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Abstract

In this paper, we present a new approach for velocity veataging and time-resolved measurements of strain
rates in the wall of human arteries using MRI and we provesigsibility ontwo exarrples in vitro on a phartom

anc in viva on the carotic artery of a humar sukject. Results point out the promising potential of this agmh

for investigating the mechanics of arterial tissuresivo.

1 Introduction

In vivoquantification of vessel wall cyclic strain [1,2] has im@ortapplications in physiology and disease research
and the design of intravascular devices.

Various ultrasound technigues have been used to detectracid the vessel wall motion. Computational
techniques have mainly been based on analysis of the B-mregleaale images [3,4], M-mode [5], analyses of the
raw radio-frequency (RF) ultrasound data [6], echotragkethnique [7] and Doppler techniques [8]. Recently,
velocity vector imaging (VVI) has been obtained using wtiands [9-11]. This technique is well adapted for
imaging the velocity vectors of the wall of shallow arterillee the carotid artery [10]. VVI was achieved for deep
arteries using Intravascular Ultrasound (IVUS) [11], BAUS is a rather intrusive method [12].

Magnetic Resonance Imaging (MRI) may be a non-intrusivhnigpie well suited to imaging of any artery.
MRI was often employed to imaging of artery shape and contipngj13] anc its agplicétion to strair meésure-

men in different soft tissue: is not recent [14, 15]. VVI of blood flow is also commonplace using aggaphy
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techniques like Phase Contrast MRI (PC-MRI) [16]. HoweV&r) of artery walls using MRI is still scarce and

limited. It may be achieved:

1. either measuring velocities or deformations in the théds of arteries by PC-MRI [17] or tagging [18] but
this is only feasible for thick arteries given that the smstllreachable pixel size in clinical conditions is
around 0.4 mm. For instance, this is well adapted for VVI ialleart [9, 19] or the thoracic aorta [1 This

principle is at the origin of strair ercocing sequences [20];

2. ortracking the luminal boundary of the vessel over tine P2] but this can only be accurate using subpixel

techniques for tracking the wall.

This study is aimed at addressing the issue of subpixelittgdby agplying the optical flow theory onto the
magnitude of MRI scans. Eventually, time-resolved VVI idabed and the strain rate is derived throughout the
whole cardiac cycle. Applications to the human common edeotery (CCA) are shown for the sake of feasibility

proof.
2 Materials and Methods

A continuous intensity (or magnitude) fiel¢k, y,t) is obtained around a given artery using the procedure ddtail
in Appendix 1 (Section 8). Thanks to this intensity field, theation of the artery wall is tracked over time
during the cardiac cycle and the average steéiin of the artery is deduced according to the procedure detailed
Appendix 2 (Section 9). This approach is namedsbgmentation approadirther.

For the purpose of investigating artery mechanics, it iessary to characterize the velocity of the wall and
the strain rate(t) throughout the cardiac cycle. For this, an original apphdaas been specifically developed,
without requiring any time differentiation of the arterychtion and ofe(t). This approach, which is based on
the theory of optical flow [23]), is named further theag-flow approachindeed, the conservation of the signal

magnitude according to the theory of optical flow states:

ol

ol ol
VX(Xayat)a_X(vavt) +VY(Xayat)@(X7yvt> + a(xayat) =0 (1)

wherevy(x,y,t) andvy(x,y,t) are the two in-plane Eulerian components of the materialorsi at point(x,y) and
timet.

