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Good Morning,

I will today present you our work about the use of FE-based Heterogeneous Digital Volume Correlation to Measure Large Deformations of Breast’s Soft Tissues which has been carried out in collaboration between the University of Luxembourg and University Paris-Saclay.
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One woman over eight is likely to be diagnosed with breast cancer.  When considering a breast conservative surgery, breast cancer preliminary imaging position (prone) of the patient differs from [change]….
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… Differs from the surgery stance (supine) and surgeons mentally assess the relocation of the tumour due to the change of stance . [change]
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Being able to reposition a tumour from prone to supine position is key to bypass current invasive techniques. To assess the tumor location from the prone to supine position, invasive markers are often considered:
contrast species to « mark » the tumour
hooks to harpon the tumour

This often results in a removal of tissue more important than necessary. [change]
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The overall objective would therefore be to predict numerically the tumour location during the change of stance to help during the surgery planning. To assess this objective, several steps are considered. [change]


'S
INi.ll Objective

UNIVERSITE DU
LUXEMBOURG

Predict the deformation from
one configuration to another

e Measure the full displacement
field

(FE-Based regularized DVC)

6

Legato Team



Commentaires du présentateur
Commentaires de présentation
My talk will focus on the first one which is the measurement of a full displacement field, using FE-Based regularized Digital Volume Correlation (DVC) to map the deformation of a breast between two positions submitted to gravity [change]
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2nd, we proposed a framework to identify the patient-specific material properties including contact


g .
mi.ln ob

UNIVERSITE DU
LUXEMBOURG

jective

Predict the deformation from
one configuration to another

Measure the full displacement
field

Identify the  patient-specific
material properties

Surrogate model to obtain real-
time predictions for any
configuration

8

Legato Team


Commentaires du présentateur
Commentaires de présentation
Finally, we began to work on a surrogate model to allow for real-time simulations
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A left quarter of a thorax (of size 0.27 × 0.26 × 0.06 m) was extracted from a female corpse. The breast was injected with physiological serum to get closer to an in vivo configuration and to mimic its initial mechanical properties. [change]
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Fifteen biomarkers were placed on the surface and inside the breast to provide some displacement information. These markers were placed by the medical team and assumed rigidly attached to the sample using an adhesive surface. [change]
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o Female left quarter of thorax injected with physiological
serum attached to a wooden plate with 4 plastic bands

e 15 biomarkers (in yellow) on the surface and inside the
volume

e Micro-computed tomography with an RX Solutions
machine (0.34 mm resolution)

e Acquisition in multiple orientations.
Study deals with -60° and -45° in the axial plane

Rotation axis Rotation axis
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The sample was imaged via micro-computed tomography with a resolution of 0.34 mm with angles of -45° and -60° with respect to the axial plane. This resolution may be considered as low-quality for tomographies as
the X-ray scanner allows for values down to 15 μm. The choice of such resolution was motivated by 3 reasons. First, high-resolution acquisitions are usually lengthy (i.e., between 3 to 4 h). Second, the cadaver tissues will quickly degrade, thereby preventing from performing a second acquisition. Last, the present CT-scans and clinical MRI images have similar resolutions. [change]
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Based on the gray levels and anatomic knowledge, three entities (phases) were created, namely, breast tissue, bones, and cartilage. A growth from seeds algorithm was manually initialized (i.e., several slices in each 𝑋, 𝑌 ,𝑍 direction of the volume were manually ‘‘painted’’ so the algorithm was able to identify regions and gray levels belonging to each individual phase) within the 3D Slicer software (Fedorov et al., 2012). The result was smoothed, thereby allowing for mesh generations without too small interface segments as nodes in different phases had to coincide on interfaces to enforce kinematic compatibility. Last, an artificial outer layer (15 voxels (vx) thick) was added to the tissue. This ‘‘artificial skin’’ was added to help DVC register the external surface. Each mask was converted into a sub-mesh and the considered mesh was the coarsest that was obtained using ScanIP Simpleware software. With such mesh, sub-voxel elements were avoided. the resulting volumetric meshes and screenshots of  Simpleware software, courtesy of Synopsys. The mesh was composed of 41,454 linear tetrahedra with a characteristic element length of 9.3±2.8 vx (i.e., 3.2±0.9 mm). To avoid too small elements, 25 of them with length less than 3 vx were deleted. [change]
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DVC relies on the conservation of gray levels upon transformations between two scanned configurations. The cost function 𝛷2𝑐 to be minimized in global (e.g., FE-based) DVC is generally expressed as () 𝛷2𝑐 =Σ𝑅𝑂𝐼(𝐼0(𝐱) − 𝐼𝑡(𝐱 + 𝐮(𝐱)))2. where 𝐱 is the position of any voxel in the reference configuration, 𝐮(𝐱) the corresponding continuous displacement vector, and ROI the Region of Interest. The gray levels corresponding to the 3D image of the reference configuration are denoted by 𝐼0, and those of the deformed configuration 𝐼𝑡. [change]
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the images were not originally acquired for DVC purposes. In particular, the gray level contrast was not optimal. To overcome this issue, mechanical regularization was considered. It consists in adding a penalty term to mitigate displacement fluctuations. In regularized DVC, equilibrium is enforced at the local level by introducing a cost function based on the equilibrium gap (in the absence of body forces) where [𝐊] is the stiffness matrix, and {𝐟res} the residual force vector. 

