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We demonstrate a method for examining water flow and distribu-
tion within heterogeneous systems by means of MRI and deuterium
oxide (D,0)/water (H,O) contrast. In this demonstration a piece of
a pine tree was used. In pine xylem, water flows in tube-like dead
cells, that is, tracheids, which are about 10-40 pm in diameter and
1-4 mm in length. Water flow in tracheids of a piece of a pine branch
was studied by means of D,0/H,0O contrast obtained with MRI at
1.5 T. D,0 flowing through the object caused reduction of signal
when H detection was used. Observed flow velocity in the com-
pression wood was about one-third of that in the tension wood, the
former having asmaller average cell lumen size than the latter. After
the signal in the entire cross section was reduced to its minimum, the
experiment was renewed with distilled H,0. Flow of the H,O and
hence replacement of D, 0 through the wood resulted in the return
of the signal. This study demonstrates the dependence of the flow
velocity on the cell lumen size. The results suggest that D,0/H,0
contrast obtained with MRI is an effective tool for studies of water
dynamics within heterogeneous systems.  © 2001 Academic Press

Key Words: MRI; deuterium oxide (D,0); contrast indicator;
heterogeneous system; water flow.

INTRODUCTION

part of the tree branch has to carry the weight of the branc
thus in this area of the cross section, called compression woc
cell walls are thicker and cell lumens are smaller than those
the upper part of the branch cross section, called the tensi
wood. Openings, called pits, which are 6—-26h in diameter
(9), connect a cell to other cells.

Mechanics of water transportation in conifers has been stu
ied, for example, by injecting dye into the tree and then cuttin
it into pieces to follow the path of the dyé&(, 11). Also, other
methods like radio- and stable isotop&8&)( poto- and lysime-
ters (L3), and thermal methods have been used. Thermal mef
ods, i.e., heat pulse velocity (HPV1315) and heat balance
(13, 16-19), are based on either pulsating or continuous heatir
of the trunk and then recording the temperature rise at a specif
distance. However, in pine trees, the well-defined ring structu
gives rise to a complex radial pattern of sap flaw)( which is
not yet fully understood. Dyet al. showed that HPV sap flow
values consistently overestimated water uptake because the
is also conducted to areas that do not transport war (

One possibility is to use MRI for water flow studies. Some
benefits of MRI are its noninvasive and nondestructive natur
Very high in-plane resolution can be achieved if a high fiels
imaging system is use®(@). However, the structure of pine

There has been wide interest in characteristics of water flomakes MR imaging more complicated than imaging of smalle

and transport through heterogeneous systems, such as popbaists having simpler structures. Therefore, itis easier to achie
media, groundwater filtering systems, aquifers, and soil sedatisfactory resolution with smaller plants and they have be
ments (—6). MRI techniques, among others, have been useded as the object of research. Several NMR and MRI studi
to investigate concentration and velocity field in heterogeneoofruits, vegetables, and other plants have been repo?ted (
porous medial, 2), for example. 34). For examplein situ water balance studies of a cucumbe
Cells of a tree form a complex system that takes care of waggant 21) and water flow in maizeX?) have been demonstrated.
transportation. The water transportation system and mechanishe water content of a kiwifruitA3) and a coconutZ4) has also
in different parts of the tree are under extensive research; seeen studied. MRI-based diffusion and flow measurements he
e.g., ). Here we have developed an MRI-based method whitieen performed, for example, with castor be2s) @nd rough
can be used to study water flow and distribution in heterogenedwssetail 26). However, to the best of our knowledge, there hav
systems. Use of this method has been demonstrated in the whtan only a few MRI studies of woo8%-38).
conducting part of a Scots pineifius sylvestrit.) trunk, called Our unpublished measurements with fresh, water-filled piec
xylem. The pathway for water flow in the xylem consists of af a pine show that, at 1.5 T, T1 and T2 proton relaxation time
large number of dead cells, called tracheids, mainly 1@-f80n  in a pine are relatively short, from 50 to 200 ms and from 1
diameter and 1-4 mm in lengtB)( The size of the cells variesto 60 ms, respectively. The relaxation times indicate that a lar
in different parts of the cross section. For example, the lowpart of the water in a pine is strongly bound to the wood materie
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Moreover, the size of the tracheids varies within the annual ring . Water funnel
and also between different areas of the pine. Therefore, the \ V4
laxation times can largely vary between different parts of th I
tree, depending on the cell size and water contents.

