulates a com-
plex cascade of pathways, finally resulting in plaque progression.>® Earlier, a
pre-clinical histological work demonstrated that NIRS-positive plaques display
greater necrotic cores and more inflammation than NIRS-negative plaques,
supporting the hypothesis of enhancing plaque growth in lipid-rich regions.”®

In the LRP study, which was a natural history study, non-culprit vessels
with a high lipid content (maxLCBI4mm >400) were at three times higher
risk of developing major cardiovascular events than non-culprit vessels with
low lipid content.* Besides inflammation, plaque progression has also been
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Table 1 Baseline characteristics

Clinical characteristics N =37 patients

Age, years 60+89
Men, n (%) 34 (92%)
Body mass index 27+50
Diabetes mellitus, n (%) 8 (22%)
Hypertension, n (%) 9 (24%)
Dyslipidaemia, n (%) 16 (42%)
Current smoking, n (%) 8 (22%)
Positive family history, n (%) 13 (35%)
Previous M, n (%) 8 (22%)
Previous PCl, n (%) 11 (30%)
LDL (mmol/L) 2.7+09
Imaged study vessel N =38 vessels
LAD, n (%) 14 (36%)
LCX, n (%) 9 (23%)
RCA, n (%) 16 (41%)
maxLCBl4mm 275 (167-383)

demonstrated to be one of the precursors of plaque rupture and subse-
quent events.® Therefore, our findings might contribute to understanding
the evolution of an event-causing lesion.

It is noteworthy that the analyses stratified according to the
OCT-detected plaque phenotypes revealed no significant difference in pla-
que progression between lipid and fibrous sectors. One of the reasons
why differences between lipid and fibrous sectors were not seen in the
OCT-lipid analysis could be the differences in the detection and analysis of
lipids between the two image modalities. Both NIRS and OCT use a near-
infrared light-based imaging technique; however, a number of differences
have to be addressed. First, in this population, OCT-derived FCAs, with a po-
tentially more vulnerable phenotype, were rare, and thus the total number
was to low to perform statistical analyses with FCA as a separate phenotype.
Therefore, FCA and all other LRPs were pooled for the analysis, with a cav-
eat of decreased specificity. Second, OCT-detected lipids were based on an
expert observer analysis. Conversely, in the NIRS analysis, the presence of
lipids was based on an automated analysis of the optical absorption spectrum
of different plaque components based on the validation algorithm.*® The dis-
crepancy found between OCT and NIRS on lipid detection has been de-
scribed previously. Previous work demonstrated a modest agreement
between NIRS and OCT for lipid detection, partly caused by a 20% false-
positive rate of OCT-detected lipid compared with NIRS.*® These data sug-
gest that OCT is more sensitive for lipid detection but less specific for the
more vulnerable plaque than NIRS imaging.

4.2 WSS, plaque composition, and plaque

progression

Low WSS has been primarily associated with the initiation process of athero-
sclerosis, resulting from its detrimental effects on endothelial function, pro-
moting increased permeability of the endothelial cells. The subsequent influx
of low-density lipoprotein (LDL) into the vessel wall leads to plaque devel-
opment.27 In this study, we investigated plaque progression using IVUS
and found enhanced plaque growth in low WSS regions, in line with that
of previous studies.®*’ We found that LRP exposed to low WSS displayed
the highest plaque progression, and we even showed that low WSS and the
presence of lipids had a synergistic effect on plaque progression. Both LRPs
and low WSS are independently associated with endothelial dysfunction.3’7
From a pathophysiological point of view, we hypothesize that the synergistic
effect might be related to the combined effect and interaction of low WSS

WSS

Low WSS Mid WSS High WSS

Figure 2 Plaque progression in different WSS tertiles. Change in pla-
que expressed as A PAV for low, mid, and high WSS (*P<0.05,
Estimated mean + Standard Error, linear mixed model).

and LRPs on endothelial dysfunction, leading to the highest plaque progres-
sion at these lipid-rich locations exposed to low WSS.

