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Intravascular ultrasoun@dVUS) is known to be the reference tool for preoperative vessel lesion
assessments and for endovascular therapy planning. Nevertheless, IVUS echograms only provide
subjective information about vessel wall lesions. Since changes in the vascular tissue stiffness are
characteristic of vessel pathologies, catheter-based endovascular ultrasound elasteéy/&phgs

been proposed in the literature as a method for outlining the elastic properties of vessel walls. In this
paper, the Lagrangian Speckle Model EstimatdME) is formulated for investigations in EVE,

i.e., using a polar coordinate system. The method was implemented through an adapted version of
the Levenberg-Marquardt minimization algorithm, using the optical flow equations to compute the
Jacobbian matrix. The theoretical framework was validated with simulated ultrasound rf data of
mechanically complex vessel wall pathologies. The results, corroborated with Ansys finite element
software, demonstrated the potential of EVE to provide useful information about the heterogeneous
nature of atherosclerotic plaques. ZD04 Acoustical Society of America.
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I. INTRODUCTION trasound propagation and the tissue motion. Owing to that,

(one-dimensional 1-D-motion estimators may not be opti-

Intravascular elastography, or eguivalently gndqvascula;nm for EVE applications. Ryan and Fostd097) then pro-
elastographyEVE), was introduced in the late nineties as apggeq to use a 2-D correlation-based speckle tracking
new imaging modality that aims to outline the elastic prop-e1haq to compute vascular elastograms. Additionally to a
erties (()jf t;/ essellvyalls. ]Icn EVF’ the _\t/r?scmarlnssue :S dcon;-z_D correlation-based estimator, Shagical. (1996a, 1996p
pressed by applying a force from within the fumen. Indee ‘Proposed the use of an angioplasty balloon to stabilize the
the compression can be induced by the normal cardiac pul- . . L

catheter in the vessel lumen. Those phantom investigations

sation or by using a compliant intravascular angioplasty bal- I :
loon. The feasibility of EVE was investigatdd vitro with tended to demonstrate the feasibility of EVE in the presence

phantom studiegde Korte et al, 1997 and with excised _of motiop artifacts, and its pgtential to pr_ovide new diagnosis
vessels(de Korte et al, 1998 and 2000a; Brussea al, information that may help in the functional assessment of
2001: Wanet al, 2003, andin vivo on human coronary atherosclerosis.
arteries(de Korteet al, 2000B. Interestingly, it was demon- Another strategy was proposed by de Kormeal.
strated that EVE could provide information that is occlusive(2000D to minimize artifacts due to catheter motion. It con-
to intravascular ultrasoundvUS) images. sisted in using pre- and post-motion images near end-diastole
However,in vivo, the position of the catheter in the lu- for a pressure differential of approximately 5 mm Hg. The
men is generally off center and may move in response to theomputedn vivo elastograms could detect an area composed
flow pulsatility. Moreover, the lumen geometry is often not of hardened material, which was corroborated with IVUS
perfectly circular. In such conditions, the ultrasound beanB-scans that revealed a large calcified area. This last method
does not run parallel with tissue displacements, and appranay become a standard procedure if one considers EVE
priate coordinate systems are required to model both the ulwithout the use of an angioplasty balloon.
So far, EVE appears a very attractive and promising tool
dDirector of the Laboratory of Biorheology and Mecidal Ultrasonics, to characterize the mechanical properties of vessel walls.
Electronic mail: guy.cloutier@umontreal.ca However, in return, it is potentially limited by motion arti-
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of the vessel wall. Following the example of IVUS, and as
schematically illustrated in Fig. 1, the transducer is placed at
the tip of the catheter and cross-sectional imaging of a vessel
is generated by sequentially sweeping the ultrasound beam
Vessel wall over a 360° angle. Mechanical paramet@edial strain, in

this casg are estimated from analyzing the kinematics of the
vascular tissue during the cardiac cy@be in response to an
angioplasty-balloon pugh

v
(o]

Catheter

Rotating
transducer

Lumen A. The forward problem in EVE

Ultrasound
beam

Surrounding 1. The polar static-image-formation model
tissue

The image-formation model is for a rotating beam
(single element or an array transducer systemd is thus
expressed in polar coordinates. It is based on previous works
FIG. 1. A schematic illustration of the image acquisition process in IVUS by Bamber and Dickinso(1980. Such a model was used by
and EVE. The transducer is placed at the tip of the catheter and crossvleunier and Bertrand1995 to study speckle dynamics; it
sectional imaging of the vessel is generated by sequentially sweeping tr\ﬁlas also considered to investigate speckle motion artifacts
ultrasound beam over an angle of 360°. In this ideal situation, the uItrasoun? . .
beam runs parallel with the vascular tissue motion, i.e., in the)(coor- Kallel and Bertrand* 1994 Maunce_ and_ Bertrand, 1999b_
dinate system. Under assumptions such as space-invariance of the imaging

system, and plane strain conditions for the motfidrat is no

facts. Furthermore, it is also limited by the heterogeneoudransverse motion is involvedthe following simple 2-D