There are a few MRI methods that can be used to study w '
ter flow. One is the phase-contrast method, where the veloch‘j’;fn; :
information is encoded in the phases of the precessing spil ‘
Although the phase-contrast method has been used in seve L —~ .
applications, in the case of a tree this approach might not be ) |Siand = h"ﬂ'dthe hml ’J:‘,\ ___Pine 17mm
beneficial due to the slow flow velocity and signal level. Dif- pe_ ':C}:IE“C"" & 3omm
ferent methods will be compared under Discussion. The tim ‘T Stand to hld the coll | icHar

Magnet

of-flight (TOF) method, where movements of saturated spins [
the fluid are followed, could be possible. However, due to sha Magnet
T1 this probably is not a very effective method. One possibil
ity is to use deuterium oxide @) as an indicator. Deuterium,
having paired spins, gives no NMR signal wHéhdetection is
used. Deuterium oxide has been used previously to study signal
intensity-based ED-D,O water exchange in roots of a maize FIG. 1. Arrangement for measuring®/H,0 flow within a pine at 1.5 T.
seedling 20). In our experiment, BO has been used to achieve
negative contrast, i.e., signal void. After the signal has reached its
minimum, HO has been used as an indicator to achieve positi88 mm, resulting in the plane pixel size3@ x 0.31 mm. A
contrast, i.e., signal return. This method enables full exploitd2-mm-thick 3D slab consisting of 32 slices with an effective
tion of maximum signal and contrast. The purpose of the stutlyickness of 1 mm was collected. The total scan time for on
is to develop and demonstrate the feasibility of an MRI-basethb was 3 min 22 s. In a cross-sectional plane, one pixel cove
method that can be used to study water flow velocity and wateore than 100 wood cells. A short TR was used to maintain th
distribution within heterogeneous systems. Here, an MRI-basstéady state.
D,0/H,0-contrast method is suggested to fulfill this purpose. Reference images were first acquired. About 3 dl gDlvas
added to the hose. Scanning was performed repeatedly eve
MATERIALS AND METHODS fourth minute until the signal from the imaging volume seemec
to reach a minimum intensity, which took about 160 min. Ther
Pieces of a pine were received from the Helsinki Universityhe remaining BO was removed from the feeding hose, and
SMEAR II (39) forest research station, located at Hgidi cen- distilled water was added 178 min after the beginning of the
tral Finland. The sample piece selected for measurement vexperiment. Images were taken, as explained above, until tt
taken from a branch of a pine about 7 years old. The diamegggnal returned, which took about 110 min. The diminishing of
of the piece was about 17-19 mm including the bark and it wi®e signal was slower than the increasing of the signal becau
about 20 cm in length. It was stored in a sealed plastic bag undeere was less £D available; i.e., the pressure in the hose wa:
water. Images were obtained within 24 h after cutting the pieoet as high that with k.
from the pine. Here the effects of osmotic pressure is not ofOptical microscope images of selected areas of the studie
concern, since water conducting pipes in xylem are d&a#,( pieces of a pine were taken after the experiment. These imag
40). Furthermore, the use of a sample piece and distilled wateere prepared by the Botanical Museum of the University o
is a standard procedure as indicated in Ref$—43). Helsinki. The sizes of the cell lumen were analyzed from thes
Measurements were performed at 1.5 T (63.5 MHz¥d) microscope images with an image analyzer program (Colorso
with a whole-body human scanner (Vision, Siemens, German@y, Helsinki, Finland).
The signal coil used was a loop 30 mm in diameter. Water was
directed into the pine with a silicone hose. One end of the piece RESULTS
of pine was inside the hose and the other end was inside a
chamber, where liquids coming through the pine were collected.The study of the results is divided into three parts. First, on
The D,O used was 99.99% pure (Aldrich Chemical Co. Incgross-sectional slice from the most homogeneous area, i.e., frc
Germany) and distilled water, 4@, was obtained from the the middle of each slab, is examined. In this analysis we follov
Helsinki University of Technology, Department of Chemistrysignal intensity changes in selected areas of the cross sectic
The measurement setup is shown in Fig. 1. Second, we examine microscope images taken from the piece
A 3D sequence called constructive interference in steagine under study. Third, intensity changes in longitudinal image
state (CISS)44) was used with the parameters HE5.9 ms, are recorded. This analysis enables us to calculate absolute fl
TR = 1225 ms, flip angle 79 matrix 256x 256, and FOV velocities in the imaged object.
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A Compression 0 min 25 min 33 min 41 min 61 min 77 min

