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Identication of the in vivo elastic properties of common carotid arteries from MRI: a study on subjects with and without atherosclerosis.

1 Introduction

Arterial stiness is known to be a crucial indicator for the diagnosis of arterial health [START_REF] Izzo | Arterial Stiness: Clinical Relevance, Measurement, and Treatment[END_REF]. This indicator provides information on the ageing of the artery, or on the progress of diseases such as atherosclerosis [START_REF] Kingwell | Large artery stiness predicts ischemic threshold in patients with coronary artery disease[END_REF][START_REF] Wykretowicz | Arterial stiness in relation to subclinical atherosclerosis[END_REF] which mainly concerns the coronary and the carotid arteries. Identifying the elastic properties of the Common Carotid Artery (CCA) of a patient could then be a tool for improving diagnoses.

A variety of noninvasive techniques have been developed and used to try to identify the arterial stiness in vivo. The Pulse Wave Velocity for instance is an indicator of the mean arterial stiness. It is estimated by measuring the travel time of a wave between two measurement sites [START_REF] Tomiyama | The age related increase in arterial stiness is augmented in phases according to the severity of hypertension[END_REF]. More advanced methods are used for the local assessment of the arterial stiness. Many studies track the change of arterial diameter during heart beat by ultrasounds [START_REF] Riley | Ultrasonic Measurement of the Elastic Modulus of the Common Carotid Artery[END_REF][START_REF] Laurent | Elastic modulus of the radial artery wall material is not increased in patients with essential hypertension[END_REF][START_REF] Brands | An integrated system for the non-invasive assessment of vessel wall and hemodynamic properties of large arteries by means of ultrasound[END_REF][START_REF] Bussy | Intrinsic stiness of the carotid arterial wall material in essential hypertensives[END_REF][START_REF] Boutouyrie | Compressibility of the Carotid Artery in Patients With Pseudoxanthoma Elasticum[END_REF][START_REF] Boutouyrie | Increased Carotid Wall Stress in Vascular Ehlers-Danlos Syndrome[END_REF]. The blood pressure is generally measured in parallel on the brachial artery. The elastic modulus is then deduced from these measurements by using assumptions such as the perfect circularity of the artery with a free outer contour. For instance [START_REF] Riley | Ultrasonic Measurement of the Elastic Modulus of the Common Carotid Artery[END_REF] have shown that the elastic modulus of the CCA tends to increase with age. If this kind of approaches has the advantage to be simple, and can be used for a rapid examination, the complex nonlinear mechanical behaviour of arteries [START_REF] Fung | Biomechanics : Mechanical properties of living tissues[END_REF][START_REF] Holzapfel | Biomechanics of Soft Tissues with Application to Arterial Walls[END_REF][START_REF] Peña | A constitutive formulation of vascular tissue mechanics including viscoelasticity and softening behaviour[END_REF] cannot be assessed by a unique modulus without requiring the linearisation of the stress-strain curve. To this aim, other studies have considered nonlinearities and identied either nonlinear [START_REF] Masson | Characterization of arterial wall mechanical behavior and stresses from human clinical data[END_REF][START_REF] Liu | Using In Vivo Cine and 3D Multi-Contrast MRI to Determine Human Atherosclerotic Carotid Artery Material Properties and Circumferential Shrinkage Rate and Their Impact on Stress/Strain Predictions[END_REF] or multi-linear [START_REF] Couade | Quantitative assessment of arterial wall biomechanical properties using shear wave imaging[END_REF][START_REF] Kamenskiy | Nonlinear mechanical behavior of the human common, external, and internal carotid arteries in vivo[END_REF][START_REF] Khamdaeng | Arterial stiness identication of the human carotid artery using the stress-strain relationship in vivo[END_REF] constitutive properties of the artery. Eventhough the artery is still simplied as a tube, these recent studies have incorporated a surrounding tissue around the artery. It has been shown that the surrounding tissue plays an important role in the strain which eectively occurs in the artery (and as a consequence, on the stresses) and then must be included in the models for the identication of the mechanical properties [START_REF] Zhang | A Finite element models for subjects and patients See Figures 13, 14 and 15. B Evolution of the blood pressure by applanation tonometry and P-index See Figures[END_REF][START_REF] Liu | Surrounding tissues aect the passive mechanics of the vessel wall: theory and experiment[END_REF][START_REF] Le Floc'h | Modulographie vasculaire : Application à l'identication in-vivo du module de Young local des plaques d'athérosclérose[END_REF][START_REF] Park | Arterial elasticity imaging: comparison of nite-element analysis models with high-resolution ultrasound speckle tracking[END_REF][START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF]. Similarly the measurement of the blood pressure is a sensitive step since it is directly involved in the estimation of the elastic properties [START_REF] Kim | Vascular intramural strain imaging using arterial pressure equalization[END_REF][START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF]. A new methodology for identifying the mechanical properties of tissues from MRI has recently been designed in our team [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF]: the Magnitude Based Finite Element Model Updating Method (MB-FEMU) works by registering a template image using a Finite Element Analysis. The registered image, which depends on the elastic properties input to the FE model, is compared to a target image. The identication of the elastic properties of the FE model consists in minimising the dierence between the target and the registered image by iteratively updating the elastic properties. The template and the target images are two experimental images obtained using a cine Magnetic Resonance Imaging (MRI) sequence at dierent times of the cardiac cycle.

