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We present a pulse sequence that enables the accurate and
spatially resolved measurements of the displacements of spins in a
variety of (biological) systems. The pulse sequence combines
pulsed field gradient (PFG) NMR with turbo spin-echo (TSE)
imaging. It is shown here that by ensuring that the phase of the
echoes within a normal spin—echo train is constant, displacement
propagators can be generated on a pixel-by-pixel basis. These
propagators accurately describe the distribution of displacements,
while imaging time is decreased by using separate phase encoding
for every echo in a TSE train. Measurements at 0.47 T on two
phantoms and the stem of an intact tomato plant demonstrate the
capability of the sequence to measure complete and accurate
propagators, encoded with 16 PFG steps, for each pixel in a 128 x
128 image (resolution 117 x 117 x 3000 mm) within 17 min.
Dynamic displacement studies on a physiologically relevant time
resolution for plants are now within reach. © 2000 Academic Press

Key Words: flow; diffusion; transport processes; plants; porous
systems.

INTRODUCTION

a complete distribution of displacements within a certain tim
must be constructed for every pixel of an image and the SN
of the properties of interest must be sufficiently high to produc
results with acceptable accuracy. The standard dynamic NV
experiment, in which an image witlh X n picture elements is
recorded, combined witin gradient steps to encode for dis-
placement takesx X m acquisitions to complete. Conse-
quently, the total acquisition time may exceed several hou
(3, 4), and changes within the measurement time will be ave
aged out over the experiment. Therefore, a faster way
performing the dynamic NMR experiment is needed in plant:
The time resolution of a PFG NMR imaging experiment ca
be increased by reducing the number of phase and flow encc
ing steps %, 6). Reducing the number of phase encoding ster
directly reduces the spatial resolution in one direction of th
images, which is not desirable in plants, where the small tisst
dimensions require an in-plane resolution on the order ¢
100 X 100 um. Rokittaet al. (6) assumed a certain flow profile
for the observed spins and fitted the signal, attenuated by
reduced number of flow encoding steps, to a model functiol

Diffusion and transport processes of water in objects such/gother approach to decrease measurement time is the use
tissues, soils, model systems, plants, food, separation colunfisecho train. Echo planar imaging (EFI, 8)) is not appli-

bioreactors, and biofilms are of interest for researchers in ma#gple in plants, because intercellular spaces in plant tissu
different fields. Some problems can arise when complex peause magnetic field gradients in the sample and shortefithe
rous systems such as vegetable or animal tissues are monitoféastically (e.g..<40 ms). In a 180° pulse train with normal
the water status of the studied system can change quickly, &R echoes, the signal decays under the influence of the lon
water flow profiles and diffusional properties (e.g., restrictiondy- The multiple spin echoes can be used to step rapid
are generally unknown. Dynamic NMR microsco®) pro- throughk space by phase encoding the echoes separately (tut
vided the means to study the distribution of water displacgPin echo, TSE or RARED]). TSE is used here with the new
ments microscopically and noninvasively in a wide variety deature that all echoes in the train can be acquired with conste
systems. This method combines NMR imaging with quantitand coherent amplitude and phase, which is a prerequisite |
tive displacement studies using pulsed field gradients (PFG&Mbining dynamic NMR microscopy with TSE. Thus not

Since the water status of a plant can change within half 8Rly the signal amplitude attenuation can be measured as
hour, dynamic studies of that status should be at a physioldgnction of the PFGs1(0) but also the phase development,
ically relevant time scale of less than 20 min. Because the flgintaining flow information.
profile and diffusive behavior of the plant tissue are not known,

THEORY

! Parts of this work were presented at the Fourth International Conference oNThe displacement of an ensemble of spins ina magnetic fie
Magnetic Resonance Microscopy and Macroscopy in Albuqguerque, NM, on

Sept. 20-24, 19971}, ' €an directly be measured by the use of two gradient pgsés
2To whom correspondence should be addressed. E-mail: Henk.vanag@rationd and spacing\ (see Fig. 1). A uniform displacement
water.mf.wau.nl. R of the spins results in a phase shiftof the NMR signal:
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¢ =v8g9-R, [1] The mean square displacemeritdue to (unrestricted) dif
fusion is proportional to the corrected observation time~
in which vy is the gyromagnetic ratio of the spins observed. 6/3) and results in a Gaussian propagator positioned at tl
If the displacement of the spins within the observation tim@ean displacement of the observed water molecules:

