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Abstract

Characterizing the microstructural properties of biological tissue is an important topic
when understanding the processes involved in the brain’s normal development, aging and
disease. Invasive histology analysis is the current gold-standard when studying tissue.
Diffusion-weighted MRI, which is performed by measuring the displacement of water
molecules, appears as an attractive alternative to the invasive study of tissue microstruc-
ture.

Double diffusion encoding (DDE) is an extension of the classical diffusion-weighted
technique, which can be used to non-invasively assess cellular size, shape and mem-
brane permeability, characteristics that are important to determine, for example, grading
of cancerous tissue. However, those characteristics are tangled together in the acquired
data. This generates measurement biases, which affect the estimated microstructural pa-
rameters.

In this thesis, two measurement biases are studied. Firstly, it has been observed an over-
estimation in axonal diameters on the human corticospinal tract. This raises the question
of the degree to which extra-axonal space contributes to size estimates based on DDE.
Here, the fact that the DDE-weighted MR signal is also sensitive to pore shape is ex-
ploited. Measurements of excised porcine spinal cord and of in vivo human corticospinal
tracts are presented. The results suggest that the size estimation based on DDE is likely
to be considerably influenced by the extra-axonal compartment.

Secondly, it has been reported that DDE measurements can be related to molecular ex-
change in terms of apparent exchange rate (AXR). However, the effect of compartmental
size has not been considered so far. Here, this effect is studied in simulations and experi-
ments in a water-in-oil emulsion in absence of molecular exchange. Results showed that
it is possible to estimate an AXR in a sample where no molecular exchange is expected
due solely to the effect of compartmental size. It can be concluded that the effect of cell
size is relevant, and it needs to be accounted for when studying samples with large size
compartments.
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Kurzfassung

Die Charakterisierung der mikrostrukturellen Eigenschaften von biologischem Gewebe
ist ein wichtiges Thema, wenn es darum geht, die Prozesse zu verstehen, die bei der
normalen Entwicklung des Gehirns, beim Altern oder bei Krankheiten ablaufen. Dafür
ist die histologische Analyse der aktuelle Goldstandard. Die diffusionsgewichtete MRT,
kann über die Messung der Verschiebung von Wassermolekülen, eine attraktive Alterna-
tive zur invasiven Untersuchung der Gewebemikrostruktur bieten.

Die doppelte Diffusionskodierung (DDE) ist eine Erweiterung der klassischen diffu-
sionsgewichteten Technik, die zur nicht-invasiven Beurteilung von Zellgröße, -form und
Membranpermeabilität verwendet werden kann. Diese Eigenschaften sind z.B. wichtig
um das Grading von Krebsgewebe zu bestimmen. Allerdings werden die Parameter der
Gewebemikrostruktur in den erfassten Daten miteinander vermengt, und dadurch werden
Messergebnisse verzerrt, was die geschätzten Parameter beeinflussen kann.

In dieser Arbeit werden zwei Messverzerrungen untersucht. Erstens wurde eine we-
sentliche Überschätzung der Axonaldurchmesser im menschlichen kortikospinalen Trakt
beobachtet, da der extraaxonale Raum möglicherweise zur Größenschätzung auf Basis
der DDE beiträgt. Dazu werden Messungen von exzidiertem Schweinerückenmark und
von menschlichen kortikospinalen Bahnen in vivo vorgestellt. Die Ergebnisse deuten
darauf hin, dass die auf DDE basierende Größenabschätzung wahrscheinlich erheblich
durch den extraaxonalen Raum beeinflusst wird.

Zweitens wurde berichtet, dass DDE-Messungen mit der scheinbaren Austauschrate in
Beziehung gesetzt werden können. Da der Effekt der Kompartimentgröße bisher nicht
berücksichtigt wurde, wird dieser Effekt nun in Simulationen und Experimenten in Ab-
wesenheit von molekularem Austausch untersucht. Die Ergebnisse zeigen, dass es allein
aufgrund des Effekts der Kompartimentgröße möglich ist, eine Austauschrate in einer
Probe abzuschätzen, in der kein molekularer Austausch zu erwarten ist. Folglich spielt
der Effekt der Zellgröße eine wesentliche Rolle bei der Untersuchung von Proben mit
großen Kompartimenten.
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1
Introduction

1.1 Introduction

Since the mid-1980s, diffusion-weighted magnetic resonance imaging (MRI) has become
the mainstay of neuroimaging, especially in stroke imaging [1]. Molecular diffusion
effects were first described by Hahn [2] back in 1950 in his paper titled “Spin echoes”. He
observed that the magnetic resonance (MR) signal in liquids was not only affected by T1

and T2 relaxation times, but also by self-diffusion of water molecules, which generate an
additional attenuation in the signal. During the early stages of MR research, diffusion was
an unwanted effect in the MR signal. It was not until Stejskal and Tanner [3] developed
the pulsed field gradient technique that diffusion could be quantified in terms of apparent
diffusion coefficient.

Nowadays, the applications of diffusion-weighted MRI in the area of neuroradiology are
remarkable. Changes in diffusion properties are known to represent microstructural char-
acteristics in biological tissue, revealing them as changes in the apparent diffusion coeffi-
cient. It is not necessary to use elaborated diffusion-weighted acquisition schemes. Even
the simple average among three perpendicular gradient directions can be tremendously
useful for clinical neuroradiology. In the brain, for example, changes in the diffusion
coefficient imply an alteration in the tissue at a microscopic level. Such changes have
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been observed in many neurological conditions such as a stroke [4, 5, 6] or tumors [7, 8].
Additionally, with the use of the Stejskal and Tanner sequence, it is possible to study dif-
fusion employing a tensor model: diffusion tensor imaging (DTI) [9], where the tensor
describes diffusion anisotropy, which allows assessing the neuronal tracts inside the brain
[10, 11].

Even though the diffusion MRI signal is largely sensitive to several effects, it has one
significant limitation: it is not specific. As an example, it can be said that after four
decades of development, there is still no consensus on the origin of the observed drop in
the diffusion coefficient in the brain areas affected by a stroke [12, 13].

Several approaches aim to provide more information on the origin of the diffusion-
weighted signal based on the Stejskal and Tanner pulse sequence, such as acquisitions
using multiple gradient strengths [14, 15] and/or multiple gradient directions [9, 16].
Even though there have been significant advances in that field, those techniques have
reduced its applicability in in vivo studies due to high hardware requirements and long
scanning times.

One major drawback is that the Stejskal and Tanner sequence methodology struggles to
accurately characterize samples containing compartments with different sizes or shapes,
and/or orientated in different directions, as in biological tissue studies [17]. To overcome
this issue, it is possible to make several assumptions on the composition of the sample,
such as amount and geometry of compartments, fiber orientation, and membrane per-
meability, among others [18]. However, this is usually not enough when imaging living
tissue, or in the case of pathologies [19, 20, 21].

In the study of cancerous tissue, for example, the structure and function of the pathologi-
cal cells are different from healthy ones [22]. In tissue samples, histopathological studies
are focused in the detection of cell shape and size irregularities, and their distribution
in tissue [23]. These microstructural characteristics change as cancer becomes more in-
vasive [24]. Tissue biopsies and subsequent histological microscopy analysis of stained
samples are the gold-standard in cancer grading [25, 26]. As biopsies and histology are
invasive techniques, there is a need for the development of non-invasive approaches. Ad-
vanced diffusion-weighted MRI appears as an alternative to provide more specificity to
the diffusion-weighted signal.

Double diffusion encoding (DDE) is a natural extension of the Stejskal and Tanner se-
quence, which aims to overcome the lack of specificity on the said sequence. In DDE,
two pairs of diffusion encoding gradient pulses (instead of one, as in the Stejskal and
Tanner sequence and, therefore, referred to as single diffusion encoding or SDE) are
applied successively between excitation and acquisition. This new extension adds de-
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grees of freedom which do not have an equivalent in SDE: the possibility of having two
different diffusion-weightings in the same pulse sequence, vary the angle between the
diffusion-weightings and the time between them (mixing time). This opens the possi-
bilities to new experiments that could reveal more characteristics of tissue composition
and microstructure. First introduced by Cory et al. [27], DDE appears as an alternative
to overcome some intrinsic limitations of SDE in the characterization of samples with
complex microstructural organization. In biological tissue, for example, it is difficult to
infer compartment sizes and shape from SDE. However, by means of DDE it is possible
to study the size and shape of the compartments in complex samples by varying the angle
and the time between the diffusion wave-vectors, respectively. The theoretical back-
ground for this effect was later developed by Mitra [28], providing a new tool to study
restricted diffusion, even in the presence of randomly oriented compartments which are
eccentric in shape, with the use of clinically available gradient systems. Promising re-
sults have been published, from experiments carried out in humans in vivo, which aimed
at non-invasive characterization of tissue [29, 30, 31].

Additionally, DDE has other applications apart from the study of compartmental size and
shape. It could be used to investigate the molecular exchange between compartments in
terms of apparent exchange rate (AXR) [32]. By increasing the time between the wave-
vectors, the DDE sequence is sensitive to water exchange, which can be related to mem-
brane permeability in living tissue. This is important because a cell’s ability to control the
membrane exchange is highly regulated [33]. Small molecules, such as ethanol, use pas-
sive trans-membrane diffusion driven by electric and solute concentration gradients and
do not require energy [34]. The transport of water through the membrane is performed
by aquaporins (AQP), which belong to a family of passive transport channels [35]. Aqua-
porins are essential in the cells’ function [36]. In the kidneys, for example, AQPs control
water reabsorption [37]. In a healthy brain, the AQPs may not play a major role during
its normal function. However, they become relevant in case of an illness [36]. Several
studies relate the expression of AQPs being affected in cancerous tissue [38, 39, 36].
Therefore, non-invasive imaging techniques to access molecular exchange are of medi-
cal interest. By means of DDE, filter exchange spectroscopy [40] and imaging [32] is
possible to non-invasively estimate membrane permeability.

Even though DDE provides more specificity than SDE, it has been challenging to design
an experimental set-up specific to each effect. Measurement biases in DDE MRI arise
when different factors interfere with the measured diffusion-weighted signal, resulting in
erroneous parameter estimation.

Published results using DDE have shown an overestimation in the compartment size es-
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timates in the corticospinal tract (CST) in humans in vivo [29]. Then, the question that
arises is: which compartment size is being measured? The intra- or the extracellular
space? In this thesis, the DDE’s sensitivity to compartment geometry is exploited in
order to investigate the origin of the DDE signal in CST.

The estimation of molecular exchange has shown promising results in vitro [32, 41] and
in humans in vivo [42, 43, 44, 45]. However, this measure has several biases that need to
be considered. It was reported that microscopic anisotropy affects AXR estimations [46].
Additionally, differences in T2 between intra- and extracellular space influence the re-
sults [47]. However, the effects of restriction in the AXR results have not been investi-
gated yet. In this thesis, the effect of microscopic restriction and compartment size in
AXR estimations are studied. Additionally, solutions are presented to cancel the contri-
bution of restriction to AXR.

1.2 Published work

During her doctoral studies, the author published research in the area of double diffusion
encoding at several international conferences. Research on the origin of the DDE MR
signal in the CST was published at the 48th annual conference of the German Society
for Biomedical Engineering (DGBMT) (October 2014, Hannover - Germany) [U1], at
the 49th annual conference of the DGBMT (September 2015, Lübeck - Germany) [U2],
and at the 23rd annual meeting of the International Society for Magnetic Resonance in
Medicine (ISMRM) (April 2015, Toronto - Canada) [U3].

Also, a water-in-oil emulsion as a phantom for validation of DDE sequences1 was devel-
oped and presented during the 33rd annual scientific meeting of the European Society for
Magnetic Resonance in Medicine and Biology (ESMRMB) (September 2016, Vienna -
Austria) [U4]. The work obtained a certificate of merit poster award at the conference.
The simulation results of the study of the bias in the apparent exchange measurements
were presented at the 25th annual meeting of the ISMRM (April 2017, Honolulu - United
States of America) [U5], where the study obtained a Magna cum laude merit award.
The experimental results were presented at the 51st annual conference of the DGBMT
(September 2017, Dresden - Germany) [U6], and at the 34th annual scientific meeting of
the ESMRMB (October 2017, Barcelona - Spain) [U7]. Additionally, the author partic-
ipated other collaborative projects in the area of diffusion-weighted MRI [U8, U9, U10,
U11], in 4D-Flow MRI [U12, U13, U14, U15, U16, U17, U18, U19] and other MRI
related topics [U20, U21, U22, U23].

1Bachelor internship Anastasia Benedik and Rabea Landmesser, 2016
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1.3 Aim of this thesis

This thesis aims to exploit double diffusion encoding (DDE) MRI sensitivity to pore
shape, size and molecular exchange. The first objective is to obtain information on the
origin of the DDE MR signal in the CST in humans in vivo. The second objective is
to determine at what level the restriction effect affects the apparent exchange rate in the
estimation of membrane permeability.

The organization of this thesis is as follow:

Chapter 2 introduces the basic concepts of magnetic resonance imaging, physical basics
of diffusion and diffusion-weighted MRI.

Chapter 3 describes the implementation of the DDE sequences used in this work on a
3 T Philips clinical MR system.

Chapter 4 addresses the first objective of this thesis: the study of the extracellular con-
tribution to the DDE signal.

Chapter 5 addresses the second objective for this thesis: the bias in apparent exchange
rate measurement.

Chapter 6 summarizes the contributions and results of this thesis from a general point of
view. Common pitfalls present in DDE experiments are discussed. In addition, possible
future extensions are also presented.





2
Fundamentals

2.1 NMR basics

The atomic nucleus is conformed of protons and neutrons, which have an intrinsic angular
momentum, or spin. The interaction between an external magnetic field and nuclei with a
non-zero magnetic moment is the basis of nuclear magnetic resonance (NMR). Given that
water constitutes around 60% of the human body and approximately 73% of the human
brain [48], hydrogen (H1) is the nucleus of choice for NMR and magnetic resonance
imaging (MRI), particularly in human studies. The research presented here is restricted

to the hydrogen nucleus, which is a
1

2
-spin particle.

The angular momentum, J, generates a nuclear magnetic dipole, or magnetic moment,
which is represented by a vector µ. These two vectors are related as

µ = γ J, (2.1)

where γ is a constant called gyromagnetic ratio. In the case of hydrogen, γ corresponds
to 2.675 108 s-1T-1. The definition of the magnitude of the magnetic moment (‖µ‖ = µ),
based on quantum mechanics, is

µ = γ~
√

I(I + 1), (2.2)

where ~ is Planck’s constant (h = 6,6 10-34 kg m2 s-1) divided by 2π and I is the spin

7
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quantum number of the studied nucleus. In the case of hydrogen, I =
1
2

. However, the
direction of µ is completely random due to thermal motion at thermal equilibrium. It
is in the presence of a strong external magnetic field, B0, that the magnetic moment of
individual spins can be analyzed macroscopically. Following conventions, B0 is applied

in the z-direction. Then, in case of
2
1

-spin system, there are two possible orientations
for µ of individual spins: in direction of B0 (in a low energy state, N↑), or in opposite
direction (in a high energy state, N↓). According to the laws of thermodynamics, the
number of spins N↑ in low energy state is slightly larger than the number of spins N↓
in high energy state, resulting in a bulk magnetization. The bulk magnetization vector,
M, corresponds to the volume density of magnetic moments. This collective behavior of
nuclei can be accurately described using classical mechanics [49]. Therefore, M is the
classical magnetic moment vector that precesses about B0. The angular frequency of that
nuclear precession, also called Larmor frequency, is

ω0 = γB0, (2.3)

where B0 =‖B0‖. In Eq. (2.3), when B0 is not homogeneous, the spins with the same γ
will have spatially depending Larmor frequencies.

2.1.1 NMR signal generation

Consider a scenario in which the protons of hydrogen atoms are precessing about an ex-
ternal magnetic field, B0, applied in the z-direction. This magnetized system corresponds
to the sum of the individual spin of an object giving rise to a macroscopic magnetization
vector M along the z-axis, where M = (Mx,My,Mz).

The Bloch equations [50, 51] describe the behavior of M in the of a presence magnetic
field, B(t), as in

dM(t)

dt
= γM(t)×B(t). (2.4)

Then, considering the constant magnetic field B0 applied along the z-axis in Eq. (2.4),
the three components of the magnetization are

dMx

dt
= γMyB0,

dMy

dt
= −γMxB0,

dMz

dt
= 0.

(2.5)

Therefore, the magnetization of the spin system can be manipulated by additionally ap-
plying a time-varying magnetic field, B1(t).
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The B1(t) field can be characterized by means of three parameters: envelope function,
oscillating frequency and phase angle. The envelope function, Be

1(t), determines the
shape and the duration of the pulse. The oscillating frequency, ωRF, is the excitation
frequency of the system, meaning the Larmor frequency (ωRF = ω0). Then, the effective
B1(t) field takes the form

B1(t) =

B
e
1(t) cos(ωRF t+ φ)

Be
1(t) sin(ωRF t+ φ)

0

 , (2.6)

when applied along the x-axis, where φ is the phase angle, which in this explanation is
considered to be constant (zero). Then, superimposing B0, Eq. (2.4) can be rewritten as

dM(t)

dt
= γM(t)×

B
e
1(t) cos(ωRF t)

Be
1(t) sin(ωRF t)

B0

 . (2.7)

Equation (2.7) describes the effects of applying an oscillating magnetic field B1(t) to the
bulk magnetization vector M in the presence of a strong external magnetic field B0. This
process is called excitation.

So far, the effects of the magnetic field over the bulk magnetization vector have been
described using the “laboratory frame of reference" as illustrated in Fig. 2.1 A (with
orthogonal axes x, y, and z). However, this coordinate system is static, while M and
B1(t) are not, making the system difficult to analyze. Therefore, the excitation process
is better explained using the rotating frame of reference (with orthogonal axes x′, y′, and
z′) as illustrated in Fig. 2.1 B. In this coordinate system, in the case of hydrogen, the
x′-y′-plane rotates clockwise with a specific ω. The rotating frame can usually have two
angular frequencies: ω = ωRF, where the x′y′-plane rotates with the frequency of B1(t),
or ω = ω0. Usually ωRF corresponds to ω0. Then, the time-varying B1(t) in the laboratory
frame becomes stationary B1 in the rotating frame.

In the rotating frame of reference, B1 tips the magnetization vector away from the direc-
tion of B0 with an angle that is determined by the characteristics of the RF pulse (flip
angle). For example, if a RF excitation pulse is applied along the x′-axis. Then, imme-
diately after the pulse, the Mz component of the bulk magnetization vector is zero, while
the magnetization in the x′-y′-plane appears as My′ = M0. Finally, the excited system
will begin to return to its equilibrium state after the RF pulse. This process is called re-
laxation. The time needed for the system to return to equilibrium is described in two time
constants: longitudinal relaxation or T1 and transverse relaxation or T2. The time to re-
cover the Mz component (longitudinal relaxation) until approximately 63% corresponds
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Figure 2.1: Effects of an excitation pulse. A) Laboratory frame of reference: M precesses about the z-axis
and B1 oscillates with the Larmor frequency. B) Rotating frame of reference: x′y′-plane rotates with the
Larmor frequency, making M and B1 appear static. Adapted from Liang and Lauterbur [52].

T1. The time required for the extinction of the Mx and My components (transverse relax-
ation) until approximately 37% corresponds to T2. These are called relaxation times and
are the basis for the MRI signal contrast.

2.1.2 Bloch equations and relaxation processes

The Bloch equations [50] describe the time-dependent behavior of M in the presence of
an external magnetic field B. Including relaxation effects, Eq. (2.4) takes the form

dMx

dt
= γ(M×B)x −

Mx

T2

dMy

dt
= γ(M×B)y −

My

T2

dMz

dt
= γ(M×B)z −

Mz −M0

T1
,

(2.8)

where M0 is the thermal equilibrium value for M in the presence of only B0, and T1

and T2 are time constants that describe the relaxation process of a spin system from
excitation (immediately after the RF pulse) to thermal equilibrium. If M is disturbed
from its equilibrium state (excited) then, immediately after the excitation RF pulse, M
tends to realign with the remaining magnetic field. The time constant for longitudinal
relaxation, or T1, is a measurement of the recovery of the Mz magnetization, and the
transverse relaxation, or T2, measures the decay of the magnetization Mx and My. In the
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rotating frame of reference, both processes follow an exponential decay

Mx′y′(t) = Mx′y′(0+) exp(−t/T2)

Mz′(t) = M 0
z

(
1− exp(−t/T1)

)
+Mz′(0+) exp(−t/T1),

(2.9)

where Mx′y′(0+) is the maximum transverse magnetization observed immediately after
the excitation, and M 0

z and Mz′(0+) are the magnetization along the z′-axis before and
after the RF pulse, respectively.

2.1.3 Signal detection

MR measurements require the magnetization vector to have a transverse component,
which precesses about the z-axis and induces an oscillating voltage in a receiver coil,
called free induction decay (FID). However, the NMR signal dephases due to magnetic
field inhomogeneities as well, and the resulting FID, in practice, decays much faster than
expected for the T2 relaxation only. The decay due to inhomogeneities in the magnetic
field can be characterized with a new time constant, T ′2. Then, the relation between those
two effects is

1

T ∗2
=

1

T2

+
1

T ′2
(2.10)

where T ∗2 is called apparent relaxation time.

2.1.3.1 The spin echo

Hahn [2] introduced the concept of spin echo to recover the loss of transverse magneti-
zation after a single excitation pulse. The spin echo (SE) is the recovery of spin phase
coherence which was lost during the FID. The SE appears when more than one RF pulse
is applied consecutively and its amplitude follows a T2 exponential decay as a function
of time.

If after a time t, (after excitation), an 180◦ pulse is applied along the x′-axis (in the
rotating frame of reference), then the magnetization vectors are rotated by 180◦ about the
x′-axis. After another period t, the spins will rephase, this time aligned along the y′-axis.
This process is called refocusing. The signal generated now is known as the spin echo
(see Figure 2.2). The echo time (TE) is the period between the excitation pulse and the
signal maximum of the echo (2t).
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Figure 2.2: A spin echo is formed by one excitation pulse and one refocusing pulse. An FID is generated
by the 90◦ (excitation) pulse. After a time t, a 180◦ (refocusing) pulse is applied and, after a second t
period, a SE is observed. The FID generated by the excitation pulse follows a fast exponential decay that
depends on T ∗2 . The SE also has an exponential decay depending on T2.

2.1.3.2 The stimulated echo

Whereas a pulse sequence with two RF pulses generates one SE, a sequence with three
RF pulses generates a total of five echoes, out of which one is a stimulated echo (STE)
(see Fig. 2.3). The STE arises from the combined effect of the three RF pulses.

Let us consider a sequence of three RF pulses in the rotating frame of reference. After the
first RF pulse, the magnetization vector is flipped onto the transverse plane. The second
RF pulse, besides generating a second FID, also creates the first SE of the pulse sequence,
producing longitudinal magnetization. During the time between the second and the third
RF pulses, the longitudinal magnetization is “stored” in the z′-axis. In that time, the
magnetization is free from the effects of transverse relaxation, while under the effects of
longitudinal relaxation. This “storage” effect is important when analyzing samples with
short T2, because it allows to use a longer TE while losing less signal than a sequence
with only two RF pulses. The third RF pulse rotates the“stored” magnetization to the
transverse plane, where it is once again affected by T2 relaxation. The total number, NE ,
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Figure 2.3: A three RF pulse sequence generates five echoes. The generation of the three primary echoes
is due to the effect of the first RF pulse and the second RF pulse (SE1), the effects of the second RF pulse
and the third RF pulse (SE2), and due to the effect of the first RF pulse and the third RF pulse (SE3). The
secondary echo (sSE) is formed by SE1 and the third RF pulse. The stimulated echo (STE) is formed by
the combined effects of the three RF pulses, in which the magnetization is stored during the t2 period (also
called TM ).

of echoes generated by a sequence of N pulses can be calculated as

NE =
1

2

(
3N − 1

2
−N

)
. (2.11)

2.2 Magnetic resonance imaging

To reconstruct an image, the MR-generated signal needs to be spatially mapped. An MR
image consists of a matrix of pixels, that pinpoint a specific region in an object. This is
achieved by applying magnetic field gradients (G = Gx, Gy, Gz). The Larmor frequency
and phase depend on the spatial location of the nuclei of interest. For a 3 D object, the
spatial encoding can be performed using slice-selection, frequency encoding (or read-
out) and phase-encoding. Those gradients can be applied along any physical direction.
Here, following conventions, these three steps are achieved by applying magnetic field
gradients along z-, x- and y-axis, respectively.
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2.2.1 Slice-selection

Slice-selection is achieved by applying an RF pulse in the presence of a magnetic field
gradient, Gss. In the presence of Gss, the Larmor frequency can be rewritten as

ω0 = γ(B0 + Gss · r), (2.12)

where r is the displacement vector from the gradient isocenter. This generates a trans-
verse magnetization distribution, called slice profile.The slice profile is determined by the
envelope function, Be

1(t) in Eq. (2.6). If a slice in the xy-plane is wanted, then Gss needs
to be applied perpendicularly to that plane i.e., along the z-axis. The slice thickness ∆z

is determined by the pulse bandwidth (∆ωRF) and the amplitude of the slice-selection
gradient (‖Gss‖ = Gss), as in

∆z =
∆ωRF

γGss
. (2.13)

2.2.2 Frequency-encoding

The frequency encoding gradient brings the spins out of phase, assigning different fre-
quencies to different positions in the slice. If the slice-selection gradient is applied along
the z-axis (to select a slice parallel to the xy-plane), then the frequency encoding gradient
Gfe is typically applied along the x- or y-axis. In the presence of the main magnetic field
B0, a frequency encoding magnetic field gradient is applied along the x-axis (Gfe = Gx).
Then, the Larmor frequency at position x is

ω0(x) = γ(B0 +Gxx) = ω00 + γGxx, (2.14)

where Gx is the amplitude of the frequency encoding gradient applied along the x-axis.