At present, little is known about the interplay between LRP and WSS
regarding plaque progression. To date, only one study combined serial
NIRS-IVUS imaging with WSS and showed that segments with proven lipid
progression were exposed to higher WSS at baseline compared with seg-
ments with no lipid progression.®® In contrast, the present study focused
on the role of WSS in plaque volume progression rather than the change
in lipid content. Altogether, these results might implicate different roles of
WSS for volumetric plaque progression and plaque vulnerability. This dual
role of WSS was recognized previously by Slager et al.®' who envisioned
that regions exposed to low WSS were more susceptible to plaque initi-
ation and further plaque progression, while the exposure of plaques to
high WSS might affect plaque vulnerability.>" Although in a previous study
we found that LRPs were more often exposed to high WSS, there were
still lipid-rich regions exposed to low WSS' that showed the highest
plaque progression. Previous research showed an association between high-
risk plaque characteristics being exposed to low WSS at the index procedure
with future events after a 3-year follow-up in non-culprit vessels.*>

Recent research employing multimodality imaging with both OCT and
IVUS showed that low WSS and baseline plaque burden could predict dis-
ease progression.>>** However, those studies did not find a difference in
WSS-related plaque growth among various plaque phenotypes. The rea-
son for these different results compared with our data could be the level
of detail that was used in the analysis. Bourantas et al. used 3 mm sectors in
which the minimum predominant WSS, defined as the 90° arc with the
minimum averaged WSS, was selected as a representative for the whole
segment. Furthermore, each segment’s plaque phenotype was defined ac-
cording to the most vulnerable plaque type located in the segment. To in-
vestigate the more local effect of WSS and plaque composition and their
interaction in order to unravel the underlying mechanisms, we took this
one step further and analysed every 1.5 mm/45° sector for WSS and pla-
que composition. One risk of this relatively high sampling rate is the poten-
tial interaction effect between sectors within a vessel. Therefore, we used
an advanced statistical random-effects model with an unstructured covari-
ance and correlation matrix to take any correlation effects into account. By
using this detailed analysis, we did find a synergistic effect of WSS and the
presence of lipids with respect to plaque progression. These data suggest
that at a very local level, WSS and the underlying plaque composition
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Figure 3 Plaque progression for different plaque phenotypes and in different WSS tertiles. (A) Plaque progression for an NIRS-IVUS-derived plaque pheno-
type LRP (NIRS +), a non-LRP (NIRS - & plaque thickness > 0.5 mm), and an IVUS-based plaque-free wall (NIRS - & plaque thickness < 0.5 mm). (*P <
0.05, Estimated mean + Standard Error, linear mixed model). (B) Plaque progression for an OCT-derived plaque phenotype LRP (Lipid), fibrous, and an
OCT-based plaque-free wall (PFW). (*P < 0.05, Estimated mean + Standard Error, linear mixed model). Plaque progression for NIRS-IVUS (C)- and OCT
(D)-derived plaque phenotypes divided into low (no pattern), mid (light pattern), and high (dense pattern) WSS. (*P < 0.05, Estimated mean + Standard

Error, linear mixed model).

interact with each other in their influence on endothelial dysfunction and
thus on the pathophysiology leading to plaque growth.

Furthermore, in contrast to our study, lipid tissue in superficial plaque
detected by OCT was not identified as a predictor for disease progression.
It is plausible that the difference in the definition of LRPs vs. lipid tissue in
the superficial plaque (<0.5 mm depth) underlies this discrepancy. Similar
to our study, the number of segments with lipid tissue in the superficial pla-
que in this study was low. For both NIRS-negative plaques (>0.5 mm) and
OCT-detected fibrous plaques, no effect of WSS was visible on plaque
progression. Of note, both thin (<0.5 mm) NIRS-negative sectors, that is
an NIRS-based plaque-free wall, as well as plaque-free wall sectors de-
tected by OCT, showed significant plaque progression in the sectors ex-
posed to low WSS, which is an indirect confirmation of the role of low
WSS specifically in early plaque initiation. Irrespective of these findings,
key differences in the method of WSS computations should be mentioned.
As such, in contrast to the vast majority of other studies, we included side
branches in our computational model, which profoundly affects the WSS in
the main branch.>®> Moreover, Doppler-derived velocity measurements at
multiple locations throughout the artery were performed to obtain
patient-specific boundary conditions for the CFD simulations. Previous
WSS studies used a more simplified geometry and/or made more general-
ized assumptions about flow distribution.””**3¢ A broad between-subjects
range in WSS was observed in our more detailed and more individually tai-
lored model. Thus, vessel-specific WSS tertile has been selected in this
study to identify the different WSS categories, which in an earlier study,
proved to be most associated with plaque progression.>’
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4.3 Cross-sectional vs. sector-based analysis =

