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Abstract

Diffusion weighted MRI is used clinically to detect and characterize neurodegenerative, malignant and ischemic diseases. The corre-
lation between developing pathology and localized diffusion relies on diffusion-weighted pulse sequences to probe biophysical models of
molecular diffusion—typically exp[—(hD)}—where D is the apparent diffusion coefficient (mm?/s) and b depends on the specific gradient
pulse sequence parameters. Several recent studies have investigated the so-called anomalous diffusion stretched exponential model—
exp[—(bD)”], where o is a measure of tissue complexity that can be derived from fractal models of tissue structure. In this paper we pro-
pose an alternative derivation for the stretched exponential model using fractional order space and time derivatives. First, we consider
the case where the spatial Laplacian in the Bloch-Torrey equation is generalized to incorporate a fractional order Brownian model of
diffusivity. Second, we consider the case where the time derivative in the Bloch-Torrey equation is replaced by a Riemann-Liouville frac-
tional order time derivative expressed in the Caputo form. Both cases revert to the classical results for integer order operations. Frac-
tional order dynamics derived for the first case were observed to fit the signal attenuation in diffusion-weighted images obtained from
Sephadex gels, human articular cartilage and human brain. Future developments of this approach may be useful for classifying anom-

alous diffusion in tissues with developing pathology.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The Bloch equation is a phenomenological description
of the precessional motion and relaxation of the magnetiza-
tion arising from nuclear magnetic moments—spins. Solv-
ing the Bloch equation for different combinations of static,
radiofrequency and gradient magnetic fields provides the
basis for NMR spectroscopy and MRI [1,2]. In each case
the spin dynamics are orchestrated to emphasize a charac-
teristic feature of the molecule, tissue or organism under
study. In MRI, for example, the Bloch equation is solved
sequentially to shape the excitation RF pulse for slice selec-

* Corresponding author. Fax: +1 312 996 5921.
E-mail address: rmagin@uic.edu (R.L. Magin).

1090-7807/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2007.11.007

tion, to design feature specific pulse sequences for optimal
sensitivity and contrast, and to encode flow, diffusion or
perfusion via gradient manipulation [3,4]. The validity of
the derived techniques is now well established in MRI for
static magnetic fields up to 10 T [5], and for systems acquir-
ing images in times as short as 10 milliseconds [6].

As MRI is applied with increasing temporal and spatial
resolution, the spin dynamics are being examined more clo-
sely; such examinations extend our knowledge of biological
materials through a detailed analysis of relaxation time dis-
tribution and water diffusion heterogeneity. Here the
dynamic models become more complex as they attempt
to correlate new data with a multiplicity of tissue compart-
ments where processes are often anisotropic. Conventional
wisdom extends the analysis using the Bloch equation from
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single exponential to multi-exponential behavior, and from
single parameter diffusion to multi-compartmental diffu-
sion and diffusion tensor imaging. Recently, Bennett and
co-workers [7,8] presented a new method for describing dif-
fusion in MRI using the so called “stretched exponential”
function (e.g., exp[—(bt)*], where « is an arbitrary real num-
ber between zero and one) to fit the experimental data.
Such functions have interesting properties, and have fre-
quently been used in physics to describe non-exponential
behavior [9,10]. Nevertheless, in NMR the novel feature
of this approach is not that it provides an alternative func-
tion for curve fitting, but that it suggests a new way to con-
nect nanoscale models of porous materials and tissues—in
most studies using fractals—with observable NMR relaxa-
tion and diffusion processes [11-17].

Fractional order dynamics in physics—particularly
when applied to diffusion—Ieads to an extension of the
concept of Brownian motion through a generalization of
the Gaussian probability function to what is termed anom-
alous diffusion (sub and super diffusion), where the statisti-
cal description of mean displacement (in one dimension)
follows the relationship (Ax?) = 2Dr**, where D is the dif-
fusion coefficient and H = 1/2 for normal diffusion (H > 1/2
for super-diffusion, and H < 1/2 for sub-diffusion) [18-20].
The parameter H can be connected on one hand to the
fractal dimension of the lattice or matrix over which
diffusion occurs, and on the other hand to the order of
the differential operator in a generalized fractional order
diffusion equation. For example, if C(x,?) represents the
concentration of the diffusing species in one dimension,
then a fractional order partial differential equation of the
form

FCx,t) L 0PC(x, 1)
o oY

(1)

emerges (for real numbers o and f5) from Fick’s first law
and the continuity equation [18,19], where D’ is the gener-
alized diffusion coefficient with units of mm?*/s*. This time
and space fractional generalization of the diffusion equa-
tion—Ilike its integer order analog—has an equivalent for-
mulation as the governing equation for the probability
density function for so-called anomalous diffusion [21,22].
Anomalous diffusion arises when the continuous time ran-
dom walk model is generalized both in time and in space.
In time, the generalization takes the fractional form
through the introduction of a jump waiting time that exhib-
its an inverse power law distribution, while in space the
fractional order generalization follows from the introduc-
tion of a similar inverse power law distribution of jump
lengths. In particular, the so called Levy flight is equivalent
to the Riesz fractional order space operator. Thus the frac-
tional order operators of fractional calculus have a direct
representation in the extended stochastic models of the
conventional random walk.

Analysis of diffusion problems in chemistry, physics and
biophysics using such fractional order models, (x~ 1,

f ~ 1), while not widely known, is extensive with recent
books [9,10,23], conferences [24-26], and special issues of
journals [27-31] addressing the approach. In NMR, for
example, Kopf and co-workers have developed fractional
order models for the anomalous diffusion of water in both
normal and cancerous tissues [32]. In these studies the
stretched exponential function (as well as a Rigaut-type
asymptotic fractal) was shown to describe the NMR echo
amplitude acquired using a stimulated echo within the
fringe field of a 9.4 T NMR spectrometer. More recently,
Bennett and co-workers [8] demonstrated that the stretched
exponential function not only fits the diffusion data from
human brain tissue more precisely, but that the parameter
o, which they call the “heterogeneity index,” reflected the
microscopic tissue structure. A connection between « and
tissue structure was also suggested in the recent publication
of Ozarslan and co-workers [33]. In that study, g-space
spectroscopic NMR experiments were analyzed using frac-
tal diffusion theory, probabilistic models of diffusion, and
the projection/propagator formalism to model the NMR
echo intensity in normal human brain gray matter, glio-
blastoma tissues, and human erythrocyte ghosts. In this
paper, Ozarslan linked the mean-square displacement of
water with the fractal dimension (H), where H = 1/d,
and d,, is the fractal dimension of the Brownian motion
path of the random walk assumed to underlie the observed
diffusional behavior (dy, > 2 indicates sub-diffusion; results
in [33] showing d,, for gray matter > glioblastoma > eryth-
rocyte ghosts). In the context of the success of such fractal
order models for describing diffusion in complex biological
tissues, and in the expectation that such models could pro-
vide a specific measure of changes in tissue due to develop-
ment or disease, we were curious to examine the connection
between fractional order dynamics and diffusion.

In this paper we show that the stretched exponential
model follows from a fundamental extension of the
Bloch-Torrey equation through application of the opera-
tors of fractional calculus. Specifically, we show that frac-
tional order generalization of the integer order time and
space derivatives in the Bloch-Torrey equation establishes
a formalism involving mathematically well posed fractional
order differential equations that yield solutions, which nat-
urally exhibit power law behavior in the arguments of their
solutions. These results suggest a justification for using
fractal and multi-scale analysis in NMR and MRI and
have the potential to be more widely applied as the instru-
ments continue to evolve and as the analytical methods of
fractional calculus mature.

