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Summary

Diffusion magnetic resonance imaging (dMRI) has been used widely in biological
and medical applications to detect a large range of physiological and pathological
conditions. The image contrast in dMRI of biological tissues comes from the differ-
ing water diffusion characteristics in the imaged tissue at different spatial positions.
The resolution of AMRI is on the order of a millimeter, meaning the dMRI signal
provides averaged information on a volume, called a voxel, whose size is much larger
than cell features, that vary, for example in brain, on the scale of a micrometer.

To understand the relationship between the tissue microstructure inside a voxel and
the dMRI signal, macroscopic models of the dMRI signal have been formulated to
relate the signal to model parameters that represent averaged quantities over the
voxel. In this thesis, we investigated two such macroscopic models. The first is the
Kéarger model that assumes a certain form of (macroscopic) multiple compartmen-
tal diffusion and inter-compartment exchange, but is subject to the narrow pulse
restriction on the diffusion-encoding magnetic field gradient pulses. The second is
an ODE model of the multiple compartment magnetizations obtained from math-
ematical homogenization of the Bloch-Torrey equation, that is not subject to the
narrow pulse restriction.

First, we investigated the validity of the two aforementioned macroscopic models
by comparing the dMRI signal given by the Kéarger and the ODE models with
the dMRI signal simulated on some relatively complex tissue geometries by solving
the microscopic Bloch-Torrey equation in the presence of permeable biological cell
membranes. We note that the Kérger model is a limit case of the ODE model
where the duration of the diffusion-encoding magnetic field gradient pulses goes
to zero. We concluded that the validity of both macroscopic models is limited to
the case where diffusion in each compartment is effectively Gaussian and where
the inter-compartmental exchange can be accounted for by standard linear kinetic
terms.

Next, assuming that the above conditions on the compartmental diffusion and inter-
compartment exchange are satisfied, we solve the least squares problem associated
with fitting the Kéarger and the ODE model parameters to the simulated dMRI
signal obtained by solving the microscopic Bloch-Torrey equation. Among various
effective parameters, we considered the volume fractions of the intra-cellular and
extra-cellular compartments (which may change during cell swelling), membrane
permeability (which may characterize, to some extent, normal or abnormal func-
tioning of cells), average size of cells, inter-cellular distance, as well as apparent
diffusion coeflicients. We started by studying the feasibility of the least squares
solution for two groups of relatively simple tissue geometries. For the first group,
in which domains consist of variably sized spherical cells embedded in the extra-
cellular space, we concluded that parameters estimation problem can be robustly
solved, even in the presence of noise. In the second group, we considered parallel
cylindrical cells, which may be covered by a thick membrane layer, and embedded
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in the extra-cellular space. When the diffusion gradient is applied perpendicularly
to the cylinder axis, the parameter estimation problem can be robustly solved, just
as for spherical cells. In the opposite case of the diffusion gradient parallel to the
axis cylinder, one simply probes unrestricted diffusion which contains no informa-
tion about the restricting domain and water exchange between compartments. As
a consequence, the parameter estimation fails in this situation. For an intermediate
gradient direction, the quality of parameter estimation strongly depends on how
much the cellular structure is elongated in the gradient direction. In practice, the
orientation of elongated cells is not know a priori; moreover, biological tissues may
contain elongated structures randomly oriented and also mixed with other (com-
pact) elements (e.g., axons and glial cells). This situation has been numerically
investigated on our most complicated domain in which layers of cylindrical cells in
various directions are mixed with layers of spherical cells. We checked that certain
parameters can still be estimated rather accurately while the other remain inacces-
sible. In future works, the quality of the estimation may be improved by acquiring
signals in various directions and then fitting all these signals to the appropriate ODE
models. In all considered cases, the ODE model provided more accurate estimates
than the Kéarger model.



CHAPTER 1

Diffusion magnetic resonance
imaging in biological tissues

1.1 Motivation

Diffusion magnetic resonance imaging (AMRI) is a widespread experimental tech-
nique in which the random trajectories of diffusing nuclei are encoded by magnetic
field gradient pulses [1-3]. When the nuclei diffuse inside a heterogeneous medium,
the statistics of the random trajectories is affected by the presence of (possibly
semi-permeable) walls or obstacles. Although these microscopic hindrances are not
visible at the spatial resolution of dMRI, all these geometrical features are sta-
tistically aggregated into the macroscopic dMRI signal. Measuring the signal at
different diffusion times, gradient intensities and directions, one aims to infer the
morphological structure of a sample and to characterize the dynamics of a system.
This is a formidable inverse problem which until now has no complete solution [3].

In spite of this fundamental gap, the non-invasive character of dMRI made this
technique a gold standard in material sciences, neurosciences and medicine, with
numerous applications to mineral samples (e.g., sedimentary rocks in oil industry,
concrete, cements and gypsum in building industry) and biological samples (e.g.,
brain, lungs, bones). For instance, diffusion-weighted brain imaging is daily per-
formed in research and clinical MR scanners, both for detecting pathological regions
and monitoring functional properties of the brain [4-12].

The image contrast in dMRI of biological tissues comes from the differing water
diffusion characteristics in the imaged tissue at different spatial positions. The
resolution of dMRI is on the order of a millimeter, meaning the dMRI signal provides
averaged information on a volume, called a voxel, whose size is much larger than
cell features, that vary, for example in brain, on the scale of a micrometer.

An important medical application of dMRI is the detection of cerebral ischemia
(cell swelling in the brain) a few minutes after stroke [13, 14]. In the brain, dMRI
has been used to detect a wide range of physiological and pathological conditions,
including tumors [15-18], myelination abnormalities [19], connectivity [20], as well
as in functional imaging where recent work has suggested that water dMRI could
also be used to visualize changes in tissue microstructure that might arise during
neuronal activation [21]. Based on the known sensitivity of dMRI to cell size in
tissues [22, 23] and on optical imaging studies that have revealed changes in the
shape (in particular swelling) of neurons and glial cells during brain activation
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[12, 24], the observed findings have been tentatively ascribed to a transient swelling
of cortical cells. For a recent survey, see [6].

1.2 Equations of MRI

The principle of spatial encoding in (water proton) magnetic resonance imaging
(MRI) is the following. Suppose 71, 732,73 are the axes of a 3D coordinate system.
Water protons have a property called spin, and under the influence of an applied
magnetic field in the rs-direction, will precess about the rs-axis at a frequency
that is proportional to the strength of the applied magnetic field. The constant of
proportionality is called the gyromagnetic ratio and it is v = 2.675-10% rad /s/Tesla
for the water proton. When the applied magnetic field varies linearly in space,
it is called a magnetic field gradient. If we denote the direction and amplitude
of the gradient by q = (¢1,¢2,¢3) and its time profile by h(t), then the complex
transverse magnetization on the r —rg plane, M (r,t) := M,, (r,t) +iMy,(r,1t), i is
the imaginary unit, obeys the Bloch Equation [25]:
OM (r,t)

= —iyr-qh(t)M(r,t) —

M(r,t)
Ty(r) ’

in the rotating frame at the Larmor frequency, where T5(r) is the local spin-spin
relaxation rate. The solution of the above equation is:

; t
M(I‘,t) — p(r) e—t/Tz(r) eﬂr- ('yq fO h(s)ds)

)

where p(r) is the spin density.

Even though 3D imaging is possible, most often the MRI signal is acquired in 2D,
slice by slice. Suppose r3 € [(I — $)Ars, (I + 3)Ars] are the limits of the slice of
interest, then the MRI signal acquired is the integral of the magnetization in that
slice:

i (2 @) [ nsyis) = | )

where

_i(r1,r2)'<7 (q1,92) fot h(s)ds) dridrs (1 1)

(l+§)AT3
/1,1(7“1,7“2) = </ ) p(7’1,7'2, r3) e—t/Tz(n,rz,rs) dr3> . (1.2)
(I-5)Ars

For simplicity we have chosen g3 = 0. It is clear from Eq. (1.1) that the MRI signal
is a 2D Fourier transform of p;(r1,72). By choosing the appropriate set of g1, g2
and h(s) (not discussed here), the Fourier transform can be acquired at a set of 2D
Fourier points. Then the inverse Fourier transform can be performed and sampled
at physical space points to obtain in each voxel V; ;; an average value of 1 (ry,rs):

. 1
fu(i, j) = AriAr /V pa(ry, re)dry dra,

2Js!

10
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that gives the contrast in a MRI image in slice [, where
o1 1 o1 1 1 1
Viga i= |( = 5)Ar1, (i + 5)an |G = 5)Ars, G+ )Ana|x |0 = 5)Ar, @+ H)ar]

In Eq. (1.2) we can see two widely used contrast mechanisms in MRI, the proton
density and the Ty relaxation.

1.3 Equations of dMRI

Now, in addition to the imaging gradient q and its time profile h(t) described
above, another set of magnetic field gradients can be applied to encode the random
displacement of water molecules. Combining a series of gradient pulses, one can
investigate the self-diffusion properties of the sample even for a uniform initial
distribution. This is the basis of the imaging modality called diffusion MRI.

In detail, we denote the “diffusion-encoding” gradient by g = (g1, ¢g2,93) and its
time profile f(¢). Then we get the Bloch-Torrey equation [26]:

M(r,t)
TQ(I‘)

OM (r,t)

e —iyr-qh(t)M(r,t)—

—iyrg fOM(r,t)+V-(D(x)VM(r,t)),

where we included the effects of both the imaging gradient q and the diffusion gradi-
ent g. The last term in the above equation describes diffusion (random movement)
of water molecules.

1.3.1 Diffusion-encoding sequences

The diffusion-encoding happens via the application of a series of magnetic field
gradient “pulses”. The term “pulse” means that the magnetic field gradient is
turned on only for a short duration. For example, the standard Pulsed-Gradient
Spin Echo (PGSE) [27] sequence is made of two rectangular pulses of duration 0,
separated by a time interval A — ¢, and the associated profile f(t) is:

17 t0§t§t0+57
f)=494-1, to+A<t<to+A+0, (1.3)

0, elsewhere,

where tg is the start of the first pulse with tg + A > TE/2, TE is the echo time
when the signal is measured. See Fig. 1.1. Note tht the opposite sign of the second
gradient pulse effectively accounts for the intermediate 180° rf pulse [1, 2].

11
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= | TE

t (ms)

Figure 1.1: PGSE rectangle shaped profile, with ¢y = 0.

If the rise time of the pulse is not instantaneous then f(¢) has a trapezoidal profile:

=, to <t <to+r,
1, to+7<t<tg+6—r,
— =t to+6—7<t<ty+,
flt) = —Ho=a to+A<t<to+A+r, (1.4)
—1, to+ A+7<t<tg+A+6—1,
(B0 fg 4 A+ -7 <t<to+A+3,
0, otherwise,

Figure 1.2: PGSE trapezoidal shaped profile, with tg = 0.

The oscillating gradient spin echo [28] (OGSE) sine sequence consists of two oscil-
lating sine pulses of duration o, each containing n periods (hence the frequency is

12
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w= n%’r), separated by a time interval 7 — o, and the associated profile f(t) is

sin (w(t — to)), to <t <tp+o,
ft)=q—sin(w(t—to—7)), TH+to<t<ty+T7+o0, (1.5)
0, otherwise,

where 7 = T'E/2. See Fig. 1.3 for an example with n = 2.

Figure 1.3: OGSE sine profile, each pulse contains 2 periods, with ¢ty = 0.

1.3.2 Derivation of b-value

Under the assumption that water molecules experience a homogeneous (or homog-
enized) isotropic diffusion environment characterized by the diffusion coefficient
Dhom inside the voxel Vi,j.1, the water molecules at position rg € V; ;; at to diffuse
according to the probability density function:

exp( om
P(r t) B 4Dhom (t—tg)

Y

) d:37

_lr=ro]® )
d
2

(4w Dhom(t — ty))?

where the support of P(r,t) is much smaller than V; ;; because the diffusion distance
in a dMRI experiment is much smaller than the size of a voxel. (We have neglected
those rg that are close to the boundary of V; ;;.)

Furthermore, under the assumption that § < A (the narrow pulse approximation),
the influence of the diffusion-encoding magnetic field gradient pulse on the com-
plex transverse magnetization due to water molecules starting at ro at tg can be
described by a gain of the complex phase e ¥78709 between ¢y and tg + 6. Then,
the magnetization due to water molecules at position r at tg + A gains a complex
phase e/787 % between ty + A and tg + A + 6. Thus, the effect on the dMRI signal,
compared to having no diffusion gradient g, is an attenuation (loss) of the signal:

[[r—ro|/?

/ OPCADTRS) omte10) 3 exp(— 282 g]2D"m ),
€Viji (47rDhomA) 2

13
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where the integration domain V; ;; was extended to the whole space R3.

If § is not small compared to A, then in fact, the signal attenuation in the voxel
Vi ;1 still can be expressed in mono-exponential form [26]:

S(b,TE) = e 2",
where the b-value is a weighting factor as defined in [29] and it is
b(g, 0, A) = +7[|g]|*0* (A = /3), (1.6)

for the PGSE sequence. The replacement of A by A —§/3 accounts for pulses that
are not narrow.

Including the effect of the diffusion-encoding gradient means that the image contrast
function in Eq. (1.2) becomes:

(I+3)Ars . Lhom ,
p(ri,re) = /(l A p(r1, e, r3) e Y/ T2(rrars) o= (rir2srs) b geg | - (1.7)
~Lar

The basis of diffusion weighted imaging is that the MRI signal is acquired with a
diffusion gradient g as well as with no diffusion gradient. The first image (after
inverse Fourier transform) is divided by the second image and the log of the ratio is
divided by b get an estimate of D" (ry,r9,73) in each voxel. This estimated value
is called the “Apparent Diffusion Coefficient” (ADC), and serves as the contrast
mechanism.

For simplicity, in the rest of the thesis, the effect of T5 relaxation will be neglected.
To focus on understanding the image contrast function in the physical domain, the
imaging gradients in Bloch-Torrey equation will also be neglected. Hence, for the
remainder of the thesis, we focus on the following simplified form of the Bloch-
Torrey equation:

OM (r,t)

5 = T g f(OM(rt) + V- (D)VM(r,1)). (1.8)

The b-value for a general pulse sequence f(t) can be obtained by solving Eq. (1.8)
on a homogeneous domain and expressing its signal under mono-exponential form.

In [30], V.M. Kenkre et al. used the Fourier transform of M,
M(k,t) = / M(x,t) exp(—i km) dz,

to obtain the signal in R:

t t

S(t) = M(’yg/f(s) ds,O) exp <—D’y2g2/ du (/f(s) ds)2>. (1.9)
0

0 u

At the echo time T'E, for any standard diffusion sequence, the rephasing condition

holds
TE

; f(t)dt =0, (1.10)

14



1.4. Simple Gaussian signal model not adequate

so the pre-exponential factor in Eq. (1.9) becomes 1. The b-value is then

TE TE 2
b(g) = 7292/ du (/ f(s) ds) . (1.11)
0 u

To use the solution in Eq. (1.9) there are certain limitations on the initial spin
density, namely, its Fourier transform must exist.

The solution of Eq. (1.8) for uniform initial spin density can be found by the method
of separation of variables [31]. Supposing that the solution M can be written in
separable form:

M(z,t) = S(t) exp (ip(, 1)),
where the spin phase ¢(z,t) defined by:

t
plat) =vg-a [ f(s)ds, (1.12)
0
we can obtain the signal at any time ¢ > 0:

S(t) = S(0) exp (—D'ng2 /Ot du (/Ou f(s)ds) 2) , (1.13)

where at the echo time T'E, the b-value can be obtained:
TE u 2
b(g) = ’yzgz/ du (/ f(s)ds) . (1.14)
0 0

We emphasize that although the formulas (1.11) and (1.14) are different, they co-
incide at the echo time T'E where the rephasing condition (1.10) holds.

In the rest of the thesis, we will assume uniform initial spin density in each diffusion
compartment and use the expression (1.14) for the b-value. In particular, for the
trapezoidal PGSE [3]:

e 8) =gl [0 -2 (a- 20+ (F-2)] )

3 5 6

One can see that when the rise time 7 becomes 0, the above expression reduces to
Eq. (1.6) of rectangular PGSE. For the sine OGSE in Eq. (1.5) with an integer
number of periods n in each of the two durations o, the corresponding b-value is:

303

3o
b(g) =’V2llg\l24nz7r2 Zv2llg!\2ﬁ- (1.16)

1.4 Simple Gaussian signal model not adequate

There is ample experimental evidence that diffusion in brain tissue at diffusion times
relevant to dMRI is not Gaussian: the signal attenuation is not a simple decaying

15



Chapter 1. Diffusion magnetic resonance imaging in biological tissues

exponential in b and the slope of log S(b) at b = 0 is not simply related to the
intrinsic diffusion coefficients of the physical compartments. The reason for this is
that in biological tissue, the diffusion environment seen by water molecules during
the time period of A (tens of milliseconds) is not homogeneous due to the presence
of cells membranes and other heterogeneities. The dMRI signal has been fitted
as multiple compartmental Gaussian [32-35], or by including a kurtosis term to
quantify the non-Gaussianness [36, 37], or by fitting with fractional order diffusion
[38]. Although these phenomenological formulas may accurately fit experimental
data, their reliable interpretation requires further investigation based on theoretical
tools, numerical simulations, and tissue models.

1.5 Theoretical approaches in dMRI

In spite of significant efforts, theoretical understanding of diffusion MRI is still
far from complete. In what follows, we list a number of theoretical approaches
developed for AMRI (see [3] for details).

1. The first theoretical analysis of the dMRI signal for diffusion between parallel
planes (a plate) goes back to Robertson who used the Laplacian eigenfunc-
tions (for this shape, sines and cosines) to get an explicit Gaussian phase
approzimation (GPA) for the signal [39]. It is equivalent to keeping the sec-
ond cumulant moment and neglecting the higher-order cumulant moments so
that the signal still exhibits the classical Gaussian dependence on the gradi-
ent, while the dependence on pulse duration and diffusion time through the
second cumulant becomes more intricate. Neuman has extended this analysis
to cylinder and sphere [40]. Later on, the Gaussian phase approximation has
been extensively used for the analysis of dMRI signals in a variety of struc-
tures (see [3]). In particular, the notion of an ADC relies, fundamentally, on
this approximation.

2. Tanner and Stejskal computed the dMRI signal in the simple structures in the
narrow pulse approzimation (NPA) [41]. More generally, when the duration
of gradient pulses is infinitely short, the dMRI signal can be expressed as
the Fourier transform of the averaged diffusion propagator, from which some
properties of the geometrical structure can be inferred [1, 2]. The accuracy of
both approximations have been checked by numerical simulations [42-45].

