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Biomechanics of Atheroma Plaque

- 1t Remarkable Finding -
Left main coronary bifurcation

Low Endothelial .
Shear Stress (ESS)

Biomechanical -

Simulations

Low Endothelial Shear Stress is a strong local
risk factor for atherosclerosis

Fry , Circ Res 1968 — Caro et al., Proc. R Soc London B Biol Sci, 1971 - Malek et al., JAMA, 1999




Biomechanics of Atheroma Plaque
- 2"d Remarkable Finding -

Solid Biomechanical Simulations

necroftic core
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Peak cap stress can predict plaque rupture

Richardson et al., Lancet 1989 — Loree et al., Circ Res, 1992 - Cheng et al., Circulation, 1993




Investigations of the
Biomechanics of Vuilnerable Plaque

Biomechanics can help define vulnerable plaque
morphology and critical parameters

Key Questions:

1. What are morphologic determinants of vulnerability”?

2. What Is the elasticity of plaque-wall constituents 7
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BACKGROUND
A Cascade of Events Leads to Plaque Rupture

Lipid accumulation < > Inflammation
(decades) (Probably years)

/ 7N\

Increased Decreased

degradation synthesis




b) Plaque Morphology

Ohayon et al., Am. J. Physiol 2008




Necrotic Core Thickness and Arterial Remodeling Index:
Emergent Biomechanical Factors for Evaluating
the Risk of Plaque Rupture
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BACKGROUND

Criteria for Defining Vulnerable Atherosclerotic Plaques

Illustration of the usual sequence in the L b _atoc necrotio
development of the coronary atherosclerosis '

Coronary artery at Type Il lesion
lesion-prone location

adaptive
thickening
(smooth muscle)

# ] ~macrophage
foam cells

= small pools of
1", extracellular
lipid

Criteria for Defining Vulnerable Plaques on the Basis of the Study of “Culprit” Plaques
Type of Critzria Critericn

Major Activerintiammation: momcyte and macrophage and sometimes T-call infiltration
——— ( Thin cap with large lipid-necrotic core

Endothdial denudation with surerfisiai platalet aggregation

Assured plaque

Stencsis =20%

fibrous i Superficial calcified madule
thickening Glistaning yellow plaque seen at angicsoopy
traplaque hemorrhage
Endothelial dysiindtion

——— ("Outward (pasitive) remodaling




BACKGROUND

I. Plaque Vulnerability and Cap Thickness
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BACKGROUND

II. Plaque Vulnerability and Necrotic Core Size

- Large lipid-necrotic core : But what is the critical necrotic core size ?

necrotic
core

Large Variation, between 10%o and 50%b of plaque area

III. Plaque Vulnerability and Remodeling Index (RI)

- Few is known about the effect of remodeling index on plaque vulnerability

Plaque rupture often occurs often at sites with relatively small luminal stenosis

Thus, it still remains unclear how both, necrotic core size and

plaque-growth process affect the peak cap stress — a predictor
of rupture.




METHOD : Strategy 1

Structural Analysis Performed on Real Plaque Morphologies

Clinical Measurements (Population, n = 24) Structural Analysis (n = 24)
Patient fialy,

-

- Core area

- Core angle
- Core thickness

- Remodeling index Peak cap stress

Can thiclkneacg
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Correlations ?




RESULTS : Correlations Between Peak Cap Stress and

Plaque Morphology

[S—

+ PCS/P<16
o PCS/P>16

Core angle /180°

*® PCS/P<16
¢ PCS/P> 16

Remodeling index

(e)

H. /H... 1

Relative core thickness Relative core thickness

" e ie Unfortunately, 70% of our IVUS
population had similar Remod;,gex
and Core,.,, SO0 that statistical
analysis failed to disclose any
influence on plaque stability of such

200 300 )
CTh (x10° mm) parameters.