A is not uniform but completely random, e.qg., diffusion in a
nonflowing liquid with a self-diffusion constam, there will ~ R-—p\?
be no phase shift but only an attenuation of the NMR signal P(R) = A exp(—( ) /2>
amplitudeS(g) vs g normalized to the signal amplituc0) at
g=0(@1:

(5]

For stationary water the mean displacement is zero, resulting
/S(0) = —~20282D(A — 8/3)). o1 @ Gglussmn distribution d?(R) Wlth.amplltudeA and center
S(9/S(0) = exp(=y7g ( ) [2] positionp = 0. The mean square displacemefitan be used

If the displacement behavior of the ensemble of spins un(}grcalculate the diffusion coefficient of the water through

observation is knowm priori, e.g., for pure uniform diffusion
or plug flow, an experiment with twg values ¢ = 0 andg = o?=2D(A - 8/3). (6]
X) would be enough to determine the flow velocity and the
diffusion constant of the spins. Quantification problemshe probability distribution function for water flowing lami-
emerge if the displacement behavior of individual spins in therly through a tube is the unit step function
ensemble is not known. Experiments with tgovalues can
only result in one weighted mean flow velocity or diffusion _
coefficient (2—17. P(R)=C for0 <R < R

As soon as a biological system is studied, multiple spin P(R)=0 forR <0 andR > R [7]
ensembles that differ in diffusion constants and flow velocities
contribute to the NMR signal both in spatially unresolvegvherec is a constant an&.... is the maximum displacement
measurements and even in individual pixels of a high—resoluf h " th b m.axh.m Sj flowi P |
tion image. To correctly quantify the unknown displacemer?t ;.stwg.tf?r n t ::-htu e'twf ! f' |:\_ce . O\t/)vmgdwat((ajr a‘:’joth
behavior of the observed ensemble of spins, one must measgjxre('j s IRUSI_OHO, edulgl _S Ep uhction 15 rc;]a Ifege an
the NMR signalS(g) as a function ofy (18). In that case, the . orders aiR = 0 an — Rmax appear as hafl->aussians
NMR signal is a superposition of phase terms expg - (r’ — instead of sharp e.dges' of the propggator. .
r)) derived from Eq. [1] weighted with the spin densitfr) at When g-space imaging is combined with normal NMR

" . - B . imaging, one can perform so-called dynamic microscopy e
a positionr multiplied by the probabilityP(r|r’, A) that a spin X . X
mgves from posFi)tiorr tg posirt)ionr’ in frr(ue' A ) P periments, a term which was first named by Callaggn (

In conventional imaging, the signal in tinteevolves under
the influence of a gradiert encoding for position (in two
, . , , dimensions). Diffusion and flow in the direction of the imaging
S(g) = f p(r) f P(rlr’, A)expliydg- (r" — r))dr” dr. gradients might introduce extra signal attenuation if the imac
ing gradients are of significant size compared to the PFG
[3] However, this extra signal attenuation, if any, will not vary a:
a function of the PFGs but will be equal for every stepgin
By defining a reciprocal spacg = y8g/27 and a dynamic space. Therefore the imaging gradients will not affect the sha
displacemenR = r’ — r, independent from the initial spin of the propagator. So incorporating the well-knowaspace

position and density, one can rewrite Eq. [3] as description for imaging
S(q) = J P(R, A)exp(i27q - R)dR [4a] S(k) = j p(r)exp(i2mk - r)dr, [8]
P(R, A) = f S(q)exp(—i2mq - R)dq. [4b]  with k = y8G/27 in Eq. [4] the total signal as a function &f

andq space is

This demonstrates the Fourier relationship betw8@r) and

P(R, A). A Fourier transform of3(q), the NMR signal as a i _

function ofq, results in the averaged probability distribution of Sk, q) = J p(r)expizmk - 1) J PR, 4)
displacements of all spins observed: the averaged propagator,

P(R, A). X expi27q - R)dR dr. [9]
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The result of such a microscopic displacement measurement is

(180°),
a series of conventional images, obtained after a two-dimen- U 90° |

sional Fourier transform with respect kg which contains the .
propagator of the spins after Fourier transform with respect o
g in the third dimension. ;