3. Kérger introduced a model with two distinct pools of water molecules that
co-exist and both occupy the whole volume of a voxel, while the exchange
between pools was assumed to be uncorrelated from diffusion and to follow
the standard linear kinetics [46, 47]. This Kérger model has become one of
the major theoretical approximations to account for water exchange in the
dMRI (see below).

4. Mitra et al. investigated the short-time behavior of the dMRI signal and
showed the possibility to extract the surface-to-volume ratio, as well as per-

16



1.5. Theoretical approaches in dMRI

meability or surface relaxivity of general porous media [48-51]. In particular,
Latour et al. measured the time-dependent diffusion coefficient in packed ery-
throcytes to estimate the erythrocyte membrane permeability and the surface-
to-volume ratio of the cells [52]. In the opposite long-time limit, the time-
dependent diffusion coefficient allowed one to determine the tortuosity of the
medium [53].

5. Callaghan and co-workers introduced the notion of diffusion diffraction that
can be used to determine the characteristic length scales of a medium accord-
ing to positions of diffraction peaks [54].

6. Stoller et al. analyzed the behavior of the dMRI at large gradients and de-
scribed the so-called localization regime [55]. This theoretical analysis has
been further developed in [3, 56, 57] and experimentally confirmed in [58].

7. Barzykin et al. considered an exchange through the spherical boundary with
the extra-cellular space [59, 60].

8. The Robertson’s idea of representing the dMRI signal onto the basis of Lapla-
cian eigenfunctions has led to development of matrix formalisms [3, 57, 61-66].
First proposed by Caprihan et al. in [61] and one year later reformulated by
Callaghan in a matrix form, this approach has become a power theoretical and
numerical tool for the analysis of dMRI signals (see the review and pedagogical
introduction in [3, 65, 66]). The explicit form of the Laplacian eigenfunctions
in simple structures makes the computation of the dMRI signal very accu-
rate and fast. The method is applicable to any diffusion-encoding sequences
(temporal profile) and arbitrary bounded domain. In spite of this generality,
matrix formalisms are most efficient for simple shapes (which include, e.g., a
class of multilayered structures [67]).

9. Cumulant expansion and kurtosis imaging modality has been actively devel-
oped [3, 37, 68, 69].

10. More recently, Novikov and Kiselev proposed an effective medium theory in
which spatial variations of the diffusion coeflicient were related to correlation
functions of heterogeneities of a medium [70].

11. Novikov et al. studied the effect of spatial configurations of permeable mem-
branes onto the time-dependent diffusion coefficient [71] (see also [72]). The
use of a scattering approach and of the renormalization group solution al-
lowed to relate the long-time scaling behavior of the time-dependent diffusion
coefficient to the strong structural fluctuations introduced by permeable mem-
branes.

Some of these general approaches, as well as more specific models relevant to the
brain dMRI, will be discussed below.
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1.6 Numerical methods

In order to verify the above theoretical approaches or to compute the dMRI signal
in complicated structures, one needs to resort to numerical simulations. Roughly
speaking, numerical methods can be split into two groups:

1. Monte Carlo simulations. A probabilistic interpretation of diffusion equa-
tions is employed to represent the original continuous problem as the ex-
pectation of a functional of an appropriate stochastic process. Many random
trajectories of this process are then generated and used to approximate the ex-
pectation and thus the solution. Since there is no discretization, neither of the
domain, nor of boundary conditions, Monte Carlo techniques are flexible and
easy to implement, especially for studying diffusion in complex geometries.
These methods have also been often used in AMRI (e.g., Refs [42, 44, 45, 73—
79]).

2. Finite differences, finite elements, boundary elements, etc. A domain
and/or its boundary are discretized with a regular or adaptive mesh. The orig-
inal continuous problem (partial differential equation) is then replaced by a
set of linear equations to be solved numerically. The solution is obtained at all
mesh nodes at successive time moments. Since the accuracy and efficiency of
these deterministic numerical schemes significantly rely on the discretization,
mesh construction turns out to be the key issue and often a limiting factor,
especially in three dimensions. These methods have been frequently applied
for computing dMRI signals, e.g., [43, 80-84].

1.7 Moments of the dMRI signal

Theoretical analysis of the dMRI signal as a function of the b-value is difficult.
In the narrow pulse (NP) limit, 6 < A, the following relationship between the
moments of the signal and the diffusion propagator can be derived.

Let P(r,t|rg) be the probability of finding water molecules originally at ro (¢ = 0)
in position r at time ¢, then the signal in the NP limit is:

SV (lglon,8) = [ plrg) [ e ST P, Alrg)dr dro, (117)
ro€R3 reR3

where ug := g/||g|| is the normalized gradient direction, and p(rp) is the initial

density. We chose the independent variable in S™% to be ||g||6 because the interior

integral over rp and r in Eq. (1.17) can be seen as a one-dimensional Fourier
transform, with the Fourier variable being ||g||6y and the spatial variable being

(r—rp) - ug:

SN (g5, A):/dkz e—ikﬂlgé’*)“ p(ro)/S(k—(r—ro)-ug)P(r,A|r0)dr dro|,
R

roeR3 reR3
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1.8. Biological tissue dMRI

where 0(z) is the Dirac distribution. This allows one to relate derivatives of the
Fourier transform and the moments of the original function:

d2n5NP
d(||gll6)*"

(g7 &) = [ pro) [ e 8700 (x = 10) )" Plr, Alro)dr dro.

ro€R3 reR3

In a dMRI experiment, the pulse sequence profile f(¢) is most often fixed while g is
varied in amplitude, so we can treat A as a constant and use the new independent
variable b = 72||g||?62A to obtain:

dnSNP —1)mn! 1 )
“ap A= ((27)1)'An/ €RS p(rO)/eRs (r = o) - ug)™ P(r, Alro)dr dro.
. ro r
(1.18)

Thus in the narrow pulse limit, the derivatives of S give the moments of the proba-
bility density function P(r,t|r¢), averaged over all starting positions ry. For general
pulse sequences, Eq. (1.18) is not exact.

In general, the first and second derivatives of S can be related to the Apparent
Diffusion Coefficient and the Apparent Diffusion Kurtosis [36, 37] computed in
dMRI:

dlog S s

ADCy = —=22(0) = =22(0), (1.19)
2 o o -2 2 —2
ADK,y = 3% Cllbfs(o) (dldfs(o)> - 3%(0) (‘;‘g(o)) ~3, (1.20)

where we denoted the quantities by ADCy and ADKj, respectively, to emphasize
that the derivatives of log S(b) are taken at b = 0. The ADC\ gives an indica-
tion of the mean squared distance traveled by water molecules, averaged over all
the compartments, and ADKj gives an indication of the deviation from Gaussian
diffusion.

1.8 Biological tissue dMRI

The signal measured by the MRI scanner is a mean-value measurement in a physical
volume, called a voxel, whose size is much larger than the scale of the microscopic
variations of the cellular structure. The resolution of dMRI is on the order of 1
mm?, meaning the dMRI signal combines the diffusion characteristics of a tissue
volume (voxel) of 1 mm?. This is very large compared to cell features, which vary
from sub-um (diameter of neurites) to tens of pm (diameter of neuronal bodies,
axons and glial cells) in the brain (see for example, [85]). In other words, dMRI
provides the averaged characteristics of the microscopic structure on a macroscopic
scale. Another important spatial scale to consider for this work is the diffusion
distance, which gives an indication of the displacement of water molecules during
the measured diffusion time. At physically realistic dMRI diffusion times of 10-100
ms, the average diffusion distance is, assuming an average diffusivity of 10~3mm? /s,
between 8-25 pm. Thus, from the diffusion point of view, the cellular structure
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Chapter 1. Diffusion magnetic resonance imaging in biological tissues

beyond tens of ym from the starting positions of water molecules do not alter their
displacements.
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CHAPTER 2

Voxel-level signal models
accounting for heterogeneous
domains

2.1 Diffusion models for brain tissue

One of the first analytical models of water diffusion in neural tissue was proposed
by Szafer et al. [86]. Modeling a tissue as a regular lattice of cylinders, they de-
rived approximate expressions for the apparent diffusion coefficients (ADCs) at long
times. Ford and Hackney have implemented a Monte Carlo simulation of water self-
diffusion among permeable cylindrical barriers to calculate the ADC in spinal cord
injury which takes into account the distribution of axon diameters, permeability
and relative axonal volume [80]. The numerical results indicated that both axonal
swelling and cell membrane permeability were important factors contributing to
ADC in traumatic spinal cord injury. Grant et al. reported an experimental ev-
idence of multicomponent diffusion in single neurons [87]. Clark and co-workers
studied experimentally the diffusion time dependence of the water diffusion ten-
sor in the range 8-80 ms and showed no evidence for a change in mean diffusivity,
fractional anisotropy, or in the eigenvalues with diffusion time in healthy human
brain [88]. They concluded that these findings were consistent with a model of
unrestricted, but hindered water diffusion with semi-permeable membranes, likely
originating from the extra-cellular space in which the average extra-cellular sepa-
ration is less than 7 micrometers. Hwang et al. developed a 3D finite difference
approximation of the diffusion equation on synthetic images of neuronal tissues [82].
By exploiting histologic images of neuronal tissues as input model, this method was
proposed to investigate the water diffusion behavior inside biological tissues and
potentially assessing the status of neural injury and regeneration. Assaf et al. con-
sidered infinitely long isolated cylinders to model brain white matter, with two con-
tributions to the dMRI signal coming from hindered diffusion outside cylinders and
restricted diffusion inside cylinders [89] (see also [90, 91]). Kroenke et al. explained
non-monoexponential dMRI signal decay by restricted diffusion in an ensemble of
differently oriented neuronal fibers [92]. Sen and Basser presented a simplified, but
self-consistent modeling framework for predicting the long-time apparent diffusion
coefficients of water parallel and perpendicular to a “pack” of identical thick-walled
(myelinated) cylindrical tubes (axons) arranged periodically in a regular lattice and
immersed in an outer medium [93]. The model of randomly oriented cylinders has
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also been applied for the quantitative analysis of dMRI in lungs [94]. Jespersen
et al. proposed a simplified model of neural cytoarchitecture intended to capture
the essential features important for water diffusion as measured by NMR [95] (see
also [96]). In their model, two contributions to the dMRI signal come from (i) the
dendrites and axons, which are modeled as infinitely long isolated cylinders with
two diffusion coefficients (parallel and perpendicular to the cylindrical axis), and
(ii) water diffusion within and across all other structures (i.e., in extra-cellular space
and glial cells), which is modeled as an isotropic monoexponential diffusion. This
model was confronted to dMRI measurements in a formalin-fixed baboon brain and
shown to be able to provide an estimate of dendrite density. The model predic-
tions of neurite density in rats have been successfully compared to optical myelin
staining intensity and stereological estimation of neurite volume fraction using elec-
tron microscopy [97]. Recently, water diffusion anisotropy measurements have been
directly related to characteristics of neuronal morphology [98]. Budde and Frank
introduced a biophysical model of neurite beading (i.e., focal enlargement and con-
striction) and showed that this mechanism was sufficient to substantially decrease
ADC and thus rationalize experimental findings after ischemic stroke [75]. Some
other theoretical models and concepts of brain dMRI have been reviewed in [99].

2.2 Some mathematical models

There are two spatial scales considered in this thesis, one is the microscopic (mi-
crometer) scale, at which cellular structures are resolved, and the other is the macro-
scopic scale, at which the cell features are averaged over the entire voxel. At the
microscopic scale, we assume that the true cell membranes are spatially neglected
(not resolved).

The microscopic model to be considered in this thesis is the Multiple Compartment
Bloch-Torrey partial differential equation (PDE) [60, 67], which is a generalization
of the Bloch-Torrey equation to heterogeneous domains. The domain of the Multiple
Compartments Bloch-Torrey PDE is a spatial volume on the order of a voxel that
contains the cells and the extra-cellular space. The unknown function of the PDE
represents the complex transverse water proton magnetization due to diffusion-
encoding magnetic field gradient pulses (7% effects and the imaging gradients are
neglected). The dMRI signal of this PDE model is the integral of the solution of
the PDE over all spatial positions in the voxel at the echo time.

Concerning macroscopic models for the dMRI signal, some of the early ones are
Gaussian models, obtained in the limit of long diffusion time. If the diffusion time
is long enough that all the water molecules experience the same environment, the
macroscopic model is simply described by a single effective diffusion tensor. In the
presence of permeable cell membranes, various analytical formulas for the effective
diffusion tensor for special geometries such as cubes and spheres can be found in
[52, 100, 101]. For general cell shapes, while assuming no contiguous extra-cellular
space, an analytical formula for the effective diffusion tensor can be found in [71],
where the time dependence of the average diffusion distance is considered. In [102]
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2.2. Some mathematical models

the effective diffusion tensor for general cell shapes in the presence of a contiguous
extra-cellular space was formulated based on the solution of a set of Laplace PDEs.

Macroscopic models based on multiple compartment diffusion have also been formu-
lated. For example, in the no-exchange models [93, 95, 103], the cylindrical-shaped
neurites are separated from the surrounding space that form two compartments.
When there is no water exchange between these two compartments, the total dAMRI
signal is just the sum of the signals from each of the compartments. We note that in
these no-exchange models, non-Gaussian diffusion can be allowed in each compart-
ment, and this flexibility can potentially result in the applicability of the models at
shorter diffusion times. However, the weakness of the no-exchange models is that
water is assumed to stay (mostly) in a single compartment during the diffusion time.
Even though no-exchange models may be appropriate for the brain white matter,
where the myelin layer around axons prevents significant water exchange between
the axons and the extra-cellular space, it is not clear if the water exchange can be
neglected in the gray matter, where the cell membranes are permeable.

There are two macroscopic models based on multiple diffusion compartments, where
diffusion within each compartment is considered Gaussian.

The first is the Kérger model [47], which was originally developed for micro-porous
crystallites. The Kérger model is obtained by supposing multiple Gaussian diffusion
compartments, each covering the whole space, and the spin exchange between the
compartments being described by standard first-order kinetics exchange. These
assumptions lead to a system of coupled ODEs that describes the time evolution
of the signals in the different compartments. The dMRI signal can be written
explicitly in terms of the model parameters because the ODE system has constant
coefficients. The Kérger model was obtained on the basis of phenomenological
modeling of the experimentally obtained signal curves and is valid under the narrow
pulse assumption, i.e., the duration of the gradient pulse should be short compared
to the diffusion time. The Kérger model has been checked in certain parameter
regimes by comparing its prediction with Monte Carlo simulations [73, 76, 104]. In
particular, Fieremans et al. discussed limitations of the Kérger model [76]. The
Kérger model has been used in biological tissue imaging [73, 105-112] to invert for
model parameters.

Recently, directly from the microscopic Bloch-Torrey PDE defined on a heteroge-
neous domain, a new macroscopic model for the dMRI signal was formulated [113]
using homogenization techniques [114], in particular, by matching asymptotic ex-
pansions of the solution of the Bloch-Torrey PDE in different spatial sub-domains
that are divided from each other by cell membranes. The compartments of this
macroscopic model are then associated to the biological cells and the extra-cellular
space. The dMRI signal is given by the solution of a system of coupled ODEs, sim-
ilar to the Kérger model, but the ODEs have time-dependent coefficients and the
solution needs to be obtained numerically. The main advantage of this new macro-
scopic model is that it is not subject to the narrow pulse restriction, in contrast
to the Karger model. The gradient pulse can be long in duration and can have a
general temporal profile f(¢). However, the new ODE model is subject to the other
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two limitations of the Kérger model, namely, the diffusion in each compartment
should be (approximately) Gaussian, and the exchange time scale is sufficiently dif-
ferent from the diffusion time scale to ensure linear kinetics exchange. See [76] for
a discussion of these two limitations for the Kérger model. The work of [113] can
be thought of as giving a sound mathematical basis to the Kédrger model as well as
generalizing it beyond narrow pulse. This chapter aims to validate the ODE model
for some complex geometries.

2.3 The voxel

We will define simplified geometrical models of the brain tissue in a voxel, consisting
of spheres and long cylinders of various orientations embedded in the extra-cellular
space. The spheres represent the neuronal bodies and the glial cells, while the
cylinders represent the neurites. Since the intersection between the neuronal body
and the attached neurites has a small surface area, the exchange between them is
expected to be small, and will be ignored. For the justification of this geometrical
model we refer to [93, 97, 103]. In addition, for simplicity, we assume that the
extra-cellular space is connected so that we can consider it as a single diffusion
compartment.

2.3.1 Periodic extension of the voxel

Let V be the voxel to be simulated. We ignore the effect of the neighboring voxels
on V because the diffusion distance in our simulations, a few tens of um, is much
smaller than the voxel size (on the order of 1 mm). This allows us to replace the
neighbors of V' by the identical copies of itself. This periodic construction has
the advantage of simplifying the boundary conditions to put on the faces of V' to
account for the spins that enter and exit V during the simulation time.

2.3.2 (Periodic) representative volume of the voxel

In order to compare the dMRI signal of the microscopic PDE model and the macro-
scopic models we choose a computational domain C that contains a representative
volume of V, the voxel to be simulated. In the three-dimensional simulations that
follow, due to computational limitations, C' is much smaller than the voxel. We
will suppose that C' is repeated in all three coordinate directions as many times as
necessary to make up V. In order to study long cylindrical cells in three dimensions,
we should construct the cylinders so that they are oriented in such a way that when
C is periodically repeated, the cylinders are not “broken” at the faces of C'. Given
that V itself will be periodically repeated, we assume the periodic extension of the
cellular configuration in C' as many times as necessary in our simulations.

24



2.4. Microscopic multiple compartments Bloch-Torrey PDE

2.4 Microscopic multiple compartments Bloch-Torrey
PDE

The microscopic model for the dMRI signal is the multiple compartment Bloch-
Torrey PDE [26, 60]. In the following we do not include the dependence of the
dMRI signal on the imaging gradients and the 75 relaxation in order to simplify
the presentation. It would be easy to include the T term in the microscopic model
as well as in the macroscopic models but, as we will show in the numerical results
section, enough complexity is already present in our problem just from the presence
of the cellular membranes, without any 75 effects. For the same reason, we also
make the intrinsic diffusion coefficient the same in all the compartments, denoting
it by DY, the permeability the same on all the membranes, denoting it by x, and
the spin density the same in all compartments.