)
The majority of the imaging studies identified lesions and plaques at the %
cross-sectional or segmental levels, reporting plaque burden, a normalized o
measure for plaque size. However, coronary atherosclerotic plaques are §
not equally distributed along the vessel and often have an eccentric =
shape.38'39 WSS plays a vital role in atheroprone sites, affecting plaque dis- §
tribution along the coronary arteries. Most imaging studies do not take the o
spatial heterogeneity of WSS and its effect on plaque development into ac-
count. Timmins et al.*® showed that dividing the arteries, not only into &
cross-sectional segments but also into a more detailed sector-based ana-
lysis, significantly adds to the granularity of the data aiding in the focal evalu-
ation of the natural history of coronary atherosclerosis. As a consequence <
of spatial averaging of the plaque and WSS data per cross-sectional seg-
ment, the local effects of WSS may be averaged out. In contrast, dividing =
segments into sectors gives greater insights into the plaque distribution
and local WSS effects combined with the opportunity to investigate the
WSS effect on a more homogenous type of plaque.

Jenige-

¢0¢C

4.4 Limitations

In this study, several limitations need to be addressed. Firstly, we found an
unexpectedly low number of sectors meeting the criteria of FCA (i.e. lipid
pool); only 28 sectors were identified as per the guideline definitions."”
Therefore, all sectors containing lipids (both lipid pools and lipid-rich)
have been pooled and analysed as one category. Statistical analysis on
FCAs was not feasible due to the low numbers. In this study, the LDL levels
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were already found to be relatively low at the index procedure, and only
42% of the patients were statin-naive at the time of enrolment, and this
could have contributed to the low number of FCAs observed at baseline.
Furthermore, in this study, no differences were found between patients
with and without high-intensity lipid-lowering therapy. Only 50% of the pa-
tients remained adherent to high-intensity lipid-lowering therapy after a
1-year follow-up. Even though the cardiovascular benefits of high-intensity
lipid-lowering therapy are known, low adherence is reported in daily clin-
ical practice.” In contrast to previous serial invasive imaging studies, de-
signed as large lipid-lowering trials, our study was designed to investigate
the natural history of atherosclerosis in non-culprit vessels of patients
with an ACS in daily clinical practice and was not designed as a prospective
comparison. Those lipid-lowering trials with a large number of patients
showed minimal plaque regression for statin-naive patients.”"** With the
relatively small number of patients investigated in this study, the absence
of statistically significant differences in plaque progression of patients trea-
ted with high-intensity lipid-lowering therapy vs. low-to-moderate-
intensity lipid-lowering therapy could be anticipated.

Secondly, by using multiple imaging modalities in this study, we still
needed to co-register NIRS-IVUS and OCT pullbacks. Some minor errors
could not be excluded despite our using as many side branches as possible
when performing the co-registration. Therefore, the ROl was divided into
1.5 mm segments—on average, three IVUS frames per segment—to min-
imize the effect of longitudinal matching errors on the results. The advan-
tage of the NIRS-IVUS-derived lipid data was that it was detected and
exactly co-localized with the plaque volume data. Finally, the
small number of patients did not allow us to draw any conclusions on
the direct link between the interaction of WSS and LRPs and clinical events.
Future studies or retrospective analyses of NIRS outcome studies may help
understand this relationship in more detail.

5. Conclusion

In this study, we investigated the WSS-related plaque progression of LRPs
compared with non-LRPs and a plaque-free wall. By using multimodality
imaging techniques as input for our WSS analysis, co-localization of WSS
and LRP and volumetric plaque assessment was possible. LRPs, as assessed
by NIRS, showed greater plaque progression than non-LRPs. LRPs, identi-
fied by both NIRS and OCT, and exposed to low WSS, showed the highest
plaque growth after a 1-year follow-up.
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Translational perspective

The development and location of atherosclerosis is known to be a multifactorial process. Many factors are individually associated with the development
of atherosclerosis, such as wall shear stress (WSS) and lipid-rich plaque (LRPs). In this study, we show that there is a synergistic effect between low
WSS and LRPs on plaque progression. From a translational perspective, regions with endothelial dysfunction due to simultaneous exposure to inflam-
mation, which is caused by local lipid infiltration, and to low WSS, are most susceptible to plaque progression. Future studies are needed to demon-
strate whether these LRPs exposed to low WSS showing plaque progression are related to future cardiovascular events.
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