In the current work, we investigate the identication of the elastic modulus of the CCA invivo using the MB-FEMU method. It has been applied in clinical conditions to 9 healthy volunteers (24 to 63 years old) and 4 volunteer patients with atherosclerosis (68 to 76 years old). A unique elastic modulus is rst considered before studying the evolution of the elastic modulus through the cardiac cycle. The inuence of the surrounding tissue and of the measurement of the blood pressure on the identied mechanical properties is discussed in details.

2 Methods

Subjects and patients

The following research protocol was approved by the review board of Saint-Etienne University Hospital and informed consent was obtained from all subjects. The subjects studied were separated into three groups. The rst group was named the Young healthy subjects and was composed of 4 men without any declared disease aged from 24 to 26 years old. The second group of subjects (dubbed Mid-age healthy subjects) was made of 5 healthy subjects (1 woman and 4 men) aged from 51 to 63 years old.

The third group, named Old diseased patients was composed of 3 men with severe (>80% diameter reduction) unilateral carotid bifurcation occlusive disease and 1 woman with a bilateral post-radiation stenosis (>80%) aged from 68 to 76 years (report to the Table 1).

The mechanical properties of the CCA were estimated from Magnetic Resonance 15 minutes after the MRI the subjects and patients had an applanation tonometry examination in order to measure the variation of their blood pressure during a cardiac cycle (a probe is applied on the carotid artery by a trained physician to derive the physiological signal). Blood pressure was also measured before and after the MRI (and during the MRI for 2 healthy subjects). For all the healthy subjects, an additional echography was performed in order to measure the Intima-Media Thickness of their common carotid. The experimental protocol is summarised in Figure 1. Its orientation was chosen to cut the two common carotid arteries perpendicularly.

The acquisition frequency was set automatically for each subject depending on his or her heart rate, providing between 35 and 50 images per cardiac cycle. Note that these Figure 1: Description of the experimental protocol for a healthy subject. After admission at the radiological service, the blood pressure is measured by a trained physician using a digital sphygmomanometer. The MR exam lasts approximately 30 minutes depending in part on the heart rate of each subject. Note that the diseased patients spend 15 more minutes in the tube for their routine pre-surgical MR exam. The blood pressure is then measured in the radiological service one more time. The subjects reach the service of vascular medicine and after few minutes of rest, have an applanation tonometry examination with a trained physician where their blood pressure is recorded in order to scale their wave form obtained by tonometry. Finally, for the healthy subjects, it was possible to perform an echography in order to measure the Intima Media Thickness.

images were reconstructed from several cardiac cycles although an image sample at each time step was recorded at each cardiac cycle. The magnitude of images was digitised with a 12 bits resolution so that each voxel has an integer value between 0 and 4, 095.

For each subject and each artery, a region of interest of 21 × 21 pixels centred on the carotid was delineated on the magnitude PC images which yields the raw 2D experimental images recorded at dierent time steps. The images were ltered along the time axis using a temporal Gaussian lter with a kernel size σ = 1.5.

Each carotid was considered as independent so that the total number of experiments reached 2 × 13 = 26 specimens.

Identication method

The Magnitude-Based Finite Element Model Updating method (MB-FEMU), which has some common features with the Modality Independent Elastography method [START_REF] Washington | Modality independent elastography (MIE): a new approach to elasticity imaging[END_REF], was developed in a previous work [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF]. The principle is to build up a registered image from an initial, measured, template image using a displacement eld computed by a Finite Element Analysis. The elastic properties of the nite elements model are updated until the registered image matches a target measured image. The template and the target images correspond to the initial undeformed and deformed (i.e. after the application of external forces) states, respectively. In our case, the imaged object was a cross section of the CCA, and the force applied between the template and the target was the dierential blood pressure. This technique requires the acquisition of both the images of the artery at two dierent times of the cardiac cycle, and the dierential blood pressure between these two times. Note also that a correction of rigid motions between the template and the target images was applied before the use of the MB-FEMU (see Section 2.5.2). The ow-chart of the method is summarised in Figure 2.

The identication of the mechanical properties was achieved by minimising a cost function dened as the dierence in intensity between the target image and the registered image:

J 2 (E) = 1 2 • N pix N pix i=1 I i target -I i registered (E) 2 (1) 
This cost function was calculated only at the pixels where the partial volume eect occurs: the pixels are lled with dierent materials so their intensity values depend on the proportion of the dierent materials. A binary mask was dened to this aim, as the dilation of a rst binary mask which contains the pixels where the inner contour of the artery was found (see Section 2.4.1). The rst binary mask Figure 2: Flow-chart of the MB-FEMU method applied to the identication of the mechanical properties of the artery using MR images. A template and a target images are acquired using a MRI device. Blood pressure is measured at the same time. A nite element model is dened from the template image, mechanical assumptions, and blood pressure. The computed displacement eld is a function of the elastic properties of the materials and is used to register the template image. Note that a procedure of correction of the rigid motions between the template and the target image is applied (see Section 2.5.2). A distance, J 2 , between the registered image and the target image is minimised with regards to the elastic properties of the artery,

E.
was dilated using a square structuring element S of size 3 × 3 with S ij = 1 (see Figure 3). In our study we used a bounded Levenberg-Marquardt algorithm [START_REF] Guyon | Least Squares Parameter Estimation and the Levenberg-Marquardt Algorithm : Deterministic Analysis, Sensitivities and Numerical Experiments[END_REF] to minimise the cost function. The gradients of the computed intensity with regards to the mechanical properties were calculated by backward nite dierences. The identication algorithm stops when one of the following criteria was reached: either the target and the registered images matched well, J 2 < ε a = 1, or the identication algorithm was making too small steps, ∆E < ε b = 10 -3 .

