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Introduction 

General introduction 
 
Long distance transport in plants occurs in conduits that are mostly too small to see with 
the naked eye. The implications of the process however are large, and are evident on a 
global, ecological and evolutionary scale. The ability to internally distribute water and 
solutes with vascular tissues has been one of the key steps that enabled plants to conquer 
the land in the Silurian period, some 400 million years ago (Lösch, 2001, Westoby & 
Wright, 2006). Without vascular tissues plants would not have been able to reach a size 
larger than a few centimetres. Non-vascular terrestrial plants have also evolved and still 
exist today (e.g. mosses and liverworts), but in terms of biodiversity and biomass they 
have not been nearly as successful as the vascular ones. On a global scale, the availability 
of water is one of the major factors that limit plant production and yield. Plants need to 
take up CO2 for photosynthesis. Because they do not possess membranes that are 
permeable to CO2, while at the same time being impermeable to water, evaporative water 
loss is an inevitable consequence of taking up carbon dioxide (Sperry, 2004). As many as 
100 to 1000 water molecules are lost per molecule of CO2 assimilated (Maseda & 
Fernandez, 2006). Transpiration in higher plants accounts for about one eighth of all the 
water that evaporates to the atmosphere all over the globe, and for about three-quarters of 
all water that evaporates from land. Long distance transport in plants thus directly affects 
the global water cycle, and with that, global climate (Sellers et al., 1997).  

Long distance transport occurs along two parallel pathways, the xylem and the 
phloem (Fig. 1). The xylem is primarily responsible for the transport of water and 
nutrients from the soil to the leaves, growth tips, fruits and flowers; while the phloem is 
responsible for the transport of photosynthates such as sucrose from leaves to the rest of 
the plant. A secondary function of these two vascular systems is to provide a pathway for 
signaling. Plants lack a nervous system, but use signaling compounds such as ions, 
phytohormones and even RNA molecules in combination with their vascular systems to 
achieve communication between plant organs.  
 The phloem and the xylem play a pivotal role in the distribution of three of the 
most important resources that a plant has: water, nutrients and carbohydrates. Water is 
needed to allow transpiration, CO2 uptake, photosynthesis, and growth. For example, in 
herbaceous plants the water content is around 95% and most of the mechanical strength is 
provided by cells that are rigid only because they are filled with water. Nutrients such as 
phosphorus, potassium, nitrogen, sulphur, magnesium, iron and calcium and compounds 
containing these elements are needed to build proteins and play important roles in various 
processes in the plant. The carbohydrates (sugars) that are transported by the phloem are 
at the core of the carbon economy of the plant. They provide energy by fueling 
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respiration, and provide carbon-containing compounds for growth. Carbon is contained in 
most of the dry matter that the plant is made of. It forms the backbone of many plant 
biomolecules, including starches and cellulose.  

Terminal organs such as fruits can only grow because the carbohydrates, water 
and nutrients they need are supplied to them by means of the vascular tissues. Because 
sugars are only imported by means of the phloem, whereas water is imported by both 
xylem and phloem, the balance between xylem and phloem influx will determine fruit 
sugar content. In tomato a strong correlation exists between sugar content and the quality 
of taste, as expressed in consumer satisfaction (Auerswald et al., 1999). In recent years 
the popularity of the tomato fruit has suffered because consumers found them to be 
watery and without taste. If there would be a way to manipulate the balance between 
phloem and xylem to promote phloem flow towards fruits, the influx of sugars could be 
stimulated, leading to a higher sugar content of the fruit and a better taste, without 
harming fruit yield. Another reason why it would be interesting to manipulate xylem and 
phloem influx concerns the import of nutrients. The phloem and xylem both carry 
nutrients, but not the same ones in equal amounts. For instance, calcium deficiency has 
been linked to the occurrence of blossom end rot, and to the balance between xylem and 
phloem (Ho et al., 1993, van Ieperen, 1996). Here, too, the balance between xylem and 
phloem influx might be manipulated to avoid illness and promote fruit quality. 

Figure 1. a) Xylem and phloem tran-
sport in the plant. The xylem transports 
water and minerals from the roots to the 
shoot, driven by the evaporation of water 
from the leaves. In the leaves CO2 is 
taken up, fixed, and sugars are produced. 
These sugars are transported from the 
source leaves to the sinks where they are 
needed, such as the roots, the growth tips, 
and other organs such as fruits. b) Micro-
scopic image of phloem and xylem in the 
roots of a herbacious plant (Similax). The 
xylem (X) was stained red, the phloem 
(Ph) stained blue. Xylem conduits are 
much larger than phloem sieve tubes 
(image: David Webb; modified) 
 
 

 3



Introduction 

There are a number of ways that might allow a horticultural grower to affect the 
balance between xylem and phloem influx. For various reasons xylem transport will react 
immediately to changes in water potential of the air and the substrate, whereas phloem 
will not. It might thus be possible to influence the balance between xylem and phloem 
influx by for instance dynamically and diurnally adjusting the salt concentration of the 
nutrient solution, the light intensity, the temperature and / or the greenhouse humidity.  

Several types of model have been drawn up to in order to model plant growth, 
fruit growth, or crop yield (Bussieres, 1995, Daudet et al., 2002, Heuvelink, 1996). Some 
models already are used in horticultural practice, for instance to estimate crop yield or to 
control greenhouse climate. However, if they would be accurate enough, these models 
could also be used to predict and control quality, for instance by helping growers to 
manipulate the xylem to phloem influx ratio in fruits, or to save energy. Currently, 
growers like to keep the greenhouse climate (temperature, light) as constant as possible. 
In this fashion plant and fruit growth is predictable, allowing them to deliver their produce 
when needed. However, maintaining a constant climate requires energy. To give some 
examples: 2 kg of tomatoes require ~1 m3 of gas; around 3.700 million m3 gas was used 
by horticulture in 2002 in the Netherlands alone; and the energy bill (gas + light) of an 
average grower was approximately 300.000 euro in 2006. Large savings could be 
achieved if growers would be able to adjust to changing weather more flexibly – for 
instance by taking advantage of warm periods to compensate cold spells, or changing 
light availabilities, etc. – while still being able to produce high quality products within the 
same time span. However, in order to do that, complex models would be needed that are 
able to incorporate the effects of a dynamically changing greenhouse climate on fruit 
growth.  

Currently, models of such detail are not available. An important reason for this is 
that only little is known about the dynamic behavior of phloem and xylem transport in the 
living plant. This is surprising, because the basic principles and anatomy that underlie 
xylem and phloem transport have been known for about a century. However, the 
translation of these basic principles and anatomical data into accurate models has 
remained exceedingly difficult. The problem is that a number of key parameters to date 
cannot be measured by means of the techniques that are currently available. One of the 
main reasons is that both xylem and phloem are extremely sensitive to invasive 
experimentation. Transport in them relies on pressure gradients that, for various reasons, 
are very easily disturbed by cutting or puncturing. To circumvent this limitation, non-
invasive methods such as Magnetic Resonance Imaging (MRI) are needed.  

This thesis deals with MRI of long distance transport in plants. We demonstrate 
that MRI flow imaging, which in literature is more formally known as Nuclear Magnetic 
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Resonance (NMR) flow imaging, can be used to quantitatively image phloem and xylem 
transport in the intact living plant. The thesis revolves around three themes. The first is 
quantification of flow. We investigated how conduit diameter relates to NMR relaxation 
behavior, and found that although conduit diameter does affect relaxation, no special 
measures were needed to compensate for it in quantification. The second theme is 
imaging long distance transport in plants. We demonstrate that it is now possible to 
routinely perform quantitative NMR flow imaging of phloem and xylem flow in the main 
stem of plants, as well as in the stalks of fruits. The third theme concerns the dynamics of 
long distance transport in plants. We use NMR flow imaging to observe and quantify the 
dynamics of xylem and phloem flow in a variety of plant species, as well as the dynamics 
of long distance transport towards fruits. In this context we investigate the following 
questions: how fast does phloem sap move; does it show any diurnal rhythmicity; do 
phloem flow velocities differ between species; what percentage of the xylem flow is 
recycled by means of the phloem; what percentage of the available xylem cross-sectional 
area is used to conduct flow; and what percentage of the sap flow to fruits is carried by 
the xylem, and how much results from transport through the phloem. 
 
 

Xylem transport 
 
Water transport in plants has attracted the attention of botanists for more than four 
centuries. Already at that time the fact that sap moves in plants will have been evident 
from examples in everyday life. For instance, flowers will take up water when put in a 
vase; birch trees will leak sap that can be used to make birch wine when they are cut; and 
in spring when grape vines are pruned the plants can leak sap for days. In the 17th century 
Malpighi was one of the first to investigate water transport in plants (Malpighi, 1675). He 
studied the wood of trees microscopically and postulated that the vessels that he observed, 
served to transport air, reasoning incorrectly that the conduits were so narrow that only 
vapor would be able to flow through it. He also observed fibers in the wood, and 
suggested that these might be structures that transport water in a wick-like fashion. The 
conduits he observed consequently were named tracheids, analogous with the trachea in 
animals (vertebrates: windpipe). Later it turned out that these tracheids had no function in 
transporting air and that fibers provided strength, but did not transport water. Despite this 
fact, the name tracheid is still in use today.  

In the following two centuries, slowly some of the basic properties of xylem and 
phloem were discovered. For instance, it was recognized that water in the plant does not 
circulate in the same fashion as blood in animals. Also, it became clear that the xylem 
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conducted a unidirectional flow of almost pure water from the roots to the shoots, whereas 
the phloem conducted a flow of more viscous, sucrose containing sap in the opposite 
direction. It was decided that the two sap flows were too different to be directly coupled 
(Cotta, 1806).  

An important subject of discussion at the end of the 19th century was the question 
whether living cells were involved in lifting and moving water in the xylem. It seemed 
natural to assume that living tissue played a role. However, experiments by Strasburger 
and Böhm clearly illustrated that living cells were not involved. They showed that water 
would be taken up by trees or twigs, even when the conducting tissue was killed by 
various poisonous solutions (Strasburger, 1891) or by boiling (Böhm, 1893). It was thus 
proven that the process of lifting xylem sap to great heights in trees was a physical one, 
which did not directly require the involvement of living cells. 

Following Strasburgers and Böhms experiments, the cohesion-tension (C-T) 
theory was introduced to explain how water can ascend to the top of trees (Dixon & Joly, 
1895). This theory still holds today. It states that the pressure difference between roots 
and leaves, which is the driving force of xylem transport, is generated by surface tension 
at the evaporating surfaces of the leaf. The evaporating surfaces are the walls of cells that 
are found inside the leaf; and the evaporation is regulated by the stomata in the leaf 
surface. Evaporation causes the surface of the water to pull back into the pores of the cell 
wall. Inside the pores the water forms a concave meniscus. The high surface tension of 
water pulls the meniscus outwards, generating a negative pressure (tension) inside the 
xylem that is high enough to lift water to the top of the highest trees. The xylem conduits 
are rigid and sturdy, and are built to withstand large negative pressures (Hacke et al., 
2001). The negative pressure is transmitted through the continuous water column in the 
xylem vessels, from the leaves to the root apices and throughout all parts of the apoplast 
of the plant (Tyree, 1997). This is possible because the vessels transporting the water are 
very narrow, generally measuring between 10 and 1000 μm in diameter (Sperry et al., 
2006). If conduits would be wider, then cavitation would readily occur and the water 
column would not be able to reach a height of more than 10 meters. However, in the 
narrow conduits of a plant liquid water can exist in a metastable state of tension and 
theoretically rise to a maximum height of 122 to 130 meters (Koch et al., 2004). This 
corresponds with the height of the largest known trees on earth, the largest of which is a 
115 meters tall sequoia tree (Sequoia sempervirens, Redwood National Park, California, 
United States). 

The C-T theory is still the most widely accepted theory to explain the ascent of 
xylem sap in trees today. However, it has not gone unchallenged. Over the last decade a 
pressure probe technique has been developed that offers the possibility to measure 
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pressures in the living plant by means of a fluid filled needle. According to the C-T theory 
large negative pressures should exist in the xylem. However, the xylem pressure probe 
failed to measure these negative pressures. On the basis of this a number of authors 
concluded that the C-T theory could not be valid (Zimmermann et al., 1993), causing a 
long and heated debate about the matter (Meinzer et al., 2001, Tyree, 1997, Zimmermann 
et al., 2000). Other authors questioned whether the xylem pressure probe could be a 
suitable tool to measure tensions in the xylem. They argued that the insertion of the 
pressure probe would cause cavitation and embolisms in the xylem, thus severely limiting 
the negative pressures that the device would be able to measure (Steudle, 2001, Wei et al., 
1999). The values that were measured and that lay at the basis of the assault on the C-T 
theory would thus have been an artifact, caused by the limitations of the method. It 
appears that the last view has won the argument and that plant vascular biologists still 
widely support the C-T theory (Angeles et al., 2004). 
 
 

Phloem transport 
 
In comparison with xylem vessels, phloem conduits are small and obscure. Even under 
the microscope they are hard to distinguish. This is why Malpighi in the 17th century did 
not recognize the phloem under the microscope. He nonetheless correctly speculated that 
there must be a return flux from the leaves, and that the bark (which indeed contains the 
phloem) might be conducting that flux. He came to this conclusion because he observed 
that when in summer a ring of bark was removed from a tree, the bark above this ring 
became thick and swollen. In winter, when the tree had lost its leaves, the swelling did not 
occur. He inferred that the swelling was caused by solute, coming from the leaves, which 
was trapped by the break in the bark. It took almost two centuries more before Hartig 
finally discovered the sieve tube, i.e. the conduit that conducts the phloem sap (Hartig, 
1837). However, it remained unclear what force caused the sap in the sieve tubes to flow.  

Roughly a century later Ernst Münch proposed the pressure flow model to solve 
the question. The Münch pressure flow hypothesis (Münch, 1930) states that an 
osmotically generated pressure gradient is actively maintained between “source” leaves 
and “sink” tissues. At the source, the hydrostatic pressure increases as osmotically active 
solutes such as sucrose are secreted into the phloem sieve tubes. This in turn attracts water 
from the surrounding tissues, creating a turgor pressure in the phloem (van Bel, 2003, 
Ziegler, 1975). At the sinks the opposite occurs when solutes are removed from the 
phloem sap. The result is an osmotically generated pressure gradient that drives the 
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phloem sap from source to sink. Much in contrast to the xylem, the phloem thus operates 
at positive pressures. 

The basic principle behind the Münch pressure flow hypothesis is still generally 
accepted today, even though it has been subjected to a number of adaptations. The most 
important one is that sieve tubes cannot be regarded as the simple semi-permeable tubes 
that Münch envisaged. From a functional point of view the phloem sieve tubes are no 
simple tubes because they are leaky. Along the phloem solutes are lost, but also 
simultaneously retrieved. The solute content and therefore local turgor are controlled by 
the concerted action of passive solute release-, and highly regulated active solute retrieval 
systems (van Bel, 2003). From a physiological point of view sieve tubes can not be 
regarded as simple tubes because they consist, in contrast to the xylem, of living cells. 
They however do not possess nuclei, and lack a range of organelles that are needed to 
maintain their cellular functions. Instead, they depend on an intimate association with 
companion cells, with which they are coupled by means of plasmodesmata. Most of the 
cellular functions of a sieve-tube element are thus carried out by the metabolically hyper-
active companion cell (van Bel & Knoblauch, 2000).  
 
 

Existing methods 
 
The Münch pressure flow hypothesis and the cohesion tension theory have in common 
that they are well established theories, which however never have been rigorously tested 
because we lack the methods to do so. The phloem and the xylem are deeply embedded 
within the plant, and both tissues are extremely sensitive to experimental manipulation. 
The xylem is sensitive to cutting and puncturing because it operates under high tensions 
and will easily become embolized (Wei, Steudle & Tyree, 1999). The phloem on the other 
hand consists of living cells which are known to invoke a range of immediate defense 
reactions following all but the most subtle invasive manipulations (Knoblauch, Peters, 
Ehlers & van Bel, 2001, Van Bel, 2003). These sensitivities have for a long time made it 
very difficult to characterize long-distance transport in the living plant. However, over the 
last two decades novel techniques have opened up new approaches to study the processes 
that govern long distance transport. Molecular techniques have made it possible to 
identify a great number of carriers, molecular pumps and (water) channels that are 
involved in the transport of solutes and water over the plasma membrane of sieve tubes 
(Lalonde, Tegeder, Throne Holst, Frommer & Patrick, 2003, Patrick, Zhang, Tyerman, 
Offler & Walker, 2001). The development of the pressure probe has made it possible to 
study the pressure gradients that are driving phloem and xylem flow, for instance by 
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measuring the turgor pressures of cells and sieve tubes (Gould, Minchin & Thorpe, 2004, 
Steudle, Hashimoto, Kramer, Nonami & Strain, 1990, Tomos & Leigh, 1999); and as 
discussed previously, efforts to measure xylem tensions have challenged the C-T theory. 

While the knowledge about the forces and processes that drive xylem and 
especially phloem transport is increasing rapidly, the knowledge about the dynamics of 
long distance transport in the intact plant remains very limited. This is caused by the fact 
that it is difficult and often impossible to non-invasively measure xylem and phloem sap 
flows using the methods that are currently available. Heat-based methods have been used 
to estimate xylem flow (for a review see Smith and Allen (1996)), and radioisotope 
labeling techniques have been used to estimate flow velocities and volume flows in the 
xylem and the phloem (e.g. 14C: MacRobbie (1971); 11C: Minchin and Thorpe (2003). 
However, each of these approaches has disadvantages that limit their usefulness. They are 
often not completely non-invasive, as some heat-based methods require probes to be 
inserted into the plant stem, and some radioactive labeling techniques require the 
destruction of plant samples. An issue specific to radioisotope labeling is that not the 
movement of water is measured, but the movement of labeled carbon compounds, which 
may not yield the same results. Also, the interpretation of the results can become a 
problem because parameters such as size, anatomy, tissue heterogeneity, and exchange 
between tissues can influence measurements as well as the calibration of the 
measurements. Finally, neither approach provides spatial information about the position 
of the flowing xylem or phloem sap in the plant stem.  
 
 

MRI of long distance transport 
 
Over the last decades NMR flow imaging has developed from an experimental technique 
to one that is finding more and more practical use in the study of xylem and phloem long 
distance transport in plants (Köckenberger et al., 1997, Peuke et al., 2001, Rokitta et al., 
1999, Scheenen et al., 2002, Scheenen et al., 2007, Windt et al., 2006). An important 
advantage of the technique is that it can be used in a completely non-invasive manner. It 
does not require tracers or markers, because the NMR signal originates from the protons 
of water that is already present in the plant. A comprehensive introduction into the 
physics of NMR and MRI would fall outside the scope of this introduction, but can be 
found in various excellent textbooks (Callaghan, 1993, Haacke et al., 1999).  

A disadvantage of MRI is that the spatial resolution that can be obtained is limited. 
This limitation is caused by the MRI hardware (the most important factors being the 
strength of the magnetic field and of the imaging gradients), but also by acquisition time: 
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acquiring a more detailed image takes more time. Usually the spatial resolution does not 
exceed 100 x 100 μm at a slice thickness of about 3 mm, which in most cases is not 
enough to resolve singular xylem conduits (Scheenen et al., 2000b). As a result, a pixel 
that contains one or more conduits with flowing water will almost always also contain a 
significant amount of stationary water, located in the tissue that surrounds the conduits 
(Fig 2a). Fortunately, the limited spatial information is compensated for by the ability to 
acquire what might be called functional sub-pixel information. Even when the two pools 
of water cannot be resolved spatially because they are in the same pixel, they can still be 
separated on the basis of their functional behavior (movement) and / or physical 
properties such as relaxation behavior (Van As, 2007). 

NMR flow imaging is unique in that it can provide a wealth of information about 
the properties of water that is moving in a plant. It can be used to quantitatively measure 
the velocity distribution of flowing water on a per pixel basis. On the basis of these 
velocity distributions quantitative flow maps can be constructed of the average weighted 

Figure 2. Spatial resolution and propagators. a) A pixel with one or more flow conducting 
vessels (I) will also always contain a fraction of stationary water (II). b) Example of a pixel 
propagator in the stem of tomato. On the right hand side flowing water is observed, on the left 
hand side (non-flow direction) only the effects of diffusion. By fitting the non-flow part of the 
propagator with a Gaussian, mirroring it, and subtracting it from the flow direction, the velocity 
distribution of the flowing water is obtained. The velocity distribution in this example suggests 
that one large vessel was present in this particular pixel, giving rise to the higher velocities in the 
distribution (up to about 6 mm/s), and one or more narrower vessels, causing higher amplitudes at
flow velocities below 2 mm/s. In c) the position of the pixel that gave rise to this velocity 
distribution is indicated (III). 
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linear velocity, the flow conducting area, the amount of stationary water, and the volume 
flow, on a per pixel basis (Scheenen et al., 2000b).  
 A q space flow imaging sequence can roughly be divided into three parts: 
excitation, flow encoding, and image acquisition (Fig. 3). Per excitation only part of an 
image is acquired, and for a flow measurement multiple flow encoded images are needed 
(for full details see Scheenen et al (2000a)). For this reason the above sequence has to be 
repeated many times. The flow encoding times can be as short as 15 ms when fast flowing 
water is studied, or as long as 200 ms for slow flowing water (Scheenen et al., 2001). 
Long flow labeling times are required to distinguish very slow moving water from 
stationary diffusing water (Scheenen et al., 2001). Immediately after excitation the 
amount of signal is proportional with proton density, i.e. water content. After excitation 
the signal decays, the rate of decay being determined by the physicochemical properties 
of the environment that the water is in.  

In a Pulsed Field Gradient (PFG) type flow measurement, the displacement 
spectrum P(R, Δ) is measured as function of the displacement encoding time, for every 
pixel of an image and along an axis of choice (Scheenen et al., 2000b). By dividing the 
displacement R by the flow labeling time Δ, a velocity distribution is obtained (Fig. 2b). 
The amplitude of the signal is directly related to proton density, i.e. the amount of water 
in a pixel. In this velocity distribution, stationary (but randomly diffusing) water will 
appear as a Gaussian shape, centered around velocity zero. Water that exhibits a net 

Figure 3. Schematic representation of a PFG-SE-TSE flow imaging sequence. At time = 0 a slice 
of the sample is excited. After excitation NMR signal will slowly decay. As long as the signal is 
present, flow labeling and image encoding can be performed. Signal relaxation limits how long 
the flow labeling period Δ may last, as well as how many scan lines of an image may be acquired 
per excitation. In this example 8 scan lines are acquired. For a single flow measurement with a 
matrix size of 128 by 128 pixels, this sequence would have to be repeated 128/8=16 times, 
multiplied by the number of flow encoding steps and the number of repetitions. 
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directional flow will appear left or right from zero, depending on the direction of flow. 
The fact that the signal of stationary water is centered around velocity zero can be put to 
good use to separate the stationary from the flowing water. When the spatial resolution is 
sufficient to separate flow with opposing directions (e.g. phloem and xylem), then every 
flow containing pixel will have a “flow” and a “non-flow” direction. The signal in the 
non-flow direction (left hand side, Fig. 2b) originates from stationary water and can be 
fitted with a Gaussian. This provides a measure for the amount of stationary water that is 
present. By subtracting this Gaussian from the original velocity distribution the velocity 
distribution of the flowing water is obtained. By means of this procedure, the two pools of 
water (stationary and flowing) within the same pixel are separated, giving access to 
displacement information on a sub-pixel level (Scheenen et al., 2000b). 

A key step in MR flow imaging is the quantification in terms of average linear 
velocity, flow conducting area and volume flow. In order to quantify the amount of 
stationary or flowing water, the amplitude of the signal of the two pools of water is 
compared with the signal from a reference tube filled with water. The average signal 
amplitude of the pixels in the reference tube provides a 100% value for a pixel filled with 
water, making it possible to calculate the amount of flowing and stationary water for 
every pixel within the slice, or to calculate the flow conducting area (Scheenen et al., 
2000b, Windt et al., 2006). It has been shown by Scheenen et al that in this fashion, in a 
cucumber plant with especially large vessels, the flow conducting area of a single vessel 
could be calculated with an error of ±10% (Scheenen et al., 2007). However, the 
quantification could become inaccurate if the relaxation rates of the signal of the flowing 
water and the reference object are not comparable.  
 
 

Main research questions 
 
The work in this thesis is centered around three themes.  

The first theme is quantification of flow. It is well known that the relaxation 
behavior of water depends on the physicochemical properties of the environment that the 
water is in. In porous materials the relaxation behavior of the NMR signal is influenced 
by pore diameter. Similarly, the conduit diameter in plants is expected to influence the 
relaxation behavior of sap. For that reason we developed a method to determine the 
relaxation behavior of flowing sap, and applied it to investigate whether it is necessary to 
take the effects of conduit diameter on relaxation behavior into account when quantifying 
NMR flow measurements of transport in plants. 
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The second theme is imaging xylem and phloem flow. Especially phloem 
transport is difficult to measure. The low flow velocities and the very small flowing 
volumes, in the presence of large amounts of stationary water, make it difficult to 
distinguish flowing phloem sap from stationary, but diffusing water. In this study we 
demonstrate NMR flow imaging approaches that have enabled us to routinely measure 
phloem- as well as xylem flow in a variety of plant species. In addition we demonstrate, 
for the first time ever, NMR flow imaging of long distance transport to fruits.  

The third theme concerns the dynamics of long distance transport in plants. 
Despite centuries of research, conventional techniques have allowed us to catch but 
glimpses of the dynamics of xylem and phloem sap flow in the living plant. Here, we use 
MRI flow imaging to observe and quantify xylem and phloem flow in a variety of plant 
species, as well as towards fruits. The results of the measurements conducted in the main 
stem are discussed with regard to the following topics: a) flow characteristics and diurnal 
dynamics of phloem and xylem flow, b) the cycling of water between phloem and xylem, 
and c) the xylem cross-sectional area that theoretically could conduct sap, as compared to 
the cross-sectional area that in fact does conduct sap. The results of the measurements of 
long distance transport to fruits are used to draw up a balance between xylem and phloem 
influx and efflux, and are discussed in relation to estimates based on earlier, indirect 
measurements. 
 
 

Outline of the thesis 
 
Chapter 2: Correlated displacement–T2 MRI by means of a Pulsed Field 
Gradient - Multi Spin Echo method 
To correctly quantify the results of NMR flow imaging measurements, information about 
the T2 relaxation rate of the flowing sap and the reference liquid is needed. However, the 
resolution is usually not high enough to spatially resolve the flow conducting conduits. As 
a consequence, in every pixel that contains flow conducting conduits, stationary water 
from surrounding tissue will be present as well. It is impossible to determine the T2 of the 
flowing water when using conventional (non-flow resolved) T2 imaging – the result 
would be an average weighted value for the T2’s of both the flowing and stationary water 
in a particular flow conducting pixel. To resolve this issue a sequence is needed that 
allows water to be separated on the basis of displacement behavior before determining the 
relaxation rate. In chapter 2 a method for correlated displacement-T2 imaging is presented 
that meets these criteria. A Pulsed Field Gradient - Multi Spin Echo (PFG-MSE) sequence 
is used to record T2 resolved propagators on a pixel-by-pixel basis, making it possible to 
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perform single pixel correlated displacement-T2 analyses. The sequence is demonstrated 
using a number of flow conducting model systems. 
 
Chapter 3: The effect of the diameter distribution of xylem conduits on the 
flow conducting area and the quantification of volume flow 
The relaxation behaviour of water in porous materials is well known to be influenced by 
pore diameter. In chapter 3 we investigate how T2 relaxation behaviour of xylem sap is 
affected by xylem conduit diameter and xylem diameter distribution, and whether this 
needs to be corrected for in the quantification of MR flow imaging data. The PFG-MSE 
sequence presented in chapter 2 was used to carry out T2 resolved flow imaging on pieces 
of stem through which water was pumped. The pieces were taken from various plant 
species in order to get stems with varying xylem conduit diameter distributions. The 
distribution of conduit diameters and total conduit cross-sectional surface was determined 
by optical microscopy. Two topics were studied. Firstly, the correlation between T2 and 
conduit diameter distribution was investigated, as well as its potential consequences for 
quantification. Secondly, we investigated what percentage of the xylem that potentially 
can conduct flow, does conduct flow, and how this relates to conduit diameter 
distribution.  
 
Chapter 4: MRI of long-distance water transport. A comparison of the 
phloem and xylem flow characteristics and dynamics in poplar, castor 
bean, tomato and tobacco. 
For a long time the largest challenge in NMR flow imaging of plants has been imaging 
phloem flow. Xylem sap flow is easier to image because the volume of flowing sap is 
relatively large and because the flow velocities are high. The opposite is true for phloem 
flow: the amount of flowing water per pixel is very low, as are the flow velocities. In 
chapter 4 we demonstrate that these difficulties have been overcome and that it is now 
possible to quantitatively and routinely image phloem flow in a variety of plant species. 
We present a comparison of the diurnal phloem and xylem flow characteristics in poplar, 
castor bean, tomato and tobacco. Special attention is paid to the following questions: how 
fast does phloem sap move, how variable is the sap flow velocity between species or over 
the diurnal cycle; and what percentage of the shoot-bound xylem sap flow is returned to 
the root system by means of the phloem (Münch counterflow). 
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Chapter 5: Most water in the tomato truss is imported through the xylem. 
An NMR flow imaging study. 
So far almost all NMR flow imaging studies have been carried out on the main stem of 
the plant. Imaging flow in the stem is easy: the stem conducts the largest fluxes, and 
phloem and xylem are easily recognized because of their opposite direction of flow. 
Measuring transport to fruits is more challenging. Here xylem and phloem flow in the 
same direction, the fluxes are smaller, and the fruit stalks are short, thin and fragile. It is 
commonly assumed that in most plants the bulk of the sap enters the fruit via the phloem. 
However, this assumption is based on estimates, not on direct measurements. In chapter 5 
we investigate if it is possible to measure xylem and phloem transport towards fruits and 
distinguish the two transport streams. In this study tomato is used as a model plant. We 
demonstrate that it is possible to measure xylem and phloem transport towards a tomato 
truss during 8 weeks of truss growth, and draw up a balance between influx and efflux. 
We address the following questions: how do the dynamics of sap flow change during truss 
development; is xylem and phloem sap flow to the tomato truss unidirectional or does a 
return flux occur; does long distance transport to the tomato truss exhibit a diurnal 
rhythmicity; and what percentage of the total influx occurs by means of the phloem. 
 
