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Aims Plaque structural stress (PSS) is a major cause of atherosclerotic plaque rupture and major adverse cardiovascular
events (MACE). We examined the predictors of changes in peak and mean PSS (APSS,c.x, APSS,c,n) in three stud-
ies of patients receiving either standard medical or high-intensity statin (HIS) treatment.

Methods We examined changes in PSS, plaque size, and composition between 7348 co-registered baseline and follow-up vir-

and results tual-histology intravascular ultrasound images in patients receiving standard medical treatment (controls, n=18) or
HIS (atorvastatin 80 mg, n=20, or rosuvastatin 40 mg, n=22). The relationship between changes in PSSy, and pla-
que burden (PB) differed significantly between HIS and control groups (P<0.001). Notably, PSS, increased sig-
nificantly in control lesions with PB >60% (P=0.04), but not with HIS treatment. However, APSS;., correlated
poorly with changes in lumen and plaque area or PB, plaque composition, or lipid lowering. In contrast, APSSpe.«
correlated significantly with changes in lumen curvature, irregularity, and roughness (P <0.05), all of which were
reduced in HIS patients. APSS,c., correlated with changes in lumen area, PA, PB, and circumferential calcification,
and was unchanged with either treatment.

Conclusion Our observational study shows that PSS;..« changes over time were associated with baseline disease severity and
treatment. The PSS, increase seen in advanced lesions with standard treatment was associated with remodelling
artery geometry and plaque architecture, but this was not seen after HIS treatment. Smoothing plaques by reducing
plaque/lumen roughness, irregularity, and curvature represents a novel mechanism whereby HIS may reduce PSS
and, thus may protect against plaque rupture and MACE.
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High-intensity Statins

Plaques progress over time with standard medical treatment due to changes in plaque microstructure, resulting in increased peak PSS. High-intensity sta-
tins remodel the lumen/plaque interface, reducing lumen curvature, irregularity and roughness, and preventing the increase in peak PSS seen with stand-
ard medical treatment. Smoothing plaques and reducing lumen curvature represent novel mechanisms whereby high-intensity statins may protect against

plaque rupture. PSS, plaque structural stress.

Keywords

Introduction

Despite current optimal medical and interventional management,
patients with coronary artery disease (CAD) have significant risk
of future major adverse cardiovascular events (MACE)."? In par-
ticular, patients presenting with acute coronary syndrome (ACS)
demonstrate multiple vulnerable plaques and simultaneous plaque
ruptures in non-culprit vessels,? confirming the multifocal nature
of unstable atherosclerosis, and prospective studies show that
50% of future MACE occur in non-culprit vessels.** Lipid-
lowering with statins and proprotein convertase subtilisin kexin
type 9 (PCSK9) inhibitors reduce MACE by 25-40%,"*® despite
modest reductions in lumen stenosis’ and <1% reduction in
whole-vessel percent atheroma volume (PAV),%? suggesting that
these drugs may stabilize plaques, for example by increasing fi-
brous tissue (FT) and reducing necrotic core (NC). However,
virtual-histology intravascular ultrasound (VH-IVUS) studies show

only small or no change in FT or NC areas after statins'®"" or

Atherosclerosis ® Plaque architecture e Plaque structural stress e Virtual-histology intravascular ultrasound

PCSK9 inhibitors,'* suggesting that changes in plaque composition
alone do not fully explain their marked clinical benefit.

Coronary plaques undergo mechanical loading due to dynamic
changes in blood pressure and flow," with rupture occurring if plaque
structural stress (PSS) exceeds its mechanical strength. PSS can be cal-
culated from arterial and plaque geometry, plaque composition, tissue
material properties (defined from ex vivo tensile testing), and blood
pressure. Maximal PSS (PSSc.) is increased at higher-risk plaques in
ACS vs. stable angina pa‘cients,14 at rupture sites vs. stable lesions,
and plaques associated with future MACE."®"” Furthermore, increased
baseline PSS is associated with changes to a more ‘vulnerable plaque’
phenotype over time.'® However, how PSS changes over time, the
major predictors of these changes, and whether lipid-lowering affects
PSS are unknown. We examined changes in PSS in three studies of
patients receiving either standard medical treatment or high-intensity
statins (HIS). We find that PSS increases in advanced lesions with
standard medical but not HIS treatment, associated with remodelling
artery geometry and plaque architecture.
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Methods

Studies
Studies were conducted at Emory University Hospital, USA, and Bern
University Hospital, Switzerland. All studies were approved by institution-
al review boards (ClinicalTrials.gov: NCT00576576, NCT01230892, and
NCT00962416), and all patients provided informed consent and under-
went protocol-driven baseline and follow-up angiography and VH-IVUS.
Control patients received standard medical treatment, which included
aspirin, low-intensity statin, and a B-blocker for 12m (n=18). HIS
patients received either atorvastatin 80 mg for 6 m (n = 20) or rosuvasta-
tin 40 mg for 13 m (n =22). Control patients presented with stable angina
with an abnormal non-invasive stress test, or ACS with moderate but
non-obstructive lesions [plaque burden (PB) >40%, <50% stenosis visual-
ly by angiography, or <70% stenosis with fractional flow reserve (FFR)
>0.80]."° Atorvastatin-treated patients presented with either stable an-
gina or ACS with moderate lesions, while rosuvastatin-treated patients
presented with ST-segment elevation myocardial infarction, with study of
moderate lesions in non-culprit vessels.?>>' We analysed only left anter-
ior descending arteries as US studies included only these arteries.