MATERIALS AND METHODS : —

..
2
f

o T I
The Pulse Sequence ! ’_| ' | K | |
Figure 1 shows an outline of the pulsed field gradient turtfo ——p i

spin—echo (PFG-TSE) pulse sequence. This sequence is ai [g

combination of two techniques: the pulsed field gradient Caré;, ; |

Purcell (PFG CP) sequencd9 and the turbo spin—echo ; ! !

technique, also known as RARBE)( originating from the idea = — i V/\VEUI\V /\VEV/\ /\V:\/\v AHA

of using multiple echoes to phase encode the NMR sighal (“*™" : ; ; ’ ;

The improvement of this sequence compared to previous re- ] _ _ _

ports on PFG-TSE10) involves the ability to maintain a . FIG. 1. PuI;ed field gradient 'turbo spin—echo pulse s_equence.oAII direc
. . tions show a pair of crusher gradients around the first (train of) 180° pulse(s

constant amplitude and phase throughout the echo train. Th'ﬁ e direction of the displacement-encoding PFGs (the slice direction), th

the property that enables the combination of encoding for fl@wishers are negligible compared to the PFGs.

with PFGs and decreasing the acquisition time with the TSE

technique. A short description of the sequence follows.

In the first part of the sequence a selective 90° pulse indudssnegligible compared to the controlled signal attenuatio
magnetization perpendicular to the static magnetic field inrasulting from the high read-out gradient to ensure that th
selected slice. This magnetization is encoded for displacemebserved resolution of the image is the same as the calcula
by two ramped PFGs in the slice direction. The amplitudg ofresolution 24, 25.
is varied from —g,.x via zero to +gm.: in m steps. In The number of echoes in the RF pulse train used for pha
calculating the effective duratiod of a PFG, one ramp is encoding the NMR signal (the turbo factor tf) is variable and i
included.A can be varied by changing the first echo titpge determined largely by th€, of the sample. Figure &hows the
and additional 180° pulses with variable spacin@0) can be k-space raster for an experiment in which eight scans with 2
inserted between the two PFGs. The signal is not stored al@ahoes form two images. The centerko§pace, arounét, =
thez axis duringA — 8 as in a stimulated echo (STE) sequenc@, is sampled with the first two echoes of the eight scans. A
(21, 22 but remains in thexy plane. In thexy plane the subsequent echoes are placed symmetrically arkyrdO. In
additional 180° pulses are used to overcome susceptibilibyis way, theT, relaxation in the echo train leads to a steppe
problems by refocusing the signal. The XY-8 phase scherdecrease of the signal amplitudekirspace fronk, = 0 to the
(Xyxyyxy¥, is used to avoid losing the phase dispersioborders ofk,. The choice in the number of echoes is a eom
imposed by the first PFG in the time between the two PFGs dpmise between measurement time and resolution. If tc
to RF pulse imperfectionsl, 20. many echoes are used, the signal of those pixels with §hort

In the second part of the sequence the displacement-encodaldies decays too much, resulting in a heavy filtering inkihe
complex NMR signal is phase sensitively recorded in a train dfrection: the intensity of the pixel containing water with the
spin echoes. The cumulative error of imperfect 180° pulsessBort T, values is distributed over neighboring pixels in the
now overcome by using an MLEV-4{x—x X), phase pattern phase-encoding direction. Different trajectories throughkthe
in the pulse train, which performed best with the instrumentdirection should minimize this artificial spreading6j. Fur-
setup used23). The use of spin echoes compared to gradietttermore, to reduce unwanted recombination of phase-encc
echoes has the advantage that the decay in signal amplitudengfgradients, every echo is phase encoded differently from i
the echoes in the train is governed Byinstead ofT %, which neighboring echoes. This is possible by rewinding the pha:
is the case in an EPI experimeid®?2( 15. This advantage turns gradient after each ech@y).
into an absolute necessity if samples with very sidrivalues It should be noted that the phase of the odd and even echc
are studied. The susceptibility problems in plants can only i®not exactly the same but remains constant for both types
overcome by using a spin—echo train. The combination ethoes throughout the echo train. Therefore the odd and ey
short, hard 180° pulses (24s) and strong, fast switchingechoes are separately phase encoded to form two complet
gradients (10Qus ramps) enables short echo times (4.60 ms) s¢parate images (s&espace trajectory in Fig. 2). Using, for
a spectral width of 50 kHz and 128 sample points. The receivexample, a tf of 32 means that for imagesndfpixels 2n/tf
acquires data with a high duty cycle (2.56 ms acquisition stans are acquired in which 16 odd and 16 even echoes
every 4.60 ms echo). The signal attenuation due to the $Hort used for phase encoding the signal, resulting inmvoomplex

tel
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FIG. 2. k-space raster for a 128 128 image obtained in eight scans. The first echoes of the eight scans form the cé&rgpacé for the odd-echo image
(a), and the second echoes of the eight scans form the certapate for the even-echo image (b). The third and all other odd echoes are placed symmetri
around the center of thiespace raster for the odd-echo image, just like the fourth and further even echoes are placed symmetrically around the cente
k-space raster for the even-echo image.