Chapter 6: Effects of cold-girdling on flows in the transport phloem in 
Ricinus communis: is mass flow inhibited?  
Current evidence suggests that phloem flow is regulated by source strength and sink 
demand. However, the processes that occur along the length of the phloem can not always 
be neglected. The phloem is a system of leaky tubes; they constantly leach and retrieve 
sucrose. The phloem is thus in a highly regulated dynamic equilibrium with its 
surroundings. It is known that locally cooling the phloem (cold girdling) affects phloem 
translocation. Cold girdling may influence phloem transport in three ways: trigger defense 
mechanisms in the phloem, thus stopping flow; increase the viscosity of the phloem sap, 
slowing phloem transport down; or affect the process of sucrose loss and retrieval by 
slowing down retrieval. In chapter 6 we investigate the effects of cold girdling on the sap 
flow in the transport phloem of Ricinus comunis (castor bean). The effects of cold girdling 
on phloem solute transport were measured by monitoring solute concentrations, while the 
effects of cold girdling on phloem water mass flow were measured by means NMR flow 
imaging. The results are discussed in view of the above three hypotheses. 
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Correlated displacement-T2 MRI 

Abstract 
 
A method for correlated displacement-T2 imaging is presented. A Pulsed Field Gradient - 
Multi Spin Echo (PFG-MSE) sequence is used to record T2 resolved propagators on a 
voxel-by-voxel basis, making it possible to perform single voxel correlated displacement-
T2 analyses. In spatially heterogeneous media the method thus gives access to sub-voxel 
information about displacement and T2 relaxation. The sequence is demonstrated using a 
number of flow conducting model systems: a tube with flowing water of variable intrinsic 
T2’s, mixing fluids of different T2’s in an “X”-shaped connector, and an intact living plant. 
PFG-MSE can be applied to yield information about the relation between flow, pore size 
and exchange behavior, and can aid flow quantification by making it possible to correct 
for T2 relaxation during the displacement labeling period Δ in PFG displacement imaging 
methods. Correlated displacement-T2 imaging can be of special interest for a number of 
research subjects, such as the flow of liquids and mixtures of liquids moving through 
microscopic conduits of different sizes (e.g., plants, porous media, bioreactors, biomats).  
 
 

Introduction 
 
Although NMR imaging has been used to image objects as small as a single cell (Aguayo, 
Blackband, Schoeniger, Mattingly & Hintermann, 1986, Lee, Kim, Kim, Lee, Yi, Kim, Ha 
& Cheong, 2001), the resolution that can be obtained is in general not high enough to 
resolve structures on a microscopic scale. Inhomogeneous voxels will result when 
structures in a sample are smaller than can be resolved. To characterize the microscopic 
internal structure of porous materials and biological tissues, NMR methods are available 
that are able to overcome this resolution limitation (Does & Gore, 2000, Qiao, Galvosas & 
Callaghan, 2005, Sen, 2004, van Dusschoten, Moonen, de Jager & Van As, 1996) . These 
methods make use of the fact that the NMR properties of the molecules of a fluid inside a 
porous structure reflect the internal dimensions and geometries. This is valid when the 
self-diffusion lengths or flow displacements, over timescales comparable with the NMR 
spin relaxation times, are of a similar order to the structural scales (Britton, Graham & 
Packer, 2004, Callaghan, 1993). Two main types of NMR experiments are commonly 
used to investigate porous and biological microstructure: NMR T2 (spin-spin) and T1 
(spin-lattice) relaxation time measurements, and pulsed field gradient spin echo (PFG-SE) 
or stimulated echo (PFG-STE) techniques.  

Spin-spin relaxation measurements can provide information on microstructure in 
microscopically heterogeneous systems, because the relaxation behavior of spins reflects 
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the diffusion of spins to a relaxation-active surface, diffusion within internal magnetic 
field gradients caused by susceptibility effects, or exchange with relaxation sinks 
(Callaghan, 1993, Fenrich, Beaulieu & Allen, 2001, Sen, 2004). In non-imaging mode, T2 
can be measured using a large number of echoes with very short inter echo times and 
many repetitions. The high signal-to-noise ratio (SNR) of such measurements makes it 
possible to do a multi-exponential analysis and identify different pools of protons on the 
basis of relaxation behavior. Spin relaxation measurements combined with imaging 
methods usually cannot be used in the same manner, because the SNR, the inter echo time 
and the number of echoes that can be recorded are insufficient.  

Q-space imaging with PFG-SE or –STE is employed to measure the average 
propagator or displacement spectrum as a function of the displacement encoding time Δ, 
P(R, Δ), on a per voxel basis. Every voxel-propagator can then be used to calculate a 
separate quantitative propagator of the flowing and diffusing fluid that is present in a 
heterogeneous voxel (Scheenen, van Dusschoten, de Jager & Van As, 2000a, Scheenen, 
van Dusschoten, de Jager & Van As, 2000b), thus giving access to sub-voxel information. 
By analyzing the propagator dependence on labelling time Δ, the method can be extended 
to study processes such as restricted diffusion, exchange and dispersion (Cohen & Assaf, 
2002, Pfeuffer, Flogel & Leibfritz, 1998, Tallarek, Rapp, Seidel Morgenstern & Van As, 
2002, Tallarek, Vergeldt & Van As, 1999).  

Van Dusschoten et al (1996) were the first to combine CPMG (Carr-Purcell-
Meiboom-Gill (Carr & Purcell, 1954)) and PFG into a single PFG-CPMG imaging 
experiment, designed to simultaneously measure the T2, the apparent diffusion constant 
and the amplitude of different fractions within biological tissues, on a voxel by voxel 
basis. In this case, the PFGs were used to generate diffusion weighted multi-echo images, 
but no attempt was made to measure flow. Correlated flow- T2 imaging will be harder to 
do, because one has to preserve the phase information related to coherent displacements in 
the echo train.  

Britton et al (2001) combined q-space displacement encoding and CPMG in a non-
imaging PFG-STE-CPMG sequence. In this case, a Fourier transform with respect to the 
wavevector q=γδg/2π was used to produce a propagator for every echo in the CPMG train. 
The two dimensional experiment thus produced a joint probability density / joint 
propagator, PΔ(R, techo), that could be transformed into a T2 resolved propagator PΔ(R, T2) 
by means of a regularized Laplace inversion for each displacement R. In this example a T2 
resolved propagator was produced by recording long echo trains with a large number of 
repetitions and a minimum of 16 phase cycles. The large number of phase cycles were 
needed to preserve the flow related phase information in both the real and imaginary part 
of the echoes. Without imaging this is no problem. However, when one would aim to 
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perform the same experiment in imaging mode, the number of phase cycles would need to 
be drastically reduced in order to keep total measurement time within reasonable limits.  

Recently, Manz (2004) presented a fast multi-echo imaging sequence designed to 
measure T2 as well as displacement. In this case the aim of the sequence was to reduce 
scan time, not to measure correlated displacement and spin-spin relaxation. The sequence 
was used to measure either T2 relaxation, by acquiring multiple echoes in a flow 
insensitive fashion, or to measure flow by using the echo train to acquire multiple q-space 
displacement encoding steps, but not both at the same time. Doing so, T2 and flow can 
only be correlated for the total voxel and no sub-voxel information is obtained. 

In this paper we present a PFG-MSE sequence that can be used to record a true 
joint propagator on a voxel-by-voxel basis. In order to test the new sequence, we have 
applied it to a number of flow conducting experimental systems, including a large, intact 
living plant. Using these examples, we demonstrate that PFG-MSE can be used to record 
reliable T2 resolved propagators on a per voxel basis and thus gives access to sub-voxel 
information with regard to displacement as well as T2 relaxation behavior in 
heterogeneous porous media. In addition, PFG-MSE can be used to aid flow quantification 
in terms of volume flow by making it possible to correct for T2 relaxation during 
displacement labeling in PFG displacement imaging methods. 
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Figure 1. Schematic representation of the Pulsed Field Gradient Multi Spin Echo imaging 
sequence (PFG-MSE). The sequence is based on the modified CPMG sequence published earlier 
by Edzes et al (Edzes, van Dusschoten & Van As, 1998). The CPMG sequence was combined with 
PFG displacement encoding to yield PFG-MSE.  
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Methods 
 
Pulse sequence 
Figure 1 shows a schematic representation of the Pulsed Field Gradient Multi Spin Echo 
(PFG-MSE) sequence. The sequence is based on a modified CPMG sequence that was 
published earlier by Edzes et al (1998). PFG displacement encoding was added to the 
sequence, along the lines set out by Scheenen et al for their Pulsed Field Gradient Turbo 
Spin Echo (PFG-TSE) sequence (Scheenen et al., 2000a). For PFG-MSE, the advantage of 
having the ability to rapidly acquire multiple scan lines per excitation as  
in PFG-TSE is traded in, at the expense of acquisition time, for the ability to record the T2 
decay for every displacement step in an experiment. 

After a slice-selective 90° 3-lobe sinc pulse of 0.5 ms, the magnetization in the XY 
plane is displacement encoded with two ramped PFGs of length δ in the slice direction, 
separated by a labeling time Δ. The amplitude g of the PFGs is varied from – gmax, via 0, 
to + gmax in m steps, sampling q space completely. In between, one or more (depending on 
Δ) additional 180° block pulses of 0.04 ms are inserted, with a variable spacing tau, to 
overcome susceptibility artifacts (van Dusschoten, de Jager & As, 1995). In the modified 
CPMG spin echo train that follows displacement encoding, every echo is phase encoded 
and subsequently reverse encoded. In order to maintain the phase information imposed by 
the two PFGs throughout the echo train a phase cycling scheme is needed. Three phase 
cycling schemes were employed and compared: CPMG, MLEV-4 (x -x -x x)n (Shaka, 
Rucker & Pines, 1988), and XY-8 (x y x y -y -x -y -x)n (Gullion, Baker & Conradi, 1990). 
Hard 180° block pulses are used for two reasons. Firstly, the short duration of the hard 
pulses allows the use of short echo times, minimizing susceptibility effects (Edzes et al., 
1998) and making it possible to acquire many echoes. Secondly, because all spins inside 
the RF coil experience the non-slice selective pulse, the outflow of spins during the period 
Δ and during the acquisition of long echo trains is avoided.  
 
Demonstrators 
A phantom, an X-shaped connector, and a 90 cm tall intact tomato plant were used as test 
objects and demonstrators. The phantom consisted of a central tube with an inner diameter 
of 6 mm containing flowing water, surrounded by six smaller reference tubes filled with 
doped water. Three tubes contained a solution with a short T2 (313 ms), the other three 
contained a solution with a long T2 (998 ms). A constant flow of 0.05 ml water per second 
was maintained in the central tube by means of a Pharmacia Biotech P-500 syringe pump 
(Amersham Biosciences Europe, Orsay, France). The T2 of the water pumped through the 
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central tube was varied by using solutions of 2.00 mM, 1.00 mM, 0.50 mM and 0.25 mM 
GdDTPA (Schering BV, Weesp, the Netherlands).  
 The second object,  an “X” shaped connector, was used to study the mixing of two 
fluids of different T2’s (Fig. 2). The connector (code 1412, Kartell, Noviglio (MI), Italy) 
had an inner diameter of 4.6 mm, 90° angles between the legs, with each leg of the 
connector having a length of 42 mm. Through leg A a solution of ~6 mM CuSO4 was fed 
into the connector, through leg B a solution of ~10 mM CuSO4. After crossing the center 
of the connector, the mixture was allowed to flow out through the opposing two legs. 

The third test object, a tomato plant, was grown in a climate chamber (22 °C, 50 % 
RH, 16 h photoperiod 200 μmol m2 s-1 PAR; 20 °C, 50 % RH 8 h dark period) on a perlite 
substrate with a continuous feed of commercially available growth medium. Two weeks 
before the measurements took place the plant was transferred to water culture. The plant 
was placed in a 10 l container filled with growth medium and continuously aerated. Before 
measurements the main stem of the plant was fitted with an RF coil at a height of 15 cm 
above the pot, and placed upright in the MRI setup. The plant was then left to acclimate in 
the magnet for two full days. Inside the magnet the plant was subjected to a day period of 
14 h at 25 °C and 45 % RH at a light intensity of 200 μmol m2 s-1 PAR, and a night period 
of 10 h at 22 °C and 40 % RH.  
 
MRI spectrometer 
In this study two spectrometers were used. For the phantom and the tomato plant a 0.7 T 

solution A solution B

slice 1 slice 8

outflow

leg A leg B

solution A solution B

slice 1 slice 8

outflow

leg A leg B

Figure 2. Mixing of two fluids of different T2’s in an X-shaped connector. Through leg A a 
solution of 6mM CuSO4 was fed into the connector, through leg B a solution of 10mM CuSO4. Two 
multi slice PFG-MSE experiments were done, one measuring eight stacked slices along one axis 
as indicated in the diagram, plus an identical measurement along the other axis (slices not 
shown). 
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MRI system  based on a Bruker Avance (Bruker, Karlsruhe, Germany) console was used, 
in combination with a 10 cm air gap Bruker electromagnet (Bruker, Karlsruhe, Germany). 
The magnetic field was stabilized by an external 19F lock unit. Inside the magnet an 
actively shielded gradient system with a planar geometry was fitted (Resonance 
Instruments Ltd, Witney, UK), capable of generating gradients of up to 1 T/m in the X, Y 
and Z direction, with a rise time of 300 μs. In between the two gradient plates an air gap of 
50 mm was present, providing free access. The phantom was inserted into a close fitting 
custom-built solenoid RF coil. For the tomato plant a solenoid coil was fitted directly 
around the stem, by placing a thin plastic mould on the stem of the plant and wrapping the 
coil around the mould.  

For the X-shaped connector a 50 cm vertical bore 3 T MRI imager was employed 
(Bruker, Karlsruhe, Germany). A 14 cm inner diameter gradient insert with up to 0.27 T/m 
(X, Y and Z direction) gradient strengths with a rise time of 320 μs was used in 
combination with a quadrature birdcage RF coil with an inner diameter of 10 cm. 
 
Signal processing 
The joint propagator PΔ(R, techo) datasets that were acquired using the PFG-MSE sequence 
consisted of a set of conventional complex k-space images, containing a full 2D dataset 
per voxel with displacement and relaxation information (typically 32 q-space steps by 96 
spin echoes). The 2D dataset can be analyzed in different ways. Here, we chose to use the 
displacement information to separate different pools of water on the basis of displacement, 
to subsequently analyze relaxation behavior per displacement step. All data handling was 
performed with home-built software written in IDL (RSI, Boulder, Colorado). 

The complex k-space data was Fourier transformed to produce a four-dimensional 
image matrix containing q-space images in one dimension and the corresponding echo 
images in the other. Taking only signal from stationary water in the images into account 
and handling the even and odd echoes separately, phase corrections with regard to k- as 
well as q-space were calculated and applied to every echo- and PFG-step in the dataset. 
After phasing the odd echoes were mirrored in the PFG direction and shifted one gradient 
step (Scheenen et al., 2000a). The whole dataset was then Fourier transformed in the PFG 
direction in order to yield multi-echo propagator images. All Fourier transforms were done 
without filtering or zero-filling. 

 Due to the low field strength of the 0.7 T MRI setup and the small voxel volumes 
SNR was limited. Especially in cases where only a part of the signal within a voxel 
originates from flowing water molecules, such as is the case in plants and some porous 
media, the signal of the flowing water in a voxel is smeared out in the displacement 
spectrum, further lowering SNR per displacement step. In these cases SNR could be 
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greatly improved by summing multiple voxels in a region of interest (ROI) to yield a two 
dimensional dataset containing a one-dimensional propagator for every recorded echo. 
This way the available spatial resolution is used to construct masks and separate the signal 
within a ROI from signal originating elsewhere. Flow masks were constructed on the basis 
of average linear velocity maps, which in turn were constructed from a summation of the 
first four echoes of the echo-propagator images within the displacement-T2 dataset. The 
quantitative velocity maps were calculated using the quantification method as described 
by Scheenen et al (2000a). 

Prior to fitting PFG-MSE datasets on a per voxel basis, noise was removed from 
the multi-echo propagator images by discarding data from voxels that contained a value of 
zero or lower in the first eight echoes. T2 decay was fitted using a mono-exponential decay 
function, yielding quantitative amplitude, 1/T2 and T2. In the analysis, only the real part of 
the (phase corrected) signal was used. In order to save time in data processing the multi-
echo displacement data points were evaluated before mono-exponential fitting. When a 
decay curve was found to start with a negative value, consisted of less than two positive 
data points, or was found not to decay, it was assumed to consist of random noise only and 
was discarded. 
 
 

Results and Discussion 
 
Phantom study 
In order to test the ability of the new sequence to measure accurate T2 values and T2 
independent volume flow rates (the latter by extrapolating the mono-exponential T2 fits to 
zero time, providing a quantitative value for proton density over the full range of 
displacements of a propagator), measurements were done on a phantom consisting of a 
tube with slowly flowing water, surrounded by six smaller reference tubes filled with 
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Figure 3. Amplitude and T2 maps of the phantom.  
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stagnant doped water. Amplitude and T2 maps of this phantom are presented in figure 3. A 
continuous laminar flow of water was maintained in the central tube, the T2 of which was 
varied by changing the concentration of GdDTPA from 0.25 mM to 2.00 mM in four 
steps.  
 
In order to characterize the flow of water in the phantom, a series of turbo spin echo flow 
measurements were conducted using the PFG-TSE method (Scheenen et al., 2000a). One-
dimensional propagators were constructed by summing, respectively, the voxels from the 
flow conducting tube and the two types of reference tubes (Fig. 4). The propagators of the 
stagnant solution in the reference tubes exhibited a clean gaussian shape, symmetrical 
around zero. The propagators of the different solutions that were flowing through the 
central tube displayed the broadened boxcar profile that is typical for laminar flow through 
a cylinder, broadened by self-diffusion (Scheenen et al., 2000b, Tallarek, Rapp, Scheenen, 
Bayer & Van As, 2000). In a 6 mm tube that conducts a water flow of 0.05 ml/s, Hagen-
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Figure 4. 1D propagators, constructed from a series of PFG-TSE imaging experiments. The 1D 
propagators represent the sum total of all signal originating from the two sets of reference tubes, 
shown in figure 3 (square markers) or the central flow conducting tube (round and triangular 
markers). Amplitude and T2 maps of this object are shown in figure 3. Four solutions with an 
increasing concentration of GdDTPA were pumped through the central tube, 0.25 mM (closed 
circles), 0.5 mM (open circles), 1 mM (closed triangles) and 2 mM (open triangles). Experimental 
parameters: 64 x 64 matrix, field of view 16.5 mm, slice thickness 3 mm, 2 averages, repetition 
time 5 s, TE 4.95 ms; 32 PFG steps, labeling time Δ 30ms, PFG duration δ 3 ms, PFGmax 0.461 
Tm-1, during Δ 3 180° pulses, tau 5.25 ms; measurement time 43 minutes. 
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Poiseuille predicts an average displacement of 0.053 mm at a flow labeling time of 30ms, 
corresponding closely to the average displacements that were measured. For the 0.25 mM, 
0.5, 1.0 and 2.0 mM GdDTPA solutions average displacements of 0.052, 0.051, 0.051 and 
0.050 mm was measured, respectively. 
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Figure 5. A comparison of multi-echo 
propagator images acquired with the PFG-
MSE sequence, using the CPMG (a), MLEV-4 
(b) and XY-8 (c) phase cycling schemes. The 
displacement direction runs from left to right 
with zero displacement in the center, while 
echo images are displayed from top to 
bottom. For compactness, the 128 echoes that 
were acquired were reduced to 32 in this 
figure, by averaging sets of four echoes. 
Experimental parameters: 32 x 32 matrix, 
field of view 16.5 mm, slice thickness 3 mm, 2 
averages, repetition time 2.5 s; 32 PFG steps, 
labeling time Δ 30ms, PFG duration δ 3 ms, 
PFGmax 0.46 Tm-1. 
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 In our PFG-TSE sequence, k-space was sampled from the center (k=0) outward. 
Doing so, the effective echo time, and thus propagator amplitude, is determined by the 
first echo after the displacement labeling period (Scheenen et al., 2000a). During flow 
labeling in a PFG-SE or PFG-TSE experiment the magnetization is subjected to T2 decay. 
The effect of T2 relaxation during flow labeling became more noticeable with increasing 
solute concentration. The amplitude difference between the propagators of the reference 
tubes and the 0.25 mM and 0.5 mM solutions remained small, but T2 relaxation effects 
became especially noticeable in the propagators of the 1.0 and 2.0 mM solutions. When 
the T2 of the flowing fluid is not known, for instance in the case of fluid flow through a 
micro-porous material, T2 relaxation effects like these would exclude a proper 
quantification of volume flow.  

 
Since we wished to analyze relaxation behavior, the stability of the echo-propagators 
throughout the echo train was of paramount importance. It is well known from literature 
that displacement encoding interferes with the CPMG conditions, resulting in a rapid loss 
of transverse coherence (Bastin & Le Roux, 2002, Gullion et al., 1990, Le Roux, 2002). 
Maintaining both components (real and imaginary) of transverse magnetization is essential 
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Figure 6. The results of mono-exponential fits of the sum total of all signal originating from the 
two sets of reference tubes and on the four different solutions flowing in the central tube of the 
phantom, 0.25 mM, 0.5 mM, 1 mM and 2 mM GdDTPA. Figure a) shows the amplitudes A(R); in 
figure b) the values obtained for T2(R) are shown. The amplitude (A) and T2 values were obtained 
by fitting the decays for each displacement step R(Δ) using a mono-exponential fit as described in 
the text. Experimental parameters: 64 x 64 matrix, field of view 16.5 mm, slice thickness 3 mm, 2 
averages, repetition time 5 s, 96 echoes, TE 4.95 ms; 32 PFG steps, labeling time Δ 30ms, PFG 
duration δ 3 ms, PFGmax 0.46 Tm-1, during Δ 5 180° pulses, tau 5.25 ms; measurement time 5.45 h. 
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for flow imaging, because it is needed to determine the direction of flow. Phase cycling 
schemes other than the classical CPMG have been shown to be effective in avoiding this 
loss of coherence. Here, three phase cycling schemes were tested, CPMG, MLEV-4 (x –x 
–x x)n (Shaka et al., 1988), and XY-8 (x y x y –y –x –y –x)n (Gullion et al., 1990).  
 When a CPMG phase cycling scheme was employed, the echo-propagators lost 
phase coherence after as few as four echoes (Fig. 5a).  At this point in the echo train the 
displacement images of the flowing water started to appear not only on the right hand side, 
but also on the left hand side. This indicates that the phase coherence of the transverse 
signal was lost, because of which the direction of flow could no longer be determined. The 
application of an MLEV-4 phase cycling scheme brought about a slight improvement, but 
it also resulted in a wave pattern in which the displacement images of the flowing water 
first (correctly) appeared on the right hand side, but then, as the echo train progresses, the 
displacement images shifted from the right to the left, and back again (Fig. 5b). In contrast 
to the two previous phase cycling schemes, XY-8 was very effective in preserving the 
displacement information throughout the length of an echo train (Fig. 5c). The echo 
propagators remained stable from echo 1 to echo 128. Gullion et al found that during XY-
8 the longitudinal and transverse components of the magnetization are treated identically, 
compensating the loss of phase coherence in both. During MLEV phase cycling this is not 
the case. MLEV was found to behave well in shorter echo trains, but in longer echo trains 
failed to compensate both components of the magnetization (Gullion et al., 1990). This 
corresponds well with our observations. We therefore used the XY-8 phase scheme in all 
subsequent experiments. 
 To test the ability to measure accurate T2 values, solutions of different T2’s were 
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Figure 7. Amplitude-displacement (A-R; (a)), 1/T2-displacement (1/T2-R; (b)) and T2-
displacement maps (T2-R; (c)) of the phantom conducting a solution of 2 mM GdDTPA. The 
amplitude and T2 values were obtained by fitting the decays for each voxel and each displacement 
step R(Δ), using a mono-exponential fit as described in the text. For experimental parameters see 
fig. 6. 13 displacement images on the left, from -0.136 to -0.034 mm, do not contain useful 
information and are not shown. 

32 



Chapter 2 

pumped through the central tube of the phantom object. Figure 6 shows the results of 
mono-exponential fits, done on the sum total of all signal within different ROI’s of the 
phantom. The T2 values of the reference tubes and the flowing solutions remained 
virtually constant over the full widths of their respective propagators, only showing 
appreciable variation at the far ends of the propagators, where signal intensity became too 
low to give reliable results (Fig. 6b). The T2 values of the water in the two sets of 
reference tubes corresponded well with the values measured in a flow–insensitive T2 
imaging experiment (compare Fig. 6b with Fig. 4), and with the T2 values found using 
(non-imaging) relaxometry (data not shown), indicating that the measured T2 values were 
accurate.  

The results of the PFG-TSE measurements presented in figure 4 provide a good 
indication of the amount of signal that can be lost due to spin-spin relaxation during flow 
encoding when the T2 of the flowing solution is lowered, even during a flow labeling 
period as short as 30 ms. One of the major advantages of PFG-MSE is that it makes it 
possible to calculate the amplitude at t=0 for every single displacement step, thus 
eliminating the effects of signal decay during the labeling time, as was demonstrated in 
figure 6a. The extrapolated amplitudes of the different flowing solutions match closely, 
regardless of the T2 of the solutions involved.  

In figure 7 it is demonstrated that it is possible to analyze the PFG-MSE data on a 
per voxel basis. The measurement was done on the same object as before, but in this 
example a solution of 2 mM GdDTPA was pumped through the phantom. A mono-
exponential fit of the echo train associated with every voxel of every displacement step 
yielded quantitative amplitude-displacement (A-R) maps (Fig. 7a), 1/T2-displacement 
(1/T2-R) maps (Fig. 7b) and T2-displacement (T2-R) maps (Fig. 7c). Displacements 
ranging from -0.136 mm to 0.127 mm were recorded, but in order to save space only 
signal containing displacement images (ranging from -0.026 mm to 0.127 mm) are shown. 
Extrapolation of the mono-exponential T2 fits to t=0 yielded clean proton density 
(amplitude, A) maps (Fig. 7a), with the signal from the stagnant water in the reference 
tubes centered around zero displacement, and the characteristic pattern of rings of the 
laminar upward flowing water in the central tube to the right hand side of zero 
displacement. The T2 of the flowing water in this example was short compared to the T2’s 
of the stagnant water in the reference tubes. Therefore, the flowing water was clearly 
visible in the displacement-1/T2 maps (Fig 7b), but not in the displacement-T2 maps (Fig. 
7c). The T2 as well as 1/T2 values of the flowing and stationary fluids were consistent 
throughout the displacement range. 
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Mixing fluids in an X-shaped connector 
The possibility to use the PFG-MSE sequence to study the mixing of fluids was tested on 
an experimental setup in which an X-shaped conduit was used to bring two solutions of 
different T2 into contact (Fig. 2). As shown in the figure, two times eight stacked slices 
were measured, first along the axis of one of the legs, then along the axis of the other. 
Through leg A a solution of (approx.) 6 mM CuSO4 was flowing into the connector, 
through leg B a solution of (approx.) 10 mM CuSO4. At the junction the two fluids are 
forced to mix or cross each other. In this experiment, we aimed to image the two fluids as 
they were mixing inside the X-shaped connector, and determine whether or not turbulent 
mixing took place. 

The inflow velocities of both solutions were of comparable magnitude, although the 10 
mM solution (Fig. 8, leg A, slice 1) was flowing slightly faster than the 6 mM solution 
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Figure 8. A-R (a) and 1/T2-R maps (b) of six slices on different positions along the two axes of an 
X-shaped connector (see figure 2), acquired using two multi-slice PFG-MSE experiments. Two 
solutions of different T2 were fed into the connector on one side, and forced to mix at the junction. 
Shown are the two slices located at the site of inflow (s1), two slices at the junction (s4), and two 
slices at the point of efflux. A small vortex in one of the two legs of the connector, at the point 
where the two fluids mix, is indicated with an asterisk. Experimental parameters: 64 x 64 matrix, 8 
slices, field of view 96 mm, slice thickness 2.5 mm, 2 averages, repetition time 2 s, 20 echoes, TE2

11 ms; 32 PFG steps, labeling time Δ 40ms, PFG duration δ 4 ms, PFGmax 0.20 Tm-1, during Δ no 
additional 180° pulses were used; measurement time 2.16 h. To save space only displacement 
maps that contain useful information are shown. 
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(Fig. 8, leg B, slice 1). At inflow both solutions show a laminar flow profile. The average 
1/T2 of the 6mM solution was 4 s-1, and 6 s-1 for the 10mM solution. At slice four, in the 
center of the connector, a small vortex could be observed (Fig 8, leg B, slice 4; see arrow). 
The majority of flow at the crossing point appeared to stay laminar however, with the 6 
mM solution (low 1/T2) flowing over and on top of the 10 mM solution - instead of next to 
each other, as might have been expected because of the symmetry of the X-connector. 
This up-down stratification persisted all the way into the outflow tubes, as can be 
concluded from figure 8 b. At slice 8, which was located between 7.5 and 10 mm from the 
center of the connector, the 6mM solution was still flowing on top of the 10mM solution 
in both outflow tubes, with the 1/T2 maps showing a sharp and straight transition between 
the two solutions.  
 
Water transport in the stem of tomato 
PFG-MSE is especially useful in systems where the spatial resolution is not high enough 
to resolve individual pores. It offers the possibility to distinguish pools of water within the 
same voxel on the basis of its displacement behavior, thus giving access to a form of sub-
voxel information. An interesting example of such a flow conducting system is the plant 
stem.  
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Figure 9. The amplitudes, A(R) and T2 values, T2(R) for all flowing xylem water within the flow 
mask (see inset). In figure a) the amplitude (closed symbols) and T2 (open symbols) values are 
shown for all signal within the flow mask. In figure b) the same is shown, but previous to mono-
exponential fitting stationary and flowing water were separated by making use of the fact that 
water that is not flowing is symmetrical around zero displacement, as described in the text. 
Experimental parameters: 128 x 64 matrix, field of view 15 mm, slice thickness 3 mm, 2 averages, 
repetition time 2.5s, 64 echoes, TE2 5.81ms; 32 PFG steps, labeling time Δ 30ms, PFG duration δ 
3 ms, PFGmax 0.46 Tm-1, during Δ three 180° pulses, tau 9.1ms; measurement time 2.50h. 
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Long distance water transport in plants takes place in two transport systems, the 
phloem and the xylem. The phloem conducts a small flux of water with photosynthesis 
products from source (leaves) to sink (roots, fruits, places of growth or maintenance), 
while the xylem conducts a larger flux of water from the roots to the leaves. The two 
pathways have in common that transport takes place in vessels that are, in most plants, too 
small to be resolved with NMR microscopy. As a consequence, a flow-conducting voxel 
may contain one or more vessels or parts of vessels, as well as a significant amount of 
stationary water, located in the tissue surrounding the vessel. Using PFG-TSE, we have 
previously been able to quantitatively measure detailed flow profiles of xylem as well as 
phloem transport in plants, on a per voxel basis (Scheenen et al., 2000a, Scheenen et al., 
2000b, Windt, Vergeldt, De Jager & Van As, 2006). In these measurements the stationary 
water within flow-containing voxels was separated from flowing water by making use of 
the fact that displacement probability distribution of stationary water is symmetrical 
around zero, whereas the propagator of flowing water is not. If the direction of flow is 
positive, subtracting the negative half of the propagator from the positive half will yield 
the propagator of the flowing water only, or vice versa for negative flow directions. Here, 
we explored the possibility to do the same for every echo-propagator in a PFG-MSE 
experiment, in order to separately measure the T2 relaxation behavior of flowing and 
stationary water (Fenrich et al., 2001). 