Virtual-histology intravascular ultrasound
Images were acquired with phased-array 20-MHz Eagle Eye catheters
(Volcano Corp., Rancho Cordova, USA) using 0.5-mm/s automated
motorized pullback. Radiofrequency data were captured on the R-wave
using ECG-triggered acquisition. All images underwent quality control as-
sessment by experienced investigators blinded to clinical data at Emory
Cardiovascular Imaging and Biomechanical Core Laboratory (control and
atorvastatin) or Cardialysis B.V., Rotterdam (rosuvastatin). Data were
analysed offline using echoPlaque 4.0 (Indec Medical, San Jose, USA) and
QIVUS software (Medis, Leiden, Netherlands). Lumen and external elas-
tic membrane (EEM) areas, plaque area (PA, defined as plaque and media
= EEM - lumen areas), PB (defined as 100% x PA/EEM area), and plaque
composition [fibrofatty (FF), FT, NC, and dense calcium (DC) area, and
percentage] were calculated between baseline and follow-up.

Baseline and follow-up VH-IVUS frames were co-registered longitu-
dinally using anatomical landmarks (e.g. side branches, stenosis, calcifica-
tion/large lipid cores). Frames were rotated using anatomical landmarks
and lumen shape matching for circumferential alignment. Matching was
confirmed by two analysts and showed good reproducibility (see
Supplementary material online).

Lumen analysis

We also calculated lumen aspect ratio (ratio between maximum/min-
imum diameter of ellipse) to measure lumen eccentricity, lumen curva-
ture (computed using the radius of the circle determined by the point of
interest and 2 adjacent points) to measure lumen angulation, lumen ir-
regularity (variation in luminal angulation), and lumen roughness (lumen
surface evenness in respect to curvature) (Supplemental material online,
Figure §1).2

Biomechanical analysis

Each vessel generated an average of 169 (136-212) (median, interquartile
range) baseline and follow-up VH-IVUS frames (total = 10 517 frames). A
total of 4933 frames with <30% stenosis or containing significant side
branches or immediately adjacent to bifurcations were excluded from fi-
nite element analysis (FEA) due to violating the plane strain assumption
for 2-dimensional (2D) solid modelling. Vessel geometry and plaque com-
position were extracted and 2D dynamic FEA simulations performed as
described previously (Supplementary material online)."® Maximum

principal stress in the peri-luminal region was used to indicate critical
mechanical conditions within the structure.

Statistical analysis

As each plaque had multiple VH-IVUS frames, linear mixed-effects (LME)
models were used to account for hierarchical data structure and cluster-
ing in individual patients undergoing different treatments, and results pre-
sented as mean + standard error (SE). All plaque anatomical, geometric,
compositional or PSS measurements were analysed by LME on frame-
based data in each patient unless otherwise indicated. Adjustment of P
values for multiple comparisons was performed using the Bonferroni
method. Potential confounding factors were included in multivariable re-
gression analyses to assess robustness of the main study findings. Model
diagnostics were performed by inspecting residual and Q-Q plots to test
model assumptions. Outliers were removed using the median absolute
deviation method (threshold 3.5). Association between continuous varia-
bles was assessed by Pearson’s correlation coefficient and linear regres-
sion. Regression slopes were compared using the analysis of covariance
test. Statistical significance was indicated by two-tailed P-value <0.05.
Statistical Package for the Social Sciences (SPSS, version 26.0; IBM, New
York, USA) and R 4.0.3 (R Foundation for Statistical Computing) were
used for all statistical analyses. The corresponding author had full access
to all study data and takes responsibility for its integrity and data analysis.

