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ABSTRACT. The complex transverse water proton magnetization subject to diffusion-
encoding magnetic field gradient pulses can be modeled by the Bloch-Torrey partial dif-
ferential equation (PDE). The associated diffusion MRI signal is the spatial integral of
the solution of the Bloch-Torrey PDE. In addition to the signal, the time-dependent ap-
parent diffusion coefficient (ADC) can be obtained from the solution of another partial
differential equation, called the HADC model, which was obtained using homogenization
techniques.

In this paper, we analyze the Bloch-Torrey PDE and the HADC model in the context
of geometrical deformations starting from a canonical configuration. To be more concrete,
we focused on two analytically defined deformations: bending and twisting. We derived
asymptotic models of the diffusion MRI signal and the ADC where the asymptotic pa-
rameter indicates the extent of the geometrical deformation. We compute numerically the
first three terms of the asymptotic models and illustrate the effects of the deformations
by comparing the diffusion MRI signal and the ADC from the canonical configuration
with those of the deformed configuration.

The purpose of this work is to relate the diffusion MRI signal more directly with tissue
geometrical parameters.

1. Introduction

Diffusion magnetic resonance imaging (diffusion MRI) is an imaging modality that can
be used to probe the tissue micro-structure by encoding the incoherent motion of water
molecules with magnetic field gradient pulses. The motion during the diffusion-encoding
time causes a signal attenuation from which the apparent diffusion coefficient (ADC), and

Zheyi Yang is financially supported by a PhD scholarship from the China Scholarship Council (CSC).
Keywords: Bloch-Torrey PDE, diffusion magnetic resonance imaging, finite elements, simulation, apparent
diffusion coefficient.


mailto:jingrebecca.li@inria.fr

ZHEYI YANG, IMEN MEKKAOUI, JAN HESTHAVEN, & JING-REBECCA LI

possibly higher order diffusion terms, can be calculated [5,(12}26]. For unrestricted diffusion,
the root of the mean squared displacement of molecules is given by Z = v/2 dim ot, where
dim is the spatial dimension, o is the intrinsic diffusion coeflicient, and ¢ is the diffusion
time. In biological tissue, the diffusion is usually hindered or restricted (for example, by cell
membranes). This deviation from unrestricted diffusion can be used to infer information
about the tissue micro-structure.

Using diffusion MRI to get tissue micro-structure information in the mammalian brain has
been the focus of much experimental and modeling work in recent years [1,4,6.(19-21,27,,28].
The predominant approach up to now has been adding the diffusion MRI signal from simple
geometrical components and extracting model parameters of interest. Numerous biophysi-
cal models subdivide the tissue into compartments described by spheres, ellipsoids, cylin-
ders, and the extra-cellular space (ECS) [1,446,11}/13121,22,27]. Some model parameters
of interest include axon diameter and orientation, neurite density, dendrite structure, the
volume fraction and size distribution of cylinder and sphere components and the effective
diffusion coefficient or tensor of the ECS.

There is a gold-standard reference model of the diffusion MRI signal, it is the Bloch-
Torrey partial differential equation (PDE) that describes the time evolution of the complex
transverse water proton magnetization subject to diffusion-encoding magnetic field gradient
pulses. The spatial integral of the solution of the Bloch-Torrey PDE provides a reference
model for the diffusion MRI signal arising from the geometry of interest. Because of the
high computational cost of solving the Bloch-Torrey PDE in complicated cell geometries,
this gold standard model has been used primarily as a “forward model” or “simulation
framework”, in which one changes the inputs parameters such as cell geometry, intrinsic
diffusion coefficient, membrane permeability, and study the resulting changes to the MRI
signal. This is in contrast to “inverse models”, which are used to estimate the model
parameters of interest from the MRI signal, the idea being that the “inverse models” have
been formulated in such a way so that the model parameters can be correlated to biological
information in the imaging voxel. “Inverse models” include the biophysical models cited
above.

In [15], we presented SpinDoctor, a MATLAB-based diffusion MRI simulation toolbox that
solves the Bloch-Torrey PDE using the Finite Element Method (FEM) and an adaptive
time stepping method. In addition to the diffusion MRI signal, the time-dependent apparent
diffusion coefficient (ADC) can be obtained from the solution of another partial differential
equation, called the HADC model, which was obtained using homogenization techniques.
SpinDoctor also provides the numerical solution of the HADC model. SpinDoctor provides
a user-friendly interface to easily define cell configurations relevant to the brain white
matter. In [10], we presented an add-on module of SpinDoctor called the Neuron Module
that enables diffusion MRI simulations for a group of pyramidal neurons and a group
of spindle neurons whose morphological descriptions were found in the neuron repository
NeuroMorpho.Org [3].
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In this paper, we continue the Bloch-Torrey PDE based simulation work to further re-
veal the relationship between the cellular structure and the diffusion MRI signal in the
brain white matter. We analyze the Bloch-Torrey PDE and the HADC model in the con-
text of parameterized deformation mappings, starting from a canonical configuration. The
canonical configuration we have in mind is a set of straight parallel axons contained in
the extra-cellular space. Our idea is to model realistic axons as spatial deformations of
canonical configurations of parallel axons.

To be more concrete, we focus on two analytically defined deformations: bending and
twisting. We will derive asymptotic models of the diffusion MRI signal and the ADC where
the asymptotic parameter indicates the extent of the geometrical deformation. The purpose
of this work is to relate the diffusion MRI signal more directly with tissue geometrical
parameters.