nature of the vascular tissue and of the plaque itself that mafnodel was used@Maurice and Bertrand, 1998b

induce very complex tissue deformatiofmenrigid rotation, / —hn /

scaling, shear, etc.Most of the currentlastographiometh- "Gy =h (xy) @' (x.y), @

ods use correlation techniques to assess tissue motion amderel’(x,y) is the radio-frequencyrf) image,h’(x,y) is

may not be optimal to investigate such complex strain patthe point-spread functioPSH of the ultrasound systen®

terns. In this paper we propose an adaptation of the Lagrangs the 2-D convolution operator, ard(x,y) is a function

ian Speckle Model Estimatdgt. SME) for strain computation representing the acoustic impedance variations, which was

in EVE, i.e., for a formulation in a polar coordinate system.modeled as a white Gaussian noiseandom distribution of

The method was implemented through an adapted version eincorrelated scatterers within the region of interess it

the Levenberg-Marquardt minimization algorithm, using thewill be seen further in this section, the notatiofi’ s only

optical flow equations to compute the Jacobbian matrixfor convenience and it does not refer to any mathematical

While the full 2-D polar strain tensor was assessed, only theperator.

radial strain parameter is displayed in this paper. The theo- Because the speckle dimension varies with depth for po-

retical framework was validated with simulated ultrasound rflar scan systems such as the one described in Fig. 1(1Eq.

data of mechanically complex vessel wall pathologiesis valid only for small regions of intere§ROI). Accordingly,

Namely, oneidealizedand onerealistic plaque were investi- the linear image-formation model is formulated using the

gated. Whereas the former allowed validating the potential ofuperposition integral, given by

the method to differentiate between hard and soft vascular

tissues, the latter showed its potential to character_ize the_ h_et- |(r'¢):f f h(r,e,r'",0)z(r’,e")r' dr' de’, (2)

erogeneous nature of atherosclerosis. Interestingly, it is

worth noting that a polar image-formation model that simu-yherer and¢ are the radialdepth and angular coordinates,

lates the spatial variation of the ultrasound beam with depthegpectively;l (r, ), h(r,¢), and z(r,¢) are the polar rf

was also introduced. image, polar PSF, and the acoustic impedance function
This paper is organized as follows. In Sec. Il A, the for- mapped in polar coordinates, respectively;, ¢') is the po-

ward problem in EVE is addressed; it is followed by the sjtion of the “point object” used to define the polar PSF.

derivation of the tissue motion estimator in Sec. Il B, and byryrthermore, for a polar scan systen(r,¢) can be consid-

[l C. Results are presented in Sec. lll, while in Secs. IV and

V we discuss the results and draw conclusions and perspec- _f f S e e
fives to this work. I(r,¢)= h(r,r',e—¢@")z(r',e")r' dr' de’. (3

It is convenient to model the PSF as a 1-D cosine modu-
lated by a 2-D Gaussian envelope; that is a simple approxi-

Endovascular elastographEVE) is a catheter-based mation of the far field PSF. The mathematical formulation
modality, which gives insights about mechanical propertiesan be expressed as

Il. METHODOLOGY
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y=e (- 12207+ (g—¢")220%) h(r,p) (Zoomed)

h(r,r’,o—¢’
X cog 2 &(r—r’) (4)
TR '

whereo, is a pulse length parameter,=o (r) is a beam-
width parametef:f,, andc are the transducer frequency and
the sound velocity in soft tissue, respectively. For simplicity,
it is assumed thatr,(r) is a linear function ofr; it is ex-
pressed as

Surrounding
tissue

r 1(x,y)

U(P(r)—RLUO, r=R_, (5)

Vessel wall
with R, being the lumen radius and, the beam width at
r=R_. In such a situation, the beam forms a sector that
linearly increases with depth through the vessel wall. It is
important to notice that Eq$4) and(5) define a very simple
approximation of the PSF in the far-field. In practice, the StFRoumding
near field beam profile is more complex. However, it can be tissue
assumed that the transducer is positioned near the middle of .
the lumen. so that the vessel wall is not in the near ﬁeld.FIG' 2. Image-_formanon model for a 20 MHz polar scan s_ystemshows

’ the beam profile as a function of depttly) presents the simulated polar
Additionally to the divergence of the ultrasound beam pro-B-mode image for an homogenous vessel sectioris the IVUS simulated
file, the nonplanar nature of the wavefronts also raises thanage.
complexity of the polar scan model; this aspect was not mod-
eled in the current study.

In theory, o ,(r) is a continuous function af. However,
for simplification it will be considered as a piecewise con-
stant function, the partitioning regions being defined by the
boundaries &ry<r,<r,<---<r,. For convenience, each
partition will be denoted a®;, that is,

Lumen

generating a 2-D normally distributed random field. The lu-
men and the tissue surrounding the vessel were assumed to
be, respectively, 2.5 and 1.67 times less echoic than the wall.

