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Populärvetenskaplig sammanfattning

Kärnmagnetisk resonans, NMR, är en teknik som har många användningsområden, inte

minst används NMR som en bildgivande teknik för diagnostisering av skador och sjuk-

domar, vilket görs med så kallade MR-kameror. Med hjälp av diffusions-NMR kan

man mäta vattenmolekylers rörelse, d.v.s. vattnets diffusion. Diffusions-NMR gör det

möjligt att mäta hur långt vattenmolekylerna rör sig i olika riktningar. Diffusion kallas

för anisotropisk om molekyler har möjlighet att förflytta sig långa sträckor i en riktning,

men bara kortare sträckor i en annan riktning. Anisotropisk diffusion kan användas för

avbildning av mikroskopiska strukturer, till exempel nervfibrer i vit hjärnvävnad. Nerv-

fibrerna kan liknas vid långa rör där vattnet inuti röret kan förflytta sig fritt i riktningen

längs med röret, men stoppas från att förflytta sig i vinkelrät riktning. Nervfibrerna i

hjärnan är mycket mindre än upplösningen i MR-kameran och det kan finnas många fi-

brer i ett och samma bildgivande volymelement, voxel. Om de olika nervfibrerna inuti

en voxel har flera olika riktningar, kan det verka som att vattnet diffunderar lika mycket

i alla riktningar och det mikroskopiska strukturerna kan inte bli detekterade med vanlig

diffusions-NMR.

I detta arbete har nya metoder för att påvisa förekomsten av mikroskopisk anisotropi

utvecklats, även i de situationer då strukturerna har flera olika riktningar. Dessa metoder

har utvärderats i så kallade flytande kristaller som kan tillverkas genom att blanda sur-

faktanter och vatten.

Ett annat bra modelsystem, för utvärdering av diffusions-NMR, är jäst utblandat i

vatten. Jästcellerna liknar mänskliga celler på många sätt. Vattenmolekylerna utanför

cellerna kan röra sig fritt, medan vattenmolekylerna inuti stoppas av cellmembranet.

Diffusions-NMR kan detektera både vattnet som för sig fritt och vattnet som är instängt

i cellen. I detta arbete har diffusions-NMR används för att mäta hur vatten transporteras

genom cellmembranet i speciella genmodifierade jästceller.

xv





1
Introduction

Water is the most abundant molecule in the human body and it is present in most human

cells and tissues. Water molecules are moving randomly through Brownian motion.

Displacement of the water molecules is affected by cell structure. Hence, measuring this

motion can give structural information on the system.

Diffusion NMR (nuclear magnetic resonance) is a powerful tool that can measure the

translational motion of molecules in liquids.1 This technique allows the microscopic

structure of porous materials to be studied and can give information on the shape and

size of the pores in e.g. liquid crystals,2 rocks3 and cellulose fibers4. Diffusion MRI

(magnetic resonance imaging) can be applied in the brain, where the white brain matter

fibres are structures that render the water diffusion anisotropic.5 The white brain matter

consists of axons surrounded by myelin sheets,6 which act as protection of the axon. The

myelinated axons can be thought of as tubes where the internal water can diffuse freely

along the direction of the tube but is restricted in the perpendicular direction. Many

myelinated axons bundle together and form connections between different parts of the

brain.7 These anisotropic structures can be imaged with diffusion tensor imaging, DTI,

where the diffusion anisotropy inside the voxels is quantified. Changes of the quantified

anisotropy in the brain has been connected to different disorders e.g. autism, schizophre-

nia, Alzeimer’s and multiple sclerosis.6;8 One problem with DTI is that it is affected by

the orientation distribution of the microscopic structures inside the imaging voxels, for

example when there are crossing fibres. In this thesis, Paper I, II and III present novel

diffusion NMR methods for disentangling pore structure from orientation distributions,

on a subvoxel scale. Proof-of-principle experiments are performed on lyotropic liquid

1



1 Introduction

crystals and yeast cells.

In cells with permeable walls the water can exchange between the intra- and extracel-

lular compartments. The transport of water across the cell membrane is usually facili-

tated by special water transport proteins, so called aquaporins.9;10 Diffusion NMR can

be used to study this type of molecular exchange.11 The water in the intra- and extracel-

lular compartments can have different diffusivities as well as different relaxation times,

which will affect the NMR signal. In Paper IV a diffusion NMR method is presented that

allows the measurement of molecular exchange in the presence of different T2 values in

the intra- and extracellular compartments. The method is demonstrated on yeast cells

with and without aquaporins in the cell membrane.

2



2
Diffusion

2.1 Brownian motion

Diffusion is the translational motion of particles, which occurs in all liquids and gases

and is driven by thermal energy. The induced random motion of the particles is called

Brownian motion, and is caused by constant inter-particle collisions. One single particle

may have one direction and velocity at one moment and yet a completely other direction

and velocity in the next.

As it is impossible to predict the exact path for every single particle, due to the large

amount of particles in the system, it can be convenient to model the trajectory statistically

with the so called random walk. In the random walk model each step has a length, λ ,

and the time for each step is τ . Furthermore, the direction of each step is completely

random and there is no correlation in direction between consecutive steps.

r1 

r0 

Figure 2.1: The three dimensional trajectory of

one particle with starting position r0 at the cen-

ter of the sphere and end position r1. The dis-

placement during time t is R = r1 − r0.

By using this model, the trajectory for a particle starting at a position r0 and diffusing

for a time t can be simulated. The end position is r1 and its translation is R = r1 −r0. In

Fig. 2.1 an example of a three dimensional trajectory of a single particle is shown.

3



2 Diffusion

For three dimensions the diffusion coefficient D is related to the step length and the

time for each step according to12

D =
λ 2

6τ
. (2.1)

The trajectories in an ensemble of particles starting at the same position, is different

for each particle and thus, the particles spread out over time. In Fig. 2.2 the positions of

100 particles in the xy-plane at three different time points are shown. All particles start

at the same position and spread out more the longer they diffuse.

Figure 2.2: An ensamble of 100 particles, with

diffusion coefficient, D = 2.3 · 10−9 m2s−1 all

starting at the same positionat t = 0. The parti-

cles spread out more with increasing time, t.
-0.5 0 0.5

-0.5

0

0.5

-0.5 0 0.5
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0

0.5

-0.5 0 0.5
-0.5

0

0.5

x / mm x / mm x / mm 

y 
/ m

m
 t = 0.1 s t = 1 s t = 10 s 

In one dimension the probability density for a particle to move a distance Z during the

time t is given by12

P(Z, t) =
(

2τ
πtλ 2

)1/2

exp

(
− Z2τ

2tλ 2

)
. (2.2)

Figure 2.3: One-dimensional probability densities. P(Z, t) show

the probability for finding a particle at a distance Z = z1−z0 from

its starting position at time t.

×10-3
-1 -0.5 0 0.5 1

×10

0

1

2

3

4

Z / mm 

P(
Z,

t) 

t = 0.1 s 

t = 1 s 
t = 10 s 

For spherical particles in a liquid, D depends on the thermal energy kBT , the viscosity

η of the liquid, and the hydrodynamic radius of the particle RH, according to the Stokes-

Einstein equation

D =
kBT

6πηRH
, (2.3)

where kB is the Boltzmann constant, T is the temperature.13

4



2.2 Diffusion propagator

2.2 Diffusion propagator

In a macroscopic system, diffusion can be thought of as the flux of particles from an area

with high concentration to an area with low concentration. Fick’s first law relates the

diffusion coefficient to the flux of particles, J, in a system with a concentration gradient

∇c,

J(r, t) =−D∇c(r, t). (2.4)

Fick’s second law connects the change in concentration with time, to the diffusion

coefficient D and the second derivative of the local concentration,

∂c(r, t)
∂ t

= D∇2c(r, t). (2.5)

In the case of self-diffusion there is no concentration gradient and diffusion is de-

scribed by the propagator P(R, t), which is the probability for a particle to move a dis-

tance R = r1 − r0 during time, t. For free diffusion in a homogeneous medium the

propagator is given by a Gaussian function,14

P(R, t) = (4πDt)−3/2exp

(
−(r1 − r0)

2

4Dt

)
. (2.6)

In the case of Gaussian diffusion, the self-diffusion coefficient of a specific component

can be determined by the mean square displacement in one direction, according to

〈Z2〉= 2Dt (2.7)

In a heterogeneous system the propagator will depend on the local particle density,

ρ(r0). The average propagator is achieved by integration over all starting positions r0
14

P(R, t) =
∫

ρ(r0)P(r0,r0 +R, t)dr0, (2.8)

The mean square displacement, MSD, shown in Eq. 2.7 is only valid for free diffusion.

