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STELLINGEN 

1. De puis proton NMR-methode zoals beschreven door Hemminga en De Jager, 
is geschikt om door middel van het meten van bloedstroraing eventueel 
bloedvatvernauwende en/of -verruimende effecten van geneesmiddelen te 
bepalen. 

M.A. Hemminga en P.A. de Jager, J. Magn. Reson. 37(1980), 1 
Dit proefschrift, hoofdstuk 4 

2. Het ontleden van een niet-exponentieel verval bij spin-echo NMR 
spin-spin relaxatietijd metingen aan water in biologische systemen 
in een som van e-machten vertoont een grote mate van willekeur; voor 
de rechtvaardiging van een dergelijke ontleding is onafhankelijke 
experimentele informatie nodig. 

B.M. Fung, Biochim. Biophys. Acta 497( 1977),317 
B.M. Fung en P.S. Puon, Biophys. J. 33(1981),27 

3. Het verdient aanbeveling pas van dubbele fluorescentie te spreken als 
uit excitatiespectra eenduidig blijkt dat de waargenomen fluorescenties 
van een en dezelfde verbinding afkomstig zijn. 

D.L. Philen en R.M. Hedges, Chem. Phys. Letters 43(1976),358 

4. Het is de hoogste tijd dat in de evolutie van de beschrijving van de 
fysische toestand van water in biologische systemen een scheppende 
daad wordt gesteld. 

M.J. Tait en F. Franks, Nature 230(1971),91 
P.T. Beall, The Sciences 2J_(1981),6 

5. De theorie ontwikkeld ter verklaring van CIDNP verschijnselen, zoals 
waargenomen met behulp van NMR aan verbindingen in verdunde oplossing, 
mag niet zonder meer toegepast worden op reactiecentra van fotosynthe-
tiserende bacterien. 

R. Kaptein, J. Am. Chem. Soc. 94(1972),6251 

6. Het is te betwijfelen of de resulaten verkregen met de methode beshreven 
door Radda et al., om met behulp van NMR bloedstroomsnelheden te meten, 
onafhankelijk zijn van de spin-rooster relaxatietijd. 

G.K. Radda, P. Styles, K.R. Thulborn en J.C. Waterton, 
J. Magn. Reson. 42(1980,488 

7. Het is waarschijnlijk dat er een eenvoudig verband bestaat tussen de 
waterpotentiaal en de spin-spin relaxatiesnelheid. 

Dit proefschrift, hoofdstukken 5 en 7 

8. Het "Voorontwerp van een wet gelijke behandeling" bevat onvoldoende 
garanties om te voorkomen dat nieuwe vormen van discriminatie ontstaan. 

Voorontwerp van een wet gelijke behandeling 
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GENERAL INTRODUCTION 

Plants require water; deprived of it, they will wilt and die. In 

fact, the typical land plant consumes prodigious quantities of water, 

much more than any of the other substances that enter it. Most of 

this water does not remain within the plant, but passes through the 

plant to the atmosphere. This process is called transpiration. Water 

transport over long distances primarily occurs through a system of 

capillaries called xylem. The xylem forms an extra-protoplasmic path­

way for solute flow, consisting in particular of water, ions and 

certain organic solutes upwards from the root to transpiring sur­

faces of shoot system. In contrast, there is a second pathway through 

the sieve elements of the phloem. Within this system concentrated 

solutes such as carbohydrate produced by photosynthetically active 

structures flow to sink regions of various kinds in which these 

solutes are consumed for growth or stored in fruits or other reser­

voirs. 

The seemingly wasteful consumption of water through transpiration 

is essential to the growth of plants. In nature and even in agricul­

ture, it is a rare and fortunate plant that enjoys an optimum supply 

of water throughout its lifecycle. Without irrigation, most crops are 

inhibited, often seriously, from achieving full growth and develop­

ment. 

Out of all process controlling the growth of wild or cultured 

plants there is perhaps no single factor that is more crucial and 

none more amenable to our intervention (at least in principle) than 

that of control over transpiration in plants. Also in horticulture 

(greenhouses) this becomes increasingly important as energy costs 

are rising and transpiration as well as uptake of water in the roots 

require large amounts of energy. 

The transpirational process is one of the factors contributing 

to the water balance of the plant, beside uptake, transport and 

storage of water; these processes are strongly mutually coupled [1]. 

The rate of water transport in the xylem in combination with water 



content of the surrounding stem tissue are useful parameters to study 

and control the water balance, especially in relation to the effects 

of environmental factors such as light intensity, air humidity, C02 

concentration, soil- and air temperature on crop production. In 

addition, these parameters may be used for selection of breeds which 

combine favourable parameters for the water balance and low energy 

use. 

Several methods have been used to study water transport and 

-content [2]. 

Concerning water transport, either the mean linear flow velocity 

v or the volume flowrate Q of the movement of water in the vascular 

system in plant stems has been measured. The major existing methods 

are: 

injection and monitoring of dyes or radio-active tracers (e.g. 

[3]). These methods are highly sensitive but cannot measure flow 

after equilibrium has been reached. Also, it is uncertain if the 

transport rate of tracers represents the actual rate of water 

flow, since dyes or radio isotopes are absorbed at the vessel's 

surface [3]. 

heat pulse methods, measuring the unbalance created by net water 

transport through plant stems by a unit containing a heat injecting 

resistor and two temperature sensors symmetrically placed around 

the injector [4,5]. This method cannot measure absolute flowrates, 

but only changes. It does not provide reliable figures on the 

volume of waterflow per unit of time. The time-resolution is 

relatively long (5-10 min.). 

the magnetohydrodynamic technique, where a magnetic field perpen­

dicular to the flow generates a small induction voltage in a 

direction at right angles both to the flow and the field, due to 

the movement of charged particles [6,7]. The voltage measured by 

means of an electronic detection system is directly proportional 

to magnetic flux density, to the internal radius of the vessels 

and to the instantaneous velocity of the stream. The method can 

be used for instantaneous (repetitive) as well as continuous 

(steady state) measurements. A disadvantage of this method is 

the need of a relatively high flow velocity. 



the weight balance method, by which the loss of weight of the 

plant per unit of time is determined by a sensitive balance 

(e.g. [8]). The method requires isolation of the plant and sur­

rounding soil and is vulnerable to air-currents. It has a time-

resolution of a few minutes. In contrast to the previous mentioned 

methods this method yields volume flowrates. This is also obtained 

by a related method based on lysimeters [2]. Increase in plant 

weight by C02 and/or water uptake introduces errors in determining 

the actual volume flowrate through the plant stem. 