Using the polar coordinate system defined in Eq. 11 (Appeyik may be written:



dr or . de
VX(Xv Y, ) dt (X Y, )COie> - %(Xa y,t)Sln(e)a

@
WOKt) = Sy DSIN@) + S5yt cos®)

The combination of Eq. 1 and Eq. 2 yields:

dr

. ol de or
o |oos®) ) +sin®) S x| +

. al o0l o0l
TR { sm(e)a—x(x,y,t)+cos(6)a/(x,y,t) = *a(X,y,t) (3

al
or

@‘2
Dl

59 The magnitude of the MRI signal is almost constant insideautdide the artery, with larger values inside the
« artery than outside. Accordingly, the following inequgli valid along the curve of the artery Wagg < g—'r
Therefore, for all the points belonging to the artery walk= r(6) cog0),y = r(0) sin(0)), the following sim-

plification is valid for computing locally the radial veldgi

dr . a (X Y, )
— (X yt) =r(x,yt)=— 4
at Y =R = e T xyt) 1 sin®) 2 (v, @
o Eventually, the average strain rate of the artery at tingensidering the reference state at times:
. L(t
gt) = —=
® L(t2)
1 /Z'IT de
= — f
L(tl) 0
1 ‘/Qn g(r(e,t)cog),r(8,t)sin(6),t) "
L(ta) Jo 005(9)3—( (6,t)cog0),r(6,t)sin(0), t)+sm(6)6y(r( )cog8),r(8,t)sin(0),t)
)

» 3 Results

« As a preliminary step, magnitude images are synthesizeguatationally in order to test the mag-flow approach.
« The results prove that the radial velocities are assesdbdass than 1% error with the synthesized data.

o5 Then, the mag-flow approach is tested on real MRI scans. BEbesmpmagnitude images are shown in Fig. 1
« for ar arterial phartom anc for area in viva expeiiment Both expeliment: are describecin Appendi> 1..

o After deriving the contour of the wall by the segmentatioptaach, the radial velocity is computed throughout
« the cardiac cycle using the mag-flow approach. Results awersin Fig. 2. For thisR, andRy are set to value 1.2

» andR; is set to value 2In the phartom expeliment only the outel cortout is corsicerec in the displayec results

» for abeter visLalization.
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It is interesting to notice thain the in viva expeliment, the deformation is not a uniform swelling or shrinking
all around the left common carotid artery (CCA). For the imovexperiment, the part of the left CCA which
is the farthest from the jugular vein has almost no velocityereas the part close to the jugular vein moves
significantly towards the left and comes back. The same teffecurs symmetrically for the right CCA. The
average radius, denot&t), can be deduced either using the segmentation or the magfipwoach (for this

latter, time integration is required), according to:

2/ r(6,1)d8 = R(t) +—/[/2n etde]d 6)

segmentation approach mag-flow approach

Results are shown for both the arterial phantom and the suibj&ig. 3. There is a good agreement between
both approaches. This proves that, in average, the radatities computed by the mag-flow approach are in
good agreement with the motions of the segmented contouosieter, the curve of the mag-flow approach is
much smoother.

The average strain rate is computed throughout the carglide,@ither using the segmentation approach, or
using our novel mag-flow approach. Results show thaprecision is significantly increased using the mag-flow

approach (Fig 4).

4 Discussion

The originality of this study is to derive velocities anc strair ratet in the wall of a blooc vesse with the mac-flow
arproach. Theprecision of the mag-flow approach is dramatically better tharotieof the segmentation approach.
This is especially emphasized for the derivation of strates (Fig. 4). The main reason for this poor behavior of
the segmentation approach is the spatial resoluiln the in viva expeliment, the radius of the carotid artery is
about 5 pixels (3 mm), which is not enough fcprecise segmentation of the contoursprecision of 0.1 pixel can
hardly be reached fdR(t) afterinterpclating the segmented contour by a circle. Thus, the strain mayvaleated
with an precision of 0.1/522%. Eventually, time differentiation over a time step oflld4eads to an uncertainty
for the strain rate of nearly 18, which is in agreement with the oscillations observed altregcurve in Fig. 4b.
Comparatively, precision for the mag-flow approach is estéd to about 0.01°8.