100 min 116 min 132min 148 min 158 min
B 178 min 194min 198min 206 min  214min 218 min

238mm  250mmn 257 min @ 270 min 278 min

FIG. 2. Time series of an enlargement of a cross-sectional image showi@gy(B) and HO (B) flow through the piece of a pine. Signal diminishing
(A) demonstrates the flow of {D and signal increasing (B) the flow 0,B. D,O was added at 0 min and,® at 178 min. 3D CISS sequence, slab of 32 slices
1 mm each, TR/TE 12.25/5.9 ms, matrix 2856, FOV 80 mm. Here only the middle slice of the slab is shown.

Enlargements of the cross-sectional images, at selected timnasa few other findings. The most prevalent finding is that use
after D,O was added, are shown in Fig. 2A. Similarly, Fig. 2Bndicator liquids give a good contrast, as shown in Fig. 5; th
shows enlargements of the cross-sectional images in time sesighal intensity drops to a few percentage points of its origin:
after H,O was added. It can be seen from the figures that botalue. At the beginning, the relative intensity in the compressic
H,O and DO pass faster through the tension wood than thweood areais almost one-third of the intensity in the tension woc
compression wood. Microscope images, Figs. 3A-3C, reveaka. The situation is similar at the end of the measureme
that there are significant differences in the structure of thesewever, the signal does not return to its original value in an
two areas. The average cell lumen diameter weighted by thiethe areas. It can be seen from Fig. 5 that the average sig
amount of cells is 13 and 18m in the compression and tensiorintensity decreases and increases in the tension wood about tt
wood, respectively. The largest cells in the analyzed images héwees faster than in the compression wood.
diameters of 26:m in the compression wood and 4@ in the Using 3D imaging enables us to reconstruct longitudinal irr
tension wood. Figure 4 presents the cumulative share of the tatges of the object. These images provide the possibility to i
lumen area as a function of lumen size class. As can be seen fagstigate absolute flow velocities in different parts of the pine
the graph, in the compression wood, the distribution of cells Egure 6A shows a time series of longitudinal images aftgd D
weighted around 20@m?, whereas in the tension wood it iswas added. A similar time series after addingtHs presented
around 45Qum?. Thus, this method enables us to relate averageFig. 6B. The dark area in the middle of the images is the pitl
flow velocity to the average cell lumen size. First, we investigate average intensity changes along a verti

If we focus onthe four areas of the cross section whose averdige covering partially the tension wood of slices 22 and 13
intensity as a function of time is shown in Fig. 5, we can poirit cm apart from each other, by means of a time derivative of tt
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FIG. 3. Light microscope image at the border of the sixth and seventh annual ring in the compression (A) and tension (B) wood of the pine. Image C i
at the border of the sixth and seventh annual ring between the compression and tension wood areas (1:128).

average intensity. This derivative is shown in Fig. 7A as a funas Figs. 8A and 8B, the signal intensity in wood is close to zerc
tion of time. It can be noticed that there is a peak in the derivatiire all slices at this time interval. Figure 8A shows the intensity
of intensity in slice 22 at time 24 min, whereas in the derivativerofile along one longitudinal line approximately in the middle
of intensity in slice 13, the peak is at time 32 min. If bulk-typ@f the compression wood at different times afteHnflow. In
flow is assumed, we can approximate the average flow velodiys figure, the water flow is from right to left. It can be observed
in this part of the tension wood to be about 7.5 cm/h. However,

when the derivative of the intensity in the compression wood

was examined, there were no differing peaks or clear maximi%

or minimum, but the intensity seemed to change quite rapic®

without any clear trend as shown in Fig. 7B. 18 T _
Next, we examine the intensity profile along a longitudin:o :i::;f;:“"’”

line in both tension and compression wood areas because s :[Hk

absolute flow velocity in compression wood could not be calc o -

. . . . . . 2
lated by means of a derivative of the intensity. One pixel wid.,, © 100 200 300 400 500 600 700 800 pm