None of these methods detects the movement of water itself, however, 

and many are invasive. Nuclear magnetic resonance (NMR) does not 

have these disadvantages, and has been shown te be a suitable tech­

nique to study liquid flow [9]. To measure flow in plant stems the 

technique must be able to measure linear flow velocities in the range 

of 1-30 mm/s [2], and must be able to discriminate between a small 

fraction of flowing water (2-10%) and a large amount of stationary 

water in the plant stem tissue. Two different pulsed NMR methods 

have been developed satisfying these conditions [10,11], the first 

of which is a difference method and requires that the amount and 

physical properties of stationary water do not change in the course 

of the measurements. In Chapter 5 we show that this situation in 

plants clearly cannot be obtained. 

The second method [11] does not have this disadvantage and allows 

determination of flow in a single experiment. This NMR method has 

the following advantages: 

it is non-destructive and non-invasive. Whereas the first advan­

tage is obvious, the importance of the second is not generally 

realized. Some plants react excessively to mechanical or electrical 

contact, and it must be suspected that most if not all plants 

exhibit some change in one or more rate-processes upon such 

contact. 

it allows instantaneous as well as continuous measurements, 

it selectively measures flowing water only and does not record 

stationary water. In addition it measures the movement of the 

water molecules itself by "labelling" and monitoring the protons 

of the water molecules. 

the method is insensitive to air-currents after the sample remains 

in a fixed position in the magnet. 



as will be shown in Chapter 4, the method permits measurement of 

linear as well as volume flowrates after non-destructive cali­

bration using a glass capillary system. 

the method, when used to perform instantaneous measurements, 

allows a high time-resolution (3-10 s). 

The disadvantages of this NMR method are: 

intrinsic low sensitivity of NMR. 

the NMR apparatus is relatively expensive in comparison to alter­

native methods, described before. 

The method can equally well be applied to liquid flow in other bio­

logical objects than plants, e.g. for the measurement of blood flow 

(see Chapter 8) and the circulation of body fluids in human and 

animals. Finally, there appears to be no technical barrier for the 

measurement of spatially resolved flow patterns in various objects, 

using a combination of flow measurements by pulsed NMR and zeugmato-

graphy. 

For the determination of the water content, several methods have 

been used and are still in use [2], but they are either invasive, 

indirect, or destructive. Already in 1961 it has been shown that 

NMR can be used to determine the water content of grain [12]. From 

basic theory of NMR (see Chapter 3), it follows that the NMR signals 

are proportional to the amount of protons in the detector of the 

NMR apparatus. In Chapter 7 it is demonstrated that these signals 

can indeed be related to the water content. In addition the dynamical 

information in these NMR signals (see Chapter 3), can be used to 

distinguish various water fractions in the tissue with different 

physical properties, e.g. surface-bound, exchanging or bulk water 

fractions. 

Thus NMR flow measurements can be used to selectively measure 

flowing water only, without interference of the stationary tissue 

water, whereas by choosing a different pulse-sequence stationary 

water content can be monitored in the same experiment, without re­

placing the plant. This is a great advantage of the non-destructive 

NMR method over the existing other methods. 

The goal of this Thesis is to describe the application (and its 

limits) of the pulsed NMR method to plant stems. Chapter 2 summarizes 

the process of watertransport in plants and the physical state of 



water in the cell. Basic NMR theory as well as NMR pulse sequences 

to determine flow, diffusion and water content in biological systems 

are presented and reviewed in Chapter 3. Chapter 4 presents a de­

tailed description and discussion of the NMR method to determine 

flow in plant stems, showing that linear flow velocity as well as 

volume flowrate can be determined simultaneously, yielding in addition 

an estimate of the effective cross-sectional area of the transport 

vessels. NMR flow measurements in stem segments and in intact plants 

are reported in Chapters 5 and 6. Chapter 5 explains the reason for 

some negative results and discusses the results of simultaneous flow 

measurements and water content monitoring. A comparison between the 

results of flow measurements obtained with NMR, the heat pulse and 

weight balance method is presented in Chapter 6. 

Throughout this Thesis we are concerned with transport of water 

in the xylem. The phloem transport is downwards, which should give 

rise to an opposite sign of the NMR signal with respect to that of 

the upwards xylem transport. Phloem transport has not been observed, 

due to its much lower velocity. 
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2 WATER IN PLANTS 

This Chapter summarizes some characteristics of water transport 

in the plant stem and the physical state of water in the plant cell, 

in order to define some basic concepts underlying the main results 

of this Thesis. 

Water transport and -balances in plants and its parts have been 

treated in several reviews [1-6], on which the last parts of this 

Chapter are based. The state of water in the cell is reviewed in 

ref. 5-9. 

2.1 STATE OF WATER IN THE CELL 

Biological tissues contain 60-90 percent water and living organisms 

are absolutely dependent on water in a variety of ways. Nevertheless, 

basic knowledge about the physical state of cellular water is rather 

limited. There are two classical viewpoints about cellular water: 

cellulose cell wall 

intercellular 
space 

cytoplasm 

modesmnta 

plasmalemma 

onoplast 

central vacuole 

nucleolus 

Fig. 1 Structure of a vacuolated plant cell (adapted from [10]). 



(i) most water in the cell is considered to be in the free liquid 

state (bulk water); then, a living cell is equivalent to a dilute 

aqueous solution surrounded by a semipermeable membrane. 

In a vacuolated plant cell (Fig. 1) the cytoplasm is considered as 

such a semipermeable membrane. Following this model, it has been 

thought that the total cell behaves as an osmometer, an idea which 

is still in use [1], (ii) on the other hand there is also experimental 

evidence that the cellular water partially or totally exists in a 

physical state significantly different from normal liquid water. 

Water, ions and biopolymers inside the cell form a highly ordered 

phase. 

Hechter [11], discussing these classical concepts, concluded that 

both ideas are partly correct and partly wrong. 