2.2.3 Phase-encoding

For the formation of an image, it is necessary to encode the signal in a third direction. As
before, if the slice-selection gradient is applied along the z-axis, and the frequency en-
coding is applied along the x-axis (Gx), then the phase-encoding gradient (Gpe) is applied
perpendicular, along the y-axis (

∥∥Gpe
∥∥ = Gy). The phase-encoding gradient is applied

before the frequency encoding during a short time, Tpe. During the Gpe application pe-
riod, the signal acquires different phase angles linearly depending on the spin position
along the y-axis. After Tpe, the signal has an initial phase angle

φ(y) = −γGyyTpe. (2.15)

, where φ can be adjusted by varying the strength or duration of Gpe.
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2.2.4 k-space

After selecting a slice and applying frequency and phase-encoding, it is possible to form
a 2 D image. The measured signal is sampled and organized in a discrete array of spatial
frequencies. This array is known as k-space. The k-space is the Fourier transform of the
proton density of the object being studied.

There are different schemes to sample k-space, also called trajectories. The Cartesian
grid acquisition is the most popular technique to fill k-space [53, 54]. However, this
trajectory is particularly time consuming, considering that every line in k-space requires
a separated excitation pulse [53, 54]. To counteract this disadvantage, partial Fourier
acquisition or parallel imaging are usually employed.

Echo planar imaging (EPI) [55, 56] is a fast imaging method to sample the k-space with
one (or few) excitation pulses, also called “shots”. This technique uses a series of gradient
echoes as frequency encoding. A spin echo preparation with EPI read-out is shown in
Fig. 2.4 A. In this manner, an echo train in which each echo corresponds to a line in k-
space is generated as illustrated in Fig. 2.4 B. The phase-encoding“blips” (short duration
and small amplitude gradient pulses) [57] mark the transition from one line to the next in
k-space, reversing the read-out direction in each line.

The primary disadvantage of EPI is its sensitivity to magnetic field inhomogeneities
(e.g., due to tissue-air interfaces or metallic objects), generating severe susceptibility ar-
tifacts [58]. System imperfections, like eddy currents or background gradients, can pro-
duce ghosting artifacts (or Nyquist ghosts) along the phase-encoding direction. Chemical
shift artifacts are also present along the phase-encoding direction. Therefore, fat sup-
pression techniques, like spectral presaturation with inversion recovery (SPIR) [59], are
almost always required in EPI pulse sequences.

2.3 Diffusion

Brownian motion [60], also known as self-diffusion, is an essential physical process for
living systems. Diffusion has been described using two approaches. A phenomenolog-
ical view, which is described by Fick’s laws of diffusion. Or a random-walk model for
diffusing particles, which corresponds to Einstein’s description of Brownian motion.
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Figure 2.4: A) Spin echo sequence preparation with EPI read-out (re: read-out, ph: phase-encoding and
sl: slice-selection). The RF time line shows the excitation and refocusing pulses. The read-out shows a
series of bipolar frequency encoding gradients that generate a train of gradient echoes. The phase-encoding
contains the gradient“blips”, which mark the transition to the next line in k-space. The slice-selection time
line illustrates the slice-selection gradients. B) k-space trajectory of the sequence in A. Arrows indicate the
direction of the trajectory.

2.3.1 Phenomenological approach

In 1855, Fick [61] described the diffusion of molecules in the presence of a concentration
gradient by

j(r, t) = −D∇c(r, t), (2.16)

where j(r, t) is the particle flux density at position r at time t, D is the diffusion coeffi-
cient, and∇c(r, t) is the concentration gradient [62]. Equation (2.16) is known as Fick’s
first law. With increasing time, an irreversible flow of particles, from high to low concen-
tration, will take place. This diffusion will continue until a steady-state is reached (when
no concentration gradient is present).

Fick’s second law is obtained by combining the continuity equation for mass

∂c(r, t)

∂t
= −∇ · j(r, t), (2.17)

with Eq. (2.16) as in
∂c(r, t)

∂t
= D∇2c(r, t). (2.18)

Equation (2.18) is also known as the diffusion equation, which describes the diffusion
process as the change of the concentration field over time. This equation is valid if
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constant D is assumed, which is usually valid for diffusion in water. The fact that D
is a scalar in Eq. (2.18) is indicative of isotropic diffusion.

However, in biological tissues, cellular microstructures can promote diffusion in a partic-
ular direction and hinder diffusion in another direction, resulting in anisotropic diffusion.
For this reason, the diffusion tensor, D, is better suited to study anisotropic diffusion.
The diffusion tensor, D, is a symmetric matrix which describes the relationship between
molecular mobility (particle flux) and the probability gradient in any direction (displace-
ment correlations). Then,

D =

Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

 , (2.19)

where the values of the tensor elements depend on the reference frame being used. The
reference frame could be the frame defined by the diffusion measurement (i.e., the labo-
ratory frame) or choosing a 3D rotation of the frame.

Then, Fick’s first law (Eq. (2.16)) can be rewritten as

j(r, t) = −D∇c(r, t), (2.20)

and Fick’s second law (Eq. (2.18)) as

∂c(r, t)

∂t
= ∇ · D∇c(r, t). (2.21)

This is the basis of diffusion tensor imaging (DTI) MR, which will be explained in Sec-
tion. 2.4.

2.3.1.1 Diffusion and Bloch-Torrey equation

In 1956, Torrey [63] incorporated the effects of diffusion from Fick’s second law (Eq. (2.21))
into the phenomenological Bloch equations (Eq. (2.8))

∂Mx

∂t
= γ(M×B)x −

Mx

T2

+∇ ·D∇(Mx −Mx0)

∂My

∂t
= γ(M×B)y −

My

T2

+∇ ·D∇(My −My0)

∂Mz

∂t
= γ(M×B)z −

Mz −M0

T1

+∇ ·D∇(Mz −Mz0).

(2.22)

Equation (2.22) is known as the Bloch-Torrey equation [63]. Stejskal [64] modified Tor-
rey’s approach in order to measure diffusion coefficients. This is the basis for the Stejskal
and Tanner experiment, later referred to as single diffusion encoding. This experiment
will be described in more depth in Section 2.4.1.
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2.3.2 Random walk model approach and self-diffusion

While the phenomenological approach treated diffusion in a macroscopic way, the ran-
dom walk model studies diffusion from the perspective of movement of microscopic
molecules. In 1905, Einstein [65] related the molecular-kinetic theory of heat to obser-
vations made by Brown in terms of probabilities. He showed that the probability density,
p(r, t), and the conditional probability density, P (r|r1, t), obey Fick’s law. The proba-
bility density, p(r, t), represents a distribution of Brownian particle displacements over
a time t, where p(r, t)dr is the probability that r(t) (i.e. particle displacement) is in the
range r < r(t) 6 r + dr. Then, it is possible to find the probability density at a time t1,
p(r1, t1), by integrating over all possible starting points

p(r1, t1) =

∫
p(r0, 0)P (r0, t0|r1, t1)dr0, (2.23)

where r is the starting coordinate and r1 is the final coordinate of a random particle, under
arbitrary initial conditions, p(r0, 0). As the diffusion is a Markovian process, where only
the particle displacement (from r0 at t0 to r1 at t1) is important (not the time at the origin),
P (r0, t0|r1, t1) notation can be simplified to P (r0|r1, t), where t = t1 − t0.

As p(r, t) obeys the diffusion equation (Fick’s second law), then P (r|r1, t) also obeys
Eq. (2.18)

∂

∂t
P (r|r1, t) = D∇2P (r|r1, t). (2.24)

where P (r|r1, t) is commonly referred to as Green’s function or as the diffusion propa-
gator [66]. Equation (2.24) is only valid for an isotropic medium (e.g., D is a scalar). In
an anisotropic environment, D needs to be replaced by a diffusion tensor.

Then, under the assumption of an infinitely extended fluid, and given the initial condition
in terms of a Dirac delta function (δ), P (r|r1, 0) = δ(r1 − r). Therefore, Eq. (2.24) can
be rewritten and simplified into [62]

P (r|r1, t) = (4πDt)−3/2 exp

(
− (r1 − r)2

4Dt

)
. (2.25)

From Eq. (2.25) it can be seen that the diffusion propagator does not depend on the initial
position of the particles, but rather on their net or dynamic displacement, 〈(r− r0)

2〉,

〈(r− r0)
2〉 = nDt, (2.26)

where 〈(r− r0)
2〉 corresponds to the ensemble average of all possible displacements, and

n = 2, 4 or 6 for one, two or three dimensions, respectively [67]. Equation (2.26) is
generally referred to as Einstein’s equation [65] and it is equivalent to Fick’s laws. This
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equation assumes free diffusion in an infinite reservoir, where the molecular displacement
varies linearly with increasing time.

However, in a system with impermeable compartments, where physical boundaries limit
the motion of the molecules, Eq. (2.26) holds only when t → 0, where the displacement
of the molecules is so short that fewer particles are able to experience the boundaries.
Nonetheless, for t → ∞, the net displacement is constant due to the walls of the com-
partment. Then, Eq. (2.26) can be used to define a time-dependent diffusion coefficient
as [68]

D(t) =
〈(r− r0)

2〉
nt

, (2.27)

where D(t) is also called effective diffusion coefficient, which calculates a diffusion
coefficient by observing how far the particles have traveled in a fixed period of time.

As mentioned before, D in Eq. (2.24) needs to be replaced by a diffusion tensor (D as in
Eq. (2.19) in case of anisotropic diffusion

∂

∂t
P (r|r1, t) = ∇ · D∇P (r|r1, t). (2.28)

Then, solving Eq. (2.28) results in [69]

P (r|r1, t) =
1

(4πt |D(t)|)3/2 exp

(
− (r1 − r)TD-1(r1 − r)

4 t

)
, (2.29)

where |D| is the determinant of D and T denotes transpose.

2.4 Diffusion-weighted MRI

The effects of molecular diffusion were detected during the early development stages of
nuclear magnetic resonance technique. In 1946, Hahn [2] reported that in the case of
molecules contained in low viscosity liquids, echo signal is attenuated not only due to the
relaxation processes, but also to self-diffusion of the molecules.

In the beginning, diffusion was an unwanted effect on the MR signal. It was not until
1965, when Stejskal and Tanner [3] revolutionized the field with a technique that allowed
to quantify the effects of diffusion. By applying a pair of gradient pulses before and
after the radiofrequency pulse in a spin echo sequence, it was possible to sensitize the
MR signal to the diffusion of water molecules within the tissue. In 1990, an important
observation in diffusion-weighted MRI (DW-MRI) was done by Moseley et al. [1] while
studying acute ischemia in cats. In that publication, a significant decrease in the measured
apparent diffusion coefficient (ADC) is observed during the very early phase of acute
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brain ischemia, while T1- and T2-weighted images showed limited information. This
clinical application of DW-MRI attracted physicians, and implementation of diffusion-
weighted MR sequences for clinical use began. Ever since, diffusion MRI has become
an important technique for the study of the brain, reporting in vivo both anisotropy and
microstructural information in neuronal tissue.

New diffusion MR techniques have been developed in the last decades. In 1990, and for
the first time, Cory et al. [27] proposed the use of two diffusion encoding periods be-
tween excitation and acquisition, in order to study microstructural properties which are
not easily available using non-invasive techniques. Henceforth, the Stejskal and Tanner
experiment will be referred to as single diffusion encoding (SDE), while sequences con-
taining two diffusion encoding periods will be referred to as double diffusion encoding
(DDE), following the conventions from Shemesh et al. [70].

2.4.1 Single diffusion encoding

SDE is the most commonly used method of diffusion-weighting, both in clinical and re-
search MRI [3, 71]. This method uses one pair of diffusion sensitizing gradient pulses
with amplitudeG and duration δ, separated by a time interval ∆. In a spin echo sequence,
after the excitation pulse, the spins begin to dephase due to T2 relaxation. The first dif-
fusion gradient pulse alters the Larmor frequency and phase of the precessing spin, φ(t),
according to

φ(t) =

∫ t

0

∆ω dt′ = γ

∫ t

0

G(t′) · r(t′) dt′, (2.30)

where φ(t) is the accumulated phase over time, ∆ω is the change in resonance frequency,
γ is the gyromagnetic ratio and r(t) is the spatial displacement of the spins. In the case
of stationary molecules, the MR signal is only affected by relaxation process. However,
mobile molecules do not maintain their original position during measurement. This leads
to signal attenuation not only due to T2 relaxation, but also to partial dephasing which
arises from molecular diffusion. The diffusion-weighted signal, S(b), is exponentially
related to the phase of the precessing spins. Then, S(b) in case of isotropic systems and
in absence of net flow, is given by [64]

S(b) = S0〈e−iφ(t)〉 = S0 e
−bD, (2.31)

where 〈e−iφ〉 is the averaged phase dispersion of the spins, and S0 is the MR signal
from an identical sequence, only without diffusion gradient pulses. D is the diffusion
coefficient, and b (in case of rectangular gradients) is [72, 73]

b = (γ Gδ)2td, (2.32)



CHAPTER 2. FUNDAMENTALS 21

where δ is the duration of the diffusion gradients, G = ‖G‖. The diffusion time, td, is

defined as td = (∆ − 1

3
δ), where ∆ corresponds to the time between the two gradient

pulses, as shown in Fig. 2.5. The b-value [73, 74] is the degree of sensitization of the
sequence to the effects of diffusion.
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Figure 2.5: Schematic representation of the single diffusion encoding sequence in a spin echo preparation.
The RF timeline contains an excitation pulse and a refocusing pulse. The diffusion weighting is shown in
the timeline below with two identical gradient pulses of strength G, with pulse spacing ∆, and duration δ
positioned before and after the refocusing pulse.

However, in an anisotropic system, as with biological tissues, phase distribution is no
longer Gaussian due to the presence of barriers that interfere with the diffusion process,
and only an apparent diffusion coefficient, ADC, can be defined using [3]

E(b) =
S(b)

S0
= e−bADC , (2.33)

where E(b) is the signal attenuation due to diffusion.

The concept of apparent diffusion coefficient was first introduced by Woessner [68],
which represents the molecular self-diffusion coefficient. However, diffusion-weighted
MRI is also sensitive to perfusion, which appears as pseudo-diffusion in this method.
Intravoxel incoherent motion (IVIM) [73] is a manner to include all molecular displace-
ments to which diffusion MRI may be sensitive.

When looking at isotropic diffusion due to restriction, the direction in which diffusion
gradients are applied is irrelevant, and the signal will still obey Eq. (2.31). However,
when speaking about anisotropic diffusion due to restriction, the diffusion-weighted sig-
nal depends on the direction of applied gradients and on the diffusion time [75]. Direc-
tional dependence of ADC was first reported in the human brain by Doran et al. [76] and
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Chenevert et al. [77]. Consequently, it is essential to use multiple gradient directions in
the study of anisotropic tissue.

In SDE it is possible to study diffusion using two approaches. The low b-regime, which
includes DTI, and high b-regime, or q-space approach.

2.4.1.1 Diffusion tensor imaging

In anisotropic tissues, such as brain white matter, ADC varies with the tissue orientation
with respect to the applied diffusion encoding, and vice versa. Stejskal [64] described the
diffusion-weighted MR signal from anisotropic environments using a diffusion tensor.
Diffusion tensor imaging, DTI, was proposed by Basser et al. [9, 69], making possible the
study of diffusion anisotropy. Their approach helped to provide valuable microstructural
information non-invasively [16].

In DTI, diagonal elements of the tensor in Eq. (2.19) correspond to diffusivities along
three orthogonal axes (in the scanner reference frame), while the off-diagonal elements
are the correlation of molecular displacements along those axes [78]. The tensor is repre-
sented by a 3×3 symmetric matrix, which describes molecular displacements along each
axis and the correlation among those directions [64]. The b-value (a scalar) also needs to
take on the form of a 3 × 3 symmetric matrix (b-matrix, b), which is also expressed in
terms of the scanner reference frame. If the scanner reference frame does correspond to
the principal directions a sample diffusivity, the tensor is simplified to its diagonal terms.
Those terms represent molecular displacements along the axes of the reference frame.
However, in practice, the scanner reference frame does not coincide with the tissues’s
diffusion characteristics. Therefore, all elements of the tensor and b-matrix need to be
considered as in [9]

E(b) =
S(b)

S0
= e−bxxDxx−byyDyy−bzzDzz−2bxyDxy−2bxzDxz−2byzDyz . (2.34)

To determine D using diffusion-weighted MRI, at least seven measurements are needed:
one at lower b-value, b0, (usually non-diffusion-weighted), and six with non-collinear,
non-coplanar gradient orientations with b 6= 0. In practice, 20 to 30 isotropically dis-
tributed gradient directions are required for a robust estimation of parameters [79]. The
optimal range of b-values for precise estimation of fiber orientation were determined by
Alexander and Barker [80], with a range that lies between 700 and 1000 ·106 s m-2.

From the estimated D, it is possible to perform an eigen decomposition of the diffusion
tensor. Three eigenvalues, λ1, λ2 and λ3, are used to characterize the shape and size of
the diffusion tensor. Eigenvectors, ê1, ê2 and ê3 describe the orientation of the tensor,
characterizing the diffusion anisotropy.
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The simplest measurement that can be calculated from the D is the mean diffusivity
(MD) [81], where

MD =
1

3
Trace(D) =

Dxx +Dyy +Dzz

3
=
λ1 + λ2 + λ3

3
, (2.35)

and where λ1, λ2, and λ3 are the tensor eigenvalues. This metric is a displacement av-
erage, and it is independent of the orientation of anisotropic pores within a voxel and
gradient orientation. This parameter is of clinical relevance, particularly when monitor-
ing stroke patients, as firstly shown by Warach et al. [82] in humans.

Fractional anisotropy (FA) [83] is a common measurement of a sample’s degree of ani-
sotropy, taking on values between 0 and 1, when diffusion is isotropic and limited along
one axis only, respectively. It can be calculated as

FA =

√
3

2

√
(λ1 −MD)2 + (λ2 −MD)2 + (λ3 −MD)2√

λ2
1 + λ2

2 + λ3
2

. (2.36)

Fiber tractography [69, 11, 84, 10, 85] in the brain is one of the most advanced clinical
application of diffusion-weighted MRI, which in combination with functional MRI has
opened a window into the study of functional connectivity [86].

However, the main limitation of DTI is its lack of specificity. Changes in the apparent
diffusion tensor are sensitive to different simultaneous effects, such as membrane perme-
ability, packing density, orientation distribution, and size and shape of cells. Therefore,
it is difficult to associate the measurement of mean diffusivity and fractional anisotropy
to a specific change in tissue structure [87]. As DTI completely characterizes diffusion
using a three-dimensional Gaussian molecular displacement model, it does not correctly
describe the displacement of spins trapped in closed pores [88, 89]. Additionally, in com-
plex tissue structures (i.e., not coherently organized fiber orientations inside a voxel), the
DTI voxel-average is not meaningful. This is especially critical in voxel containing cross-
ing fibers in the brain.

2.4.1.2 q-space approach

DTI works under the assumption of Gaussian diffusion. However, it is well known that
signal decay in confined spaces is not monoexponential at high b-values [14, 15, 90]. For
restricted diffusion characterization in, e.g., neuronal tissue, a non-Gaussian molecular
displacement distribution should be used.

The first analysis using q-space approach, which was firstly introduced by Callaghan [91],
was performed by Cory and Garroway [92], showing that this method could provide
additional structural information.
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In q-space, it is necessary to define a reciprocal space

q = (2π)−1γδG. (2.37)

Then, it is possible to use the Fourier relationship between the MR signal decay due to
diffusion and the 3 D displacement distribution function as

E∆(q) =

∫
P̄s(R, t)e

(i2πq·R)dR, (2.38)

where E∆(q) is the signal attenuation as function of q for a specific ∆, R = r− r0 cor-
responds to the net displacement vector, while P̄s(R, t) is the averaged diffusion prop-
agator. Then, applying the Fourier transform to Eq. (2.38), it is possible to determine a
displacement distribution profile that can be used to extract microstructural information
from heterogeneous systems [92, 15]. Therefore, the displacement distribution function
can be characterized and quantified by means of the q-space approach, without any as-
sumption on the tissues’s diffusion characteristics.

Several applications of q-space imaging have been described in the literature. An example
of q-space imaging was performed by Ong et al. [93], in which axon-diameter maps from
an excised spinal cord sample were derived. This provided highly correlated results with
histology. Another example shows that q-space imaging can detect changes in the mat-
uration of rat’s spinal cord. Changes in the displacement distribution function of axon
myelination in rats have been identified as they age [88]. q-space imaging has proved
to be sensitive to neuropathological conditions, such as myelin deficiency in rats [94].
Additionally, q-space imaging has improved detectability of experimental allergic en-
cephalomyelitis in excised swine spinal cords [95], in accordance with histology. Such
studies provided the possibility of performing a non-invasive “virtual histology” [17, 78].

The main advantage of q-space approach is that it provides a model-free way of obtain-
ing a molecular displacement measurement, increasing the sensitivity to non-Gaussian
diffusion. In this manner, q-space provides means to estimate the size of compartments.
One approach to quantify the size of pores is by varying the diffusion time and keeping
q constant [92]. A second approach is to keep the diffusion time constant and perform
measurements in a range of q values [91].

However, one of its disadvantages is that it requires long acquisition times because the
signal decay needs to be sampled at different q values. Additionally, such experiments
require powerful gradients that are difficult to achieve in clinical MR systems [96]. To
overcome these limitations, specific information on various compartments could be ex-
tracted by applying a model to the signal decay.
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2.4.1.3 Models of diffusion in white matter

In q-space approach, the use of biophysical models to provide a geometrical represen-
tation of the tissue is a common practice, and depends on its application. In the case of
white matter, different models have been suggested. One of the first models was proposed
by Stanisz et al. [97] for the bovine optic nerve. They represented the tissue using three
compartments. Glial cells are modeled as spheres, and axons are modeled as two prolate
ellipsoids, one with a short dimension and a second with a long dimension, representing
diffusion perpendicular and along to the fiber axis, respectively. Additionally, it includes
membrane permeability, described by an exchange rate between intra- and extracellular
compartments. The study estimates tissue characteristics which include diameter and
length of axons and the diameter of glial cells. However, this study required careful posi-
tioning inside the scanner and high-quality MR data (SNR > 100). These characteristics
are difficult to achieve in vivo in clinical scanners.

Behrens et al. [98] proposed a simpler two-compartment model: ball (isotropic diffu-
sion) and stick (zero-radius cylinder), for extra- and intracellular axonal space, respec-
tively. This approach can be extended to model multiple fiber orientations, by addition
of more“sticks”[99]. However, as this model only considers diffusion along the sticks,
and it does not take into account axial or radial diffusion. Therefore, it cannot provide
microstructural information such as pore size.

The composite hindered and restricted model of diffusion (CHARMED) [100, 101] pro-
posed a more realistic vision of the intra-axonal space: a distribution of cylinders, which
is obtained from typical histological values in the spinal cord. The diffusion in white
matter is modeled as restricted and hindered. Diffusion in the extracellular environment
is considered hindered and characterized by a cylindrically symmetric diffusion ellipsoid,
while the intra-axonal space assumes restricted diffusion within impermeable cylinders.
This model can estimate fiber orientation, diffusivity inside and outside the fibers and
respective volume fractions.

AxCaliber [102] is an extension of the CHARMED framework. AxCaliber can esti-
mate an axon diameter distribution by assuming a Gamma distributed fiber orientation.
This assumption is based on the histological work by Aboitiz et al. [103]. The data is
acquired using multiple combinations of b- or q-values (also called “multiple shell” ac-
quisition), where the diffusion gradients are always applied perpendicular to the fibers.
Later, Barazany et al. [104] combined AxCaliber with imaging. In doing so, they pre-
sented the first in vivo non-invasive estimation of axonal diameter distribution in rat’s
Corpus Callosum, showing excellent agreement with histological analysis.

The critical assumption of previous models is that the fiber orientation is fixed and known,
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perpendicular to applied diffusion gradients. For example, this condition can be satisfied
in the spinal cord or in the Corpus Callosum. However, in other areas of the brain, where
fiber crossing or fanning occurs, it would not be possible to apply gradients perpendicular
to the fibers. Thus, a method that is rotationally invariant is needed.

While the previous methods require prior knowledge of the orientation of the axons or
fiber, ActiveAx [105, 87] allows the estimation of axon diameter for unknown orientation
distribution. Alexander et al. [87] combined the assumption of fibers as randomly packed
identical cylinders with high angular resolution diffusion imaging (HARDI), providing a
rotationally invariant estimate of a single axon diameter index [106]. However, a signif-
icant overestimation in the axon diameter index was observed during in vivo and ex vivo
experiments [106].

