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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 proefsenrift, hoofdstuk 4.
Het gebruik van een PFG stimulated echo sequentie vergemakkelijkt 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 theorieen over het verdwijnen van embolieen in xyleemvaten geeft een
bevredigende verklaring voor het achterliggend mechanisme.
Dit proefschrift, hoofdstuk 6.
De aan een laag magneetveld inherente lage NMR signaal/ruis verhouding onmiddellijk na
excitatie kangecompenseerdworden door het opnemenvan veelecho's.
Ditproefschrift, hoofdstuk 7.
Omdat voor ieder pixel meerdere NMR parameters toegankelijk zijn is het streven naar een zo
hoog mogelijke ruimtelijke resolutie in een NMRi experiment niet alleen vaak onnodig, maar
introduceert ook eenextra signaalafname.
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
afgestemdop dievan het kolommateriaal.
Als de drugsbestrijding in Nederland onder de vlag van de binnenlandse veiligheidsdienst zou
opereren,zou zij daadkrachtiger op kunnentreden.
Veel oudere werknemers verdienen meer dan dat zij op grand van prestatie en behoefte van de
arbeidsmarkt behoren tekrijgen.
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.
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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 isthe most common
andmostimportantfluidintheworld. Everyorganism needswatertolive,andevery
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 rootstoshoot orvice versa, it isthe medium inwhich
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 ofmolecules can bestationary orflowingfromone regiontoanother. The
centraltheme ofthis Thesis isthe movement ofwaterwithin acertain time window,
either bydiffusion or byflow as measured by nuclear magnetic resonance imaging
(NMRior MRI). The ultimate strength of NMRi isthe fact that it is non-invasive and
therefore particularly useful for in vivo studies of the water status and/or water
motioninbiologicalobjects.

In this Thesis the emphasis of the NMRi applications will be on plants. Recently,
many papers have been published about the mechanisms of long-distance water
transport inplants {1-5)after the introduction ofthexylem pressure probe andcryoscanning electron microscopy in plant physiology. The century-old CohesionTension theory (6), which predicts large negative pressures in continuous water
channels (long xylem vessels in the plant stem), has been questioned, but no
satisfying alternative 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 andreducedwater uptake bythe roots,sub-zerotemperatures oftrunks)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 inwater 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
individualvessellevel.

Water inmotionandNMR

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 befound in Chapter 4 of this thesis, athorough background
can befound inreferences 11and 12). Self-diffusion of protons between two PFGs
results inanattenuationoftheamplitudeofthe NMRsignal,asStejskal andTanner
reported in 1965 (13). If, in addition to self-diffusion (which is always present), the
observed protons move uni-directionally in the direction of the PFGs, the phase of
the NMR signalwill shift asa result ofthetwo PFGs (Fig. 1.1). Ifthe amplitude gof
thetwo PFGsisstepped,the NMRsignal ismodulated asafunction ofthesesteps.
A Fourier Transformation of the modulated signal returns the distribution of
displacements of the observed protons within A, also called a propagator (14). In
Chapter 2 of this Thesis the signal 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
pixelconcerned.
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Figure 1.1: The modulation of the NMR signal by two pulsed field gradients with amplitude g,
duration 8 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 ofthe signal isattenuated. If, inadditionto diffusion,the protons
also move uni-directionallyalongthe PFGdirection (flow)the phase ofthe signal isalsoshifted.

NMR imaging ofplants
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 S07/4 (withB0 being the magnetic field strength) (16).This isthe reason
why many groups performing NMR microscopy movetowards higher magnetic field
strengths in a quest for a high spatial resolution of the image. Apart from the
questionwhether this pursuit ofthe highest possible resolution ismeaningful,plants
imposeaspecific problem inhighmagneticfields.Plantsorplanttissues often have
many intercellular spaces filledwithair. Sinceairandwater havedifferent 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;
thehigherthe magneticfieldstrength,thestrongerthefield 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 ofthe magneticfield inhomogeneities butcan be refocusedwithan
inversion pulse (180°pulse in Fig.1.1) ina 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 T2. However, displacements of protons (due
to self-diffusion) in the susceptibility-related 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 B0) the extra signal attenuation 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 T2 by fitting an exponential
decay curve to the signal decay in the echo train now leads to erroneous T2 and
protondensity images (18).Other imaging procedures inwhichthe amplitude ofthe
first echo image ismodulated withe.g. PFGsalso incorporate thesignal losses due
tothefield 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 echotimes the susceptibility problems can beovercome (18, 19)andthe
NMR signal can be recalled in as many as 1000 echoes (20).The disadvantage of
a low magnetic field isof 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 radiofrequency coil.
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OutlineofthisThesis

Chapter 2 of this Thesis describes an NMR pulse sequence that combines fast
NMR imaging with quantitative displacement studies using PFGs (the Pulsed Field
Gradient Turbo Spin Echo sequence).After adetailed description of dynamic NMR
microscopy (15),inwhichthe NMRsignal ismodulated in both 'k-space' (for spatial
localization) and 'q-space' (for displacement encoding), the combination with turbo
spin echo (TSE) imaging is introduced. An elaborate description of the pulse
sequence andofthe processingoftheforthcoming data isfollowed byseveral tests
ofthesequencewithtwoartificial samples andatomato 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 T2. 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 NMRsignal 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 isthen stored alongthe z-axis during most of the labeling
time, where its decay is controlled by T1, and not by T2. Since T1 is (often
substantially) longer than T2the 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 ina STE sequence. The combination of
a stimulated echo with PFG TSE in Chapter 3 is applied to extremely slow flowing
water ina phantom,diffusion inamaizeplantasafunctionoflabelingtimeandflow
localization inatomato pedicel. Inthe addendumto Chapter 3 a pulse sequence is
presented, inwhichthe echotrain after magnetization preparation withthe PFGs is
not used to fasten imaging time, but to record an echo decay for every pixel and
every PFGstep.
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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,theflowing part remains andcan bequantified.Theflow 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 measuredwithaprecision balance.
Chapter 5focuses on functional imaging of plants by a combination of imaging T2,
amplitude (or proton/water density) andflow characteristics inan extensive study of
an intact cucumber plant. A high imaging resolution can be used to discriminate
between different tissues on the basis of T2, 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. Inthis way bi-exponentialdecay curves can
beobserved indifferent tissues of atransverse image of the stem of the cucumber
plant,andflowcharacteristics ofdifferent vascular bundlescanbestudied intime.
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. Ifthe roots of a cucumber plant are cooled,water uptake bythe roots is
severely inhibited: in a short time the plant loses more water than it takes up and
wilts.After rewarmingthe rootsto the original temperature,the plant recovers from
its water loss within hours leaving novisual 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,whichraises newissues inthecontinuous debate aboutwatertransport in
plants.
Inthe 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 ifahighspatial resolution isalwaysdesirable.
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Microscopicdisplacement imagingwithpulsedfield
gradientturbospinechoNMR

T.W.J.Scheenen,D.vanDusschoten,P.A.deJagerandH.VanAs

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 isshown herethat byensuringthatthe phase ofthe 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 PFGsteps,for each pixel ina 128x 128 image (resolution 117x 117 x 3000 urn)within
17 minutes. Dynamic displacement studies on a physiologically relevant timeresolutionfor plantsare nowwithinreach.

AlsopublishedinJournalofMagnetic Resonance 142:207-215(2000)
PartsofthisworkhavebeenpresentedattheFourthInternationalConferenceonMagneticResonance
MicroscopyandMacroscopyinAlbuquerque,NewMexico,USAonSept.20-24,1997 (1).
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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
porous 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. Dynamic NMR-microscopy (2) provided
the meanstostudythedistribution ofwaterdisplacements microscopically and noninvasive^ in a wide variety of systems. This method combines NMR imaging with
quantitativedisplacement studies using Pulsed Field Gradients (PFGs).
Sincethewater status ofaplantcanchangewithin half an hour, dynamicstudiesof
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 besufficiently highto produce resultswith acceptable accuracy. The standard
dynamic NMR-experiment, in which an image with n x n picture elements is
recorded, combined with mgradient steps to encode for displacement takes nxm
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, afaster way of performing the dynamic NMRexperiment isneeded inplants.
The time resolution of a PFG NMR imaging experiment can be increased by
reducingthe numberof phaseandflowencodingsteps (5,6).Reducingthe 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
requireanin-plane resolution intheorderof 100x 100urn. Rokitta efa/,assumeda
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 isthe useof anechotrain. Echo Planar Imaging (EPI,
(7, 8)) is not applicable in plants, because intercellular spaces in plant tissues
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cause magnetic field gradients in the sample and shorten the T2* drastically (e.g.
<40ms). Ina 180° pulsetrainwith normalspin-echoes thesignal decays under the
influence of the longer T2. 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 isused herewiththe newfeaturethat allechoes inthetraincan
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 (10) but
alsothe phase-development, containingflowinformation.

Theory
The displacement of an ensemble of spins in a magnetic field can directly be
measured bythe use oftwogradient pulses gof duration 8and spacing A(seeFig.
2.1). A uniform displacement R of the spins results in a phase shift § of the NMR
signal:
* =ji%.R

[2.1]

inwhichyisthegyromagnetic ratioofthespinsobserved. Ifthedisplacement 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
normalizedtothesignalamplitude S(0)atg=0 (11):

S{g)/S(0)=exp(-fg2S2D{A - S/3))

[2.2].

Ifthedisplacement-behavior oftheensembleofspins underobservation isknowna
priori,e.g.for pure uniform diffusion orplugflow,anexperiment withtwog-values(g
= 0 and g= x) would be enough to determine the flow velocity and the diffusion
constant ofthe spins.Quantification problems emerge if the displacement-behavior
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of individual spins intheensemble isnot known.Experimentswithtwo g-valuescan
onlyresult inoneweighted meanflowvelocityordiffusion coefficient(12-17).
As soon as a biological system is studied, multiple spin ensembles that differ in
diffusion constants andflow-velocities contribute tothe NMR-signal in both spatially
unresolved measurements and even in individual pixels of a high-resolution image.
Tocorrectlyquantify theunknown displacement-behavior oftheobserved ensemble
of spins one has to measure the NMR-signal S(g) as a function of g (18). In that
case the NMR-signal is a superposition of phase terms e\p(iySg•(r'-r)) derived
from Eq. [2.1] weighted with the spin density p(r) at a position r multiplied by the
probability P(r|r',A) that aspin movesfrom position r toposition r' intimeA:

S{g)=jp(r)jP(r |r',A)exP0y<%•(r'-r))dr'dr

[2.3].

By defining a reciprocal space q=ydg/lK and a dynamic displacement R=r'-r,
independentfromthe initialspin position anddensity, Eq.[2.3]canberewrittenas:

S(q) =J>(R,A)exp(/2;rq.RyR
F(R,A)=js(q)exp(-i2wq•R)dq

[2.4a]
[2.4b].

This demonstrates the Fourier relationship between S(q) and F(R,A). So by
monitoring S(q), the NMR-signal as a function of q, a Fourier Transform of S(q)
results in the averaged probability distribution of displacements of all spins
observed:theaveraged propagator, P(R,A).

The mean square displacement a2 due to (unrestricted) diffusion is proportional to
the corrected observation time (A-5/3) and results in a Gaussian propagator
positioned atthemeandisplacement/? oftheobservedwater molecules:
(

P(R) =Aexp

12

r

\2

/'

[2.5].
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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 positionp = 0. The mean square
displacement a2 can be used to calculate the diffusion coefficient of the water
through:

a2=2D(A-%)

[2.6].

The probability distribution function for water flowing laminarlythrough atube isthe
unitstepfunction:

P(R) =C

forO<R<R max

P(R)=0

forR<0and R>Rmax

[2.7]

where Cis a constant and Rmax is the maximum displacement of the water in the
tube within A. Since flowing water also exhibits diffusion the unit step function is
broadened and the borders at R = 0 and R = Rmax appear as half Gaussians
insteadofsharpedgesofthe propagator.
When q-space imaging iscombined with normal NMR imaging one can perform socalled 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,thisextra signalattenuation,ifany,will notvaryasafunction ofthe PFGs
butwill be equalfor every step inq-space. Therefore the imaging gradients will not
effect the shape of the propagator. So incorporating the well-known k-space
descriptionfor imaging

5(k)= Jp(r)exp(-/2flk•r)dr

[2.8]

with k=y<5G/2;nnEq.[2.4]thetotalsignalasafunction ofk- andq-space is
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S(k,q)= jp(r)exp(i2^»r)jP(R,A)exp(i2mi»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
withrespecttoqinthethirddimension.

Materials and Methods
Thepulsesequence
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 (19) and the Turbo Spin
Echo technique, also known as RARE (9),originating from the idea to use multiple
echoes to phase-encode the NMR-signal (7). The improvement of this sequence
compared to previous reports on PFG TSE (10) involves the ability to 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 TSEtechnique. 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 ofgisvariedfrom -g max via zeroto+gmax-iin msteps. Incalculating the
effective duration 8of a PFG, one ramp is included.A Can be varied by changing
thefirst echotimeU1and additional 180° pulses withvariable spacing tau (20)can
be inserted between the two PFGs.The signal is not stored alongthe z-axis during
A-8 as ina Stimulated Echo (STE) sequence (21,22),but remains inthe 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)n is used to
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avoidlosingthe phasedispersion imposed bythefirst PFG inthetime betweenthe
two PFGsdueto 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 displacement
encoding PFGs (the slice direction) thecrushers are negligible compared to the PFGs.

Inthesecond partofthesequence 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)n 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
thedecay insignalamplitude ofthe echoes inthetrain isgoverned byT2instead of
T2*,which isthe case in an EPI-experiment (12, 15).This advantage turns 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 u\s)and strong,fast switching gradients
(100 [is ramps) enables short echo times (4.60 ms) at a spectral width of 50 kHz
and 128sample 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 comparedtothecontrolled signal attenuation resultingfromthe high read
out gradientto ensurethat the observed resolution of the image isthe same asthe
calculated resolution (24,25).
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The number of echoes in the r.f. pulse train used for phase encoding the NMRsignal (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 ky=0, is sampled
with the first two echoes of the 8 scans. All subsequent echoes are placed
symmetrically around ky=0.Thisway,the T2relaxation inthe echotrain leads toa
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 too many echoes are used, the signal of those pixels with
short T2S decays too much resulting in a heavy filtering in the ky-direction: the
intensity of the pixel containing water with the short T2s is distributed over
neighboring pixels inthe phaseencodingdirection. Different trajectories throughthe
ky-direction should minimize this artificial spreading (26). Furthermore, to reduce
unwanted recombinationofphaseencodinggradientseveryecho isphase encoded
differently from its neighboring echoes. This is possible by rewinding the phase
gradientaftereachecho(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 eight
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
theeven 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 meansthatfor images of n2pixels2n/tf scans are acquired inwhich 16odd and
16evenechoes areusedfor phaseencodingthesignal,resulting intwon2complex
images: one from the even and one from the odd echoes. After phase correction,
thetwocomplex images aresummedto increasetheSNR.

Inthefirst and second part ofthe sequence hard 180° pulses are used,since they
are short. Residual magnetization of the hard pulses inthe 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 asany residual magnetization from the hard pulses inthe read outdirection.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
echotimesor largerspectralwidth) asasinglesliceexperiment(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 n for every scan. If averaging is not performed a DCcorrection is made bysubtractingthe mean levelwhere nosignals are present from
theechoes.
Measurementobjectsandspectrometer
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 MnCI2 to
vary the T2. This was done in order to study the effect of the different T2Son the
quality of the TSE images and the effect on the single pixel propagators. The
17
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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 CUSO4). 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, Milford,
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 andwasfloweringduringthe measurement.
The spectrometer was an SMIS console (SMIS Ltd., Guildford, Surrey, UK),
operating at 20.35 MHz, equipped with an electromagnet (Bruker, Karlsruhe,
Germany), which generates the 0.47 T field over a 14 cm air gap and is stabilized
bythe use of an external 19F lock unit (SMIS).The phantoms and the tomato plant
were measured inacustom-engineered gradient and r.f. probe (DotyScientific 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 are0.60,0.51 and 0.60 T/mfor the
x, y and z-direction, respectively). For the measurements on the tomato plant the
probe's r.f. coil was detuned and an extra solenoid r.f. coil with an i.d. of 15 mm,
directly wrapped around the plant stem,was inserted inthe 45 mm bore gap of the
gradient probe,increasingtheSNR byafactor ofapprox.48/15=3(29).

Signalprocessing
A dataset of m images with n2 pixels obtained with the PFG TSE pulse sequence
contains three dimensions of complex data. The first dimension contains nsample
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 stepsfortwo images.Thethird dimension holds the mPFGsteps.
The primarydata handling involves reshufflingthe different viewsandechoes inton
phase encoding steps for two images in the correct order with respect to ky.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
18
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odd echoes is shifted slightly inthe phase encoding direction (less then one 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 ofthesample inthetwoimages.
Subsequently, zero and first order phase corrections of the even and odd echo
images at g = 0 are performed in both image directions and used to correct the
displacementencoded images. Furthermore,alinear phaseshift ofthetotal images
with respect to g is caused by a PFG-dependent B0field 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 q-space data is zerofilled 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 ofthe 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 \jygs,ep8.In the 3D FT no filtering is applied.All data
handling isperformed in IDL(RSI,Boulder, Colorado,USA).

Results
Thephantoms
The T2values of the sixtest tubes inthe first phantom varied over a range of three
decades.To measure theseT2swe used a multi-echo experiment withatrainof48
echoes (echotime n*4.6 ms)to obtain aseries 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 T2 and the initial signal amplitude (23). Table 2.1 contains the
calculated values of mean T2 and initial signal amplitude and standard deviations
for every tube: T2 values range from 5.4 msec to 1.5 sec. The mean signal
amplitude for everytubewascalculated from onlythose pixels (around45for 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 T2 values;
for the mean T2 values around 80 pixels were used for calculations. In the
calculated meanamplitudestheamplitudes oftubes IIuptoVIarecomparable.

T a b l e 2 . 1 : Meanvalues andstandarddeviations (SD)of thefollowing calculated parameters for the
six different tubes inthefirst phantom:theT2,the signal amplitude atthe moment of excitation (amp),
theself-diffusion constant inthe propagator (D,) andthe self-diffusion constant inthe Stejskal-Tanner
plot (D2).
tube

[MnCIJ

T2

SD

Amp

SD

D1

SD

D2

SD

mmol/l

ms

ms

a.u.

a.u.

1ffW/s

1ffW/s

KTW/s

W9m2/s

I

0.0

1.5 x10 3

4.5 x 1 0 3

10.2

0.6

2.20

0.16

2.20

0.19

II

0.2

118

3

25.8

1.1

2.19

0.13

2.24

0.13

III

0.4

59.8

2.1

26.1

1.1

2.18

0.18

2.27

0.17

IV

0.8

29.2

1.3

24.6

1.4

2.23

0.13

2.37

0.22

V

2.5

8.3

1.7

22.7

1.8

2.18

0.16

2.30

0.30

VI

5.0

5.4

0.5

23.8

3.4

2.08

0.29

1.97

0.40

Only tube Ishows a lower amplitude, because of partial saturation: the low signal
intensity and the long T2 (and therefore long T1) compared to tr result in an
inaccurate estimation ofT2and an underestimated calculated amplitude (seeTable
2.1).
Figure2.3a showsan imageofthesame sixtubesfilledwithdopedwater, acquired
withthe PFG-TSE sequence at g=0.Althoughthefirst echo inthe experiment isat
13.0msafter excitation,onecanstillobservetubeVIwithaT2 of5.4 ms.The effect
of smearing of these short T2s in the vertical, phase encoding direction of the
images isclear intube VandVI 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 Dfrom crwe 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], {11)):a weighted least-squares linear
fit of ln(s(g)/S(o))to y1g2S2(A-S/3) for every pixel resulted in aD 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 10~9 m2/sto be the self-diffusion constant D for free
water.

Figure 2.3: Images of six tubeswith dopedwater, (a)The real partof the complex signal atg=0of
a PFG-TSE experiment, (b) D for every pixel,calculated through Eq. [2.5], with a derived from the fit
to the propagator. Parameters: Imagesize 128x 128 pixels,field of view (FOV) 55 mm,t«,113.0 ms,
U24.6 ms, A6.26 ms, 83.5 ms,tr 480 ms, slice thickness 3 mm, 16 PFG steps, PFGma)( 0.457 T/m,
tf 16,measurement time 4 min23s,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 pixelwithstationary water, one pixel in
the middle ofthe tube withwater flowing upand one pixel inthe middle of the tube
with water flowing down,with their fits (dashed lines) to the Gaussian function are
displayed 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 inthe observed pixel within A. Figure 2.4c displaysp for
every individual pixel ofthe slicethrough the phantom.The maximum displacement
ofthe waterflowing upand downthrough the slicewas measured at 60.8 and 58.9
urnwithin 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 mm3/s,
which, assuming a laminar, parabolic flow profile exists within the tube (i.d. 3.0
mm), results inamaximum linearvelocity of4.72 mm/s.
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Figure 2.4: Summary of data of the phantom with stationary andflowing 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, (c) Mesh plot of the
spatial distribution of displacements. The countercurrent flow of water results in two anti-symmetrical
parabolic profiles inthe tube with flowing water. Parameters: FOV40 mm,t«,120.2 ms, te24.8 ms,A
12.76 ms, 8 4.5 ms, tr 1700 ms, slice thickness 3 mm, 32 PFG steps, PFGmax 0.385 T/m, tf 32,
measurement time 16min30s,T24°C, volumeflow 1.00 ml/min.

Additionally Eq. [2.1]predictsa linear relation betweenthe phaseofthe 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) and4.52 mm/s (flowing down).The correct value should be
4.72 mm/s,asreported earlier.
TheTomato Plant
The most demanding object in terms of time resolution and spatial resolution, but
also the most interesting object interms of dynamics presented here isthe stem of
a tomato plant. Figures 2.5a and 2.5b show single parameter images of the
amplitude andT2ofthe stem ofthe tomato plant, acquired inthe same manner as
described for the first phantom. The TSE image at g=0is shown in Fig.2.5c. One
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can observe that the stem mainly consists of spongy parenchyma with large cells,
which results inhighvaluesforT2. Inthe center ofthestemacavity isvisible where
no signal isdetected.The outer rings ofthe stem,from the ringwith lower intensity
near the middle and three broadened regions visible in the amplitude image, up to
thesurface ofthe stem contain transport vesselswith supporting tissues andfibers.
T2 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 isa referencetubewithdopedwater. The reference tube axis is notexactly
perpendicular tothe image planesoits imageissomewhatelliptical.

The pixel size ofthis image-set containingthe single pixel propagators is 117x 117
x 3000 \im. From microscopic studies we know that the internal diameters of the
xylem vessels in the stem range from approximately 10to 160 |im (32). Distances
between individualxylemvessels are inthesameorderof magnitude.

2500

Oum

0

750

11.4 urn

22.8 |im

34.2nm

Figure 2.5: Images of a transverse slice through the stem of the tomato plant, (a) A calculated
amplitude image, (b) A calculated T2 image, (c) A TSE image at g = 0 of the real signal amplitude
after phase-correction, (d) Images ofthe real signal amplitude at calculated displacements of 0, 11.4,
22.8, 34.2 and 45.6 urn.The shown signal intensities are in arbitrary units. Parameters a+b: FOV 14
mm, te18.6 ms,t.,25.2 ms, tr 1500 ms, slice thickness 3 mm, acquisition time 32 min,T 26°C. Extra
parameters c+d: FOV 15 mm, U 17.2 ms, A 9.56 ms, 84.5 ms, tr 800 ms, 16 PFG steps, PFGmax
0.457 T/m,tf 32, measurement time 17min8s.
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Since mostxylem vessel radii are smaller than the pixel sizethere 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 intensityfor a certain displacement. A series of such images (Fig.2.5d)
gives anoverview ofthewater displacement inthe slice. Inthisway one can detect
three areas with pixels with low amplitudes at 0 urn displacement but high intensity
at larger displacement. The pixels in these areas resemble volume-elements in
which water is transported upwards inthe plant andthey coincide with the regions
withactivexylemvesselsofthetomato plant(32).

