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ARTICLE INFO ABSTRACT

MSC: Intravoxel incoherent motion (IVIM) imaging is increasingly recognised as an important tool in clinical MRI,
41A05 where tissue perfusion and diffusion information can aid disease diagnosis, monitoring of patient recovery,
41A10 and treatment outcome assessment. Currently, the discovery of biomarkers based on IVIM imaging, similar to
65D05 other medical imaging modalities, is dependent on long preclinical and clinical validation pathways to link
65D17 observable markers derived from images with the underlying pathophysiological mechanisms. To speed up this
Keywords: process, virtual IVIM imaging is proposed. This approach provides an efficient virtual imaging tool to design,
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evaluate, and optimise novel approaches for IVIM imaging. In this work, virtual IVIM imaging is developed
through a new finite element solver, SpinDoctor-IVIM, which extends SpinDoctor, a diffusion MRI simulation
toolbox. SpinDoctor-IVIM simulates IVIM imaging signals by solving the generalised Bloch-Torrey partial
differential equation. The input velocity to SpinDoctor-IVIM is computed using HemeLB, an established Lattice
Boltzmann blood flow simulator. Contrary to previous approaches, SpinDoctor-IVIM accounts for volumetric
microvasculature during blood flow simulations, incorporates diffusion phenomena in the intravascular space,
and accounts for the permeability between the intravascular and extravascular spaces. The above-mentioned
features of the proposed framework are illustrated with simulations on a realistic microvasculature model.

1. Introduction and readout are carried out in the same plane) and tissue microstruc-

ture (through the diffusion of water molecules in the extravascular

Intravoxel incoherent motion (IVIM) imaging is a diffusion magnetic
resonance imaging (dMRI) technique that allows the evaluation of
blood perfusion in tissue. IVIM refers to the transitional displacement
of water molecules’ spins within an MRI voxel during the measurement
time. This leads to a distribution of spin speeds, affecting both the
orientation and/or the amplitude of the spins’s speed (Le Bihan et al.,
1986). This distribution originates from the blood flowing within a
microvascular network, e.g., Fig. 1.a, and mimics a pseudo-diffusion
process. The pseudo-diffusion process results in a faster decay of the
dMRI signal in the presence of diffusion encoding gradients, as depicted
in Fig. 1.b (Jerome et al., 2021). Being an endogenous contrast tech-
nique and providing local information about both perfusion (excitation

*

space) are the main advantages of IVIM imaging that make it suitable
for clinical use (Federau, 2017).

1.1. Problem statement

Recent literature on IVIM imaging has revealed the feasibility of
in vivo implementation of IVIM imaging using the current clinical
setting (Iima and Le Bihan, 2016; Federau et al., 2014). IVIM imag-
ing is sufficiently sensitive to capture physiological and drug-induced
changes in tissue perfusion (Federau, 2017). However, IVIM imaging
suffers from a low contrast-to-noise ratio due to the small perfusion
fraction (tissue blood volume fraction) in many organs. For example,
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Fig. 1. IVIM model. (a) A schematic illustrating water molecules’ transitional move-
ment in the intravascular space (depicted in red) and Brownian motion in the
extravascular space (depicted in blue) within a tissue voxel. (b) A comparison of the
observed dMRI signal decays based on the Brownian movement of water molecules
(diffusion) and transitional movement of water molecules (pseudo diffusion). Pseudo-
diffusion contributes significantly faster signal decays than diffusion and is thus
observed only at low b-values. Image reproduced with permission (Jerome et al., 2021).

the perfusion fraction comprises 5% of the whole brain volume (Zhang
et al., 2018) and 13% of the whole heart volume (Spinner et al., 2019).
Consequently, uncertainties remain regarding the exact relationship
between the parameters of IVIM imaging, i.e., pseudo-diffusion, perfu-
sion fraction, and tissue diffusion. Therefore, there is abundant interest
in research to advance our understanding of the sensitivity of IVIM
imaging parameters to the biophysical features of the microvasculature
and imaging protocol. In addition, there is interest in investigating
the feasibility of estimating microvascular biophysical parameters from
IVIM imaging data. Finally, it is of particular interest to discover the
exact role of other sources of IVIM, such as arterioles/veins and other
fluid flows such as cerebrospinal fluid of the brain in addition to the
capillaries, which are not fully understood.

These questions can be investigated by virtual imaging, as it pro-
vides full control over the structure of microvasculature and extravas-
cular compartments, along with imaging protocols (Fieremans and Lee,
2018). Although extensive research has been conducted on the clinical
application of IVIM imaging (Iima and Le Bihan, 2016), only a few
studies have shed light on the potential of virtual imaging to improve
the interpretation of IVIM imaging signals.