2.4.1.4 Single diffusion encoding pitfalls

The MRI’s ability to infer microstructure using restricted diffusion has been described
here, so far, only using a Stejskal and Tanner sequence. Even though SDE has a vast
variety of applications, such as fiber tracking in low q-regime and tissue characterization
in high q-regime, it suffers a lack of specificity.

The SDE technique suffers from pitfalls when the sample under study has a complex
structure. The problem arises in the characterization of heterogeneous systems where
different microscopic features are entangled within the voxel. Therefore, SDE measure-
ments can have difficulties in the characterization of samples with microstructures that
include a distribution of compartment sizes and orientations. Under these circumstances,
the q-space approach may result in an averaged pore size, especially due to hardware
limitations where the duration of δ is long.

Additionally, samples containing randomly oriented anisotropic compartments will ap-
pear as isotropic in SDE measurements, losing important details in the microstructure
information. This is especially relevant when referring to different orientations of neu-
rites, dendrites and axons within the voxel. One approach to overcome this limitation is
to apply a model that characterizes tissue properties.

Another critical issue to address is the need for strong diffusion gradients, since higher q-
values are required to analyze smaller compartmental sizes. In addition, with increasing
diffusion-weighing the signal-to-noise ratio decreases. These issues limit the applicabil-
ity of q-space approach, even though it can provide relevant microstructural information.
Additionally, the use of multiple shell acquisitions of different q-values make the diffu-
sion MR measurements time consuming.
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2.4.2 Double diffusion encoding

Double diffusion encoding (DDE) [70] (also known as double wave-vector (DWV) [107]
or double pulse field gradient weighting (d-PFG) [108]) is an extension of the Stejskal
and Tanner [3] experiment. This consists of the application of two diffusion-weighted
periods between excitation and signal acquisition, separated by a mixing time. This kind
of preparation has two pairs of diffusion gradient pulses, G(1) and G(2), with duration
δ1 and δ2, and time between the gradient pulses ∆1 and ∆2 per diffusion-weighted pe-
riod, as shown in Fig. 2.6. The corresponding q vectors for both encoding periods are
q(1) = γδG(1) and q(2) = γδG(2), respectively. This new diffusion-weighting approach
has several degrees of freedom: the direction and strength of each particular diffusion
gradient, together with the gradient pulse duration and diffusion times, as in SDE. How-
ever, DDE incorporates two new parameters, namely mixing the time (τm) between the
diffusion periods and the angle (ψ) between them, which do not have an equivalent in
SDE. These new parameters provide the possibility to study molecular mobility at dif-
ferent gradient orientations and different time scales, improving the sensitivity of the
diffusion-weighted signal to features that are difficult (or impossible) to reach using SDE.
Figure 2.6 illustrates two different DDE pulse sequences, corresponding to a spin echo
(Fig. 2.6 A) and to a stimulated echo preparation (Fig. 2.6 B), respectively. Figures 2.6
C and D illustrate the effective gradient waveform, coinciding with parallel (ψ = 0) and
antiparallel (ψ = π) acquisitions following the conventions from Shemesh et al. [70].

DDE was first introduced by Cory et al. [27] as an alternative to study the effects of re-
stricted diffusion in porous media. The theory behind this effect was developed by Mitra
in 1995 [28], characterizing fully restricted diffusion in the low-q regime. Under ideal-
ized timing conditions, δ � τD, τD � ∆ (where τD = a2/2D is the mean time required
by a spin to travel across a compartment or pore, a is the pore’s size andD is the bulk dif-
fusivity), Mitra [28] identified two limiting cases for the mixing time duration. Condition
(i) considered long mixing time, τm → ∞. Under this condition, Mitra predicted that
for spherical compartments the diffusion-weighted signal will not depend on the angle
between the diffusion-weighted periods. However, for eccentric pores, an angular depen-
dence is expected. Therefore, it is possible to use DDE at τm → ∞ to identify shape
of compartments. Condition (ii) considered short mixing time, τm = 0. For vanishing
mixing time, the diffusion signal will have a cosine dependence where the amplitude is
proportional to the size of a compartment, independent of its shape. These two cases
give access to microstructural information that is difficult or impossible to obtain using
conventional diffusion MRI [109]. They will be analyzed afterward in the section 2.4.2.1
and section 2.4.2.2, for long and vanishing mixing time, respectively.
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Figure 2.6: Double diffusion encoding pulse sequences. A) DDE spin echo sequence and B) DDE stim-
ulated echo sequence. Solid lines show parallel gradient orientation (ψ = 0). Dashed lines represent
antiparallel gradient orientation (ψ = π). C) Resulting waveform for parallel wave-vectors and D) result-
ing waveform for antiparallel wave-vectors, consistent with the definitions from Shemesh et al. [70].
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Furthermore, DDE has been proposed as a technique to increase the sensitivity of the
diffusion signal to water exchange between compartments [110, 40]. Diffusion exchange
spectroscopy (DEXSY) was the first approach for molecular exchange rate measurement
between compartments using DDE by Callaghan and Fur ó [110]. Later on, and based
on the work in Ref. [110], Åslund et al. [40] developed filter-exchange spectroscopy
(FEXSY), showing that exchange rates can be assessed in a sample with distinct com-
partments (yeast suspension). Based on filter exchange spectroscopy (FEXSI), Lasič et
al. [32] implemented the imaging version of it, named filter exchange imaging (FEXI).
They also introduced the concept of apparent exchange rate (AXR) as a method to esti-
mate molecular exchange between compartments without assumptions on tissue charac-
teristics. This method will be explained in more detail in section 2.4.2.3.

2.4.2.1 Microscopic anisotropy

“Microscopic anisotropy” is a controversial term, since it has been used to describe two
different (but related) phenomena. Özarslan et al. [111] used this term to characterize lo-
cal anisotropy induced by the presence of boundaries, e.g. cell membranes in biological
tissue. In this definition, a spherical pore, as it has local anisotropy near the boundaries,
is considered to be microscopic anisotropic, even though it is an isotropic compartment.
The current definition for “microscopic anisotropy”, following the naming conventions
from Shemensh et al. [70], is related to diffusion that is anisotropic not due to the pres-
ence of boundaries, but to the shape of the compartment containing diffusing molecules
as described by Callaghan and Furó [110] and Komlosh et al. [112]. Therefore, diffusion
inside a spherical pore is not considered to have microscopic diffusion anisotropy. How-
ever, diffusion in eccentric pores is considered to be microscopic anisotropic. The terms
compartment shape anisotropy [113], pore shape anisotropy [114] and apparent compart-
ment shape eccentricity [115, 116] are equivalent to the current definition of “microscopic
anisotropy” [70]. DDE experiments with long mixing times have been used for quantifi-
cation of microscopic anisotropy in several phantom studies [117, 118, 119, 120] and in
humans in vivo [121, 122, 123, 124, 125].

For further analysis let us assume an equal gradient strength for both diffusion-weighted
periods, ‖G(1)‖ = ‖G(2)‖ = G. The gradient pulses have the same duration, δ1 = δ2 = δ.
The time between the gradient pulses is ∆1 = ∆2 = ∆. Therefore, ‖q(1)‖ = ‖q(2)‖ = q.

For case (i) (i.e. ∆ → ∞, δ → 0 and τm → ∞), Mitra [28] considered heteroge-
neous media containing spherical or randomly oriented ellipsoidal pores. For spherical
pores, Mitra predicted that DDE diffusion signal will not depend on the angle ψ between
q(1) and q(2). However, there will be a signal difference between parallel (ψ = 0) and



30

perpendicular (ψ = π/2) diffusion gradients in the case of randomly oriented eccentric
pores. This term arises from the fourth-order term in a power series of the DDE signal
magnitude.

Later, Cheng and Cory [117] analyzed the parallel–perpendicular signal difference in a
sample of yeast cells of different eccentricities at long mixing times, yielding the follow-
ing expression for signal attenuation

E(q, ψ = 0)− E(q, ψ = π/2) =
2

375
(a2 − b2)2q4, (2.39)

where a and b denote the semi-major radii of the ellipsoids. In the case of spherical
pores a = b, which vanishes the difference between parallel and perpendicular diffusion
gradients.

It is important to note that this signal difference between perpendicular q is also present
when the sample appears macroscopically isotropic, for example, due to isotropic orien-
tation distribution of eccentric pores within a voxel [28, 108, 126]. This ability to detect
microscopic anisotropy in samples that appear macroscopically isotropic is not available
when using SDE.

The difference in the DDE signal attenuation when wave-vectors are perpendicular can
be understood as explained by Finsterbusch [109]. He considered a mixture of two sets
of anisotropic pores (u and v) with equal number of spins, perpendicular to each other
and with diffusion coefficients Du and Dv along orthogonal axes, respectively. In a DDE
experiment with parallel or antiparallel diffusion periods, the obtained result is the same
for both axes and is given by

Epar =
1
2

(e−bDu · e−bDu + e−bDv · e−bDv) ≈ 1− b(Du +Dv) + b2(D2
u +D2

v), (2.40)

where Epar corresponds to the DDE signal attenuation when ψ = 0 or ψ = π. This
previous equation differs from a SDE experiment due to the effectively doubled diffusion
weighting (b-value). However, in the case of perpendicular wave-vectors (ψ = π/2), the
signal attenuation, Eper, is given by

Eper = e−bDu · e−bDv = e−b(Du+Dv) ≈ 1− b(Du +Dv) +
1
2
b2(Du +Dv)

2. (2.41)

The signal attenuation difference between parallel and perpendicular orientations, Epar−

Eper =
1
2
b2(Du−Dv)

2, is present forDu 6= Dv (Epar > Eper). This signal difference be-
tween parallel and perpendicular q’s is not only present in cases of restricted diffusion but
also when diffusion is hindered (like in extracellular space). DDE validation studies were
performed in phantoms [127], in cells [121, 120, 119], rodents in vivo [119, 122, 128] and
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in humans in vivo [123, 125]. A clinical application of microscopic anisotropy estima-
tions via DDE was presented by Yang et al. [129]. They showed that DDE microscopic
anisotropy derived metrics could better depict white matter lesions due to multiple scle-
rosis when compared with SDE.

2.4.2.2 Restriction effect and size estimates

In Mitra’s case (ii) (i.e. ∆ → ∞, δ → 0 and τm = 0) [28], the angular dependence of
the DDE signal follows a negative cosine curve [130]. This can be characterized by a
function that can be approximated to

S(q, ψ)

S0
= 1− 1

3
q2〈R2〉(2− cos(ψ)), (2.42)

where 〈R2〉 is the mean-squared radius of gyration of the pore, which is defined as
the ensemble average of

∫
ρ(r)(r − rcom)2d3r/

∫
ρ(r)d3r, where rcom corresponds to

the pore’s center of mass and ρ(r) to the mass’ density. Then, for small values of
q, the DDE signal attenuation for ψ = 0 (considering effective diffusion gradients) is
Epar = 1 − (〈R2〉/3)q2, and for ψ = π is Eapar = 1 − 〈R2〉q2. Hence, the difference
between parallel (Epar) and antiparallel (Eapar) signal attenuation provides a direct ap-
proach to the estimation of pores or compartments dimension. The cosine-shaped modu-
lation reflects non-Gaussian diffusion and can be considered as a signature for restriction
present in a sample [109]. Note that in Eq. (2.42) the factor (2 − cos(ψ)) is not as in
the original publication [28], because here the conventions from Shemesh et al. [70] are
used. In the conventions paper for DDE nomenclature [70] the terms “parallel” and “an-
tiparallel” are defined in terms of the effective wave-form. This considers the effect of
RF pulses in the sign of the gradient pulses. Therefore, DDE experiments with q(1) = q(2)

correspond to ψ = 0 (“parallel”).

The signal angular dependence will hold for any compartment shape (including spheres).
Hereinafter, this effect will be referred to as “restriction effect” or “size effect”. Fin-
sterbusch [131] presented “phase-gymnastics” as an approach to intuitively explain the
signal difference between parallel and antiparallel wave-vectors at short mixing times. In
the case of free diffusion, no angular dependence of the MR signal is expected. However,
in the case of restricted diffusion, from Eq. (2.42) it can be observed that the diffusion
signal from antiparallel wave-vectors is reduced by a factor of 1/3 in comparison with
parallel wave-vector acquisition. To understand this behavior, Finsterbusch [131] con-
sidered restricted diffusion under the assumption of spins diffusing between two parallel
planes and that the diffusion gradients are applied perpendicular to the planes. In this
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explanation, effective wave-form of the diffusion gradients are assumed (a MR pulse se-
quence without refocusing pulses). For parallel wave-vectors, under the assumption that
τm = δ (no overlap between the inner gradients) and δ → 0 (the so called short gradient
pulse (SGP) approximation), the inner gradient pulses have inverted polarities, canceling
each other. This means that a DDE experiment with parallel wave-vectors is effectively
an SDE measurement, with doubled diffusion time. However, as ∆ is assumed to be long,
additional time between the first and the fourth gradient pulse has no further effect in the
diffusion-weighted MR signal. However, in the case of antiparallel wave-vectors, where
the inner gradients have the same polarity, the diffusion-weighting is doubled.

It is important to note that ideal conditions from Mitra’s theory are not met in a DDE
acquisition protocol in clinical MR scanners. Therefore, experimental studies should
consider finite sequence timing parameters, in order to avoid possible biases in the pa-
rameter’s estimation [130]. Still, it has been shown that even when the short gradi-
ent pulse approximation is violated, it is possible to extract accurate size estimates in
small compartments [130]. Özarslan et al. [108, 132] developed an approach that con-
siders arbitrary timing parameters in the analysis of DDE signal for various geome-
tries, which have shown to be more accurate in the estimation of compartment dimen-
sions [130]. The DDE-based size estimation approach has been extensively studied
theoretically [28, 108, 131], in computer simulations [126, 133, 134] and in phantoms
[107, 135, 136]. They have shown promising results ex vivo[107, 137, 119, 138, 139] and
in vivo [29, 31] applications

Nonetheless, the theoretical work of Jespersen [114] showed that in low-q regime the
DDE and SDE provide equivalent information to determine pore dimensions. This is
given because in both cases the diffusion signal can be related to a displacement cor-
relation tensor [140], and this is possible to obtain using SDE acquisitions at different
diffusion times. This was explained by Jespersen [141] by means of the experimental
data presented by Morozov et al. [142], where the SDE signal in the same q-regime be-
haves as SSDE ≈ 1 − q2〈R2〉. This means that pore dimension can be calculated using
different q values. This raises the question: is it worth the use DDE for pore size es-
timations instead of SDE? Taking into consideration that SDE is already implemented
in clinical and preclinical MR scanner, it is easily accessible. Additionally, as SDE has
one pair of diffusion gradients, the SNR is higher than the signal in a DDE sequence.
Moreover, Jespersen [141] showed that size estimates using SDE or DDE have the same
accuracy in size estimation in the presented phantom data. On the other hand, it has been
shown that DDE may be a better tool to differentiate pores of different sizes in a sample
[143]. Therefore, an advantage of DDE over SDE is its ability to determine pore size
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distributions [144]. Additionally, DDE can be performed in a range of time-domains that
would allow for studies that are sensitive to pore size and microscopic anisotropy in a
single DDE acquisition. Microscopic anisotropy detection is not possible using SDE.
Therefore, the most convenient diffusion-weighted approach will depend solely on the
application’s aim.

2.4.2.3 Molecular exchange

Molecular exchange across cell membranes is a highly regulated process. It helps regulate
osmolarity inside the cell, and therefore, it is an essential process for normal physiological
functions. Callaghan and Furó [110] first used DDE for molecular exchange, developing
diffusion exchange spectroscopy (DEXSY) to study the diffusion properties across com-
partments. The method is based on the detection of the change in diffusion coefficients
during molecular exchange. This is useful when studying systems in which molecules
can be classified according to their diffusion characteristics. In DEXSY, the data is ob-
tained by incrementing the gradient amplitude of both diffusion encoding periods. ∆1

and ∆2 need to be as short as possible, in order to neglect molecular exchange during that
period. Hence, exchange occurs only during mixing time, τm. Several measurements are
performed with increasing τm. Under the assumption that different compartments have
different diffusion coefficients, the MR signal attenuation exhibits a multi-exponential
decay. Therefore, in order to generate a spectrum of diffusion coefficients it is necessary
to apply a 2 D inverse Laplace transformation. In the resulting 2 D spectrum, molecules
that after several τm measurements did not move out of their original compartment will
contribute to the diagonal elements of the DEXSY spectrum. However, those molecules
that moved from one compartment to another contribute to the off-diagonal elements
(“cross-peaks”), where their position corresponds to the affected volume fraction [110].
Nevertheless, the main limitation of DEXSY is that it requires long acquisition times.

Åslund et al. [40] based filter exchange spectroscopy (FEXSY) on the DEXSY method.
As DEXSY, FEXSY uses two diffusion periods in a stimulated echo magnetization prepa-
ration (Fig. 2.6 B). However, the first diffusion-weighted block has a constant gradient
amplitude in FEXSY, which acts as a diffusion filter for molecules with large ADC (fast
diffusion). The optimization of this “filter block” is analogous to the Goldman-Shen se-
quence [145] or the double-quantum dipolar filter [146], in order to filter out rigid or
mobile components, respectively. In the Goldman-Shen sequence [145] aims to separate
slow- from fast- FID decaying components. These correspond to components with weak
and strong dipolar coupling, respectively. Therefore, in order to filter the rigid compo-
nents (fast-decaying), the parameters TE1 and TE2 need to be as short as possible. On
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the contrary, with the double-quantum dipolar filter [147, 146] it is possible to select the
signal arising from the most rigid components of a sample. This leads to the removal of
the signal’s mobiles components. This is achieved by setting up long values for TE. Af-
ter the “filter block”, molecular exchange between extra- and intracellular space occurs
during the mixing time. Finally, during the second block, the amplitude of the diffusion
gradients is incremented and the signal is measured as in a SDE experiment.

The theory of FEXSY considers a system with two compartments u and v, with diffusion
coefficients Du and Dv and fractional populations f equ and f eqv . The relaxation rates of
both compartments are assumed equal, and the sequence timing parameters are such that
the exchange between compartments only occurs during τm and not during the ∆ periods
of the diffusion blocks (∆� τm). The exchange from u to v and vice versa is described
with the rate constant kuv and kvu, respectively. The application of the filter block alters
the system equilibrium, disturbing the fractional populations. This results in f 0

u and f 0
v =

1− f 0
u. The system returns to equilibrium with increasing τm and the diffusion signal can

be described as [40]

S(b, τm) = Sf (τm)[fu(τm)e−bDu + fv(τm)e−bDv ], (2.43)

where Sf (τm) is the signal from an experiment with G2 = 0, and fu(τm) and fv(τm)

describe the evolution towards equilibrium. This method was tested by measuring the
intracellular lifetime of baker’s yeast cells [40].

Lasič et al. [32] implemented the imaging version of FEXSY, called filter exchange imag-
ing (FEXI). There, the original protocol for FEXSY is optimized for low SNR conditions
and hardware limitations (in particular gradient strength). The term “apparent exchange
rate” (AXR) is introduced as a measurement of molecular exchange between compart-
ments in heterogeneous media. In FEXI, Eq. (2.33) can be rewritten as

S(b, τm) = Sf (τm)e−bADC
′(τm), (2.44)

where
ADC ′(τm) = ADC[1− σe−AXR·τm ]. (2.45)

For a two-compartment system, AXR = kuv + kvu and σ corresponds to the filter effi-
ciency, defined as

σ =
(Du −Dv)(f

eq
u − f 0

v )

ADC
. (2.46)

Promising results have been published in estimating AXR in yeast cells [32], perfusion-
fixated monkey brain [46], and in humans in vivo using clinical MR systems [42, 43, 44,
45].
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2.4.2.4 DDE pulse sequences

DDE magnetic resonance (MR) sequences consist in the application of two diffusion-
weighted periods between excitation and acquisition. In the literature, it is possible to
find different magnetization preparations that contain two (or more) diffusion encoding.
Spin echo preparations, consisting in one excitation and one refocusing pulse, with the
diffusion gradient pulse pairs located before and after the refocusing pulse have been
used principally in the study of microscopic anisotropy [123, 124, 125, 148, 149]. In
this kind of pulse sequence, short mixing times are difficult to achieve. Given that the
refocusing pulse separates the second and third gradient pulses, τm = 0 is impossible to
reach. However, τm = δ may be possible to achieve depending on the duration of the
diffusion gradients and other pulse sequence timing parameters, such as ∆ and TE. An
advantage of this magnetization preparation is that ∆ can be short, which is convenient
in cases where diffusion time is required to be as short as possible. This is the case dur-
ing molecular exchange study. However, its applicability in that field is limited due to
τm restrictions. This pulse sequence is appropriate to study the effects of microscopic
anisotropy in diffusion-weighted signal, since short mixing times are not required. The
viability of this pulse sequence in clinical routine has been under study. By implementing
this pulse sequence in a clinical scanner, Yang et al. [30] proved its feasibility to detect
microscopic anisotropy in patients in vivo. They observed a significant improved speci-
ficity in detecting microscopic anisotropy of DDE compared to the fractional anisotropy
from SDE.

DDE pulse sequences with two refocusing pulses have been implemented mainly for the
study of compartmental sizes [150, 107, 151, 152, 153, 135, 29, 121, 116, 128, 125,
142, 31]. In this pulse sequence, the diffusion gradients are applied before and after
the refocusing pulses. The second and third diffusion gradients could be applied at the
same time (allowing pulse gradient overlapping) or directly after the other. Therefore, it
makes possible to reach short mixing times. However, it would allow a limited range of
τm’s, depending on the timing parameters of the complete pulse sequence. The difference
between parallel and antiparallel wave-vectors has been used to analyze the cosine signal
modulation in order to extract compartmental dimensions. By means of this DDE pulse
sequence, cell size estimates have been obtained in clinical scanners in rats [31] and
in humans in vivo [29]. In the research performed in humans in vivo [29], the signal
difference between antiparallel and parallel diffusion gradients was investigated in the
corticospinal tract (CST). This resulted in a mean diameter estimation of 13 µm, which
at first sight appears to be out of the expected size range of axons (1 to 3 µm) [154].
However, if the relative signal contributions of the axon volume is considered, then the
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new mean size estimate is about 8 µm. The study shows the feasibility of DDE parallel–
antiparallel signal difference to obtain compartment size estimates in humans in vivo.
Nonetheless, there is an observed overestimation in the axonal diameters in CST using
DDE. It was suggested that the extracellular space can be considered like “open pores”,
where hindered diffusion would influence the parallel–antiparallel signal difference, and
thus, affecting the size estimates.

DDE stimulated echo preparations have applications in the study of microscopic aniso-
tropy [27, 117, 127, 155] and in molecular exchange [110, 40, 32]. To make a diffusion-
weighted measurement sensitive to exchange in SDE, it is necessary to increase the dif-
fusion time to the time-scale in which molecular exchange takes place. However, when
increasing the time between the diffusion gradients, the diffusion MR sequence also in-
crease its sensitivity to restricted diffusion. Therefore, in SDE in long diffusion time
regime, molecular exchange and restriction are entangled and inseparable effects. Ad-
ditionally, increasing the diffusion time increases the echo time of the MR sequence,
making the diffusion-weighted signal strongly influenced by T2 relaxation. Thereby, in
order to disentangle the effects of restriction and molecular exchange, the diffusion time
should be kept as short as possible.

By implementing a stimulated echo version of a DDE preparation, it is possible to keep
diffusion times short. Therefore, reducing the effect of restriction in the diffusion-weighted
signal. Then, molecular exchange takes place during the z-storage period (or mixing
time), where the spins experience only T1 relaxation. This results in reduced signal at-
tenuation due to T2 relaxation. In the literature, there are two variants of DDE stimulated
echo. The first one, introduced by Callaghan and Furó [110], consists in two pairs of
collinear diffusion gradient pulses separated by a mixing time. The mixing time takes
place during the z-storage between the second and third 90◦ RF pulses, and the diffu-
sion gradient pulses are separated by an 180◦ RF pulse. This pulse sequence was also
used by Åslund et al. [40] in NMR spectroscopy (FEXSY) and in its imaging version
(FEXI) with clinical applications by Lasič et al. [32, 43], Nilsson et al. [42], Lampinen
et al. [45] and Bai et al. [156]. The Bai et al. [156] investigated the feasibility of FEXI to
evaluate exchange processes in the human brain by varying the strength of the first pair
of diffusion gradients (also called filter block). By using low b-values in the filter block
they showed that there is a high correlation between the strength of the diffusion filter
and the intravoxel incoherent motion, which is related to blood perfusion. This gives
the possibility to map exchange between vascular and extracellular water by using low
b-values, while higher b-values are used to map molecular exchange between two water
reservoirs. The second variant consists in a stimulated echo preparation with three 90◦
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RF pulses, also called double bipolar stimulated echo sequence [46]. In this sequence,
the diffusion gradient pairs are not separated by an 180◦; therefore, the polarity of the
gradient pulses are inverted. The mixing time takes place during the z-storage, between
the second and third RF pulses. Even though this pulse sequence is easier to implement
than the first version, it has been used only in a MR spectrometer, and it is not used in
clinical systems.

