Stellingen

Het principe om de sapstroom in een plantenstengel te kwantificeren door het NMR signaal
daarvan als functie van stromingscoderende stappen in de magnetische veldgradienten te fitten
aan een modelfunctie is onjuist.

Dit proefschrift, hoofdstuk 4.

Het gebruik van een PFG stimulated echo sequentie vergemakkelikt aanzienlijk het
onderscheiden van de verplaatsing van watermoleculen t.g.v. extreem langzame stroming en
t.g.v. diffusie.

Dit proefschrift, hoofdstuk 3.

Geen van de gangbare theorie&n over het verdwijnen van embolieén in xyleemvaten geeft een
bevredigende verklaring voor het achterliggend mechanisme.
Dit proefschrift, hoofdstuk 6.

De aan een laag magneetveld inherente lage NMR signaalfruis verhouding onmiddellijk na
excitatie kan gecompenseerd worden door het opnemen van veel echo’s.
Dit proefschrift, hoofdstuk 7.

Omdat voor ieder pixel meerdere NMR parameters toegankeliik zijn is het streven naar een zo
hoog mogelijke ruimtelijke resolutie in een NMRi experiment niet allean vaak onnodig, maar
introduceert ook een extra sighaalafname.

Dit proefschrift, hoofdstuk 7.

Capillaire elektrochromatografie is superieur aan drukgedreven capillaire chromatografie voor het
scheiden van complexe mengsels, zeker indien de zeta-potentiaal van de capillairwand is
afgestemd op die van het kolommateriaal.

Als de drugsbestrijding in Nederland onder de vlag van de binnenlandse veiligheidsdienst zou

opereren, zou zij daadkrachtiger op kunnen treden.

Veel oudere werknemers verdisnen meer dan dat zij op grond van prestatie en behoefte van de
arbeidsmarkt behoren te krijgen.

Om de belangen van de consument te beschermen, zou de Nederlandse staat als aanbieder op
moeten kunnen treden van primaire, utilitaire levensbehoeften, waaronder energie, water en

telecommunicatie.

Stellingen behorend bij het proefschnift
Nuclear Magnetic Resonance imaging of water motion in plants
Tom Scheenen
Wageningen, 21 september 2001



Nuclear Magnetic Resonance Imaging

of Water Motion in Plants

Tom W. J. Scheenen



promotor:
prof. dr. T.J. Schaafsma,
hoogleraar in de Moleculaire Fysica

Wageningen Universiteit

co-promotor:
dr. H. Van As, universitair hoofddocent
Laboratorium voor Biofysica

Wageningen Universiteit

Promotiecommissie:

prof. dr. ir. J. Goudriaan, Wageningen Universiteit

prof. dr. C. Kolléffel, Universiteit Utrecht

prof. dr. O. van Kooten, Wageningen Universiteit

prof. dr. K. Nicolay, Universiteit Eindhoven

dr. W. Kdckenberger, Universiteit van Nottingham, Engeland




Nuclear Magnetic Resonance Imaging

of Water Motion in Plants

Tom W. J. Scheenen

Proefschrift

ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit,
prof. dr. ir. L. Speelman
in het openbaar te verdedigen
op vrijdag 21 september 2001
des ochtends te elf uur in de aula.



The work presented in this thesis was performed at the Wageningen University,
Department of Agrotechnology and Food Sciences, Laboratory of Biophysics,
Dreijenlaan 3, 6703 HA Wageningen, The Netherlands

Scheenen, T.W. J,

Nuclear Magnetic Resonance Imaging of Water Motion in Plants
Thesis, Wageningen University — With summary in Dutch

ISBN: 90-5808-475-2

Subject Headings:

cavitation / diffusion / embolism / flow / MRI / NMR microscopy / PFG / plants /
propagator / g-space / relaxation / resolution / stimulated echo / T, / transport /
turbo spin echo / vessels / xylem




Contents

Voorwoord
Chapter 1: Introduction

Chapter 2: Microscopic displacement imaging with pulsed field gradient
turbo spin echo NMR

Chapter 3: Microscopic imaging of slow flow and diffusion: a pulsed field
gradient stimulated echo sequence combined with turbo spin
echo imaging

Addendum: The combination of a pulsed field gradient
spin echo sequence with multiple spin echo imaging

Chapter 4: Quantification of water transport in plants with NMR imaging

Chapter 5: Functional imaging of plants: a Nuclear Magnetic Resonance
study of a cucumber plant

Chapter 6. Embolism induction and repair in xylem vessels of Cucumis
Sativus L.

Chapter 7: Measuring plant water status and transport with Nuclear
Magnetic Resonance imaging: a strategy
Summary

Samenvatting

List of Publications
Curriculum vitae

29

47

65

89

105

127

129

131
133



Voorwoord

Nou dit is het dan. Tastbaar bewijs dat ik toch gewérkt heb de afgelopen jaren. Ik
wil graag een aantal mensen bedanken voor hun bijdrage aan mijn tijd op
Moleculaire Fysica (nu Biofysica). Ten serste Henk, als directe begeleider ben jij
degene die me het meeste heeft bijgebracht: bedankt voor de altijd informele
gesprekken (gelukkig) en de vrijheid die je me liet tijdens het promotie-
onderzoek. Veel dank ook aan mijn technisch, strategisch en sociaal (all-
inclusive} mentor: Adrie de Jager. Frenkie V., bedankt voor al je compu-bijstand:
Baywatch zal ik niet snel vergeten. Wat me brengt bij Anneriet, onze metingen
hebben heel wat opgeleverd. Dagmar, bedankt voor je hulp en aanwezigheid in
het begin. Tjeerd, bedankt dat jo mijn promotor wilde zijn. Alle andere collega's
van Fysica, bedankt dat jullie mijn gezanik {met te harde stem gebracht} zo lang
aan hebben willen horen.

Ulrich, veel dank voor veel artikelen, het ga je goed in je Heimat. Misschien
moeten we maar een lijntje leggen van Amsterdam via Wageningen en Nijmegen
naar Magdeburg, kunnen we Wohaha, de Poetsvrouw en Carel Caputt nog eens
interactief omleggen: heren, het (halve) leven zal nooit meer hetzelfde zijn.
Uiteraard is er meer dan het Transitorium alleen. Bedankt mam en pap en alle
dames en heren van vakanties, weekendjes weg, Pinkpop, carnaval, eten,
drinken en alle andere écht belangrijke dingen. Tenslotte Christel, bedankt voor
alles, toen, nu en straks.

Tom.

Zoea, vaerdig.



1

Introduction

General introduction

Water is the only substance on planet earth that occurs naturally in all three
physical states: solid, liquid and gas. The liquid state of water is the most common
and most important fluid in the world. Every organism needs water to live, and every
organism contains at least some water. In plants for example water is used as the
major cell content and serves as a solvent for biologically relevant solutes, it
transports these solutes from roots to shoot or vice versa, it is the medium in which
many biological reactions take place, it is a hydrogen donor in the carbon
assimilation, et cetera. Water molecules are always in motion: continuous tumbles
and collisions with each other cause the ‘random walk’ or self-diffusion of water.
Although all individual molecules move, invisible for the human eye, the larger
ensemble of molecules can be stationary or flowing from one region to another. The
central theme of this Thesis is the movement of water within a certain time window,
either by diffusion or by flow as measured by nuclear magnetic resonance imaging
{NMRi or MRI). The ultimate strength of NMRi is the fact that it is non-invasive and
therefore particularly useful for in vivo studies of the water status and/or water

motion in biological objects.