The propagator of one pixel in the active xylem area is displayed in Fig. 2.6,
together withthe propagator of a pixel inthe reference tube.The propagator of the
pixel in the xylem area shows displacements within Aup to 30 (j,m, 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 (10to20urn)ofthe propagator.

P(R,A)
(a.u.)

0

20

40

Displacement (nm)
Figure 2.6: Thepropagator ofapixelinthereferencetube(dashedline) andapixelinoneofthe
threeareasofthetomatoplantthatshowflow(solidline).
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Discussion and Conclusions
The amplitude images (Figs.2.3a, 2.4a and 2.5c) ofthe 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
monitoringflow-induced phaseshiftswithintheechotrain.
The calculation of D of the stationary water inthe sixtubes ofthe first phantom by
thefit ofthe propagator to a Gaussian function resulted invalues 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
proportionaltog2(Eq.[2.2])andthegradient noisecan beupto 3%,deviations inD
upto6%arethe resultofgradientnoise.
The calculation of D by the Stejskal Tanner (ST) analysis should result in
approximately the same values for D as obtained with the propagator analysis,
becausethesamedata isusedfor both calculations. Inthe 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.Thisthird parameterp,theposition ofthe Gaussian-shaped propagator, is
not always zero as can be seen in Fig. 2.4c. The ST analysis doesn't have a
parametertocorrectforthis errorwhich ofcourse isalso present inthedata before
the FT and this error results in a higher SD in D, despite the fact that introducing
extrafit parameters normally results inhigherSD's.

Fromthe results in Fig.2.3a one can see that the very short T2s 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 longerT2, though its total amplitude is smeared
overthe neighboring pixels.TubeVI ofthefirst phantom isan example of asample
with volume-elements with very short T2s (5.4 ms). The calculation of D by
propagator analysis isstill rather accurate,albeitwithahigher SD.In homogeneous
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samples, this poses no problem. Problems can emerge iftwo neighboring volumeelements both have a short T2 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 pixelswillexperience substantial interferencefrom eachother. One might
consider lowering the spatial resolution to merge pixels with water with large and
small T2stogether. This could also be a strategy in quantifying the propagators of
all pixelsinaslicetocalculatethetotalvolumeflowthroughtheslice(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
wouldobscure anydisplacement correlated phaseshift, enforced bythe PFGs.The
measured maximumflowvelocities (4.62and4.76mm/s)areaccuratewithin2%,to
theactual maximumflowvelocities inthetube,asdrivenbythe pump (4.72mm/s).
The areas with water transport in the xylem of a tomato plant emerge after
constructing images at different positions on the displacement axis (Fig. 2.5d).
These three areas can also be recognized in the T2 image. In the T2 image (Fig.
2.5b)the areasshow ahighT2-variance,which maybe caused bylarge differences
inT2ofthewater inaxylemvessel andwater of supporting or accompanying cells.
One pixel can contain more vessels with varying diameters than another, resulting
indifferentT2s.
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 xylem vessels and/or a part of one or more xylem vessels
with accompanying tissue.This can result ina 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 resolution, acceptable accuracy and a realistic measurement time demands
the needforamodel-freequantification ofthe propagatorformalism(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, tr 1 s, tf 32 and image size 128 x 128, the
acquisition ofa complete setof propagator imageswouldtake 2 min. and 8sec.At
0.47 T an accurate map of water displacements in a tomato plant stem with a
resolutionof 117x 117x3000 urncouldbeobtained in 17min.and8sec.
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Microscopic imaging ofslow flow anddiffusion:a pulsed
field gradient stimulated echosequence combined with
turbo spinecho imaging

T.W.J.Scheenen,F.J.Vergeldt,C.W.Windt,P.A. deJager and H.VanAs

Inthis 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 |xm/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 inthe apparent diffusion constant image with
increasing observation times were caused by differences in plant tissue: although
the plantstem did nottake upanywater, the vascular bundles,concentrated inthe
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
parenchymaltissue. Inthexylem region of atomato pedicel flowing water could be
distinguished from a large amount of stationary water. Linear flow velocities up to
0.67 mm/swere measuredwithanobservationtimeof 180ms.

AlsopublishedinJournalofMagnetic Resonance 151:94-100(2001)

29

Microscopic Imaging of Slow Flowand 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)andduration (8)ofthetwo PFGs,andasafunction ofthe
diffusion constantDofthe protons:

S(g)/S(0)=exp(-fg2S2D(A - S/3))

[3.1]

where yisthe 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. Karger and Heink measured
the NMR signal as a function of the intensity mof the PFGs in one direction (m =
ySg, also known as q-space with q=y8g/2rc (2)), and Fourier Transformed the
complex NMR-signal asafunction of m intothe averaged propagator P(R,A)(3).An
averaged propagator is a spectrum representing the distribution of spin
displacements (R)inthedirectionofthe PFGswithinA.
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 protonpools.Intransverse imagesofplantstemsfor instance,pixelsinthe
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 distributioncentered atzerodisplacement andflowingwater asa part
of the displacement distribution with a net displacement (cf. Fig.3.1c). Recently 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 fitting a model function to the NMR-signal
modulation by a number of q-steps, assuming the occurrence of one complete
laminarflow profile inone pixel(8-10).
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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 a due to diffusion, observed by NMR, is proportional to the square
rootofthecorrectedobservationtimeA-8/3:

cr= ^2D{A-S/3)

[3.2],

whereasthe meandisplacement r offlowingprotons isproportionaltoAitself:
[3.3],

r =vA

inwhich v is the mean flow velocity of the flowing protons. Suppose one wants to
distinguishwater, flowingwitha laminarflow profileat a meanvelocity of200|j.m/s,
from stationary water at 20°C (D of free water at 20°C is 2.20 x 10"9 m2/s, no
exchange betweenflowingandstationary water,volumefractionflowingwater 0.25,
8«A). With A of 15 ms f would be 3.0 urn, whereas a would be 8.1 um, which
makes a distinction between flow and diffusion hardly possible (Fig. 3.1a) on the
basisofdisplacements. Going upto 100 msobservation time r and exwould be20
and21|xmresp.(Fig.3.1b)andatavalueofAof 1second f and crbecome200

P(R,A) „

a

P(R,A)

R(^rn)

P(R,A)

b

R(Rm)

c

R(l-im)

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"9 m2/s,the mean linear flow velocity
of the flowing water is 200 |a.m/s. No exchange between stationary and flowing water and no radial
diffusion overthe laminar flow profile has been assumed.A-valuesfor (a), (b) and (c) are 15,100 and
1000 ms resp. The solid lines 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 |xm. 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
neglected. Incorporating radial diffusion would mean that water molecules move
acrossthelaminar, parabolicflow profile,changingtheshapeofthe propagator and
decreasing the already small maximum displacement of theflowing water, although
f wouldremainunaffected (11).

If long observation times are used in PFG experiments, the time from signal
excitation to detection ofthe first echowill also be long. Inthis case the needfor 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 (12) and was
soon combined with PFGs to measure diffusion (13)and flow (14).Since the Ti is
always (often substantially) longer than the T2, it is advantageous or even
necessary during long observation times to store the magnetization along the zaxis,where magnetization canevolveaccordingtoTi: despitethe inherent lossofa
factor of 2 insignal to noise ratio (SNR) ina STE amplitude,this amplitude can still
be larger than a SE amplitude. Recording a complete set of pixelpropagators with
only one echo per scan isverytime-consuming (4,5). Inorder 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 90°
pulse) a 180° pulse train behind a STE can also refocus these spin echoes
producing unwanted spurious echoes inthe 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 sliceofamaize plantstemasafunctionofobservationtimeA.
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The pulsesequence
Figure 3.2 shows an outline of the Pulsed Field Gradient STimulated Echo Turbo
Spin Echo (PFG STE TSE) pulse sequence. Alike its SE variant (6) this sequence
uses PFGs to encode for displacement and the Turbo Spin Echo technique, also
known asfast SE or RARE (16),to shorten imaging time.The difference isthe use
of a STEto store magnetization alongthe z-axis during A.As inthe SEversion we
were able to maintain a coherent amplitude and phase throughout the echo train,
so amplitude and phase-information, encoded with the PFGs, could be recorded
throughouttheTSEtrain.

•4

g»poii

9 crush

Qcrush

a
V
signal

VI to,

'Ate,

Figure 3.2: An outline of the STimulated Echo Pulsed Field Gradient Turbo Spin Echo pulse
sequence. A large spoiling gradient during Ud crushes magnetization in the xy-plane after the first
two 90° pulses, whereas the crushers (gcrush) and the second PFG within the second Vzte1 period
crush thefree induction decayofthethird 90°pulse.

After the first slice-selective 90°x pulse the magnetization in the xy-plane is
displacement-encoded with the first PFG. All spins in the coil experience the
second, hard, 90°x pulse that stores half the magnetization of those spins, which
experienced the first r.f. pulse, along the z-axis for a time tmid- All residual
magnetization in the xy-plane (FID of hard pulse) is crushed with the spoiling
gradient gsp0ii. After the third, hard, 90°x pulse that will induce the STE,
displacement encoding iscompletedwiththesecond PFG.The FIDofthethird 90°x
pulse is crushed with the crusher pairs in the phase encode and readout direction
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and with the second PFG. All gradient pulses in the sequence are ramped, in
calculating the effective duration 5of the stepped PFGs (amplitudes from -g m a x to
zero to +gmax-i)>one ramp of 100 us is included. Possible extra signal attenuation
due to diffusion between read-out gradients or crushers and differences in Ti and
T2 in the sample will not vary as a function of PFGs, so the shape of the
constructed propagators will only be determined by displacements of the spins
involved.TheTSEtrainafterthe STE phase-encodes every echo between the hard
180° pulses individually, unwrapping the phase encode gradient after every echo.
Sincethe magnetization inthexy-planeisencodedfordisplacementwiththePFGs,
the phase of the signal can have any value between minus and plus n, depending
on y§gand the displacement of the observed spins within the labeling time. Alsop
(17)described the problems of refocusing prepared magnetization inamultiple spin
echo train and pointed out that it is crucial to either use pulses in the pulse train
withflipanglesascloseto 180degreesaspossibleortomodifytheTSE partofthe
sequence in gradient and r.f. pulse amplitudes to prevent rapid signal amplitude
decayandoscillations. Edzesetal (18)reported accuracy of observed T2values in
images of plant tissues (magnetization preparation with phase encode gradient)
within 3%of its proper values as long asthe 180° pulses were accurate within±5°.
By interactively adjusting the r.f. pulse amplitude, observing the pulse profile in the
solenoid r.f. coilwewereabletosetand keepthe refocusing pulses inthe center of
the coil attheir correct value.TheTSE part ofthe sequence, including the MLEV-4
phase scheme of the 180° r.f. pulses and the k-space trajectories of the echoes is
described elsewhere, including the signal processing of the data into pixelpropagatorsforevery pixel inan image(6).

Phantomstudy
To check whether this technique to construct pixel-propagators with long
observation times is able to distinguish very slow flow from self-diffusion we
measured the propagators of a phantom with stationary and slowly flowing water.
Inside a glass tube with doped (0.1 mM MnCI2) water was another tube through
which a capillary, filled with doped water, was pulled upwards with a syringe pump
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(model YA-12, Yale Apparatus, Wantagh NY, USA). This created a perfect plug
flowwithacontrolled andwell-definedflowvelocity (50.0±0.2 um/s)surrounded by
stationary water. The phantom was fixed in a dedicated solenoid r.f. coil (-19 mm
inner diameter) inside a custom-engineered gradient probe (Doty Scientific Inc.,
Columbia, South Carolina, USA), controlled with an SMIS console (Surrey Medical
Imaging Systems Ltd., Guildford, Surrey, UK). The 0.7 T magnetic field was
generated with an electromagnet (Bruker, Karlsruhe, Germany), stabilized by the
useofanexternal 19Flock unit(SMIS).

Figure 3.3a shows an image of the water density of the phantom. This image is
constructed by fitting a mono-exponential decay curve to the NMR-signal of every
pixel in an echo train to calculate the NMR signal intensity at the moment of
excitation (18). From a PFG STE TSE experiment we also constructed the
propagator in the direction of the plug flow for every pixel of the image of the
phantom. Because displacements of protons in the phantom in the direction of the
PFGs are unrestricted, all pixel-propagators (including pixels inside the moving
capillary) were subject to a non-linear least-squares fit to a Gaussian function with
amplitude^:

P(R,A)=Aexp

R-f? I2

[3.4]

usingthe Levenberg-Marquardt method (19).Figure 3.3b and creflect the resultsof
the Gaussian fit: an image of the position of the maximum of the fitted Gaussian
(Fig. 3.3b), representing the mean displacement f of the water of the
corresponding pixel and the diffusion constant D (Fig. 3.3c), calculated from a by
Eq. 3.2. Using Eq. 3.3, r can be used to calculate v. In Fig. 3.3a two groups of
pixelsareindicated: 16pixels inthecenter ofthe capillary and49 pixelsinthe large
tube. The mean values for v and D are 51 ± 8 um/s and 2.6 ± 0.1 x 10"9m2/sfor
the pixels indicated inside the capillary. For the indicated pixels inthe large tube v
and D are 0 ± 7 um/s and 2.6 ± 0.1 x 10~9 m2/s respectively (given errors are
standard deviations). The linear flow velocity of the water in the capillary (51 ± 8
um/s) coincides with the velocity with which the capillary was pulled upwards with
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the syringe pump (50.0 ±0.2 um/s), although the standard deviation of the velocity
is large (16%) due to a low signal-to-noise ratio of the experiment. The diffusion
constant ofthewater insidethecapillary isequaltothat ofthewater inthetube:the
D-valuescorrespondtoasampletemperature of 31°C.

49 pixels intube
16pixels inside
capillary

0

1 a.u. -10

0

20|im 0

Figure 3.3: Images of a phantom with stationary water and water in a capillary which is pulled
through an empty tube at a velocity of 50.0 um/s. (a) Calculated image of the initial signal amplitude,
(b) The position of the maximum of the Gaussian fit to the propagator of every pixel: the mean
displacement r of the water, (c) The diffusion constant D, calculated from the characteristic width a
of the Gaussian fit (Eq. 3.2). The grayscale bar in every image represents the indicated quantitative
values for the different variables. Since the calculated initial NMR-signal amplitude is in arbitrary
units, no values are indicated in image (a). In image (a) is pointed out which pixels are used to
calculate the mean values and standard deviations of pixels in the capillary and pixels in the large
tube containing stationary water. Mean T2 inside capillary 143 ± 5 ms, mean T2 in large tube 143 ± 2
ms. Experimental parameters: 128 x 128 matrix, field of view 20 mm, slice thickness 3.0 mm,
repetition time 2s. Extra parameters (a):echo time intrain 4.8 ms,64 echoes, measurement time 17
minutes. Extra parameters (b)and (c): 32 PFG steps,A 150.1 ms,81.5 ms, PFGmax0.217 T/m, echo
time intrain4.4 ms,32echoes inTSEtrain, measurement time 19minutes.

Maize plantstem

To test the pulse sequence with a biological sample a water-cultured maize plant
stem was cut off its roots and put in the instrumental setup. Because of air inlet
during cutting the maize plant did not take up any water. The strength of the
technique is the possibility to use long displacement encoding times. So to study
the longitudinal diffusion constant for every pixel in an image of the stem
propagators in the direction along the plant stem were constructed with the
following series of A-values: 15.1,30.1,50.1, 100.1, 175.1, 250.1, and 400.1 ms.
Since the diffusional pathways of the water in the cells are restricted by the
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boundaries or membranes from the different cell compartments the measured D
depends onAand isnowdefined astheApparent Diffusion Constant (ADC). InFig.
3.4d toj images of the calculated ADCs as a function of A are presented, next to
images of the calculated water density (Fig. 3.4a) and the T2 (Fig. 3.4b) of the
maize plant stem. Figure 3.4c is an optical micrograph of a different maize plant
stem asan anatomical reference (after (20),page 418). The stem,belowthe apex,
consists of homogeneous tissue of large parenchymal cells and scattered vascular
bundles, visible in the water density image as high intensity dots, and in the T2
image as dots with T2-values, smaller than those of parenchymal tissue. The
majority of the vascular bundles are concentrated in the outer ring of the stem,
clearly visible as a ring with smaller T2-values, in comparison with parenchymal
tissue. Inthe NMRimages two leaves embrace the stem.A reference capillary with
doped water is clearly visible in the calculated water content image, but with a
meanJ2of21± 2 ms(22pixelsincapillary)itisalmost invisible intheT2image.In

Figure 3.4: Cross-sectional images of the maize plant stem, measured below the apex in the
regions where the stem tissue consists of homogenous parenchymal tissue and scattered vascular
bundles, (a) Calculated water content image, (b) Calculated T 2 image, (c) Microscopic picture of a
transverse coupe of a maize plant stem without stem embracing leaves (after (20), page 418). (d) to
(j) Images of the calculated (Eq.3.2) Apparent Diffusion Constant (in longitudinal direction,along the
plant stem) as a function of the following A-values: 15.1,30.1,50.1,100.1, 175.1, 250.1, and 400.1
ms. The grayscale bar in image (b) reflects the indicated T2-values quantitatively, the bars in images
(d) to (j) indicate ADC-values from 0 to 4.0 x 10"9 m2/s. Parameters (a)+(b) as in Fig. 3.3a and b.
Parameters (d) to (j) as in Fig. 3.3c and d, but for every A-value 8, PFGmax and measurement time
(averaging) have been adjusted to sample q-space correctly with a sufficient signal-to-noise ratio.
Measurement time ranges from 34to 102 minutesfor Ais 15.1to400.1 ms respectively.
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the series ofADC images the reference capillary can be discerned upto aA-value
of 100.1 ms, which is about 5 times the T2-value. The mean value for the ADC in
the reference capillarydoes notchange asafunctionofAalthoughthestandard
deviation of the ADC increases because of the decreasing signal-to-noise ratio as
the time from the first r.f.-pulse to the STE increases (see Table 3.1): because
diffusion is unrestricted the ADC will resemble the intrinsic D of the water in the
capillary.

T a b l e 3 . 1 : Mean value and standard deviation of the Apparent Diffusion Constant of 22 pixels in
the reference capillary nexttothe maize plantstem asafunctionof theobservation timeA.

D(10"9m2/s)

A=15.1ms

A=30.1ms

A=50.1ms

2.8±0.2

2.8±0.7

3.0±0.4

A= 100.1ms
3.0± 0.5

Inthe plantstem hardlyanycontrast inADCs can beseenatsmallA-values (image
dande),butasAincreases,some contrast betweenthe center ofthe stemandthe
peripheral ring,which isalsovisible intheT2 image,becomes clear.Actually,ADCvalues of all pixels in the stem decrease, which is even more evident in the
histogram in Fig. 3.5, in which the amount of pixels that have a certain ADC are
plotted versus the ADC itself for three A-values. The ADC-distribution becomes
broader with a decreasing mean value: when Ais small, water molecules will not
meet restrictions in their vicinity so the ADC resembles the intrinsic D of the
corresponding molecules. When A is larger, the chance that a water molecule will
be restricted in its diffusional pathway gets larger and the ADC decreases. Tissue
with small cells or cell compartments will impose more restrictions to the diffusing
water molecules than larger cells or cell compartments, which is an origin of
contrast in the ADC. Differences in cell size and cell size compartments in the
maize stem are a reason why the ADC-histogram broadens with increasing A. The
ADC of the pixels in the peripheral ring with mainly vascular bundles and pixels
containing scattered vascular bundles inthe parenchymal tissue does not decrease
as much as the ADC of pixels in the parenchymal tissue itself: vascular bundles
have longer unrestricted diffusional pathways inthe longitudinal direction than cells
in the parenchymal tissue have. T2-values of the peripheral ring and the scattered
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vascular bundles are smaller than T2-values in parenchymal tissue (cf. T2 image in
Fig.3.4b) but,asmentioned earlier,differences inT2ofdifferent tissues inthe stem
are not reflected in the ADCs of the corresponding tissues. Relaxation times have
been linked to diffusion constants in a (time-consuming) PFG experiment in which
the echo train is not used for fast imaging, but for calculating T2-values (21).
Combining anechotrainfor calculatingT2-valueswith measuringthe propagator for
every pixel would also take a lot of acquisition time, but it could link different "revalues to different displacements (either due to flow or diffusion) of the water for
everypixel.
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Figure 3.5: The distribution of the ADCs of the images presented in Fig. 3.4 for three different Avalues:three histograms of theamount of pixels ofthe image ofthe maize plant stem belonging to an
ADC-value indicatedonthex-axis.

Pedicelofatomato
The final application presented here is the measurement of a small pedicel of a
tomato. We cut off a pedicel (21 mm length, 4 mm diameter) from a tomato,
attached a silicone tube to the pedicel on the plant stem side and installed it in a
test tube with water in the instrumental setup.A small pressure was applied to the
pedicel with a water column in the silicone tube of 1.8 m (1.8 m water pressure
corresponds to 17.6kPa)toinduceflowthroughthexylemvessels.The inset inFig.
3.6 shows two images of the pedicel: the top image is the total integral of the
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images from displacements -121 |im to41 |j.mfrom the pixel-propagators, whereas
the bottom image is the signal intensity at a displacement of -121 \im only (the
scale of bottom image is 15 times smaller than the scale of the top image). The
contrast inthe top image iscaused byTV apart from Ti-weight inthetime from the
second to the third 90° pulse, tissue with long Ti-values will be partially saturated
withthe used repetition time of 1s. Inthe top image different tissues inthe pedicel
can be distinguished:the outer ringwith a low intensity isthe cortex, the first bright
ring isthe phloem,the second ringwith low intensity isthe xylem and inthe center
the pith is located. The bottom image only has intensity in a few bundles in the
xylem: the normalized averaged pixel-propagator from the corresponding pixels is
the propagator in Fig. 3.6. Apart from the large amount of stationary water, the
shoulder with negative displacements is clear: flowing water in the xylem of this
pedicel has linearflowvelocities upto 121|j.min 180ms(approx. 0.67 mm/s).

P(R,A)

-GOO

-400

-ZOO

200

400

600

Rfcim)
Figure 3.6: The normalized averaged propagator from pixels in the xylem region of a pedicel of a
tomato. The shoulder with negative displacements corresponds to water that flows with maximum
linear flow velocities of 0.67 mm/s (the sign of the displacements merely indicates the direction of
flow). The top image inthe inset is the integral image of all displacements between -121 en +41urn:
a reference capillary isattachedto the silicon tube (the large ringwith no intensity aroundthe pedicel)
and placed in a test tube with water. The bottom image is the image at a displacement of -121 urn,
showing bundles withflowing water inthe xylem. Experimental parameters: 128x 128 matrix,field of
view 15.0 mm, slice thickness 4.0 mm, repetition time 1.0 s, 32 echoes in TSE train, echo time in
train 4.4 ms, 32 PFG steps, A 180 ms, 82.0 ms, PFGmax 0.144 T/m, 32 echoes, measurement time
17minutes.
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Conclusions
The successful implementation of a stimulated echo in a PFG TSE imaging pulse
sequence creates the possibility to construct propagators with observation times of
several hundredsof milliseconds betweenthetwodisplacement-encoding PFGs.
These observationtimes are much longerthanthosethat can generally be reached
by PFG SE because Ti in biological tissues is usually much longer than T2, so
sufficient signal is left for the stimulated echo and turbo spin echo train. Unwanted
spurious echoes from thefirst three 90° pulses are successfully suppressed before
theTSE partofthe sequence byspoiler gradients.The useof accurate 180° pulses
and an appropriate phase scheme of the 180° pulse train preserve a coherent
phase intheechotrainsoamplitude and phase attenuation ofthe PFGs is retained
throughout the TSE part of the sequence. In this way a fast imaging method is
combined withaquantitative measurement ofthe displacement distribution ofwater
inapixelwithin longobservationtimes.