2. Theory

We suppose that one would like to simulate a geometrical configuration of axons enclosed
in the extra-cellular space (ECS). Let Q¢ be the ECS, Q%" the ith axon. In this paper, we
focus on deformations and do not consider the effects of water exchange between the axons
and the ECS. Thus, we analyze each compartment individually. In the case where we talk
about a general geometrical compartment, we will use the notation 2.

2.1. Bloch-Torrey PDE

In diffusion MRI, a time-varying magnetic field gradient is applied to the tissue to encode
water diffusion. For simplicity, we will assume the interfaces between the axons and the
ECS are impermeable, meaning the water exchange between compartments is negligible.
Denoting the effective time profile of the diffusion-encoding magnetic field gradient by f(t),
and let the vector g contain the amplitude and direction information of the magnetic field
gradient, the complex transverse water proton magnetization in a compartment 2 (either
an axon or the ECS) in the rotating frame satisfies the Bloch-Torrey PDE:

;M(w,t) — _Iyf()g- M (@) +V - (0VM(x, 1)) € Q, (2.1)

where v = 2.67513 x 108rads™'T~! is the gyromagnetic ratio of the water proton, I
is the imaginary unit, o is the intrinsic diffusion coefficient in the compartment 2. The
magnetization is a function of position  and time ¢, and depends on the diffusion gradient
vector g and the time profile f(t).

Some commonly used time profiles (diffusion-encoding sequences) are the pulsed-gradient
spin echo (PGSE) sequence [26] and the oscillating gradient spin echo (OGSE) sequence
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[7,[8]. Here, we will consider the PGSE sequence, with two rectangular pulses of duration
J, separated by a time interval A — 4, for which the profile f(¢) is

L, ty <t <ty +9,
f)=¢-1, H+A<t<t;+A+54, (2.2)
0, otherwise,

where t; is the starting time of the first gradient pulse with ¢t; + A > Tx/2, and T is the
echo time at which the signal is measured.

The Bloch-Torrey PDE needs to be supplemented by interface conditions. In this paper,
we consider the impermeable boundary condition:

oVM(x,t) - n=0, xeTl, (2.3)
where 7 is the unit outward pointing normal vector and I' = 0f2 is the boundary of the
compartment {2 (an axon or ECS).

The Bloch-Torrey PDE also needs initial conditions:
M(z,0)=p, x €, (2.4)
where p is the initial spin density in the compartment (2.

The diffusion MRI signal is measured at echo time t = T > A + § for PGSE. This signal
is the integral of M (x,Tg) in all the compartments:

S :—/ M(z,Tg) dx. (2.5)
:DGUQZ'

In a diffusion MRI experiment, the pulse sequence (time profile f(t)) is usually fixed, while
g is varied in amplitude (and possibly also in direction). When g varies only in amplitude
(while staying in the same direction), S is plotted against a quantity called the b-value.
The b-value depends on g and f(t) and is defined as

blg) =l | " < I f(S)d8>2- (2.6)

For PGSE, by replacing Eq. into Eq. the b-value is [26]:

b(g,d,A) = 7*|lg[?0% (A - 6/3). (2.7)
The reason for these definitions is that in a homogeneous medium, the signal attenuation
is €77 where ¢ is the intrinsic diffusion coefficient.

An important quantity that can be derived from the diffusion MRI signal is the “Apparent
Diffusion Coefficient” (ADC), which gives an indication of the root mean squared distance
travelled by water molecules in the gradient direction gAtg{t ug = g/llgll, averaged over all
starting positions:
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__ 0, 5Sb
ADC := ~% log 50) . (2.8)

From experimental data, the ADC is numerically computed by a polynomial fit of log S(b).

2.2. HADC model

In a previous work [25], a PDE model for the time-dependent ADC was obtained starting
from the Bloch-Torrey PDE, using homogenization techniques. In the case of negligible
water exchange between compartments (low permeability), there is no coupling between
the compartments, at least to the quadratic order in g, which is the ADC term. The ADC
in compartment 2 is given by

1 e
HADC =0 — T/ F(t) h(t) dt, (2.9)
Jo ¥ F(t)2dt Jo
t
where F'(t) = t)dt is the integral of time profile and
0
1
h(t) = — w(zx,t) (ug - n(x)) dsg (2.10)
19| Jaq

is a quantity related to the directional gradient of a function w that is the solution of
the homogeneous diffusion equation with Neumann boundary condition and zero initial
condition:

aatW(:lf, t) -V (va(m7t)) =0, x € (),
oVw(z,t) - n(z) = oF(t)ug - n(zx), x € 09, (2.11)
W(iB,O) = 07 T < Q,

n being the outward normal and ¢ € [0,Tg]. The above set of equations, (2.9)-(2.11)),
comprise the HADC model.