For water near interfaces there is considerable evidence that 

there exists indeed a structurally changed boundary layer of water, 

called hydration water. The water molecules in the hydration layer 

of biological macromolecules exhibit restricted motion due to a 

significant decrease in translational and rotational degrees of motion 

by interaction with the macromolecules. Clifford [7] has described 

Simple interface 

B 
narrow pore 

no bulk water 

SURFACE ORIENTED 
ZONE 

second phase 

biological 
interface 

Fig. 2 Possible surface environments: (A) surface in contact with bulk water, 

(B) thin films and narrow pores, (C) particular surface in biological 

material, (adapted from [7]). 



the effect of surface environments on the behaviour of water, as 

illustrated in Fig. 2. In A there is simply an interface between 

bulk water and a second phase, which may be solid, liquid, or vapour. 

In B there is a thin layer of water between two interfaces, not 

allowing sufficient space for the development of bulk water structure. 

In biological material surfaces are usually more like C: the surface 

available for adsorption is many times the superficial surface area 

and water molecules exist in spaces comparable with molecular dimen­

sions. 

2.2 WATER POTENTIAL [4] 

In plant physiology, it is customary to express the free energy 

content of water by the water potential t|i. Derivations of water 

potential from strict thermodynamic principles can be found in [1] 

and [4]. For our purposes, it is sufficient to define water potential 

as the free energy per unit volume of water, assuming the potential 

of pure water to be zero under standard conditions. 

Because water potential increases with temperature, it is important 

to maintain constant temperature during a series of measurements. 

In contrast, water potential is lowered below that of pure water by 

dissolved solutes and also by the binding of water to surfaces by 

matrix forces. Since these effects are considered to be mutually 

independent, the water potential of a solution (t|i) can be expressed 

as 

t|i = t|i + t|< (2.1) 

where tb , the solute potential, is the reduction in water potential 

due to dissolved solutes (negative), tb , the matrix potential, is 

the reduction in water potential due to matrix forces (negative) 

and thus tb will be negative. Consequently, in the soil-plant-atmos­

phere system, water potentials are usually negative, and water flows 

towards regions with more negative values. 

In plant tissue, water potentials may be increased by hydrostatic 

pressure and, therefore, eqn. 2.1 must be modified to give 

tli = 41 + tb + tb (2.2) 
T Ts Ym ^p 



where ijj , the pressure potential, is the increase in water potential 

due to hydrostatic pressure (positive). Since I|J is positive, the 

resulting water potential is less negative than would be expected 

if only solute and matrix effects were considered. 

2.3 WATER TRANSPORT IN THE PLANT STEM 

Longitudinal water transport in the plant stem is primarily 

located in the vascular system, where it moves from the xylem ter­

minals in the root to those in the leaf. In principle, the whole 

cross-sectional area of the root or the stem is available for trans­

port. However, the flow through cell walls in the stem pathway can, 

at least under normal conditions, be neglected. The permeability of 

the protoplast is assumed to be 50 times less than that of the cell 

wall [2,3] and consequently this pathway can also be neglected with 

respect to vascular transport. This does not mean that transverse 

water transport is absent in the stem. This has been demonstrated, 

by adding isotopically labelled water to the root medium [12], causing 

the water in the xylem to be rapidly replaced by the labelled water, 

concomitant with a slow progressive replacement of water in the 

remainder of the outer stem tissue. 

In a freely-transpiring plant, water evaporates from the moist 

walls of epidermal and mesophyll cells in the interior of the leaves 

and is lost to the atmosphere through the stomata. As water loss 

proceeds, the water potential in the leaf apoplast falls below that 

of the leaf cells and also below the water potential in the xylem 

and the soil. (The apoplast is defined as the non-living parts of 

the plant, e.g. xylem, cell walls, etc.). This results in the rapid 

withdrawal of water from leaf cells and a lowering of cell water 

potential. Although there is continuity of liquid water between leaf 

and soil via the xylem, equalization of water potential throughout 

the plant by upward water movement can not occur very rapidly because 

there is a resistance to hydraulic flow in the plant/soil system. 

Consequently, transpiration establishes a water potential gradient 

causing flow of water from the soil to the leaf. 

The flow of water to a transpiring leaf in response to a water 

potential gradient has been described by an expression analogous to 

Ohm's Law [13]. In a symplified form this results in 
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Q = "'" I "'leaf (2.3) 

where Q is the volume flowrate of the water moving from soil to leaf, 

i|i is the water potential of the soil at the root surface, i|)-,_ ~ rs xeax 
is the water potential of the transpiring leaf, and R is the resis­

tance to hydraulic flow between the root surface and the site of 

evaporation. For a simple plant (e.g. a seedling), R can be divided 

into a series of component resistances within the plant: 

R = r + r „ + r- , (2.4) 
root stem leaf 

where r . is the resistance to flow between the root and the lumen root 
of the xylem, r . is the resistance in the xylem (root, stem and 

leaf), and r-, ~ is the resistance to flow across the leaf to the leaf 
evaporation site. Of those quantities, r, f and r r o o t have been 

considered as the most important resistances. Experimentally, it 

has been found that the resistance in the xylem vessels depends on 

the lumen wall surface sculptures [14]. 

When a plant is transpiring rapidly (>l>soil - 4>rs) and (t|»rg - <l>leaf' 

cannot exceed values of 10 - 30 bar (1 bar = 10s Pa) whereas 
(I]>T t - <|< .:,.) varies between 100 and 2000 bar [4]. Therefore, as VTleaf Tair 
long as steady state flow is maintained, leaf diffusive resistance 

controls the rate of water throughout the soil-plant-atmosphere 

system as well as transpiration rate. 

Great care must be exercised in applying this model to the 

behaviour of plants. Most plants do not consist of a single root, 

stem and leaf in series; they should rather be considered as a number 

of root axes, branches and leaves attached in parallel to a single 

(or multiple) stem. Another difficulty is that water can be withdrawn 

into, or released from, storage reservoirs (e.g. stem or leaf tissue, 

fruits, etc.) at different points along the pathway, thus altering 

the flowrate. In Chapter 5 we show, that cells bordering the xylem 

in the stem and root system lose water during periods of water stress 

(e.g. during the day) and adsorb water during the night. This problem 

can be overcome by extending the electrical analogy to include 

capacitance, as well as resistance in the soil, stem and leaves; 



1 1 

t h e exchange of wa te r w i t h s t o r a g e r e s e r v o i r s i s t h en ana logous t o 

c h a r g i ng and d i s c h a r g i n g an e l e c t r i c a l c a p a c i t a n c e . Such a model 

has been p roposed i n [ 5 ] . 