In this Thesis the emphasis of the NMRi applications will be on plants. Recently,
many papers have been published about the mechanisims of long-distance water
transport in plants (7-5) after the infroduction of the xylem pressure probe and cryo-
scanning electron microscopy in plant physiology. The century-old Cohesion-
Tension theory (6), which predicts large negative pressures in continuous water
channels (long xylem vessels in the plant stem), has been guestioned, but no
satisfying altemative has been presented yet. In this debate another issue is not

understood. Under extreme conditions {e.g. high transpiration of water from the
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leaves and reduced water uptake by the roots, sub-zero temperatures of trunks) the
continuous water column in a xylem vessel disrupts and the vessel fills with water
vapor and air, blocking further water transport. Plants can refill these ‘embolisms’
(7-9) and new techniques and studies are required (9,70) to unravel the
mechanisms controlling this refilling. In this Thesis it is shown that NMRi is a key
tool in water transport and xylem refilling studies, creating the possibility to localize
water flow non-invasively in intact plants, at the vascular tissue level or even at the
individual vessel level.

Water in motion and NMR

In an NMR experiment two pulsed magnetic field gradients (PFGs) temporarily
change the resonance frequency of the observed protons and thereby affect the
amplitude and phase of the complex NMR signal (a short introduction in the
principles of NMR can be found in Chapter 4 of this thesis, a thorough background
can be found in references 717 and 72). Self-diffusion of protons between two PFGs
results in an attenuation of the amplitude of the NMR signal, as Stejskal and Tanner
reported in 1965 (13). If, in addition to selif-diffusion (which is always present), the
observed protons move uni-directionally in the direction of the PFGs, the phase of
the NMR signal will shift as a result of the two PFGs (Fig. 1.1). If the amplitude g of
the two PFGs is stepped, the NMR signal is modulated as a function of these steps.
A Fourier Transformation of the modulated signal returns the distribution of
displacements of the observed protons within A, alsc called a propagator (74). In
Chapter 2 of this Thesis the sighal modulation and propagator representation is
described in more detail. A propagator can be obtained for every pixel of an NMR
image (15) and can have many different shapes, depending on the amount of
flowing protons and the size and nature of the displacements of the protons in the
pixel concerned.
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Figure 1.1: The modulation of the NMR signal by two pulsed field gradients with amplitude g,

amplitude
attenuation

duration & and spacing A. The two top lines represent the basic pulse sequence. The arrows in the
circles in the bottom two lines schematically represent the complex signal of diffusing and flowing
water during the different manipulations of the radiofrequency and gradient pulses. After signal
excitation the signal resides along the real axis, where it gets dephased with the first PFG. With the
180° pulse all magnetization is inverted and with the second PFG the signal is rephased again.
Protons that move along the PFG direction within A do not rephase exactly. If this movement is
random (self-diffusion) the amplitude of the signal is attenuated. If, in addition o diffusion, the protons
also move uni-directionally along the PFG direction (flow) the phase of the signal is also shifted.

NMR imaging of plants

NMR imaging of plants demands a special approach, as distinguished from other
biological objects. Generally, the signal-to-noise ratio (SNR) of an NMR experiment

depends on B (with B, being the magnetic field strength) (76). This is the reason

why many groups performing NMR microscopy move towards higher magnetic field
strengths in a quest for a high spatial resolution of the image. Apart from the
question whether this pursuit of the highest possible resolution is meaningful, plants
impose a specific problem in high magnetic fields, Plants or plant tissues often have
many intercellular spaces filled with air. Since air and water have different magnetic
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susceptibilities, the density of magnetic field lines in air is different from the one in
water, producing magnetic field inhomogeneities around every air-water interface;
the higher the magnetic field strength, the stronger the field inhomogeneities.

The numerous local magnetic field inhomogeneities in many plant tissues can
cause several image artifacts (17). The NMR signal after excitation is dephased
rapidly because of the magnetic field inhomogeneities but can be refocused with an
inversion pulse (180° pulse in Fig.1.1) in a spin echo. After the first 180° pulse and
spin echo, a series or train of 180° pulses can refocus the signal over and over
again. The amplitudes of the multiple spin echoes decay with a characteristic time
constant: the spin-spin relaxation time T.. However, displacements of protons (due
to self-diffusion) in the susceptibility-refated field inhomogeneities can cause extra
signal amplitude attenuation (as in the previous section: proton movements
combined with magnetic field gradients attenuate the NMR signal). If the field
inhomogeneities are large (at high Bo) the extra signal aftenuation can also be
dramatic and even the first spin echo image may already suffer from severe signal
loss (18). Quantitative imaging of proton density and T» by fitting an exponential
decay curve to the signal decay in the echo train now leads to erroneous T, and
proton density images (78). Other imaging procedures in which the amplitude of the
first echo image is modulated with e.g. PFGs also incorporate the signal losses due
to the field inhomogeneities.

At lower magnetic field strength {0.47 and 0.7 T for all studies in this Thesis) the
local magnetic field inhomogeneities are smaller. With large imaging gradients
(compared to the field inhomogeneities), by using large spectral widths (~50 kHz),
and short echo times the susceptibility problems can be overcome (18, 19) and the
NMR signal can be recalled in as many as 1000 echoes (20). The disadvantage of
a low magnetic field is of course the intrinsic low SNR. Much effort has to be put in
obtaining a sufficiently high SNR by recording multiple spin echoes instead of a
single echo, by signal averaging and by using a high filling factor of the radio-
frequency coil.
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Outline of this Thesis

Chapter 2 of this Thesis describes an NMR pulse sequence that combines fast
NMR imaging with quantitative displacement studies using PFGs (the Puised Field
Gradient Turbo Spin Echo sequence). After a detailed description of dynamic NMR
microscopy (75), in which the NMR signal is modulated in both ‘k-space’ (for spatial
localization) and ‘g-space’ (for displacement encoding), the combination with turbo
spin echo (TSE) imaging is introduced. An elaborate description of the pulse
sequence and of the processing of the forthcoming data is followed by several tests

of the sequence with two artificial samples and a tomato plant.