A summation of the first four echo-propagators was used to identify all flow 
conducting voxels and construct a flow mask (Fig. 9a, inset). By analyzing all signal 
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Figure 10. A-R, 1/T2-R and T2-R maps of a transverse slice of the stem of an intact tomato plant, 
showing only stationary water. Previous to voxel by voxel fitting, the acquired joint propagator 
PΔ(R, techo) was used to construct two datasets containing either stationary or flowing water. To 
save space only displacement maps that contain useful information are shown. For experimental 
parameters see fig. 9. 
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present within the flow mask as described earlier, a one-dimensional calculated propagator 
and a corresponding T2-R plot was obtained (Fig. 9a). The shape of the resulting 
propagator was typical for water transport in plant tissue. Centered around zero 
displacement, a large amount of stationary water was observed, while the flowing xylem 
water was visible to the right hand side of the propagator with displacements of up to 
0.112 mm. Large differences in T2 were observed, ranging from 0.13 s around 0 
displacement, to 0.37 s at 0.122 mm displacement; an almost threefold increase. Between 
a displacement of 0 and 0.031 mm, T2 will have been influenced by the contribution of the 
pool of (diffusing) stationary as well as the pool of flowing water, because in this range of 
displacements both pools of water are present. In order to allow the relaxation behavior of 
both pools to be evaluated independently, the stationary water was separated from the 
flowing water for every echo-propagator in the dataset, following the method described by 
Scheenen et al (2000a, Scheenen et al., 2000b). Analyzing the resulting two multi-echo-
propagator datasets as before yielded the A-R and T2-R plots shown in figure 9b. The T2 
of stationary water in tissue surrounding the flow conducting vessels was clearly shorter 
than the T2 of the flowing water, even at low displacements. The T2 of the flowing water 
molecules increased markedly with increasing displacement, water with the largest 
displacements having the highest T2 value. 

In tomato, xylem water is transported through a few large vessels and many 
smaller ones. It is generally assumed that xylem flow is laminar, although xylem vessels 
can exhibit large differences in diameter, resulting in an unpredictable flow profile when 
multiple vessels are present within a voxel or an ensemble of voxels. The pressure 
difference that is driving xylem flow can be assumed to be approximately equal for all 
xylem vessels, because a great number of axial connections are present between vessels 

a

b

c

0.010 0.112
displacement (mm)

a.u.

s-1

ms

12.5

0
20

0
500

0

0.020 0.031 0.041 0.051 0.061 0.071 0.082 0.092 0.102

proton density

1/T2

T2

a

b

c

0.010 0.112
displacement (mm)

a.u.

s-1

ms

12.5

0
20

0
500

0

0.020 0.031 0.041 0.051 0.061 0.071 0.082 0.092 0.102

proton density

1/T2

T2

Figure 11. A-R, 1/T2 and 1/T2 maps of a transverse slice of the stem of an intact tomato plant, 
showing only flowing water. To save space only displacement maps that contain useful 
information are shown. Experimental parameters: see fig. 9. 
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and bundles of vessels along the length of the stem. In this system the fastest flowing 
water would be found in the center of the largest vessels, whereas slower flowing water 
would be expected in the smaller vessels and in the vicinity of the vessel wall of larger 
vessels. Because the intrinsic T2 of xylem water is long (up to 1 s) and T2 is expected to 
decrease with decreasing vessel diameter (Britton et al., 2001, Britton et al., 2004, 
Reinders, Van As, Schaafsma, De Jager & Sheriff, 1988, Van As & Schaafsma, 1984, van 
der Weerd, Claessens, Ruttink, Vergeldt, Schaafsma & Van As, 2001, van der Weerd, 
Melnikov, Vergeldt, Novikov & Van As, 2002), it is likely that the relationship between 
displacement and T2 reflects the vessel size distribution in the plant stem - although vessel 
wall permeability and exchange processes may also influence the T2-displacement profile. 

The next step was to separate stationary and flowing water protons on a per voxel 
basis. Mono-exponential fitting yielded A-R maps, 1/T2-R maps, and T2-R maps of 
stationary (Fig. 10) and flowing water (Fig. 11). To reduce the size of the figures only 
displacement maps that contain signal are shown. In the 1/T2 and T2 images the difference 
between the T2 of the flowing and stationary water can be seen as well. In figure 10c the 
xylem tissue became visible as dark regions with low T2 values, whereas in figure 11c the 
flowing water is much brighter. In the absence of other structures for reference, the 
relationship between T2 and displacement that was clearly visible in figure 9b was harder 
to see in imaging mode. The A-R maps of the stationary water in the plant in figure 10 
could be used to calculate maps of proton density and diffusion constant, as is 
demonstrated in figure 12. In this example a gauss was fitted to the displacement spectrum 
of the stationary fraction (fig. 10a). The apparent diffusion constant was then calculated 
from the width of the gaussian. 
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Figure 12. Maps of amplitude (a) and diffusion constant (b), calculated from the stationary 
amplitude-displacement maps shown in fig. 10. 
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Conclusion 
 
In this paper a PFG-MSE sequence with an XY-8 phase scheme in the echotrain has been 
presented, that can be used to perform spatially resolved correlated displacement T2 
imaging, by recording a correlated voxel propagator PΔ(R, techo) on a per-voxel basis. It 
has been shown that these T2 resolved propagators make it possible to calculate 
quantitative A-R, 1/T2-R and T2-R maps.  

PFG-MSE makes it possible to first separate protons that reside within the same 
voxel on the basis of displacement, and subsequently measure their T2 relaxation behavior. 
This gives access to a wealth of information on a sub-voxel level, making PFG-MSE 
especially useful in spatially heterogeneous porous systems, where the spatial resolution 
that can be obtained is not high enough to resolve the structure. The coupled flow and 
relaxation information can be used to simply correct for relaxation during displacement 
labeling in PFG displacement imaging experiments, when the objective of an experiment 
is to quantify volume flow, but it also provides a tool to study correlations between 
displacement and T2 relaxation. The latter offers interesting opportunities, as spin-spin 
relaxation can yield information on a range of parameters that are of interest when dealing 
with flow and diffusion related subjects, such as vessel or pore size distribution and -
geometry, exchange processes, permeability changes, emulsions, or fluid mixing. A 
drawback of the method is the long measurement time that it requires, depending on the 
experimental parameters that are chosen. 
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Xylem diameter distribution, flow conducting area and flow imaging quantification 

Abstract 
 
In MRI the relaxation behavior of water in porous materials is known to be influenced by 
pore diameter. We investigated how T2 relaxation behavior of xylem sap is affected by 
xylem conduit diameter, and if this needs to be corrected for in quantitative MR flow 
imaging. Novel T2 resolved flow imaging was done on stem pieces through which water 
was pumped. The average weighted T2 of the flowing water decreased with conduit size, 
from 541 ms in wet grown tomato, 384 ms in dry grown tomato, 302 ms in grape, 209 ms 
in castor bean, to 46 ms in pine, confirming that in the xylem a relationship between T2 
and conduit diameter exists. When T2 effects were not corrected for, the largest 
quantification error was ~30% (volume flow) in the sample with the shortest T2. We 
conclude that a correction only becomes critical when the flow labeling time approaches 
the T2 of the flowing water. Surprisingly, in all cases the flow conducting area (MR flow 
imaging) was significantly lower than the total conduit lumen cross-sectional area 
(microscopy). In samples with the widest conduits the lowest percentage of the xylem 
lumen cross sectional area was found to conduct water (down to 31%); in samples with 
narrower conduits the highest (up to 86%). We hypothesize that, as the difference in 
diameter between wide and narrow conduits increases, the flux in the narrowest conduits 
becomes so low that they no longer conduct a significant amount of flowing water. 
 
 

Introduction 
 
Over the last decades MRI flow imaging has developed from an experimental technique to 
one that is finding more and more practical use in the study of xylem and phloem long 
distance transport (Köckenberger et al., 1997, Peuke et al., 2001, Peuke et al., 2006, 
Rokitta et al., 1999, Scheenen et al., 2002, Scheenen et al., 2007, Van As, 2007, Windt et 
al., 2006). An important advantage of the technique is that it is non-invasive and that it 
does not require tracers or markers: the MRI signal originates from the protons of water 
that is already present in the plant. This makes it ideally suited for the study of long 
distance transport. Both xylem and phloem transport rely on fragile pressure gradients that 
are easily disrupted by invasive experimentation (Knoblauch et al., 2001, van Bel, 2003, 
Wei et al., 1999). MR flow imaging is unique in that provides a wealth of information 
about the properties of the water that is moving in a plant. It can be used not only to 
measure the volume flow or the average velocity over an area in the stem in a plant, but 
also to quantitatively measure the velocity distribution of the flowing water on a per pixel 
basis. On the basis of these velocity distributions quantitative flow maps can be 
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constructed of the average weighted linear velocity, the flow conducting area, the amount 
of stationary water, and the volume flow, on a per pixel basis (Scheenen et al., 2000b). 

The resolution that can be obtained by means of MR flow imaging is limited. This 
limitation is caused on the one hand by the MRI hardware (the most important factors 
being the strength of the magnetic field and of the imaging gradients), but also by time: 
acquiring a more detailed image takes a rapidly increasing amount of time. In practice, the 
spatial resolution usually does not exceed 100 um, which in most cases is not enough to 
resolve singular xylem conduits (Scheenen et al., 2000b). Because of this, a pixel that 
contains one or more conduits with flowing water will also contain a significant amount of 
stationary water, located in the tissue that surrounds the conduits (Fig. 1a). Fortunately, 
the limited spatial information is compensated for by the ability to acquire what might be 
called functional sub-pixel information: even when the two pools of water cannot be 
resolved spatially because they are in the same pixel, they can still be separated on the 
basis of their functional behavior, i.e. movement.  

In a Pulsed Field Gradient (PFG) type flow measurement, the displacement 
spectrum, P(R, Δ), is measured as function of the displacement encoding time, for every 
pixel of an image and along an axis of choice (Scheenen et al., 2000b). In plants the flow 
direction is of course chosen to be along the axis of the stem. By dividing the 
displacement (R) by the flow labeling time (Δ), a velocity distribution is obtained (Fig. 
1b). The amplitude of the signal is directly related to proton density, i.e. the amount of 
water in a pixel. In this velocity distribution, stationary (but randomly diffusing) water 
will appear as a gaussian shape, centered around velocity zero. Water that exhibits a net 
directional flow will appear left or right from zero, depending on the direction of flow. 
The fact that the signal of stationary water is centered around velocity zero can now be put 
to good use to separate the stationary from the flowing water. When the spatial resolution 
is sufficient to separate flow with opposing directions (e.g. phloem and xylem), then every 
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flow containing pixel will have a “flow” and a “non-flow” direction. The signal in the 
non-flow direction (left hand side in Fig. 1) originates from stationary water only and can 
be fitted with a gaussian. This provides a measure for the amount of stationary water that 
is present. By subtracting this gaussian from the original velocity distribution the velocity 
distribution of the flowing water is obtained. By means of this procedure, the two pools of 
water (stationary and flowing) within the same pixel are separated, giving access to flow 
information on a sub-pixel level (Scheenen et al., 2000b). 

A key step in MR flow imaging is the quantification in terms of average linear 
velocity, flow conducting area and volume flow. In order to quantify the amount of 
stationary or flowing water, the amplitude of the signal of the two pools of water is 
compared with the signal from a reference tube filled with water. The average signal 
amplitude of the pixels in the reference tube provides a 100% value for a pixel filled with 
water, making it possible to calculate the amount of flowing and stationary water for every 
pixel within the slice, or to calculate the flow conducting area (Scheenen et al., 2000b, 
Windt et al., 2006). It has been shown by Scheenen et al that in this fashion, in a 
cucumber plant with especially large vessels, the flow conducting area of a single vessel 
could be calculated with an error of ±10% (Scheenen et al., 2007). However, 
quantification can become inaccurate if the relaxation rates of the signal of the flowing 
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Figure 2. Schematic representation of a pixel (dark grey box) containing a number of xylem 
conduits (a). Flow conducting conduits are shown as white circles (I), surrounding tissue with 
stationary water is shown as a striped area (II). A typical example of the velocity distribution for 
a single pixel (pixel propagator) is shown in b). By fitting the non-flowing left hand part of the 
pixel propagator the stationary part of the propagator is obtained; by subtracting the stationary 
part from the pixel propagator the velocity distribution of the flowing water is calculated. The 
pixel propagator was measured in tomato DG, in the xylem area indicated by arrow III in the 
velocity flow map shown in c). 
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water and the reference object are not comparable.  
 

A q space flow imaging sequence can roughly be divided into three parts: excitation, flow 
encoding, and image acquisition (Fig. 2). Per excitation only part of an image is acquired, 
and for a flow measurement multiple flow encoded images are needed (Scheenen et al., 
2000a). For this reason the above sequence has to be repeated many times. The flow 
encoding times can be as short as 15 ms when fast flowing water is studied, or as long as 
200 ms for slow flowing water (Scheenen et al., 2001). Long flow labeling times are 
required to distinguish very slow moving water from stationary water that is randomly 
diffusing (Scheenen et al., 2001). 

Immediately after excitation the amount of signal is proportional with proton 
density, i.e. water content. After excitation the signal decays, the rate of decay being 
determined by the solutes in the solution and the physical environment surrounding the 
water. During a spin echo type flow measurement, the signal decays according to a 
relaxation process that is characterized by the decay time constant T2:  

 
2/

0
Tt

t eAA −⋅=     (1) 

 
Here At is the amplitude at time t, A0 is the amplitude after excitation at t=0.  

In porous materials and biological tissues it has been well established that a 
relationship exists between compartment- or lumen size and T2 relaxation. Using the 
diffusion model of Brownstein and Tarr, the observed T2 in a xylem conduit of cylindrical 
geometry (T2, obs) will depend on the bulk T2 (T2, bulk), the radius of the conduit (R) and the 
sink strength density (H) (Brownstein & Tarr, 1977, Brownstein & Tarr, 1979):  
 

bulkobs TRHT ,2,2 121 +=   (2) 

 
H is defined as the rate of net signal loss at the compartment surface. Signal can be lost by 
relaxation at the xylem wall, or by the movement of water to a compartment with a lower 
T2. Such compartments are found in the apoplast or in the cytoplasm of surrounding cells 
(van der Weerd et al., 2001). H will therefore reflect wall relaxation effects as well as 
membrane water permeability (van der Weerd et al., 2002). For instance, H could be used 
to link changes in T2 to tissue permeability changes (not xylem) in maize and millet (van 
der Weerd et al., 2002, van der Weerd et al., 2001). 

When H is constant, then according to this model the T2 of water flowing in 
narrow conduits is shorter than that of water in wide conduits. Secondly, because the 
fastest flowing water will be found in the widest conduits, a correlation between velocity 
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and T2 would be expected. Such a diameter and velocity dependent change in T2 could 
seriously affect flow quantification and might have to be corrected for. However, it is 
uncertain how constant or variable H can be expected to be. The xylem wall composition 
and xylem architecture between species might be very different; or narrow vessels could 
have many connections with the surrounding tissue, whereas wide vessels in the same 
stem do not. Species or conduit diameter dependent differences in the H parameter might 
exacerbate diameter dependent T2 differences, but they might also obscure or modulate 
them.  

In the present study we employed a novel T2 resolved flow imaging technique to 
test the hypothesis that T2 is positively correlated with conduit diameter, and to investigate 
if these potential conduit diameter dependent T2 differences should be taken into account 
when quantifying MRI flow imaging measurements. T2 resolved flow measurements were 
done on excised stem pieces through which a continuous flow of water was pumped. 
Afterwards the xylem conduit diameter distribution, as well as the total conduit lumen 
cross-sectional area of the stem pieces, was determined by means of optical microscopy. 
We used the results to address the following questions: a) what percentage of the total 
conduit lumen cross-sectional area conducts flow; b) does T2 change with conduit 
diameter, and how large are the differences; c) are the differences in T2 large enough to 
require correction; and d) what accuracy can be obtained when quantifying the results of 
MR flow imaging with different methods of T2 correction. 
 
 

Materials and methods 
 
Plant material and sample preparation 
For the experiment five stem pieces with varying xylem conduit diameter distributions 
were selected, excised from tomato, grape, castor bean and pine. With this selection of the 
plant stems we aimed to obtain a set of samples with different xylem conduit diameter 
distributions. From previous experiments it was known that dry grown tomato plants 
produce narrower vessels than wet grown ones, and that both types possess a broad range 
of vessels varying from wide to narrow (van Ieperen et al., 2003). Grape was selected 
because it was expected to contain very wide vessels. Pine was selected for its narrow 
tracheids, and castor bean was used because it was expected to contain vessels of 
intermediary diameters.  

Tomato plants (Lycopersicon esculentum L. Mill cv Counter) were grown in 10 
liter pots on perlite (Agra-perlite; No 1; grading 0.6-1.5 mm) in a computer controlled 
greenhouse of Wageningen University, the Netherlands, at 70% relative humidity and 
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22 °C / 18 °C day/night temperatures. Water and nutrients were supplied by a drip irriga-
tion system. Volumetric water content in the pots was continuously monitored and 
controlled at 70 v/v% (wet grown; WG) or 30 v/v% (dry grown; DG) using ECH2O soil 
moisture sensors (Decagon, Pullman, Washington, US) and a computerized drip irrigation 
system. Pots with mature fruit bearing plants were transferred to the laboratory shortly 
before the measurements. Shortly before the flow measurements, stems were submerged 
under tap water, cut with new razor blades and carefully rinsed, attached to the tubing and 
prepared for measuring. 

Castor bean (Ricinus communis) plants were grown in a climate chamber as 
described previously (Windt et al., 2006). A sample was taken from the lowest part of the 
stem of a 4 month old plant by first submersing the whole shoot. The stem was then cut 
under water. A three month old grape shoot was collected from a large ten year old grape 
plant (Vitis vinifera cv. Vroege van der Laan), growing on a south wall in a private garden 
in Wageningen, the Netherlands. The shoot was submersed in tap water while still 
attached to the plant, cut, and immediately taken to the laboratory. A twig from a pine tree 
(Pinus sylvestris) was collected from a tree on the university grounds. The twig was also 
submersed in tap water, cut and taken to the laboratory. After harvesting the different stem 
segments were rinsed and put in a clean container with degassed tap water. To remove any 
remaining particles or air bubbles the segments were cut back from both sides, under 
water with a new razorblade. For tomato DG and tomato WG stem segments of 9 cm were 
used, for pine and grape stem segments of 10 cm, and for castor bean a stem segment of 
19 cm length.  

Tight fitting thin-walled silicone tubes were then put on the stem pieces, again 
under water, and connected to a Pharmacia Biotech P-500 syringe pump (Amersham 
Biosciences Europe, Orsay, France). Whenever necessary the connection between the 
silicone tubes and the stem piece was made water- and airtight by means of vaseline or by 
wrapping with parafilm. In the case of the pine it proved to be impossible to make the 
connection perfectly waterproof. The rough surface of the pine twig caused a slight 
“sweating” to occur between sample and silicone tube, which proved to be impossible to 
prevent without damaging or compressing the sample. For this reason the exact volume 
flow that was pumped through this sample is not known. Eventual air bubbles were 
removed from the tubing by rinsing, under water, with degassed tap water from a pipette. 
It is known that the ionic composition of water can influence the hydraulic resistance of 
xylem conduits. Therefore, a standard solution of known composition was used, as 
described by Van Ieperen et al (2000). 
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Microscopy and calculation of vessel diameter distributions 
After flow imaging, stem samples were fixed with formalin in acetic alcohol (FAA) and 
stored for later microscopic determination of vessel diameter distributions. A transverse 
section was cut at the midpoint of each stem segment. Slices of 2 to 15 μm were cut by 
means of a microtome, colored with Toluidine blue (0.1%) for 1 minute and rinsed with 
water (2x). Transverse sections were examined using a stereomicroscope (Wild M7, 
Heerbrugg, Germany) with camera arrangement (Nikon DXM-1200). Digital images were 
made at a magnification of 31x. Due to the relative small size of the xylem elements, 
transverse sections from Pinus were examined under a Leitz aristoplan (Leitz, Wetzlar, 
Germany) at a magnification of 80x. Digital images were analyzed with ImageJ (ver. 
1.34n; National Institutes of Health, Washington, DC, USA) extended with microscopy 
plug-ins from WCIF (Wright Cell Imaging Facility, Toronto). Size and shape properties of 
the lumen of all vessels in a transversal section were measured. In Pine the sheer number 
and small size of the tracheids made it impossible to analyze all conduits in the cross 
section, and approximately 25% of the total transversal stem area was measured (>250 
conduits). 

Area and diameter of each individual vessel were measured (the latter as average 
of the major and minor diameter of each individual vessel) and distributions over 5 μm 
radius classes were calculated. Hydraulic conductivity of each individual vessel was 
calculated from the measured diameter according to the Poiseuille law, and was used to 
calculate the distribution of hydraulic conductivity over 5 μm radius classes.  
 
MRI spectrometer setup 
In this study a homebuilt MRI system was used, based on a 0.7 T electromagnet with a 10 
cm air gap, controlled by a Bruker Avance console unit (Bruker, Karlsruhe, Germany). 
Inside the magnet a shielded gradient system with a plane parallel geometry and a 
maximum gradient strength of 1 T/m in the X,Y and Z direction (Resonance Instruments 
Ltd, Witney, UK) was used. A 50 mm air gap between the two gradient plates provided 
free access to the center of the magnet. Because a resistive magnet is inherently sensitive 
to temperature fluctuations, the magnetic field was stabilized by means of a homebuilt 
external 19F lock unit. Two custom built radio frequency (RF) probes were used, one with 
an inner diameter of 1.5 cm, the other with an inner diameter of 2 cm. Both were fitted 
with a 9-turn solenoid RF coil for induction and detection of the NMR signal. Depending 
on the sample the tightest fitting probe was used, in order to optimize the filling factor and 
the signal to noise ratio (SNR). 
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Flow imaging 
Flow imaging was carried out on every stem piece. First a conventional non-T2 resolved 
flow imaging measurement was done using a Pulsed Field Gradient – Spin Echo – Turbo 
Spin Echo sequence (PFG-SE-TSE). Subsequently a T2 resolved flow imaging 
measurement was performed using a Pulsed Field Gradient -Multi Spin Echo sequence 
(PFG-MSE). Full details on PFG-TSE can be found in Scheenen et al (2000a) and Windt 
et al (2006); and for PFG-MSE in Windt et al (2007). In order to be able to compare the 
results of both measurement types, the experimental settings for the two sequences were 
kept the same whenever possible. The measurements were optimized for maximum signal 
to noise and minimum scan time rather than for spatial resolution.  
 After placing a stem piece in the MRI setup, the pump velocity was adjusted to 
produce a velocity distribution with a maximum velocity roughly between 4 and 8 mm/s. 
The flow measurements were carried out using the following experimental parameters. 
Field of view, slice thickness and matrix size: tomato WG 12 x 12 mm, matrix size 64 x 
64; tomato DG 16 x 16mm, matrix size 64 x 64; castor bean 13.5 x 13.5 mm, matrix size 
128 x 64; grape 15 x 15 mm, matrix size 128 x 64; pine 10 x 10; matrix size 64 x 64. Slice 
thickness in all samples was 3 mm. Flow encoding settings for all samples: flow encoding 
time Δ 20 ms, PFG duration δ 3 ms, 32 PFG steps, PFGmax 0.4608 T/m. Echo time: 4.22 
ms except for pine, here 4.26 ms was used.  For measurements on tomato WG, tomato DG 
and pine a repetition time of 2 s was used; for castor bean and grape 2.5 s. In all 
experiments 2 averages were taken. In PFG-SE-TSE measurements a turbo factor of 16 
was used; in all PFG-MSE measurements 96 echoes were acquired. PFG-TSE 
measurements took 17 or 21 minutes, and PFG-MSE 136 or 171 minutes, depending on 
repetition time.  

Data processing and quantification of the PFG-SE-TSE non-T2 resolved flow 
measurements was done as was described elsewhere (Windt et al., 2006). The datasets that 
were acquired using the T2-resolved PFG-MSE flow imaging sequence consisted of 
conventional images, in which every pixel contained a full two dimensional dataset with 
both displacement and relaxation information. More specifically, the dataset consisted of 
multi-echo propagator images with 32 q-space steps, providing displacement information, 
and 96 spin echoes, providing the ability to measure the T2 of the water that was separated 
on the basis of displacement (by the 32 q space steps).  

T2 resolved flow imaging datasets can be analyzed in different ways (Windt et al., 
2007). Here, we chose to use the displacement information to separate stationary and 
flowing of water on the basis of displacement, and subsequently analyze the relaxation 
behavior of the two pools of water per displacement (here: velocity) step. Due to the low 
field strength of the 0.7 T MRI setup and a small object size, SNR was limited. When only 
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a part of the signal within a pixel originates from flowing water, as is typically the case in 
plants, then the already limited amount of signal of flowing water is smeared out in the 
velocity spectrum, further lowering the amount of signal per velocity step. Therefore, all 
pixels containing a net flow were taken together and summed, improving SNR. Thus, 
spatial resolution was used to single out the signal from flow conducting regions, and to 
discard signal originating elsewhere. The resulting dataset consisted of a one-dimensional 
total propagator for every recorded echo. Full details on PFG-MSE data handling can be 
found elsewhere (Windt et al., 2007). All data handling was performed with home-built 
software written in IDL (RSI, Boulder, Colorado). 
 
T2 measurements  
T2 imaging was done using a multi-spin-echo imaging pulse sequence (Donker, Van As, 
Snijder & Edzes, 1997, Edzes, van Dusschoten & Van As, 1998), a repetition time (TR) of 
5000 ms, a spin-echo time (TE) of 4.5 ms and a spectral bandwidth of 50 kHz. Per echo 
train 128 echoes were acquired; two acquisitions were averaged to improve image quality. 
For the different samples the following fields of view (FOV) and matrix sizes were used: 
tomato WG, FOV 12x12 mm, matrix size 128x128; tomato DG, FOV 16x16 mm, matrix 
size 128x128; castor bean, FOV 13.5x13.5 mm, matrix size 128x64; grape, FOV 

Figure 3. Microscopic images of 
representative sections of the five 
samples that were used: a) tomato 
WG; b) grape; c) tomato DG; d) 
castor bean; e) pine. All images 
were obtained at a magnification 
of 31X. 
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15x15 mm, matrix size 128x128; pine, FOV 10x10 mm; matrix size 128x128. Slice 
thickness in all samples was 3mm. The acquired datasets were processed using homemade 
routines written in IDL (Research Systems Inc., Boulder, Colorado, USA) and fitted on a 
per pixel basis, using a mono-exponential decay function, yielding quantitative maps of 
amplitude, 1/T2 and T2 (Donker et al., 1997, Edzes et al., 1998). 
 
 

Results 
 
Vessel size distributions 
After MR flow imaging, the stem pieces were cut at the same position where flow imaging 
was done. From this cut surface microscopic slides were prepared. Representative sections 
of all five samples are shown in figure 3. The five samples showed large differences in 
xylem conduit diameter distribution, with pine having the smallest conduit diameters and 
tomato WG the largest (Fig. 4a). In order to determine which vessel diameter classes 
would be expected to conduct the largest amount of water in the different samples, the  
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Figure 4. Vessel radius distributions in 
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tomato WG, determined by means of optical 
microscopy. a) Vessel radius distribution as 
percentage of the total hydraulic 
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radius distribution as percentage of total 
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Figure 5. Velocity distributions (circles) and velocity-T2 correlation plots (triangles) of stationary, 
freely diffusing water (open symbols) and flowing water (closed symbols) within the flow masks 
(inset) of  tomato WG (a), tomato DG (b), grape (c), castor bean (d) and pine (e), obtained from T2

resolved PFG-MSE flow imaging measurements. 
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percentage of the total hydraulic conductivity (Lp) in the sample was calculated for each 
vessel radius class (Fig. 4b). In tomato grown without water stress (tomato WG) the 
largest percentage of conductance was calculated for vessels with a radius between 70 and 
80 µm. In tomato grown under water stress,  relatively more water was calculated to be 
conducted through smaller diameters vessels, with a maximum in vessels with radii 
between 45 and 50 µm. In grape most water will be conducted through vessels with a 
radius between 60 and 65 µm and in castor bean in vessels with a radius of 30-35 µm. In 
pine, almost no large diameter xylem conduits were observed. Here the largest 
conductance was calculated for small radius conduits, with radii between 15 and 25 µm. 
 
T2 resolved flow measurements 
T2 resolved PFG-MSE flow measurements yielded the velocity distributions (propagators) 
and velocity-T2 correlation plots shown in figure 5. The velocity distributions in tomato 
WG, tomato DG, grape and castor bean look very similar and are comparable in shape to 
the xylem velocity distributions measured previously in intact tomato and castor bean 
plants (Windt et al., 2006). The velocity distribution in pine is markedly different. Here, 
the amount of stationary water within the flow mask is much lower than was measured in 
the other plant pieces, relative to the amount of flowing water. In a tree this is to be 
expected, because active xylem tissue in woody plants typically contains less stationary 
water (as might be found in living cells or non-flow conducting conduits) than in herbal 
plants (Windt et al., 2006). 

If a positive correlation exists between conduit diameter and the T2 of the flowing 
water (T2, flow), then the largest T2 values for the flowing water would be expected in 
plants with the largest conduits. The largest T2, flow would thus be expected in tomato WG, 
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obtained from T2 resolved PFG-
MSE flow imaging measurements. 
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followed by grape, tomato DG, castor bean and finally pine. The velocity-T2 correlation 
plots that were measured, as well as the average weighted T2’s of the flowing water 
largely follow this order. However, there is one exception.  The average T2 of the flowing 
water in grape was lower than that in tomato WG (Figs. 5 and 6). 

A relationship between vessel diameter and T2 is also expected to become visible 
in a correlation between velocity and T2. If the pressure drop over a sample is equal for all 
conduits, then, in keeping with the Poiseulle law, the highest flow velocities will be found 
in the center of conduits with the largest diameter. Slower velocities would then be 
expected in smaller conduits and near the walls of the larger ones. In the velocity-T2 plot 
of tomato WG such a relation was indeed observed. Tomato WG had the largest T2, flow 
values, increasing from 480 ms at 0.42 mm/s, up to 920 ms at 3.82 mm/s. However, in 
tomato DG, grape and pine, the correlation between velocity and T2 was much less 
pronounced. In tomato DG, T2, flow values from 340 ms at 0.42 mm/s, up to values of about 
400 ms at velocities above 1.7 mm/s were found. In grape, T2, flow values were found 
ranging from 300 ms at 0.42 mm/s, up to about 400 ms for the highest flow velocities. In 
pine T2, flow increased from about 45 ms at the lowest flow velocities, to approximately 60 
ms at the highest flow velocities. In castor bean T2, flow was even found to remain constant 
at about 210 ms, regardless of the flow velocity.  