An i n d i c a t i o n of t h e v a l u e of t h e ave rage maximum v e l o c i t i e s of 

wa t e r t r a n s p o r t i n xylem i s g iven i n [ 1 5 ] . In mm/s v i s 0 .3 - 0 .6 

i n f e r n s , 0 .33 i n e v e rg r e en c o n i f e r s , 0 .27 - 1.7 i n l e a f y t r e e s w i t h 

s c a t t e r e d porous wood ( e . g . b i r c h , beech , l i m e ) , 3 .9 - 12 .2 i n r i n g 

po rous wood (oak , a sk t r e e s ) , 2 . 8 - 16 .7 i n h e rb s and 42 i n l i a n e s . 
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3 PULSED NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY IN BIOLOGICAL SYSTEM 

Reviews on the NMR pulse method and the theory of relaxation have 

been published [1-6,13]. Hence, this Chapter does not contain a de­

tailed treatment of methods, theory and interpretation of pulsed 

NMR. Only the necessary background for the Chapters 4 - 8 of this 

thesis is provided, as well as short reviews on some special appli­

cations of NMR, i.e. self-diffusion and flow measurements. In addi­

tion, the relationship between the relaxation parameters and water 

content, emphasizing biological systems, is shortly discussed. 

3.1 BASIC THEORY OF PULSED NMR 

Most nuclei posses the property of spin, characterized by an 

angular momemtum vector t and a magnetic moment jj related by 

M = Y * I, (3.1) 

where y is the gyromagnetic ratio, a constant for a given nucleus; 

ft is h/2n where h is Planck's constant. When a nucleus of spin I is 

placed in a static magnetic field B , the magnetic interaction be­

tween the nuclear magnetic moment |j and B gives rise to (21 + 1) 

equidistant energy levels, with a separation 

A E = y fi B (3.2) 

For protons (XH), the only nuclei considered in this thesis, I = \ . 

At thermal equilibrium, nuclei are distributed among the energy 

levels according to a Boltzmann distribution. This results in a 

macroscopic magnetization M along the direction of B . For a sample 

containing N nuclei, the equilibrium magnitude of M is given by 

[2] 

|M | = Ny2fi2 1(1 + 1)B /3kT (3.3) 
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We shall find it adequate in our treatment of pulse phenomena to 

deal almost entirely with the macroscopic magnetization by a clas­

sical description [1]. A complete theoretical description, in a 

quantum mechanical formalism, is given in several textbooks [2-4]. 

Bloch et al. [5] found that the motion of macroscopic magnetiza­

tion in the presence of an applied magnetic field § could be explained 

in terms of phenomenological differential equations. The classical 

equation of motion for the magnetization is given by 

dM/dt = yM x B (3.4) 

describing a precession of the magnetization around the magnetic 

field vector § at an angular frequency it) = -yB. The precession fre­

quency of M in B is called the Larmor frequency u> . In order to 

stimulate spin transitions, the frequency of the electromagnetic 

radiation must be equal to the frequency of the Larmor precession 

according to UJ = -yB . This is the resonance condition. 

In NMR experiments, commonly a rotating frame of reference 

{x.' ,y' ,z'} is defined for which the z1 axis has the same direction 

as the z axis in a laboratory frame, coinciding with the direction 

of B . The frame {x',y',z'} rotates at an angular frequency \u(iu = w ) 

around I (Fig. 1] 

(a) (b) 

V 

\ 

X X' 
Fig. 1 Magnetization M in a laboratory frame (a) and a rotating frame (b), when 

UJ = U) 
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The equation of motion (Eqn. 3.4) in the rotating frame becomes 

dM'/dt = M' x -y(B' + w/y) = M' x yB' 
eff 

(3.5) 

On resonance w = -y§ • When §' = B , M', the magnetization in the 

rotating frame, is constant. When we apply in addition to B a radio 

frequency field Bx, with angular frequency w, perpendicular to B 

(i.e. in the x,y plane), the effective field in the rotating frame 

becomes Sx, and the magnetization rotates around B\ at an angular 

frequency yBi. During a time t the angle over which M rotates is 

yBit (radians) (3.6) 

Strictly speaking, this relation only holds for the exact resonance 

frequency. It can be shown however, that the condition (3.6) holds 

relatively well even when the resonance condition is not exactly 

fulfilled, provided the B% pulse is sufficiently strong and its rise 

time short (a few M S ) . 

If the B1-field is switched off at the moment when a = 90°, the 

pulse in question is a 90° (VO pulse. Correspondingly, if the 

length of the pulse is chosen in such a way that a = 180°, the pulse 

is called a 180° (n) pulse (Fig. 2). 

i 

Fig. 2 The 90° and 180° pulses. 
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After the pulse, Ba is absent and B_ff= o. Because M is no longer 

in its equilibrium state, nuclear magnetic relaxation processes en­

sure its return to the equilibrium value M . Bloch [5] has described 

the motion of the components of magnetization by the following 

equations: 

dMx,/dt = - Mx,(t)/T2 or Mx,(t) = Mx,(o)exp(-t/T2) (3.7a) 

dMy,/dt = - M ,(t)/T2 or My,(t) = My,(o)exp(-t/T2) (3.7b) 

d(Mz, - MQ)/dt = - (Mz,(t) - Mo)/Tx or Mz,(t) = (Mz,(o) - M^exp^t/Ti) 

(3.7c) 

The terms - M , ,/T2 and - (M , (t) - Mr.)/T l represent the tendency 

of the magnetization to return to its equilibrium value, i.e. nuclear 

magnetic relaxation. The time constant 11 refers to the return of 

M to its equilibrium value M ; Tx is called the spin-lattice or 

the longitudinal relaxation time. 

The transverse component of M decays exponentially with the time 

constant T2, the spin-spin or the transverse relaxation time (also 

called the phase coherence time). In fact, the spin-lattice relaxa­

tion time Tt characterizes the exchange of energy between the spin 

system and the degrees of freedom of the lattice whereas the spin-

spin relaxation time T2 characterizes the exchange of magnetic energy 

inside the spin system, i.e., without a global change of the equilib­

rium magnetization. The latter characterizes the mean life time of 

the spins in a given energy state, due to the exchange of magnetic 

energy between the spins. 