2.3. Canonical configuration and geometrical deformations

To reveal the relationship between the geometrical structure and the diffusion MRI signal,
we propose to describe white matter fibers as a deformation of a canonical configuration
of parallel axons. The two basic types of deformations that we implement in this paper
are 1) bending, and 2) twisting. Both types of deformations will be described by a single
parameter, called auyise and Qpeng. The geometrical structure of the white matter fibers
will be defined by these two deformation parameters.
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Twisting around the z-axis with a twisting parameter ;s is defined by

x cos(upistz) —sin(ogwistz) 0| [x
y| = |sin(auwistz)  cos(auwistz) 0] |yl ; (2.12)
z 0 0 1 z

Bending on the x — z plane with a bending parameter ape,q is defined by

x T + Qpena?’
y| — Y . (2.13)
z 2

We plot in Fig. 1] a geometrical configuration of 10 cylindrical axons and the ECS before
and after deformation.
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FIGURE 1. First row: canonical configuration, ECS (left) and all 10 cylin-
drical axons (right). Second row: ECS, bend deformation with apeng = 0.05
(left), 10 cylindrical axons in x — z plane with apeng = 0.05 (middle), 10
cylindrical axons with apeng = 0.10 (right). Third row: ECS, twist defor-
mation with ayyise = 0.05 (left), 10 cylindrical axons in # — z plane with
awist = 0.05 (middle), 10 cylindrical axons with ayyise = 0.10 (right). The
radii of all axons are between 2um and 3um and the height is 20um.

3. Derivation of asymptotic models on the deformation parameter

The main aim of our paper is to construct appropriate models to describe the relationship
between the deformation parameters auqist and apeng and the diffusion MRI signal as well
as the ADC. We will expand the solutions of the Bloch-Torrey PDE and the HADC model
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as asymptotic series in the deformation parameters ayyst and Qpeng. This approach is
expected to work well in the regime of small deformations.

3.1. Formulation of the PDEs on the canonical configuration

First, we transform the Bloch-Torrey PDE and the HADC model posed on the deformed
geometry €2 into PDEs that are posed on the canonical geometry C. Let r be the space
variable in the deformed (by bending or twisting) configuration, whose domain is 2. The
coordinate transformation,

T:C— Q, (3.1)
maps the canonical configuration defined on C' to the deformed configuration on 2:
x—r=[T(z). (3.2)
Let J be the Jacobian of T
=& & %] (3.3)

We define the composite function for the Bloch-Torrey PDE to be N(x,t) : C' — R, where

N=MoT, (3.4)
and for the HADC model to be n(z,t) : C — R, where
n=woT. (3.5)

We recall that M (r,t) and w(r,t) are solutions on the deformed domain 2, thus, N(x,t)
and n(x,t) are the solutions of the respective transformed PDEs.

It is easy to show that the transformed diffusion tensor is :

B=J"teg L (3.6)

For the twist deformation (o = ayyist):

cos(az) sin(az) ay
J = |—sin(az) cos(az) —ax|, det(J)=1, (3.7)
0 0 1
and the transformed diffusion tensor is
P +1 —Pyx ay
B=J ot =0 | —a?yz a?2?+1 —ax|. (3.8)
ay —ax 1

For the bend deformation (o = qpeng):

1 0 —2az
Jt=10 1 0 |, det(J)=1, (3.9)
00 1
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and the transformed diffusion tensor is
4022241 0 —2az
B=JloJ =0 0 1 0 |. (3.10)
—2az 0 1

The transformed Bloch-Torrey PDE in C' is then:

%N(w,t) =—Ivf(t)(g-T(x)) N(z,t) + V- (BVN(x,t)), xeC, (3.11)
BV N (zx,t) -n =0, x € JC, (3.12)
N(x,0) = p, x € C, (3.13)

n being the outward normal to C.

The transformed HADC model is:

& e, 1)~V - (3Vn(a,1) =0, el (3.14)
BVn(zx,t)-n(x) = oJ 'F(t)uy -n(z), =€ dC, (3.15)
’I’}(’JC, O) =0, x € C, (316)

3.2. Asymptotic expansion of HADC

We now expand the solution of the HADC model in the deformation parameters and match
the terms to get the first three terms of the asymptotic expansion.

We write the solution 7 to Eq. (3.14)-(3.16)) as a three term asymptotic expansion:
77(357 t) - 77()(:)3, t) + 041#71(357 t) + O‘zUQ(wa t) + O(a%)a (3'17)
where k € {bend, twist}. Replacing Eq. by Eq. we obtain:

Amo + ki + aidme — V- (BVm0) — V- (BVm1) — oV - (BVns) = 0. (3.18)

Using Eq. (3.10) for the bending transformation, the transformed Laplacian operator is
(Oé = abend):

40222 +1 0 —2az]| [0,
V- (BpenaV) =V - |0 0 1 0 Oy
—2az 0 1 0. (3.19)

=V(oV) + 0 (a (=20, — 420,.) + o (42%042)) -
To simplify the notation, we define two second order differential operators :

Kbend,l = _281 - 426:)3,27 (320)

9
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and
Kbend,? = 4226:1390- (321)
Similarly, in the case of the twisting transformation, using Eq. (3.8]) , the transformed

Laplacian operator is (o = quyist):

P +1 —alyz oy | [0,
V' BuistV) =V - |o | —a?yz  o?2?+1 —az| |9,

ay —ax 1 0,
= V(oY) + 0(20(yDz — 20y2) + @2 (y* Oz — YOy — 2yx0yy — 10 + 2°0y)).
(3.22)
Also, we define :
Ktwist71 1= 2y0y, — QJUf)ym (3-23)
and
Kiwist2 == Y20, — YOy — 2yx0py — 20y + 1‘23%. (3.24)

So the transformed Laplacian operator acts as the first and the second correction operators
for the Laplacian:

V- (BrV)=V(cV)+o0o (OszkJ + Q%th) , (3.25)

where k € {bend, twist}.