Towards the higher velocities most velocity - T2 correlation plots showed some 
roughness that may not be caused by differences in the physicochemical properties of the 
water flowing at these velocities. At higher velocities only a fraction of the signal of the 
flowing water remained, thus lowering the signal to noise ratio and drastically decreasing 
the accuracy of the fit. These variations are, therefore, probably not caused by actual 
differences in T2, but by the effects of noise on the T2 fitting procedure.  

In order to simplify the velocity-T2 correlation plots, and to make them useful for 
the T2 correction of non-T2 resolved PFG-RARE flow measurements, the average 
weighted T2 was calculated for the flowing as well as the stationary water (Fig. 6). The 
average weighted T2, flow was 541 ms for tomato WG, 384 ms for tomato DG, 302 ms for 
grape, 209 ms for castor bean and 46 ms in pine. The average weighted T2’s of the 
stationary water in the flow mask (T2, stat), which must be emerging from the tissues in the 
direct vicinity of the flow conducting vessels (because they are present within the same 
pixels), showed much less variation: 241 in tomato WG, 192 in tomato DG, 140 in grape, 
148 in castor bean and 60 in pine. In all samples except for pine, T2, stat was lower than 
T2, flow. 
 
Accuracy of quantification 
Prior to the PFG-MSE velocity-T2 measurements, less time consuming conventional non-
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T2 resolved PFG-RARE flow measurements were conducted on the same plant samples. 
These flow measurements were quantified in three ways: a) without correction for T2 
signal decay during flow encoding; b) with T2 correction based on the average T2 of all 
signal within the flow mask, as determined from a conventional flow-insensitive T2 
measurement (Fig. 7); and c) with a T2 correction based on the average weighted T2, flow as 
determined by means of a PFG-MSE measurement (Fig. 6). Differences in the T1 
relaxation rate between reference and flowing water were assumed to be negligible. This is 
a reasonable assumption, because although the signal in a PFG-SE-TSE (as opposed to a 
Pulsed Field Gradient - Stimulated Echo (PFG-STE) based sequence) is subject to T2 as 
well as T1 relaxation, the T1 here was much longer than T2 (results not shown).  

When no correction was applied for the difference in T2 between the reference tube 
and the flowing water in the sample, the difference between the volume flow as imposed 
by the pump, and the volume flow as measured by means of flow imaging, was estimated 
to be around 30% in the sample with the shortest T2, flow values (pine, table 1). 
Unfortunately, for this particular sample the volume flow of the pump was not known. For 
this reason we have assumed that the T2, flow-corrected value matches the actual volume 
flow most closely, and estimated the errors of the other two volume flow values taking 
this value as a reference. The errors for the results of the other samples were much smaller 
and did not exceed 8%. When a T2 correction based on a flow-insensitive T2 measurement 
was used, the errors were smaller. The largest deviation was again found in the sample 
with the smallest T2, flow, pine (-10%), followed by castor bean (+8%), grape (-4%), tomato 
DG (-3%) and tomato WG (-2%). Using the average weighted T2, flow (as determined by 

 Pine castor 
bean 

Grape tomato 
DG 

Tomato 
WG 

volume flow (µl/s)      
Pump Unknown 2.50 2.50 3.33 1.94 
PFG-RARE T2, flow corrected  2.0 2.6 (+4%) 2.3 (-8%) 3.1 (-6%) 1.8 (-7%) 
PFG-RARE T2 corrected 1.8 (-10%*) 2.7 (+8%) 2.4 (-4%) 3.2 (-3%) 1.9 (-2%) 
PFG-RARE no T2 correction 1.4 (-30%*) 2.5 (0%) 2.3 (-8%) 3.2 (-3%) 1.9 (-5%) 
      

flow conducting area (mm2)      
Microscopy Unknown 1.60 4.24 2.97 4.3 
Observed (corrected PFG-RARE) 1.19 1.38 1.32 1.8 1.90 
Percentage xylem used Unknown 86% 31% 61% 44% 

Table 1. A comparison between the volume flows as imposed by the pump, and as determined by 
means of different methods of quantification; and a comparison between the total conduit lumen 
cross-sectional area as estimated by microscopy, and the flow conducting area as determined by 
MR flow imaging. * For pine the pump volume flow was unknown. In this case the T2, flow corrected 
value was used as a reference to calculate the errors of the other two volume flow values. 
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PFG-MSE) brought about little improvement. In this case the largest deviation was found 
in grape (-8%), followed by tomato DG and tomato WG (-7%) and castor bean (+4%).  

 

Tomato WG
0-750ms

amplitude T2 FCA average velocity

0 100 0 750 0 0a.u. ms mm2 mm/s 2.515×10-3

0 100 0 500 0 0a.u. ms mm2 mm/s 315×10-3

0 100 0 500 0 0a.u. ms mm2 mm/s 315×10-3

0 100 0 500 0 0a.u. ms mm2 mm/s 440×10-3

0 100 0 250 0 0a.u. ms mm2 mm/s 2.510×10-3

Figure 7. Amplitude and T2 maps calculated from non-flow resolved T2 measurements, and 
parameter maps of flow conducting area and average weighted linear flow velocity per pixel, 
measured in excised stem pieces of tomato WG, tomato DG, grape, castor bean and pine. The flow 
maps were plotted over a black and white parameter map showing the amount of stationary water. 
The flow maps were obtained from non-T2 resolved MR flow imaging measurements. 
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What percentage of the xylem lumen cross-sectional area conducts flow? 
For castor bean, grape, tomato DG and tomato WG the total conduit lumen cross-sectional 
area was determined by means of microscopy. The total conduit lumen cross-sectional 
area of the different samples was compared with the total flow conducting area as 
determined by means of MR flow imaging (table 1), in order to assess what percentage of 
the total xylem conduit lumen cross-sectional area was functional. We have shown that 
there was a good agreement between the volume flows as imposed by the pump, and the 
volume flows as determined by MR flow imaging. We can therefore assume that the flow 
conducting area, also determined by means of flow imaging, provides a good estimation of 
the functional conduit lumen cross-sectional area. Surprisingly, in all samples the total 
flow conducting area was much lower than the total conduit lumen cross-sectional area. 
The largest differences were found in the samples with the widest conduits and the widest 
vessel diameter distributions. In grape only 31% of the available total conduit lumen 
cross-sectional area was found to conduct flow. Next was tomato WG with 44%, followed 
by tomato DG (61%) and castor bean (86%).  
 
 

Discussion 
 
How does conduit diameter affect T2 signal relaxation? 
We used T2 resolved MR flow imaging measurements to determine whether a relationship 
exists between xylem conduit diameter and T2, flow. Analogous with the relaxation 
behavior of water in micro porous media, and in keeping with equation 2 for the relaxation 
behavior of water in a cylindrical compartment, water in narrow conduits is predicted to 
possess a short T2, and water in wide conduits a longer T2, assuming that H is constant. 
Plant samples with a smaller average conduit diameter are thus predicted to have a lower 
overall T2, flow than samples with a larger average conduit diameter. Secondly, a correlation 
between flow velocity and T2 is predicted. The fastest flowing water will be found in the 
largest conduits with accordingly long T2, flow’s. Slower flowing water will be found in 
conduits with smaller diameters and shorter T2, flow values, but assuming laminar flow, also 
near the walls of larger conduits. The latter fraction of water will still possess a longer T2, 

flow due to the fact that it is present in larger conduits. The T2, flow of the slower flowing 
water is thus predicted to have a value in which the T2’s of water from both small and 
large conduits are weighted. Because in plants many small conduits are present, the 
averaged T2, flow of slow flowing water is expected to be shorter than the T2, flow of fast 
flowing water. How much the T2, flow of the slow flowing water is lowered with regard to 
that of the fast flowing water, will depend on how the volume of slow flowing water is 
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distributed over the conduits of different diameters (more slow water in narrow conduits: 
shorter average T2, more slow water in wide conduits: longer average T2).  

The velocity-T2 correlation plots that were acquired showed clear differences 
between the five plant samples (Fig. 5). With the exception of grape, the T2, flow in the 
different samples varied with conduit diameter, as was predicted. The intrinsic T2 of the 
solution that was pumped through the stem pieces was 1500 ms in vitro. In the xylem of 
all samples in this study the T2 of the solution was lowered significantly, even in the 
samples with the widest conduits. In tomato WG, which was the sample with the widest 
conduits (Figs. 3 and 4), the largest T2, flow values were found (up to 920 ms). The next 
largest T2, flow values were found in tomato DG, followed by grape and castor bean (Figs. 5 
and 6). The lowest T2’s were found in pine, the plant sample with the narrowest conduits 
by far (Fig. 3 and 4). In the grape sample an exception was encountered. Conduits in grape 
were wider than in tomato DG, but T2, flow in grape was lower.  

A correlation between conduit diameter and T2 is also predicted to produce a 
correlation between velocity and T2. In tomato WG such a correlation was indeed 
observed (Fig. 5). In tomato DG the slowest flowing water had a lower T2 than the faster 
flowing water as well, but the differences were less pronounced, and above 2.5 mm/s the 
T2’s remained almost constant. In grape the correlation between velocity and T2 was even 
less clear. In castor bean and pine, the two plant samples with the smallest conduit radii, 
the T2 of the flowing water remained almost constant throughout the velocity range.  

These results appear contradictory. Water flowing in plants with wide vessels 
tended to have a longer T2 than water flowing in plants with narrow vessels, confirming 
the hypothesis that vessel diameter affects T2, flow. At the same time a clear correlation 
between velocity and T2 could be observed in tomato WG, but not in the other samples. 
This would appear to be inconsistent with the first observation. However, in relating the 
T2 velocity correlation plot of a sample to its conduit diameter distribution we implicitly 
make two assumptions. Firstly, we assume that the conduit diameter distribution provides 
a good estimate of the diameter distribution of the conduits that conducted flow. 
Unfortunately this is probably not in all cases a valid assumption: the flow conducting 
area as determined by MR flow imaging is smaller than the total conduit lumen cross-
sectional area, especially for the samples with the largest conduit diameters (Table 1). 
Secondly, we assume that the H parameter in equation 2, sink strength density, is the same 
for all samples and conduit diameters. The results presented here suggest that this is an 
oversimplification. Sink strength density is determined by signal relaxation at the conduit 
wall, and by signal loss to compartments with a shorter T2, such as might be found in the 
cytoplasm of surrounding cells, or in the apoplast surrounding the xylem (Snaar & Van 
As, 1992, van der Weerd et al., 2001). Sink strength density might thus be sensitive to 
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differences in xylem architecture, xylem wall composition, connectedness to the 
surrounding tissue or with the rest of the apoplast, and with differences in permeability in 
the surrounding tissue. These parameters could give rise to a species- or diameter-
dependent change in H, thus modulating the relation between conduit diameter and T2, or 
between the conduit diameter distribution and the T2-velocity correlation plot. 

We conclude that, taking the potential variability of the H parameter into account, 
the overall differences in T2, flow between the different samples match well with the 
hypothesis that in plants T2, flow decreases with decreasing conduit diameter. However, our 
results also suggest that H may vary between plants, and between conduits of different 
diameters within the same sample, modulating the T2 that is observed. This is unfortunate, 
because if H were more constant, then T2, flow might for instance be used as an indicator of 
the diameter of the conduit that water is flowing in, or even as an indicator of diameter 
distribution. The variability of wall relaxation and exchange effects appears to make this 
impossible. However, the sensitivity of T2 to changes in H might also be turned into an 
advantage. Across different plant families there is a great variety of cell types bordering 
on xylem conduits, some of which may be involved in maintaining xylem safety by 
protecting against embolism, or by playing a role in embolism repair (Hacke & Sperry, 
2001). The sensitivity of T2 to changes in permeability of the surrounding tissue might 
thus be of special interest when studying xylem embolism and embolism repair. 
 
What are the consequences for flow quantification? 
The T2 of the flowing water is of special interest when quantifying MR flow 
measurements. Quantification relies on the comparison of the signal amplitude of a known 
quantity of stationary water with the signal amplitude of the flowing water. Because flow 
labeling takes time (typically 20 – 200 ms; see also Fig. 2), it extends the delay between 
excitation and signal acquisition. During flow labeling the signal from the flowing water, 
as well as that from the stationary reference, decays according to their respective T2 
relaxation rates (please note that the latter is only valid for PFG-SE based sequences in 
which spin echo is used during the flow labeling period. When in a PFG-STE based 
sequence a stimulated echo is used to store magnetization along the z-axis during flow 
labeling, then the signal would primarily decay due to T1 relaxation (Scheenen et al., 
2001)). When the T2 values of the reference and the flowing water are not the same, the 
two pools of water lose signal intensity at different rates. This may result in incorrect 
values for the flow conducting area and the volume flow, the error (E) depending on the 
labeling time (Δ) and the difference between the T2 of flowing water (T2, flow) and the 
reference (T2, ref): 
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Before T2 resolved flow imaging became possible, two approaches were available 

to get around this problem: avoid the need to correct for differences in relaxation 
behavior; or correct for differences in relaxation behavior by estimating T2 on the basis of 
non-flow resolved T2 images. In the first case solutions with long T2’s (>>Δ) were used as 
a reference. Plants and experimental settings were then chosen such that T2, flow could be 
assumed to be much longer than Δ, and differences in T2 between the two could be 
neglected. This could for instance be achieved by using short flow labeling times in plants 
with large conduit diameters. In the second case, T2 was estimated on the basis of non-
flow resolved T2 images. This approach was used, for instance, under circumstances 
where long flow labeling times were needed to measure slow flow. The T2 was calculated 
for all pixels that contained flow, thus giving an average value for the flowing as well as 
the stationary water within these pixels. These average values were then used to correct 
for differences in T2 relaxation behavior. In this case corrections were calculated under the 
assumption that the difference between the T2’s of the stationary and flowing water were 
small and could, at least for the purpose of quantification, be neglected.  

In the current study we did non-T2 resolved flow measurements on all five 
samples. These were then quantified by using the two aforementioned approaches: no 
relaxation correction and relaxation correction based on non-flow resolved T2 imaging; 
and, thirdly, by using the average weighted T2, flow values as obtained by T2 resolved flow 
imaging (Fig. 6). Without T2 correction, the largest quantification errors are expected in 
samples with the shortest T2, flow. Here, the sample with the shortest T2, flow was pine, with 
an average weighted T2, flow of 40 ms. A flow labeling time of 20 ms when measuring 
water with a T2 of 40 ms is expected to result in an underestimation of about 40%, when 
using a reference with a T2 of 140 ms (eq. 3). This value corresponds well with the 
deviation that was found, -30% (table 1). In pine the difference between the average 
weighted T2, flow, and the average T2 of all water within the flow mask (i.e., stationary as 
well as flowing) was small (46 and 56 ms, respectively; versus 53 ms non-flow resolved). 
As a result the difference between the volume flows corrected with T2, flow and T2, flowmask 
was only 10%. The deviations that were found for the other samples, even without T2 
correction, were also small (-8% or better). In these samples the accuracy of quantification 
was not improved by either method of T2 correction. This was to be expected: for these 
samples T2, flow, T2, stat and the combination of both, T2, flowmask, were much longer than the 
flow labeling period. The errors caused by differences in T2 therefore became smaller than 
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the accuracy of the measurement itself, making the effects of T2 decay during flow 
labeling negligible.  
 In this study the plants with the longest T2, flow exhibited the largest difference 
between T2, flow and T2, stat (Fig. 6). As T2, flow became smaller, so did the difference. This is 
probably due to the fact that the flowing water in narrow conduits exhibits more exchange 
with the surrounding stationary water, averaging out the difference in T2 between the 
flowing and the stationary fraction. Water molecules flowing in a narrow conduit have 
higher probability to diffuse to the wall of a conduit and exchange with stationary water, 
than water moving in a larger conduit. This may work in our advantage. Plants with 
narrow conduits and short T2, flow‘s will be the first to require T2 quantification correction. 
However, when in these plants the difference between T2, flow and T2, stat is small, then non-
flow resolved T2 imaging would already suffice to provide an estimation of T2, flow with 
which the correction can be done. The time consuming and technically challenging PFG-
MSE measurements would then not be needed. To determine whether the quantification of 
a flow measurement requires a T2 correction, the following rule of thumb might be 
employed: when  refflow TT ,2,2 // Δ−Δ

becomes larger than plus or minus 0.1, then the quantification error is likely to exceed 
10% and a T2 correction would be called for. 
 In most plants the xylem sap flows fast enough to make it possible to use short 
labeling times in the order of 20 to 30 ms. Our results show that in most plants T2, flow will 
be much longer than that (Fig. 6). We conclude that in most cases, when T2, flow is much 
longer than Δ, it is not necessary to correct for T2 differences between the flowing water 
and the reference. Only when low flow velocities make it necessary to use long labeling 
times, or when samples with narrow conduits are used, a T2 correction will be necessary. 
In the phloem, contrary to the xylem, slow flow velocities are combined with small 
conduit diameters. For this reason phloem flow quantification will probably always 
require T2 correction.  
 
What percentage of the xylem lumen cross-sectional area conducts flow? 
A comparison between the total conduit lumen cross-sectional area as determined by 
means of microscopy, and the flow conducting area as determined by MR flow imaging 
revealed some striking differences (table 1). In all samples the flow conducting area was 
lower - and in some cases much lower - than the total conduit lumen cross-sectional area, 
indicating that many of the xylem conduits that were present in the samples did not 
conduct a discernible amount of flow. In grape only about a third of the total cross-
sectional xylem lumen area was involved in the conductance of flow (31%). In the other 
samples a larger percentage was found to conduct flow, up to a maximum of 86% in castor 
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bean. There was a good agreement between the volume flow as imposed by the pump and 
the volume flow as measured by MR flow imaging. This indicates that the flow 
measurement, and therefore the measurement of the flow conducting area, was accurate.  

It is well known that the widest conduits can be responsible for the conductance of 
a disproportionate amount of xylem flow in a stem. For instance, Ellmore and Ewers 
calculated that in Ulmus Americana 96% of the total xylem volume flow would be 
expected to be conducted by a class of very wide vessels that are grown in spring (Ellmore 
& Ewers, 1986). According to the Hagen-Poiseuille equation, the maximum velocity in a 
cylindrical conduit increases with the radius squared (eq. 4).  
 

L
rPv
Δ⋅⋅
⋅Δ

=
η4

2

max   (4) 

 
Here νmax is the maximum velocity in a conduit, ΔΡ the pressure difference over the 
conduit, r the conduit radius, η the viscosity and ΔL the conduit length. The relation 
between diameter and volume flow is even stronger, as volume flow increases with the 
fourth power of conduit radius. In the samples with the widest xylem conduits, tomato 
WG and grape, the difference in radius between the narrowest and widest vessels was 
more than a factor of 10. According to Hagen-Poiseuille (eq. 4), this difference in radius 
could already lead to a difference in flow velocity in the order of a factor of 100. In reality 
the difference is probably even bigger. In whole stem segments, lumen resistivity and end-
wall resistivity have been found to be nearly co-limiting for water transport, and conduit 
length was found to scale with the conduit diameter squared (Comstock & Sperry, 2000, 
Sperry et al., 2005). The contribution of end wall resistivity to total resistivity (resistance 
per unit length) will therefore be largest in the narrowest conduits, increasing the 
difference in flow velocity between narrow and wide conduits even further. The difference 
in flow velocity will thus easily become large enough to cause the slowest flowing water 
to become indistinguishable from stationary diffusing water. The observation that in stem 
pieces with the widest conduits the smallest fractions of the xylem lumen cross-sectional 
area were found to be functional, matches well with this explanation. The present results 
underscore that when in a plant wide vessels are present and functional (i.e. no cavitations 
or other obstructions in the flow path), the narrowest ones do not make a significant 
contribution to the total xylem flux.  
 It has been proposed that even in dead and rigid xylem conduits some flow 
regulation could take place by means of dynamic changes in the end-wall resistance of 
conduits due to changes in ionic content of the xylem fluid (van Ieperen et al., 2000, 
Zwieniecki et al., 2001). Although it is not clear up till now if this phenomenon can occur 
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in planta (van Ieperen, 2007), the impact on flow distribution between small and large 
diameter conduits might be significant. Parameters like the flow conducting area, as 
supplied by MRI flow imaging, could provide a useful tool to study the otherwise hard to 
access hydrodynamics of the xylem.  
 
 

Conclusions 
 
We conclude that in the xylem a positive correlation exists between conduit diameter and 
T2, flow, which is modulated by plant species or diameter dependent differences in xylem 
wall properties, xylem architecture, permeability and exchange. This correlation became 
especially obvious when comparing the T2, flow in the xylem of plants with large 
differences in conduit diameter distribution. The implications of these conduit diameter 
induced T2 differences for flow quantification were limited. The T2, flow in most plant 
samples was relatively long, starting from around 40 ms in the very smallest xylem 
conduits. Only when refflow TT ,2,2 // Δ−Δ becomes larger than plus or minus 0.1 a T2 

correction will be needed. In plants with wide xylem conduits this condition will often not 
be met. In the plants with narrower conduits the difference between the T2 of the flowing 
water in the conduits and the stationary water in the surrounding tissue was small. In these 
cases non-flow resolved T2 imaging sufficed to estimate a T2, flow value for the purpose of 
T2 flow quantification correction. We conclude that in these cases the time consuming and 
technically challenging PFG-MSE measurements are not needed to be able to do the T2 
correction, a non-flow resolved T2 measurement is already adequate. 

The comparison of the conduit lumen cross-sectional area as observed by optical 
microscopy, and flow conducting area as observed by MR flow imaging, demonstrated 
that in samples with larger diameter xylem conduits a lower percentage of the xylem 
lumen cross-sectional area was involved in the conductance of flow. This finding 
underscores that, as the difference in diameter between wide and narrow conduits 
increases, the flow velocity in the narrowest conduits decreases to the point that conduits 
with the smallest diameters no longer conduct a significant amount of flow, as long as the 
wider conduits are functional. 
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Abstract 
 
We used dedicated MRI equipment and -methods to study phloem and xylem transport in 
large potted plants. Quantitative flow profiles were obtained on a per pixel basis, giving 
parameter maps of velocity, flow conducting area and volume flow (flux). The diurnal 
xylem and phloem flow dynamics in poplar, castor bean, tomato and tobacco were 
compared. In poplar clear diurnal differences in phloem flow profile were found, but 
phloem flux remained constant. In tomato only small diurnal differences in flow profile 
were observed, in castor bean and tobacco phloem flow remained unchanged. In all plants 
xylem flow profiles showed large diurnal variation. Decreases in xylem flux were 
accompanied by a decrease in velocity and flow-conducting area. The diurnal changes in 
flow conducting area of phloem and xylem could not be explained by pressure dependent 
elastic changes in conduit diameter. The phloem to xylem flux ratio reflects what fraction 
of xylem water is used for phloem transport (Münch’s counterflow). This ratio was large 
at night for poplar (0.19), castor bean (0.37) and tobacco (0.55), but low in tomato (0.04). 
The differences in phloem flow velocity between the four species, as well as within a 
diurnal cycle, were remarkably small (0.25 - 0.40 mm/s). We hypothesize that upper and 
lower bounds for phloem flow velocity may exist: when phloem flow velocity is too high, 
parietal organelles may be stripped away from sieve tube walls; when sap flow is too slow 
or is highly variable, phloem borne signaling could become unpredictable. 
 
 

Introduction 
 
The ability to internally distribute water, nutrients and carbohydrates is essential for the 
functioning of higher plants. Long-distance transport in plants occurs along two parallel 
pathways, the xylem and the phloem. The xylem is responsible for the transport of water 
and nutrients from the soil to the leaves, whereas the phloem is responsible for the 
transport of photosynthates, amino acids and electrolytes from source leaves to the rest of 
the plant. According to the most widely accepted (but not undisputed) views the flow of 
water in both systems is driven by pressure differences. The cohesion tension (C-T) 
theory, which was first proposed by Dixon and Joly (1894), states that the pressure 
difference between root and leaves which is the driving force of xylem transport is 
generated by surface tension at the evaporating surfaces of the leaf. The negative pressure 
(tension) is transmitted through the continuous water column in the rigid xylem vessels, 
from the leaves to the root apices and throughout all parts of the apoplast of the plant 
(Tyree, 1997). In the phloem, the Münch pressure flow hypothesis (Münch, 1930) states 
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that a pressure gradient is actively maintained between “source” leaves and “sink” tissues 
by the loading of solutes in the leaves, and unloading of solutes in sink tissues. At the 
source, the hydrostatic pressure increases as osmotically active solutes such as sucrose are 
secreted into the phloem sieve tubes (van Bel, 2003, Ziegler, 1975). At the sinks the 
opposite occurs when solutes are removed from the phloem sap. The resulting osmotically 
generated pressure gradient drives the phloem sap from source to sink. 

Although both the C-T theory and the pressure flow hypothesis have been around 
for many decades, it has always remained a problem to test the validity of both theories in 
living plants. Xylem and phloem tissues are deeply embedded within the plant, and both 
are extremely sensitive to experimental manipulation. The xylem is especially sensitive to 
cutting and puncturing because it operates under tension and will easily become 
embolized (Wei et al., 1999). The phloem is even more sensitive than the xylem because it 
consists of living cells that are known to invoke a range of immediate defense reactions 
following all but the most subtle invasive manipulations (Knoblauch et al., 2001, van Bel, 
2003). These sensitivities have for a long time made it very difficult to characterize long-
distance transport in the living plant. However, over the last two decades novel techniques 
have opened up completely new approaches to study the processes governing long-
distance transport. New molecular techniques have made it possible to identify a great 
number of carriers, pumps and (water) channels that are involved in the transport of 
solutes and water over the plasma membrane of sieve tubes (Lalonde et al., 2003, Patrick 
et al., 2001). The development of the pressure probe has made it possible to study the 
pressure gradients that are driving phloem and xylem flow, for instance by measuring the 
turgor pressures of cells and sieve tubes (Gould et al., 2004, Steudle, 1990, Tomos & 
Leigh, 1999). The xylem pressure probe has sparked a heated debate regarding the driving 
forces of xylem flow and validity of the C-T theory (Meinzer et al., 2001, Tyree, 1997, 
Zimmermann et al., 1993).  

While the knowledge about the forces and processes that are driving xylem and 
especially phloem transport is increasing rapidly, the knowledge about the dynamic 
behavior of phloem and xylem sap flow in intact plants remains rather limited. This is 
mainly caused by the fact that it is difficult and often impossible to non-invasively 
measure xylem and phloem sap flows using the methods that are currently available. Heat-
based methods have been used to estimate xylem flow (for a review see Smith and Allen 
(1996), and radioisotope labeling techniques have been used to estimate flow velocities 
and mass flows in the xylem and the phloem (e.g. 14C: MacRobbie (1971); 11C: Minchin 
and Thorpe (2003). Each of these approaches have disadvantages that limit their 
usefulness. They are often not completely non-invasive, as some heat-based methods 
require probes to be inserted into the plant stem, and some radioactive labeling techniques 
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require the destruction of plant samples. Also, the interpretation of the results can become 
a problem because parameters such as size, anatomy, tissue heterogeneity, and exchange 
between tissues can influence measurements as well as the calibration of the 
measurements. An issue specific to radioisotope labeling is that not the movement of 
water is measured, but the movement of labeled carbon, which may not yield the same 
results. Finally, neither approach provides spatial information about the position of the 
flowing xylem or phloem sap in the plant stem. 

A more recently developed method, that has seen a lot of progress over the last ten 
years, is flow imaging by means of Nuclear Magnetic Resonance Imaging (abbreviated to 
NMR imaging, MR imaging or MRI; for a recent review of applications of NMR in the 
plant sciences see Köckenberger, (2001)). The first NMR methods to measure xylem 
transport, although without imaging, were developed as early as 1984 by Van As and 
Schaafsma (1984). Callaghan, Eccles and Xia (1988) introduced an NMR method to 
measure flow in combination with imaging, termed q-space flow imaging. Using a slightly 
modified version of this method, Köckenberger, Pope, Xia, Jeffrey, Komor & Callaghan 
(1997) were the first to measure xylem and phloem transport in an intact six day old castor 
bean seedling, growing in the dark. The approach used by Köckenberger et al. was very 
time consuming with a measurement time of 4.5 hours. A more rapid flow imaging 
method called FLASH was developed by Rokitta, Zimmermann & Haase (1999), which 
was shown to be capable of measuring phloem and xylem flow in 40 day old castor bean 
plants, placed horizontally in a high field super-conducting magnet (Peuke et al., 2001). 
However, the short measurement times (between 4 and 7 minutes) did come at a price. 
The method yielded a quantitative average velocity per pixel, but did not give information 
about the velocity profile, nor did it allow the volume flow to be quantified in absolute 
units. Also, spatial resolution was reduced to speed up the imaging part of the NMR 
sequence. 

At the same time, a q-space flow imaging method was developed that allowed the 
flow profile of every pixel in an image to be recorded quantitatively, with a relatively high 
spatial resolution and while keeping measurement times down to 15 to 30 minutes. This 
was done by combining flow encoding with a rapid (turbo) NMR imaging scheme 
(Scheenen et al., 2000a, Scheenen et al., 2001). The quantitative flow profiles allowed the 
following parameters to be calculated on a per pixel basis, without making any 
assumptions about the flow profile per pixel or the number and diameter of vessels per 
pixel: the amount of stationary water, the flow conducting area, the average velocity of the 
flowing water, and the volume flow (flux). The q-space flow imaging approach was used 
in combination with a low field MRI setup to visualize and quantify xylem flow in tomato 
(Scheenen et al., 2000a), in stem pieces of chrysanthemum (Scheenen et al., 2000b) and in 
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large cucumber plants (Scheenen et al., 2002). While in the last study the authors were 
able to visualize phloem sap movement, they were not yet able to quantify phloem flow in 
the same manner as was demonstrated for xylem flow. 

Phloem transport in plants is particularly difficult to measure, even by means of 
NMR flow imaging. The slow flow velocities and the very small flowing volumes in the 
presence of large amounts of stationary water make it difficult to distinguish the slowly 
flowing phloem sap from freely diffusing water. In this paper we present a q-space flow 
imaging approach that was optimized to measure phloem transport as well as xylem 
transport in a variety of plants, in terms of flow profile, average linear velocity, flow 
conducting area and average volume flow. In addition we present modifications that have 
made it possible for our NMR imaging hardware to accept large potted plants and allow 
them to be placed upright inside the magnet. In order to demonstrate the potential of our 
flow imaging methods, measurements were done on large plants of four species (poplar, 
tomato, castor bean and tobacco), each over a period of several days. The combination of 
dedicated NMR equipment and NMR flow imaging methods allowed us to routinely 
measure and quantify, for the first time to our knowledge, phloem as well as xylem 
transport in plants up to a size of 2 meters and over a period of up to a week. The results 
of these measurements are discussed with regard to the flow characteristics and diurnal 
dynamics of phloem and xylem flow, and the cycling of water between phloem and xylem 
(Münch’s counterflow). 
 