images: one from the even and one from the odd echoes. Afteff averaging is necessary to increase the SNR of the image
phase correction, the two complex images are summeddo artifacts are subtracted by taking an even number of ave
increase the SNR. ages in which the phase of the soft 90° pulse is shifted iy

In the first and second parts of the sequence, hard 183fery scan. If averaging is not performed, a dc correction
pulses are used, since they are short. Residual magnetizatiomatle by subtracting the mean level where no signals a
the hard pulses in they plane is suppressed with gradientspresent from the echoes.
crusher pairs are applied in three directions. In the direction of
the displacement-encoding PFGs, the crl_Jshers are of “egl_igilgl'_gasurement Objects and Spectrometer
size compared to the PFGs. The dephasing read-out gradient is
applied before the first 180° pulse, so refocusing of initial Three objects were used to test and illustrate the possibiliti
magnetization of the soft 90° pulse will not occur at the sanwod the pulse sequence: two phantoms and a tomato plant. T
time as any residual magnetization from the hard pulses in thest phantom consisted of six small test tubes filled with wate
read-out direction. A disadvantage of using hard 180° pulsdsped with different concentrations of MnGb vary theT,.
instead of soft pulses in combination with slice gradients is th@his was done to study the effect of the differdntvalues on
the time between scans cannot be used to measure a diffetbatquality of the TSE images and the effect on the single-pix
slice, because the whole sample is excited with the pulsespfopagators. The second phantom, used to evaluate the ac
multislice experiment is still possible but requires measureacy of measuring flow with the PFG-TSE imaging sequenc
ment conditions (longer echo times or larger spectral widtijas a test tube (i.d. 3.0 cm) filled with doped water (tap wate
different from those of a single-slice experimeas) with CuSQ). Inside the test tube with stationary water was :
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TABLE 1

Mean Values and Standard Deviations (SD) of the Following Calculated Parameters for the Six Different Tubes in the First Phantom:
The T,, the Signal Amplitude at the Moment of Excitation (Amp), the Self-Diffusion Constant in the Propagator (D,), and the
Self-Diffusion Constant in the Stejskal-Tanner Plot (D,)

[MnCl,] T, ) Amp SD D, ) D, SD

Tube (mmol/L) (ms) (ms) (au) (au) (10°° m?/s) (10°° m?/s) (10°° m?/s) (10°° m?/s)
| 0.0 1.5x 10° 45x 10° 10.2 0.6 2.20 0.16 2.20 0.19

1] 0.2 118 3 25.8 1.1 2.19 0.13 2.24 0.13
1l 0.4 59.8 2.1 26.1 1.1 2.18 0.18 2.27 0.17
v 0.8 29.2 1.3 24.6 1.4 2.23 0.13 2.37 0.22
\% 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

second, empty test tube and a third, flexible, looped tube witirection (less than one pixel) with respect to the image of th
water passing through the RF coil two times: flowing up anelven echoes. A first-order phase correction in the phase-enc
down. The flow rate through the flexible tube was controlleidg direction before the Fourier transform minimizes the dif
with a Waters 4000 HPLC pump (Waters Corp., Milford, MA)ference in position of the sample in the two images.