As shown in eqns. 3.7a-c M approaches equilibrium exponentially. 

However, because of the heterogeneity of biological systems, the 

nuclear relaxation is in general not characterized by a single ex­

ponential decay, but by a sum of exponentials, each with its charac­

teristic relaxation time. This situation applies also to the results 

for plant samples as described in this thesis (Chapter 7). 

3.2 MECHANISMS FOR THE SPIN-SPIN RELAXATION 

The NMR relaxation times of water in biological samples, which 

have been widely used to measure the physical properties of this 

water, are affected by many factors and in general a straightforward 
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theoretical interpretation of the observed relaxation behaviour is 

therefore impractical. In this section we will give the mechanisms 

and dynamic processes which cause nuclear relaxation, especially in 

biological tissue. In favourable cases one of these mechanisms or 

dynamic processes dominates the relaxation behaviour and interpre­

tation of the data is quite simple. Unfortunately, in most biological 

tissues this is not the case and approximations must be made to ex­

plain the relaxation measurements. 

3. 2.1 Dipolar interaction 

One of the most important mechanisms for nuclear magnetic relax­

ation involves magnetic dipole-dipole interaction. Due to this inter­

action a magnetic nucleus experiences a small local field B-, , pro­

duced by the neighbouring nuclear magnets [1]: 

B. =1.-3 (3cos26.-l) (3.8) 
loc i r? i 

I 

where r. is the internuclear distance, and 6. the angle between r 

and the magnetic field. This interaction may be intra- or inter-

molecular. 

Secondly, molecules are in thermal translational and rotational 

motion, and atoms, or even groups of atoms, may change places within 

or between molecules. Due to these motions, the local magnetic field 

&-, experienced by a particular nucleus continuously varies in time. 

If B-, fluctuates at a suitable frequency it may induce transitions 

between spin states similar to those caused by the external resonance 

frequency field. Thermal motions in a liquid cover a wide spectrum 

characterized by the 'spectral density' function J(w) [6], which 

represents the power at frequency w. J(w) is the Fourier transform 

of the so-called autocorrelation function G(x), measuring the 

persistence of the fluctuations of the motion. Frequently G ( T ) drops 

off exponentially with a decay time T , which is called the cor­

relation time. It is the time taken for a typical fluctuation to 

die away. In many cases, T uniquely defines the J(u>) of the local 

field. For translational motion x can be considered as the time 
c 
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needed for a molecule to make a displacement corresponding to its 
diameter; similarly, for rotational motion, t can be viewed as the 
time needed to make a rotation through an angle of one radian; for 
collisions x is the average time between molecular collisions. 

If we assume that a single correlation time characterizes the 
molecular rotation, the dipole-dipole interaction for two identical 
nuclei with I = \ gives rise to nuclear spin relaxation, with 
relaxation times: 

(T-> intra = ^ ^ * " + ~ J (3"9a) 

Ti intra 6 1 + ^ 2 2 x + 4u) 2 X 2 
o c o c 

i o 4 *2 "̂̂  "̂̂  

(i-). . = ̂ — 2 - {3x + - + ^ } (3.9b) 
T 2 intra 2 Q r6 c l + ^ 2 T 2 x + ^ 2 T 2 

o c o c 

where r is the internuclear distance and x is the rotational corre­
lation time. For the translational motions involved in intermolecular 
interactions, the general expressions for (f-)in+-er

 a n d ^T^inter a r e 

similar to eqns. 3.9a-b, where the rotational correlation time x 
must be replaced by the translational correlation time xfc [2]. 

For fast rotational motion (1/t >> w ), Tj equals T2 and both 
are inversely proportional to x . This condition is commonly met in 
aqueous solution at room temperature, where x for water molecules 
is of the order of 10_11 s. As the correlation time x increases, 
the component of the local fluctuating field at the resonance fre­
quency u) decreases, tending to zero when w x >>1. Tt now becomes 
proportional to x and increases once more as the magnitude of t 
increases. T2, however, continues to decrease linearly with x , 
because T2 is also sensitive to low frequency fluctuations, until 
the molecular motion slows down so much that it reaches the rigid 
lattice condition. When water molecules interact with macromolecules 
in solution or with membranes the rotational and translational motion 
slows down considerably, causing Tx and T2 to become different, and 
resulting in a value of T2 much less than for free water. 

In analyzing relaxation measurements it is a standard procedure 
to include only intramolecular dipolar interactions. However, evi­
dence has been presented that intermolecular dipolar interactions 
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between water molecules, especially in the hydration layer, and 

protons of the macromolecules may have a significant or dominant 

contribution in the relaxation mechanism [e.g. 7-9]. There is an 

additional effect that may influence the observed nuclear magnetic 

relaxation: diffusion through local gradients in the magnetic field, 

due to local differences in the magnetic susceptibility, as found 

for heterogeneous systems [10]. However, it has been concluded that 

in biological tissues this effect is small and often can be neglected 

[9]. 

3. 2. 2 Paramagnetic ions 

A significant effect on nuclear relaxation times in biological 

tissues can be attributed to paramagnetic ions in solution, resulting 

from the dipolar interaction between electron and nuclear spins and 

the scalar interaction depending on the unpaired electron density 

at the position of the nucleus. The relaxation times of nuclei bound 

near a paramagnetic site are given by the equations of Solomon (11) 

and Bloembergen (12), 

Y2g2S(S+l){52 3x 71 2 t 
^ 7 = J F ( - ) { — + — } + |S(S+1) Q) { } (3.10a) 
T l M 1 5 r 6 l+u>2x2 l+tu2X2 3 * l+w2x2 

I c S c S e 
V2g2S(S+l)p2 3x 131 2 I 

f= - JF (- ) {4T + — - + - } + is(S+l) (£) { — ^ - + t } 
TzM 15 r6 C l+u)2T2 l+iu2T2 3 * l+w2T2 e 

1 c b c b e (3.10b) 

where u)T and w are the nuclear and electron Larmor precession fre­

quencies respectively, S is the electron spin, g the electron g 

factor (a dimensionless constant), 0 the electron Bohr magneton, r 

the distance between the nucleus and the paramagnetic ion, A/ft the 

electron-nuclear hyperfine coupling constant, and x and x the cor­

relation times characterizing the modulation of the dipolar and 

scalar interactions, respectively. These are given by 

^- = — + — + — (3.11) X T TM T c s M r 
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and 

e s M 

where T M is the life-time of a nucleus at the binding site, t is 

the rotational correlation time of the bound paramagnetic ion, and 

x is the electron-spin relaxation time. 