Other variant of DDE preparations include bipolar diffusion gradients [127, 120, 119,
120, 155, 136]. Such implementations are usually STE-based preparations, where 180◦

pulses divide each diffusion gradient pulse. The aim of the bipolar-DDE implementa-
tions is for microstructure characterization in samples affected by strong internal mag-
netic fields, generating severe magnetic field inhomogeneities. Bipolar gradients can
effectively suppress the effects of background gradients [157]. However, these versions
are used in applications in NMR spectrometers and are out of the scope of this work.





3
Pulse sequence implementation

3.1 Introduction

DDE MR sequences consist in the application of two diffusion-weighted periods between
excitation and acquisition. In the literature, it is possible to find different magnetization
preparations that contain two (or more) diffusion encodings such as spin echo, stimulated
echo, and mixed bipolar implementations, as described in section 2.4.2.4. However, the
implementation of such pulse sequences is not a simple task. Given that the RF field is
not homogeneous over the sample, every additional RF pulse introduces unwanted signal
pathways that may affect the echo of interest [158]. To counteract this problem, spoiler
gradients are often employed.

In this thesis, two kinds of experiments were performed. The first one is the study of the
extracellular contribution to the size estimates in corticospinal tract (CST) using a DDE-
SE sequence, as illustrated in Fig. 3.1. In this experiment, an in-house implemented
sequence was used, which included two pairs of diffusion gradient pulses and two refo-
cusing pulses, as in Koch and Finsterbusch [29] in humans in vivo.

The second experiment studies how the results from FEXI/AXR experiments are influ-
enced by the size of the compartments (restriction effect) present in the sample. Ap-
parent exchange rate experiments require several measurements with increasing mixing
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time. For that reason, a stimulated echo version of double diffusion encoding (DDE)
was implemented. The DDE-STE preparation implemented here consists of a stimulated
echo sequence with two refocusing pulses. The first of these refocusing pulses is located
between the first and the second 90◦ pulse, and the second one is between the third 90◦

pulse and the image readout, as illustrated in Fig. 3.3. The diffusion gradient pulses are
applied before and after the refocusing pulses. This pulse sequence has been used in pre-
vious DDE research regarding molecular exchange in yeast suspensions and in humans in
vivo [32, 42, 43]. All the DDE experiments were approved by the University of Lübeck
ethics committee.

Additionally, the background gradients (BGG) cross-terms are studied. This is because
BGG are known to influence the quantification of the diffusion process[159]. As the
influence of BGG is different for the diffusion gradients that have different polarities
[160], they could affect the DDE results that use rotating gradients. Therefore, here is
presented a systematic analysis of BGG in the DDE pulse sequences used during in vivoin
MR measurements in clinical settings.

3.2 MR system and pulse programming environment

All experiments were performed on a whole-body 3 T MR system (Ingenia, Philips, Am-
sterdam), using an 8-channel head coil array (receive only). The system provides a maxi-
mum gradient strength of 45 mT m-1 with a maximum slew rate of 120 mT m-1 ms-1. The
sequences were implemented for a Philips Ingenia 3 T system with release 5.1.8 using
the Paradise sequence development tool, which runs in a virtual machine with Microsoft
Windows 7. Philips Paradise development tool uses its own object-oriented language,
called GOAL-C, which defines MR experimental parameters as objects, providing a rel-
atively easy way to manage the elements of a MR pulse sequence.

3.3 Double diffusion encoding spin-echo

For the experiments presented in Chapter 4, an in-house implementation of a double
diffusion encoding spin-echo DDE-SE preparation with a single-shot EPI read-out was
used. Diffusion-weighted imaging is sensitive to motion at micro- and macroscopic level.
The macroscopic motion, e.g. head movement, adds phase shifts to the microscopic
motion due to diffusion, generating motion artifacts. In order to avoid this issue, one
solution is to use imaging read-outs less susceptible to motion artifacts, such as echo-
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Figure 3.1: DDE-SE sequence with echo planar imaging (EPI) readout (sl: slice-selection, re: read-out,
ph: phase-encoding). Dotted lines in the RF time-line show the occurrence of echoes. Crusher gradient
pulses are shown in the slice-selection time-line, located before and after the refocusing pulses to suppress
unwanted coherence pathways. Crusher gradients have the same duration and their amplitudes differ by a
factor of two. Diffusion gradients are applied along the readout and phase-encoding directions. Diffusion
gradients drawn with solid line correspond to an experiment with ψ = 0. Diffusion gradients drawn with
dashed lines correspond to ψ = π. Amplitude and duration of the pulses are for schematic purposes only.

planar imaging (EPI). EPI is a fast imaging method, and also the most commonly used
read-out in diffusion-weighted MRI [161]. With the use of this technique, it is possible
to acquire a diffusion-weighted image in approximately 100 ms [162]. However, DDE
pulse sequences have relatively long echo times, due to the additional pulses. Therefore,
motion correction is advisable.

As shown in Figure 3.1, the implemented DDE-SE pulse sequence consists of one ex-
citation pulse and two refocusing pulses. The first pair of diffusion gradient pulses are
positioned before and after the first refocusing, while the second pair is located before
and after the second refocusing pulse. The second and third diffusion gradient pulses (in
between the first and second refocusing pulses) do not overlap. All RF pulses were slice-
selective. Crusher gradient pulses were applied to dephase unwanted FIDs that arose
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from non-ideal refocusing pulses, and to select a specific magnetization coherence path-
way. All crusher gradient pulse pairs had the same duration and were applied along the
slice-selection axis, before and after the 180◦ pulses.

In this experiment, the echo of interest was the secondary echo of a three-pulse sequence,
which is shown in Fig. 3.1. In order to select that specific pathway (see Fig. 3.2), the
amplitude of crushers around the second refocusing pulse was twice that of the crushers
around the first one.

2
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2
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2
TE2

Signal

RF

FID

SE1 sSE

90o

180o 180o

t

t

Figure 3.2: The DDE-SE MR signal arises from the effect of the first spin-echo (SE1) and the second
refocusing pulse. For the experiments presented here TE1 = TE2

3.4 Double diffusion encoding stimulated-echo

An in-house implementation of a double diffusion encoding stimulated-echo (DDE-STE)
magnetization preparation, with an EPI read-out was used, as shown in Figure 3.3. Dotted
lines in the RF timeline show the occurrence of echoes. All 90◦ and 180◦ pulses were
slice-selective. Crusher gradients pairs were positioned immediately before and after the
refocusing pulses, and before the second 90◦ and after the third 90◦ pulse. Each pair of
crusher gradients was always applied perpendicular to the diffusion gradients, and their
amplitude was set as twice that of the previous pair. A spoiler gradient was applied during
the TM-period, as seen in Figure 3.3. This spoiler eliminates the transversal component
of the magnetization during z-storage. Then, the echo of interest is the SE formed from
the STE of the first SE generated by the excitation pulse and the first refocusing pulse, as
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seen in Figure 3.4.
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Figure 3.3: DDE-STE sequence with EPI readout (sl: slice-selection, re: read-out, ph: phase-encoding).
Crusher gradients are shown in the sl time-line, together with the “homospoil” gradient pulse during the
TM period (in gray). Crusher gradients have the same duration for all RF pulses. Their amplitudes differ
by a factor of two, applied always perpendicular to the diffusion gradients. Diffusion gradients drawn with
solid line correspond to an experiment with ψ = 0. Diffusion gradients drawn with dashed lines correspond
to ψ = π. Amplitude and duration of the pulses are for schematic purposes only.

3.5 Rotation of diffusion gradients

As explained in Chapter 2, one of the advantages of DDE is the various degrees of free-
dom, which are not available for single diffusion encoding (SDE) sequences. The ro-
tation of the diffusion gradients is implemented by means of the Rodrigues’ rotation
formula [163]. This is used to compute the rotation matrix Ra(ψ) that corresponds to a
rotation by an angle ψ about a fixed axis specified by a = (ax, ay, az) ∈ IR3. Then Ra(ψ)
is given by

Ra(ψ) = I + ã sinψ + ã2(1− cosψ), (3.1)
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Figure 3.4: The DDE-STE MR signal arises (SE2) from the effect the first spin echo (SE1) and its stimulated
echo (STE)

where I is the 3× 3 identity matrix and ã corresponds to

ã =

 0 −az ay

az 0 −ax
−ay ax 0

 . (3.2)

For the experiments performed here, the z-axis was the rotation axis for the diffusion
gradients. The diffusion gradients are applied in the x-y plane. However, this could be
changed as needed. The angle between G(1) and G(2) is referred as ψ. To begin the
experiments, G(1) is fixed in an angle φ while G(2) rotates about the z-axis in ψ steps.
The angle φ determines the direction of G(1). This angle is chosen for some arbitrary
orientation of the diffusion gradients with respect to the sample.

3.6 Background gradient calculations

Ever since the early development of diffusion-weighted MR it has been identified that the
contribution of all magnetic field gradients in a pulse sequence influence the quantifica-
tion of diffusion and, thus, should be taken into account [164]. Background gradients,
also called static of internal magnetic gradients, arise from magnetic susceptibility of
heterogeneous samples and magnetic field inhomogeneities [165]. This may introduce
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additional diffusion-weighting and, if not taken into account, would lead to a systematic
error in ADC estimations [166, 167].

Let us consider an SDE pulse sequence as described in Chapter 2: spin-echo preparation
with two RF pulses and two gradient pulses positioned before and after the refocusing
pulse. Under ideal conditions, i.e. identical rectangular diffusion gradient pulses, the
only magnetic field gradients are those from the diffusion-weighting. While the sample
has uniform temperature and its relaxation times do not interfere with the choice of ∆,
the signal attenuation due to diffusion is E(b) = e(−bADC). However, it is clear that these
conditions are not met in experiments. In a realistic sense, the static magnetic field is not
perfect, and heterogeneous samples, such as biological tissue, are subject to differences
in their magnetic susceptibility, and consequently, to background gradients. For example,
a significant difference in magnetic susceptibility in red blood cells, between intra- and
extracellular space, has been found [168]. Furthermore, samples containing metal parts
are also subject to differences in magnetic susceptibility [169]. Also, the presence of air
bubbles in apples can produce large background gradients [167]. The same effect appears
in air-tissue boundaries of the human brain, such as the paranasal sinuses area [125].

Considering the effect of an uniform background gradient, go of strength go in a Stejskal
and Tanner pulse sequence with applied diffusion gradients ga, under the assumption that
go and ga are parallel (ga · go = gago), then [3, 165]

ln
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3
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where St=acq corresponds to the measured signal at (2τ = TE), St=0 is the signal directly
after the excitation pulse, and ga is the magnitude of the applied diffusion gradients. In
Eq. (3.3), it can be seen that the measured signal has contributions from all the magnetic
field gradients, where the first term corresponds to the ideal diffusion weighting. The
second term, as τ is constant, can be neglected. Still, if the background gradient is too
large (gaδ � goτ does not hold), the go term can produce additional signal attenuation,
reducing the SNR. The third term’s situation is more complex than the ga and go terms.
The gago term is called background gradient “cross-term”, and it is usually not constant.
The problem with the cross-term arises since it can introduce additional signal attenuation
depending on the sequence timing parameters, such as δ, ∆, TE and the position in time
of the diffusion gradient pulses. Additionally, the gago term can introduce non-linearity
in the relationship between the signal attenuation and the b-values, making the following
signal analysis complicated [170, 160]. Furthermore, due to the cross-term, the measured
diffusion-weighted signal can appear as anisotropic when it is not the case [171, 155].
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In applications including DDE measurements, the effect of BGG has been a topic of
interest. In DDE measurements, in which the diffusion gradients rotate, it can be ex-
pected that the effect of experimental imperfections will depend on the angle between the
gradient pulses [121]. Koch and Finsterbusch [107] employed a DDE sequence with six
π-pulses where, in order to suppress cross-terms, the time integral of the background gra-
dient needs to be antisymmetric within each diffusion-weighted period. Later, Shemesh
and Cohen [155] experimentally investigated the effects of BGG in SDE and DDE. They
showed that the DDE signal modulation at short τm could be inverted in the presence
of background gradients, masking the effects of restriction and microscopic anisotropy.
They called this effect “apparent-Susceptibility-Induced-Anisotropy” (aSIA). In order to
reduce the effect of the background gradients, they introduced bipolar diffusion gradients
where each diffusion gradient pulse is divided by a π-pulse inverting the polarity of the
second half. This approach has been extensively used in NMR spectroscopic, especially
in samples with strong magnetic susceptibilities [127, 119, 120, 136, 116, 142, 172, 173,
138, 174, 175, 176].

In applications in clinical scanners, Lawrenz and Finsterbusch [121, 123, 125] reduced
the effects of eddy currents and BGG by simply taking the geometric average of sig-
nal acquisitions performed with diffusion-weighted gradients with opposite polarities, as
described by Neeman et al. [166]. However, a new magnetization preparation to com-
pensate for cross-terms has been recently introduced by Lawrenz and Finsterbusch [177].
This pulse sequence includes inversion recovery and four additional π-pulses, and has
shown better results than the use of the geometric average.

In the present thesis, an analysis of background gradient cross-terms in the most com-
monly used DDE sequence in vivo is presented. This analysis was performed following
the procedure proposed by Zheng and Price [157], which considers a constant BGG.
Then, the echo attenuation due to diffusion (without considering relaxation processes)
can be calculated as [3]

ln
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]
= −Dγ2

∫ t
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0

(−1)mgeff(t
′)dt′

)2
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where St=acq corresponds to the measured signal and St=0 to the signal immediately af-
ter the first excitation pulse; D is the self-diffusion coefficient and γ is the gyromagnetic
ratio. The effective gradient, geff = (−1)n · g, is the sum of all gradients present in the
sequence time interval under study, where n is the number of π pulses applied after the
gradient. In this manner, after every π pulse, the sign of the gradients is inverted. In
a STE-based sequence, m = 1 during the decoding interval (second diffusion-weighted
period), otherwise m = 0. This ensures that the gradients change sign during the decod-
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Figure 3.5: DDE MR sequences commonly used in in vivo measurements. A) Spin-echo DDE sequence,
mainly used for microscopic anisotropy studies [123, 125, 124, 129]. B) Double spin-echo DDE sequence
[178, 29, 125], used for compartment size estimations and microscopic anisotropy. C) Stimulated echo
based DDE sequence, mainly used for membrane permeability estimations in FEXI experiments [32, 42,
43].

ing period. geff = 0 during the z-storage. In the calculations presented here (within the
time interval as depicted in Fig. 3.5), ga and go are the applied diffusion gradients and
background gradients, respectively. go, with amplitude go, is considered to be constant



48

in time and space, and the applied diffusion gradients for the first and second diffusion
encoding have equal amplitude, ga, and duration, δ. Figure 3.5 A shows a spin-echo se-
quence with two pairs of diffusion gradient pulses separated by a single π pulse. This
kind of sequence has been extensively used for in vivo microscopic anisotropy estima-
tions [123, 125, 124, 129]. The diffusion signal attenuation has been calculated using
Eq. (3.4) for ψ = 0 and ψ = π, resulting in
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respectively. In Eq. (3.5), when ψ = 0, it can be observed that if t1 = t2 and the
diffusion gradients are placed symmetrically before and after the refocusing pulse, then
the cross-term depends solely on τ , which corresponds to the echo time. However, for
ψ = π with the symmetry described before, the cross-term from Eq. (3.6) cancels-out.
Hence, it is shown that in the presence of timing symmetry, the cross-term depends on
the angle between the diffusion wave-vectors, where ψ = π suppresses the cross-term.
Additionally, it is important to note that a DDE sequence with parallel diffusion gradi-
ents is flow-compensated and used for estimation of the intravoxel incoherent motion
(IVIM) [179].

Figure 3.5 B1 [180] shows a DDE sequence with two refocusing pulses, one in the center
of each diffusion weighting, which reduces the background gradient cross-term [125].
For this sequence, the diffusion signal attenuation was calculated for ψ = 0 and ψ = π ,
resulting in
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respectively. In Eq. (3.7) it can be observed that if t1 = t2 and τ1 = τ2, then the cross-
term is nullified. However, this does not occur if ψ = π in Eq. (3.8). In this pulse
sequence, the cross-terms depend on the direction of the diffusion gradients, just as for
the sequence shown in Fig. 3.5 A. However, if ∆ is relatively short, the cross-term is
reduced, and could be neglected. Nonetheless, if long ∆ is required, such as in the study
of large compartment sizes, it is better to use a pulse sequence that completely suppresses
the cross-term. The DDE sequence used by Koch and Finsterbusch [107] with two re-
focusing pulses per diffusion weighting is background gradient cross-term compensated,
independent of timing parameters, which makes it a more appropriate option to perform
measurements where long ∆ is required.

Figure 3.5 C shows a stimulated version of DDE, commonly used for experiments that
require long mixing time. Estimation of membrane permeability in terms of apparent ex-
change rate uses this kind of sequence because it makes possible to increment τm without
losing signal due to T2 relaxation. For the background gradient cross-term analysis, ∆1

and ∆2, and δ1 and δ2 are not necessarily equal. If parallel diffusion gradients are used,
the natural logarithm of the diffusion signal attenuation is given by
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On the other hand, when antiparallel diffusion gradients are used, then
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where if δ1 = δ2, ∆1 = ∆2, t1 = t2 and τ1 = τ3, the gago term is zero. Therefore, if
timing symmetries occurred, one gradient orientation is cross-term compensated (ψ = π),
but parallel wave-vectors will not be.

In the first pulse sequence implemented in this thesis, shown in Fig. 3.1 and Fig. 3.5 B,
τ1 = τ2, but t1 6= t2. Therefore, the cross-term is not compensated. In order to keep
the duration of the pulse sequence as short as possible, and to a minimum τm, the last
diffusion-weighted pulse is placed immediately after the last refocusing pulse. However,
as the size of compartments studied in vivo is small, then the ∆ value required is relatively
short. Therefore, the effects of the cross-terms are expected to be negligible [29].

In the second implementation, shown in Fig. 3.3 and Fig. 3.5 C, t1 6= t2, ∆1 6= ∆2, and
TE1 6= TE2, the first diffusion gradient pulses are situated symmetrically before and after
the pi-pulse, keeping TE1 short. However, in order to keep TE2 and ∆2 short, the second
diffusion-weighting is also placed immediately after the last π-pulse.

In summary, it is difficult to apply the above-described symmetries in experimental mea-
surements. In order to satisfy the important timing requirements for an application, such
as long or short τm, long or short ∆ and ideally keeping the echo times short, compro-
mises need to be made.
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Extracellular contribution to DDE pore
size estimates in the corticospinal tract

4.1 Introduction

Diffusion-weighted magnetic resonance imaging has evolved into a widely used tool for
studying tissue microstructure [181, 182, 183, 184, 185]. In diffusion-weighted imaging,
the magnetization preparation is most often based on the pulsed gradient spin echo [3].
However, modifications of this approach have been proposed in order to increase the
sensitivity of the diffusion-weighted signal to various aspects of tissue microstructure.
Recently, double diffusion encoding (DDE) [70] has been introduced as an extension
of the conventional Stejskal-Tanner diffusion-weighted MRI [3] in which two (instead
of one) pairs of diffusion-sensitized gradients are applied between excitation and signal
acquisition in a sequence [27, 186, 28]. This set-up provides two additional degrees of
freedom: it is possible to 1) vary the angle between the two diffusion-weighted periods
(ψ), and 2) the time between them (also called mixing-time τm). These new parameters
make possible to study microscopic characteristics that are not easily available using
other non-invasive methods.

DDE experiments can be sensitive to different aspects of tissue microstructure [28], such
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as microscopic anisotropy [112, 152], perfusion fraction [187], compartment size [117],
and water exchange [40, 32]. However, it is difficult to design an experiment that is
specific to an individual effect out of these.

Previous experiments estimated the size of compartments (e.g., cells) using the signal
difference between parallel and antiparallel diffusion gradients in water-filled spaces
around polymethyl methacrylate beads, radish root, and porcine spinal cord fixed in for-
malin [107, 188], hollow microcapillaries [130, 151, 135] (using spectrometer), rat spinal
cord fixed in paraformaldehyde [137], cells of plants [189], yeast cells [136], and in hu-
mans in vivo [29, 123, 122].

Early applications of DDE weighting for an assessment of compartment size in vivo
seemed to result in relatively large diameters [29]. Besides, preliminary work on patients
with stroke-induced Wallerian degeneration of neurons in the cortical spinal tract revealed
a reduced signal difference between parallel and antiparallel gradient orientations in the
affected tract [190]. These in vivo results on human brain tissue raised the question to
which degree the extracellular space contributes to the compartment size estimates gained
by evaluating the DDE signal. On the other hand, it has been suggested that the signal
difference between parallel and perpendicular gradient orientations may gather further
information about pore shape when using long mixing times [27, 117, 191, 113, 120].
This approach was used recently to detect microscopic anisotropy in tissue which macro-
scopically appears isotropic in conventional (i.e., single diffusion encoding) diffusion-
weighted measurements [121, 119, 123, 115]. Clinical applications of this approach were
also investigated [129].

Considering DDE experiments on a sample comprising eccentric but randomly oriented
water-filled pores, Mitra [28] distinguished between two effects. The “filter effect” leads
to an attenuation difference between parallel and perpendicular gradient orientations.
This is exploited in studies assessing microscopic anisotropy, independent of the mixing
time. In contrast, the difference between parallel and antiparallel gradient orientations,
which is exploited in attempts determining the pore or cell size, depends on τm being
short. It should be noted that SDE and DDE experiments in principle yield equivalent
information at low gradient amplitude, i.e. when only terms up to second order in the
time integral of a single gradient pulse are considered [114].

In this work, the DDE unique sensitivity to pore shape is used to acquire information
on the relative contribution of the extracellular space to the size estimates from DDE in
applications to brain white matter in vivo. Additionally, left-right CST asymmetries are
investigated using DDE.
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4.2 Theory

In principle, DDE measurements in the long τm regime can be used to detect whether
water in a sample is confined to spherical or eccentric compartments [27]. At long τm,
water-filled spheres yield the same DDE signal for parallel and perpendicular gradient
orientations. In contrast, eccentric pore shapes, such as ellipsoids, exhibit different signal
amplitude in cases of parallel and perpendicular gradient orientations, even if the pores
are randomly oriented [28]. The cases of water-filled spheres, parallel, tilted, and ran-
domly oriented water-filled cylinders can be seen in Fig. 4.1, where the angular signal
dependency of DDE signal is plotted for different structural environments at long τm. For
spheres (Fig. 4.1 A), as isotropic compartments, the orientation of the diffusion gradient
is not important. However, for cylinders, it is relevant to show the orientation of the plane
spanned by the diffusion gradient with respect to the orientation of the cylinders. This
is because the cross-section in the plane of the applied diffusion gradients influences the
angular dependency at long τm, as shown in Figs. 4.1 B, C and D.

In coherent brain white matter, one would apply diffusion gradients in a plane perpen-
dicular to the axonal axis. For our purposes, the white matter can be seen as a bundle of
densely packed, infinitely long cylinders with circular base, as illustrated in Fig. 4.2 A.
A perpendicular cross-section through such a bundle of same-size cylinders consists of
circles (see Fig. 4.2 B), where as the compartments between these circles resemble equi-
lateral triangles. This shape is sometimes called circular horn triangle. They possess a
3-fold symmetry axis (see Figs. 4.2 A and B). However, it is expected that a pore with
a cross-section shaped like a circular horn triangle will not induce a measurable signal
difference between parallel and perpendicular gradient orientations in DDE experiments.
The pores cannot easily be distinguished from circular compartments, i.e., pores with
C∞ symmetry. This might be possible, however, using approaches designed to image the
mean pore shape directly [192]. Nonetheless, when the cylinders are different in size and
not too densely packed, the cross-section contains circular pores, and the space between
the cylinders is “irregularly shaped” (Fig. 4.2 C), meaning here that no rotational sym-
metry exists. If sufficiently large, the deviation from a circle can be detected by DDE
experiments comparing the signal for parallel and perpendicular diffusion gradient di-
rections, with the diffusion gradients oriented in a plane perpendicular to the fiber axis.
This is expected to work even in case of open pores in the plane spanned by the diffusion
gradients [28]. Pores with circular cross-section will not exhibit a parallel–perpendicular
signal difference in a DDE experiment (as shown in Fig. 4.1 A and B). Hence, the
parallel–perpendicular signal difference might yield information about the shape of the
compartment dominating the DDE pore size estimate in the corticospinal tract (CST).
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Figure 4.1: Simulated angular signal dependence of DDE sequences with long τm for water-filled A)
spheres, B) straight parallel cylinders, C) tilted parallel cylinders and D) randomly oriented cylinders (av-
erage of 50 cylinders). Spheres and cylinders were simulated with diameters of 6 and 10 µm, separately. In
sub-figures B, C and D, the grey arrow represents the z-axis of the gradient coordinate system. The diffu-
sion gradients are applied in the x-y plane, showed in grey dashed lines. The simulations were performed
using MISST with the following parameters: δ = 1 ms, ∆ = 100 ms, τm = 20 ms, and G = 1 T/m. A
strong magnetic field is used in order to clearly observe the angular dependency.