In cases of obstructed and restricted diffusion MSD≤ 2DtD, where tD is the diffusion

time. In Fig. 2.4 free and restricted diffusion are compared at different tD. At short tD

5



2 Diffusion

tD 

Figure 2.4: Simulated free (upper panel) and restricted (lower panel) diffusion. All trajectories are from

the same simulated particle but at different diffusion times tD, indicated by the different gray scales. The

upper and lower trajectories become different when the particle hit the circular wall. In the simulation the

particle direction is reflected backward when it hits the wall.

the trajectories are the same for free and restricted diffuison but at longer tD the restricted

particles are stopped from moving further out, by the circular wall. Obstructed diffusion

is when the path of the particle is hindered in some directions but it can move around

the obstruction in some other direction.14 If the free particles in Fig. 2.4 would move

downward they would become obstructed by the circular wall. At long tD, MSD of

restricted molecules will be lower than of obstructed molecules, which in turn will be

lower than MSD of freely diffusing molecules.15

Since Eq. 2.7 only holds for free diffusion it can be convenient to define an apparent

diffusion coefficient, ADC, which is usually what is measured with NMR16

ADC =
〈Z2〉
2tD

. (2.9)

2.3 Diffusion tensor

The mean square displacement can be dependent on direction rendering ADC anisotropic.

Anisotropic diffusion can be described by a diffusion tensor17;18

6



2.3 Diffusion tensor

D =

⎛
⎜⎜⎜⎜⎜⎝

Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

⎞
⎟⎟⎟⎟⎟⎠ . (2.10)

which shows the apparent diffusivities for different directions in the laboratory coordi-

nate system. The mean diffusivity is given by the trace of the diffusion tensor

D = Tr(D)/3 = (Dxx +Dyy +Dzz)/3 (2.11)

By diagonalizing the diffusion tensor given in 2.10 diffusion can be described in the

principal axis system of the studied sample and represented by an ellipsoid, as shown

in Fig. 2.5, where the eigenvectors point along the principle axes of the studied sample.

The eigenvalues λ1, λ2 and λ3 are the scalar values of the eigenvectors of the diffusion

tensor in the principle axis coordinate system.

λ1 

λ3 

λ2 

Figure 2.5: Anisotropic diffusion can be described by a

diffusion tensor, D, which has the form of an ellipsoid.

The eigenvalues of D, λ1, λ2 and λ3, are the scalar values

of the tensor eigenvectors.

For an axially symmetric diffusion tensor there are always two eigenvalues that are

equal. If the axis of symmetry is longer than the two other than the shape is called a

prolate, if it is shorter it is called a oblate. Different diffusion tensor shapes are shown

in a Fig. 2.6.

Figure 2.6: Three types of diffusion tensors

shapes, from left to right: oblate, spherical and

prolate. For oblate diffusion tensors, the rela-

tion between the eigenvalues are λ1 = λ2 > λ3,

for spherical shapes λ1 = λ2 = λ3 and for pro-

late shapes λ1 > λ2 = λ3.

7



2 Diffusion

2.3.1 Microscopic vs. macroscopic anisotropy

If the MSD of an ensemble of particles, all starting at the same position, is different

in different directions, then diffusion is anisotropic on a microscopic scale.19 This is

sometimes referred to as local anisotropy.20 Microscopic anisotropy can be illustrated by

considering diffusing molecules inside a cylinder. If the particles move in the direction of

the cylinder axis, nothing will restrict their displacement, and MSD will be the same as

in a bulk solution. On the other hand if the particles move in the direction perpendicular

to the cylinder axis, the cylinder wall will stop further displacement and the MSD of the

particles will be restricted by the cylinder wall.

Now consider a volume containing many cylinders. If the cylinders all have the same

direction, the average MSD will be the same as in one cylinder and the diffusion is

macroscopically anisotropic. However, if the cylinders are randomly oriented, the aver-

age MSD is the same in all directions and diffusion on a macroscopic scale is isotropic.

If the volume instead contains spheres, the diffusion is the same in all directions and the

microscopic diffusion is isotropic.

Figure 2.7: Three volumes containing different types of microscopic structures, cylinders and spheres.

Diffusion is anisotropic inside the cylinders and isotropic inside the spheres. For a volume with cylinders,

all oriented in the same direction, the diffusion is microscopically and macroscopically anisotropic. If the

cylinders are randomly oriented, diffusion is microscopically anisotropic but macroscopically isotropic. For

a volume containing spheres diffusion is microscopically and macroscopically isotropic.
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2.4 Exchange

In heterogeneous systems, different regions can have different apparent diffusivities.

There are several reasons for why diffusivities can differ between different compart-

ments. For example, as was shown above the ADC can differ between regions with free,

obstructed and restricted diffusion. Also in compartments with different orientations,

the ADC can vary. Another reason is molecules that bind at specific sites while others

diffuse freely.21 If molecules move from one compartment to another, it is called molec-

ular exchange. Fig. 2.8 shows illustrations of exchange between regions with different

diffusivities. The exchange rate is given by

k =
1

τ1
+

1

τ2
, (2.12)

where τ1,2 is the average residence time of the molecule in respective compartment.

Figure 2.8: Two illustrations of exchange be-

tween environments with different diffusivities.

The darker area represents low diffusivity and

the higher area represents high diffusivity.
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3
Nuclear Magnetic Resonance

Nuclear magnetic resonance, NMR, was first demonstrated in 1938 by Rabi et al. 22 In

the 1940’s the technique was further developed by Felix Bloch23 and Edward Purcell,24

who were awarded the Nobel price in physics, 1952. Since then NMR has become a

very diverse technique with many areas of application. In chemistry it is mostly used as

a spectroscopic technique for studying the structure of molecules.25 In healthcare, mag-

netic resonance imaging, MRI, is an important non-invasive imaging technique, mainly

used for diagnostics.26 NMR is also a powerful tool to measure translational motion of

molecules.1

NMR utilizes the interaction between the magnetic moment of the atomic nuclei and

external magnetic fields.27

3.1 The NMR signal

Spin is an intrinsic property, possessed by all atomic nuclei. The spin quantum number

I of the nuclei, depends on the quarks that builds up the protons and neutrons in the

nucleus.27 Nuclei that possess a spin quantum number higher than zero, I > 0, have an

intrinsic nuclear magnetic moment μ which is required for a nuclear isotope to be NMR

compatible. Another important aspect of NMR compatibility is the abundance of the

specific isotope in nature. The most abundant isotope is the proton, 1H, which can be

found almost everywhere in nature, especially in normal water, H2O. Protons have spin

quantum number I = 1/2. For some isotopes that are not naturally abundant in nature,

such as deuterium, 2H, isotopic enrichment is necessary for it to be compatible with

11



3 Nuclear Magnetic Resonance

NMR.27 Deuterium, 2H, has spin quantum number I = 1.

A nucleus with spin quantum number I can adopt 2I+1 different states. For 1H there

are two states and for 2H there are three states. In the absence of a magnetic field the

energy levels of the different states are degenerate, i.e. equivalent. When a magnetic

field is applied the energies of the states split into different levels, the so called Zeeman

splitting, and the difference in energy depends on the type of nucleus and the magnetic

field strength, B

E =−m�γB, (3.1)

where m is the magnetic quantum number, � is Plank’s constant divided with 2π and γ is

the gyromagnetic ratio. The transition from a higher energy state to a lower will generate

energy, ΔE = �γB, in the form of radiation.

The splitting of energy states can be thought of as the spins aligning in the external

magnetic field. The spins can either align with the external field, (low energy state),

or align opposite to the magnetic field (high energy state). However, since the spin

is a quantum mechanical property the orientation of the magnetic moment is always a

superposition of the different energy states. The spins are precessing around the applied

magnetic field B0 with the Larmor frequency

ω0 =−γB0. (3.2)

The aligned magnetic moments from an ensemble of spins, build up a macroscopic

magnetization M0 in the direction of the main magnetic field, B0, which can be seen in

Fig 3.1. The strength of the magnetization is given by26

M0 =
ργ2h̄2B0

4kBT
(3.3)

where ρ is the spin density.

12



3.2 The RF-pulse

M0 
Figure 3.1: The magnetic moments of the nuclei are in

random orientation when no magnetic field is applied.

When the magnetic field is applied the magnetic moment

of the spins align slightly along the direction of the field

and a magnetization M0 is built up.

3.2 The RF-pulse

As long as the magnetization is aligned with the static magnetic field, B0, which by con-

vention is applied along the z-direction, it can not be measured. By applying a oscillat-

ing electro-magnetic field, B1, a so called radio-frequency (RF) pulse, the magnetization

vector, M, can be manipulated and its orientation changes through nutation according to

the Bloch equation:

dM
dt

= M× γB1. (3.4)

This equation is a semi classical representation of NMR and is most useful in our case.

The B1 field is usually perpendicular to B0 and it causes M to nutate down towards the xy-

plane. The resulting orientation of the magnetisation vector after the RF-pulse, depends

on the strength and duration of the latter. If the magnetization vector is rotated into the

xy-plane, the RF-pulse is called a 90◦-pulse. If it inverts the magnetization completely

to the −z-direction it is called a 180◦-pulse.

The RF-pulse is produced by a transmission coil that surrounds the sample, which can

be seen in Fig. 3.2.

z 

Figure 3.2: Illustration of a typical spectroscopic NMR set-up. The sample

volume, surrounded by the inner coil, is irradiated by an RF-pulse, which ex-

cites the spins. The active volume is defined by the size of the RF-coil, which

in normal NMR spectrometers is usually between 5-10 mm wide and about 5-

10 mm long, but depending on the application, the RF-coil can also be much

bigger. The outer coil generates a magnetic field gradient used for diffusion en-

coding and imaging, as discussed later. By convention the direction of the main

magnetic field is always aligned with the z-direction.
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3 Nuclear Magnetic Resonance

After the application of the 90◦-pulse, the magnetization starts precessing and in-

duces a current in the receiver coil surrounding the sample. The induced current can be

detected as an oscillating signal, which is called the free induction decay (FID). The FID

is decaying during acquisition because of relaxation.