When fast chemical exchange occurs of water molecules in the bulk 

water and those near a paramagnetic site, the observed relaxation 

times can be shown to be 

j - m — + j — (3.13a.) 
l,obs lw 1M 

I = ir^ + J- (3.13b) 
2,obs 2w 2M 

where f is the fraction of time that each proton spends in the coor­

dination shell of the paramagnetic ion. If n is the coordination 

number, N is the concentration of paramagnetic species, and N„ is 

the molar concentration of protons we have f=n/N„. Neglecting T, 

and T» , the relaxation times in pure water, eqn. 3.13 becomes 

h = (s-> f5 - (3-14a) 

l,obs H 1M 

k = (J") f2" (3.14b) 
2,obs H 2M 

showing a linear dependence of both 1/T, , and 1/T2 , on N 

(Chapter 7). From eqn. 3.10 it can be seen that 1/T, . and 1/T2 , 

are also roughly proportional to Miff/ the mean square magnetic 

moment of the paramagnetic species, which is about a thousand times 

larger for electrons than for protons, causing a very effective 

relaxation mechanism. 

In biological tissues one is mainly concerned with the ions Cl~, 

Na , and K . At physiological concentrations, the effect of these 

ions on the relaxation times of pure water is usually very small 

and can in general be neglected [14,15]. However, in biological 

tissue these ions can influence the relaxation time of water by 

osmosis, affecting the water content of the tissue, and - at high 
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ionic concentrations 

structure [16,17]. 

by a direct effect of these ions on the water 

3.2.3 Sample heterogeneity 

The measurement and interpretation of nuclear relaxation in bio­

logical tissue is also complicated by tissue heterogeneity, both on 

a macroscopic and on a microscopic scale [18]. In this respect, we 

can distinguish regions with e.g. different cell size, different 

water content, different chemical composition. Furthermore, these 

regions are spatially organized in a non-random manner, they contain 

molecules of different sizes, and - finally -, water and ions may 

be distributed throughout the system in a non-uniform way, as indi­

cated in Fig. 3. Water molecules may exchange between regions A and 

B at a rate that is a function of the self-diffusion coefficient of 

water in each region and of the potential barrier constituted by 

the interface separating the two regions. 

On a microscopic scale the heterogeneity influences the time con­

stants of the different dynamic processes that characterize the 

t 

Fig. 3 Schematic illustration of large scale heterogeneity. Distinct regions 

(e.g. A and B) of the material may have differing compositions (e.g. 

water contents), geometries and dimensions (e.g. X, Y, etc.) and may also 

differ in e.g. degrees of order and anisotropy in internal structure (from 

Packer [18]). 
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motion of the water molecules and proton exchange in such systems. 

Fig. 4 gives a schematic illustration of two interacting regions a 

and p on a microscopic scale [18]. The shaded regions a and p represent 

two macromolecular structures characterized by dimensions d, x, y, 

orientations Ba and 6 defined with respect to an external reference 

axis, and correlation times for tumbling t . The distance d is often 

much larger than the size of a water molecule, and in systems where 

the macromolecules concerned are structural components such as in 

collagen, tm can be very long or even infinite. In protein solutions 
Tm w i l 1 reflect the tumbling of the protein molecule in part or as 

a whole. The water molecules can undergo a variety of motions in such 

a system as illustrated in Fig. 4. 

REGION a 
91* REGION ft 

vrri 111i111) i II I)) i) u)) m 111)) n 

H TD 
I 

H-0 

/VAex 
H H ,H H> 

W//////////777777778&77777771 

\ Tm 

Fig . 4 A schematic i l l u s t r a t i o n of small sca le he te rogenei ty and var ious dynamic 

processes which may he experienced by water in a b i o l og i ca l system (from 

Packer [18] ) . 

Water molecules outs ide the region of influence of the macromolecules 
d i f fuse , r o t a t e and exchange protons with c h a r a c t e r i s t i c times t n , 
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t and i respectively. Water molecules interacting with the macro-

molecules tumble anisotropically, this process being represented by 

a collective correlation time T' and have a lifetime in this state 

designated by t' . Water molecules may diffuse from one region to 

another, their lifetime in a given region being t„ (~ d2/2D ), with 

D the self-diffusion coefficient, while the exchange of protons 

with the macromolecules corresponds to a lifetime of t" . Water 

molecules near the macromolecular surface move in an anisotropic 

potential which remains almost unchanged during the reorientation 

of a water molecule, resulting in an anisotropic magnetic interaction, 

mainly of dipolar nature which is not averaged out to zero during 

the reorientation time of such a water molecule. Water molecules 

outside the region of influence of the macromolecules, the bulk 

liquid water, also experience at any instant an anisotropic potential, 

but the axes defining this anisotropy changes direction as fast as 

individual molecules reorient, consequently the effects due to an 

anisotropic potential are generally averaged out on the NMR timescale. 

As is evident from Fig. 4 the dynamics of water in biological tissue 

contains many different processes and a full description is virtualy 

impossible without making suitable approximations. 