Inside the computational domain C, there will be one extra-cellular compartment
Qf, and sphere compartments, 2%, j =1, where each 2% is a sphere, and the
cylinder compartments, Q% k = 1,-- -, where each Q° is a (part of a long) cylinder.
The union of the compartments is the computational domain C' = Ui e, (s,}.{cx}} Q.
When C is periodically repeated, obviously, so are the Q"s. Finally, we note that
one could also have membrane compartments, consisting of a thick layer of space
around the surfaces of the cylinders and the spheres. For the macroscopic models to
be discussed later, we can also group all cells with similar diffusion characteristics
into a single compartment to simplify things. For example, if we do not want to
distinguish between spheres of different radii, then we can define the union of all
the spheres as one compartment in the macroscopic model. This redefinition makes
no difference for the microscopic PDE model since each sphere is always distinct
from the others but it is notationally convenient when we want to compare the PDE
model and the macroscopic models compartment by compartment.

The complex transverse water proton magnetization M'(r,t|g) in each compartment
Q! satisfies the Bloch-Torrey PDE [26]:

OM'(r,t|g)
ot

We recall that the diffusion-encoding gradient is denoted by g = (g1, 92,93) and
its time profile by f(t), i is the imaginary unit, v = 2.675 - 10% rad/s/Tesla is the
gyromagnetic ratio of the water proton.

= —if(t)(yg-r) M(r,t|lg) + V - (D°VM(r,t|g)), VLI (2.1)

We supplement the PDE (2.1) with interface conditions where Q! and Q" come in
contact. We denote the interface between Q! and Q" by I''”. One interface condition
is the continuity of flux:

D" (VM'(y,tlg) -n'(y)) = —D" (VM"(y,tlg) - n"(y)),y €™, (22)
where n!(y) and n"(y) are the outward-point normals to Q! and Q" at y, so in fact
n'(y) = —n"(y). The second interface condition,

D° (VM!(y,tlg) - n'(y)) = x (M'(y,tlg) - M"(y,tlg)),y €T™,  (23)
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incorporates a permeability coefficient s across I'"” and models the ease with which
water crosses the interface [67]. The larger the x, the easier the passage of water.
Now we add the initial condition:

M(r,0lg) = My, reQ, VI, (2.4)

where we assumed the uniform excitation of the nuclei over the whole voxel, with
My being the initial magnetization. Then, same as [83], we assume that the com-
putational domain C' = [—L1/2,L1/2] x [-La/2,L2/2] x [—L3/2, L3/2] is extended
by periodic copies of itself. According to [83], the boundary conditions on OC' are:

M(rat’g)‘rk,:—Lk/Q = M(r7t|g)|7~k:Lk/2 éek(t}? k= 172737 (25)
OM(r,lg) _ OM(x,tlg)

Zek,(t) _
GO g =193, 2.6
Org lp=—ry/2 Ory (2.6)

re=Lg/2

for each of the faces perpendicular to the three coordinate axes, where r = (11,72, 13)
and g = (91792793)7 and

Ok(t) = g L / f(s) ds.
0

Thus, the complete mathematical problem of the microscopic multiple compartment
Bloch-Torrey PDE for a representative geometry contained in the computational
box C' consists of the PDE (2.1), the interface conditions (2.2, 2.3), the initial
condition (2.4), and the boundary conditions (2.5, 2.6).

2.5 Compartment magnetizations

Now we define the compartment magnetization, denoted Ml, of the PDE model, as
the integral of the magnetization in Q'

Mppp(b,t)i= | M'(xtlg)dr, 0<t<TE, (2.7)
reQ)

where, following convention, the b-value is defined as:

o) =7l [ ([ sas) (28)

The dMRI signal measured in experiments (without the imaging gradients and T5
effects) corresponds to

Sppe(b) =Y Mpppb, TE) =Y / M TEg) d. (2.9)
l 1 Ure

Because C' is assumed to be periodically repeated in the voxel V, it is sufficient to
take the above integrals of the magnetization over C' only becase the signal is the
same as if the magnetization is taken over V' (and correctly normalized).
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We note that the compartment magnetization MlPDE(b,t) defined in Eq. (2.7),
though cannot be directly measured by experiments, are meaningful mathematically
for all t < TFE and all [. By computing the compartment magnetizations we gain
insight about the time evolution of the magnetizations in the different compartments
and how they mix.

In a dMRI experiment, the T'E and sequence f(t) are usually fixed while g is varied
in amplitude and/or in direction to obtain the signal at different b-values.

In the rest of the thesis, we will set the initial magnetization to My = ‘—é', so that

Sppe(b=0)=1 and HZPDE(b,t =0) = “Q—Cl" := v!, where || is the volume of Q'
|C| is the volume of the computational domain, and v' is the volume fraction of Q.
Then the signal Sppg(b) will be automatically normalized and it is also the signal

attenuation.

2.6 Karger model

In the formulation of the Kérger model [47], one starts with a system of PDEs for
the concentration, u!(r,t), of water in P Gaussian diffusion compartments: [ =
1,---, P. The governing equations for diffusion within and the exchange between
the compartments are:

oul(r,t) —1c 1 ul(r,t) ul(r,t)
Y D _ Y
pr VD Vu (r,t) o1 —i—l:; L
: (2.10)
oul’(r,t) —P_ p ul (r,t) ul(r, t)
Y D B S A7)
9 VD Vu' (r,t) P + . E » i

where r € R?, 7/ is the residence time, and D' is the effective diffusion coeflicient
of compartment [. This formulation implies that each compartment covers all of
R3, i.e., all the compartments co-exist in the whole space. A physical foundation
for this consideration relies on coarse-graining (or homogenization) of the tissue
microstructure [76].

From the mass conservation, if we assume that the spin density is the same in all

the compartments, wl, o ,wP satisfy:
P l
1 1 v
wr = O ma M=l P (211)
=1, l#m

l

where the volume fractions v* are normalized as

dooh=1. (2.12)
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The PDEs (2.10) are subject to initial conditions:
ul(r,0) ='o(r), I=1,---, P, (2.13)

where §(r) is the Dirac delta distribution. We used the notation ¢ to distinguish it
from the width of the gradient pulse ¢ in the PGSE sequence.

In the Kérger model, the compartment magnetization MlK Ar(b,t), arising from
compartment [, under the narrow pulse approximation for the PGSE sequence,
0 < A, has the following form:

W (b 1) = / 8Tyl (v, 1) dr. (2.14)
rcR3

We note that the region of integration in Eq. (2.14) is R3. Taking the time derivative
of MIK Ag from Eq. (2.14) and using Green’s identity, one gets

AT (b, R N L
%():_ (6272gTD g+7m Z )MKAR(b7t>

; » b ™ (2.15)
+ %MZKAR(Z)J)’ m=1,---,P.
I=1, I#m
It is a system of coupled ODEs, subject to the initial conditions:
M an(0,0)=2!, 1=1,--- P, (2.16)

The analytical solution of Egs. (2.15) can be obtained by finding the eigen-decompo-
sition of the underlying P x P matrix.

For a standard sequence with two rectangular gradient pulses of duration §, the
diffusion time is ¢ = A — §/3. For this reason, we evaluate the dMRI signal at this
time

P
=l
SKAR(b) = ZMKAR(b7A_6/3)a (217)
I=1
In the original Karger model, the pulse duration § was neglected and the signal
was evaluated at ¢ = A. Keeping the term 6/3 improves the quality of the Kérger
model.

2.7 Macroscopic ODE model

The derivation of the macroscopic ODE model [113] starts with the multiple com-
partment Bloch-Torrey PDE (2.1-2.6) and uses periodic homogenization theory,
where the voxel was assumed to be a periodic repetition of a representative volume
C. Periodic homogenization theory was used because it is technically simpler than
the generic (non-periodic) case. The nature of the homogenized model depends on
the scaling chosen for the permeability coefficient with respect to the periodicity
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size. In [113] the scaling was chosen to provide a macroscopic ODE model that
is closest to the Karger model. The resulting ODE model, being the limit, when
the size of biological cells tends to zero, of the signal of the microscopic model, is
expected to be an approximation of the microscopic PDE model at low membrane
permeability and long diffusion times.

Clearly, biological tissue is not periodic with any period. However, it is known in
some similar contexts (see, for instance, [115, 116] for the case of porous media)
that even for media that are not truly periodic, the homogenized limit obtained
in the periodic case remains formally relevant for describing generic (non-periodic)
cases, i.e., the obtained macroscopic equations for both configurations have the
same analytical form (only the exact values of the coefficients would change).

The macroscopic ODE model obtained in Ref. [113] governs the time evolution of
the compartment magnetizations defined in Eq. (2.7):

dMp g (b, t) — 1 & b\ —
O% =—[en’e"™D"g+— Y —— | Mopr(b.t)
¢ Y =1, 1#m TODE

P (2.18)
1
+ Z ml MODE(bat)y mzl’ ,P,
I=1, I#m TODE

where it was proven that if each Q! € C is connected, then the coefficient in row m
and column [ of the ODE system, for all [ # m, is:

1 le
—— = Iﬁ’ ol |, (2.19)
TODE €|
with the relationship:
e _ 27 _ v (2.20)

ol [ vl
where [T"| is the surface area of the interface between Q™ and .

We note here that Eq. (2.19) has been used as an estimate of the residence time in
the Kéarger model. However, the derivation of the ODE model is only rigorous for
small permeabilities such that Eq. (2.19) holds. The validity of the ODE model,
at least as derived in [113], is not guaranteed if Eq. (2.19) does not hold. Thus, for
us, we take Eq. (2.19) as the definition of T#

ODE
The mathematical derivation of the function ¢(t) from the full multiple compartment
Bloch-Torrey PDE can be found in [113]. Here we use a more intuitive derivation,
by looking at the ODE satisfied by the integral of the solution of the Bloch-Torrey
PDE in a homogeneous medium with the constant diffusion tensor D’. In [30] it
was shown for the general gradient time profile f(t), by the use of the Laplace
transform, the integral of the magnetization satisfies, at any time:

——rhom 750 9 t u 2
M7 (bt) = /3 m(r,tlg)dr =exp | —g' D gy / du (/ f(s)ds) , 0<t<TE.
R 0 0
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We note that the above equation is valid for any ¢ > 0, not just at the echo time
TE. Then we define c(t) as:

—hom

oM™ (bt)
t

t 2
= 0 = s)as .
)= = ([ 10s) (221)

for any profile f(t).

For the rectangular pulsed gradient spin echo (PGSE) sequence in Eq. (1.3), Eq.
(2.21) implies

(t —to)?, to <t <to+4,
c(t) = 4 62, to+0 <t <ty+A, (2.22)
(t —tog— A —0)2, to+A<t<ty+A+04.

See Fig. 2.1 for the shape of ¢(¢). In the narrow pulse regime, 6 < A, we can see
that Eq. (2.22) yields the coefficient 62 of the Kirger model.

c(t)

0 5 t(ms) A PEDN
Figure 2.1: The function c(t) for the rectangular PGSE profile, with ¢ = 0.

For the trapezoidal gradient shape in Eq. (1.4), it is easy to show that:

((t;tTo)Q)z, to <t <tyg+T,
((t —to) — 37)%, to+T<t<to+d—r,
(—W=0=0® | 5 72, to+8—7<t<to+90,

ct) = (5_7)27 to+0 <t<tyg+ A, (2.23)
(_W_F(S—T)Q’ to+A<t<to+A+r,
(—(t—to) —37+6+ A, to+A+T7<t<to+A+5—T,
(Lto) =042 to+A+5—T<t<ty+A+34.

See Fig. 2.2 for the shape of ().
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2.7. Macroscopic ODE model

@—7)|

c(t)

0 5 t(ms)A 0+A

Figure 2.2: The function ¢(t) for the trapzoidal PGSE profile, with ¢y = 0.

For the oscillating sine profile in Eq. (1.5), one gets:

1
?(cos(w(t — 1)) — 1)%, to <t <to+oa,
c(t) = ﬁ(cos(w(t —to—7))—1)?% TH+tg<t<ty+7+o0,
0, otherwise.
See Fig. 2.3 for the shape of ().
(2)?
T
TE
Z
0 . . ,
9t (ms) TE

Figure 2.3: The function ¢(t) for OGSE sine profile, each pulse contains 2 periods, with
to = 0.

Now we move to the definitions of the effective diffusion tensors. This is a rather
delicate question because the effective diffusion tensors are much easier to define for
a voxel V' that contains many copies of C' than for a generic voxel. In the first case,
because all water molecules in V' “see” only copies of C, and C' is small compared to
the diffusion distance, then the steady-state values of the effective diffusion tensors
can be used. These steady-state quantities can be rigorously defined from the
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Chapter 2. Voxel-level signal models accounting for heterogeneous
domains

solution of three Laplace (state-state) PDEs in C' where periodic conditions on
the faces of C' are imposed. We will present these steady-state equations shortly.
However, if V' is a generic voxel, or in other words, the representative volume C'is on
the order of a voxel (hence, V' is not periodic), it is not reasonable to suppose that
the steady-state values computed on C' with periodic boundary conditions would
be achieved at diffusion times where the diffusion distance is much smaller than C.

In [113], it was shown that if we assume the periodic extension of C' = [—L; /2, L1/2]x
[—L2/2,Lo/2] x [—Ls/2, Ls/2] to the voxel where C' is small compared to the diffu-
sion distance, the effective diffusion tensors D""’s are quantities that can be obtained
after solving three steady-state Laplace PDEs. Specifically, for Q™ it is

| .
Djj = — | D(x)Vm,(r)-eydr, j k=13, (2.24)

where e}, is the unit vector in the k** direction, and we have to solve 3 steady-state
Laplace equations over C for the unknown functions m;(r):

V- (D'Vm,(r)) =0, reqm, (2.25)
subject to impermeable boundary condition on 9€2™:

Vm;(y) -n(y) =0, ye€oQ™, (2.26)
and periodic boundary conditions on 0C"

MO, e = i), g gy — OikLa k=1, 3, (2.27)

0 0
—m,;(r = —m;(r , k=1,---,3, 2.28
o, () et O i(r) i (2.28)

where §;;, = 1if k = j, and J;;, = 0, otherwise. We emphasize that functions m;(r)
are independent of the permeability and diffusion gradient. As a consequence,

1. The permeability coefficient does not enter into the definition of D™. In other
words, the analysis was done around the low permeability limit x = 0.

2. D™ is a physical characteristic of the cellular geometry, it does not depend
on the diffusion gradient.

It is easy to show that if the periodic extension of Q" is compact, namely, if Q™ is
a sphere compartment, then its effective diffusion tensor is 0:

D" =o0. (2.29)

We account for long cylindrical cells by supposing the radius of the cylinder is small,
and setting its effective diffusion tensor to:

D™ =aD%T, (2.30)
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where a is the normalized (]|a|| = 1) vector parallel to the axis of the cylinder. We
will construct the computational domain C' so that when it is periodically repeated,
the Q™ that corresponds to a cylinder becomes infinitely long along its longitudinal
direction. We note that the expressions (2.19, 2.29, 2.30) have been used in previous
works (for example, in [76]) for the Kérger model.

The initial condition of the ODE model is the same as for the Kiarger model, namely,
Eq. (2.16), and the dMRI signal for the ODE model is

P
Sope(b) =Y. Mopg(b, TE). (2.31)
=1

2.8 Limiting cases

Finally, we note that if there is no exchange (k = 0) between any of the compart-
ments, the macroscopic dMRI signal is

Noex(b) = > v"™exp el b, (2.32)
m=1 g

where diffusion is each compartment is still considered as Gaussian. If the exchange
between the compartments are infinitely fast (kx = oo), then the dMRI signal is:

SrasTex(b) = eXP( (Z ng D g) b)- (2.33)

2
= el
The Kérger model and the ODE model are formulated to explain the intermediate
exchange regime that falls between the two extreme cases in Eqgs. (2.32, 2.33).

One important property of both the Kéarger model and the ODE model is that the
ADCY is independent of time and of s:

ADCEAR — ADCYPE — ADCEASTEX — ApCNOEX — Z g Hf. (2.34)

Thus, two necessary conditions for the applicability of these macroscopic models
are: (i) the diffusion time should be long enough that the measured ADCj does not
change (much) with time, and (ii) the cell membrane permeability x should be low
enough that it does not affect (much) the ADCj.
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CHAPTER 3

Numerical study of two
macroscopic dMRI signal
models

3.1 Method

We solved the multiple compartment Bloch-Torrey PDE in the computational do-
main C containing different cellular configurations using the finite elements method
described in [84]. We generated the finite elements mesh in the computational do-
main C' using the mesh generation platform Salome (http://www.salome-platform.org/).
The computational domain C' was chosen to contain a configuration of spheres and
cylinders. The angles of the cylinders were chosen so that when C is periodically
repeated, the cylinders become infinitely long. In the simulations, the extra-cellular
fractions were between 0.31 and 0.51, higher than in brain tissue. Due to compu-
tational limitations of the three-dimensional simulations, C' will be much smaller
than a voxel. In all cases, the cellular configurations were constructed so that at the
diffusion times simulated, all the diffusion compartments are (close to) Gaussian.

We set the intrinsic diffusion coefficient in all the compartments to be D° = 3 x
1073mm?/s. The initial magnetization was set to % for all the compartments to
normalize the dMRI signals to 1 at b = 0. For simplicity, for both the rectangular
and trapezoidal PGSE sequences, we set tg = 0 and T'E to be immediately after
the diffusion-encoding sequence.

We computed the dMRI signal at 20 b-values between 0 and 4000s/ mm?. We will
compare the following 5 models of the dMRI signal:

1. “PDE”: The (microscopic) multiple compartment Bloch-Torrey PDE.
“ODE”: The (macroscopic) ODE model.

“KAR”: The (macroscopic) Kérger model.

“NO EX”: The (macroscopic) No Exchange signal.

o W

“FAST EX”: The (macroscopic) Fast Exchange signal.

The signals will be labeled as the above in the figures. We will also plot the compart-

ment magnetizations, MlPDE(b,t), HZODE(b,t) and MIKAR(Z), t), for the different
compartments as a function of time.



Chapter 3. Numerical study of two macroscopic dMRI signal models

The simulations were performed on a Dell PRECISION M4700 workstation (In-
tel(R) Core(TM)i7 CPU 3740QM@2.70GB). The solution of the microscopic Bloch-
Torrey PDE took between 4 seconds to 37 minutes, per b-value, depending on the
complexity of the cellular configuration and timing for gradient profile. The mem-
ory usage was between 28Mbytes to 409Mbytes. Table 3.1 shows the details of
simulation time and memory usage. The ODE model was solved using the Matlab
(home built) command “ode45”. The solution of the ODE took a few seconds per
b-value. The memory usage was negligible.

. Computational time
Domain Memory (MB) 5= A —bms | 5 = A — A0ms
1 Sphere 36 15 seconds 38 seconds
76 spheres 409 15 minutes 37 minutes
Slanted parallel cylinders 36 15 seconds 37 seconds
3-compartments cylinder 28 4 seconds 10 seconds
Cylinders + spheres 227 8 minutes 22 minutes

Table 3.1: Memory usage and average computational time per b-value to solve the Bloch-
Torrey PDE.