When studying the behaviour of the magnetization vector as in Eq. 3.4, it is convenient

to use the rotating frame instead of the laboratory frame.26 The rotating frame rotates

around the z-axis with the Larmor frequency ω0. In the rotating frame, a spin precessing

with ω0 is stationary and has a constant phase angle, φ . In the continuation of this text,

the rotating frame of reference will be used.

3.3 The NMR spectrum

A Fourier transform of the FID, gives a spectrum with peaks corresponding to the reso-

nance frequencies of the spins in the sample.

Chemical shift, δcs, is a small change in the resonance frequency of the spin, resulting

from diamagnetic shielding of B0, caused by the electrons in the atom surrounding the

nuclei. The shielding is denoted σ and the new resonance frequency is given by

ω = γB0(1−σ) (3.5)

The chemical shift is usually calculated as a shift from the resonance frequency of a

reference compound, ωref,

δcs = 106 ω −ωref

ωref
, (3.6)

and is given in ppm (parts per million).

The chemical shift is independent of magnetic field strength and thus very convenient,

as it is possible to compare spectra retrieved with different magnetic field strengths,

where the same compound will always show the same δcs.
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3.4 Relaxation

Directly after the 90◦-pulse the strength of the magnetization located in the xy-plane is

given by Eq. 3.3. However, the magnetization xy-plane will start to decrease, causing

the FID to decay. This happens through two different processes.

The first type of signal decay is the T1- or longitudinal relaxation were the spin en-

semble returns to thermal equilibrium. This process is also called spin-lattice relaxation,

since the excited spins in this process transfer its energy to the surroundings, for example

a lattice in the case of a solid.

The second type of signal decay is the T2-relaxation, also called transverse relaxation

or spin-spin relaxation. T2-relaxation is, among other things, caused by dipolar interac-

tions between spins. The spins can feel a fluctuating magnetic field caused by surround-

ing spins. This can induce a phase shift because of changing precession frequency. If

the motion of the spins is fast and isotropic this effect will be averaged out to zero. This

is why fluids often have longer T2-relaxation than solids.1

There is also a second type of transverse relaxation commonly called T ∗
2 , which is

caused by inhomogeneities in the magnetic field. This effect can be effectively reversed

by the use of the Hahn-echo also called spin-echo,28 which will be discussed later (see

Fig 3.5).

The Bloch equations can be modified to include the effect of relaxation:

Mx(t) = M0 sin(ω0t)exp(−t/T2)

My(t) = M0 cos(ω0t)exp(−t/T2)

Mz(t) = M0

[
1− exp(−t/T1)

]
.

(3.7)

In Fig. 3.3 the effects of T1 and T2 on the magnetization is shown. Two methods to

determine T1 and T2 relaxation are shown in the sections below.

3.4.1 Inversion recovery

Inversion recovery is the standard method to measure T1 relaxation. The pulse sequence

is shown in Fig. 3.4.1 Here the magnetization is first inverted from the equilibrium

+z direction to the −z axis by a 180◦. During signal evolution the magnetization will
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0 1 2 3

0

-1

-0.5

0

0.5

1

x 

y 
z 

T1 
x 

y 

T2 

t / s 

M
 / 

M
0 

Figure 3.3: Change in magnetization due to relaxation. The left panel shows longitudinal relaxation, T1, the

middle panel shows transverse relaxation, T2. The black arrow represents the magnetization vector directly

after the 90◦-pulse, grey arrows show the effect of relaxation. The right panel shows the magnetizations:

Mx (solid line), My (dashed line) and Mz (dotted line) according to Eq. 3.7.

relax back towards equilibrium. After a time delay, τ , the magnetization is flipped to

the xy-plane with a 90◦-pulse, after which the signal is detected. The amplitude of the

magnetization in the xy-plane is given by

M(τ) = M0[1−2exp(−τ/T1)] (3.8)

By repeating the experiment for different values τ , T1 can be retrieved by fitting Eq.

3.8 to the data.

x

y 

z 

RF 

180˚ 90˚ 180˚ 90˚ 180y y τ 

Figure 3.4: The inversion recovery pulse sequence and its effect on the magnetization vector. The grey

arrows represents the magnetization before the RF-pulse and the black arrows represent the resulting mag-

netization vector. The 180◦-pulse turns the magnetization around the y-axis and inverts it. During evolution

time, τ , the magnetization will relax through T1 relaxation, towards equilibrium. The 90◦-pulse flips the

magnetization back to the xy-plane where it can be detected.

3.4.2 Spin Echo

T2-relaxation can be measured with the spin echo, shown in Fig. 3.5.28 The spin echo

itself is a very convenient method in diffusion and imaging sequences, because of its
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3.5 Magnetic field gradients

ability to refocus magnetisation lost due to T ∗
2 relaxation. The 90◦-pulse brings the

magnetisation to the xy-plane where the magnetization vector evolves. After a time

delay τ , the magnetization inverted with the 180◦-pulse. During the second delay, the

signal will again evolve. After 2τ the dephasing caused by T ∗
2 is refocused and an echo

is formed. The transverse relaxation caused by normal T2 relaxation is not refocused and

the magnetisation decreases according to

M(2τ) = M0exp(−2τ/T2) (3.9)

The experiment is repeated with different τ and T2 is retrieved by fitting Eq. 3.9 to the

data.

RF 

180˚ 180x 90˚ y 

x

y 
z 

τ τ 

Figure 3.5: The spin echo pulse sequence and its effect on the magnetization vector. Before the first RF-

pulse the magnetization is at equilibrium directed in the z-direction. The 90◦-pulse turns the magnetization

around the y-axis to the xy-plane where it ends up in the x-direction. During the first evolution time τ the

magnetization is affected by transverse relaxation. The 180◦-pulse inverts the magnetization by turning it

around the x-axis. During the second evolution time, dephasing caused by T ∗
2 will rephase and generate an

echo after 2τ .

3.5 Magnetic field gradients

The application of magnetic field gradients induces a change in the magnetic field strength

as a function of the position. For our purpose the gradient is kept constant in the sample

and is generated by the gradient coils surrounding the sample (see Fig. 3.2).

If the magnetic field gradient is applied along the z-axis then the resulting magnetic

field, B′
0(z), will vary along the z-axis as
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B′
0(z) = B0 +gz. (3.10)

Thus the precession frequency of the spins will depend on their position according to

ω(z) = γB0 + γgz. (3.11)

In this way the positions of the spins can be labelled. This labelling is the basis for

NMR diffusion and imaging.

3.6 Diffusion NMR

Diffusion NMR is a powerful tool, which uses magnetic field gradients to label the po-

sition and follow the translational motion of spins.1;29 The method is very useful to

measure self-diffusion coefficients of molecules and aggregates in liquids30. Another

very useful application is probing the water diffusion in porous materials to retrieve in-

formation about the microscopic structure as well as pore size and shape. This can be

done in many different types of materials, such as rocks, cellulose and liquid crystals.2–4

It can also be used to elucidate white brain matter fibre tracts in the brain.31

3.6.1 Conventional diffusion encoding

Stejskal and Tanner first presented the diffusion method utilizing pulsed magnetic field

gradients (PFG) in 1965.32 The two most common experiments are the pulsed-gradient

spin echo (PGSE)32 and the pulsed-gradient stimulated echo (PGSTE),33 shown in Fig.

3.6. The two sequences differ in the RF-pulses that generate the echo.

The PGSE sequence has one 90◦-pulse that excites the spins and one 180◦-pulse that

inverts the magnetization and creates the echo.The PGSTE sequence utilizes three 90◦-

pulses: the first one excites the spins, the second 90◦-pulse brings the magnetization to

the longitudinal z-direction, and the third pulse brings it back to the transverse xy-plane.

This makes the PGSTE sequence more fit for samples with short T2, since the z-storage

prevents transverse relaxation.
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Figure 3.6: Two common pulse sequences used to measure diffusion: Pulsed gradient spin echo (PGSE)

(left) and pulsed gradient stimulated echo (PGSTE) (right). The upper panel shows the RF-pulses as well

as the FID. The lower panel shows the pulsed field gradients with duration, δ , gradient pulse spacing , Δ,

and gradient strength, g. In PGSE, the magnetization is in the transverse plane during the delays τ .

In PGSE, the magnetization is in the transverse plane during the whole sequence and

echo formation occurs after 2τ . In the PGSTE sequence, the magnetization is in the

transverse plane during the delays τ1 and in the longitudinal direction during delay τ2.

The echo forms when the second τ1 delay ends. The gradient pulses are applied in order

to encode for diffusion. They have duration δ , strength g and the spacing between the

onset of the gradients is denoted Δ. After the excitation pulse, before any gradient is

applied and if relaxation is ignored, all spins are precessing with the Larmor frequency

and all have the same phase, φ = 0. During the application of the first gradient, the

precession frequency of the spin will depend on its position along the direction of the

applied gradient. The spin will precess faster or slower than ω0, depending on if the field

strength it is subjected to, is higher or lower than B0. If the short gradient pulse (SGP)

approximation is fulfilled, i.e. if δ is very sharp and diffusion can be ignored during the

application of the pulse, then the spin acquires a phase, φ , which depends on its position

r, the gradient duration δ , and the gradient strength g, according to

φ(r) = γδg · r. (3.12)

The effect of the gradient on the phase of the spins is commonly quantified by the q-

vector, which is given by1

q = γδg. (3.13)

In order for the second gradient pulse to rephase the spins it needs to have the opposite
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effect on the phase compared to the first gradient. For the PFG-sequences shown in Fig.

