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Fast NMR Flow Measurements in Plants Using FLASH Imaging
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A fast method for quantitative NMR imaging of flow velocities was about 24 cm; the imaging plane was chosen 8 cm abo!
in intact plants is described. The purpose of this method is to  the sand surface. The flower pots had a diameter of 8 cm au
observe dynamic changes of flow velocity in the xylem of plants 5 |ength of 18 cm. The experiments were performacad? T
after fast changes of enviror;mental conditions. The spatial image Bruker BIOSPEC 70/20 horizontal bore magnet. The gradier
resolution is 47 x 188 um* in-plane. The method applies a fast . : : '
gradient echo sequence (FLASH). Compared to other flow NMR ?SIJSGt(rannjl')lrvna\?v:t:s F;arki)éi (t)i];‘ricg:‘egéllggs njri)grgﬂngtgav(\j/gr:iitsrfarlllgetg
imaging sequences, the imaging time was reduced by a factor of 6 ] . . o .
with comparable signal-to-noise ratio. A complete flow measure- in a homebu!lt. ghmate chamben)(wn-h f%’” climate c?ontrql
ment consists of a set of 8 different flow weighted images with a and the possibility to measure transpiration and assimilation ¢
total acquisition time of 3.5 Min.  © 199 Academic Press the plant simultaneously with the NMR flow measurements. £

Key Words: NMR flow imaging; FLASH; microimaging; plants. Helmholtz-type radiofrequency coil with a diameter of 20 mm,
tuned to the proton resonance frequency of 300 MHz, was ust
as transmitter and receiver coil.

1. INTRODUCTION The pulse sequence consists of two parts: flow encoding ai

NMR is a useful tool for investigation of the mechanisms df@ging (see Fig. 1). As velocities down to 0.1 mm/s are to b
long distance water transport in plants. Flow NMR imaging€asured, the flow encoding is done by a stimulated ect
measures the flow velocity of water in a direct and noninvasi¢&Periment with a gradient pulse separation tifref up to 200

way. There are some special difficulties when dealing wifhs ©€)- At the time the stimulated echo occurs, the fourth RF
plants: the flow velocities are in general low, down to 0.puISe (9G) flips they-component of the magnetization back

mmVs, the changes in flow velocity can occur within a feWnt© the longitudinal direction®-9). The phase shii between
minutes, and the large amount of stationary water in the tissif¢ flowing and the stationary spins which is responsible for th
compared with the flowing water in the vascular bundles component of the magnetization depends on the flow.veIO(
causes partial volume effects and therefore dynamic rarige V» the strengthG, and lengthr of the flow encoding
problems. Furthermore, large susceptibility differences due $62dients and the timé between the two gradient pulses:

air-filled spaces within the plant tissue result in shirtimes.

Flow NMR imaging in plants has been successfully demon- ¢ = yGrTv. (1]
strated by several author§,@). However, rather long mea-

surement times were needed as a spin-echo sequence W remaining transverse magnetization is removed by
applied for the imaging part and each phase encoding step wasiler gradient. In this way, partial volume effects due to the
flow encoded separately. This study demonstrates that a flasge amount of stationary water can be avoided. In general, tl
NMR sequence using FLASH imaging)(can be applied to vessels are smaller than the pixel dimensions. Assuming
flow measurements in plants. A complete image with 32 phaseninar flow profile in these vessels, the signal depends on tt
encoding steps is acquired with only one flow encoding prepverage flow velocity .y = Vin.,/2 as 8)

aration step. In this way, the total measurement time can be

reduceq by a_factor of 6 from _21 min to 3.5. min in a direct Sinz('yGTTVavg) 6 D ATy

comparison with the method using spin-echo imagi#)gn(ith- C GV, - [2]

out a loss in signal-to-noise ratio.

2 MATERIALS AND METHODS Thg exponentially depaying part ir! Eq.. [2] describes the atter
uation of the NMR signal due to diffusiori@, 1. To reduce
Ricinus communiplants, 35 to 40 days old, grown in quartzhe total measurement time, a refocused FLASH imaging st
sand were used for the experimer (The size of the plants quence (TE= 4.3 ms, TR= 11.5 ms, FOV= 6 X 6 mnT,
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FIG. 1. Pulse sequence for the flow measurements: The phase cycle is indicated by a column of signggmbols after each pulse together with a column
of plus or minus signs for each of the flow encoding gradients. This means that every second step in the phase cycle, the flow encoding gradieninis sw
the opposite direction together with a change in the pulse and receiver phases. All acquired signals add up—it is not a difference method. &yjficahealu
flow encoding arer = 0.75 ms,T = 200 ms, andG . = 172 mT/m.

matrix = 128 X 32, slice= 4 mm, T,,,,, = 3.5 min for 8 performed {). The minimum detectable velocity, is
images, each with 16 averages) was used in the imaging pAniited by the fact that at least the first maximum of the
In contrast to the spin-echo method where each phase encodiimgx/x-function should be observed. The error of the fit
step has to be flow encoded separately, a whole image viesreases if only a smaller part of the function is sampled
obtained with one flow encoding step. The total measuremekg the maximum values fo®, , andT are limited by the
time is thus reduced, although FLASH imaging needs mogeadient hardware, diffusion, anf,-relaxation, the lower
averages than the spin-echo method to yield the same SNR.Iinit of the velocity is approximately 0.2 mm/s under the
effective phase cycle (see Fig. 1) is essential for good suppresnditions described here.
sion of the stationary water signal.