Figure 2a) shows the beam profile as a function of
depth. The beam width increases linearly, being minimal in
the lumen and maximal in the surrounding tissue; the parti-
Pi=Iri—.,ril, i=1,.n. (6)  tion numbem was set at 5. Figure(B) presents a simulated
polar B-mode image for an homogenous vessel section,
whereas Fig. @) gives the equivalent IVUS imageén Car-
tesian coordinates

Equation (6) defines an interval; the reversed left bracket
means that (the first element of the intervaiks excluded. A
discrete approximation af ,(r) is then defined as follows:

Pi
To(Nlrep=0y(P)= R 70 0, The tissue-motion model
whereP; is the mean radial distance of the interal Now, For a small ROI, tissue motion can be approximated by
assuming that the PSF is locally depth-invariant, i.e., on eachn affine transformation; this can be expressed in Cartesian
P;, the linear model of Eq(3) can be approximated by the coordinates as
following convolution form:

p(x,y,t) 01 02 03 X
: : Gty Leal T1os 6lly) ©
I(r,e)=2, 1(Pi,@)=2, [h(P,¢)02(P;,¢)], (8 Aoy LA B e
i=1 i=1 Tr LT
with where 6; is a function of timet (6;(t)). Equation 9 ex-

presses a translation of the center of the R@ctor[T,])
and a linear geometrical transformation of coordindtea-
a2 i f trix [LT]).9 It can also be seen as trajectories that describe a
= @~ (207 + ¢%120 () )cos<27772r). tissue motion in a region of constant straiMaurice and
¢ Bertrand, 1999g Strain is usually defined in terms of the
While the continuity ofl (r,¢) at the boundaries of the gradient of a displacement field; sinpéx,y,t) andq(x,y,t)
partitions can be questioned, E@) presents a simple ap- represent the new position of a point,y), the (uy,u,)
proximation model of a polar scan system. Figure 2 illus-components of the displacement vector in tlkey] coordi-
trates the implementation of such a model for a 20 MHznate system are given by
transducer with a 60% bandwidth at3 dB and a beam 0
1}+A
04

h(PI !qD):h(rIQD)hePi

uX
Uy

X
y

p(x,y,t)—x
q(X!y!t) -y

width (width at half maximum+2.35X0y) of 0.1 mm.
z(r,¢) is assumed to be a continuum. For the purpose of the
simulations presented below(r, ¢) was simply obtained by with

: (10
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A:

6,—1 03 } 2(r,@)=2'(x,y)|x=r cose (15)

y=rsing "
05 =1 The affine transformation oz’ (x,y) can be set by only
In the above equatiomA can be defined as the Cartesian changing theX,y) coordinates. Without loss of generality, it
deformation matrix. Thes;, which are the components of IS assumed that translation is absent, Bhd in Eq. (9) can
the strain tensoe, are expressed in terms of thg, compo- thus be neglected. It is also interesting to notice that impress-

nents as ing [LT] on the tissue to simulate deformation requires the
. computation of the inverse transformatiphT~1] on the
eij()=z[A; (D +45(D)]. (11 coordinates. Hence, for am,{) in-plane motion, the 2-D rf
Furthermore, the radial and tangential components of th@0lar dynamic-image-formation model at timeecomes
displacement vectory ,u,) in the (r,¢) coordinate system "
are, respectively, given as |(f-<P,t)EiZl I(Pi,¢e,t)
U =+uy+ uy, n
Uy =2 [h(Pi,@)®z +-1(P;,9)],
u,=arcta ™ i=1 p
X
. with
with (P;,0) ( )| 4 ( )|x r cos
z 1Py, 0)=2z 1-1(r, cp.=Z +-1(X,y)|x=r cose
U= UK, @), Y(1, @) and U, =uy(X(r,¢),y(r,¢)). LT AT D @l T AT DO e
(12) (16

The polar deformation matrix, labeled &), then can be N EQ-(16), z/1-1(x,y) indicates a change in coordinates for
derived from Eqs(12) and(10); it is given as the functionz’(x,y); that change involves thexX2 matrix
[LT %]. Similarly, ZLT;l(Pi ,) indicates a change in coor-

Mo Mg dinates for the functiore(P;,¢) where the X2 matrix
£(t)= de o [LT;l] is involved. Implicitly, this means thatL. T] (as well
dur - duy as[LT,]) is invertible. This assumption is valid for an in-
| dp  or compressible continuum.

au, du, [ dux dug|[ dx dx
du, duy || ox ay || de dr B. Tissue motion estimation in EVE

oy Iy % % ﬂ ﬂ 1. Lagrangian speckle image (LSI)
L du, duydL ox dy de dr

Vascular tissue may rotate, shear, stretch, or compress in

<9U_¢ %- % d_X the measurement plane. Such kinematics set a fundamental
du,  duy de dr . X=Tr COS®, limitation to correlation-based tissue motion estimators, if
= . ou, A dy dyl’ with y=rsing they are not appropriately compensated for. !n co_nv_entional
— — —_ = elastography, where an external compression is induced,
L dUy Uy de dr Ophiret al. (1999 proposed to partially compensate for such