The difference between parallel and perpendicular gradient orientations arises from the
following reasoning. Consider a sample or voxel containing two sets of the same number
of equally shaped, eccentric pores. The pores in each set may be all aligned along a given
direction, the alignment directions of the two sets being perpendicular to each other. The
signal attenuation may be written as E(q, ψ) = S(q, ψ)/S0, where S0 represents the
signal with all diffusion gradients set to zero, q is the identical amplitude of both wave-
vectors, q(i) = γδG(i)∗/(2π), i = 1, 2, where G(i)∗ denotes the field gradient vector
associated with the first pulse in the effective diffusion-weighting gradient waveform of
the ith weighting, and ψ is the angle between the two q vectors [70]. For parallel (‖) and
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Figure 4.2: A) Packed circular cylinders, B) cross-section of densely packed cylinders as in A, C) possible
cross-section with looser packing, D) tilted circular cylinders and E) cross-section of D (exaggerated) or
untilted cylinders with elliptical base. E) Also pictures the cross-section of ellipse-based cylinders.

perpendicular (⊥) orientations of the diffusion wave vector, the signal attenuations may
be expressed employing effective diffusion coefficients,

E‖ = E(q, 0) =
1

2
e−bD1e−bD1 +

1

2
e−bD2e−bD2 (4.1)

and
E⊥ = E(q, π/2) =

1

2
e−bD1e−bD2 +

1

2
e−bD2e−bD1 , (4.2)

respectively, which in general are not equal. In these equations, D1 and D2 are the effec-
tive diffusion coefficients due to restriction along the two perpendicular diffusion gradient
directions involved. The degree of diffusion-weighting, b = γ2G2δ2(∆− δ/3) (γ: gyro-
magnetic ratio, G = ‖G‖ = G: gradient strength, δ: gradient duration and ∆: temporal
separation between diffusion gradients). E‖ and E⊥ are also unequal in samples with
randomly oriented eccentric pores. This inequality reflects the physical basis that makes
eccentricity estimation in DDE experiments possible [191].

In this work, we are concerned with size estimates which exploit the DDE signal differ-
ence between parallel and antiparallel gradient orientations. When applying this approach
to a fiber bundle in brain white matter, the complication arises in that the plane spanned
by the diffusion gradients may not be perfectly perpendicular to the fibers. In this case,
the cross-section of a circular cylinder elliptical (Fig. 4.2 D and E). This eccentric shape
also leads to differences between parallel and perpendicular gradient directions in the
DDE signal [108], as shown in Fig. 4.1 C. Nevertheless, the difference arising from this
situation can be removed by specific averaging of the signal for different gradient vectors.
In a scenario where a voxel contains only a single orientation of eccentric 2 D pores, as
would be the case depicted in Fig. 4.2 D and E,

E‖ = e−bD1e−bD1 6= e−bD1e−bD2 = E⊥ (4.3)

can occur. Rotating all gradients by π/2 will then yield

E ′‖ = e−bD2e−bD2 6= e−bD2e−bD1 = E ′⊥. (4.4)



56

Calculating the geometric mean of the signals given in Equations (4.3) and (4.4), the
signal difference between parallel and perpendicular gradient orientations should vanish,
i.e. (E‖E

′
‖)

1/2 = (E⊥E
′
⊥)1/2.

This reasoning would apply for both, elliptic-based cylinders (tilted or not) and tilted
circular cylinders, which generate elliptic pores in the cross-section spanned by the dif-
fusion gradients. However, if the difference does not hold, i.e., if Ē‖ 6= Ē⊥, then it can
be inferred that the signal does not arise from parallel circular cylinders. The sample
may then rather comprise parallel cylinders with eccentric bases that are not aligned with
each other, or circular cylinders with more than one direction of inclination. Considering
the homogeneous structure of the CST, different inclinations in a single voxel are un-
likely. Hence, it can then be concluded that the space dominating the signal is irregularly
shaped (i.e., its cross-section in the plane of the diffusion gradients is not circular). This
would point to the extracellular space as the origin of the DDE signal. It should be noted
that the rotationally invariant indices proposed for assessing pore shape [152, 115] are
not particularly useful in the given situation. This is because it is beyond question that
the compartments (probably both intra- and extracellular space) in white matter are not
spherical. The question addressed by DDE means is rather whether the cross-section of
the compartments (defined by the plane spanned by the diffusion gradients) is circular or
eccentric, in order to determine whether the DDE size estimate rather refers to the intra-
or extraxonal space. However, the approach used here is based on the idea to average
out the influence of macroscopic anisotropy, which is also used in different microscopic
anisotropy indices suggested [152, 115].

This simple reasoning must be changed if pores of different shapes are present. This
would be the situation in a white matter voxel containing loosely packed axons and the
plane of the diffusion gradients is not perpendicular to the axonal fibers, as depicted in
Fig. 4.2 D and E. In summary, in a voxel containing two kind of pore shapes (eccentric
and non-eccentric), the difference between parallel and perpendicular gradient orienta-
tions after the geometric mean of the DDE signal with all diffusion gradients rotated by
π/2 (in the laboratory frame) will persist in two cases: a significant contribution to the
DDE signal arising from a non-eccentric pore or due to randomly oriented compartments.
In the following, we use a “(g)” superscript to denote the geometric mean, as in

Ē
(g)
‖ =

√
Ē‖Ē

′
‖ and Ē

(g)
⊥ =

√
Ē⊥Ē ′⊥. (4.5)
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4.3 Methods

4.3.1 Double diffusion encoding implementation

DDE measurements were performed using a diffusion-weighted double-spin echo mag-
netization preparation (see Fig. 4.3) with EPI read-out on a whole-body MRI system
operating at 3 T magnetic field strength (Ingenia 3.0 T, Philips Healthcare, Best, The
Netherlands), using an 8-channel head coil array. SPIR fat suppression [59] was em-
ployed. All RF pulses were slice-selective. All crusher gradient pulses had the same
duration and were applied in the slice-selection direction, before and after the refocus-
ing RF pulses. The amplitudes of the crusher pulse pairs differ by a factor of two to
suppress unwanted coherence pathways. In all DDE experiments, the diffusion gradients
were always perpendicular to the slice-select direction (z) to the axial imaging slice, to
avoid cross-terms with the slice-selection gradients. Both the angle, ψ, subtended by the
two diffusion wave vectors, q(1) and q(2), and φ, determining the orientation of G(1) in
the laboratory frame, were varied. φ = 0 was chosen to correspond to G(1)

x = G
(1)
y and

G
(1)
z = 0.

4.3.2 Simulations

Simulations were performed using the software package MISST v0.931 [193, 194, 195]
with Matlab2015b (The MathWorks, Natick, Massachusetts, United States) to study the
effect of the relative volume fractions of extra- and intracellular compartments on the
DDE signal. In MISST, the diffusion-weighted MR signal is simulated using the matrix
formalism introduced by Callaghan [196]. The parameter settings were chosen to match
the settings in the in vivo experiments (δ = 10 ms, ∆ = 62 ms, b = 2 · 812 s mm-2 and
τm = 10.9 ms).

A two-compartment model was used to represent the white matter structure in the CST,
where the total MR signal originates from water inside the axons or in the extracellular
space. The intracellular space was modeled as circular cylinders of diameters 1, 5, and
10 µm which are inclined with respect to the z-axis. The inclination angle, α, of the
cylinders was obtained from the DTI results (mean of angle modulus over bilateral CST
ROI), together with the azimuthal angle, β, of the cylinder axis’ projection onto the x-y
plane, as depicted in Fig. 4.5 B. The intrinsic diffusivity inside the cylinders was set to
the free self-diffusion coefficient [197] of bulk water at 36 ◦C, D0 = 3 · 10-9 m2 s-1.

1The package can be downloaded from https://www.nitrc.org/projects/misst
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Figure 4.3: DDE imaging sequence with EPI readout (schematic) (sl: slice selection, re: readout, ph: phase
encoding). Dotted lines in the RF timeline show the occurrence of echoes. Crusher gradients are shown in
the slice selection timeline, located before and after the refocusing pulses to suppress unwanted coherence
pathways. Crusher gradients have the same duration and their amplitude differ by a factor of two. Diffusion
gradients are applied along with the readout and phase encoding directions. Diffusion gradients drawn with
a solid line correspond to an experiment with ψ = 0 (i.e., q(1) = q(2)). Diffusion gradients drawn with
dashed lines correspond to the ψ = π case. Amplitude and duration of the pulses are not drawn to scale.

Diffusion in the extracellular space was described by an effective diffusion tensor. The
diffusion tensor has six degrees of freedom: one parallel and two perpendicular diffusiv-
ities and three angles (α, β, and ζ) describing the orientation of the tensor.

The parallel diffusivity (dpar – the largest tensor eigenvalue) and perpendicular diffusiv-
ities (dper1 and dper2) were obtained from the DTI data in the bilateral ROI for volunteer
no. 8: dpar = 1.35 · 10-9 m2 s-1, dper1 = 0.57 · 10-9 m2 s-1, and dper2 = 0.34 · 10-9 m2 s-1.
The largest-eigenvalue eigenvector of the tensor was aligned with the symmetry axis of
the cylindrical intracellular compartment, given by the DTI-derived angles α and β. The
simulation requires a third angle, ζ , which describes the rotation of the tensor about its
axis. Here, it was set to 0. Simulations were performed with φ = 0 and φ = π/2 and the
ψ values used in vivo. The results for φ = 0, π/2 were averaged using a geometric mean.
The simulations were run with three intracellular volume fractions, fin = 1, 0.7, 0.5, and
0.3.
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Figure 4.4: T1-weighted turbo field echo (TFE) MR image of the porcine spinal cord sample fixed in
formalin. Left and right images correspond to sagittal and coronal views, respectively.

4.3.3 Spinal cord experiment

A spinal cord sample was obtained from a pig, fixed in formalin and cut into pieces of
4 cm long approximately. The pieces were placed relatively parallel to each other in a
50 ml plastic bottle and submerge in formalin (see Figure 4.4). The DDE experiment was
performed placing the bottle with its symmetry axis parallel to the main magnetic field
(z-axis). The diffusion gradients were applied perpendicular to the main axis of the bottle
in the x-y plane. A total of 32 gradient directions were acquired. φ was set to 0, π/2,
π, and 3π/2, while for each of these φ values, 8 equally spaced ψ values from 0 to 7π/4
were chosen.

One axial slice of 4 mm thickness was acquired with TE = 180 ms, TR = 6.5 s. field-
of-view (FOV) = 72× 122 mm2 b = 2 · 812 s mm−2 with a voxel size of 1.1× 1.1 mm2

and 10 signal repetitions to increase SNR. The DDE analysis was performed in a region
of interest (ROI) defined by applying a threshold to the mean of all diffusion-weighted
images. The threshold was chosen such that the ROI comprised the white matter in each
section of the spinal cord sample. The overall duration of the DDE experiment was
approximately 40 min.

4.3.4 In vivo experiments

DDE experiments were performed on eight healthy volunteers (four female, four male;
mean age = 25.75± 2.31 years, all right-handed) with no known history of neurological
disease. Written informed consent was given prior to the scan. In the DDE experiment,
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sixteen diffusion gradient directions were used as depicted in Fig. 4.5. Diffusion gradients
were applied in the transversal plane (x-y) perpendicular to the subject′s body axis (z)
to avoid cross-terms with the slice-selection gradients. Then, the CST can be easily
identifiable as an area of hyperintense signal.

For data analysis, a ROI consisted of two parts, comprising the left and right corticospinal
tracts in the slices used for diffusion imaging. The ROI was obtained by applying a
threshold to the average of all diffusion-weighted images. Twenty axial slices of 3 mm
thickness were acquired using 3×3 mm2 nominal in-plane resolution. Echo and repetition
times were TE = 180 ms and TR = 6.5 s. Additional experiments were performed with
volunteers 1 (TE = 180 ms, TR = 4.4 s) and 7 (TE = 200 ms, TR = 6.5 s). The
acquisition parameters were gradient duration δ = 10 ms, gradient amplitude ‖G‖ =

G(1) = G(2) = 44 mT m-1, diffusion time ∆ = 62 ms, gradient rise time tr = 900 µs,
mixing time τm = δ + tr for all eight volunteers, corresponding to a total diffusion
weighting of b = 2 · 812 smm-2 (and one image with b = 0) and 15 signal repetitions in
order to increase SNR.

Additional DDE experiments were performed on volunteers no. 7 and 8. For volunteer
7, a longer echo time (TE = 200 ms) was chosen in order to accommodate a longer time
between the weightings: τm = δ + tr + 15 ms. For volunteer 8, two additional DDE
experiments were performed, using a ψ increment of π/4 (and φ = 0, π/2 only).

In addition, anatomical T1-weighted images and DTI were acquired for estimating the
fiber orientation in the tissue. In the DTI acquisition, a diffusion-weighted spin echo
preparation with EPI read-out was employed, using b = 0 and 800 s mm-2 and thirty-two
gradient directions. SPIR fat suppression [59] was also used here. The effective echo
time was TE = 60 ms, TR = 14.6 s, FOV = 224× 224 mm2, voxel size 2.1× 2.1 mm2,
70 slices with a thickness of 2 mm. The acquisition time for the DDE experiment was
approximately 30 minutes. The total measurement did not take longer than 2 hours.

4.3.5 Data analysis

In spinal cord sample, the ROI over the white matter portion was defined using arbitrary
threshold in the diffusion-weighted image created by averaging the DDE images for the
32 different gradient direction. In the in vivo acquisitions, the images were realigned
to the non-diffusion-weighted image in order to correct for subject motion, using the
Diffusion toolbox extension2 for SPM123 in Matlab R2015b (The MathWorks, Natick,

2The package can be downloaded from http://sourceforge.net/projects/spmtools
3The package can be downloaded from https://www.fil.ion.ucl.ac.uk/spm/software/
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Figure 4.5: A) Overview of the diffusion gradient directions in the x-y plane used in the in vivo exper-
iments. Sixteen different combinations of diffusion gradient orientations were used, where for a given
angle φ, q(1) (solid line) is fixed and q(2) (dashed line) is rotated about an angle ψ. B) Schematic of the
DTI-derived angles. α corresponds to the inclination angle of the CST axis with respect to the z-axis, and
β specifies how the projection of the CST axis is oriented in the x-y plane.

Massachusetts). For DTI and DDE, the realignment in the in vivo images was based on
the non-diffusion-weighted images. Any motion between acquiring the b = 0 images was
not taken into consideration. In DTI only, the effect of motion correction on the value of
the diffusion gradient components was accounted for [198].

Regions of interest comprising the left or right CST were defined using an arbitrary
threshold in the diffusion-weighted image created by averaging the DDE images for the
16 different gradient direction settings. In the resulting regions, pixels certainly not be-
longing to the CSTs were manually removed.

As an estimate of the pore size, the scaled parallel–antiparallel attenuation difference,

〈Q〉 =
3

2

Ē(g)(q, 0)− Ē(g)(q, π)

q2
, (4.6)

was calculated. In the limiting case with δ � τD � ∆ and (2πqa)2 � 1, where “a”
is a typical pore size, and τD is the mean time required for diffusion across the pore,
the quantity 〈Q〉 yields the mean-squared radius of gyration if the sample consists of
randomly oriented closed pores [28]. With the assumption that the pores are identical
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upright cylinders with circular base, it can be translated to a diameter estimate,

2rlim = 2

√
〈Q〉2

3
c, (4.7)

with c ≈ 2 (c ≈ 2.5 for spheres). This can be found by using the conditions listed
above for approximating the analytic signal expressions for spheres and cylinders [108].
By using the geometric mean over gradient orientations that are rotated by π/2 with
respect to each other, the dependence of the attenuation on the fiber direction is removed
(if the axons can be represented as cylinders). This can be inferred from the analytical
expressions for the attenuation in infinite cylinders accounting for an inclination towards
the diffusion gradients [108]. When comparing the in vivo results with [29], it should be
noted that the latter employs an arithmetic average.

The difference between parallel and perpendicular gradient orientations after taking the
geometric mean over gradient settings rotated by π/2 is given by Ē(g)

‖ − Ē
(g)
⊥ , where

Ē
(g)
‖ =

√
Ē‖Ē

′
‖ =

[
(E(q, 0) + E(q, π))(E ′(q, 0) + E ′(q, π))

4

] 1
2

(4.8)

and

Ē
(g)
⊥ =

√
Ē⊥Ē ′⊥ =

[
(E(q, π

2
) + E(q, 3π

2
))(E ′(q, π

2
) + E ′(q, 3π

2
))

4

] 1
2

. (4.9)

Ē
(g)
‖ and Ē(g)

⊥ are going to be refereed simply as “parallel” and “perpendicular” orienta-
tions, respectively.

In the statistical analysis, for each volunteer, four hypotheses about the individual voxel
data were statistically tested: (1) H1,1 : Ē(g)(q, 0) > Ē(g)(q, π/2) in a region of interest
of the image comprising the right CST; (2) as in (1) but for the left CST; (3) as in (1)
but for a region of interest comprising the bilateral corticospinal tracts; (4) H1,4 : 〈Q〉
is larger in the right than in the left corticospinal tract ROI. For the tests (1) to (3), a
Wilcoxon signed-rank test was applied while in (4), a Mann Whitney U test was used.
For all statistical tests, the significance level α = 0.05 was chosen.

4.4 Results

4.4.1 Simulations

Simulations using MISST were performed to study the DDE diffusion signal in idealized
compartments to compare them with the experimental MR results. The DTI information
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Figure 4.6: Bar plot showing A) mean inclination angle of the CST with respect to the z-axis (α), and B)
the azimuthal angle of its projection on the x-y plane with respect to the x-axis (β). Dashed line shows the
mean value among all volunteers (24.68± 2.38 ◦ for α and 48.73± 2.48 ◦ for β).

was used to extract the angle of inclination (α) of the CST with respect to the z-axis
and the azimuthal angle (with respect to the x-axis) of its projection on the x-y plane
(β). Those results are shown in Fig. 4.6 for all volunteers. For comparison with in vivo
experiments, the simulations were performed using the DTI data from volunteer no. 8
(α = 25◦ and β = 45◦).

Here, the feasibility of the geometric mean to average out the effect of microscopic ani-
sotropy in tilted cylinders at short mixing time was explored. Figure 4.7 shows the simu-
lated DDE signal with τm = 10.9 ms for cylinders with 5 different diameters. In Fig. 4.7
A), it can be observed that when the cylinders are not tilted (the plane of the diffusion
gradients is perpendicular to the main axis of the cylinders e.g., circular cross-section),
the signal intensity is higher for parallel gradients (ψ = 0) and lower for antiparallel
(ψ = π), as expected. It shows the expected cos(ψ) profile for untilted cylinders, for
which the amplitude depends on the diameter size. However, for tilted cylinders the sig-
nal modulation depends on the initial orientation of G(1) and corresponds to a cos(2ψ)

signal dependency. When G(1) was applied in the x-y plane with φ = 0 equivalent to the
azimuthal angle obtained from the DTI data (β), the signal modulation shows 2 maxima
at ψ = π/2 and ψ = 3/2π and three minima at ψ = 0 and ψ = π, as shown in Fig. 4.7 B.
However, when rotating G(1) 90◦ (φ = π/2) the signal modulation is inverted, as seen in
Fig. 4.7 C. These results agree well with previous publication from Morozov et al. [175].

To study the DDE signal for different intraaxonal volume fractions, the simulated diffu-
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Figure 4.7: Simulated diffusion signal for water-filled cylinders of five different diameters. A) untilted
cylinders, B) tilted cylinders (α = 24.5◦) with φ = 0, and C) tilted cylinders with rotated diffusion
gradients φ = π/2.
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Figure 4.8: Simulated diffusion signal of different volume fractions after taking the geometric mean over
the φ = 0 and φ = π/2 cases. The intracellular space (volume fraction fi) is represented by cylinders of
3 different diameters, and the extracellular space is described by a diffusion tensor (diffusivities obtained
from the DTI analysis performed on volunteer no. 8). A) fi = 1 (no extracellular component), B) fi = 0.7,
C) fi = 0.5, D) fi = 0.3. For low intracellular volume fractions, the simulations show a W-shaped modu-
lation, in particular for small cylinder diameters. This can be taken as a sign of an eccentric compartment
dominating the DDE signal. For cylinders with a diameter larger than 10 µm, the W-shaped modulation
disappears (data not shown).
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sion signals from tilted cylinders (representing the intraaxonal space) and tensor (sim-
ulating extracellular space) were added in order to observe how the signal modulation
behaves with different intra- and extracellular components. The angles α and β were
extracted from the DTI acquisition from volunteer no. 8. Figure 4.8 shows the results for
different volume fractions. In the first plot, corresponding to a situation without extracel-
lular space, it can be seen that after the geometric mean over perpendicular orientations
in the laboratory frame (specified by φ), the signal behaves just as if it came from un-
tilted cylinders, showing a characteristic cos(ψ) profile if the cylinder diameter is large
enough. For higher extracellular volume fractions, a W-shaped profile, cos(2ψ), occurs
for cylinders with diameters below 10 µm (after the geometric mean).

4.4.2 Spinal cord experiment

Figure 4.9 A shows the signal modulation in the ROI comprising the white matter in the
spinal cord sample. The signal modulation for each independent φ resembles the pre-
dicted cosine signal profile [28, 108]. However, not for all φ the minimum occurs at
ψ = π. This is consistent with the presence of fibers that are, to some degree, tilted
towards the plane of the diffusion gradients. After taking the geometric mean over abso-
lute orientations (φ) in the laboratory frame, the signal showed the behavior expected for
an untilted cylindrical compartment with C∞ symmetry. Figure 4.9 B and Fig. 4.10 A
show the parallel–perpendicular signal difference, which was calculated after taking the
geometric mean over four perpendicular orientations in the laboratory frame (φ values).

Color-map of the parallel–perpendicular signal difference over a ROI covering the white
matter of the spinal cord and its histogram are shown in Fig. 4.10 A and Fig. 4.9 B.
The ROI mean of the parallel–perpendicular difference amounts to (0.011 ± 0.003. The
parallel–perpendicular signal difference was calculated after taking geometric mean among
four perpendicular φ. In white matter in the spinal cord sample, the diffusion signals for
the parallel orientations, Ē(g)(q, 0), were not found to be significantly different from the
perpendicular ones, Ē(g)(q, π/2).

Figure 4.10 B and C show the color-maps 〈Q〉 and mean pore diameter estimation in
the porcine spinal cord sample, where the means amount to (2.7 ± 0.9) µm2 and (2.9 ±
0.4) µm, respectively.

4.4.3 In vivo experiments

The angular dependence of the geometric signal mean over the four perpendicular ori-
entations of the gradient vectors in the laboratory system (i.e., over a column in Fig. 4.5
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Figure 4.9: Analysis white matter section of the porcine spinal cord sample. A) Attenuation of the DDE-
weighted signal vs. angle ψ between the diffusion wave-vectors, for different orientations φ in the labo-
ratory frame. “Gmean” denotes the geometric mean overall φ, the bars represent the standard deviation
between different φ values. After taking the geometric mean over φ, the signal modulation is consistent
with the assumption that the signal arises from compartments that are circular cylinders, perpendicular to
the plane spanned by the diffusion gradients. B) Histogram of the values within the ROI. The parallel–
perpendicular attenuation difference (after geometric mean) amounts to a low average over the ROI, sug-
gesting low in-plane eccentricity.
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Figure 4.10: A) Color-coded map of the attenuation difference between parallel and perpendicular orien-
tations (after taking the geometric mean among φ) in the ROI covering the white matter in the porcine
spinal cord. In B) and C) Color coded maps of the mean squared radius of gyration 〈Q〉 and estimated pore
diameters in the ROI. Maps are overlaid on an image of the average of thirty-two gradient directions.
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A) can be seen in Fig. 4.11 A. The signal profile exhibits minima at the perpendicular
directions (ψ = π/2 and ψ = 3π/2), which is consistent with the signal originating in an
eccentric compartment. After separately averaging over parallel and antiparallel and be-
tween the perpendicular orientations, (as in Eq. (4.8) and Eq.(4.9)) the signal intensities
from parallel orientations were significantly larger than those from perpendicular ones,
yielding positive results (Ē(g)(q, 0) − Ē(g)(q, π/2) > 0) in the region-of-interest (ROI)
covering both CSTs in all volunteers. Figure 4.11 B shows a color map of this difference
in the area covering the CST in volunteer no. 8 and Fig. 4.12 shows the mean difference
between parallel and perpendicular gradient orientations for all volunteers. Figure 4.11 C
shows the histogram of parallel–perpendicular differences in the CST ROI for volunteer
no. 8.
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Figure 4.11: In vivo results in a ROI comprising both CST, defined using an arbitrary threshold. Voxels
that did not belong to CST were manually removed. A) Attenuation of the DDE-weighted signal vs. angle
ψ between the diffusion wave vectors, geometrically averaged over signals with all diffusion gradients
rotated by π/2 and arithmetically averaged over the ROI. “Mean” is the arithmetic mean over all volunteers
(*: TE = 200 ms). The geometric mean should have removed any signal modulation due to a simple
inclination with respect to the plane spanned by the diffusion gradients. The minima at ψ = π/2 and ψ =

3π/2 suggest an eccentric shape of the signal-dominating compartment. B) In vivo results for subject no.
8; parallel–perpendicular attenuation difference for the DDE-weighted signal. After taking the geometric
mean over signals with all diffusion gradients rotated by π/2 as in Fig. 4.9 B. In the bilateral CST ROI,
overlaid with the T1-weighted image (coronal, sagittal and axial view). The relatively large differences
found in the CST suggest the protons to reside in a more eccentric compartment, as compared to the spinal
cord sample. C) Histogram of the parallel–perpendicular differences shown in (A) for the ROI covering
the CST

The volunteer-mean of the size estimate 〈Q〉 (shown in Fig. 4.13 A for volunteer no. 8)
derived from the antiparallel–parallel signal difference in vivo was (3.9 ± 0.5) µm2, in
an area covering both CST, in an area covering both CSTs (ROI mean, averaged over all
volunteers). This value agrees well with previously published results[29]. It corresponds
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to a cylinder diameter of 2rlim = (4.6± 0.3) µm.