Results

Study populations

We examined PSS and plaque characteristics at baseline and follow-
up in patients treated with either: (i) Standard medical therapy includ-
ing low-intensity statins for 12 m (controls) or (i) either 80 mg ator-
vastatin for 6m or 40mg rosuvastatin for 13m (HIS) in three
separate trials (Figure 7). Full trial details and patient demographics
are shown in Supplementary material online, Tables ST and S2.
Control and atorvastatin patients had similar baseline demographics,
but more control patients had prior statin and nitrate use. The rosu-
vastatin group had more males and smokers, and fewer prior statin,
anticoagulation or angina medications compared to controls. Low-
density lipoprotein (LDL) levels increased slightly over time in con-
trol patients, most likely from patient discontinuation of standard
treatment, but were reduced in atorvastatin and rosuvastatin
patients; there was no difference in changes in high-density lipopro-
tein (HDL) levels or blood pressure reduction between groups.
Baseline plaque characteristics were largely similar between control
and atorvastatin patients, including VH-IVUS-determined plaque
composition, but rosuvastatin patients had smaller EEM, lumen areas,
and FT% and higher PB but not PA vs. controls (Supplementary ma-
terial online, Table S3). We therefore co-registered images (Figure 1)
and analysed changes between baseline and follow-up images for
each treatment, with each patient acting as their own control, rather
than direct comparisons between groups.

Changes in PSS with treatment

Maximal PSS (PSSpea) and mean PSS (PSSean) were calculated for
each frame (total n=7348 frames). PSS,, was reduced overall in
control patients, but this effect was due to small lesions (PB <40%,
Figure 2A) whose clinical significance is unclear, as PB is a major pre-
dictor of MACE in prospective VH-IVUS trials.***® In contrast,
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Figure | Study workflow and co-registration of baseline and follow-up virtual-histology intravascular ultrasound images and corresponding plaque
structural stress band plots. (A) Flow chart of study workflow. (B) Longitudinal view of virtual-histology intravascular ultrasound pullback with 5
marked points. The segment of interest was defined using the most proximal and distal side branches (marked with *) seen at baseline (C) and follow-
up (1,5) (D). Other side branches (2, 3) or fiduciary marks were used to identify corresponding frames, and an interpolation technique applied to find
corresponding frames in segments with no landmarks (4). (E) Examples of peak and mean plaque structural stress (PSS,ea and PSSiy.ean) band plots
for marked points 2 and 3 at baseline and follow-up. ACS, acute coronary syndrome; STEMI, ST-segment elevation myocardial infarction.
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Figure 2 Changes in peak and mean plaque structural stress with baseline plaque burden after control or high-intensity statin treatment. Change in
PSSpeak (A) or PSSiean (B) in all plaques or with different plaque burden in control patients or treated with high-intensity statins. Data are mean (stand-
ard error), using mixed-effects models. Interaction plots of linear mixed-effects models showing significant interaction effect of treatment group and

baseline plaque burden (C) or plaque area (D) on APSS.. PB, plaque burden

PSSpeax Was unchanged in moderate lesions (PB 40-60%) in control
patients but increased significantly in PB >60% lesions (15.6 £ 5.3 kPa,
mean * SE, P=0.04). Atorvastatin and rosuvastatin patients showed
no change in PSSpe.x at any PB, and particularly no rise in PSSpey in
PB >60% lesions (Figure 2A). Analysis of 2 mm axial segments showed

; PSS, plaque structural stress.

broadly similar findings (Supplementary material online, Table $4),
while mean PSS was unchanged in control, atorvastatin, or rosuvasta-
tin patients at any PB (Figure 2B).

Our findings suggest that the major effect of HIS on PSS;c. is on
advanced lesions (PB >60%). We therefore used interaction plots of
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Multivariable analysis to assess interaction between baseline plaque burden and treatment group on

Table |

APSS, i

Fixed-effect parameter Estimate

Interaction: atorvastatin x baseline -1.37
plaque burden

Interaction: rosuvastatin X baseline -1.01

plague burden
Age, as continuous variable -
Gender, female vs. male -
Hypertension -
Current smoker -
Diabetes -
Family history of CAD -

Prior statin use -

Standard error P-Value

0.23 <0.0001

0.19 <0.0001

- 0.47
- 0.78
- 0.64
- 0.065
- 0.16
- 0.70
- 0.25

CAD, coronary artery disease; PSS, plaque structural stress.
Bold text indicates statistical significance (i.e. p < 0.05).

LME models to examine interaction effects of treatment group and
baseline PB or PA on changes in PSS, There was a significant inter-
action between APSS,, and PB for HIS vs. control treatments (ator-
vastatin vs. control, adjusted P<0.001; rosuvastatin vs. control,
adjusted P <0.001), indicating the relationship between APSS;, and
PB differed between control and atorvastatin/rosuvastatin treat-
ments. Notably, APSSp,i increased when PB was above ~50% in
controls but was unchanged with either atorvastatin or rosuvastatin.
A similar interaction effect occurred between baseline PA and treat-
ment group, where PSSy, increased when PA was above ~8.0 mm?
in controls, and not with atorvastatin/rosuvastatin (Figure 2C and D).

To examine whether the relationship between PSS and PB/PA or
treatment was due to differences in patient demographics, we under-
took multivariable analyses of potential clinically-important confound-
ing factors such as age, gender, hypertension, smoking status, diabetes,
family history of CAD, and prior statin use. Despite differences in these
parameters between groups, the interaction effect between atorvasta-
tin/rosuvastatin treatment and PB remained (Table 7).

