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Many cardiovascular diseases are related to blood flow features, and are
able to predict how blood flows could open a door toward better diagnostic
and treatment capabilities. To this respect, computational physics is
complementary to theoretical, experimental and medical imaging techniques
used to address questions related to either microscopic or macroscopic blood
flows.

Many (medical) questions related to blood flows are relevant to the
biggest arteries/veins of the cardiovascular system. The typical length scale
ranges from 1 mm to a few centimeters and the typical Reynolds number can
be as high as a few thousands. At these scales, blood is practically considered
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184  Biological Flow in Large Vessels

as a homogeneous fluid with either constant viscosity (typically
i = 3 x 1073 Pa.s) or characterized by a shear-thinning behavior. Typical
issues that must be properly handled are then related to the highly complex
and deformable geometry of the domain where blood flows, the transitional
nature of the wall-bounded blood flow, the interaction with thin and highly
deformable membranes (e.g. valve leaflets), thrombus formation due to the
presence of biomedical materials and, of course, validation.

Blood is actually not homogeneous, but a dense (volume fraction in the
range 20-50%) suspension of particles, ranging from 2 (platelets) to 20 pm
(white blood cells) in size. More than 95% of the cells flowing in plasma are
actually red blood cells, which are non-spherical (equivalent diameter 6 pm)
particles. Because their reduced volume is only 0.65, red blood cells are
highly deformable, their dynamics resulting from the coupling between the
inner fluid (cytosol), the membrane of the cell and the outer fluid (plasma). In
flow regimes typical of the micro-circulation, hemodynamics is dominated by
suspension-related phenomena such as the non-inertial migration of red
blood cells toward the center of the vessels.

This chapter describes some achievements and current modeling efforts
based on the YALES2BIO solver (see: imag.umontpellier.fr/~yales2bio/)
developed at IMAG (Montpellier, France). A short account about the
numerical strategy is provided in section 7.1, where some validation test
cases are also described. Examples of simulations performed to support
modeling efforts are then provided in section 7.2, while section 7.3 gathers
two industrial applications. Eventually, some on-going developments are
described in section 7.4.

7.1. Methods and validation

YALES2BIO is a massively parallel multiphysics solver based on the
YALES?2 solver (see: www.coria-cfd.fr/index.php/YALES2) developed at
CORIA (Rouen, France). YALES2BIO is dedicated to the simulation of
blood flows at the macroscopic and microscopic scales. The base is a solver
for the incompressible Navier—Stokes equations. The equations are
discretized using a finite-volume fourth-order scheme, adapted to
unstructured meshes (Moureau et al. 2011a,b). The divergence-free property
of the velocity field is ensured thanks to the projection method introduced by
Chorin (1968). The velocity field is first advanced in time using a low-storage
fourth-order Runge—Kutta scheme (Moureau ef al. 2011b, Chnafa et al. 2014)
in a prediction step. This predicted field is then corrected by a pressure
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gradient, obtained by solving a Poisson equation to calculate pressure. This
equation is solved using the Deflated Preconditioned Conjugate Gradient
algorithm (Malandain et al. 2013). For turbulence modeling, large-eddy
simulations (LESs) are performed using the so-called sigma subgrid scale
model (Nicoud et al. 2011), which guarantees that no eddy viscosity is
applied for canonical laminar flows, and is well-suited to wall-bounded, as
well as transitional flows (Nicoud et al. 2018). Computations may be
performed with moving meshes, with an arbitrary Lagrangian—Eulerian
formulation being used in such cases (Chnafa et al. 2014, 2016).