Figures 4.13 B and 4.15 show a color-coded diameter map for volunteer no. 8 and av-
erage diameter for all volunteers, respectively. These results agrees well with previously
published results [29].

A significant statistical difference in 〈Q〉 left and right CST was expected and was found
for seven volunteers. Only volunteer no. 5 did not show a statistically significant differ-
ence between left and right 〈Q〉 in the CST. Figure 4.14 shows the 〈Q〉 results for all
volunteers.

The two additional experiments with a smaller ψ increment were performed on volunteer
no. 8. They aimed at studying the signal dependence on the angle ψ in left and right
CST in more detail. The results are shown in Fig. 4.16, separately for the two φ values
used, without employing a geometric mean. For the first experiment (Fig. 4.16 A, G(1)

was fixed to the (x = 1, y = 1, z = 0) direction and G(2) was rotated stepwise about the
z-axis. The left CST shows minima for perpendicular gradient orientations (ψ = π/2 and
ψ = 3π/2). As far as the noise level permits, a more complex profile can be observed
in the right CST DDE signal: it is shifted, and the minima exhibit different signal levels.
The opposite behavior was observed in the second experiment (Fig. 4.16 B), where G(1)

was fixed to the (1, -1, 0) direction.

Experiment on volunteer no. 7, where a longer τm was used (τm = 25.9 ms) (TE =

200 ms) did not a show significant difference with the acquisition at short τm.

4.5 Discussion

4.5.1 Simulations

The DDE signal depends on the inter-weighting angle, a cos(2ψ) dependence can indi-
cate the presence of compartments that do not have rotational (C∞) symmetry in the plane
of the diffusion gradients. In a bundle of parallel fibers, the complication arises when the
signal also shows such a dependence if the fibers resemble circular cylinders but are not
perpendicular to the diffusion gradient plane, leading to eccentric cross-sections. The
main approach in this work is to use the geometric mean over perpendicular orientations
of the diffusion gradient pair in the laboratory frame. This is a way to eliminate the ef-
fect of eccentric cross-sections that arise from an inclination of fibers towards the plane
spanned by the diffusion gradients. This is used to investigate how far the extracellular
compartment contributes to DDE-based measurements of pore size. For tilted parallel
cylinders without extracellular space, Fig. 4.8 (case fi = 1) demonstrates that taking the
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Figure 4.13: A) Color-coded map of the 〈Q〉 for volunteer no. 8, superimposed on a T1 weighted image.
Negative values could occur due to noise (if E(q, 0) < E(q, π)). B) Color-coded map of the estimated
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2 (i.e., φ = π/2), respectively.

geometric mean over the φ = 0, φ = π/2 cases effectively suppresses the effect of eccen-
tric cross-sections in the diffusion signal, resulting in a cos(ψ) profile. However, when the
signal from tilted cylinders is mixed with that from an extracellular component (described
by a tensor model in the simulations as shown in Fig. 4.8), the geometric mean does not
completely eliminate the signal minima at perpendicular gradient orientations. This can
be attributed to diffusion along the directions perpendicular to the first tensor eigenvector
(corresponding to the largest eigenvalue), which is aligned with the cylinder axis. Hence,
under the assumption that the intra-axonal compartment in white matter can be modeled
as cylinders with circular base, any observed parallel–perpendicular difference surviving
the geometric mean, as in cos(2ψ), can be attributed to either (1) contributions from ec-
centric extracellular compartments that do not have a common orientation throughout the
voxel or (2) fiber dispersion in the voxel. Generally speaking, in experiments using dif-
fusion gradients in the x-y plane, both cylinders along the z axis but with elliptical base
and inclined cylinders with circular base can induce anisotropy of the apparent diffusion
coefficient in the x-y plane. The distinction between these two cases may be possible by
more specialized diffusion experiments.

4.5.2 Spinal cord experiment

The results showed that after averaging over four φ, separeted by π/2, the signal exhibits
the cosine modulation predicted for spherical pores, e.g. at “short” τm (τm = δ+tr). Since
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the plane of the applied diffusion gradients is approximately perpendicular to the cylin-
drical fibers, the cross-section is assumed to be a circle, as illustrated in Fig. 4.2 B, and a
cosine modulation in that plane is expected. The estimated diameter agrees well with his-
tological results provided by Komlosh et al. [188] for porcine spinal cord. Nonetheless,
care needs to be taken since histological studies in porcine spinal cord showed that axon
diameter [188, 88] and axon density and myelin membrane thickness [199] vary between
different white matter tracts. The current experiment did not provide statistical evidence
that the diffusion signal using parallel gradients was different from that using perpendicu-
lar ones. Hence, there is no indication of a compartment with a non-circular cross-section,
such as eccentric extracellular compartments of random orientation. The axon density
can be correlated with the restricted water fraction (intra-axonal water) [87], which was
reported to be 44 % in spinothalamic tract and 55 % in the cuneatus in spinal cord in hu-
mans in vivo [200]. The intracellular water fraction in the CST was also reported to be
slightly higher at the Capsula interna level than at more cranial parts [201]. However,
a common problem with formalin fixation is that it dehydrates the sample [202]. This
means that the axon density may be higher in fixed than in fresh specimens. In a densely
packed fiber tract, the extracellular space is likely to have a circular horn triangle cross-
section (see Fig. 4.2B). Such a shape is not expected to induce parallel–perpendicular
differences in the DDE signal.

4.5.3 In vivo experiments

The in vivo results shown in Fig. 4.11 A exhibit minima at perpendicular gradient orien-
tations, in accordance with expectation. In contrast to the spinal cord sample, the geo-
metrically averaged in vivo results did show a statistically significant difference between
parallel and perpendicular diffusion gradient orientations in all volunteers. Hence, the ge-
ometric mean does not successfully suppress the signal difference between parallel and
perpendicular diffusion gradient orientations in the human CST in vivo. This suggests
the contribution of an unaligned compartment without rotational symmetry, or the pres-
ence of different fiber directions per voxel. The more pronounced signal dependence on
the intergradient angle without averaging over absolute orientations specified by φ (Fig.
4.16) is consistent with a cylindrical compartment that is tilted away from the z axis. A
signal difference between the two minima was observed. Such curve asymmetries were
observed in previously published DDE data [121]. They may arise from cross-terms with
residual background gradients. Note that, in the other experiments, such cross-terms
would also be suppressed by taking the geometric mean over all four φ values [166],
rendering the graphs in Fig. 4.11 symmetric.
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While the order could have an influence due to eddy currents, it is irrelevant otherwise.
An angle β ≈ 45◦ was determined from the DTI data in this volunteer. Hence, the projec-
tion of the right CST onto the x-y plane is almost parallel to the (1,1,0) direction, along
G(1) at φ = 0. This is consistent with the stronger signal attenuation in the right CST in
Fig. 4.16 as compared with the left CST. The brain’s left-right symmetry causes the left
CST projection to have β ≈ −45◦, coinciding with the φ = π/2 line. Reflecting the gra-
dient pair about the (1,1,0) line leads to an interchange of the relative angles subtended
by the gradient pair and the left and right CST. This explains the observed symmetry be-
tween the curves in Fig. 4.16. The minima in the right CST graph for φ = 0 may be due
to between-voxel differences of the fiber projection onto the x-y plane.

Some degree of fiber dispersion can be found in different white matter tracts [203, 204,
205]. Indeed, the region investigated here is part of the Corona radiata, where the as-
cending CST fibers diverge. However, within the Capsula interna, fibers are expected to
be most densely packed. Hence, it appears unlikely that the observed minima at perpen-
dicular orientations purely arise from intravoxel fanning of fibers.

In one volunteer, an additional experiment was performed that aimed at a comparison
between the mixing times τm1 = 10.9 ms and τm2 = 25.9 ms. The difference between
parallel and antiparallel orientations is expected to vanish at long τm for spherical com-
partments (isotropic) [28]. However, no statistically significant difference was found
between the diffusion attenuation obtained for τm,1 and τm,2. The reasons for this re-
sult remain unclear. Possibly, the chosen mixing time τm,2 was not long enough. This
would be consistent with the view that a relatively large compartment dominates the
parallel–antiparallel difference: the parallel–antiparallel difference decays only slowly
with increasing τm if the compartments are large [107, 206].

The calculated size estimates 〈Q〉 observed in the CST were similar to the values found in
a previous study [29], where fitting an analytic signal expression [108] to the experimen-
tal data yielded cylinder diameters of approximately 13 µm. In histological studies of the
human CST, axon diameters between 0.5 µm [207] and 20 µm [208] were found after
fixation, where 84 % of the fibers are smaller than 2 µm [209]. In fixed human spinal
cord white matter, the diameter distribution was reported to peak between 2 and 4 µm
[154]. Given these values, the results presented here are in the correct order of magnitude
but relatively large. A possible reason for the parallel–perpendicular difference surviving
the geometric mean could be that the axonal cross-section is intrinsically eccentric, i.e.
that the axonal compartment resembles a cylinder with elliptic base. In cats, the circu-
larity index (ratio of the shortest and the largest cross-sectional diameter) was demon-
strated to range from 0.8 to 0.9, approximately, and to decrease with increasing diameter
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[210]. Hence, the vast majority of fibers are thin and have an almost circular perpen-
dicular cross-section. However, large-diameter fibers comprise a relatively high volume
and hence make a high relative contribution to results based on diffusion-weighted MR
techniques. Still, the method chosen here is not very sensitive to slight deviations from
the circular shape. Overall, it appears unlikely that the intra-axonal compartment shape
deviates sufficiently from a circular cylinder to induce the observed behavior. It should
be noted that only few axons can be expected to have diameters above the resolution
limit for diffusion-based cylinder diameter estimation using standard clinical MRI sys-
tems. This limit was estimated to lie somewhere between 4 and 8 µm [211]. In addition,
it was pointed out before that DDE-based measurements are biased to larger pore diam-
eters because the amplitude of the ψ modulation increases with the pore size [29]. Here,
the quantity 〈Q〉 was used as an estimate of the pore size. The cylinder diameter itself
could be derived from fitting the data with the analytic expressions describing the DDE
signal [108]. In contrast to using the quantity 2rlim (Eq. 4.7), this would also account for
finite values of δ, ∆, and τm [29]. For the purpose of the present work, however, this was
not required.

Post-mortem studies have described anatomical differences between left and right CST
axonal size [212]. In this work, a statistically significant difference in 〈Q〉 was found be-
tween left and right CST in 7 out of 8 volunteers. This directly translates to a difference
in the estimated diameter. Here, the right CST was found to have larger compartments
than the left one, where the estimated compartment size is in the same order of magnitude
as in Kamiya et al. [201]. Similar left–right differences were reported previously [213].
This asymmetry is essential for the understanding of several brain illnesses as, for exam-
ple, multiple sclerosis or stroke, where the asymmetry between tracts is expected to be
larger than in healthy subjects [214].

4.6 Conclusion

This study aimed to determine whether a pore size estimate in the CST based on dou-
ble diffusion encoding measurements may reflect the extracellular space rather than the
intra-axonal compartment. To this aim, it was exploited that the twice diffusion-weighted
signal used for size assessment also depends on the compartment shape. This dependence
leads to a signal difference between parallel and perpendicular diffusion gradient orien-
tation. However, such a difference also occurs for cylinders with a perfectly circular base
if the cylinder axis is not perpendicular to the plane spanned by the diffusion gradients.
A geometric mean was employed to average out the effect of such an inclination, taken
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over measurements differing by a 90◦ rotation of all diffusion gradients about the axis
perpendicular to the diffusion gradients.

Eight volunteers were investigated in vivo. In all of these, a parallel–perpendicular signal
difference after the geometric mean was observed. The results suggest a not negligible
contribution of the interstitial compartment to the pore size estimate obtained with this
double diffusion-encoding approach. However, the results are also consistent with the
intra-axonal compartment being the predominant signal origin combined with a suffi-
ciently broad orientation distribution of the axonal fibers in the voxels investigated. To
rule out this alternative explanation, further experiments would be required. It should
further be noted that the results presented cannot easily be transferred to experiments
employing different experimental parameters as these possibly are associated with differ-
ent relative signal contributions.

Care needs to be taken in analyzing size estimates calculated from DDE measurements.
Misestimation of fiber dimensions might influence the correct diagnosis of neurological
pathologies. Even though DWI is a relevant clinical tool there is still no consensus on
the origin of the changes in ADC due to e.g. stroke [13, 12]. Determining the origin
of the diffusion-weighted signal is a fundamental step for understanding the biophysical
phenomena underlying pathological processes. The sensitivity of the twice diffusion-
weighted signal to both pore shape and size may turn out helpfull in investigating subtle
pathological and physiological changes in the microscopic structure of brain or other
tissues. Possible applications may be possible in a number of tissues and pathologies,
including pathological changes of the tissue microstructure in the corticospinal tracts.
Such changes appear for instance due, to the death of individual axons in motor neuron
disease [215] or in Wallerian degeneration due to stroke [216].





5
Bias in apparent exchange rate

measurements

5.1 Introduction

In the brain, during molecular exchange, water can pass directly through the cellular
membrane, or via specialized channels called aquaporins [35]. When the aquaporins’
mechanism to control membrane permeability is affected, pathological conditions such
as cancer [39] and brain edema [38, 217] can occur. Therefore, there is a need to develop
methods to study water exchange across cell membranes in a non-invasive manner [40,
32]. Double diffusion encoding (DDE), which comprises two diffusion-weighting pe-
riods separated by a variable mixing time between excitation and acquisition, provides
non-invasive means to investigate molecular exchange between compartments. In the
study of molecular exchange, Callaghan and Furó [110] developed the diffusion exchange
spectroscopy (DEXSY) technique. This technique considers a two-compartment system,
where molecules diffuse during the mixing time. Applying an inverse Laplace trans-
form generates a 2 D diffusion spectrum, where the off-diagonal peaks are a signature of
molecular exchange between compartments [110].

A disadvantage of the DEXSY method is that it requires an MR system with strong
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gradient systems and long acquisition times. Therefore, Åslund et al. [40], developed
filter exchange spectroscopy FEXSI based on DEXSY. In contrast with DEXSY, FEXSY
replaces the variable gradient strength in the first diffusion-weighted block (also called
“filter block”) with a fixed gradient, significantly reducing the acquisition time of the
experiments. By doing this, the ADC of the different compartments do not depend on the
time scale for exchange of the experiments. This results in a simpler mathematical data
analysis. Additionally, the FEXSY protocol is optimized to allow a model-free analysis,
being the basis for the imaging version implemented by Lasič et al. [32].

Filter exchange imaging (FEXI) [32] is the imaging version of FEXSY, which intro-
duces the concept of Apparent eXchange Rate (AXR) as a model-free method to estimate
molecular exchange between compartments. For measuring AXR [32], a stimulated echo
version of DDE (DDE-STE) (see Fig. 5.1) is used, and the time between the two inner-
most diffusion gradient pulses, τm, is varied (increased), while all the other parameters
remain constant. For the FEXI method, to estimate an AXR, the theory considers a sys-
tem in which water molecules can be separated into two components: one with “slow”
(s) moving spins, and a second one, with “fast” (f ) moving spins, as shown in Fig. 5.2.
In the sequence shown in Fig. 5.1, the first pair of diffusion gradient pulses acts as a
“diffusion filter”, attenuating the signal from the “fast” diffusing spins. The second diffu-
sion gradient pulse pair is used to calculate a τm-dependent apparent diffusion coefficient,
ADC ′(τm), from [32]

S(b, τm) = Sf(τm) exp[−ADC ′(τm) b], (5.1)

where Sf(τm) is the signal from an experiment with G2 = 0, b = (γδG)2td and td =

∆− δ/3.

Then, the ADC ′(τm) is given by [32]

ADC ′(τm) = ADC [1− σ exp(−AXRτm)]. (5.2)

where ADC (also called “equilibrium ADC”) is obtained from an experiment with no
active diffusion filter (G1 = 0), as in a single diffusion experiment, such as

S(b) = S0 exp(−ADC b), (5.3)

where S0 is non-diffusion weighted. The equilibrium ADC is reached once the τm is long
enough so that the effect of the filter block is negligible. The efficiency of the diffusion
filter, σ, is a quantification of ADC ′(τm) reduction after the application of the first dif-
fusion weighting (with values from 0 to 1). The value of σ is related to the difference
between intra- and extracellular apparent diffusivities, and to the effect of the diffusion
filter on the fractional water population [32, 42].
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Figure 5.1: DDE-STE pulse sequence. The filter block is followed by the detection block, separated by
time TM . Diffusion gradients are shown in the “Dg” timeline, where δf and δ are the gradient durations
for G(1) and G(2), respectively. The diffusion time during the filter block and measurement block are ∆f

and ∆, respectively. Diffusion gradients drawn with a solid line correspond to an experiment with ψ = 0,
while diffusion gradients drawn with dashed lines correspond to ψ = π.

Promising results have been published in the estimation of molecular exchange in terms
of AXR in yeast [32], cancer cells [41], and in humans in vivo [42, 43, 44, 45].

However, DDE is also sensitive to other microstructural characteristics of a sample [27,
117]. These features include estimation of size [117] and shape of compartments (e.g.,
cells) [112, 152], and perfusion fraction [187]. Further to the sensitivity of DDE to molec-
ular exchange, all those effects are entangled together. One simple way to isolate those
effects is to vary the mixing time. For τm = 0, the theoretical work performed by Mi-
tra [28] predicts when varying the angle between the diffusion gradients (ψ), and under
idealized conditions (i.e. δ → 0 and ∆ → ∞), a cosine angular dependence of the
diffusion-weighted signal, S(q, ψ), is expected. The signal amplitude will be propor-
tional to the size of the compartment when τm = 0 for small values of q = γδG (γ:
gyromagnetic ratio, δ: gradient duration and G: gradient strength). The signal ampli-
tude increases with the pore size and is independent of the pore shape. Experiments have
shown that it is possible to estimate sizes in various samples: chive [218], water-filled
microcapillaries [130, 127, 142], emulsions, quartz sand, yeast [136] and isolated grey
matter from pigs [120] using an MR spectrometer; and in the space between plastic beads,
radish, porcine spinal cord [107] and in vivo human brain [29] using clinical MR systems.

The situation changes when the mixing time is long. At τm →∞, the angular dependence
of the diffusion signal vanishes for spherical pores [28]. However, for non-spherical



80

 

non-filtered
equilibrium 

fast slow

filtered

fast slow

molecular 
exchange

exchange

fast slow

Filter
 

0

E
qu

il
ib

ri
um

A B C

D

Figure 5.2: The FEXI principle for exchange estimation is described as it follow. A) A voxel contains
two compartments, with fast and slow diffusing MR-visible spins (black dots), separated by a permeable
membrane. B) The application of the first diffusion-weighting cancels the MR signal that arises from the
fast diffusing spins. C) The molecular exchange occurs during τm, which allows particles to move between
compartments. D) The apparent exchange rate (AXR) can be estimated by calculating a time-dependent
ADC ′(τm).

pores, a different angular dependence yields a cos(2ψ) signal modulation [28, 113]. This
is due to the DDE’s sensitivity to compartmental shape.
To relate AXR to tissue characteristics, it is generally assumed that the slow diffusion
component corresponds to a restricted compartment with membrane permeability, e.g.,
intra-cellular (or intra-axonal) space. Meanwhile, the compartment with fast diffusing
spins can be related to the extracellular space.
The problem arises due to the fact that AXR measurements occur in a large range of τm

values. According to Mitra [28], at short τm the restriction effect is present independently
of the compartment shape. While at long τm, the signal will contain the effects of com-
partment anisotropy. These two effects are present in measurements with increasing τm,
affecting the AXR results.

This work aims to quantify the restriction and size effects’ contribution to the AXR re-
sults. Concluding that it is possible to calculate an AXR in systems where no molecular
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exchange is present. For this, computer simulations using impermeable compartment
models were performed , as well as MR experiments using a water-in-oil emulsion phan-
tom1 [U4], where no molecular exchange is present.

5.2 Material and methods

5.2.1 Simulations

Simulations were performed using the Microstructure Imaging Sequence Simulation Tool-
box (MISST) v0.93 [193, 194, 195] 2 with Matlab2015b (The MathWorks, Natick, Mas-
sachusetts, United States of America). MISST uses a 3 D extension of the matrix formal-
ism (or multiple propagator) introduced by Callaghan [196]. Additionally, MISST has
several isotropic and anisotropic compartment models available, which attempt to repre-
sent different cellular structures by assuming non-permeable membranes [193, 194, 195,
219]. In the simulations performed here, two diffusion-weighted periods, separated by a
varying mixing time (τm), were applied successively. The diffusion gradients are rotated
in the x-y plane.

The sequence simulation parameters were chosen to be achievable in a clinical MR sys-
tem. The parameters of the filter block were: gradient duration δf = 11 ms, effective
diffusion time td,f = 21 ms, and bf = 1300 · 106 s m-2. The parameters for the measure-
ment block were: δ = 9 ms, td = 22 ms, and bm = 900 · 106 s m-2, as in Lasič et al. [32].
Eighty three equally-spaced τm values between 11 and 421 ms were used to separate the
diffusion periods.

This work studies the effects of size in ADC ′(τm) and AXR by simulationing spherical
compartments. The spherical compartment is intended to simulate the signal arising from
glial cells in the brain or any spherical compartment.

Previously published AXR results were performed in yeast cells [32]. The size of yeast
cells varies depending on species and environment. The diameter of yeast cells is usually
between 3 and 4 µm. However, some species can reach diameters of 40 µm. In previ-
ous publications, baker’s yeast was used [32], which appears as a spherical compartment
under the microscope, with a diameter in the range of 5-10 µm [220]. Therefore, here,
spherical compartments of diameters (d) 1, 5, 10, 15, 20 and 25 µm, with intrinsic diffu-
sivity (D) of 2 · 10-9 m2s-1 were used in simulations.

Additionally, a simulation of the diffusion signal in a rat’s white matter model was per-

1Bachelor internship Anastasia Benedik and Rabea Landmesser, 2016
2The package can be downloaded from https://www.nitrc.org/projects/misst
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Table 5.1: Simulation parameters for rat’s brain white matter (three-compartment model)

Compartment Volume
fraction

Parameter description Value

Sphere 0.382 Ds: diffusivity inside the sphere 802 · 10-12 m2s-1

Rs: sphere radius 2.94 µm
Cylinder 0.516 Dc: diffusivity inside the cylinder 802 · 10-12 m2s-1

Rc: cylinder radius 8 µm
α: angle from z-axis 1.57 rad
β: angle from x-axis 1.57 rad

Tensor 0.101 Dpar: parallel diffusivity 802 · 10-12 m2s-1

Dper1: perpendicular diffusivity (1) 321 · 10-12 m2s-1

Dper2: perpendicular diffusivity (2) 169 · 10-12 m2s-1

α: angle from z-axis 1.57 rad
β: azimuthal angle from x-axis 1.57 rad
ζ: rotation angle of the tensor 2.318 rad

formed in order to investigate the diffusion signal andADC ′(τm) behavior in an anisotropic
(tissue-like) environment. This was obtained combining three compartments in different
volume fractions, as suggested by Panagiotaki et al. (Table 5 - TensorCylinderSphere
A) [219]. These three compartments were: cylinder, diffusion tensor and sphere, which
represented the intra-axonal space, the extracellular space and glial cells, respectively.
The total diffusion signal for a three-compartment model arises from the sum of the vol-
ume fractions, fi, where i is the number of compartments, restricted with 0 ≤ fi ≤ 1. The
simulation parameters of the diffusion signal in white matter are shown in Table 5.1. In
the tensor model, the parallel diffusivity, dpar, corresponds to the largest tensor eigenvalue
and the perpendicular diffusivities (dper1 and dper2) correspond the middle and smallest
tensor eigenvalues, respectively. TheADC ′(τm) in these simulations was calculated using
Eq. 5.1. The parameters AXR and σ were then fitted to the calculated ADC ′(τm) using
Eq. 5.2. The “equilibrium ADC”, or simply ADC, is reached when the simulated signal
hits the plateau.

5.2.2 MR experiments

For MR experiments, a water-in-oil emulsion was used as a phantom where no molecular
exchange between compartments is expected [U4]. Figures 5.3 A and B show a T1-
weighted image of the phantom. In Fig. 5.3 C, the region-of-interest ROI for analysis is
overlaid on a non-diffusion weighted image acquired using the DDE-STE pulse sequence
shown in Fig. 5.1. The ROI was selected in an area without visible artifacts. The water-in-
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oil emulsion has a mean droplet diameter of approximately 15 µm (determined using an
optical microscope). It was prepared using 79% water and 20% safflower oil, emulsifiers
DMG-0295 (0.6%) and PGPR-4175 (0.4%) (Palsgaard, Juelsminde, Denmark) [U4].