In the present case, FE-based DVC was considered with 4-noded tetrahedra (i.e., T4 elements Hild et al., 2016). The ROI to be registered during the minimization procedure was defined by the considered mesh (Fig. 2(c)). Consequently, the unknowns were the nodal displacements gathered in the column vector {𝜐}. [change]
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𝑤𝑚 ∝ 𝓁4reg

𝛷2tot = 𝛷2𝑐 + 𝑤𝑚𝛷2𝑚 was minimized iteratively (Hild and Roux, 2012). Convergence was reached when L2-norm of the displacement corrections becomes less than 10−2 vx. [change]
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In the present study, the ROI covered three different materials (i.e., soft tissue, cartilage, and bones). To account for the fact that their elastic properties were very different, heterogeneous regularization was utilized (Tsitova et al., 2021). As a consequence, each element 𝑒 was assigned an elastic contrast 𝐶𝑒 whose value was the ratio of the Young’s modulus of the phase it belonged to divided by that of the soft tissue. Thus, 𝐶𝑒 > 1 corresponds to a phase stiffer than the soft tissue. The regularization length, 𝓁reg, scales with the square root of the elastic contrast 𝐶𝑒 (Naylor et al., 2019). For example, if 𝐶𝑒 = 100, then the regularization length is ten times higher (i.e., √100 factor) for the considered element in comparison to the tissue elements. In all the analyses reported herein, the regularization lengths refer to the softest phase.

The bone Young’s modulus was found to vary between 5 to 50 GPa (Rho et al., 1993; Hunt et al., 1998; Seedhom et al., 2004), and that of cartilage in the range from 8 to 40 MPa (Forman and Kent, 2011; Huwe et al., 2018; Griffin et al., 2020). Breasts are made of different materials such as adipose, fibroglandular, skin, or fascia tissues. In addition to a wide variability between patients, the differences between in vivo/ex vivo or compression/tension mechanical tests give a large range of Young’s moduli ranging between 0.2 to 28 kPa (Payan and Ohayon, 2017; Mîra et al., 2018). Therefore, the elastic contrasts were set to 𝐶𝑏 = 106, 𝐶𝑐 = 104 and 𝐶𝑡 = 1. [change]
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A convergence analysis was first carried out to identify which tissue regularization length needed to be used.

Several contrasts were also considered, including a homogeneous regularization.

For the highest contrasts, if lreg<3, the stopping criteria was not anymore a L2 convergence but the maximum iterations (whatever the number was)

Conversely, if the regularization is too high, the solution is non physical and there could also be a bad conditioning of the DVC Hessian matrix.

Finally, the higher the contrast the lower the residuals at the solution. But also the higher the required iterations and the narrower the range of convergence.

From this lreg=4 was kept [change]
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A 3-step pipeline was proposed, 
For the first step, an initial evaluation of the mean deformation gradient tensor, 𝐅, was obtained, which was based on the motion of 𝑚 = 15 biomarkers. The biomarkers were manually identified while segmenting the scans. For each configuration, their position was measured as the geometric barycenter of their segmentation. Therefore, one may consider that the resulting positions include some user uncertainty resulting from the segmentation procedure. This first step corresponds to current practices in which markers are put on the external surface of the breast, and their motions are sought for tumor repositioning. [change]
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For the second step, a better approximation of the initial displacement field was computed with homogeneous regularized DVC applied to the segmented images created for each configuration (Fig. 3) including internal air. Because the histograms of the raw images were not fully conserved, using such images allowed the gray levels to be made identical for each segmented phase. This DVC step was initialized by the marker-based displacement estimate. No elastic contrast was considered to allow for the correct positioning of the bones. Given the fact that the three phases had uniform gray levels, the gray level contrast (i.e., gradient of image) was nonzero only for a very limited number of voxels (i.e., at interfaces between phases). This property leads to very steep cost functions about the optimal solution. Blurring the volume smoothens the cost function and induces faster convergence of the Newton-based minimization scheme. Thus to improve convergence, the two volumes were blurred (with a Gaussian filter with a radius of 3 vx).
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For the third step, the previously measured displacement field was used to initialize the heterogeneous regularized DVC calculation on the original volumes (Fig. 4), with no filtering of the gray levels.
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In the following results, the mean element size was equal to 10 voxels, and the mean spatial resolution was 17 voxels (the physical voxel size was 0.34 mm). The tissue phase shifted downward, thereby creating an inframammary fold. Thanks to the segmented images, this complex configuration could be recovered. Adding the artificial skin layer was a key step to ensure tracking of the interface between the tissue and air. Without such gray level contrast, the procedure could have converged to the wrong positions. Introducing elastic contrast allowed for strongly penalizing the hard phase and limiting the regularization over the soft phase which was therefore freer to move. 