Several YALES2BIO simulations involve fluid-structure interaction, both
at the macroscopic (Sigiienza et al. 2018) and microscopic scales (Lanotte
et al. 2016, Mendez and Abkarian 2018). For fluid-structure coupling,
YALES2BIO relies on Peskin’s immersed boundary method (IBM) (Peskin
2002) for massless structures. The action of the structure is seen by the fluid
as a force density applied in the prediction step. Forced Navier—Stokes
equations are solved as described in the former paragraph. Once the flow
velocity is calculated, the structure is simply convected by the flow, after the
interpolation of the fluid velocity on the structure. The deformed structure
being massless, it is always at equilibrium, which enables the calculation of
forces at the nodes of the structure mesh. These forces are then regularized
(or spread) over the fluid mesh. The original IBM, developed for Cartesian
meshes has been adapted to unstructured meshes to comply with the data
structure of YALES2BIO. This has been performed using the reproducing
kernel particle method, which guarantees that the regularization and
interpolation operators are coherent and reproduce a number of mathematical
moments of the regularized/interpolated functions (Liu et al. 1995, Pinelli
et al. 2010, Mendez et al. 2014). The cellular membrane mechanics are
modeled by combining different models representing either the in-plane or
out-of-plane resistances of the membrane (Skalak et al. 1973, Helfrich 1973).
More details may be found in Mendez and Abkarian (2019). The method,
originally developed for infinitely thin membranes, has also been extended to
finite-size yet thin structures (Sigiienza et al. 2016, 2018). Numerous
validation test cases have been presented in 2D (Mendez et al. 2014) and 3D
(Siglienza et al. 2016), in particular for the fluid—structure interaction
coupling.

Our aim in confronting numerical results to reference data is not only to
confirm the quality of the solver, but also to provide new understanding on
the configuration. As an example, we developed new analytical solutions for
the case of an inertial relaxation of a membrane immersed in fluid (Martins
Afonso et al. 2014). Three other examples of advanced validation cases are
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discussed in the remainder of this section to illustrate how simulating for
validation may actually shed new light on the computed case itself.

7.1.1. Food and Drug Administration case

The configuration is the one proposed by the Food and Drug
Administration (FDA) as a benchmark for computational fluid dynamics
(CFD) in the context of biomedical engineering. It has been studied both
experimentally and numerically by several independent research groups
worldwide (Hariharan et al. 2011, Stewart et al. 2012). The geometry is
axisymmetric with a long inlet section, a convergent nozzle, a throat section
(10 diameters long) and a sudden expansion at the downstream end. The jet
generated into the sudden expansion section may break down and become
turbulent sooner or later depending on the flow regime. Five flow regimes
were considered experimentally, ranging from fully laminar to fully turbulent
and corresponding to Rey, = 500;2000; 3500; 5000; 6500 (Rey, is the
Reynolds number based on the bulk velocity and throat diameter). From a
turbulence modeling point of view, LES is better suited than the RANS
approach to deal with flow situations at a moderate Reynolds number. It turns
out that none of the 28 blinded, RANS-based CFD studies led to a good
comparison with the FDA experimental results (Stewart et al. 2012), while
more successful LES-based computations were achieved after the
experimental results were released (Passerini et al. 2013, Delorme et al.
2013, Bhushan et al. 2013, Janiga 2014). This observation and the absence of
sensitivity analysis in the successful, not-blinded studies question the actual
predictive character of these simulations. YALES2BIO was thus used to
address the robustness of the FDA simulation (Zmijanovic et al. 2017,
Nicoud ef al. 2018). The main outcome of this study is that a proper LES
strategy can indeed reproduce the experimental results with good accuracy
and for all of the flow regimes (from laminar to turbulent), as soon as small
perturbations are superimposed to the inlet velocity profile. In the absence of
inlet perturbations, the results are extremely sensitive (and thus neither robust
nor predictive) to any numerical parameters, such as the numerical scheme,
mesh topology and refinement or time step (see Figure 7.1 for an illustration).
The necessity to inject perturbations at inlet in order to obtain robust and
predictive simulations of the FDA configuration was recently demonstrated
by another research group using a different numerical tool (Bergersen et al.
2019).
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Figure 7.1. Velocity map in the FDA nozzle showing the jet generated in the
downstream pipe. The location of the jet breakdown (transition from laminar to
turbulent) is well captured when a small time step is used (CFL = 0.1, top view), but not
when a larger, yet numerically admissible, value is selected (CFL = 0.6, bottom view).
The red arrow shows the position of the jet breakdown as observed in the experiment
(Hariharan et al. 2011)