We also examined the relationship between changes in PSS and
changes in serum lipids. The effects of systemic lipid lowering on indi-
vidual lesion PSS are not predictable, as PSSpe.i varies markedly be-
tween frames'’ and is highly localized to specific plaque regions
related to both architecture and geometry, while PSS, averages
values around the lumen circumference (Figure 1D). Changes in
PSSpeak and PSSican Were only weakly (and negatively) correlated
with LDL changes in individual patients (and not correlated with
changes in HDL) (Supplementary material online, Figure S2), suggest-
ing that LDL reduction alone is not associated with reduced PSS.

Effects of changes in plaque composition

and geometry

We next examined whether changes in peak and mean PSS with treat-
ment were associated with changes in plaque geometric and compos-
itional parameters. Control patients showed no significant change in
any plaque characteristic. Atorvastatin-treated patients had reduced
FF area and %, and FT area, and increased DC area and %.

Rosuvastatin-treated patients showed decreased EEM, plaque, and FT
areas, and increased DC % (Figure 3). However, APSS,., was only
weakly correlated with Alumen area, APA or APB in all plaques, al-
though more strongly correlated with Alumen aspect ratio, a measure
of lumen ‘roundness’; in contrast, APSS,c.n Was positively correlated
with increasing lumen area and decreasing PA or PB, but not Alumen
aspect ratio (Supplementary material online, Table S5). Both APSS; .,
and APSS;ean also correlated poorly with changes in NC, FF or FT
areas or percentage, suggesting that effect of HIS on PSS, is not due
to different effects on plaque composition alone. APSS,,, was poorly
correlated with calcification, although APSS,.c., was more strongly
correlated with ADC area, ADC maximum and total arcs.

We further examined whether changes in PA or components ex-
plain PSS, differences in PB>60% lesions between control and
HIS treatments. Although changes in PA, burden or specific compo-
nent parameters were significantly different between baseline and
follow-up in control or atorvastatin/rosuvastatin patients, the direc-
tion of changes was similar in all groups (Figure 4). This indicates that
different effects on plaque or component areas alone cannot explain
why PSSpea does not rise in PB >60% lesions with HIS treatment.

Effects of changes in lumen geometry

Our data suggest that changes in PSSy, reflect more localized
changes in lumen and plaque geometry and plaque architecture, par-
ticularly at or close to the lumen/plaque interface. We therefore
explored the effect of lumen curvature, lumen irregularity, and lumen
roughness on PSS in PB >60% lesions, and their changes associated
with treatment. Lumen curvature, irregularity, and roughness were
all strongly positively correlated with APSSpe. but poorly with
APSS 1ean in PB >60% lesions (Figure 5A—C). As regression slopes of
these lumen parameters with APSS,., were similar (P>0.05) in
atorvastatin and rosuvastatin groups (Supplementary material online,
Figure S3), we examined changes in these parameters in a combined
HIS treatment group vs. controls. HIS were associated with a signifi-
cant reduction in lumen curvature, irregularity and lumen roughness,
an effect not seen in controls (Figure 5D), with similar findings 4 mm
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Figure 3 Changes in plaque geometric parameters or plaque constituents after control or high-intensity statin treatment. Change in (A) plaque geo-
metric parameters including external elastic membrane area, plaque area and plaque burden, (B) necrotic core area and % or dense calcium area and
%, and (C) fibrofatty area and % or fibrous tissue area and % in control or high-intensity statin-treated patients. Data are mean (standard error) be-

tween baseline and follow-up using mixed-effects models.

proximal/distal to the minimal luminal area (MLA), a region highly
correlated with MACE" (Supplementary material online, Table S6).

Effects of combinations of factors on
APSSpeak and APSS,  can

While APSScan Was mostly determined by anatomical factors and
circumferential calcification, and APSS;e. by localized luminal fea-
tures, these parameters may all change together. Indeed, large