It car alsc be notec that the precisior of the seqmertation agproact is increase wher the spéial re<clution is
improved In the phartom expeliment the radius is abou 20 pixels i.e. 4 times the radius of the in viva expeliment.
This is corsisteni with the faci thai strair rates deducec from the se¢mertation agproact have smalle oscillations

in the phartom expeiiment (Fig. 4d)thar in the in viva expeiiment (Fig. 4b). Newertheless in bottr cases the
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mag-flow agproact the more precise method.

The mag-flow approach can be compared to two other VVI appexadedicated to vessel walls:

e [17] measured the velocity vectors in the wall of the tharaarta using PC-MRI and in-plane velocity
encoding. This required the use of a special phased-arrdiacacoil for reaching a pixel size of 0.39 mm.
Moreover, spatial saturation was necessary in the axiaction for minimizing flow artifacts. Eventu-
ally, [17] were able to map the wall velocity with a remarkaprecision. PC-MRI with in-plane velocity
encoding is probably the mcprecise way for VVI in the artery wall. However, a limitation dfis approach
is the very stringent requirements regarding the pixel fizes than half of the artery thickness) and the

minimization of flow artifacts.

e [10] measured the velocity vectors in the wall of the CCA irdBnan subjects using ultrasounds. Analysis
consists first in tracking the border between the intima d&edntedia throughout the whole cardiac cycle.
Arterial wall is divided into 6 segments and the velocity tees of each segment are derived from the
variations over time of the position of the tracked intimadia border. The approach is simpler than a
MRI-based approach but it is limited to the investigatiorsbéllow arteriesPrecision of this approach is

not documented.

Apart from the two previously cited studies, VVI of arterygaemains scarce. This highlights the interest for
simple ancprecise approaches that may be repeated on a large number e€subdpdeed, knowledge of typical
strain rate values in the arterial tissue is very importantcharacterizing and modeling the mechanical behavior
of arteries.In vitro characterization of arteries is usually achieved in qsgsic conditions [24], whereas actual
strain rates can reach nearly &7 (Fig. 4a). Moreover, [10] reported discrepancies betwéerstrain rates of

healthy and diseased CCA, which should be investigatetdufor different arteries.
5 Conclusion

In conclusion, a new approach has been presented for tisodvesl measurements of wall velocity and strain rate
in human arteries using MRI. The feasibility has been prcin vitro on ar arterial phartom anc in vivoon the
CCA of a healthy subiject.

Applications are now envisaged on other arteries, like thréaafor example in aneurisms or after stenting.
Regarding the carotid artery, the approach will be appleegdtients having atherosclerotic plaques [12, 25] in
order to assess the stability of the plaques thanks to thesurement of deformations and strain rates over a

cardiac cycle.



121 Improvements of the approach are also under progresshposgiending it to ultrasound techniques [7, 10].
12 Moreover, improvements of the MRI devices may also help todase the spatial resolution of the technique for

13 INvestigating small blood vessels.
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- 8 Appendix 1

w» 8.1 The phantom experiment

wm  Expeliment: on ar arterial phartom made of silicone gel undet pulsatile flow anc pressure corditions were per
1z formed The arterial phartomis a 50 cm silicor rubber tube It hasa 7-mm innet diarreter anc a 3.5-mm thickness.
13 Pulsatile flow mimicking physiological pressure anc flow was gerelatec by a peristaltic pumg while the wall
1« Mction was imaged The arterial phartom was surroundec by a PVA gel (1 freeze¢-thaw-cycle), mimicking the

135 SUlrouncing tissue.
w 8.2 Obtaining magnitude images throughout the cardiac cyd

1w The MRI scanner used in our study is a 3T Siemens system (IRMbast-Etienne, France). A 2D spin-echo
1 FLASH sequence [26] is used to acquire a single 3 mm thicle slith a matrix size of 256256 giving in-plane

w dimensions 0.590.59 mn# for the in viva expeiimen anc 0.27x0.27 mn? for the phartom expeiiment. A cine

1w Sequence is used to acquire the temporal evolution of thetfimughout the pulse. Heart beats are detected by the
1w Mmeasurement of blood flow in the subject’s finger with neanairdd spectrometry. The cine data are reconstructed
12 10 giveN snapshots evenly distributed throughout the cardiac cFor the in vive expeliment N=42, coiresponc-

w  ingto a mear sanpling frequenc of 41 s1 (T=1s) For the in vitro phartom expeliment N=50. coirespondng to

w  amear sanpling frequency of 4¢ s™1 (T=15s).