7.1.2. Optical tweezers

The validation of a solver dedicated to the dynamics of red blood cells
(RBCs) is a challenge as it mixes physical complexity with biological
complexity. In general, the validation includes fluid—structure interaction test
cases with simpler particles such, as vesicles or spherical capsules (Yazdani
et al. 2011, Barthes-Biesel 2009, 2016). It also relies on static cases in which
the membrane mechanics alone are probed. This explains the success of the
optical tweezers experiment (Dao ef al. 2003, Mills et al. 2004) for validation
(Li et al. 2005, Dao et al. 2006, Pivkin and Karniadakis 2008, Le et al. 2009,
Fedosov et al. 2010a,b, Kloppel and Wall 2011, Chen and Boyle 2014,
Farutin et al. 2014, Sinha and Graham 2015). In this configuration, two
microbeads are attached on opposite sides of the RBC rim. One is fixed to a
glass slide and the other one is controlled by a laser beam, which allows it to
be displaced. The intensity of the laser beam allows the maximum force
applied on the microbead to be fixed. The RBC is thus stretched by
displacing the second beam with different forces. The sizes of the deformed
RBC are measured in the direction of the stretching and in the normal
direction, so that force-deformation curves can be obtained.

Simulations of a RBC stretched by optical tweezers have been performed
using the YALESBIO solver (Sigiienza et al. 2017), with excellent
comparisons with the experimental data from Mills et al. (2004). In addition,
we clarified the meaning of this validation. It had been clearly shown that
RBC simulations of the optical tweezers stretching are very sensitive to the
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membrane shear modulus (Mills et al. 2004). However, the dependence to
other deformation modes of the membrane was unclear. We first performed
simulations with and without bending resistance (not shown) and changing
the resistance to area stretching (see Figure 7.2(a)). We showed that results
were rather insensitive to such parameters. As a result, this means that this
validation test case can only assess the accuracy of the model representing

the resistance to shear deformations of the membrane, and not the whole
membrane model.
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Figure 7.2. Comparison of long and small diameters in the plane of view of an RBC
stretched by optical tweezers, between simulations and experiments. a) Simulations
with the same in-plane Skalak model using different values of C, the ratio between the
area modulus and the shear modulus and b) simulations with the Skalak model with
C = 100 and the Yeoh mode/ (Mills et al. 2004)

In addition, we showed that very different models could yield similar
results, as shown in Figure 7.2(b), where results using either the Skalak
model or the Yeoh model (see Mills et al. (2004), Sigiienza et al. (2017)) are
compared. Both models align well. However, with the Yeoh model, the area
of the RBC membrane increases by 30% (see Sigiienza et al. (2017)), which
is impossible in RBCs. In addition, in order to obtain this fair comparison, the
shear modulus of the Yeoh model has to be twice as large than that used with
the Skalak model. The results presented by Sigiienza et al. (2017) thus show
how cautious we have to be when using the optical tweezers for validation or
assessment of the membrane mechanics. As detailed by Dimitrakopoulos
(2012), this experiment focuses on large deformations of the cell. It is thus
not a good configuration for assessing the shear modulus of the membrane,
which is characteristic of small deformations: the value of the shear modulus
inferred by the simulations depends on the model used. If the same
membrane model is used, it is a good configuration to compare the resistance
of different cells, but not the resistances to bending or area changes. Note,
however, that the 3D shape of the RBC depends on such parameters, so that
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more detailed 3D data from the experiment could yield a more thorough
validation case for simulations (Sigiienza et al. 2017).

7.1.3. Red blood cell self-organization

The YALESBIO solver can also be run with multiple cells. The validation
of this capability has been demonstrated by Iss er al. (2019), where the
self-organization of RBCs in a rectangular channel has been computed. Iss
et al. (2019) have shown that in microfluidic channels of height 9 ym and
width 30 and 60 pum, RBCs self-organize in trains and lines at preferred
distances from the lateral walls. Numerical simulations of RBC suspensions
at different hematocrit values were performed in a periodic channel until
convergence was reached in terms of structure, and compared to experimental
images captured at the end of a 5-mm-long channel (see Figure 7.3).
Simulations predict how RBCs organize in one, two or three files with
increasing hematocrit well, as in the experiment. The essential role of
deformability and lateral walls was also proved by numerical simulations.
More details can be found in Iss er al. (2019).
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Figure 7.3. Example of the structure of the flow in one, two or three lines for RBC
suspensions at different hematocrits in a channel of height 9 um (direction normal to
the image) and width 30 um (vertical direction). RBCs flow from left to right. Figure
adapted from Iss et al. (2019)
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7.2. Simulation as support of modeling efforts