increases or decreases in APSS,e,, and APSS,,. occurred when
changes in multiple features coincided across a range of PB (Figure 6).
For example, increased PSS, was associated with increased lumen
curvature and loss of ‘shielding’ calcification (Figure 6A) and increased
lumen irregularity, roughness, and shoulder curvature (Figure 6B),
while decreased PSS, was associated with reduced lumen irregu-
larity, roughness, and curvature and increased confluence of superfi-
cial calcification (Figure 6C).
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Figure 4 Changes in plaque geometric parameters or constituents in advanced lesions (PB > 60%) after control or high-intensity statin treatment.
Changes in anatomical parameters including external elastic membrane area, plaque area and plaque burden (A), necrotic core area and percentage
and dense calcium area and percentage (B), and fibrofatty area and percentage and fibrous tissue area, and percentage (C) in control patients or after
high-intensity statin treatment. Data are mean (standard error) using mixed-effects models, n = 1112 frames, total 30 patients.
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Figure 5 Lumen parameter analysis in plaques with baseline plaque burden >60%. Linear regression correlation curves for change in peak and
mean plaque structural stress, with change in (A) maximum lumen curvature, (B) lumen irregularity, and (C) lumen roughness, in all plaques with base-
line plaque burden >60%. (D) Change in lumen curvature, irregularity, roughness, and lumen aspect ratio in control patients or after high-intensity sta-
tin treatment. Data are mean (standard error) by plaque-level mixed effect models, total frames = 1112, plaques = 42.
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Figure 6 Examples of changes in plaque structural stress due to changes in lumen curvature, irregularity, roughness, and plaque architecture. (A)
Increased PSSp..x due to changes in curvature and calcification/fibrous tissue arrangement. (B) Marked increase in PSS, due to increase in lumen
curvature, irregularity and roughness. (C) Reduced PSS, due to changes in curvature, irregularity/roughness, and more confluent calcification. DC,
dense calcium; NC, necrotic core; PA, plaque area; PB, plaque burden; PSS, peak plaque structural stress.
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Discussion

We undertook an observational study of three longitudinal trials
of standard medical or HIS treatment, examining changes in PSS,
plaque and lumen geometry and composition. We show that: (i)
PSSpeak increased markedly in advanced lesions with standard
medical but not HIS treatment; (i) changes in PSS, were asso-
ciated with both treatment and PB; (iii) changes in plaque and
lumen area or plaque composition alone do not explain potential
protective effects of HIS on APSS,.; (iv) APSSpeui is also
affected by localized changes in plaque and lumen geometry,
including lumen curvature, irregularity and roughness, while
APSS . can is associated with changes in lumen and PA and circum-
ferential calcification; and (v) HIS treatment is associated with
remodelling lumen and plaque shape and architecture.

Previous landmark trials found that rosuvastatin 40 mg or
atorvastatin 80mg for 24m reduce PAV by only ~1%.72*
Similarly, although differences exist between individual VH-IVUS
studies, two meta-analyses showed only small or no change in FT
or NC areas after statin treatment.'®"" Consistent with these
meta-analyses, HIS treatment was not associated with reduced
PB, and patients receiving standard medical or HIS treatment
showed similar changes in NC and FF tissue area or %. Together,
these findings suggest that small reductions in atheroma volume
or these plaque components may not fully explain the ability of
HIS to reduce MACE compared to standard therapy. In contrast,
PSS, eak increased significantly in PB >60% lesions with standard
treatment but not HIS, an action predicted to stabilize these
higher-risk plaques.

Prospective natural history VH-IVUS studies showed that PB
>70%, MLA <4 mm, and VH-IVUS-defined thin cap atheromas
were associated with future MACE4‘5’B; however, the overall
low event rates suggest that factors additional to plaque size,
stenosis and composition determine rupture. PSS measurements
integrate effects of plaque anatomy and composition with phys-
ical forces, and inclusion of PSS measurements improve future
MACE prediction,'®"” especially in higher-risk regions. We
therefore identified the parameters associated with changes in
both mean and peak PSS. APSS,can correlated with changes in
lumen and PA and PB, consistent with Laplace’s law where mean
wall stress increases with intracavity pressure or increasing ves-
sel radius (when plaques regress) or vice versa (when plaques
progress). APSS, can also correlated with circumferential calcifi-
cation, which can act as either stress amplifiers or lumen cap
protectors depending on size, orientation, and confluence.
Larger calcification plates (>1 mm) may stabilize plaques by
shielding from luminal stress,”® and atorvastatin/rosuvastatin
increased DC percentage, a feature shown consistently in statin
trials.”®"" Current algorithms for total DC area, arc or contour
lack the ability to detect subtle changes in plaque microstruc-
ture. In contrast, PSS estimation at higher-risk plaque regions
represents an objective method to quantify microstructural
differences.

PSSpeak is normally located in the superficial 0.2 mm of the
lesion," and at maximum curvature at the plaque shoulder, a

frequent site of rupture.?® APSS.« also correlated with changes
in lumen curvature, irregularity and roughness, which measure
both large and small lumen/plaque irregularities. These parame-
ters were reduced in PB >60% lesions of patients receiving HIS,
potentially explaining the absence of a PSS, rise seen with HIS
treatment. Plaque/luminal irregularity, defined as a rough lumen
surface along the direction of blood flow, is a strong predictor of
plaque instability,22 while repetitive silent rupture or erosion
may generate new areas of acute angulation and roughness.

The mechanisms by which HIS might reduce or prevent a rise
in PSS, are not known, and may be multiple. We found a weak
negative correlation between APSS and ALDL, and the inter-
action effect of baseline PB and treatment group on PSS was in-
dependent of prior statin use, suggesting that LDL lowering
alone does not reduce PSS. However, statins also increase nitric
oxide (NO) bioavailability, which improves endothelial cell func-
tion,’ suppresses coagulation by inhibiting platelet adhesion and
aggregation,”® and blocks endothelial cell apoptosis.”’ Improved
endothelial function and better reorganization of luminal throm-
bus may also smooth the plaque surface.