(a) Example of a template image from which the inner contour of the artery (white) was extracted (see Section 2.4.1).

(b) Binary mask dened for this example. 

2.4

Finite elements models and mechanical assumptions

FE model: geometry, boundary conditions and mesh denition

The geometry of the 2D FE models was derived from the initial (diastole) PC MR images of each subject. Each carotid was considered as independent so that two FE models were dened by subject, each representing a semi-neck. Three materials were segmented: (i) the inner contour of the carotid was determined by an automatic algorithm based on a Fourier polynomial description (see [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF] for details). The artery was then dened as an homogeneous media and derived from this contour outwards with a thickness measured on an ultrasonic device (Intima Media Thickness (IMT) on the distal wall of each carotid artery). For the third experimental group (old diseased group), the IMT was not measured for non-medical reasons so thicknesses found in the literature [START_REF] Chambless | Carotid Wall Thickness is Predictive of Incident Clinical Stroke[END_REF] were used (0.70 mm for the woman and 0.73 mm for the men).

(ii) An homogeneous material which surrounds the artery was segmented manually on the same initial image. The contours dened followed rstly, the jugular vein, secondly the external contour of the neck, and nally the spine. (iii) An articial third material was created around the surrounding tissue. It had no mechanical inuence and was only used for an easy implementation of our registration algorithm. Note that the radiological convention was applied throughout the manuscript. It means that the left artery is located at the right of the spine and vice versa. The dierences between the left and right geometries will be discussed in the Discussion section.

For the boundary conditions, the spine was xed and a vertical symmetry was assumed since the semi-neck only was modelled for each experiment. A uniform pressure was applied on the inner arterial wall. It corresponds to the dierential blood pressure measured on each subject between the deformed and the undeformed states.

The mesh consisted in approximately 8, 000 quadratic triangles (6 nodes) for each FE model. This type of element can provide accurate displacement elds for those types of problems [START_REF] Franquet | Identication of heterogeneous elastic properties in stenosed arteries: a numerical plane strain study[END_REF]. The element size was rened on the artery's contour and close to it. Finally the artery had approximately 1, 000 elements and the surrounding tissue approximately 7, 000. The third articial material had a coarse mesh (approximately 100 elements).

The FE computation ran on the 6.8 version of Abaqus© standard and took approximately 5 seconds on a desktop PC (Core Quad 2.5 GHz, 4 GB RAM).

Mechanical assumptions

As a rst approximation the three materials were considered as linear elastic since we work on the dierential state between diastole and systole so only the tangent behaviour of the stress-strain relationship was taken into account. We assumed a 2D plane strain problem in the nite deformation framework. Quasi static conditions were postulated because heart beat frequency was approximately 1 Hz.

The elastic properties of the surrounding tissue were set in the FE model to E = 30 kPa with a Poisson's ratio ν = 0.49 [START_REF] Périé | Biomechanical modelling of orthotic treatment of the scoliotic spine including a detailed representation of the brace-torso interface[END_REF]. The elastic properties of the articial tissue were set to have no mechanical inuence: E = 10 -6 kPa and ν = 0.

We checked that the presence of this articial tissue in the FE model had no inuence on the displacement elds. The Poisson's ratio of the CCA was set to ν = 0.49. The elastic modulus of the artery was unknown and had to be recovered.

Identied variables 2.5.1 Elastic properties of the common carotid arteries

The aim of this study is rst to study the elastic properties of the CCA. The other variables such as the mechanical properties of the surrounding material, the blood pressure, or the geometry of the FE model was supposed to be known. We further investigate the eects of these properties on the identied elastic properties of the artery. For one subject and one side, we performed a total of 5 dierent identications of the elastic properties of the CCA, which comprise one identication for the diastole-systole average behaviour and 4 identications at successive parts of the cardiac cycle in which the template and target images are chosen. 

Correction of the in-plane translation

As described previously, the FE models were determined from the initial image.

During the increase of pressure in the arterial tree, in-plane movements of the artery can potentially occur due the real complex 3D geometry. These movements are a translation of the artery in the cutting plane, that cannot be taken into account directly with our 2D FE model. Then, before each identication procedure, we estimated the in-plane translation of the artery by (i) rst, dening a region of interest (ROI) on a correction image (template image registered with a displacement eld of the FE model with E artery = 600 kPa. This region of interest was a square that contains the artery. The square's limits were deduced from the binary mask used.

(ii) Second, we performed a normalised cross-correlation between this ROI and the correction image, and this ROI and the target image. The dierence between the locations of the maximum of these normalised cross-correlations gives the estimated correction vector that is used throughout the identication procedure (see Figure 5). In summary, a complete identication procedure consists in the estimation of the in-plane translation of the artery, and then of the identication of the elastic properties of the CCA using the MB-FEMU method. The eect of this correction vector is discussed later in the article.

Determination of the blood pressure

The diastolic and systolic blood pressure were measured several times during the protocol. Dierent digital or manual sphygmomanometers were used. It was assumed that the pressure in the CCA is the same as the pressure measured in the brachial artery. For several subjects, the blood pressure was measured before, during and after the MR exam on the left arm. In addition to these measurements of the diastolic and systolic pressures, an applanation tonometry examination was performed. It consists in applying a probe on the neck of the subject/patient for obtaining the prole of pressure variations throughout a cardiac cycle. A second approach was designed here for obtaining this data. The approach consists in estimating an index, called the Pindex for Pressure index, based on the mean deformation of the artery throughout the cardiac cycle. The idea behind the P-index is that the instantaneous artery size, as measured by MRI, is representative of its internal pressure.