145 The magnitude of the signal is digitized with a 16 bits reSohu(integer numbers between 0 and 65535).

146 Eventually, the magnitude image is a 3D array of sizex2B86x N, denoted (Xp, Yq,tn), for p varying from 1

1w 10 256,q varying from 1 to 256 and varying from 1 toN. A region of interest of 3% 31 pixels is selected around
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the vessefor the in viva expeliment A region of inteles of 61x61 pixels is selectec arounc the vesse for the in

vitro phartom expeliment.
8.3 Origin of clinical data

All subjects sign an informed consent. Phase contrast MR dad blood pressure are recorded successively
following 15 min of recumbent rest in a room dedicated to egchphy. Data used herein are from two healthy
subjects: a 23- year-old man (patient A) and a 26-year-old (patient B).

For each patient, the imaging plane is a plane perpendituthe axis of the CCA, located 24 mm below the
carotid bifurcation. A cartesian reference frame is defingtiis plane. The origin, denotéd, is at the centre of
gravity of the artery at = t;. Thei and] axis are respectively the horizontal and vertical axesérinttaging plane
whereas th& axis is normal to the imaging plane. Lt y) denote the coordinates of a given pdihin (O,T, T).

In Fig. 1, the region of interest, which is located aroundl#iehand side CCA, contains two zones of high
intensity (bright zones) which correspond to zones coinigiblood. They are the internal jugular vein (largest

zone) and the left CCA (with a nearly round shape).
8.4 Image processing

We have to deduce a continuous fiéld,y,t) from the discrete dataxp,yq,tn).
First, the magnitude images are smoothed over time usingua<ia filtering kernel in order to reduce the

influence of noise. After filtering, one obtains:

N
_ r(xpayqatn)w (t *tn>
I(XpayQat) = = N (7)
le (t—tn)
with:
WE(t — tn) = exp(—(t —tn)?/RE) +exp(—[T — (t — tn)]?/R?) +exp(—[T + (t—tn)]*/RE) (8)

whereT is the period of the signal and{ is the Gaussian filtering kernel. It is actually the sum oéthGaussian
filtering kernels in order to involve the preceding and faliog period of the signal in the following process.
For instance, for filtering the data foe=t;, the term exp—(t —t,)?/R?) give a significant weight to the data at
t > t; whereas the term exp [T + (t —tn)]?/R?) give a significant weight to the datatat t;, which are similar
to the data fott < ty. In this case, the term ekp[T — (t —ty)]?/R?) is negligible. Conversely, for filtering

the data fott = ty, the term exp—(t —tn)?/R?) give a significant weight to the datatak ty whereas the term
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exp(—[T — (t —tn)]2/R?) give a significant weight to the datatat ty, which are similar to the data for> t;. In
this case, the term exp [T + (t —tn)]?/R?) is negligible.

Then, an interpolation method [27, 28] is used for recomsitng | (x, y,t) for anyx andy in the imaging plane,

such as:
va ZZ\NX X Xp y yp) (vaych ) (9)
where: -
W ) = 0/ )
256x N x z exp(—(X—xp)?/R2)
)2 (10)
Wy y) = ex‘ﬁ%y ¥9"/R)

256 N x quexp(f(yf ¥g)?/RS)

Rx andRy are chosen in order to control the filtering effect in eackdtion (trade-off between the search of a
relevant filtering effect and the risk of spoiling local imfisation). The choice foR, andRy is about the pixel size
(the precise value d® andR, may vary from one set of data to another) which means that &ighting functions
act on the few pixels in the neighborhood(&fy).