1.2. Previous method

To date, all numerical studies of IVIM imaging have been performed
using a simple numerical method, namely an elementary method. This
method simulates spin displacements based only on constant blood
flow velocities along vascular trajectories R(:'), not in vascular lu-
mens. Then, the acquired phase ¢, due to these spin displacements is
computed as

t
b = / rG@ )R, 1Hdr (€Y
0
and finally, the approximate IVIM imaging signal is computed using
S = SoE (e} 2

where E{} is an expectation of random variable of ¢, (Fournet et al.,
2017). Mozumder et al. (2018) used this method to analyse the sensi-
tivity of different IVIM imaging parameter estimation algorithms to the
parameter initialisation values. Furthermore, Spinner et al. (2019) used
the same method to compare the efficacy of IVIM imaging encoding of
spin-echo and stimulated-echo-based diffusion MRI to assess myocar-
dial perfusion. In another work, using this method, IVIM imaging was
simulated in three realistic vascular networks of a mouse brain (Van
et al., 2021).

A likely explanation for the limited body of research on the virtual
study of IVIM imaging, compared to dMRI (Fieremans and Lee, 2018),
is the lack of a sophisticated virtual imaging technique for IVIM imag-
ing simulation. The major drawback of the above elementary approach
is the use of the vessel trajectory instead of the 3D geometry of the
microvasculature, which imposes the following limitations.
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1. The water molecules’ diffusion within the intravascular space
due to the Brownian motion is ignored.

2. The effect of the permeability between the intravascular and
extravascular spaces on the IVIM imaging signal cannot be ex-
plained.

3. The simulation of blood flow is unrealistic, as the elementary
method assigns a unique blood velocity to each segment of the
vessel. However, the velocity of blood along both parallel and
vertical axes of the vessel axis is variable.

1.3. Motivation and contribution

The objective of this paper is to present a virtual IVIM imaging
framework that overcomes the limitations mentioned above. To achieve
this, we expand an MR transverse magnetisation solver/simulator ini-
tially developed by Li et al. (2019). This extension enables us to solve
the generalised Bloch-Torrey partial differential equation (gBT PDE),
which considers the velocity of the spins, in contrast to the conven-
tional BT PDE. (The significance of the difference between conventional
BT and gBT equations has been explained in Section 2). This extended
simulation tool is referred to as “SpinDoctor-IVIM”, as it allows the
simulation of IVIM imaging.

The local blood flow velocities within microvasculature, required
inputs for SpinDoctor-IVIM, are derived by employing a pre-existing
HemeLB blood flow simulator. It is important to note that both
SpinDoctor-IVIM and HemeLB consider the entire 3D volume of the
microvasculature, as opposed to solely focusing on skeleton or trajec-
tory of microvasculature. Fig. 2 shows the schematic diagram of this
virtual IVIM imaging framework.

The next section concerns the theory used to develop the pro-
posed virtual IVIM imaging framework. First, the key principles of
the blood flow model, used to compute the local velocity of blood
flow within a microvasculature, along with the gBT equation, which
underpins the SpinDoctor-IVIM, are explained. Section 3 describes the
data used in this paper. Section 4 is concerned with the methodological
development of this study. Section 5 validates the proposed solution
for gBT PDE. Section 6 presents the proposed tool, focussing on the
key opportunities provided by the new tool to study tissue perfusion
using virtual IVIM imaging. Finally, Section 7 discusses the results,
limitations, and future work.

2. Theory

This section describes the Navier-Stokes and generalised Bloch—
Torrey equations as the theoretical foundations for simulating blood
flow and MR transverse magnetisation using HemeLB and SpinDoctor-
IVIM, respectively.

2.1. Navier-Stokes equation

Given the viscoelastic properties of blood and the length scales
assumed, blood is considered an incompressible non-Newtonian fluid
(Baieth, 2008). The flow of an incompressible and non-Newtonian
fluid in an observation domain of £ is governed by the Navier-Stokes
equations, Eq. (3), where v(r,7) is the flow velocity, 9 is a dynamic
viscosity parameter, and P(r,?) is the pressure.

P(%v(r, 0+ (v(r,0) - V)u(r, t)) = 94v(r,t) + VP(r,1)

3)
(re Q),
V-ur,nh=0 (reQ), 4
subject to the boundary conditions
v(r,n=0 (rerl,), )
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Fig. 2. Schematic diagram of the proposed integrated tool for virtual IVIM imaging.