For quantitative evaluation of flow velocities, a set of 8 3. RESULTS
different flow weighted images is acquired, each image
averaged 16 times with 8-fold phase cycling (for details seeFigure 2 shows a flow velocity map (colored) superimpose
Figs. 1 and 2). For evaluation of the datasets, a pixel-bgn the corresponding FLASH image (a) and spin-echo imag
pixel fit of an appropriate function according to Eq. [2] igb). The FLASH and the spin-echo image, both acquired with
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FIG. 2. Flow velocity maps (colored) superimposed on the corresponding (a) FLASH image @8 ms, TR= 11.5 ms, FOV= 6 X 6 mn¥, matrix =
128 X 32, slice= 4 mm, T, = 3.5 min for 8 images with 16 averages) and (b) spin-echo image<{TE ms, TR= 1's, FOV= 6 X 6 mn¥, matrix =
128 X 32, slice= 4 mm, T,y = 21 min for 8 images with 4 averages).

out averaging on the same plant, show the same anatomicah ring. Therefore, it is understandable that flow also occul
details. The cortex, phloem, xylem, and pith parenchyma chetween these bundles. It is interesting to note that the FLAS
be clearly distinguished. The flow weighted images used fonage and the spin-echo image, both acquired without avera
calculation of the velocity maps had a comparable signal-timg, show almost the same SNR in the xylem area, whereas t
noise ratio in the case of FLASH and spin-echo imagin@NR of the FLASH image is worse in the cortex region. As cat
respectively. The average flow velocities in eight differeriie seen on optical micrographs, the cells in the cortex regic
vascular bundles measured with both methods are comparedii@ smaller than in the pith region. Therefore, it can be ex
Table 1. They correspond in all bundles within the range of tipected that th@? times are shorter than in the other tissues. Ar
standard deviation. The table also contains the SNR of thdditional shortening off%, might result from deposition of
underlying images in these eight xylem regions and an averagarch grains.

SNR value for the pith and the cortex parechyma. As the plantsThe flow measurements were performed over a total tim
grow older, the eight discrete vascular bundles grow togethmeriod of three hours under different illumination condi-
tions. Figure 3 displays the flow velocity in the xylem averagec
over the whole stem cross-section. For averaging of flov
velocities, only data points with nonzero values are take
into account. In the case of volume flow (velocity times
signal amplitude of the flow weighted signal), data points

TABLE 1
Comparison of Average Flow Velocities and SNR in Eight
Different Vascular Bundles of Fig. 2°

FLASH Spin-Echo with values of zero would also be considered. If the flow in

larger parts of the stem cross-section stopped or fell to vet

No. . (mm> SNR v <m> snr  low velocities, this would lead to significant changes in the
S S volume flow rather than in the flow velocities. On the other

125 hand, velocities are almost independent of most paramete

1 0.47+ 0.07 12.8 0.46+ 0.10 : , X : ;
2 0.72+ 0.09 12.4 0.60- 0.15 12.g that influence NMR images (e.g., relaxation times). In this
3 0.49+ 0.09 12.4 0.44+ 0.10 12.8 measurement there was no appreciable difference in the tin
4 0.73+0.09 12.4 0.68- 0.04 12.5  dependence of velocity and volume flow. The dotted vertice
5 062+ 0.04 12.5 0.60- 0.06 129 jinesin the graph mark the former time resolution of 21 min
6 0.44+ 0.08 12.4 0.42- 0.10 181 learlv b that t of the inf i bout th
7 0.50+ 0.07 128 05k 0.13 120 Itcan clearly be seen that most of the information about th
8 0.39+ 0.06 12.4 0.37 0.08 12.0 time course of the changes would be lost with a time
Pith — 10.4 — 10.9 resolution of 21 min.

Cortex — 25 — 10.6

4. DISCUSSION AND CONCLUSION

# The numbers of the bundles start with the one on the top of each image and
count clockwise. The SNR was determined in the underlying images without . .
flow weighting by division of the signal in the region of interest by the standard 1 € method presented here is the first one that offers suff

deviation of the noise outside the object. cient temporal resolution to follow the time course of rapid
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