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too, that because changes in plaque areas are evaluated in focal
regions, which cover approximately one-eighth of the artery cir-
cumference, reported values are an order of magnitude less than
if evaluated around the complete circumference [7].

The spatial location of each VH-IVUS image was identified in
the computational geometry, and values of WSS magnitude and
oscillation were extracted at these locations and divided into
equivalent sectors (figure 4a). Thus, each sector had one value

each for time-averaged WSS magnitude, oscillatory WSS and
changes in total plaque and VH-IVUS-derived constituent
areas. Sectors that resided within a branching vessel were
excluded from the analysis; however, other sectors within that
cross-section were included (figure 4b,c). Furthermore, only
data in the LAD were included in the analysis, due to the difficul-
ties associated with co-registering VH-IVUS images in the LM
coronary artery, and imaging data were excluded if accurate
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Figure 4. Quantification of the focal haemodynamic environment. (a) WSS data are extracted from the computational geometry at the location of the VH-IVUS
images. (b,c) Time-averaged WSS magnitude and oscillatory WSS data are divided up into sectors, and values are averaged within each sector. Sectors with nodes
within branching vessels were excluded from the analysis.
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that lesions in two different haemodynamic environments, low
WSS and low and oscillatory WSS, were collectively analysed.
More recently, it was observed in proprotein convertase
subtilisin/kexin type 9 (PCSK9) ‘gain-of-function’, hypercho-
lesterolaemic minipigs that regions of low and multi-
directional WSS, which was quantified by transverse WSS
(transWSS) [32], led to the formation of advanced coronary
lesions, including TCFAs [6], which supports the clinical obser-
vations presented here. Furthermore, the study [6] showed that
transWSS alone led to distinct plaque phenotypes, high-
lighting the role of WSS magnitude, oscillatory WSS and
their combination in atherosclerosis progression and plaque
vulnerability. We note that transWSS and WSSAD are analo-
gous haemodynamic parameters in identifying focal regions
where there exist large deviations of instantaneous WSS vectors
from the main flow direction. Finally, our observation that sec-
tors exposed to high WSS magnitude demonstrated progression
patterns towards lesions with high-risk features is supported by
experimental data that we have previously discussed in detail
[7]. It has been shown that high WSS promotes increased pro-
duction of plasmin, transforming growth factor-b, nitric oxide,
bone morphogenic protein-4 and MMPs [33–35], each of
which contribute to increased lesion vulnerability.

It cannot be overemphasized that CAD progression, vul-
nerable plaque formation and plaque rupture are focal
pathophysiological episodes. Indeed, atherosclerotic lesions
are classified by focal morphological and histological features
[36] and plaque ruptures are a local disruption of a thin fibrous
cap overlying a large necrotic core [37]. Thus, examination of
variables that influence these events should be evaluated at
an equivalent scale. We acknowledge that previous investi-
gations have provided a critical understanding of the role of
WSS in the natural history of coronary atherosclerosis; how-
ever, nearly all studies evaluating the relationship between
WSS and CAD progression spatially averaged the data over
the lumen circumference [7], axial ‘strips’ [38] or coronary seg-
ments [8], all of which reduce data width and the spatial
dependence of the associations [39].

We have previously observed a threefold reduction in the
range of time-averaged WSS values when data are averaged
around the circumference versus evaluation in focal regions,
and considerable differences between the two analysis tech-
niques in the association of WSS and VH-IVUS-defined
plaque progression [9]. In the current investigation, averaging
time-averaged WSS and oscillatory WSS data around the cir-
cumference yielded no segments of low and oscillatory WSS,
which highlights the advantage of our analysis framework to
capture local flow features (figure 2). Our current data indicate
that CAD progression and plaque phenotypic transformation,
which were evaluated at a focal level, are associated with the
baseline haemodynamic environment that was quantified at
the same length scale. The novel approach presented herein
provides motivation for future investigations that seek to
identify asymptomatic coronary lesions that precede rapid
lumen obstruction or an acute thrombotic event.