In the phantom study the long A-values enable a clear distinction between
stationary water andwaterflowingwith a plugflow profile at avelocity as low as 50
(im/s. Ina cut-off maize plantthe use of a series of observation times ranging from
15to400 msrevealedanincreasing contrast intheADCsofdifferent tissues: mean
values of the ADC-distributions decreased and ADC-distribution widths increased
with increasingA.Theaveraged propagator of pixelswithflowingwater inthexylem
region of a smalltomato pedicel revealed an asymmetric shape:apart from a large
amount of stationary water also flowing water with linear flow velocities up to 0.67
mm/s could be discerned with an observation time of 180 ms. Tracking the
development of ADCs of different tissues as a function of A (e.g. in different PFG
directions for diffusion tensor measurements), together with the possibility to
observe very slow flow can make the PFG STE TSE pulse sequence a useful tool
indisplacement studies indifferent scientificdisciplines.
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Thecombination ofapulsedfield gradient spin echo
sequence with multiple spinecho imaging

For micro-imaging of displacements of water ina packed capillary chromatography
column we implemented a pulse sequence which combines motion-encoding
pulsed field gradients with a multiple spin-echo imaging module (21). It is the
unique feature of this approach that not only an amplitude attenuation but also
phase-information is maintained over the whole echo-train at each value of q.
Figure 3.7 illustrates the information of the multi-echo PFG-NMR experiment after
Fourier transformation (FT) of S(k,q) with respect to k (see also Eq. 2.9).
Horizontally shown inFig.3.7a isthe modulation ofthe real partofthe NMRimages
(after FT with respect to k) as a function of q, whereas the signals decay in the
echo-train isdisplayedvertically.After FTwithrespecttoq(zero-filling ofthe data is
possible here)we obtain pixelpropagators Pav(R,A)for every echo in Fig.3.7b. The
signals decay in the echo-train is usually characterized by T2, but with a used
nominal in-plane resolution of 40 x 40 urn the imaging gradients become large
enough that this decay is also affected by the dispersive motion of the fluid
molecules (18). In principle, such a multi-echo PFG-NMR imaging experiment can
relate an initial signal amplitude and a characteristic decay time to any pixel and
anydisplacement R.We usedanadditional multi-echo imagingexperiment (i.e.,q=
0)with increased signal-to-noise ratio (40 averages and 20 echoes) to examine the
characteristic decay time for each pixel inthe column. No systematic differences in
decaytimescould beretrieved andwe usedthe meanvalue (32 ms)tofilter signals
in the echo-train for each pixel in order to add filtered signals when needed and
increase thesignal-to-noise ratioofthefinal pixel-propagators.

Adapted from UIrich Tallarek, Tom W. J. Scheenen and Henk Van As; Macroscopic Heterogeneities in
Electroosmotic and Pressure-Driven Flow throughFixed Beds at Low Column-to-Particle Diameter Ratio,
JournalofPhysicalChemistryB(2001), accepted
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echo 4
number

echo
number

-160

-80

0

80

Displacement
Figure 3.7: Multi-echo PFG-NMR imaging experiment after Fourier transformation of the data with
respect to k. a) 24 by 12 images of the packed capillary (24 q-steps and 12 echoes) demonstrating
the modulation of the complex signals real part depending on q (horizontally) and echo number
(vertically), b) 24 images after zerofilling in q-space from 24 to 72 steps and Fourier transformation
with respectto q.The horizontal axis represents displacement space.
Experimental parameters: 20x 20x 12x 24 matrix, 0.8 mm field of view, slice thickness: 6.0 mm, 0.8
s repetition time,gmax:0.31 T/m,5=2.3 ms,A= 17.5msandechotime intrain: 5.2 ms.

With this experiment we tried to spatially resolve flow heterogeneities in the
capillarycolumnwithanin-plane resolution of40\im. Theslicethicknesswassetto
6 mm because we expect the effects to be systematic along the column axis and
consequently do not requirea highspatial resolution inthisthirddimension.Thus,a
reasonable signal-to-noise ratio and a sufficiently high resolution over the column
cross-section (comparedtothe particle diameter, d p =50|i.m)could beachieved.
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Figure 3.8: Added propagators comparing the fluid dynamics in wall and center positions of the
capillary, a) A= 17.5 ms and b) A=35 ms. Displacement distributions have been normalized bytheir
surface area. Mobile phase: 10 3 Msodium tetraborate buffer (pH9.13).

The propagators from four added pixels representative forwall and center positions
in the capillary are shown in Fig. 3.8. Data were collected from opposite edges of
the capillary cross-section (wall region 1and 2), andwere zerofilled before FT with
respect to qand normalized.The distributions show pronounced shoulders or even
separate local maxima for fluid molecules in pixels closer to the column wall than
pixelsinthecenter ofthe capillary andtheeffects scalewithobservation time,buta
lateralexchange of molecules betweenvelocity extremes isalsopromoted.
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Quantificationofwatertransportinplants
withNMRimaging.

T.W.J.Scheenen,D.vanDusschoten,P.A.deJagerandH.VanAs

A new nuclear magnetic resonance imaging (NMRi) method is described to
calculate the characteristics of water transport in plant stems. Here, dynamic NMRi
is used as a non-invasive technique to record the distribution of displacements of
protons for each pixel in the NMR image. Using the NMR-signal of the stationary
water in a reference tube for calibration, the following characteristics can be
calculated per pixel without advance knowledge of the flow-profile in that pixel:the
amount of stationary water, the amount offlowing water, the cross-sectional area of
flow, the average linear flow velocity of the flowing water and the volume flow. The
accuracy ofthe method isdemonstrated with a stem segment of a Chrysanthemum
flower by comparing the volume-flow, measured with NMR, with the actual
volumetric uptake, measured with a balance. NMR measurements corresponded to
the balance uptake measurements with a rms error of 0.11 mg/s in a range of 0 to
1.8mg/s. Localchanges inflow characteristics of individual voxels of asample(e.g.
intact plant) can be studied as a function of time and of any conceivable changes
the sample experiences on a time-scale, longer than the measurement time of a
complete setofpixel-propagators (17min.).

AlsopublishedinJournalofExperimentalBotany 51: 1751-1759(2000)

47

Quantifying water transport in plants

Introduction
One of the key-tools in the continuing debate about mechanisms of long-distance
water transport in plants (1-5) is the ability to measure the water transport directly,
non-invasively and spatially resolved. To validate recent theories (6, 7) in
fundamental issues about the occurrence and refilling of embolized xylem vessels
one needs atechnique to measure the volume flow, the linear flow velocity and the
cross-sectional areaofflow inthexylemvessels ofanintact plant.

The heat pulse velocity technique (8) and derived techniques, that use heat as a
tracer, canbe useful inmeasuringwater uptake bytrees or plants non-destructively,
although heater probes andtemperature sensors haveto be inserted into thestem.
Moreover, noinformationabouttheexact positionsofflowwithinthe measured stem
can be obtained and heterogeneities in the stem tissues cause problems in
calibrating the technique (9). Other techniques to assess sapflow in stems include
the injection of radioactive tracers into the xylem and the use of porometers to
measure leaf transpiration of a representative part of a plant to estimate the total
transpiration,resemblingtotalwater uptake.
Inthe lasttenyears or so, Nuclear Magnetic Resonance (NMR) has proven to bea
useful non-invasive technique to measure flow in plants in vivo(10-14).One of the
NMR imaging techniques - dynamic NMR microscopy (15) - provides direct
information on the distribution of all spin displacements within a pixel of an NMR
image using predefined labeling times. To accomplish this, dynamic NMR
microscopy combines standard imaging with Pulsed Field Gradient (PFG) NMR.
Since flow in xylem vessels can change rapidly, methods to visualize flow and
measure changes inflowshouldbefasterthanthetimeittakesforthesechangesto
occur. Dynamic NMR experiments normally are time-consuming (15, 16), but
recently, new methods have been developed to decrease the measurement time
drastically(14, 17, 18).

The measurement time can bedecreased by not recording the complete distribution
of displacements of spins (the so-called propagator) for every pixel (17, 19).This
approach can be used if the displacement distribution of the spins is known in
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advance. If so, the need to record the complete propagator disappears, less flow
encoding steps are required andthe NMR-signal as afunction ofthe flow encoding
steps canbefittedtoamodelfunction.However, inplanttissue,and probably inany
non-artificial sample,thedistribution ofdisplacements of spins inapixel is unknown
andcanvarywithtime.
The reason why in (plant) tissue the use of a model function is essentially wrong is
threefold. Firstly, it is not possible to choose the pixel size (e.g. 100 x 100 x 2500
urn)and position ofan image insuch awaythatone pixelalways contains no more
thanonecompletevessel.Vesselsdiffer insize andareoften grouped,sopixelswill
generallycontain morethanonevessel (at lowspatial resolution) oronly partof one
vessel (at high spatial resolution orwith largevessels). Secondly, it isassumed that
on the timescale of flow encoding (A) spins do not move perpendicular to the flow
direction. Diffusion of spins from one position on the flow profile to the other within
the flow encoding time changes the shape of the displacement distribution
drastically (20). The third reason is that vessels in biological tissues are often not
perfectly circular and have a rough surface, which can influence the displacement
distribution.

In conclusion, the best way to quantify flow is to avoid any model for flow within a
pixel. This can be done by recording the propagator, which is the distribution of
displacements within a certain flow encoding time, and by extracting flowcharacterizing parameters from these propagators that are essentially independent
of any flow-profile. The flow-sensitive PFG Turbo Spin Echo (TSE) technique (21)
produces these propagators for every pixel inan image ina physiologically relevant
measurement time. Here a method is presented to extract several important
variables from the pixel-propagators without reverting to any model or assumption
for theflow profile.These variables include thevolume flow, the linear flow velocity
and the cross-sectional area ofthe flowing fluid ofthe pixel. Using a reference tube
to calibrate the NMR-signal we can calculate absolute values for the volume flow
andthe cross-sectional area ofthe flowing fluid, rather than normalizing the volume
flow to the maximum volume flow observed (22). In principle, the method can be
usedfor anyset of pixel-propagators of any sample. Inthis work stem segments of
Chrysanthemum (Dendranthema x grandiflorum Tzvelev cv. Cassa) were used
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because the volume flow through the stem segment could easily be controlled,and
did not depend on environmental conditions as relative humidity, light intensity and
temperature.

Theory
PrinciplesofNMRimaging
1

H-nuclei possess a quantum mechanical property called spin, which,when placed

in a magnetic field, precesses around the magnetic field vector at a frequency (the
Larmor frequency) that depends on the magnetic field strength (3). The small,
thermally equilibrated difference between spins preceding along the magnetic field
vector (spin up) and spins preceding opposite to the magnetic field vector (spin
down) causes a net magnetization vector of the spins along the magnetic field axis.
This net magnetization vector can be manipulated by disturbing the equilibrium of
the nuclear spin system with radio frequency (rf) pulses, produced with an rf coil
around the protons in the magnetic field. Any magnetization in the plane
perpendicular to the magnetic field after an rf pulse induces an rf signal in the coil
around the sample. The magnetization vector will return to its initial size and
direction with two typical time constants: the spin-spin relaxation time (T2)
characterizes the loss of magnetization in the plane perpendicular to the magnetic
field (which is the loss of the NMR-signal), whereas the return of magnetization
along the magnetic field is characterized by the spin-lattice relaxation time (Ti).
Since the NMR-signal represents the magnetization in the plane perpendicular to
the magnetic field axis, it is also a vector with an amplitude and phase, precessing
atthe Larmorfrequency. Linear magneticfieldgradients,superimposed onthestatic
magnetic field, generate a position-dependent Larmor frequency: different
frequencies of the NMR-signal can be processed (by a Fourier transform) into an
NMR image, which is a map of the proton (usually water) density or an NMRspecific parameterforevery position inasample.

Probingmovementofprotons
The NMR-signal for every position in a sample can be made sensitive for the
displacement of the protons in a certain direction by use of two pulsed magnetic
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field gradients (PFGs) with spacing A. Herewe explain the influence of two kinds of
displacements - diffusion and laminar flow - of spins on the NMR-signal and the
shapeofthedistribution ofdisplacements (propagator) deducedfromthesignalasa
function of PFG amplitude. The theory concerning the propagator formalism (15)
and the fast acquisition of complete pixel-propagators (27) has already been
extensively described elsewhere.
If an ensemble of molecules exhibits self-diffusion due to the Brownian motion,the
PFGs will attenuate the amplitude of the NMR-signal of the protons of the
molecules, while the phase of the NMR-signal will remain unaffected. A Fourier
transform ofthe signal into P(R,A),the probability distribution of displacements Rin
the direction of the PFGs within the labeling time A,results in a Gaussian shape
(Fig.4.1)asdescribedby:
P(R,A)=Aexp

R-p

.2

[4.1]

with A as amplitude andpas mean displacement (p =0for stationary water) of the
water protons. The characteristic width of the Gaussian a can be used to calculate
theself-diffusion coefficientDofthemolecules:
D-

[4.2]

2{A-S/3)

where 8isthedurationofeachofthetwoPFGs.

0

50

100

Displacement R (urn)
Figure 4 . 1 : Normalized theoretical displacement distribution of stationary water. The propagator of
stationary, self-diffusing water is a Gaussian peak with position p = 0, characterizing width a and
amplitude A.The displacement axis issampled with 200 data points.

51

Quantifying water transport in plants

As an example of displacements of molecules due to flow, let us observe slowly
flowing water inside a cylinder. The water in the cylinder can be divided into thin
circular layers that glide past one another. The water adjacent to the wall of the
cylinder is essentially stationary. As one moves away from the wall to the center of
the cylinder the flow velocity increases to a maximum in the center. If viscous drag
forces dominate the inertial forces of the fluid the flow profile through the cylinder
has a parabolic shape and is called a laminar flow profile. In the hypothetical case
that the fluid does not exhibit a Brownian motion only the phase ofthe NMR-signal
of these circular layers is shifted without modulation of the signal amplitude as a
function of PFGamplitude. Fig.4.2a depicts alaminarflow profilethrough acylinder
and its propagator in the direction of flow, in absence of self-diffusion. The
propagator consists of a distribution of displacements R from zero to maximum
displacementRmaxwithinAand isaboxcarfunction:
P(R,A) = C

forO<R<Rnax

P(R,A) =0

forR<OandR>R„

[4.3]

where Cisaconstantandtheintegral "^P^R,A)=1. Different layers inthe cylinder
coincide with different parts of the propagator, as is shown by the arrows in Fig.
4.2a. If the circular layers in the cylinder are thought to be infinitesimally thin, the
corresponding part inthe propagatorwill beaspikeatthecorrect displacement.
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Figure 4 . 2 : Normalized displacement distributions of flowing water sampled with 200 points, a. The
hypothetical propagator of a laminar flow profile inabsence of self-diffusion, b.As awith self-diffusion
present.
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Usually, the fluid in the cylinder also exhibits self-diffusion, which combines the
phase-shift of the NMR-signal due to flow, with the amplitude attenuation of the
signal due to diffusion. The shape of the corresponding propagator changes: every
thin circular layer inthe cylinder now has a Gaussian shape instead of a spike (cf.
Fig. 4.1). All these layers together form a propagator as shown in Fig. 4.2b: the
boxcar function is broadened by a Gaussian. If an observed ensemble of spins
contains more than one cylinder with flowing water, the propagator will be the sum
of several boxcar functions, broadened by diffusion. If only a part of one cylinder
with flowing water is observed,the propagator will be only a part of this broadened
boxcarfunction.

Materials and Methods
NMRImage analysis
The PFG-TSE (turbo spin echo) pulse sequence (Fig. 4.3) has been described
elsewhere (21). The amplitude and phase modulation of the NMR signal as a
function of the displacement encoding steps can be Fourier Transformed to obtain
the propagator. Generally, the pixel-propagator within a slice through a plant stem
hasaGaussian shape,since itcontains onlystationary, diffusing water (cf. Fig.4.1).
However, some of the pixels in the stem are in regions where active xylem or
phloem vessels are present, so the corresponding propagators will show
displacements originatingfromflowingsap.

180°

excitation
A 90°

T

_
= | A

PFG |

g
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TSE-train

i
„ASA„
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Figure 4 . 3 : Pulsed field gradient turbo spin echo pulse sequence. The two large pulsed field
gradients intheflow direction with duration 8and spacingAaresteppedto acquireflow information.
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Propagators representing both stationary and flowing water can be analyzed in the
following way. The half, which doesn't display flow, is fitted to a half-Gaussian.
Subsequently the complete Gaussian (including the other half) is subtracted from
the propagator. The remaining part ofthe propagator PF(R,A)represents the flowing
water. This propagator is calibrated into Pc(R,A) by dividing itwith the integralIrefof
a propagator ofapixelinareferencetubethatisfilledwithdopedwater:

PC(*,A)=^

1

[4.4].

*ref

Relating the calibrated propagator PC(R,A)to the experimentally known surface Aref
ofone pixelthecross sectional area offlowA oftheflowingwater can be calculated
foreverypixel:
A=R^PC(R,A)-Aref

[4.5].

The first moment of the calibrated propagator represents the volume flow Qof the
corresponding pixel and can be calculated by adding the propagator intensities
multiplied bythedisplacement valuesand relating ittoArefandA:

e =* I > c ( * , A ) - i ? ) . ^
£t>

[4.6].

A

The average linearflow velocity v isthe volume flow divided bythe cross-sectional
areaofflow (strictlythecalibration isnotnecessaryfor v):
%PC(R,A)R)

2> C (*,A)-A
R=0

A few assumptions are made here: within one pixel water does not flow in two
directions and the loss of NMR-signal within the time between excitation and
detection of the first echo (te1, Fig. 4.3) is comparable for the reference tube and
thewater inthexylem.
The spectrometer
The NMRspectrometer consists of an SMIS console (SMIS Ltd.,Guildford, Surrey,
UK), operating at 30.7 MHz, an electromagnet with a 10 cm air gap (Bruker,
Karlsruhe, Germany) generating the magnetic field of 0.72 T and an external 19F
lock unit (SMIS) stabilizing the magnetic field. The magnet is equipped with a
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custom-engineered gradient probe (Doty Scientific Inc., Columbia, South Carolina,
USA) with a 45 mm (i.d.) cylindrical central bore, accessible from both ends. The
stem segments of cutflowers were measured inacustom madevase (Fig.4.4) that
can be inserted in the gradient probe. A solenoid radio frequency (r.f.) coil (12 mm
inner diameter), wrapped around the shallow part of the vase, transmits the NMRpulsesand receivesthesignal.
Plantmaterial
Chrysanthemum (Dendranthemax grandiflorum Tzvelev cv. Cassa) plants were
grown in a greenhouse at Wageningen University, in plastic pots (14 cm diameter)
with acommercial potting soil.Theaverage temperature inthegreenhouse was 18°
C.The plant hada photoperiod of 16 hours until the plant hadformed 15-17 leaves
longer than 0.5 cm (3-4 weeks), followed by an eight hours photoperiod until
harvest. The photoperiods were lengthened by high-pressure sodium lamps or
shortened by black screens when necessary. Flowering stems at commercial
maturity and stem segments were cut off underwater with razor blades to ensure
that noairenteredthexylemvesselsofthestem.

Setuptocontrolwateruptakeofstemsegments
Van leperen et al. (24) described a method to control the water uptake of stem
segments. This method is used here, since it enables a very precise control of the
water flow level through a stem segment, it measures water uptake directly (not by
way of transpiration) and it is straightforward to implement. The method will briefly
besummarized here.Thewater level inthevase iscontrolled witha communicating
vessel on a precision balance:the uptake ofwater bya cutflower or stem segment
is measured with the balance (LC3201D, Sartorius AG, Gottingen, Germany) by
sampling the weight decrease every 20 seconds. The uptake of water of a stem
segment iscontrolledwith underpressure:thetopofthe stemsegment is connected
with water-filled silica tubing to a vessel of which the underpressure is controlled
with a pump (Fig.4.4). The pump (505DI Watson-Marlow Limited, Falmouth, UK),
thevacuum sensor (DVR5,Vacuubrand,Gmbh &Co,Wertheim, Germany) andthe
balance were connected to a computer to automate underpressure control and
uptakemeasurements.
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Figure 4 . 4 : Draft of the set-up to control the water uptake of stem segments (after Van leperen ef
a/.,2000).

Results
The stem segment of a Chrysanthemum flower in the set-up was 25 cm long,
measured at 40 cm from the roots, 10 cm above the cut surface. The NMR
measurements show a distribution of displacements of all protons for every pixel in
an image (Fig.4.5). Fig.4.5a displays a transverse image of the stem segment at
g=0: this is a standard TSE image that displays the proton density for every pixel
(21).The strikingfeature ofthe image isthat itdisplays only asingle, relatively thin,
ring. As a reference, Fig. 4.5b is a photograph of a transversal section through a
Chrysanthemum stem:the spongytissue with large dead parenchymatic cells inthe
middleofthestem hardly contains anywater, so itdoes notgiveadetectable NMRsignal. The outer ring of the stem contains all functional tissue, including xylem,
cambium, phloem, supporting tissues and epidermis. Pixels in the xylem region of
the stem segment can display stationary and flowing water. The propagator of a
particular pixel (100 x 100 x 2500 n,m) in that region (Fig. 4.5c) reveals a peak,
centered at a displacement of 0 urn, representing stationary water, with a large
asymmetrical shoulderwith positive displacements, representingflowingwater. The
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Displacement R(|xm)
Figure 4.5: a.ATSE image of a Chrysanthemum stem segment, perpendicular to the stem axis. b.
A photograph of a transverse section through a Chrysanthemum stem. c. The calibrated propagator
of a pixel in the xylem region of the stem (solid line) with the Gaussian fit to the left half of the
propagator (dotted line). The bottom panel shows the difference between the original calibrated
propagator and the fit on the same scale. The crosses in the solid lines indicate the individual data
points. Parameters: resolution 100 x 100 x 2500 urn, te1 25.0 ms, 32 PFG steps, A 19.4 ms, 8 2.5
ms, PFGmax0.36 T/m,repetition time 1s,number of averages 4,total measurement time 17min.

propagatorwas calibratedwiththeaveraged intensityof nine pixels inthe reference
tube (Eq.4.4). The dotted line in Fig.4.5c isthe result of afit to the left half of the
calibrated propagator using a Gaussian function.After subtraction of this Gaussian
from the propagator the asymmetrical flowing part of the propagator remains. This
part isplotted in Fig.4.5c belowthecomplete propagator. The integralofthe flowing
part of the calibrated propagator represents the fraction of the corresponding pixel
throughwhichwater flows, relative to a pixel inthe reference tube.Thisfraction can
berecalculated intothecross sectional areaofflowwithinthe pixel inmm2(Eq.4.5),
knowing the surface Arefof a pixel inside the reference tube, and assuming that the
anatomy of a stem segment does not change along the axis of the stem within the
slice thickness (2500 urn). Apart from the cross sectional area of flow the volume
flowandlinearflowvelocity can becalculatedforevery pixelwithequations4.6 and
4.7. Knowingtheseflowcharacteristics foreach pixelonecanconstruct imageswith
the characteristics: total amount of water, total amount of stationary water, cross
sectional area of flow, linear flow velocity and volume flow (Fig. 4.6a to e
respectively). Fig.4.6f indicates the regions offlow (cf. Fig.4.6e) superimposed on
theimageofthewatercontentofthestemsegment (cf. Fig.4.6a).
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Figure 4 . 6 : Images of the calculated flow characteristics of the stem segment, a to e. respectively
water content, amount of stationary water, cross sectional area of flow, linear flow velocity and
volume flow. The grayscale bar relates intensities to quantitative values. Water content and the
amount of stationary water areexpressed asfractions, relative tothe mean water content of apixel in
the reference tube (= 1unit) and can easily be recalculated into a volume or a surface, f. The areas
that showflow superimposed on an enlarged imageof thewater content (cf. a.).

