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UNDERSTANDING THE TIME-DEPENDENT EFFECTIVE
DIFFUSION COEFFICIENT MEASURED BY DIFFUSION
MRI: THE INTRACELLULAR CASE*
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Abstract. Diffusion magnetic resonance imaging (dMRI) can be used to measure a time-
dependent effective diffusion coefficient that can in turn reveal information about the tissue geometry.
Recently, a mathematical model for the time-dependent effective diffusion coefficient was obtained
using homogenization techniques after imposing a certain scaling relationship for the time, the bi-
ological cell membrane permeability, the diffusion-encoding magnetic field gradient strength, and a
periodicity length of the cellular geometry. With this choice of the scaling of the physical parameters,
the effective diffusion coefficient of the medium can be computed after solving a diffusion equation
subject to a time-dependent Neumann boundary condition independently in the biological cells and
in the extracellular space. In this paper, we analyze this new model, which we call the H-ADC
model, in the case of finite domains, which is relevant to diffusion inside biological cells. We use
both the eigenfunction expansion and the single layer potential representation for the solution of the
above-mentioned diffusion equation to obtain analytical expressions for the effective diffusion coeffi-
cient in different diffusion time regimes. These expressions are validated using numerical simulations
in two dimensions.
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1. Introduction. Diffusion magnetic resonance imaging (dAMRI) encodes water
displacement due to diffusion via the application of diffusion-encoding gradient pulses
and is a powerful tool to obtain information on the tissue microstructure. A major
application has been in detecting acute cerebral ischemia minutes after stroke [28, 45];
dMRI has been used to detect and differentiate a wide range of physiological and
pathological conditions in the brain, including tumors [25, 40, 43] and myelination
abnormalities (for a review, see [21]). It also has been used to study brain connectivity
(for a review, see [20]) and in functional imaging [22] as well as in cardiac applications
[5, 6, 35].

In particular, we are interested in an important quantity measured by dMRI called
the “apparent diffusion coefficient” (ADC'), which is usually significantly lower than
the intrinsic diffusion coefficient of water, which we will denote by Dy. How much
lower the ADC is compared to Dg gives a measure of how much the water diffusion
is hindred by obstacles in the medium.

In order to motivate a rigorous definition of the ADC', we now explain the concept
of the mean squared displacement (MSD) of a population of water molecules (spins).
The MSD of spins during a diffusion time ¢p is defined as

(1) MSD(tp) = fp()lio)dxo / / p(x0) ((x — xo) - ug)2 u(x, X, tp)dx dxg.
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The function u(x,xg,tp) is called the diffusion propagator and gives the proportion
of spins starting at the position xg when ¢ = 0 that end up at the position x at time
tp. The density of the spins at x is denoted by p(x¢) and ug (called the diffusion-
encoding direction) is a unit vector in R? that indicates the direction of the applied
magnetic gradient pulses. Following the classical definition, we define the effective
diffusion coefficient in the direction ug to be the following:

2) 1 s,

2tp
Since the MSD in a heterogeneous medium is not necessarily linear in ¢, the effective
diffusion coefficient typically depends on tp.

The M SD can be measured by dMRI using a sequence of magnetic field gradient
pulses (called a diffusion-encoding sequence). There exist many different sequences
that one can use to measure diffusion, but one of the most common is the so-called
pulse gradient spin echo (PGSE). Since the PGSE is widely used and in order to
simplify the presentation, in this paper we present all the results in terms of this
sequence.

The PGSE sequence contains two rectangular pulses of the diffusion-encoding
gradient magnetic field Bgig = gug - X, where g is the strength of the gradient and
ug is the gradient direction. Each pulse has a duration 4, with the delay between the
start of the two pulses denoted by A, and there is also a radio-frequency (RF) pulse
to affect a 180-degree spin reversal between the pulses We repesent this sequence in
Figure 1. With G(¢) we indicate the profile in time described above, while with f(¢)
we indicate the more appropriate normalized mathematical description of this time
profile. In particular,

1 ty<t<ts+3,
0 ta+0<t<t,+A,
—1 te+A<t<ty+A+3,

0 elsewhere,

3) ft) =

90 180
|-| |—| Echo
RF "‘H‘w\‘[“m .
g g
G(t)
TE
— 4
b, o
f(t)

Fic. 1. Sequence diagram for the pulsed gradient spin echo (PGSE). RF: the time profile
of the application of the radio-frequency pulses. G(t): the time profile of the application of the
diffusion-encoding gradients. f(t): the effective time profile of the application of the diffusion-
encoding gradients taking into account the 180-degree pulse. §: the duration of the diffusion-encoding
gradient pulses. A: the delay between the start of the pulses. Echo: time at which the signal is
acquired.
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where t, is the start of the first pulse and we made f(t) negative in the second pulse
to include the effect of the 180-degree spin reversal between the pulses. For simplicity,
since t5 does not play a role in the results of this paper, we set t; = 0.

In the ideal case, where the pulse duration is very short compared to the delay
between the pulses, i.e., § < A, called the narrow pulse case, it is easy to relate
the magnetization of spins to the diffusion propagator u(x,xg,tp). Let us consider
spins initially located at xg. After the first pulse, the complex phase of these spins is
¢978%0 where v = 42.576 MHz/Tesla is the gyro-magnetic ratio of the water protons.
Because the gradient magnetic field is turned off after the first pulse, the spins move,
but the phase of the spins does not change. The phase remains €780 until the
application of the RF pulse, resulting in a 180-degree spin reversal. After the 180-
degree RF pulse, the complex phase becomes e~?078%0 Again, spins move, but the
phase of the spins stays the same until the application of the second pulse, after which
the complex phase due to spins ending up at position x; becomes ei0r8 (xs=%0) ~ go
the magnetization at the position x and time ¢ is

(4) M(x,t) = / p(xo) u(x,x9,A) ! 079ug (X=%0) gy
X0

where we emphasize again that we used the assumption § < A. The dMRI signal S
is the total water proton magnetization in an imaging voxel V measured at a specific
time TE called the echo time:

(5) S = /ev M(x,TE) dx.

The echo-time TE is usually some time after the end of the second pulse (i.e., TE >
A +§). Since TE does not play a role in the results of this paper, we set TE = A +§
for the rest of the paper.