The P-index is determined for each subject and for each neck-side. Considering the 2D+t set of images, the rst image (diastole state) is subtracted from every image frame for which the P-index has to be computed (see Figure 6). Then the P-index is dened as: The template image is rst registered using an elastic modulus of the artery of 600 kPa. The ROI is chosen as the circumscribed square of the binary mask. A normalised cross-correlation between the ROI and the registered image gives a map where the maximum can be located. This corresponds to the location of the ROI in the registered image. The same operation is computed between the ROI and the target image to nd the best location of the ROI in the target image. The dierence between these two sets of coordinates gives the correction vector. diastole time (see Figure 4). The end-diastole and end-systole images can be determined directly: the end-diastole image is the rst image and the end-systole image is the image where the P-index reaches its maximum. The mid-states (mid-diastole and mid-systole) images were chosen when the P-index reaches 50 % of its maximal value. 3 Results

P-index raw (t) = 1 N pix N pix i=1 I i (t) -I i (t 0 ) P-index (t) =

Geometries of the subjects arteries

All the geometries were segmented independently. The diameter of the arteries was estimated from the cross-sectional area A of the 2D in-plane shape of the artery (D = 2 (A/π), see Figure 3). The mean diameter of the healthy arteries is 6.45±0.70 mm while the 5 diseased arteries have a mean diameter of 6.66±1.54 mm. The FE geometries were derived from the initial (diastole) image of each subject (see A). The variability of neck morphologies is evident. Oblong shapes (YH1, YH2, YH3, YH4, MAH1, MAH3, MAH5, OD1, OD4) and round shapes (OD2) can be observed as well as more angular shapes (MAH2, MAH4, OD3). Jugular veins (the internal jugular here) on a unique subject also present some variability. Two subjects exhibit a split vein close to the artery on one side only (MAH4 and MAH5). The vein is crushed for subjects YH4, MAH2 and MAH3 (one side), and for patient OD4.

The locations of the artery with regards to the spine also varies signicantly (see Table 4). On the average, this distance is 7 mm but it varies from 2 mm to 12 mm between dierent individuals. The results of the determination of the blood pressure in the CCA are shown in B.

The P-index shows a prole that consists in a rst rapid increase and then a decrease until reaching almost zero at the end-diastole state.

Dierences between the P-index proles and the pressure proles obtained by applanation tonometry are signicant. Figure 7 shows the dierence in the initial slope dened as (1 -Slope P-index/Slope Tonometer) × 100. On the average, there is a ratio between both initial slopes of -28.24 %. This ratio is of -67.41 ± 0.07 % for the YH group, -35.91 ± 14.08 % for the MAH group and -34.49 ± 33.37 % and 50.50 ± 72.99 % for the healthy and the diseased arteries of the OD group, respectively. These dierences between initial slopes induce a time oset between the systole of the P-index and the systole from the pressure prole. 

Identied elastic moduli

The values of the identied elastic moduli are reported in Table 5. An indicator of the quality of image registration is also reported, dened as:

DI = 100 × J 2 E identif ied artery J ∞ 2 (3)
where J ∞ 2 corresponds to the distance between the target image and the template image (only across the binary mask). J ∞ 2 is the value of the objective function when neither deformation nor correction of displacement is allowed (see Figure 8).

The DI index characterises the reduction of the cost function with the identication procedure. Eect of age and disease The results show an increase in the elastic modulus of the CCA with age and disease (see Figure 9). The YH group exhibits a mean elastic modulus of 315 ± 29 kPa. It is 38 % inferior to the mean modulus of the MAH group (509 ± 65 kPa). The means of the OD group has not been calculated due to a lack of data.

Eect of the surrounding tissue It has been shown previously that, through a stiness compensation eect, the identied elastic modulus of the CCA E artery using the MB-FEMU is inuenced by the estimation of the elastic properties of the surrounding tissue E surrounding [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF]. Figure 10a shows how the estimation of these elastic properties can aect the identied elastic properties of the artery, E artery . If E artery when E surrounding = 30 kPa is taken as a reference, E artery is overestimated by 19 % when E surrounding = 1 kPa and underestimated by -18 % when E surrounding = 60 kPa on the average (excluding OD1 and OD3). The relationship between E surrounding and Eect of the pressure The pressure has a similar eect on the identied elastic modulus since it participates to the boundary conditions of the FE model. E artery is underestimated by -10 % with a pressure underestimation of -10 %. When the pressure is overestimated by +10 %, E artery is overestimated by +12 % (excluding OD1).The PCC with regards to the evolution of the pressure applied is r = 0.99 excluding the left hand side of OD3 (negative coecient). The YH group has an average elastic modulus of 325 kPa over the whole cardiac cycle whereas the MAH group has an average elastic modulus of 752 kPa. The value of the elastic modulus for the YH group starts from 198 kPa during the rst fraction of the cardiac cycle (see Figure 4), then it increases to 578 kPa in the second fraction of the cardiac cycle, and is nally stable in the two last fractions until the return to the diastole state (254 kPa and 269 kPa). The evolution of the elastic modulus of the artery through the cardiac cycle is similar for the MAH group, with a higher elastic modulus in the (b) fraction of the cardiac cycle than in the (a) fraction (619 kPa on the average versus 511 kPa, excluding MAH4), and a stable modulus during the diastolic phase ((c): 488 kPa on the average, (d): 381 kPa) (see Figure 11e).

The number of data for the OD group is very limited so that the means are not meaningful.