P(r,t) - n(r) — ng(r, t)-n(r) = P(r,t) - n(r)

(6)
(rerl;url),
and the initial condition
v(r,0) =0, 7
where r € I, r € I}, and r € I, respectively, are the wall, inlet and

outlet portions of the vascular boundary domains.
In non-Newtonian fluids, 9 has a functional form that is given based
on the Carreau-Yasuda mathematical model:

V) =9, + (9 — ) X [1+ vy, (8)

where 9, = 1449mPas, 9, = 3.265mPas, 4 = 0.1839s, a = 2.707,
n = 0.4136 are computed as explained in Bernabeu et al. (2014). Y is
the shear rate:

Y =4/28,;8;; 9

which depends on the stress tensor:
1 ov;, OJv;
Sij = _(_l + _j)

10
2°0x;  0x; (10)

where i, j = 1,2,3 and summation over repeated indices is assumed.

HemelB is a computational fluid dynamics package that resolves the
full three-dimensional flow field in any microvascular bed of interest by
approximating the Navier—Stokes equations with an efficient and highly
parallel LBM (Lattice Boltzmann Method) implementation (Mazzeo and
Coveney, 2008).

As explained in the introduction, the pseudo-diffusion coefficient
characterises the blood flow through the capillaries as a diffusion-like
process and relates it to the velocity of blood flow. Therefore, having
a more realistic and accurate I[VIM imaging simulation requires a more
realistic and accurate blood flow simulation that is achievable through
HemeLB. A more detailed description of HemeLB is available in Mazzeo
and Coveney (2008).

2.2. Generalised Bloch-Torrey equation

The transverse magnetisation signal can be mathematically de-
scribed with the Bloch-Torrey equation, Eq. (11), which relates the
temporal and spatial evolution of transverse magnetisation M(r,t) to
diffusion D(r), spin—spin relaxation T,, and the time-varying magnetic
field gradient f(t)g - r, where f(¢) is the effective time profile and g
contains the amplitude and directional information of the magnetic
field gradient. Let 2 be the observation domain comprising subdomains
of L, such that Q = UIL=1.Q,. Also, let I, represent the boundary

between ©Q, and £,. Then, the evolution of the complex transverse
magnetisation is described by:

J 1
EM,(r, )=V - (D(r)VM(r,1)) — T—ZIMI(r, 1)

— iy (g TM(r,) an
(re ),

subject to the boundary conditions:
D;(r)VM,(r,t).n/(r) = P,,(M,(r,t) — M(r,1)) a2
(rel,,vn),
and magnetisation flux conservation between adjacent layers:
D,(r)VM(r,t).n;(r) = =D, (r)VM,(r,t).n,(r) 13)
(rerlj,),
and the initial condition:
M;(r,0) = py(r), a4

where 1 € [0, T] with T echo time, n,(r) is the unitary outward point-
ing normal to ©;, P, is the permeability constant in I},. Furthermore,
the same permeability is assumed in both directions of the membrane,
that is, P, = P,.

SpinDoctor is a Matlab toolbox to simulate transverse magnetisation
by providing numerical solutions to the BT PDE (Li et al., 2019). The
new extension of SpinDoctor, SpinDoctor-IVIM, however, takes into
account the velocity of the water molecules’ spins in the blood flow
alongside their diffusion and relaxation by solving gBT PDE, defined
by adding velocity of flow v(r,t) in the medium in the Eq. (11):

J 1
EM,(r, )=V -(D(r)VM(r,1)) — T—ZIM,(r, 1)

— iy f(Dg - FM,(ro1) — (r,1) - V M,(r, 1) 1s)

(re ),

3. Data

This study uses a transmission electron image of a retinal vascular
plexus network, shown in the centre of Fig. 2, due to a limited number
of inlets and outlets in the network (Bernabeu et al., 2014). The use of
complex microvasculature, encompassing numerous inlets and outlets,
requires a preprocessing approach to differentiate between inlets and
outlets. Additionally, it involves the assignment of physiologically accu-
rate boundary conditions. However, addressing these aspects is beyond
the scope of this paper and is reserved for future research studies.

Details regarding tissue preparation and transmission electron mi-
croscopy imaging, along with image segmentation and 3D surface
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generation, are available in Franco et al. (2008) and Bernabeu et al.
(2014), respectively. In this network, the largest diameter is 40 pum,
which occurs along the retinal vein, while the larger diameter of the
artery segments is approximately 16 pm approaching the optic disc. The
diameters of the capillaries vary approximately in the range 2 to 10 pm,
with a reduced number of vessels with a smaller diameter.