The final object was a 60 cm tall, 10 week old, tomato plant. Subsequently, zero- and first-order phase corrections of tl
The plant, including pot, was put in the instrumental setugven and odd echo images @t= 0 are performed in both
(light intensity approximately 150 lux, relative humidity 65%jmage directions and used to correct the displacement-encoc
and air temperature 26°C) 2 days before measurements andges. Furthermore, a linear phase shift of the total imag
was flowering during the measurement. with respect tag is caused by a PFG-depend@htfield shift

The spectrometer was an SMIS console (SMIS Ltd., Guilénd is corrected by zeroing the phase of stationary water eith
ford, Surrey, UK), operating at 20.35 MHz, equipped with aim a reference tube or in the studied object. Finally, the PF
electromagnet (Bruker, Karlsruhe, Germany), which generatisection or g-space data are zero filled once and Fourie
the 0.47 T field over a 14 cm air gap and is stabilized by the usansformed to form a complex propagator for every pixel ir
of an external**F lock unit (SMIS). The phantoms and thethe even and odd images. The propagators of the odd imag
tomato plant were measured in a custom-engineered gradiarg mirrored and shifted by one point to enable the addition «
and RF probe (Doty Scientific Inc., Columbia, SC) with a 4the odd and even images to one final image set (so-call
mm (i.d.) cylindrical central bore, accessible from both endpropagator images). The real part of this set contains tt
The 48 mm solenoid RF coil was surrounded by a set pfopagators whereas the imaginary part only contains nois
actively shielded gradients (maximum strengths were 0.6Dhe width of the displacement axis of the propagator is dete
0.51, and 0.60 T/m for the, y, andz directions, respectively). mined by 1#gg.®0. In the 3D FT no filtering is applied. All
For the measurements on the tomato plant, the probe’s RF adta handling is performed in IDL (RSI, Boulder, CO).
was detuned and an extra solenoid RF coil with an i.d. of 15
mm, directly wrapped around the plant stem, was inserted in
the 45 mm bore gap of the gradient probe, increasing the SNR RESULTS

by a factor of approximately 48/1%5 3 (29). The Phant
e Phantoms

Signal Processing TheT, values of the six test tubes in the first phantom varie

A data set ofm images withn® pixels obtained with the over a range of three decades. To measure thgsalues, we
PFG-TSE pulse sequence contains three dimensions of carsed a multiecho experiment with a train of 48 echoes (ect
plex data. The first dimension contaimssample points in timen X 4.6 ms) to obtain a series of images with decreasin
which one echo is read out. The second dimension is composa@nsity. For every pixel in the images the real part of th
of a number of views (@tf) and echoes (tf), which are nec-complex signal attenuation (after phase correction) in the ecl
essary to form the total ofi phase-encoding steps for twotrain was fitted to a monoexponential decay to calculate valu
images. The third dimension holds tlme PFG steps. The for T, and the initial signal amplitude28). Table 1contains
primary data handling involves reshuffling the different viewthe calculated values of medn and initial signal amplitude
and echoes inta phase-encoding steps for two images in thiogether with standard deviations for every tubie: values
correct order with respect to,. The complexk-space data is range from 5.4 ms to 1.5 s. The mean signal amplitude fc
Fourier transformed and here the main reason for obtaining teeery tube was calculated from only those pixels (around 4
complete complex images emerges: the image construcfedevery tube) that were completely filled with water: we did
from the odd echoes is shifted slightly in the phase-encodingt use pixels near edges to exclude partial volume effec
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Figure 3a shows an image of the same six tubes filled wit
doped water, acquired with the PFG-TSE sequenag at0.
Although the first echo in the experiment is at 13.0 ms afte
excitation, one can still observe tube VI withTa of 5.4 ms.
The effect of smearing of these shait values in the vertical,
phase-encoding direction of the images is clear in tubes V ai
VI and some vertical ghosting is present around tubes IV ar

b V (maximum intensity around 7% of maximum intensity in the
tube). Subsequently, we obtained propagator images for the :
FIG. 3. Images of six tubes with doped water: (a) the real part of thphantom tubes and subjected all propagators to a nonline
complex signal ag = 0 of a PFG-TSE experiment; (1) for every pixel, |east-squares fit to a Gaussian function (Eq. [5]) using th
calculated th'rough Eq. [5], withr_derivgd from'the fit to the propagator. Levenberg-Marquardt metho80). To calculate the diffusion
Parameters: image size 128128 pixels, field of view (FOV) 55 mnt.1 13.0
ms,t.2 4.6 msA 6.26 ms,8 3.5 ms, tr 480 ms, slice thickness 3 mm, 16 PFC§:OnStanD from o, we used Eq. [6] These results are presente
steps, PFG,, 0.457 T/m, tf 16, measurement time 4 min 23rs24°C. in Fig. 3b. The data from the PFG-TSE experiment were als
analyzed in the same manner as proposed by Stejskal &