In Chapter 3 of the Thesis a stimulated echo (STE) variant to the PFG TSE
sequence in Chapter 2 is presented. The decay of the NMR signal in the labeling
time between the PFGs in a spin echo sequence is controlled by T.. Proton
displacements, originating from self-diffusion can only be distinguished from
displacements originating from extremely slow flow (below ~0.3 mm/s) by using
long labeling times. Long labeling times are also required to study effects of
obstructions of the free diffusional pathway (restricted diffusion) of protons. If the
observed protons have a short T2, relative to the required labeling time, the NMR-
signal has vanished by the time the second PFG is applied. In these cases, it is
advantageous to use a STE sequence instead of a spin echo pulse sequence,
because the NMR-signal is then stored along the z-axis during most of the labeling
time, where its decay is controlled by T4, and not by T,. Since T, is (often
substantially) longer than T the signal amplitude of a stimulated echo at a certain
time can be significantly larger than the amplitude of a spin echo at that time,
despite the inherent loss of half the signal in a STE sequence. The combination of
a stimulated echo with PFG TSE in Chapter 3 is applied to extremely slow flowing
water in a phantom, diffusion in a maize plant as a function of labeling time and flow
localization in a tomato pedicel. In the addendum to Chapter 3 a pulse sequence is
prasented, in which the echo train after magnetization preparation with the PFGs is
not used to fasten imaging tirne, but to record an echo decay for every pixel and
every PFG step.
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Chapter 4 deals with the analysis of the propagators, measured with the two pulse
sequences. A propagator often represents both flowing and stationary water. If the
{(symmetrical) stationary part of the propagator is subtracted from the total
propagator, the flowing part remains and can be quantified. The flow characteristics
can be calculated by relating intensities of the flowing part of the propagator to the
total intensity of pixel-propagators of water in a reference tube {100% water
calibration). For a stem segment of a chrysanthemum flower the total volume flow,
calculated from NMR experiments, is compared to the water uptake of that stem

segment, simultaneously measured with a precision balance.

Chapter 5 focuses on functional imaging of plants by a combination of imaging T»,
amplitude (or proton/water density} and flow characteristics in an extensive study of
an intact cucumber plant. A high imaging resoiution can be used to discriminate
between different tissues on the basis of T, water density or flow characteristics;
the signal of the pixels in the different tissues can then be added (to increase the
SNR) and analyzed for a second time. In this way bi-exponential decay curves can
be observed in different tissues of a transverse image of the stem of the cucumber
plant, and flow characteristics of different vascular bundles can be studied in time.

In Chapter 6 the possibility of studying transients in flow characteristics in the
cucumber plant is applied to a specific phenomenon of the plant, related to water
transport. If the roots of a cucumber plant are cooled, water uptake by the roots is
severely inhibited: in a short time the plant loses more water than it takes up and
wilts. After rewarming the roots to the original temperature, the plant recovers from
its water loss within hours leaving no visual trace of the cooling event. Imaging the
flow characteristics for every pixel in the stem of a cucumber plant revealed
interesting transients in the xylem of the plant during and after the environmental
changes, which raises new issues in the continuous debate about water transport in

plants.

In the final Chapter a strategy is discussed of imaging plants at low magnetic field
strength and the optimal use of the two pulse sequences and the analysis of the
propagators. Difficulties with a large spectrum of displacements within the labeling
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time (from diffusion to high flow velocities) are addressed, together with the
question if a high spatial resolution is always desirable.
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Microscopic displacement imaging with pulsed field
gradient turbo spin echo NMR

T.W.J. Scheenen, D. van Dusschoten, P.A. de Jager and H. Van As

We present a pulse sequence that enables the accurate and spatially resolved
measurements of the displacements of spins in a variety of (biological) systems.
The pulse sequence combines Pulsed Field Gradient (PFG) NMR with Turbo Spin
Echo (TSE) imaging. It is shown here that by ensuring that the phase of the echoes
within a normal spin echo train is constant, displacement propagators can be
generated on a pixel by pixel basis. These propagators accurately describe the
distribution of displacements, while imaging time is decreased by using separate
phase encoding for every echo in a TSE train. Measurements at 0.47 T on two
phantoms and the stem of an intact tomato plant demonstrate the capability of the
sequence to measure complete and accurate propagators, encoded with 16 PFG-
steps, for each pixel in a 128 x 128 image (resolution 117 x 117 x 3000 um} within
17 minutes. Dynamic displacement studies on a physiologically relevant time-
resolution for plants are now within reach.

Also published in Journal of Magnetic Resonance 142: 207-215 (2000)
Parts of this work have been presented at the Fourth International Conference on Magnetic Resonance
Microscapy and Macroscopy in Albuguergue, New Mexico, USA on Sept. 20-24, 1997 (7).



Microscopic Displacement Imaging

Introduction

Diffusion and transport processes of water in objects like tissues, soils, model
systems, plants, food, separation columns, bioreactors, biofilms, etc. are of interest
for researchers in many different fields. Some problems can arise when complex
poraus systems like vegetable or animal tissues are monitored: the water status of
the studied system can change fast; water flow profiles and diffusional properties
(e.g. restrictions) are generally unknown. Dyhamic NMR-microscopy (2) provided
the means to study the distribution of water displacements microscopically and non-
invasively in a wide variety of systems. This method combines NMR imaging with

quantitative displacement studies using Pulsed Field Gradients (PFGs).

Since the water status of a plant can change within half an hour, dynamic studies of
that status should be at a physiologically relevant time-scale of less than twenty
minutes. Because the flow profile and diffusive behavior of the plant tissue are not
known a complete distribution of displacements within a certain time has to be
constructed for every pixel of an image and the SNR of the properties of interest
must be sufficiently high to produce results with acceptable accuracy. The standard
dynamic NMR-experiment, in which an image with n x n picture elements is
recorded, combined with m gradient steps to encode for displacement takes n x m
acquisitions to complete. Consequently, the total acquisition time may exceed
several hours (3, 4), and changes within the measurement time will be averaged
out over the experiment. Therefore, a faster way of performing the dynamic NMR-
experiment is needed in plants.

The time resolution of a PFG NMR imaging experiment can be increased by
reducing the number of phase and flow encoding steps (5, 6). Reducing the number
of phase encoding steps directly reduces the spatial resolution in one direction of
the images, which is not desirable in plants where the small tissue dimensions
require an in-plane resolution in the order of 100 x 100 um. Rokitta et al. assumed a
certain flow-profile for the observed spins and fitted the signal, attenuated by a
reduced number of flow encoding steps, to a model function. Another approach to
decrease measurement time is the use of an echo train. Echo Planar Imaging (EPI,
(7, 8)) is not applicable in plants, because intercellular spaces in plant tissues

10
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cause magnetic field gradients in the sample and shorten the T,* drastically (e.g.
<40 ms). In a 180° pulse train with normal spin-echoes the signal decays under the
influence of the longer T>. The multiple spin-echoes can be used to step rapidly
through k-space by phase-encoding the echoes separately (Turbo Spin Echo, TSE
or RARE, (9)). TSE is used here with the new feature that all echoes in the train can
be acquired with constant and coherent amplitude and phase, which is a
prerequisite for combining dynamic NMR-microscopy with TSE. Thus not only the
signal amplitude attenuation can be measured as a function of the PFGs (70} but

also the phase-development, containing flow infarmation.