The total volume flow through the stem segment was monitored with the precision
balance and could easily be changed by varying the underpressure of the vessel
that was connected to the top of the stem segment. Stepwise decreasing the
pressure differences over the stem segment in a range of 47 to 0 kPa resulted in
uptake values from 1.8 to 0 mg/s: a physiologically sensible range for
Chrysanthemum (Fig.4.7). Small negative uptake values were the result of a small
overpressure of remaining water in the silica tubing on top of the stem segment,
pushing water backwards through the xylem. After about two hours the uptake,
which was constant in the first three pressure steps, decreased with (maximum)
seven percent during one pressure step: the hydraulic resistance of the stem
segment increased slowlywithtime.Thiseffect iseven moreevidentwhen pressure
steps 1and5or2and6arecompared:atthe same pressure difference the uptake
in the measurements later in time has decreased. However, the increase in
hydraulic resistance of the stem segment is of little importance for a comparison of
two ways to measure water transport in a single stem and the measurement time
(17 min.) for the dynamic NMR imaging experiment is short enough to have a
constant uptakeduringone measurement.
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Figure 4.7: A comparison of the actual water uptake of astem segment, measured with a precision
balance, and the total uptake measured with NMR, by adding the volume flow of every pixel that
shows flow. The marks indicating the uptake, measured with the balance,are running averages of 10
points (200s).The row of valuesfor AP indicates the pressure difference over the stem segment for
every pressure step inkPa.

The NMRmeasurements are represented bytriangular markers inFig.4.7 andwere
calculated by adding all pixels of the NMR image of the volume flow that had
intensities larger than a manually setthreshold value (~2/3 of peak noise level)with
atleastone neighboring pixelthat alsoexceededthethreshold value. Exceptforthe
first two pressure steps, the NMR flow values correspond within an error of 0.10
mg/swiththe actualflowthat was measured withthe balance. Inthefirst twosteps,
the difference is0.16 and 0.20 mg/s respectively. The overall rms error of all points
is 0.11 mg/s. For negative uptake values, the positive halves of the propagators
were used for the Gaussian fit and the negative halves were used to calculate the
volumeflow.

Discussion and Conclusions
A pixel-propagator from the xylem region of a Chrysanthemum stem is not simply
the sumofaGaussian peak atzerodisplacement and a broadened boxcarfunction.
This becomes especially clear when the Gaussian fit is subtracted from the
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propagator. Dueto the large pixel size (100 x 100x 2500 urn) a propagator from a
pixel in the xylem region will always represent multiple xylem vessels and
accompanying cells, since xylem vessels in Dendranthema x grandiflorumTzvelev
cv.Cassa havediameters inarangefrom 10to40|im (25).Therefore,the shapeof
a single pixel propagator is not known a priori and the use of a model function for
the modulated NMRsignaltocalculateflowdata isclearly notcorrect. However, one
can accurately calculatethevolumeflow,asTsaietaldescribed (26),bywayofthe
first moment of the propagator by differentiating the modulated NMR-signal at g=0
(first moment theorem of Fourier transforms (27)). If not just the volume flow, but
also the linear flow velocity and the cross-sectional area of flow are of interest the
only accurate solution, i.e. not assuming any flow-profile, as far as we know is the
method described above (see Materials and Methods). The fit of the stationary
water to the half-Gaussian function is in principle only validated if the stationary
water can diffuse without restrictions. This means that on the time-scale (A) of
labeling the bulk of the molecules should not reach any walls or membranes. In
practice,the bulk ofthewater-molecules resides invacuoles and moves 9 urn (rms
value erfromEq.4.2)withthe instrumental settingswe used(A-5/3= 18.6ms)andD
= 2.0 x 10~9m2/s(free water at 20°C). Even if displacements of 9 jxmwere already
restricted bythe membrane ofthevacuolesofthecells,surroundingthevessels,the
effect on the shape of the stationary water part of the propagator would be small:
theGaussianfitwouldstill removethestationarywater partquite effectively.
One other issue to be mentioned here is the fact that flowing water has intensity at
zero displacement in the propagator (cf. Fig. 4.2). This intensity originates from
water near the walls of the vessel or tube in which it is flowing. In the presented
method no intensity is left at zero displacement after subtraction of the Gaussian fit
from the propagator (Fig.4.5c). This is not a problem incalculating the volume flow
of such a propagator, since any intensity at zero displacement is multiplied with the
zero value of the displacement axis (Eq. 4.6). However, loss of intensity at zero
displacement increases the linear flow velocity and decreases the cross sectional
area of flow (Eq. 4.7 and Eq. 4.5): water at the walls of vessels, which does not
appear asflowing water, is indeed part offlowing water. Regions atthevessel walls
are infact part ofthe cross sectional area offlow ofthat vessel.As asolution tothis
problem the instrumental settings of an experiment can be chosen in such a way
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that within Awater can diffuse from the vessel walls into the regions where flow is
present. Recently, the shape of a propagator of a laminar flow profile as a function
of A has been published (20) showing a decreasing intensity at zero displacement
with increasingA.The rmsdisplacement duetodiffusion within Acombined withthe
velocity gradient of theflowing water near the vessel wall (depending onthe vessel
diameter and the volume flow through the vessel) determine the actual intensity of
the propagator atzero displacement.

The comparison between the results obtained with the balance and with NMR, as
presented in Fig.4.7,showthe accuracy ofthe quantification method.Wefound an
agreement between both uptake measurements with a rms error of 0.11 mg/s, not
by using an unclear constant to correlate NMR results to the actual ('balance')
volume flow or by normalizing the volume flow to the maximum volume flow
observed (22), but by calibrating NMR signal intensities to the averaged signal
intensity of a reference tube. If, for certain studies,the labeling time A between the
two PFGs is increased (increasing also te1), problems may arise from using a
reference tube with water for calibration. The decay of the NMR signal,
characterized by the relaxation time T2, varies in different tissues of the sample.
SupposetheT2ofthewater inthe referencetube ('doped'with paramagnetic ionsto
decrease T2) differs substantially from the T2 of the water in the xylem vessels and
the time from signal excitation to first detection (te1 in Fig. 4.3) is of considerable
size compared totheT2values ofthewater inthetube and/or inthe xylemvessels.
The signal intensity of the water in the tube and in the xylem at the moment of
detection will now be weighted with their different T2 values and in the calibration
this extraT2weight hasto beconsidered. Inour resultstheT2values ofthewater in
the reference tube and inthe xylemvessels were comparable (around 100ms)and
large compared to the first echo time (maximum 27 ms), so we did not experience
these difficulties. Ifneed be,itispossible to record pixel-propagators in combination
with a T2 experiment to link a T2 value to every point of a pixel-propagator, though
imagingtimewill belonger.
For in vivo applications of the described method in intact plants one assumption
stated earlier has to be evaluated carefully: there should be no bi-directional flow
within one pixel. In other words, the resolution of the NMR image has to be high
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enoughtodiscriminate betweenxylemand phloemtissue. Inapixel-propagator one
can immediately see if bothxylem and phloemflow are present: the propagator will
show intensities at positive and negative displacements beyond the rms
displacement of diffusing stationary water. Flow quantification is only hampered if
the linear flow velocities in the two directions in the same pixel are of comparable
size. In that case, one might consider using the rms displacement from stationary
water of neighboring pixels to get rid of the stationary water in the pixel with bidirectional flow, after which positive and negative displacements can be evaluated
separately. For full-grown intact plants active xylem and phloem areas are usually
more than 100 urn apart, which means the resolution used here would be high
enough to avoid bi-directional flowwithin one pixel. Increasing the spatial resolution
ofthe imageswould increase measurementtimedrastically, aproblemthat mightbe
solved by measuring at a larger magnetic field strength although examples of
decreasing imagequalitywith increasing magneticfield strength have been reported
(28)for biologicaltissues (especially planttissues).
In summary, it can be stated that relevant and accurate information about water
transport can be acquired non-invasively with the presented method. The
information is relevant in the debate about long distance transport in plants, and
accurate since it does not need a model for flow to calculate flow characteristics.
The method is demonstrated with Chrysanthemum stem segments, but can easily
be used on intact plants (21)or any other system that fits within the NMR-imager.
Since the overall uptake of NMR and balance measurements match, the local
information of every pixel can be studied individually: the setup for the
Chrysanthemum stem segments is being used as a model to investigate the
restorationoforiginalflow profilesandof hydraulic conductance for Chrysanthemum
flowers aftercutting.

Acknowledgement
We thank Ir. Jaap Nijsse, Horticultural Production Chains Group,
Wageningen University, for providing the photograph of the Chrysanthemum stem.

62

Chapter 4

This research is supported by the Dutch Technology Foundation STW, applied
sciencedivisionof NWO(projectWBI3493).

References
1. J.B. Passioura, Bot.Acta, 104,405-411 (1991).
2. U. Zimmermann, F. C. Meinzer, R. Benkert, J. J. Zhu , H. Schneider , G. Goldstein , E.
Kuchenbrod andA. Haase,Plant Celland Environment, 17, 1169-1181(1994).
3. M.J.Canny,Ann. Bot. 75,343-357 (1995).
4.J.A. Milburn,Ann. Bot. 78,399-407 (1996).
5. M.T.Tyree,J. Exp. Bot.48, 1753-1765 (1997).
6. N.M.Holbrook and M.A.Zwieniecki,Plant Physiol. 120,7-10 (1999).
7. M.T.Tyree,S.Salleo,A. Nardini,M.A. LoGulloand R. Mosca,Plant Physiol. 120, 11-21 (1999).
8. R. H. Swanson,Flow,its measurement and control in science andindustry, 1, 647-652 (1975).
9.Y. Cohen and M. Fuchs,Agronomie, 9, 321-326 (1989).
10.J. E. A. Reinders, H. Van As, T. J. Schaafsma and D.W. Sheriff, J. Exp. Bot. 39, 1211-1220

(1988).
11. T. J. Schaafsma, H. Van As, W. D. Palstra, J. E. Snaar and P. A. de Jager, Magn. Reson.
Imaging, 10,827-36 (1992).
12. H.VanAs,J. E.A. Reinders, P. A. de Jager, P. A. C. M.van de Sanden and T. J.Schaafsma, J.
Exp. Bot.45,61-67 (1994).
13. P. T. Callaghan, W. Kockenberger and J. M. Pope, J. Magn. Reson., Ser. B, 104, 183-188

(1994).
14.E. Kuchenbrod, M. Landeck, F.Thurmer, A. Haase and U.Zimmermann,Bot.Acta, 109, 184-186

(1996).
15. P. T. Callaghan,C. D. Eccles andY.Xia,J. Phys. E:Sci.Instrum. 21,820-822 (1988).
16.W. Kockenberger, J. M. Pope, Y. Xia, K. R. Jeffrey, E. Komor and P. T. Callaghan, Planta,201,

53-63(1997).
17. M. Rokitta,U.Zimmermann andA. Haase,J Magn. Reson. 137,29-32 (1999).
18.D. Xing, S. J. Gibbs, J. A. Derbyshire, E. J. Fordham, T. A. Carpenter and L. D. Hall, J. Magn.
Res.,Ser. B, 106, 1-9 (1995).
19. E. Kuchenbrod, E. Kahler, F. Thurmer, R. Deichmann, U. Zimmermann and A. Haase, Magn.
Reson. Imaging, 16, 331-338 (1998).
20. U.Tallarek, E. Rapp,T. Scheenen, E. Bayer and H.VanAs,Anal. Chem.72,2292-2301 (2000).
21. T. W. J. Scheenen, D. van Dusschoten, P. A. de Jager and H. Van As, J. Magn. Reson. 142,

207-215(2000).
22. M. Rokitta,A. D. Peuke, U.Zimmermann andA. Haase,Protoplasma 209,126-131 (1999).
23. T. C. Farrar and E. D. Becker, Pulse and Fourier transform NMR. New York: Academic Press

(1971).

63

Quantifying water transport in plants
24.W. van leperen,U.van Meeteren and H.van Gelder, J. Exp.Bot. 51, 769-776 (2000).
25.J. Nijsse, G. W. A. M. van der Heijden,W. van leperen, C. J. Keijzer, U. van Meeteren, J. Exp.

Bot.52,319-327(1999).
26. C.-M.Tsai, E.W. Olcott and D. G. Nishimura, Magn. Reson. Med., 42,682-690 (1999).
27. R.N. Bracewell, The Fourier transform and its applications. McGraw-Hill electrical and electronic
engineering series. 381, NewYork: McGraw-Hill (1965).
28. H. C. W. Donker, H. Van As, H. T. Edzes and A. W. H. Jans, Magn. Reson. Imaging, 14, 1205-

1215(1996).

64

Functionalimagingofplants:aNuclearMagnetic
Resonancestudyofacucumberplant.

T.W.J.Scheenen,A.M.Heemskerk, P.A. deJager, F.J.VergeldtandH.VanAs

Functional magnetic resonance imagingwas usedtostudytransients of biophysical
parameters in a cucumber plant in response to environmental changes. Detailed
flowimagingexperimentsshowedthelocationofxylemand phloem inthestemand
the response of the following flow characteristics to the imposed environmental
changes:thetotal amount ofwater,the amount of stationary andflowing water, the
linear velocity oftheflowingwater andthevolume flow.Thetotal measured volume
flow through the plant stem resembled the independently measured water uptake
bythe roots.Aseparate analysis oftheflow characteristics fortwovascular bundles
revealed that changes in volume flow of the xylem sap were accounted for by a
change inlinearflowvelocities inthexylemvessels.Multiplespinecho experiments
revealed two water fractions for different tissues in the plant stem: the spin-spin
relaxation time of the larger fraction of parenchyma tissue inthe center ofthe stem
andthevasculartissuewasdownby 17%inthe period after coolingthe rootsofthe
plant. This could point to an increased water permeability of the tonoplast
membrane ofthe observed cells inthis period of quick recovery from severe water
loss.

SubmittedtotheBiophysicalJournal
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Introduction

Plant water relations deal with the distribution, movement and function of water in
plant cells,tissues and organs,the development of internal water deficits and their
significance to physiological processes, and how these phenomena are placed in
an ecological context (1). With the development of new technologies (direct
quantification ofxylemtension withthexylem pressure probeand detection ofair in
xylem vessels by cryo scanning electron microscopy) plant water relations are
currentlyoneofthe mostcontroversial areas inplant physiology (reviewed in (2-5)):
what are the driving forces behind water transport in plants? A number of groups
have taken efforts in visualizing water transport in plants with nuclear magnetic
resonance (NMR). Van As and Schaafsma (6) and Reinders et al (7, 8) used a
portable NMRspectrometer (9)to measure spatially unresolved xylem waterflow in
a cucumber plant in situ and qualitatively examined the water flow through cut
sections of acelery stemwith NMR imaging (10).Meanwhile, Callaghan introduced
the combination of static and dynamic NMR microscopy (11) and used it to
investigate the origins ofcontrast in NMR images of biologicaltissues (12). Bentrup
(13) indicated the importance of NMR-microscopy to botanists and Chudek and
Hunter (14)and MacFall and VanAs (15)reviewed NMR microscopy as a possibly
usefultool instudying plants.After astudyof phloem andxylemflow incastor bean
seedlings (16)itwasdemonstrated thatwatertransport can be measured localized,
and even quantified, in larger plants (17), as well as in combination with fast
imaging techniques to shorten measurement times (18, 19).A recent overview of
many papers about NMR microscopy - both flow/diffusion and anatomy or water
density and relaxational behavior applications - in plant science was written by
Ishida etal.(20).

Inthis paper, we present a quantitative evaluation of temporal changes in different
NMR imaging parameters (water fractions, spin-spin relaxation times and flow
characteristics, of individual pixels and of multiple, added pixels from the same
tissue) over a period of several days in a ten-week-old, growing cucumber plant.
Water fractions and spin-spin relaxation times (T2) are calculated by the use of a
multiple spin echo (MSE) train (21). Water fractions and T2-values of different
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tissues are interpreted without referring to any 'bound' or 'free' water, but with a
central rolefor cellular compartment dimensions andthe parameterH indicatingthe
loss of magnetization at or near the boundaries of the compartments due to
exchange over these boundaries into compartments with shorter relaxation times.
Non-imagingstudies (22-24)alreadyindicatedthattheT2couldbeusedto examine
membrane permeabilities,whichdefinetheexchange ratesofwater overthe cellor
tonoplast membrane.

For every pixel, the displacement distribution of water within a certain time is also
measured using a Pulsed Field Gradient Turbo Spin Echo (PFG TSE) pulse
sequence (79) and from this displacement distribution the flow characteristics are
calculated as described by Scheenen et al. (25).The total calculated volume flow
through the plant stem is compared with the actual uptake of the plant, measured
with a precision balance. Changes in water uptake are induced by the normal
day/night cycle and a period of cooling the roots of the plant, which has a wellknowneffect ofdecreasing root permeability andthereforewater uptake(1,7).

Flow sensitive and T2-imaging can relate local changes in biophysical parameters
such as flow characteristics (directly) and membrane permeability (indirectly) to
controlled changes inenvironmental conditions. Inthiswayfunctional information is
available with spatial resolution, which justifies the title 'functional imaging' for the
combinationof bothimagingtechniques.

Materialsand methods
Plantmaterial
Two-week-old Cucumber seedlings (Cucumis Sativus L.) were grown in a
constantly aerated half-Hoagland solution (26) in a greenhouse of Unifarm,
Wageningen, The Netherlands. The upper ten cm of the root system grew in an
open, cylindrical pod to restrict root-branching within the dimensions of the NMR
gradient probe,so later insertion inthegradient probewould not damage the roots.
The temperature in the greenhouse was at least 25°C during the day, falling to
values no lower than 21°C at night. During the photoperiod of 16 hours the plants
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received direct sunlight and additional light from high-pressure sodium lamps.
Underthese conditions the plants grewtotwo meters inlength inabout ten weeks.
Flowers were pinched out and occasionally the bottom leaf of the stem was
removedwith a razor bladeto clear the lower 50cm ofthe stem before moving the
plantfrom the greenhouse tothe NMR imager (removal ofthe last leaf was at least
fourdays before installingtheplant).
The instrumentalsetup
The NMR spectrometer consisted of an SMIS console (SMIS Ltd., Guildford,
Surrey, UK), an electromagnet with a 14 cm air gap (Bruker, Karlsruhe, Germany)
generating the magnetic field of 0.47 T and an external

19

F lock unit (SMIS)

stabilizing the magnetic field. A custom-made shielded gradient probe (Doty
Scientific Inc., Columbia, South Carolina, USA)with a45 mm (i.d.) cylindrical bore,
accessible from both ends was used.A solenoid radiofrequency (rf) coil (diameter
15 mm), which induced and detected the NMR signal, was wrapped around an
openable mould, placed around the plant stem. In less then two minutes the roots
were taken out of the growth solution and put through the 45 mm bore of the
gradient probe into an aerated container with identical growing medium. A cooling
element inside the container could provide quick cooling of the roots (from 22°C to
3°C in five minutes) and the container itself was placed on a precision balance
(LC3201D, SartoriusAG,Goettingen, Germany) belowthe magnet to monitorwater
uptake of the plant (see Fig.5.1). The water uptake, as measured bythe balance,
was a moving average of 340 seconds: a single measurement was the mean
uptake value in 20 seconds, every displayed point was the average of 17
measurements. The plantstem andcoil mouldwerefixed insidethe gradient probe
to fix the position of the plant stem throughout all experiments. The climate
chamber above the magnet held the stem and the leaves of the plant at 25 ± 2°C
during the photoperiod (from 6.00 a.m. to 9.00 p.m., r.h. 65 ± 5%, illumination
about 2 x 102 nmol/m2s (PAR), depending on position of the leaves) and at 22 ±
2°C at night. After four days in the instrumental setup (growing several cm each
day) the roots of the plant in the container were cooled to approx. 3°C for three
hours,followed byanother observation periodoftwodays inthesetup.
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Figure 5 . 1 : Schematic overview of the instrumental setup with the upper part ofthe cucumber plant
in the climate chamber above the electromagnet and the roots in a container with a heat exchanger
on the precision balance.The inset shows an enlarged view of the rf coil, wrapped around the stem,
inthe center ofthegradient probe.

NMRimagingpulse sequences
Two different NMR imaging pulse sequences were used to monitor the plant water
status and transport: a multiple spin echo (MSE) experiment (21) to evaluate the
echo decay ofthe NMR signal per pixeland a PFGTSE sequence (19)to calculate
the flow characteristics per pixel (25). Following the initial slice-selective 90°-pulse,
both sequences used hard 180°-pulses in the spin echo trains to keep inter echo
intervals short and sample as much of the signal as possible during its decay. The
use of spin echoes, combined with large read out gradients (receiver bandwidth 50
kHz), was necessary to overcome magnetic field inhomogeneities, caused by
numerous small airspaces inthe planttissues (27).Within half the acquisition time
of one echo (1.28 ms)the signal decay per pixel due to T2*was negligible and the
in-plane resolutionwasnotaffected byextrasignalattenuation.
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In the MSE experiment an echo train was acquired for every step of the phase
encode gradient, soone could reconstruct an imageforevery echo inthetrain.The
real partofthe phasedcomplex NMRsignalS(t) ofevery pixelinthe images intime
could becharacterized byan«-exponentialdecaycurve:

s(t)=YiA^p(-R2it)

[1]

inwhichAtisthe signalamplitude offraction /atthe moment of excitation (t=0)and
R2i isthe corresponding characterizing relaxation rate (= MT2).We used mono and
bi-exponential fits to extract the biophysical parameters amplitude and relaxation
timefromdifferenttissues inthe cucumber plantstem.
Inthe PFGTSE experiment (19)the echo train was used to shorten imaging time.
Every individual echo was phase-encoded separately, which decreased the
measurement timefor one imagewith afactor equaltothe number of echoes used
inthe TSE train. The displacement of water molecules inthe pixels was monitored
with two stepped pulsed field gradients in the longitudinal direction (i.e. along the
plant stem) with amplitude g,duration 8and spacing A(8<A),which modulated the
complex NMR-signalinamplitudeandphase.A Fouriertransformation ofthissignal
(28) gave the displacement propagator: the distribution of displacements of the
water molecules within A for every pixel in the TSE image. The propagator of
stationary water is symmetric around zero displacement (with a Gaussian shape, if
the water can diffuse unrestricted), whereas flowing water has a net displacement
within the time A. The flow characteristics were extracted from the flowing part of
every pixel-propagator without assuming any model for the flow-profile within the
corresponding pixel, using the NMR signal intensity of a reference tube for
calibration(25).
Inthe PFGTSEexperiment twodifferent parameter setswere usedtoobtain either
high time or high spatial resolution: a 64 x 64 image matrix with a field of view of
11.0 mmwas measured in21 minutes (repetition time 2.5 s),whereas a 128x 128
image matrix with a field of view of 12.8 mm took 42 minutes of measuring time.
The displacement encoding parameters were changed with changing water uptake
caused bytheday/night cycle(day:32g-stepsfrom-gmax to +gmax-i,82.5 ms,A7.0
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or 10.0 ms,gmax0.457 to 0.385 T/m, night: 52.5 ms, A 15.0 ms, g max 0.337 T/m).
The matrix size of the MSE experiment was always 128x 128 pixels with afield of
view of 12.8 mm and took 26 minutes of total acquisition time (repetition time 3s).
Alldataprocessingwas performedwith IDL(RSI, Boulder, Colorado,USA).