Discussion

Eect of the age and of disease on the stiness

The results show that there is an increase of +38% of the global elastic modulus of the artery between the YH group and the MAH group. A Student's t-test on the identied modulus of Table 5 (identication procedure (e)) reveals a signicant dierence between the means of these two groups with a p-value1 p = 0.99682 .

These ndings are in agreement with the literature. The large study of [START_REF] Riley | Ultrasonic Measurement of the Elastic Modulus of the Common Carotid Artery[END_REF] shows that there was a signicant increase of the stiness of the carotid arteries for males and females from 40 years old to 64 years old. This increase has also been pointed out in the review of [START_REF] O'rourke | Clinical applications of arterial stiness; denitions and reference values[END_REF]. The low number of data points for old and diseased patients renders dicult the interpretation of the mean values, and other experiments should be conducted. We can note that the diseased artery is always stier than the nondiseased artery for patients OD2, OD3 and OD4 who have a unilateral lesion (392 kPa vs 487 kPa, 906 kPa vs 1732 kPa, 456 kPa vs 549 kPa, respectively).

Comparision between the P-index prole and pressure proles obtained by the applanation tonometry technique

It is interesting to see the dierences between the blood pressure measured by applanation tonometry and the P-index proles. For all cases excepted the old diseased patients, the pressure increase as seen through the P-index is slower than that seen by tonometry. These dierences could be explained by the possible inertia of the artery to be deformed or by the MRI artefacts. Figure 7 reveals that the dierence of slope between the P-index and the tonometry during the systole evolves with age and disease in the same way as the stiness of the artery: YH<MAH (p = 0.9989),

MAH<non-diseased OD (p = 0.5248), non-diseased OD<diseased OD (p = 0.9698)3 .

Evolution of elastic properties throughout the cardiac cycle

Arteries are known to be nonlinear [START_REF] Fung | Biomechanics : Mechanical properties of living tissues[END_REF][START_REF] Holzapfel | Biomechanics of Soft Tissues with Application to Arterial Walls[END_REF]. Since we have considered a linear mechanical behaviour, we have identied dierent elastic properties at dierent fractions of the cardiac cycle. Note that there is a clear increase of the elastic modulus just before the end-systole (identication at the (b) part of the cardiac cycle) for both the YH group (p = 0.95) and the MAH group (p = 0.74) 4 . There is also a signicant decrease of the elastic modulus during the return to diastole (identication at the (c) part of the cardiac cycle) for both groups (p = 0.93 and p = 0.82, respectively 5 ).The decrease of the elastic modulus between the cardiac cycle parts (c) and (d) is not clear (p = 0.40 and p = 0.83 for the YH group and the MAH group, respectively).

We have also seen that the moduli from the identication procedures (a), (c) and (d) are relatively close for both groups (198 → 269 kPa and 381 → 488 kPa, respectively). In both groups the elastic modulus is minimum during the rst part of the cardiac cycle, then increases during systole, and nally decreases during the return to diastole and goes back to its initial value for the identication procedure (d). The lack of data on the OD group has prevented to perform the t-tests. Other authors were able to observe the dierences between the elastic modulus of the artery at diastole and systole: [START_REF] Couade | Quantitative assessment of arterial wall biomechanical properties using shear wave imaging[END_REF] have studied the propagation of shear waves in arteries using ultrasounds. They found on a unique subject that the elastic modulus steps up from Results from Section 3.3.1 and previous tests on the MB-FEMU method [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF] have pointed out the major role of the blood pressure for the estimation of the artery's stiness in vivo. We have found that the identied elastic modulus of the artery is directly inuenced by how the blood pressure is measured. In the literature, many authors used a direct formula that links the elastic modulus to the variation of diameter of the artery [START_REF] Riley | Ultrasonic Measurement of the Elastic Modulus of the Common Carotid Artery[END_REF][START_REF] Laurent | Elastic modulus of the radial artery wall material is not increased in patients with essential hypertension[END_REF]. The eect of the measurement of pressure is then also crucial. In a previous article [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF] we noticed the substantial variation of the pulse pressure of a subject just before the MRI and 15 minutes after the exam (pulse pressure P M RI = 85 mmHg vs P M RI+15 min = 62 mmHg) while the normal value is P = 40 mmHg. In the present study, the blood pressure of three healthy subjects was measured every 2 minutes using a programmable digital sphygmomanometer throughout the whole MR exam. An ination armband was xed on the arm of the subject before the exam. The results are shown in Figure 12. They reveal signicant changes of the blood pressure during the MR exam. These changes may be explained in part by the stress provoked by the exam. We can see on the curves that MAH2 has apparently increased his systolic and diastolic pressures after 18 minutes in the MRI.

This increase is correlated to the start of the PC sequence which is very noisy due to the ip of the magnetic eld. On the contrary, the diastolic and systolic pressures of MAH3 and MAH4 are relatively stable, with a tendency to decrease. If we look at the pulse pressure, and if we consider the mean pulse pressure of each subject as the reference, the variation is very important during the exam (-17 % / + 14 % for MAH2, -21 % / + 18 % for MAH3 excluding the rst data, -15 % / + 12 % for MAH4). This variation of blood pressure has also consequences on images because it introduces blur on the contour of the artery: indeed each frame image is the reconstruction of a k-space which has been lled during several cardiac cycles [START_REF] Brown | MRI: basic principles and applications[END_REF]. If the blood pressure was dierent between the cardiac cycles, the displacement of the artery would also be dierent. This could explain the special shapes of the P-index for certain subjects and patients (YH4, MAH3, MAH4, MAH5, OD2).