An interesting use of a flow solver is the generation of reference data as
part of a modeling effort. With the increase in computing resources, more
and more computationally demanding simulations become feasible, but the
need for simplified models remains. In this context, numerical simulations
may provide well-controlled data for building new low-order models to either
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understand a particular phenomenon, account for some effect at a moderate
cost in simulations or validate data reconstruction algorithms. This section
provides some examples of the use of YALES2BIO simulations to support
modeling.
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Figure 7.4. Orbit angles of RBCs flipping under shear flow, as a function of the shear
rate, at viscosity contrast 1.0. Black lines: experiments from Dupire et al. (2012).
Symbols: YALES2BIO simulations for different stress-free shapes (red: quasi-sphere
of reduced volume 0.997; biue: ellipsoid of reduced volume 0.96). Bold continuous
lines: reduced-order model (Mendez and Abkarian 2018) changing the energy barrier
to mimic the change of stress-free shape. The definition of the orbit angle is provided
in the sequence of images extracted from a top view of the dynamics of a RBC flipping
over an orbit

7.2.1. Single cell dynamics

One fascinating aspect of the dynamics of red blood cells in shear flow
(Mendez and Abkarian 2019) is their behavior at low shear stresses, for
which RBCs exhibit very different motions without major deformations
(Dupire et al. 2012). The absence of RBC deformations actually led to the
consideration that their movement could be described by models developed
for the motion of rigid objects, and in particular the model of Jeffery (1922),
which predicts the motion of a rigid ellipsoid in shear flow. However, recent
experiments have shown that contrary to rigidified RBCs, healthy RBCs flip
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under shear over a specific orbit that depends on the shear rate. While the
in-plane elasticity associated with the cytoskeleton was suspected to be a key
element in the orbital selection and orbital drift, it was demonstrated for the
first time by numerical simulations (Mendez and Abkarian 2018), by
changing the stress-free shape of the cytoskeleton, which in turn controls the
energy barrier that has to be overcome for the membrane to tank-tread
(Abkarian et al. 2007). The effect is illustrated in Figure 7.4, which shows
how the orbital drift (change of angle with shear rate) depends on the
stress-free shape. This motivated the development of a low-order model
reproducing all of the motions of RBCs at low shear rates (Mendez and
Abkarian 2018). This model considers a fixed-shaped ellipsoid with a
membrane that is able to tank-tread around it. By providing the appropriate
modeling for the membrane elasticity, it displays all of the expected features
of RBCs at low stresses, where deformation remains small: an example is the
orbital drift predicted by such a model and displayed in Figure 7.4. This
model opens the door to new theoretical developments in terms of RBC
dynamics and blood flows.

7.2.2. Flow diverters

An intracranial aneurysm is an abnormal deformation of the arterial wall
occurring in 3.6-6% of the general population, according to the systematic
review by Rinkel et al. (1998). Since the prognosis! of subarachnoid
hemorrhage is still very low, preventive surgery prior to rupture is considered
as a therapeutic option by physicians (Hackenberg et al. 2018). Among all of
the available treatments, flow-diverting type of devices are widely used due to
their high rate of success (76%), low procedure-related morbidity (5%) and
mortality (4%) (Brinjikji et al. 2013). The aim of these devices is to isolate
the aneurysm from the parent artery blood flow, in order to promote a stable
environment for thrombus formation (D’Urso et al. 2011). CFD has been
extensively used to extract relevant indices that could discriminate successful
and unsuccessful treatments (Ouared et al. 2016). To simulate the
hemodynamic effect of a deployed flow-diverter inside patient-specific
arterial geometries, two major techniques arise in the literature: conformal
and porous. The first one subtracts the volume taken by the struts of the
device from the arterial mesh. As struts are small compared to the size of the
aneurysm, this leads to heavy computational costs. In order to reduce these
costs, the porous method originally developed in Augsburger et al. (2010)
uses a homogeneous approach by approximating the device as a porous

1 Predicting the likelihood of a person’s survival.
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material that imposes calibrated pressure losses through its surface via
volumetric source terms added to the Navier—Stokes equations. Despite being
computationally less expensive, the porous method requires an initial
calibration and does not reproduce the effect of each strut on the flow. To
circumvent these issues, a novel technique that is halfway between the
conformal and porous methods has been developed and implemented in
YALES2BIO (Alain et al. 2021). This framework has been compared to a
“gold-standard” conformal computation of a steady flow through a
patient-specific aneurysm. The results depicted in Figure 7.5 show that the
implemented model compares reasonably well to the conformal results both
locally near the wires and globally in the intra-aneurysmal recirculating
region. The effort is currently geared toward validating this strategy using
other conformal computations with different patient-specific and device
geometries.