Results
MSEimaging
Four imageswereconstructedfrom amono-exponential fittothe NMR-signaldecay
in the echo train of the MSE experiments (Fig. 5.2): (b) an amplitude image,
representing thefitted amount ofwater of every pixel inthe image, (c)anR2image,
characterizing thesignaldecay rate,(d)aT2image,revealing bettercontrast inlong
T2-values,

and

(e)

(%2 =^=l(S,-frf/iN-I)

a

%2 image displaying the quality of the fit
inwhichNisthe numberofechoesand Standft the

th

value of the / data point and its fitted value). The %2 image does not show any
intensity related to the anatomy of the stem, which means that there were no
detectable systematic deviations of the data from the mono-exponential fit. Figure
5.2a isa schematic overview of atransverse slicethrough a cucumber plantstem.
The pixels in the center of the stem with no intensity in the amplitude image
correspondwiththe pith cavity inthe stem.The parenchyma inthe central cylinder
can be divided into inner and outer parenchyma on the basis of a small difference
in amplitude (water density), visualized in Fig. 5.2f+g. The central cylinder of the
stem generally contains four big and five smaller vascular bundles, which can
clearly bedistinguished inthe R2image:images hand iin Fig.5.2 showT2 images
of thefour innerbundels andfive outerbundles without xylemvessels. The tissue in
the vascular bundles has T2-values in the order of 130 ms: large xylem vessels in
the bundles are visible with long T2-values (Fig. 5.2j; 300 ms).A thin ring, small in
amplitude and short in T2, separates the central cylinder from the cortex. The thin
epidermis is visible with high intensity in the R2image (T2 90 ms). The dot above
the plant stem is a reference tube filled with an aqueous MnCI2 solution to shorten
theT2ofthewaterto 150ms('doped'water).

71

Functional imagingof plants

innerparenchyma

outerparenchyma

innerbundels

outerbundels

vessels

allmasks

Figure 5.2: NMR images, calculated from one MSE experiment of a cucumber plant. The different
tissues in the schematic overview (a) of a slice through a cucumber plant stem can clearly be
recognized in the R2 image (c) and T2 image (d). The amplitude or water density image (b) is
normalized to the mean intensity of nine pixels in the reference tube. The scale of the color table is
somewhat larger than 1.0since some points inthe image may be greater than 1.0because of noise.
Image (e) reflects the %2ofthe mono-exponential fittothe decaycurve of every pixel. Images (f)to (j)
are T2 images of areas, selected with a mask based on amplitude and T2 value. In image (k) all
selected areas are combined leaving some pixels that could not be clearly assigned to a certain
tissue. Also the cortex and the reference tube are not selected in any of the shown masks.
Parameters of the NMR experiment: 128 x 128 matrix, field of view 12.8 mm, slice thickness 3 mm,
repetition time 3s,first echo at6.4 ms, echo time inechotrain4.6 ms,64echoes.

As was mentioned earlier, we found no systematic deviations of the data from the
mono-exponential fit related to the stem anatomy. This implies that the signal-tonoise ratio (SNR) of the decay curve of an individual pixel was too low for a
meaningful multi exponential fit, although even for an individual pixel a multi
exponential decay is expected, because of the different proton pools present in a
pixel (water indifferent cells and/or different cell organelles). Averaging the decays
from the pixelsofthe masks inFig.5.2 ftoj greatly improved the SNR and enabled
bi-exponentialfits to the decaying NMR-signal. Fig. 5.3a displays the added NMRsignaldecay curve ofthe pixels inthe reference tube and a mono-exponential fit to
the curve (no partially filled pixels included).A plot of the residuals of the fit shows
only noise (Fig. 5.3b). Since pixels within the reference tube were completely filled
with doped water the calculated amplitude could serve as a 100% water density
standardfor normalization oftheamplitudes.Thesystematic deviationfromzeroof
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Figure 5.3: Added NMR signal decay curve of pixels inthe reference tube and a mono exponential
fit to the curve (a), the plot of the residuals of the fit to the curve (b) and the residuals of a monoexponential (c) and a bi-exponential (d) fit to the added signal of all pixels in the innerparenchyma
(Fig. 5.2f). The residuals of the mono exponential fit to the innerparenchyma signal decay is not a
straight noisy line,which isthe case inthe residuals of the bi-exponential fit. Notice the difference in
noise level between (b) and (d): more pixels could be used in the innerparenchyma signal decay
curve,which improves the SNR. Experimental details as inFig.5.2.

the plotof the residuals (Fig.5.3c) of a mono-exponential fit tothe averaged decay
curves of one of the selected areas in the image (the innerparenchyma Fig.2f)
impliesthat there issignal left inthe residuals. However,the plotofthe residuals of
a bi-exponential fit to the same data displays only noise (Fig. 5.3d): two
exponentials describe the data well. The mean water density of the
innerparenchyma is 75%± 2 (total amplitude of the fit compared to the reference
tubeamplitude),ofwhich- ascribingthetwoexponentialstotwowaterfractions- a
fractionof 9%± 1hasaT2-valueof24±5msand91%± 1hasaT2-valueof 264+
4 ms (errors are standard deviations). The tissues in Fig.5.2f toj can be analyzed
inthe same way, revealing the time course ofthe water density and corresponding
T2-valuesofthetwowaterfractionsduringthreedays,aswillbeshown later.

DynamicPFG TSEimaging
Contrary to MSE-imaging, in which multiple echoes are used to calculate
amplitudes and relaxation times, TSE imaging uses echoes from different
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refocusing times after excitation to construct an amplitude image.A certain amount
of T2 weighing is incorporated in the image, as was already mentioned with the
introductionofthetechnique (29).If relaxationtimes are long, comparedtothetime
from excitation to the first echo that determines the integral of the image in the
phase encode direction (19), signal attenuation due to T2 is small and the TSE
image will hardly show any T2 contrast. With the used time from excitation to the
first echo (21 ms) the TSE image of Fig. 5.4a has only minor deviations from the
calculated amplitude image in Fig.5.2b;the low amplitude ring between the central
cylinder and the cortex with short T2 has lost some intensity in the TSE image
compared tothe calculated amplitude image. Inboth the TSE and MSE image the
innerparenchyma has also lost some intensity because of saturation.The repetition
timeoftheTSEexperiment was2.5 s(3.0sinMSE)whichwas not longenoughfor
the protons in the innerparenchyma to return to equilibrium completely (T r values
might haveexceeded 1 s).

Analyzing a PFG TSE experiment as described elsewhere (25),we calculated the
amount of stationary water (Fig. 5.4b), the amount of flowing water (Fig. 5.4c), the
mean linear velocity of theflowing water (Fig.5.4d) and the volume flow (Fig. 5.4e)
for every pixel in the TSE image. Using the reference tube for calibration, the
intensities of Fig.5.4a to crepresent anamount ofwater between 0and 1.0,where
1.0 istheaveraged intensityof nine pixels inthe referencetube,representing 100%
water density. The mean linear flow velocities of the flowing water in the xylem
vessels reached levels up to 8 mm/s, where maximum velocities could exceed 15
mm/s inthecenter ofavessel.Vessels ineight outofthe ninevascular bundlesare
visible in Fig. 5.4c. With the highest linear flow velocities in the vessels of three
vascular bundles inthecenter ofthestem,the majority of thewater transport inthe
shown slice of the cucumber plant stem occurred in those three vascular bundles.
We set a positive threshold value (~2 xr.m.s. noise level) inthe volume flow image
to calculate the total water transport through the slice in the plant stem. The total
volumeflowwasasummationofvaluesofthose pixelsthat exceededthe threshold
and had at least one neighboring pixel,also with avalue above this threshold.The
calculated total volume flow through the slice in the plant stem will be compared
with water uptake values from the balance measurements (see below). The
calculation oftheflowcharacteristics canalso be performedwithasummation of all
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propagators of one vascular bundle. For two representative vascular bundles B1
and B2,indicated inthe mask ofall pixelswithflowingwaterforevery bundle inFig.
5.4f, thechanges inflow characteristics intimewillbeconsidered inmoredetail.
Total amount
water (TSE)

1.25

0

1.25

Mean linear
flow velocity

Amount
flowing water

Amount
stationary water

0

0.63

Volume flow

Mask

0

Figure 5.4: NMR images,calculated from a PFGTSE experiment. Thetotal amount of water inthe
TSE image (a) closely resembles the calculated water density image in Fig.5.2b. Images (a), (b) and
(c) are normalized to the mean intensity of nine pixels in the reference tube (=1.0). The amount of
flowing water can be recalculated in the cross sectional area of flow for every pixel,assuming that a
vessel is homogenous along the direction of the plant stem over the thickness of the slice (3 mm).
Apart from the cross sectional area of flow, also the linear flow velocity of the flowing water (d) and
the volume flow (e) can be calculated. Image (f) indicates the individual vascular bundles as eight
gray areas, representing all pixels with flowing water for every bundle. For bundles B1 and B2 the
flow characteristics were recalculated with added propagators and studied in more detail. Parameters
of the NMR experiment: 128x 128 matrix with field of view 12.8 mm, repetition time 2.5 s, 32 echoes
inTSE train,A14.5 ms,82.5 ms,gmalt0.330 T/m.

The parameters forthe PFGTSE experiments were setto measure thexylemflow:
the flow-encoding time Abetween the two pulsed field gradients was short (7to 15
ms), since linear flow velocities in the xylem were high (locally >15 mm/s). With
short A-values it is difficult to distinguish displacements of water molecules
originating from self-diffusion from displacements of water molecules that flow
slowly in e.g. phloem sieve tubes. This so-called dynamic range problem is
illustrated in Fig. 5.5: the sum of all propagators that show xylem flow has a large
shoulder from displacements 0 to 190 urn, whereas the sum of all propagators in
phloem regions reveals only a small asymmetry of a Gaussian shape. Merely a
qualitative evaluation of phloem flow is possible by subtracting the image
representing a displacement of +14 |i.m from the image representing a
displacement of -14 |xm,as indicated byl-ll in Fig.5.5b.This procedure unveils the
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regions of phloem flow for the measured plant in Fig.5.5b: adding all intensities in
the phloemregionsgivesaroughindication ofthe phloemflowthroughtheslice.
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Figure 5.5: The added propagator of all pixels ofthe image in Fig.5.4 that showxylemflow (a) and
the added propagator of pixels in phloem tissue (b). In the inset in (a) the images of the calculated
water densityandvolume flow are shown. Subtracting point IIfrom Ifor every pixel propagator gives
an indication of phloem flow as shown in the images in the inset in (b). Phloem flow is visible at the
periphery of the vascular bundles with a radial symmetry, as can be expected from the bicollatoral
anatomyofthevascular bundles.

Functionalimagingduringday/nightcycleandrootcooling
After four days of acclimatization and growth inthe experimental setup the roots of
the cucumber plant were cooled rapidly for three hours with the heat exchanger in
the container with growth medium. Cooling the roots severely inhibited the uptake
of water by the plant, decreasing to levels around nocturnal uptake values before
warming up the roots again. An outline of the uptake of the plant from the night
before root cooling to two days after cooling is presented in the upper part of Fig.
5.6.Thetransient response of the plant toturning lights on and off isevident, alike
the reactionto root cooling.Water uptake bythe rootswas inhibited whenthe roots
were cooled but transpiration of water from the leaves continued, resulting in a net
water loss of the plant. The prolonged period of root cooling caused the leaves to
wilt andthe stomata ofthe leaves to close (1),as shown before ina previous NMR
studyof acucumber plant (7).After warming upthe roots,the uptake restored only
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partially, but with closed stomata of the wilted leaves water uptake exceeded
transpiration and the plant recovered.Within four hours after warming upthe roots
again (before the lights were turned off), the plant did not show any sign of water
deficitanymore.Theincrease inwater uptake inthefirstfourdays (data notshown)
reflected the increase of leaf surface of the growing plants. The day after root
cooling the uptake was lower than before root cooling. On the last day, shown in
Fig.5.6,water uptakewasalmost backtothelevelbefore rootcooling.
The total volume flow through the imaged slice of the plant, measured with NMR
andcalculatedasindicatedearlier, isalso plottedin Fig.5.6.Again,the responseto
the day/night cycle and the steep decrease in volume flow as a reaction to root
coolingareevident. Moreover,fromthestart of rootcoolingtothe endofthe shown
experiment the calculated NMRdata comes close to the balance uptake values,so
nearly all water that actually flows through the xylem has been localized. Early on
the day of root cooling the calculated NMR flowdoes notcoincidewiththehigh
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Figure 5.6: The water uptake by the cucumber plant measured with the balance (small dots) and
with PFGTSE NMR (black diamonds). The ground level of evaporation out of the aerated container,
visible at the end of the experiment (83 hours) when the plant was taken out of the setup, is set to
zero. In the lower part of the figure an indication for phloem flow in arbitrary units is plotted (open
triangles). The gray lines in the top of the figure indicate the light on periods. The period of root
cooling is indicated with two vertical lines. Parameters of the NMR experiments: 128 x 128 matrix
with field of view 12.8 mm or 64 x 64 matrix with field of view 11.0 mm, repetition time 2.5 s, 32
echoes inTSEtrain,A,8andgwere variedwith expectedflowvelocities.
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uptake values, measured with the balance.Although the balance measurements in
that region are quite noisy or even absent because of too fierce aeration, one can
stillobserve adifference between the balance measurement (-6.5to 7.0 mg/s) and
the calculated NMR flow (-4.5 mg/s) (the reason for this difference will be
discussed below). A qualitative evaluation of phloem flow, made as described in
Fig. 5.5b is displayed inthe lower part of Fig.5.6. The intensity of the phloem flow
is in arbitrary units and shows only a reaction to root cooling: any response to the
day/night cycle isnotclearfromthedata.
Thecourse oftheflowcharacteristics, calculated fortwocomplete vascular bundles
(indicated in Fig.5.4f), isshown in Fig.5.7. The volume flow of the bundles inFig.
5.7c resembles the overall uptake of the plant. Bundle B2 (see Fig.5.4f), indicated
with triangles in Fig. 5.7, transports more than twice the amount of water (0.94 ±
0.02 s.e. (standard error) mg/s over the first dayafter root cooling) than bundleB1,
indicated with diamonds in Fig. 5.7 (0.41 ± 0.02 s.e. mg/s). Transients in volume
flow are a result of changing linear flow velocities in both vascular bundles.
Significant changes in the cross-sectional area of flow are not visible (Fig. 5.7a),
because of a low signal-to-noise ratio (mean cross-sectional area of flow of bundle
B1 is 0.16 ±0.02 s.d. (standard deviation) mm2 overthe whole experiment, 0.18 ±
0.03 s.d. mm2 for bundle B2). The flow characteristics for the other vascular
bundles are comparable to the two shown in Fig. 5.7: the strong reaction of the
mean linearflowvelocitytotheday/night cycle andto root cooling is responsible for
the transients in the volume flow; the signal-to-noise ratio of the cross-sectional
areaofflow isnothighenoughtodiscernasignificant change.
For two of the five selected tissues in Fig. 5.2, the innerparenchyma and the
outerparenchyma, the results of the bi-exponential fits over the three days are
shown in Fig.5.8.Thewater fractions ofthe two components are normalized tothe
mean intensity of 9 pixels in the reference tube. The total water density of the
outerparenchyma tissue (the sum of the two water fractions) comes close to 1,
which can also be seen in the amplitude image, calculated with one exponent in
Fig. 5.2b, where the intensity ofthe outerparenchyma isas large as the intensity in
the referencetube.Thetotalwaterdensityofthe innerparenchyma tissue isaround
0.75 to0.80 (A,+A2), possibly influenced bypartialsaturation because ofalong Ti,
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Figure 5.7: The flow characteristics for two vascular bundles, calculated with the summation of all
propagatorsthatshowflowwithinonebundle.The cross-sectionalareaofflowof a bundleinmm 2(a)
multiplied withthe mean linearflow velocity ofthesame bundle in mm/s (b)equals thevolume flow in
mm3/s or mg/s (c).Again,the gray lines inthe top of thefigure indicate the light on periods and root
cooling is indicated with two vertical lines. The diamonds indicate a peripheral vascular bundle (area
B1 in Fig. 5.4f), whereas the triangles indicate one of the four vascular bundles in the center of the
stem (area B2in Fig.5.4f).
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as was mentioned before. The two water fractions of the outerparenchyma tissue
remain constant throughout the experiment: no influence of the day/night cycle or
root cooling can bediscerned either inwater fraction (Fig.5.8a) or inT2 (Fig.5.8b).
The amplitude of the large fraction of the innerparenchyma tissue increases about
5%inthe lasthourof rootcoolingandthe periodwiththe lightsonthereafter, which
might beduetoadecrease inT1 that cancelsthe possible partialsaturation.TheT2
of this fraction shows a relation with the day/night cycle and with root cooling:with
lights off the T2of thefraction isaround 0.26 s, dropping to around 0.23 swith the
lights turned on with a steep decrease to around 0.19 sjust after the period of root
cooling.TheT2ofthe smallerfraction ofthe innerparenchyma tissue does notshow
asignificant dependence onday/night cycleorrootcooling.Althoughthedataof
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Figure 5.8: Thewater density(a)andcorresponding relaxationtimeT2(b)for twofractionsofthe
innerparenchyma tissue (closed diamonds and triangles) and the outerparenchyma tissue (open
diamondsandtriangles),calculatedwithabi-exponentialfittotheaveragedNMR-signaldecayofall
pixelsfromtheregionsindicatedinFig.5.2fandg.
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the inner and outer vascular bundles (Fig. 5.2h and i) are noisier because of the
smaller amount of pixels in that tissue, both tissues show similar reactions to root
cooling: a decrease in T2 of 15 to 20% of the large water fraction just after the
periodofrootcooling (data notshown).
Figure 5.9 recapitulates the results of one MSEand one PFGTSE experiment with
a T2image and an imagewithwater density andflow information intwo directions.
The regions of xylem and phloem flow do not overlap, so the spatial in-plane
resolution of 100 x 100 um is high enough to distinguish between the two. Not
surprisingly,thevascular bundleswiththe largestxylemvessels,visibleasdotswith
long relaxation times, show the largest amounts of water flowing from roots to
shoot. Phloem flow is only visible on the exterior side of those bundles that show
the largerquantities ofxylemflow.
T2

Stationaryand
flowing water

Figure 5.9: Two images summarizing an MSE and a PFGTSE experiment. The image in (a) is the
T2-image from Fig. 5.2d. The image in (b) is an image of the water density (cf. Fig. 5.4a), overlaid
with an image oftheamount ofwaterflowing upwards inthexylem (cf. Fig.5.4c) and an image with a
qualitative indication of phloem flow (inset in Fig. 5.5b). The green color scale in (b) represents the
total amount of water, whereas the blue color scale represents the amount of flowing water, both
relative to the average intensity of nine pixels in the reference tube (= 1). The red color scale
indicates phloem flow intensityqualitatively, inarbitrary units.

Discussion
Ingeneral,care must betaken in interpreting multi-exponential NMRdecay curves
of plant tissue, since multi-exponential relaxation can be caused by cellular
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inhomogeneity, subcellular compartmentation (30) and the presence of relaxation
sinks at the boundaries of (both homogenous and inhomogeneous) cells or cell
compartments (23,31).However, ifanamplitude andT2image,although calculated
with a mono-exponential fit, is used to differentiate between structural tissues, the
NMR-signaldecaycurveofanumber ofpixelswithinthesetissuescanbeaveraged
to increasethe SNR,without introducing largecellular inhomogeneities. Ifthis curve
would be analyzed with a three-exponential fit three water fractions could be
assigned to different cellular compartments (22, 23,32):the vacuole (large fraction
with long T2),the cytoplasm (small fraction with intermediate T2) and the cell wall
and extracellular water (small fraction with short T2) (23, 32). Inthis study we fitted
thedecaycurvewitha bi-exponentialfunction becausethesignal-to-noise ratiowas
too lowto extract a third component with acceptable accuracy (other reasons were
thatthe decay curvewascutoff beforethe signaldecayed tozero andthefirst part
ofthe decaycurve (time before first echo)was not available). The larger fraction of
thetwo,withthe longT2,canstill beassigned to vacuolar water, whereas the small
fraction withshort T2represents water from the cytoplasm and maybe contributions
of water inside the cell wall and extracellular water. The T2 of the large water
fraction is a weighted mean average value of the T2of the water in the individual
vacuoles,whichdiffer slightly insize and inT2.Changes inthe calculated T2canbe
explained with a model, that describes a relation between the observed T2of the
vacuolar water fraction and the average intrinsic bulk T2 of the water in the
vacuoles,the average surface sink strength densityH andthe average dimensions
ofthevacuoles (23, 33):

yT2,obs =H{\/rx +l/ry +l/r2)+ l/T2bulk

[2].

Thedimensionsofthevacuolescanbeexpressed intheaverage radiirx,ryandrz in
three directions. H indicates the rate of magnetization loss at the vacuolar
membrane, either due to wall relaxation or to exchange of water with the s h o r t y
cytoplasm, or even exchange between extracellular water andwater inthe vacuole
(passingthrough the cytoplasm). The validity ofthe relation between \/T2,ob, and cell
dimensionsforvacuolizedcells hasrecentlybeendemonstratedforcells indifferent
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intemodes inthe apicalzoneof maize and pearl millet plants (vanderWeerd et al.,
Journalof Experimental Botany,accepted).
How can this model be used to interpret the dramatic changes in time inthe T2 of
the vacuolar water fraction of the innerparenchyma tissue as shown in Fig. 5.8?
The largest change in T2 is the 17% drop (from 0.23 to 0.19 s) in the 4.5-hour
periodjust after root cooling. The time and period in which the T2 is shorter rules
outatemperature effect: thetemperature ofthe roots hadalready beenset back to
normalwhenT2-valueshadjust dropped.Adecrease instemdiameter, as reported
by Reinders et al. (7), can not be the cause of the drop either, since the stem
diameter is back to the original value within 15 minutes after cooling. The water
density of the vacuolar water fraction increased only about 5% in the period of
smaller T2-values, indicating that the amount of water inside the vacuoles hardly
changes, and moreover, that the volume of the vacuoles (rx,ryand rz) remains
constant within 5%. The vacuoles are not likely to accumulate large amounts of
paramagnetic ions, which would lower the value for l2,buik, simply because these
ions are not present in substantial amounts. The only variable that can be
responsibleforthe 17%decrease inT2isH.
The increase in H, the rate of magnetization loss over the vacuolar membrane,
might indicate an increase inexchange speed ofwater between the cytoplasm and
the vacuole: an increase inthe tonoplast permeability for water. More protons from
water, crossing the vacuolar membrane, lose their magnetization in the cytoplasm
or, if the distance from tonoplast membrane to cellular membrane is small (in the
order of 1 |j.m), in the cell wall. In this way, even a change in plasmalemma
membrane permeability couldaffect//and therebyalso MT2j)b,.
Thetwowater fractions inthe outerparenchyma tissue do notshow any changes in
water density and T2 over the studied period of time, contrary to the
innerparenchyma tissue andthetissue inthe innerand outerbundels that all clearly
showadecrease inT2ofthe large (vacuolar) water fraction. Inthe period after root
cooling, inwhich the plant recovered from severe water loss,the decrease in T2 in
tissue around xylem vessels and tissue in the innerparenchyma indicates an
increase in H, which in turn could mean an increase in tonoplast and/or cell
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membrane permeability, important for restoring the water balance of the plant. Of
coursethis hypothesis needsto betestedfurther.
Generally the total water uptake in Fig. 5.6, calculated from the PFG-TSE data,
comes close to the water uptake values, measured with the precision balance,
although before cooling the roots the NMR-values are too low. A reason for
calculating systematically deviating volume flow values can be found in the
presence of vessels with too high linear flow velocities, which results in large
maximum displacements within A. The surface of the flowing part of the pixelpropagator represents the amount of flowing water (25, cf. Fig. 5.5a). A large
maximum displacement at a given amount of flowing water stretches the pixelpropagator all over the displacement axis, lowering the amplitude into the noise,
where itcannot bequantifiedanymore.