Eqg. 9 gives a continuous and smooth representation of teasity | (x,y,t). From it, the partial derivatives

Lxyt), a L(x,y,t) and % (x,y,t) can be deduced.

9 Appendix 2

9.1 The segmentation approach

Let us define the closed curve arouddiguring all the points belonging to the vessel wall. The khiess of the
vessel wall is neglected as it is approximately similar ®pixel size in the images. This justifies to represent the
cross section of the vessel wall by a closed curve. This cisrdenoted?(t), wheret denotes time. The curve
changes its shape and size over time due to the varying bi@sdyre. The curve is defined in a polar way, such

as(x(t),y(t)) belongs to this curve if:

X(t) =r(8,t)cog0)
{ y(t) =r(B,t)sin(6) (11)
0<08<2n
with a Fourier decomposition @f6,t) up to ordem:

r(e,t) = % [ak(t) cogkB) + bk (t) sin(ke)] (12)

k=0

The values ofy(t) andbk(t) are determined at any tintdike this:



1. the gradient of the magnitude is deduced like this:

_ 1 (ol Z Tar 2
i (Xp)yQat) = E &(Xpanat) + E/(meq’t) (13)
162 The formula in Eq. 13 is not valid for the edges of the imagetbist does not concern the carotids which
183 are sufficiently far from the edges so gradients on the edgedisregarded.
184 The obtained images afl show the largest gradients at the location of the artery.wall

185 2. Pixels belonging to the vessel wall are tracked as thdgiteering the largest values il (Xp, yq,t). Indeed,

186 due to the large quantity of blood flowing in the artery andalsie to the distincT; and T, relaxation

187 parameters between blood and the surrounding tissuestfitsinagnitude of the signal is larger inside the
188 artery than outside. A segmentation algorithm based on #tershed approach [29] is developed for this
189 using the Matlab software. Two source points are imposed:abrthe corner of the image and one in the
190 blood region (this point is imposed manually by a user thtoagraphical user interface). L&&(t),¥i(t))

101 be the coordinates of the obtained points after segmentatio

3. Least squares regression is achieved. It consists imfintle coefficientsy(t) andby(t) that minimize the

following cost function:

2
N
J= Z l [a(t) cog kb (1)) + bi(t) sin(k6; (t))] — i (t)} (14)
1 k=
where:
Fi(t) = /(% (6)* + (i (t)?
() = arg (%(1) + ] (5 (1)) (15)
2=-1
J
192 Then,r(6,t) defined in Eq. 12 is obtained and hence the curve defining teeyawall over time. The length
103 Of the curve is derived such as:
2n
L(t) = / r(6,t)d6 = 2mao(t) (16)
0
104 Eventually, the average strain of the artery at tijeonsidering the reference state at times:

E(t) = - (17)
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Figure 1: (a) Magnitude image of an arterial phantom (b) Miagie image at the cross section of a subject’s neck.
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Figure 2: Contours of the artery and velocity vectors aldngd¢ontour: (a) for the phantom experiment, (b) for the
in vivo experiment. Sub-images labellel, kvith k =1 to N, represent the magnitude image at the different times
tx throughout the cardiac cycle. The contours at each tinage deduced by the segmentation method. Arrows
represent the local radial velocity, and the arrow lengttaded to the local velocity.
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Figure 3: Comparison of the mag-flow approach and the segtiemtapproach for computing the average radius
of the artery over time, (a) for the phantom experiment, @bXthein vivo experiment.
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Figure 4: (a) Strain rate computed using the mag-flow approathein vivo experiment. (b) strain rate computed
by the segmentation approach and time differentiationgirtlvivo experiment. (c) Strain rate computed using the
mag-flow approach in the phantom experiment. (d) straingaiteputed by the segmentation approach and time

differentiation in the phantom experiment.
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