Theory

The displacement of an ensemble of spins in a magnetic field can directly be
measured by the use of two gradient pulses g of duration § and spacing A (see Fig.
2.1). A uniform displacement R of the spins results in a phase shift ¢ of the NMR

signal:
é=r%eR 2.1]

in which 7y is the gyromagnetic ratio of the spins observed. If the displacement of the
spins within the observation time A is not uniform but completely random, e.g.
diffusion in a non-flowing liquid with a self-diffusion constant D, there will be no
phase shift but only an attenuation of the NMR-signal amplitude S(g) vs. g
normalized to the signal amplitude S(0) at g=0(771):

S(g)/5(0)= expl- ’g?5°D(A - 5/3)) [2.2).
if the displacement-behavior of the ensemble of spins under observation is known a
priori, e.g. for pure uniform diffusion or plug flow, an experiment with two g-values (g

= 0 and g = x) would be enough to determine the flow velocity and the diffusion
constant of the spins. Quantification problems emerge if the displacement-behavior

1"
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of individual spins in the ensemble is not known. Experiments with two g-values can

only result in one weighted mean flow velocity or diffusion coefficient (72-17).

As soon as a biclogical system is studied, multiple spin ensembles that differ in
diffusion constants and flow-velocities contribute to the NMR-signal in both spatially
unresolved measurements and even in individual pixels of a high-resolution image.
To correctly quantify the unknown displacement-behavior of the observed ensemble
of spins one has to measure the NMR-signal S(g) as a function of g (78). In that
case the NMR-signal is a superposition of phase terms exp{(iydg e (v'-r)) derived

from Eg. [2.1] weighted with the spin density ofr) at a position r multiplied by the

probability P(r|r',A) that a spin moves from pasition r to position r' in time A:
S(g)= [p(r) [Par (v, AYexp(iydg o (r'—r))’ dr [2.3].

By defining a reciprocal space q=/2x and a dynamic displacement R=r'-r,

independent from the initial spin position and density, Eq. [2.3] can be rewritten as:

Sla) = [P(R,A)exp(i2my s R)dR [2.43]

P(R,A)= [S(q)exp(-i2m « R)dq [2.4b].

This demonstrates the Fourier relationship between S{q)} and P(R,A). So by
monitoring S(g), the NMR-signal as a function of q, a Fourier Transform of S{q)
resuits in the averaged probability distribution of displacements of all spins

observed: the averaged propagator, P(R,A).
The mean square displacement o? due to {unrestricted) diffusion is proportional to

the corrected observation time (A-&/3) and results in a Gaussian propagator

positioned at the mean displacement p of the observed water molecules:

P(R)=4 exp[— (’:P] /2} [2.5].

12
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For stationary water the mean displacement is zero resulting in a Gaussian
distribution of P(R) with amplitude A and center position p = 0. The mean square

displacement o? can be used to calculate the diffusion coefficient of the water
through:

o’ = 2D{A—%) (2.6].

The probability distribution function for water flowing laminarly through a tube is the
unit step function:

PR)=C for0<R<Rp,
P(R)=0 forR<0and R>Rumx [2.7]

where C is a constant and R .. is the maximum displacement of the water in the
tube within A. Since flowing water also exhibits diffusion the unit siep function is
broadened and the borders at R = 0 and R = Rnax appear as half Gaussians
instead of sharp edges of the propagator.

When g-space imaging is combined with normal NMR imaging one can perform so-
called dynamic microscopy experiments, a term which was first named by
Callaghan (2). In conventional imaging the signal in time t evolves under the
influence of a gradient G encoding for position {in two dimensions). Diffusion and
flow in the direction of the imaging gradients might introduce extra signal
attenuation, if the imaging gradients are of significant size compared to the PFGs.
However, this extra signal attenuation, if any, will not vary as a function of the PFGs
but will be equal for every step in g-space. Therefore the imaging gradients will not
effect the shape of the propagator. So incorporating the weli-known k-space

description for imaging
8{(k)= [plr)exp(—i2ak o r)ddr [2.8]

with k = y9G/2xin Eq. [2.4] the total signal as a function of k- and g-space is

13
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S(kq)= [plr)exp(i2ak o r) [P(R,A)cxp(i2my » R)dRdr [2.9].

The result of such a microscopic displacement measurement is a series of
conventional images, obtained after a two dimensional Fourier Transform with
respect to k, which contains the propagator of the spins after Fourier Transform

with respect to q in the third dimension.

Materials and Methods

The puise sequence

Figure 2.1 shows an outline of the Pulsed Field Gradient Turbo Spin Echo (PFG
TSE) pulse sequence. This sequence is a combination of two techniques: the
Pulsed Field Gradient Carr Purcell (PFG CP) sequence (79) and the Turbo Spin
Echo technigue, also known as RARE (9), criginating from the idea to use multiple
echoes to phase-encode the NMR-sighal (7). The improvement of this sequence
compared to previous reports on PFG TSE (70) involves the ability o maintain a
constant amplitude and phase throughout the echo train, This is the property that
enables the combination of encoding for flow with PFGs and decreasing the
acquisition time with the TSE technique. Below a short description of the sequence

follows.

In the first part of the sequence a selective 90° pulse induces magnetization
perpendicular to the static magnetic field in a selected slice. This magnetization is
encoded for displacement by two ramped PFGs in the slice direction. The
amplitude of g is varied from - g max via zero to + g m.. in m steps. In calculating the
effective duration & of a PFG, one ramp is included. A Can be varied by changing
the first echo time t.1 and additional 180° pulses with variable spacing tau (20) can
be inserted between the two PFGs. The signal is not stored along the z-axis during
A-d as in a Stimulated Echo (STE) sequence (271, 22), but remains in the xy-plane.
In the xy-plane the additional 180° pulses are used to overcome susceptibility
problems by refocusing the signal. The XY-8 phase scheme (xyxyyxyx), is used to
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avoid losing the phase dispersion imposed by the first PFG in the time between the
two PFGs due to r.f. pulse imperfections (19, 20).
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Figure 2_1: The Pulsed Field Gradient Turbo Spin Echo pulse sequence. All directions show a pair
of crusher gradients around the first (train of) 180° pulse{s). In the direction of the dispiacement

encoding PFGs (the slice direction) the crushers are negligible compared to the PFGs.