3. 2. 4 Exchange and diffusion 

In biological tissues each region (i.e. a and 0, fig. 4) will 

probably contain a number of different types of binding sites which 

give rise to different values of e.g. correlation times and relaxation 

times. If t' for each such site were sufficiently large then the 

observed nuclear relaxation would contain a superposition of relaxa­

tion rates of free and the total of bound sites. By exchange processes 

however, the nuclear relaxation of the different sites is completely 

or partially averaged, depending on the rate of exchange. For the 

fast exchange condition (x' << T2fa, where b is the bound site) in a 

single region assuming only a single type of binding site, the ob­

served relaxation time becomes [19] 

2f-'+PbT2b-i (3.15) 



23 

where f refers to the free (bulk) water and Pf, P, are the mole 
fractions of the free and bound water, respectively. For a system 
with exchange between two sites a and b, the relaxation times depend 
on the exchange rates (T — X and t. -1 ) and the relaxation times of 
the sites in the absence of exchange (T2 = and T2, ) as given by [20-22] 

cl JJ 

T^II = \ IV + V + C + tfi ± [ < * + ^ + rij h (3.16) 
a l b 

with S = i (T2-1 - Tz^1) (3.17) 

and a = | ( t " 1 - i " 1 ) (3.18) 
2 a b 

The fractions are given by P = T /(r + t, ). 
In this description the chemical shift difference between the 

two states (the difference in the Larmor precession frequency) has 
been neglected. However, in considering the relaxation rates we must 
also take into account that the exchange process itself causes an 
additional relaxation mechanism because the nuclei experience time-
dependent magnetic fields by exchange between different environments. 
This results in a dependence of the nuclear relaxation times on the 
chemical shift differences and, in the case of a T2 measured via 
the Carr-Purcell-Meiboom-Gill method [23,24 and Section 3.3], on 
the pulse separation 2x of the n-pulses [21,22 and references cited 
therein]. For 2x6 << 1, where 26 is the chemical shift difference, 
the effect of the chemical shift disappears, resulting in egn. 3.16. 
On the other hand, for 2x6 >> 1, T2

-1 is given by [21,22] 

T2l,II= \ (T2~a + T2"b + X a _ 1 + ̂  * P (3"19) 

where p can be calculated from 

(p + iq)2 = (i6 + s + a)2 + (taIb)-1 (3.20) 

and S and a are defined in eqns. 3.17 and 3.18. The physical reason 
for the dependence of T2 on the pulse spacing 2t may be explained 
as follows. During the time t after an echo, the magnetizations M-
and MR rotate in the rotating frame with an angular frequency -6 
and +6, respectively. M, and 1VL have a phase difference 2T6 after 
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time i, in the absence of exchange. As a result, the observed relaxa­

tion times vary with increasing 2x between the limiting values given 

by eqn. 3.16 and eqn. 3.19. Therefore, a comparison of T2 relaxation 

times should take into account the experimental pulse spacing 2T. 

The dependence of T2 on 2t in plant tissue such as bean leaves 

and apple pulp has been demonstrated by Fedotov et al. [25]. From 

these measurements these authors concluded that (in terms of Fig. 

4) x' is of the order of 10~8 s, t" varies from 3.5 x 10-3 s for 

maize leaves to 9.5 x 10"3 s for onion bulb, and t' ^ 10- 4 s. In 

all measured plant tissues these authors observed only a single 

relaxation time for Tx and T2 , in contrast to the measurements re­

ported in this Thesis (Chapter 7). 

So far, exchange between two sites has been considered assuming 

that any water molecule at any instant has equal probability to be 

found in either one of the two sites. This situation is clearly not 

met in heterogeneous systems. The discrete jumps of a water molecule 

or a proton between two well-defined sites can then be generalized 

to random, quasicontinuous displacements, as in free diffusion. It 

depends on the distance over which the tissue is homogeneous, the 

presence of diffusion barriers and the diffusion coefficent, which 

kind of relaxation behaviour is observed: a single relaxation time 

for more homogeneous tissues with unrestricted diffusion or a distri­

bution of relaxation times for more complex systems. A full theoret­

ical description, in which many exchange sites with different re­

laxation times are incorporated, has not yet been developed. 

Recently, Brownstein [26] and Brownstein and Tarr [27] applied a 

simple theory based on a diffusion equation using the bulk diffusi-

vity of water [28,29] to explain the multi-exponential decay seen 

in nuclear relaxation measurements of water in biological tissues. 

They showed that such multi-exponential behaviour arises as a conse­

quence of an eigenvalue problem associated with the size and shape 

of the cell and that this multi-exponential decay can only be observed 

for samples with a size comparable to that of a biological cell. 



25 

3.2.5 Summary 

In summary we conclude that nuclear relaxation times Tx and T2 

contain the following information: 

concentration and dynamics of the observed magnetic nuclei 

nature of the environment of the nuclei, in particular the micros­

copic geometry of their environment. 

influence of the boundaries (e.g. walls) surrounding the homogeneous 

regions of the sample. 

3.3 MEASUREMENT OF T2, DIFFUSION AND FLOW 

3. 3.1 Method of T2 measurement 

After the magnetization M is rotated by a \ n pulse applied along 

the x' axis as shown in Fig. 2, M is parallel to the y1 axis, and 

immediately begins to decay. The nuclear induction signal can be 

detected with a coil that is part of a circuit tuned at the resonance 

frequency u> . The apparatus is arranged in such a way that signals 

are detected when M has a component perpendicular to B , i.e. the 

receiver coil is parallel to the x or y axis. Accordingly, the trans­

verse magnetization rotating in the laboratory frame induces an 

alternating voltage in the coil, at the Larmor frequency. This oscil­

lating signal can be phase-sensitive detected and decays exponentially 

if the resonance condition is satisfied. This signal is called the 

free induction decay (FID). 

As defined by the Bloch equations (eqns. 3.7a-c), T2 is the decay 

time of the transverse magnetization. However, only in favourable 

cases will the FID decay with the relaxation time T2• In particular, 

the inhomogeneity of the magnetic field B accelerates the decay of 

the transverse magnetization, because the nuclei in the different 

parts of the field precess at different frequencies and hence rapidly 

become out of phase with respect to each other. The FID has an effec­

tive transverse relaxation time T2*, given by [2]. 

(T2*)-i = T2
_1 + yABQ/2 (3.21) 
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where AB is the inhomogeneity of B . 

The effect of the magnetic field inhomogeneity of B can be re­

presented by a distribution of the Larmor frequencies g(Auj). Due to 

this inhomogeneity, the average Larmor frequency w in the sample 

is associated with a range of precession frequencies UJ ± Aw. At a 

given w-, a number of nuclei precess, and these are assigned to a 

spin isochromatic group [30]. After a %n pulse at t=o (Fig. 5a) 

each isochromatic group precesses at a slightly different rate in 

the x',y' plane and fans out (Fig. 5b). When, after a time t, a n 

pulse along the y' axis is applied (Fig. 5c), a 180° reversal to 

the isochromatic spin groups is given with respect to the y',z' plane, 

the slower and faster moving groups again approach each other. Thus, 

at time 2x phase coherence is restored for a short period of time, 

(b) 

(d) 

TCt£2T t = 2T 

Fig. 5 The production of a spin echo (a) t=o : \n pulse along x' , (b) free 

induction decay at 0<t<l, (c) at t=T a 71 pulse along the y' axis results 

in a 180° reversal of the isochromatic spin groups, (d) restoration of 

phase at x<t<2t yields, (e) a spin-echo at t=2T, (f) phase coherence 

is again lost. 
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giving rise to a spin-echo (Fig. 5e). Thereafter the spin-groups 

fan out again (Fig. 5f). The height of the echo at time 2x depends 

on the initial magnetization |M | and on the transverse relaxation 

time T2, which can be obtained from the echo amplitude as a function 

of T. 