0.0 [[T]| [m/s] 0.4
- @ -

Figure 7.5. Blood velocity magnitude in an aneurysm treated by a
flow diverter, accounting for the device using a conformal approach (left)
or a model (right). The white arrows show the mean flow direction

7.2.3. Echocardiography

YALES2BIO was used to produce the intra-cardiac flow compatible with
the time-evolving geometry observed from either the computed tomography
of an actual patient (Chnafa et al. 2014) or magnetic resonance imaging of a
normal volunteer (Chnafa et al. 2016). In both cases, the computational
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domain extends from the four pulmonary veins to the root of the aorta and
includes the left atrium and ventricles, as well as rough models of the mitral
and aortic valves. The LESs were based on a subgrid scale model well suited
to represent wall-bounded transitional flows (Nicoud et al. 2011) and
performed over more than 50 cardiac cycles. The analysis revealed that
turbulence is periodically generated in the left ventricle at the end of the
diastole and washed out during systole (Chnafa et al. 2015). Moreover, the
large vortex observed from advanced medical imaging techniques (Markl
et al. 2011) at late diastole is well retrieved in the phase-averaged
computational results. This flow feature is of particular interest from a
medical point of view (it helps to redirect blood momentum toward the outlet
of the ventricle and facilitates ejection) and being able to characterize it from
routine echocardiography would be a useful feature for cardiologists. This
requires being able to reconstruct the intra-ventricular velocity field from the
knowledge of the radial component measured in color Doppler mode. The
numerical database for the intraventricular flow (Chnafa et al. 2014) was used
to support the development of a reconstruction algorithm based on an
optimization procedure (Assi et al. 2017). As illustrated in Figure 7.6, the
CFD recirculation zone is fairly well retrieved.
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Figure 7.6. Left: a virtual echocardiography exam is made on the numerical
intra-cardiac flow. Right: the flow structure reconstructed from the virtual
echocardiography image (top) is compared to the exact flow structure from the
numerical database (bottom) at three different instants
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7.3. Simulations for industrial applications
7.3.1. Flow in the Carmat artificial heart

Since YALES2BIO relies on fully unstructured and parallelized numerical
methods, it has the potential to tackle complex industrial configurations. A
typical example is the total artificial heart developed by Carmat (see:
www.carmatsa.com), which, from a fluid mechanics point of view, relies on
the interaction between a biomimetic membrane and a working fluid operated
by two rotating pumps to alternatively suck and push blood as an actual heart
would do. Of course, the complexity of this blood-wetted device goes beyond
the fluid—structure interaction problem, and ensuring the reliability of the
control system and keeping the thrombogenic risk at a low level are other
paramount issues to deal with when developing such a device. Still, handling
the three elements (working oil, membrane, blood) fluid—structure problem in
a complex geometry under pulsatile conditions is already quite challenging
and was done using YALES2BIO (Larroque 2015). As an illustration, the
membrane shape is shown at two instants in Figure 7.7. Note that the actual
flow domain was truncated in this case (the casing where the two rotating
pumps are located was not represented) and that the membrane dynamics
were computed thanks to the LMGC90 software (Radjai and Dubois 2011)
coupled with YALES2BIO, as detailed in Sigiienza et al. (2016). The ability
of the YALES2BIO-LMGCO90 coupling to handle macroscopic fluid-
structure interaction problems accurately was demonstrated elsewhere
(Sigiienza et al. 2016, 2018).
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Figure 7.7. 3D view of the flow and membrane shape in a geometry inspired by the
Carmat artificial heart during diastole (left) and systole (right). The black arrows show
the mean flow direction. The red and bilue color scales denote blood and oil (working
fluid) vorticity renderings, respectively
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7.3.2. Red blood cell dynamics in Horiba Medical’s biood analyzers

