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EDITORIAL

The effect of multidirectional wall shear stress on plaque
characteristics: delving deeper into local shear stress metrics
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The goal of investigations to risk-stratify individual coronary
plaques over the past few decades has been to identify the so-
called “vulnerable plaque”, i.e., a high-risk plaque on a trajectory
towards plaque destabilisation and precipitation of a new clini-
cal event, so that pre-emptive interventions could be utilised to
interrupt that trajectory and avert the adverse event. Initial efforts
focused on anatomic characterisation of the plaque, but prognos-
tication based on plaque anatomy features has consistently been
inadequate to influence clinical decision making'-. Most plaques,
including ostensibly high-risk plaques based on plaque anatomy
characteristics alone, remain quiescent and do not destabilise and
cause a new event. Investigations have consequently focused on
complementary haemodynamic/biomechanical forces that may
influence plaque natural history, leading to incremental changes
in plaque size, shape, or constituents, that may culminate in desta-
bilisation. Local shear stress (synonyms wall shear stress [WSS]
or endothelial shear stress [ESS]) along the tortuous course of
a coronary artery, at bifurcations, and upstream and downstream
from partially obstructing plaque, has been most extensively

investigated, but other important biomechanical metrics that may
influence plaque behaviour have recently been studied, including
plaque structural stress® and axial plaque stress® (Figure 1). There
are preliminary clinical reports that a combination of plaque ana-
tomic characteristics and associated haemodynamic/biomechanical
forces may indeed provide clinically relevant, synergistic prog-
nostication both for plaque progression>’ and, perhaps even more
importantly, for plaque destabilisation and clinical events®'°.

The shear stress metric most utilised to assess plaque behav-
iour and outcomes has been either shear stress as a time snapshot
computed through a steady-state simulation of flow at a phase of
the cardiac cycle, or the time-averaged WSS (TAWSS) computed
through phasic simulation of flow and averaging over a cardiac
cycle. The calculated value of TAWSS using phasic flow is in
close quantitative agreement with the ESS results obtained assum-
ing steady flow!!. While average flow within a coronary artery is
heterogeneous and complex, the disturbed flow patterns through-
out the cardiac cycle are even more complex and multidirectional.
The multidirectional WSS metrics include oscillatory shear index
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Figure 1. Current biomechanical assessment of intracoronary haemodynamics and plaque behaviour:

(OSI) and cross-flow index (CFI), which measure the change in
direction of WSS over a cardiac cycle, transverse wall shear stress
(transWSS) which is the WSS component perpendicular to both
the surface and TAWSS vector, and relative residence time (RRT)
which is a parameter formed by combining TAWSS and OSI.

In this issue of Eurolntervention, Kok et al provide results
evaluating both TAWSS and multidirectional WSS metrics in the
left anterior descending coronary artery in 20 patients with sta-
ble coronary artery disease (CAD) investigated at baseline and
after six months of follow-up, using virtual histology intravascular
ultrasound (VH-IVUS) to assess plaque composition'2,
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They observed that plaque progression was most influenced
by exposure to baseline low TAWSS and co-localisation of low
multidirectional WSS. Multidirectional WSS metrics were primar-
ily involved in altering plaque composition rather than plaque size,
suggesting that plaque vulnerability was increased. High TAWSS
showed change in characteristics of plaque vulnerability, with
modest incremental impact of multidirectional WSS.

The study contributes valuable new insights concerning the
impact of multidirectional WSS on coronary plaque and will cer-
tainly motivate other investigators to pursue these more complex
intracoronary flow patterns. The study is limited, as the investiga-
tors acknowledge, by investigating a small number of stable CAD
patients with brief follow-up, and all patients were treated with
high-dose atorvastatin. As the investigators also acknowledge, the
characterisation of plaque “vulnerability” based on VH-IVUS tis-
sue features may be incomplete. It will be important to confirm
that the changes in ostensible “plaque vulnerability” have clinical
significance based on actual destabilisation leading to new clinical
events rather than tissue characterisation alone.

It would also be useful to compare the value of the differ-
ent multidirectional WSS metrics, since they share many simi-
lar features related to the disturbed local flow patterns and
determine whether there is incremental benefit of using one or

a combination of these metrics compared to using TAWSS or its
steady-state analogue, ESS, alone. How independent are these
variables, or are they primarily describing similar phenomena
related to similar flow patterns? What is the degree of correla-
tion among the multidirectional WSS metrics? Another critical
aspect for future research is the effect of different magnitudes
of “high” WSS on plaque behaviour. “Increased” WSS has often
been found to be atheroprotective, but the WSS values investi-
gated in these studies have often not been as elevated as the very
high values observed clinically at the throat of a tight luminal
obstruction. The consequences of these “superhigh” WSS values
may be qualitatively very different and more detrimental than
physiologic “high” WSS.