4. Method

4.1. Finite element solution of generalised bloch—torrey partial differential
equation

This section presents a mathematical contribution to extend the
original version of SpinDoctor to the SpinDoctor-IVIM version. The
gBT equation, Eq. (15), is spatially discretised using the finite element
method (FEM), similar to the BT in Li et al. (2019), resulting in the
following linear system:

)
M,% =—(S;+Vv-10,t) + %Ml +J,+ F())m,, (16)
!
where
(M)}, =M, = /Q (e (r)dr an
i

is the mass matrix,
A
(S}, =S, = / v¢§(r)D,v¢§(r) dr 18)
2
is the stiffness matrix,

(@), 020,0=7 [ #0lswg:rar 19)
2

is the scaled-mass matrix,

n #'( )¢,’-( )dr,
{Jl}ijéjij:{ Kj fr,n ,n’ lr r 20
—Kip fr,n @ (r)g;(rydr.
is the flux matrix, and
{F} 2 F; =/ qu.(r)v(r, - Vel dr 21
o

is the damping matrix. The finite elements used by SpinDoctor-IVIM are
P1 elements, #, is the approximation of the magnetisation at the nodes
of the finite element in £;, and (¢£(r)) are the set of finite element basis
functions in ;.

SpinDoctor utilises equations Eq. (17)—(20) to solve the BT equation.
However, SpinDoctor-IVIM further integrates the damping matrix as
described in Eq. (21) into the linear system presented in Eq. (16). The
linear system of Eq. (16) is solved using the theta time-stepping method
(generalised midpoint method) (Stuart and Peplow, 1991), with the
following parameter setup:

« implicitness = 0.5: calls Crank Nicolson method (Stuart and Pe-
plow, 1991);
* timestep = 5 ps: timestep for iterations.

4.2. Interpolating local velocities for tetrahedron mesh

As described above, HemeLB calculates the local velocities of the
intravascular spins, which are required as input to SpinDoctor-IVIM.
HemeLB employs lattice-based spatial discretisation, where the values
of the local velocities are computed at the vertices of the lattice, repre-
sented as small circles in Fig. 3. However, it is imperative to compute
these local velocities for each tetrahedron, since tetrahedral meshes
serve as input for SpinDoctor-IVIM. Fig. 3 illustrates the generation
of tetrahedrons in various sizes, which occupy computational space
without sharing vertices with the lattice. Consequently, interpolation of
local velocities for the centres of each tetrahedron is necessary before
simulating the IVIM imaging signal with SpinDoctor-IVIM.
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Fig. 3. A schematic of the relative position of a lattice versus tetrahedron.

Prior to interpolation, aligning the discretised domains of the lattice
and the tetrahedral mesh is essential for achieving highly accurate
velocity interpolation at the centres of tetrahedrons. The most efficient
approach to attaining this alignment is to directly create a tetrahe-
dral volume mesh from the input surface mesh used in HemeLB, as
shown in Fig. 4a. However, there are instances where the tetrahedral
volume mesh may not achieve full alignment with the lattice domain.
Consequently, before velocity interpolation, a thorough investigation
and correction of the mesh registration between the two domains is
necessary, as illustrated in Fig. 4.

To achieve this, initially, a rigid transformation is calculated to
align the tetrahedral domain surface with the HemeLB input mesh sur-
face (Chen and Medioni, 1992; Besl and McKay, 1992). Subsequently,
utilising this rigid transformation, all vertices within the tetrahedral
domain are relocated to new positions. Once the tetrahedral domain
is successfully registered with the lattice domain, the velocity values
at the centres of the tetrahedrons are interpolated using scattered data
interpolation techniques (Amidror, 2002).

4.3. Adding extravascular domain

The impact of microvasculature permeability on the IVIM imaging
signal can be accounted for by enclosing the microvasculature within
extravascular spaces, as illustrated in Fig. 5. The outline boundary of
this extravascular space can, however, affect the simulated signal un-
realistically. Unlike real tissue, which does not have these boundaries,
molecules that reach this extravascular space in the simulation domains
reflect elastically off. To eliminate the impact of collisions between
molecules and extravascular outline boundaries in the simulation do-
main, IVIM imaging simulations are conducted over a mesh with a
larger extravascular domain. The extravascular magnetisations in the
vicinity of the outline boundaries are then excluded from the IVIM
imaging signal calculation.

4.4. Removing effect of outlet boundaries on a simulated IVIM imaging

In virtual IVIM imaging, when simulated spins reach the outlet
boundaries, they undergo elastic reflection, which affects the simulated
signal. Such collisions, which influence the signal, do not occur in real
IVIM imaging experiments due to the continuous nature of the vascular
system. Hence, it is essential to configure the simulation parameters in
a way that prevents spins from reaching the outlet boundaries prior to
the echo time. For this purpose, virtual IVIM imaging begins in a part of
the vascular domain, referred to as “region of interest” (ROI), shown in
Fig. 6. This ROI is positioned at a considerable distance from the outlet
boundaries. At the same time, the noninterest region (RONI), situated
close to the outlet boundaries, is initialised with zero magnetisation,
as shown in Fig. 6. Finally, once the simulation is concluded, the
simulated IVIM imaging signal is derived without taking into account
the magnetisation values within the RONI.