 

Materials and methods 
 
NMR imaging setup 
The homebuilt NMR system was based on a 0.72 T electromagnet with a 10 cm air gap 
(Fig. 1), controlled by a Bruker Avance 200 unit (Bruker, Karlsruhe, Germany). In order 
to provide access for (potted) plants a shielded gradient system with a plan parallel 
geometry was used, with a maximum gradient strength of 1 T/m in the X,Y and Z 
direction (Resonance Instruments Ltd, Witney, UK). The 50 mm air gap between the two 
gradient plates provided free access to the center of the magnet, from the front and back of 
the gradient set, as well as from above and below. Because a resistive magnet is inherently 
sensitive to temperature fluctuations, the magnetic field was stabilized by means of a 
homebuilt external 19F lock unit.  

A solenoid radio frequency (RF) coil for induction and detection of the NMR 
signal was custom made for every plant, providing a high filling factor and an optimal 
signal to noise ratio (SNR), despite the small sample size and relatively low magnetic 
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field. First, a loosely fitting mould with a diameter of 10 mm was put around the stem of 
the plant. The RF coil was then constructed by wrapping 9 turns of 0.5 mm copper wire 
around the mould. The finished coil was connected to a compact, homebuilt tuning circuit, 
electromagnetically shielded by means of aluminum foil and copper tape, and fixed to a 
rod next to the plant (Fig. 1b). The assembly of pot, plant and coil was then inserted, 
upright, into the magnet, with the RF assembly in the center of the magnet, between the 
two gradient plates.  
 
NMR flow imaging 
The spatial resolution that can be obtained using NMR imaging is limited when compared 
to optical microscopy. Here, the highest spatial resolution that was obtained in a flow 
imaging measurement was ~100 x 200 μm at a slice thickness of 3 mm. Although it is 
possible to obtain higher spatial resolutions, it will in general not be high enough to 
resolve individual sieve tubes or xylem vessels. As a consequence, pixels that contain 
flowing water will always contain a significant amount of stationary water. When conduits 
are very small, as is the case in phloem tissue, the relative amount of flowing water per 
pixel can be as small as a few percent. The greatest challenge in measuring phloem water 
transport, therefore, is to distinguish a small amount of very slowly moving water from a 
(very) large amount of stationary water that is exhibiting random movement as a result of 
Brownian motion (e.g., see Fig. 4b).  

In NMR flow imaging, a flow measuring sequence can be said to consist of three 

Figure 1. (a) Schematic 
overview of the NMR imaging 
setup. (b) Enlarged view of 
the RF coil assembly, which 
was mounted around the stem 
and fixed to a support before 
the plant was placed in the 
imager. The open build of the 
electro magnet and gradient 
set provides easy access for 
potted plants up to a size of 
two meters tall. 
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steps: excitation, flow encoding, and image data acquisition. Flow encoding generally 
involves two pulsed field gradients (PFG), separated by a flow-labeling period Δ. The two 
PFGs provide sensitivity to displacement in an NMR flow measurement. Here, in order to 
be able to discern flowing water from randomly diffusing water, Δ was varied from 15 ms 
for fast flowing xylem water, to 200 ms for slow moving phloem water. Linear 
displacement was measured by stepping the amplitude (G) of the pulsed field gradients –
Gmax to + Gmax and sampling q-space completely, as described previously by Scheenen et 
al. (2000a). After Fourier transformation of the signal as a function of gradient amplitude, 
the complete distribution of displacements (i.e., flow profile) within Δ in the direction of 
the gradient, which was chosen to be the flow direction, was obtained for every pixel of an 
image. Such a displacement distribution is called a propagator (Kärger & Heink, 1983). 

Depending on the purpose of a measurement, a pulsed field gradient - spin echo - 
turbo spin echo sequence (PFG-SE-TSE) or a stimulated-echo version of the same 
sequence (PFG-STE-TSE) was used. The latter sequence is especially well suited for 
measuring very slow flow because it allows the use of long flow labeling times (Scheenen 
et al., 2001). The PFG-SE-TSE sequence was used to measure xylem water transport, the 
PFG-STE-TSE sequence to measure phloem water transport. In both cases, rapid image 
encoding was performed using a Turbo Spin Echo sequence with a turbo factor of 16, thus 
acquiring and making efficient use of 16 echoes upon every excitation.  

The fact that the displacement distribution of stationary water is symmetrical 
around zero was used to separate the stationary from the flowing water. The signal in the 
non-flow direction was mirrored around the Y-axis and subtracted from the signal in the 
flow direction, to produce the displacement distribution of the flowing and the stationary 
water (Fig. 4. The displacement distribution is here presented as a velocity distribution). 
Because the signal amplitude is proportional to proton density, the integral of the graph 
provides a measure for the amount of water. The average velocity of the flowing water 
was then calculated by taking the amplitude weighted average of the velocity distribution. 
Using this approach, the following flow characteristics were extracted in a model-free 
fashion, as described by Scheenen et al. (2000b): total amount of water per pixel, amount 
of stationary water per pixel, amount of flowing water (or flow conducting area) per pixel, 
average linear velocity per pixel (including the direction of flow), and volume flow per 
pixel. The NMR signal intensity of a reference tube was used for calibration. The only 
assumption and requirement involved in this method of quantification is that there be no 
flow in two directions, within the same pixel or ensemble of pixels. Spatial resolution was 
carefully chosen to meet this condition. 

In NMR signal is lost due to two relaxation processes, T2 and T1. These relaxation 
times relate to tissue water content, and cell size or vessel diameter. A more detailed 
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explanation of the meaning of T1 and T2 in MRI of biological tissues is outside the scope 
if this paper, but can be found elsewhere (Belton & Ratcliffe, 1985, Callaghan et al., 1994, 
Köckenberger, 2001, van der Weerd et al., 2002). In a flow measurement, a significant 
amount of signal can be lost between excitation and signal acquisition. The amount of 
signal that is lost depends on the physicochemical properties of the subject, the length of 
the flow labeling time, and on the relaxation mechanism that the NMR signal is subjected 
to during flow labeling. In a PFG-SE-TSE flow measurement the signal is subjected to T2 
relaxation, whereas during a PFG-STE-TSE flow measurement signal is mainly lost due to 
T1 relaxation (Scheenen et al., 2001). If the relaxation rate of a reference tube that is used 
for calibration is not equal to the relaxation rate of the subject to be measured, 
quantification errors may occur. Therefore, differences in the relaxation rates of reference 
tubes and subjects were compensated for using estimates based on separately measured 
(flow insensitive) T1 and T2 parameter maps (for details see further discussion). 

Flow measurements were processed in a number of ways. Quantitative xylem flow 
maps were obtained by analyzing singular xylem flow measurements on a per pixel basis. 
Quantitative images of phloem flow were obtained by averaging three or more 
consecutive flow measurements. For both xylem and phloem flow measurements “total-
propagators” were constructed by summing the propagators of all flow-containing pixels 
into a one-dimensional total-propagator. Flow containing pixels were identified as such on 
the basis of previously calculated quantitative flow maps. In this case, the spatial 
information was not used to calculate flow maps, but to discard pixels that only contained 
stationary water. 

A single flow measurement typically took between 15 and 30 minutes (32 G-
steps). To produce spatially resolved phloem flow maps three or more measurements were 
averaged, thus increasing measurement time. Data analysis was performed in IDL 
(Research Systems Inc., Boulder, Colorado, USA), using homebuilt processing and fitting 
routines. 
 
T1 and T2 measurements 
T2 imaging was done using a multi-spin-echo imaging pulse sequence (Donker et al., 
1997, Edzes et al., 1998), a repetition time (TR) of 5000 ms, a spin-echo time (TE) of 4.5 
ms and a spectral bandwidth of 50 kHz. An image matrix of 128 x 128 pixels was 
acquired per echo, and 128 echoes were acquired per echo train. T1 imaging was 
performed by recording a series of 17 separate amplitude images at increasing TR (from 
67 ms up to 10000 ms), using a TSE imaging pulse sequence with slice selection 
(Scheenen et al, 2000a), a turbo factor of 4 and an effective TE of 4.5 ms, a spectral 
bandwidth of 50 kHz, and eight dummy scans. In both measurement types two 
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acquisitions were averaged to improve image quality. The in-plane resolution typically 
was ~100 x 100 µm at a slice thickness of 3 mm.  

The acquired NMR datasets were processed using homemade routines written in 
IDL (Research Systems Inc., Boulder, Colorado, USA). The datasets were fitted on a per 
pixel basis, using a mono-exponential decay function (van der Weerd et al., 2000), 
yielding quantitative maps of either amplitude, 1/T1 and T1; or amplitude, 1/T2 and T2 
(Donker et al., 1997, Edzes et al., 1998).  
 
Plant material 
Grey poplar (Populus tremula x P. alba, INRA clone 717 1B4), castor bean (Ricinus 
communis), tomato (Lycopersicon esculentum cv. Counter) and tobacco (Nicotiana 
tabacum cv. Petit Havana SR1) plants were obtained from various academic sources. The 
poplar, castor bean and tobacco plants were grown on commercial potting soil, while the 
tomato plants were grown on a perlite substrate (Agra-perlite No.1, grading 0.6-1.5 mm) 
with a computer controlled drip irrigation system. Before experiments, the plants were 
transferred to a climate chamber (22°C, 50% RH, 16 h photoperiod 150 - 200 μmol s-1 m-2 
PAR; 20°C, 50% RH, 8 h dark period) and grown for a period of at least 3 weeks. Two 
weeks before measurements the plants were repotted to custom made rectangular pots, 
made to fit the NMR setup. The 1.50 m tall poplar plants were transferred to 10 liter pots 
filled with a mixture of 75% commercial potting soil (Naturado potting soil, Naturado 
Bodemvoeding bv, the Netherlands) and 25% perlite, supplemented with 30 g of 
Osmocote slow release fertilizer (Scotts international PBG, the Netherlands). The smaller 
(approx. 90 cm tall) castor bean and tobacco plants were transferred to seven-liter pots 
filled with the same soil mixture. Before transferring the tomato plants to hydroponic 
culture the perlite substrate was carefully washed from the roots. The tomato plants were 
then placed in 10 liter containers with continuously aerated growth medium. In order to 
keep the tomato plants in a vegetative state all flowers and side shoots were removed 
during the course of cultivation. 
 Before measurements the plants were fitted with an RF coil and placed in the 
NMR setup. The plants were then left to acclimate for a minimum of two days before the 
actual measurements commenced. In the NMR setup the plants were subjected to the 
following environmental conditions. Poplar, tomato and tobacco: day period 14 h, 25-
27°C, 29-45% RH, 200 μmol photons s-1 m-2 PAR; night period 10 h, 22°C, 24-40% RH. 
Castor bean: day period 16 h, 25 °C, 28 % RH, 200 μmol photons s-1 m-2 PAR; night 
period 8 h, 22 °C, 24 % RH. 
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Figure 2. Overlaid flow parameter maps, 
calculated from a single PFG-SE-TSE flow 
measurement (blue) showing upward 
flowing xylem sap, and 5 averaged PFG-
STE-TSE flow measurements (red) of 
downward flowing phloem sap. Using the 
reference tubes for calibration, the flow 
measurements were quantified to give 
parameter maps representing the amount of 
stationary water per pixel (a), the flow 
conducting area per pixel (b), the average 
linear velocity of the flowing water (c), and 
the average volume flow per pixel (d). For 
the PFG-SE-TSE experiment the following 
parameters were used: image matrix 128 x 
128, field of view 12.5 mm, repetition time 
2.5 s, turbo factor 32, 2 averages, labeling 
time Δ 50 ms, δ 3 ms, Gmax 0.307 T/m; and 
for the PFG-STE-TSE experiments image 
matrix 64 x 64, field of view 12.5 mm, 
repetition time 2.5 s, turbo factor 16, 2 
averages, labeling time Δ 200 ms, δ 2.5 ms, 
Gmax 0.230 T/m. 

Figure 3. A comparison of the anatomical 
reference provided by parameter maps 
depicting water content (a), T2 (b) and T1 (c), 
with the parameter maps of xylem and phloem 
volume flow (d), which were both plotted over 
an image depicting water content. Phloem flow 
was flowing in a downward direction and is 
shown in red, whereas xylem was flowing in 
the opposite direction and is shown in blue. 
The phloem flow ring appears to correspond 
closely with the bright, narrow ring visible in 
image b and c. Experimental parameters of the 
T1 measurement: field of view 12.5 mm, image 
matrix 128 x 128, longest repetition time 10 s, 
2 averages; experimental parameters T2 
measurement: field of view 12.5 mm, image 
matrix 128 x 128, repetition time 5 s, echo time 
4.5 ms, 2 averages. 
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Results 
 
In order to demonstrate the potential of our NMR imaging setup and flow imaging 
methods, series of phloem and xylem flow measurements were carried out on large, fully 
differentiated plants (and a small tree). First, we will present the results of a typical 
phloem and xylem flow measurement done on poplar in full detail. Second, we will 
compare the results of phloem and xylem flow measurements collected during long term 
experiments on poplar, castor bean, tomato and tobacco.  
 
Flow measurements Poplar 
By analyzing the PFG-SE-TSE (xylem flow) measurements and the PFG-STE-TSE 
(phloem flow) measurements as described elsewhere (Scheenen et al., 2000b), we were 
able to construct flow maps of phloem transport as well as xylem transport. Using the 
reference tubes for calibration, the flow measurements were processed to yield 
quantitative flow maps representing the amount of stationary water per pixel (Fig. 2a), the 
amount of flowing water, here presented as the flow conducting area per pixel (Fig. 2b), 
the average linear velocity of the flowing water (Fig. 2c), and the average volume flow per 
pixel (Fig. 2d). The position and shape of the phloem and xylem flow maps correspond 
closely with the phloem and xylem regions that are visible in the anatomical reference 
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Figure 4. A total propagator of phloem flow in poplar (a), composed of a summation of the 
propagators of all pixels in the phloem flow mask (inset). Making use of the fact that the flow 
profile of stationary water is symmetrical around zero, the flow profile of flowing and freely 
diffusing stationary water was calculated (b). When calibrated with the signal from the reference 
tube, the area under the graph becomes a measure of the amount of flowing water. 
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provided by the amplitude, T1 and T2 maps (Fig. 3).  

velocity (mm/s)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

vo
lu

m
e 

(m
m

3 )

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Phloem

velocity (mm/s)

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

vo
lu

m
e 

(m
m

3 )

0.0

0.5

1.0

1.5

velocity (mm/s)

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

vo
lu

m
e 

(m
m

3 )

0.00

0.05

0.10

0.15

day 
night 

velocity (mm/s)

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

vo
lu

m
e 

(m
m

3 )

0.00

0.05

0.10

poplar (a)

castor bean (b)

tomato (c)

tobacco (d)

In this study, the quantitative phloem and xylem flow maps were used primarily to 
identify and make masks of all pixels containing water moving in an upward (xylem) or 
 

Figure 5. The average day- and nighttime phloem 
flow profiles in poplar (a), castor bean (b), tomato 
(c) and tobacco (d). Phloem flow masks for each 
plant are shown in the top left corner; the flow 
profile of stationary water within the flow mask is 
not shown. Open symbols: average day profiles; 
closed symbols: average night profiles. Each flow 
profile represents the mean ±SD of 8 to 30 
individual flow profiles measured in the course of 
two to four days. 
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downward direction (phloem; inset Fig. 4a). By adding the signal of all pixels within the 
mask, a “total propagator” was obtained (Fig. 4a), containing the flow information of all 
pixels within the flow mask. The total propagators were analyzed in the same manner as 
was done with the pixel propagators in imaging mode. Making use of the fact that the 
velocity distribution of stationary water is symmetrical around zero (no net displacement), 
the signal in the non-flow direction (here: the right hand side) was mirrored around the Y-
axis and subtracted from the signal in the flow direction to produce the velocity 
distribution of the flowing and the stationary water (Fig. 4b). The resulting flow profiles 
were then again used to calculate the flow conducting area, the average velocity of the 
flowing water, and by taking the integral of the propagator of the flowing water, the total 
volume flow.  
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Figure 6. The volume flow and average linear velocity of phloem water in poplar (a), castor 
bean (b), tomato (c) and tobacco (d), measured over the course of two to four days. Black and 
white bars indicate day and night. Closed symbols: volume flow; open symbols: average linear 
velocity. 
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Diurnal dynamics of phloem and xylem transport 
 
During experiments lasting one and a half to three day-night cycles, repetitive phloem and 
xylem flow measurements were done on the stem of large, fully differentiated and rapidly 
growing poplar, castor bean, tomato and tobacco plants. For every plant quantitative 
phloem- and xylem flow maps were calculated and subsequently used to make xylem and 
phloem masks. These masks were then employed to calculate the total flow profiles of all 
flowing phloem and xylem water in the plant stems, as well as the information that is 
contained in these flow profiles: the amount of flowing water, the average linear velocity, 
and total volume flow.  
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Figure 7. The average total flow conducting 
area (a), average linear flow velocity (b) and 
average total volume flow (c) in the phloem of 
poplar, castor bean, tomato and tobacco. 
Daytime averages are shown in grey, nighttime 
averages in black. Each bar represents the 
mean ±SD of 8 to 30 individual measurements. 
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Phloem transport 
Poplar showed clear differences in day and night phloem flow profile, in contrast to the 
day and night phloem flow profiles that were recorded for castor bean, tomato and tobacco 
(Figs. 5a-d). At night the average linear velocity in poplar decreased from 0.34 ± 0.03 
mm/s to 0.24 ± 0.02 mm/s; Fig. 6a and 7b). Interestingly, the decrease in flow velocity 
coincided with a clear increase in the flow conducting area (Fig. 7a), countering the 
decrease in flow velocity. As a result, the total phloem volume flow of poplar during the 
day and night period remained virtually unchanged (Fig. 6a). During the day an average 
volume flow of 0.87 ± 0.14 mm3/s was measured, at night a volume flow of 0.91 ± 0.09 
mm3/s (Fig.7c). 

In tomato no significant differences between the day and night phloem flow 
profiles were observed (Fig. 5c), although the average linear flow velocity did appear to 
show a small decrease in the dark (Fig. 6c). The average linear velocity was 0.40 ± 0.04 
mm/s during the day, and 0.35 ± 0.05 mm/s at night (Fig. 7b). The average flow 
conducting area appeared to decrease at night as well, with values of 0.29 ± 0.04 mm2 
during the day and 0.23 ± 0.04 mm2 at night (Fig. 7a). The insignificant but consistent 
differences in flow velocity and flow-conducting area resulted in slight differences 
between day and nighttime volume flow. During the day a total volume flow of 0.12 ± 
0.02 mm3/s was measured, versus 0.08 ± 0.02 mm3/s at night (Fig. 7c). In contrast, the 
phloem flow characteristics of castor bean and tobacco did not exhibit any day / night 
differences, neither with regard to volume flow, nor with regard to average flow velocity 
and amount of flowing water. 

The average phloem sap volume flows, as well as the average flow conducting 
areas that were measured in the four plant species, showed large differences that roughly 
corresponded with the differences in the size of the plants that were used (Figs. 7a and 7c). 
Despite the fact that the plants were of different species and different sizes, the differences 
in average linear phloem flow velocities between the plants were remarkably small, 
ranging from 0.40 mm/s in tomato to 0.25 mm/s in castor bean (during daytime; Fig. 7b).  

 
Xylem transport 
The diurnal xylem transport in the four plant species exhibited large day-night differences, 
with regard to the average day and nighttime flow profiles (Fig. 8), as well as with regard 
to the diurnal differences in average flow velocities and volume flows (Fig. 9 and 10). In 
all four plant species the xylem volume flows at night were greatly reduced. In poplar, 
17.9 ± 0.90 mm3/s xylem water was transported on average during the day, against 4.66 ± 
0.52 mm3/s at night, a reduction of 74%. In castor bean these values were 3.71 ± 0.46 
mm3/s during the day and 0.63 ± 0.50 mm3/s at night (-83%), in tomato 8.00 ± 0.92 during 
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Figure 8. The average day- and nighttime xylem 
flow profiles in poplar (a), castor bean (b), 
tomato (c) and tobacco (d). Xylem flow masks for 
each plant are shown in the top left corner; the 
flow profile of stationary water within the flow 
mask is not shown. Open symbols: average day 
profiles; closed symbols: average night profiles. 
Each flow profile represents the mean ±SD of 10 
to 25 individual flow profiles measured in the 
course of two to four days. 
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the day and 2.26 ± 0.52 mm3/s at night (-72%), and in tobacco 1.14 ± 0.27 mm3/s during 
the day and 0.18 ± 0.06 mm3/s at night (-84%; Fig. 10c). Interestingly, these reductions 
were caused not only by a decrease in the average linear velocities (Fig. 10b), but also by 
a decrease in the flow conducting areas (Fig. 10a). In poplar and tomato the decrease in 
flow conducting area was 28% and 25%, respectively, whereas in castor bean and tobacco 
the flow conducting area was decreased even further, with respectively 46% and 53%. 

The highest average linear xylem flow velocity was measured in tomato (5.10 ± 
0.54 mm/s, daytime), whereas the lowest average linear xylem flow velocity in the light 
was found in poplar (1.60 ± 0.09 mm/s, daytime; Fig. 10b). However, the poplar plant did 
have the largest flow conducting area (11.2 mm2) and transported the largest volume flow 
of xylem water of the four plants in this study. 
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Figure 9. The volume flow and average linear velocity of xylem water in poplar (a), castor bean 
(b), tomato (c) and tobacco (d), measured over the course of two to four days. Black and white 
bars indicate day and night. Closed symbols: volume flow; open symbols: average linear velocity.
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Münch’s counterflow 
The water that is moving down in the phloem must, under normal conditions, first have 
been transported upward through the xylem. The phloem to xylem volume flow ratio then 
reflects, in the absence of terminal sinks such as fruit, what fraction of the flowing water 
in the xylem is replacing water that is exported from the source leaves by way of the 
phloem, in a process that has previously been called recirculation (Pate et al., 1985) or 
Münch’s counterflow (Tanner & Beevers, 1990). During the night, the phloem to xylem 
volume flow ratio was surprisingly large: 0.19 in poplar, 0.37 in castor bean, and even as 
high as 0.55 in tobacco (Fig. 11). The phloem/xylem volume flow ratio at night in tomato 
was much lower, 0.04. During the day, when the contribution of transpiration to the xylem 
volume flows were much higher, the phloem to xylem ratios dropped to 0.10 in tobacco, 
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Figure 10. The average total flow conducting 
area (a), average linear flow velocity (b) and 
average total volume flow (c) in the xylem of 
poplar, castor bean, tomato and tobacco. 
Daytime averages are shown in grey, nighttime 
averages in black. Each bar represents the 
mean ±SD of 8 to 30 individual measurements. 
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0.07 in castor bean, 0.05 in poplar and a mere 0.02 in tomato.  
 
 

Discussion 
 
NMR setup and flow imaging methods 
NMR imagers that are used for plant work often have been developed for other purposes, 
such as medical imaging. As a result, many machines consist of horizontal bore 
superconducting magnets with cylindrical imaging gradients. For plant work this is not an 
ideal setup. In such a system plants have to be placed horizontally instead of vertically, 
and fitting the shoot or roots of a plant through the narrow cylindrical bore of a gradient 
set can be stressful and damaging for the plant. In the current study, we used an NMR 
imager consisting of an electromagnet with an open structure. The imaging gradient set in 
the center of the magnet was made up of two flat plates instead of the more conventional 
cylindrical gradient sets. This configuration allowed us to easily place large plants, up to a 
size of two meters, upright in the NMR magnet (Fig. 1). Placement of plants could be 
undertaken without causing much stress to the subject, other than the stress that is caused 
by moving and handling it. Potentially stressful actions like mounting an RF coil (Fig. 1b) 
or, when necessary, the removal of a branch or leaf could be undertaken well in advance. 
In this study the plants were left to acclimate to the conditions in the magnet for a 
minimum of two days before commencing measurements, although this may not have 
been necessary because the plants were growing vigorously and showed uninhibited water 
uptake within a few hours after they were placed in the magnet. 
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Measuring phloem flow by means of NMR flow imaging has, from a technical point of 
view, for a long time remained a very challenging enterprise. Köckenberger et al. (1997) 

Figure 11. The phloem to xylem 
ratio in poplar, castor bean, tomato 
and tobacco. The phloem to xylem 
ratio indicates what part of the xylem 
volume flow is recirculated by means 
of the phloem. Daytime averages are 
shown in grey, nighttime averages in 
black. 

 87



MRI of long distance water transport 

were the first to use NMR flow imaging to measure phloem flow in an intact  castor bean 
seedling grown in the dark. In order to measure flow, they used a “difference propagator” 
technique that yielded flow profiles that were, as far as the general principle is concerned, 
comparable to the flow profiles presented in the current study. In order to quantify these 
(distinctly non-rectangular) flow profiles, the difference propagators were fitted with a 
rectangular function. This is a valid approach when the following conditions are met: the 
flow within vessels is laminar; only one vessel is present per pixel, or more vessels are 
within one pixel but all have the same diameter; and vessels are never only partially within 
one pixel and partially within another. Under these conditions a flow profile would always 
have a rectangular shape (broadened by diffusion). However, in practice the recorded flow 
profiles were not rectangular, but looked like the flow profiles presented in this paper 
(Figs. 4, 5 and 8), showing a large contribution of water moving at lower speeds and a 
smaller contribution of fast moving water. Fitting a flow profile like this with a 
rectangular function may yield a correct value for the total volume flow, but the average 
velocity of the phloem sap would be overestimated. Also, during data processing 
information with regard to the amount of stationary water per pixel is lost.  

A more rapid flow imaging method called FLASH was developed by Rokitta et al. 
(1999), which was later shown to be capable of measuring phloem and xylem flow in 40 
day old castor bean plants, placed horizontally in a high field (7 T) super-conducting 
magnet (Peuke et al., 2001). In this approach the spatial resolution was reduced in 
conjunction with a faster flow encoding method in order to shorten the measurement time. 
While the method was quantitative in that it yielded an overall average velocity per pixel, 
it did not yield information about the velocity profile that gave rise to a particular average 
velocity, nor did it allow the volume flow to be quantified in absolute units because the 
flow conducting area per pixel was not known.  

The NMR flow measurement methods presented in the current paper are especially 
useful in that they provide, for the first time to our knowledge, a means to record 
quantitative flow profiles (propagators) of flowing phloem water, while at the same time 
providing a good spatial resolution at acceptable measurement times. The quantitative 
flow profiles are unique in that they make it possible to calculate the flow conducting area 
per pixel, the average flow velocity per pixel, the amount of stationary water per pixel, 
and the volume flow per pixel, quantitatively and without the necessity to make any 
assumptions regarding the flow profile (Scheenen et al., 2000b). As a result of the more 
favorable anatomy of xylem tissue (large vessels, large amounts of flowing water, and 
relatively high flow velocities), the signal to noise ratio (SNR) of a single PFG-SE-TSE 
xylem flow measurement was already sufficient to construct quantitative flow maps with a 
good spatial resolution (Figs. 2 and 3). To measure phloem transport a more elaborate 
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strategy had to be employed. It was usually necessary to lower the spatial resolution of 
PFG-STE-TSE phloem flow measurements, take more averages per individual 
measurement, and average three or more individual PFG-STE-TSE phloem flow 
measurements to raise the SNR sufficiently to allow the measurement to be evaluated on a 
per pixel basis and calculate the quantitative phloem flow maps shown in figures 2 and 3. 
This approach typically required a minimum of 45 minutes effective measurement time. 
Alternatively, the information originating from all flow-containing pixels in an image was 
summed into a one-dimensional flow profile (Fig. 4), making it possible to analyze 
measurements individually and lowering effective measurement time to 15 to 30 minutes. 
The combination of the NMR imaging setup and NMR flow imaging methodology 
presented in the current paper thus allowed us to routinely measure quantitative flow 
profiles of both phloem and xylem flow, in a variety of large plants up to a size of 2 
meters. The ability to measure phloem flow has already found further application in a 
study of the effects of cold girdling on phloem mass flow in castor bean (Peuke et al., 
2006). 
 
How fast does phloem sap flow? 
We recorded an average phloem flow velocity of 0.25 ± 0.03 mm/s in castor bean during 
the day (Fig. 7b). This value is in good agreement with the phloem flow velocities 
reported in earlier studies. Hall, Baker and Milburn used 14C carbon labeling to measure 
phloem flow in 6 week old castor bean plants, reporting an average velocity of 0.233 
mm/s (Hall et al., 1971). Grimmer (1999) used 11C carbon labeling and found phloem 
flow velocities between 0.387 and 0.41 mm/s. Köckenberger et al. (1997) found an 
average phloem flow velocity of 0.58 mm/s in six day old castor bean seedlings that were 
grown in the dark, but because of the reasons discussed earlier, this value will most likely 
be an overestimation. Peuke et al. (2001) used a (FLASH) NMR flow imaging method to 
measure phloem flow velocity, and reported a flow velocity of 0.25 mm/s, averaged over 
all plants in the experiment.  
 Remarkably, the flow velocities we measured in poplar, castor bean, tomato and 
tobacco were all within the same range, irrespective of plant size and species. The highest 
average linear velocity that was measured was 0.44 mm/s in tomato; the lowest recorded 
value was 0.25 mm/s in castor bean (Fig. 7b). The phloem flow velocities in a wide range 
of plants, as far as these are available from literature, are roughly within the same range as 
well. In castor bean, phloem flow velocities with values between 0.233 (Hall et al., 1971) 
and 0.58 mm/s were found (Köckenberger et al., 1997). Mortimer et al. (1965) 
investigated phloem transport in sugar beet petioles using 14C labeling and found phloem 
flow velocities between 0.139 and 0.417 mm/s. In soybean, Fisher (1978) measured 
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phloem flow velocities between 0.13 and 0.15 mm/s. Hartt (1967) reported flow velocities 
between 0.17 and 0.22 mm/s in sugar cane. Taking into account that these flow velocities 
were measured in different species and using different techniques, the differences are 
remarkably small. As far as we are aware, only one example – measured in a monocot, in 
contrast to the studies mentioned before – is an exception. Passioura and Ashford (1974) 
measured phloem flow velocities of 0.2 mm/s up to 1.7 mm/s in wheat. However, these 
values were found in root systems that were pruned to produce exceptionally high flow 
rates. 

It is widely accepted that phloem sap flow is governed by the solute consumption 
of the terminal and axial sinks, if the sources are strong enough to meet demand 
(Thompson, 2006). Local volume flow would thus depend on phloem solute content, and 
sink consumption downstream. The local sap flow velocity would then be determined by 
the number and the diameters of the phloem conduits that conduct this volume of flow. It 
would seem fair to assume that in different species the number and diameter of the phloem 
conduits in a cross section of stem show considerable variation. The balance between 
source strength and sink demand may be different as well. This could easily result in large 
differences in flow velocity. Then why are the average phloem flow velocities that have 
been measured so far this similar?  

One might speculate that the phloem is scaled and regulated to maintain a constant 
and relatively slow flow of sap. A limitation of sap flow velocity may be necessary, for 
instance because too fast a flow would threaten to dislocate parietal proteins or organelles 
that are present in the sieve tube (Ehlers et al., 2000, van Bel, 2003). It is also conceivable 
that the flow velocity should not be too low, or too variable. If the flow velocity would be 
too low, for instance during times of low sink demand, then phloem borne molecular 
signals might take too long to arrive at their destinations. When phloem sap flow would be 
highly variable, then the transit time of molecular signals might become unpredictable. 
 