The RMS residuals were equal to 18.3 gray levels. Given the fact that no special care was taken in the acquisition process, such levels are more than acceptable. [change]
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In the present case, the Green–Lagrange strains 𝐄 = 1/2(𝐅⊤𝐅 − 𝐈)) are reported. They were estimated from the exact differentiation of the shape functions of the 4-noded tetrahedra (i.e., T4 elements) to evaluate the deformation gradient tensor 𝐅. Fig. 12 shows that the soft tissue underwent large strains (including shear in particular in the inframammary fold) up to 25% in magnitude, which is large between two scans only.
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Last, the overall shape of the sample was well recovered (Fig. 14). In addition to the gray level residuals, in Table 1 the RMSE (Eq. (10)) was used as a metric for evaluating the trustworthiness of surface displacements. The measured error was a few millimeters (between 2.2 to 3.1 mm, which corresponds to a range of 6.8 to 9.4 vx). When the highest elastic contrasts were considered, all errors decreased about 0.1 mm in comparison to homogeneous regularization, which further validates their use. As the error was lower than the mean element size (i.e., 10 vx) and the mean spatial resolution (i.e., 17 vx), the measured displacement field was very realistic. It is worth remembering that this error included those due to the segmentation steps. As this multiphase sample had a complex morphology, and internal gray level contrast, the segmentation relied on coupling of growing from seeds algorithms, and smoothing with operator-dependent steps. The latter ones explain parts of the observed mismatches.
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e From micro-computed tomographies, computation of the full field displacement
between 2 complex configurations using heterogeneous regularized DVC

e 3-step pipeline has been developed

o The results are deemed trustworthy, supporting the feasibility of its application for
breast large deformations

e Ex-vivo # in-vivo tissues

e Low number of scans and single patient
o Consider body forces

e User uncertainties
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Appendix: DV

QOrientation —60° —45°

Tomograph EasyTom 150 (RX EasyTom 150 (RX
Solution) Solution)

Target/Anode W (reflection W (reflection
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Current 202 pA 202 pA

Focal spot size 50 pm 50 pm

Tube to detector 610 mm 610 mm

Tube to object 430 mm 430 mm
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Projection definition
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1920 = 1536 pixels
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1920 x 1536 pixels
1840 x 728 pixels
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projections

Angular amplitude
Frame average
Frame rate
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Reconstruction
algorithm

Filter

Gray levels
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Volume size

Field of view

Image scale
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15 per projection
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back-projection
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8 bits

768 x T8I %

216 voxels

(after crop)
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15 per projection
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back-projection
Tukey (0%)

8 bits
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differences come from “user” errors in segmentation. Overall deformation ok and volumic information
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DVC applied to -60° configuration (green) and segmentation in -45°
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While the gray level residuals 𝜌(𝐱) = 𝐼0(𝐱) − 𝐼𝑡(𝐱 + 𝐮(𝐱)) of DVC analyses provide a quality indicator for the measured displacement field (see Eq. (1)), the Root Mean Square Error (RMSE) was used as a metric for evaluating the trustworthiness of surface displacements. For each phase of both initial and deformed configurations, a surface (STL) mesh was generated from the volumetric mesh by identifying the boundary elements. Then, the measured displacement field was applied to the initial surface nodes. For each phase, the error between the assessed 𝑁 deformed nodes from DVC 𝐱𝙳𝚅𝙲 and the refined mesh resulting from the segmentation of the deformed image 𝑠𝑒𝑔 was ,computed as the root mean square error (RMSE). As the meshes did not have the same number of nodes, a projection operator 𝑠𝑒𝑔 of the DVC deformed nodes onto𝑠𝑒𝑔 was assessed using an Iterative Closest Point (ICP) algorithm (Besl and McKay, 1992).