3.2 Numerical study

In this section, we will first illustrate the properties of the ODE model on a simple
cellular configuration where C' contains a single sphere as we vary the gradient pulse
shape, the diffusion time, the cell permeability, and the cell radius. Then we put
more complex three-dimensional cellular configurations inside C' where C' has side
lengths varying between 5 — 15um.
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3.2. Numerical study

3.2.1 Periodic lattice of spheres

We study the properties of the ODE model using a simple geometry of a periodic
lattice of spheres. The computational domain is C = [~2.5um, 2.5um]3. Inside C
we placed one sphere of radius R® = 2.45um. The finite elements mesh for C' is
shown in Fig. 3.2(a). The gradient direction is g = [1,0,0].

This domain contains two compartments: the extra-cellular compartment Q¢ and
the sphere compartment €2°. The corresponding volume fractions are v¢ = 0.51 and
v® = 0.49. The surface area between the two compartments is [['*¢| = 75um?. The

effective diffusion coefficient of Q° is D° = 0 because the sphere is compact. We
computed the effective diffusion tensor of Q¢ according to Eq. (2.24) to be:

2.320.00 0.00
De=|0.00 232 0.00 | x10~>mm?/s.
0.00 0.00 2.32

We remind that the effective diffusion tensor describes the asymptotic behavior at
(infinitely) long times.

3.2.1.1 Residence time

Now we verify the analytical formula of the residence time in Eq. (2.19) for the
periodic lattice of spheres (Fig. 3.2(a)) by solving the Bloch-Torrey PDE with zero
gradient, g = 0, in other words, the diffusion equation, to obtain the compartment
magnetizations M pp(0,t) and Mppz(0,t) at different times: ¢ € [0, 20]ms. If the
compartment magnetizations can be approximated by an ODE model of the form
given in (2.18), then necessarily:

dMppg (0, 1)

1 —, 1
7 - EM;DE(OJ) + EM;DE(Oat)a

dMppg(0,1) 1 1 3.1)
s —s —e
7”;; ~— EMPDE(OJ) + EMPDE(OJ)'
Using the relation (2.20), we can obtain the best fit 7% at t:
UM ppp(0,t) — Mppp(0,t
Tfft(t) — PDE( ) PDE( ) (32)

dMppp(0,t)
dt

To prevent the denominator of (3.2) from being zero, we choose an initial condition
for the Bloch-Torrey PDE that is not the equilibrium solution. For example, setting

M(r,0lg) =1, reQ? (3.3)
M(r,0lg) =0, reQf (3.4)

would suffice.

Now we compare the analytical approximation 7 in Eq. (2.19) with 7§5,(¢) in
Eq. (3.2). We solved the PDE using the intrinsic diffusion coefficient D° = 3 x
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Chapter 3. Numerical study of two macroscopic dMRI signal models

1073mm? /s and two different values of permeability: x = 1x 107°m/s (Fig. 3.1(a))
and k = 1 x 107*m/s (Fig. 3.1(b)), corresponding to two values of the residence
time: 7% = 81ms and 7% = 8.1ms, respectively. One can see on both Fig. 3.1(a)
and Fig. 3.1(b) that 7¢5,() is a constant for ¢ € [0, 20]ms. At the lower permeability
k= 1x10""m/s, 765(t) is very close to 7%°. At the higher permeability x =
1x10~*m/s, there is a small difference between 755 (t) and 7°%, the relative difference
being about 4%.

10

B B
.80 4 G *atacaasacacaa-a“acarara-a"asa aa’l
[} []
g g
Z 60 E g
[} )]
8 7= 81lms 8 +7¢=8.1ms
5 40 =i (t) < 4 &7 (1)
= =
Q Q
~ ~

20 2

% 5 0 15 20 % 5 0 15 20

t st) t st)
(a) k=1x 10" m/s. (b) K =1x 10"*m/s.

Figure 3.1: Verification for the residence time 7°° at two permeabilities (a) k = 1 x
10~°m/s, (b) k =1 x 10~ *m/s.

3.2.1.2 Compartment magnetization

We set the cell permeability to x = 10~°m/s. Applying a PGSE sequence with
d = 40ms, A = 40ms, we see that the Sopg(b) is very close to Sppg(b), whereas
Sk ar(b) is further away (Fig. 3.2(b)). We also show the compartment magnetiza-
tions in Q¢ and QF from ¢ = Oms to ¢ = 80ms at b = 2000s/mm? (Fig. 3.2(c) and
Fig. 3.2(d)). We see that M, p(2000,t) and M, p (2000, t) follow the time evolu-
tion of H;DE(Q%O, t) and M}ZDE(Q@, t), whereas the Kérger model compartment
magnetizations My 4 (2000, 1) and My 4 (2000, ) do not.

Next we apply a gradient sequence with two trapezoidal pulses, each pulse lasting
40ms. See Fig. 3.3(a) for the profile of f(t). Figure 3.3(c) presents the dMRI
signals, Sppr(b) and Sopg(b), while Fig. 3.3(e) shows the sum of the compartment
magnetizations, M 55 5(2000, 1)+ M 5 (2000, 1), Mg p (2000, )4+ Mg, p (2000, 1),
as a function of time, at b = 2000s/ mm?. Then we apply a gradient sequence with
four trapezoidal pulses, each pulse lasting 20 ms. See Fig. 3.3(b) for the profile of
f(t), while the signal and compartment magnetizations are shown in Fig. 3.3(d)
and Fig. 3.3(f), respectively. These results for kK10~°m/s (relatively slow exchange)
indicate that the ODE model correctly reproduces the time evolution of the water
proton magnetization in different compartments over the entire time course of the
gradient sequence, even for complicated gradient shapes.
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3.2. Numerical study
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Figure 3.2: (a) Finite elements mesh of C; (b) DMRI signals: Sppgr(b), Sopr(b),
Snorx(b), SrasTex(b); (c) Compartment magnetization in the extra-cellular compart-
ment at b = 2000s/mm?*: Mpp,5(2000,t), Mg p(2000,t); (d) Compartment magnetiza-
tion in the sphere at b = 2000s/mm”: M pp (2000, ), M}, p5(2000,t). Cell radius 2.454m,
k = 10"%m/s. PGSE sequence with § = A = 40ms.

We also apply a gradient sequence of OGSE sine without gap time between two
pulses and with one period in each pulse, each period lasting 40ms. See Fig.
3.4(a) for the profile of f(t). Figure 3.4(c) presents the dMRI signals, Sppr(b)
and Sopg(b), while Fig. 3.4(e) shows the sum of the compartment magnetiza-
tions, Mpp(2000,t) + Mppe(2000,t), Mypp(2000,t) + M pe(2000,t), at b =
20005/mm2. Then we also apply a gradient sequence of OGSE sine with two pe-
riods in each pulse, each period lasting 20 ms. See Fig. 3.3(b) for the profile of
f(t). Figures 3.3(d) and 3.3(f) show similar results to that of trapezoidal shape
sequences.
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Figure 3.3: The domain is a periodic lattice of spheres, R = 2.45um, k = 10~°m/s. Top:
the gradient profiles: (a) two pulses 6 = A = 40ms, 7 = §/3, (b) four pulses 6 = A =
20ms, 7 = 0/3. Middle: the dMRI signal, Sppr(b), Sopr(b), as a function of b-value.
Bottom: the sums of the compartment magnetizations MEPDE@OOO,t) + H;DE (2000, t),
M p5(2000,1) + My (2000, 1), as a function of time at b = 2000s/mm”.
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Figure 3.4: The domain is a periodic lattice of spheres, R = 2.45um, k = 10~°m/s. Top:
the gradient profiles. Middle: the dMRI signal, Sppr(b), Sopr(b), Skar(b), as a func-
tion of b-value. Bottom: the sums of the compartment magnetizations M ; pr(2000,t) +

M5 p (2000, 1), Mg p (2000, 1) + My, p (2000, 1) as a function of time at b = 2000s/mm”.
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Chapter 3. Numerical study of two macroscopic dMRI signal models

3.2.1.3 Diffusion time

Now we consider the convergence of the ODE model to the PDE model. Comparing
a short diffusion time PGSE sequence with 6 = A = 10ms (Fig. 3.5(a)) to a long
diffusion time PGSE sequence with 6 = A = 40ms (Fig. 3.5(b)), we see that
Sope(b) becomes closer to Sppg(b) as the diffusion time increases.

1.6 PDE
-ODE
0.8/ @3, H>KAR
0.7t Ry (-NO EX
oo FAST EX
0.6r
‘g 05
0
0

03
0% 7000 2000 3000 4000
b-value (s/mm?)
(a) PGSE, 6 = 10ms, A = 10ms.
1. PDE

0% 7000 2000 3000 4000
b-value (s/mm?)

(b) PGSE, 6 = 40ms, A = 40ms.

Figure 3.5: The domain is a periodic lattice of spheres, R® = 2.45um, k = 10~°m/s.
Sope(b) is closer to Sppg(b) for longer diffusion time.
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3.2. Numerical study

3.2.1.4 Membrane permeability

Next, we consider the effect of membrane permeability. Figure 3.6 shows Sppg(b)
and Sopg(b) of the spherical cell domain for different permeabilities: x = 10~5m/s,
Kk =2.5x10""m/s, k = 5x 10~°m/s, with two PGSE sequences: § = A = 10ms and
d = A = 80ms. We can see that at lower permeabilities (Fig. 3.6(a) and 3.6(b)),
Sopr(b) is closer to Sppgr(b) for longer diffusion time. In contrast, at higher
permeability (Fig. 3.6(c)), the distance between Sopg(b) and Sppg(b) does not

become smaller. This is expected because of stronger mixing between compartments
at higher permeabilities.

OPDE,§=10A=10
01t #%ODE,§=10A=10
%PDE, § =80 A =80
¢(ODE, § =80 A =80

0 1 OIOO ZOIOO 30IOO 40IOO
b-value (s/mm?)

(a) Kk =1x10""m/s.

©PDE,§=10A=10

é; %ODE,§=10A=10
0 %PDE, § =80 A =80
0 ‘ &ODE, § =80 A =80
0. : é "
N =03 N
R g >
@@ 5300.2 §2

o

R,
|OPDE,§=10A=10 Qﬁ@g} ‘ :
I %ODE, § =10 A =10 %} 01 Qi
%PDE, §=80 A =280 R i@

&ODE, § =80 A =80

. ) . . =20V,
0 1000 2000 3000 4000 0 1000 2000 3000 ' 4000
b-value (s/mm?) b-value (s/mm?)
(b) K =2.5x 10"°m/s. (¢) k=5 x 10""m/s.

Figure 3.6: The domain is a periodic lattice of spheres, R® = 2.45um. The gradient
sequence is PGSE with § = 10ms, A = 10ms and § = 80ms, A = 80ms. The accuracy of

the ODE model (as compared to the PDE model) improves as the diffusion time increases,
if the permeability is low.
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3.2.1.5 Cell size

Now we double the radius of the sphere to R* = 4.9um as well as double the size
of the computational domain, to C' = [~5um, 5um]®. This keeps the same volume
fractions, v¢ = 0.51, v® = 0.49, but halves the surface-to-volume ratio. For this
domain, we computed

2.32 0.00 0.00
De =1 0.00 2.32 0.00 | x1073.
0.00 0.00 2.32

This is exactly the same as the D° of the domain with R® = 2.45um, computed
previously.

We set x = 107°m/s and show that the ODE model is less accurate for the domain
with R® = 4.9um (Fig. 3.7(b)) compared to the domain with R® = 2.45um (Fig.
3.7(a)). The gradient sequences are PGSE, with § = A = 40ms and § = A = 80ms.

This can be explained by the fact that at R® = 4.9um, the diffusion distance for
water molecules inside the spheres is not yet zero in the range of times consid-
ered. To illustrate this argument, we computed the time-dependent ADCy for each
compartment by setting x = Om/s and solving the Bloch-Torrey PDE for many
PGSE sequences, with § = 1ms, and A varying from 10ms to 160ms. We show the
ADC) as a function of A for water inside 2¢ (Fig. 3.7(c)). The ADCy approaches
the steady-state value of 2.32 x 10~2mm? /s quickly for both sphere radii. On the
other hand, if we consider water inside the sphere, 2, we see in Fig. 3.7(d) that
the ADCy for R® = 2.45um is much closer to its theoretical steady-state value of
D’ = 0 than that for R® = 4.9um, on [Oms, 160ms], the range of diffusion times
considered. This means that when R®* = 4.9um, the average diffusion distance for
water molecules inside the sphere still varies a lot as a function of time and °
cannot be considered a Gaussian diffusion compartment.
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Figure 3.7: Two periodic lattices of spheres, with R®* = 2.45um and R® = 4.9um, k =
1075m/s. Sppr(b) and Sopr(b) for the PGSE sequence with § = A = 40ms and § =
A = 80ms are shown in (a) and (b). Setting x = Om/s, we also computed the ADCj
corresponding to many PGSE sequences, with § = 1ms, and A varying from 10ms to 160ms,
for the extra-cellular space Q¢ (c) and for the intra-cellular space Q° (d). One can see that
while the extra-cellular space Q¢ can be considered a Gaussian diffusion compartment for
both sphere sizes (look at the scale of the y-axis), the sphere compartment Q° cannot
be considered a Gaussian diffusion compartment when R = 4.9um because the ADCy is
changing a lot with diffusion time on [Oms, 160ms].

3.2.2 Simulation on complex geometries
3.2.2.1 Domain containing spheres of various sizes

We constructed the domain shown in Fig. 3.8(a) containing 76 spherical cells with
a range of radii between 0.6 — 2.55um. The spheres were put randomly in the com-
putational domain is C' = [~5um, 5um]? in a way to ensure no overlap. Formally,
one has 76 different spherical compartments, each with its volume fraction and
surface-to-volume ratio. However, it is convenient to combine 76 spheres to form
a single compartment Q°. The extra-cellular space forms the second compartment
Q¢. The corresponding volume fractions are v* = 0.65 and v¢ = 0.35. The surface
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Chapter 3. Numerical study of two macroscopic dMRI signal models

to volume ratio is ['%¢|/|Q2%| = 1.85um~!. Here we assume that |T'*¢|/|Q?%| gives a
good approximation of the average surface-to-volume ratios of all the 76 spheres.
The approximation is exact when all the spheres have the same radii. In the domain
shown in Fig. 3.8(a), each sphere is compact, effective diffusion tensor for each of
them can be considered as 0 from Eq. (2.29), and this consideration holds for their
joint intra-cellular compartment. We also computed D€ by solving Eq. (2.24):

2.20 0.00 0.00
De=10.00 225 0.00 | x 10"3mm?/s.
0.00 0.00 2.24

We see in Fig. 3.8(b) that using two-compartment ODE model still gives a good
approximation to the signal of the full PDE if we use the average surface-to-volume
ratio of the 76 spheres.

PDE

- -ODE
0.9/ H>KAR
08 4NO EX
----- FAST EX
07 5.
_ He0e060860686
$06 N B
.20
P05
0.4
0% 1000 2000 73000 2000
b-value (s/mm?)
(a) Finite elements mesh of C. (b) DMRI signals.
Figure 3.8: (a) The computational domain C' = [~5um, 5um]? contains 76 spheres with

radii 0.6 — 2.55um. The volume fractions of the spheres and of the extra-cellular space
are v® = 0.65 and v® = 0.35, respectively. The membrane permeability is set to Kk =

10_5111/8. (b) The dMRI signals: SPDE(b), SoDE(b), SKAR(b), SNOEX(b)7 SFASTEX(b)~
The gradient sequence is PGSE with § = A = 25ms.

3.2.2.2 Domain containing parallel cylinders

In order to test whether the ODE model works properly for anisotropic diffusion,
we construct a domain containing slanted cylinders that all lie parallel to the = — y-
plane, make an angle 7/3 with the z-axis, and have the radius R® = 2.35um (Fig.
3.9(a)). The computational domain is C' = [~2.89,2.89] x [~2.5,2.5] x [—5, 5]um?.
This domain is split into two compartments: the compartment ¢ of all the cylinders
(with v¢ = 0.69), and the extra-cellular space Q¢ (with v¢ = 0.31). The volumes
and surface areas are |Q°] = 91um?, |Q°| = 198um3, and |T°°| = 170um?. We
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computed from Eq. (2.30):

0.75 0.00 1.30
De=|0.00 0.00 0.00 | x 10 *mm?/s,
1.30 0.00 2.25

and from Eq. (2.24):

1.88 0.00 0.65
De=|0.00 252 0.00 | x 10~*mm?/s.
0.65 0.00 2.63

We set £ = 107°m/s and § = A = 80ms for the PGSE sequence. Three gradient
directions (parallel, perpendicular and 45 degrees from axes of the cylinders) are
considered. We show in Fig. 3.9(b) that Sppg(b) and Sopg(b) are close in all three
gradient directions.

(a) Left: mesh of C'. Right: periodic extension.

-4
Rl R N PR-HGO
©PDE, g = (0.5, 0, 0:87)
2 ODE, g = (0.5, 0, 0.87)
% PDE, g = (0.87, 0, -0.5)
&ODE, g = (0.87, 0, -0.5)
 3PDE, g = (0.97, 0, 0.26)
“%_£:ODE, g = (0.97, 0, 0.26)
L
‘}x\
x\
Xz
o] 1000 “3000 4000

) 2000 .
b-value (s/mm?2)

(b) DMRI signals.

Figure 3.9: In (a), left: finite elements mesh of C' = [—2.89,2.89] x [~2.5, 2.5] x [—5, 5]um?,
right: when periodically extended, the cylinders are infinitely long. In (b): Sppg(b) and
Sope(b) when x = 107°m/s. The gradient directions are g; = (0.5,0,0.87) and g, =
(0.87,0,—0.5), correspondingly parallel and perpendicular to the axis of cylinders, and
g3 = (0.97,0,0.26), lying in the middle of g; and go. The sequence is PGSE, with § = A =
80ms.
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3.2.2.3 Domain containing cylinders with thick membrane layer

Next, we constructed a domain with a cell membrane compartment (Fig. 3.10(a)).
The computational domain C' = [~2.75,2.75]% x [~0.5,0.5]um?® contains a cylinder
(R® = 2.0um) with a thick membrane (thickness h = 0.45um) outside it. We
consider C' to be made up of three compartments: the extra-cellular space €
(|9¢] = 11.5um?), the membrane compartment Q™ (|]Q™| = 6.3um?®), and the
cylinder compartment Q¢ (|Q¢| = 12.5um?), with the corresponding interfaces I'“™
(|7 = 15.4pum?) and T'™¢ (|T™¢| = 12.5um?) (|T°| = 0, obviously). We know D°
and D™ from Eqs. (2.30, 2.29). We also computed

1.70 0.00 0.00
De=| 000 1.70 0.00 | x 10~*mm?/s.
0.00 0.00 3.00

We would like to know whether the membrane compartment can be detected in the
dMRI signal. For this purpose, we construct a second computational domain C,
with two compartments: a combined cylinder and membrane compartment, 77¢,
with infinite permeability between Q™ and Q¢ (|Q™+¢| = 18.8um?), and the same
extra-cellular compartment 2¢ as for the three-compartment domain. In the two-
compartment domain, there is only one surface ['*(™+¢) (|Pe(m+e)| = 15.4m?).