Iongltu@nal line, which °°Yer5 al_l 32 slices, is ur_]der _St_Udy' Ex- FIG. 4. Cumulative share [%)] of the total lumen area as a function of lumen
amination starts when the intensity has reached its minimum agfsize classjgm?] from the samples of the tension and the compression wood:
begins to increase due to,8 inflow after 178 min. As shown of the imaged pine.
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FIG.5. Average intensity in four different areas of the cross section as a function of time. Average intensity is shown in relative units.
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FIG. 6. Time series of the longitudinal image of the piece of a pine. The time scale is from the beginning of the experiment. Water flow from left to rig
be seen as the signal diminishes (A) and increases (B).\Was added at 0 min (A) and,® at 178 min (B). These images have been computably reconstruct
from acquired 3D slabs, partly shown in Fig. 2.
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FIG. 7. Derivative of the average intensity in tension (A) and compression (B) wood in slices 22 and 13 as a function of time gDiimitpiy.

A30r B 50y
asl asl
40} bﬂow 40k
a5t 35k

% a0t %30_

g 25} :gzs-

G g

& 20 T g0}
15} 15l
10} ok
st st

e LA P
s w15 EES 0 %

Slice

FIG. 8. Average intensity during yD inflow along one pixel width longitudinal line in the compression (A) and tension (B) wood at selected time interve
Water flow is from right to left. HO was added at 178 min.



42 ILVONEN ET AL.

that the intensity in slice 10 at time 246 min has increased tm make the signal intensity drop. However, in the compressic
the same value as the intensity at time 226 min in slices 25. Theod, the inflow of BO in large cells does not cause such ¢
distance between slices 25 and 10 is 1.6 cm. On the basigafid fall in the signal intensity, because of the small amount
this information, we can estimate transient flow velocity in thisuch cells. Thus, signal intensity does not reach the minimu
part of the compression wood to be 4.8 cm/h. A similar situamtil D,O has also passed through the smaller cells.
tion along one longitudinal line in the tension wood is shown in (3) By analyzing the intensity profiles along one longitudina
Fig. 8B. The distance between slices 29 and 10 is 2 cm alik, as shown in Figs. 8A and 8B, we were able to calcula
it takes about 8 min for the intensity to increase in slice 10 toansient flow velocities in both compression and tension woo
the same value as in slice 29 at time 194 min. Momentary fldistribution of flow velocities in selected parts of the water con
velocity can be approximated to be 15 cm/h in this part of thduction system can be examined by analyzing a number of line
tension wood. Next, we compare the f®/H,O-contrast method with other
MRI-based methods: paramagnetic contrast agents and phe
DISCUSSION encoding methods. As results show, we were able to achieve v
good contrast with BO. When compared with paramagnetic

We discuss three main results: (1) The method presented eontrast agents, such as MaCbne advantage of D is its
ables us to follow water flow in different kinds of heterogeneoushemical similarity to HO. Another advantage of JO is that
cell populations, in xylem of a pine in this case, in the scale tfie use of special pulse sequences optimized gD B not
tens of micrometers. Relative flow velocities in four areas of threquired. Possible change of T1 and T2 relaxation times due
cross section of pine, each abouk3® mm in size, have been D,0 is not of concern here, since the contrast is determined |
recorded. Analysis of Fig. 5 allows us to compare flow velocitidbe ratio of these two relaxation times, which is fairly constan
in the tension and compression woods and to relate the averagPespite the fact that the phase-contrast method is suitable
flow velocity to the average cell lumen size. Intensity changesveral applications, in our unpublished studies we have notic
and differences in flow velocities in the four areas can be settrat, in the case of a tree, poor signal level hampers the use
clearly from this figure. this method for flow imaging. A short T2ndicates that micro-