11 cm

6 cm

A B C

Figure 5.3: MR images of the water-in-oil emulsion. A) and B) show sagittal and coronal views in T1-
weighted TFE images. In B), it is possible to see a chemical shift artifact due to the presence of oil in the
emulsion. In C) an non-diffusion weighted image (S0) is seen, which was obtained using the DDE-STE
pulse sequence shown in Fig. 5.1. The circle inside marks the ROI used for analysis.

DDE-measurements were performed in a clinical whole-body system operating at 3 T
(Ingenia, Philips, Amsterdam), using an in-house implemented DDE-STE sequence with
EPI read-out, as shown in Fig. 5.1. An 8-channel head coil was used. All the RF pulses
were slice-selective. The crusher gradient pairs were applied perpendicular to the dif-
fusion gradient pulses, differing from the previous pair by a factor of two in amplitude.
Spectral Presaturation with Inversion Recovery (SPIR) [59] was used for fat suppression.

In order to investigate the effect of different b-values in the ADC ′(τm) and AXR estima-
tions, two experimental protocols were performed in one slice with a field-of-view of
196 × 196 × 5 mm3 and a voxel size of 3 × 3 × 5 mm3. The experimental parameters
are shown in Table 5.2. The delay between the innermost diffusion gradient pulses is
modified by changing the parameter TM (time between the two inner 90◦ RF pulses).
For each TM , one non-diffusion weighted (S0) image and nine diffusion-weighted im-
ages were acquired. The diffusion gradients pulses were applied along x−, y- and z-axes
in the following scheme: one with G(1) = Gf and G(2) = 0, one with G(1) = Gf and
G(2) = Gm(1) and one with G(1) = Gf and G(2) = Gm(2). The x−, y- and z-axes corre-
spond to read-out, phase-encoding and slice-selection directions, respectively. Gm (G(2))
are the gradient pulses in the second diffusion period (or measurement block). The am-
plitude of G(1) and G(2) are selected to reach the b-values shown in Table 5.2. The voxels
inside the ROI are arithmetically averaged, which results in a single signal value per (τm)

measurement. The ADC ′(τm) was calculated from Eq. (5.1), where S(b, τm) was the re-
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Table 5.2: Experimental parameters used for MR experiments.

Parameter Protocol 1 Protocol 2
TE1, TE2, TR 60, 85, 2500 ms 65, 90, 2500 ms
δf = δ 16 ms 19.8 ms
∆f = ∆ 30 ms 33 ms
τm TM + 41.5 ms TM + 44 ms
TM 10, 20, 30, 40, 50, 60, 80, 100, 150,

200, 250, 300, 350 and 400 ms
10, 20, 30, 40, 50, 60, 80, 100, 150,
200, 250, 300, 350 and 400 ms

bf 915 · 10-6 s m-2 1500 · 10-6 s m-2

bm(1) 618 · 10-6 s m-2 907 · 10-6 s m-2

bm(2) 915 · 10-6 s m-2 1500 · 10-6 s m-2

sulting signal value obtained from the average inside the ROI. Equation (5.2) was fitted
to estimate AXR, ADC and σ using a non-linear least squares method.

5.3 Results

5.3.1 Simulations

5.3.1.1 Sphere model

Figure 5.4 shows the signal dependence on ψ for spherical pores of diameter (d) 10, 15,
20 and 25 µm. As expected in the simulations, an increase in the signal amplitude with
an increasing pore diameter was observed. This effect has already been reported by Koch
and Finsterbusch [126]. With increasing τm the signal modulation decreases for spherical
pores, as expected.

The plots shown in Fig. 5.5 display another perspective of the plots shown in Fig. 5.4.
Figure 5.5 shows the diffusion signal behavior when the angle between the diffusion
gradients is parallel (ψ = 0), perpendicular (ψ = π/2) and antiparallel (ψ = π). The
“equilibrium ADC” is reached when the simulated signal hits the plateau. Figure 5.5 A
shows the expected signal decay for spherical pores if ψ = 0 and τm is increased. The
signal decay was more noticeable for spherical compartments with diameters larger or
equal to 15 µm than for smaller compartments. Figure 5.5 B) shows that in the case
of spherical compartments, the diffusion signal for ψ = π/2 was not dependent on τm.
Figure 5.5 C shows an increase in the simulated diffusion signal in the case of ψ = π/2.
This increase was observed to be larger for spheres of diameter d≥ 15 µm.

The simulated ADC ′(τm) for impermeable spheres of different diameters for ψ = 0 is
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Figure 5.4: Simulated diffusion signal for spherical compartments of different diameters with increasing
τm. A) d = 10 µm, B) d = 15 µm, C) d = 20 µm and D) d = 25 µm. The modulation’s amplitude
decreased with increasing τm.
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Figure 5.5: Simulated diffusion signal for a spherical model when τm is increased and the angle between
the diffusion gradients is A) ψ = 0 (parallel), B) ψ = π/2 (perpendicular) and C) ψ = π (antiparallel).

shown in Fig. 5.6. Table 5.3 displays a summary of the results. Only the parallel diffusion
gradients are analyzed since this angle was used in previous publications [40, 32]. As
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Figure 5.6: SimulatedADC ′(τm) for spherical compartments. The applied diffusion gradients were parallel
(ψ = 0). The black dashed line marks the minimum τm (41 ms) achievable in a DDE-STE sequence with
the parameters used (accounting for δf and spoiler gradient pulses before, after and within the longitudinal
storage period). The black stars show the experimental results performed in yeast from Lasič et al. [32],
where permeable membranes are expected (for visual comparison). The grey background marking the low
area of the plot highlights the simulated ADC ′(τm) of spheres with diameters between 1 and 10 µm, which
corresponds to expected range sizes for yeast cells [220].

expected, an increase in ADC ′(τm) can be observed when spherical compartment are
studied.

Moreover, several additional observations can be made from Fig. 5.6 and Table 5.3. 1) A
size dependence on the increase in theADC ′(τm) is observed. For large compartments, the
increase on the amplitude is slower than for smaller compartments. 2) It can be observed
that when the sphere diameter is increased, the time required to reach the “equilibrium
ADC” also increases. This time lies between 11 ms and 150 ms for spheres of diameter 1
and 25 µm, respectively. This may imply that the effects of restriction are present in that
τm range. 3) From Table 5.3, the AXR appears to be inversely proportional to the sphere
size. These three effects have not been observed in previous research. As the ADC ′(τm)

is proportional to the natural logarithm of the diffusion signal, for ψ = π/2 the ADC ′(τm)

will be constant and its value will depend on the sphere’s size. For ψ = π, the ADC ′(τm)

will decrease with increasing τm.
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Table 5.3: Simulation results for spherical compartments of different diameters.

Diameter
(d)

τm when equilibrium
ADC is reached

EquilibriumADC AXR Contribution
short τm

Contribution
long τm

1 µm 11 ms 2.6 · 10-14 m2 s-1 0 0.008% 0.005%
5 µm 16 ms 8.3 · 10-12 m2 s-1 479.6 s-1 2.5% 1.5%
10 µm 32 ms 1.0 · 10-10 m2 s-1 284.6 s-1 3.0% 18%
15 µm 56 ms 3.3 · 10-10 m2 s-1 153.8 s-1 100% 59%
20 µm 102 ms 6.1 · 10-10 m2 s-1 85.96 s-1 100% 100%
25 µm 150 ms 8.6 · 10-10 m2 s-1 54.47 s-1 100% 100%

5.3.1.2 Three-compartment model

Figure 5.7 shows the simulations performed on the three-compartment model. Fig-
ure 5.7 A shows the combined simulated signal of the tensor, cylinder and spherical
model. A W-shaped signal dependence is observed. This is consistent with the findings
described in Chapter 4, where the plane spanned by the diffusion gradients is not perpen-
dicular to the cylinder’s (and tensor’s) main axis. Therefore, the cross-section consists
of eccentric-shaped pores. As expected, the perpendicular diffusion gradients (ψ = π/2
and ψ = 3π/2) did not show dependency on τm. However, for parallel and antiparallel
gradient orientations the simulated diffusion signal is dependent on τm, where the signal
decreases for parallel wave-vectors and increases for antiparallel ones. The calculated
ADC ′(τm) is shown in Fig. 5.7 B. An increase in ADC ′(τm) is observed with increasing
τm. The equilibrium ADC is reached at τm ≈ 201 ms. This could mean that effect of
restriction in this model is present for τm < 201 ms. The estimated AXR was 0.042 s-1.

5.3.2 MR experiments

Figure 5.8 A and C, and Fig. 5.9 A and C, show the ADC ′(τm) calculated from Eq. (5.1),
which was obtained by applying two diffusion encoding along the x- (read-out), y-
(phase-encoding) and z-axes (slice-selection), from protocol 1 and protocol 2, respec-
tively. An increase in ADC ′(τm) can be observed for all measurements. This behavior
is expected for spherical compartments if ψ = 0, and agrees with the simulation results
from Sec. 5.3.1. Surprisingly, a difference among diffusion encoding directions was ob-
served. In these experiments, when the diffusion gradients were applied along the x-axes,
the ADC was between 10 to 20% larger than along the y- and z-axes.

Figure 5.8 B and D, and Fig. 5.9 B and D show the arithmetic mean of ADC ′(τm) over
the x-, y- and z-axes for each protocol used (circles in the plot), for protocol 1 and



88

0 /2 3 /2 2
0.6

0.65

0.7

0.75

S
im

u
la

te
d 

di
ffu

si
on

 s
ig

na
l

A

m
 = 11 ms

m
 = 21 ms

m
 = 36 ms

m
 = 51 ms

m
 = 131 ms

0 0.1 0.2 0.3 0.4

m
 / s

2

4

6

8

10

12

A
D

C
(

m
) 

/ m
2  s

-1

10-11
B

Figure 5.7: Simulated diffusion signal for the three-compartment model. A) Combination of the three
signals in the different fractions. B) Simulated ADC ′(τm) for three-compartment model for parallel wave-
vectors (ψ = 0). The black dashed line marks the minimum τm = 41 ms achievable in a DDE-STE
sequence for the used parameters (accounting for δf and spoiler gradient pulses before, after and within the
longitudinal storage period). The estimated AXR = 0.042 s-1 was calculated from fitting Eq. (5.2) to the
calculated ADC ′(τm) from Eq. (5.1).

protocol 2, respectively. The solid line was calculated by fitting Eq. (5.2) to the averaged
ADC ′(τm). After calculating the arithmetic mean over perpendicular diffusion encoding,
an increase in ADC ′(τm) is observed in all protocols if τm is increased. It can be seen
that the values of ADC ′(τm) depend on the selected protocol, showing a decrease in value
when increasing the diffusion weighting. This could indicate that the AXR is dependent
on the MR acquisition parameters.

Table 5.4 shows the estimated values forADC, σ andAXR, which were obtained from fit-
ting Eq. (5.2) to the ADC ′(τm) calculated from Eq. (5.1) (using a nonlinear least squares
method). The estimated values of ADC depended on the protocol used. The filter ef-
ficiency, σ, which is controlled by the diffusion-weighting of the first diffusion block,
had an approximate value 0.2, and the estimated AXR was between 10 s-1 and 16 s-1,
depending on the protocol used.

Table 5.4: Summary of results obtained from fitting Eq. (5.2) to the ADC ′(τm) calculated from the experi-
mental data.

Protocol ADC ′(τm) σ AXR

Protocol 1 - bm(1) 2.46 · 10-10 m2 s-1 0.19 12.3 s-1

Protocol 1 - bm(2) 2.15 · 10-10 m2 s-1 0.23 15.7 s-1

Protocol 2 - bm(1) 1.33 · 10-10 m2 s-1 0.19 10.1 s-1

Protocol 2 - bm(2) 1.10 · 10-10 m2 s-1 0.21 11.3 s-1
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Figure 5.8: Observed ADC ′(τm) resulting from fitting Eq. (5.1) to the experimental data obtained using
Protocol 1 with bf = 915 · 106 s m-2, and A) bm(1) = 618 · 106 s m−2, and C) bm(2) = 915 · 106 s m−2

in the water-in-oil emulsion. For all measurements, ψ = 0. In Figures A and C, crosses, squares and
stars represent the ADC ′(τm) when the diffusion gradients were applied along x- (read-out), y- (phase-
encoding)- and z-axes (slice-selection), respectively. A considerable difference can be observed between
the resulting data from the x-axis in comparison to the data from the y- and z-axes. In figures B) and
D), circles mark the ADC ′(τm) obtained after the arithmetic mean of the individually calculated ADC ′(τm)

along the x-, y- and z-axes from A and C, respectively. After the average, an increase in ADC ′(τm) is
observed when increasing τm. The solid line in figures B and D shows the fit to Eq. (5.2) to the calculated
ADC ′(τm). ADC, σ and AXR were fitted to the experimental data (see Table 5.4). The dashed lines mark
the confidence interval of the fitted coefficients with a certainty of 95%.

5.4 Discussion

5.4.1 Simulations

5.4.1.1 Sphere model

The objective of the simulations performed here is to study the effect of the angle between
diffusion gradients on the diffusion signal and its τm dependence. Afterwards, the signal
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Figure 5.9: Observed ADC ′(τm) resulting from fitting Eq. (5.1) to the experimental data obtained from
Protocol 2 with bf = 1500 · 106 s m-2, and A) bm(1) = 900 · 106 s m−2, and C) bm(2) = 1500 · 106 s m−2

in the water-in-oil emulsion. For all measurements, ψ = 0. A considerable difference can be observed
between the resulting data from the x-axis in comparison to the data from the y- and z-axes. In figures
B) and D), circles mark the ADC ′(τm) obtained after the arithmetic mean of the individually calculated
ADC ′(τm) along the x-, y- and z-axes from A and C, respectively. After the average, an increase in
ADC ′(τm) is observed when increasing τm. The solid line in figures B and D shows the fit to Eq. (5.2)
to the calculated ADC ′(τm). ADC, σ and AXR were fitted to the experimental data (see Table 5.4). The
dashed lines mark the confidence interval of the fitted coefficients with a certainty of 95%.

effects in the ADC ′(τm) when increasing τm are also investigated. Numerical simulations
using non-permeable spherical compartments were performed. In Fig. 5.4, a signal mod-
ulation for spheres of different sizes is observed . The amplitude of the signal modulation
depends on the size of the sphere, and scales up with increasing diameter, as expected
from previous computer simulations [126] and experiments [107, 136].

The plots shown in Fig. 5.5 offer another perspective of the signal’s behavior for spherical
compartments. The diffusion signal is shown for parallel, perpendicular and antiparallel
diffusion gradients (ψ = 0, ψ = π/2 and ψ = π, respectively) when τm is increased.
In these plots (Fig. 5.5) it can be seen that for ψ = 0 there is a decrease of the diffusion
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signal if τm is increased. In contrast, if the diffusion gradients are antiparallel (ψ = π), the
signal increases with increasing τm. For ψ = π/2, no τm dependency is observed. These
results show the importance of the angle between the wave-vectors when analyzing DDE
results. Depending on the angle between the diffusion gradients, the diffusion signal will
display a different behavior if τm is varied, thus affecting the calculated ADC ′(τm) and,
consecuently, the estimated AXR.

In FEXI experiments, an increase in ADC ′(τm) is expected when τm is increased. This
effect is attributed to molecular exchange between compartments [40, 32]. Based on the
observation of the sequence diagrams shown in the publications, it was concluded that
ψ = 0 was used. However, it is not clearly stated in those investigations, which was the
angle between the diffusion gradients.

An increase in ADC ′(τm) means that the diffusion signal shows an exponential decay
with increasing τm (if ψ = 0). In the simulations performed using impermeable spheres,
it is observed that an exponential decay of the diffusion signal is also present for ψ = 0
(Fig. 5.5 A)). It is only due to the restriction present in the sample that this effect arises,
and it is not related to molecular exchange.

TheADC ′(τm) dependence for simulated spheres on τm is shown in Fig. 5.6. The observed
increase inADC ′(τm) is only due to restriction present in the sample, and not to membrane
permeability. Moreover, in Table 5.3, it is observed that the estimated AXR may depend
on the size of the compartment, which decreases with increasing size. This effect has not
been reported before. The stars in Fig 5.6, which work as visual reference, correspond
to the ADC ′(τm) values published in Lasič et al. [32]. It can be clearly observed that the
experimental data published by Lasič et al. [32] is well above the highlighted area, in grey.
The plot’s highlighted area in Fig. 5.6 marks the ADC ′(τm) for spherical compartments
with diameter between 1 and 10 µm, which is typical for yeast cells [220].

However, and due to several reasons, direct analysis and comparison between the pub-
lished experimental data [32] and the simulations presented here was not possible. First,
the simulation parameters are restricted to a single spherical compartment, with a known
size and diffusivity inside the sphere. The yeast suspension MR measurements have many
additional variables. Second, a yeast suspension in water could be considered as a two-
compartment system with molecular exchange. The diffusion coefficients from intra- and
extracellular space are expected to be different, and probably not the equivalent to free-
diffusion at certain temperature. Therefore, the effect of temperature in the ADC ′(τm)

may need to be considered. Third, the extracellular space may also contribute to the in-
crease in ADC ′(τm). This is an observation from Chapter 4. If the DDE-size estimates
are above the expected axonal diameter, this may be due to a signal contribution from
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the extra-axonal space. In FEXI experiments, a contribution from the extracellular space
may be interpreted as a larger compartment, showing a more pronounced signal decay.
Therefore, a misinterpretation of the ADC ′(τm) may occur. And fourth, the size of yeast
cells in the experiments was not published.

In the study of AXR in cancer characterization for different cell lines, MCF-7 carcinoma
cells with a diameter between 10 and 15 µm yielded an AXR of 5 s-1 [43]. Blood cells
also have diameters of about 10 µm. Compared with our simulations, AXR estimations
for spherical compartments in that range is 110.6 s-1, only due to the effects of restriction.
This means that the contribution of the restriction effect in AXR calculations in large size
compartments may be significant and would need to be corrected or compensated.

5.4.1.2 Three-compartment model

Additionally, the three-compartment model that simulates a rat’s brain white matter pub-
lished by Panagiotaki et.al [219] was investigated using MISST. This simulated tissue
model may be a more appropriate manner than a single sphere. The three-compartment
model (TensorCylinderSphere) consists in a sphere and a cylinder, representing the intra-
cellular space, which represent the intracellular space, and a tensor representing the ex-
tracellular space, without molecular exchange between compartments. The diffusion sig-
nals that arise from these compartments are then summed up in different volume fractions
(Fig, 5.7). The W-shape arises from the eccentric pores in the cross-section of the tissue
compartments and the plane spanned by diffusion gradients. An increase in ADC ′(τm)

was observed in Fig. 5.7. This increase reflects the presence of compartments, and it is
not related to molecular exchange. Therefore, it is possible to calculate AXR from the
signal decay arising exclusively from the restriction effect. The estimated AXR resulted
in a much lower value than the single compartment simulations (AXR = 0.042 s-1).
Hence, the effects of restriction should be considered when studying biological tissue.

AXR values have been reported in human brain in vivo, with values of 1.6 ± 0.11 s-1,
1.0 ± 0.12 s-1 in frontal and parietal white matter, and 0.8 ± 0.08 s-1 in the internal
capsule [42]. There, the contribution of the compartmental restriction is not accounted
for, and it may need to be considered in further research.

5.4.2 MR experiment

In previously published MR filter exchange imaging (FEXI) results using yeast, an in-
crease in ADC ′(τm) is assumed as an indicator of molecular exchange with an AXR

estimate of 1.8 s-1 [32]. The results obtained here showed that, in the case of parallel
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wave-vectors, the diffusion signal decay when increasing τm may be due to microscopic
structural features of the sample, but not to molecular exchange. Here, in MR experi-
ments, it can be observed that in a sample without molecular exchange between compart-
ments, an increment in ADC ′(τm) occurs when the τm increases. Therefore, it is possible
to make an AXR estimation, even in the absence of molecular exchange.

The estimated AXR values in the experiments shown here are well above the previously
published results for yeast [32], fixated monkey brain [46], breast cancer cells [43] and
in human brain in vivo [42, 45]. Therefore, high values of AXR may be an indicative of
low or no membrane permeability in the sample or tissue under study.

The difference between the ADC ′(τm) calculated from the signal decay of the diffusion
weighting along the read-out direction (x-axis), in comparison with y- and z-axes could
be explained due to a long echo train in the EPI read-out as T2* decay occurs during
this period. The T2* decay could also be due to imperfect shimming along the x-axis.
Unfortunately, acquisitions with EPI read-out are very vulnerable to artifacts. Blurring
and distortion are the most dominant artifacts present in single-shot EPI [221]. Even
though the acquired images did not show evident signs of blurring, they show distortion
and Gibbs ringing. The image in Fig. 5.3 C shows a small distortion in the upper area
of the phantom, along the phase-encoding direction (y-axis). This may be due to an air
bubble inside the bottle. Gibbs ringing was observed in the outer area of the phantom.
The ROI selected for the analysis ofADC ′(τm) andAXR estimations did not show evident
signs of artifacts.

The water-droplet size in the water-in-oil emulsion used for these experiments was ap-
proximately 15 µm, according to optical microscopy. A disadvantage of this phantom is
that it has a broad size distribution due to an unoptimized emulsification process.

Unfortunately, previous published FEXI work does not clearly state the angle between
the wave-vectors. From the sequence schematic shown in those publications, it was con-
cluded that parallel wave-vectors were used. Interestingly, in the work by Sønderby
et al. [46], the sequence schematic suggested that they used antiparallel wave-vectors
in accordance with the conventions from Shemesh et al. [70]. The use of antiparallel
wave-vectors will result in a diffusion signal increase. This would show a decrease in
ADC ′(τm).

During this work, it was not possible to reproduce the results of the experiments per-
formed on yeast cell suspensions by Lasič et al. [32] and Sønderby et al. [46], which
could be due to hardware limitations. The MR clinical system used here has gradients
up to 45 mT m-1, while the ones used for the other studies had gradient systems that can
provide up to 80 mT m-1 [32] and 400 mT m-1 [46] (experimental 4.7 T MR system). The
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availability of high gradient strengths translates into shorter δ and ∆ to reach a given
b-value. This reduces the total echo time required for the experiment. The baker’s yeast
cells available for this study, prepared in a mixture of 2/1 (yeast/water weight ratio), had
a T2 of 39.6 ms (multi-echo acquisition) and a T1 (multi-inversion time measurement)
of 292.3 ms. Due to the short T2, short echo times are required. Given that the echo
times used here were 1.6× (i.e., 60%) larger than Lasič et al. [32] and 3.6× larger than in
Sønderby et al. [46], it can be assumed that the main obstacle when reproducing the pub-
lished results in yeast was the limited gradient strength and its influence on the echo time.
The water-in-oil emulsion used here had longer relaxation times than the yeast sample,
which makes possible to acquire DDE measurements using long echo times.

Note that the results in DDE experiments strongly depend on the parameters used, and
their optimization needs to be considered. Lampinen et al. [45] proposed optimal pa-
rameters for filter exchange imaging of the human brain. These parameters are highly
dependent on the sequence implementation and on the available gradient strength. In
the case of the experiments presented here, the maximum available gradient strength was
45 mT m-1 (half of that in other AXR-FEXI studies). This hardware limitation makes it
difficult to reach the suggested protocol values from Lampinen et al. [45]. Other proto-
col optimizations that consider clinical systems with weaker gradient strengths should be
developed.

The FEXI technique has several biases to consider. Eriksson et al. [47] reported that
FEXSY results are influenced by the differences in T2 relaxation between the intra- and
extracellular space, and suggested a combination of techniques (FEXSY and diffusion-
relaxation correlation) to mitigate the problem. Imaging gradients such as crusher gradi-
ents pairs, in conjunction with slice-selective gradient pulses, could also influence FEXI
results [222]. The imaging gradients can introduce additional diffusion-weighting, signif-
icantly harming the original MR sequence design. Therefore, those effects should also be
considered [222, 223]. Sønderby et al. [46] studied for the first time the effects of micro-
scopic anisotropy inAXR results using fixated monkey brain tissue sample. They showed
that the calculated ADC ′(τm) varies depending on the gradient directions, and that this ef-
fect needs to be considered in further research involving AXR estimations. Moreover, it
has been observed that the AXR estimation is anisotropic even in simple compartment
systems (e.g., intra- and extracellular space are eccentric compartments) [224].

In this work, an additional bias in the FEXI experiment is presented. Previously published
results did not consider that an observed τm-dependence of ADC ′(τm) could also be due
to the restriction effect of the pore size in the sample under study. This issue needs to the
considered and addressed in further molecular exchange research involving DDE.
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5.5 Conclusions

In the brain, when the ability of the cells to control their membrane permeability inter-
feres with normal molecular exchange, pathological conditions can occur [39, 38, 217].
Therefore, it is relevant to find new non-invasive techniques for studying membrane per-
meability to improve and promote the development of diagnostic tools in the clinic.