The flow characteristics of the complete individual vascular bundles in the
experiment as shown by two representative bundles in Fig. 5.7 reveal the
development of the cross-sectional area of flow, the mean linear flow velocity and
thevolumeflow inabsolutequantities.Thedifference incross-sectional areaofflow
for the two bundles is small (0.18 ± 0.03 s.d.- 0.16 ± 0.02 s.d. mm2), whereas the
difference involume flow (and mean linear flow velocity) is morethan afactor of 2
(0.94 ± 0.02 s.e. to 0.41 ± 0.02 s.e. mg/s).Assuming an equal pressure difference
overthetwo bundles,the volume flowthrough acircular tube orvessel is related to
thefourth power ofthevessel radius (the Hagen-Poiseuille law (34)).Therefore the
bundlewiththehigherflow rates musthave morevesselswithlargerdiameters and
less vessels with smaller diameters than the other bundle to keep the crosssectional areas (almost) equal.From Fig.5.7a one cannot conclude that the period
ofrootcooling hadastructural effect onthecross-sectional areaofflow:changes in
thevolumeflowrateareaccountedforbythe linearflowvelocities.
It is difficult to discern extremely slow flow from stationary water when using short
A-values. Although phloem flow has been visualized qualitatively, a quantitative
evaluation requires longA-values.With these long observation times severe signal
loss betweenexcitation anddetection ofthefirst echo needsto beavoided.Forthis
purpose it is more appropriate to use a stimulated echo version of the PFG TSE
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technique (35),or another flow-sensitive NMR imaging pulse sequence that usesa
stimulatedecho(36).
The overlay image in Fig. 5.9b suggests that xylem flow and phloem flow are
correlated:thosevascular bundlesthat are mostactive inxylemtransport, alsotake
care for the majority of phloem transport. Munch (37) already proposed that the
surplus of water from arriving phloem sap that had originally transported solutes
could bereleased inthexylemto betransported backtowardsthe leaves. Whether
this implies a positive correlation between xylem and phloem flow has to be
investigated further.
The presented study describes the results of one cucumber plant. Three other
investigated plants (data not shown), differing slightly in size and age, displayed
similar reactionsto rootcoolingandtheday/night cycleconcerningwater lossofthe
plant, changes inxylemflow andT2. In larger plants with larger water uptake again
problems with high linear flow velocities occurred, but the calculated NMR flow
indicated very clearly the trend in water uptake (again, with volume flow values
calculated from the NMR measurements being smaller than the uptake, measured
withthe balance). Inone larger plant phloemflow could bediscerned onthe interior
and exterior sides of three large vascular bundles and in four other bundles
(exterior). In this plant phloem flow was clearly more intense at night than during
daytime,again beingthesmallestwhilethe rootswerecooled.
Functional MRI in plants, as demonstrated here, is a unique tool to study plant
responses to different water-availability conditions, cold treatment or other biotic
and abiotic stressors. Post-genomic studies of (genetically modified or wild type)
plants with functional MRI could reveal the functionality of gene expression at cell,
organ and whole plant level in water-related processes which are crucial for plant
function.Another application could bethe induction and refilling of air embolisms in
plants to study possible mechanisms behind refilling. Changes in total amount of
water, amount offlowingwater, amount ofstationary water, volumeflow andT2can
be studied on tissue or even single vessel or pixel level. If functional MRI is
combined with other techniques, e.g. the xylem pressure probe, one could study
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xylem pressure and xylem flow at the same time to validate or disaffirm current
hypotheses inplantwater relations.

Conclusions
The combination of T2 and detailed flow imaging experiments reveals the
functioning of plants in response to environmental changes by tracing water
transport inxylem and phloem andthe spin-spin relaxation time T2.The analysis of
the MSE experiments, aided by image guided tissue differentiation, with a biexponential decay curve reproducibly revealed two water fractions for several
tissues.TheT2ofthe large fraction can be assigned tovacuolar water. A decrease
of the T2 of the vacuolar water fraction of the innerparenchyma tissue and the
vascular tissue surrounding the xylem vessels after a period of cooling the roots
can be attributed to an increase inthe surface sink strength density. This increase
in H, in the period in which the cucumber plant recovers from severe water loss,
mayindicatean increased permeabilityforwater ofthetonoplast andplasmalemma
membrane.
Water transport through the xylem vessels is localized and quantified with the flow
imaging experiments, indicating, apart from a normal day/night cycle, a large drop
in water uptake of the cucumber plant when the roots are cooled. Since the NMR
quantification offlow inthexylem vessels matched uptake values, measured witha
balance, it is now possible to study water transport separately in every vascular
bundle, andfor large xylem vessels even individually. Although the presented flow
imaging experiments were optimal to measure the xylem flow, phloem flow could
also bediscerned.A day/night cycle in phloemflowwas notfound,butthe reaction
to root cooling was unambiguously: phloem flow dropped during andjust after the
period of root cooling. The utilization of the two imaging techniques in other plants
and the study of individual xylem vessels and surrounding tissues inthe cucumber
plants aretwo promisingaspectsforthe nearfuture.
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Embolism induction and repair inxylemvessels
of CucumisSativusL.

T.W.J.Scheenen,F.J.Vergeldt,A.M. Heemskerk,P.A. deJager andH.VanAs

The flow characteristics of the water in a virtual slice through a cucumber plant
stem (Cucumis Sativus L.) have been studied with dynamic nuclear magnetic
resonance imaging. Cooling the roots of the plant severely inhibited water uptake
bythe rootsand increasedthe hydraulic resistance ofthe plant stem.This increase
is (at least partially) due to the formation of embolisms in the xylem vessels of the
plant. Four large vessels (diameters of two vessels 0.13 and 0.18 mm) in the
depicted slice embolized and started to get refilled in the night after root cooling.
The timescale of refilling ranged from five to fourteen hours for athree-mm part of
the vessel. Extrapolating these times linearly would mean that vessel refilling in
cucumber isavery lengthy process. Refilling occurred while neighboringvessels at
adistance not morethan0.4 mmwere undertension,transporting anequal amount
of water before and a day after root cooling. Relative differences in volume flow in
different vascular bundles suggest differences in xylem tension for different
vascular bundles.
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Introduction
The phenomenon of rapidwilting ofvarious plants (for instance cucurbits) whenthe
roots of these plants are cooled and the quick recovery after root temperature has
returned to normal levels has been described already in 1860 (1). Berndt et al. (2)
gaveanoverviewof many papersonthe subject through theyears,concludingthat
the primary effect of root cooling was a reduced water uptake caused by a (quickly
reversible)fall inradialconductance ofthe roots.Astrong reduction inwater uptake
can cause the formation of xylem embolisms: due to a strongly negative water
potential the water column in a xylem vessel is disrupted and the vessel fills with
watervapor and air blocking furtherwater transport. Embolisms inxylem vessels in
roots and leaves, frozen while still attached to the plant, have been studied with
cryo-scanning electron microscopy (2-9). These studies suggest that embolism
formation and repair in the xylem is a continuous process occurring within one day
and that partially filledvessels and water droplets inthe lumen of vessels are proof
of the refilling of the vessels. The mechanism behind this embolism repair is still
unknown and some questions have been raised about the observations with the
cryo-scanning electron microscopy technique itself(10).
Searching for a mechanism for embolism repair, one almost automatically enters
the debate about the mechanism of xylem sap ascent in general. Recently, three
reviews on this subject have been published (11-13) showing several different
views on how water is transported from roots to leaves. The Cohesion-Tension
theory (14) poses that xylem sap flows through continuous water columns in the
xylem, driven by evaporation of water from the leaves, involving pressures in the
xylemvessels more negative thanthevapor pressure ofwater, making it vulnerable
to cavitation. The water potential of the xylem vessels (the difference between the
sap osmotic pressure and the xylem pressure) must be in balance with the water
potential of adjoining tissues and cells in order for those tissues and cells not to
lose water. If embolism formation and repair is a continuous process during the
day, how can a vessel be refilled while tissue remains under tension? To answer
this question Canny (4, 12) proposed the compensating pressure theory, which
received severe criticism ((15-18)among others). Tyree et al. (17) concluded that
none of the existing ideas could explain their results of embolism refilling in young
90
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stems of Laurel. However, very recently it has been argued that xylem tension and
embolism repair is not mutually exclusive (19), which would mean that the
Cohesion-Tension theory still holds. In the refilling model, presented by Holbrook
and Zwieniecki (19), a central role is played by the structure of the bordered pits
and the surface properties of the xylem vessel walls, defining the contact angle of
xylem sap with the vessel wall. It is the surface tension of the convex meniscus in
the pit chambers between a refilling vessel and a vessel under tension that
prevents xylem sap in the refilling vessel to connect with water from the vessel
undertension (20).Inthiswaythe refillingvessel (withaslightly positive pressureto
dissolve the gas) is hydraulically isolated from the vessel under tension until the
embolized vessel is completely refilled. For both the driving force for refilling the
embolizedvessel byadjoining livingcellsandthedetails of re-establishing hydraulic
continuity, newtechniques and investigations areaskedfor(17, 19).

Several groups have shown that nuclear magnetic resonance imaging (NMRi or
MRI) is suitable for plant studies at single vessel level (21-24). In this paper we
presentthefirstspatially resolved,non-invasive,in vivomeasurements of embolism
induction and refilling in a mature, intact cucumber plant (CucumisSativusL.) and
its effect on flow behavior in individual xylem vessels. By using MRI methods as
described by Scheenen et al. (25, 26)we studied changes inwater transport in an
individual plant in time as a function of environmental changes. We investigated
whether xylem embolisms in the stem of the cucumber plant are involved in the
phenomenon ofrapidwilting andrecoveryduringandafter rootcoolingandare now
able to answer afew pressing questions inthe field of xylem vessel cavitation and
restoration.

Methods
PlantmaterialandNMRimagingsetup
24-day-old commercially grown cucumberplants (Cucumis sativus L, cv Hurona),
were transferred from rock wool to an aerated, half-Hoagland solution and grown
for five weeks in a greenhouse at Wageningen University. A cylindrical jacket
around the upper ten cm of the roots maintained horizontal root expansion within
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4.5 cm diameter to facilitate insertion into the gradient probe of the instrumental
setup. Flowers were pinched out and occasionally the bottom leaves of the plants
were cut off to clear the lower 50 cm of the stems from leaves.Three days before
the start of the measurements, one of these plants (~1.6 m tall) was moved from
thegreenhouse tothe laboratory.A plastic mouldwasplacedaroundtheplantstem
(-35 cm from the roots) and a radiofrequency (RF) coil (diameter 15 mm) was
wound round the mould. The roots of the plant were put through the 4.5 cm
cylindrical bore of a gradient probe (Doty Scientific Inc., Columbia, South Carolina,
USA)andthe plantwiththe RFcoiland asupport for capacitors insidethe gradient
probe was positioned in a 0.7 T electromagnet (Bruker, Karlsruhe, Germany) (Fig.
6.1).
IRfilter

R.F.control
Gradient
probe
Gradient control
Growth
medium
' Cooling
unit

exchanger

Balancecontrol
Balance
Figure 6 . 1 : Overview of the plant inthe instrumental setup.The dotted lines are connections to the
RF amplifier and receiver, the gradient amplifiers and to a computer that monitors the weight of the
container withgrowth medium.
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The experiments were performed with an SMIS console (SMIS Ltd., Guildford,
Surrey, UK).Water uptake bythe roots of the plantwas measured with a precision
balance (LC3201D, Sartorius AG, Gottingen, Germany), sampling the average
differential weight of the container with growth medium every 30 seconds. A heat
exchanger inthe container was ableto cool and reheat the rootsfrom 22°Cto 3°C
or vice versa in five minutes. The temperature in the climate chamber above the
magnet was 25 ± 2°C during the photoperiod (from 6.00 a.m.to 9.00 p.m., relative
humidity 65 ± 5%, illumination about 2 x 102 |a.mol/m2s (PAR), depending on
positionofthe leaves) and22±2°Cat night.

NMRimagingpulsesequenceandanalysis
The diameter ofthexylemvessels inthevascular bundles of acucumber plant can
range between 0.02 and 0.35 mm(27).With an inplane spatial resolution of 120x
120 (xm the flow profile of water flowing in each volume-element (or pixel) of an
imagecannot bepredicted,sinceapixelofatransverse imageofacucumber plant
stem can contain a few small vessels, one or two larger vessels or only a part of
one of the larger vessels. Therefore the complete distribution of displacements in
the direction of flowof thewaterwithin a certain labeling time (called a propagator)
was acquired for every pixel. A pulsed field gradient turbo spin echo pulse
sequence (26) was used to construct the propagators for every pixel within a
physiologically relevant time.The following flow characteristics were extracted from
the propagators for every pixel as described by Scheenen et al. (25): the total
amount of water, the amount of stationary water, the amount of flowing water, the
mean linear velocity of the flowing water, and the volume flow. On the basis of the
flow characteristics per pixel several individual vessels could be discerned and the
flow characteristics were recalculated for the summation of pixels containing
individual vessels. In this way the flow characteristics of single pixels, individual
xylemvesselsandcompletevascular bundles could bemonitored intime.
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Results
Overallreactionoftheplanttotheday/nightcycleandrootcooling
Figure 6.2 shows the water uptake and MRIflow results for the complete period of
time that the plant was in the instrumental setup (cf. Fig. 6.1), starting at 20.00
hours on the first day. During the day (lights on) transpiration of the plant clearly
elevatedwater uptake bythe roots.The light intensityonthe seconddaywas lowto
allow the plant to recover from transportation and insertion in the setup. From the
third day on illumination was kept constant at about 2 x 102 umol/m2s (PAR),
depending on the position of the leaves. From the third to sixth day the plant grew
about 20 cm in length,which is visible in a steady increase in water uptake values
of the plant inthistime.The roots of the plantwere cooled on day sixfrom 12.20h
to 16.20 h.Water uptake decreased inthis periodto values below those measured
at night. Duringrootcooling,transpiration exceededwater uptake,resulting inanet

20

40

60

80

100

120

140
160
Time (h)

Figure 6.2: The water uptake by the roots of the cucumber plant in the instrumental setup. The
black dots representthevalues measured withthe precision balance:every point isa moving average
of 10 points, which is effectively five minutes. The open diamonds and triangles represent the total
volume flow rate inthe stem,calculated from respectively conventional NMRexperiments (with linear
motion-encoding gradient steps) and from experiments with non-linearly stepped gradients. The
day/night cycle is indicated at the top of the graph and the period of root cooling on the fifth day is
indicatedwiththetwovertical lines.The roman numbers indicatetheday number ofthe experiment.
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water loss that caused severe wilting of all leaves and the top of the stem. After
warming the roots to room temperature water uptake recovered only partially, but
the plant recovered completely within 2.5 hours (except for the upper three small
leaves that got damaged by the light in absence of transpiration). However, the
decreased water uptake values in the days after root cooling reflected decreased
transpiration levels. With unchanged conditions in the climate chamber this could
point to an increased hydraulic resistance inthe vascular system of the plant, if the
decreased radial conductance of the roots quickly recovered after warming the
roots(2).

NMRimagingoftheplantstem
Results from four MRI measurements are shown in Fig. 6.3, together with light
microscopic pictures of athin, hand-cut slice ofthe stemthrough the imaging plane
(made after the MRI study). The different tissues, indicated in the microscopic
picture of a part of the plant stem (Fig.6.3a) can be recognized in an image of the
NMR spin-spin relaxation time T2 (Fig.6.3b), and an image of the water content of
the slice (Fig. 6.3c). The NMR images in Fig. 6.3b+c are fitted results of a multiecho imaging experiment {28). The large voids in the center of both images
represent the empty pith cavity of the stem. The stele of the stem with large
parenchymal cellscontainsfour large andfivesmaller bicollateralvascular bundles,
in which individual xylem vessels can be discerned. The large parenchymal cells
have relatively long T2-values, whereas the vascular bundles, with smaller cells,
have shorter T2-values.The individual xylem vessels can be seen as high intensity
dots in the water content image and long T2-values inside the vascular bundles.
The two circles on both sides of the stem inthe NMR images are reference tubes
filledwithwater.

Although only one small transverse slice of the stem (at 35 cm from the roots) with
a thickness of 3 mmwas visualized inthe NMR images the cause of an increased
hydraulic resistance could immediately be found. Figure 6.3c, d and e are three
images representing thewater content at different points intime revealing cavitated
vessels due to root cooling.The red arrows in Fig.6.3d indicate four vessels (two
cavitatingvessels atarrow I)thatwerefilledwithwater before root cooling (t=130h,
Fig. 6.3b), empty 3.7 hours after the period of root cooling (t=140 h, Fig.6.3c) and
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refilled again inthe last night of the experiment (t=170 h, Fig.6.3d). Figure 6.3f is
an enlarged view (light microscopy) of the embolized vessel indicated with arrow II
in Fig. 6.3d. The time course of cavitation and refilling of these vessels will be
examined indetail later.

Figure 6.3:Cross-sections through the stem of the cucumber plant, a) Light microscopy of the
bottom right vascular bundle, b) NMR image of the spin-spin relaxation time at t=170 hours,
calculated from a multi-echo imaging experiment (28). c+d+e) NMR images of the water content of
the slice at three different points in time: at t=130, 140 and 170 hours respectively. In d) the red
arrows indicate cavitated vessels. The blue arrow indicates a vessel in which flow is restored, f)
Enlarged view of the bottom right vascular bundle. The xylem vessel, indicated with the red arrow, is
an embolizing vessel and is monitored in time in Fig. 6.4, together with vessels v1 and v2. g+h+i)
NMR Images of some of the flow characteristics extracted from the propagators of every pixel: the
total amount of water, the amount of stationary water and the volume flow respectively. The colored
scales in g) and h) indicate an amount of water, relative to the reference tube (=1), the scale in i)
indicates the volume flow per pixel in mg/s. j) An overlay image of the volume flow and the total
amount of water. Experimental parameters: field of view 15.4 mm, resolution 120 x 120 x 3000 urn,
measurement time 21 min. Abbreviations in a): ep, epidermis; co, cortex; scl, sclerenchyma; ste,
stele;vb, bicollateralvascular bundle;x,xylem;phi, phloem;pi,pith.

Figure 6.3g to j summarize the results of one flow-imaging experiment: the total
amount of water per pixel (Fig.6.3g),the amount of stationary water per pixel (Fig.
6.3h), the volume flow per pixel (Fig.6.3i) and an overlay image of the volume flow
and the total amount of water (Fig. 6.3j). In addition, images representing the
amount of flowing water and the linear flow velocity of the flowing water are
available (data not shown). It is clear from Fig. 6.3i that only a few large xylem
vessels take care for the majority of the total volume flow through the slice. The
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added volume flow of the pixels with flowing water represents the total volumetric
water uptake through the slice, which should correspond with water uptake by the
roots, measured with the precision balance. In Fig. 6.2 the values for the total
volume flow, calculated from the MRI measurements, are indicated as open
diamonds and open triangles. The open diamonds represent values from
'conventional' measurements, in which motion-encoding gradients are stepped
equidistantly before Fourier Transformation into a propagator (26). These values
were systematically too small for higher linear flow velocities. This problem was
circumvented by stepping the motion-encoding gradients non-linearly, thereby
probing higher linear velocities more accurately (Scheenen et al., in preparation).
Thecalculatedvolume flow values ofthese measurements, indicated withthe open
triangles inFig.6.2,clearlyfittheuptakevalues,measuredwiththebalance.
The inductionandrefillingofan embolism
The flow characteristics in time of one of four embolisms that were visible in the
measured slice are examined in detail here. The signal from five pixels, containing
theembolizingvessel,indicatedwiththe bottom redarrow (arrow II)inFig.6.3d and
6.3f, was added and re-analyzed as described by Scheenen et al (25).The signal
from an area of nine pixels, adjoining the five-pixel area that contained the
embolizingvessel,wasalsoanalyzed separately (vesselsv1andv2from Fig.6.3f).
In Fig. 6.4 the flow characteristics are presented for both areas from the night
before rootcooling untiltheendoftheexperiment. Theformation of anembolism is
clearlyvisible:inthecenterofthe periodof rootcoolingthevolume flow (squares in
Fig. 6.4a) and the amount of flowing water (triangles in Fig. 6.4c) abruptly fell to
zero. The total amount of water in the area with the embolizing vessel dropped to
10.4 x 10"2mm3 and remained at this value for twelve hours until about 4.30 a.m.
that night.Then,ittook 13hoursforthe selected area inthe sliceto berefilledwith
7.7 x 10"2 mm3water (= 0.64 x 10~2mm3/h): the cross-sectional area of flow of the
embolized vesselwas7.7x 10"2/3.0 (slicethickness) =2.6 x 10"2mm2. Thecrosssectional area of flow, calculated from the light-microscopic picture was 3.0 x 10~2
mm2. Water transport inthis vessel was not restored within the total experimental
time.

97

Embolism inductionand repair in cucumber

550 "

MM

mmmij
^ • "

K

»>

•« 4 5 0 i
| 350c

Hnffllr ^ ^ ^ ^
W B MP^M

x. •
•

E250-

*

3
O

•

H K M
•^••••B

squares
•^3Ih3

•

diamonds

<
•

«C
• * /
* .••• •
•

•

M

.•
••
•.

».-

* 150 - • / • • • •

*••

X

<r^

-I"9*.—-**

•

50-

* • • • • • • • ^

•

II

a
off
light

E4 0 -

on \ . |
cooling

off

off

on

...-..^~~«.«~-%-

•*•••«•*•••

•ah•

20

••'l a
AAAiMAa ^

10-

x

*%

^-^.'«-SV ^ ^ ^ ^ ^ "

0
25
E
E
~b20

r^j*

Ira
15
i
o 10
5+T: — ! "
J ,^A... I...... *
^'iSatfi'/atoVV'WVsaA S ««M«J» a* 4 *" a i ' A W u s ' W * a

120

130

140

150

160

170

180

time(h)
Figure 6 . 4 :Theflow characteristics of two small neighboring areas, of which onecontainsan
embolizing vessel (area offive pixels) andtheother contains atleast onevessel unaffected byroot
cooling (areaofnine pixels).The areasareindicatedashighlighted pixels intwo enlarged partsofthe
image intheinset of Fig. 6.4a.a)Volume flow ofboth vessels intime: thesquares representthe
embolizing vessel,thediamonds indicatetheunaffected vessel, b)The total amount ofwater (closed
diamonds), theamount ofstationary water (squares) andtheamount of flowing water (triangles)of
the unaffected vessel, c)The total amount of water (closed diamonds), theamount of stationary
water (squares) and theamount offlowingwater (triangles) oftheembolizing vessel. Thesecondyaxis ontheright side ofgraphs bandc represent theaveraged water amounts foronepixel in the
selected area. Thecrosses through some specific points indicate the results obtained bythe nonlinearly motion-encoded measurements (cf.the triangles inFig. 6.2).

98

Chapter 6

Surprisingly,theflowcharacteristics ofthe areaof nine pixels immediately adjoining
the refilling vessel (with vessels v1 and v2, Fig. 6.3f) were not affected by the
formation and refilling of the embolism. According to the Hagen-Poiseuille law for
laminar flow {29)the volume flow through a circular tube or vessel is related to the
vessel radius tothe power of four. This relation clarifies whythevolume flow of the
unaffected nine-pixel area with two smaller vessels v1and v2was smaller than the
volume flow of the embolizing vessel (Fig. 6.4a), whereas the amount of flowing
water of v1 and v2 was larger (compare Fig. 6.4b with Fig. 6.4c). The crosssectional area of flow for v1 and v2, calculated from the light-microscopic picture
was 2.2 x 10"2 mm2 and 1.4 x 10"2 mm2. Although the vessels are not perfectly
circular, the Hagen-Poiseulle law can be used to estimate the xylem pressure
difference APXoverthevessels,whichwas assumedto beequalfor v1, v2 andthe
embolizingvessel.APXoftheembolizingvessel before root cooling,neededtodrive
0.49 mg water per second through a 0.2 mm diameter vessel (estimated from a
cross-sectional areaofflowof 3.0x 10"2 mm2),is 14Pa/mm.Table 6.1 summarizes
the kinetics of refilling for all vessels indicated with the red arrows in Fig.6.3d.The
flow characteristics ofthe embolizing vessel in Fig.6.4, whichwere calculated from
the alternative flow-measurements (triangles in Fig. 6.2), corresponded with those
calculated from the 'conventional' flow-measurements (squares in Fig.6.2), so the
values from both measurements could beconsidered here (cf the ordinary symbols
inFig.6.4withthesymbols inwhichacross isdrawn).