2. Theory

The extension of the Bloch equation through the gener-
alization of the time derivative of the magnetization to
fractional order suggests a number of interesting possibili-
ties concerning spin dynamics and magnetization relaxa-
tion. Since in this paper we are considering changes in
signal intensity only due to diffusion, we will set aside
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discussion of fractional order precession and generalized,
that is, non-exponential, 7; and T, relaxation, and focus
on the Bloch-Torrey equation in the rotating frame. This
approach follows that given by Abragam [1] and Haacke
et al. [2] where the spin dynamics of the magnetization
M(r,t) in the By rotating frame are described by the
equation

OM(r, t)

Ta yM(r, 1) x B+ DV>M(r,1). (2)

In this analysis 7} and T, relaxations are neglected and
B is assumed to be only a function of time-varying mag-
netic field gradients Gi(f), hence B = (r-G)z, r=xx+
yp + 2z, V?* is the Laplacian operator,V? = 07, + 6}2), + 02,
and y and D are the gyromagnetic ratio (42.58 MHz/T
for protons) and the diffusion coefficient (typically,
2x 103 mm?/s for water at room temperature),
respectively.

For M,(r,t) = M(r,1) +iM,, (r,t), where i = v/—1, the
transverse components of the magnetization obey the
equation

OM ., (r, 1)

o = —ip(r- G)M,,(r,t) + DVzMxy(r, t). (3)

Assume a solution to this partial differential equation of
the form

M, (r,t) = MoA(t) exp {iw . /OIG(t’)dI'], (4)

where M, (r,0) = M, and A(0) = 1. Substitution of Eq. (4)
into Eq. (3) gives

1 dA(t) . iyr-er(t/)dt/ 2 —ivr~ftG(l’)dl'
A(t){ dt } = 0 DV € 0 ) (5)

which after applying the Laplacian operator and integrat-
ing can be expressed as

InA(t) = —Dy* /0; K/Ot G(z”)dt”) : (/Ot G(t”)dt")] dr.
(6)

This equation yields M, (r, ) for specific gradient wave-
forms in the pulse sequence. For example, for a z-compo-
nent spatial gradient G(¢) = G,(f)z, the results [1-4] for a
constant field gradient (G.), a bipolar gradient pulse of
duration T}, (+G. for 0 <1< T,/2; — G. for T,/2 <1< Tp),
or a Stejskal-Tanner gradient pulse pair each of duration
0, amplitude G., and separation by interval A are,
respectively:

M,, = Myexp(—iyG.zt — (Dy*G*£/3)), (7a)
M,, = Myexp(—2Dy*G*T; /3), (7b)
M, = Myexp(—Dy*G>6*(A — 5/3)). (7c)

Normally the argument of the exponential function in
Eq. (7c) is written as (—bD) where b = (yG.0)* (A — 9/3)
and has the units of s/mm? When A >> §, b can be approx-
imated as (yG.0)?A.

Assume that a fractional order generalization of the
Bloch-Torrey equation for the transverse magnetization
in the rotating frame can be written as

DM, (r,t) =AMy (r,t) + DI PINPM (1), (8)

where 1 = —iy(r- G(¢)),0“D? is the Caputo form of the
Riemann-Liouville fractional order derivative in time
[34,35], V¥ = (D + D} + D2*) is a sequential Riesz frac-
tional order Laplacian operator in space [34,36], (also, see
the Appendix for formal definitions of these linear differen-
tial operators), and t* ' and x*#~" are fractional order
time and space constants needed to preserve units,
(0<a<1, and 1/2<B<1). When a=1 and B=1 the
fractional differential operators conform with the usual
integer order time and space partial derivatives, and the
classical Bloch-Torrey equation is recovered. Note that
the operators (D, D!, D) represent the sequential Riesz
fractional order derivatives with respect to space and
should be distinguished from diffusion coefficients used
elsewhere.

We will consider two simple cases: (1) «=1 and
1/2 < <1, where the diffusion term is assumed to follow
fractional order dynamics in space, and (2) 0 <« <1 and
B =1, where the spin dynamics are assumed to follow frac-
tional order behavior in time.

(Case I) Fractional order dynamics in space

In this case (x=1,f an arbitrary real number,
1/2 < p < 1) the transverse magnetization must satisfy the
equation
oM, (r,t _

# = IM (r, 1) + DIPF NP M (v, ). 9)
Following the steps in the analysis given above for the
=1 case, we obtain

< mag)

where k(¢) = (y/2n) fé G(¢)d¢. First, considering only the
D¥ term of the fractional order Laplacian with

= i2k() Py 20=1) g2 [ i2nr k()] (10)

a= — 2nk(t), we must evaluate the sequential Riesz frac-
tional order space derivative
D [e] = DI{DL[e"]}. (11)

Each derivative can be determined for well behaved func-
tions, using

D] = FH{|&|"F{e“}} = lal'e™, (12)

where F represents the spatial Fourier transform (defined
in the Appendix) in terms of the spatial frequency £&..

Similarly, applying this definition for the y and z compo-
nent of e 2™*" and substitution into Eq. (10) gives
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%[IHAU)] = =Dy 1) (ke (1) + (i, () + (= (0)],

(13)
which after integration becomes
t
In() = -0 V20" [ () + ()
0
+ (k(2)))dr . (14)
Note that this equation corresponds to the classical result
t
InA(t) = —D(2n)2/ [k(¢) - k(¢)]d?, (15)
0
for f=1.

If we again consider only a single spatial gradient

G(t) = G,(#)z, then for fixed, bipolar, and Stejskal-Tanner

gradient pulses, as defined above, we find:

M, = Myexp(—iyG.zt — DDy EGHRF1 /(28 41)),  (16a)

M, = Moexp(—2Di2 =D GPTP Y /(2B 4-1)), (16b)
_ 2 2—1.

M, =Mexp | —Di? PV (yG.0)* (A—ma . (16¢)

Again, the classical results given in Eq. (7) are recovered in
each case for = 1.

(Case II) Fractional order dynamics in time

In this case (« an arbitrary real number, 0 <a <1,
p =1) the transverse magnetization must satisfy

DMy (ry 1) = AM (1, t) + DV M, (1, 1). (17)

Following the standard analysis [1,2] we set D=0 and
solve

! CD“MX‘(V 1) +iy(r- G(t))M,,(r,t) =0 (18)

with M, (r,0) = M, as the initial condition. However,
although a unique solution to this equation can be proven
to exist, this fractional order differential equation does not
have a closed form analytical solution for an arbitrary gra-
dient G{(?) (see the monograph by Kilbas et al. [34] for a dis-
cussion of the existence and uniqueness conditions for the
solution to fractional order differential equations using a
generalized method of Frobenius).

In this paper we will consider only the simplest case of a
constant, z-gradient G(¢) = G.z to illustrate the emergence
of fractional order exponential decay in the signal ampli-
tude. Using Eq. (18) with D =0, we find

Moy (r, 1) = AE,[~iy2G.2(t/7)"] = M E, )., (19)

where M,,(r,0) = 4 = M, and 2, = —iyzG.t'~*. Note here,
that yzG.t has the units of radians and that £,(2.¢*) is the
single parameter Mittag-Leffler function (the basic proper-
ties of this function are listed in the Appendix, but notice
that E,(2.*) = exp(2.t) when o = 1).

Generalization of 4 to A(t) and substitution of Eq. (19)
into Eq. (17) gives

“DA()E = LA E, (L)) + DT * V2 A(0) E, (A1)

(20)

(2]

The Leibniz rule for fractional order derivatives [33] can be
written as

oo (oo
o re+1) !
where<k>:m,

and ¢(¢) and f{¢), together with all their time derivatives,
are continuous on [0, ¢]. In this expression, I'(z) is the gam-
ma function as defined in the Appendix. This series can be
used to expand the left side of Eq. (19). When the series is
truncated for k> 1 and under the condition <7t (see
Appendix) we obtain

dA(z)

A1) DIE, (2] + aTOthi—l [EL(2.1)]

; Lo d

— JAWELP) + De A0 5 Bl
Evaluation of the fractional and integer order deriva-

tives (and the fractional order integral) of the single param-

eter Mittag-Leffler function in Eq. (19) is given in the

Appendix. Using those results, we find

). (22)

1 d4(r) 2D a?*PE3 2yi1(@zt”) ’;
Ay At al'E,, (azt?) (23)
wherea = — iyG.t' % Assuming (1/7) << 1, we can approx-

imate the two parameter Mittag-Leffler functions by the first
terms of their power series representation to yield
d In A()] = —2DPGA (2 )T (2 — w)

dr ol (200 + 1) ’

(24)

which following integration with 4(0) = 1 can be written as

2I'(2 — 2)Dy*G27?

here B =
whete 32T (20 + 1)

A(t) = exp[-B(t/)"),
(25)
Finally, for the case of a fixed G. gradient we obtain

B(1/7)]. (26)

For o = 1 this result reduces to the classical case of attenu-
ation in a constant field gradient that is given in Eq. (7a).