As depicted in Fig. 6, a reliable and straightforward method to
delineate RONI within the domain is to encompass the area around
the outlet boundaries up to a distance of max{wv(r,7)} x T, where T,
represents the echo time. Fig. 7 displays examples of the simulated IVIM
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Registered mesh

(b

Fig. 4. Mesh generation and registration. (a) Generating the tetrahedron mesh, to be used as the SpinDoctor IVIM input, from the input surface mesh of HemeLB; (b) Registration

between the tetrahedron mesh and the output lattice of HemeLB.

Fig. 5. Sub-set of murine retinal vascular plexus (red) surrounded by extra-vascular
space (blue).

imaging signal for various ROI with velocities ranging from 0 to the
maximum achievable velocity within each ROL

In all the experiments carried out in this study, the calculation of
local blood flow velocities within the microvasculature is based on the
findings of a blood flow simulation reported in Bernabeu et al. (2014),
conducted under an ocular perfusion pressure of 25 mmHg. In the same
study, variations in ocular perfusion pressure were established to only
affect the magnitude of blood velocity within the microvasculature,
while the flow pattern remains unchanged. Consequently, to replicate
the IVIM imaging simulation at different blood pressures, the magni-
tude of simulated velocities for an ocular perfusion pressure of 25 mmHg
is proportionally adjusted.

5. Validation

To ensure the precision and reliability of SpinDoctor-IVIM, we
conducted a comparative analysis of the average magnetisation and
signal intensity simulated within a cylindrical structure measuring 5 pm
in radius and 100 pm in length. These results were juxtaposed with those
obtained from a well-established software, COMSOL (Tennyson, 2014;
Oliveira, 2021), on a range of various b-values and spin velocities.
In this experiment, we iterated the simulation using three distinct
velocities, where the magnitude of the velocities remained constant
at 0.005,0.01,0.02ms~!, while their directions were parallel to the

max{v(t,r)xT,}

i
i
|

o

Initialization with non-zero magnetization Initialization with zero magnetization

Fig. 6. Excluding the effect of the outlet boundaries on the simulated IVIM imaging
signal by setting zero initial magnetisation at max{v(r,1)} x T, vicinity of outlet
boundaries. At the end of the simulation, the magnetisation in this region is dismissed
in the computation of the final signal.
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Fig. 7. Effect of different ROIs, i.e., max{v(r,n)} X T,, and maximum velocities
max{v(r,1)} for each ROI on normalised IVIM imaging signal.

cylinder’s axis for all spins. The b-values include 10, 20, 40, 80, ... , 2560,
5120, 10240 s mm~2, with § = 10ms and 4 = 40 ms. As depicted in Figs. 8
and 9, the averaged magnetisation and signal intensity obtained from
SpinDoctor-IVIM agree closely with those calculated by COMSOL. The
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Fig. 8. Comparison between magnetisation resulting from SpinDoctor-IVIM and COMSOL for a cylinder with the radius of 5pm and length of 100 um: (a) Averaged magnitude of

magnetisation, (b) Difference in the normalised magnitude of magnetisation.
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Fig. 9. Comparison between signal intensity resulting from SpinDoctor-IVIM and COMSOL for a cylinder with the radius of 5pm and length of 100 pm: (a) Normalised signal, (b)
Difference in the normalised signal. The subscripts ’s’ and ’c’ indicate the signals of SpinDoctor-IVIM and COMSOL, respectively.

oscillatory behaviour observed above b = 160smm~2 in Figs. 8 and
9 likely derives from destructive interference of the magnetisation of
spins bounced back from the ends of the tube with the other spins.
In addition, although in real-world IVIM imaging experiments, the b-
value up to 300s mm~2 is used, the finite element solution for the gBT
equation should be valid for both IVIM (lower b-values) and regular
diffusion MRI experiments (higher b-values). Hence, to validate the gBT
equation solution for general dMRI simulation, we compared the results
of COMSOL and SpinDoctor-IVIM up to a b-value of 10000s mm~2.

6. Experiments and results

This section illustrates how the proposed tool can be used in IVIM
imaging studies through some prototypical experiments.