Using Eqs. (3.9) and (3.10)) for the bend deformation and Eqgs. (3.7) and (3.8)) for the twist

deformation, the right hand side of the boundary condition of (3.15)) becomes:

oJ TF(ug -n=0F(t)ug - n+ apoF(t)Ly - ug - n, (3.26)
where k € {bend, twist},
0 0 -2z
Lyona:= 0 0 0 |, (3.27)
00 O
and
cos(auppistz)—1 sin(Cwist?)
Qtwist Qtwist y
Liwist := —sin(Qpwistz)  cos(Qwistz)—1 x| (328)
Qtwist Xtwist 0

We note that in Lyyst, we do not expand the trigonometrical functions and keep st in
the expression. This is because if we simulate a geometry containing long axons, then az is
not a small quantity, there will be a large error if we expand the trigonometrical functions.

10
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The left hand side of the boundary condition of (3.15)) becomes:
Dumo + ckOpm + 30z

51<:V77 n = 5k’ 8y770 + akay"?l + aiayUQ
d:m0 + aRdm + oz d:mo

=0 (Vﬁo + oy, (Gk,mo + Vﬂl) +aj (Gk,2770 + Ggam + Vﬁz) + O(a3),

(3.29)
where k € {bend, twist}. For the bend deformation:
—220, 4z2am
Gbend,l = 0 7Gbend,2 = 0 ) (330)
—220, 0
and for the twist deformation:
Y- y>0y — wydy
Gtwist,l = —z0, aGtwist,2 = x28y — 2y | . (3-31)
YOy — x0y 0

Finally, we obtain the following equations after matching the terms ozi, with j = 0,1,2 and
k € {bend, twist}.

For ag, we get the solution of the HADC on the canonical configuration:

%7]{]($,t) — V- (eVno(x,t)) =0, x e C, (3.32)
oVno(x,t) -n(x) = oF(t)ug - n(x), =€ dC, (3.33)
no(x,0) = 0, xzeC. (3.34)

For oz,lg, we get a PDE that depends on the solution of the previous equation, 7g:

0

am(w,t) — V- (oVn(x,t)) = oKy 1mo(x, t), xzeC, (3.35)
oVni(x,t) - n(x) = oF(t)Lyug - n(x) — oGy 1mo - n(x), « € 0C, (3.36)
m(x,0) =0, xcC. (3.37)

For a%, we get a PDE that depends on the solutions of both of the above PDEs:

0

ang(w,t) — V- (oVna(z,t) = o(Kgam(x, t) + Kiano(x,t), x€C, (3.38)
oV (x,t) -n(x) = —o(Gr1m + Gi2mo) - n(x), x € 0C, (3.39)
n2(x,0) =0, xzeC. (3.40)

11
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3.3. Asymptotic expansion for Bloch-Torrey PDE in the deformation parame-
ters

Similar to the asymptotic expansion of HADC model, we write the solution N(x,t) of Eq.
as a three term expansion:

N(zx,t) = No(z,t) + ax Ny (x, 1) + a2 No(z, t) + O(a}), Kk € {bend, twist}. (3.41)

By using Eqgs. (3.7) and ({3.8]), we get :

O (No+ N1+ Na) = V- (BV(No+ox N1+ Na)) —Ivf(t)(g-T(z)) (No+ N1 +ajNa).
(3.42)

The transformed Laplacian operator V-8V here is identical to the case of HADC asymptotic
expansion. The Ivyf(t)g - T'(x) operator becomes:

Inf(t)g - T(x) = Ivf(1)g - (x + axPr), (3.43)
where k € {bend, twist},
52
Pierna= 101, (3.44)
0
and
cos(apwistz)—1 _  sin(owist?)
sin(o(ftw-”tz) ! cos(a at-m,szs—l
Pruiss = | sHfumiatly 4 csfumsi=y | (3.45)
0

For the same reason as indicated in previously, we do not expand trigonometrical functions
In auist in the case of the twist deformation.

The left side of boundary condition of (3.11]) is also identical to the Eq.

For simplicity of notation, we define the Bloch-Torrey operator BT := —VoV + I f(t)g -

x. We obtain the following equations after matching for ai, with 5 = 0,1,2, and k €
{bend, twist}:

For a,g, this is the solution of the Bloch-Torrey PDE on the canonical geometry C:

gtNo(:c,t) +BTNy(z,t) =0, z € (3.46)
oV Ny(z,t) -n =0, x € 0C, (3.47)
No(z,0) = p, xzeC. (3.48)

12
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For a,lc, the solution depends on the solution of the above PDE, Ny:

0
aNl(wvt) + BTNl(mat) = _I’Yf(t)g . PkNO(mat) + Kk,lNO(m7t)7 S Ca (349)
oVNi(z,t) - n=—-0Gyj1No(z,t) - n, xe€0C, (3.50)

Ni(2,0) =0, xzeC. (3.51)
For a%, the solution depends on the solutions of both of the above PDEs:

0
ng(:D,t) + BTNQ(CL‘, t) = —I’}/f(t)ngN1(w,t) + Kk,lNl(ZB,t) + Kngo(m,t), x e (),

ot
(3.52)
O'VN2($7t) "n = _U(Gk’,lNl(mvt) - Gk,QNO(m7t)) 'n, WS 607
(3.53)
NQ(maO):Oa 3360.
(3.54)

3.4. Numerical implementation

The numerical computations of the asymptotic expansions are done using the diffusion MRI
simulation toolbox SpinDoctor [15]. We use SpinDoctor to create the geometries, generate
finite element (FE) meshes and compute the orders 0, 1, and 2 asymptotic expansions:
1m0, M, m2 and No, N1, Na.