M,, = MyE,[—iyG.zt(t/7)"] exp[—

3. Methods

Three diffusion-weighted MRI experiments were carried
out to illustrate applications of the Case I theoretical anal-
ysis. The first two experiments were conducted at 11.74 T
(500 MHz for protons) using a 56 mm vertical bore magnet
(Oxford Instruments, Oxford, UK) and a Bruker DRX
Avance Spectrometer (Bruker Instruments, Billerica, MA.
USA). MR images were acquired using a Bruker Micro 5
imaging probe with triple axis gradients (maximum
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strength 2000 mT/m). A 5 mm diameter Bruker RF saddle
coil was used to transmit RF energy to excite the spins and
to receive the nuclear magnetic resonance signals. The third
experiment was carried out using a clinical MRI scanner
operating at 3.0 T (Signa HDx; General Electric Health
Care, Milwaukee, Wisconsin), with a quadrature birdcage
RF coil and a gradient coil system capable of producing
a linear gradient up to a value of 40 mT/m.

3.1. 11.74 T Diffusion-weighted imaging experiments

The first experiment was conducted using glass capillary
tubes filled with Sephadex (Sigma-Aldrich, St. Louis, MO)
gels. Sephadex is a dextran polymer that swells in water to
form a gel with many small interconnecting pores. In this
study, three types of superfine Sephadex particles (dry par-
ticle diameter 20-50 um) were used: G-25, G-50 and G-100.
The powder was hydrated for more than 72 h at room tem-
perature in three separate beakers using distilled water as a
solvent. The gels were carefully drawn into three capillary
tubes (inner diameter of 1.2 mm) so that no air bubbles
were trapped. After the gels were allowed to settle, the cap-
illary tubes were sealed at both ends, and placed in a 5 mm
NMR tube filled with distilled water. Diffusion-weighted
images were acquired using a Stejskal-Tanner diffusion-
weighted spin-echo pulse sequence with the following
parameters: TR = 1000 ms, TE =60 ms, slice thick-
ness = 1.5 mm, A =45ms, 6 =1 ms, and 4 averages. The
FOV was 0.6 cm x 0.6 cm, which for a matrix size of
64 x 64 corresponds to an in-plane resolution of
94 ym x 94 ym. The diffusion weighting gradient was
applied along the phase-encoding direction in eight steps
to a maximum strength of 700 mT/m, which corresponds
to a maximum b-value of 1600 s/mm?. Diffusion gradients
along the phase direction were used to minimize the inter-
action between the gradient pulses, which can generate
cross-terms that affect signal attenuation [3,4].

The second experiment was conducted using human
articular cartilage plugs. Human tali were obtained within
24 h of death of the donor through the Gift of Hope Organ
and Tissue Donor Network (from Rush University with
institutional review board approval), and frozen at
—80 °C until experimentation. Full thickness cartilage tis-
sue samples were harvested immediately prior to experi-
mentation. The samples were first cut using a band saw
with a diamond tip blade to eliminate any saw blade arti-
facts, and then trimmed to 3 mm cubes with a sharp scalpel
blade. The cartilage/bone samples were placed in NMR
sample tubes filled with physiologic saline. The NMR tubes
were loaded into the 5-mm diameter RF saddle coil and
inserted into the Bruker Micro5 imaging probe. Diffu-
sion-weighted images were acquired using a Stejskal-Tan-
ner diffusion-weighted spin-echo pulse sequence with the
following parameters: TR = 1000 ms, TE = 30 ms, slice
thickness =1 mm, A =25ms, 6 =1ms, and 4 averages.
The FOV was 0.6 cm x 0.6 cm, which for a matrix size of
128 x 128 corresponds to an in-plane resolution of

47 um x 47 um. The diffusion weighting gradient was
applied along the phase direction in fifteen steps with a
maximum strength of 1100 mT/m, which corresponds to
a maximum b-value of 2200 s/mm?.

3.2. 3.0 T Diffusion-weighted imaging experiment

In the third experiment, diffusion-weighted brain imag-
ing was carried out on a healthy human volunteer at the
University of Illinois Medical Center using an institutional
review board approved protocol. Axial images were
acquired with multiple b-values using a customized sin-
gle-shot EPI pulse sequence to minimize eddy current
induced distortion [37]. The key data acquisition parame-
ters were: TR = 4000 ms, TE = 96.6 ms, slice thickness of
4 mm, slice gap of 3 mm, A =42.6 ms, 6 = 32.2 ms, and 4
averages. The FOV was 22 cm x 22 cm, which for a matrix
size of 128 x 72 (zero padded to 256 x 256 during image
reconstruction) yielded a spatial resolution of
1.72 mm X 3.05 mm. Fourteen diffusion-weighted images
were acquired with a maximum b-value of 3300 s/mm?, as
defined in Eq. (7¢). At each b-value, the diffusion-weighting
gradient was applied along the x, y, and z- axis, respec-
tively, to obtain a trace-weighted image where the effect
of diffusion anisotropy is minimized.

3.3. Image analysis for regions of interest (ROI)

In the first experiment, three individual ROIs (7-9 pixels
each) were selected in the image for the G-25, G-50, G-100
Sephadex samples and for the distilled water region. In the
second experiment, three individual ROIs (5-9 pixels
depending on the specific zone) were selected in the super-
ficial, middle, and deep zones, and from the surrounding
saline medium. For the human brain experiment, two ROIs
(left and right hemispheres) were selected from the CSF (3
pixels) and the white and gray matter (9 pixels) regions of
the image. All ROI data were fit to the fractional order
attenuation model, Eq. (16¢) by using the Levenberg-Mar-
quardt algorithm [38] implemented in MATLAB R14
(MathWorks Inc, Natick, MA) to estimate the parameters
D, p and u. This algorithm minimizes the cost function:

c- im 1), 27)

where y; is the experimental diffusion data (normalized
intensities) of length n, f(X;,d) is defined in Eq. (16¢) as a
function of X; = [G., A, J] (independent variables) to evalu-
ate the adjustable coefficients @ = [Dy, f§, u] in the least-
squares sense. In applying the Levenberg-Marquardt algo-
rithm, the upper bound for Dy was not allowed to exceed
D, obtained from the mono-exponential fit, i.e.,
0 < D¢ < Dy, since the two values for the diffusion coeffi-
cient should converge for low b-values. The bounds on f§
and u were taken as: 1/2<f <1 and 0 < u <500 um. The
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averages of the ROIs and standard deviations were calcu-
lated for all fits.

4. Results

The generalization of the Bloch-Torrey equation using
fractional calculus provides a mechanism for introducing
fractional order dynamics in space (Case I) or time (Case
IT). In this section we present theoretical results for Case
I and Case II and experimental findings for Case I applied
to diffusion-weighted images of Sephadex gels, human car-
tilage and the human brain. In the theoretical study, the
derived magnetization attenuation curves are compared
with the classical result and a more recent expression
derived using fractal models. In the experimental study,
the decay of image intensity for increasing b-values was
fit to selected ROI. The gel and tissue samples were chosen
to illustrate key features of the theory and to demonstrate
the theory’s applicability to diffusion in simple and com-
plex materials.