In the second part of the sequence the displacement encoded complex NMR-signal
is phase-sensitively recorded in a train of spin-echoes. The cumulative error of
imperfect 180° pulses is now overcome by using an MLEV-4 (x -x -x x), phase
pattern in the pulse train, which performed best with the used instrumental set-up
(23). The use of spin-echoes compared to gradient-echoes has the advantage that
the decay in signal amplitude of the echoes in the train is governed by T» instead of
T4*, which is the case in an EPl-experiment {72, 15). This advantage tums into an
absolute necessity if samples with very short T2*s are studied. The susceptibility
problems in plants can only be overcome by using a spin-echo train. The
combination of short hard 180° pulses (24 us} and strong, fast switching gradients
(100 us ramps) enables short echo times (4.60 ms) at a spectral width of 50 kHz
and 128 sample points. The receiver acquires data with a high duty cycle (2.56 ms
acquisition in every 4.60 ms echo). The signal attenuation due to the short T2" is
negligible compared to the controlled signal attenuation resuiting from the high read
out gradient to ensure that the observed resolution of the image is the same as the

calculated resolution (24, 25).
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The number of echoes in the r.f. pulse train used for phase encoding the NMR-
signal (the turbo-factor tf) is variable and is determined largely by the T2 of the
sample. Figure 2.2 shows the k-space raster for an experiment in which 8 scans
with 32 echoes form two images. The center of k-space, around k, = 0, is sampled
with the first two echoes of the 8 scans. All subsequent echoes are placed
symmetrically around ky = 0. This way, the T relaxation in the echo train leads to a
stepped decrease of the signal amplitude in k-space from ky = 0 to the borders of
ky. The choice in the number of echoes is a compromise between measurement
time and resolution. If toc many echoes are used, the signal of those pixels with
short Tzs decays too much resulting in a heavy filtering in the ky-direction: the
intensity of the pixel containing water with the short T.s is distributed over
neighbering pixels in the phase encoding direction. Different trajectories through the
ky-direction should minimize this artificial spreading (26). Furthermore, to reduce
unwanted recombination of phase encoding gradients every echo is phase encoded
differently from its neighboring echoes. This is possible by rewinding the phase
gradient after each echo (27).
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Figure 2.2; The k-space raster for a 128 x 128 image obtained in 8 scans. The first echoes of the
eight scans form the center of k-space for the odd echoes image {a), the second echoes of the sight
scans form the center of k-space for the even echoes image (b). The third and all other odd echoes
are placed symmetrical around the center of the k-space raster for the odd echo image, just like the
fourth and further even echoes are placed symmetrical around the center of the k-space raster for
the even echo image.
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It should be noted that the phase of the odd and even echoes is not exactly the
same but remains constant for both types of echoes throughout the echo train.
Therefore the odd and even echoes are separately phase-encoded to form two
completely separate images (see k-space trajectory in Fig. 2.2). Using e.g. a tf of
32 means that for images of n? pixels 2n/tf scans are acquired in which 16 odd and
16 even echoes are used for phase encoding the signal, resulting in two n? complex
images: one from the even and one from the odd echoes. After phase correction,
the two complex images are summed to increase the SNR.

In the first and second part of the sequence hard 180° pulses are used, since they
are short. Residual magnetization of the hard pulses in the xy plane is suppressed
with gradients: crusher pairs are applied in three directions. In the direction of the
displacement encoding PFGs the crushers are of negligible size compared to the
PFGs. The dephasing read out gradient is applied before the first 180° pulse, so
refocusing of initial magnetization of the soft 90° pulse will not occur at the same
time as any residual magnetization from the hard pulses in the read out direction. A
disadvantage of using hard 180° pulses instead of soft pulses in combination with
slice gradients is that the time between scans cannot be used to measure a
different slice, because the whole sample is excited with the pulses. A multislice
experiment is still possible but requires different measurement conditions (longer

echo times or larger spectral width) as a single slice experiment {28).

If averaging is necessary to increase the SNR of the images DC artifacts are
subtracted by taking an even number of averages in which the phase of the soft
90° pulse is shifted by = for every scan. If averaging is not performed a DC-
correction is made by subtracting the mean level where no signals are present from
the echoes.

Measurement objects and spectrometer

Three objects were used to test and illustrate the possibilities of the pulse
sequence: two phantoms and a tomato plant. The first phantom consisted of six
small test tubes filled with water, doped with different concentrations of MnCl; fo
vary the T.. This was done in order to study the effect of the different Tzs on the
quality of the TSE images and the effect on the single pixel propagators. The
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second phantom, used to evaluate the accuracy of measuring flow with the PFG
TSE imaging sequence, was a test tube (i.d. 3.0 cm) filled with doped water (tap
water with CuSQ,). Inside the test tube with stationary water was a second, empty
test tube and a third, flexible, looped tube with water passing through the r.f. coil
two times: flowing up and down. The flow rate through the flexible tube was
controlled with a Waters 4000 HPLC pump (Waters Corporation, Miiford,
Massachusetts, USA). The final object was a 60-cm tall, ten weeks old, tomato
plant. The plant, including pot, was put in the instrumental set-up (light intensity
approx. 150 Lux, relative humidity 65% and air temperature 26°C) two days before

measurements and was flowering during the measurement.

The spectrometer was an SMIS console (SMIS Ltd., Guildford, Surrey, UK),
operating at 20.35 MHz, equipped with an electromagnet (Bruker, Karsruhe,
Germany), which generates the (.47 T field over a 14 cm air gap and is stabilized
by the use of an external "°F lock unit (SMIS). The phantoms and the tomato plant
were measured in a custom-engineered gradient and r.f. probe (Doty Scientific Inc.,
Columbia, South Carolina, USA) with a 45 mm (i.d.) cylindrical central bore,
accessible from both ends. The 48 mm solenoid r.f. coil is surrounded by a set of
actively shielded gradients (maximum strengths are 0.60, 0.51 and Q.60 T/m for the
X, ¥ and z-direction, respectively). For the measurements on the tomato plant the
probe’s r.f. coll was detuned and an extra solenoid r.f. coil with an i.d. of 15 mm,
directly wrapped around the plant stem, was inserted in the 45 mm bore gap of the
gradient probe, increasing the SNR by a factor of approx. 48/15 = 3 (29).

Signal processing

A dataset of m images with n? pixels obtained with the PFG TSE pulse sequence
contains three dimensions of complex data. The first dimension contains n sample
points in which one echo is read out. The second dimension is composed of a
number of views (2n/tf) and echoes (tf), which are necessary to form the total of n
phase encoding steps for two images. The third dimension holds the m PFG steps.
The primary data handling involves reshuffling the different views and echoes into n
phase encoding steps for two images in the correct order with respect to k,. The
complex k-space data is Fourier Transformed and here the main reason for
obtaining two complete complex images emerges: the image constructed from the
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odd echoes is shifted slightly in the phase encoding direction (less then cne pixel)
with respect to the image of the even echoes. A first order phase correction in the
phase encoding direction before the Fourier Transform minimizes the difference in

position of the sample in the two images.

Subsequently, zero and first order phase comections of the even and odd echo
images at g = 0 are performed in both image directions and used to correct the
displacement encoded images. Furthermore, a linear phase shift of the total images
with respect to g is caused by a PFG-dependent B, field shift and is corrected by
zeroing the phase of stationary water either in a reference tube or in the studied
object. Finally, the PFG-direction or g-space data is zerofiled once and Fourier
Transformed to form a complex propagator for every pixel in the even and odd
images. The propagators of the odd images are mirrored and shifted by one point
to enable the addition of the odd and even images to one final image set (so-called
propagator images). The real part of this set contains the propagators whereas the
imaginary part only contains noise. The width of the displacement axis of the
propagator is determined by 1/¢,,.é. In the 3D FT no filtering is applied. All data

handling is performed in IDL (RSI, Boulder, Colorado, USA).