Since partial volume effects do not significantly influencéanner (Eq. [2], 11)): a weighted least-squares linear fit of
signal attenuation, we did use partially filled pixels to calculaie(S(g)/S(0)) to y’g*8*(A — &/3) for every pixel resulted in a
T, values; for the meaffi, values, around 80 pixels were used® map. The meaiD and its standard deviation (SD) for each
for calculations. In the calculated mean amplitudes the ampibe in the images is summarized in Table 1. We take X20
tudes of tubes Il to VI are comparable. Only tube | shows ¥ ° m?/s to be the self-diffusion constabt for free water.
lower amplitude, because of partial saturation: the low signalPropagator images of the second phantom (Fig. 4a) we
intensity and the lond, (and therefore lond;) compared to fitted to Eq. [5]. The propagators of three pixels (solid lines)—
tr result in an inaccurate estimation ©f and an underesti one pixel with stationary water, one pixel in the middle of the
mated calculated amplitude (see Table 1). tube with water flowing up, and one pixel in the middle of the

Stationary water

Empty test tub
pty test tube 60(

Looped tube with a0t
flowing water

20

Displacement (um)
(=]

3 20F
o
= e
-60
Ao
Position

i’

Position
-2 .| " L i 1 1
-100 -50 0 50 100
Displacement (um)

FIG. 4. Summary of data of the phantom with stationary and flowing water. (a) An image &, perpendicular to the axes of the tubes. (b) The propagato
of three individual pixels (solid lines) and their fits to the Gaussian function (dashed line). One pixel contains stationary water, one pixehbas floaxup,
and one pixel has maximum flow down through the slice. (c) Mesh plot of the spatial distribution of displacements. The countercurrent flow of teater re
two antisymmetrical parabolic profiles in the tube with flowing water. Parameters: FOV 40.M20.2 mst.2 4.8 ms,A 12.76 msg 4.5 ms, tr 1700 ms, slice
thickness 3 mm, 32 PFG steps, PE@0.385 T/m, tf 32, measurement time 16 min 30'24°C, volume flow 1.00 ml/min.
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FIG. 5. Images of a transverse slice through the stem of the tomato plant. (a) A calculated amplitude image. (b) A calculzge. (c) A TSE image
atg = 0 of the real signal amplitude after phase correction. (d) Images of the real signal amplitude at calculated displacements of 0, 11.4, 22.8531.2,
wm. The shown signal intensities are in arbitrary units. Parameters for (a) and (b): FOV 14186 ms,t.2 5.2 ms, tr 1500 ms, slice thickness 3 mm,
acquisition time 32 minT 26°C. Extra parameters for (c) and (d): FOV 15 nigi, 17.2 msA 9.56 ms,6 4.5 ms, tr 800 ms, 16 PFG steps, RE®.457 T/m,
tf 32, measurement time 17 min 8 s.

tube with water flowing down—uwith their fits (dashed lines) té-igures 5a and 5b show single-parameter images of the a
the Gaussian function are displayed in Fig. 4b. Since displag#itude andT, of the stem of the tomato plant, acquired in the
ment caused by coherent flow is proportionaliidhe position same manner as described for the first phantom. The TS
p of the fit to the Gaussian function corresponds to the mednage atg = 0 is shown in Fig. 5¢. One can observe that th
displacement of the water in the observed pixel witin Stem mainly consists of spongy parenchyma with large cell
Figure 4c displayg for every individual pixel of the slice which results in high values for,. In the center of the stem a
through the phantom. The maximum displacement of the waf&Vity is visible where no signal is detected. The outer rings
flowing up and down through the slice was measured at 631 stem, from the ring with lower intensity near the middle
and 58.9um within A, respectively. These values correspon@nd three broadened regions visible in the amplitude image, |
to linear flow velocities of 4.76 and 4.62 mm/s. The forcelp the surface of the stem contain transport vessels with su
water volume flow of the pump was set to 16.7 Msnwhich, porting_tissqes and fiberd., valges in the outer rings shov_v
assuming a laminar, parabolic flow profile exists within the tugg0re diversity because of the different cell structures and siz
(i.d. 3.0 mm), results in a maximum linear velocity of 4.72 mm/$31) which occur there. The dot on the lower right side of the

Additionally, Eq. [1] predicts a linear relation between thdNages is a reference tube with doped water. The referen
phase of the NMR signal and the displacement of the spinstﬂpe axis is not exactly perpendicular to the image plane so

time A. When the phase of the signal of the center of the tub@gage is somewhat elliptical.
was fitted to Eq. [1], we found a maximum linear velocity of

The pixel size of this image set containing the single pixe
4.81 mm/s (flowing up) and 4.52 mm/s (flowing down). Thgropagators Is 117< 117 > 3000 pm. From microscopic
correct value should be 4.72 mm/s, as reported earlier.