As described earlier in Section 1, when blood flows incoherently
inside a microvasculature, diffusion gradients dephase spins in the
blood, which according to IVIM theory results in more signal loss in the
measured signal. The IVIM theory models the capillaries’ contribution
to the IVIM signal based on two flow regimes of diffusive and ballistic.
The diffusive regime assumes numerous changes in flow direction
during the measurement. Le Bihan et al. (1986) described this signal
through a bi-exponential model, which includes a true diffusion com-
ponent related to the Brownian motion of water molecules, D, and a
diffusion component related to perfusion that concerns blood microcir-
culation in the capillary network, termed pseudo-diffusion coefficient
D*, according to the following formula:

S C (= fyxe D 4 fx ebXD) (22)
So

where f is the perfusion fraction. In contrast, the ballistic regime
entails blood flow that maintains a consistent direction during diffu-
sion. Here, a sinc function is employed to depict the signal attenuation

effects, which are dependent on blood flow velocity (v) (Scott et al.,
2021).

Sio =(1-f)xe P 4 fxe D) x sine(cv) (23)
where ¢ = A X (b/(4 - 5/3))%.

Fig. 10(a), 10(b), and 10(c) show the distributions of vessel seg-
ments and velocity magnitudes at v,,, = 0.0lms™! and v,, =
0.02ms~! in the ROI, respectively. The average displacement of spins
during measurement time (4 + § = 42.5ms) at v,,, = 0.0lms~! and
Upax = 0.02ms~!, shown in Figs. 10(b) and 10(c), are 19.1 ym and
38.2 um, respectively. When comparing these average displacements of
spins with the average length of vessel segments in ROI (60.28 pm), the
simulated IVIM imaging signal falls into the ballistic regime.

In the following experiments, we evaluate the effects of changes
in biophysical parameters of the simulation domain, such as blood
pressure (represented by blood velocity), vascular permeability (P),
and intravascular diffusivities (D,), on simulated IVIM imaging sig-
nals, as well as their effects on the estimated parameters of Egs. (22)
and (23). In this study, five models are fitted to the IVIM imaging
signal including segmented model (Jalnefjord et al., 2018), Bayesian
model (Gustafsson et al., 2018), adaptive model (Manjon et al., 2010),
TopoPro model (Fadnavis et al., 2021), and a ballistic-based model
(Scott et al., 2021).

6.1. Effect of different blood pressure on IVIM imaging signal

The connection between high blood pressure and damage to the
heart, brain, retina, kidneys, and arterial blood vessels has been estab-
lished in prior research (Mensah, 2016). When blood pressure exceeds
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Fig. 10. (a) The distributions of vessel segments in the ROI with an average of 60.28 ym and median of 43 pm; (b) The distribution of magnitudes of velocities at v,
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with an average of 450 pms~' and median of 96.7 ps~'; (c) The distribution of magnitudes of velocities at v,,,, = 0.02ms™! with an average of 900 pms~' and median of 193.45ums™".

the normal range, structural changes occur in the targeted organs lead-
ing to organ dysfunction (Suvila and Niiranen, 2022). This experiment
aims to explore the impact of blood pressure fluctuations on IVIM
imaging signals and the estimated parameters of the models in Egs. (22)
and (23).

For this purpose, in the simulation, changes in blood pressure are
accommodated by modifying the velocity within the gBT equation,
i.e., Eq. (15). This approach is employed because blood pressure and
blood velocity are inherently interconnected. The simulated signals,
resulting from this experiment, are shown in Fig. 11, where the plots in
the top row show the simulated signals at a velocity of 0.01 ms™', while
the bottom row shows the simulated signals at a velocity of 0.02ms™".

6.2. Effect of different intravascular diffusivities on IVIM imaging signal

According to typical IVIM imaging experiments, the effect of blood
self-diffusion on signal attenuation is trivial compared to blood velocity
(modelled by pseudo-diffusion), but the results of the flow-compensated
diffusion gradient experiment do not support this assertion (Funck
et al., 2018). The objective of this experiment is to investigate whether
alterations in D, affect the simulated IVIM imaging signals and the
estimation of parameters in Egs. (22) and (23). To achieve this, we
employ two distinct D, values of 10~mm?/s and 126 x 10~ mm? /s
—The value of 126x 10~ mm?/s is the experimental coefficient of blood
diffusivity reported in Funck et al. (2018). Fig. 11 shows the simulated
signals in which the variations in colours denote different values of D,.