Firstly, we use SpinDoctor to create a canonical geometry, containing several straight cylin-
drical axons parallel to the z-axis and an extracellular space wrapped around the axons.
Then a finite element mesh is generated for the canonical geometry. The deformed geome-
tries will have finite element meshes that are the analytical deformations of the canonical
finite element mesh, described in Eq. and

Since we assumed that the water exchange is negligible, there is no coupling between any
compartments for both the Bloch-Torrey PDE and the HADC, and the PDEs are solved
independently in each compartment. The finite element discretization is based on contin-
uous piecewise linear basis functions (the P1 finite elements), with a numerically efficient
implementation from [24]. The time stepping is done automatically using the MATLAB
built-in ODE solver odel5s.

Further details about the finite elements matrices construction are contained in the Ap-
pendix.

4. Numerical results

The numerical validation of the asymptotic expansions of the Bloch-Torrey PDE and the
HADC model will be conducted in this section. The geometry we use is composed of 10

13
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cylindrical axons and a tightly wrapped ECS, as depicted in Fig.[I] The radii of the axons
are between 2um and 3um, the exterior width of the ECS is around 40% of the average
axon radius, and the height of all the compartments is 20pum. The diffusion coefficients are
set to 09" = g% = 2 x 1073 mm? /s and the permeability coefficient set to x = 0m/s.
The gradient sequence is PGSE (§ = 5ms, and A = 10ms).

The reference values are either the ADC obtained by solving the HADC model (Eq.
on the deformed geometry Q or the diffusion MRI signal obtained by solving the Bloch-
Torrey PDE (Eq. on ). Both of these reference values are obtained using SpinDoctor.
The error of the asymptotic model is the difference between the reference values and either
1o +m1 +m2 or Ng + N1 + No.

4.1. HADC model

First we show the effects of bending and twisting in multiple gradient directions for the
HADC model. Being that 7y gives the ADC of the canonical configuration, 7; and 72 could
be considered as two corrections. In all the plots that follow, the ADC is normalized by
the intrinsic diffusion coefficient o.

In Fig. [2| we show 19, 171 and 72 in multiple gradient directions in 3 dimensions. We can see
that n; provides maximal correction along the z direction. On the other hand, 7y provides
maximal correction along the x — z plane for the bend deformation, and along the x — y
plane for the twist deformation.
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FiGURE 2. The components of the HADC asymptotic model in 180
gradient-directions, which are uniformly distributed on the sphere. The
black dots indicate the ADC values. The distances from the origin of the
dots as well as the colors are proportional to the ADC (normalized by the
intrinsic diffusion coefficient ¢ = 2 x 1073 mm?/s). The gradient sequence
is PGSE (0 = bms, and A = 10ms). Top: the bend deformation with
Qpend = 0.05. Bottom: the twist deformation with aywise = 0.05. no (left),
m (middle), n (right).

For the clarity of display, we show further results, which concern the accuracy of our
asymptotic model, using two dimensional plots, where a uniform distribution of gradient
directions is taken from the x — z plane (y = 0). The reference value is the ADC obtained
by solving the HADC model on the deformed geometry €. The error of the asymptotic
model is the difference between 1y + 71 + 12 and the reference value.

In Fig. |3 we show four curves: the reference value, the asymptotic model (9 + n1 + 72,
the second order approximation), 7o (the ADC from the canonical geometry, the zeroth
order approximation), and 7y + 71 (the first order approximation). We see that frequently,
the first order correction is an overcorrection on 79 and that our second order correction
brings the result closer to the reference value. As the deformation parameter increases, the
difference between our asymptotic model and the reference value increases, as expected.
We note that even though g is the same function on the canonical geometry for both the
bend and twist deformations, when transformed to the deformed geometry, its contribution
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to the ADC is different depending on the specific deformation. This means the computed
zeroth order ADC is different for each deformation despite the fact that ng is the same
function on the canonical geometry C.
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FiGure 3. 2D HARDI simulations of the ADC in 60 gradient-directions,
which are uniformly distributed in the x — z plane (y = 0). The ADC values
are normalized by the intrinsic diffusion coefficient o = 2 x 1072 mm? /s and
labelled on the gray circles. The displayed angle (from 0 to 360 degrees)
is the angle between positive x-axis and the diffusion gradient direction.
The blue, red, yellow lines represent 79, 1o + n1, 1o + 11 + 72, respectively.
The reference value is shown in purple. The gradient sequence is PGSE
(6 = bms, and A = 10ms). Top left: apeng = 0.05 (where the asymptotic
model and the reference value are indistinguishable); Top right: ayuist =
0.05; Bottom left: apeng = 0.10; Bottom right: ayyse = 0.10.
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In Figure we show the relative errors of the 0%, 1% and 2"¢ order approximations,
normalized by the reference values. At apeng = 0.05, the maximum 274 order approximation
error is 1 percent, and the maximum 0 order approximation error is 14 percent. At
Qpeng = 0.10, the maximum 2nd order approximation error is 15 percent, and the maximum
0! order approximation error is 45 percent. At qiypise = 0.05, the maximum 2"¢ order
approximation error is 2 percent, and the maximum 0" order approximation error is 10
percent. At st = 0.10, the maximum 27d order approximation error is 22 percent, and
the maximum 0% order approximation error is 45 percent.
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FIGURE 4. The relative ADC error between 0%, 15 and 2" order approx-
imations and the reference value in 60 gradient directions, which are uni-
formly distributed in the z—z plane (y = 0). The labelled values on the gray
circles are given in percent. The displayed angle (from 0 to 360 degrees) is
the angle between positive x-axis and the diffusion gradient direction. The
blue, red, yellow lines represent ng, 19 + n1 and ng + 11 + 12, respectively.
Top left: apeng = 0.05; Top right: ayyise = 0.05; Bottom left: apeng = 0.10;
Bottom right: ayqyise = 0.10.