Studies, we know that the internal diameters of the xyler
vessels in the stem range from approximately 10 to k60
(32). Distances between individual xylem vessels are in th
The Tomato Plant same order of magnitude.
Since most xylem vessel radii are smaller than the pixel siz
The most demanding object in terms of time resolution anbere will probably be no pixels in the images that contain onl
spatial resolution, but also the most interesting object in terflewing water. From the information contained in the propa
of dynamics presented here, is the stem of a tomato plagator images, images can be constructed representing the pr
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6T T T T 3 The calculation oD of the stationary water in the six tubes
~ [ ~ 1 of the first phantom by the fit of the propagator to a Gaussic
ISk SN 4 function resulted in values around the valudxfor free water
= P i at 24°C (Table 1). The error iD, which is 8% or smaller for
é 4F H | 4 tubes|to V, remains well within a standard deviation (SD) o
= { : 1 10%. SinceD is proportional tog® (Eq. [2]) and the gradient

noise can be up to 3%, deviationshnup to 6% are the result
of gradient noise.

The calculation oD by the Stejskal-Tanner (ST) analysis
should result in approximately the same valuesDoas ob-
tained with the propagator analysis, because the same data
used for both calculations. In the measurements reported he
the ST analysis gives less accurate results. In the propaga
analysis three parameters are fitted to the data, which is o
parameter more than in the ST analysis. This third pararpeter
the position of the Gaussian-shaped propagator, is not alwa
zero as can be seen in Fig. 4c. The ST analysis does not he

o . a parameter to correct for this error, which, of course, is als

FIG. 6. Propagator of a pixel in the reference tube (dashed line) and a . . .

pixel in one of the three areas of the tomato plant that show flow (solid Iinef?..r(:*'sent n t_he data be.'fore the FT, and_th's errpr results m
higher SD inD, despite the fact that introducing extra fit
parameters normally results in higher SD values.

From the results in Fig. 3a one can see that the very Short

agator intensity for a certain displacement. A series of sughes cause a smearing of the signal intensities in the vertic
images (Fig. 5d) gives an overview of the water displacemeiiiase-encoding direction. The shape of the propagator of tt
in the slice. In this way, one can detect three areas with pixgl§jume element, however, remains the same as the propags
with low amplitudes at um displacement but high intensity aloriginating from the pixels with a longeF,, though its total
larger displacement. The pixels in these areas resemble volughgplitude is smeared over the neighboring pixels. Tube VI
elements in which water is transported upward in the plant ag¢ke first phantom is an example of a sample with volum:
they coincide with the regions with active xylem vessels of thlements with very shoff, values (5.4 ms). The calculation of
tomato plant 82). D by propagator analysis is still rather accurate, albeit with
The propagator of one pixel in the active xylem area isigher SD. In homogeneous samples, this poses no proble
displayed in Fig. 6, together with the propagator of a pixel iRroblems can emerge if two neighboring volume elements bo
the reference tube. The propagator of the pixel in the xylehave a shortT, and a different displacement behavior: in
area shows displacements withinup to 30 um, which cor- adjoining pixels of a TSE image the shape of the propagator
responds to a flow velocity of 3.1 mm/s. The shape of thigainly defined by the displacement behavior of the corre
“flowing” part of this propagator is not simply a Gaussiansponding volume element, but in this special case, both pixe
broadened step function, which would be the case for laminéill experience substantial interference from each other. Or
flow in a single xylem vessel only (Eq. [7]). Apparently, thénight consider lowering the spatial resolution to merge pixel
volume element corresponding to the pixel with the propagatéfth water with large and small, values together. This could
shown in Fig. 6 contains more than one vessel with flowir@fSO be a strategy in quantifying the propagators of all pixels |

water. It might hold a part of a second vessel with flowing slice to calculate the total volume row.through th.e sIz®.(
water that causes more signal than expected in the lower N€ S€cond phantom shows that besides diffusion also fic
displacements (10—2@m) of the propagator. mforr_natlon is well presprved in the eqho train. An unstabl

amplitude and phase in the echo train would obscure ar
displacement-correlated phase shift, enforced by the PFGs. T
measured maximum flow velocities (4.62 and 4.76 mm/s) al
accurate within 2% to the actual maximum flow velocities ir
the tube, as driven by the pump (4.72 mm/s).