Because the diffusion displacement is usually much shorter than the size of the
imaging voxel size, we can ignore spins that enter and leave the voxel during the signal
acquisition and thus take domain of integration in (5) to be R3. Using properties of
the Fourier transform, we obtain

S
0%

) 9 (679)”

~ MSD(A)
5vg=0

in the case of the narrow pulse PGSE sequence, where Sy is the signal at ¢ = 0 (a
derivation of this statement can be found in [23]).

Without the narrow pulse assumption, (4) does not hold exactly. Rather, M (x,t)
is governed by the Bloch—Torrey equation, which is a complex-valued diffusive PDE:

(7)
%M(x,t) = —uygug - Xf(t)M(x,t) + div(Do(x) VM (x,t)) in JQ; x [0,TE]

[[DOVM . V]]Fi]- =0 on Fij X [0, TE]
DOVM : l/|r1.j = K‘,[[Mﬂrij on Fij X [O,TE]
M(-,0)=p in JQy,
where )y is the extra-cellular space and each of 2;, j =1,..., N, is a biological cell;
the vector v is the exterior normal to the biological cells; [-]r,;, 4,j =0,..., N, i # j,

is the jump (the limit value in compartment ¢ minus the limit value in compartment 5)
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on I';;, the interface between ; and );; & is the membrane permeability coefficient;
and ¢ is the imaginary unit. The function f(¢) gives the normalized time profile of
the diffusion-encoding magnetic field gradient pulses, which for the case of the PGSE
sequence we have defined in (3).

We note that the Bloch—Torrey equation needs to be supplemented by additional
boundary conditions on the sides of the imaging voxel. For example, periodic bound-
ary conditions on the boundary of the voxel would be an acceptable choice.

In the case of unrestricted diffusion in a homogeneous medium with the intrinsic
diffusion coefficient Dy, the integral of the solution of the Bloch—Torrey equation, in
other words, the total magnetization, takes the exponential form [4, 16]

(8) S = SgePob
with the b-value defined as
TE
(9) =g / F(t)?dt,
0
where
t
(10) F(t) E/ f(s)ds.
0

In particular, for the PGSE sequence,

t te <t <ty+9,

) te+0 <t <ts+ A,
(11) F(t) = TostEhT

A+d—t ts+A<t<ts+A+9,

0 elsewhere.

To adapt the definition of the effective diffusion coefficient to the nonnarrow pulse
case, we make the following mathematical definition:

12 pi=__ L 9, (S)
(12) ug 2 foTE F(t)2dt dg2 So o
In the dMRI community, the above quantity is fitted using the experimental MRI
signal at several b values, and the obtained value is the ADC. The ADC is widely used
in medical applications; for instance, ADC maps of brain have been used to identify
tumors (see [21, 44]). The Dﬁg defined in the above formula depends on the gradient
direction ug and the temporal profile f(¢) but not on the gradient amplitude. In this
paper, with the phrase “diffusion time dependent,” we actually mean dependent on
A and 9.

The motivation of our work is the experimentally observed phenomenon (see
[33] and the references contained there) that the ADC depends on A (and § in the
nonnarrow pulse case), leading to the need to characterize the time-dependent ADC
in terms of tissue-related quantities over a wide range of diffusion time regimes. The
ultimate goal is of course the estimation of these tissue-related quantities from the
measured dMRI signal.

In this paper, we focus on the case of finite domains, where the membrane per-
meability is small enough to have negligible effect on the effective diffusion coefficient,
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which is related to the first-order moment of the dMRI signal in the b-value (12).
We note that this does not exclude the permeability from having an effect on the
higher-order moments of the signal. For the case where the permeability does affect
the Df’g, the analysis is more difficult, and we refer the reader to [7, 15, 19, 41, 42]
for results on periodic media and to [3, 8, 30, 31, 32] on more general heterogeneous
media, not necessarily periodic.

Now we summarize some existing results concerning the effective diffusion coeffi-
cient for finite domains where the membrane permeability is negligible. In the short
time regime, the effective diffusion coefficient is reduced from the free diffusion coeffi-
cient Dy by the presence of the cell membranes that affects only the molecules in the
adjacent layer. The thickness of this layer is of the order of the diffusion length /Dot
[17], where Dy is the bulk diffusion coefficient. Calculations in [26, 27] show

4 S
eff _ _ ~
(13) Dshort(t) - DO (1 3dﬁ vV V D0t> ;

where d is the spatial dimension and S/V is the surface-to-volume ratio. This result
was extended to include higher-order terms accounting for permeable membranes,
surface relaxation, and mean curvature [18, 30]. It was also shown that, in the case
of anisotropic media subjected to a linear gradient with direction ug, one should

2
replace % above by W [1, 9]. In the long time limit, the spins explore the

whole available space of the finite domain, and then their mean square displacement
saturates while the effective diffusion coefficient decreases to zero as A increases. For
an isolated cell of a typical size R, the diffusion becomes Gaussian, as was shown in
[29, 34]. In the case of the PGSE sequence in the narrow pulse limit, one gets

2
(8) ~ O
where C is a geometrical constant (for example, C' = 1/4 for the reflecting cylinder
and C' = 1/12 for a one-dimensional (1D) configuration [4, 9]).

Finally, an approach that is closely related to the work of this paper is the “matrix
formalism” approach used to describe restricted diffusion in bounded domains [2,
9, 10, 11]. There, one considers the applied diffusion-encoding magnetic field as a
perturbation of the Laplace operator, and the magnetization is decomposed on the
basis of Laplacian eigenfunctions.

In contrast to the matrix formalism approach, in a previous work [14], we derived
a homogeneous model which we call the H-ADC' model and which is the focus of
this paper. The H-ADC model was derived using a certain scaling of the membrane
permeability with respect to other physical parameters and thus is not limited to
impermeable domains. Our derivation of the H-ADC model justifies neglecting the
membrane permeability for the choice of scaling that we have made. In addition, since
we have formulated the time-dependent effective diffusion coefficient as the solution
of a diffusion equation rather than directly in the eigenfunction basis, we have the
freedom to analyze the solution of the resulting diffusion equation using both the
eigenfunction representation as well as the layer potential representation according
the relevant time regime under consideration. Finally, we note that we preferred the
term “apparent” to the term “effective” in naming the H-ADC model due to the more
common usage of the term ADC in the MRI community.