Next, we show in Figure [5]| the relative errors for the axons compartment and for the
ECS separately. In general, the axons compartment is much less accurately modelled than
the ECS compartment (which is more isotropic). At apeng = 0.05, the maximum axons
error over the gradient directions is 8 percent, the maximum ECS error is 1 percent. At
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Qpeng = 0.10, the maximum axons error is 40 percent, the maximum ECS error is 8 percent.
At oyist = 0.05, the maximum axons error is 16 percent, the maximum ECS error is 1
percent, and at oy = 0.10, the maximum axons error is 65 percent, the maximum ECS
error is 10 percent.

ADC error [%] o

= 0.05 in 60 directions in x-z plane, y=0

ADC error [%] «

= 0.05 in 60 directions in x-z plane, y=0

bend twist
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Ecs | 424® 8 605, ECS 15
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6 10 36
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2
1 80 % * 1 80 *
210 330 210 330
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318
23540 30806 240 300
270 270
ADC error [%] Qpend = 0.10 in 60 directions in x-z plane, y=0  ADC error [%] st = 0.10 in 60 directions in x-z plane, y=0
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v 20 40 60 tes. | 10 60
ECS | 126 54 ECS 60
30 138
150 20 30
ﬁ
210 330
23540 30806 240 300
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FI1GURE 5. The relative ADC errors between the reference solution and the
asymptotic model in 60 gradient directions in the z — z plane (y = 0),
in all compartments (blue line), in the axons (red line), and in the ECS
(yellow line). The labelled values on the gray circles are given in percent.
The displayed angle (from 0 to 360 degrees) is the angle between positive x-
axis and the diffusion gradient direction. The angles in bold styles indicate
the encoding gradient directions where ADC errors reach minimum. The
gradient sequence is PGSE (6 = bms, and A = 10ms). The ratio of volume
of axons and ECS is around 1:1.5. Top left: apeng = 0.05; Top right: qpist =
0.05. Bottom left: apeng = 0.10; Bottom right: ayyst = 0.10.
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4.2. Bloch-Torrey PDE

Now we validate our asymptotic model for the Bloch-Torrey PDE in the same geometries.
In Figure EI we show the real part of the normalized signal at b = 3000 s/mm2 in the
canonical geometry, as well as in the bend and twist deformed geometries.

Real part of Signal, 180 directions
Real part of Signal, 180 directions

Real part of Signal, 180 directions 035 035 035

y 04 Y o1 02 e 02
y

FiGurRE 6. The real part of the normalized diffusion MRI signal at b-
value = 3000 s/mm2, in 180 gradient-directions, which are uniformly dis-
tributed on the sphere. The distances from the origin of the black dots as
well as the colors are normalized by Sp. The gradient sequence is PGSE
(6 = 5ms, and A = 10ms). The diffusion MRI signals of the canonical con-
figuration (left). The signals of the bend deformation by asymptotic model,
with apeng = 0.05 (middle). The signals of the twist deformation by asymp-
totic model, with ayyise = 0.05 (right).

In Figure EL we show the relative errors between the 0", the 1%, the 2"¢ order approxi-
mations and the reference value, for b = 1000s/ mm?. For the bend deformation, the 0"
and the 1% order approximations are indistinguishable in their real parts. For the twist
deformation, the 15 order approximation actually has a higher error than 7.
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FIGURE 7. The relative signal error between 0%, 15 and 2"¢ order approxi-
mations and reference value in 60 directions gradient-directions in the x — z
plane (y = 0). The labelled values on the gray circles are given in percent.
The displayed angle (from 0 to 360 degrees) is the angle between positive
x-axis and the diffusion gradient direction. The b-value = 1000s/ mm? and
the gradient sequence is PGSE (6 = 5ms, and A = 10ms). The real part
of the diffusion MRI signal is normalized by the initial signal Sp. The blue,
red, yellow lines represent 7g, 1o +n1 and ng + 11 + 12, respectively. Top left:
Qpeng = 0.05; Top right: apwise = 0.05; Bottom left: apeng = 0.10; Bottom
right: st = 0.10.