(13 decorrelation by using temporal stretching of the post-motion

The LSME computes the full 2-D-strain tensg(t). signals, whereas Chaturvedt al. (1998a,b proposed the

However, for the purpose of this paper, only the map of theZ—D—compandlng method. Interestingly, the ~Lagrangian

¢.(=e,) component(the radial strain, labeled in EVE as speckle imag€gLSl) was introduced to describe ultrasound

the elastograiis displayed. For small deformations, the signals compensgted for t!ssue motl(jVIgulrlce and Ber.-

. . ... trand, 1999a For instance, in the dynamic image-formation
elastogram is expected to provide cartography of relative tis- del of Eq.(16), t tion i deled b ing th
sue stiffness inside the vessel wall. This assumption holdﬁr,no € 0T £=q.{19), USSUE Mo 'On,'f modeted Ly applying the

inear transformation matrikL T, "] to z(r,¢). Hence, the

for example, when pre- and post-motion rf images are ac- . . . : .
P P P g otion-compensated image, said the LSI, is obtained

quired for a small pressure gradient, i.e., at the end-diastol i _ 1
&, can be expressed as a function of the Cartesian deformg]m_ngh applymg{LT_p] (th(_a inverse of LT, "]) to a post-
motion rf image at time given byl (r,¢,t). For the polar

i iX (A . . .
tion matrix (4) as dynamic image-formation model given by E36), the LSI
(14) (noted ad |,y is then expressed as

lLag(r!(Pvt):[l(risprt)]LTp

n

au,

frr(t): &_r:

au, U,
duy duy

cosg
sing

3. The polar dynamic-image-formation model

The 2-D polar dynamic-image-formation model for an =| > h(Pi.¢)@z1-1(P;,¢)
in-plane tissue motion is now derived. It is worth remember- =1 P LT,
ing thatz(r,¢) is a map of the acoustic impedance variations n
z'(x,y) in polar coordinates, which can mathematically be = [hr(Pi,@)®z(P;,@)|LT,|].  (17)
expressed as =1 e ’ b
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In the above equatiofl T,| is the determinant of the matrix “Ideal” plaque geometry

[LTpl A
Normal

2. The Lagrangian speckle model and the minimization tigse

problem

As described in Maurice and Bertran@d 9993, the
motion-compensated rf imadeSl) directly involves the La-
grangian description of motion. For instance, it is expressec4 mm
in Eq. (17) that the LSI brings back material points to the
positions where they originally stood. Accordingly, a conve-
nient model to formulate the LSI can be given as

I(r1¢10): I Lag(r,(p,t)-i-i)‘i(r,(p,t)
:[I(r!(tovt)]LTp—’—m(r!(P!t)l (18) V

Hard plaque

Lumen

Surrounding
tissue

< >

where R(r,¢,t) can be seen as an error term. The math- 4 mm
ematical model for a tissue motion estimator then can be

FIG. 3. Schematic representation of an “ideal” plaque. The Young’s modu-

formulated as lus for the normal vascular tissue was 80 kPa, while the pldtiwee times

MIN|[I(r,@,00—[1(r,¢,t)].1 |17 stiffer) was set at 240 kPa. To emulate boundary conditions as provided by
LTp P the surrounding environment, the Young’s modulus for the surrounding tis-
sue was set at 1000 kPa.
=MIN[I(r,0,00 = I ag(r, @)
HTe property. Under such an assumption, as presented in Appen-
=MIN|9R(r,,1)|2. (199  dix B, the full expression for the 6 components of the Jaco-
LTp bian matrix[J,_,] [Eq. (21)] is given as
The minimum is obtained using the appropripkel ]. It is I Lo gy 16y
worth remembering thdL T] is a linear transformation ma- = = =
trix; it maps the Cartesian trajectori¢gq. (9)] in a polar a0 a0
coordinate system. However, for a small RQIr(A ¢) that al ol al a4 el
is far from the vessel lumen center, motion equivalently can =—1{—,—X,—Y,—,—X,—VYy{. (22
be investigated using either a polar or a Cartesian coordinate IX 9X X" dy dy dy

system. In other words, the following approximation can beEquation(22) was implemented to compute the Jacobian ma-
done to compute the elastogram: trix required to solve the minimization problem of Ed9).

E=LT-1, (20
wherel is the 2-D-identity matrix. C. Biomechanical simulations of vessel wall
kinematics
3. The Levenberg-Marquardt nonlinear minimization 1. Model design and image analysis

Several gradient-based methods exist to numerically = The computational structural analysis was performed on
solve minimization problems as given by E@.9). Here, one simulated idealized coronary plaqgifég. 3), and on a
tissue motion was assessed by using the Levenbergnodel created from measurements made of a typical com-
Marquardt method(L&M ) (Levenberg, 1963; Marquardt, posite plaque identified from aim vivo IVUS image[Fig.
1944). As presented in Appendix A, at thHeh iteration, the
L&M regularized inversion was implemented as In vivo IVUS image Cross-sectional vessel wall reconstruction

A =[Ih_dk 1 N (o= T g 657Y), (2D

whereA X is a vector of increments used to update the La-
grangian imagesﬁ()ak is also known in the literature as the
step siz& [Ji_1] is the Jacobian matrix] designates the
transpose operatok;, is a non-negative scaldrjs the iden-
tity matrix; 1o(r, ¢,0) andl 5(r,¢,t) are rewritten as, and

I ag(0), respectively; and) is the vectorization of LT].