It may be noticed from Fig. 5 that the signal intensity doescopic spatial changes of the magnetic field are present in wo
not return to its original value. One probable reason is that mtterial. The RO/H,O-contrast method is insensitive to these
the beginning of the experiment the pine branch was in its naffects. If we use a clinical MRI system and apply the phas
ural environment, i.e., filled with water taken up by the rootsontrast method, we have to use a large voxel size to acqu
of the tree. However, at the end of the experiment it was fillezhough signal at the expense of resolution. With th&B1,0-
with distilled water. Use of distilled water flushes away particlesontrast method we have also maximized signal intensity at
from wood cells, thus changing relaxation times and signal inentrast, unlike in the phase-encoding method. Another disa
tensity. Deuterium oxide can probably bind to the cell walls andintage of the phase-encoding method is that very powerful a
consequently diminish the signal in the signal return phase. Tiast gradients are needed, due to slow flow velocity, to achie
return of the signal could have been improved by flushing longeufficiently high phase differences.
with H,O. This effect could have been studied by filling the pine Heat pulse velocity (HPV) has been shown to be a usef
piece with distilled water at the beginning of the experiment amdethod for measuring flow in several hardwoaot®) (However,
then using RO for signal void and KO for signal return. the HPV method has not been sufficiently verified for softwood:

(2) The derivative of the average intensity in selected partslaécause of the structure of softwood that gives rise to a compl
the tension and compression wood areas was examined as shaaial flow (L4). Even though Dyet al. (14) mention minimal
in Figs. 7A and 7B. Clear peaks in Fig. 7A justify the assumptiadisturbance as an advantage of the HPV method, heating
of bulk type of flow and enable us to estimate flow velocity frorthe trunk of a tree as well as inserting probes inside the trur
the derivative of the average intensity. However, as can be sagight have an effect on its function. When compared with th
from Fig. 7B, there are no differing peaks and flow velocity in thelPV method, one advantage of the@H,O-contrast method
compression wood cannot be calculated based on this inforngathat we can also follow the water pathway and distributio
tion. Such a result indicates that in the compression wood flow areas with different cell sizes and we are able to localiz
velocities are distributed; thus the derivative cannot be defineshnconducting parts of the trunk. Parts that do not conduct wat
The reason for this observation is that there are several diffeenduct heat and thus cause errors in the HPV method. Anott
ences in the tension and compression wood tissues, such aswiiflely used method is to inject dye into the tree and follov
ferences in cell sizes and shorter tracheitfy,(as well as more its pathway by cutting the tree into pieces after the experimer
pits in the compression woo@9, 46. Shorter tracheids and aUnlike MRI, this simple and reliable method always require
larger number of pits cause more tracheid-to-tracheid passatfescutting of the tree and only the pathway of the water can |
and thus more flow resistance in the compression wood. BeHowed, not the flow velocity in different parts of the trunk.
cause larger cells are dominant in the tension wood, as shown ifn a controlled system, the effect of environmental factor
Fig. 4, inflow of D,O takes place firstin them and this is sufficienbn the water flow in an intact sapling could be noninvasivel
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studied. Changes in temperature or lighting conditions, for ex. H. J. Bertin, O. G. Apaydin, L. M. Castanier, and A. R. Kovscek, Foam
ample, will affect the water flow and variations could be fol- flow in heterogeneous porous media: Effect of crossfiwg. Spe. Symp.
lowed. For example, Van Ast al. (21) have imaged an intact 'ngzml"égg' Recovery, Soc. Pet. Eng. (Spe), Richardson, TX (25#56~
cucumber plantin a controlled climate chamber. The system pre- ( : ) o

. . . . . . . D. V. Chitale, P. |. Day, and G. R. Coates, Petrophysical implications of
sented in their paper |s_appI|cabIe to plants with dlametei‘ under laboratory NMR and petrographical investigation on a shaly sand core
1 cm due to the bore size of the magnet. However, in principle proc. Spe. Annu. Tech. Conf. Exhib., Soc. Pet. Eng. (Spe), Richardson, T
such an arrangement is possible for larger plants also. (USA)Omega 607-615 (1999).