The field of risk stratification of individual coronary plaques
is evolving rapidly as new and more refined metrics of factors
impacting on vascular biology/plaque behaviour are identified and
methodologies are developed to measure these metrics and com-
pare their prognostic significance. Much of the focus in the past
has been on evaluating changes of plaque outcome characteris-
tics such as plaque size, burden, shape, and constituents, but it is
particularly important going forward to focus on the actual pro-
cess of plaque destabilisation and clinical events. Most previous
prognostic studies of plaque natural history investigating the effect
of baseline haemodynamic/biomechanical plaque characteristics
have been inefficient for studying WSS since those natural history
studies were designed for other purposes and, consequently, the
imaging data sets were often inadequate for WSS computations.
It will be invaluable in the future to focus our haemodynamic/
biomechanical investigations on predicting plaque destabilisation
and new clinical events, since only those “hard” prognostic out-
comes will provide the crucial justification necessary to consider
pre-emptive intervention for the true “vulnerable” plaque.

Conflict of interest statement
The authors have no conflicts of interest to declare.

m
c
=
=5
=
=3
(1]
=
<
(1]
=
=
o
=
N
o
—
2
—
o1
2]
a1
P
(2]
ol
©




m
c
=
ok
=
=3
(1]
=
<
(1
=
=2
o
=
N
o
=
£
—
R
[=}]
(5]
T
(2]
ol
©

References

1. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea C, Mintz GS,
Mehran R, McPherson J, Farhat N, Marso SP, Parise H, Templin B, White R,
Zhang Z, Serruys PW; PROSPECT Investigators. A prospective natural-history
study of coronary atherosclerosis. N Engl J Med. 2011;364:226-35.

2. Stone PH, Saito S, Takahashi S, Makita Y, Nakamura S, Kawasaki T,
Takahashi A, Katsuki T, Nakamura S, Namiki A, Hirohata A, Matsumura T,
Yamazaki S, Yokoi H, Tanaka S, Otsuji S, Yoshimachi F, Honye J, Harwood D,
Reitman M, Coskun AU, Papafaklis MI, Feldman CL; PREDICTION
Investigators. Prediction of progression of coronary artery disease and clinical
outcomes using vascular profiling of endothelial shear stress and arterial
plaque characteristics: the PREDICTION Study. Circulation. 2012;126:
172-81.

3. Oemrawsingh RM, Cheng JM, Garcia-Garcia HM, van Geuns RJ, de
Boer SP, Simsek C, Kardys I, Lenzen MJ, van Domburg RT, Regar E,
Serruys PW, Akkerhuis KM, Boersma E; ATHEROREMO-NIRS Investigators.
Near-infrared spectroscopy predicts cardiovascular outcome in patients with
coronary artery disease. J Am Coll Cardiol. 2014;64:2510-8.

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

5. Brown AJ, Teng Z, Calvert PA, Rajani NK, Hennessy O, Nerlekar N,
Obaid DR, Costopoulos C, Huang Y, Hoole SP, Goddard M, West NE,
Gillard JH, Bennett MR. Plaque Structural Stress Estimations Improve
Prediction of Future Major Adverse Cardiovascular Events After Intracoronary
Imaging. Circ Cardiovasc Imaging. 2016 June;9(6).

6. Lee JM, Choi G, Hwang D, Park J, Kim HJ, Doh JH, Nam CW, Na SH,
Shin ES, Taylor CA, Koo BK. Impact of Longitudinal Lesion Geometry on

Location of Plaque Rupture and Clinical Presentations. JACC Cardiovasc
Imaging. 2017;10:677-88.

7. Samady H, Eshtehardi P, McDaniel MC, Suo J, Dhawan SS, Maynard C,
Timmins LH, Quyyumi AA, Giddens DP. Coronary artery wall shear stress is assoc-
iated with progression and transformation of atherosclerotic plaque and arterial
remodeling in patients with coronary artery disease. Circulation. 2011;124:779-88.

8. Stone PH, Maehara A, Coskun AU, Maynard CC, Zaromytidou M, Siasos G,
Andreou I, Fotiadis D, Stefanou K, Papafaklis M, Michalis L, Lansky AJ,
Mintz GS, Serruys PW, Feldman CL, Stone GW. Role of Low Endothelial
Shear Stress and Plaque Characteristics in the Prediction of Nonculprit Major
Adverse Cardiac Events: The PROSPECT Study. JACC Cardiovasc Imaging.
2018;11:462-71.

9. Kumar A, Thompson EW, Lefieux A, Molony DS, Davis EL, Chand N,
Fournier S, Lee HS, Suh J, Sato K, Ko YA, Molloy D, Chandran K, Hosseini H,
Gupta S, Milkas A, Gogas B, Chang HJ, Min JK, Fearon WF, Veneziani A,
Giddens DP, King SB 3rd, De Bruyne B, Samady H. High Coronary Shear
Stress in Patients With Coronary Artery Disease Predicts Myocardial Infarction.
J Am Coll Cardiol. 2018;72:1926-35.

10. Costopoulos C, Machara A, Huang Y, Brown AJ, 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. 2019 Jul 11. [Epub ahead of print].

11. Feldman CL, Ilegbusi OJ, Hu Z, Nesto R, Waxman S, Stone PH.
Determination of in vivo velocity and endothelial shear stress patterns with
phasic flow in human coronary arteries: a methodology to predict progression
of coronary atherosclerosis. Am Heart J. 2002;143:931-9.

12. Kok, AM, Molony DS, Timmins LH, Ko YA, Boersma E, Eshtehardi P,
Wentzel JJ, Samady H. The influence of multidirectional shear stress on plaque

progression and composition changes in human coronary arteries.
Eurolntervention. 2019;15:692-9.