We emphasize here that this paper continues our previous work in [14], where the
H-ADC model was derived. In this paper, we derive approximate solutions to the

(14) D
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H-ADC using different approaches. This paper is organized as follows. In section
2 we describe the H-ADC model derived in [14]. In section 3 we represent the solu-
tion of the relevant diffusion equation of the H-ADC model using the eigenfunction
basis as well as by single layer potentials and discuss the regime where each repre-
sentation is advantageous. In section 4 we provide formulas for the effective diffusion
coefficient that is averaged over diffusion-encoding gradient directions that are uni-
formly distributed in the unit sphere. In section 5 we validate our analytical results
with numerical simulations on two-dimensional geometries. Section 6 contains our
conclusions.

2. Effective diffusion coefficient in finite domains. In a previous work [14],
we obtained a homogenized model by starting from the Bloch—Torrey equation using
the following scaling relationship between the time (A and 0), the biological cell
membrane permeability (), the diffusion-encoding magnetic field gradient strength
(9), and a periodicity length of the cellular geometry (L):

L=0(e), k=0(e), g=O0(™?), {A, 8} = O(*),

where € is a nondimensional parameter. It was shown that with this choice, there is no
coupling between the different geometrical compartments in the g2 term which gives
rise to the effective diffusion coefficient. The total effective diffusion coefficient is the
sum of the effective diffusion coefficient in each geometrical compartment weighted
by its volume fraction. Thus, in this paper we are justified in considering each com-
partment separately.

According to [14], with the definitions of F'(t) given in (11), the effective diffusion
coefficient in the compartment €2 can be obtained in the following way:

P Do TE
(15) D =P i /O Ft) ht) dt,
where

(16) h(t) = ﬁ /Q ug - Var(x, 1)

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,

%w(x, t) — V(DoVw(x,t)) =0, x €,
(17) DoVuw(x,t) - v(x) = DoF(tug - v(x), x € o9,
w(x,t) =0, x €,

v being the outward normal and ¢ € [0,TE]. We can see that if h(t) is close to
F(t), then Dfl‘;f is close to 0. The above set of equations, (15)—(17), make up the
homogenized model that we call the H-ADC model.

In our previous work [14], we imposed periodic boundary conditions on the bound-
ary of the voxel. In this paper, we are interested in analyzing (15)—(17) for spatially
finite compartments, which is relevant to diffusion inside biological cells. It will not
be necessary to impose periodic boundary conditions on the sides of the imaging voxel
if we consider only cells that do not touch the sides.
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3. Solution of the H-ADC model. Defining the right-hand side of the Neu-
mann boundary condition as

(18) Bly,t) = DoF(t) ug - v(y),

we will use the following two equivalent expressions for h(t):
1 1

(19) h(t) = —/ ug - Vw(x, t)dx = — / w(y,t) (ug - v(y)) dsy,
€2 Jo 1 Jr

where the second expression can be obtained by applying the divergence theorem to
(16). We observe that the first expression uses values of the gradient of w inside the
domain, while the second uses the values of w on the boundary. Each expression
will have advantages depending on whether we use the eigenfunctions of the Laplace
operator or layer potentials to represent w.

3.1. Eigenfunctions representation. In this section, we provide expressions
for Dﬁg obtained by using the eigenfunction representation for the solution of (17).
The results are given below, and the proofs are provided in Appendix A.

THEOREM 3.1. The effective diffusion coefficient in (15) is equal to the following
exTpression:

> 2 TE t
(20) D = —(“’;)EDOA” / F(t) ( / e~ PoAn(t=s) f(s)ds) dt,
(0] fo F2(t)dt Jo 0

where ¢,,(x) and A, are the L?-normalized eigenfunctions and eigenvalues associated
to the Laplace operator with homogeneous Neumann boundary conditions,

—VDy (V¢H(X)) = )‘nﬁbn(x)v x €9,
D0v¢n(x) : V(X) =0, x el

and the coefficients

(21) ag = \/1§27| /QX ‘Ugdx, ap = /Qx - UgPp (x)dx,

are the first moments of the eigenfunctions in the ug direction. We remark that this
formula is the same as the one obtained with the matrix formalism in [9)].

COROLLARY 3.2. For the PGSE sequence defined in (3), the following holds:

> 2
29y peff — —(an) {e—Doz\n(A-%) + e~ DoAn(2-0)
(22) D, ; D3N252 (A —3) |0

—2 (DoAnb + e~ PoM0 4 = DoAnA _ 1)} .

We observe that, in the narrow pulse case defined in the introduction (i.e., § < A),
(22) reduces to

F Oo(an)2 —DoAn A
(23) DY A (1 — e Pornd),

n=1

which confirms the well-known result that ng approaches its long time limit as

O(1/A) inside finite domains. In particular, for a 1D configuration of length L,

a; = %, and for a reflecting cylinder of radius R, a; = RTQ (see [4, 9]).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/26/19 to 128.93.162.219. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

THE TIME-DEPENDENT ADC: INTRACELLULAR CASE 781

3.2. Layer potential representation. The solution of a diffusion equation can
be also represented using layer potentials (see, for example, [13], [36], [37], [38], [39]),
which is a more efficient approach than using the eigenfunction representation at short
diffusion times. In this light, we derived the following short time approximation using
the single layer potential representation. The proof is given in Appendix B.

THEOREM 3.3. For the PGSE sequence defined in (3), Dﬁfz has the following
asymptotic expression:

eff 4 P 2 2
(24) DI =Do |1~ s 2T ((A +o)7? o (57/ + A7 ) +(A - 5)7/2)]
AQ

(25) +O<DOPET’I‘A_§>7
where

1 4 )
(26) P =i | (572 VPolue v60)?) s

D

(27) Py = _TSI : k(%) (ug - v(x))%dssy.

We observe that, in the narrow pulse limit, § < A, the expression
off fF ug v)2dsy
(28) Dy, =Do (11— —\/D A=————"— | + O(Do Py A)

reduces to the formula given in [1, 9, 27]. Hence, our new formula in (24) is a correction
of the results in [1, 9, 27] because it takes into account the contribution of 4. This
makes the new formula applicable for cases where the narrow pulse assumption § < A
does not hold. If © is an isotropic domain, then

Jr(ug - v)?dsx T

29 =1l
(29) 6] a1

which is the ratio of the surface area to the volume divided by the space dimension d.

