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A fast method for quantitative NMR imaging of flow velocities
n intact plants is described. The purpose of this method is to
bserve dynamic changes of flow velocity in the xylem of plants
fter fast changes of environmental conditions. The spatial image
esolution is 47 3 188 mm2 in-plane. The method applies a fast
radient echo sequence (FLASH). Compared to other flow NMR
maging sequences, the imaging time was reduced by a factor of 6
ith comparable signal-to-noise ratio. A complete flow measure-
ent consists of a set of 8 different flow weighted images with a

otal acquisition time of 3.5 min. © 1999 Academic Press

Key Words: NMR flow imaging; FLASH; microimaging; plants.

1. INTRODUCTION

NMR is a useful tool for investigation of the mechanism
ong distance water transport in plants. Flow NMR imag

easures the flow velocity of water in a direct and noninva
ay. There are some special difficulties when dealing
lants: the flow velocities are in general low, down to
m/s, the changes in flow velocity can occur within a
inutes, and the large amount of stationary water in the t

ompared with the flowing water in the vascular bun
auses partial volume effects and therefore dynamic r
roblems. Furthermore, large susceptibility differences du
ir-filled spaces within the plant tissue result in shortT*2 times.
low NMR imaging in plants has been successfully dem
trated by several authors (1, 2). However, rather long me
urement times were needed as a spin-echo sequenc
pplied for the imaging part and each phase encoding ste
ow encoded separately. This study demonstrates that a
MR sequence using FLASH imaging (3) can be applied t
ow measurements in plants. A complete image with 32 p
ncoding steps is acquired with only one flow encoding p
ration step. In this way, the total measurement time ca
educed by a factor of 6 from 21 min to 3.5 min in a dir
omparison with the method using spin-echo imaging (4) with-
ut a loss in signal-to-noise ratio.

2. MATERIALS AND METHODS

Ricinus communisplants, 35 to 40 days old, grown in qua
and were used for the experiments (5). The size of the plan
29
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as about 24 cm; the imaging plane was chosen 8 cm a
he sand surface. The flower pots had a diameter of 8 cm

length of 18 cm. The experiments were performed on a 7 T
ruker BIOSPEC 70/20 horizontal bore magnet. The grad
ystem was capable of achieving maximal gradient streng
96 mT/m with a rise time of 240ms. The plants were installe

n a homebuilt climate chamber (4) with full climate contro
nd the possibility to measure transpiration and assimilatio

he plant simultaneously with the NMR flow measurement
elmholtz-type radiofrequency coil with a diameter of 20 m

uned to the proton resonance frequency of 300 MHz, was
s transmitter and receiver coil.
The pulse sequence consists of two parts: flow encoding

maging (see Fig. 1). As velocities down to 0.1 mm/s are t
easured, the flow encoding is done by a stimulated
xperiment with a gradient pulse separation timeT of up to 200
s (6). At the time the stimulated echo occurs, the fourth
ulse (908y) flips they-component of the magnetization ba

nto the longitudinal direction (7–9). The phase shiftw between
he flowing and the stationary spins which is responsible fo
-component of the magnetization depends on the flow v
ty v, the strengthG, and lengtht of the flow encoding
radients and the timeT between the two gradient pulses:

w 5 gGtTv. [1]

he remaining transverse magnetization is removed
poiler gradient. In this way, partial volume effects due to
arge amount of stationary water can be avoided. In genera
essels are smaller than the pixel dimensions. Assum
aminar flow profile in these vessels, the signal depends o
verage flow velocityv avg 5 vmax/ 2 as (8)

S }
sin2~gGtTvavg!