3.6 this is achieved by applying a gradient with the same δ and g in the same direction

as the first one, after the magnetization has been inverted. In general, the spins will be

rephased when1

∫ t

0
g(t ′)dt ′ = 0, (3.14)

where g is the effective gradient. This also applies for sequences with more complicated

gradient shapes than the PFG-sequences. If the spins move during the time between the

application of the two gradients, the rephasing of the spins will not be complete. The

residual phase of the spin depends on the displacement R = (r1 − r0) during the time

between the gradients, and is given by

Δφ(r1) = γδg ·R (3.15)

The effect that the gradients have on the phase, and the effect of the diffusion of one spin

can be seen in Fig. 3.7.

Figure 3.7: Schematic of how the PGSE se-

quence effects the phase of the mangetizations.

After the 90◦ pulse, spins are precessing in

the transverse plane and the phase is the same

everywhere. After applying a gradient pulse

in the z-direction, the phase of the spins will

change as a function of position z. The sec-

ond gradient pulse has the same duration, δ ,

strength, g, and direction, +z, as the first gradi-

ent, but since it is applied after the 180◦-pulse

it will have the opposite effect and rephases the

spins. However, a spin that diffuses from po-

sition z0 to z1, during the diffusion time, will

acquire a residual phase, which depends on the

displacement Z = (z1 − z0) and q = γδg.

180y 180˚ 90x 

RF 

90˚ 

δ δ 

g 
time 

z 

z1 

z0 

Δφ = qZ

gz 

The total signal from all spins is given by the ensemble average
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S = 〈exp(iφ)〉 (3.16)

and thus, diffusion will cause signal attenuation due to less uniform phase of the spins

in the sample. The signal attenuation is given by34

S/S0 =
∫ ∞

−∞
P(R,Δ)exp(iq ·R)dR, (3.17)

which is the Fourier transform of the propagator and where S0 is the signal in the absence

of gradients. For Gaussian diffusion or in the low q-limit signal attenuation depends on

the MSD in one dimension, according to

S/S0 = exp

(
−1

2
q2

〈
Z2

〉)
. (3.18)

and inserting Eq. 2.7 yields

S/S0 = e−q2DΔ. (3.19)

In the case of finite gradient pulse widths, the signal attenuation depends on the effec-

tive diffusion time tD, according to

S/S0 = e−bD (3.20)

where b = q2tD is the diffusion weighting factor, which for the sequences shown in Fig.

3.6, is given by32

b = (γδg)2(Δ−δ/3). (3.21)

Experimentally, b is usually varied by changing the strength, g, of the pulsed gradients.

Fig. 3.8 shows how the intensity of the water peak in a proton spectrum decreases as

the diffusion weighting factor, b, is increased. The signal attenuation, S/S0, is mono-

exponential as shown in Eq. 3.20, which gives a straight line in a semilogarithmic plot.

The diffusion coefficient is calculated by fitting Eq. 3.20 to the data.

For free diffusion Eq. 3.20 is valid for all gradient shapes, but it is not valid when
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Figure 3.8: NMR spectra of water

shown at different amount of diffu-

sion weighting, b, calculated accord-

ing to Eq. 3.21. The normalized sig-

nal intensity S/S0 as a function of b
is plotted in a semilogarithmic plot.
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diffusion is restricted. For finite gradient pulses, the spins will have time to diffuse

during the application of the pulse and the encoded position will be the center-of-mass of

the propagator during the pulse.35 This fact can be used to measure diffusion coefficient

of intracellular water36, as well as for pore space imaging.37;38

3.7 Imaging

In NMR imaging, gradients are used to spatially resolve the NMR signal.39 In order

to get a two dimensional image of the sample, spatially encoding needs to be done in

two orthogonal directions. Two different gradients are used during different times of

the pulse sequence, which often is a spin echo sequence. One of the gradients is the

frequency encoding gradient G f , which is applied during signal acquisition. The phase

encoding gradient Gp, is applied before signal acquisition. The gradients define a recip-

rocal space, also called k-space, according to

k =
∫

G(t)dt. (3.22)

By doing a 2D Fourier transform of k-space a 2D-image of the studied object is gener-

ated, with each pixel intensity in the image correspond to the NMR signal acquired at a

specific position in the studied object. By exciting one slice at a time a 3D reconstruction

of the object can be obtained. Each volumetric picture element is called a voxel.

3.7.1 Diffusion tensor imaging

For some heterogenous system such as biological tissue or liquid crystal (see Section

4.1.1), anisotropy of the microscopic structures in the sample can give anisotropic diffu-

sion. The signal attenuation will depend on the distribution of apparent diffusivities in
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the sample, which will be discussed in more detail in Chapter 5.

Diffusion can be described with the diffusion tensor given in Eq. 2.10. By repeating

diffusion encoding measurements in several non-collinear directions it is possible to

compute the diffusion tensor of each voxel. This technique is called diffusion tensor

imaging (DTI).18 A common parameter used to describe the amount of anisotropy of

each voxel is the fractional anisotropy (FA). FA is calculated from the eigenvalues of

principal coordinate axis diffusion tensor and the mean diffusivity D, according to31

FA =

√
3

2

√
(λ1 −D)2 +(λ2 −D)2 +(λ3 −D)2

λ 2
1 +λ 2

2 +λ 2
3

. (3.23)

Some other parameters, useful to describe the diffusion tensor is the parallel diffusion

coefficient, D‖, and the perpendicular diffusion coefficient, D⊥. If the diffusion tensor

has a prolate shape then D‖ > D⊥ and if the diffusion tensor has an oblate shape then

D‖ < D⊥.

One problem with DTI is that it only reflects the macroscopic diffusion anisotropy in

a voxel and does not reflect the microscopic anisotropic diffusion inside the anisotropic

pores in the sample. In Fig. 3.9 three voxels containing the same type of microscopic

pore shapes, cylinders in this case, are shown. The macroscopic diffusion tensor of

each voxel is shown, and it is clear that the diffusion tensor does not correspond to the

underlying microscopic structure but rather affected by the orientation distribution of the

microscopic domains.

FA=0.6 FA=0 FA=0.9 

Figure 3.9: Three different

voxels with the same micro-

scopically anisotropic structure

but with different orientation

distributions. The ordering of

the cylinders reflect the shape

of the diffusion tensor and the

FA calculated according to Eq.

3.23.
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4
Colloidal model systems

A colloidal system is defined as a macroscopically homogeneous sample containing

nano- to micrometer sized particles or assemblies that are evenly suspended in another

type of material. Some examples are: oil droplets dispersed in water, dust particles

distributed in air, and blood cells suspended in blood plasma.

Some particles, such as surfactants, which can be suspended in water, have the abil-

ity to self-assemble into a range of organized colloidal structures.13 Consequently, the

water is constrained by the aggregates and will in some structures diffuse anisotropi-

cally. Anisotropic water diffusion can also be found in biological tissues such as in

white brain matter. For this reason we have chosen to use surfactant based systems to

model anisotropic diffusion of biological tissues.

Another system, which has shown to be useful as a model system in NMR diffusion

studies, is yeast cell suspensions.36 Yeast cells can also be used as a biological model

organism, since it can be genetically modified to express human proteins.40 In this chap-

ter, some aspects of the different model systems used in this thesis will be explained in

more detail.

4.1 Surfactants

Surfactants are amphiphillic molecules, which consist of two parts: one part which is

soluble in water, the hydrophilic head, and one part which is not soluble in water, the

hydrophobic tail. These type of molecules are common in everyday life, in products

such as shampoo and toothpaste, as well as in many other applications, e.g. enhancing
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oil recovery and facilitating drug adminstration.41 The name surfactant comes from the

fact that they are active at surfaces and can decrees the surface tension between different

phases.13;41

There are many types of surfactants with different characteristics. Depending on

the charge of the headgroup, the surfactant can be either, anionic (negatively charged),

cationic (positively charged), zwitterionic (both positively and negatively charged) or

nonionic (not charged). The charge of the head group will play an important role for the

type of aggregates that are formed as the surfactants self-assemble. In Fig. 4.1 a typical

surfactant is illustrated with a hydrophobic tail and a hydrophilic head. The chemical

structure of two different surfactants is also shown: AOT, which is cationic and the

C10E3, which is nonionic.

Figure 4.1: (A) Schematic figure of

a surfactant with a hydrophilic head

and a hydrophobic tail. (B) The

chemical structure of the sodium

1,4-bis(2-ethyl- hexyl) sulfosucci-

nate (AOT), which was used in Pa-

pers I and III. (C) Triethylene glycol

monodecyl ether (C10E3) was used

in Paper. II.
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The simplest type of self-assembled aggregate that surfactants can form is a spheri-

cal micelle, in which the hydrophobic tails from numerous surfactants merge together

and form a sphere-like particle with the polar heads pointing out towards the solution.