For permeability x™¢ = 10~°m/s, Fig. 3.10(b) shows Sppg(b) and Sopg(b) in the
gradient direction perpendicular with the cylinder axis for both domains. Sppg(b)
and Sopg(b) are close to each other in both cases. The difference between the
signals from the two domains can be seen in Fig. 3.10(b) but it is not clear whether
the difference is large enough to be useful in detecting the membrane compartment
in experimental settings.

©PDE 3-compartments
o.sl 2= ODE 3-compartments
sk PDE 2-compartments
_.07 &> ODE 2-compartments
g
0.6t
0.5
0.4t
(0] 1000 2000 3000 Y00
b-value (s/mm?)
(a) Two and three compartment do- (b) DMRI signals.

mains.

Figure 3.10: C = [-2.75,2.75]% x [—0.5,0.5]um?, cylinder radius R = 2.0um, membrane
thickness h = 0.45um. In (a), finite elements meshes, left: two-compartment domain (¢
and Q™) right: three-compartment domain (Q¢ and Q¢ and Q™). In (b). Sppr(b)
and Sopg(b) of the three-compartment domain and the two-compartment domain, with
k = 1075m/s, subject to PGSE § = A = 80ms, in the gradient direction g = (1,0,0),
perpendicular with the axis of cylinder.
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3.2.2.4 Domain containing cylinders of different orientations and spheres

Finally, we constructed a domain of 5 layers of cylinders lying parallel to the x — y
plane and 4 layers of spherical cells all embedded in the extra-cellular space, see
Fig 3.11(a). The five layers of cylindrical cells contain parallel cylinders that are
oriented at 0, 26.5, 45, 63.5 and 90 degrees, respectively, from the z-axis (cylinder
radius R® = 1.0um). The 4 layers of 16 spherical cells (sphere radius R* = 1.375um)
are inserted between the 5 layers of cylindrical cells. When the spheres overlapped
with cylinders, the latter have been (slightly) deformed. This deformation allowed
to reduce the volume fraction of the extra-cellular space. Note also that some
spheres and cylinders have joint interfaces. Although the cylinders were slighlty
deformed, we could still use Eq. (2.30) for computing the effective diffusion tensor.

In summary, we consider this domain to have 7 compartments: the extra-cellular
space (€2¢), the compartment of the 4 layers of 16 spherical cells (©2°), and 5 com-
partments consisting of the cylinders with the same orientation (¢, --- Q). In
each layer of cylinders, the orientations of the cylinders are the same. One can note
that the compartment combination for spheres can be done similarly to previous
examples because of their compact shapes. On the other hand, despite of having
very similar shapes and surface-over-volume ratios, the effective diffusion tensors of
5 layers of cylinders are not the same. So their compartment combination is not
applicable, and one need to consider each layer separately.

For the 7 compartments, the volumes are: [Q¢| = 383um?, |Q%| = 167um3, |Q°| =
46pum3, |Q°2| = 47um3, |Q3| = 55um?, |Q%| = 47um3 and |Q%| = 46um?. The
surface areas are: |[°| = 291um?, |[[°t| = 93um?, |T°2| = 85um?, |T°3| =
98um?, |¢4| = 85um?, [['5| = 93um?, [T = 0, [T = 21um?, || =
37um?, [T%¢| = 21um?, |T*¢| = 0. The cellular permeability for both cylinders and
spheres is set to kK = 107°m/s. The computational domain is C' = [-3.75,3.75] x
[~7.03,7.03] x [~3.75,3.75] um®. The computed effective extra-cellular diffusion

tensor is:
2.29 0.00 0.11

De=|0.00 205 0.00 | x 10" mm?/s.
0.11 0.00 2.29

We computed Sppr(b) and Sopg(b) in three gradient directions: g; = (1,0,0),
g2 = (1,0,1), and g3 = (1,1, 1), for the PGSE sequence with 6 = A = 40ms. Figure
3.11(b) shows that the ODE and the PDE signals are almost indistinguishable.
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(a) Finite elements mesh of C.
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Figure 3.11: (a) Finite elements mesh of C' containing 5 layers of cylinders and 4 layers of
spheres. In each layer, the cylinders have the same orientation. (b) Sppg(b) and Sopg(b).
The cell membrane permeability is x = 1075m/s. The gradient directions are g; = (1,0, 0),
g2 =(1,0,1), and g3 = (1,1,1). The pulse sequence is PGSE, with 6 = A = 40ms.
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3.3 Discussion

We have shown by the numerical simulations that if the voxel is made up of spatial
sub-domains that are separated from each other by low permeability membranes
and if diffusion in the sub-domains are (close to) Gaussian (i.e., the condition of
good equilibration in each compartment is satisfied), then the macroscopic ODE
model of the dMRI signal (and the Kérger model, if the gradient profile is narrow
pulse) is a good approximation to the microscopic Bloch-Torrey PDE model. How-
ever, for a generic voxel, spatial variations within the diffusion compartments are
expected on the length scale of the voxel. For example, we would expect that the
effective diffusion tensor of the tortuous extra-cellular space would not, in general,
be constant over the entire voxel, exhibiting spatial variations on smaller length
scales. However, the insight gained by the ODE model can still be important. In
[113] the ODE model was derived by explicitly taking into account the discontinu-
ity in the magnetization across the cell membranes and using different expansions
of the PDE solution in each compartment, matching them via the interface con-
ditions. A way to formulate better macroscopic models for “realistic” tissues is to
account for the “smooth” spatial variations in the diffusivity within each compart-
ment, for example, by expanding around a mean effective diffusivity as was done
in [70]. However, this expansion should not be taken for the entire voxel because
the magnetization is sharply varying in a large portion of the voxel, i.e., on the
biological cell membranes.

3.4 Conclusions

A macroscopic ODE model governing the time evolution of the integrals of the wa-
ter proton magnetization in compartments defined as spatial sub-domains of the
imaging voxel was recently formulated from the microscopic heterogeneous domain
Bloch-Torrey PDE. We conducted a numerical validation of this ODE model for
complex geometries containing spheres and cylinders of various sizes and orienta-
tions. We illustrated by numerical simulations that this new ODE model was a
good approximation to the dMRI signal of the full PDE model for general gradient
pulse shapes when the diffusion in all the compartments is approximately Gaussian
and the mutual exchange between them is slow. When the narrow gradient pulse
assumption is not satisfied, the ODE model offers a much better approximation
of the full PDE signal than the Kérger model. More work remains to be done to
improve the macroscopic models to make them applicable to brain dMRI.
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CHAPTER 4

Parameters estimation using
macroscopic dMRI signal
models

In diffusion MRI, water motion inside a biological tissue is monitored in order to
characterize the tissue microstructure at micrometer-order length scales. Varying
gradients and diffusion times, one acquires the macroscopic signal which aggregates
statistically averaged information about the domain at the millimeter scale. Infer-
ring the microstructure from the macroscopic signal is a formidable inverse problem.
In spite of considerable research over the last 50 years, this problem remains very
poorly understood (see [3] and the bibliography in Chapter 1).

The complexity of brain tissue does not allow the extraction of the whole microstruc-
ture. In turn, one focuses on estimating some effective parameters of the tissue
whose changes can afterwards be related to physiological or pathological modifi-
cations. Among such effective parameters, one often considers volume fractions of
the intra-cellular and extra-cellular spaces (which may change during cell swelling),
membrane permeability (which may characterize, to some extent, normal or abnor-
mal functioning of cells), average size of cells, as well as effective diffusion coeffi-
cients. In this chapter, we consider the parameters estimation problem by using
macroscopic dMRI signal models.

Instead of experimental data we will use synthetically generated data. This will
allow us to clarify some relations between the microstructure and the dMRI signals,
and to check the influence of various parameters on the stability and the quality of
the parameters estimation.

In the first step, we choose a model microstructure and produce synthetic dMRI
signals by solving numerically the microscopic Bloch-Torrey equation on this do-
main at a set of b-values. This signal is considered as an input to the parameters
estimation problem. In the second step, we fit this signal at the set of b-values
using the macroscopic Karger and the ODE models to extract model parameters.
If there are P compartments, the full set of macroscopic model parameters are:

e the volume fractions of the compartments: {vp, }1<m<p;

e the effective diffusion coefficients in a prescribed gradient direction g that we
define as: {Dg' = " D" g} 1<m<p;

e the residence time for molecules in the compartment [ before exchanging to
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the compartment m:

! l
{T™h<im<p, I#m, Where 7

We label this full set of model parameters by:

Yl = {vm,ng,Tlm} .
1<I,;m<P, l#m

In practice, we solved the least squares problems to be explained below for the

parameters —— instead of 7/, but for the ease of notation, we will list 7™ as the

Im

searched-for parameter, instead of, more correctly, its reciprocal.

The total number of parameters in U is

Zfull = ]uf“” — 2P+ P(P-1)/2— 1.

For example:

P=2- 2zl =4
P=3— 2zl =g
P =4 2/ =13

If one needs the full effective diffusion tensors D", m =1, --- , P instead of just the
effective diffusion coeflicients in a given direction, Dg',m = 1,---, P, then there
would be an additional 5P parameters.

Because of the high number of model parameters as the number of compartments
increases, for some problems, we will consider the parameters estimation problem
under the simplifying assumption that a subset of 4" is known. In this case, we
will specify the subset of parameters to be estimated, U, and the set of parameters
whose values will be set to known values: U*"°%"  Together, they make the full set
of macroscopic model parameters:

ufull _ Uknoum uUu.

For the set of parameters to be estimated, U/, to define the parameter estimation
problem, we denote the ODE signal by

SODE(b7 uknown’u%

and the Karger signal by
SKAR(b7 uknoum’ Z/{) )

In the following, we will suppose that the dMRI signal is “exactly” the output of the
Bloch-Torrey PDE: Sppr(b), and the macroscopic parameters of the heterogeneous
domain of the PDE model to be the “true” ones, labelled uf

true*

Even if we use the true parameters, there will be modeling errors associated with
approximating Sppg(b) by Sope(be, U™ 0) or Sk ar (b, UL ). We denote the
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relative difference between the signals of the PDE model and the ODE and Kérger
models using the true macroscopic parameters by:

3
Sppe(by) — Sope by, UL, 0)
Rmod = - TUe ’ 4.1
oDE np kz:l SppE(bk) (4-1)
and
prod — |1 Z Sppr(br) — Sk ar(by, UL, 0) ’ (4.2)
KAR =N\, = Sppe(bk) ’ '

where ny is the number of b-values. The above expressions can be considered resid-
uals of the functionals.

In addition, we assume that there will be experimental noise:
(SppE)"” (b) = Sppe((b) + N(b). (4.3)

For simplicity we will only consider Gaussian noise. More precisely, for each b-value,
we add directly a random Gaussian variable with mean 0 and standard deviation
o:

N(b) = Ny(0,52). (4.4)

4.1 The least squares problem

The least squares problems we solve are the following:

2
. & | SppE(br) + N(b) — Sope (b, U™ U)
4.5
H%Jmkz::l Sppe(bk) + N (bg) (4:5)
" Spop(be) + N (be) — Sk an(be, Uk 1) |
! ! 4.6
mm Z Sppe(br) + N (bg) (4.6)

Here one aims to minimize the relative difference between numerical points and
fitting function, instead of the absolute difference. This choice allows one to “equi-
librate” contributions from large signals at small b-values and from small signal at
large b-values. Other functionals can also be considered.

Two inherent constraints on the model parameters are already given in Eq. (2.20)
and Eq. (2.12). Physical arguments imply the other constraints:

7_lm o™

Tl - ol
P

Zvl =1,

=1

0< Dg' < DY V|g|| =1, if Q™ is not compact,
D™ =0, if Q™ is compact,

0 <™ <1,

0<rim
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We set the following limits on the data in order to solve the parameter estimation
problem:

0 < by, < 4000(s/mm?),
0.1 < SPDE(bk;),

for all k. We will use the notation

min

UODE

and

UR R
for the solution of the minimalization problems in Eq. (4.5) and Eq. (4.6), respec-
tively.

We denote the residuals of the minimalization problems for a parameter set U by

1 & | Sppr(by) + N (bk) — Sope(bk, Ukmown 1) ?
R U)=,| — 4.8
and
U 20| Sppp(be) + N(b) — Sicar(bg, Uknown 1) [
R U)=.,l— 4.9

The residuals of the least squares solutions will therefore be Ropr(UZE:) and
RrarUSDE)-

In summary, we use the following procedure to solve the least square problem:

Algorithm 1 Algorithm of parameter estimations using macroscopic models

1: Solve the Bloch-Torrey equation Eq. (2.1) with interface condition in Egs. (2.2,
2.3) and boundary conditions (2.5, 2.6), and get the signal attenuation Sppg(by)
at b="01, - ,bp,.

2: Solve the least squares problems (4.5) and (4.6) with constraints (4.7) (and
additional constraints if exist); we used the Matlab function Isqnonlin, in which
both the residual and the estimated parameters tolerances were set at 10712

3: Solve the system of ODEs to obtain Sopg(bg, U™, U) for each by; in Matlab
we set the tolerance for the home built function ode45 to 1075.

Unless otherwise noted, the default number of b-values used is n, = 20, with

b = [0, 50, 100, 200, 300, 500, 750, 1000, 1250, 1500, 1750,

4.10
2000, 2250, 2500, 2750, 3000, 3250, 3500, 3750, 4000] X s/mm?. (4.10)
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4.2 Domain containing periodic lattice of spheres of the
same size

First we consider a simple domain of a periodic lattice of spheres of the same size
(see Fig. 3.2(a) for the computational domain C'). There are two compartments:
the extra-cellular compartment Q¢ and the spherical cells compartment 2°. The
cell radius is R®, the inter-cell distance is L. The cellular volume fraction is v*. In
this section, we consider the signal attenuation without noise, i.e, N'(by) = 0,k =
1,---,np in Eq. (4.5) and Eq. (4.6).

4.2.1 Least squares problem on a 3-parameters set

We solve the least squares problems in Eq. (4.5) and Eq. (4.6) for the following set
of three macroscopic model parameters:

S e es
U= {v  Dg, 7 },
7]

H'l"es| . o
time diffusion coefficient of Q° to be D’ = 0, which means:

where 7¢° = Because the sphere is compact, we consider the effective long-

uknown _ {D; — 0}.

The constraints from Eq. (4.7) are:

()

T v
TSE UC’

v¢+0° =1,

0 < Dg <D, (4.11)
Dg =0, because 2° is compact,

0<ov™ <1,

0< 7%,

The signal data at 20 b-value from 0 to 4000s/mm? (listed previously) are obtained
by solving the Bloch-Torrey PDE for the PGSE sequence: § = A = 40ms in
gradient direction g = [1,0,0]. We also note that diffusion on this domain could be
considered as isotropic. The cell radius is R® = 2.45um, the inter-cell distance is L =
5um, which corresponds to the cell volume fraction v® = 0.49. The intrinsic diffusion
coefficient is DY = 3 x 107>mm?/s. An intermediate membrane permeability of
k = 107°m/s was chosen. The true model parameters are:

Uppre = {vs =049, DS = 2.32 x 10> mm? /s, 7 = 81ms} :

The initial guess of the least squares problem is:

DO T€s rse B
uoz{cv, — cp—tuetrue 9% 10 % p,

» T es se
2 2(Ttrue + Ttrue)
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where ¢, is a random number (of a uniform distribution) between 0 and 1, ¢; is
between 0.1 and 10. For this domain, we did not see any difference of parameter
estimation results when ¢, and ¢, are varied.

We present UL and UPYY, in Table 4.1. Because § = A = 40ms does not satisfy
the narrow pulse assumption, the Karger model is not a good approximation of the
full PDE model, whereas the ODE model is a better approximation. The modeling
errors are Rgf)dE = 2.6% and R}’}%R = 14.0%, respectively. We see L{g)"f)"E is close to
Uyrye Tor all three estimated parameters, whereas Z/{}(”ZLR is not a good approximation
of Uprye. In particular, the S ar(b, U™ 1) and the Sopg (b, U™ U) have a
larger ADK than Sppg(b) (see Fig. 3.2(b)), leading to the under-estimation of 7¢°:
Tear = 90ms < 715y = 70ms < 745, = 8lms. The residuals of the least squares

solutions are Ropp(U&Ey) = 0.02% and Ry ap(UP4%) = 0.2%, respectively.

Then we set x = 5 x 107°m/s and show the results in the second row of Table 4.1.
We see the modeling errors have increased significantly in this higher permeability
case: RPBoL. = 11.7% and R794, = 41.0%. However, the results of parameter
estimation L{(’)”E”E are still good in comparison to Urqye, especially for v® and 7¢°.
But from the results of Y24, one can see that parameter estimation using Kérger
model does not work well.

k - PGSE Parameter utrue Ly yme
v® 0.49 | 0.50 | 0.56
k=1x10""m/s 7% (ms) 81 70 33
§ = 40ms Dg (x10~%mm?/s) | 2.32 | 2.38 | 3.00
A = 40ms R(U™™) 0.1% | 0.5%
Rmod 2.6% | 14.0%
v® 0.49 | 0.47 | 0.57
k=>5x10""m/s 7 (ms) 16 15 8
§ = 40ms Dg (x107°mm?/s) | 2.32 | 244 | 283
A = 40ms R(U™m) 0.02% | 0.3%
Rmod 11.7% | 41.0%

Table 4.1: Results of parameter estimations for the domain containing periodic lattice of
spherical cells (Fig. 3.2(a)), R® = 2.45um, L = 5pm. PGSE sequence with 6 = A = 40ms
in gradient direction g = [1,0,0] with D° = 3 x 103 mm?/s.

4.2.2 Contour plots of 2-parameters sets

Now we study the sensitivity of the solution of the least squares problems with
respect to the various macroscopic model parameters. For this purpose, we use
contour plots of Ropr(U) and Rxar(U) as we move in U parameter space.