gGtTvavg
e2g 2G 2Dt 2~T2t /3!. [2]

he exponentially decaying part in Eq. [2] describes the a
ation of the NMR signal due to diffusion (10, 11). To reduce

he total measurement time, a refocused FLASH imaging
uence (TE5 4.3 ms, TR5 11.5 ms, FOV5 6 3 6 mm2,
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atrix 5 128 3 32, slice5 4 mm, Ttotal 5 3.5 min for 8
mages, each with 16 averages) was used in the imaging
n contrast to the spin-echo method where each phase enc
tep has to be flow encoded separately, a whole image
btained with one flow encoding step. The total measure

ime is thus reduced, although FLASH imaging needs m
verages than the spin-echo method to yield the same SN
ffective phase cycle (see Fig. 1) is essential for good sup
ion of the stationary water signal.
For quantitative evaluation of flow velocities, a set o

ifferent flow weighted images is acquired, each im
veraged 16 times with 8-fold phase cycling (for details
igs. 1 and 2). For evaluation of the datasets, a pixe
ixel fit of an appropriate function according to Eq. [2]

FIG. 1. Pulse sequence for the flow measurements: The phase cycle
f plus or minus signs for each of the flow encoding gradients. This mea

he opposite direction together with a change in the pulse and receiver p
ow encoding aret 5 0.75 ms,T 5 200 ms, andGmax 5 172 mT/m.
rt.
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erformed (1). The minimum detectable velocityv min is
imited by the fact that at least the first maximum of
in2x/x-function should be observed. The error of the

ncreases if only a smaller part of the function is samp
s the maximum values forG, t, andT are limited by the
radient hardware, diffusion, andT1-relaxation, the lowe

imit of the velocity is approximately 0.2 mm/s under
onditions described here.

3. RESULTS

Figure 2 shows a flow velocity map (colored) superimpo
n the corresponding FLASH image (a) and spin-echo im
b). The FLASH and the spin-echo image, both acquired w

dicated by a column of signedx or y symbols after each pulse together with a colu
that every second step in the phase cycle, the flow encoding gradient iin
es. All acquired signals add up—it is not a difference method. Typical ves for the
is in
ns
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31FAST NMR FLOW MEASUREMENTS IN PLANTS
ut averaging on the same plant, show the same anato
etails. The cortex, phloem, xylem, and pith parenchyma
e clearly distinguished. The flow weighted images used
alculation of the velocity maps had a comparable signa
oise ratio in the case of FLASH and spin-echo imag
espectively. The average flow velocities in eight differ
ascular bundles measured with both methods are compa
able 1. They correspond in all bundles within the range o
tandard deviation. The table also contains the SNR o
nderlying images in these eight xylem regions and an ave
NR value for the pith and the cortex parechyma. As the p
row older, the eight discrete vascular bundles grow toge

FIG. 2. Flow velocity maps (colored) superimposed on the correspo
28 3 32, slice5 4 mm,Ttotal 5 3.5 min for 8 images with 16 averages
28 3 32, slice5 4 mm, Ttotal 5 21 min for 8 images with 4 averages).

TABLE 1
Comparison of Average Flow Velocities and SNR in Eight

Different Vascular Bundles of Fig. 2a

No.

FLASH Spin-Echo

#v Smm

s D SNR #v Smm

s D SNR

0.476 0.07 12.8 0.466 0.10 12.5
0.726 0.09 12.4 0.606 0.15 12.8
0.496 0.09 12.4 0.446 0.10 12.8
0.736 0.09 12.4 0.686 0.04 12.5
0.626 0.04 12.5 0.606 0.06 12.9
0.446 0.08 12.4 0.426 0.10 13.1
0.506 0.07 12.8 0.516 0.13 12.0
0.396 0.06 12.4 0.376 0.08 12.0

ith — 10.4 — 10.9
ortex — 2.5 — 10.6

a The numbers of the bundles start with the one on the top of each imag
ount clockwise. The SNR was determined in the underlying images w
ow weighting by division of the signal in the region of interest by the stan
eviation of the noise outside the object.
cal
n
r
-
,
t
in

e
e

ge
ts
er

o a ring. Therefore, it is understandable that flow also oc
etween these bundles. It is interesting to note that the FL

mage and the spin-echo image, both acquired without av
ng, show almost the same SNR in the xylem area, wherea
NR of the FLASH image is worse in the cortex region. As
e seen on optical micrographs, the cells in the cortex re
re smaller than in the pith region. Therefore, it can be
ected that theT*2 times are shorter than in the other tissues
dditional shortening ofT*2 might result from deposition o
tarch grains.
The flow measurements were performed over a total