Moreover in this study we considered that the pulse pressure in the CCA was identical to the pulse pressure in the brachial artery. In reality, it has been reported that the pulse pressure in the brachial is typically larger to that in the CCA by about 10 -14 mmHg [START_REF] Safar | Carotid and brachial blood pressure measurements in hypertensive subjects[END_REF][START_REF] Safar | Carotid Versus Brachial Pulse Pressure in Elderly Persons[END_REF]. In our case it means that the identied moduli are slightly overestimated. The applanation tonometry exam could estimate the pulse pressure in the carotid after a proper calibration [START_REF] Verbeke | Noninvasive assessment of local pulse pressure: importance of brachialto-radial pressure amplication[END_REF][START_REF] Kips | The use of diameter distension waveforms as an alternative for tonometric pressure to assess carotid blood pressure[END_REF], but it has not been used here because the procedures are time consuming and not compatible with our clinical conditions.

Assumptions made within the Finite Element Model

In this study, as well as in our previous work [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF], we have underlined the inuence of the mechanical properties of the surrounding tissue. The elastic properties of the surrounding tissue can be potentially identied simultaneously with the elastic properties of the artery as in [START_REF] Le Floc'h | Modulographie vasculaire : Application à l'identication in-vivo du module de Young local des plaques d'athérosclérose[END_REF]. But this induces several diculties: (i) The total identication time is multiplied by three. (ii) The solution is potentially not unique, whereas it is the case when only one modulus is identied. (iii) The obtained solutions can be meaningless with regard to the physics. Here the choice of a homogeneous model of the surrounding tissue is not realistic. The surrounding medium is much more complex and heterogeneous (muscle, tendons, fascias, etc.) but since we focused only on the mechanical properties of the artery we have chosen not to rene the FE model. In addition, the correction of images that occurs at the beginning of each identication procedure has been designed to incorporate rigid displacements that are due to the real 3D geometry of the neck. Our implementation was fast and simple. It is then possible to recover the coordinates of the correction vector simultaneously with the elastic properties of the artery with a limited impact on the total identication time since no additional FE computation is necessary. The geometry of the FE models is important because it imposes strong constraints on the registration framework. We have seen that the diameters of the arteries and more generally the morphologies of the subjects and patients dier signicantly from one subject to another and even among the subjects and patients themselves. But no correlation appears between the diameter of the artery and the identied elastic modulus, or between the distance between the artery and the spine and the elastic modulus. This means that the geometry of the FE model is crucial for an accurate identication, but its inuence on the mean identied elastic modulus is limited.

Other approaches such as the hyperelastic warping [START_REF] Veress | Deformable Image Registration with Hyperelastic Warping[END_REF] exist which, by releasing some of the assumptions on the geometry, could improve the results.

Limitation

Two words of caution are needed for clinical use of the proposed identication method. First, if the patient is taking medications that aect the mechanical properties of the arteries such as beta-blockers, the identied mechanical properties of the arteries will include the eect of the medication. If the patient is taking medications that aect the blood pressure without changing the mechanical properties of the arteries, the method will correctly identify the mechanical properties of the arteries because the actual blood pressure is estimated and used as a boundary condition.

Second, if the patient suers severe cardiac rhythm disorders, the MRI images can be blurred because a single image is reconstructed from images taken during several cardiac cycles [START_REF] Brown | MRI: basic principles and applications[END_REF][START_REF] Bernstein | Handbook of MRI pulse sequences[END_REF]. In this case, a ner analysis of the MRI reconstruction method coupled with accurate in situ blood pressure measurements could be appropriate but such research topic is out of the scope of this work.

Conclusion

In this study we successfully applied the MB-FEMU method [START_REF] Franquet | A new method for the in vivo identication of mechanical properties in arteries from cine MRI images: theoretical framework and validation[END_REF] for identifying the in vivo elastic moduli of the common carotid arteries of 13 healthy subjects and sclerosed patients from 24 to 76 years old based on data provided by cine MRI.

These data have been obtained in clinical conditions from existing Phase Contrast MR sequence. This approach requires to record at the same time the blood pressure.

An increase of the artery's stiness with age and atherosclerosis has been observed.

More experiments are however needed to determine if the diseased arteries can be distinguished from non-diseased arteries based on the analysis of stiness. The vari-ation of the elastic modulus of the artery during a single cardiac cycle has also been observed and a stiening of the artery during systole has been underlined. This opens the door to the identication of the nonlinear mechanical properties of the artery in vivo. Additional steps are nevertheless required, such as the necessity of a very accurate measurement of the blood pressure, and the use of an appropriate FE model with a rened surrounding media. The MB-FEMU method is promising for the identication of heterogeneous and complex in vivo mechanical properties of any artery, and the application of this method on atherosclerosed sites could improve our knowledge about the biomechanical properties of plaques. 

2D images. A dedicated ( 1 st and 2

 12 nd groups) or additional (3 rd group) Phase Con- trast (PC) sequence was used to obtain slices of the neck at dierent times of the cardiac cycle (cine MRI). The acquisition of PC images lasts approximately 5 minutes depending on the heart rate of each individual. The subjects spent a total time of approximately 30 minutes in the MRI (including 3 slices of the arterial tree in cine MRI, positioning MR sequences -Time Of Flight-, Turbo Spin Echo sequences -T1 and T2 weighted images-). In this study only the PC cine MRI of one slice of the CCA was used. The patients spent 45 minutes in the device including the additional sequence and the routine pre-surgical cerebral sequence.

Figure 3 :

 3 Figure 3: Example of the denition of a binary mask on a template image. The cost function was only calculated where the binary mask is not null. The details of how the contour was obtained are described in Section 2.4.1.