The amplitude images (Figs. 3a, 4a, and 5c) of the differentThe areas with water transport in the xylem of a tomato plar
objects show that the TSE part of the sequence produces &@fkrge after constructing images at different positions on tt
images without unexpected artifacts. This means that the afiisplacement axis (Fig. 5d). These three areas can also
plitude and phase of the NMR signal throughout the echo traigcognized in thd, image. In theT, image (Fig. 5b) the areas
is constant, which is a prerequisite for calculating real imagehow a highT, variance, which may be caused by large
and for monitoring flow-induced phase shifts within the echdifferences inT, of the water in a xylem vessel and water of
train. supporting or accompanying cells. One pixel can contain mo

DISCUSSION AND CONCLUSIONS
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vessels with varying diameters than another, resulting in dif8. P. Mansfield and L. Pykett, J. Magn. Reson. 29, 355-373 (1978).
ferentT, values. 9. J. Hennig, A. Nauerth, and H. Friedburg, Magn. Reson. Med. 3,
The shape of a propagator from a volume element in the 823-833 (1986).

xylem area is not a summation of a symmetrical Gaussiakt C- F. Beaulieu, X. Zhou, G. P. Cofer, and G. A. Johnson, Magn.
shaped peak at zero displacement and one step function, broad?esen- Med. 30, 201-206 (1993).

ened by diffusion. At the obtained resolution one pixel repré- E- O- Stejskaland J. E. Tanner, J. Chem. Phys. 42, 288-292 (1965)
sents one or more xylem vessels and/or a part of one or mdfe E" N. F"m”g F;' ':'J E“pSte'rg G'(';'RH‘;“rgff'e'dMM' P'Rpa'ey' BI' E'
xylem vessels with accompanying tissue. This can result in a 12??;6012’27 '(1589?_ erwood, and . 5. rees, Wagn. eson. Med.
range of propagator shapes that are not known in advance "i‘QdD. N. Firmin, G. L. Nayler, P. J. Kilner, and D. B. Longmore, Magn.
thus obstructs the possibility to fit the propagator to a model Rreson. Med. 14, 230-241 (1990).

function for quantification. The possibility to obtain propagars. j. . M. Snaar and H. Van As, J. Magn. Reson. 87, 132-140 (1990).

tOI’S_ With high spatial r?SO|Uti0nu acceptable accuracy, antifl p. N, Guilfoyle, P. Gibbs, R. J. Ordidge, and P. Mansfield, Magn.
realistic measurement time demands the need for a model-freereson. Med. 18, 1-8 (1991).

guantification of the propagator formalisr83. 16. Y. Xia and P. T. Callaghan, Magn. Reson. Med. 23, 138-153 (1992).
The pixel size and the amount of time spent on acquisitian. H. van As and D. van Dusschoten, Geoderma 80, 389-403 (1997).

of the images of the tomato plant were small enough t®. J. Karger and W. Heink, J. Magn. Reson. 51, 1-7 (1983).

justifiably entitle the PFG-TSE technique as a fast microscopig. p. van Dusschoten, C. T. Moonen, P. A. de Jager, and H. Van As,

displacement imaging technique. If averaging is not necessary, Magn. Reson. Med. 36, 907-913 (1996).

and one would use 16 PFG steps, tr 1 s, tf 32, and image sige D. van Dusschoten, P. A. de Jager, and H. Van As, J. Magn. Reson.

128 X 128, the acquisition of a complete set of propagator Ser. A 116, 237-240 (1995).

images would take 2 min 8 s. At 0.47 T an accurate map & M. D. King, J. Houseman, S. A. Roussel, N. Van Bruggen, S. R.

water displacements in a tomato plant stem with a resolution of Wiliams, and D. G. Gadian, Magn. Reson. Med. 32, 707-713

117 X 117 x 3000 um could be obtained in 17 min 8 s. (1994).
22. F. Schick, Magn. Reson. Med. 38, 638—-644 (1997).

23. H. T. Edzes, D. van Dusschoten, and H. Van As, Magn. Reson.
Imag. 16, 185-196 (1998).
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