The theoretical curves were plotted versus the gradient
parameter b (where for A >> 3, b= (y G.9)*A) for Case I
(x=1) for selected values of f and u, and as a function
of time (TE or ¢) for fixed  and selected u. For Case II
(p =1) the magnetization decay curves are plotted versus
time for fixed G. and o and for selected values of 7. As
an example of the behavior expected in Case I, the decay
of the normalized magnetization (M, (b)/M,), as given
in Eq. (16c), is plotted in Fig. 1 for a fixed value of the dif-
fusion coefficient (D) for different values of f (0.6-1.0 in
steps of 0.1). In this figure a Stejskal-Tanner gradient pulse
sequence (G, A, J) is assumed with G. varying from 0 to
1500 mT/m. In this example, we observe that as § decreases
from 1.0 to 0.6 the attenuation curves change from a simple
exponential—a straight line on the semi-log graph—to a

10
p=06
(=]
=
= B=07
B=08
=09
) p=1 \
0 : ‘ ' ' ‘
0 1000 2000 3000 4000 5000 6000 7000 8000
b (s/mm?)

Fig. 1. Normalized decay of the transverse magnetization (according to
Eq. (16¢)), plotted versus b, where b = (yG.9)*A, for selected values of f. In
each curve, G increases from 0 to 1500 mT/m while all other parameters
are fixed: D (1 x 107> mm?/s), A (50 ms), & (1 ms) and g (35 pm).

0

10
o
=
Ex
n=280
w=20 N=AONN=60
10"

0 1000 2000 3000 4000 5000 6000 7000 8000
b (s/mm?)

Fig. 2. Normalized decay of the transverse magnetization (according to
Eq. (16¢)), plotted versus b, where b = (yG.6)?A, with selected values of .
In each curve, G. increases from 0 to 1500 mT/m while all other
parameters are fixed: D (1 x 107> mm?/s), A (50 ms), 6 (1 ms) and $ (0.8).

curved shape that strongly resembles the behavior recorded
in restricted diffusion—particularly at high b-values. In
Fig. 2, Eq. (16c¢) is plotted for a series of u values ranging
from 20 to 80 um with = 0.8. The A, 6 and G. values in
Fig. 2 are the same as those used in Fig. 1. Here we see that
increasing the value of u appears to increase the contribu-
tion of restricted diffusion in the diffusion attenuation
curve for a fixed value of f. This behavior is evident when
Eq. (16¢) is expressed either in terms of a single exponential
decay, exp[—bD,p1], where the apparent diffusion coefficient
in Case I is expressed as: D,p; = D/((yG.0)w)* =P or when
Eq. (16¢c) is written as a stretched exponential,
exp[—(hDg)"), where D! = D(A/12)' . In addition, when
1t = VDA the Case I theory corresponds exactly with the
“stretched exponential” result, exp(—(bD)”), considered
by Bennett [7,8]. In the example plotted in Fig. 2 this cor-
respondence occurs for ¢ = 7.07 pm. Overall, Figs. 1 and 2
show for Case I a decrease in the apparent diffusion coeffi-
cient as the values of f§ decrease and u increase.

The attenuation of the normalized transverse magnetiza-
tion in the presence of a bipolar gradient, Case I, Eq. (16b),
is plotted in Fig. 3 for a spin echo pulse sequence. In this
figure, the expected echo attenuation as a function of the
echo time (TE) is shown for § =0.6, and p values from
10 to 40 um in steps of 10 um. Also plotted in Fig. 3 is
the classical single spin echo expression, exp[—DyszTE3/
12], originally derived by Hahn [1,2], and a theoretical
expression for anomalous diffusion derived by Kérger, Pfe-
ifer and Vojta [14]. In this situation just as seen in Fig. 1,
increasing f§ values toward 1.0 collapses the theoretical
curves given by Eq. (16b) into the classical result. For a
fixed f value and the selected values of u, the classical result
appears to fall between the Kérger equation and the frac-
tional order theory developed here. However, the time rate
of decay (i.e., the power to which TE is raised) is different
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Fig. 3. Normalized decay of the transverse magnetization for a spin echo
sequence (according to Eq. (16b)) plotted versus TE for selected values of
u with fixed G. (30 mT/m), D (1 x 107> mm?%/s) and f(0.6). Also plotted
are the classical result for a single echo, exp(—Dy*G*TE?/12), and an
equation derived by Kirger et al. [14], exp(=D(1 —27")
P G*TEM? /(B +1)(f +2)), using an anomalous diffusion model in a
fractal system, (z*(1) ) = 2Dr".

in each case; when f§ =0.5 the Kédrger equation predicts
decay curves of the form exp[—aTE*?], while the fractional
order model gives exp[—bTE?], and the classical theory
yields exp[—cTE?].

Fractional order generalization of the time derivative in
the Bloch-Torrey equation (Case II) also predicts stretched
exponential behavior. This is illustrated in Fig. 4, which is a
plot of Eq. (25): the normalized time decay of transverse
magnetization following application of a 90° pulse to spins
in a fixed G. gradient. The classical decay, exp[—Dyszt3/3],

------ Widom and Chen|]
Magin

0 20 40 60 80 100
Time (ms)

Fig. 4. Normalized decay of the transverse magnetization following
application of a 90° pulse to spins in a constant z-gradient (according to
Eq. (25)) plotted versus time for selected values of T with fixed G. (30 mT/
m), D(1x 1073 mmz/s) and o (0.6). Also plotted are the classical result
derived by Hahn, exp(—D*>G>#*/3), and the equation derived by Widom
and Chen [15], exp(—D*y>G***/(2 + )), for anomalous diffusion in a
fixed gradient.

is compared with the fractional order theory when o = 0.6
and t values are set to 2, 4 and 7 ms. As the o values
approach 1, the decay curves predicted by Eq. (25) again
conform to the classical result (data not shown). Also plot-
ted in Fig. 4 is an equation derived by Widom and Chen
[15] for diffusion in a fractal medium. In the Widom and
Chen model the exponential decay curve is given by
exp[—DapwcysztH“], with an apparent diffusion coeffi-
cient defined as D,,wc = D*/(2 + o), which depends on
o—a measure of the fractal dimension of the material.
On the other hand, for the fractional order model, the
apparent diffusion coefficient depends on both « and 7°,
the fractional order time constant; that is, the exponential
decay curve is given by exp[—DapHyszt3°‘], with an appar-
ent diffusion coefficient expressed as Dy, =2(2 —
o) " D/3s> I'(2a+ 1) for Case II. Note however, that
in the Widom and Chen model D* must have the units
mmz/(s)lﬂ, hence D,,wc = Dty and a unit preserving
time constant is also needed. The time decay curves for
the fractional order model (Case II) and the Widom and
Chen model for « = 1/2 follow different exponential power
law decays: exp[—a’t>’] for the Widom and Chen model
and exp[—b't"*] for the fractional order model. Both results
are quite different from the exp[—c's’] expected for
spins undergoing unrestricted diffusion in a constant G.
gradient.