3.3. Mixed approximation. When the duration of the diffusion-encoding
pulses are short but the delay between the pulses is not short (with respect to diffusion
in ), one can use the single layer potential representation during the pulses and the
eigenfunction representation between the pulses. We state the following theorem, and
the proof is given in Appendix C.

THEOREM 3.4. For the PGSE sequence defined in (3), DSJZ has the following
asymptotic expression:

Do 8Dy/253/2 / )
(ug - v)“dsx+
6(A - %) 35f|9|< -3t

B Z 2+ anby 5 e~ AnDoA(] — eAnDo0)
|Q|52 -9 AnDo

n=1

7
(30) Dyl =
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1
(31) bo = @/Qw(x,é)dx), bnz/ﬂw(x,é)%(x)dx

We observe that in the narrow pulse limit, the expression in (30) reduces to

(dan — by _
32 NZ Q[o(A ) y o)

which again tells us that fo;f approaches its long time limit as O(1/A) because

b, = O(6%/?) for all n > 1 due to the maximum principle for heat equation applied
to w(x,t) in the first pulse:

(33) [w(x, )] < lwx%, )| = Ot3?) vxe0,x"el,teld

4. Averaging D°f over multiple gradient directions. If we average the
effective diffusion coefficient Dleg over all the possible gradient directions ug, we can
obtain new formulas that are independent of the orientation of the biological cells.
We define the orientionally averaged effective diffusion coefficient as

Dy, du
(34) Dyt o= e
fsdfl d“
and obtain the following theorem. The proof is in Appendix D.

THEOREM 4.1. The averaged effective diffusion coefficient DS, has the following
three expressions:

o] k'n
(35) Dt = . {e—DOAn(A«s) + ¢~ Dorn(A-0)
; DiA, 262 (A - 3)

-2 (Do)\né + e PoAnd 4 o=DoAnA _ 1) }

3/2
_p, 6 Do
(36) 3502 (3A —0) /7

A2 >
10
=

per _ Db D762 |
(A =2)  35ym(A—2)d

00 5kn +]n ( —A,,,DOA(I _ eAnDozS))
37 S e G

[(A=8)7+ (a+0)?—2(672 + a72)] d||FQ||

and
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where

d i\2 d X-ui x X2 u
(38) k‘nzz_(?") (fQ g' P )d) dug

Q| « Q)

i=1

is the mean over any set of d orthogonal directions, ug1 e ugd, of the square of the
first moment along those directions and

. ¢ b al, d wugi(x7 8)Pn(x)dx X - Ug' ¢y (X)dx
(39) Jn = ; rroi ; (Jo dg|(f9 g ) .

5. Numerical results. In this section we numerically validate the approximate
formulas we derived in the previous sections. To compute the reference quantities, we
solved the diffusion equation in (17) using the MATLAB PDEToolbox. The eigenval-
ues and eigenfunctions of the Laplace equation with Neumann boundary conditions
were also computed with the same software. The convergence between the H-ADC
model and the Bloch—-Torrey equation was shown previously in [14].

First we show the three approximations of h(t). We consider a 2D geometry of one
vertically oriented ellipse with semiaxes of 19 pym and 9 pm. The intrinsic diffusion
coefficient is set to Dy = le ®mm?/s, and we vary the values of §, A, and ug. To
compute the reference solution h(t), we solved the problem (17) on the finite element
mesh shown in Figure 2. The eigenvalues and eigenfunctions are also computed on
the same finite element mesh. The projections a,, and b,, are computed according the
the formulas in (21) and (95).

For this particular geometry, the first four nonzero eigenvalues are

A1 = 0.0097, Mo =0.0325, A3 =0.0383, ;= 0.0644,

and their numerically calculated projections a; are reported in Table 1.

Clearly, among the four eigenvalues, in the direction ug = [1, 0], all but A3 have
negligible contribution, and in the direction ug = [0, 1], all but A; have negligible con-
tribution. We then consider only the one dominant eigenvalue in our approximations.

FE mesh

pm

20 -10 10 20
pm

FiG. 2. Finite elements mesh of an ellipse with semiazes of 19 pm and 9 pm, oriented vertically
along the y-axis.
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TABLE 1
The first moments of the eigenfunction associated with the first four nonzero eigenvalues in the
two directions ug = [1,0] and ug = [0, 1].

Ug ay az as a4
[1,0] 38.9 —25.7 —4.62¢T°  —0.97
0,1 1.07et® 175 —4.49 —5.58
T M R —
o8 o

h(t) (ms)
O

[ potential approx
(O eigenfunc approx with 1 eigenvalues
* mixed approx with 1 eigenvalues

6 8 10 12 14
time (ms)

Fi1G. 3. h(t) and its approzimation (using the three different formulas found) with respect to
the gradient directions ug = [1,0] for an ellipse of semiazes 19 pm and 9 pm. Intrinsic diffusion
coefficients Do = 1x 10~ 3mm?2 /s, pulses duration § =5 ms, and time delay between pulses A = 10 ms.

[ potential approx
(Qeigenfunc approx with 1 eigenvalues|
* mixed approx with 1 eigenvalues

20 30 40 50
time (ms)

Fi1c. 4. h(t) and its approzimation (using the three different formulas found) with respect to
the gradient directions ug = [1,0] for an ellipse of semiazes 19 um and 9 pm. Intrinsic diffusion
coefficients Dy = 1 X 10_3mm2/s, pulses duration § = 5 ms, and time delay between pulses A =
50 ms.

In Figures 3-5 we indicate the reference quantity with a line, the single layer
approximation with squares, the eigenfunction approximation with circles, and the
mixed approximation with asterisks.

In Figure 3 we considered § = 5 ms, A = 10 ms, and ug = [1,0]. As we can see,
the single layer approximation (squares) fits very well the reference quantity (contin-
uous line) in all three time intervals. We also notice that the mixed approximation
(asterisks) works sufficiently well during the two pulses but not between them. For
the eigenfunctions approximation, the fit is far from the reference quantity.