Our study has several limitations. First, trials were performed
in two different centres at different times. However, the same
VH-IVUS and PSS platforms were used throughout, so compar-
able images and PSS calculations were obtained. Second, patient
demographics and plaque characteristics were not propensity-
matched, including prior statin use, and PB and PA differed be-
tween trials. However, we analysed changes in PSS and plaque
and lumen features between baseline and follow-up in all
patients where each patient acts as their own control, LDL re-
duction was not correlated with decreased PSS, PSS was exam-
ined across a full range of PB (reflecting real-world patient
presentation), and our main findings remained after multivari-
able regression analysis for confounding factors. Third, VH-
IVUS has well-documented limitations to identify and measure
plague components, including fibrous cap thickness that corre-
lates negatively with PSSp.... However, our frame-based analysis
was verified in 2-mm segments, parameters that segregate dif-
ferent treatments (PA, DC percentage and arc, lumen curva-
ture, irregularity, and roughness) are all within VH-IVUS
resolution. Lastly, since these studies did not examine MACE, so
that our findings are hypothesis generating and require further
work to determine how HIS can remodel the lumen/plaque
interface.

Conclusion

We find that changes in PSS, are associated with complex
interactions between plaque architecture, lumen geometry,
baseline disease severity, and treatment. PSS increased over time
in advanced lesions in patients receiving standard medical treat-
ment, but not with HIS, associated with remodelling artery
geometry and plaque architecture. Smoothing plaques and
reducing lumen curvature represent novel mechanisms whereby
HIS may protect against plaque rupture.

220z 1SNBNy GO UO Jasn uiag eylol|qIasioe)sIanun Ag 1 L 0EH9/6£00e90/¢/ | /oI uadofya/woo dno-oiwapese/:sdny Wwoly papeojumoq



12

S.Z. Guetal

Lead author biography

4

Professor Martin R. Bennett holds the
British Heart Foundation (BHF) Chair
of Cardiovascular Sciences at the

University of Cambridge, directs the
BHF  Cambridge
Cardiovascular Research Excellence,
and holds
Cardiologist positions at Cambridge

Centre  for
Honorary Consultant

University and Royal Papworth

Hospitals. His clinical research pro-
gramme combines clinical medicine,
coronary imaging, and engineering for vulnerable plaque detection.

Supplementary material

Supplementary material is available at European Heart Journal Open
online.

Funding

British Heart Foundation (BHF) (grants FS/19/66/34658, PG/16/24/
32090, RG71070, and RGB84554); the National Institute of Health
Research Cambridge Biomedical Research Centre; and the BHF Centre
for Research Excellence.

Conflict of interest: LR declares grants from Abbott, Biotronik,
Boston Scientific, Heartflow, Infraredx, Sanofi, and Regeneron and con-
sulting fees from Abbott, Amgen, AstraZeneca, Canon, Medtronic,
Occlutech, Sanofi, and Vifor.

Data availability
The data underlying this article will be shared on reasonable request
to the corresponding author.

References

. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA,
Kuder JF, Wang H, Liu T, Wasserman SM, Sever PS, Pedersen TR; for the
FOURIER Steering Committee and Investigators. Evolocumab and clinical out-
comes in patients with cardiovascular disease. N Engl | Med 2017;376:
1713-1722.

Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, Edelberg JM,
Goodman SG, Hanotin C, Harrington RA, Jukema JW, Lecorps G, Mahaffey KW,
Moryusef A, Pordy R, Quintero K, Roe MT, Sasiela W), Tamby JF, Tricoci P,
White HD, Zeiher AM; for the ODYSSEY OUTCOMES Committees and
Investigators. Alirocumab and cardiovascular outcomes after acute coronary syn-
drome. N Engl | Med 2018;379:2097-2107.

Rioufol G, Gilard M, Finet G, Ginon |, Boschat |, André-Fouét X. Evolution of
spontaneous atherosclerotic plaque rupture with medical therapy: long-term fol-
low-up with intravascular ultrasound. Circulation 2004;110:2875-2880.

Stone GW, Maehara A, Lansky AJ, Bruyne B, De Cristea E, Mintz GS, Mehran R,
McPherson ], Farhat N, Marso SP, Parise H, Templin B, White R, Zhang Z,
Serruys PW. A prospective natural-history study of coronary atherosclerosis. N
Engl | Med 2011;364:226-235.