The signal attenuation in Sephadex gels (G-25, G-50 and
G-100) at 11.74 T for a Stejskal-Tanner pulse gradient spin
echo was measured for selected regions of interest (ROI) at
increasing b values, and the data fit to the fractional order
model (Eq. (16c)). Sephadex forms a dextran-water gel
when the dry powder (20-50 um, dia.) swells in water to
form beads with many small interconnecting pores. The
numerical value of the Sephadex refers to the approximate
molecular exclusion size (in kiloDaltons, kDa) of the pores.
Hence, molecules with a molecular weight greater than
25 kDa would be excluded from the interior of the G-25
gels. Since water can gain easy access to all pores, the
Sephadex gel beads G-25, G-50, G-100 provide a graded
series of water compartments with increasing effective pore
size; a series exhibiting an increasing likelihood of unre-
stricted diffusion (f =~ 1). This behavior is in fact observed
in the experimental curves shown in Fig. 5; the G-25 gel
shows a normalized decay curve that is non-linear (on the
logarithmic scale), while the G-100 is nearly as linear as
the curve for the solvent (distilled water). The fractional
order model was fit to the Sephadex data for selected
ROI in the limit of A << using Eq. (16c) with the signal
assumed to be directly proportional to the transverse mag-
netization, hence, S = Spexp[—(bDg)"] where
DI = De(A/i2)" " In this experiment the Dy, f, and u val-
ues were obtained using the Levenberg—Marquardt nonlin-
ear least squares algorithm, as described in Section 3. For
distilled water, f=1.0, u=29um and Dy=2.1X
103 mm?/s, whereas for G-25 we found S=0.71,
p=64pm and Dy=12x10">mm?%/s, with the corre-
sponding values for G-50 and G-100 falling in between.
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Fig. 5. Normalized signal intensity plotted versus b, where b = (yG.0)A,
for selected ROI in samples of distilled water and Sephadex G-25, G-50
and G-100. The experimental data were fit to the fractional order model
(Eq. (16¢)) to determine Dy, 5 and u for A = 45 ms and 6 = 1 ms. The inset
shows a T,-weighted spin echo image of the sample at 11.74 T, TR/
TE = 1000/60 ms, FOV = 0.6 cm x 0.6 cm, matrix =64 x 64, in plane
resolution = 94 pm X 94 um, and slice thickness = 1.5 mm.

These results confirm out hypothesis that the smaller the
G-value of the Sephadex, the smaller the value of f and
the larger the value of u. A summary of the results for each
of the Sephadex gels is listed in Table 1. Also shown in
Table 1, for comparison, are results for the same data fit
to a single exponential decay curve, S = Soexp[—bD].
The observed changes in p values do not directly reflect
the increasing pore size in the series G-25, G-50, and
G-100 because u occurs in the denominator of the apparent
fractional order diffusion coefficient DY .

Articular cartilage consists of three distinct zones (super-
ficial, middle and deep), each with a characteristic composi-
tion and structural organization of chrondocytes, collagen,
proteoglycan and other smaller molecules [39]. The superfi-
cial zone has the highest water content with the collagen

Table 1
Summary of diffusion measurements

10° g

Saline Superficial

0 500 1000 vﬂ 500 2000 2500
b (s/mm?)

Fig. 6. Normalized signal intensity plotted versus b, where b = (yG.0)?A,
for selected ROI in the three different zones (superficial, middle and deep)
of a human cartilage sample and in saline. The experimental data were fit
to the fractional order stretched exponential model (Eq. (16c)) to
determine Dy, f and u for A=25ms and 6 = 1 ms. The inset is a T»-
weighted spin echo image of the chondral plug at 11.74 T, TR/TE = 1000/
30ms, FOV=0.6cmx0.6cm, matrix =128 x 128, in plane resolu-
tion = 47 pm X 47 um and slice thickness = 1 mm.

fibers generally oriented parallel to the articular surface.
The middle zone is a transition region with high water con-
tent and a largely isotropic distribution of collagen. The col-
lagen fibers in the deep zone are primarily orientated
perpendicular to the calcified surface. The cartilage data
shown in Fig. 6 was obtained for regions of interest (ROI)
selected from a 1 mm slice in each zone. The signal attenua-
tion curves for a Stejskal-Tanner pulse gradient were fit
using the Levenberg-Marquardt nonlinear least squares
algorithm as described in Section 3. A summary of the
results is listed in Table 1. In the deep zone, for example,
Di=0.94x10">mm?/s, f=09 and pu=4pum. These
results are consistent with the overall structure of cartilage;
a structure that allows the water to freely diffuse in the mid-
dle zone, but restricts diffusion in the superficial and deep

Dy, x 1072 mm?/s Dy x 1073 mm?/s B a.u. i (pm)
Sephadex G25 1.24+0.05 1.1 £0.04 0.71 + 0.06 6.4+0.1
G50 1.7 £0.07 1.5+£0.03 0.8 £0.05 5.7+0.1
G100 2.0+0.13 1.8 £ 0.06 0.91 +0.08 44+1.6
Distilled H,O 2.2+0.01 2.1 £0.02 1.0 £0.003 29403
Cartilage Superficial 1.02 £ 0.09 1.01 £ 0.09 0.77 £ 0.006 4.3 4+0.07
Middle 1.24 +0.008 1.23 £ 0.008 1.0+0.0 1.3+0.02
Deep 0.94 £0.03 0.94 £0.02 0.90 £ 0.01 4.3+0.03
Saline 2.13£0.03 2.13+0.03 1.0 +0.00 1.6 +£0.07
Brain White matter 0.41 + 0.006 0.41 + 0.006 0.60 + 0.008 4.3 +0.04
Gray Matter 0.76 £ 0.1 0.75 £ 0.08 0.78 £0.03 4.9 £0.02
CSF 3.0+0.0 2.84+0.18 0.91 + 0.005 3.0+1.27

The D,, values were obtained from a least squares fit to the equation S = Syexp[—bD,,] while the Dy,  and p values were found using the Levenberg—

Marquardt nonlinear least square algorithm to fit Eq. (16c).
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zones. The f values for the curve fits for the superficial, mid-
dle and deep zones were 0.77, 1.0 and 0.9, respectively. These
values are consistent with the idea that the parameter
reflects the “complexity’’ of the tissue: lower f values corre-
spond to more complex or heterogeneous tissues. The u val-
ues for the three zones were: superficial, 4 um; middle, 1 um;
and deep, 4 pum. The lower u value in the middle zone is con-
sistent with its model as a less restricted environment for
water diffusion (decreasing p in Eq. (16c) increases the
apparent Dy). Note that the u value of saline (1.3 um) is
slightly larger than the u value found in the middle zone
and smaller by almost a factor of two from the p value found
for distilled water in the Sephadex experiment. The variation
of y within experiments when f is near a value of one prob-
ably reflects uncertainty in the curve fit, while the between
experiment difference is likely due to the different values of
TE and A used in the two experiments. Additional studies
are needed to investigate these findings.

Diffusion-weighted imaging (DWI) is increasingly used
in clinical settings to characterize normal and compromised
regions of the brain. In its simplest form, DWI uses the
equation, S = Spexp[—bD,,], where D, is an apparent dif-
fusion coefficient. Typically D, for both white and gray
matter is significantly less than that of CSF (e.g., 0.76,
1.07 and 2.94 x 107> mm?/s for gray, white matter with
axial fiber orientation along G, and CSF, respectively)
[3]. In addition, the white matter diffusion coefficient exhib-
its significant anisotropy: Dy, is larger along the direction
of the fiber tracts than across them (1.07 versus
0.64 x 10~* mm?/s)—a fact used to map fiber tract direc-
tions. The diffusion attenuation data shown in Fig. 7 is
taken from ROIs selected in white matter, gray matter

0 1000 2000 3000 4000
b* (s/mm?)

Fig. 7. Normalized signal intensity plotted versus b*, where b" =

(yG.8)* (A - gﬁ—:é), for selected ROI in white matter, gray matter and

cerebrospinal fluid for a human brain. The experimental data were fit to the
fractional order stretched exponential model (Eq. (16¢)) to determine Dy,
and p for A =42 ms and 6 = 32 ms. The inset is a DW-EPI T)-weighted
image at 3.0 T, TR/TE =4000/97 ms, FOV =22 cm x 22 cm, matrix
128 x 72 (zero padded to 256 x 256 during image reconstruction), in plane
resolution = 1.72 mm X 3.05 mm and slice thickness = 4 mm.

and CSF of a human brain image acquired at 3 T (the inset
shows an axial slice and the ROI). These data were fit to
the fractional order model, Eq. (16¢), using the Leven-
berg-Marquardt nonlinear least squares algorithm as
described in Section 3, and the results are listed in Table
1. The f values follow the expected trend of decreasing in
magnitude as the diffusion becomes more restricted; the f§
values for the gray matter and white matter were 0.78
and 0.6, respectively. The u values were almost the same
(approximately 5 um). Both tissues exhibited restricted dif-
fusion behavior in this experiment while an ROI taken in
the CSF region gave an apparent single exponential decay
(Dr=2.8x10"*mm?/s, =091, u =3 pum).