In Figure 4 we considered 6 = 5 ms, A = 50 ms, and ug = [1,0]. As we can
see, the single layer approximation fits well the reference quantity during the first
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Ug = [1,0]

T
— DefT
O Potential approx
(O Eigenfunction approx with 1 eigenvalues

* Mixed approx with 1 eigenvalues )

-
T 4t
Q
B e
2k Upo O U@ D
my P
Ho
O
mr O
ol ‘ ‘ ‘ ‘ ‘ ‘ ‘ . O
10 20 30 40 50 60 70 80 90 100
A (ms)
(a) Gradient direction ug = [1, 0]
| u,=[0,1]
1020 9 :
— DeIT
O Potential approx
9 (O Eigenfunction approx with 1 eigenvalues|
* Mixed approx with 1 eigenvalues

O
O
Yo

Bo DDDDDD

8 ® |
= @@ ® Og =Ie
3 B P0og
Q ® ® ® Hong og
T+ Og oo H
6L
)
5 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
A (ms)
(b) Gradient direction ug = [0, 1]
g X107 ‘ ‘
—average D/
3 O Potential approx
OEigenfunction approx with 1 eigenvalues| |
é % Mixed approx with 1 eigenvalues
e

average D/
(=]

[
T

(c) Average over both directions

F1G. 5. D with respect to two different gradient directions as well as D:;]ge, the average
over both direction, compared to approximations using the three different formulas, for an ellipse of
semiazes 19 pm and 9 um. Intrinsic diffusion coefficients Do = 1 x 10~ 3mm?/s, pulses duration
6 =5 ms, and 30 different values of the time delay between pulses in the interval [8,100] ms.

pulse and until ¢ &~ 25 ms, but after that, the approximation is no longer good. The
eigenfunction approximation is not good during the pulses, but it becomes accurate
at the end of the interval between them. The mixed approximation fits well during
the pulses and is the same as the eigenfunction approximation between the pulses.
In Figure 5(a) and (b) we show the behavior of D computed for two different
directions of the gradient (ug = [1,0] and ug = [0,1]) but the same parameters
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%1078 O
ras O Eigenfunction approx with 1 eigenvalue O < Q
X Error estimate with 37 eigenvalues
linear X @
6 %
5t
®Q
&
H4r
B o
—3l %
2r Q @
[
1+
%
0 ® L L L L L L
0 0.02 0.04 0.06 0.08 0.1 0.12
1/A (ms™)

(a) Gradient direction ug = [1, 0]

-5
x10
47 [ 'O Potential approx &
linear

0 . . . . .
0 5 10 15 20 25

AP/(A-5/3) (ms)
(b) Gradient direction ug = [0, 1]

FiG. 6. Top: the absolute error |Deﬁ— DaPPToE| of the eigenfunction formula using only the first
dominant eigenvalue follows the asymptotic behavior O(i) in the long time regime. The error esti-
mate from adding the contributions of the next dominant 36 eigenvalues is also included. Bottom: in

2
the short time regime, the error of the potential formula follows the asymptotic behavior O(Aéié/?,)

The best linear fit line is included in both figures. The simulations were performed in two different
gradient directions for an ellipse with semiazes diameters 19 um and 9 pm, the intrinsic diffusion
coefficient is Do = 1 x 10~3mm? /s, and 15 different values § and A in the interval [8,100] ms were
used.

(6 = 5 ms and 30 different values of A equally distributed in the interval [8,100] ms).
In Figure 5¢ we show the average of D /Dy along the two perpendicular directions.
Clearly, the single layer formula works well for at short A 4+ § and the eigenfunctions
formula for long A + 6.

To conclude, in Figure 6 we report the absolute error

|Deff o Dapprox|
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for the same parameters as before in the two orthogonal directions. As we can see, the
absolute error of the eigenfunction formula using only the first dominant eigenvalue
follows the asymptotic behavior O(%) in the long time regime and is close to the error
estimate provided by adding the contributions of the next dominant 36 eigenvalues.
In the short time regime, the error of the potential formula follows the asymptotic
behavior O(Afi;/g). Both results are as expected from the error analysis provided in
the previous sections.

6. Conclusions. Diffusion magnetic resonance imaging can be used to measure
a time- and direction-dependent effective diffusion coefficient which can in turn reveal
information about the tissue microstructure. Recently, a new mathematical model
for the effective diffusion coefficient, the H-ADC' model, was obtained using homoge-
nization techniques after imposing a certain scaling relationship between the physical
parameters. The resulting model depends on the solution of a diffusion equation
subject to time-dependent Neumann boundary conditions.

In this paper, we analyzed the H-ADC model in the case of finite subdomains.
In particular, we obtained three representations of the effective diffusion coefficient
that are appropriate in different diffusion time regimes. In the short time regime, we
proposed using a representation based on the single layer potential. In the long time
regime when the pulse duration is not short, we proposed using a representation based
on the eigenfunctions expansion of the Neumann—Laplace operator. In the long time
regime when the pulse duration is short, we proposed a representation that combines
the single layer potential during the pulses with the eigenfunction expansion between
the pulses. In particular, in the short time regime, our representation corrects an
existing formula by correctly accounting for the pulse duration. Our work helps to
make more precise how parameters of the tissue microstructure, such as the surface-
to-volume ratio or the dominant eigenvalue and its projection, affect the effective
diffusion coefficient.

Appendix A. Eigenfunction approximation. Proof of Therem 3.1.
Proof. Writing w, which solves the problem (17), as the sum
(40) w(x,t) =w(x,t)+ F(t) x-ug,x€Q, t€[0,TE],

where W(x, t) satisfied the following diffusion equation with a forcing term and homo-
geneous boundary condition,

(41) %ﬁ(x, t) — V (DoV(x,t)) = —f(t)x - ug, x€Q, tel0,TE]
(42) DoVa(x,t) - v(x) =0, xel, te[0,TE]
(43) w(x,t) =0, x €

it is well-known that W(x,t) can be expanded in the basis of Laplace eigenfunctions.
Let ¢,,(x) and )\, be the L? normalized eigenfunctions and eigenvalues associated to
the Laplace operator with homogeneous Neumann boundary conditions:

—VDy (Vdn(x)) = Anon(x), x €Q,
DoV, (x)-v(x) =0, x el
We can write W(x,t) in the basis of the eigenfunctions as
t
0

(44)  B(xt) = —aodo(X)F(t) + 3 (~an)gn(x) / A9 F(5)ds,
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and the coefficients

1
45 = —= ‘ugdx, ap = “Ugdp(x)dx,
(45) ag m/gxugx a /qug(b(x)x

are the first moments of the eigenfunctions in the ug direction.
Using the above decomposition of &(x,t), the solution w(x,t) of the problem (17)
can be written as

(46) w(x.t) = (x ug - ﬁ) Ft)+ Y (~a0)én(x) / e PoM (=) £ (5)ds.