Results

The phantoms

The T, values of the six test tubes in the first phantom varied over a range of three
decades. To measure these T-s we used a multi-echo experiment with a train of 48
echoes (echo time n*4.6 ms) to obtain a series of images with decreasing intensity.
For every pixel in the images the real part of the complex signal attenuation (after
phase correction} in the echo train was fitted to a mono-exponential decay to
calculate values for T, and the initial signal amplitude (23). Table 2.1 contains the
calculated values of mean T, and initial signal amplitude and standard deviations
for every tube: T. values range from 5.4 msec to 1.5 sec. The mean signal
amplitude for every tube was calculated from only those pixels (around 45 for every
tube) that were completely filled with water: we did not use pixels near edges to
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exclude partial volume effects. Since partial volume effects do not significantly
influence signal attenuation we did use partially filled pixels to calculate T, values;
for the mean T, values around 80 pixels were used for calculations. In the
calculated mean amplitudes the amplitudes of tubes Il up to VI are comparable.

Table 2.1: Mean values and standard deviations (SD) of the following calculated parameters for the
six different tubes in the first phantom: the T,, the signal amplitude at the moment of excitation (amp),
the self-diffusion constant in the propagator (D,) and the self-diffusion constant in the Stejskal-Tanner
plot (D).

tube | [MnCly} T SD Amp SD y SD D, SD

mmol/t ms ms au. 8y 10°m¥s 10°m¥s  10°mYs  10°mi/s

| 0.0 1.5x10° 4.5x10° 10.2 0.6 2.20 0.16 2.20 0.19

I} 0.2 118 3 25.8 1.1 219 0.13 224 013
n 0.4 59.8 21 26.1 1.1 218 0.18 227 017
4 0.8 29.2 1.3 24.6 1.4 223 0.13 237 0.22
A 25 8.3 17 22,7 1.8 2.18 0.16 2.30 0.30
wi 5.0 54 0.5 23.8 34 2.08 0.29 1.97 040

Only tube | shows a lower amplitude, because of partial saturation: the low signal
intensity and the long T2 {(and therefore long T4} compared to tr result in an
inaccurate estimation of T2 and an underestimated calculated amplitude {see Table
2.1).

Figure 2.3a shows an image of the same six tubes filled with doped water, acquired
with the PFG-TSE sequence at g = 0. Although the first echo in the experiment is at
13.0 ms after excitation, one can still observe tube VI with a T, of 5.4 ms. The effect
of smearing of these short Tss in the vertical, phase encoding direction of the
images is clear in tube V and VI and some vertical ghosting is present around tube
IV and V {maximum intensity around 7% of maximum intensity in the tube).
Subsequently, we obtained propagator images for the six tubes phantom and
subjected all propagators to a non-linear least-squares fit to a Gaussian function
{Eq. [2.5]) using the Levenberg-Marquardt method (30). To calculate the diffusion
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constant D from o we used Eq. [2.6]. These results are presented in Fig. 2.3b. The
data from the PFG-TSE experiment was also analyzed in the same manner as
proposed by Stejskal and Tanner (Eq. [2.2], (17)): a weighted least-squares linear
fit of 1n(S{(g)/S(0)) to y’g8*(A—8/3) for every pixel resulted in a D map. The mean
D and its standard deviation (SD) for each tube in the images is summarized in
Table 2.1. We take 2.20 x 10° m¥s to be the self-diffusion constant D for free

water,

Figure 2.3: Images of six tubes with doped water. (a) The real part of the complex signal at g = 0 of
a PFG-TSE experiment. (b) D for every pixel, calculated through Eq. [2.5], with o derived from the fit
to the propagator. Parameters: Image size 128 x 128 pixels, field of view (FOV} 55 mm, t,1 13.0 ms,
t2 4.6 ms, A 6.26 ms, & 3.5 ms, tr 480 ms, slice thickness 3 mm, 16 PFG steps, PFG.x 0.457 T/m,
tf 16, measurement time 4 min 23 s, T 24°C,

Propagator images of the second phantom (Fig. 2.4a) were fitted to Eq. [2.5]. The
propagators of three pixels (solid lines), one pixel with stationary water, one pixel in
the middle of the tube with water flowing up and one pixel in the middle of the tube
with water flowing down, with their fits (dashed lines) to the Gaussian function are
disptayed in Fig. 2.4b. Since displacement caused by coherent flow is proportional
to A, the position p of the fit to the Gaussian function corresponds to the mean
displacement of the water in the observed pixel within A. Figure 2.4c displays p for
every individual pixel of the slice through the phantom. The maximum displacement
of the water flowing up and down through the slice was measured at 60.8 and 58.9
um within A, respectively. These values correspond to linear flow velocities of 4.76
and 4.62 mm/s. The forced water volume flow of the pump was set to 16.7 mm’/s,
which, assuming a laminar, parabolic flow profile exists within the tube (i.d. 3.0
mm}, results in a maximum linear velocity of 4.72 mm/s.
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Figure 2.4: Summary of data of the phantom with stationary and flowing water. (a) An image at g =
0, perpendicular to the axes of the tubes. (b) The propagators of three individual pixels {solid lines}
and their fits to the Gaussian function (dashed line). One pixel contains stationary water, one pixel
with maximum flow up and one with maximum flow down through the slice. (¢) Mesh plot of the
spatial distribution of displacements. The countercurrent flow of water results in two anti-symmetrical
parabolic profiles in the tube with flowing water. Parameters: FOV 40 mm, {.1 20.2 ms, t.2 4.8 ms, A
12.76 ms, 8 4.5 ms, tr 1700 ms, slice thickness 3 mm, 32 PFG steps, PFGna, 0.385 T/m, ff 32,

measurement time 16 min 30 s, T 24°C, voluma flow 1.00 ml/min.

Additionally Eq. [2.1] predicts a linear relation between the phase of the NMR-signal
and the displacement of the spins in time A. When the phase of the signal of the
center of the tubes was fitted to Eq.[2.1] we found a maximum linear velocity of
4.81 mm/s (flowing up) and 4.52 mm/s (flowing down). The comect value should be

4.72 mm/s, as reported earlier.

The Tomato Plant

The most demanding object in terms of time resolution and spatial resolution, but
also the most interesting object in terms of dynamics presented here is the stem of
a tomato plant. Figures 2.5a and 2.5b show single parameter images of the
amplitude and T3 of the stem of the tomato plant, acquired in the same manner as
described for the first phantom. The TSE image at g = 0 is shown in Fig. 2.5¢. One
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can observe that the stem mainly consists of spongy parenchyma with large cells,
which results in high values for T.. In the center of the stem a cavity is visible where
no signal is detected. The outer rings of the stem, from the ring with lower intensity
near the middle and three broadened regions visible in the amplitude image, up to
the surface of the stem contain transport vessels with supporting tissues and fibers.
T. values in the outer rings show more diversity because of the different cell
structures and sizes (37), which occur there. The dot on the lower right side of the
images is a reference tube with doped water. The reference tube axis is not exactly
perpendicular to the image plane so its image is somewhat elliptical.