Because RO gives good contrast, it might be possible to studys. P. D. Majors, P. Li, and E. J. Peters, NMR imaging of immiscible displace-
the effect of embolism and tissue damage to the water flow in ments in porous medi&roc. Spe. Annu. Tech. Conf. Exhib., Soc. Pet. Eng.
a pine if we have sufficient resolution compared with the size (SPe). Richardson, TX (US@mega 263-278 (1995).
of the damaged area. The®/H,O-contrast method could be 7- M- J- Canny, Transporting water in planfsn. Sci86,152-159 (1998).
improved by using better resolution and shorter imaging times$: M.-S. livessalo-Fiffli, “Fiber Atlas, Identification of Papermaking Fibers,”

Springer-Verlag Berlin/New York (1995).
However, these parameters are partly related to the factors of o _ _ .
the imaging system used. In this research, the measurement tithd: F- Siau, “Wood: Influence of Moisture on Physical Properties,” Depart
. . . . ment of Wood Science and Forest Products, Polytechnic Institute and Sta
limited observations to every fourth minute. However, it seemed jpyersity (1995).
to be sufficient because of the slow flow VGIOCIty n Con'ferouﬁj. J. P. Vi# and J. A. Rudinsky, The water-conducting systems in conifers an
trees. their importance to the distribution of trunk injected chemic@lentrib.
Boyce Thompson In20,27-38 (1959).

CONCLUSIONS 11. E. N|k_|nmaa,_ L._ Ka_lplamen, M. _N:lkmen, J. Ross, and T. Sasonova, Geo-
graphical variation in the regularities of woody structure and water transpor

To the best of our knowledge, this is the first MRI-based Acta Forest. Fennica54,49-78 (1996).

method which can be applied noninvasivelv to study water dlg. P. W. Owston, J. L. Smith, and H. G. Halverson, Seasonal water movemel
Pp y y in tree stemskorest Scil8(4), 266-272 (1972).

hamics |ncl_ud|rig very slow flow velocity a”d_ to _Vlsuallze_ th(i& S. D. Wullschleger, F. C. Meinzer, and R. A. Vertessy, A review of

water flow in d.|ﬁeren'f parts of the_tr_ee and in d'ﬁer?nt klnd.S whole plant water use studies in tredee Physiol.18(8/9), 499-512

of cell populations with high precision. On the basis of this (1997).

demonstration we can draw the conclusion that water flow angl p. . Dye, S. Soko, and A. G. Poulter, Evaluation of the heat pulse velocit

distribution within trees can be effectively investigated with MRI  method for measuring sap flow Rinus patula. J. Exp. Bo#7(300), 975—

by means of HO and O as contrast indicators. This method 981 (1996).

enables us to maximally utilize signal intensity and contrast. RE- B. J. Miller, P. W. Clinton, G. D. Buchan, and A. B. Robson, Transpiration

sults demonstrate that water flow in a pine can be followed with "at€s and canopy conductanceufus radiatagrowing with different pas-

. . ture understories in agroforestry systerfisse Physiol 18(8/9), 575-582

this method and flow velocity may be related to the cell lumen (1998).

size. A_‘bSPIUt_e velocities can be recorded and relative Ve|0CItI% N. Phillips, R. Oren, and R. Zimmermann, Radial patterns of xylem sap flow

and distribution can be clearly _deanStrat_ed- ThODI,0- in non-, diffuse- and ring-porous tree specigfnt, Cell Environ.19(8),

contrast method will open new vistas in studies of water dynam- 983-990 (1996).

ics in wood material and in other heterogeneous systems. 17. G. E. Jackson, J. Irvine, and J. Grace, Xylem cavitation in Scots pine an
Sitka spruce saplings during water strebse Physiol.15(12), 783-790
(1995).

18. J. Cermak, E. Cienciala, J. Kucera, A. Lindroth, and E. Bednarova, Indi
vidual variation of sap-flow rate in large pine and spruce trees and stan

We tharik Ms. T. Timqnen and Ms. P. Harju‘(BotanicaI Museum, University  anspiration: A pilot study at the central NOPEX sileHydrol. 168(1/4,)
of Helsinki) for preparation of the microscope images and Colorsoft Oy for an- 17_57 (1995).

alyzing these images. Ms. llvonen thanks the Finnish Cultural Foundation
Foundation of the Association of Electrical Engineers in Finland for grants:
Dr. Palva and Ms. llvonen thank the Foundation of the Finnish Society of
Electronics Engineers for grants.
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