Table 6.1: Detailsofrefillingoffourxylemvesselsthatembolizedduringrootcooling.
Vessel

Dia-

Cross-

number

meter sectional
2

Volume

Start

of

flow*

refilling*

Refilling

Refilling

APX

time

speed

(Pa/mm)

3

(mm)

area (mm )

(mg/s)

(hours)

I*

-

5.1x 10~2

0.36 ±0.06

4.00a.m.

14

1.1 x10"2

-

II

0.18

2.6 x10" 2

0.49 ± 0.02

4.30a.m.

13

0.64x10" 2

14

III

0.13

1.3 x10" 2

0.17 ±0.05

0.00a.m.

5

0.75x10" 2

11

Fig. 6.3d

(hours)

(mm /h)

*Meanvolumeflow ±standard deviation inthe hours before root cooling
f

Night after root cooling

*Data inthis roworiginatesfrom twoembolized vessels
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Restorationofflowinaxylem vessel
Apart from embolizing vessels, also a vessel that restored flow could be found in
the slice (indicated with the blue arrow in Fig. 6.3d). Figure 6.5 reveals the flow
characteristics of a selected area containing this vessel (5 pixels), together with
those of a neighboring area (six pixels),transporting water throughout the complete
experiment. Even around t=67 hours (day III) no water was transported in the
selected area (data not shown). At t=152 hours (8.00 a.m. at day VII, two hours
after the lights had been turned on, indicated with a vertical line in Fig. 6.5a + c)
water transport in the vessel started and increased to 0.2 mg/s in six hours. The
total amount of water in the area with the restoring vessel remains constant
throughout the experiment: before t=152 hours all water was stationary; when the
vessel starts transporting water about one-third of the water starts flowing (Fig.
6.5c). Thecross-sectional area offlow ofthisvesselwas 8.2 x 10~2/3.0 =2.7 x 10"2
mm2, calculated fromthe NMRmeasurements, and 3.0 x 10~2mm2,calculated from
Fig. 6.3f, corresponding with a circular vessel diameter of 0.2 mm. For a volume
flow of 0.2 mg/s a APX of 6 Pa/mm is needed (again, assuming a circular vessel
geometry). The amount of stationary and flowing water of the area next to the
restoring vessel (at a distance of 0.5 to 0.6 mm) were not influenced by the
restoration offlow or root cooling (Fig.6.5b). However, the volume flow ofthis area
on the day after root cooling was larger compared to the transpiring period before
rootcooling andthe hoursjust after rootcooling ondayVI. APXover one unit length
ofthexylemvessel inthisareawaslargerondayVIIthanonthedayof root cooling
(dayVI).

Discussion
The development of the overall water uptake by the cucumber plant in the
instrumental setup before root cooling indicates that the plant is healthy and
growing (Fig.6.2). The difference inwater uptake betweenjust before and one day
after root cooling suggests a reduction in hydraulic conductivity ofthe xylem,asthe
decrease in radial conductance of the roots (caused by root cooling) is rapidly
reversed on rewarming (2). The cause of the reduction in hydraulic conductivity is
theformation ofembolisms, blockingwatertransport. In the 3-mm thick slice that
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Figure 6.5: The flow characteristics of two small neighboring areas,ofwhich one contains a vessel
inwhichflow is restored (area offive pixels) andthe other contains at least onevessel,unaffected by
root cooling (area of six pixels). As in Fig. 6.4, the areas are indicated as highlighted pixels in two
enlarged parts of the image inthe inset of Fig.6.5a; a) represents the volume flow of bothvessels in
time:the squares represent the restoringvessel,the diamonds indicate the unaffected vessel, b) and
c) represent the total amount of water (closed diamonds), the amount of stationary water (squares)
and the amount of flowing water (triangles) of the unaffected vessel and the restoring vessel,
respectively. Again, the second y-axis on the right side of graphs b and c represent the averaged
water amounts of one pixel in the selected area and the crosses through points indicate deviant
measurements (cf. thetriangles inFig.6.2).
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was studied here, four embolizing vessels were found (Fig. 6.3). How many other
vessels hadbeenembolizedatdifferent positions inthestem(orinthe roots)is
unknown. However, the difference in water uptake between the hours before root
coolingandonedayafter root cooling (>7mg/s)could not becaused bythe lossof
transport capacity inthefour embolizingvessels intheslice alone (totalvolumeflow
of these vessels before root cooling 1.0 mg/s, cf. Table 6.1). Where some vessels
were notaffected byrootcooling (Fig.6.4b) and others evenshowedan increase in
volumeflowafter root cooling (Fig.6.5a) thetotalvolumeflow decreased drastically
due to vessels in which water transport was completely stopped or reduced,
probably because of embolisms outside the slice, but inside the conduits
concerned.

Investigating thetemporal dynamics of embolizing vessels in more detail in Fig.6.4
revealed afew interesting phenomena. Firstly, largeembolizedxylemvessels inthe
stem of the plant were refilled, and the time scale of refilling is long. It took five,
thirteen andfourteen hoursto refill alengthofonlythree mm(theobserved slice)of
the embolized vessels. The speed of refilling was in the order of 0.6 x 10'2 mm3/h.
With comparable refilling speeds,thesmaller embolizedvessel refilledfaster (inthe
observed slice). Extrapolated linearly itwouldtake 17to47 hoursfor every cm ofa
vessel to be refilled with water. Although it is not possible to resolve whether the
speed of refilling is constant over a complete vessel from the presented data, it is
clear that refilling of an embolized vessel inthe stem of a cucumber plant is a slow
process, contrary to what has been concluded for petioles of sunflower (3, 4), the
primary root of squash plants (2) or young stems of laurel (17).This is a plausible
reason why we did not observe restoration of flow in embolized vessels in our
experiment: the time scale of complete refilling is simply too long. Vessels,
embolized because of root cooling on day VI, were not completely refilled by the
end of the experiment. The vessel in which flow was restored on day VII had not
been transporting water for at least four days. An embolism below or above the
slice in this conduit might have been induced while moving the plant from the
greenhouse tothe labor inthefirst days inthesetup.

Secondly, refilling occurred while nearby tissue and vessels were under tension.
The area adjoining an embolizing vessel at a distance not more than 0.4 mm was
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unaffected byembolismformation and refilling ofthe neighboring vessel (Fig.6.4b).
Therefore,thewater inthe refillingvesselmust becompletely isolatedfromwater in
surrounding cells or vessels, as was hypothesized and investigated by Holbrook
andZwieniecki (19, 20).

The pressure difference per unit length of axylemvessel (APX,the driving force for
flow) is in the order of 10 Pa/mm (assuming cylindrical vessel geometry) and not
equal for all vascular bundles in the slice. Water close to the walls in vessels is
effectively stationary in a laminar flow profile and therefore difficult to distinguish
from surrounding stationary water in accompanying cells. Therefore, the crosssectional area offlow, calculated from the NMR measurements, was systematically
smaller than the cross-sectional area of flow, calculated from the light-microscopic
pictures.Thevolume flowofvesselsv1andv2 (Fig.6.3f) wasconstant inthe hours
with lights on before root cooling on day VI, throughout dayVII andVIM(Fig.6.4a).
However, the volume flow of vessels near the vessel in which flow was restored
wasaround 50%largerondayVIIandVIMthan ondayVI before rootcooling (lights
on periods, Fig.6.5a). These relative differences involumeflow (andtherefore also
inAPX)suggestdifferences inxylemtension betweendifferent vascular bundles ina
slice.

Ifthewater inarefillingvessel needsto be hydraulically isolated (withbordered pits
(19,20))from surrounding cellsortissues undertension,thenwhat isthe source of
the incoming water and what is the driving force for water to enter the embolized
vessel? Perhapsacombination of MRIwithaxylemortissue pressure probeanda
detailed study of vessel and air bubble anatomy (especially in the longitudinal
direction) cangivetheanswertothisemergedquestion.
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Quantitative imaging of plantwater status and transport
with Nuclear Magnetic Resonance:astrategy.

T.W.J.Scheenen, P.A. deJager, F.J.VergeldtandH.VanAs

The possibilities of quantitative NMR imaging of plants at a low magnetic field
strength are discussed. An advantage of a low magnetic field strength for plant
studies is the absence of susceptibility related image artifacts. The electromagnet
used inthe current studies has an open setup, which facilitates vertical positioning
ofthe plant.The inherent lowsignalto noise ratio is partly compensated bythe use
of a solenoid radiofrequency coil and the possibility to record many signalcontaining spin echoes. The multiple spin echoes can be used for quantitative T2
imaging or for decreasing the acquisition time of one image with turbo spin echo
imaging, enabling quantitative displacement imaging with a physiologically relevant
time resolution. Duetothe unpredictable flow profile ina single pixel it is necessary
to record the complete distribution of displacements for every pixel of an image.
Bothfast flow and diffusion can be imaged quantitatively by sampling q-space with
non-equidistant steps. Possible problems when quantifying flow are discussed.
Quantitative T2imaging and displacement imaging relate morethan one parameter
to every pixel of an image, which can take away the need for a high spatial
resolution.
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Introduction

Thedebateonthe mechanisms behindwatertransport inplants islivelierthan ever,
as a result of the introduction of the xylem pressure probe and cryo-scanning
electron microscopy intothe scientific area of plant water relations. Questions have
been raised around the century-old Cohesion Tension theory (7), which poses that
xylem sap flows through continuous water columns from roots to shoot, driven by
evaporationofwaterfromtheleaves.Obviously,withtreesexceeding heights often
meters this would leave water in the xylem at pressures more negative than the
vapor pressure of water. Other forces, like root pressure and capillary forces, are
also involved in long distance water transport. Although Nuclear Magnetic
Resonance imaging (NMRi or MRI) has been applied to plants or plant tissue in
many studies (for an overview, see Ishida etal.(2)), it is a relatively new technique
in plant physiology. Kockenberger reviewed MRI for plant cell metabolism studies
together with an introduction in the fundamental principles of NMR (3). Only
recently MRI has been used as a tool to unravel water transport and its
mechanisms in large intact plants by quantifying flow characteristics and relaxation
timesforeverypixel inan NMR image(4).

Why is MRI in plant science stillfar from being a routine tool? Some reasons could
be the high costs of NMRi equipment, the difficult theoretical fundamentals on
whichthetechnique isbased,the horizontal orientation of standard imagingsetups,
the limited accessibility (for large plants) of the magnetic fields' iso-center of most
setups, and the specific requirements which have to be met when measuring
plants. In this paper we would like to address some of these issues and set out a
strategy on how to deal with plant-specific problems in quantitative NMRi of plants
at relatively lowmagneticfieldstrengths.

Magneticfieldstrengthandsignal-to-noise ratio
A high signal-to-noise ratio (SNR) is crucial in an NMR experiment for a high
accuracy of the calculated or fitted parameters and a high resolution in space and
time.The SNRofthe NMRsignal,immediately afterexcitation,isproportionaltothe
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magnetic field strength B0to the power of 7/4 (SNR ~ B07M)(5).This has been the
main reason for the development of high field imaging spectrometers using
superconducting magnets. However, plants have manyair-filled intercellular spaces
in their tissues. Since air and water have different magnetic susceptibilities, the
density of the magnetic field lines in air is different from that in water, producing
magnetic field inhomogeneities around every air-water interface. The strength of
these field inhomogeneities islinearly proportionalto Boand causeartifacts inNMR
images (6).Apart from positional displacements of signal intensity inthe image,the
intensity is also reduced, and image resolution is degraded because of selfdiffusion or flow of protons within the random field inhomogeneities (7). Loss of
image intensity can already be dramatic (50% and more) in the first echo of an
NMR experiment (8). Moreover, if multiple echoes are recorded and the signal is
not only lost because of transverse relaxation (characterized by the spin-spin
relaxation time T2), the presence of field inhomogeneities severely hampers
quantitative T2and proton density imaging.Additional signal loss affects the NMR
signal decay in an echo train for every pixel in an image, to which an exponential
decay curve isfitted (with decay time T2and the proton density asthe initial signal
amplitude, (9)). Inotherexperiments inwhichthe magnetization needstoevolvefor
some time (e.g.because of flow-encoding) (a part of) the signal can simply not be
recalled if it is lost due to the field inhomogeneities caused by susceptibility
differences.

At relatively low magnetic field strengths the field inhomogeneities in plants, due to
susceptibility differences, are small compared to the imaging gradients:
displacements of self-diffusing protons in these field inhomogeneities on the
timescaleofasingle scan aretoo little to cause additional attenuation ofthesignal.
In quantitative T2and proton density studies at B0= 0.47 T Edzes et al.(9) found
T2-values inthe stem of Giant Hogweed approaching the value of pure water (>1.5
s). With such long T2-values many spin-echoes can be recorded (up to 1000 in a
cherry tomato (9)), increasing the total SNR. The optimal field strength, obtaining
the highest SNR with minor susceptibility artifacts, depends on the size,the shape,
theconcentration anddistribution ofairspaces inthesample.
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Anadvantage ofthe0.7 T low-field electromagnet (Bruker,Karlsruhe,Germany),of
which some results are presented here, is its easy accessibility. The magnet is
stripped from its shim coils, inthe iso-center is only a custom-made gradient probe
withanopen4.5-cm cylindrical bore (DotyScientific Inc., Columbia, SouthCarolina,
USA) and a small lock to stabilize the main magnetic field. Plants can quite easily
be put into the gradient probe and the roots are placed inside a vessel containing
the medium, placed on top of a precision balance (LC3201, Sartorius AG,
Gottingen, Germany) to measure the water uptake (4).The field lines of B0are in
the horizontal direction,which enables the use of solenoid radiofrequency (rf) coils
around plant stems (perpendicular to the direction of Bo) to excite and detect the
NMR signal. The performance of solenoid coils exceeds the performance of e.g.
saddle coils (often used in superconducting magnets) by a factor of 3 (5),which is
an advantage in coping with the low SNR at low B0.Apart from the coil geometry,
also the coil diameter dinfluences the SNR (SNR ~ \ld) (5). Homemade openable
moulds aroundthe plantstemgivesupport whenanewsolenoid iswound arounda
stemto keepdminimalforevery newplant.Thechoiceof not usingaFaradaycage
inthe setup forces ustotake special care ingroundingthe plants and shieldingthe
rf coil: grounding connections from a copper tape around the plant stem and of the
coil shielding are as short as possible. The specialized field of using cooled
(superconducting) coils and pre-amplifiers to increase the SNR is an aspect that is
not dealt with here (10), although the accessibility of the electromagnet would
certainly allowapplyingthem.

Imagingwatertransport inplants:unpredictable flow profiles

Although the flow profile ofwater inaxylemvessel of a plant is generally assumed
to be laminar, the flow profile of flowing water in one pixel of an image of a plant
stem or root depends on the size and position of the pixel relative to the xylem
vessel. If the pixel is large compared to the vessel diameter, multiple vessels are
captured in one pixel and the flow profile of that pixel is the sum of several
individual laminar flow profiles. Ifthe pixel issmallcompared tothe vessel diameter
itcan contain only a part of a laminar flow profile. In both cases,the flow profile of
the flowing water inthe pixel is unknown.With dynamic NMR microscopy (11)one
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can obtain the complete distribution of proton displacements within a certain
observation timefor every pixel,which can be translated into the flow profile of the
water in that pixel. An additional complication is the fact that the distribution of
proton displacements in a vessel or tube varies with the observation time because
of radialdiffusion of protonsovertheflow profile(12,13).
Ina dynamic NMR imaging experiment the displacement of protons is probed with
two pulsed magneticfield gradients (PFG)with amplitude g,duration 8and spacing
A (cf Fig. 7.1). The modulation of the amplitude and phase of the complex NMR
signal as a function of PFG amplitude (also known as q-space with
q=Y6g/2ji,ybeing the proton gyromagnetic ratio) can be Fourier Transformed into
the displacement distribution of the protons within A:a so-called propagator P(R,A)
(11, 14).Measuring propagators forevery pixel inan image in planttissue has been
done in seedlings (15, 16),although the time resolution of these experiments was
low(4.5hours).Sinceonlyasingleechowas recorded ineveryscan ittook nscans
to recordan imagewith n2pixelsforeverystep(or image) inq-space.
The possibility to record many spin echoes in an echo train to characterize
relaxationtimes and protondensity, as mentioned previously, can now be used ina
different way. Propagators can be measured with a much higher time resolution if
the two motion-encoding PFGs are combined with turbo spin echo (TSE) imaging,
also called Rapid Acquisition Relaxation Enhanced imaging (RARE) (17). The
measurement time of a single image can be shortened by a factor equal to the
amount of measured echoes. The signal inthis TSE image can be modulated with
the two PFGs in a spin echo (SE) sequence (18) or a stimulated echo (STE)
sequence (19) (Fig. 7.1). With the PFG spin echo TSE sequence, propagators in
large plants have been measured (4)and quantified byextracting thefollowing flow
parameters from it (20):the total amount of water, the amount of stationary water,
the amount of flowing water, the linear flow velocity of the flowing water and the
volume flow. The propagator intensity of nine pixels in a reference tube filled with
water hasbeen usedforcalibration.
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Figure 7 . 1 : The PFGspin echo TSE pulse sequence (top) andthe PFG stimulated echo TSE pulse
sequence (bottom).

Measuringwater displacements inplants:
slowflow anddiffusion,fastflow and diffusion

Thevast majority ofwater ina plant isstationary; water inxylemand phloem tissue
can flow at different velocities, depending on vessel size and pressure difference
over the vessels. The root mean square displacement <rof stationary, self-diffusing
protons, observed by NMR, is proportional to the square root of the corrected
labelingtimeA-8/3andthediffusion constantDoftheobserved protons:

a =pD{A-S/3)

[1],

whereasthe meandisplacement f offlowing protons isproportionaltoAitself:
r =vA

[2],

in which v is the mean flow velocity of the flowing protons. The labeling time
between the two PFGs has to be long (in the order of 150 ms) to discriminate
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between slowflow (50 (im/s) and diffusion (19).The choice between using a SEor
STEversionofthe pulsesequence (Fig.7.1) depends onthetimefrom excitationto
the first echo (containing A), the spin-lattice relaxation time Ti and spin-spin
relaxation timeT2ofthe observed protons. InaSEexperiment the NMRsignal isin
the xy-plane throughout the time from excitation to detection, where it decays
according to the T2. In a STE experiment, the signal is stored along the z-axis
during most of the labeling time, where it decays according to the spin-lattice
relaxation time, which is longer (often substantially) than T2. The maximum
amplitude of the stimulated echo is intrinsically half the initial signal amplitude, but
can still be larger than the spin echo amplitude at the same time after excitation.
Propagators of slowly flowing water (maximum linear velocity 0.67 mm/s) in a cutoff pedicelofatomato have been measuredwiththestimulated echoversion ofthe
PFGTSE pulsesequence (19).Iflinearflowvelocities are high,short labelingtimes
can beusedforwhichthespinechoversion ofthesequence ismoresuitable.

At high flow rates other issues are of importance. In larger plants the linear flow
velocities ofthe xylemsap can reachvelocities of several cm/s,which can cause a
dynamic range problem in the propagator. This is illustrated in Fig. 7.2 with four
simulated propagators ofacertain amount of stationary water and anequal amount
of flowing water. Stationary self-diffusing water has a Gaussian shape at zero
displacement. The water, flowing with a laminar flow profile, has a boxcar shape
with rounded edges from zerotothe maximum displacement within the observation
time.Allshown propagators arethereal partofacomplex signal:the imaginary part
of the signal has zero intensity (data not shown). The maximum velocity of the
flowing water, which is twice the mean velocity for laminar flow, increases from (a)
to (d). With all displacements R occurring between zero and the maximum
displacement within the labeling time A between the two PFGs, the boxcar shape
stretches out over the displacement axis. If the maximum displacement exceeds
the edge of the axis (defined by the smallest q-step) the propagator intensity
emerges at negative displacements (aliasing, Fig. 7.2c). With even higher
displacements the boxcar stretches out all over the displacement axis (Fig. 7.2d).
Note in this figure that the maximum displacement of 400 |im is visible at 80 urn.
The simulated propagators do not contain any noise, in contrast with experimental
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data, inwhich the noise can overwhelm a broad distribution of displacements as in
Fig.7.2c and7.2d.

Figure 7.2: Simulated propagators of two water fractions: 50% stationary water and 50% water
flowingwith alaminar flow profile. In (a)to (d) the simulated mean linear flow velocities inthe laminar
profile are 2.5, 5.0, 10.0, and 20.0 mm/s, respectively. Radial diffusion over the parabolic flow profile
is not accounted for, the diffusion constant inthe direction of the PFGs is set to 2.2 x 10"9 m2/s,A is
10 ms. In (a) and (b) the rectangular displacement profile of the flowing water stretches over the
displacement axis to 50 and 100 urn. In (c) the displacement profile exceeds the positive part of the
axis and emerges at negative displacements (the signal is aliased). In (d) the displacement profile
stretches allovertheaxis,which effectively gives the propagator an offset.

A solution for this dynamic range problem (within a nearly equal total measurement
time) is the use of an alternative way of sampling the signal as a function of qsteps, proposed in non-imaging studies (21). In Fig. 7.3a the real and imaginary
part ofthe signal as afunction of q-steps associated with the simulated propagator
in Fig. 7.2d is plotted twice with a solid line. The imaginary part of the signal
originates from flowing water only, whereas the real part of the signal is composed
of signals from stationary as well as flowing water. The top signal in Fig. 7.3a is
sampled with equidistant q-steps, the bottom signal issampledwith non-equidistant
steps that gradually increase in size at larger q-values. From Fig. 7.3a it is evident
that the step size ofthe linear sampling istoo large to probethe signal correctly. If
the complete signal would be sampled linearly with the smallest step, 128 steps
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would be neededto probetheshown signal,insteadofthe 32or36steps inthetop
and bottom sampling, increasing the measurement time with a factor of
approximately 4. Before Fourier transformation (FT) into the propagator, the nonlinearly sampled data must be interpolated because this mathematical operation
needs equidistant data. The range of the displacement axis of the corresponding
propagators inFig.7.3b and 7.3c (after FT) is inversely proportional tothe smallest
q-step.
After FT of the signal, sampled with 32 equidistant steps, the propagator in Fig.
7.3c (open circles) has the offset-value as shown in Fig. 7.2d, including some
truncation artifacts because the signal in Fig. 7.3a was not sampled completely to
zero intensity at the largest q-values. The truncation artifacts can be prevented by
sampling the signal using even larger q-values, which takes time, or they can be
removed byfiltering orextrapolating thesignalto larger q-values. The displacement
axisofthe propagator after FTofthe signal,sampled with 36 non-equidistant steps
and interpolated from 36 to 128 steps, covers a four times larger range (from -600
to +600 urn). In this propagator (Fig. 7.3b) the boxcar shape representing the
laminarflow profilewith maximumdisplacement of400 umisevident.