REsULTS : Clinical Study (n =24 patients)

Description of Plaque Characteristics Detected by IVUS




METHOD : Strategy 2

Structural Analysis Based on a Dataset of Idealized Plaque
Geometries Mimicking Atherosclerotic Lesion Growth (5,500 morphologies)

Glagov’s Arterial Positive (or Outward) Remodeling Model

1 1.1 1.2 . 1.5 1.6 1.8  Remod;ygex
< Lumen Area Compensation Lumen Area Narrowing >

B

> <«

Decreasing Increasing Increasing
Capﬂnck Cor eth.\ck Cor eanzle

50008

Constant Remodeling Index

For a given Stenos,,, (N=14), all topologically admissible blunt crescent-
shaped necrotic cores were investigated (n=393)




METHOD : Validation Structural Analysis

Real Plaque Morphologies (n = 24) Associated Idealized Plaque Morphologies

Patient #ul.‘

- Core area
- Core angle

- Core thickness
- Remodeling index
- Cap thickness

N N

‘Real’ peak cap stress ‘Approximated’ Peak cap stress

| Comparison |




RESULT : Model Validation

Patient 7 1

Real

Contours

necrofic core

Tumen 366 kPa

von Mises Stress (kPa)
[ —
0 195 390

Associated
. . Idealized necrotic core
- Remodeling index

- Fibrous cap thickness
- Necrotic core thickness f

- . {umen
- Necrotic core arc angle

model >

376 kPa

Real Peak Cap Stress (kPa)
Approximated minus Real
Peak Cap Stresses (kPa)

300 600 300 600
Approximated Peak Cap Stress (kPa) Average Peak Cap Stress (kPa)




RESULT : Non Significant Influence of Necrotic Core Angle on Peak Cap Stress

Increase of core area inducing only
by a variation of core angle
- Fixed cap thickness

- Fixed remodeling index

Core,

angle

necrotic

448 kPa

lumen lumen




RESULT : Importance of Necrotic Core Thickness when Evaluating Peak Cap Stress

Increase of core area inducing only

by a variation of core thickess
- Fixed cap thickness —>
- Fixed remodeling index

* *
Core™ ;e Core™ ;e

< 1ecro tic

eore

231 kPa

lumen ! lumen




RESULT : Combined Effects of Remodeling Index and Necrotic Core

Thickness on Critical Cap Thickness

Even with a large Capy,.
(>150 um) the plaque may
be vulnerable to rupture

Definition:

Critical Cap,,, was defined as the value of
Capy, at which Cap, . reached the ultimate
tensile stress of 300 kPa

Plaque with large relative
necrotic Corey,,, and small
Stenos,., were found more
liable togrupture.




RESULT : Potential Clinical Implications : Plaque Rupture Prediction

Both cores had same:
- Capyyjg = 100 pm
- Remod. =1.40

index




CONCLUSIONS

Necrotic core thickness - rather
than area — appears to be critical in
determining plaque stability.

At the early stages of positive
remodeling, atherosclerotic lesions
were more prone to rupture, which
could explain the progression and
growth of clinically silent plaques.

Biomechanical plaque
instability is not a
consequence of cap
thickness alone, but rather
of a subtle combination of
cap thickness, necrotic core
thickness and arterial
remodeling index.



b) Plaque Morphology

c) Mechanical Properties of Plaque Constituents

Le Floc’h, Ohayon et al., IEEE 2009




Why do we need a modulography’s tool ?

The knowledge of mechanical properties
allows an accurate estimation of Peak Cap

Stress - a good predictor of plaque rupture

Small gradient High gradient |

of elasticity of elasticity

A essential tool also for Pharmacologists :
- Allows to explore non invasively the effects of any drug on Plaque Stability

Challenge : WE NEED A TOOL TO ESTIMATE /N-VIVO THE MECHANICAL PROPERTIES



IVUS Virtual Histology

Boston Scientific &

Limitations:
. Parametric Signal analysis — based
(Spectral analysis of ultrasound RF data), don't allow any stiffness quantification
. Don’t satisfy the cardiologists
(not accurate enough to highlight cap thickness close to 100 um)




Starting Point: Strain Fields (clinical measurement)

Image i+1

 Estimation of strain

using two successive

images
(Optical flow approach, Maurice et al., 2004)

0%

-1.4%

TP p— Radial strain



State of the Artin R&D:
Parametric FE Model of Baldewsing (2001-2008)

» Initialization of necrotic core shape using High Strain Regions

e Update of the geometry during the optimization process

MEDIA
CONTOUR

2 unknowns by points

;. . 3 unknows for the
&

material properties (Ei)




State of the Art in R&D :
Parametric FE Model of Baldewsing (2001-2008) - Limitations

[%]

2

|
0

Radial strain  High Strain
Regions

Compounding
procedure

———

Final modulogram

2 independant
modulograms

LIMITATIONS

« Complex Plaques (neglects the interaction between inclusions)

» Initialization of the inclusion (Lipid far from the lumen may be omitted)
* Not able to detect calcium inclusions



Parametric FE Model : i-MOD
Mechanical Segmentation Criterion

Local equilibrium equation V. [O’] =0

Linear elasticity, incompressible medium :

o] -pln+E() 2 [ ]

Substitution of Eq.(2) into Eq. (1) leads to : VE =3 [8] ..