5. Discussion

NMR relaxation and diffusion phenomena are often
described by functions that exhibit power law behavior in
time or frequency (e.g., @™ %, ¢t %, exp(—t*), or in this paper,
E(—1%)). Such results can be derived from the Bloch equa-
tion and the physics of diffusion through a generalization of
the underlying phenomena—T7', T, relaxation and anoma-
lous diffusion—using fractal modeling and fractional calcu-
lus. One rationale for this approach is the desire to
incorporate “memory’” or long distance spatial correlations
in the spin dynamics of heterogeneous materials. This
behavior is naturally expressed in the fundamental repre-
sentation of spin—spin and spin-lattice interactions, as well
as in the apparent diffusion coefficient of water by using
fractional order differential operators. For example, in
relaxation, fractional order dynamics can arise in the spec-
tral density through the autocorrelation function with a
fractal order propagator [16], while in diffusion, the anom-
alous behavior in the mean squared displacement of water
molecules (r?) ~ ¢, follows from the fractional-order,
space-time generalization of the diffusion equation. In this
paper we have shown that incorporating fractional order
space and time derivatives in the Bloch-Torrey equation
gives, for simple cases, results whose functional behavior
follows fractional order power laws. The usefulness of this
approach is not simply through the introduction of extra
“fitting” parameters, but manifests itself in a growing
understanding of how fractional order operators encode
information about the molecular interactions of spin
labeled water that is embedded in the structure of polymers,
membranes, and the extracellular matrix of cells and tissues.
This interpretation follows from viscoelastic, dielectric and
optical measurements that confirm fractional order dynam-
ics at the molecular scale, often with a direct role for fractal
order geometric models of the supporting matrix or med-
ium [9,10]. A recent example of the success of this approach
is the NMR microscopy of the time-fractional diffusion by
Klemm et al. [40] which shows how the fractional order
exponents can be obtained from the two-dimensional frac-
tal geometry of the percolation surface clusters.

Over the past few years, a number of reports have sug-
gested that the signal intensity in diffusion-weighted images
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of biological tissues does not necessarily follow the well-
known mono-exponential decay model, especially at high
b-values [41-45]. At least two diffusion “compartments”
have been identified with distinctive diffusion coefficients
that can differ as much as 9- to 10-fold. The distinctive
diffusion compartments have been related to intra- and
extra-cellular volume fractions with the assumption that
the sub-cellular structures and higher concentration of
macromolecules inside the cell can considerably slow down
the diffusion process. However, the measured slow
diffusion compartment fraction is poorly correlated with
known cell volume fraction. To resolve this discrepancy,
the effect of the cell membrane on diffusion has been con-
sidered, which given a much improved correlation between
the diffusion measurements and tissue structures [46-48].
The model based on restricted diffusion at or near the cell
membrane, however, brings new issues with respect to the
cell membrane’s permeability to water molecules. All these
diffusion studies suggest the limitations with the existing
mono or multi-exponential model, which is derived from
the classical Bloch-Torrey equation.

Generalization of the phenomenological Bloch equation
began with Bloch [49], who with Wangsness in 1953 [50],
sought to modify the underlying assumptions for the Bloch
equation (e.g., By>>B,, ABy<<(l/yT,)) to further
expand its range of applicability. Reviews of this early
work can be found in the book by Abragam [1]. Memory
effects were also introduced directly into the Bloch equa-
tion by Argyres and Kelley [51], and Robertson [52] who
applied the method of Zwanzig [53}—an approach also fol-
lowed more recently by Gléckle and Nonnenmacher [54] to
correlate anomalous relaxation with fractional calculus.
Roberston, for example, writes the generalized Bloch equa-
tion as
dM ! / / / /
=M HO - [ KM@ - pHEON, 28
where the kernel K(z,¢') is simplified to the time-invariant
form K(¢,¢') = K(t — t') and assumed to fall off slowly as
t' recedes from 7 (fading memory) so that the past as well
as present values of M are used to determine dM/d¢. Rob-
ertson’s results reduce to
ddlt/[:nyH—k%[xH—M} (29)
for K(t — t') = §(t — t')/t, where T} = T> = 1. This modifi-
cation to the Bloch equation was also derived by Wangs-
ness. Extension of the kernel to the power law form

t—1)" (=) (-t
(r(ocﬁ’ where T (F(oc)r)”“ == : )

(30)

Kit-1)=

ensures the expected integral order behavior. This kernel
gives the fractional order diff-integral equation

ddlf = 9M x H(t) — oD *[M(z) — 7H(1)]. (31)

More recently, the focus of NMR studies of anomalous dif-
fusion has concentrated on modeling tissues and porous
media. Kimmich [16] and Stapf [17], for example, devel-
oped non-Gaussian propagators for the description of
pulsed field gradient NMR diffusion studies. In these situ-
ations, diffusion appears to be anomalous (e.g., (x*) ~ 7',
0 <y <2) when the molecules are confined to a porous
medium and the measuring interval is in what Kimmich
calls the “scaling window”, a < /(x?) < { where a is a
base dimension of the medium and ( is the correlation
length of the pore space. In particular, Kimmich shows
that non-Gaussian propagators in one dimension P(x,?)
satisfy a fractional order partial differential equation of
the form

2
oD P(x,t) = Dy % [P(x,1)], (32)

where (D, ** is a fractional derivative of order (k+1) and Dy
is the generalized diffusion coefficient (units, mm?/(s)' ).
This equation can be solved analytically for a source con-
centrated at the x =0 to give

P(x,1) = 1 20 X (1 - %,k) (33)
’ B vV 4TCDktk 2 4Dktk (07 1)7 (%7 1) ’

where H fg is a Fox function [16,32]. In the limit (x?) >> D"
this function converges to a stretched Gaussian, and for
k =1 it gives the ordinary one-dimensional result

2

exp {—x} . (34)

Plv,t) = 4Dt

1
vanDt

Most recently Bennett [7,8] and Ozarslan [33] demon-
strated the advantages of the stretched exponential model
for fitting NMR diffusion data from tissues and multicom-
partment systems. In one study Bennett [7] found that the
stretched exponential function, S(b) = Spexp(—bD)*, pro-
vided a better fit for rat cortex diffusion data—using o in
the range of 0.77-0.82, and D in the range of 6.8-
8.0x 10~*mm?/s—than both single and biexponential
models. In a second study Bennett [8] found that for mea-
surements in the human brain the stretched exponential
model gave values of o that were relatively insensitive to
the orientation of the applied field gradients. The authors
suggest that maps of « can be used to assess tissue hetero-
geneity. In a subsequent study Ozarslan [33] and co-work-
ers conducted ¢-space diffusion experiments on suspensions
of human red-blood cell ghosts, normal brain and brain
tumor autopsy samples. Their results showed, for example,
that water diffusion was anomalous with o values less than
1.0. Ozarslan’s study connected the observed g¢-space
(g = (2n) '96g) data with a fractal space model for diffu-
sion in tissue; a result that provides a simple model for
anomalous diffusion in a complex medium. In particular,
two parameters: d,, the random walk dimension, and dj
the spectral dimension, were independently estimated and
both were found to vary significantly between normal brain
and brain tumor tissue (e.g., for o = 2/d,,, they found for
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gray matter, o« = 0.850; for tumor, o = 0.916; and for eryth-
rocyte ghosts, o = 0.996). Finally, Ozarslan, used fractional
order modeling of g-space NMR data to extrapolate the
signal attenuation curves as

E(g,A) = fie™ + fre™ " + fi(1 +wg?) ", (35)

where the first term corresponds to Debye relaxation, the
second to a stretched exponential (sometimes described as
a Kohlrausch-Williams-Watts function), and the third to
a Rigaut-type asymptotic functional expression. This mod-
el of E(gq,A) was shown for erythrocyte ghosts to provide
an excellent description of g-space data spanning five or-
ders of magnitude.