On the contour plots, we study two parameters at a time, leaving the remaining
parameters at their known values. First we set

u={v",Dgh, U == (4.12)
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where 755, = 81ms and make plots of Ropr(U) and Rgar(U) in the first row of
Fig. 4.1. Three specific points of interest on the contour plots are:

L. Uprye = {’US = 049,D§ =2.32 x 10*3mm2/s};

2. USEy = {v® = 0.47, D§ = 2.23 x 10 *mm?/s};

3. Uy = {v® = 0.40, D§ = 1.85 x 10~ *mm?/s}.

We note the values of Z/Ig‘f)"E and L{[’?%R above are slightly different from the values
given in Table 4.1 because we set 7% to a known value and only minimize on a
2-parameters set.

We see in Fig. 4.1(a) that UZ5Y is close to Upye and in Fig. 4.1(b) that UPT, is
far from Uspye.

Now we set

U= {7}, yknown = {Dg = (Dg)tme} ; (4.13)
where (Dg) = 2.3 x 107*mm? /s and make plots of Ropr(U) and Ry ar(U) in

the second row of Fig. 4.1. Three specific points of interest on the contour plots
are:

1. Uprye = {v® = 0.49, 7% = 81ms};

2. UZ = {v® = 0.48, 7% = T4ms};

3. Upi, = {v®¥ = 0.50, 7% = 41ms}.

We see in Fig. 4.1(c) that both estimated parameters of ng%"E are close to Urye
and in Fig. 4.1(d) that the estimated 7¢° of Uy is far from Uypye.

Next we study the effect on the parameters estimation problem of various geomet-
rical properties and signal acquisition choices. In detail, one by one, we will study
the effect of permeability, diffusion time, range and number of b-values and cell size.
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Figure 4.1: Contour plots of the residuals Ropr(U) and Rxar(U). First 7°° is fixed
at the true value, while {vs, Dg} are estimated (a,b). Then Dy is fixed at the true value,
while {v®,7¢°} are estimated (c,d). PGSE with 6 = A = 40ms, n; = 20.

R™4: (a,c) 2.6%, (b,d) 14%;

RopeUZE:)): (a,b) 0.5%, (c,d) 0.2%; Rk ar(UPi): (a,b) 1.6%, (c,d) 0.6%.

4.2.3 Effect of permeability

First we study the effect of membrane permeability on the parameters estimation
problem for the ODE model only.

We show in Fig. 4.2 the contour plots of U for the two choices of 2-parameters sets
defined in Eq. (4.12) and Eq. (4.13) for k = 1 x 107°m/s and k = 5 x 10™°m/s.
With £ = 5 x 107°m/s, specific points of interest on the contour plots for first
2-parameters set on Fig. 4.2(b) are:

o Uprue = {v° = 0.49, Dg = 2.32 x 10 mm?*/s};

o UM = {0.41,2.15 x 10~ mm?/s}; Uma, = {0.30,1.96 x 10~3mm?/s};
and for second 2-parameters set on Fig. 4.2(d) are:
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4.2. Domain containing periodic lattice of spheres of the same size

o Uprye = {v° = 0.49, 7% = 16ms};

min

® UopE =

{0.44, 16ms}; UP, = {0.44, 10ms}.

We can see that at higher permeability, the contours of unknowns tend to stretch
out, which can cause problems in solving the least squares problem in Eq. (4.5).
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Figure 4.2: Contour plot of ODE model. Periodic lattice of spheres, cell radius R® =
2.45um, inter-cell distance L = 5um. PGSE sequence: § = 40ms, A = 40ms, n, = 20.
R™%: (ac) 2.6%, (b,d) 11.7%;
RopeUZEL): (a) 0.5%, (b) 0.4%, (c) 0.2% (d) 1.1%;
RrarUPTL): (a) 1.6%, (b) 6.1%, (c) 0.6% (d) 1.9%.
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4.2.4 Effect of diffusion time

Now we study the effect of diffusion time on the parameters estimation problem for
the ODE and Kérger models by changing times § and A of the PGSE sequence.
We use the following three sequences:

1. short diffusion time: § = 10ms, A = 10ms;
2. long diffusion time in the narrow-pulse regime: § = 10ms, A = 70ms;

3. long diffusion time beyond the narrow-pulse regime: 6 = A = 40ms.

One can see in Fig. 4.3 the contour plots for the choice of the 2-parameters set
defined in Eq. (4.12). At the short diffusion time § = 10ms, A = 10ms, both UZ'3Y
and M}(”A”R are far from Uy with specific points for two 2-parameter sets:
1. Figures 4.3(a) and 4.3(b): Urye = {v° = 0.49, Dg = 2.32 x 1073 mm?/s};
Uz = {0.43,1.92 x 1073 mm?/s}; URT, = {0.41,1.77 x 103 mm? /s};

2. Figures 4.4(a) and 4.4(b): Uprye = {v°® = 0.49,7°° = 16ms};
Uspy, = {0.52,28ms}; Ut = {0.52, 16ms};

At the long diffusion time in the narrow-pulse regime § = 10ms, A = 70ms, both
USLE and U, are close to Uprye for both two 2-parameter sets:

1. Figures 4.3(c) and 4.3(d): Uspye = {v° = 0.49, D§ = 2.32 x 10"*mm?/s};
Ui, ={0.47,2.22 x 1073mm?/s}; U7, = {0.46,2.22 x 10~3mm?/s}.

2. Figures 4.4(c) and 4.4(d): Ugrye = {v* = 0.49, 7% = 16ms};
Uz = {0.48, TTms}; UPY, = {0.48, 76ms}.

Finally, at the long diffusion time beyond the narrow-pulse regime § = A = 40ms,
as discussed above, L{ggjg is close to Uyypqye Whereas Z/I[TQA”R is far from Uspye. One can
see in Fig. 4.4 the contour plots for the choice of the 2-parameters set defined in

Eq. (4.13) and the conclusions are similar.
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Figure 4.3: Contour plot of ODE model and Kérger model. Periodic lattice of spheres,
cell radius R® = 2.45um, inter-cell distance L = 5um. PGSE sequence, n;, = 20.

R™ed: (a) 8.4%, (b) 11.6%, (c) 2.4%, (d) 2.8% , (e) 2.6%, (f) 14%;

RopeUZEL): (a,b) 2.3%, (c,d) 0.3%, (e,f) 0.5%;

R arUPTL): (a,b) 2.5%, (c,d) 0.3%, (e,f) 1.6%.
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Figure 4.4: Contour plot of ODE model and Kérger model. Periodic lattice of spheres,
cell radius R® = 2.45um, inter-cell distance L = 5um. PGSE sequence, n;, = 20.

R™ed: (a) 8.4%, (b) 11.6%, (c) 2.4%, (d) 2.8% , (e) 2.6%, (f) 14%;

RopeUZEL): (a,b) 1.2%, (c,d) 0.2%, (e,f) 0.2%;

R arUPTL): (a,b) 1.5%, (c,d) 0.2%, (e,f) 0.6%.
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4.2. Domain containing periodic lattice of spheres of the same size

4.2.5 Effects of b-values

Here we consider the effect of the choice of the number and magnitude of the b-values
which are used to fit the signal.

First, we keep the same number of b-values n, = 20 but use different ranges for
them:

1. [0, 1000s/mm?]:
b = [0, 20, 50, 100, 150, 200, 250, 300, 350, 400, 450,

500, 550, 600, 650, 700, 750, 800, 900, 1000] x s/mm?.
2. [0, 2000s/mm?]:
b = [0, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000,
1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 2000] x s/mm?.

3. [0, 4000s/mm?]: see Eq. (4.10).

Figure 4.5 shows the contour plots for the two choices of 2-parameters sets defined
in Eq. (4.12) and Eq. (4.13). The specific points for two 2-parameter sets of range
[0, 1000s/mm?]:

1. Figure 4.5(a): Uprye = {v° = 0.49, Dg =2.32 x 10~3mm?/s};
Uz, = {0.48,2.31 x 1073 mm?/s}; UPT, = {0.43,2.11 x 103 mm?/s}.

2. Figure 4.5(b): Urye = {v° = 0.49, 7% = 81ms};
Uz = {0.48,86ms}; UPT, = {0.48, 53ms}.

and range [0, 2000s/mm?]:

1. Figure 4.5(c): Uprue = {v° = 0.49, Dg = 2.32 X 1073 mm? /s};
Uz, = {0.48,2.31 x 1073 mm?/s}; URT, = {0.42,2.04 x 103 mm?/s}.

2. Figure 4.5(d): Usye = {v° = 0.49, 7% = 81ms};
Uz = {0.48, T4ms}; UPH, = {0.48,47ms}.

One can see that although the estimations U/ for all three ranges are close to each
other and close to Ujqe, smaller range of b-value tends to stretch out the contour
plot at every level, which means the parameters estimation problem is more difficult
to solve.
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Figure 4.5: Domain containing periodic lattice of spheres shown in Fig. 3.2(a), cell

radius 2.45um, cell distance 5um, contour plot of ODE model with PGSE profile § =

40ms, A = 40ms, ny = 20 b-values in range (a) [0, 1000s/mm?], (b) [0, 2000s/mm’], (c)
2

[0, 1000s/mm”].

R™%: (a,b) 0.8%, (c,d) 1.5%, (e,f) 2.6%;

Ropr(USpE): (a) 0.1%, (b) 0.1%, (c) 0.1%, (d) 0.2% , (e) 0.5%, (f) 0.2%;

Riar(URTR): () 0.1%, (b) 0.1%, (c) 0.4%, (d) 0.3% , (e) 1.6%, (f) 0.6%.
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4.2. Domain containing periodic lattice of spheres of the same size

Next we fix the range of b-values to [0, 4000s/mm?] and use different numbers of
b-values:

1. ny = 10:
b = [0, 250, 500, 1000, 1500, 2000, 2500, 3000, 3500, 4000] x s/me.

2. np = 20: see Eq. (4.10).
3. np = 40:
b = [0, 20, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1300,
1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300, 2400, 2500,
2600, 2700, 2800, 2900, 3000, 3100, 3200, 3300, 3400, 3600, 3800, 4000] x s/mm”.

On Fig. 4.6, the specific points for two 2-parameter sets of ny = 10:

1. Figure 4.6(a): Uprue = {v° = 0.49, D§ = 2.32 x 10~ *mm?/s};
Ui = {0.47,2.23 x 10~3mm?/s}; UPT, = {0.40,1.85 x 103 mm?/s}.

2. Figure 4.6(b): Upye = {v° = 0.49, 7% = 81ms};
Uz = {0.48, T4ms}; UPT, = {0.50,41ms}.

and ny = 40:

1. Figure 4.6(e): Uspye = {v° = 0.49, D§ = 2.32 x 10™°mm?*/s};
Uz, = {0.47,2.23 x 10~-3mm?/s}; Upr, = {0.40,1.85 x 10-*mm?/s}.

2. Figure 4.6(f): Uyrye = {v° = 0.49,7°° = 8lms};
Uz, = {0.48, 74ms}; Upa, = {0.50, 41ms}.
Despite of using different numbers of b-values, not only the UZ3Y. for different ny,
are close to each other and close to Upe, but their contour plots are also very
similar for both choices of 2-parameters sets. This shows that for the signal without
noise, the number of b-values which cover a fixed range has a small effect on the
ODE and Kérger models parameter estimations.
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Figure 4.6: Domain containing periodic lattice of spheres in shown Fig. 3.2(a), cell radius
2.45um, cell distance 5um, contour plot of ODE model with PGSE profile § = 40ms,
A = 40ms, fixed range b-value in [0, 4000s/mm?] with different numbers (a) n, = 10 (b)

ny = 20 (c) ny = 40.
R™d: (a.b) 2.2%, (c,d) 2.6%, (e,f) 2.4%:;

RoppUEin.): (a) 0.4%, (b) 0.2%, (c) 0.5%, (d) 0.2% , (e) 0.4%, (£) 0.2%;
RicarUZ0): (a) 1.4%, (b) 0.6%, (c) 1.6%, (d) 0.6% , (e) 1.5%, (f) 0.6%.
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4.2. Domain containing periodic lattice of spheres of the same size

4.2.6 Effects of cell size

Here we study the effect of cell size on the ODE model parameters estimation.

In details, we compare two sizes of cells:

1. cell radius R® = 2.45um with cell distance L = 5um;

2. cell radius R®* = 4.9um with cell distance L = 10um.

This choice makes both computational domains to have the same volume fraction of
the spherical cells compartment v® = 0.49 and also preserves the effective diffusion
coeflicient of the extra-cellular compartment: Dg = 2.32 x 1073, (We will discuss
in detail the relationship between v* and Dg in Sect. 4.7.) In turn, the domain
containing the spherical cells R® = 4.9um with cell distance L = 10pum with double
geometrical length gives double residence time: 7% = 162ms. In summary, for
R? =49pum and L = 10pm, the true 3-parameters set is:
Uppe = {vs = 0.49, DS = 2.32 x 10 > mm? /s, 7% = 162ms}.

We make the contour plots for different PGSE sequences:
1. short diffusion time: § = 10ms, A = 10ms;
2. long diffusion time: § = A = 40ms;

3. very long diffusion time: 6 = A = 80ms.

Figures 4.7 and 4.8 show the contour plots for the two choices of 2-parameters sets
defined in Eq. (4.12) and Eq. (4.13), respectively. On Fig. 4.7, the specific points of
Usrye and L{ngjE for first 2-parameters set are:

e R%=245um, L = 5pum and R® =4.9um, L = 10pm:
Uprue = {v* = 0.49, DE = 2.32 x 10" *mm?/s}.

e ) = 10ms, A = 10ms:
R® =2.45um, L = 5um (Fig. 4.7(a)): UGEY = {0.43,1.92 x 10~ mm? /s}.
R® = 4.9um, L = 10um (Fig. 4.7(b)): U&= {0.30,1.65 x 10~3mm?/s}.

e ) = 40ms, A = 40ms:
R® =2.45um, L = 5um (Fig. 4.7(c)): UZE = {0.47,2.23 x 10~3mm?/s};
R® = 4.9um, L = 10um (Fig. 4.7(d)): U5, = {0.41,1.85 x 10~ 3mm?/s}.

e ) = 80ms, A = 80ms:
R® =2.45um, L = 5um (Fig. 4.7(e)): UZE = {0.47,2.27 x 1073mm?/s};
R® = 4.9um, L = 10pm (Fig. 4.7(f)): Uz, = {0.44,2.12 x 103 mm? /s}.
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and for second 2-parameters set are:

o R*=245um, L = 5um: Uppye = {v° = 0.49, 7% = 81ms};
R® =49um, L = 10um: Upye = {v° = 0.49, 7 = 162ms}.

e ) = 10ms, A = 10ms:
R® =2.45um, L = 5um (Fig. 4.8(a)): UZEL = {0.52,28ms};
R® = 4.9um, L = 10um (Fig. 4.8(b)): UZ5y = {0.61, 6ms}.

e § =40ms, A = 40ms:
R® =2.45um, L = 5um (Fig. 4.8(c)): UZE, = {0.48, T4ms};
R® = 4.9um, L = 10um (Fig. 4.8(d)): Uz, = {0.51,83ms}.

e ) = 80ms, A = 80ms:
R® =2.45um, L = 5um (Fig. 4.8(e)): U5y, = {0.48, 78ms};
R® = 4.9um, L = 10um (Fig. 4.8(f)): Ui, = {0.48, 134ms}.

We see that the modeling errors are much larger at the larger radius. It takes a
very long diffusion time, for example 6 = A = 80ms, to get U’y to be closer to
utrue-
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Figure 4.7: Domain containing periodic lattice of spheres shown in Fig. 3.2(a). Contour
plot of ODE model with respect to v* and Dg, nj, = 20.

R™4: (a) 8.4%, (b) 59.7%, (c) 2.6%, (d) 10.1% , (e) 2.2%, (f) 5.7%;

RopeUZE:): (a) 2.3%, (b) 15.6%, (c) 0.5%, (d) 2.2% , (e) 0.4%, (f) 1.0%;
RrarUPTL): (a) 2.5%, (b) 16.7%, (c) 1.6%, (d) 2.7% , (e) 2.0%, (f) 2.0%.
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Figure 4.8: Domain containing periodic lattice of spheres shown in Fig. 3.2(a). Contour
plot of ODE model with respect to v* and 7¢%, n; = 20.

R™?: (a) 8.4%, (b) 59.7%, (c) 2.6%, (d) 10.1% , (e) 2.2%, (f) 5.7%;

RopeUZE:): (a) 1.2%, (b) 5.5%, (c) 0.2%, (d) 1.2% , (e) 0.2%, (f) 0.5%;

R arUPTL): () 1.5%, (b) 6.8%, (c) 0.6%, (d) 1.6% , (e) 0.7%, (f) 1.0%.
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4.3 Periodic lattice of spherical cells of different sizes

For the domain shown in Fig. 3.8(a), which contains many spherical cells of dif-
ferent sizes, we study the parameters estimation problem for different membrane
permeabilities and investigate the effect of noisy signals. There are two compart-
ments: Q°, the extra-cellular compartment, and 2° containing all 76 spherical cells
with different radii between 0.6 — 2.55um. The corresponding volume fractions of
this domain are v* = 0.65 and v® = 0.35.

4.3.1 Least squares problem on 3-parameters set

The least squares problems we solve remain Eq. (4.5) and Eq. (4.6). The 3-parameters
set to be estimated is:

U - {Us, Dg, T“} , (4.14)
where 7¢° = H‘f;j‘s'. The constraints are:
,TES ,US
e
v +0v° =1,
0
0< Dg < D",

D’ = 0, because Q° is compact,
0<v™<1andO0< 7%,
The true model three-parameters set for this domain are:
Urse = {v° = 0.65, Dg = 2.20 x 10" *mm? /5, 7 = 757,
where 747 . is given in Table 4.2 for each permeability. We also use the same initial
guesses of the least squares problem as for the domain containing periodic lattice
of spheres:
DO T€8 rse
Z/{O =Ly, —.¢r etsrue trusee ’
2 2(Ttrue + Ttrue)
where ¢, is a random number (of a uniform distribution) between 0 and 1, ¢; is
between 0.1 and 10. For this domain, we also did not see any difference of parameter
estimation results when ¢, and ¢, are varied.