6.3. Effect of different vascular permeabilities on IVIM imaging signal

The permeability of the vascular system refers to the rate at which
molecules and solutes exchange between the inside and outside of
the vessel. Maintaining tissue function in a healthy physiological state
requires normal/regular exchange between blood components and tis-
sues. Several vasculopathies have the ability to modulate and alter
this exchange rate, adversely affecting tissue function (Wautier and
Wautier, 2022). Here are some examples: An increase in tumour mi-
crovascular permeability helps with cancer metastatic spread; Acute
increases in myocardial permeability result in tissue oedema, affecting
the pumping efficiency of the heart, as highlighted by Claesson-Welsh
(2015); An increase in permeability increases interstitial pressure and
affects the delivery of therapeutic agents; An increase in retina mi-
crovasculature permeability is one of the first observable alterations
in diabetic retinopathy, which can cause vision loss (Antonetti et al.,
1999). As discussed in Section 1.2, previous simulation tools do not
account for the effect of P on simulated signals. The objective of this
experiment is to investigate the impact of alterations in P on the
IVIM imaging signal and to assess whether the IVIM signal models
in Egs. (22) and (23) can effectively detect these variations. This is
accomplished by simulating the IVIM imaging signal within the retinal
microvasculature using different orders of magnitude for P values:

107"ms™!, 10°ms~! (Allen et al., 2020), 10> ms~! (Allen et al., 2021),
and 10~*ms~!. In Fig. 11, different markers are used to represent the
resulting signals corresponding to the different values of P.

All described experiments maintain fixed values for the following imag-
ing and biophysical parameters:

» A classic Stejskal-Tanner pulse sequence is used for the IVIM
imaging simulation, with b-values ranging from 0s/pm? to
800s/um? with the incremental step of 50s/pm?2.

» Fixed diffusion time and gradient duration of 40 ms and 2.5 ms are
used, while gradient ramps are neglected.

« Intravascular and extravascular 7, relaxations are fixed 30.5ms
(Lin et al., 2012) (the average value of T, for arterial and venous
blood) and 25 ms (Chen et al., 2008), respectively.

+ The fixed value of 50 x 107> mm?/s is used for the diffusivity in
the extravascular space (Chen et al., 2008).

Figs. 11(a) and 11(c) show the IVIM imaging signal decay at the
different b-values, originating from both intravascular and extravascu-
lar spaces, for the different values of D, (indicated by different colours)
and P (indicated by different markers). At the same time, the maximum
blood velocity within the microvasculature is 0.01 ms~!' and 0.02ms™!
for the top and bottom, respectively. Similarly, Figs. 11(b) and 11(d)
display the same information about the decay of the IVIM imaging
signal originating only from the intravascular space (the intravascular
signal is isolated by integrating the product of the mass matrix of
Eq. (17) and the magnetisation of the tetrahedrons located in the
intravascular space). A significant error is clearly observed in diagrams
of Fig. 11 when D, is excluded from the simulation of IVIM imaging
signal. In addition, an increase in P increases signal decay in Fig. 11.
Furthermore, comparing Fig. 11(a) with 11(c) and Fig. 11(b) with
11(d), respectively, shows an increase in the signal decay rate in IVIM
imaging as the v increases.

Figs. 12, 13, 14, and 15 compare changes in the estimated values
of D*, D, f, and v for different values of P, D,, and v. Fig. 12
shows that including D, reduces the estimated value of D* across all
models. However, the estimated value of D* increases as v increases,
and decreases with higher values of P regardless of D,. As shown
in Fig. 13, considering D, increases the estimated value of D for all
models. Additionally, when D, is included, the estimated value of D
decreases with an increase in v, as expected, which is not the case when
D, is excluded. However, the higher P increases the estimated value
of D regardless of D,, only observed in the results of the segmented,
adaptive, and ballistic models. With perfusion fraction, a higher v,
D,, and P result in higher estimated values of f, shown in Fig. 14.
The volume fraction of the microvasculature in the experimental ROIL,
shown in Fig. 5, is around 7.62%, and only the ballistic model has the
closest estimation. Finally, as shown in Fig. 15, the estimated velocity
(v,) using the ballistic model decreases when D, is included. However,
v, increases with an increase in v and decreases with an increase in P,
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Fig. 12. The estimated value of D* at the different v, D, and P using the different
models.

regardless of D,. Moreover, compared to the median/mean velocities
of the simulated distribution shown in Fig. 10, the ballistic model
estimates v, at the same order of magnitude (0 — 1 mm s7h.

Caution must be applied to interpret the above findings as they
might not be generalisable to more complex geometries, as the mi-
crovasculature used here has a simple geometry and is small. Further-
more, here we consider the same values of T, for all segments of the
vessel, while the values of 7, of blood depend on the hematocrit content
and the oxygenation level (Lin et al., 2012), which can affect the results
of this study.