In our study we used fractional calculus to generalize the
Bloch-Torrey equation. The results demonstrate that frac-
tional order differential operators in space and time yield
solutions similar in form to those developed by Ozarslan
and others. The specific form of the fractional order solu-
tions for the transverse magnetization depends on the
applied gradient pulse waveform. Generalization of the
spatial Laplacian gives stretched exponential behavior that
is different from the classical and stretched exponential
results, and includes in addition to the operational order
parameter [, the unit preserving space constant u (with
units, m). The differences between our results and those
of others is most clearly seen when the attenuation function
is expressed in terms of G-, 0, f and A. A summary is pro-
vided in Table 2, assuming that A >> §. Note, that in each
case the units of the apparent diffusion coefficient must be
adjusted to maintain D values with the units of mm?/s.
Since restricted diffusion arises in situations where b-values
(b = (yG.0)*A) are no longer independent of the manner in
which the individual parameters (G-, §, A) are changed, it is
clear that each equation provides a different way to express
such behavior. In addition, it also suggests that the conven-
tionally defined h-value may not be the most suitable
parameter to characterize the degree of diffusion weighting.
The attenuation curves are all written in Table 2, for com-
parison, directly in terms of b. In Section 4 we compared
the behavior of the fractional order model with the predic-
tions of other models, some of which are interconnected.
Note, for example, that when p= VDA the fractional
order result (Case I, « =1, f arbitrary) conforms with
the curve assumed by Bennett and co-workers [7,8].

The fractional order results expressed in terms of 5, Eq.
(16c) were used to fit experimental data collected from
Sephadex gel, cartilage and brain. When the experimental

Table 2

curves exhibited evidence of restricted diffusion, the f§ val-
ues of the fits always fell below f§ = 1, as expected. Also the
u values all appear to increase as the diffusion attenuation
curves depart from the expected straight line of the expo-
nential semi-log plot. The behavior of p is consistent with
the definition: D! = D(A/u?)' ™", and follows directly from
its role as a unit-preserving space constant in the Bloch—
Torrey equation. Further study of porous materials is
needed to better characterize the relationship between u
and the size and distribution of barriers to diffusion. In
the same sense that 7 identifies a characteristic time scale
for NMR signal attenuation, it is likely that u can be
related to the porosity and tortuosity in a more complete
model for fractional order molecular dynamics. Future
work will investigate further the sensitivity of the curve fits
to the parameters f and u for different experimental situa-
tions. The goal of this study was not to develop a best fit
expression for the materials studied, but simply to examine
a new class of functions from which a better fit to experi-
mental data may be realized. In the case of a simple pulse
gradient spin echo experiment, Fig. 3 for example, the frac-
tional order result for the amplitude of the signal at the
echo provides a new expression that is different from both
the classical result and the fractal diffusion model devel-
oped by Kérger and co-workers [14].

Generalization of the Bloch-Torrey equation using a
fractional order time derivative was also developed here
for completeness. No data is presented to fit the derived
expressions, but for the case of a fixed G. gradient, the
expected signal decay curve conforms to both the classical
result and to the result derived in the recent study by
Widom and Chen [15] for a fractal model of diffusion. In
the case of the fractional order time derivative a new time
constant t was introduced to maintain consistency in the
units. The results were obtained only under the condition
(t/t) < 1. This assumption is reasonable if 7 is assumed to
be on the order of T, or for situations with long 75, but
not if T ~ 7., where 1. is the correlation time for spin rota-
tion. In the long time limit (¢z/7) > > 1 different asymptotic
expansions for the Mittag-Leffler functions will have to be
investigated. Another area of future study is fractional
order relaxation. Here, extension of the correlation func-
tion g,(7) from an exponential to either a power law or a
Mittag-Leffler function would generalize the free induction
decay signal G(7) and the Hahn echo as described by Calla-
ghan [55]. In a similar manner Bryant and others [56-59]
have studied power law behavior of the T relaxivity

Comparison of the pulse gradient spin echo diffusion attenuation curves for different models

Diffusion model (G-, 9, A) Parameter Diffusion model (b) Apparent diffusion coefficient
Stejskal-Tanner S = Syexp[—(y G-0)*AD] — S =S8, exp[—bD] D
Kirger S = Sy exp|—(yG.8)* A2 DK 0<H<I1 S = So exp[-bDA! D& = pKa/AI2H
Magin S = Spexp[—(yG.86)* AD/1 21" 12<p<1 S = Spexp[—b'DE) DE = De(2/A)F
Bennett S = S, exp[-(yG-0)** A*D*] 0<a<l S = Spexp[—b*D’] D*

In this Table A represents the time period between gradient pulses in the short pulse approximation (A > &) and b = (yG.9)*A. The units of D and Dy are

mm?/s, of DX& are mm?/(s)*Z, of Dg are (mm)?*/s?, and of D* are (mm)**/s*.
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(1/Ty = Aw ™", where 4 and b are constants) for proteins
and polypeptides.

In addition, there is a literature on the analysis of relax-
ation times (particularly 7,) obtained by fitting data to a
continuous distribution of relaxation times rather than a
set of discrete relaxation times that is analogous to the
stretched exponential diffusion model analysis [60—65]. This
approach points to the need to link the new theoretical con-
cepts and mathematical descriptions of anomalous diffu-
sion [66,67] to known physical parameters. The
connection between diffusion restricted by boundaries
and unrestricted diffusion through periodic microscopic—
mesoscopic gradients was studied long ago by Wayne
and Cotts [68]. Indeed, restricted diffusion across semi-per-
meable membranes is along with cellular heterogeneity a
likely source of the complexity modeled using fractional
calculus in this paper. The fractional order generalization
of the Bloch-Torrey equation will ultimately need to be
justified through its ability to describe NMR phenomena;
however, we should note the success of fractional order
dynamics in describing anomalous diffusion [21] and long
range interactions in coupled oscillators [69]. These exten-
sions to a fractional order description of relaxation and
experimental analysis of pulsed gradient spin echo models
are currently underway as we work to further develop the
range of this approach to establish its experimental
usefulness.

In summary, the description of NMR relaxation and
diffusion processes by non-exponential functions has a
long and diverse history. The use of the stretched expo-
nential models for fitting the NMR signal attenuation
caused by diffusion is just one example of a variety of
functions and functional models currently being employed
by NMR and MRI researchers. In the case of diffusion,
the connection between the parameter o and the intra-
voxel heterogeneity can be made through statistical, prob-
abilistic and fractal models of tissue, and is now
increasingly recognized. Clinical applications of o-
weighted diffusion images have been proposed for assess-
ing stroke, cancer progression, and spinal injury. Our
results suggest that the underlying models for anomalous
diffusion—and perhaps relaxation—can be established
directly from the Bloch equation through the application
of the tools of fractional calculus. Using these mathemat-
ical tools, we may extend the applications of diffusion
imaging beyond simply evaluating the apparent diffusion
coefficient and stretched exponential constant «, and even-
tually reveal new parameters related to tissue micro-
environment.
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Appendix

The tools of fractional calculus are as old as calculus
itself—the first published results are cited in a letter from
Leibniz to L’Hospital in 1695 (see the seminal mono-
graph by Oldham and Spanier [70] for an historical sur-
vey). However, only relatively recently has the usefulness
of fractional calculus been recognized for solving prob-
lems in viscoelasticity, electrochemistry and diffusion
[9,10,23]. Unfortunately, most mathematical physics and
calculus texts do not describe fractional calculus, and
advanced texts on fractional calculus [36] are not written
for a beginner. Fortunately, new texts e.g., [21,32,33]}—
highlighting fractional calculus as a tool for the analysis
of complex systems—recent conference proceedings [24—
26], and special issues of journals [27-31] are bringing
the methods of fractional calculus and its applications
to a wider audience.