In Fig. 8] we show the relative errors of the asymptotic model for the axons compartment
and for the ECS separately, for b = 500 s/mm2 and b = 1000 s/mmZ. For both apeng = 0.05
and auqise = 0.05, the axons errors are larger than the ECS errors.
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Ficure 8. The relative signal errors between the reference solution and
the asymptotic model in 60 gradient directions in the z — z plane (y = 0),
in all compartments (blue line), in the axons (red line), and in the ECS
(yellow line). The labelled values on the gray circles are given in percent.
The displayed angle (from 0 to 360 degrees) is the angle between positive
x-axis and the diffusion gradient direction. The angles in bold styles indicate
the encoding gradient directions where signal errors reach minimum. The
gradient sequence is PGSE (0 = 5ms, and A = 10ms). The ratio of volume
of axons and ECS is around 1:1.5. Top: apeng = 0.05. Bottom: a5t = 0.05.
Left: b = 500s/mm?®. Right: b = 1000s/mm?.

4.3. Convergence order of the asymptotic models

Finally, we show the convergence order of the asymptotic models. In Figure [, we show the
relative errors in the ADC of g, ng + 11, and 1y + 71 + 72, as Apend and st decrease.
We see a convergence order of 3, O(a?), for our asymptotic model.
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FIGURE 9. The ADC relative error (in percent) vs. deformation angle. The
diffusion gradient direction is (1,0,0). The black, red and blue markers
represent zeroth order, first order and second order approximations, respec-
tively. The lines with the same color are the fitting functions. Left: ADC
error vs. bend angle; Right: ADC error vs. twist angle.

In Figure [I0] we show the relative errors in the signal of Ny, Ng + N1, and Ny + Ny + No,
as Qpend and uyise decrease, for b = 500s/ mm?. Again, we see a convergence order of 3,
O(a?), for our asymptotic model.
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FIGURE 10. The signal relative error (in percent) vs. deformation angle.
The diffusion gradient direction is (1,0, 0). The black, red and blue markers
represent zeroth order, first order and second order approximations, respec-
tively. The lines with the same color are the fitting functions. Left: Signal
error vs. bend angle; Right: Signal error vs. twist angle.
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Finally, in Figure we show the convergence of our asymptotic models with b-value is
first order, O(Db).
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FiGURE 11. The signal relative error vs. b-values. The diffusion gradient
direction is (1,0, 0). The black, red and blue markers represent zeroth order,
first order and second order approximations, respectively. The lines with
the same color are the fitting functions. Left: Signal error vs. b-value, with
Qpendg = 0.06; Right: Signal error vs. b-value, with agyst = 0.06.

5. Discussion

In the previous section we have shown the accuracy levels of the second order asymptotic
models for four geometrical deformations. From Figure[I] we can see that at the two smaller
deformation values, apepg = 0.05 and ayyise = 0.05, there are already visually significant
deformations compared to the canonical geometry. It seems that this range of values is
sufficient to model significant deviations from straight cylinders and is therefore biological
relevant to describe the geometry of the brain white matter. At the higher values that
we simulated, apepg = 0.10 and agyse = 0.10, the asymptotic models resulted in much
higher errors, but by visual inspection, this larger range of values seems beyond the level
of geometrical deviations from straight cylinders that we can expect in the brain white
matter.

We have shown that for biologically relevant geometrical deviations, the ADC and the
diffusion MRI signal are accurately described as the sum of a zeroth order value (signal
or ADC from the straight cylinders) and two orders of corrections. We showed that a first
order correction is not sufficient to improve on the zeroth order model, at least two orders
of corrections are needed to significantly improve on the zeroth order model. With the
second order corrections, the asymptotic models are third order accurate in the geometrical
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deformation parameters. In addition, the model errors were shown to come mainly from
the axons, with the errors from the ECS compartment a much smaller source of error.

This work uses similar mathematical tools as several previous papers focused on the math-
ematical analysis of the Bloch-Torrey PDE subject to geometrical deformations. In [9], a
new mathematical model of Bloch-Torrey PDE in moving and deforming media was intro-
duced. In [17], a rigorous mathematical formalism was introduced to quantify the effect of
macroscopic-scale tissue motion and deformation in cardiac diffusion MRI. In |18], a new
model of the ADC of cardiac diffusion MRI was formulated in the presence of microscopic-
scale tissue motion and deformation.

Compared with solving the problem directly, the asymptotic model

The purpose of this work is to contribute to relating the diffusion MRI signal more directly
with the tissue geometrical parameters, the idea being that the diffusion MRI signal and
ADC differences between nearby voxels and regions of interest can be modeled by second
order corrections due to geometrical deformations with respect to a canonical configuration
of straight white matter fibers. Even though the two correction terms we described in this
paper are in the forms of partial differential equations and hence are complicated to solve,
an intriguing possible future direction is the use of machine learning algorithms to directly
map diffusion MRI signals to some geometrical deformation parameters relevant to the
white matter fibers in the regions of interest.

We expand the . According to [2,|1623] , d

6. Conclusion

We analyzed the Bloch-Torrey PDE and the HADC model in the context of geometrical
deformations starting from a canonical configuration, focusing on two analytically defined
deformations, bending and twisting. We derived asymptotic models of the diffusion MRI
signal and the ADC where the asymptotic parameter indicates the extent of the geometrical
deformation. We computed numerically the first three terms of the asymptotic models, the
zeroth order model based on the canonical configuration, and two orders of corrections.
We showed that a first order correction is not sufficient to improve on the zeroth order
model, at least two orders of corrections are needed to significantly improve on the zeroth
order model. With the second order corrections, the asymptotic models are third order
accurate in the geometrical deformation parameters. In addition, the model errors were
shown to come mainly from the axons, with the errors from the ECS compartment a much
smaller source of error. The purpose of this work is to contribute to relating the diffusion
MRI signal more directly with the tissue geometrical parameters, the idea being that the
diffusion MRI signal and ADC differences between nearby voxels and regions of interest
can be modeled by second order corrections due to geometrical deformations with respect
to a canonical configuration of straight white matter fibers.
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Appendix

In this Section, we give details about the construction of the finite elements matrices needed
to implement the second order corrections.