Figure 4 :

 4 Figure 4: Illustration of the subsections of the cardiac cycle dened to identify 4+1 dierent elastic moduli throughout a cardiac cycle (identication procedures (a) to (d), the target and template images are chosen according to this scheme and the pressure applied as a boundary condition is the corresponding dierential pressure). The identication procedures (b) and (c) use the deformed geometries obtained at the end of the identications (a) and (d) respectively. For the procedures (c) and (d) the template image is taken later in time than the target image in order to keep a positive pressure ination. The identication procedure (e) uses the measured pulse pressure as a boundary condition and the images at diastole and systole .

Figure 5 :

 5 Figure5: Principle of the correction of the translation between the template and the target image. The template image is rst registered using an elastic modulus of the artery of 600 kPa. The ROI is chosen as the circumscribed square of the binary mask. A normalised cross-correlation between the ROI and the registered image gives a map where the maximum can be located. This corresponds to the location of the ROI in the registered image. The same operation is computed between the ROI and the target image to nd the best location of the ROI in the target image. The dierence between these two sets of coordinates gives the correction vector.

  (a) Set of images throughout the cardiac cycle. This example is made up with 37 frames equally distributed throughout the cardiac cycle. (b) The rst image (diastole) is subtracted to every image frame. (c) The binary mask (Figure 3) is applied. (d) Example of P-index prole throughout a cardiac cycle.

Figure 6 :

 6 Figure 6: Principle of calculation of the P-index.

  (a) Initial slopes of the pressure prole and of the P-index prole. (b) Slope ratios for the young subjects (YH), the mid-age subjects (MAH) and the old patients (OD).

Figure 7 :

 7 Figure 7: Comparison between the initial slopes of the P-index and of the tonometer pressure.

Figure 8 :

 8 Figure 8: Dierence between the target image and (a) the registered image after the identication or (b) the template image.

Figure 9 :

 9 Figure 9: Global elastic modulus identied throughout a whole cardiac cycle.

E

  artery is linear in most of cases (25/26 arteries show a Pearson's correlation coefcient (PCC) r < -0.9). It is particularly the case for the YH group who have a mean PCC r < -0.99. The non-diseased arteries of the OD group present the worst coecient r = -0.39 but there are only 3 specimens and the values are scattered (from r = -1 to r = 0.82). (a) Inuence of the elastic modulus of the surrounding tissue. The elastic modulus of the surrounding tissue has been changed in the FE model from 1 kPa to 60 kPa. (b) Inuence the estimated blood pressure. The applied blood pressure has been under or over estimated by 10%.

Figure 10 :

 10 Figure 10: Inuence on the global identied elastic modulus of the estimation of (a) the elastic modulus of the surrounding tissue and (b) the estimated blood pressure (YH: blue; MAH: magenta; OD non-diseased/diseased: green/black).
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 32 Evolution of the elastic modulus during a cardiac cycleWe have then identied elastic moduli at dierent times of the cardiac cycle: a Between the diastole and the mid-systole b Between the mid-systole and the systole c Between the systole and the mid-diastole d Between the mid-diastole and the diastole Each modulus is estimated with the appropriate template and target images determined from the considered fraction of the cardiac cycle. The pressures which are applied as boundary conditions in the model are calculated using the P-index proles. Results are shown in Figure 11 for the YH, MAH and OD group. The identication in the OD1 case has been excluded because it has failed, which numerically means that the Levenberg-Marquardt algorithm stops due to a null gradient and DI > 100 %.

  (a) Young healthy subjects (b) Mid-age healthy subjects (c) Old diseased patients with non-diseased arteries (d) Old diseased patients with diseased arteries (e) Mean elastic moduli identied for the YH and the MAH groups at each time of the cardiac cycle.

Figure 11 :

 11 Figure 11: Evolution of the elastic modulus during the cardiac cycle. The dierent points correspond to dierent fractions of the cardiac cycle.

Figure 12 :Figure 13 :Figure 14 :Figure 15 :Figure 16 :

 1213141516 Figure 12: Evolution of the blood pressure during the MR exam for three healthy subjects. The blood pressure has been recorded every two minutes using a programmable digital sphygmomanometer.

Figure 17 :

 17 Figure 17: Mid-age healthy subjects: curves of the blood pressure measured by tonometry or deduced from the images based on the P-index (left and right hand sides). Note that the time and the pressure are normalised. 42

Figure 18 :

 18 Figure 18: Old patients: curves of the blood pressure measured by tonometry or deduced from the images based on the P-index (left and right hand sides). Note that the time and the pressure are normalised.

  

  

Table 1 :

 1 Description of the subjects. Three groups were dened: the Young Healthy subjects (YH) group, the Mid Age Healthy subjects (MAH) group and the Old Diseased patients (OD) group. IMT is the Intima Media Thickness which was measured by ultrasounds except for the OD group where values from the literature

	were used [7].					
		Subject	Gender	Age	Height	Weight	Diseased	IMT left/right
		Patient		(years)	(cm)	(kg)	artery	(mm)
		YH1	M	25	185	85	No	0.45/0.45
								0.58/0.48
		OD1	F	70	158	57	Left/Right	0.70/0.70
		OD2	M	68	182	87	Right	0.73/0.73
		OD3	M	75	170	82	Right	0.73/0.73
		OD4	M	76	178	78	Right	0.73/0.73
	2.2	Imaging modalities			

Magnetic Resonance Imaging was used with a Phase Contrast sequence to provide the cross section of the carotid artery at dierent time steps (cine MRI). A 3T Siemens Verio combined with a 4-Channel ex coil was used with a 2D spin echo FLASH sequence to provide series of images during the cardiac cycle. The acquisition of images was synchronised with the physiological signal which was captured by an infrared spectroscopy device xed on the subject's nger. A single 4 mm thick slice was used. The 2D in plane resolution was 0.586 mm × 0.586 mm. The slice's position was 27 mm below the carotid bifurcation which was located on Time Of Flight images.