In the present paper two different formalisms for frac-
tional calculus—one spatial and the other temporal—are
used. For both approaches we are able to extend integral
and differential operators to non-integer order. One can
imagine such a generalization in at least three ways: (i) in
terms of the algebraic operators commonly used to solve
ordinary differential equations (e.g., D, D, D°,... = D',
D2, D>?); (ii) in terms of the Laplace or Fourier transform
representation of differentiation, sf{s) or (jw)f(jw), extended
to s*f(s) or (jw)*f(jw); or (iil) in terms of generalized func-
tions where the fractional order derivative is represented
as a convolution in the distributional sense [71], for exam-
ple in time: (Df(¢) = k*(¢t) = f(¢); or space: Dlg(x) =
kP (x) * g(x), where k() and k”(x) are simple power law
functions, such as 1*~'/I'(«), where I'(«) is the gamma func-
tion. Each approach has advantages, but each also has
restrictions on its range of applicability due to the need
to establish the existence, uniqueness, or convergence of
the corresponding function or functional under integration.

Because NMR researchers are familiar with Fourier
and Laplace transforms, the fractional calculus operators
are defined here in the context of these integral trans-
forms. The validity of all operations, the necessary initial
conditions, and the assumed behavior of the involved
functions all follow from the usual constraints of linear-
ity, causality, and bounded support for images and phys-
ical processes. Below is a brief list of definitions for the
fractional order operators used in this paper and of the
Mittag-Leffler function—a generalized exponential—
which often occurs when solving problems in fractional
calculus.
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Appendix A. Fractional order operators in space (Riesz
fractional derivative)

If we consider a well behaved function y(x) on (—oo, )
then we can define its Fourier transformation y(&,) through
the integrals [34]:

o0

Fl)} = 5(&,) = / )e d,

o0

§) = PN =5 [ ae)ede

o0

In the Fourier domain for f§ > 0, we will define the Fourier
transform of the fractional order derivative as

F{Dy(x)} = &' F{y(x)}.

Hence, we can write the Riesz fractional derivative with re-
spect to space [34] as

D)) = F {1l (&)} = FHIE F{)}1-

In the case of y(x) = ¢'“* since, F{e ¢ (x)} = ¢ (&, + a) and
F{1} =2no6(&,) where 6(&,) is the delta function, we find
F(e™) =& |"3(¢, + a).

Using the definition of the inverse Fourier transform and
the properties of the delta function, we obtain

DE(e™) = F {2n|E | (&, + a)} = |a]e.

Appendix B. Fractional order operators in time (Caputo
fractional derivative)

If we consider a well behaved function y(z) on [0, c0)
then we can define its Laplace transformation through
the integrals [34]:

L) =56) = [ o0 ar.
W0 =L} =5 / T erds.

21 i

In the Laplace domain for (0 <a <1), we will define the
Caputo fractional order form of the Riemann-Liouville
derivative [35] as

L{Diy(t)} = s*y(s) — s*'¥(0").
Hence we can write
D) = L Hs'L{v(0)}} - =)

where I'(1 — o) = [;* e “u *du is the Gamma function.
In the time domain for 0 < o <1, we have

0“Df[u(r)] =0,

y(0")

I'(k+ l)tk *
Ik—o+1]
CDHE, (" )u()] = iEa(it“).

where u(7) is a unit step function at t =0".

oD fu(t)] = (for k > 0),

Appendix C. Mittag-Leffler functions

The Mittag-Leffler function is a generalization of the
exponential function ¢’ that was introduced by the Swedish
mathematician G.M. Mittag-Leffler in 1903-1904. The
basic properties of the function are given in the monograph
by Carpinteri and Mainardi [24] and the books by Podlubny
[35], Kilbas et al. [34] and Samko et al. [36]. In this paper
three forms of the Mittag-Leffler function are used. Each
is defined below in terms of a power series representation
involving the Gamma function, defined by the integral

I'(z) :/ e du.
0

(1) Single-parameter Mittag-Leffler

% y
0 =2 T+ D)
E\(t)=¢', since I'(k+ 1) =kl
E,(t) = coshvt; E(—t) = cos/t.
(2) Two-parameter Mittag-Leffler

(o, real > 0),

(o, real > 0; 5, real > 0),

Explt Zl"ock—F[)’

e —1
=—— En(t)=

sinh /¢

i ; Ep;(t)=cosh NG

Ey (1)

(3) Generalized two-parameter Mittag-Leffler

)5 i e
p+k
(p)y = (I"Tﬂ) (p,real > 0),
Ei,ﬁ(t) = E(;)ﬁ,
d ! n+1
) B0 =m0 forn=1,23,...

Ef (1) = ﬁlm (0B 1).

where | Fi(p,f,1) is the Kummer confluent hypergeometric
function.

A useful property of the Mittag-Leffler function is its
behavior under the Laplace transformation. The following

expressions are valid for real s> |]"/*
Safl
L{E, (-} = ——;
{ 1( )} s+ Jl

1 .
st A7
s b s20—b
== L{"E () = ———.
o }7 { 1,/i( A )} (S“+/1)p

L{t'E, (-} =

L{"'E, j(—2t")}
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Appendix D. Leibniz rule for fractional derivatives

The nth derivative of the product ¢(#)f(?) is given by the
Leibniz rule

G o0ro1 =3 (7)o wro,

k=0 k
n n!
where (k) :m
Thus,
%[‘f’(’)f(fﬂ = ((3,></J<°>(t)f<3)(t) + (f)d)(”(,)fa)(t)
w(5)8 i+ (3)¢ 0w,
& dr ) g ()

) =L+ 3L LD

3 Eo() df (1) | do0)f ()
dez dr ds '
In fractional calculus the Leibniz rule for the oth order
derivative can be written as

D001 =3 ()8 000 100,

where < Z > ku{"((:ct{lﬂ
an approximation. When this approach is used, one should
estimate the error of the approximation. In this case [33], if
both ¢(¢) and f{¢) and all their derivatives are continuous
on the interval [0, ¢], and since we know that
oD (t) = oD2[f(t) — f(0%)] for 0 <o <1, [34] we can ap-
ply the Leibniz rule to the Caputo fractional order deriva-
tive since, if f{¢) and its derivatives are continuous on [0, 7]
then f{¢) — f107) will also satisfy these conditions. Note that
when o <0, the series terms involve the usual Riemann—
Liouville fractional integral. Thus, in place of the finite ser-
ies of terms that occurs in integer order calculus, in frac-
tional calculus an infinite series of terms arises. Writing
out the first few terms of this expansion gives

Such a series representation is only

o

Dt 0] = (5 )o0ncpir )
+(F)e oo
+ (5 )oo 0o

+(3)o 0o+
where

o o o o(a—1 o a(o—1)(a—2
(0) :1’(1) :oc,(2> = (2«1)’(3) =4 32)(1 L.

In Eq. (22) in the text we truncated this series after the
first two terms.

In general this series takes the form

DB 0] = D) + 20 i
oc(otzl d2d¢;3 Doc 2f( )
oS0, D7 11
o(o— 16)(a< 2) d3 D"‘ 3f( ) .
OC—ODf (@)
which can be written as
DSOS 0] = b0 D (1) + 00 et (o1 4

+N+--,

where the terms M and N represent the indicated fractions.
Neglecting M, N and the higher order terms gives the solu-
tion ¢(7) = A(t) = exp[—B(#/7)**] and f(t) = E,[—iyzG.1(t/
7)%]. Using these results, substitution of the stretched expo-
nential and the single parameter Mittag-Leffler function
into the series terms M and N, it can be shown that for
1/3 <« <1, both M and N approach zero in the limit when
t << 1. The lower boundary on « is required to satisfy the
necessary condition that ¢(7) be continuous on [0, 7].
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