eriod of three hours under different illumination con
ions. Figure 3 displays the flow velocity in the xylem avera
ver the whole stem cross-section. For averaging of
elocities, only data points with nonzero values are ta
nto account. In the case of volume flow (velocity tim
ignal amplitude of the flow weighted signal), data po
ith values of zero would also be considered. If the flow

arger parts of the stem cross-section stopped or fell to
ow velocities, this would lead to significant changes in
olume flow rather than in the flow velocities. On the ot
and, velocities are almost independent of most param

hat influence NMR images (e.g., relaxation times). In
easurement there was no appreciable difference in the
ependence of velocity and volume flow. The dotted ver

ines in the graph mark the former time resolution of 21 m
t can clearly be seen that most of the information abou
ime course of the changes would be lost with a t
esolution of 21 min.

4. DISCUSSION AND CONCLUSION

The method presented here is the first one that offers
ient temporal resolution to follow the time course of ra

g (a) FLASH image (TE5 4.3 ms, TR5 11.5 ms, FOV5 6 3 6 mm2, matrix 5
d (b) spin-echo image (TE5 11 ms, TR5 1 s, FOV5 6 3 6 mm2, matrix 5
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hanges of the flow velocities in the vascular bundle
icinus communisplants under preservation of high in-pla

esolution of 473 188 mm. First experiments with tobac
lants (Nicotiana tabacum) also showed good results. T
equence might have its limitations in the investigation
lants with more air-filled spaces inside the stem. Becau

he many alternating air–tissue interfaces, theT*2 values are
uch less than 10 ms. Using a stronger gradient system
cho time could significantly be reduced, and therefore
ethod might also work in these plants.
This method also allows the fast investigation of drou

tress and rewatering. In first experiments, reactions o
lants on a similar time scale to that shown here were fo
uch experiments might lead to a better understanding o
rocesses which allow plants to recover after heavy dro
tress.

FIG. 3. Course of the flow velocity averaged over the whole xylem reg
he total measurement time for one data point was 3.5 min. The dotted v

ines mark the time intervals of 21 min, the time resolution of the previo
sed method (4) with spin-echo imaging.
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4. W. Landschütz, M. Meininger, P. M. Jakob, F. Thürmer, U. Zim-
mermann, and A. Haase, In-vivo functional NMR imaging on plants
at 7 T, 13th ESMRMB 209, 125 (1996).

5. A. D. Peuke, W. Hartung, and W. D. Jeschke, The uptake and flow of
C, N and ions between roots and shoots in Ricinus communis L. II.
grown with low or high nitrate supply, J. Exp. Bot. 45, 733–740 (1994).

6. J. E. Tanner, Use of the stimulated echo in NMR diffusion studies,
J. Chem. Phys. 52, 2523–2526 (1970).

7. H. Lahrech, A. Briguet, D. Graveron-Demilly, E. Hiltbrand, and P. R.
Moran, Modified stimulated echo sequence for elimination of sig-
nals from stationary spins in MRI, Magn. Reson. Med. 5, 196–200
(1987).

8. D. Bourgeois and M. Decorps, Quantitative imaging of slow coher-
ent motion by stimulated echoes with suppression of stationary
water signal, J. Magn. Reson. 94, 20–33 (1991).

9. A. Haase, M. Brandl, E. Kuchenbrod, and A. Link, Magnetization-
prepared NMR microscopy, J. Magn. Reson. A 105, 230–233
(1993).

0. H. Y. Carr and E. M. Purcell, Effects of diffusion on free precession
in nuclear magnetic resonance experiments, Phys. Rev. 94, 630–
638 (1954).

1. E. O. Stejskal and J. E. Tanner, Spin diffusion measurements: Spin
echoes in the presence of a time-dependent field gradient,
J. Chem. Phys. 42, 288–292 (1965).

.
cal
y


	1. INTRODUCTION
	2. MATERIALS AND METHODS
	FIG.1

	3. RESULTS
	FIG. 2

	4. DISCUSSION AND CONCLUSION
	TABLE 1
	FIG.3

	ACKNOWLEDGMENTS
	REFERENCES