As coronary plaque rupture is the underlying aetiology for
a majority of acute coronary syndromes [37], early identifi-
cation of these high-risk plaques is of significant clinical
importance. Adverse clinical outcomes have been individually
associated with plaque burden, composition and pheno-
type; vessel remodelling patterns; and the surrounding
haemodynamic environment. Studies have shown that the
combination of distinct lesion characteristics demonstrates
higher predictive value than a single characteristic in identify-
ing lesions at greatest risk for future cardiac events [40].
However, to date, the required tools to identify focal WSS
patterns at an individual coronary lesion have been absent.
As a result, the complexity of the haemodynamic environ-
ment that includes focal regions of high WSS (plaque throat)
juxtaposed to focal regions of low and oscillatory WSS
(downstream of plaque), both of which are linked to plaque-
destabilizing pathobiological mechanisms [35], cannot be
accurately captured and characterized in humans. Our present
findings demonstrate that WSS magnitude and oscillation are
critical in identifying progression patterns of increased vulner-
ability and suggest that identification of these unique WSS
patterns, in conjunction with other lesion characteristics, will
afford increased predictive value and clinical prognostication
of high-risk coronary lesions.

4.1. Study limitations
The limitations of this study should be noted. First, the limited
study size of patients with stable, non-obstructive CAD
treated with aggressive medical therapy resulted in no clinical
events in the study cohort during the investigation. Neverthe-
less, our novel analysis techniques afforded the statistical
power to detect significant changes in total plaque and con-
stituent areas across the haemodynamic categories. Second,
we used serial radiofrequency intravascular ultrasound ima-
ging (i.e. VH-IVUS) to quantify CAD progression. Although
one study questioned the accuracy of VH-IVUS in identify-
ing necrotic core size [41], several identified flaws limit the
clinical significance of the conclusions [42]. Furthermore, the
PROSPECT study identified VH-IVUS-defined TCFAs in com-
bination with greyscale as an independent predictor of plaque
rupture [18]. Third, we acknowledge that arterial remodelling,
which is defined as the change in EEM area from baseline to
follow-up, is an important component of CAD progression
and clinical manifestation of the disease [43]; however, as
this study was focused on the focal association between
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examination of the focal association between haemodynamics
and VH-IVUS-defined plaque progression (figures 3 and 4),
our observations confirm that WSS magnitude modulates
changes in total plaque size and VH-IVUS-defined constitu-
ent areas. Further, we now demonstrate for the first time in
humans that oscillatory WSS significantly affects CAD pro-
gression patterns. Notably, our data indicate that WSS
magnitude and oscillation may act cooperatively in affecting
coronary lesion progression. Specifically, in areas of low WSS
we observed necrotic core progression and total plaque size
regression or progression depending on the presence or
absence of oscillatory WSS, respectively. Thus, these data
suggest that a haemodynamic environment characterized
by either low and oscillatory WSS or high time-averaged
WSS magnitude is associated with transformation towards
a more vulnerable plaque phenotype [24].

In addition to the compelling experimental evidence
linking haemodynamics to atherogenesis and early lesion
formation [25], the data also suggest a role of WSS in
atherosclerosis progression and plaque vulnerability. In a