Using the following property of the eigenfunctions

(47) [ utxiax {m n=0

, n>1

and the divergence theorem

(48)

/ Andn (Ug - X) dx :/ Vo, (x)ug dx—/ DoV, (x)-vug-vdsx :/ Vo (x)-ug dx,
Q Q r Q

we can write h(t) in (16) as

= (an)*An ! —DoAn (t—s)
(49) h(t)=F(t)+ Y - il e~ PoAn(t=9) f(5)ds
n=1 0
This leads to the final formula of the effective diffusion coefficient in (20). 0

Proof of Corollary 3.2.

Proof. Using the different definition of f(¢) in the three intervals of time [0, d],
[0, A], and [A, A 4 §], we can rewrite (15) by separating the contribution of each of
the three intervals as

(50)
D 5 D A A+
D —p, — —O/th(t)dt+—0/ 0 h(t) dt+—/ (A+6—1t)h(t)dt],
€ A Jo A Js
I II II7
where
TE 5
(51) A= F2(t)dt = &* (A - 3> .
0

Carrying out the calculations, we obtain that in the first pulse

Dos3 1 0 2 —DoAnd ~DoAnd _ |
(52) I 06 Z an _(i B de N 7
el 2 DO)\n (IDO>\71)2
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between the pulses
(53)

Dod*(A — d(an) —DoAnA —DoAn (A= -
II = ( 0AnA 0An ( ) —DoAnd 1)
A |Q\AZ DoA © € 1)

and in the second pulse

DNE e )2 52Dy An —DoAn A —DoAn(A=0)
(54) 117 ==2% +ZDOA a0 % oe
+2e DodnA _ 1 4 g=Dornd _ o=Dorn(A+8) _ o =Dorn(A—0)
Do,

Finally, by adding the contribution of I, II, and III above according to (50), we
obtain (22). |

Appendix B. Layer potential approximation. Proof of Therem 3.3.

Proof. Since the PDE in (17) has a Neumann boundary condition, we choose to
represent the solution w(x,t) as a single layer potential with a density p defined on
I'. In other words, w(x,t) = S[u](x,t) with

(55) Sttty = [ [ Do Glx =yt =ty r)dsy .

where G(x,t) is the fundamental solution of the heat equation in free space given by

—|lx 2
(56) G(x,1) = (4nDot) "2 e p( 4@)0!5)

and d is the space dimension. At short times, there is an unavoidable square root
singulary in ¢ in the single layer potential; therefore, in what follows, we separate out
the integrand in (55) in the following way:

(57) u)(x,t, 7)dr,

¢ 1
S[uj(x,1) :/0 \/WB

where
(58) Bgslp](x,t,7) := /FDO\/4DO7T(t —7)Gx—y,t —7)p(y,7)dsy

is analytic in time if p is. The single layer potential satisfies

(59) gtS[ J(x,1) — V(DyVS[ul(x, 1)) =0, x €0t e0,TE]

(60) Sl (x,0) = 0, x € Q.

Then the density u is chosen to be a causal function and is determined by imposing
the Neumann boundary conditions:

lim DoVS[u](x,t) - v(x) = B(x°%1t), x°eT,tel0,TE],

x—x0el’

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/26/19 to 128.93.162.219. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

790 H. HADDAR, J.-R. LI, AND S. SCHIAVI

where 3(xY,t) is defined in (18). Using the jump properties of the traces of double
layer potentials, the integral equation to be solved for u is then the following:

(61) %u( Y1) + DoK*[p](x°,t) = B(x%t), x"el,tec0,TE],
where
* 0 ! 1 0
(62) K*[p](x", 1) :/0 \/WBK[M](X ,t,7)dT,
with
BK[IU’](XOataT)

63 —2x%—y)-v
O o [P iy G vt - Ty s,

being analytic in time if p is.
To compute h(t) from (19), we only need to evaluate w(x’,t) = S[u](x°,t) on the
boundary I'. We write the density p as the solution of (61),

2 _
(64) M(Xoat) = Di (1 + ZK*) 16(X07t)a XO S F7t € [07TE]7
0

and expand the operator (1+2K*)~! for short time ¢ (corresponding with 2K* being
a contraction) as

2
(65) P 1) = 2 (1 2K 4(K) ) B,
0
to obtain
0 2 0 4 * 0 .
(66) p(x",t) = —p(x",t) — — K*[B](x", t) + higher-order terms.
Dy Dy

This means in particular that

D() DO
+ higher-order terms.

(67) Sl(x°,t) =8 [26] x"t)+S [—41(* [5]} (x°, 1)

We will now compute the first term on the right-hand side of the above equation to
get an approximate expression for w(x",t) = S[u](x% t), and we will compute the
second term to get an expression for the error.

We note here that asymptotic results for small values of (¢t — 7) concerning Bg[]
and By [p] for a density u that has a Taylor expansion in both the space and the time
variables have been obtained in [12, 24], but only in two dimensions. However, we
expect that the generalization to three dimensions should be straightforward. In par-
ticular, the curvature term and higher-order spatial derivatives need to be generalized
to analogous quantities in three dimensions.

Here, we summarize the results derived in [12, 24] for two dimensions. Suppose a
local parametrization for I' around x° of the form

F:{(s,y(s)),SZ—oo'--oo},
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having translated and rotated the 2- and y-axes so that the origin is at x° and the
tangent of I' at x° is parallel to the z-axis, with the end points extended to Foo
because such an approximation facilitates the computation of the integrals and the
resulting error is exponentially small. Let y(s) be oriented counterclockwise, with the
following expansion in terms of the curvilinear abscissa s:

1 1 1
(68) y(S) = 5755524’ 67355834* ﬂ7355384+"‘ .

For the operator S, it was shown in [12, 24] that

XO 2
Bl ) = e, 0) + (2000, 0) 4 0 62,0)) (0 7)

(69)
+0(t-1)°),

and for the operator K*, it was shown that,

(70)
XO
B 1.7) = 200, 0) 107, ) 4 1200 6 (1)

=+ 4’}/55(X0),Ltt (Xoa t) + (675555 (XO) - 15755 (XO)B) :U'(XO’ t) (t - T)

+0(t-1)?).