6.4. Computational cost

The simulations in Section 5 were performed on ARC3, the High-
Performance Computing facilities at the University of Leeds. ARC3
consists of 252 nodes with 24 cores (Broadwell E5-2650v4 CPUs,
2.2 GHz) and 128 GB of memory each, and an SSD within the node
with 100 GB of storage. The details of the computational cost for the
simulations undertaken in Section 5 are reported in Table 1.

7. Discussion

This study introduces SpinDoctor-IVIM, a virtual imaging tool de-
signed to simulate IVIM imaging signals using a new finite element

solver for gBT PDE. SpinDoctor-IVIM offers a more realistic and com-
prehensive means of simulating IVIM imaging, serving as a valuable
resource for prototyping in this field. One of the more significant
findings emerging from this study is the substantial impact of D,
on the IVIM imaging signal, which is in agreement with previous
research (Funck et al., 2018). As shown in Figs. 12, 13, 14, and 15,
including D, in the simulation greatly impacts the estimated values of
D*, D, f, and v,. Furthermore, as shown in Fig. 13, the exclusion of
D, reverses the trends of changes in estimated D due to changes in
v, emphasising the importance of including D, in simulations. Addi-
tionally, the important role of D, can be supported theoretically since
the gBT equation is similar to the convection—diffusion equation, as it
includes both convection, i.e., v(r,t) - VM,(r,1), and diffusion, i.e., V -
(D,(r)VM;(r,1)), terms in intravascular space. There is evidence that the
solutions of the convection—diffusion equation are dependent on the
diffusion coefficient, and the diffusion coefficient strongly influences
the numerical behaviour of the solution (Verdickt et al., 2006).

Furthermore, this study illustrates the influence of P on the sim-
ulated IVIM imaging signal. These effects cannot be explored using
the previous numerical method (Fournet et al., 2017; Mozumder et al.,
2018; Suvila and Niiranen, 2022; Van et al., 2021), as these methods
simulate IVIM imaging signals solely by modelling spin movements
along vascular trajectories, which limits consideration of intravascu-
lar diffusivity, and permeability exchange between intravascular and
extravascular spaces.

As well as these advantages of the proposed tool, the simulated
signal is calculated based on a more realistic blood flow simulation.
This enhancement in methodology improves the reliability of the results
and enables localised exploration of the connection between blood
flow parameters, such as blood velocity, and vessel wall shear stress
with IVIM imaging parameters. Hence, the tool proposed here lays
the groundwork for future research on the numerical study of IVIM
imaging.

One source of weakness in this study, which can affect the mea-
surements in Fig. 12, 13, 14, and 15 was the limitation of access to
a complex and large microvasculature and real IVIM imaging data for
a comprehensive analysis of the sensitivity of the IVIM imaging signal
to changes in imaging parameters and biophysical parameters of the
microvasculature. In addition, due to the small size of the microvascula-
ture, the range of possible values for the velocity of blood flow and the
diffusion encoding time was limited during the simulations to preserve
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Table 1
Computational cost of the simulation.

The number of
nodes in the mesh

Memory per core (GB)

Number of cores per signal
simulation over 17 b-values

Average of computational
time (core hours)

224327 6 12

11

larger portion of the microvasculature by minimising max{v(r,?)} X T,,
introduced in Section 4.4. Furthermore, the T, values of the blood
depend on the haematocrit content and the level of oxygenation. Hence,
different types of vessels, that is, arterial and venous, have a specific
range of T, values (Lin et al., 2012). Having more information about

the type of vessels would allow for a more accurate IVIM imaging
simulation by assigning realistic values to T, relaxation. Therefore,
additional work is needed to label the different types of vessels in the
microvasculature mesh so that the simulation parameters are set with
an appropriate distribution of T, relaxation.
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8. Conclusion

In conclusion, this paper introduces a significant advancement
in the field of IVIM imaging through the development of a virtual
imaging tool, SpinDoctor-IVIM. By leveraging an innovative finite
element solver and integrating with HemeLB for blood flow sim-
ulations, this tool allows for the efficient design, evaluation, and
optimisation of novel approaches in IVIM imaging. Unlike previous
methods, SpinDoctor-IVIM uniquely considers the volumetric microvas-
culature during blood flow simulations, incorporates diffusion phe-
nomena in the intravascular space, and represents the permeability
between intravascular and extravascular spaces. The proposed virtual
IVIM imaging approach offers a promising avenue to expedite the vali-
dation process of IVIM-related quantitative models by bridging the gap
between observable markers in imaging and underlying pathophysio-
logical mechanisms. Additionally, it can provide recommendations for
IVIM acquisition parameters to the IVIM imaging community. There-
fore, SpinDoctor-IVIM presents a valuable tool to propel advancements
in clinical MRI and enhance our understanding of tissue perfusion and
diffusion dynamics.
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