This will effectively separate the non-polar tails from the water, which is energetically

favourable.13

Depending on the effective area of the polar head and the length and volume of the

hydrocarbon tail the shape of the the self-assembled structures can take many different

forms.42 Also the concentration of surfactants in solution will influence the aggregate

structure, as well as, pH, salt concentration and temperature.13 In Fig 4.2 different types

of aggregate structures are shown. The polar heads always points towards the water

phase and the apolar hydrocarbon tails merge and create a continuous nonpolar phase.
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A 

C 

B 

Figure 4.2: Schematic representations of some

self-assembley structures created by surfactants

in aqueous solution. (A) Normal micelle, were

the polar heads point outwards into the water

and the apolar hydrocarbon tails point inward,

creating a nonpolar region in the micellar core.

(B) Reverse micelle, where the water consti-

tutes the core of the micelle. (C) Surfactant bi-

layer consisting of two surfactant mono-layers

where the apolar hydrocarbon tails create the

core.

4.1.1 Lyotropic liquid crystals

It is normal for surfactants in water solution to form lyotropic liquid crystals.43 These

crystalline structures are microscopically ordered and they are liquid in the sense that

there is a high molecular mobility. Three different classes of liquid crystalline phases

are: lamellar, cubic and hexagonal. In Fig. 4.3 the water phase in the three classes are

depicted. The lamellar and the hexagonal phases have anisotropic water diffusion while

the cubic phase is isotropic. The lamellar phase consists of stacks of surfactant bilayers

separated by water, which can diffuse freely in the plane perpendicular to the symmetry

axis of the domain but is restricted in the parallel direction. The hexagonal phase consists

of stacks of rod-shaped micelles, normal or reversed, packed in a hexagonal pattern. In

the reversed hexagonal phase (shown in Fig. 4.3) the water diffuses freely along the

symmetry axis but is restricted in the perpendicular direction. A bicontinuous cubic

phase show isotropic diffusion for both the water and the surfactant.

The phase of the liquid crystal is highly dependent on the type of surfactant as well as

on the concentration of the surfactant in solution and the temperature. A phase diagram

shows under which conditions the various phases are thermodynamically stable.

In Fig. 4.3, the AOT/water phase diagram44 shows the phases at different concentra-

tions and temperatures. There are three areas that generates lyotropic liquid crystals, a

big area with lamellar phase at intermediate concentrations, a small range with a bicon-

tinuous cubic phase and reverse hexagonal phase at high concentrations.
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4 Colloidal model systems

Figure 4.3: Phase digram for an

AOT/water solution. Three areas

with different liquid crystal struc-

tures can be seen: Lamellar at

intermediate concentrations, cubic

around 80 wt% AOT, and reverse

hexagonal at high concentrations.

The blue colour shows the water

compartment geometries of the dif-

ferent phases.
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4.2 Characterizations of liquid crystals

4.2.1 SAXS

A common technique used to study the structure of liquid crystals is small angle X-

ray scattering (SAXS). In SAXS the sample is irradiated with X-rays with a certain

wavelength λ . Most of the photons will go through the sample without any interaction

but some of the photons will scatter elastically as they hit an electron. The scattered light

will be detected at a range of small angles θ , from the incidence point of the primary

beam. If there is an ordered structure in the sample, constructive interference will occur

at θ , according to Bragg’s law13

nλ = 2dsinθ , (4.1)

where n is an integer and d is the repeating distance between the scattering elements.

The diffraction pattern from the scattered photons can give information about the liq-

uid crystal structure of the sample and it is possible to see whether the structure is lamel-

lar, cubic or hexagonal.45

4.2.2 2H NMR

If a liquid crystal contains heavy water, D2O, 2H NMR can be used to determine if

the system is anisotropic. Because the 2H nuclei has spin quantum number, I = 1, it
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4.3 Yeast cells

possesses a quadrupolar moment, which changes the energy levels of the 2H nucleus

slightly so that they become non-equidistant.27 This can cause a splitting in the NMR

spectrum. The amount of splitting depends on the water molecule’s orientation relative

to the main magnetic field, B0. However, no splitting will occur when the water is

moving isotropically, as in e.g. free water, because then the affect of the quadrupolar

interaction will average out. In anisotropic samples on the other hand, such as in lamellar

or hexagonal liquid crystals, the water positioned closest to the surfactants will have a

preferred orientation, because of the interaction with the polar head group. The size of

the splitting will depend on the orientation of the liquid crystal structure, relative to B0.46

If the sample is completely ordered and there is only one orientation of the crystalline

structures, two peaks will appear in the spectrum. If the orientations of the crystalline

structures is isotropic, i.e. all orientations occur with the same probability, the NMR peak

will take the form of a Pake pattern,47 with contributions from all different orientation,

where 0◦ is the least probable angle, relative to B0, and 90◦ is the most probable angle.46

In cubic phased liquid crystals, where the surfactant layer has no preferred direction, no

splitting will occur.

4.3 Yeast cells

Yeast cells were used early as a model system by Stejskal and Tanner15 to show the ef-

fect of restricted diffusion for PFG-experiments. Since then the system has been used in

many studies with diffusion NMR.36;48–51 Yeast cells are eukaryotic unicellular organ-

isms and they have many similarities to human cells, but they can grow much faster.52

One important component of the cell is the cell membrane. The cell membrane con-

sists of a phospholipid bilayer and constitutes a barrier for molecular diffusion pro-

cesses.13 The membrane also contains different types of proteins with different func-

tions.

Yeast is also popular as a model in biological studies. Baker’s yeast, (Saccharomyces

cerevisiae) was the first eukaryotic cell to have its entire genome completely sequenced.53

Since then, different types of yeast cell strains has been used to study and understand

human biological processes. For example, yeast cells can be genetically modified to
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express human proteins such as aquaporins.

4.3.1 Aquaporins

Water transport across the biological cell membranes are of great importance for the

functionality of cells. There are different mechanisms behind this process,54 one of

them is passive water transport through special membrane proteins called aquaporins

(AQP).

There are many different types of human AQP and they are found at different locations

in the body.55;56 AQP has shown to play a role in several diseases, including different

type of cancers.57 Better understanding of the mechanisms of the AQP may contribute to

new types of diagnostics and therapeutics.56;57 An illustration of yeast cells with aqua-

porins expressed in the cell membrane is shown in Fig. 4.4.

Figure 4.4: Illustration of yeast cells with

aquaporins in the cell membrane. The aqua-

porin is a transport protein, which passively lets

water in and out of the cell.
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As we have seen in previous chapters, the mean square displacement of a spin ensemble

can be affected by restrictions preventing further displacement in that direction, which in

turn affects the ADC. If diffusion is measured in several directions the diffusion tensor

can be retrieved. However, the diffusion tensor reflects the anisotropy on a macroscopic

scale. If the domains in the sample are randomly oriented, the resulting diffusion tensor

will be isotropic. In Papers I-III we introduce methods that go below voxel level and

quantify the microscopic anisotropy. The shape of the microscopic anisotropic diffusion

tensor can also be determined.

In this chapter, diffusion NMR in anisotropic structures will be explored and the novel

methods developed in paper I-III will be summarized.

5.1 Conventional diffusion encoding

For free diffusion signal attenuation will follow Eq. 3.20, and the measured diffusion

coefficient corresponds to the self-diffusion coefficient of the molecule. For restricted

diffusion the signal attenuation will depend on the size and shape of the compartment

and the diffusion time.

Consider a cylinder shaped compartment with water inside the cylinder and no water

outside the cylinder. The diffusion parallel to the axis of the cylinder, D‖, will be free and

non-restricted while the diffusion perpendicular to the cylinder, D⊥ will be restricted. In

Fig. 5.1 it is shown how the apparent diffusion coefficient measured by conventional

diffusion NMR depends on the angle θ , between the encoded diffusion direction (the
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5 Diffusion NMR for microscopic anisotropy

q-vector) and the cylindric compartment. If there is only one cylinder or if all cylinders

inside the studied volume are ordered with the same direction the signal acquired with

a conventional diffusion NMR experiment follows a mono-exponential decay (see Fig.

3.8) with the steepest slope at θ = 0◦ and the most flat slope at θ = 90◦. The apparent

diffusion coefficient at a specific angle is given by4

Dθ = D‖cos2θ +D⊥sin2θ (5.1)

The probability of a certain apparent diffusion coefficient, P(D), is in this case a delta

function. However, if the volume contains randomly oriented cylinders the distribution

of apparent diffusion coefficients forms half a Pake pattern, with a high probability of

low ADCs and a low probability of high ADCs.

Figure 5.1: The apparent diffu-

sion coefficient, ADC, measured in

anisotropic materials depends on the

angle of the q-vector in relation to

the anisotropic structure. For a sam-

ple with randomly distributed ori-

entations the probability distribution

will follow half a Pake pattern (bot-

tom right).
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The signal attenuation curve from a sample like the one shown in Fig. 5.1 is multi-

exponential, composed of all the ADC coefficients from the cylinders with different

orientations, according to

S/S0 =
∫ ∞

0
P(D)e−bD. (5.2)

The curvature of the signal attenuation has previously been used to distinguish be-

tween different phases in AOT liquid crystals,2 and the shape of P(D) can be used to

describe diffusion in cellulose and starch.4 In Fig. 5.2 the signal attenuation curves for

lamellar and reverse hexagonal liquid crystals are shown.