Diurnal variation in phloem and xylem flow rates 
As would be expected, xylem flow in the four plant species exhibited clear diurnal 
dynamics with regard to flow profile, average volume flow and average linear velocity 
(Figs. 8, 9 and 10). Interestingly, the decrease in volume flow at night was not only 
associated with a decrease in average linear velocity, but, for all four plant species, also 
with a decrease in flow conducting area (Fig. 10a). The reductions in flow conducting area 
were surprisingly large, with values in the order of 50% for castor bean and tobacco, and 
in the order of 25% for poplar and tomato. It is well known that plant stems can exhibit a 
diurnal pattern of micro expansion and contraction. However, a contraction of the stem 
(and perhaps of xylem vessels) would be expected during the day when xylem pressures 
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are most negative, not during the night. Therefore, the reduction in flow conducting area 
must have been caused by a reduction in the number of flow conducting xylem vessels. 
The slowest moving water will be found in the vessels with the smallest diameters. It is 
likely that, under conditions of low transpiration, the flowing water in these vessels will be 
the first to become indistinguishable from stationary water. 

 
A number of early studies have demonstrated that phloem bulk transport is sensitive to 
changes in plant water status. Hall and Milburn (1973) observed that phloem exudation in 
castor bean decreased upon the application of water stress, and increased again when the 
water stress was lifted. Peel and Weatherly (1962) measured diurnal sap exudation rates in 
rooted willow cuttings. They measured an increase in sap exudation rate in the dark 
relative to that during the light, showing that not only water stress, but also more subtle 
differences in plant water status as caused by the differences in day/night transpiration 
rate, can cause differences in phloem exudation rate. Peuke et al. (2001), in contrast, did 
not find significant differences between day and night phloem flow velocities that were 
measured by means of NMR imaging in 35 to 40 days old castor bean plants.  

In our study, we did not observe significant differences between the day and 
nighttime phloem volume flow rates in any of the plants (Fig 7c). In tobacco, castor bean 
and tomato, the day and night flow profiles were virtually identical (Fig. 5), although in 
tomato the flow conducting area, average flow velocity and volume flow appeared to be 
slightly (but not significantly) higher during the day than during the night period (Fig. 7). 
Poplar was the only plant in which the day- and nighttime phloem flow profiles were 
clearly different (Fig. 5). At night, the phloem flow conducting area was significantly 
larger than during the day (Fig. 7a). The increase in flow conducting area at night was 
compensated for by a significant decrease in the average flow velocity, so that the 
resulting volume flow at night remained almost unchanged (Fig. 7c). The increase in flow 
conducting area at night could have been caused by an increase in the number of flow 
conducting sieve tubes, or by an increase in sieve tube diameter.  

Trees exhibit a diurnal pattern of trunk shrinkage and expansion. Up to 50% of this 
diameter variation was shown to originate from shrinkage and swelling of phloem and 
bark tissue (Sevanto et al., 2002). In Monterey pine, measurements were done on trees 
from which the bark was removed, leaving the phloem tissue uncovered. In this condition 
the daily change in thickness of the phloem layer was about 6%. In castor bean, 
Kallarackal and Milburn (1985) reported that the diameter of stems decreased when 
phloem turgor was released, by cutting the phloem above or below the site where stem 
diameter was measured. These reports demonstrate that the phloem can expand and 
contract. However, in the current study we observed an increase of flow conducting area 
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in polar, from 2.6 mm2 during the day, to 3.8 mm2 at night. This is an increase of 46%. 
According to Thompson and Holbrook (2003), the change in cross sectional sieve tube 
area as a function of pressure is given by the following formula: 
 

( ) ε0

0

ppe
a
a −=  

 
Here a is the flow conducting area, p pressure, and ε the drained pore elastic modulus. If 
for sieve tubes an elastic modulus of 30 MPa is assumed (Holtta et al., 2006), then it can 
be calculated that for this large an increase in flow conducting area, a change in turgor 
pressure of about 11 MPa would required. This pressure difference is much larger than 
would normally be expected in the phloem. We conclude that the diurnal change in flow 
conducting area can not be explained by shrinkage and expansion of sieve tubes, but is 
probably caused by a change in the number of flow conducting conduits. 
 
It is known that diurnal sucrose export rates can vary considerably, within a diurnal cycle 
as well as between plants. Grodzinski, Jiao and Leonardos (1998) used 14CO2 labeling to 
determine the daytime carbon export rate in 21 plant species. At ambient CO2 they found 
linear relationships between photosynthesis, sugar synthesis and concurrent export. At 
high CO2, when more sugars were assimilated, the relationships between photosynthesis 
and export rate and between sugar synthesis and export rate were weaker, probably 
because the phloem export capacity became limiting and sugars and starch were 
accumulated in the leaf.  

Grimmer and Komor (1999) measured the phloem transport rate in castor bean 
plants grown under elevated and normal CO2 conditions by pulse labeling with 11CO2. 
During the daytime period they did not find a higher velocity or sucrose concentration in 
the sieve tube sap from plants under elevated CO2, despite the fact that these plants were 
assimilating more carbon. The carbon balance of the source leaves indicated that the 
carbon export rate during the day was the same for both CO2 conditions. However, large 
differences showed up at night. The carbon export rate of plants grown at normal CO2 
declined to approximately half the daytime rate, while the carbon export in plants grown 
under elevated CO2 remained high. Also, the plants grown at elevated CO2 accumulated 
starch in the leaves, in contrast to the plants grown at normal CO2. It was concluded, based 
on these and other findings, that the carbon export rate is at its upper limit in a series of 
ambient and experimental conditions (Komor, 2000). Under ambient CO2 conditions 
plants probably operate at or near their maximum carbon export rate during the day 
period, and at a lower carbon export rate at night, when the carbon pools in the leaf are 
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slowly drained.  
Because sucrose is the main osmoticum driving the phloem transport stream (van 

Bel, 2003), the phloem bulk flow might be expected to slow down concurrently with a 
decline in carbon export at night. This, however, was not observed in the current study. 
The average phloem volume flows in poplar, castor bean, tomato and tobacco showed 
small fluctuations throughout the diurnal cycle (Fig 6), but averaged over a whole day or 
night period the differences were insignificant (Fig. 7). In the current study the carbon 
export rate and sucrose content of the phloem sap were not measured, so we cannot 
conclude directly that the phloem flow was kept constant independently from declining 
carbon export rates. However, our results correspond nicely with the observations 
published by Peuke et al. (2001), who found that sucrose concentrations in the phloem sap 
dropped by 12% at night, while the day/night phloem flow velocities remained unchanged.  

These results support the idea that phloem flow velocities in plants are 
conservative in nature, and that phloem sap flow may be regulated to remain constant, 
regardless of changes in apoplastic water potential, source strength, or sink solute 
consumption. One might speculate that phloem volume flow is regulated by modulating 
phloem solute content. This might be achieved at the sources or the terminal sinks, but 
also along the length of transport phloem, where a rigorously regulated process of release 
and retrieval of photosynthates has been shown to take place (Aloni et al., 1986, Minchin 
& Thorpe, 1987, van Bel, 2003). 
 
Münch’s counterflow 
Water flowing upward in the xylem is replenishing water that is used by three main 
processes: transpiration, growth, and phloem mass flow. The latter process is known as 
recirculation (Pate et al., 1985) or Münch’s counterflow (Tanner & Beevers, 1990, Tanner 
& Beevers, 2001) It is commonly estimated that the contribution of Münch’s counterflow 
to the total xylem volume flow in transpiring plants is very low or even negligible (e.g., 
(Jeschke et al., 1996). Our results show that during the day the phloem to xylem ratios 
indeed were low (although not completely negligible), with a maximum value of 0.10 
(10%) in tobacco). However, during the night the phloem to xylem ratio increased to 
much higher values. In tobacco and castor bean values of 0.54 and 0.37 were measured, 
respectively, implying that in tobacco 54% and in castor bean 37% of the xylem bulk flow 
at night is actually generated and recirculated by the phloem. 

The recycling of xylem water by way of the phloem was measured for the first 
time by Köckenberger et al. (1997), in a six day old castor bean seedling growing in the 
dark. In the stem of the seedling, just below the cotyledons, they measured a xylem 
volume flow of 38 µl/h (5 µl/h of which was estimated to be used for growth) and a 
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phloem volume flow of 17 µl/h, giving a phloem to xylem ratio of 0.45 - a value close to 
the one we measured in a full grown castor bean plant during the dark period (Fig. 11). 
This is surprising because a seedling, in contrast to a fully developed plant, is not expected 
to transpire much. In the seedling the phloem to xylem ratio would therefore be expected 
to be higher than in the full grown plant. Jeschke et al. (1996) modeled water flows in 44-
53 days old castor bean over a 9 day period. They estimated that in a 9 day period only 1 
% of water was transported downward in the phloem compared to the upward directed 
transpiration stream in the xylem. Even though no distinction was made between day- or 
nighttime transport, this estimate appears to be too low.  
 Tanner & Beevers (2001) investigated the question whether transpiration is 
required to supply the plant with minerals. They did so by growing sunflower plants under 
two conditions, one where mineral nutrition was only supplied during the12 h day period, 
and one where it was only supplied during the 12 h night period while the plants grew 
under conditions of near 100 % relative humidity. They did not find any difference in the 
growth rates of both groups of plants, indicating that plants were able to take up and 
distribute minerals in the absence of transpiration. Making a number of assumptions, they 
estimated that the contribution of Münch counterflow would have been 400 ml out of a 
total volume of 1985 ml, giving a phloem to xylem ratio of 0.20. This estimate compares 
well to the phloem to xylem ratios that we present in the current paper. 

We conclude that throughout the day, and especially at night, a significant 
percentage of xylem water is not transpired but recirculated by means of the phloem. 
Münch’s counterflow may thus play a significant role in maintaining xylem circulation at 
night. 
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NMR flow imaging of long distance transport in the tomato truss 

Abstract 
 
NMR flow imaging has proven to be an excellent method to measure xylem and phloem 
transport in plants. So far its application has been restricted to stems. They conduct the 
largest fluxes, and the phloem and xylem are easily recognized because of their opposite 
direction of flow. Measuring transport to fruits is a more challenging issue. Here xylem 
and phloem flow in the same direction, the fluxes are much smaller, and the fruit stalks are 
fragile and small. This study demonstrates, for the first time, NMR flow imaging of xylem 
and phloem transport towards a tomato truss. During an 8 week period of growth we 
measured phloem and xylem, aiming to distinguish the two and draw up a balance 
between influx and efflux. It is commonly estimated that about 90% of the water reaches 
the fruit by the phloem, while the xylem delivers only 10% of it and becomes 
dysfunctional at an early stage. However, our results do not corroborate these findings. On 
the contrary, we found that xylem transport into the truss remained functional throughout 
the 8 weeks of growth. During that time at least 75% of the net influx into the fruit 
occurred through the external xylem, and about 25% via the perimedullary region which 
contains both phloem and xylem. About one half of the net influx was lost due to 
evaporation. Halfway during truss development xylem backflow appeared. As the truss 
matured the percentage of xylem water that circulated into the truss and out again 
increased in comparison with net uptake, but no net loss of water from the truss was 
observed. The circulation of xylem water continued even after the fruits and pedicels were 
removed. This indicates that neither of them was involved in generating or conducting the 
circulation of sap. Only when the main axis of the peduncle was cut back the circulation 
stopped. 
 
 

Introduction 
 
Fruits are terminal organs that depend completely on long distance transport to supply 
them with sugars and water for growth. Water is imported by means of both the xylem as 
well as the phloem, whereas sugars are only imported by means of the phloem. Fruits have 
to compete for water with the rest of the plant, and for that reason xylem influx is 
expected to be sensitive to changes in plant water potential. Xylem influx into fruits may 
thus be lower during the day and higher during the night. When in the apoplast the water 
potential is especially low, for instance when the plant is transpiring a lot of water during a 
hot day, fruits may even experience a xylem efflux and lose water to the vegetative parts 
of the plant (Guichard et al., 2005, Johnson et al., 1992). It has been suggested that in 
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several species, in order to reduce the sensitivity of fruits to changes in plant water status, 
during fruit development the xylem connection between fruit and plant is reduced or even 
severed (Creasy et al., 1993, Drazeta et al., 2004, Findlay et al., 1987, Lang, 1990, Lang 
& Ryan, 1994, van Ieperen et al., 2003). In contrast to the xylem the phloem is expected 
to be relatively insensitive to diurnal changes in water potential (Ehret & Ho, 1986, Ho et 
al., 1987). For instance, in the main stem of a number of plants the phloem was found not 
to respond to diurnal differences in plant water status, whereas the xylem did (Peuke et al., 
2001, Windt et al., 2006).  
 The tomato plant has been the subject of many studies dealing with long distance 
transport to fruits, and ha been chosen as a model system in the current study as well. It 
has been estimated that in tomato fruits about 80-90% of the influx of sap takes place by 
means of the phloem (Guichard et al., 2005, Ho et al., 1987, Plaut et al., 2004). It has been 
proposed that the low xylem contribution is due to the presence of some form of 
restriction in the xylem connection between plant and fruit, possibly in the knuckle (Lee, 
1989, van Ieperen et al., 2003). Despite the low xylem contribution and the limited 
conductivity of the xylem connection between plant and fruit, fruits have been shown to 
exhibit a diurnal pattern of growth. In most cases fruits have been observed to grow fastest 
at night (Grange, 1995, Guichard et al., 2005, Lee, 1989, van de Sanden & Uittien, 1995). 
The opposite has been found to occur as well (Ehret & Ho, 1986, Pearce et al., 1993), but 
in these cases the faster day time growth was probably caused by a low diurnal stress 
environment. In a number of studies even an efflux of xylem sap and fruit shrinkage was 
reported (Johnson et al., 1992, Leonardi et al., 1999, Leonardi et al., 2000). It has been 
proposed that, if the phloem and xylem operate under different diurnal cycles or can be 
modified in any way by adjusting the environmental conditions in a greenhouse, it might 
become possible to control and regulate fruit yield as well as fruit quality and taste.  
 Considering the importance of fruit for the world’s food production, surprisingly 
little is known about the dynamics of sap flow to fruits. Since the conception of the 
cohesion tension theory (Dixon & Joly, 1894) and the Munch pressure flow hypothesis 
(Münch, 1930) there is a decent theoretical understanding of the basic forces that govern 
phloem and xylem flow. It has already been attempted to apply this understanding to 
model fruit growth for a variety of fruits and applications (e.g., Daudet et al. (2002)). 
However, many of the parameters that are needed to model long distance transport to 
fruits are currently outside of experimental reach. Firstly, little is known about the 
pressure and water potential gradients that drive flow to fruits. The xylem and the phloem 
are extremely sensitive for invasive experimentation and are easily disturbed, and the 
water potentials in the fruits’ symplast and apoplast are difficult to assess. Secondly, it is 
not clear whether xylem and phloem sap only enters the fruit (unidirectional flow), or if 

 103 



NMR flow imaging of long distance transport in the tomato truss 

return flow is possible as well, and if it is, under which conditions it may occur. As the 
results of this study show, NMR flow imaging can provide answers to these important 
questions. 
 
 
Estimating long distance transport to fruits 
So far, the most important methods to estimate xylem and phloem influx in fruits have 
been the subtractive method (Lang & Thorpe, 1989) and the mineral accumulation method 
(Ho et al., 1987). In the subtractive method the contribution of xylem and phloem are 
estimated by heat girdling the pedicel (fruit stalk) of a fruit. Heat girdling destroys the 
sieve tubes, stopping phloem influx, while the xylem is assumed to remain intact and 
functional. By comparing the growth of non-girdled fruits to that of girdled fruits the 
phloem contribution can be estimated. The most critical assumption in this method is that 
the xylem sap flow is not affected by heat girdling. However, the validity of this 
assumption is not evident. Firstly because xylem and phloem flow to fruits are coupled. 
Xylem influx is driven by a water potential difference, which is maintained by osmotically 
active compounds (sugars), which in turn are imported by means of the phloem. Fishman 
et al. showed that the coupling between phloem and xylem influx could give rise to 
significant errors when using the pedicel girdling technique (Fishman et al., 2001). A 
second reason is that heat girdling may profoundly affect xylem function. The xylem 
tissue may apparently escape heat girdling unscathed (Guichard et al., 2005), but if the 
surrounding cells are damaged, it is not unlikely that functional damage will occur. For 
instance, it has been proposed that cells that surround the xylem protect it against 
embolisms by preventing the entry of air (Hacke & Sperry, 2001). Van Ieperen et al. 
(2003) found that in the tomato pedicel the abscission zone is the site of highest xylem 
resistance, and that only a few xylem conduits traverse it. If an obstruction would occur in 
these conduits, by embolism or particles of debris, it could significantly affect xylem 
resistance and have large implications for xylem transport to the fruit.  

In the second method the mineral composition of the fruit is used to estimate the 
relative xylem and phloem contribution. Ho et al. (1987) measured calcium accumulation, 
net water import and fruit respiration in tomato fruits. The xylem contribution to fruit 
growth was then estimated based on a number of assumptions: 1) the calcium content of 
phloem sap can be neglected compared to that of xylem sap; 2) the calcium content of 
xylem sap is similar to that measured in root stump exudate; and 3) xylem backflow from 
fruits does not occur. However, in view of current knowledge the first and the third 
assumption are questionable. Calcium is used in signal transduction and as such is known 
to be present in the phloem. The question is, in what concentration. In phloem sap exudate 
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of castor bean and eucalypt calcium concentrations have been found that were about 66% 
and 25% of the concentration in the root stump exudate, respectively (Pate et al., 1998, 
Peuke et al., 2006). In Banksia prionotes the calcium concentration in phloem exudate 
was even found to be roughly ten times higher than that of the xylem sap (Pate & Jeschke, 
1995). It should be noted that in these studies phloem sap was harvested by cutting. This 
may have elicited a wounding response, causing elevated calcium levels in the phloem 
(Knoblauch et al., 2001). Still, we argue that these findings illustrate that the calcium 
concentration in the phloem cannot be assumed to be negligible, especially when the 
majority of influx is thought to take place via the phloem. The assumption that backflow 
does not take place also may not hold. In a number of studies backflow from tomato fruits 
has already been observed, especially under summer conditions or high vapour deficit 
(Guichard et al., 2005, Johnson et al., 1992, Leonardi et al., 1999, Leonardi et al., 2000). 
The subtractive- as well as the mineral accumulation method thus are likely to be subject 
to large systematic errors. Better methods to estimate or measure long distance transport to 
fruits are needed. 

 
 

NMR flow imaging 
Over the last ten years it has been demonstrated that Nuclear Magnetic Resonance (NMR) 
flow imaging can provide an excellent tool to measure xylem and phloem transport (Van 
As, 2007). NMR flow imaging does not only give information about the average flow 
velocity, such as heat pulse based methods do, but gives access to all properties of the 
flowing water, such as the flow conducting area, the distribution of flow velocities, and 
the volume flow; all on a per pixel basis (Scheenen et al., 2000b). So far studies have been 
conducted measuring flow in the stem of a variety of plants, ranging from castor bean 
seedlings (Köckenberger et al., 1997) to fully developed tomato-, castor bean- and tobacco 
plants, and a small poplar tree (Windt et al., 2006). The technique has been used to study 
the diurnal variation in long distance transport (Peuke et al., 2001, Windt et al., 2006), the 
effects of cold girdling (Peuke et al., 2006), root and shoot anoxia (Windt et al., 
unpublished data), xylem embolism repair (Scheenen et al, 2007) and has been used as a 
reference technique to provide detailed velocity maps for comparison with different heat 
pulse methods (e.g., (Helfter et al., 2007). These studies have in common that flow was 
only measured in the main stem of the plant. This is a convenient place to do flow imaging 
for a variety of reasons. In comparison with other flow conducting structures in the plant 
the stem is large, sturdy and stable. It conducts the largest fluxes, and the xylem and 
phloem can be easily distinguished on the basis of their direction of flow. These properties 
make imaging xylem and phloem transport relatively easy.  

 105 



NMR flow imaging of long distance transport in the tomato truss 

In the current study we used NMR flow imaging to measure long distance 
transport to fruits. As a model plant tomato was chosen. The anatomy of the tomato truss, 
as well as the dimensions of the MRI imager and its components, made it impossible to 
image the pedicel of a single fruit. The pedicels were too short and too close together to fit 
them with the radio frequency (RF) coil that is needed for MRI. For this reason we chose 
to perform flow imaging on the peduncle of tomato, measuring the transport towards the 
entire developing truss. After fitting the plant in the imager it was impossible to remove 
the plant without damaging it. The plant was therefore left in the imager and allowed to 
grow there for 8 weeks. In this period we continuously monitored long distance transport 
into the truss, aiming to answer the following questions: 1) can xylem and phloem flow 
into the truss be visualized and distinguished; 2) what transport tissues conduct sap into 
the truss during truss development; 3) is phloem and xylem transport into the truss 
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Figure 1. MRI setup and the positioning of plant and truss. a) Schematic depiction of a typical 
plant (without fruits) in the MRI setup. b) Side view of the truss bearing tomato plant as it was 
positioned inside the imager. With regard to the drawing, the plant was rotated one quarter of a 
turn to insert it. The dotted square (truss stalk) was positioned in the centre of the magnet, in 
between the gradient plates. 
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unidirectional or does backflow occur; and 4) can NMR flow imaging be used to draw up 
a quantitative balance of xylem and phloem influx into the truss.  

 
 

Materials and methods 
 
Plant material 
Tomato plants (Lycopersicon esculentum cv. Gourmet) were grown in a climate chamber 
(day 23 °C, 70% RH, 16 h photoperiod 350 μmol s-1 m-2 PAR; night 18 °C, 70 % RH, 8 h) 
in 10 L pots filled with commercial potting soil (Naturado potting soil, Naturado 
Bodemvoeding bv, the Netherlands). The plants were watered daily and received nutrient 
solution 2 times a week. Flowers were pollinated artificially. For the experiment we 
selected a plant with a large third truss and a long peduncle (truss stalk). At the start of the 
experiment the truss contained 3 small tomato fruits with a diameter of 1.5 cm, one with a 
diameter of 1 cm, 3 pollinated flowers and three flowers in the bud. At the end of the 
experiment 6 fruits had fully developed. Early in the experiment two small developing 
tomato fruits fell off the truss prematurely. In the confined space inside the imager, these 
fruits were wedged off the truss by other rapidly growing fruits. 
 NMR and NMR imaging (also known as Magnetic Resonance Imaging, MRI) by 
necessity takes place in the centre of a magnet. The type of electromagnet that was used in 
this study is especially well suited for plant studies because it allows large potted plants to 
be placed upright inside it. However, in imaging a growing truss we were exploring the 
limits of what was possible in the confines of the imager. In order to place the truss stalk 
of the tomato plant in between the two poles of electromagnet, as well as in the center of 
it, the plant was trimmed and put in an almost horizontal position (Fig. 1). Two leaves 
before the third truss were obstructing the plants’ entry and were removed. In order to 
maintain a constant source to sink ratio the first two trusses were removed as well. An RF 
coil was fitted around the truss stalk as described below. A sturdy wooden stick was put 
next to the stem of the plant to support the weight of the plant and the RF tuning assembly, 
as well as the weight of the growing truss. The truss stalk was fixed to the wooden rod in 
as straight a position as possible without hindering growth. The plant was then inserted 
horizontally into the magnet. The pot was tilted as much as needed to get the stem in a 
horizontal position without damaging the stem or the root system. To prevent soil or water 
from spilling the lower part of the pot surface was covered with plastic. The entry of air to 
the root system was ensured by cutting off the topmost part of the tilted pot. The top of the 
plant was allowed to grow upwards and out of the magnet. As the plant quickly grew 
larger, the topmost part of the plant was supported as well. Throughout the experiment the 
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plant was growing vigorously. Two times a week developing side shoots and suckers were 
removed, all further leaves and tomato trusses were allowed to grow as usual. Inside the 
NMR setup the plant was subjected to the following conditions: day 22-24°C, 40-60% 
RH, 16 h photoperiod, 350 μmol s-1 m-2 PAR; night 20°C, 40-60 % RH, 8 h. 

At the end of the experiment fruits, pedicels (fruit stalks) and segments of the 
peduncle (truss stalk) were removed in a stepwise fashion (Fig. 2). First the fruits were 
removed one by one, starting with the topmost fruit, leaving the calyx and pedicel intact. 
Then the calyxes and distal parts of the pedicel were removed one by one by breaking at 
the knuckle. Subsequently the remaining pedicel parts were then cut off, again step-wise. 
The main axis of the peduncle was then cut back in a number of steps, and finally the main 
stem of the plant was cut above and below the peduncle to ensure total stoppage of flow. 
The electromagnet that was at the core of the MRI setup allowed razor blades to be used 
inside the imager; the magnet was shut down temporarily and after cutting restarted. In 
between every step flow measurements were done to follow changes in xylem or phloem 
flow. Further details are given in the results section. 
 
MRI setup 
The MRI system was homebuilt, based on a 0.72 T electromagnet with a 10 cm air gap 
controlled by a Bruker Avance 200 unit (Bruker, Karlsruhe, Germany). In order to provide 
access for plants a shielded gradient system with a plan parallel geometry was used, with a 
maximum gradient strength of 1 T/m in the X,Y and Z direction (Resonance Instruments, 

III

a
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Figure 2. Truss pruning schedule. First, the fruits 
were sequentially removed at position a, one by 
one, leaving the sepals in place. This was repeated 
for the distal parts of the pedicels (including sepals) 
by sequentially breaking off the pedicels at the 
knuckle (position b). Next the proximal parts of the 
pedicels were removed one by one at position c. 
Lastly the main axis of the peduncle was cut back in 
a stepwise fashion at positions I, II and III.  
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Witney, UK). The 50 mm air gap between the two gradient plates provided free access to 
the center of the magnet, both from the front and back of the gradient set, as well as from 
above and below (Fig. 1). Because a resistive magnet is inherently sensitive to temperature 
fluctuations, the magnetic field was stabilized by means of a homebuilt external 19F lock 
unit.  

A solenoid radio frequency (RF) coil for induction and detection of the nuclear 
magnetic resonance (NMR) signal was custom made to closely fit the truss stalk, 
providing a high filling factor and an optimal signal to noise ratio. To make the coil a 
loosely fitting mould with a diameter of 10 mm was put around the truss stalk. The RF 
coil was then constructed by wrapping 9 turns of 0.5 mm copper wire around the mould. 
The finished coil was connected to a compact, homebuilt tuning circuit, 
electromagnetically shielded by means of aluminum foil and copper tape, and fixed to a 
rod which also supported the tomato truss and part of the plant. The assembly of pot, plant 
and coil was then inserted into the magnet with the RF assembly in the center of the 
magnet.  
 
NMR flow imaging  
Flow imaging was done following the methodology as described in detail by Windt et al. 
(2006). A pulsed field gradient – spin echo – turbo spin echo (PFG-SE-TSE) sequence 
(Scheenen et al., 2000a) was used to measure the average linear displacement by stepping 
the amplitude (G) of the PFG’s from –Gmax to +Gmax, sampling q-space completely and 
equidistantly. After Fourier transformation of the signal as a function of G, the complete 
distribution of displacements of water - called propagator - in the direction of G within the 
labelling time Δ was obtained, for every pixel in an image. For more details please see 
(Scheenen et al., 2001). From these single pixel propagators, the following flow 
characteristics could be extracted for each volume element in the image: the total amount 
of water, the amount of stationary water, the amount of flowing water, the flow 
conducting surface, the average linear velocity (including the direction of flow), and the 
volume flow (Scheenen et al., 2000b). The only assumption in this quantification method 
is that water in individual pixels only has one flow direction: either in or out, but not both 
at the same time. In the stem of plants this has so far never been a problem. However, in 
the peduncle this condition was not always met. Towards the end of the experiment the 
flux of water no longer was unidirectional but also started flowing out of the truss. During 
this period, in a small number of pixels simultaneous in- and efflux has been observed. 
This is expected to cause a minor deviation in the quantification of flow at the end of the 
experiment when efflux became very apparent.  

The flow measurements were carried out using the following experimental 
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parameters: image matrix 128 by 64 pixels, field of view 10 x 10 mm or 11 x 11 mm, slice 
thickness 3 mm, spectral width 25KHz, repetition time 2500 ms, 4 times averaging, echo 
time 6.8 ms, turbo factor 16; flow encoding: flow labeling time 100 ms, PFG duration δ2.5 
ms, 32 PFG steps, PFGmax 0.192 T/m; acquisition time 42 minutes. Data analysis was 
performed using IDL (Research Systems Inc., Boulder, Colorado, USA), using home-built 
fitting and calculation routines. 

In NMR flow imaging, the process of flow labeling can cause a significant amount 
of signal to be lost between excitation and signal acquisition. In the PFG-SE-TSE method 
employed in this study, the signal amplitude was mainly affected by T2 relaxation. The 
relaxation time T2 relates to parameters such as tissue water content, cell size and vessel 
diameter. It may therefore vary significantly between objects and between different types 
of tissue (Belton & Ratcliffe, 1985, Callaghan et al., 1994, Köckenberger, 2001, van der 
Weerd et al., 2002). If the relaxation rate of a reference tube (used for calibration) is not 
equal to that of the flowing water, quantification errors may occur. The error E will 
depend on the flow labeling time Δ and the difference between the T2 of the flowing water 
T2, flow and the T2 in the reference tube T2, ref, as expressed in equation 1 (chapter 3, this 
thesis): 
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Methods are available that allow T2, flow to be measured, even when (as is usually the case 
in plants) the spatial resolution is not good enough to distinguish the flowing water from 
the surrounding water (Windt et al., 2007). However, these methods are very time 
consuming. Non-flow resolved T2 measurements are much faster and, for the purpose of 
flow quantification, still yield good results (chapter 3, this thesis). For this reason we have 
used non-flow resolved PFG-MSE T2 measurements to estimate T2, flow and correct for 
differences with T2, ref. 

To construct quantitative spatially resolved flow maps, the data of three or more 
subsequent flow measurements were averaged in order to improve the signal to noise ratio 
(SNR). The resulting dataset was then analyzed on a per-pixel basis. In order to quantify 
flow per individual flow measurement, flow masks were constructed on the basis of such 
flow maps. By hand the flow masks were subdivided into an inner an outer ring. The 
pixels within the selected flow masks were lumped together and the resulting total 
propagators analyzed to yield the total flow conducting area, total average linear velocity 
and total volume flow within the respective masks. The day- and nighttime in- and efflux 
were estimated on the basis of flow measurements done during a period of at least 24 
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hours. The readings taken in the light were averaged and the standard deviation calculated; 
the same was done for measurements taken during the dark period.  

 
T2 measurements. 
T2 imaging was done using a multi-spin-echo imaging pulse sequence (Donker et al., 
1997, Edzes et al., 1998), a repetition time of 2500 ms, an echo time of 4.2 ms, a spectral 
bandwidth of 50 kHz and 4 averages. The field of view was 10mm at a slice thickness of 3 
mm. An image matrix of 128 x 128 pixels was acquired per echo, and 128 echoes were 
acquired per echo train. The acquired NMR datasets were processed using IDL. The 
datasets were fitted on a per-pixel basis, using a mono-exponential decay function, 
yielding quantitative maps of signal amplitude, 1/T2 and T2 (Donker et al., 1997, Edzes et 
al., 1998).  
 