. Calvert PA, Obaid DR, O'Sullivan M, Shapiro LM, McNab D, Densem CG,
Schofield PM, Braganza D, Clarke SC, Ray KK, West NEJ, Bennett MR.
Association between IVUS findings and adverse outcomes in patients with cor-
onary artery disease: the VIVA (VH-IVUS in vulnerable atherosclerosis) study.
JACC Cardiovasc Imaging 2011;4:894-901.

Collins R, Reith C, Emberson |, Armitage |, Baigent C, Blackwell L, Blumenthal
R, Danesh |, Smith GD, DeMets D, Evans S, Law M, MacMahon S, Martin S,
Neal B, Poulter N, Preiss D, Ridker P, Roberts I, Rodgers A, Sandercock P,
Schulz K, Sever P, Simes ], Smeeth L, Wald N, Yusuf S, Peto R. Interpretation

-

N

w

>

[}

o

~

&

0

-
-

20.

2

=

22.

of the evidence for the efficacy and safety of statin therapy. Lancet 2016;388:
2532-2561.

Nissen SE, Nicholls S, Sipahi |, Libby P, Raichlen ]S, Ballantyne CM, Davignon
J, Erbel R, Fruchart JC, Tardif J-C, Schoenhagen P, Crowe T, Cain V, Wolski
K, Goormastic M, Tuzcu EM; Asteroid Investigators. Effect of very high-
intensity statin therapy on regression of coronary atherosclerosis. JAMA 2006;
295:1556.

Ballantyne CM, Raichlen ]S, Nicholls SJ, Erbel R, Tardif JC, Brener SJ, Cain VA,
Nissen SE. Effect of rosuvastatin therapy on coronary artery stenoses assessed
by quantitative coronary angiography: a study to evaluate the effect of rosuvasta-
tin on intravascular ultrasound-derived coronary atheroma burden. Circulation
2008;117:2458-2466.

. Nicholls S}, Puri R, Anderson T, Ballantyne CM, Cho L, Kastelein JJP, Koenig W,

Somaratne R, Kassahun H, Yang J, Wasserman SM, Scott R, Ungi |, Podolec J,
Ophuis AO, Cornel JH, Borgman M, Brennan DM, Nissen SE. Effect of evolocu-
mab on progression of coronary disease in statin-treated patients: the GLAGOV
randomized clinical trial. | Am Med Assoc 2016;316:2373-2384.

Banach M, Serban C, Sahebkar A, Mikhailidis DP, Ursoniu S, Ray KK, Rysz J, Toth
PP, Muntner P, Mosteoru S, Garcia-Garcia HM, Hovingh GK, Kastelein JJP,
Serruys PW; Lipid and Blood Pressure Meta-analysis Collaboration (LBPMC)
Group. Impact of statin therapy on coronary plaque composition: a systematic
review and meta-analysis of virtual histology intravascular ultrasound studies.
BMC Med 2015;13:229.

. Zheng G, Li Y, Huang H, Wang J, Hirayama A, Lin J. The effect of statin therapy

on coronary plaque composition using virtual histology intravascular ultrasound:
a meta-analysis. PLoS One 2015;10:e0133433.

Nicholls S, Puri R, Anderson T, Ballantyne CM, Cho L, Kastelein JJP, Koenig W,
Somaratne R, Kassahun H, Yang J, Wasserman SM, Honda S, Shishikura D,
Scherer DJ, Borgman M, Brennan DM, Wolski K, Nissen SE. Effect of evolocumab
on coronary plaque composition. | Am Coll Cardiol 2018;72:2012-2021.

. Brown AJ, Teng Z, Evans PC, Gillard JH, Samady H, Bennett MR. Role of bio-

mechanical forces in the natural history of coronary atherosclerosis. Nat Rev
Cardiol 2016;13:210-220.

Teng Z, Brown A), Calvert PA, Parker RA, Obaid DR, Huang Y, Hoole SP, West
NEJ, Gillard JH, Bennett MR. Coronary plaque structural stress is associated with
plaque composition and subtype and higher in acute coronary syndrome: the
BEACON i (Biomechanical Evaluation of Atheromatous Coronary Arteries)
study. Circ Cardiovasc Imaging 2014;7:461-470.

. Costopoulos C, Huang Y, Brown A], Calvert PA, Hoole SP, West NEJ, Gillard

JH, Teng Z, Bennett MR. Plaque rupture in coronary atherosclerosis is associated
with increased plaque structural stress. JACC Cardiovasc Imaging 2017;10:
1472-1483.

. Brown A, Teng Z, Calvert PA, Rajani NK, Hennessy O, Nerlekar N, Obaid DR,

Costopoulos C, Huang Y, Hoole SP, Goddard M, West NEJ, Gillard JH, Bennett
MR. Plaque structural stress estimations improve prediction of future major ad-
verse cardiovascular events after intracoronary imaging. Circ Cardiovasc Imaging
2016;9:1-9.