It should be noted that the curved signal attenuations like those shown in Fig. 5.2 and
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Figure 5.2: Signal attenuation re-

sulting from conventional diffusion

encoding on a lamellar liquid crystal

(left) and a reverse hexagonal liquid

crystal (right).

the probability distribution of diffusion coefficients of the type shown in Fig. 5.1 are

not specific for anisotropic diffusion. The exact same probability distribution could be

generated by a collection of spherical pores of different sizes, contributing to different

ADCs with the same probability as in Fig. 5.1. This ambiguity can be solved by using

more advanced pulse sequences.

5.2 More encoding directions

If we move beyond the conventional diffusion encoding sequences e.g. PGSE and PG-

STE, the diffusion encoding sequence can be extended and encode more than one direc-

tion. This was done by Callaghan and Komlosh20 when they applied a double diffusion

encoding sequence to an AOT-water lamellar liquid crystal and combined encodings with

collinear and orthogonal gradient directions in order to distinguish between isotropic and

anisotropic diffusion on the microscopic scale. The same approach was used in a study

of diffusional anisotropy in the spinal cord.58 It is also possible to study the full angular

dependence between the two encoding directions by varying the angle, stepwise, from

0◦ to 360◦.59–61

5.3 Isotropic diffusion encoding

For anisotropic diffusion tensors the mean diffusion, D, (see Eq. 2.11) is invariant of the

direction of the principal frame of the anisotropic compartment. It is possible to measure

the trace of the diffusion by encoding for three orthogonal diffusion directions within the

same pulse sequence.

A simple way to do this is to use bipolar gradients in three orthogonal directions, for
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5 Diffusion NMR for microscopic anisotropy

example x,y and z, on each side of the 180◦ pulse in a normal spin echo.62 A schematic

of the sequence as well as the corresponding vector directions are shown in Fig. ref-

fig:tripleIso. The diffusion encoding vectors are built up and down for each bipolar

gradient pulse. For this particular sequence the encoding vector will be built up six

times during the pulse sequence. Combinations of more than one gradient direction at

once can also be used in order to increase the maximum gradient power.62 63 The comi-

nation of encoded directions must be done in such a way that the off-diagonal elements

of the diffusion tensor are cancelled out. More RF-pulses during the sequence can also

be applied.63 64

Figure 5.3: Isotropic diffusion weighting with

three orthogonal bipolar gradient pulses on

each side of the 180◦ pulse. The different

colours show the different gradient directions

x (red), y (green) and z (blue). The arrows are

the corresponding diffusion encoding vectors.
x y 

z RF 

gx,y,z 

90˚ 180˚ 

5.4 q-MAS - magic angle spinning of the q-vector

In Paper I, we introduce a novel sequence, which instead of pulsing the diffusion encod-

ing vector in several separate directions, builds up the diffusion encoding vector once

and then, by using harmonically modulated gradients in the x, y and z-directions, contin-

uously changes the azimuth angle, ψ , of the q-vector, keeping it at a constant inclination

angle, ζ = acos(1/
√

3)≈ 54.7◦, also called the ’magic angle’.65

Figure 5.4: A schematic of the q-MAS pulse

sequence. The q-vector is built up by the z-

gradient and modulations of the x, y and z gra-

dients cause the vector to rotate one lap at the

magic angle.
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The resulting signal attenuation from an isotropic diffusion encoding, reveals the mean

diffusion of the microscopic diffusion tensor, and the anisotropic contribution to the sig-

nal attenuation will vanish. This can be seen clearly in Fig. 5.5 were the signal attenu-

ation from three different samples are shown: lamellar liquid crystal, reverse hexagonal
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5.5 Quantifying microscopic anisotropy with isotropic diffusion weighting

and yeast cell suspension. Corresponding P(D)s are shown next to the signal attenuation

plots. The signal attenuation from the conventional diffusion encoding sequence is plot-

ted in blue, the signal attenuation from isotropic diffusion weighting is plotted in red.

The isotropic diffusion weighting shows a mono-exponential decay for the lamellar and

the reverse hexagonal liquid crystal, and there P(D)s shows the mean diffusivity. The

signal attenuation from the yeast cell suspension on the other hand, show the same signal

attenuation for both conventional and isotropic diffusion weighting. This is because the

cells are spherical and therefore diffusion is isotropic.

0 5 10 15
0.01

0.1

1

0 1 2 0 5 10 15
0.01

0.1

1

0 1 2 0 5 10 15
0.01

0.1

1

0 1 2
b / 109 sm-2 b / 109 sm-2 b / 109 sm-2 

S/
S 0

 

P(
D

) 

P(
D

) 

P(
D

) 

S/
S 0

 

S/
S 0

 

D / 109 m2s-1 D / 109 m2s-1 D / 109 m2s-1

Figure 5.5: Signal attenuation for conventional diffusion encoding (blue) and isotropic diffusion encoding

(red) for three different samples: Lamellar liquid crystal (left), reverse hexagonal (middle) and yeast cell

suspension (right). The corresponding probability distribution of apparent diffusion coefficients, P(D), are

plotted next to the signal attenuation curves.

5.5 Quantifying microscopic anisotropy with isotropic
diffusion weighting

In Paper II we implement a q-MAS sequence with smooth gradient modulations, which

are less demanding for the gradients and thus better suited for a clinical system.66 The

sequence is shown in Fig. 5.6.

RF 

gx,y,z 

90˚ 180˚ 

x y 

z 

Figure 5.6: q-MAS with smooth modulated

gradients x, y and z are shown in red, green and

blue, respectively. The corresponding q-vector

trajectory is shown.The black line shows the

gradient shape used for the conventional diffu-

sion encoding.
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5 Diffusion NMR for microscopic anisotropy

To quantify the microscopic anisotropy we use the fact that the variance, μ2, of P(D)

(also called the second central moment) corresponds to the first deviation from a mono-

exponential attenuation curve. Also the μ2 observed from a sample with randomly or-

dered domains, correspond to the microscopic anisotropic diffusion inside the compart-

ments. This can be seen in Fig. 5.1 where the P(D) is achieved by a completely random

orientation of microscopically anisotropic domains, shaped like cylinders in this case.

However, if the order of domains is higher on a macroscopic scale, the P(D) will not

look the same. We can simulate completely random orientations by applying powder

averaging, which will be explained below.

The amount of ordering in a sample can be quantified with the order parameter,

OP =< (3cos2ϕ −1)/2 >, (5.3)

where ϕ is the angle between the principal axis of the anisotropic domain and the voxel

symmetry axis. The values for OP can be between -1/2 and 1. In Fig. 5.1 the orientations

of the compartments are completely random, giving OP = 0. If OP > 0 then P(D) will

not have the same shape any more. This means that the μ2 of P(D) will not reflect the

diffusion tensor of the microscopically anisotropic compartments.

Powder averaging can be done by acquiring the conventional diffusion encoding sig-

nal with many orientations, uniformly distributed on a unit sphere67;68 and averaging

the signal. The resulting signal attenuation will correspond to a sample with randomly

oriented domains, OP= 0.

The difference in variance of the P(D)s, resulting from powdered average diffusion

encoding and isotropic encoding, is given by

Δμ̃2 =
μ2 −μ iso

2

D̄2
, (5.4)

where μ2 is the variance of the powder averaged conventional diffusion encoding and

μ iso
2 is the variance of the isotropic diffusion encoding.

The microscopical fractional anisotropy, μFA, is defined as

μFA =

√
3

2

(
1+

2

5
· 1

Δμ̃2

)−1/2

(5.5)
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5.5 Quantifying microscopic anisotropy with isotropic diffusion weighting

and describes the anisotropic diffusion inside the microscopic domains. μFA is the

microscopic equivalent of FA (see Eq. 3.23). OP can be calculated from μFA and FA in

the following way

OP =

√
3μFA−2 −2

3FA−2 −2
. (5.6)

Fig. 5.7 show three voxels with the same μFA but with different OP.

OP=0.4 OP=0 OP=0.77 

Figure 5.7: Three voxels showing different or-

der parameter, OP. The microscopic fractional

anisotropy, μFA, are the same in all voxels

but the orientations of the cylinders are differ-

ent. OP was calculated with Eq. 5.6 assuming,

μFA= 1 and FA values of: 0.6, 0 and 0.9, re-

spectively.

Fig. 5.8 shows an MRI phantom that can be used for imaging microscopic anisotropy.

The phantom contains anisotropic diffusion in a C10E3-water lamellar liquid crystal and

isotropic diffusion in a yeast cell suspension.

yeast suspension 

disordered liquid 
crystal 

ordered liquid 
crystal 

Figure 5.8: Schematic illustration of

an MRI phantom for microscopic

anisotropy. The phantom consists of

two different sized NMR tubes. The

inner tube contains a C10E3-water

lamellar liquid crystal, which is or-

dered at the edge and random in the

middle. The outer tube contains a

yeast cell suspension.

By acquiring the signal with an imaging sequence, it is possible to study the signal

attenuation of each voxel. In Fig. 5.9, four voxels from the MRI phantom is shown.

Isotropic diffusion weighting causes variance μ iso
2 = 0 in the ordered and the disordered

liquid crystal. In the yeast cell suspension μ iso
2 = μ2, since the diffusion is isotropic.