In a collaborative work between HORIBA Medical and IMAG, the
impedance measurement of red blood cells in an industrial hematology
analyzer was investigated (Taraconat et al. 2019). The configuration consists
of a polarized micro-orifice in which RBCs are aspirated one at time. This
constriction generates a high electrical field in the aperture so that the
presence of the RBC induces an increase in electrical resistance that can be
detected as voltage pulse. Numbering the electrical prints provides a count of
cells that crossed the micro-orifice, and the amplitudes of the perturbations
are assumed to be proportional to the particles size. Also known as the
“Coulter counter” (Coulter 1953), this system thus yields measurements of
the RBCs volumes and concentration. Coulter counters have been
implemented in blood analyzers for decades, but some measurement artifacts
are still misunderstood. In the neighborhood of the aperture walls,
inhomogeneities of the electrical field and complex RBCs dynamics lead to
measurement errors. Studying the dynamics of particles in the detection area
to understand these edge-effects is an intricate task because industrial
systems suffer from accessibility issues. This is why numerical simulation
was preferred for investigations.

Handling the simulation of deforming cells in a Coulter counter involves a
challenge that is multi-scale in nature, and has been overcome by a specific
sequence of simulations, as proposed by Taraconat et al. (2019). The
proposed method was compared with experimental measurements obtained
from a healthy blood sample and a latex bead sample (see Figure 7.8).
Numerical results not only reproduce the experimental observations, but also
provide indications for the understanding of the complex signatures that arise
when particles evolve in the wall vicinity. On the one hand, electrical
edge-effects occur when particles encounter regions of highly heterogeneous
electrical fields, near the aperture corner (see the blue circles in Figure 7.8).
On the other hand, dynamical edge-effects consist of a cell rotation induced
by substantial velocity shear located near the aperture walls (see the black
arrows in Figure 7.8). Both types of artifacts impact the electrical prints, but
they may be stratified thanks to the simulations (Taraconat et al. 2021).

7.4. Current developments
Most of the current challenges involve multi-physics and/or multi-scale

situations. Three examples are provided in this section: modeling
developments for the prediction of thrombotic events, modeling of the
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velocity measurement by 4D flow magnetic resonance imaging (MRI) and
the extension of YALES2BIO to dense suspensions of RBCs.
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Figure 7.8. The top row illustrates the simulated RBC dynamics in the micro-orifice,
while the associated electrical perturbations are displayed in the bottom row. Electrical
pulses arising from simulations are superimposed with experimental observations in
the bottom row. The left, middle and right columns correspond to an RBC on a
centered path, a RBC on a near-wall path and a rigid sphere on a near-wall path,
respectively. Electrical field isolines are shown over the cut view of the fluid domain
in the particle dynamics pictures in the top row. Electrical and dynamical edge-effects
(EE) are highlighted by blue circles and black arrows, respectively

7.4.1. Thrombosis

A major issue with blood-coated medical devices is their trend to produce
extra blood coagulation (thrombosis) that may lead to device malfunction or
thromboembolism (Manning et al. 2021). The adsorption/activation of the
coagulation factor XII (Hageman factor) by the artificial surfaces of the
devices is thought to be a key mechanism in this respect. A biochemical
scheme (Chatterjee et al. 2010) was recently implemented in YALES2BIO to
model thrombin generation by contact activation of factor XII with the device
wall. To reflect mass conservation, a proper boundary condition was
introduced that relates the species diffusive wall flux to the surface reaction
rate of factor XII activation:

DV, [X11,] + k[ XTI =0 [7.1]
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In this equation, [-] is a molar fraction, V,, is the gradient operator along
the direction normal to a solid boundary, X 1, is the activated form of factor
X111, D stands for the species diffusivity in whole blood and k; is a material
property (surface reaction rate). This boundary condition contrasts with what
is used in conventional in vivo models, in which the coagulation cascade is
initiated at user-defined and arbitrary injury sites. This strategy was applied
to a backward facing step geometry (Mendez Rojano ef al. 2018) and a
significant amount of thrombin was generated in the recirculation zone, as
expected. Coupled to an existing model that represents platelet activity and
thrombus growth (Taylor et al. 2016), the approach developed leads to a
predictive pipeline for device-related thrombosis. This is illustrated in
Figure 7.9, which shows that the generation of the thrombus is well captured,
as well as its growth. Interestingly, this result was obtained without a priori
knowledge of the regions prone to thrombosis: Equation 7.1 was prescribed
in the same way everywhere and the appearance (or not) of a thrombus is
controlled locally by the chemical-to-flow time scales ratio (a thrombus may
only form if the fluid flow is slow enough to allow thrombin generation).
Current research efforts are devoted to the reduction of the biochemical
scheme (Chatterjee et al. 2010) used to predict thrombin formation (Mendez
Rojano et al. 2019).
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Figure 7.9. Left: velocity map and boundary of the thrombus (thick white line). The
white arrows show the mean flow direction. Right: time evolution of the length of the
thrombus that appears behind the step, as observed in the experiment (Taylor et al.
2014)