Table 4.2 contains parameters estimation results for: x = 107 %m/s (6 = A =
100ms), k = 2.5 x 107%m/s (6 = A = 80ms), Kk = 5 x 107 %m/s (§ = A = 50ms),
k=10""m/s (0 = A = 30ms), k = 2.5x107°m/s (§ = A = 20ms), k = 5x10~°m/s
(6 = A =10ms), x = 107*m/s (§ = A = 5ms). In this likely anisotropic diffusion
domain, all of these signals were obtained using the same gradient direction g =
(1,0,0) and are considered without noise. We can see that the results of the ODE
model are always much better than that of the Kérger model. It is necessary
to emphasize that for these examples the narrow pulse assumption does not hold
because 4 is not small compared to A. For low permeability (x = 107 %m/s, k =
2.5x 107%m/s) and intermediate permeability (k = 5x 10~ %m/s, k = 10~°m/s, k =
2.5x107°m/s), the estimated parameters are very good. At high permeability (x =
5x107°m/s, K = 10~°m/s), the macroscopic models are not good approximations of
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the full PDE model, as can be seen by the large modeling errors, thus the parameters
estimation results are not as accurate. For instance, for k = 5 x 10~°m/s, the
modeling error for the ODE model is 7.6%, and the estimated parameters are still
reasonable. But at very high permeability £ = 10~*m/s, the estimated parameters
are very inaccurate due to the large modeling error, 20% in this case.

Table 4.2: Parameters estimation results for the domain containing periodic lattice of

k (m/s) - PGSE (ms) Parameter utrue | ypin Ly,
v* 0.65 | 0.65 | 0.67
k=1x10"%m/s 7% (ms) 540 | 522 254
§ = 100ms Dg (x107%mm?/s) | 2.20 | 221 | 2.37
A = 100ms R(U™™) 0.02% | 0.09%
Rmod 0.09% | 3.4%
v* 0.65 | 0.65 | 0.69
k=2.5x10"5m/s 7 (ms) 216 | 217 104
§ = 80ms Dg (x107%mm?/s) | 2.20 | 220 | 2.57
A = 80ms R(U™™) 0.02% | 0.14%
Rmed 0.76% | 6.0%
v° 0.65 | 0.65 | 0.71
k=5x10"%m/s 7¢ (ms) 108 108 51
§ = 50ms D (x107°mm?/s) | 2.20 | 2.22 | 2.74
A = 50ms R(U™™) 0.03% | 0.17%
Rmed 0.2% | 7.6%
v® 0.65 | 0.65 | 0.73
k=1x10""m/s 7% (ms) 54 53 25
§ = 30ms Dg (x107°mm?/s) | 2.20 | 2.26 | 3.00
A = 30ms R(U™m) 0.05% | 0.2%
Rmod 0.9% | 9.5%
v° 0.65 | 0.64 | 0.73
k=25x10"5m/s 7 (ms) 22 21 10
§ = 20ms Dg (x107%mm?/s) | 2.20 | 2.29 | 3.00
A = 20ms R(U™™) 0.06% | 0.3%
Rmod 2.6% | 15.0%
v® 0.65 | 0.66 | 0.76
k=>5x10""m/s 7 (ms) 11 9 5
§ = 10ms Dg (x107%mm?/s) | 2.20 | 2.53 | 3.00
A = 10ms R(U™™) 1.5% | 5.6%
Rmed 7.6% | 21.1%
v® 0.65 | 0.68 | 0.69
k=1x10"*m/s 7% (ms) 5 4 2
§ = bms Dg (x107%mm?/s) | 2.20 | 3.00 | 3.00
A = 5ms R(U™™) 42% | 11%
Rmod 20% | 36%

spherical cells of different sizes shown in Fig. 3.8(a), with different permeabilites.
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4.3.2 Contour plots of 2-parameters sets

We also show in Fig. 4.9 the contour plots for the two choices of 2-parameters sets
defined in Eq. (4.12) and Eq. (4.13). The specific points for two 2-parameter sets
are:

1. Figures 4.9(a) and 4.9(b): Uprye =

{v® = 0.65, D§ = 2.20 x 10 3mm?/s};
Uz = {0.64,2.21 x 1073mm?/s}; U

m'm

min, = {0.53,1.50 x 10~*mm?/s}.

2. Figures 4.9(c) and 4.9(d): Uprye = {v° = 0.65, 7

Ugs = {0.64, 53ms}; UPYL = {0.64, 32ms}.

= 54ms};

Once again, these contour plots show that L{g%”E are very close to Uyqe while L{mm

are not.

3 3%
25 25
g g
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Figure 4.9: Domain containing spherical cells of different sizes, x = 107°m/s, PGSE
profile § = A = 30ms, contour plots of ODE model and Kéarger model.

R™d: (ac) 0.9%, (b,d) 9.5%;

RopeUZE:)): (a,b) 0.2%, (c,d) 0.2%;Rx ar(URT): (a,b) 0.9%, (c,d) 0.4%.
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4.3.3 Effect of noisy signal

Now we add N realizations of random noise to the signal at the n; b-values:
(SppE)i” (b) = SppE(br) + Njy (0,0%), k=1, m, i=1,--- N, (415)

not

to get N samples of the noisy signal (Sppg); The 3-parameters set for the
parameters estimation problem remains that from Eq. (4.14).

We define the solution of the least squares problem subject to the noisy signal

(Sppr)! by
min noi
( ODE)
1

not

and

(2
The average of estimated parameters for the N realizations of the noisy signal is

defined as A N ‘
(WBse) . = 5 > (WBse),”

ave 7
i=1

and

noi 1

N A
. . not
min - = min

. . < s ; noi ; noi
We also give a measure of the relative standard deviations of (U31), and (UdR),

. ; . P2
_ LR | UBBR) — (UBE) e
OODE = N Z min \Not
i=1 (uODE)ave
and
. ; . P2
|| MR — Ui e
OKAR = N Z min \T1O0%
i=1 (UKAR)ave

Table 4.3 shows the results of N = 100 realizations of noisy signals for two levels
of noise: ¢ = 0.01, 0 = 0.03 and three different numbers of b-values: n;, = 25,
ny = 100 and n, = 400. For each case, b-values are varied on a uniform grid of
[0,4000]s/mm?.

The results show that larger noise requires more b-values to reduce the error of
parameter estimations. In fact, one can see on Table 4.3 that using more b-values
not only decreases the relative standard deviation of all parameter estimations but
also moves the average estimation of parameters closer to the true values for both
small noise ¢ = 0.01 and large noise o = 0.03.
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o noise | ny Parameter oW | oS n | Uue | UZEL)" | (URT)"
v* ™% | 10% | 0.65 0.65 0.69

25 7% (ms) 21% | 51% | 54 47 29
Dé(x1073mm?/s) | 16% | 26% | 2.2 2.3 2.7

v® 4% | 11% | 0.65 0.65 0.72

0.01 | 100 7% (ms) ™% | 52% | 54 52 25
D¢(x1073mm?/s) | 9.5% | 30% | 2.2 2.3 2.8

v® 2% | 11% | 0.65 0.65 0.72

400 7¢(ms) 5% 53% 54 52 25
Dé(x1073mm?/s) | 6% | 32% | 2.2 2.3 2.9

v* 12% | 13% | 0.65 0.64 0.67

25 7¢(ms) 45% | 66% 54 67 44
Dé(x1073mm?/s) | 28% | 30% | 2.2 2.2 2.3

v° 9% | 11% | 0.65 0.66 0.69

0.03 | 100 7¢%(ms) 25% | 48% | 54 57 30
Dé(x1073mm?/s) | 24% | 28% | 2.2 2.4 2.7

v° 6% | 10% | 0.65 0.65 0.69

400 7% (ms) 13% | 50% | 54 54 29
Dé(x1073mm?/s) | 14% | 26% | 2.2 2.3 2.7

Table 4.3: Relative errors of U for the domain shown in Fig. 3.8(a) from N = 100
samples of Gaussian noises N'(0,0.01) and N (0,0.03), x = 10~°m/s, PGSE sequence with
0 = A = 30ms.

R™%: (a,b,c,de,f) 0.9%.

Figure 4.10 shows the contour plots of Ropr(U) for two choices of 2-parameters
sets defined in Eq. (4.12) and Eq. (4.13). Because the parameters estimation prob-
lems are posed only on 2-parameters sets we were able to solve the least squares
problems in shorter computational time than when the full 3-parameters set is to be
estimated. Hence, we give results for N = 1000 samples of noisy signals (whereas
in Table 4.3 only N = 100 samples of noisy signals were used). Importantly, we
plot in Fig. 4.10 the convex hulls of:

{(umzn noi}
ODE) .
v i=1,--- ,N=1000

umin noi
KAR ). .
L i=1,---,N=1000

We also show results of parameters estimation while using three previous sets of
b-values with different numbers: n, = 25, n, = 100 and n, = 400. One can see
that with more b-values, each convex hull shrinks to the corresponding true least
squares solution without noise and this position is very close to Uyqye.

and
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Figure 4.10: Domain containing spherical cells of different sizes: x = 10~°m/s, PGSE
with 6 = A = 30ms, convex hulls of 1000 samples of noisy signal with two noise levels:
o1 = 0.01 and o2 = 0.03, contour plot of ODE model with respect to v* and Dg (a,c,e) and

v® and 7% (b,d,f).
R™4: (ab,c,d,e,f) 0.9%.
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4.4 Domain containing parallel cylinders with thick mem-
brane layer

We come to the domain shown in Fig. 3.10(a), which contains a cylindrical cell
(R = 2.0um) with a thick membrane layer (thickness h = 0.45um) outside it. There
are three compartments: the extra-cellular compartment ¢, the intra-cellular com-
partment of the cylinder €2¢ and the membrane compartment 7. Their volume
fractions are respectively v¢ = 0.38, v¢ = 0.41 and v = 0.21.

4.4.1 Least squares problem on 4-parameters set

We choose the following 4-parameters set for the least squares problem in Eq. (4.5)
and Eq. (4.6):
U= {UC,DE,Tem,Tcm},

[

Qm .
where 7" = ﬁ and 7" = R The constraints are:
T vl
ﬁ = Eavz)j =e€e,m,c,
ve 0™ =1,
0<Dg <D

> 4.1
D™ =D =0, because Q™, Q¢ are compact (4.16)

in the gradient direction (2D compact),
0 <v%0™ v <1,
0< 78 < 7o
Expecting that the surface between the extra-cellular compartment and the mem-

brane, and the surface between the cylindrical compartment and the membrane,
scale proportionally with the volume, we add one more constraint:

(rrcm\)Q _ e
[Dem|) Qe+ QM
This constraint is equivalent to:
Tem 2 ¢
( ) v (4.17)

Trem = ’Uc—i-?]m‘

The true model four-parameters set for this domain are:

U= {vc = 0.41, DS = 1.70 x 10 *mm?/s, 7™ = 41ms, 7°" = 50ms} :
The initial guesses of the least squares problem are:
DO
UO =9 Co) 77 CT1Tte7"T1rLLea CT2thr7ane )
where ¢, are varied in [0, 1], ¢, and ¢;, are varied in [0, 2] to obtain different initial

guesses.

For this domain, we did not see a significant difference in the parameters estimation
results for v* when ¢, varied but we did notice that the estimated 7¢™ and 7™
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changed when ¢, and ¢, varied. Thus, we varied c;, and c;, randomly to obtain 10
different initial guesses: U(i = 1,---,10). Then we compared the residuals of the
solution of the least squares problem from the Matlab routine resulting from these
10 initial guesses and picked the one with the smallest residual as our estimated
parameters set.

Table 4.4 summarizes the parameter estimations results. The estimated values for
v®and Dg are good. In turn, the estimated values for 7™ and 7" are less accurate
but their ratio is still close to the true values due to condition in Eq. (4.17).

k- PGSE Parameter utree | UmEL) | UEE)
0° 0412 | 0.431 | 0.320
B _5 T (ms) 41 33 35
" ;_X 81(()]msm/ i 7em (ms) 50 40 50
A — S0ms Dg (x10~°mm?*/s) | 1.70 1.79 1.87
R(U™m) 0.00% | 0.05%
Rmed 1.8% 6.7%

Table 4.4: Estimated macroscopic model parameters for the domain containing parallel
cylinders with thick membrane, x = 1 x 10~5m/s, PGSE profile with § = A = 80ms.

4.4.2 Contour plots on 2-parameters sets

Now we make contour plots of 2-parameters sets to further investigate the properties
of the parameters estimation problem for this domain. We fix two parameters at
their true values and consider two remaining parameters as unknowns.

First we will study the 2-parameters set:

U = {,Uc7 Dg} ’ uknown — {Tem _ T;nz}eaTcm _ tcrnJe : (4.18)
where 77711, = 41ms, 77, = 50ms. And then we will study the 2-parameters set:
k
U= {Tem7Tcm}7 U = {UC = vfrue’ D; = (Dg)true} ) (4'19)

where v, = 0.41 and (Dg)t = 1.7 x 10-3mm?/s.
rue

Figure 4.11 presents the contour plots for both choices of U above and the specific
points for two 2-parameter sets:

1. Figures 4.11(a) and 4.11(b): Uprye = {v° = 0.41, Dg = 1.70 x 1073 mm? /s};
UZEy = {0.40,1.69 x 10~ mm?/s}; URT, = {0.36,1.38 x 10~ >mm?/s}.

2. Figures 4.11(c) and 4.11(d): Uprye = {7 = 41ms, 7™ = 50ms};
USDE = {38ms, 46ms}; U s = {39ms, 45ms}.

The contours show that we can easily get a good approximation for v* and Dg by
using the ODE model because its U5} is very close to Uprye, while Uy is not
close to Uyrye. However, we can see clearly from Fig. 4.11(c) and Fig. 4.11(d) that

it is very difficult to estimate 7™ and 7" because the contours stretch very long
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along the lines describing the true ratio between 7™
we could not get good estimates of 7™

and

problem on the 4-parameters set previously.
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Figure 4.11: Domain containing parallel cylinders with thick membrane, x = 10~°m/s,

PGSE profile with § = A = 80ms (a,b) v* and Dg, (c,d)

R™4: (ac) 1.8%, (b,d) 6.7%;

RODE(UB%%)): (a,b) 1.3%, (C,d) 0.1%; RKAR(U}QQHR): (a,b) 3.9%, (C,d) 2.3%.

7€ and 7™
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4.5 Domain containing slanted parallel cylinders

In the previous section, the gradient direction was set perpendicular to the cylinder
axis in order to probe restricted diffusion in the cross-sectional plane. This allowed
us to deal with isotropic diffusion. The next step consists in considering anisotropic
diffusion on the domain shown in Fig. 3.9(a), which contains slanted cylinders
that all lie parallel to the x — y-plane, make an angle 7/3 with the z-axis, and
have a radius R® = 2.35um. This is also equivalent to setting the gradient in
an intermediate direction between the cylinder axis and the cross-sectional plane.
For the sake of simplicity, we consider only two compartments: the extra-cellular
compartment Q¢, and the intra-cellular compartment Q€ of cylinders (i.e., there is
no membrane compartment). Their volume fractions are v* = 0.31 and v¢ = 0.69,
respectively.

In order to describe anisotropic diffusion in the long time limit, one needs to intro-
duce two effective diffusion tensors, D° and D°, for both compartments.

Fach diffusion tensor has to 6 unknown parameters so that one formally gets the
following 14-parameters set for the least squares problem:

u={v, D, D", 7},
where 7¢¢ = N‘f;zle‘ . One also needs at least 6 different gradient directions to estimate

the effective diffusion tensors. Tche constraints for this domain are:
T v

Tee T e
v+t =1,

0< D, D < DOVij=1,-- .3, (4.20)
0<v%0v° <1,

0 < 7.

)

A numerical solution of this optimization problem for 14 unknowns may be highly
unstable. In order to investigate the stability of this problem, we focus on the con-
tour plots on 2-parameters sets. For this purpose, we fix three gradient directions,

1. g1 = (0.5,0,0.87): parallel to the axis of cylinders,
2. g2 = (0.87,0,—0.5): perpendicular to the axis of cylinders,

3. g3 =1(0.97,0,0.26): lying in the middle of g; and g,

and consider the effective diffusion tensors D and D° projected onto these direc-
tions. In order words, we will estimate the effective diffusion coefficients Dg and
Dg as previously.
We consider two choices of a 2-parameters set. The first choice is

U= {Dg,Dg} Ukt = [0 =8 T = 15 (4.21)

Ttrues »
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where vf,.,,. = 0.69, 755, = 116ms, while the second choice is
_ c _es known __ c __ c e __ e
U=1{, 7}, un = {pg = (pg) Dg=(Dg). 1}, (4.22)
where (Dg) and (Dg) are their true values for three prescribed gradient
true true

directions g. The remaining parameters are set at their true values.

Figure 4.12 shows the contour plots for both choices of U above in three different
gradient directions [their signals are shown in Fig. 3.9(b)]. One can notice the
following specific points for the first 2-parameters set:

1. g1 = (0.5,0,0.87) (Fig. 4.12(a)):
Usrue = {Dg = 3.00 x 10~3mm? /s, DS = 3.00 x 10-mm?/s};
Uz, = {3.04 x 10-3mm? /s, 2.98 x 10~3mm?/s};
URHs = {2.98 x 107°mm? /s, 3.01 x 10~ mm?/s}.

2. go = (0.87,0,—0.5) (Fig. 4.12(c)):
Uirue = {Dg = 0.00 x 10_3mm2/s, Dg =1.52 % 10_3mm2/s};
Uz = {0.02x103mm?/s, 1.56 x 10~ *mm? /s }; UR4, = {0.06x 10~ 3mm? /s, 1.49x
10~3mm?/s}.

3. g3 = (0.97,0,0.26) (Fig. 4.12(e)):
Uirue = {D§ = 1.51 x 10~*mm? /s, DS = 2.27 x 10~*mm? /s};
UZE = {1.51 x 107°mm?/s,2.26 x 10~°mm?/s};
Uis = {1.54 x 107°mm? /s, 2.21 x 107*mm?/s}.

and for the second 2-parameters set:

1. g1 = (0.5,0,0.87) (Fig. 4.12(b)): Upye = {v* = 0.69, 7% = 116ms};

2. go = (0.87,0,—-0.5) (Fig. 4.12(d)): Uppue = {v® = 0.69, 7¢° = 116ms};
UsEs = {0.67,104ms}; Up, = {0.67, 62ms}.

3. g3 = (0.97,0,0.26) (Fig. 4.12(f)): Uspye = {v° = 0.69, 7° = 116ms};

These contour plots provide useful information about the stability and quality of
parameters estimation. For the parallel gradient direction g1, diffusion is fast along
the cylinder axis so that it is easy to estimate Dg and Dg (Fig. 4.12(a)) but
impossible to estimate v and 7 (Fig. 4.12(b)). In fact, the contour plots on Fig.
4.12(b) do not exhibit a distinguishable minimum. This is not surprising because
the exchange between two compartments happens in the cross-sectional plane, while
the signal probes diffusion along the cylinder axis.