Specifically 7, is the curvature of I' at the point x°, and in what follows we will
indicate it as k(x"). In three dimensions, it should be easy to see that the constant
term in Bg[u)(x°,t,7) would not change and that the constant term in By [u](x°,t, 7)
would contain spatial derivatives on a 2D manifold.

For the PGSE sequence, 3(x°,t) assumes the following three expressions in the
three time intervals:

t 0<t<é,
(71) B(x",t) = Doug - v(x°) { 0 0<t<A,
A+d5—t A<t<A+4.

First, using the definition (57) and the result (69), we obtain

U £3/2
§| 8] 00 = g ) {2 — (o
0 VT 1312 (1 — §)3/2 — (t — A2
(72) (t5/2) if0<t<94,

ol (P2 —(-57") if 6 <t <A,
7=t =02 — (- APP) HA<t<A+S

Similarly, using the definition (62) and the result (70), we obtain

(73) K*[B](x%,) = a1(xo)az(t) + O(as(1)),
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where
D 3/2k. XO
an (o) = L) (g o)
13/2 if0<t<s,
ag(t) = {1372 — (t — §)/? if6<t<A,
(74) 32 (=8Pt — AP fA<t< A+,
t5/2 if0<t<9,
ag(t) = { /2 — (t — 5)°/? ifd<t<A,

52 (4 -5~ (¢t —A)®? HEA<t< A+

To compute S[fpioK* [B]](x°,t), we first observe that S[fDiOK*[ﬂ]](xo,t) =
—%OS[K* [8]](x°,t). Moreover, to compute S[K*[3]](x°,t), we cannot use the re-
sult (69) because as and a3 do not have a Taylor expansion in t. Following the
idea in [12], we explicitly compute the lowest-order terms of S[K*[3]](x°,t) in two
dimensions by

(75) S[K™*[0]]) (%0, t |(x0,t, 7)d,

/ \/477130 (t—1)
where
Bs[K™[B]](x0,t,7)

(76) +OO e 4;:&( 1—2)

+O 0[3 \/1+ dS
\/47TDO t—T

Note for simplicity that we replaced a;(xg) by a1 (s) to indicate the local parametriza-
tion of I around xg, as described previously.
To compute the above spatial integral, we note the dominant contribution of the
2

R - . .
Gaussian e %P0¢=7 and make the change of variables r = ——2%—— to obtain
/4Do (t—7)
0 —T

O Dy s e

Bs[K*[B]](xo,t,7) = 7

(wsroi (122 ) 0 (o (1 12))) VT T

where v = /4Dy (t — 7). We would like an asymptotic expansion of the above integral
. 3/2,(x0

in v. We note y(rv) = 1k(xo)r?v? + O(r®v®) and a1(0) = %(ug -v(x9)).
The order O(v) term only occurs in a1, and we do not need to take it into account

due to the antisymmetry of e~"r. So we compute the space integral to obtain

;OO 3%64“ <(a1(0) 10 a (t - 4”;0) Lo <a3 <t - 4'”;0>>> dr
= (t - 4”;) (Do (0) + O(v?)) + O ( <t - ;;()))

We now take the above expression and put it into the time integral to get
S[K*[B]](x0,1):
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7) (Doa1 (0) + O(t — 7)) + O(as(7))) dr.

¢ 1
/0 VAT Do(t — 1) (e

Using the following property of the beta function (the Euler integral of the first kind),

0 Nw+p+2)

we can compute fot ﬁag(ﬂdr exactly:
—T

t o7t d 37rt2
=2
0 \/t—T 8 ’
é 3 t 3 3
T2 T2 — (1 —0)2 3m, 9
dr + dr = t°—(t—9
(77) ,/0 t—1T1 F) \/ﬁ 8 ( ( ) )
- A3 (r—g) Crd (r—8)t — (r—A)
/ T g T (t—90) dT+/ T (t—90) (t—A) ir
0 t—rT1 S5 \/t_T A t—1T1
3
=@ (-0~ (- AP
Therefore, the dominant asymptotic terms are
(78)
2 t2
4 4 D,
S| =K [B]| (x°,1) = =2 k(x") (ug - v(x°)) § 2 — (t — 6)*
DO DO 16
22— (t—06)>%—(t—A)?
(t%) if 0 <t <4,
+0< (= (t—0)*), if 6 <t <A,

(B—(t=0P—(1t—-A)?) fA<t<A+G,

where we computed the error term by evaluating fg L_ oo (7)(t — 7)dr and

V(t=1)

fot (tl )ag(T)dT, again using property of the beta function.  Namely, for
—T

fot (tl_ )ag(T)(t — 7)dT, we have

5 73 tT%—(T—é)% B
/0 t*T(t_T)dT—F/s N (t —7)dr 1—6(7&3—(75—6)3)
(79) Pt Srio(r-0)E
/0 t—T(t T)dT+/5 T (t —7)dr
+ 1tTgi(T?é)Ei(T?A)i(t T)dT
A t—T
= 75t = (=0 = (1= A)%)
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For fot \/ﬁag(T)dT, we have

b3 511&3
\/t—T 16
T%—(T—(S)% 5T, o 3
d —_— L dr=—({t" - (t—90
/ﬁﬁ A - e -0
b 5 N 5 ¢ 5 5 5
T2 T2 — (T —0)2 /T2—(T—6)2—(T—A)2
d —_—d d
Vit T VEi—T T A t—T1 g
57r 3 3
= —(t°—(t— — (t— A)°).
16“ =8P -2

Replacing the various expressions in (67) with the calculations we did above, we
obtain the approximation with the error bound:

t3/2
4(Dy)Y/?
S0, ) = %&ug () {2 (1 6y
™ $3/2 _ (t B 5)3/2 _ (t _ A)3/2
(81)
t2
_ %k( )(ug . V(XO)) 2 (t— 5)2 + higher-order terms.

22— (t—0)"—(t—A)?