However, molecular diffusion also affects the echo height. If 

between pulses the observed nuclei (attached to the molecules of 

interest) move from one part of the inhomogeneous field B to another 

by diffusion, then the compensation for the field inhomogeneity is 

incomplete and the echo does not reach its full height. Carr and 

Purcell have shown [23] that for the multiple pulse sequence 

Vt„i _(t - n - - T ) the effect of diffusion can be neglected when 

t is made small enough. The envelope of the heights of the spin 

echoes, which occur in between the pulses at times 2nt, has the form 

exp(-2nt/T2) and thus yields T2. Meiboom and Gill [24] introduced 

a modification to compensate for off-resonance effects and imper­

fections in the length of the pulses by the sequence: 

Vtx, -(x - ny, - x ) n 

This pulse sequence is known as the Carr-Purcell-Meiboom-Gill (CPMG) 

sequence which is used for the T2 measurements as reported in this 

Thesis. 

3. 3. 2 Effect of diffusion and flow 

As has been stated above, NMR is one of the most versatile tech­

niques for the study of molecular motion through its effect on the 

Larmor precession frequency. When a molecule moves a distance Az 

during a time At along a field gradient G , the phase shift due to 

that motion is 

A* = yG (AZ)(AT) (3.22) 

These motions can be viewed as either incoherent or coherent. Examples 

of the former are thermal motions of the molecules, e.g. transla-

tional and rotational diffusion, and chemical exchange, whereas flow 

represents coherent motion. Turbulent flow might be considered as 

having both the properties of coherence (on a short time scale) and 

randomness (on a longer time scale). 
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The effects of molecular diffusion and flow in spin-echo experi­

ments has already been recognized by Hahn [30] and Carr and Purcell 

[23]. In fact the echo amplitude in a CPMG pulse sequence is atten­

uated by molecular diffusion according to [23] 

S(t) « exp[-(t/T2) - i Y2G2Dl2t] (3.23) 

G is a spatial magnetic field gradient, D the self-diffusion coeffi­

cient. As stated before, S(t) is purely exponential for small T, 

i.e. if v2G2Dx2<<T2
-1. Stejskal [31] and Stejskal and Tanner [32] 

noted that the effect of diffusion is to attenuate the echo height 

whereas the effect of flow is to shift the phase of the echo signal. 

When the signal is phase sensitive detected, this also attenuates 

the echo height. Packer [33] showed that in a CPMG pulse sequence 

only the odd-numbered echoes are affected by flow by a factor 

cos(vGvt2), where v is a constant velocity (in m/s) and the linear 

gradient G is in the direction of flow. 

Several modifications of this basic pulse sequence combined with 

a linear magnetic field gradient have been proposed and employed 

for the measurement of self-diffusion or flow. Of these the use of 

time-dependent field gradients has the advantage of extending the 

range of D-values accessible to measurement to smaller values [32], 

because it permits the use of high field gradients without affecting 

the effective r.f. pulse length and the shape of the echo. This 

concept has also been applied to flow measurements [73]. 

Flow can also affect the echo amplitude in a CPMG pulse sequence 

without the use of a magnetic field gradient [34,35]. This effect 

is simply explained by noting that when the liquid is flowing, a 

fraction of the molecules labelled by a \n pulse is replaced by 

unlabelled molecules. The effect of flow pattern and r.f. field in-

homogeneity on the decrease of the echo amplitude has been investi­

gated by Hemminga et al [36]. 

The next Sections represent a short review of diffusion and flow 

measurements by NMR, with emphasis on the applicability of this 

method to biological systems, especially plants. 
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3.4 NMR DIFFUSION MEASUREMENTS IN BIOLOGICAL SAMPLES 

Most of the reported self-diffusion coefficients of water in 

biological samples have been measured using the time-dependent mag­

netic field gradient method (see Section 3.3) [32]. In plant and 

animal tissues it was observed that the measured values of D depend 

on the pulse spacing x which is indicative of restricted diffusion. 

This can be explained if the diffusing molecules are not able to 

travel for an appreciable distance in the time-interval* T without 

either meeting a partially reflecting barrier or venturing into a 

region of decreased mobility. This results in a behaviour that ap­

proaches that of a pure liquid for short pulse spacing, while for 

longer times the measured value of D decreases [31,37]. Restricted 

diffusion theory has been developed for a number of differently 

shaped restrictions. Expressions have been derived for planar 

[38,39,42], spherical [31,38], and cylindrical [38] impermeable walls 

and one-, two-, or three dimensional diffusion [40]. Formulae for 

geometries with an arbitrary diffusion barrier permeability are given 

by Tanner [41] and Anisimov et al. [43,44]. Tanner's equations contain 

the distance between the barriers as a parameter, which can be derived 

from the NMR relaxation data. In plant tissue the tonoplast, in 

addition to the plasmalemma, were suggested as possible barriers 

causing restricted diffusion. Thus measurements of D may yield infor­

mation about the cell size or the distribution of the size of the 

cells [41-45]. 

In tissues containing many components, the observed NMR relaxation-

behaviour in time-dependent field gradient spin-echo experiments is 

dependent on the fraction of each type of spin contributing to the 

echo. Karger [46] has presented a theoretical investigation of a 

two phase system. He derived complicated expressions similar in form 

to eqns. 3.15 and 3.16, given in Section 3.2 for multisite relaxation 

including exchange. By a proper choice of the r.f. pulse-sequence 

and magnetic field gradient pulses [45] together with other experi­

mental variables such as the pulse spacing time x, the magnitude of 

In reality, the use of the parameter T is not completely correct; further 

details are beyond the scope of this Section, and can be found in ref. [41]. 