For the asymptotic expansion of HADC model, the FE matrices are generated for each
compartment with P1 basis function, which are denoted as ¢;, for i = 1,..., N,, where
Ny is the number of mesh nodes. The approximate solution of each order of expansion is
SN & i, where & is the weight of corresponding P1 basis function and j is the order.

The zeroth order term is identical to regular HADC model. The mass, stiffness and flux
matrices M, S and Q are defined as follows:

M;; = /Qwicpjda:, Sij = /QO’V(,DZ' -Vode, Qi = U/c’m u, - n(x)p;p;ds. (6.1)

Applying Green’s Theorem for partial derivatives, the integral of correction terms Ky 1 and
K} » multiplying ¢, could be written as an volume integral of C' and a surface integral of
0C'. The later items cancel Gy and Gy 2. Therefore, for the bend deformation, the two
correction matrices are:

Cbend,l,ij = 20/ z(azgoiazgoj + 8xcpiachj)dm, Cbend,Q,ij = 40’/ 228xg0¢8xcpjdm. (62)
o0 o0

For the twist deformation, the two correction matrices are:

Cruist,1,ij = 0/ 2i(0.0i0yp; + Oypi0. ;) — Yi(020i0.0; + 0zi0. ;) dex,
o0

(6.3)
Cruwist 2,ij = U/ 23i(020i0y 0 + Oypiups) — 23Dy pidyp;) — yi (DupiOuipj)da.
onN
The flux matrix for solving Eq. on the bend geometry is:
Qbend,ij = _20/ ZUgq, 'nz(w)@i@jdsv (64)
o0
where u,, and n.(x) are the projections of uy and n(x) onto z-axis, respectively.
The flux matrix for solving Eq. on the twist geometry is:
wis -1 i wis
COS(CstwisttZ) ug‘t + S%néctk:visttZ) ugy + yugz
Quiniy =20 [ | |estlutinnny, | nldishuony, |y, | mi@ogds, (65)
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where u,, and u,, are the projections of u, onto x-axis and y-axis, respectively.

For numerical computing the solution 79 of Eq. the semi-discretized equation is:

3 0 3

where Y €Yp; is the approximation of 7, &7
F(t)-1.

Eq. and can be discretized into the matrix form below:

is the coefficient of base functions and & =

o¢t

M= = =S¢ + Qué + Crad’, (6.7)
Ma—{Q = —SE2 + Cp 1L 4 C 080 6.8
5 = k1§ + Cr o, (6.8)

where k € {bend,twist}. System of semi-discretized equations Eq. [6.66.71|6.8| can be as-

sembled into one equations as below:

M 0 0] 5 S 0 0 Q 0 0 ¢
0 M 0| =—|-Cuu S 0|&+[0 Q 0| ¢, (69
o o M| —Ciz —Cri S 0 0 of|¢

where £ = [£0;¢1;¢2] and 0 is the all-zeros matrix with the same dimension as M.

Eq. is solved by MATLAB built-in ODE solver odel5s. This solver will automatically
determine the time stepping. When the computation is finished, we decompose £2 into £,
¢! and £€2. The approximation of 7, equals to the sum of all components above:

Nall = Z(fo + o€y + a3 pr, where k € {bend, twist}. (6.10)
k

Then, ADC coefficient is computed according to equation It is worth mentioning that
the approximation of 7 is computed on canonical geometry, but the integration in Eq.
should be performed over deformed coordinates.

The asymptotic expansion of the Bloch-Torrey PDE could be discretized similarly as for
the HADC model, the only difference is the diffusion encoding gradient matrices, which
are described as:
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JOZIW/g'QU%SDjdﬂU,
Q

Jbend = I’Y/ g. - 2pip;de,
Q

(6.11)
cos(ccy;:;i::tz)fl . sino({to:zistzy
Jiwist = I / g |sintawiis) ;| costonminiz) L | o0sde.
(e} Qtwist Qtwist
Eq. [3.46] [3.49] and [3.38] can be discretized into the matrix form below:
o 0
O = (8130 (612)
agt 1 0

M- = =8+ f(t) - J0)&" + (Cra = f(O)IR)E, (6.13)

¢ 2 1 0
M- = =8+ f(t)  J0)&" + (Cpa — f()IR)E" + Crat’, (6.14)

where k € {bend, twist}, > &%;, S &l and - E2¢; are the approximations of No, N;
and N , respectively. The assmbled semi-discreted equation is:

M 0 0] 5 S 0 O Jo 0 0
0 M 0| =—|-Cui S 0/&—f(t) I Jo 0]¢" (615
o o M| % —Cra2 —Cg1 S 0 Jir Jo

and the coeflicient of approximation of Ny is:

Eail = &0 + €1 + a3y, where k € {bend, twist}. (6.16)

The signal S is computed according to equation after simulation. The same as above,
the integration in Eq. [2.5]is over deformed coordinates.

The FE mesh nodes will be deformed analytically by a coordinate transformation. The
deformation process and mesh generation are realized by SpinDoctor routines.
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