For the perpendicular gradient direction gs, diffusion is fast in the extra-cellular
compartment and could be considered effectively zero in the compact intra-cellular
compartment. As a consequence, the Z/IZ)%”E are close to Uyye for both 2-parameters
set. The estimation of Dg (whose true value is zero in the long-time limit) is not
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accurate because of the finite diffusion time (i.e., the infinite diffusion limit is not
reached). In turn, the estimation of Dg is quite accurate.

Finally, for the intermediate gradient direction g3, one faces the same problem as
for the first case g; but to a lesser extent. Although Fig. 4.12(e) suggests that the
estimates of Dg and Dg from the ODE and Kérger models are close to their true
values, the contour plots are strongly stretched in the vertical direction. It means
that an estimate of Dg may be highly unstable and biased by noise. As earlier for
the first case g1, the estimation of 7°¢ is impossible as no minimum is present on
Fig. 4.12(f). Although the estimates of v¢ from both the ODE and Kérger models
are close to its true value, the presence of noise may strongly alter this procedure.

We conclude that parameters estimation for both the ODE and Kérger models in
the case of anisotropic diffusion is much more challenging than for the isotropic
case. In fact, one needs to carefully choose gradient directions in order to get
stable estimates. In general, the situation is even more complex as highly extended
structures (like cylinders here, e.g., axons) may be randomly oriented and well
mixed with compact structures (e.g., glial cells). We consider an example of such
situation in the next section.
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Figure 4.12: Domain containing slanted parallel cylinders, x = 10~°m/s, PGSE with
0 = A = 80ms, contour plots for the ODE model.

Rmod .

(a,b) 0.8%, (c,d) 3.8% , (e,f) 0.2%;

RopeUZin.): (a) 0.01%, (b) 0.57%, (c) 0.16%, (d) 0.17% , (e) 0.05%, (£) 0.05%;
Ry ar(UP): (a) 0.01%, (b) 0.57%, (c) 0.14%, (d) 0.35% , (e) 0.05%, (f) 0.05%.
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4.6 Domain containing spheres and deformed cylinders

Finally, we test the parameters estimation technique on our most complicated
domain containing 5 layers of deformed cylinders (cylinder radius R = 1.0um)
lying parallel to the z — y plane and 4 layers of spherical cells (sphere radius
R* = 1.375um) all embedded in the extra-cellular space as shown in Fig. 3.11(a).
This domain can be considered as having 7 compartments: the extra-cellular space
(Q2¢), the compartment formed by the union of 4 layers of 16 spherical cells (£2%), and
5 compartments consisting of the cylinders with the same orientation (Q,---  Q¢%).
In each layer of cylinders, the orientations of the cylinders are the same. Their
volume fractions are v¢ = 0.48, v® = 0.21, and we consider that all cylinder lay-
ers have the same average volume fraction v* = v¢ = 0.06 (k = 1,---,5), the
same residence times of exchanging with extra-cellular compartment 76 = 7¢¢ =
53ms (k =1,---,5), and the same residence times of exchanging with sphere com-
partment 7°% = 7%¢ = 307ms (k = 1,---,5). The intrinsic diffusion coefficient is
D% = 3 x 1073mm? /s, permeability is x = 1 x 10~°m/s, we use PGSE sequences
with § = A = 40ms for all gradient directions.

Because of the complex structure of the domain, we simplify the problem by assum-
ing that we already knew the orientations of all 5 layers: 0, 26.5, 45, 63.5 and 90
degrees, respectively, from the z-axis, which means that we knew all their diffusion
coefficients Dgk, k = 1,---,5 by using Eq. (2.30). The constraints are:

Tlm o™

ol = I,m=e,s,c,
ve +v° 4 5 =1,
0<Dg <D
D’ =0, because Q° is compact,
Dgt = (Dg )true, b =1,---,5
0<v0v° <1,
0 < 7, 7€ ¢,
In order to investigate the stability of the parameters estimation procedure, we
consider three choices of 2-parameters sets:

(4.23)

U= {ve, Dg} ,
U= {v°7°°},
U= (7,7,
where three gradient directions were used for Dg: g1 = (1,0,0), g2 = (1,0,1) and

uk’nown

g3 = (1,1,1). For each choice, the remaining parameters are set at their

true values.

Figure 4.13 shows the contour plot for all three 2-parameters sets in three gradient
directions. One can notice the following specific points for first 2-parameters choice:

1. g1 = (1,0,0)(Fig. 4.13(a)): Uprue = {v° = 0.48, Dg = 2.29 x 10-3mm?/s);
ugE. =1{0.52,2.22 x 1073 mm?/s}; U7, = {0.69,2.00 x 10~3mm?/s};
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2. g2 = (1,0,1)(Fig. 4.13(d)): Uprue = {v° = 0.48, D = 2.42 x 10 *mm?/s};
Uz = {0.39,2.46 x 1073mm?/s}; UPT, = {0.30,3.00 x 103 mm?/s};

3. g3 = (1,1,1)(Fig. 4.13(g)): Uprue = {v* = 0.48, Dg = 2.30 x 10 *mm?/s};
Uz = {0.39,2.50 x 1073mm?/s}; URT, = {0.34,3.00 x 103 mm?/s};

Next, specific points for the second 2-parameters choice:

1. g1 = (1,0,0)(Fig. 4.13(b)): Uppue = {v* = 0.21,75¢ = 307ms};
UsE = {0.21,175ms}; URH = {0.19,100ms}.

2. go = (1,0,1)(Fig. 4.13(e)): Uprue = {v* = 0.21,7%¢ = 307ms};
Uz = {0.21,222ms}; UPT, = {0.19,107ms}.

3. g3 = (1,1,1)(Fig. 4.13(h)): Uppye = {v* = 0.21, 7°¢ = 307ms};
ULEE = 10.21,208ms}; U = {0.19, 100ms}.

And specific points for the third 2-parameters choice:

1~ gl - (1707 O)(Flg 413(0)) utrue = {7.66 = 53ms7 7-65 — 57m8}7
UGEE = {81ms, 46ms}; URYs = {38ms, 30ms}.

2. go= (1,0, 1)(F1g 413(f)) Uirue = {Tec = 53ms, 7% = 571113}7
u&r)ﬂﬁnE = {28rns, 541118}, u}){lﬁn}% = {25ms, SOms}

3. g3 = (1, 1, 1)(F1g 413(1)) utrue — {7—30 — 531’118,7’68 — 571118},
Uz = {85ms, 52ms}; UPir, = {31ms, 30ms}.

Since the present domain is truly anisotropic (without a selected direction as it was
the case for slanted parallel cylinders), the contours for three gradient directions
are very similar. In the contour plots of v® and Dg (the first column, Fig. 4.13(a),
4.13(d), 4.13(g)), one can see that these two parameters can be estimated. The
quality of the estimation slightly depends on the gradient direction. In practice,
one can acquire signals in different directions and then combine them to get more
accurate estimates. As usual, the ODE model provides more accurate estimates
than the Kéarger model. On the contrary, the contour plots of v® and 75¢ (second
column) and contour plots of 7¢¢ and 7¢° (third column) exhibit very stretched
patterns and no distinguishable minima. As a consequence, the estimation of the
parameters 75¢ (the vertical axis in the second column) and 7¢¢ (the horizontal
axis in the third column) is impossible. The absence of a well localized minimum
does not allow to conclude, from these plots, about the stability of estimates of the
other parameters v® and 7. This conclusion is not surprising. For instance, the
residence time 7°¢ characterizes the exchange between the cylindrical and extra-
cellular compartments. When the gradient direction is close to the cylinder axis,
the signal does not contain enough information about the exchange, as we discussed
earlier. Similarly, the residence time 7°¢ that characterizes the exchange between
deformed cylinders and spheres across their common interface is not accessible.
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Figure 4.13: Spherical and cylindrical cells, x = 10~°m/s, PGSE with § = A = 40ms:
(a,d,g) v¢ and Dg, (b,e,h) v* and 7°¢, (c,f,i) 7°¢ and 7¢°

R™4: (ab,c) 0.4%, (d,e,f) 1.5%, (g,h,i) 1.8%

RoprUZE:): (a) 0.1%, (b) 0.06%, (c) 0.09%, (d) 0.2% , (e) 0.2%, (f) 0.2%, (g) 0.3%, (h)
0.2%, (i) 0.2%;

Ry ar(Urin): (a) 0.5%, (b) 0.4%, (c) 1.1%, (d) 10.9% , (e) 6.7%, (f) 6.0%, (g) 12.9%, (h)
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4.7 Conclusions and further improvements

Our analysis of the parameters estimation problem in the previous sections has re-
vealed advantages and limitations of this approach. On the one hand, it seems to be
possible to estimate a number of physiologically relevant parameters for “simple”
tissues composed of not too elongated constituents. Among these parameters are
the volume fractions, the apparent diffusion coefficient in the extra-cellular space,
and the residence time which is related to the membrane permeability and surface-
to-volume ratio. Clearly, these parameters can only represent averaged properties
of the tissue. Nevertheless, a reliable experimental determination of these param-
eters has always presented a great challenge. We showed on simplified examples
a possibility of solving the parameters estimation problem. Most importantly, we
analyzed the stability features of this problem. In particular, we studied the ro-
bustness of the estimates against various biological and physical parameters (e.g.,
permeability, sequence timing, the range and number of b-values), as well as the
robustness against noise. The ODE model always provided more accurate and sta-
ble estimates than the Kédrger model. This study suggests a promising perspective
for estimating many important parameters from dMRI signals.

At the same time, we analyzed the parameters estimation problem for more com-
plicated domains which contain very elongated constitutes (infinite cylinders). As
expected, if the gradient is precisely aligned with the cylinder axis, one deals with
unrestricted diffusion so that no information on the exchange can be extracted. But
the quality of parameters estimation is dramatically reduced even for intermediate
gradient directions. In other words, one needs to apply the gradient in (almost) per-
pendicular direction to ensure accurate estimates. This is a natural limitation of the
parameters estimation procedure because biological tissues may contain elongated
structures randomly oriented and also mixed with other (compact) elements (e.g.,
axons and glial cells). The quality of the parameters estimation may potentially be
improved by acquiring signals in various directions and then fitting all these signals
to the appropriate ODE models.

Another interesting perspective for future investigation consists in including ad-
ditional constraints to the optimization problem. These constraints may account
for some relationships between model parameters. In order to illustrate this point,
we will get a relationship between v and Dg by performing simulations in simple
shapes. Another simple analytical relationship exists between v¢ and 7.

We first examine the relationship between v“ and Dg for two simple domains,
namely, periodic lattices of two-dimensional cells of circular (Fig. 4.14(a)) and
square (Fig. 4.14(b)) shapes. This is also equivalent to consider aligned cylinders
(as shown in Fig. 3.10(a)) and apply the gradient perpendicularly to the cylinder
axis. For each shape, we varied the cell radius R¢ and the inter-cellular distance L¢
in the following ranges:

R°€[23:0.01:26], L°€[53:0.01:5.7]. (4.24)
As a result, we produced 31 x 41 = 1271 domains, for both circular and square
shapes. The volume fraction of the extra-cellular compartment v¢ varied in the
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range [0.5,0.75] for the circular shape and in the range [0.65,0.97] for the square
shape.

(a) Disk. (b) Square.

Figure 4.14: Circular (a) and square (b) shapes of two-dimensional cells which are formed
into periodic lattices.

For each of these domains, we computed Dg by solving steady-state Laplace equa-
tion (2.25) (the intrinsic diffusion coefficient was set to DY = 3 x 10~*mm?/s). The
obtained values of Dg are plotted versus the corresponding volume fraction v¢ in
Fig. 4.14. In this way, we obtain numerically the relationship between Dg on v°.
One can see that this relationship turns out to be a curve, despite the fact that the
values of Dg come from different R and L. We conclude that with fixed DY, the
effective diffusion coefficient Dg of the extra-cellular compartment depends almost
exclusively on v¢ although this dependence is different for each shape.

Now we consider the relationship between v¢ and 7. For circular cells, one has
o mR? Q] _ F
= N T = = —_—
(Le)? Tec|lk 2k’

e VUL
sec

from which

BENCTS (4.25)
Similarly, one gets for square shapes:
cL
T = Ve . (4.26)

4k
These formulas show that, in addition to v¢ and x, one needs to know the cell
distance L to identify the value of 7¢¢.
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Figure 4.15: Relationship between v“ and Dg obtained by numerical solution of the
steady-state Laplace equations for circular and square shapes.

Adding these supplementary constraints means finding the minimum of the contour
plots in Fig. 4.16 along the constraint curve. As a consequence, one can get much
better parameter estimations because the distance from the least squares solution
with additional constraints (called (UZE)2) to U is smaller than the distance
from UZEL to UTUe, as one can see both in Fig. 4.16(a) for the set {v°, Dg}, and
in Fig. 4.16(b) for the set {v°, 7°°}. This example illustrates that further analy-
sis of relationships between unknown model parameters may significantly improve

parameters estimations using macroscopic models.
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(a) v° and Dg.

Figure 4.16: Contour plot of the ODE model for circular shapes with respect to v and
Dg (a), and v¢ and 7°° (b).
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Conclusions and future
directions

Conclusions

This thesis has been focused on the relationship between the tissue microstructure
and the macroscopic dMRI signal. Inferring tissue parameters from experimentally
measured signals is considered as the “Holy Grail” of diffusion MRI. In spite of
a long standing history of intensive research in this field, many aspects of this
inverse problem remain poorly understood. We proposed and tested an approximate
solution to this problem, in which the dMRI signal is first approximated by an
appropriate macrosopic model and then the effective parameters of this model are
estimated.

We investigated two macroscopic models of the dMRI signal. The first is the Karger
model that assumes a certain form of (macroscopic) multiple compartmental diffu-
sion and inter-compartment exchange, but is subject to the narrow pulse restriction
on the diffusion-encoding magnetic field gradient pulses. The second is an ODE
model of the multiple compartment magnetizations obtained from mathematical
homogenization of the Bloch-Torrey equation, that is not subject to the narrow
pulse restriction. In both models, the dMRI signal has been related to model pa-
rameters that represent averaged quantities over the voxel.

First, we investigated the validity of these macroscopic models by comparing the
dMRI signal given by the Kérger and the ODE models with the dMRI signal simu-
lated on some relatively complex tissue geometries by solving the microscopic Bloch-
Torrey equation in the presence of semi-permeable biological cell membranes. We
note that the Kérger model is a limit case of the ODE model where the duration
of the diffusion-encoding magnetic field gradient pulses goes to zero. We concluded
that the validity of both macroscopic models is limited to the case where diffusion
in each compartment is effectively Gaussian and where the inter-compartmental
exchange can be accounted for by standard first-order kinetic terms.

Second, assuming that the above conditions on the compartmental diffusion and
inter-compartment exchange are satisfied, we solved the least squares problem as-
sociated with fitting the Karger and the ODE model parameters to the simulated
dMRI signal obtained by solving the microscopic Bloch-Torrey equation. Among
various effective parameters, we considered the volume fractions of the intra-cellular
and extra-cellular compartments (which may change during cell swelling), mem-
brane permeability (which may characterize, to some extent, normal or abnormal
functioning of cells), average size of cells, inter-cellular distance, as well as apparent
diffusion coeflicients. We started by studying the feasibility of the least squares
solution for two groups of relatively simple tissue geometries. For the first group,
in which domains consist of identical or variably-sized spherical cells embedded in
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the extra-cellular space, we concluded that parameters estimation problem can be
robustly solved, even in the presence of noise. In the second group, we considered
parallel cylindrical cells, which may be covered by a thick membrane layer, and
embedded in the extra-cellular space. When the diffusion gradient is applied per-
pendicularly to the cylinder axis, the parameter estimation problem can be robustly
solved, just as for spherical cells. In the opposite case of the diffusion gradient par-
allel to the axis cylinder, one simply probes unrestricted diffusion which contains
no information about the restricting domain and water exchange between compart-
ments. As a consequence, the parameter estimation fails in this situation. For an
intermediate gradient direction, the quality of parameter estimation strongly de-
pends on how much the cellular structure is elongated in the gradient direction.
In practice, the orientation of elongated cells is not know a priori; moreover, bio-
logical tissues may contain elongated structures randomly oriented and also mixed
with other (compact) elements (e.g., axons and glial cells). This situation has been
numerically investigated on our most complicated domain in which layers of cylin-
drical cells in various directions are mixed with layers of spherical cells. We checked
that certain parameters can still be estimated rather accurately while the other re-
main inaccessible. In all considered cases, the ODE model provided more accurate
estimates than the Kérger model.

Future directions

In this thesis, we have shown by numerical simulations that if the voxel is made
up of spatial sub-domains that are separated from each other by low permeability
membranes and if diffusion in the sub-domains are (close to) Gaussian, then the
macroscopic ODE model of the dMRI signal (and the Kérger model, if the gradient
profile is narrow pulse) is a good approximation to the microscopic Bloch-Torrey
PDE model. However, for a generic voxel, it is expected that there would be spatial
variations within the diffusion compartments on the length scale of the voxel. For
example, we would expect that the extra-cellular space, being tortuous, would not,
in general, be able to be described by a constant effective diffusion tensor on the
length scale of the entire voxel. Nevertheless, it is still important to use the insight
gained by the macroscopic models studied in this thesis, in particular, the ODE
model that was derived by explicitly taking into account the discontinuity in the
magnetization across the biological cell membranes. Specifically, the ODE model
was derived using different expansions of the PDE solution in each compartment,
matching them via the interface conditions.

A number of practical improvements can be suggested as perspectives. When the
tissue is composed of elongated structures (e.g., axons), the parameters estimation
fails if the gradient is close to the axis of these structures. The quality of the pa-
rameters estimation can be improved by acquiring signals in various directions and
then fitting all these signals to the appropriate ODE models. To some extent, this is
similar to acquisition of effective diffusion tensors for anisotropic diffusion when one
needs many gradient directions to get accurate results. Another promising perspec-
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tive consists in studying relationships between different parameters of the model.
For instance, the effective diffusion coefficient in the extra-cellular compartment
and the residence times can be explicitly related to volume fractions, at least for
simple shapes. Accounting for such relations as additional constraints in the least
square problem would improve the parameters estimation by reducing the search
region in the parameters space. Yet another possibility is to go beyond effective
diffusion coefficients by considering higher-order cumulants such as the effective
diffusion kurtosis. This quantity appears in front of the second-order term in the
Taylor series expansion of the logarithm of the dMRI signal over b-values. It has
been already argued that the kurtosis may be more sensitive to certain microstruc-
ture alterations. However, theoretical understanding of the relationship between the
kurtosis and the tissue microstructure is still poor. Finding relations between the
kurtosis and model parameters and their inclusion into the least square estimation
present an interesting perspective of the present study.
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