Table 2 :

 2 Description of the 5 dierent couples of template/target images used for each hand side on each subject/patient.

Table 3 :

 3 Equivalent diameters of the arteries of the subjects taking part to the experiment.

	Subject/ Diameters (mm)
	Patient Left	Right
	YH1 6.81	6.46
	YH2 5.70	6.22
	YH3 6.32	6.71
	YH4 6.33	6.33
	MAH1 6.05	6.60
	MAH2 7.17	6.65
	MAH3 7.40	6.25
	MAH4 6.62	6.78
	MAH5 5.45	5.39
	OD1 5.57	5.06
	OD2 6.00	6.64
	OD3 8.48	9.04
	OD4 5.68	7.01

Table 4 :

 4 Approximate distance between the spine and the inner contour of the CCA.

		Subject/	Distance (mm)
		Patient Vertebral column -artery
		Left	Right
		YH1 11	12
		YH2 7	9
		YH3 7	9
		YH4 4	6
		MAH1 2	6
		MAH2 9	4
		MAH3 7	5
		MAH4 4	5
		MAH5 10	10
		OD1 7	6
		OD2 4	7
		OD3 5	9
		OD4 12	12
	3.2	Blood pressure

Table 5 :

 5 Identication results

	Subject Identication Elastic modulus (kPa)	DI (%)
		Procedure Left	Right	Left	Right
		(a) 221	192	25.79 13.27
		(b) 349	303	50.48 56.06
	YH1	(c) 455	193	38.86 23.94
		(d) 185	456	13.19 20.79
		(e) 289	325	8.08	11.61
		(a) 147	395	38.45 63.74
		(b) 662	213	88.69 56.39
	YH2	(c) 236	234	51.84 63.93
		(d) 208	347	43.36 55.38
		(e) 228	288	25.95 38.89
		(a) 177	204	30.72 33.19
		(b) 793	1890	75.33 86.36
	YH3	(c) 250	308	34.03 31.24
		(d) 322	374	19.21 27.26
		(e) 318	363	10.15 14.85
		(a) 132	119	23.82 40.93
		(b) 228	187	53.66 53.00
	YH4	(c) 230	128	50.43 38.20
		(d) 129	134	15.75 27.33
		(e) 224	490	36.21 21.83
		(a) 211	934	58.18 33.25
		(b) 499	848	86.33 28.99
	MAH1	(c) 246	317	76.99 73.64
		(d) 292	167	55.06 17.83
		(e) 265	921	53.47 35.47
		(a) 374	338	51.17 47.84
		(b) 640	801	71.91 81.89
	MAH2		Continued on next page

  258 kPa during diastole to 402 kPa during systole. It is an increase of +56 % which is less than what we found on the YH group (+191 %) and higher than what we found on the MAH group (+21 %). Interestingly, the tested subject was 30 years old while the mean age of the YH group was 25 years old and the mean age of the

	4.4	On the importance of an accurate measurement of the
		blood pressure

Identication Template image Target image procedure (a) End-diastole Mid-systole (b) Mid-systole End-systole (c) Mid-diastole End-systole (d) End-diastole Mid-diastole (e) End-diastole End-systole The reader can refer to the Figure 4 for an illustration of the dierent identication times. The mid-systole time was dened as the time from the end-diastole to recover 50% of the systolic pressure. The same calculation was applied to recover the mid-diastole time. The procedures (a) to (d) in Table 2 describe the variation of the elastic properties through the cardiac cycle. The procedures (b) and (c) use the deformed FE model obtained at the end of the identication procedures (a) and (d),respectively. Note that only the geometry was imported and not the stress eld. The imposed boundary conditions in pressure are described in Section 2.6. The procedure (e) uses the most deformed images that are, on the one hand the diastolic or initial image as the template, and on the other hand the systolic image as the target. In this case, the measured pulse pressure was applied.

P-indexraw (t)-min(P-indexraw(t)) max(P-indexraw(t))-min(P-indexraw(t))(2)where N pix is the number of pixels of the binary mask (Figure3); i is the i th pixel in this set of pixels; t 0 is the initial time (diastole).Once the P-index is calculated, it is used to determine which image frame is respectively at the mid-systole time, end-systole time, mid-diastole time and end-

the p-value is the probability of having an observation at least as extreme as the observation if the hypothesis H0 is true. Low p-values (lower than a chosen signicance level) may induce a rejection of H0.

data t a standard distribution, the variances are assumed to be unequal (Behrens-Fisher problem[START_REF] Kim | On the Behrens-Fisher Problem: A Review[END_REF]), unilateral test with the null hypothesis H 0 : mean from data set 1 is lower than mean from data set 2

unpaired Student's t-test, data t a standard distribution, the variances are assumed to be unequal, unilateral test with the null hypothesis H 0 : mean from data set 1 is lower than mean from data set 2

paired Student's t-test, the dierence between the paired data t a standard distribution, unilateral test with the null hypothesis H 0 : mean from data set 1 is lower than mean from data set 2)

null hypothesis H 0 : mean from data set 1 is higher than mean from data set 2
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