2.2 mm
[——

Dense fibrosis
Media & adventicia  Cellular fibrosis

4. Th ical flow jons and th ian matrix
e optical flow equations and the Jacobia at FIG. 4. (a) In vivo IVUS cross-sectional image of a coronary plaq(®;

The optical flow equations, or material derivatives, give2-D finite element mesh of the unloaded real geometry with spatial distri-
a relationship between measures in Eulerian and Lagrangiéwtion of the plaque constituents. The Young's modulus for the healthy

dinat t ti é 1986 For inst vascular tissuéor adventicia and mediavas 80 kPa, while the dense fibro-
coordinate systems, respectivéhforn, - FOPINSIance,  gis three times stifferwas set at 240 kPa, and the cellular fibrosis at 24 kPa

' Lag( 6%~ 1) can be seen as a function that describes a materiakn times softer than the dense fibrosis
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Lateral Axial
displacement displacement
field field

z(r,Q)

h(r,p) (Zoomed)

I(r,0,0) I(r,o,t)

FIG. 5. Schematic implementation of the polar dynamic image-formation model.

4(a)]. Whereas the former allowed validating the potential ofhealthy vascular tissu@r adventitia and medjavas 80 kPa
the method to differentiate between hard and soft vasculaiWilliamson et al, 2003, while the dense fibrosi$much
tissues, the latter investigated its potential to characterize th&tiffer) was set at 240 kPa, and the cellular fibro@sfter
heterogeneous nature of atherosclerotic plaques, which than the dense fibrogisvas chosen at 24 kR@hayonet al,,
linked to the risk of rupture and thrombosis. The major dif-2001; Treyveet al, 2003. Whereas the surrounding tissue
ficulty in computational structural analysis basediorvivo  was not investigated, the bulk boundary conditions, as it may
imaging is to determine the unloaded physiological configu-eventually be provided by surrounding organs, were simu-
ration of the artery, i.e., the configuration when the artery idated by imbedding the vessel in a stiffer environment of
subjected to no external load. This configuration has to bd000 kPa Young’s modulds.

known for finite elementFE) simulations. To obtain this
unloaded state, adenosine triphosph&&&P) (Striadyné&,
Wyeth France Laboratorigsvas injected to the patiefitas o ) _
previously described by Ohaycet al. (2003). All contours Finite elemen{FE) computations were performed using
in the IVUS image were manually tracgfiig. 4(b)]. These the ANSYS 5;@ software(Ansys, Inc., Cannonsburg, A
contours are those of the lumen border, media, adventiciaot@tic simulations of coronary plaque under loading blood
and plaque componentdense fibrosis and cellular fibrosis Pressure were performed on the geometrical models previ-
The adventicia contour was added in the simulation and iPuSly describedFigs. 3 and 4b)]. Nodal displacements were
had a mean thickness of 350n (Rioufol et al, 1999, so as s_et to zero on the external boundaries of the surrounding
to take account of its protective role against any radial overl!SSU€.

3. Structural analysis

stretching of the arteryRachev, 1997 The various contours The various regions of the plaque components were then
were digitized using the Un-Scarfisoftware (Silk Scien- ~ automatically meshed with triangules nodes and quadran-
tific, Inc., Orem, UT. gular (8 node$ elements. The FE models were solved under

the assumption of plane and of finite strains. The assumption
of plane strain was made because axial stenosis dimensions
were of at least the same order of magnitude as the radial

For the two models, the materials were considered adimensions of the vessel. Moreover, the assumption of finite
quasi-incompressibléPoisson ratios’=0.49 and isotropic  deformation was required as the strain maps showed values
with linear elastic properties. The Young's modulus for theup to 30% for physiological pressurékoree et al., 1992;

2. Material properties
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FIG. 6. (a) Theoretical radial strain elastogram, computed with Ansys FE software, for the idealized gladbepretical radial strain distributions along the
vertical and horizontal lines specified ¢@; (c) radial strain elastogram as computed with the LSNt;LSME radial strain distributions along the vertical
and horizontal lines specified iit). The color bars express the strain in percent.

Chenget al, 1993; Leeet al, 1993; Ohayoret al, 2001; calculations were performed with a number of elements close
Williamsonet al,, 2003. However, the kinetics reported here to 7200.

were achieved with small pressure gradigat®und 15 mm This computational structural FE analysis was used to
Hg) such that the radial strain remained below 10%. Theperform the kinematics of the vascular tissue. The dynamic
Newton—Raphson iterative method with a residual nodal tolimage-formation mode[Eq. (16)] was implemented using
erance of 410 4N was used to solve the FE models. Thethe Matlab softwargThe MathWorks Inc, MA, USA, ver.