 

Results 
 
NMR flow imaging in the peduncle of a tomato truss 
During 8 weeks the long distance transport dynamics in a growing tomato truss were 
measured. After inserting the plant and the developing truss into the system the plant was 
allowed to remain inside the MRI system for the whole experiment. Moving the plant or 
the truss would have been impossible because the truss and the vegetative part of the plant 
quickly became too large to remove them from the confines of the MRI imager without 
damage.  

Throughout the growth of the truss the weight and size of the growing fruits 
caused the peduncle to shift and move to a certain degree, requiring constant attention to 
keep the peduncle within the field of view (Fig. 3a). During the first two weeks the pattern 
of flow in the peduncle consisted of a central ring, with small rays extending outwards 
(Fig. 3b). From week 3 onwards a second, outer ring appeared. The central inner ring 
remained functional, but the ray-like structures in between the two rings became less 
intense. From week 4 onwards the intensity of the inner ring decreased as well, but it 
remained active and visible. After 3.5 weeks the first backflow (i.e., water transport out of 
the truss) became apparent in the day time measurements (image not shown). During the 
night backflow could be observed from week 5 onwards. Backflow was only observed in 
the outer ring, and more and more bundles were observed to conduct water back from the 
truss as the truss matured.  

After the experiment the peduncle was excised and microscopic slides were 
prepared of the same section of the peduncle where flow imaging was done, in order to  
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Figure 3. Volume flow maps of 
xylem and phloem sap flow in the 
peduncle of tomato during 8 weeks 
of truss development. Column a): 
amount of stationary water; 
anatomical reference. Column b): 
volume flow maps. Only night time 
flow measurements are shown. 
Green indicates influx into the 
truss, red indicates backflow. 

Figure 4. Assignment of flow conducting 
tissues. a) Microscopic image (light 
microscopy) of the peduncle after flow 
imaging. b) Volume flow map of influx and 
efflux in the peduncle before truss pruning, 
plotted over image a). Influx in the outer 
ring is shown in blue, efflux in red. Influx 
in the inner ring is shown in green. The 
influx in the inner ring corresponds with 
the position of the perimedullary tissue, 
shown in detail in c). In the perimedullary 
tissue phloem (ph) as well as xylem (x) is 
present. d) Quantitative volume flow map. 
e) Water content maps based on multi-
echo T2 measurements (amplitude maps) 
acquired during truss pruning. Left image: 
embolisms appeared in the outer ring after 
cutting back the main axis of the truss (fig. 
2, position II). Multiple embolisms are 
visible, one is pointed out (*). Middle 
image: after cutting at position III. Right 
image: after cutting the truss stalk loose 
from the stem of the plant.  
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link the anatomy of the peduncle to the flow images made at week 8 (Fig. 4). In the outer 
ring both influx and efflux was observed, shown in blue and red, respectively. In the inner 
ring only influx was found, here shown in green. The flow images of figure 4c were scaled 
to match the size of the microscopic image and plotted over it, giving figure 4b. The outer 
ring matches perfectly with the ring of the widest xylem vessels in the peduncle. Further 
evidence that the outer ring corresponds with xylem sap flow is given in figure 4e. At the 
end of the experiment the truss was cut back in a number of steps. As the cut approached 
closer to the site of imaging, xylem conduits started to become embolized (Fig. 4e, first 
image). As the cut moved closer to the site of imaging the number of embolies increased 
strongly, showing up as dark spots in the image. In the last image, in addition to cutting 
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the peduncle back to 5 cm from the imaging site, the base of the peduncle was severed 
from the stem of the plant leading to the embolization of, presumably, all wide xylem 
vessels that were present in the peduncle. The ray-like structures that were especially 
visible in the first weeks of truss growth and which are located between the inner and 
outer ring can also be assigned to the xylem. They matched nicely with the rays of slightly 
wider xylem vessels that start at the perimedullary tissue in the center and extend 
outwards to the widest xylem vessels in the outer ring. For convenience the ray-like 
structures are counted as “outer ring”. 

For the inner ring the tissue assignment is less straightforward. The inner ring 
corresponds nicely with the perimedullary tissue, which is visible as a ring of darker 
blotches in the parenchyma (Fig. 4a). This tissue consists of bundles of phloem conduits 
which surround a single, relatively wide xylem vessel (Fig. 4c). The inner ring is therefore 
expected to contain a large contribution of phloem sap flow, but it may also contain a 
significant amount of xylem flow. Because the two tissues are very close together and are 
flowing in the same direction, into the truss and towards the fruit, it was not possible to 
separately measure the xylem and phloem flows that are likely to contribute to the sap 
flow in the inner ring.  
 
 
Dynamics of long distance transport 
Because of the position of the truss in the center of the magnet it was difficult to determine 
the stage of development that the fruits were in. However, we were able to observe 
whether or not fruits were beginning to turn red (advanced mature green (AMG) stage, or 
slightly older than that if the red coloration would have started at a position that was out of 
sight). In figure 5 the grey bands indicate at what time the tomato fruits passed the AMG 
stage. Band II indicates the point in time when the last and most distal tomato passed the 
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AMG stage; band I indicates when all other (the more proximal) fruits passed it.  
The inner ring holds the perimedullary tissue and therewith all of the phloem flow 

that is transported to the tomato fruits, plus an unknown contribution of xylem flow. It 
conducted the highest volume of flow in week 1, with a volume flow rate of 0.13 µl/s 
during the day and 0.11 µl/s during the night (Fig. 5a). After the first week these flows 
drop rapidly to about half those values. At time 3.5 weeks the volume flows drop once 
again by about 50%, to values of around 0.03 µl/s. From week 4.5 onwards, i.e. one week 
before all except one fruit passed the AMG stage, the volume flows drop to a very low 
base level, staying at that level up to the end of the experiment without disappearing 
completely. Clear diurnal differences or trends could not be observed, the day and night 
time volume flows were close together throughout the experiment. 
 The volume flow that was transported through the outer ring was at all times equal 
to, or higher than the volume flow in the inner ring (Fig. 5, Fig. 6 (all points except week 
8), Fig. 7). Note that the ray-like structures in between the inner and the outer ring are 
assumed to be xylem, and in this context are counted as belonging to the outer ring. The 
night time influx in the outer ring was relatively constant up to week 3.5, with values 
around 0.12 µl/s. The day time influx appeared to be slightly higher than night time influx 
at week 1, and lower afterwards until week 4, but the differences were small and in all 
cases smaller than the standard deviation. From week 5.5 to 8, after all tomato fruits 
except one reached the AMG stage,  the day time fluxes appeared to be higher than the 
night time fluxes. The highest volume flow was observed at night at week 4 (0.27 µl/s). 
After week 4 the volume flows slowly decreased with each passing week.  

From week 3.5 onwards backflow was observed in part of the outer ring, while in 
the rest of the ring influx remained visible. At first backflow could be observed during the 
day but not during the night, indicating that day-night pressure differences are felt inside 
the truss and influence the xylem circulation therein. After week 5 bundles of xylem 
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conduits conducting backflow could also be observed during the night. During the day 
significantly more backflow occurred than during the night, partially counteracting the 
increase in daytime influx.  

When quantifying flow it is implicitly assumed that there are no pixels in the 
image that contain both influx and efflux. When this condition is not met, errors in flow 
quantification may occur (Scheenen et al., 2000a). However, the backflow that was 
observed in the outer ring was at some positions very close to the influx in the same ring. 
In a limited number of pixels this caused both influx and efflux to become visible within 
the same pixel. This occurred only after when backflow was present, and because it only 
concerns a limited number of pixels the potential quantification error should be small.  
 When the values for influx and efflux in the two rings are combined, a net influx 
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can be calculated (Fig. 5c). The net influx reflects the total amount of water that is taken 
up by the truss for growth and evaporation of all its components, including the fruits. The 
net influx appeared to be highest from week 1 to week 4, as might be expected because of 
the presence of the developing fruits. Peaks in influx were observed at week 1 and 4. After 
week 4 the net influx gradually decreased until the end of the experiment at week 8, but a 
net loss of water from the truss was never observed. At week 8 a daytime influx remained 
of approximately 0.02 µl/s. After 8 weeks 6 fruits had developed with a volume of 318 ml 
in total (average volume per fruit 53 ml). During these 8 weeks an estimated cumulative 
net influx of 660 ml had been transported through the truss, indicating that about half the 
net influx in the truss was lost due to evaporation. Approximately 25% of the cumulative 
net influx was transported by the inner ring, whereas about 75% was transported by the 
outer (xylem) ring (Fig. 7).  
 The NMR flow imaging method that was used not only gives information about 
the volume flows, but also gives access to flow conducting area and average linear 
velocity (Windt et al., 2006). The average linear velocities in the inner ring are highest in 
the first two weeks, with values of around 0.6 mm/s and higher (Fig. 8a). After week two 
the velocity gradually drops to a value of about 0.3 mm/s around weeks 3 and 4, dropping 
to values of around 0.2 mm/s towards the end of the experiment. The velocities of the 

B. outer ring

Fig. 9. Flow conducting area (FCA) during 8 
weeks of truss growth. a) Inner ring 
(perimedullary tissue, phloem and xylem); b) 
outer ring (xylem). Dashed region I: all fruits 
except the most distal one turn red. Region II: 
last fruit turns red. 
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influx in the outer ring start with values of about 0.6 mm/s for nighttime flow at week 1, 
and slowly decline to values of about 0.25 mm/s at the end of the experiment (Fig. 8b). 
For daytime influx the velocities did not decrease as much, these stayed almost constant 
from week 4 onward. The outer ring efflux velocities were comparable with the average 
linear influx velocities but showed more variability. The changes in the flow conducting 
areas of the different flow conducting regions (FCA) largely match those that were 
observed for the volume flows (Fig. 9a and b). Towards the end of the experiment the 
decrease in the FCA that is used for influx in the outer ring is partly matched by a 
corresponding increase in the FCA that is used for efflux in the same ring. At the same 
time, however, backflow was found especially in- and near a quadrant of the outer ring 
that was, before backflow commenced, not conducting much flow into the truss (Fig. 3). 
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Backflow 
In the truss a circulation of sap was observed which did not stop even after all fruits were 
mature. In order to test what parts of the truss were involved in this circulation we stripped 
down the truss in a stepwise fashion. We started by removing the tomato fruits one by one, 
leaving the knuckle and the sepals on the truss. Subsequently we removed the sepals one 
by one, followed by the breaking off the knuckles (leaving half of the proximal half of the 
knuckle on the truss), followed by cutting off the proximal end of the knuckles one by one 
(Fig. 10). The removal of the fruits, sepals and knuckles had a small effect on the volume 
flows and caused a slight reduction in the net influx (Fig. 10c, point 1 to 21), but did not 
stop it. Only when the peduncle was cut back in four steps (1: -5 cm; 2: -7.5 cm; 3: -10 
cm; 4: peduncle severed from main stem on the other side of the imaging plane), the 
xylem bundles progressively stopped conducting flow. Only xylem vessels were involved 
in the circulation of flow, as evidenced by the fact that after cutting the vessels gradually 
became embolized (Fig. 4). 
 To check whether the circulation could be caused by the unusual position that the 
plant was growing in, we investigated if this circulation of xylem sap could also be 
observed in normally grown tomato plants. A number of plants with trusses of mature 
fruits were chosen. In these trusses all fruits were removed by breaking the pedicel at the 
knuckle. The plants were cut near the roots and put in a large container of fuchsine dyed 
water, and left to take up the dye for a period of 12 hours. In a number of the trusses 
patterns of dye were found, similar to the patterns of flow in the NMR flow imaging 
experiment. An influx of dye could be observed up to 12 centimeters into the peduncle, 
supporting the view that in normally grown plants this type of in-truss circulation also 
occurs (Fig. 11). 
 
 

Discussion 
 
In this study we present for the first time results of NMR flow imaging of long distance 
transport to growing fruit. Most NMR flow imaging studies have so far been restricted to 
transport in the main stem of the plant. The main stem is the most convenient place to 
perform flow imaging for a number of reasons. It is the largest and most accessible flow 
conducting structure in the plant; it is the most convenient organ to fit into an imager; it 
carries the largest amount of flow; and the xylem and phloem are easy to recognize. NMR 
imaging of an organ such as a peduncle is more challenging. 

In order to study the dynamics of long distance transport to tomato fruit it would 
have been most desirable to measure transport to a fruit than to a whole truss. 
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Unfortunately the dimensions of the truss made this impossible. The pedicels were too 
short, irregularly shaped and too close together to fit them with an RF assembly. Instead, 
we chose to mount the assembly on a long and relatively straight peduncle near the top of 
a plant. In this fashion the long distance transport towards the entire developing truss was 
measured.  

In a stem the phloem and the xylem can be recognized on the basis of their 
direction of flow. Xylem sap flows from the roots to the leaves and growth tips, whereas 
the phloem sap moves from source leaves to the roots. In all plants and trees that we have 
imaged so far, the two tissues were far enough apart to avoid the presence two directions 
of flow within the same pixel. Presumably the presence of a layer of cambium in between 
the two tissues is enough to cause them to be at least one pixel apart. In the main stem of 
the tomato cultivar used in this experiment the two tissues were also well separated 
(results not shown). In the peduncle the situation is more obscure.  
 
Which tissues in the peduncle conduct flow? 
In the peduncle there are three pathways that may support a flow of sap: the external 
xylem, the external phloem, and the perimedullary region which contains both internal 
xylem and internal phloem (Fig 4a and c; (Bonnemain, 1968, Bonnemain, 1970, Guichard 
et al., 2005). Literature suggests that, certainly in the fist weeks of fruit growth, the xylem 
and phloem flow is unidirectional and directed towards the fruits (Lee, 1990). In a number 
of studies diurnal shrinkage of fruits was observed, suggesting that backflow took place 
(Guichard et al., 2005, Leonardi et al., 1999, Leonardi et al., 2000). However, even if 
backflow is observed, it is not a priori evident which tissue would be conducting it 
(although the xylem would be the most likely candidate). In the peduncle flow direction 
thus is not a good indicator to make a distinction between phloem and xylem flow.  

base 2 cm 6 cm4 cm

9 cm 12 cm 14 cm 16 cm

Fig. 11. Circulation of xylem sap in a truss stalk after removal of all fruits by breaking off the 
pedicels at the knuckle. Despite the removal of the fruits an influx of dye could be observed up to 
12 centimetres into the peduncle. 
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In the current study we observed flow in three regions: an outer ring, an inner ring, 
and some ray-like structures that were visible in between the two rings and were 
especially prominent during the first weeks of truss growth (Fig. 3). When the flow 
images are compared with the microscopic images of the pedicel (Fig. 4), the inner ring 
matches perfectly with the perimedullary tissue. Unfortunately this tissue contains both 
phloem and xylem, and the two were too close together to spatially resolve or separate 
them. Microscopy revealed that the internal phloem in the perimedullary tissue is often 
closely grouped around a single, wide xylem vessel (Fig. 4c). In this experiment the 
spatial resolution that was obtained was kept relatively low to maximize the signal to 
noise ratio, but even when the resolution would have been higher it may have remained 
difficult to separate the contribution of the two tissues. In the future combined 
displacement-T2 measurements might help to tease apart the two components, even when 
the spatial resolution per se is not sufficient to do so (Windt et al., 2007).  

The ray-like structures could be traced back unambiguously to the ray-like strings 
of larger xylem vessels, which must have been the largest vessels in the external phloem 
during the first weeks of truss growth, thus causing the clear ray-like structures in that 
period of development.  

The tissue assignment of the outer ring of flow is more difficult. Microscopy 
shows that the outer ring corresponds perfectly with the outermost layer of the largest 
vessels in the xylem, suggesting that it contains xylem only. However, because no flow 
has been observed outside this xylem tissue, we may have to consider the possibility that a 
potential flow conducting layer of phloem has merged with the large flow conducting area 
of the external xylem. However, evidence suggests this was not the case. Firstly, the outer 
ring of flow only became apparent after a few weeks of truss growth (Fig. 3). At this time 
the largest xylem vessels in figure 4a must have been formed. An outer layer of phloem 
must have been present long before that, but apparently it did not conduct flow. Secondly, 
the diurnal fluctuations that were observed in the outer ring of flow suggest the presence 
of xylem rather than phloem. For instance, backflow was always more pronounced during 
the day than during the night. Thirdly, past experience suggests that whenever flow in the 
external phloem is visible in the stem of a plant, it is found at a distance of one or more 
pixels from the external xylem. This was also observed for the main stem of the tomato 
cultivar that was used in this experiment, and proved to be valid even at spatial resolutions 
lower than in the current experiment (results not shown). The distance between the two 
tissues is caused by the presence of a cambial layer in between. The external phloem, if it 
would be functional, would therefore be expected to show up outside of the outer ring of 
xylem flow, not fused together with it. Fourthly, when the pedicel was cut back, 
embolisms appeared, again demonstrating that the outer ring consisted of xylem vessels 
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(Fig. 4e). We conclude therefore that in the current experiment the external phloem did not 
conduct a discernible amount of flow, and that the outer ring contained xylem flow only. 
 
Dynamics of long distance transport to the tomato truss 
During 8 weeks of truss development at least 75% of the total net influx was imported by 
means of the xylem. This is a conservative estimate as only the contribution of the outer 
ring was taken into account (Fig. 7). Because the perimedullary tissue in the inner ring 
contains xylem as well as phloem conduits (Fig. 4c), the xylem contribution might in 
reality have been larger still. A net xylem influx remained visible throughout the 8 weeks 
of truss development, and at all times the contribution of the xylem in the outer ring was 
larger than the combined contribution of xylem and phloem in the inner ring (Fig. 6, 
except during the day in week 2 and at night in week 8). A comparison of the cumulative 
net influx over the 8 weeks of truss growth, with the total fruit volume after 8 weeks, 
indicates that about half of the total net influx was lost to evaporation by the fruits and the 
vegetative parts of the truss. This value cannot be compared with literature because as far 
as we know no data are available with regard to evaporation by the truss as a whole. 
However, a 50% evaporative loss from the truss does not seem improbable when 
compared with the estimates of fruit evaporative loss by Guichard et al. (2005).  

In the current study no significant diurnal differences in the fluxes towards the 
truss were observed. However, in the first week the day time influx did tend to be higher 
than the night time influx, followed by a period of 3 weeks in which the night time influx 
was higher than the day time influx. After this, until the end of the experiment, the day 
time influx tended to be higher again, but in this period the differences were even smaller 
than before. If these trends reflect real diurnal differences, it would appear that during the 
first weeks of fruit growth the fruits grow most quickly at night. The period in which day 
time influx becomes slightly higher than night time influx again might reflect a period in 
which the fruits do not grow as quickly any more, and in which evaporative loss from the 
vegetative parts of the truss cause the daytime influx to become slightly higher than night 
time influx. In literature tomato fruits have been observed to grow more quickly during the 
night than during the day (Grange & Andrews, 1994, Guichard et al., 2005, Lee et al., 
1989, van de Sanden & Uittien, 1995) but the opposite has been observed as well (Ehret & 
Ho, 1986, Pearce et al., 1993).  

 The observation that more than 75% of the influx took place by means of 
the xylem is surprising and, as far as we know, opposite to all estimates in literature. In 
literature the consensus appears to be that most water by far enters the fruit through the 
phloem, and that this rule holds in a wide range of species. For tomato it has been 
estimated by various authors that 80 to 90 % of the water enters the fruit through the 
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phloem, versus 10 to 20% by means of the xylem (Guichard et al., 2005, Ho et al., 1987, 
Plaut et al., 2004, Wolterbeek et al., 1987). Similar values have been estimated for other 
fruits as well, such as apple (Lang, 1990), grape (Lang & Thorpe, 1989), cereals (Cook & 
Oparka, 1983) and legumes (Pate et al., 1977). As discussed earlier, the subtractive- and 
the mineral accumulation methods that have been used to estimate these ratios are based 
on assumptions that are likely to be invalid. They may give rise to large errors. We argue 
that this explains the large difference between our findings and earlier estimates. However, 
it also has to be remembered that to fit the plant into the imager, it was necessary to 
remove the two leaves underneath the truss. The topmost of these leaves would normally 
serve as a source leaf for the truss, together with the leaf above it (Ho & Hewitt, 1986). To 
compensate and maintain a constant source to sink ratio we also removed trusses upstream 
and downstream of the truss under observation. The truss in the imager grew rapidly and 
produced fruits that in size and appearance were comparable to other fruits on the plant, as 
well as to fruits on similar plants in the greenhouse. This indicates that the fruits grew 
normally and xylem and phloem influx were not inhibited. However, we cannot 
completely rule out that a change in the distance between source leaves and fruits affected 
the dynamics of transport.  

A second striking observation is that the xylem influx into the truss continued 
uninterrupted throughout the 8 weeks of truss growth. This, too, is contradictory to earlier 
reports. It has previously been proposed that at an early stage during fruit development the 
xylem connection with the rest of the plant is significantly reduced or lost completely 
(Ehret & Ho, 1986, Ho et al., 1987). Our results do not support this view, but match well 
with more recent studies which indicate that the xylem connection between fruit and plant 
is maintained throughout the development of the fruit (Keller et al., 2006), even though 
the resistance of the pathway may be relatively high and serve to dampen the transmission 
of sudden differences in water potential from the plant to the fruits (van Ieperen et al., 
2003).  
 
 
Backflow 
Throughout the growth of the truss a net influx into the truss was observed, for the inner 
as well as the outer ring, and during the night as well as during the day (Fig. 5). This 
suggests that at no time the truss, but probably neither the individual fruits, lost water to 
the vegetative part of the plant. Literature suggests that backflow can and does take place. 
In previous studies it has been observed that under summer conditions, when large diurnal 
stresses were present, fruit shrinkage occurred that could not be explained by the 
evaporative loss of water from the fruit alone. It was concluded that in these cases the fruit 
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shrinkage was caused by a backflow to the plant (Guichard et al., 2005, Johnson et al., 
1992). In other studies, where the diurnal differences were less severe, diurnal differences 
in fruit growth were seen but no fruit shrinkage was recorded. In the current study the 
diurnal differences in temperature and humidity were small, which matches with the fact 
that no net efflux was observed.  
 Interestingly, the fact that the truss did not lose water to the rest of the plant did not 
mean that no backflow from the truss was observed. From week 3.5 onwards an efflux of 
xylem sap was observed in parts of the outer ring of flow, while the influx in other regions 
of the same ring continued like before (Fig. 5, Fig. 10). At first backflow only took place 
during the day, but after week 5 it also was measured at night. As the truss grew older, the 
proportion of xylem water that flowed back to the plant progressively grew bigger, up to 
the point that the amount of water that was circulating became larger than the amount of 
water that was deposited in the truss (Fig. 5).  

The fact that water circulated into the truss and out again, apparently without the 
truss itself driving the circulation, is puzzling. Xylem flow is pressure driven, moving 
from a point with a low pressure to one with an even lower pressure. Fruits will take up 
xylem water when the hydrostatic pressure in the fruit is lower than in the xylem, and 
backflow from the fruits will occur when the hydrostatic gradient is reversed. However, 
our results show that the fruits, calyxes, pedicels and knuckles were not involved in 
maintaining the circulation of sap. Firstly, the circulation of sap continued even after the 
fruits were mature. Secondly, the circulation was not markedly affected when the fruits, 
calyxes and pedicels were removed from the truss (Fig. 10), even though it should be 
mentioned for completeness that a minor decrease in backflow did take place during this 
procedure. Only when at the end of the experiment the main axis of the truss was cut back 
in number of steps, the pattern of flow started to change (Fig. 10). As the position of the 
cut came closer to the imaging site, xylem embolisms became apparent (Fig. 4e), showing 
that the gradual disappearance of circulation was caused by an increasing number of 
xylem vessels that had become severed by the cutting procedure. During the process of 
cutting back the average linear velocity of the remaining xylem flow was hardly affected, 
indicating that the pressure gradient in the xylem vessels that remained uncut was not 
altered by the procedure. We conclude that the pressure difference which drove the 
circulation in the peduncle was not generated by any part of the truss, but must have been 
generated by the rest of the plant.  

It is difficult to imagine why the xylem sap would take a detour into a dead-ended 
organ like the stump of a truss stalk. A number of scenarios might explain the 
phenomenon. A first scenario could be that there is a large pressure difference along the 
xylem in the stem. This would cause a small pressure difference between xylem vessel at 
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the base of the pedicel and xylem vessels at the top of it, causing a slow circulation of 
xylem sap in the peduncle. It would appear that for this to happen the pressure gradient 
along the stem would need to be very large, maybe larger than is likely to occur. However, 
the xylem flow velocities in the peduncle were uncharacteristically low, and comparable 
to the flow velocities normally found for phloem sap flow (Windt et al., 2006). A second 
scenario could be that there is something special about the way that the peduncle is 
plumbed into the vasculature of the plant. There could be a site of higher resistance in the 
stem at the position of the peduncle, thus promoting the flow of water via the truss. Or the 
peduncle might have very large vessels, thus providing a pathway of lower resistance; or 
some of the xylem bundles that are present in the stem do not lead straight up in the stem, 
but actually lead into the truss and out again, again promoting circulation in the peduncle. 
Although this type of xylem circulation might be beneficial in that it would, for instance, 
prevent water to become stagnant in a terminal organ such as the truss stalk, the 
prevalence, function and significance of this type of what might be called “futile” xylem 
circulation remains obscure. 
 
 

Conclusions 
 
We demonstrated that xylem and phloem transport towards a tomato truss can be 
measured by means of NMR flow imaging, allowing to draw up a balance between influx 
and efflux. Surprisingly xylem transport into the truss remained functional throughout 
truss development, and in that time at least 75% of the net influx into the fruit took place 
through the external xylem. About 25% was transported by means of the perimedullary 
region which contains both phloem and xylem. We therefore conclude that most water in 
the tomato truss is imported by means of the xylem. Roughly 50% net influx was lost due 
to evaporation. Halfway during truss development a xylem backflow to the plant 
appeared, the magnitude of which increased as the truss matured. Despite the backflow the 
truss did not experience a net loss of water. Because the circulation of xylem water 
continued even after the fruits and pedicels were removed, we conclude that neither of 
them was involved in the generation or conductance of this circulation. The circulation of 
xylem sap must have been caused by a pressure gradient in the main stem. 
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Effects of cold girdling in the transport phloem of Ricinus 

Abstract 
 
The effects of cold girdling of the transport phloem at the hypocotyl of Ricinus communis 
on solute and water transport were investigated. Effects on the chemical composition of 
saps of phloem and xylem as well as of stem tissue were studied by conventional 
techniques and the water flow in the phloem was investigated by NMR imaging. Cold 
girdling reduced the concentration of sucrose but not that of inorganic solutes or amino 
acids in phloem saps. It is discussed that cold treatment inhibited the retrieval of sucrose 
into the phloem, following leaching from the sieve tubes along a chemical gradient. 
Leaching of other solutes did not occur, as a result of missing promoting gradients in stem 
tissue. Following three days of cold girdling, sugar concentration increased and starch was 
synthesised and accumulated in stem tissue above the cold girdling region and along the 
cold treated phloem pathway due to leaching of sugars from the phloem. Only in the very 
first period of cold girdling (<15-30min) was mass flow inhibited, but recovered in the rest 
of cold treatment period to values similar to the control period before and the recovery 
period after the cold treatment. We conclude that cold treatment affected phloem transport 
through two independent and reversible processes: 1) a permanent leaching of sucrose 
from the phloem stem without normal retrieval during cold treatment, and 2) a short term 
inhibition of mass flow at the beginning of cold treatment, possibly involving P proteins. 
Possible further mechanisms for reversible inhibition of water flow are discussed.  

 
 

Introduction 
 
One of the most important features that have allowed higher plants to conquer dry land  
are the phloem and xylem which transport water, photoassimilates, nutrients and signals 
over long distances within the plant. The phloem is responsible for the transport of 
metabolic products and for the recycling of mineral nutrients from the shoot to the root or 
within the shoot from mature leaves to younger growing parts. The phloem can be divided 
into three functional areas: loading, transport and unloading phloem (van Bel, 1998; 
2003a, b). While the loading phloem is responsible for active loading of photoassimilates 
into the phloem, the unloading phloem delivers assimilates to sink tissues, and the 
transport phloem translocates water and solutes from source to sink. In the transport 
phloem, which generally can be found from the main leaf veins downwards, release as 
well as loading (retrieval) of sugars takes place (Patrick, 1997; van Bel, 1998; 2003a, b; 
Komor, 2000; Lalonde et al., 2003; Gould, Minchin & Thorpe, 2004). Along the way the 
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transport phloem provides the surrounding tissue with assimilates for processes such as 
maintenance and growth. 

 The forces that drive phloem transport and dictate the direction of flow originate in 
the source-sink relations between the phloem and the tissue surrounding it (van Bel, 1998; 
2003a, b; Bancal & Soltani, 2002; Henton et al., 2002; Thompson & Holbrook, 2003; 
Lalonde et al., 2003; Gould et al., 2004). It has been shown that in the phloem, but also in 
the xylem, complex and fragile gradients in pressure and osmotic potential exist that are 
easily disturbed by invasive experimentation (Bancal & Soltani, 2002; van Bel, 1998; 
2003a, b; Lalonde et al., 2003). It is widely accepted that these potential gradients drive 
long distance transport in the phloem as well as the xylem, even though the current debate 
around the validity of the cohesion tension theory (Zimmermann et al., 2004) has 
demonstrated that not everybody agrees on the question how large the water potential 
gradients in xylem vessels can be. 

Long distance phloem transport within intact plant systems is especially difficult to 
measure because only few techniques are suitable and because of the extreme sensitivity 
of the phloem to wounding. In a number of studies dyes or radioactive tracers were 
applied or injected to investigate transport in the phloem (see inter alia Knoblauch & van 
Bel, 1998; Oparka & Turgeon, 1999; Patrick, 1997; Komor, 2000). Additionally, the small 
vessel sizes, the slow flow velocities and the small flowing volume per unit of cross 
section make measuring phloem flow a technically challenging enterprise. Currently, the 
method that has been most successful in providing detailed, non-invasive information on 
the characteristics of water transport in the phloem of intact plants is Nuclear Magnetic 
Resonance (NMR) flow imaging. The first (non-imaging) method to measure xylem water 
transport was presented beginning twenty years ago (Van As & Schaafsma, 1984; 
Reinders, Van As & Schaafsma 1988; Schaafsma et al., 1992). In 1988, Jenner et al. 
performed flow imaging and observed in vivo water movement on a sub-millimetre scale 
in developing grains of wheat, by using a pulsed gradient spin echo nuclear magnetic 
resonance technique combined with micro imaging. With flow sensitive NMR imaging it 
was possible to measure xylem water flow in single vascular bundles of maize plants 
(Kuchenbrod et al., 1996). Using a similar flow imaging method, Köckenberger et al. 
(1997) were able to measure phloem water transport as well as xylem transport in very 
young, non-transpiring seedlings of Ricinus. NMR flow imaging can be used to visualize 
the location of xylem and phloem in a cross section of the plant stem, as well as delivering 
detailed information regarding the characteristics of flowing water. The amount of 
stationary and flowing water per pixel, the linear velocity of the flowing water per pixel, 
and the total volume flow per pixel can be accurately quantified (Scheenen et al., 2000b; 
2002). Rokitta, Zimmermann & Haase (1999) developed a rapid method to measure xylem 
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and phloem mass flow within three to seven minutes, respectively, trading image 
resolution and the ability to record detailed flow profiles for the ability to measure 
quickly. Using the former method, Peuke et al. (2001) monitored the mass flow in both 
xylem and phloem during a daily light/dark cycle with a high time resolution. Windt et al. 
(2005) were the first to quantitatively measure detailed flow profiles (called propagators) 
of phloem flow, on large and fully developed plants which could be placed upright in a 
dedicated NMR imager, and grown and measured for extended periods of time. 