7.4.2. In Silico MRI
Time-resolved 3D phase-contrast MRI (3D PCMRI, also called 4D flow

MRI) is a promising tool for non-invasive blood flow quantification in vivo.
As it relies on complex physical principles and the multi-modal acquisition
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process, different types of velocity measurement errors arise, which might
impair the diagnosis. A way to identify the origins of these measurement
errors consists of numerically simulating the MRI experiment, governed by
the Bloch equations (Bloch 1946), in order to reconstruct synthetic images
that are exempt from experimental errors. However, the large variety of time
scales generally induced by coupling the MRI equations to the flow motion,
as well as the considerable acquisition times to simulate (of order 1000 s,
say), results in prohibitive computational costs and largely contributs to
making the simulations infeasible.

An Eulerian-Lagrangian 4D flow MRI simulation pipeline was developed,
which benefits from the massively parallel capabilities of the YALES2BIO
solver to solve the Bloch equations on Lagrangian particles with “on the fly”
coupling to the CFD flow solver (Puiseux 2021). A semi-analytic formulation
of the Bloch equations was proposed to accelerate the computations, and a
specific particle injection strategy was implemented that uses the periodic
removal of the transverse magnetization (RF-spoiling) to keep the particle
distribution homogeneous and avoid zones of spurious signal. The coupling
with the YALES2BIO solver was validated in several configurations (Puiseux
2021). A cardiovascular-like in vitro flow phantom was designed and
integrated to a MRI-compatible experimental test bench (Puiseux et al.
2019). Several PC-MRI experiments were carried out and post-corrected
from imaging artifacts. The compatible image-based CFD analysis was
performed, prescribing the PC-MRI measurements as inlet velocity profiles.
The CFD velocity field was downsampled to match the MRI spatiotemporal
resolution, and compared to the experimental MRI velocity, resulting in 97%
velocity correlations (Puiseux ef al. 2019). Finally, coupled 4D flow MRI
simulation was performed and the corresponding in silico velocity images
were reconstructed and compared to the input CFD velocity field to validate
the full simulation pipeline (see Figure 7.10). Both the experimental and
simulated MRI velocity fields were compared with the downsampled CFD
velocity field. As shown in Figure 7.10, the sites of largest velocity error
seem well reproduced by the MRI simulation, although a systematically
higher error is reported in the experimental MRI. We suggest that the large
error site at the collateral-descending tube junction is a direct consequence of
neglecting the acceleration in 4D flow MRI sequences. The remaining
systematic error can be attributed to the experimental noise due to magnetic
field inhomogeneities and off-resonance effects that are not accounted for in
the MRI simulations.
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7.4.3. Multi-cells

YALES2BIO is also extended to perform multi-cells simulations, as
illustrated by the simulations of suspensions in microfluidic channels (Iss
et al. 2019) already mentioned in the validation section. The aim is now to
understand the relationship between single-cell behavior in shear flow, the
motions of the cells in suspension and the macroscopic outcome, such as
blood rheology, for instance. In particular, we have shown that RBCs in
plasma subjected to increasing shear stress become more and more folded
and compact (Mauer et al. 2018), which has beneficial effects on blood
rheology, as demonstrated experimentally (Lanotte et al. 2016). Simulations
may provide the explanation for this effect. In addition, our interpretation of
blood dynamics is often driven by the knowledge on single cells. Systematic
studies of the effect of increasing the concentration are still needed to
determine to which extent single cell dynamics can be used to explain blood
results. With this in mind, YALES2BIO now has the capability of performing
multi-cells simulations, and computation in pure shear flow is currently being
performed (see Figure 7.11) at various hematocrit levels.

d)

Figure 7.10. Left: magnitude of the velocity a) reconstructed by MR! simulation and
b) predicted by CFD at peak systole. Right: velocity L2-norm error reported for
c) experimental MRI and d) simulated MRI, as compared to CFD

Figure 7.11. RBC suspension under shear flow, at physiological viscosity
contrast and shear rate 100 s~*. Hematocrit is 12.5%
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