Decay-compensated elastogram (%)
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FIG. 7. (a) Strain-decay-compensated LSME elastogram, showing substantial contrast improvement between hard and soft(byatertads] 1-D plot

from the elastogram showing a contrast ratio close to 3 between the plague and the normal vascular tissue, as can bé&ekpeetatal 1-D plot from

the elastogram, showing effective strain decay compensation, and thus a substantial improvement of the contrast ratio. The color bar expagsses the s
percent.

1282 J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004 Maurice et al.: Endovascular elastography modeling



Theoretical elastogram %

FIG. 8. (a) Theoretical radial strain

,6 —~35 b) = ¢ ) ¢ elastogram for the real plaque, show-
5 s 3 S 5 \ ing very complex strain patternsh)
4 = 25| g 4 II and (c) show vertical and horizontal
3 5 i 53 I 1-D plots from the elastogram, respec-
S 15 = ll i tively. Strain decay is specifically ob-
2 E 1 ' “ / A served at the inner portion of the ves-
5 1 05 J‘ 1 L%y | T sel wall. The color bar expresses the
0'4.0_4 -0.2 0 0.2 0.4 0 0-6.4 -0.2 O 0.2 0‘.4 0»0,4 -0.2 T _0.2 0.4 strain in percent'
Horizontal positions (cm) Radial positions (cm) Radial positions (cm)

6.0). The process to simulate polar radio-frequeidy im-  the intraluminal pressure gradients were set at 15.79 mm Hg
ages is schematically presented in Fig. 5, for a homogeneowd 11.73 mm Hg for thelealizedand therealistic vessels,
(pathology-fre¢ vessel wall. It can be summarized as fol- respectively. According to that, the dilation at the inner wall
lows. It started by generating in Matlab a scattering functionwas around 7%in both cases. The PSF characterized a 20
that simulated the acoustical characteristics of a transverddHz central frequency transducer, as described in the for-
vascular section in Cartesian coordinat®¢x,y). The axial ~ ward problem(Sec. Il A). The LSME(described in Sec. I B
and lateral displacement fields were computed with Ansysvas implemented to assess tissue motion. Measurement-
and were applied upor' (x,y) to perform motion and then windows of 0.38 mnx0.40 mm and 0.77 mx0.80 mm,
to providezLT,l(x,y).g with 90% axial and lateral overlaps, were used for the ideal-
The next step consisted in mapping (x,y) and ized and the realistic cases, respectively. For more details
ZLT_l(x,y) in a polar coordinate systent,) to provide concerning the definition of the measurement-window re-
2(r,¢) and z,1-1(r,¢) [Egs. (15) and (16)]. Both polar- quired with the LSME, the reader is referred to Fig. 1 of
p

mapped acoustic impedance functions were then convolve'MIaurice etal. (2004.
with the polar PSH(r,¢) to provide polar pre- and post- A. Investigation of the “ideal” plaque pathology
tissue-motion rf images$! (r,¢,0) andI(r,¢,t), given by

Eq. (16)]. Those images were used as inputs to the LSME Figure Ga) presents the theoretical radial strain elasto-
[Ed (19)]' gram, computed for the “ideal” pathology case, using Ansys

In summary, the static and the dynamic image-formationFE software. The plaque can slightly be differentiated from

models associated with a polar scan were derived in Seéhe normal vascular tissue, v_vhereas a region of_higher strain
Il A, whereas the LSME was adapted for EVE in Sec. II B. Invalues IS observed_ at the_ “ght. port|(_)n of the inner vessel
Sec. Ill, this new approach is validated using the biome_Wall. This “mechanlcgl artifact” is a direct consequence of
chanical simulations of the vessel wall kinematiésr the the well known strain de.°a¥ phenomghc{ﬁhapo etal,
sideal” and the *realistic’ plaque geometrigspresented in 1996&)._For a more quantitative illustration, _plots _from the
Sec. IIC. Indeed, radial elastograms,{, computed from theoretical elastogram .for t'wo orthogonal orlenta'glons along
simulated rf data with the LSME, are compared with “theo- X @ndy are presented in Fig.(6). Indeed, the vertical plot
retical” e, obtained with Ansys FE software. For the pur- (—) Shows low contrast between the plaque and the normal
pose of that study, a noise term was added to the rf data tyAScular tissue, whereas the horizontal plet) clearly

simulate electronic noise. The signal-to-noise ratio was 2@°ints out the presence of strain decay.
dB. Figure &c) presents the radial strain elastogram as com-

puted with the LSME, using simulated rf images. As for the
theoretical elastogram in Fig(#, the plaque is slightly dis-
tinguishable from the normal vascular tissue. The plots of
Theidealizedvessel of Fig. 3 measured about 3.8 mm inFig. 6(d) confirm such an observation. Note that lower strain
the outer diameter, whereas the rf images extended to values were computed in the LSME elastogram than in
mmx4 mm. Thereal casevessel of Fig. &) measured theory, specifically at the inner wall. That strain underestima-
about 7 mm in the outer diameter, whereas the rf imagesion in the regions close to the lumen is due to the window-
extended to 8 mm8 mm. For the purpose of simulations, ing process required to assess tissue motion with the LSME.