[[TA]l Appendix: Gravity identification

UNIVERSITE DU

LUXEMBOURG
0
g~ 9.81
0 -
{-xru-. Yin: Zem) P - Rz, " R}r " R"}C " T - P
1 0 0 0 -1 =
g—(R,-Ry-Rx-T) - g
R 0 cos(f,) —sin(f,) 0
” 0 sin(f;) cos(@,) 0O
0 0 0 1
(Xons Yo Zun)
_l 'I'| rl'| .'l'| -
»eg=T Ry Ry, ‘R, -g
cos(0,) 0 sin(0,) 0
0 1 0 0
R, -
sin(fh,) 0 cos(0,) 0
L 0 0 0 lJ
(Xm, Yo, Zm)
cos(f,) —sin(0,) 0 0 1 0 0 t,
sin(0,)  cos(0.) 0 0
R, _ | *0:) cos(0:) o010t
0 0 10 00 1 t
t 0 o0 1J (X, Yoy Z) 000 1

(Xony Y, Zm)

école

L]

université Copeneure LegatoF@m

PARIS-SACLAY paris—saclay




g .
LIl Appendix: Uncertainty quantification

UNIVERSITE DU
LUXEMBOURG

Uncertainty evaluation

* White Gaussian noise was added to the translated
reference volume.

* Registering to the reference volume.

* Displacement uncertainties = standard deviations
of nodal displacements.

* Regularized DVC => the fine mesh was not altered
but the regularization length €reg was varied
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As pointed out above, the imaging conditions were not optimal for DVC purposes and thus may degrade the measurement uncertainties. Furthermore, common practice requires at least two repeat scans to be acquired to quantify kinematic uncertainties a priori (Buljac et al., 2018b,c). In the present case, no repeat scan was performed. Thus another (a posteriori) route was followed. At the end of any global DVC analysis, the quality of registration is probed by analyzing the gray level residuals 𝜌, which contain information about acquisition noise and artifacts, as well as indications about the trustworthiness of the selected kinematic bases (Hild et al., 2015; Buljac et al., 2018b). It was thus decided to artificially create a new volume by applying a 0.5 vx translation along all three Cartesian coordinates to the reference volume. White Gaussian noise was also added (Fig. 5(b)), whose standard deviation 𝜎𝜌 was that of the gray level residuals corresponding to the result of the DVC analysis that was deemed the most trustworthy in the sequel. This volume was correlated with the reference volume (Fig. 5(a)). The displacement uncertainties correspond to the standard deviations of nodal displacements in each direction. Similarly, the strain uncertainties were assessed as the standard deviations of elementary strains. As regularized DVC was carried out, the fine mesh was not altered but the regularization length 𝓁reg was varied to assess standard uncertainties (Leclerc et al., 2011; Taillandier-Thomas et al., 2014).
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Uncertainty evaluation

; * The displacement power law interpolation with
L 10 exponent -1.5 corresponding to Gaussian noise is
Tissue regularization length (vx) recovered

* The strain power law interpolation with exponent
-2.5 corresponding to Gaussian noise is recovered

* 4vxregularization length leads to 0.1vx
displacement uncertainty, which is acceptable
given the previous results.

Standard displacement uncertainty (vx)

Standard strain uncertainty (-)
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10° 10
Tissue regularisation length (vx)
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The DVC results obtained for a regularization length of 4 vx with 𝐶𝑏 = 106, 𝐶𝑐 = 104, 𝐶𝑡 = 1 led to residuals whose standard deviation was equal to 18.3 gray levels. With this information, the standard uncertainties 𝜎 were assessed a posteriori by varying the regularization length 𝓁reg. Fig. 13(a) shows that the larger the regularization length, the lower the standard displacement uncertainty. This dependence illustrates the trade-off between measurement uncertainty and spatial resolution (here corresponding the regularization length) (Leclerc et al., 2012; Taillandier-Thomas et al., 2014). The power law interpolation with exponent −1.5 describes very well the reported results in accordance with the hypothesis of white Gaussian noise (Leclerc et al., 2011, 2012). Similarly, the standard strain uncertainties also follow very closely a power law with exponent −2.5 (Fig. 13(b)). With the selected regularization length (𝓁reg = 4 vx) and elastic contrasts (𝐶𝑏 = 106, 𝐶𝑐 = 104, 𝐶𝑡 = 1), the standard displacement uncertainties were of the order of 0.1 vx, and the corresponding standard strain uncertainties were less than 5 × 10−3. These levels are deemed sufficiently low in comparison to the reported results (Figs. 11 and 12).
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Input: 2 loaded configurations
(2 benchmark problems)

Inverse-forward FE model 1d ﬁ — Computed Geomer
(Neo-Hookean law & contact)
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The objective is to reproduce the previous experiment. Therefore 2 loaded configurations are supposed to be known. (2 benchmark problems were here proposed). To calibrate the material parameters we need to first unload (inverse FE) then load the sample using another force. 

A neo Hookean hyperelastic law was assumed and contact was introduced (as penalty contact)
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