Diffusion-weighted MRI appears as a technique to study tissue microstructure and molec-
ular exchange in vivo. Unfortunately, diffusion-weighted MR sequences are affected by a
lack of specificity. By using DDE, it is possible to disentangle, in some degree, different
effects that are distinguishable in conventional SDE sequences. However, the interpre-
tation of the signal decay in DDE experiments needs to be carefully analyzed, given
that the measured data does not exclusively contain information related to molecular ex-
change but is also tightly coupled with the microstructural characteristics of the sample,
as observed here. Further research on this topic is required. The additional degrees of
freedom of DDE, and the possible application of signal models, may provide additional
tools to increase the sensitivity of this sequence to a specific characteristic [18].

In the simulations performed here, it is possible to see that for ψ = π/2 the diffusion
signal is independent of τm. Therefore, the use of perpendicular wave-vectors may be
more appropriate than the use of parallel wave-vector for FEXI measurements, given
that for ψ = π/2 the signal appeared to be independent of restriction in the absence of
exchange.

The FEXI method and the estimation of AXR have proved useful in the study of water
exchange. Nevertheless, some biases need to be considered. Here, the effect of restriction
and compartment size in the FEXI experiment, and their influence in the AXR estimation
were investigated. From the results, it could be concluded that the effects of restriction,
size and exchange are entangled in the short τm regime. For compartments with diameters
up to 10 µm, the effect of restriction is present when τm < 32 ms. Increasing the starting
τm in FEXI experiments may be a way to partially isolate the molecular exchange from the
restriction and size effects. However, for compartments with diameters larger than 10 µm
(like e.g., blood cells or cancer cells [43]), the effects of restriction and compartment size
need to be considered and corrected for. As a preventive measure, here it is suggested to
start the FEXI experiments with τm > 100 ms. This way, the effects of restriction would
not interfere with the AXR calculations.

Alternatively, an average of results for ψ = 0 and ψ = π could be used, but it would
require longer acquisition times. The use of perpendicular wave-vectors may also be
beneficial. Considering that biological tissues are mainly anisotropic, a good alternative,
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would be the use of a multi-directional FEXI experiment to estimate an averaged AXR.
This measurement was implemented in the MR experiments performed here, and for in-
vivo experiments by Lasič et al. [43] using the average of three orthogonal directions.
It is expected that the simple suggestions presented here would improve the accuracy of
AXR results.



6
Conclusions and future work

6.1 Summary

It has been observed that microscopic changes in the microstructure of the brain, such
as axonal diameter, may be related to e.g., abnormalities in the brain development or
degeneration of white matter. As an example, studies have shown that changes in the
axonal diameter are present in brain disorders such as autism spectrum disorder [225]
and schizophrenia [226].

Double diffusion encoding provides a way to study size and shape of a compartment
(restriction effect and microscopic anisotropy, respectively) [117, 112, 152], perfusion
fraction (intra-voxel incoherent motion) [187] and membrane permeability (molecular
exchange) [40, 32]. All these factors are present in the acquired data. It is difficult
to design a set of gradients (or experiments) that would improve specificity to a single
effect in the diffusion signal. So far, it has been inevitable to obtain results influenced,
in some degree, by another measurable effect using the same technique. This thesis aims
to exploit the sensitivity of DDE to the size and shape of a compartment and molecular
exchange. This work studies how these microstructural characteristics affect the DDE
MR signal.

In Chapter 4, the origin of the DDE signal in human CST is studied. This is because the
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DDE size estimates obtained in the CST are well above the axonal diameter expected in
that brain area [29]. The hypothesis presented here is that the measured signal has a high
contribution from diffusion in the extra-axonal space, which may be the main origin of
the DWI signal in SDE [227].

One way of inferring the origin of the DDE signal in the human CST is by using its
sensitivity to microscopic anisotropy combined with its sensitivity to compartmental re-
striction. In the human CST, the intra-axonal space is expected to be a coherently orga-
nized bundle of fibers. Here, as a simplification, axons can be represented as coherently
organized parallel cylinders that are not tightly packed, creating an eccentric space be-
tween the fibers (considered as extra-axonal space). In this scenario, if the plane spanned
by the diffusion gradients is perpendicular to the cylinder’s main axis, the signal arising
from inside the parallel cylinders will only contribute to the DDE signal with the signa-
ture of restriction at short τm (cos(ψ)). However, the DDE signal arising from the space
between the fibers will exhibit the typical angular dependence of microscopic anisotropy
(cos(2ψ)). In these measurements, the problem arises when the diffusion gradients’ plane
is not perfectly perpendicular to the CST fibers.. This results in a cross-section contain-
ing eccentric compartments that correspond to the intracellular space of tilted cylinders,
and will exhibit the DDE characteristic cos(2φ) modulation arising from its microscopic
anisotropy.

After calculating the geometric mean, as described in Chap. 4, the difference between
parallel and perpendicular wave-vector will be an indicative of the shape of the com-
partment dominating the origin of the DDE signal. A positive parallel-perpendicular
difference can be attributed to either (1) contributions from eccentric extracellular com-
partments that do not have a common orientation throughout the voxel, or (2) fiber disper-
sion within the voxel. However, if there is no significant difference between parallel and
perpendicular wave-vectors, it reflects that the compartment dominating the DDE signal
inside the voxel has low eccentricity.

The results presented here have shown that there is a positive difference between parallel
and perpendicular wave-vectors in the human CST in vivo. This would be consistent with
the notion that the DDE signal might not be dominated by the narrow intracellular axonal
compartment, but rather by a wider (and eccentric) extracellular compartment.

As the structure of the CST suggests that axons are coherently organized in a fiber bundle,
it is passable to conclude that the signal’s origin can be the extracellular space. However,
the effects of fiber dispersion cannot be simply overruled. A certain degree of fiber dis-
persion can be found in different white matter tracts [203, 204, 205]. However, in CST
specially in fibers are expected to be more densely packed, especially within the Capsula
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interna. Although it appears unlikely that the observed minima at perpendicular orien-
tations arise purely from intravoxel fanning of fibers, the possibility cannot be excluded.
The effects of fiber dispersion would need to be considered in future research, involving
the estimation of axonal orientation distribution functions in high spatial resolution data.

This conclusion is congruent with the resolution limit of a clinical scanner reported by
Nilsson et al. [211]. In the case of cylinder diameter estimation, the reported resolution
limit was between 4 to 8µm for clinical systems with a maximum gradient strength of
60 to 80 mT m-1. According to that estimation, it would not be possible to estimate pores
smaller than 8µm in the experiments presented here. Considering that less than 1% of the
axons in the brain have diameters larger than 3µm [228], an alternative diffusion weight-
ing, such as oscillating gradients, would be more appropriate to estimate compartment
size [211]. However, this is out of the scope of the present work.

Chapter 5 studies the molecular exchange application of DDE. Molecular exchange across
biological membranes is a highly controlled process responsible for water homeostasis
inside cells [229, 230]. Water can pass through the cellular membrane directly through
the bilipid layer or via water-channel proteins called aquaporins (AQPs). When the abil-
ity of the AQPs to facilitate membrane transport is affected, pathological conditions such
as brain edema can occur [217, 231]. Thus, there is a need for clinical imaging techniques
capable to assess water transport across cellular membranes in vivo [42].

In conventional diffusion-weighted MRI (SDE), the most common assumption is that
slowly diffusing molecules are located within the axon, while the water located in the
extracellular space will exhibit fast diffusion. Additionally, it is assumed that there is
no appreciable transmembrane molecular exchange on the experiment’s time scale (dif-
fusion time) [42]. Multiple diffusion time experiments can be performed to quantify
molecular exchange. Unfortunately, the effects of restriction can hinder the accuracy of
this quantification, due to, for example, fiber orientation dispersion in brain tissue [232].

Double diffusion encoding was suggested and used to quantify molecular exchange [110,
40]. Lasič et al. [32] implemented an imaging version that allows the estimation of an ap-
parent exchange rate using clinical MR scanners. As mentioned before, in DDE different
effects are entangled together. Sønderby et al. [46] have studied the dependence of micro-
scopic anisotropy in the AXR estimations. They showed that in a sample with isotropic
compartments, the AXR calculations are rotationally invariant. However, in anisotropic
systems (brain tissue), the AXR varies with the fibers’ orientation. Additionally, due to
the difference of intra- and extracellular transverse relaxation times, the influence of T2

should also be considered to avoid measurement bias in the AXR calculation [47]

In this thesis, the influence of the restriction effect in AXR is investigated by means of
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DDE. The problem arises in the τm- dependence ofADC when using parallel wave-vector.
In this case, the ADC ′(τm) is not only affected by the molecular exchange, but also by the
restriction present in the tissue. Moreover, the increase in ADC as a function of τm also
depends on the size of the compartments.

Here, computer simulations performed in MISST using impermeable spheres showed
that the increase in ADC ′(τm) (when using parallel diffusion gradients) depends on the
compartment size. It has been found that the effects of restriction are important for com-
partments larger than 10 µm. Additionally, in these simulations, it has been observed that
ADC(τm) depends on the angle between the wave-vectors. If antiparallel wave-vectors
are applied, a decrease in ADC(τm) is observed as a result of restriction. However, per-
pendicular gradients do not exhibit such dependency.

Experimental DDE MR measurements (using exclusively parallel wave-vectors) in a
water-in-oil emulsion with non-permeable water droplets were performed. As molecular
exchange is not present in this phantom, an increase in ADC(τm) would not be expected.
However, an increase in ADC(τm) has been observed and an AXR was calculated. These
estimated values arise solely due to the restriction present in the sample.

From the simulations and experimental results, it could be concluded that the effects of
restriction are important and need to be accounted for when studying samples, or tissues,
with compartments larger than 10 µm at clinical gradient strengths. Additionally, it has
been observed that the influence of restriction is present only at short τm. Therefore,
to reduce the effects of restriction in τm, here it is proposed that the FEXI experiments
should not consider τm > 100 ms in the AXR estimates. To obtain AXR estimation
without influence of the restriction effect, DDE MR measurements using perpendicular
wave-vectors would be preferred. This is because they are not influenced restriction nor
size effects. Another way to cancel the effects of restriction could be to use the signal
average between parallel and antiparallel gradient acquisitions.

6.2 Artifacts and pitfalls

Like any other MR technique, diffusion MRI is susceptible to artifacts and pitfalls. Le
Bihan [162] and Jones et al. [233] provided an extensive list in diffusion MRI. Single
diffusion encoding and DDE have common system-related pitfalls. Here, the focus will
be directed at eddy currents (EC) and background gradients. These topics are covered
below.

Due to hardware limitations in clinical systems, the magnetic field gradient strength is
relatively weak. Therefore, long duration gradient pulses are used to compensate for the
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lack of gradient power to reach the required b-value [162]. These gradient pulses compli-
cate the diffusion measurement analysis in comparison with those obtained using a delta-
function pulse [234]. A solution to this problem would be the use of high-performance
gradient coils; however, this is not always possible.

Another source of problems are EC that arise when the amplifiers are forced to produce
fast on and off switching (such as in an EPI readout) [162]. These currents generate
new magnetic fields that add up with imaging and diffusion gradients, producing dis-
torted images and ADC miscalculation, respectively. Also, magnetic susceptibility and
B0 inhomogeneities (due to poor shimming) in both the sample and its surroundings gen-
erate background gradients, which causes signal loss and geometric distortions. Many
techniques have been suggested to correct for geometric distortions due to the EPI ac-
quisition scheme [235, 236, 237]. In addition, the presence of background gradients can
cause unwanted dephasing and rephasing of the spins, adding a cross-term between the
background gradient and the applied diffusion gradients, which can interfere with the cor-
rect analysis of the diffusion measurements [157, 238, 239]. In the following sections,
the implications that background gradient cross-terms and eddy currents have in DDE
experiments will be discussed.

6.2.1 Background gradient cross-terms

Arising from the magnetic susceptibility of heterogeneous samples and magnetic field
inhomogeneities [165], BGG may interfere with DDE measurements by introducing ad-
ditional and unwanted diffusion-weighting. If this is not taken into consideration, it could
lead to a systematic error in ADC estimations [240, 167, 241]. In DDE, the BGG cross-
terms are known to induce DDE signal modulation in free diffusion samples at high mag-
netic fields [155]. In Chap. 3, BGG cross-terms calculations were performed in the most
used DDE sequences in vivo. There, it was observed that the BGG cross-term depends
on the angle between the wave-vectors, which was previously described by Shemesh and
Cohen [155]. In addition, it was observed that under specifically timed sequence con-
ditions, the cross-terms could be reduced or even canceled out. This can be achieved
by positioning the diffusion gradient pairs before and after the refocusing pulses in a
symmetric manner.

The DDE sequence used in Chap. 4 reduces the BGC in comparison with a DDE se-
quence with only one RF pulse [125]. If ∆ is kept short, the cross-term is reduced and
could be neglected. This is the in vivo situation, where the compartments are small, and
therefore, ∆ can be set to a short value. However, if the pore size is large, or if the
imaging area suffers from susceptibility artifacts, then a DDE sequence that completely
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suppresses the BGG cross-terms [107], or a bipolar-based approach as in Shemesh and
Cohen [155], would be preferred.

BGG cross-terms in the DDE stimulated echo version used in Chap. 5 has not been stud-
ied before. It was observed that the cross-term depend on the angle between the diffusion
gradients. It was also observed that when φ = π, and the gradient pulses are symmetri-
cally positioned before and after the refocusing pulses, then the cross-term simplified to
zero. However, this is not of great relevance, given that for FEXI experiments ψ = 0 is
used. The BGG cross-terms are known to influence the DDE measurement. However,
this has not been studied in detail yet. More research in this area would be of general
interest.

6.2.2 Eddy currents

Due to the motion sensitivity of diffusion MRI, it is common to perform image acquisition
using echo planar imaging (EPI) [55]. However, this imaging technique is susceptible to
different artifacts, such as distortion in size, shift and shear of the imaged object, which
in combination with the imaging gradient pulses generate image artifacts [242, 243, 162].
The effect of eddy currents can be reduced by careful gradient coil design [244] and active
shielding [245]. However, due to the fast switching of the gradient coils, eddy currents
can still have a substantial effect and distort the image.

In diffusion-weighted MRI, eddy currents arise mainly from by long gradient pulses with
high strength. This could result in an ADC overestimation [246]. The distortions pro-
duced by EPI readout in diffusion-weighted imaging can be corrected with image reg-
istration [247] or imaging post-processing [248, 249]. Another option is correcting for
the effect of eddy currents directly in the design of the pulse sequence. The addition
of “dummy” gradients to the diffusion-weighted pulse sequence have been implemented
in order to reduce the effects of the induced eddy currents [250, 251]. Also, bipolar
gradients (e.g. two gradient pulses of inverse polarities positioned before and after a re-
focusing pulse) have shown to be efficient in reducing eddy current distortions [252], as
in twice-refocused spin echo (TRSE), developed by Reese et al. [253]. This technique
consists on adding two pairs of bipolar gradients pulses of different duration (δ1, δ2, δ3,
δ4 where δ1 + δ2 = δ3 + δ4), where the refocusing pulses divides each bipolar pair.

Recently, Müller et al. [254] adapted this last approach to DDE sequences using asym-
metric gradient pulse duration (see Fig. 6.1). The diffusion encodings can be compen-
sated independently using a twice-refocusing spin-echo approach [253] for each diffusion
encoding individually, reducing the post-processing and the acquisition time. A disad-
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Figure 6.1: DDE sequence with eddy current compensation using twice-refocusing spin-echo scheme from
Müller et al. [254]

vantage of this method is that it requires long echo times, resulting in SNR loss due to
T2 relaxation. However, eddy current compensation diminishes distortion artifacts and
the total measurement times are “reduced” because multiple acquisitions (e.g., additional
measurements with diffusion gradients with opposite signs) are not required.

6.3 Future work

Apart from the work presented in this thesis, some further topics and improvements will
help to bring closer the primary goal of DDE: virtual histology. Diffusion MRI provides a
non-invasive method to study biological tissues, avoiding biopsies and the consequences
of such an invasive tissue sampling. Additionally, it provides a wide field of view in MR
measurements, which usually covers a complete organ in relatively short scanning times
[255]. Optimized AXR acquisitions with full brain coverage can reduce the measurement
time from 45 min [42] to 15 min [45]. However, those scan times are still too long to be
feasible during clinical routine (5 min approx.) [30].

It is necessary to overcome several challenges to make use of the benefits of virtual his-
tology, such as hardware availability, pulse sequence implementation and protocol opti-
mization for clinically compatible scan times.

6.3.1 Hardware

Physical phantoms provide a simplified model of tissue where the microstructural char-
acteristics can be controlled and useful for testing sequences. Several materials have been
used for phantom development e.g. mimicking axons fiber using glass capillaries [136],
emulsions [256] or yeast cells [117] to approximate spherical cells. Yeast cells possess
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the advantage of having a permeable cell wall for which the molecular exchange rate
can be estimated by means of DDE [40] and cell sizes between 5 to 10 µm. These mi-
crostructure characteristics of yeast cell make their suspensions an ideal phantom for size
estimations and molecular exchange. However, those suspensions have a relatively short
T2, thus requiring short TE acquisitions, which sometimes are difficult to reach. Here, a
water-in-oil emulsion was presented as a simple phantom for DDE sequence testing [U4].
It contains a high water percentage, which provides high SNR without signal averaging
and long T2. This makes possible fast testing in systems with limited gradient strengths,
since it does not require multiple signal averages to increase the SNR. Unfortunately, it
does not provide a narrow size distribution due to an inefficient emulsification process.
Further phantom development with ultrasonic emulsification would be more appropriate
to create phantoms with narrower size distribution.

Long echo times may be required when high b-values are needed and the MR system has
limited gradient strength, which in clinical systems is in the range of 40 to 80 mT m−1.
Higher magnetic field gradient strengths increase SNR by reducing TE for a specific b-
value, allowing for size estimation of smaller pores [211]. The Connectom scanner [257]
is equipped with gradient strengths up to 300 mT m−1, and it has shown encouraging
results in axon diameter estimations on patients with multiple sclerosis by using a three-
compartment model in a simplified AxCaliber approach [258]. Stronger magnetic fields
are beneficial to diffusion-weighted imaging and microstructure imaging, increasing SNR
and spatial resolution [255].

6.3.2 Advanced pulse sequences

There are several pulse sequences used in DDE experiments. Depending on the param-
eter of interest, it is possible to select the most appropriate one for each situation. For
example, when estimating size of compartments, having access to short mixing times is
crucial. This can be achieved by using a DDE sequence with two refocusing pulses (Fig.
3.5). However, if the interest lays in the study of molecular exchange, long mixing times
are required, and a stimulated echo sequence would be more appropriate. Independently
of the experiment, it is important to be aware of the effects of eddy currents, background
gradients and susceptibility differences [155].

As described in Sections 6.2.1 and 6.2.2, BGG cross-terms and eddy currents hamper the
calculation of diffusion coefficients, and those effects need to be considered. Müller et
al. [254] presented a scheme to compensate for eddy currents. However, approaches to
compensate for background gradient cross-terms in the presence of eddy currents need
to be developed, especially if strong gradients are available in vivo. Note that the ECC
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scheme proposed by Müller et al. [254] is not applicable when the mixing time is zero,
due to the overlapping of the inner gradients. Therefore, further work is required in order
to compensate or correct for these effects, ideally in one sequence.

6.3.3 Protocol optimization

One limitation of diffusion MRI acquisition schemes is the need for several gradient di-
rections for accurate estimation of parameters like fiber orientation in DTI, size or micro-
scopic anisotropy estimations in DDE. Unfortunately, the times required for acquisition
are relatively long, restricting its applicability in the clinical environment. In this area,
further investigation is required to achieve clinically compatible scanning times. Parame-
ters like diffusion time, echo time and gradient duration and strength, need to be carefully
tailored to reach an adequate b-value without losing SNR. Additionally, optimization of
the number of gradient directions and optimal sequence timings parameters (e.g. TE,
TR, ∆, δ) for clinical scanners need to be implemented.

6.4 Potential applications

The potential applications for DDE and related sequences are extensive, not only in the
clinical environment but also in other areas, such as porous materials [259] or polymers
[260]. The MR community has shown a strong interest in the application of these tech-
niques in biological tissue, especially in the brain. In the brain, the current applications
of DDE have been for estimation of axonal size, cellular shape and membrane perme-
ability. Therefore, the most natural extension would be its application to other organs,
such as heart, liver, kidney or lungs. Recently, one exciting application, which gave very
promising results, has been cancer imaging [261, 262, 263]. Additionally, imaging of
the kidneys using DDE for estimation of molecular exchange could be useful to estimate
their glomerular filtration rate non-invasively. This would be a new application of DDE
outside the brain. However, this comes with additional challenges such as correction for
breathing movement, or large areas surrounded by air in the lungs.

6.5 Conclusions

Diffusion MRI and microstructural imaging provide means for the non-invasive study of
biological tissues. Double diffusion encoding is an extension of the Stejskal and Tanner
sequence in which two diffusion weighting periods are applied between excitation and
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acquisition. With this new sequence, it is possible to investigate microscopic anisotropy,
size of compartments and molecular exchange.

This work aimed to exploit the unique sensitivity of DDE to microscopic anisotropy and
axonal size estimation in the human CST in vivo. It was observed that complications arise
when the plane in which the diffusion gradients are applied is not perpendicular to the
axonal fibers. A specific averaging scheme was presented as a way to cancel the signal
contribution arising from tilted axons.It could be concluded that due to the particular
signature of the diffusion signal from eccentric compartments, the size estimates may
represent a measurement of the extracellular space.

Additionally, this work studied the influence of the restriction effect on the apparent ex-
change rate during the molecular exchange. Several biases have been reported in the lit-
erature. However, the influence of the restriction effect was not studied before. Here, this
effect was studied in phantoms where molecular exchange was not expected on the time
scale of the experiment. During simulations and experiments, it was observed that the
impact of restriction is relevant for large compartmental sizes and for short mixing times.
Consequently, it was concluded that in the presence of a sample with compartments of
diameters larger than 10 µm (for example, red blood cells), the effects of restriction need
to be considered. Two simple strategies are suggested to compensate for this bias: lim-
iting the minimum mixing time for AXR estimations, specific signal averaging schemes
or the use of perpendicular wave-vector.
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[32] S. Lasič, M. Nilsson, J. Lätt, F. Ståhlberg, and D. Topgaard, “Apparent exchange
rate mapping with diffusion MRI,” Magn. Reson. Med., vol. 66, pp. 356–365,
2011.

[33] N. J. Yang and M. J. Hinner, Getting Across the Cell Membrane: An Overview for
Small Molecules, Peptides, and Proteins. New York: Springer New York, 2015,
pp. 29–53.

[34] A. Finkelstein, “Water and nonelectrolyte permeability of lipid bilayer mem-
branes,” J. Gen. Physiol., vol. 68, pp. 127–135, 1976.

[35] P. Agre, L. King, M. Yasui, W. Guggino, O. Ottersen, Y. Fujiyoshi, A. Engel,
and S. Nielsen, “Aquaporin water channels - from atomic structure to clinical
medicine,” J. Physiol., vol. 542, pp. 3–16, 2002.

[36] A. Verkman, “Aquaporins in clinical medicine,” Annu. Rev. Med., vol. 63, no. 1,
pp. 303–316, 2012.

[37] A. Verkman, “Dissecting the roles of aquaporins in renal pathophysiology using
transgenic mice,” Semin. Nephrol., vol. 28, no. 3, pp. 217–226, 2008.

[38] M. C. Papadopoulos, G. T. Manley, S. Krishna, and A. S. Verkman, “Aquaporin-
4 facilitates reabsorption of excess fluid in vasogenic brain edema,” FASEB J.,
vol. 18, no. 11, pp. 1291–1293, 2004.

[39] J. Hu and A. Verkman, “Increased migration and metastatic potential of tumor
cells expressing aquaporin water channels,” FASEB J., vol. 20, pp. 1892–1894,
2006.



CHAPTER 6. BIBLIOGRAPHY 115

[40] I. Åslund, A. Nowacka, M. Nilsson, and D. Topgaard, “Filter-exchange PGSE
NMR determination of cell membrane permeability,” J. Magn. Reson., vol. 200,
pp. 291–295, 2009.

[41] X. Tian, H. Li, X. Jiang, J. Xie, J. C. Gore, and J. Xu, “Evaluation and com-
parison of diffusion MR methods for measuring apparent transcytolemmal water
exchange rate constant,” J Magn. Reson., vol. 275, pp. 29–37, 2017.

[42] M. Nilsson, J. Lätt, D. van Westen, S. Brockstedt, S. Lasič, F. Ståhlberg, and
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ADC apparent diffusion coefficient

AXR apparent exchange rate

BGG background gradient

CNS central nervous system

CST corticospinal tract

DTI diffusion tensor imaging

DDE double diffusion encoding

dMRI diffusion MRI

DW-MRI diffusion-weighted MRI

DWI diffusion-weighting imaging

EC eddy currents

EPI echo planar imaging

FEXI filter exchange imaging

FEXSI filter exchange spectroscopy

FID free induction decay

FOV field-of-view

FT fourier transform

MISST Microstructure Imaging Sequence Simulation ToolBox
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MR magnetic resonance

MRI magnetic resonance imaging

PDF probability density function

NMR nuclear magnetic resonance

RF radiofrequency

ROI region-of-interest

SAR specific absorption rate

SDE single diffusion encoding

SNR signal-to-noise ratio

SE spin echo

SPIR spectral presaturation with inversion recovery

STE stimulated echo

TE echo time

TFE turbo field echo

TI inversion time

TR repetition time
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