Ill. RESULTS

LSME elastogram %
ggj 4 3 b) sl x| FIG. 9. (@ R_adial strain elastogram as
= T _ 4 I\I computed with the LSME for the real
g o 3 % X35 I plaque;(b) and (c) vertical and hori-
27 2.5 g2 g 3 ll zontal 1-D plots from the elastogram,
g0 2 215 525 1 respectively. Because of strain decay,
E 0.1 15 g i g 125 l\ there is not a clear demgrcation be-
£ 02 1 S g 1 ,l 1 \ tv_vgen cgllular and dense fibroses, spe-
> 03 0.5 0.5 0spr P\ | & cifically in (c). The color bar expresses
0455 o3 0 02 o 004 02 0o 02 o4 Ooa 02 o 02 o4 the strain in percent.
Horizontal positions (¢cm) Radial positions (cm) Radial positions (cm)
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Decay-compensated elastogram (%)
=04 45 o FIG. 10. (a  Strain-decay-
) compensated LSME elastogram for
250 f the real plague, showing a substantial
R | | contrast improvementp) and(c) ver-
Iy tical and horizontal 1-D plots from the
™ R elastogram showing more effective
1 P, I contrast ratio between dense and cellu-
0.5 | \ >~ lar fibroses, after strain decay compen-
o i W o \’ I sation. The color bar expresses the
0.4 202 0 0.2 0.4 0 -0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 -0.4 -0.2 0 0.2 0.4 strain in percent.
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Moreover, the maximum strain can be observed at the inngiaround 0.6 to 0.8%at the extremities of the plots; this
boundary around 1 and 5 o’clock. Such a softening artifact icharacterizes regions of healthy vascular tissue, namely the
a consequence of stress concentration at the interface bmedia and adventicia.
tween hardplaque and softerlnorma) materials.

For the purpose of compensating for strain decay, they piscussioN
LSME radial strain elastogram was post-processed. Indeed,
€,, was modulated with a function proportional to the square Pathological conditions of vascular tissues often induce
of the vessel radidsin Fig. 7(a) is presented the strain- changes in the vessel wall elasticity. For instance, plaque
decay-compensated LSME elastogram, showing substanti§eposit stiffens the vascular wall and then counteracts its
contrast improvement. For instance, the axial plot of Fig_dilation under systolic blood pressure. Hence, investigating
7(b) shows an effective contrast ratio close to 3 between th&echanical and elastic properties of the arteries seems to be
plague and the normal vascular tissue, as it can be expectea_suitable method to appreciate the dynamics of the arterial

Equivalently, Fig. 7c) also shows some valuable contrastWall and its pathologies. In this paper, a model-based ap-
ratio improvement. proach devoted to outline the elastic properties of the vessel

wall with endovascular elastograpligVE) was presented.
Results obtained from numerical simulations establish the
B. Investigation of a “realistic” vessel wall pathology potential of such a method to reliably assess strain patterns

. , ) ) from very complex arterial and plaque structures.
Figure 8a) presents the theoretical radial strain elasto-

gram, computed for the “realistic” pathology case. Interest-A. About the forward problem
ingly, complex strain patterns are observed; nevertheless, dif- Regarding the forward problem in EVE, a polar static
ferent regions can be identified. For instance, since the ratif?nage-formation model was introduced. Taking into account
of Young's moduli between the dense and the cellular fithe "yltrasound beam divergence associated with high-
broses was set to 10, both of those materials can be distifrequency sector scans, this image-formation model was for-
guished. Less contrast is seen between the cellular fibrosigjated using the superposition integral. The radial variation
and the healthy vascular tissue because their Young's modij;4 conveyed with the beam width, which increases as a
lus contrast was set to 3. As illustrated with vertical andjinear function of depth. This is actually a relatively simplis-
horizontal 1-D plots from the elastograffrigs. 8b) and ic approximation. In practice, the transducer point-spread
8(c), respec.tlvelik strqng strain decay is observed specifi-f,nction (PSP is expected to be more complex. For ex-
cally at the inner portion of the vessel wall. ample, the acoustic wavefronts may be nonplanar, and Eq.
Figure 9a) presents the radial strain elastogram as comyy) (an approximation of the far field P$oes not hold
puted with the LSME, using simulated rf images. As for theanymore. Since it was demonstrated that such complex
theoretical elastogram in Fig(&, very complex strain pat- \yayefronts can induce speckle motion artifagtsllel and
terns are observed. Moreover, the dense and the cellular fggrtrand. 1994: Maurice and Bertrand 1999b would be
brosis tissues can be identified. However, while less promiyorthwhile. in the future. to address the polar dynamic

nent than in the “ideal” case study, strain decay remains 4mage-formation model with a more compléscealistic”)
significant factor to compensate for improved image interpgg geometry.