Lagrange multiplier p cannot be measured 2"d term

- luckily, the second term appears to be
sensitive enough to highlight the modification
of the material properties Our criterion

—

H=-[e]"V. |e]




Our Original Parametric FE Tool « i-MOD »
(imaging MODulography)

Strain

Originality++

Phase 1. Smart Automatic
segmentation of plaque
heterogeneities based on
mechanical criterion

g

/IVUPS iKmaes |

!

Phase 2: Optimisation

OE3

++ Approach Based on Continuum Mechanics

QE; —

650 kPa



Parametric FE Model : i-MOD

[terative Watershed Segmentatwn Procedure
% -

Images Iterative
watershed
IVUS (Coronary segmentation
-1.4%
MRI (Carotid) "

Radial strain Criterion

lterative Watershed segmentation
E1 ﬁZ \ <
O C
N

o ©
Pd Pt (g

Determination of Ei with classical optimisation method




Successful Validation of i-MOD: Theoretical Framework
Plague Morphologies and Mechanical Properties

e  With necrotic cores

elelo] o,

e  With necrotic cores & calcium

00

Calcium, E = 5,000 kPa

B Lipid, E=10kPa

I Fibrosis, E = 600 kPa




Successful Validation of i-MOD : Theoretical Framework
Forward and Inverse Problem: FEM Simulations (Strain)

Radial strain, Radial strain,
No noise white noise 0%

#

Noise
model of ¥
Baldewsing

FEM

Linear, isotropic: -1.4%

<

Poisson’s ratios V = 0.49
E- fibrosis = 600 kPa
E-lipid = 10 kPa

Solving the Inverse Problem



i-MOD A Promising Tool for Vulnerable Plaque Detection
Accurate detection of cap thickness Targets

Radial strain MST Iterative YM maps Simplified Final YM maps

1 2 B 11.1kPa (10 kPa)
[1601+0.1kPa (600 kPa)

Cappick =376 um  (369)
Coreyey = 1.59 mm? (1.60)

Plaque # 1

Bl 11.8kPa (10 kPa)
[1605+8kPa (600 kPa)

Capepick = 147 um ~ (174)
Coreyey = 2.30 mm2 (2.29)

Plaque # 2

B 10.4 kPa (10 kPa)
[]614 +4kPa (600 kPa)

Cappick =92 um  (103)
Coreyey =2.38 mm? (2.37)

Plaque # 3

-1.4% 0% 0 1

650 kPa



i-MOD A Promising Tool for Vulnerable Plaque Detection

Accurate detection of intra-plaque structure Targets

Radial strain MST Iterative YM maps  Simplified Final YM maps

M 1.5 kPa
1611 +£0.1 kPa

Cappick =201 pm  (204)
Coreye, = 5.56 mm? (5.56)

M 156+0.1kPa (10kPa)
1612 £ 1kPa (600 kPa)

Cappick = 101 pm  (147)
Coreyeq= 0.56 mm? (0.51)
Coregegn=1.34 mm2(1.20)

-1.44 02% 0 1 0 650 kPa



i-MOD A Promising Tool for Vulnerable Plaque Detection
Accurate detection of calcium inclusions
Targets

Radial strain MST Iterative YM maps Simplified Final YM maps

Bl 15.0kPa
Bl 608 + 14 kPa
[ 12968 kPa

Capuick =214 um ~ (199)

Coregey = 2.07 mm?2 (2.00)
Cal,e, = 0.353 mm? (0.356)

[T @4
)

-14%  0.2% 0 1 0 3000 kPa

Bl17.1 +0.7kPa (10 kPa)
B610 + 10 kPa (600 kPa)
[ 12784 kPa (5000 kPa)

Capuick = 184 um (214)
Coregea =2.33 mm?  (2.15)
Coreyer = 0.761 mm?2 (0.701)
Calye, = 0.890 mm2  (0.891)

-1.4%  0.2%

0 3000 kPa
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