If both yeast and liquid crystal are present in the same voxel, the isotropic diffusion

encoding removes the contribution from anisotropic diffusion but μ iso
2 > 0, because of

the different diffusivities in the yeast suspension.
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Figure 5.9: Signal attenuation plots from conventional diffusion weighting (blue) and isotropic diffusion

weighting (red) for different sites in the MRI phantom. The plots shown from left to right correspond to:

ordered lamellar liquid crystal; yeast cell suspension; randomly ordered liquid crystal; mixture of liquid

crystal and yeast cell suspension. The relations between μ2 and μ iso
2 are shown for each situation.

The parameters μFA, FA and OP of the anisotropic diffusion in the liquid crystal can

be quantified from the signal attenuation curves and mapped, as shown in Fig. 5.10. The

μFA map show high intensity everywhere in the liquid crystal, FA is only high at the

outer edge of the inner tube. OP looks similar to FA, with high intensity at the outer

edge of the inner tube and low intensity in the middle, which follows Eq. 5.6.

Figure 5.10: Three MR-images of the phan-

tom shown in Fig. 5.8. The three parameters:

microscopic fractional anisotropy, μFA, frac-

tional anisotropy, FA, and order parameter, OP,

are mapped. The colours in the FA map corre-

spond to the xx (red), yy (green), zz (blue) ele-

ments in the laboratory-frame diffusion tensor.

The colours in the OP map go from blue = 0 to

red = 1. In these images the yeast has been cut

out.
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5.6 Prolate or oblate?

In Paper III the shape of the microscopic diffusion tensor is quantified.

The diffusion tensor D can be diagonalized to its principle axis system and parametrized

into its isotropic value Diso, (mean diffusion as shown in 2.11), its anisotropy, DΔ, and

its asymmetry Dη . The DΔ and Dη of D is given by

DΔ =
1

3D

(
Dzz − Dyy +Dxx

2

)
(5.7)
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and

Dη =
Dyy −Dxx

2DisoDΔ
(5.8)

The diagonal elements are order according to the convention |Dzz −Diso| ≥ |Dxx −Diso| ≥
|Dyy −Diso|. For axially symmetric diffusion, Dη = 0. Positive and negative values of

DΔ correspond to prolate and oblate shapes, respectively.

Diffusion weighting can be described by the diffusion-weighting matrix b:1;29

b =

⎛
⎜⎜⎜⎜⎜⎝

bxx bxy bxz

byx byy byz

bzx bzy bzz

⎞
⎟⎟⎟⎟⎟⎠ . (5.9)

For axially symmetric diffusion encoding, b can be parametrized into its trace b, and

anisotropy bΔ:

b = Tr(b) = bxx +byy +bzz (5.10)

and

bΔ =
1

b

(
bzz − byy

bxx

)
. (5.11)

The diffusion-weighting is isotropic if bxx = byy = bzz = Tr(b)/3 and results in no

anisotropy of the diffusion-weighting, bΔ = 0. The diffusion encoding is done by using

the triple-stimulated echo sequence69 shown in Fig. 5.11.

RF 

g 
n2 

54.7° 
n3 

n1 

n1 n2 n3 

Figure 5.11: Triple stimulated echo with bipolar gradients. The three q-vectors, with orientations, n1, n2

and n3 are built up and down with bipolar gradient pairs shown in red, green and blue respectively. The

inclination angle, ζ , is varied to achieve different anisotropy of the diffusion-weighting, bΔ.
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5 Diffusion NMR for microscopic anisotropy

To achieve isotropic diffusion weighting the inclination angle is ζ = 54.7◦ and the

azimuth angles between the vectors are 120◦. To change bΔ the angle ζ is changed. bΔ

can range from -0.5 when ζ = 90◦ to 1 when ζ = 0◦.

Figure 5.12: Axially symmetric diffusion encoding. The

inclination angle of the q-vector is varied to achieve dif-

ferent anisotropies of the diffusion-weighting, bΔ.

bΔ = -0.5 bΔ = 0 bΔ = 1 
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z 

The curvature of the signal attenuation curve will depend on bΔ. At bΔ = 1 (con-

ventional diffusion encoding) anisotropic diffusion will result in the most curved signal

attenuation. bΔ = 0, anisotropic diffusion will give no curvature to the signal attenuation.

By varying b and bΔ the resulting shape of the signal attenuation will reflect DΔ of the

microscopic compartments.

Lamellar, cubic and reverse hexagonal AOT-water liquid crystals were used for proof-

of-concept. In Fig. 5.13 the two dimensional attenuation curves are shown as a function

of b and bΔ as well as the corresponding shape of the diffusion tensor.
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Figure 5.13: Two dimensional signal attenuation curves shown for three different structures of liquid crys-

tals: lamellar (left), cubic (middle) and reverse hexagonal (right). The shape of the attenuation curve,

S(b,bΔ) is given by the microscopic diffusion anisotropy, DΔ.
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The study of transport between different compartments in heterogeneous systems is of

interest in many fields. For example, to investigate the functionality of different types

of transport proteins in cell membranes, such as aquaporins. The most common way to

study exchange in cells is to change the osmolality of the solution10;70 and to observe

the change in cell size. A more direct method for measuring exchange is NMR, since it

allows probing the water molecules directly without any osmotic gradient. One way, in

which NMR can be used, is to add some type of relaxation agent that will affect the T1

or T2 relaxation of the water.71–73 However, this includes the introduction of a foreign

substance and is not always possible. However, using magnetic field gradients to probe

the exchange of water molecules between compartments, is a completely non-invasive

method.

6.1 Conventional diffusion encoding in a two-compartment
system

If there is no exchange between two compartment with two different diffusion coeffi-

cient, signal attenuation will depend on the fraction and the diffusion coefficient of each

compartment,

S/S0 = f1e−bD1 + f2e−bD2 (6.1)

where f1 and f2 are the fractions of respective compartment.
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6 Diffusion NMR for exchange

For a system were one compartment contains freely diffusing molecules and the other

contains restricted molecules, as for intra- and extracellular water in a cell suspension,

the ADC of each compartment will depend on the diffusion time.74 If the diffusion time

is long enough for the intracellular water displacement to be affected by the restriction,

the signal attenuation will be bi-exponential even if the water in both compartments has

the same self-diffusion coefficient.

In Fig. 6.1 the bi-exponential signal attenuation of a yeast cell suspension is shown.

The intracellular water has a lower ADC, D2 < D1. The signal fraction of the intracellu-

lar compartment, f1, can be calculated by extrapolating the curve at high b-values back

to b = 0. The extracellular fraction, f1 = 1− f2, and the initial slope gives the average

diffusion coefficient in the system.

Figure 6.1: Signal attenuation for a two com-

partment system with fast apparent diffusion

coefficient, D1, in the extracellular water and

slower apparent diffusion coefficient, D2, in the

intracellular space.
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If there is exchange between the two compartments, the signal attenuation curve will

be affected by the exchange rate.

6.2 Methods to study exchange with diffusion NMR

6.2.1 Kärger model

The Kärger model75 can be used to estimate the exchange between two compartments

with different diffusion coefficients. The Kärger model has been used for many applica-

tions e.g. surfactants and polymers in exchange between adsorbed and solved state21 as

well as permeability of many different types of cell types,76–78 including yeast cells.50;79

The Kärger model is based on the fact that when there is exchange between two com-

partments with different diffusion coefficients, the signal attenuation of each compart-

ment will include the loss of signal of molecules leaving the compartment, as well as the

gain in signal from molecules entering the compartment.80
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The signal attenuation for a system with two compartments with different apparent

diffusion coefficients, D1,2 and average residence time in each compartment, τ1,2, is

given by

E(q, tD) =CAe−q2DAtD +CBe−q2DBtD (6.2)

where

DA,B =
1

2

{
D1 +D2 +

1

q2

(
1

τ1
+

1

τ2

)

∓
√[

D1 −D2 +
1

q2

(
1

τ1
+

1

τ2

)]2

+
4

q4τ1τ2

}
,

(6.3)

CB =
f1D1 + f2D2 −DA

DB −DA
(6.4)

and

CA = 1−CB. (6.5)

The typical pulse sequence of a Kärger experiment is a conventional diffusion en-

coding sequence such as PGSE or PGSTE. By increasing the diffusion time, the signal

attenuation will be more affected by exchange. Signal attenuation for a non-restricted

system is calculated from the Kärger model and shown in Fig. 6.2. The diffusion coef-

ficients of the different compartments are D1 = 2 ·10−9 ms−2 and D2 = 8 ·10−11 ms−2.

Here tD is increased from 1 ms to 1 s. The fraction of each compartment are f1 = 0.6

and f2 = 0.4 and the exchange rate is k = 10.4 s−1. As tD → ∞ the signal attenuation

curves becomes mono-exponential corresponding to the mean attenuation of the sys-

tem, because the diffusing molecules can probe both compartments during the diffusion

time.77

The signal attenuation in a two compartment system described by the Kärger model

can be understood by considering the total signal, S, which can be described by a vector

containing the contributions from the two compartments
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6 Diffusion NMR for exchange

Figure 6.2: Signal attenuation for a two

compartment system in exchange. Wa-

ter in the two compartments have different

apparent different coefficients: D1 = 2 ·
10−9 m2s−1 and D2 = 8 ·10−11 m2s−1, as

well as different average residence times,

τ1 = 240 ms and τ2 = 160 ms. Signal at-

tenuation curves are calculated from Eq.