Now using (81), we compute the approximate expressions of h(t) in each time interval
with the corresponding errors in time.
In the first interval, we obtain

L w(x,t) (ug - v(x)) dsx = P t3/? 2
82 b= o [ et (ag e vx) = PR 40 (Pnf?).
where
(83) P = i/ (4\/17(u -I/(X))2) ds
al Jo 377V P0lte :
(84) P =— 4|Q|/k (ug - v(x x))%dsy
and

DO /6 2ZDO 7/2 62
85 [= ———M— thtdtzié O|DyPoyr———+ | -
(%) a0 M= ra oy O P ra Ty

Between the pulses, we obtain

(86)
1 2 2 2
h(t) = ﬁ/Fw(x,t) (g 1)) dse = P (17 = (t = 6)/2) + 0 (Paxe(1? — (¢ — 5)?))

and

9 DoP (6772 — A%/ 4 (& = )% 3)
=0 / 5 h(t .
6> (A-3) 6 (A-3)

A% —§A
(87) +0 <DOPerr <A—§>> .
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During the second pulse, we find

h(t) = ﬁ /Fw(x,t) (g () dsx = P (872 — (1 5)/2 — (1 — 2)*/?)
+0

(88) (P (2 = (t = 6)> — (t = A)?))
and
DO A+6
IIT = 52(A—6)/A (A +8—1t)h(t) dt
3
2 DyP 3 2 2 3 7/2
e ((24% + A% - 8262 4 55%) VA =3 +2(A +9)
3
AS — 162
(89) —4AT/Z _7AP25 — 257/2) +0 (DOPQH <45>> .
A-g3

Finally, adding up the above expressions according to the expansion (50), we obtain
the expression in (24). 0

Appendix C. Mixed approximation. Proof of Theorem 3.4.

Proof. In the first pulse, t € [0,6], we have the same results as in the previous
section, namely,

_ 8 3/2 7/2/ SN2 &2
(90) I= 21A|Q\\/7?D0 ) F(ug v)“dsx + O a0

Between the pulses, t € [§, A], the Neumann boundary condition in (18) is
(91) DoVw(x,t) - v ="Dodug - v on I x [§,A],

and the initial condition is

(92) w(x,8) = S[20ug - V] (x,t) + O(0?), xin Q.

We observe that the function w(x, t) = w(x, t)—Jx-ug satisfies homogeneous Neumann
boundary condition and the initial condition

(93) w(x,0) = S[(20ug - V)] (x,0) — dx - ug.

This means that

(94) Bt =cot Y cpe P00, (x),
n=1

where

] 1
(95) co = —dag+ by = ——/ X-Ugdx+ — [ w(x,d)dx)

€2 Jo 12 Jo
(96) en = —0ay + by, = —6/ X - Ug¢p(x)dx —|—/ w(x,0)pn(x)dx

Q Q
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with again ¢,, and )\, the Neumann eigenfunctions and eigenvalues associated to the
Laplace operator (n =1,2,...). Thus, for t € [§, A],

(97) w(x,t) =co + Z cne 2P0 g (%) 4+ 0% - ug + O(6?)
n=1

and

CnAn @ 52
98 ht) =) —Zte nDoli=0) 45 0( )
(98) (®) ; 9l +3+0(
and

CpQp, —AnDo(A=6) DO&Q(A — 5) (5(A - 5)

(99) AZ o (1-e )+ ——5—+0 e )

During the second pulse, t € [A, A + §], we keep the solution from the previous
interval in (97) which satisfies homogeneous boundary conditions and just add a single
layer potential to match the Neumann boundary condition. We obtain

(100) w(x,t) =co+ Z Cne—AnDo(t—é)(bn(X) + 0% - ug

n=1

+ S [(=27ug - v)] (x,t — A) + O((t — A)?),

where ¢t € [A, A + 6]. The density in the single layer potential is now —27ug - v with
7 € [0, 4] from a shift in time 7 = ¢t — A. Similar reasoning as in the previous sections
gives

S[(—2rug - v)] (x,t — A) = — VDo (t — A)*? /F(ug )+ O((t = A)?),

_ 4
3v/7|Q|
which leads to

(101) h(t) = Z g'e** nDot=8)\ o

VD (t=8)" [ (g sy

+a+o(“‘AA>2)

4
N[

and

CnQn

(102) III = —53 Z BT (P& (DyA, 5 — 1) + e M Po)
0

16 3/2 / 2 7/2 &
- D . .
105/ A[Q] 0 ( 1“(ug v)“dsx | 0'*+ 0O B3

By adding up the above expressions, the effective diffusion coefficient assumes the
form in (30). 0

Appendix D. Averaging D°f over multiple gradient directions. Proof of
Theorem 4.1.
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Proof. We recall that

Dy

eff _
(103) Dt =, Y]

TE
F(t)/ Ug - Vwy, (x,t)dx dt,
0 )

where wy, (x,1) solves the problem (17). Because of the linearity of the Neumann
problem, for every direction ug = [u1,...,uq], we have that

(104) W, (X, 1) Zuzwel X, t),

where e; is the ith vector of the canonical basis of R¢. As a consequence,

Do [TE
F | (uie1+ - +ugeq) - (u1Vwe, + -+ + ugVwe, ) dx dt

Dcﬁ" =Dy — —2
te 0 AlQf Jo Q

D TE
=Dy — TSOH Z /el Vwe,dx + Z uzuj/eZ Vwe,dx | dt,
0

G
,j=1

and thus, if we want to average over all the possible directions, we are interested in
the integrals

2d wad
(105) M,il,...,d and W,i,jL...,d,i;&j.
Sd—l Sd—l

We observe that for all 4,5 =1,...,d and 7 # j,
(106) / u;ujdu = 0.
Sd—l
Therefore, what remains in the average are just the terms

d
delu?du/
107 Jsan WU [ e, dx,
(107) ; Jsa—r da Jg

i.e., simply the average over d perpendicular directions and then

TE
(108) Dot DO—Z Flt) / ug' - Ve, (x, t)dx dt,
Q

dA\Q|

where ugi,i = 1,...,d are d orthogonal directions. In short, averaging over all the
possible directions is equivalent to averaging only over d orthogonal normalized direc-
tions.

We use the fact that

(109) Zfr v)dsx ||

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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and define

4 @)? & X - gl (x)dx)” dug
1o EZ R

=1

i.e., the mean over d orthogonal directions of the square of the first moment along
these directions, and

(111)

Z 4 _z(j: fﬂwu X, 6)¢n (x)d )(fgx'ugi‘bn(x)dx)

dIQ\ - d|Q|

to complete the proof. O
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