Costopoulos C, Maehara A, Huang Y, Brown A, Gillard JH, Teng Z, Stone GW,
Bennett MR. Heterogeneity of plaque structural stress is increased in plaques
leading to MACE: insights from the PROSPECT study. JACC Cardiovasc Imaging
2020;13:1206-1218.

. Costopoulos C, Timmins LH, Huang Y, Hung OY, Molony DS, Brown AJ, Davis

EL, Teng Z, Gillard JH, Samady H, Bennett MR. Impact of combined plaque struc-
tural stress and wall shear stress on coronary plaque progression, regression,
and changes in composition. Eur Heart | 2019;40:1411-1422.

. Hung OY, Molony D, Corban MT, Rasoul-Arzrumly E, Maynard C, Eshtehardi P,

Dhawan S, Timmins LH, Piccinelli M, Ahn SG, Gogas BD, McDaniel MC,
Quyyumi AA, Giddens DP, Samady H. Comprehensive assessment of coronary
plaque progression with advanced intravascular imaging, physiological measures,
and wall shear stress: a pilot double-blinded randomized controlled clinical trial
of nebivolol versus atenolol in nonobstructive coronary. | Am Heart Assoc 2016;
5:e002764.

Eshtehardi P, McDaniel MC, Dhawan SS, Binongo JNG, Krishnan SK, Golub L,
Corban MT, Raggi P, Quyyumi AA, Samady H. Effect of intensive atorvastatin
therapy on coronary atherosclerosis progression, composition, arterial remodel-
ing, and microvascular function. | Invasive Cardiol 2012;24(10):522-529.

. Rdber L, Taniwaki M, Zaugg S, Kelbek H, Roffi M, Holmvang L, Noble S,

Pedrazzini G, Moschovitis A, Lischer TF, Matter CM, Serruys PW, Jini P, Garcia-
Garcia HM, Windecker S. Effect of high-intensity statin therapy on atheroscler-
osis in non-infarct-related coronary arteries (IBIS-4): a serial intravascular ultra-
sonography study. Eur Heart | 2015;36:490-500.

Teng Z, Degnan A, Sadat U, Wang F, Young VE, Graves M), Chen S, Gillard JH.
Characterization of healing following atherosclerotic carotid plaque rupture in
acutely symptomatic patients: an exploratory study using in vivo cardiovascular
magnetic resonance. | Cardiovasc Magn Reson 2011;13:64.

220z 1SNBNy GO UO Jasn uiag eylol|qIasioe)sIanun Ag 1 L 0EH9/6£00e90/¢/ | /oI uadofya/woo dno-oiwapese/:sdny Wwoly papeojumoq


https://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeab039#supplementary-data

High-intensity statins and structural stress

13

23.

24.

25.

Cheng JM, Garcia-Garcia HM, Boer SPM, De Kardys |, Heo JH, Akkerhuis
KM, Oemrawsingh RM, Domburg RT, Van Ligthart J, Witberg KT, Regar E,
Serruys PW, Geuns RJ, Van, Boersma E. In vivo detection of high-risk coron-
ary plaques by radiofrequency intravascular ultrasound and cardiovascular
outcome: results of the ATHEROREMO-IVUS study. Eur Heart | 2014;35:
639-647.

Nicholls SJ, Ballantyne CM, Barter P}, Chapman M), Erbel RM, Libby P, Raichlen ]S,
Uno K, Borgman M, Wolski K, Nissen SE. Effect of two intensive statin regimens on
progression of coronary disease. N Engl | Med 2011;365:2078-2087.

Imoto K, Hiro T, Fujii T, Murashige A, Fukumoto Y, Hashimoto G, Okamura T,
Yamada J, Mori K, Matsuzaki M. Longitudinal structural determinants of athero-
sclerotic plague vulnerability: a computational analysis of stress distribution using

26.

27.

28.

29.

vessel models and three-dimensional intravascular ultrasound imaging. | Am Coll
Cardiol 2005;46:1507-1515.

Teng Z, Sadat U, Li Z, Huang X, Zhu C, Young VE, Graves M|, Gillard JH.
Arterial luminal curvature and fibrous-cap thickness affect critical stress condi-
tions within atherosclerotic plaque: an in vivo MRI-based 2D finite-element
study. Ann Biomed Eng 2010;38:3096-3101.

Wolfrum S, Jensen KS, Liao JK. Endothelium-dependent effects of statins.
Arterioscler Thromb Vasc Biol 2003 23:729-736.

Joseph L. Nitric oxide insufficiency, platelet activation, and arterial thrombosis.
Circ Res 2001;88:756-762.

Dimmeler S, Zeiher AM. Nitric oxide—an endothelial cell survival factor. Cell
Death Differ 1999;6:964-968.

220z 1SNBNy GO UO Jasn uiag eylol|qIasioe)sIanun Ag 1 L 0EH9/6£00e90/¢/ | /oI uadofya/woo dno-oiwapese/:sdny Wwoly papeojumoq



	1
	tblfn1
	tblfn2