pro-atherogenic region, low time-averaged WSS has been
linked to increased expression of matrix metalloproteinases
(MMPs) [26], changes in endothelial cell morphology [27],
and vascular smooth muscle cell (VSMC) migration and
proliferation [28]. A study that used a perivascular cast to
induce altered haemodynamics in a mouse model of athero-
sclerosis demonstrated a vulnerable plaque phenotype in
areas of lowered WSS and more stable lesions in areas of oscil-
latory, but not lowered, WSS [29], which contrasts the
presented results; however, limitations exist in studying
atherosclerosis in murine models [30]. In diabetic, hypercholes-
terolaemic pigs, arterial segments exposed to persistently low
WSS magnitude showed increased plaque size, decreased inti-
mal VSMC content, increased expression of collagenases and
collagenolytic activity and thinning of the fibrous cap [31].
These observations are consistent with data from the present
study, as we observed total plaque progression in areas of
low WSS. However, the role of oscillatory WSS could not be
determined in that study [31], as the computational methods
were limited by a steady flow assumption. Thus, it is possible
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examination of the focal association between haemodynamics
and VH-IVUS-defined plaque progression (figures 3 and 4),
our observations confirm that WSS magnitude modulates
changes in total plaque size and VH-IVUS-defined constitu-
ent areas. Further, we now demonstrate for the first time in
humans that oscillatory WSS significantly affects CAD pro-
gression patterns. Notably, our data indicate that WSS
magnitude and oscillation may act cooperatively in affecting
coronary lesion progression. Specifically, in areas of low WSS
we observed necrotic core progression and total plaque size
regression or progression depending on the presence or
absence of oscillatory WSS, respectively. Thus, these data
suggest that a haemodynamic environment characterized
by either low and oscillatory WSS or high time-averaged
WSS magnitude is associated with transformation towards
a more vulnerable plaque phenotype [24].

In addition to the compelling experimental evidence
linking haemodynamics to atherogenesis and early lesion
formation [25], the data also suggest a role of WSS in
atherosclerosis progression and plaque vulnerability. In a

pro-atherogenic region, low time-averaged WSS has been
linked to increased expression of matrix metalloproteinases
(MMPs) [26], changes in endothelial cell morphology [27],
and vascular smooth muscle cell (VSMC) migration and
proliferation [28]. A study that used a perivascular cast to
induce altered haemodynamics in a mouse model of athero-
sclerosis demonstrated a vulnerable plaque phenotype in
areas of lowered WSS and more stable lesions in areas of oscil-
latory, but not lowered, WSS [29], which contrasts the
presented results; however, limitations exist in studying
atherosclerosis in murine models [30]. In diabetic, hypercholes-
terolaemic pigs, arterial segments exposed to persistently low
WSS magnitude showed increased plaque size, decreased inti-
mal VSMC content, increased expression of collagenases and
collagenolytic activity and thinning of the fibrous cap [31].
These observations are consistent with data from the present
study, as we observed total plaque progression in areas of
low WSS. However, the role of oscillatory WSS could not be
determined in that study [31], as the computational methods
were limited by a steady flow assumption. Thus, it is possible
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Figure 6. Changes in plaque area in low, intermediate and high time-averaged WSS sectors over six months. (a) Total plaque area. (b) VH-IVUS-derived plaque
constituents. Sectors exposed to intermediate or high WSS were associated with a decrease in total plaque area, while sectors exposed to high WSS sectors demon-
strated an increase in necrotic core and dense calcium. Error bars are 95% CIs. p , 0.05: low versus intermediate (*), intermediate versus high (#) and low versus
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Stent implantation changed 3-D vessel geometry in healthy porcine coronary arteries following
Wallstent deployment. Regions with decreased and increased WSS occur close to the stent edges
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Vessel and Strut Level Wall Shear Stress

Gogas BD, Yang, B, Picinelli M, Giddens GP, Veneziani AV, Samady H. JACC CV Interventions 2016
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Gogas BD, Samady H et al.: Global Cardiology Science and Practice 2015
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• Vessel and Strut level hemodynamics may influence post 
scaffold and long term vascular healing

• Macro or vessel level hemodynamics may not require 3 D 
vessel scaffold reconstruction which is extremely complex and 
time consuming

• The methodology deployed should be tailored to the clinical 
questions asked

• Micro or strut level hemodynamics require complex, meticulous 
and time consuming techniques but have the potential of 
evaluating the interaction of plaque prolapse, strut morphology 
and perhaps scaffold thrombosis 

Shear Stress Analysis / 3 Dimensional Vessel 
and Scaffold: Take Home Messages

• Prospective studies are underway to investigate the prognostic 
value of both macro and micro level hemodynamics as they 
relate to vascular healing of scaffolded vessels
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