The pixel size of this image-set containing the single pixel propagators is 117 x 117
x 3000 pm. From microscopic studies we know that the internal diameters of the
xylem vessels in the stem range from approximately 10 to 160 pm (32). Distances

between individual xylem vessels are in the same order of magnitude.

0 2500 0 150

0 um 11.4 pm

0”
45.6 um
Figure 2.5: Images of a transverse slice through the stem of the tomato plant. {(a) A calculated
amplitude image. (b} A calculated T, image. (c) A TSE image at g = O of the real signal amplitude
after phase-correction. (d) Images of the real signal amplitude at calculated displacements of 0, 11.4,
22.8, 34.2 and 45.6 pm. The shown signal intensities are in arbitrary units. Parameters a+b: FOV 14
mm, t,1 8.6 ms, .2 5.2 ms, tr 1500 ms, slice thickness 3 mm, acquisition time 32 min, T 26°C. Exira
parameters ¢c+d: FOV 15 mm, t.1 17.2 ms, A 9.56 ms, § 4.5 ms, tr 800 ms, 16 PFG steps, PFGna

0.457 T/m, tf 32, measurement time 17 min 8 s.
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Since most xylem vessel radii are smaller than the pixel size there will probably be
no pixels in the images that contain only flowing water. Using the information
contained in the propagator images, images can be constructed representing the
propagator intensity for a certain displacement. A series of such images (Fig. 2.5d)
gives an overview of the water displacement in the slice. In this way one can detect
three areas with pixels with low amplitudes at 0 pm displacement but high intensity
at larger displacement. The pixels in these areas resemble volume-elements in
which water is transported upwards in the plant and they coincide with the regions

with active xylem vessels of the tomato plant (32).

The propagator of one pixel in the active xylem area is displayed in Fig. 2.6,
together with the propagator of a pixel in the reference tube. The propagator of the
pixel in the xylem area shows displacements within Aup to 30 pm, which
corresponds to a flow velocity of 3.1 mm/s. The shape of the ‘flowing’ part of this
propagator is not simply a Gaussian broadened step function, which would be the
case for laminar flow in a single xylem vessel only (Eq. [2.7]). Apparently the
volume element corresponding to the pixel with the propagator shown in Fig. 2.6
contains more than one vessel with flowing water. It might hold a part of a second
vessel with flowing water that causes more signal than expected in the lower

displacements (10 to 20 pm) of the propagator.
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Figure 2.6: The propagator of a pixel in the reference tube {dashed line) and a pixel in one of the

three areas of the tomato plant that show flow (solid line).
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Discussion and Conclusions

The amplitude images (Figs. 2.3a, 2.4a and 2.5¢) of the different objects show that
the TSE part of the sequence produces real images without unexpected artifacts.
This means that the amplitude and phase of the NMR-signal throughout the echo
train is constant which is a prerequisite for calculating real images and for

monitoring fiow-induced phase shifts within the echo train.

The calculation of D of the stationary water in the six tubes of the first phantom by
the fit of the propagator to a Gaussian function resulted in values around the value
of D for free water at 24°C (Table 2.1). The error in D, which is 8% or smaller for
tubes 1 to 5, remains well within a standard deviation (SD) of 10%. Since D is
proportional to g® (Eq. [2.2]) and the gradient noise can be up to 3%, deviations in D

up fo 6% are the result of gradient noise.

The calculation of D by the Stejskal Tanner (ST) analysis should resuit in
approximately the same values for D as obtained with the propagator analysis,
because the same data is used for both calculations. In the measurements reported
here the ST analysis gives less accurate results. In the propagator analysis three
parameters are fitted to the data, which is one parameter more than in the ST
analysis. This third parameter p, the position of the Gaussian-shaped propagator, is
not always zero as can be seen in Fig. 2.4c. The ST analysis doesn't have a
parameter to correct for this error which of course is also present in the data before
the FT and this emror results in a higher SD in D, despite the fact that introducing

extra fit parameters normally results in higher SD's.

From the results in Fig. 2.3a one can see that the very short T»s cause a smearing
of the signal intensities in the vertical, phase encoding direction. The shape of the
propagator of that volume-element, however, remains the same as the propagator
originating from the pixels with a longer T,, though its total amplitude is smeared
over the neighboring pixels. Tube VI of the first phantom is an example of a sample
with volume-elements with very short T;s (5.4 ms). The calculation of D by

propagator analysis is still rather accurate, albeit with a higher SD. In homogeneous
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samples, this poses no problem. Problems can emerge if two neighboring volume-
elements both have a short T» and a different displacement-behavior: in adjoining
pixels of a TSE-image the shape of the propagator is mainly defined by the
displacement-behavior of the corresponding volume-element, but in this special
case both pixels will experience substantial interference from each other. One might
consider lowering the spatial resolution to merge pixels with water with large and
small Tss together. This could also be a strategy in quantifying the propagators of
all pixels in a slice to calculate the total volume flow through the slice (33).

The second phantom shows that besides diffusion also flow information is well
preserved in the echo train. An unstable amplitude and phase in the echo train
would obscure any displacement correlated phase shift, enforced by the PFGs. The
measured maximum flow velocities (4.62 and 4.76 mmy/s) are accurate within 2%, to

the actual maximum flow velocities in the tube, as driven by the pump (4.72 mm/s).

The areas with water transport in the xylem of a tomato plant emerge afier
constructing images at different positions on the displacement axis (Fig. 2.5d).
These three areas can also be recognized in the T, image. In the T2 image (Fig.
2.5b}) the areas show a high T,-variance, which may be caused by large differences
in T, of the water in a xylem vessel and water of supporting or accompanying cells.
One pixel can contain more vessels with varying diameters than another, resulting

in different T5s.

The shape of a propagator from a volume-element in the xylem area is not a
summation of a symmetrical Gaussian shaped peak at zero displacement and one
step function, broadened by diffusion. At the obtained resolution one pixel
represents one or more xXylem vessels and/or a part of one or more xylem vessels
with accompanying tissue. This can result in a range of propagator shapes that are
not known in advance and thus obstructs the possibility to fit the propagator to a
model function for quantification. The possibility to obtain propagators with high
spatial resalution, acceptable accuracy and a realistic measurement time demands

the need for a model-free quantification of the propagator formalism (33).
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The pixel size and the amount of time spent on acquisition of the images of the
tomato plant were small enough to justifiably entitle the PFG TSE technique as a
fast microscopic displacement imaging technique. If averaging is not necessary,
and one would use 16 g steps, fr 1 s, tf 32 and image size 128 x 128, the
acquisition of a complete set of propagator images would take 2 min. and 8 sec. At
0.47 T an accurate map of water displacements in a tomato plant stem with a

resolution of 117 x 117 x 3000 pm could be obtained in 17 min. and 8 sec.
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Microscopic imaging of slow flow and diffusion: a pulsed
field gradient stimulated echo sequence combined with