6.2. Diffusion time, tD is increased from

1 ms to 1 s.
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⎞
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The signal evolution caused by diffusion effects is given by

S = e−q2DtDS0, (6.7)

where

S0 =

⎛
⎜⎝S0,1

S0,2

⎞
⎟⎠ (6.8)

is the total signal not affected by any attenuation and

D =

⎡
⎢⎣D1 0

0 D2

⎤
⎥⎦ . (6.9)

The signal evolution caused by exchange is given by

S = e−KtS0, (6.10)

where
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6.2 Methods to study exchange with diffusion NMR

K =

⎡
⎢⎢⎢⎢⎣

1
τ1

− 1
τ2

− 1
τ1

1
τ2

⎤
⎥⎥⎥⎥⎦ . (6.11)

The Kärger model given in Eq. 6.2 can also be defined by a matrix exponential81 in the

following way

S = e−(K+q2D)tDS0. (6.12)

6.2.2 Filter exchange spectroscopy

Information on the exchange can also be obtained by extending the diffusion experiment

into more dimensions.

RF 

g 

90˚ 180˚ 90˚ 90˚ 180˚ 

tm 

Figure 6.3: The FEXSY pulse sequence based

on a double PGSE. A double diffusion encod-

ing sequence, where the first block filters away

the fast diffusing signal component. Exchange

between the compartments occur in the mix-

ing time tm between the two diffusion encoding

blocks. In the second encoding block diffusion

weighting is increased by increasing the gradi-

ent strength.

Filter exchange spectroscopy (FEXSY) was first introduced by Åslund et al.11 and

is a modification of the diffusion exchange spectrospopy (DEXSY) experiment19. The

FEXSY pulse sequence can be seen in Fig. 6.3. FEXSY is a double diffusion encoding

sequence.82 In the first diffusion encoding block, a pair of filter gradients, is applied.

These attenuate signal mainly from the fast diffusing compartment, while most of the

signal in the slow diffusing compartment is preserved. The second block is a normal

diffusion encoding block with increasing gradient strengths. In between the two block

there is the mixing time, tm. In a case where all signal in the fast diffusing compartment

is attenuated by the first block, the signal attenuation curve reflects the amount of slow

diffusing molecules that exchanged sites with the fast diffusing molecules. The fraction

of fast diffusing molecules, f f , will increase with increasing tm in the following way:
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6 Diffusion NMR for exchange

ff(tm) = f eq
f − [ f eq

f − ff(0)]e
−ktm (6.13)

where f eq
f is the extracellular fraction at equilibrium and ff(0) is the extracellular fraction

at tm = 0.
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Figure 6.4: Calculated signal for FEXSY. (A) Signal attenuation at different mixing times, tm, with corre-

sponding probability distributions of the diffusion coefficients, P(D). (B) Change of signal attenuation with

increasing tm. Curves have been normalized to all start at one. In reality the equilibrium attenuation (black

curve) has the highest signal since no filter gradients are used. (C) Signal fraction of the fast component,

ff as a function tm, following Eq. 6.13. The same diffusion coefficients and residence times was used as in

Fig. 6.2.

In Fig. 6.4 signal attenuation curves from the FEXSY experiment is shown. The

top row in the left panel shows the signal attenuation at equilibrium, acquired with the

gradient strength in the first block equal to zero. After filtering the fast diffusing sig-

nal fraction ff is removed but it will grow back with increasing tm. It is assumed that

exchange during the diffusion encoding block is small and can be neglected and hence

signal attenuation will follow Eq. 6.1.

6.3 Accounting for differences in relaxation rates in FEXSY

In Paper IV we study a yeast cell suspension with a lower apparent diffusion coefficient

of the intracellular water Di and higher diffusion coefficient in the extracellular water

De. The intracellular transverse relaxation T2i is shorter than the extracellular T2e. We
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6.3 Accounting for differences in relaxation rates in FEXSY

use a modulated FEXSY sequence, based on a double stimulated echo to adjust for short

T2 relaxation times. A schematic of the sequence is shown in 6.5A.

To adjust for different T2 values in the two compartments, a second experiment was

combined with the FEXSY experiment. The second experiment was a normal PGSE

pulse sequence with varying echo time and constant diffusion time. The varying echo

time makes it possible to correlate T2 and D.83–85

6.3.1 Operator analysis for signal evolution

The Kärger model shown in Eq. 6.2 can be modified to include effect of relaxation differ-

ences between the compartments.86 Eq. 6.12 can also be modified to include relaxation

by adding the relaxation matrix

R =

⎛
⎜⎜⎜⎜⎝

R2i 0

0 R2e

⎞
⎟⎟⎟⎟⎠ (6.14)

to the exponential, where R2i = 1/T2i and R2e = 1/T2e. During the diffusion encoding,

the operator acting on S0 is given by

OP2 = e−(R+K+q2D)tD . (6.15)

For PGSE, when there is relaxation time differences between the two compartments,

the time before and after tD will also contribute to the signal evolution and the operator

acting on the signal is given by

OP1 = e−
1
2 (R+K)(tE−tD). (6.16)

For PGSE the signal evolution is given by

SPGSE = OP1OP2OP1S0. (6.17)

This type of signal evolution representation is common also in spectroscopic solid state
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6 Diffusion NMR for exchange

experiments.87 The signal evolution for the FEXSY experiment can be represented in a

similar way (see Paper IV).

In Fig. 6.5B the different operators acting on the signal during the FEXSY sequence

are represented by different coloured blocks and the different patterned blocks show

when exchange, relaxation and diffusion is affecting the signal evolution.

RF 

g 

90˚ 90˚ 

tm 

Exchange 
Relaxation 
Diffusion 

90˚ 90˚ 90˚ 90˚ 90˚ 

tD tD 

A 

B 

Figure 6.5: (A) FEXSY based on a double stimulated echo. (B) The different patterned blocks mark

the time intervals when the signal is subjected to the evolution operators for exchange, T2-relaxation, and

diffusion, respectively. The coloured blocks show the time intervals during which the different operators

apply: during the red block there is exchange and relaxation affecting the signal evolution; during the blue

block there is exchange, relaxation and diffusion; during green there is diffusion and exchange; and during

yellow there is only exchange.

The effects of exchange in the presence of different relaxation times between two

compartments can cause rather complex signal behaviours. Fig. 6.6 displays the signal

evolution for the FEXSY sequence shown in Fig. 6.5. For the calculation of the signal

evolutions, T1 relaxation was ignored and there was no diffusion weighting in the second

diffusion encoding block.

By comparing the signal at short and long mixing times, a small increase in the total

signal intensity can be observed at long tm. This can first seem counter-intuitive, since

longer experimental times should not cause an increase in the signal, rather the opposite,

and in this case where T1 relaxation is ignored during tm, the two experimental times

should give the same signal intensity. However, the reason for increasing total signal

intensity is that long tm allows the water to diffuse to the extracellular compartment.

This leads to a higher extracellular signal fraction, resulting in less signal loss due to

T2 relaxation during the second diffusion encoding block. For our yeast cell systems

the increased signal intensity at longer tm can not be shown experimentally. This is
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6.3 Accounting for differences in relaxation rates in FEXSY

because large differences in tm is needed to see the effect and in reality T1 relaxation will

decrease the signal during this time. However, there will be an effect on the measured

signals fractions, which is discussed more in Paper IV.
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Figure 6.6: Signal evolution during the FEXSY sequence shown in Fig. 6.5. (A) Signal fractions of

extracellular (blue) and intracellular (red) water. At short tm the intracellular fraction (red dotted line) is

much higher than the extracellular fraction (blue dotted line) at the end of the sequence. For long tm,

extracellular fraction (blue solid line) is higher than the intracellular fraction (red solid lines). (B) The

signal intensities during the FEXSY sequence. Here it can clearly be seen that during the long tm (solid

lines), there is more mixing between the two compartments than for the short tm. This causes a increase in

the total signal in the end of the sequence (green lines).
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7
Concluding remarks

NMR diffusion is a powerful technique for probing the translational motion of water

molecules. The diffusion NMR signal can reveal information about the microscopic

structure of porous materials. The technique is used as a diagnostic tool and can image

connecting structures in the brain.

The novel diffusion NMR methods presented in Paper I-III in this thesis, reveal in-

formation on microscopic structures, which is not attainable with conventional diffusion

methods used in the clinic today. With these new methods, otherwise confounding in-

fluence of different orientations of the microscopic structures, is removed. We show in

well characterised systems that these novel methods can reveal underlying microscopic

structures, and that the microscopic diffusion tensor can be quantified.

Biological tissue is far more complicated than liquid crystals, though. Also, as was

shown in Paper IV, relaxation and exchange can make the interpretation of the diffusion

NMR signal quite complicated. However, the use of simple model systems such as liquid

crystals and yeast cell suspensions is, in my opinion, great for validation of diffusion

NMR methods.

The hope is of course that the methods can become useful in a clinical setting, as

a tool for improved diagnostics. With this in mind, the method presented in Paper II

was optimized for a clinical system. Since that publication, the same method has been

applied in vivo to study cell structure in brain tumours.88
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