The signal S(q) can befiltered before FTto increase the SNR of theflowing part of
the signal and to remove truncation artifacts. The filter in Fig. 7.3a has a
transmission of 1 in the center of q-space, where the signal intensity from flowing
water is high. At larger q-values the transmission is zero. The signal of stationary
water is severely affected by the filter, resulting in broadening of the stationary
water peak in the propagator (the asterisks in Fig. 7.3b). Because the maximum
displacement of the flowing water is large, the flowing part of the propagator is
hardlyaffected bythefilter.
The experimental data are shown inthe images in Fig.7.4a and the propagators in
Fig. 7.4b. The images represent the calculated flow characteristics of anon-linearly
sampled spinecho PFGTSEexperiment ofatransverse slicethroughthe stemofa
1.5-mtall intactcucumber plant inthe0.7Telectromagnet setup.Theflowing parts
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Figure 7.3: Simulated data of 50%stationary and 50%flowing water (with maximum linear velocity
20.0 mm/s) before (a) and after (b+c) Fourier Transformation. In (a)the simulated signal is indicated
with solid lines, diamonds and circles represent the experimental sampling. S(q) can be sampled
linearly with equidistant steps (upper chart in (a)) or non-linearlywith an emphasis on small q-values
(lower chart in (a)). The solid line in (b) interconnects the data points of the propagator after
interpolation and FT of the non-linearly sampled signal. In (c) the aliased propagator after FT of the
linearly sampled signal is shown (cf. Fig. 7.2d). Applying a filter to the data before FT results in
severe broadening of the stationary water peak, but hardly affects the flowing part of the propagator
(asterisks in(b)).

of the averaged propagators of all the pixels of the indicated vascular bundle are
shown in Fig.7.4b: the propagator after FT of the signal of linearly sampledqspace (represented by diamonds) is interconnected by a dashed line, and the
propagator after FTofthe interpolated andfiltered signalof non-linearly sampledq-

114

Chapter 7

space (represented by plusses) is shown with a solid line. Using linear q-steps, an
equal amount oftime isspent on small and large q-values,whereas with non-linear
steps,thesmaller q-values,wheresignal intensities are higher,take upalarger part
of the total experimental time. The SNR of the flowing part of the non-linear

-200

-100

100

200

300

400

R(H.m)
Figure 7.4: Experimental data from a cucumber plant stem. The images in (a) represent the flow
characteristics of an experiment with non-linear q-space sampling. These are respectively the total
amount ofwater, the amount of stationary water, the amount of flowing water, allthree relative to the
averaged amount of water of a pixel in the reference tube (normalized to 1), and the volume flow in
mg/s. The propagator in (b) is a summation of the propagators of all pixels in one vascular bundle,
indicated in the inset. The experimental data, represented by diamonds (interconnected by the
dashed line) are the result of linear q-space sampling before FT. The plusses (interconnected by a
solid line) indicate the propagator of non-linearly sampled q-space using interpolation and filtering
before FT. Experimental parameters: 50 kHz bandwidth, 32 echoes in TSE train, 128 x 128 matrix,
field of view 15.4 mm, slice thickness 3.0 mm, repetition time 2.5 s, A9.13 ms, 63.0 ms,gmax0.409
T/m, total measurement time 24 minutes for 36 non-equidistant steps and 21 minutes for 32
equidistant steps.
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experiment is therefore higher, especially after applying the filter. Since rapid,
abruptjumps orchanges intheflowing partof a propagator are notto beexpected,
the smoother shape of the propagator from non-linear sampling and filtering is
preferred above the noisy, truncated shape of the propagator using linear steps as
in Fig.7.4b. The total volume flow values from all pixels with flowing water innonlinearly sampled experiments correspond to water uptake values of the cucumber
plant, measuredwitha precision balance (Chapter 6).Thetotalvolumeflowvalues,
calculated from linearly sampled experiments, systematically deviated from the
wateruptakevalues,measured usingthe precision balance (Chapter6).

Resolution,relaxation and quantification
The SNR ofa pixel inan NMR imagedepends onthe amount ofwater inthat pixel,
which isthe product oftissue water content and pixelvolume:the larger a pixel,the
lower the spatial resolution of the image, and the higher the SNR of the pixel. In
plant stems the thickness of the imaged slice, representing a cross-section of the
stem, can be set to a much larger value than the in-plane resolution of the image,
because ofalargetissue symmetry alongthe plantstemdirection.Signal averaging
over a number of scans also increases the SNR, but immediately lengthens the
total measurement time (SNR ~ j'number_of _averaging_scans ). Since both ahigh
spatial resolution and a high SNR per pixel are desirable, preferably within an
acceptable measurement time, every experiment is a compromise between spatial
resolution, SNR and measurement time. The main consideration in this
compromise should be the question what information needs to be extracted from
the experiment. This information needs to be acquired as accurate as possible
within the available measurement time, which is the reason why a high spatial
resolution is not always needed. In quantitative T2 and proton density imaging and
dynamic NMR imaging information can be retrieved from several parameters for
everypixel,providingakindofsub-pixelresolution.
Quantitative T2and proton density imaging can even be severely hampered by a
high spatial resolution. Movement of protons by self-diffusion in the time between
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the large read-out imaging gradients, needed for a high resolution, can attenuate
the NMR signal (9). Then, the NMR signal decays not only because of spin-spin
relaxation, but also because of diffusion. Generally, an exponential decay curve is
fitted to the NMR signal decay of every pixel to acquire the T2 and the initial signal
amplitude at the moment of excitation, reflecting the proton density (or water
density). The additional signal attenuation because of diffusion decreases the
signal decay time, whereas the initial signal amplitude will remain largely
unaffected. Figure 7.5 showsthe difference inT2contrast betweentwo experiments
of a geranium petiole with different spatial resolution. At a resolution of 39 x 39 x
2500 (j.m T2-values of large parenchyma cells in the central cylinder clearly differ
from T2-values inthe cortex, and also the vascular bundles are visible.At a higher
resolution of 31 x 31 x 2500 n,m all T2-values have decreased, and almost all
contrast is gone. The water density images are hardly effected by the additional
signalattenuation.

Figure 7.5: Single parameter images of a geranium petiole. The images are calculated from two
multi-echo imaging experiments (9) with different resolutions. Images (a) to (c) are the calculated
water density image,a 1/T2and aT2 image with afield of view of 5 mm (nominal resolution 39x 39x
2500 um). Images (d)to (f)are images ofthe same parameters with afield ofview of4 mm (nominal
resolution 31 x 31 x 2500 |xm).Although the T2-values are probably already affected by diffusion for
both field of views, the decrease of T2-values for higher resolution clearly illustrates the effect of
increasingly larger gradients in combination with diffusion.

Experimental parameters: 25 kHz

bandwidth, echo time 6.6 ms, 64 echoes, 128 x 128 matrix, 6 averages, repetition time 2.5 s, total
measurement time 32 minutes.
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At lower resolution (in the order of 0.5 x 0.5 x 3 mm),the SNR of one pixel can be
sufficiently high for a meaningful multi-exponential fit (i.e.with acceptable standard
deviations ofthe fitted parameters). This results intwo or more water fractions and
corresponding relaxation times, which can be assigned to the water within one
pixel, creating sub-pixel resolution. In the stem of an intact cucumber plant a
relatively high spatial resolution has been used to distinguish different tissues on
the basis of water density and T2of a mono-exponential fit, after which the signal
decay curves of a single tissue type were averaged to increase the SNR (4).The
averaged decay curves were fitted to a two-exponential function of which the two
water fractions were ascribed to vacuolar water on one hand and water in the
cytoplasm and extracellular water on the other hand. Transient changes in T2values ofthefractions inthe tissues may give information about exchange of water
over the membranes separating the fractions (the vacuolar and plasmalemma
membrane) (VanderWeerd eta/.,Journalof Experimental Botany,accepted).
Notonly inquantitative T2imaging,but also inadynamic NMR imaging experiment,
high resolution is not always necessary. The acquisition of propagators enables
discrimination between stationary and flowing water at pixel level (20). Even if one
or morexylemvessels are captured within one pixel,the signal of the flowingwater
can still be separated from stationary water. Then, another compromise has to be
made between spatial resolution and the number of q-steps encoding for flow. The
choice depends on the question: what information is more important: an exact
localization of flow or an accurate flow profile? Xylem vessels in cucumber plant
stems can have diameters up to 350 \im (22),which can be localized much easier
(cf. Fig.7.4a) thanxylem vessels ine.g.a Chrysanthemum stemwith diameters up
to 50nm (23).For large vessels the amount of flowing water ina pixel isoften also
large, corresponding to a large integral of the flowing fraction in a pixel-propagator.
Inthiscasequantificationofthe propagators isaccurate (thetotalvolumeflowofall
pixels with flow corresponds to the water uptake of the plant, measured with a
balance (4)). With smaller vessels, the amount of flowing water within a pixel is
small, which is one of the problems with flow quantification, discussed in the next
section.
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Flowquantification problems

In Chrysanthemum stem segments, the total volume flow of all pixels with flowing
water does not always correspond with uptake values measured with a balance.
This is illustrated using the results of an air-inlet experiment of a Chrysanthemum
flower (cv. Cassa) in Fig. 7.6. A 22-cm stem segment was cut out of a
Chrysanthemum flower underwater to avoid air entrance inthe xylemvessels. The
segment was placed in the NMRsetup and the top of the segment was connected
withsiliconetubingto a setup controlling water uptake, {20,24).After some time of
stable water uptake due to the applied underpressure at the top of the stem
segment, the water level was lowered below the bottom of the segment for 10
minutes,admittingairtothexylemvessels.After reapplyingwatertothecut surface
ofthestemsegment, the restoration ofwater uptake ofthe segmentwas monitored
1.25

0.5

1.5

2.5
3
Time (h)

3.5

Figure 7.6: Water flow rate pattern before and after air inlet of a stem segment of a
Chrysanthemum flower, cut off under water. The interrupted curve represents water uptake,
measured using a precision balance; the triangles represent the total volume flow calculated from
NMR measurements. Inset: two images from a transverse slice through the stem segment
representing thetotal amount ofwater, relative to the amount of water ina pixel inthe reference tube
(=1, average of nine pixels), and the volume flow per pixel. Experimental parameters: 50 kHz
bandwidth, 32 echoes in TSE train, echo time in train 4.26 ms, 128 x 128 matrix, field of view 12.8
mm, slice thickness 2.5 mm, repetition time 1.0 s, 32 PFG steps, A15.6 ms, 8 2.5 ms, g max 0.375
T/m,total measurement time 17 minutes,pressure difference overthestem segment was maintained
at 38.8 kPa.
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intime. The water uptake measurements, measured with the balance (dots inFig.
7.6), clearly show an initial water uptake of 1.12 mg/s.After air inlet, an initial quick
recovery isfollowed by a slower restoration to a plateau value of about 0.70 mg/s,
but the initial uptake values before air inlet are not reached anymore. The
mechanism behind the removal of air from the stem segment and the time course
ofrestoration oftheoriginalflow profiles have beenstudied indetail elsewhere(25).
Primary concern here isthedevelopment ofthetotalvolumeflowvalues, calculated
from the NMR measurements. These values do not coincide with the uptake
values, measured withthe balance,forwhich possible reasons arediscussed inthe
next section. Inthe inset in Fig.7.6 an image of the total amount of water and an
image with the volume flow are shown (the large void in the center of the stem in
the image consists of dry spongy matter that does not contain water). The visible
ring contains the epidermis, supporting fibers, phloem tissue, xylem tissue and
parenchymal cells. Flow is visible in small groups of pixels in the xylem tissue, in
the largerxylemvesselsoftheprimaryandearlysecondaryxylem.
How do we calculate the total volume flow through the stem segment? As is
described inthe introduction ofthequantification method (20),the intensity of every
point of a propagator P(R,A) (cf. Fig. 7.3 and 7.4) can be related to an amount of
water by using the signal intensity /,./ of a reference tube filled with water for
calibration.After subtraction of stationary water from a propagator, the volume flow
Q through a pixel is a summation of the propagator intensities of flowing water,
multiplied by their corresponding displacement values R within the labeling time
(20):

0=*£>(*,A)*)^f

[3].

For accurate volume flow values, the SNR needs to be as high as possible: this is
the reason why not every displacement value is incorporated in the addition of
intensities, butonlythose from zero tothe maximum displacementR^ of thewater
inthat pixel.Rm the pointatwhichthe signal has vanished and only noise is left, is
chosen at the displacement valuejust before the first point in the flowing part of a
propagator with negative intensity. To calculate the total volume flow through the
stemsegmentwe performed another operationtodecrease noise.Thetotal volume
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flow isasummation ofonlythose pixelswithavolume flow above athreshold value
(-2/3 of peak noise level), which have at least one neighboring pixel with intensity
also above this threshold value. The reason for this selection criterion is the fact
thatthe numerousxylemvessels inthestemsegmentaresmallcomparedtotheinplane pixel resolution of 100 x 100 x 2500 |j.m, but all the vessels are localized in
the primary and secondary xylem of the stem, which covers multiple adjoining
pixels.The disadvantage of this criterion isthat the volume flow of individual pixels
(if any) without neighboring pixels with intensity above the threshold are discarded
asnoise.

Beforeair inlet,allflow has been localized:uptakevaluesfrom NMR measurements
coincide with the uptake measured with the balance. After air inlet however, only
32% of the actual uptake is measured by NMR (considering the same pixels as
before air inlet), and this percentage increases in time up to 73% by the final
measurement. The surprisingly low and increasing percentage of flow that can be
localized by the NMR measurements can have different reasons. Firstly it is the
SNR ofthe volume flow image. Manyxylem vessels (especially with relatively large
diameters, in the order of 40 nm (26)) which originally transported water are
blocked just after air inlet (27). Vessels that remain active probably have small
diameters (inthe order of 10\im (26)),resulting in a small amount of flowing water
per pixel, and therefore a low intensity in the flowing part of the propagator. Signal
intensity of the flowing part can become negative because of the small SNR:Rma is
estimated systematically too low and Qof the pixel decreases more than it should
(cf. the linear sampling of the cucumber vascular bundle in Fig. 7.4b, in which the
flowing part of the propagator exceeds far beyond the first negative propagator
intensity at R = 130 urn). Intime,the air in some vessels dissolves and the vessel
functions again, increasing the amount of flowing water in a pixel, elevating the
flowing part of the corresponding pixel-propagator, which now adds to the total
volume flow together with small, continuously active vessels, previously
unaccounted for. Changing the wayRmax is determined, by choosing Rmaxjust before
the second point of the flowing part of the propagator with negative intensity,
introduces more noise in the volume flow values per pixel, causing scatter in the
time-course ofthetotalvolumeflowvalues.
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The second reason for a change in the percentage of recovered volume flow can
be found in the use of the reference tube for calibration. In the presented TSE
experiments the signal intensity ofthefirst echo determines thetotal integral of the
TSE image (18). Inthe time t from excitation to the first echo the NMR signal S(t)
decays accordingtothespin-spin relaxationtimeT2:
S(t)=A0e^

[4],

inwhichA0 isthe initialsignalamplitude. Ifthespin-spin relaxationtime ofthewater
in the reference tube differs largely from the T2 of the water in the xylem vessel
(relative tothetime from excitation tothefirst echo),the signal intensity inthe TSE
image of the water in the reference tube is attenuated with a different factor than
the intensity of the water in the vessel. If the first echo time is at 17.5 ms after
excitation and the relaxation times of the reference tube and the xylem sap are
approximately 150 and 400 ms respectively (as is the case in the cucumber plant
stem), the difference in signal intensity in the corresponding integral of the
propagators is 7.5%. However, if T2-values of the xylem sap are in the order of 50
ms and thefirst echo is at 23.2 ms after excitation,the difference in the integral of
the propagators is 36%.If the exchange of water into and out of the xylem vessels
inthe stem segment changes, because of changes in permeability for water when
restoring original flow-profiles, the T2-values of the xylem vessels could change in
time. This would change the signal attenuation factor and thereby the calculated
volumeflow.
A decrease of the T2 of water in the vessels in time can also introduce a blurring
effect on the TSE images (18). This effect will spread the propagator intensity of a
pixel in the phase encode direction lowering the SNR of the flowing part of the
propagator ofthat pixel,ofwhichthe consequences were described inthe previous
section. Inthiscomplicated matter, itmight beworthgiving uptime resolution bynot
using the TSE sequence, but evaluate the signal decay for every q-step with a
multiple spin echo train. In that case a signal decay curve is available for every
point ofthe propagator, sodifferent relaxation times can beascribed toflowing and
stationary water within one pixel. A propagator of the initial signal amplitudes can
then be constructed for accurate quantification as described in the addendum of
Chapter3.
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Conclusions
NMR imaging studies of large plants do not necessarily have to be performed at
high magneticfield strength.The accessibility ofthe iso-center ofthe magnetic field
and the possibility to position the plant vertically are two advantages of using an
electromagnet or a wide-bore vertical superconducting magnet. Electromagnets
usually have lower magnetic field strengths and therefore a low SNR. The use of
dedicated solenoid rfcoilsovercome partofthelowSNR problem.Thepossibilityof
acquiring many signal-containing echoes of plant tissue at low magnetic field
strength also increases the SNR and creates great opportunities for plant studies.
This long echo train can be used either for quantitative water density and T2
measurements, or to shorten the measurement time with a TSE train, enabling a
faster acquisitionofanymagnetization-prepared image.
Theflow profile ofwater,flowing inapixelof an image of a plant stem,depends on
the size of the xylem vessels relative to the size of one pixel and the observation
time that is used to monitor flow in a PFG experiment. Therefore it is necessary to
record the complete distribution of displacements within the observation time. The
dynamic range problem of probing high linear velocities in a propagator can be
circumvented by stepping the PFGs in a non-equidistant way. Sampling small qvalues in more detail and interpolating larger q-values increases the SNR of the
flowing partofthe corresponding propagator andenlargesthedisplacement axis.
A high spatial resolution is not always necessary but always a trade-off with time
resolution, accuracy and detail in the displacement distribution. In quantitative T2
imaging a high resolution can even severely distort the T2-contrast, because of
additional signal attenuation due to self-diffusion in large read-out gradients. One
can obtain a kind of sub-pixel resolution by fitting or calculating more than one
parameter for every pixel of an image. In a multi echo experiment one can
distinguish differentwaterfractionswithinone pixelorwithinthesametype oftissue
(byfitting multi-exponential decay curves),and inadynamic NMRexperiment (PFG
TSE imaging)onecandiscriminate stationaryfromflowing water.
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If the amount of flowing water within a pixel becomes too small, problems with
extracting the flow characteristics can occur. Some of the possible reasons can be
a low SNR or differences in T2between the flowing water and the water used for
calibration (in a reference tube). With complicated quantification problems an
experiment probing both the propagator and the signal decay curve for every pixel
can beconsidered.
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Summary

This Thesistreats oneofthe newtechniques in plantscience i.e. nuclear magnetic
resonance imaging (NMRi) applied to water motion in plants. It is a challenge to
measure this motion in intact plants quantitatively, because plants impose specific
problems when studied using NMRi. At high magnetic field strength air-filled
intercellular spaces in the plant tissue cause susceptibility-related local magnetic
field inhomogeneities, which are much smaller at low magnetic field strength. The
inherently low signal-to-noise ratio at low magnetic fields is compensated by the
possibility to record a long train of spin-echoes, since generally the spin-spin
relaxationtimeT2at lowmagneticfield islongerthanat highmagnetic field.
In this Thesis the spin echo train is used to shorten the time to produce an NMR
image. As a result, time-dependent flow phenomena can be followed at a
physiologically relevant time scale using dynamic NMRi employing either a pulsed
field gradient (PFG) spin echo sequence (for fast flow, Chapter 2) or a PFG
stimulated echo motion-encoding sequence (for slow flow, Chapter 3). Using the
quantification method presented in this Thesis (Chapter 4) a number of flow
characteristics canbedeterminedforeverypixelinanimageofaplantstem:
• thetotalamount ofwater,
• the amountofstationarywater,
• theamount offlowingwater,
• the mean linearflowvelocityoftheflowingwaterand
• thevolumetric flowrate.
Theseflowcharacteristics,togetherwiththewater density (ortotalamount ofwater)
and the T2 value per pixel (measured with quantitative T2imaging),were studied in
thestemofacucumber plant asafunction ofthe day-night cycle and cooling ofthe
root system. Root cooling results in inhibition of the water uptake and xylem- and
phloem transport, and causes severe wilting of the plant leaves. Following root
cooling, during recovery of the plant from its wilted state, the T2-values of tissue
around the vascular bundles strongly decrease, which may indicate an increased
membrane permeabilityforwaterofthetissuecellsinthis period(Chapter5).
During rootcooling,large negative pressures inthe plantxylemcause cavitations in
the vessels, blocking further water transport. In this Thesis the first direct in vivo
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observations of refilling of cavitated xylem vessels are presented (Chapter 6). This
refilling takes many hours and occurs while nearby vessels are under tension and
are transporting water. This finding has important implications for the mechanism
underlying the refilling process: water entering the refilling vessel must be
hydraulically isolatedfromflowingwater innearbyvessels.
The strategy (Chapter 7) and methodology of quantitative flow and T2 NMR
imaging, discussed in this Thesis have opened new ways to find answers to
longstandingquestions inplantscience.
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Samenvatting
Dit proefschrift behandelt een voor plantenwetenschappen nieuwe techniek, te
weten NMR imaging (ruimtelijk opgeloste kernspinresonantie) toegepast op
beweging van water in planten. Het is een uitdaging deze bewegingen in levende
planten te meten omdat planten specifieke problemen met zich meebrengen
wanneer deze kwantitatief met NMR imaging bestudeerd worden. In sterke
magnetische velden veroorzaken met lucht gevulde intercellulaire holtes in
plantaardig weefsel lokale magneetveld inhomogeniteiten, die veroorzaakt worden
doorverschillen insusceptibiliteit, en die bij lagemagneetveldsterktesveelzwakker
zijn. De aan lage veldsterkte inherente lage NMR signaal/ruis verhouding wordt
gecompenseerd door de mogelijkheid tot het opnemen van een lange spin echo
trein, omdat in het algemeen de spin-spin relaxatie tijd T2 bij lage
magneetveldsterktelanger isdan bijhogere magneetveldsterkte.
In dit proefschrift wordt de spin echo trein gebruikt om de opnametijd van een
image te verkorten. Hierdoor kunnen tijdsafhankelijke stromings-processen op een
fysiologisch relevante tijdschaal bestudeerd worden met een gepulste veld gradient
spin echo sequentie (voor snelle stroming, Hoofdstuk 2) of een gepulste veld
gradient gestimuleerdeechosequentie (voor langzamestroming, Hoofdstuk 3).Met
de kwantificeringsmethode, gepresenteerd in dit proefschrift (Hoofdstuk 4), kunnen
de volgende stromingskarakteristieken worden bepaald voor elk pixel in een NMR
imagevandeStengelvaneen plant:
• detotale hoeveelheid water,
• de hoeveelheid stilstaand water,
• de hoeveelheid stromendwater,
• degemiddeldelineaire stroomsnelheidvan hetstromendwateren
• devolumetrischestroomsnelheid.
Het verloop van deze stromingskarakteristieken samen met de totale hoeveelheid
water en de T2per pixel (gemeten met kwantitatieve T2metingen) is bestudeerd in
de Stengel van een komkommerplant als functie van het dag-nacht ritme en het
koelen van de wortels van de plant. Wortelkoeling remde de wateropname, het
xyleem- en het floeem transport en Netde bladeren van de plant sterk verwelken.
Na wortelkoeling, in de tijd waarin de verwelkte bladeren van de plant zich weer
herstellen, zijn de T2waarden van het weefsel random vaatbundels veel lager dan
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ervoor, wat zou kunnenduiden op een verhoogde permeabiliteit voor water van de
membranen van de cellen in het betreffende weefsel gedurende deze periode
(Hoofdstuk5).
Grote onderdrukken in het xyleem van de plant tijdens wortelkoeling veroorzaakte
cavitaties in de vaten, waardoor water transport geblokkeerd werd. In dit
proefschrift worden de eerste, directe in vivowaarnemingen van het opvullen van
gecaviteerde xyleemvaten beschreven (Hoofdstuk 6). Dit vullen van gecaviteerde
vaten neemt vele uren tijd in beslag en gebeurt terwijl bijna aangrenzende
xyleemvaten nog gewoon water transporteren en dus een onderdruk ervaren. Dit
gegeven heeft belangrijke consequenties voor het mechanisme van het opvullen
van gecaviteerde vaten: water dat het gecaviteerde vat binnenkomt mag niet in
hydraulisch contact staan metwater indeomringendevaten.
De onderzoeksstrategie (Hoofdstuk 7) en het gebruik van de kwantitatieve
stromings- en T2 metingen in dit proefschrift hebben nieuwe mogelijkheden
gecreeerd om antwoorden te vinden op al lang bestaande vragen in de
plantenwetenschappen.
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