turbo spin echo imaging

T.W.J. Scheenen, F.J. Vergeldt, C.W. Windt, P.A. de Jager and H. Van As

In this paper we present a pulse sequence that combines a displacement-encoded
stimulated echo with rapid sampling of k-space by means of turbo spin echo
imaging. The stimulated echo enables the use of long observation times between
the two pulsed field gradients that sample q-space completely. Propagators,
constructed with long observation times, could discriminate slowly flowing protons
from diffusing protons, as shown in a phantom in which a plug flow with linear
velocity of 50 um/s could clearly be distinguished from stationary water. As a
biological application the apparent diffusion constant in longitudinal direction of a
transverse image of a maize plant stem had been measured as a function of
observation time. Increasing contrast in the apparent diffusion constant image with
increasing observation times were caused by differences in plant tissue: although
the plant stem did not take up any water, the vascular bundles, concentrated in the
outer ring of the stem, could still be discerned because of their longer unrestricted
diffusional pathways for water in the longitudinal direction compared to cells in the
parenchymal tissue. In the xylem region of a tomato pedicel flowing water could be
distinguished from a large amount of stationary water. Linear flow velocities up to
0.67 mmv/s were measured with an observation time of 180 ms.

Also published in Journal of Magnetic Resonance 151 : 94-100 {2001)
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Microscopic Imaging of Slow Flow and Diffusion

Introduction

Already in 1965 Stejskal and Tanner demonstrated that pulsed magnetic field
gradients (PFGs} could be used in nuclear magnetic resonance (NMR) to probe the
displacement of protons in a sample (7). Their well-known equation describes the
attenuation of the normalized NMR-signal S(g) of diffusing protons as a function of
amplitude (g), spacing (A} and duration (8} of the two PFGs, and as a function of the
diffusion constant D of the protons:

5(g)/5(0)= exp(- y*g*6*D(a - 6/3)) [3.1]

where v is the gyromagnetic ratio of protons. Apart from the NMR-signal amplitude
attenuation as a result of diffusion, the phase of the NMR-signal shifts when the
protons move in the direction of the PFGs during A. Kérger and Heink measured
the NMR signal as a function of the intensity = of the PFGs in one direction (m =
¥og, also known as gq-space with q=ydg/2n (2)), and Fourier Transformed the
complex NMR-signal as a function of m into the averaged propagator P(R,A) {3). An
averaged propagator is a spectrum representing the distribution of spin

displacements (R} in the direction of the PFGs within A.

Probing displacements with PFGs can be combined with imaging to construct
propagators for every pixel in an image (2,4-6). Pixel-propagators can represent
different proton pools. In transverse images of plant stems for instance, pixels in the
xylem tissue that transports water from roots to shoot and leaves can contain
flowing water in a xylem vessel surrounded by stationary water outside the vessel
(6,7). The pixel-propagator will show stationary water as a symmetrical part of the
displacement distribution centered at zero displacement and flowing water as a part
of the displacement distribution with a net displacement (cf. Fig. 3.1¢). Recenily a
method has been presented to quantify the flowing part of the propagator of every
pixel in an NMR-image without assuming any model for the flow profile of the
flowing water {7), in contrast to fiting a model function to the NMR-signal
modulation by a number of g-steps, assuming the occurrence of one complete

laminar flow profile in one pixel (8-70).
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Chapter 3

With both quantification methods problems arise when one wants to study slow
flow: one needs long observation times (A) to distinguish between displacements
originating from slow flow and displacements originating from free diffusion. This
will be evident from the following discussion. The root mean square (rms)
displacement o due to diffusion, observed by NMR, is proportional to the square

root of the corrected observation time A-6/3:

o =\2D(A - 5/3) [3.2),

whereas the mean displacement 7 of flowing protons is proportional to A itself:

~
I

=l
>

(3.3],

in which v is the mean flow velocity of the flowing protons. Suppose one wants to
distinguish water, flowing with a taminar flow profile at a mean velocity of 200 um/s,
from stationary water at 20°C (D of free water at 20°C is 2.20 x 10° m?s, no
exchange between flowing and stationary water, volume fraction flowing water 0.25,
d<<A). With A of 15 ms 7 would be 3.0 um, whersas o would be 8.1 um, which
makes a distinction between flow and diffusion hardly possible (Fig. 3.1a) on the
basis of displacements. Going up to 100 ms observation time 7 and o would be 20

and 21 um resp. (Fig. 3.1b) and at a value of A of 1 second ¥ and obecome 200

asog ast
P(R.A) suf P(R.A) 1u PRA) so
b - -
o on
oan [E1] o.0d
R T e T e ' F o e Sa e e
a R{um) b R (um) c R (um)

Figure 3.1: Three simulated propagators of 75% stationary water and 25% flowing water. The
diffusion constant of the stationary and flowing water is 2.0 x 10° mzls, the mean linear flow velocity
of the flowing water is 200 pm/s. No exchange between stationary and flowing water and no radial
diffusion over the laminar flow profile has been assumed. A-values for (a), (b) and (c) are 15, 100 and
1000 ms resp. The solid iines are the calculated propagators, the marks indicate the sampling of the
propagator with a hypothetical experiment with 32 PFG-steps.
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and 66 pym. In this last case the flowing part of the propagator becomes clearly
visible (Fig. 3.1c). Transversal diffusion of the water is accounted for in these
theoretical examples but radial diffusion, perpendicular to the flow direction, is
heglected. Incorporating radial diffusion would mean that water molecules move
across the laminar, parabolic flow profile, changing the shape of the propagator and
decreasing the already small maximum displacement of the flowing water, although
F would remain unaffected (17).

If long observation times are used in PFG experiments, the time from signal
excitation to detection of the first echo will also be long. In this case the need for a
stimulated echo (STE) sequence, instead of a spin echo (SE) sequence emerges.
Already in 1985 the STE had been used in an imaging sequence (72) and was
soon combined with PFGs to measure diffusion {73) and flow (74). Since the T, is
always (often substantially} longer than the T,, it is advantageous or even
necessary during long observation times to store the magnetization along the z-
axis, where magnetization can evolve according to T4 despite the inherent loss of a
factor of 2 in signal to noise ratio (SNR) in a STE amplitude, this amplitude can still
be larger than a SE amplitude. Recording a complete set of pixelpropagators with
only one echo per scan is very time-consuming (4,5). In order to decrease the total
acquisition time, we combined the STE with a turbo spin echo (TSE) train. The
displacement-encoded STE is modulated in the TSE train to obtain a TSE image
for every displacement-encoding step. Since an STE pulse sequence also
generates spin echoes {SE of first and second 90° pulses, SE of second and third
90° pulses (15), SE of first and third 90° pulses, and SE of first SE and third 80°
pulse) a 180° pulse train behind a STE can aiso refocus these spin echoes
producing unwanted spurious echoes in the echo train resulting in image ghosting.
With appropriate phase schemes and spoiler gradients all spurious echoes are
suppressed and acceptable TSE images can be obtained. As challenging
applications of the STE TSE sequence we measured slow flow in a pedicel of a
tomato and we constructed images of the apparent diffusion constant of a

transverse slice of a maize plant stem as a function of observation time A,
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