pretation. This is illustrated in Figs.(9 and 9c), where
vertical and horizontal 1-D plots from the elastogram are
presented. Whereas low strain values clearly indicate thg'
presence of stiff materials in Fig(l9, this is not the case in To assess tissue motion, the Lagrangian speckle model
Fig. 9c). estimator(LSME) was used. The LSME is a 2-D model-
In Fig. 10@) is presented the strain-decay-compensatedbased estimator that allows computing the full 2-D deforma-
LSME elastogram, showing substantial contrast improvetion matrix A of Eq. (10) (A is directly assessed; no deriva-
ment. Now, the vertical pldiFig. 10b)] as well as the hori- tive of the displacement fields is required with this method
zontal ong[Fig. 10c)] show a more effective contrast ratio In this paper, it was adapted for EVE investigations. While
between dense and cellular fibroses, and between celluléine full 2-D polar deformation matri¥(t) of Eq. (13) was
fibrosis and the normal vascular tissue. Moreover, it is interassessed, only the radial strain componén{=e¢,,) was
esting to notice the presence of moderate strain valuedisplayed. This was motivated by the fact that tissue motion,

About the tissue motion estimation
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in EVE, is expected to run parallel with the ultrasound beam.  In Eq. (A1), < lis computed at iteratiok— 1, Aa}‘ is
Interestingly, the method was implemented through anhe increment of thgth component of9, 1 ,(6*"?) is the
adapted version of the Levenberg-Marquardt minimization_agrangian image at iteratida- 1, anddl 4/ 96; are partial

Jacobbian matrix. The theoretical framework was validateqnore compact formulation of EGA1) is given as

using the biomechanical simulations of the vessel wall kine- - . . -
- - - - lo— a0 H=[I_1]A O+ R
matics for an “ideal” and a “realistic” plaque geometries, 0™ 'Lag k-1 '
respectively. Elastograms, computed from simulated rf datgyith
with the LSME, were supported by “theoretical” ones pro-

al al al
vided by Ansys FE software. tag T'tag ... Lag
90, 96, 96,
V. CONCLUSION Je1=| - : S (A2)
. . al al al
A new method to characterize mechanically complex tag Tlag ... Lag
96, 96, 96,

vascular pathologies in endovascular elastograBYE)

was presented. First, a polar static image-formation modelherel,, fl_ag(ék—l)' and$k are vectorizations of, | Lag:
was introduced. The radial variation of the PSF, associategndm respectively{J,_,] is the Jacobian matrix; ani g

W?th the high-frgquency. IV,US instrument, was conv'eyedis a vector of increments used to update the Lagrangian im-
with the beam width, which increases as a linear function of i . . .
ges A 6¢ is also known in the literature as the step size

depth. Second, the Lagrangian speckle model estimat h del the least \ution is ai
(LSME) was adapted for EVE investigations. The LSME or such a model, the leas -fqu?re e;ror solution IS given as
was formulated as a nonlinear minimization problem, for —~ A*=[Jf_ 13_1] 230 1(lo— I Lag( 6 1), (A3)
which an analytical formulation of the Jacobian matrix was,,hare the subscripf designates the transpose operator.

derived. The hypothesis behind that model-based approaci}qlhen Jl—l‘]k—l is not invertible, a regularized version of

was that speckle can be seen as a material property. Whl q. (A3) may be required to ensure the convergence of the
the full 2-D polar strain tensor was assessed, only the radi

olution. The Levenberg-Marquardt methgd&M ) con-

elastograms were presented. Elastograms, computed with t%rges to a potential solution for such a probldrevenberg
method from simulated rf data of pathological vessel Walls,1963. Marquardt, 1944 The L&M regularized inversior,1
were supported by theoretical ones provided by Ansys FlfNas i'mplementeoi as '

software. The results help to provide confidence in the po- — N R
tential of EVE to provide very useful information about the ~ A0 =[Jx_1dk—1F Nl ]7 I 1(lo—TLag( 07 7)), (A4)

heterogeneous nature of atherosclerotic plaques. where\, is a non-negative scalar, ahds the identity ma-

trix.
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APPENDIX A: THE LEVENBERG-MARQUARDT ~ ' ~ 1 (B1)
NONLINEAR MINIMIZATION AT A NI ¢ ) dr
lLag(r @.t) and R(r,¢,t) [Eq. (19)] are implicit func- 76, o de,
tions of 6; [Eq. (9)]. For clarity and without loss of general- N Lo §k—1) de
ity, let us rewritel o(r,¢,t) aslo(#) and R(r,e,t) as —T@,
R(0), respectively;d is the vectorization of LT,]. At the ) '
kth iteration, one will have with i
- > - k-1
Ky — k=14 A gk INpag(0°77) - — -
AFI=HE+AF) e = 0 AT~ a0,
— ok—1 : I iag, . . .
=lo—ILag( @ )— 2 WAGJMJH, (A1) As introduced in the papefsection 1l B2, under the
! ! assumption of a small ROIAr,A¢) that is far from the
with [o=1(r,¢,0). vessel lumen center, tissue motion equivalently can be inves-
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