Numerous papers have shown that the transport of assimilates in the phloem is 
inhibited by cold or ice treatment (Giaquinta & Geiger, 1973; Minchin & Thorpe, 1984; 
Lang & Minchin, 1986; Grusak & Minchin, 1989; Pickard & Minchin, 1990; Hannah, 
Iqbal & Sanders, 2001; Gould et al., 2004) as well as by the application of heat, vibration, 
electric or osmotic treatment. Cold treatment of the phloem was also used as a tool in plant 
physiology to change the distribution of photoassimilates over the plant (Candolfi-
Vasconcelos, Candolfi & Koblet, 1994). In the cited papers the authors investigated the 
effect of different treatments on the transport of photoassimilates in the phloem, and found 
responses described as an “inhibition” (but not total stoppage) (Giaquinta & Geiger, 1973, 
Grusak & Minchin, 1989, Hannah et al., 2001), “blockage” (Minchin & Thorpe, 1984; 
Gould et al., 2004) or “cessation” (Pickard & Minchin, 1990) of phloem transport. 
However, because mostly only the transport of photoassimilates was measured, it is not 
clear whether the treatments caused a total stoppage of water transport in the cold treated 
phloem as well. The latter may not necessarily be the case. 

The aim of the present paper is to investigate the effects of cold girdling on the sap 
flow in the transport phloem in Ricinus, and to distinguish between solute transport, by 
monitoring changes in solute concentrations, and water mass flow, by means of NMR 
flow imaging. For the first time results of NMR flow imaging on phloem water transport 
in adult, well transpiring plants under control as well as under cold girdling conditions are 
presented. 

 
 

Materials and Methods 
 
Plant material 
Seeds of Ricinus communis L. were germinated in vermiculite moistened with 0.5 mM 
CaSO4. After 13-15 d the plants were transferred to substrate, one plant in a pot of 5L. The 
substrate consisted of two parts commercial potting soil (Floradur®, Floragard GmbH, 
Germany) and one part Perlite (Perligran® G, Deutsche Perlite GmbH, Germany). Every 
third day the pots were well watered with tap water and after the first month the plants 
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were supplied every second week with a commercial fertiliser (0.3% Hakaphos® Blau, 
Compo GmbH, Germany). 

The plants were cultivated in a greenhouse (15 – 25 °C; 45 % - 70 % RH) with 
additional illumination during a 16 h photoperiod (Osram HQL 400, 300 - 500 µmol 
photon m2s-1). 

 
Cold-girdling 
Two sets of short term cold girdling experiments with a total duration of eight hours were 
performed, and one long term set of experiments with a duration of three days. The first 
short term cold girdling experiment was used to monitor the effects of cold girdling on 
phloem sap composition, the second to measure the effect of cold girdling on phloem 
water mass flow by means of NMR flow imaging. The long term cold girdling experiment 
was used to study the effect of sustained cold girdling on the chemical composition of 
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Figure 1. Experimental design. a.) Cold girdling, phloem sap collection and NMR-imaging were 
done on the main stem/axis of the plants at different heights, as indicated. After long term cold 
girdling four stem sections of the hypocotyl were harvested: second section acropetally above cold 
girdle (I), first section acropetally above cold girdle (II), the cold girdling section (III) and the 
next basipetally section below cold girdling (IV), regarding the phloem flow direction 
respectively. Every section was approximately 4±1 cm;  b. Schematic overview of the NMR 
imaging setup; the custom built RF coil, which is wrapped around the stem of the plant and 
positioned in the centre of the magnet, in between the gradient plates. During operation the coil is 
shielded from ambient RF radiation by means of aluminium foil. 
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phloem sap, xylem sap and on the chemical composition of the tissue at different positions 
along the length of the stem.  

In the first set of short term experiment 20 ml plastic vials were fitted to the 
hypocotyl and sealed water tight with dental rubber material. The vials were filled with 
water at room temperature, which was replaced with ice water to start the cold treatment. 
The cold-girdling treatment was ended by removing the ice water, and subsequently 
replacing it with warm water at room temperature. The second set of short term cold 
girdling experiment took place inside the NMR setup, making it necessary to use an 
alternative method to apply a cold girdling treatment without touching or moving the 
plant. In order to do so, a heat exchange tube was wrapped around the hypocotyl over a 
length of approximately 5 cm and connected to a cryostat. Using this setup a temperature 
of around 0 °C, measured directly above the cold girdle, could be achieved within 5 to 15 
minutes (speed of cooling: 1.3 – 5 °C per minute). In the long term experiment the same 
cold girdling setup was used to impose the prolonged cold treatment. In all experiments 
the cold girdle was placed at the hypocotyl about 1 cm below the node of the cotyledons 
(Fig. 1a). 

 
Collecting of sap samples and harvesting of plant material 
Phloem sap was collected below the cold-girdling region (see Fig. 1a) according to Pate, 
Sharkey & Lewis (1974). Xylem sap was obtained as root pressure exudate at the time of 
harvesting axis material directly above the cold girdle. The first droplets of xylem or 
phloem sap that appeared upon cutting or incision were removed to avoid contamination 
with the content of cut cells or reverse flow. During short term experiments, small 
volumes of phloem sap were collected below the cold girdle after shallow incisions into 
the cortex of the hypocotyls, with an interval of 15 minutes between samples. The 
collection of 3 µl of phloem sap lasted between 3 – 5 minutes. After long term cold 
girdling 20 µl of phloem sap were collected by the same method. Afterwards the plants 
were decapitated above the cold girdle and xylem root pressure saps were harvested from 
the stump for about 20 – 30 min. Although solutes in root pressure xylem saps are higher 
concentrated than in the xylem sap of transpiring plants, the ratio of solutes in shortly 
collected root pressure saps is not affected. The axis of the plant at the hypocotyl was 
divided in sections of 4 ±1 cm in direction of the phloem flow basipetally from the shoot: 
(I) the second region above, (II) the first region above, (III) the region of the cold girdle 
and (IV) the region below the cold girdle (Fig. 1). The parts were washed and, after 
freezing and lyophilising, the material was ground. Dried powder was used for chemical 
determinations.  
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Chemical analysis 
Saps were analysed directly, without further extraction. Potassium in the phloem saps after 
short term cold treatment was measured after dilution with an ionisation buffer (CsCl 
9.4 mol m-3, Sr(NO3)2 57.2 mol m-3) by atomic absorption spectrometry (FMD 3, Carl 
Zeiss, Oberkochen). Sucrose in the short term phloem sap was measured by refractometry. 

Carbon and nitrogen in the plant tissue was determined by use of a CHN-analyser 
(CHN-O-RAPID Heraeus, Hanau, Germany). The elemental composition of the plant 
tissue was analysed using an ICP spectrometer (JY 70 plus, ISA, Instrument S.A. division 
Jobin-Yvon, France) after digestion with nitric acid under pressure for 10h at 170 °C. For 
the determination of carbohydrates, dry matter was extracted with water and after 
centrifugation the pellet was incubated with amyloglucosidase. Soluble carbohydrates 
were estimated in the water extract and starch after enzymatic digestion by the method of 
Roe (1955). 

In long term experiments the elemental composition in saps was determined by ICP 
spectrometry (see above). Amino acids were determined using an amino acid analyser 
(Biotronik Co., Maintal, Germany). The amino acids were separated in this HPLC-system 
by ion exchange and detected after post-column derivatisation with ninhydrin at 570 nm. 

 
NMR imaging set-up 
The MRI system was a Bruker Advance console (Bruker, Karlsruhe, Germany) in 
combination with a Bruker electromagnet (Bruker, Karlsruhe, Germany), generating a 
magnetic field strength of 0.72 T over a 10 cm air gap. The magnetic field was stabilized 
with an external 19F lock unit. A shielded gradient system with a planar geometry and 
maximum field strength of 1 T/m (X, Y and Z directions) was used (Resonance 
Instruments Ltd, Witney, UK). An air gap of 50 mm between the two gradient plates 
provided open access, from the front and back of the gradient set, as well as from above 
and below.  

A solenoid radio frequency (RF) coil for induction and detection of the NMR signal 
was custom made for each individual plant. First, a loosely fitting mould with a diameter 
of 10 mm was put around the stem of the plant. The RF coil was then constructed by 
wrapping 9 turns of 0.5 mm copper wire around the mould. The finished coil was 
connected to a compact, home built tuning circuit, electromagnetically shielded by means 
of aluminium foil and copper tape, and fixed to a rod next to the plant. The assembly of 
pot, plant and coil was then inserted, upright, into the magnet (Fig. 1b). The conditions in 
the magnet were 25 ± 1 °C at daytime and 22 ± 1 °C in the night, 20-27 % RH and 
200 µmol photon m-2 s-1). 
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NMR flow imaging 
Flow imaging was performed using the method described by Windt et al. (2005), 
employing either a pulsed field gradient – spin echo – turbo spin echo (PFG-SE-TSE) 
sequence (Scheenen et al., 2000a), or a pulsed field gradient – stimulated echo – turbo 
spin echo (PFG-STE-TSE) sequence (Scheenen et al., 2001) when long flow labelling 
times were required for measuring very low flow velocities (phloem transport). In both 
cases linear displacement was measured by stepping the amplitude of the PFG’s from –
Gmax to + Gmax and sampling q-space completely. After Fourier transformation of the 
signal as a function of G, the complete distribution of displacements of water in the 
direction of G within the labelling time Δ (called propagator, see e.g. Scheenen et al., 
2001) was obtained for every pixel in an image. From these single pixel propagators, the 
following flow characteristics were extracted for each volume element in the image, as 
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Figure 2. Quantitative NMR flow images of xylem water moving upwards through the 
hypocotyl of Ricinus communis (a – d), and phloem water moving downwards to the roots 
(e-h). Shown are the volume of stationary water per pixel (a and e), the volume of flowing 
water per pixel (b and f), the average linear velocity per pixel (c and g), and the average 
volume flow per pixel (d and h). The xylem flow images were calculated from a single 
flow imaging measurement; the phloem flow images were constructed from seven 
consecutive individual flow imaging measurements. The differences in the amounts of 
water per pixel shown in fig. a and d are due to differences in image matrix size (128x128 
vs. 64x64), slice thickness (3 vs. 6 mm) and scaling.
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described by Scheenen et al. (2000b): the total amount of water (Fig. 2a and e), the 
amount of stationary water (Fig. 2b and f), the amount of flowing water (Fig. 2c and g), 
the average linear velocity (including the direction of flow), and the volume flow (Fig. 2d 
and h). A single flow measurement typically took between 15 and 30 minutes (for a 
phloem flow measurement with 32 G-steps and an image matrix of 64 by 64 pixels). Data 
analysis was performed in IDL (Research Systems Inc., Boulder, Colorado, USA), using 
home-built fitting and calculation routines. 

In order to construct spatially resolved phloem flow maps (amount of flowing water 
per pixel, average linear velocity per pixel, and volume flow per pixel), the data of at least 
four individual flow measurements were averaged in order to improve the signal to noise 
(S/R) ratio, and then analysed on a per-pixel basis (Fig.2b). In order to quantify phloem 
flow with a higher time resolution (one data point per individual flow measurement), the 
pixels containing phloem flow were identified as noted above. The propagators of these 
selected pixels were subsequently summed and the resulting one-dimensional total 
propagator (Fig. 3) analysed, to yield a quantitative flow profile of all flowing water 
within the phloem flow mask. Because of random diffusion, the stationary pool of water 
exhibited a velocity distribution that was symmetrical around zero. The spatial resolution 
of both xylem and phloem flow measurements was more than sufficient to separate the 
pixels that contained the signal from the rapidly upward moving xylem sap, from the 
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Figure 3. Flow profile (total propagator) of all pixels containing water flowing in a downward 
direction. The summation of all pixels in the phloem flow mask (a) yields a total propagator (b, 
grey line), which can be used to separate the signal arising from the freely diffusing stationary 
water (black line with white markers) from the signal of the flowing phloem water (black line 
with black markers). 
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pixels that contained the slower downward moving phloem sap at the hypocotyl of 
Ricinus. Also, the flowing xylem and phloem water was detected exactly where it was 
expected on the basis of anatomy. 

Phloem flow measurements were carried out using the following experimental 
parameters:  image matrix 64 by 64 pixels, field of view 9 by 9 mm, slice thickness 6 mm, 
spectral width (SW) 25KHz, repetition time (TR) 1500 ms, 4 times averaging, first echo 
time (TE1) 9.21 ms, all other echoes echo time (TE) 7.41ms, turbo factor 8; flow 
encoding: labelling time Δ 400ms, PFG duration δ 2.5 ms, 32 PFG steps, PFGmax 0.192 
T/m; acquisition time 30 minutes. For xylem flow measurements the experimental 
parameters were set as follows: image matrix 128x128, TR 2500ms, 2 times averaging, 
SW 50Khz, FOV 9x9 mm, slice thickness 3 mm; flow encoding: Δ 16 ms, δ 2.5 ms, 32 
PFG steps, PFGmax 0.461 T/m; acquisition time 22 minutes. 

 
Statistics 
All statistical calculations were performed with SAS release 8.2. One-way analyses of 
variance were performed by the GLM procedure. 
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Figure 4. Sucrose and potassium concentration in phloem sap collected below cold-girdle at the 
hypocotyl of 45-55 days old Ricinus communis, before and during cold treatment (arrow / ice) and 
during the subsequent recovery phase (arrow / warm, RT). 
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Results 
 
Effects of short term cold-girdling on phloem sap sucrose and potassium 
concentrations  
During short term cold-treatment experiments, small phloem sap samples were collected 
below the cold-girdle (Fig. 1a). Samples were taken every 15 minutes in order to achieve a 
high time resolution. Due to the small sample volume only the two most concentrated 
solutes were determined: sucrose as the major organic and potassium as the major 
inorganic compound. During the cold treatment, the sucrose concentration in the phloem 
dropped to 88 % of the value before cold girdling (418 ±11 mM, Fig. 4). Upon re-
warming of the cold girdling region, the sucrose concentration of the phloem sap 
recovered to a concentration comparable to the concentration before cold girdling 
(411 ±13 mM). Although the effect of cold girdling on the sucrose concentration of the 
phloem sap was relatively small, the values during cold-treatment were significantly lower 
than before and after the cold treatment. In contrast to sucrose, the concentration of 
potassium in the phloem samples (56.6 ± 3.3 mM) was not affected by cold-girdling 
(moreover, potassium was not significantly changed in a daily time course in Ricinus, 
Peuke et al., 2001). 
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Figure 5. The chemical composition of 
phloem saps in 45 - 55 days old Ricinus 
communis, collected at the hypocotyl after 
three days cold-girdling (  ) and in the 
controls ( ). Shown are the mean values of 
13-15 replicates, standard errors are 
indicated by bars. 
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Effects of long term cold-girdling on the chemical composition of phloem 
sap, xylem sap and stem tissue 
During the long term cold girdling experiments, the concentrations of sucrose and 
potassium in the phloem sap changed in a fashion similar to the changes that took place 
during short term cold girdling. After three days of cold treatment, the concentration of 
sucrose in the phloem sap was lowered significantly, from 436 ± 22 mM before cold 
girdling, to 353 ± 43mM after (a decrease of 19 %, Fig. 5). The concentration of 
potassium in the phloem sap was unaffected by the prolonged cold treatment (51.8 ± 2.1 
mM, compared to 51.6 ± 2.9 mM before cold treatment). Similarly the concentrations of 
sodium (0.50 ± 0.03 mM), calcium (1.9 ± 0.3 mM), magnesium (2.6 ± 0.2 mM), 
phosphorus (10.7 ± 0.4 mM), sulphur (3.7 ± 0.2 mM), and amino acids (35.4 ± 3.7 mM) 
remained unchanged by the cold treatment. 

P S AA
0.0

0.5

1.0

20.0

25.0
K Na Ca Mg

0.00

0.03

1.50

3.00

4.50

6.00

co
nc

en
tr

at
io

n 
in

 ro
ot

 p
re

ss
ur

e 
ex

ud
at

e 
[ m

M
 ]

solutes
control cold treatment

In order to measure the effects of cold-girdling on the chemical composition of the 
transpiration stream, xylem exudate was collected after decapitating the plant directly 
above the cold-girdle (Fig. 1a). Long-term cold-girdling of the hypocotyl did not appear to 
induce any significant changes in the chemical composition of xylem root pressure sap 
(Figure 4). The concentrations of potassium (5.6 ± 0.4 mM), sodium (24 ± 5 µM), calcium 
(2.8 ± 0.3 mM), magnesium (1.2 ± 0.1 mM), phosphorus (908.2 ± 65.7 µM), sulphur (0.8 
± 0.1 mM) and amino acids (22.4 ± 1.9 mM) in the xylem exudates did show some 
variation, but the differences were not significant. 

Figure 6. The chemical composition of 
xylem root pressure sap in 45-55 days 
old Ricinus communis, collected at the 
hypocotyl after three days cold-girdling 
(  ) and in the controls (  ). Shown 
are the mean values of 13-15 replicates, 
standard errors are indicated by bars. 
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In order to study the effect of cold girdling on the chemical composition of stem 
tissue at the site of cold girdling (III), and on two sections above (I-II) and one section 
below (IV) the cold girdle (Fig. 1a), corresponding stem pieces were harvested after three 
days of cold treatment and subsequently analysed. The concentrations of total carbon 
(35.3 ± 0.2 mmol g-1 DW), total nitrogen (0.50 ± 0.02 mmol g-1 DW), total sulphur (42.2 ± 
2.8 µmol g-1 DW), total phosphorus (50.8 ± 2.0 µmol g-1 DW), calcium (396 ± 24 
µmol g−1 DW), and potassium (357 ± 37 µmol g-1 DW) were not significantly affected by 
the three days of cold treatment (Fig. 7). The concentrations of soluble carbohydrates and 
starch on the other hand showed a significant increase in some of the stem segments. An  
 

 
Figure 7. The chemical composition of the axis tissue of 45-55 days old Ricinus communis, 
harvested after three days of cold treatment. Shown are average value of nine replicates ± SE.  
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increase became visible, but was not yet significant, in the segment that was subjected to 
the cold-girdle (III), and increased acropetally which may be due to “transport” cold 
treatment via transpiration stream. In the first segment above the cold girdle (II), sugars 
increased markedly from 765 ± 124 to 1182 ± 310 µmol g-1 DW and starch from 100 ± 30 
to 210 ± 179 µequival. g-1 DW. In the second segment above the cold girdle (I) only the 
increase in starch concentration (from 73 ± 39 to 179 ± 189 µmol g-1 DW) was significant, 
even though a small increase in sugar concentration was still visible. In the segment below 
the cold girdle (IV) no changes in chemical composition were detected. 

 

 
Figure 8. Volume of stationary and flowing water (a.) and average linear flow velocity (b.) in the 
transport phloem of 45-55 days old Ricinus communis, measured at the hypocotyl by means of 
NMR flow imaging. Measurements were taken before and after starting the cold treatment (↓
cold), and during the recovery period after re-warming (↓ warm/RT). 
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NMR-measurements of water flow in the phloem 
In order to measure the effect of cold-girdling on the transport of water in the phloem, 
quantitative NMR flow imaging was performed on the stem of the plant, below the site of 
cold girdling (Fig. 1). Every flow measurement took 30 minutes, effectively giving an 
average value for the average flow velocity and flowing volume during the whole 
measurement period. During every phase of the experiment (before, during and after cold 
treatment) four measurements were taken, with two waiting periods of 15 minutes in 
between to allow the cold girdle to reach the desired temperature.  

During the first 30 minutes of cold girdling, the flow of phloem water was almost 
completely inhibited. Before the cold treatment was started, an average volume of 4.05 
± 0.29 µl phloem water was moving at an average linear velocity of 0.30 ± 0.02 mm/s 
(average of first four measurements; Fig. 8a and b). During the first 30 minutes of cold 
girdling, the amount of flowing water as well as the average linear velocity was reduced 
sharply. The volume of flowing water was close to zero (0.31 ± 0.35 µl), with a 
corresponding slight increase in the volume of stationary water. The average linear flow 
velocity dropped sharply as well (0.10 ± 0.11 mm s-1). The reduction in phloem flow was 
only temporary, after the first 30 minutes the movement of phloem water appeared to be 
restored completely. During the remainder of the cold girdling period, the average flowing 
volume (3.82 ± 0.14 mm3) and average linear velocity 0.32 ± 0.02 mm s-1) returned to 
values comparable to the values measured before cold treatment. Rewarming the cold 
girdle did not cause any changes in the phloem flow characteristics. The average flowing 
volume as well as the average linear flow velocity remained at approximately the same 
level as before cold girdling, even though towards the end of the experiment a slight (but 
insignificant) reduction of flow velocity and flow volume was observed. 

 
 

Discussion 
 
Effects of cold girdling on phloem solute concentrations 
Remarkably, it was possible to harvest phloem sap by shallow incision into the bark 
before, during and after cold girdling, even though our NMR flow measurements showed 
an almost complete stoppage of phloem flow during the first 30 minutes of cold treatment. 
Apparently, although during this period phloem flow was severely inhibited, phloem 
pressure was still high enough for phloem sap to exude from the hypocotyls upon cutting. 
The evaluated ion and element concentrations in phloem saps were typical and comparable 
to earlier observations in legumes and Ricinus (Pate et al., 1974; Jeschke et al., 1996; 
Peuke et al., 2001). The most striking observation with regard to changes in the chemical 
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composition in the phloem sap in the present study was the fast and reversible decrease of 
sucrose concentration during cold girdling. This effect occurred directly after starting the 
cold treatment, was reversible after finishing the treatment (with a time resolution of about 
15-20 min for collecting saps samples in short term experiments, Fig. 4) and was still 
measured after three days, which was the longest observation time (long term 
experiments, Fig. 5). The concentrations of the other phloem sap solutes measured were 
not affected by the cold treatment. After stopping the cold treatment in the short term 
experiments, phloem sap sucrose concentration immediately recovered to the same 
concentration as before cold treatment. The present observed decrease in sucrose in 
phloem sap due to cold treatment was similar to that due to the offset of light (Peuke et al., 
2001). In both cases the solute changes produced no effect on transport velocity in the 
phloem. 

We propose that due to the lower temperature, the retrieval of sugar into the phloem 
after leaching is inhibited (van Bel, 1998; 2003a, b; Lalonde et al., 2003). The missing 
effect of cold treatment on minerals in phloem sap can be correlated to a missing downhill 
concentration gradient comparing solutes in the phloem with the surrounding tissue 
(compare data Fig. 5 with Fig. 6). The leached sugars accumulated partly in stem tissue or 
were converted to starch in the stem parts above the cold girdle (Fig. 7). Conversion of 
sugars to starch for regulation of cytosolic sugar levels in source tissues of the phloem is a 
known response to maintain equilibrium and constant phloem transport (Komor, 2000). 
Additionally, the observed accumulation of released sugars in the form of starch may 
maintain the downhill sugar concentration gradient from phloem vessels to surrounding 
tissue, thus providing the basis for continued passive leaching. Minchin & Thorpe (1984) 
detected an apoplastic sucrose concentration gradient in the stem of bean along the 
transport pathway. They observed that washout from the apoplast increased when 
transport was inhibited by manipulating the temperature. Lang & Minchin (1986) assumed 
that sucrose transporters were inhibited by cold. One possible candidate for such a 
transporter would be the sucrose carrier RcSCR1, which was recently found to be 
involved in sucrose retrieval, but not loading, in hypocotyls of Ricinus (Eisenbarth & 
Weig, 2005). Starch accumulation above the cold girdle has been observed before in bean 
(Hannah et al., 2001). Cold inhibited phloem translocation affected the partitioning of 
photoassimilates (Grusak & Minchin, 1989; Candolfi-Vasconcelos et al., 1994). The 
composition of the xylem was not affected by the cold treatment in the present study. 

 
Effects of cold girdling on mass flow in the phloem 
The presently observed inhibition of sucrose transport in the phloem by cold treatment in 
Ricinus is an effect often found in other plants (see Introduction). But inhibition of 
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translocation in the phloem by chilling was not found in all species. For example bean is 
sensitive whereas sugar beet is tolerant against chilling (Giaquinta & Geiger, 1973). Lang 
& Minchin (1986) correlated the sensitivity of plant species to the P-protein and explained 
the chilling effect more as a perturbation of membrane function than as a blocking of sieve 
plates. In contrast, Giaquinta & Geiger (1973) concluded that blockage of sieve plates 
rather than inhibited metabolic processes are responsible. 

The average phloem flow velocities that were observed in the current study before 
cold girdling (0.29±0.07 mm s-1) were very similar to those observed before in Ricinus by 
means of NMR flow imaging (0.250±0.004 mm s-1, Peuke et al., 2001; 0.25 ±0.03 mm s-1, 
Windt et al., 2005) and 14C labelling (0.233 mm s-1; Hall, Baker & Milburn 1971). The 
higher flow rates and average velocities in 3 day old Ricinus seedlings that were observed 
previously (2.1±0.1 m h-1 Köckenberger et al., 1997) may have been caused by the special 
conditions in these very young plants (low transpiration, supply by endosperm), but may 
also originate from an overestimation of the average flow velocity, caused by the 
particular flow quantification method that was used (for details see Windt et al., 2005). 

 In the present study, phloem sap flow was only impeded during the first 30 minutes 
of cold treatment. After the first 30 minutes of cold girdling the flow of phloem water 
recovered completely, and during the remainder of the cold treatment, as well as after re-
warming, the average phloem flow velocities were comparable to those before cold 
girdling. Similarly, Gould et al. (2004) observed a very fast (90 s) and reversible 
hydrostatic pressure increase in phloem vessels upstream following cold treatment in 
Sonchus which pointed to a reversible inhibition of mass flow at the site of sieve elements. 

Good candidates for a fast, short but reversible inhibition of phloem transport by 
cold treatment may be parietal crystalline P proteins. Displacements of crystalline proteins 
in the sieve tubes were observed to be involved in effects of phloem chilling before 
(Giaquinta & Geiger, 1973) and the sensitivity of some plant species to chilling was 
correlated with the occurrence of P proteins (Lang & Minchin, 1986). Knoblauch & van 
Bel (1998) described two major occlusion mechanisms of sieve plates: as a result of laser 
light (low damage) parietal proteins form a network and secondly, mechanical damage 
caused P plastids to explode and form a massive plug. The reversible, rapid (<1 sec) 
closure of the phloem pathway by dispersal of crystalline P proteins in Fabaceae was 
signalled by divalent cations, particularly free calcium (Knoblauch et al., 2001). Pickard 
& Minchin (1990) found some support for the role of free calcium in signalling cold 
inhibition in phloem transport. In general, cold shock can be signalled by free calcium in 
plants (as well as heat, osmotic or touch, see review Sanders, Brownlee & Harper 1999) 
and this would effect sealing by dispersal of P proteins or callose as well. In the present 
study, total calcium tends to increase in phloem sap and tends to decrease in xylem sap 
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and stem tissue (Fig. 5 – Fig. 7), but total concentration of Ca is not relevant for signaling 
processes. P proteins play a prominent role in sealing sieve tubes and may be a “temporary 
line of defence” compared to the “definitive nature” of callose (van Bel, 2003). However, 
Knoblauch et al. (2001) suggest that phloem pathway control regulated by the effect of 
calcium on phloem-specific proteins can not be generalized. They, and others, have also 
shown that these structures and effects do not occur in other species and families (Eckardt, 
2001). Although, such an explanation appears adequate in this or similar cases (Gould et 
al., 2004), the question remains as to whether this effect really explains the present 
observations. Theoretical considerations and mathematical models show that physical 
factors like temperature, viscosity and elasticity of cell walls have a remarkable effect on 
phloem flow (Henton et al., 2002; Thompson & Holbrook, 2003). From Poiseulle’s law it 
follows that the resistance to flow in a phloem vessel will change in accordance with 
temperature as well as viscosity. Bancal & Soltani (2002) employed an empirically 
determined formula to estimate the variation of relative resistance TR of pure water due to 
temperature with an error of less than 1 %, within a temperature range of 0 to 42 °C: 

 

  (1) )

)

07.207318.010432.110208.1( 233520 +−×+×−= −− TTTRRT

 
During our cold girdling experiments the stem temperature was locally lowered from 25 to 
0 °C over a length of approximately 4 cm. Using equation 1, we can speculate that the 
relative resistance in the cold girdling region must have increased dramatically, from 
95.0% at 25 °C to 193% at 0 °C.  Unfortunately, data on real changes in phloem sap 
viscosity are not available.  
 Again using an equation by Bancal & Soltani (2002), the following polynomial 
relationship fits the effect of sucrose concentration on the relative resistance SR with an 
error of less than 1 % and for a sucrose concentration (S) range of 0 to 1.5 M: 
 

  (2) 3396.01364.09513.00411.1685.0( 2343 +++−= SSSSRRS

 
During our short-term cold girdling experiments, we found a phloem sucrose 
concentration of approximately 0.42 M both before and after cold treatments, and a 
phloem sucrose content of approximately 0.37 M during cold treatments. Substituting 
these values into equation 2, this translates to a relative resistance of 45.2 % before and 
after cold treatment, and 43.0 % during cold treatment. Speculating once again, this would 
cause a decrease in relative resistance of 4.8 %. During the long term cooling treatment 
the sucrose concentration difference was even greater. 
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Compared to the doubling of local flow resistance caused by cooling, the reduction 
of flow resistance by lowering sucrose concentration is small. But if we assume that (1) 
the whole phloem pathway downstream of the cold girdle is experiencing a lower sucrose 
concentration than before cold girdling, and that (2) the flow resistance in the last stretch 
of phloem in the roots is approximately equal to the value of the resistance in the transport 
phloem in the 30 cm long stem, then the modest reduction in relative flow resistance 
caused by the reduction in sucrose concentration would be sufficient to counteract the 
increase in flow resistance caused by cooling. The lowered phloem sap sucrose 
concentrations that are commonly observed during cold girdling experiments may thus 
have an adaptive value. 

 
Concluding remarks: how can the effects of cold girdling be explained? 
For the observations that have been made during the cold girdling experiments on the 
transport phloem several explanations may be available: (a) total stoppage of mass/bulk 
flow and/or (b) leaching of sugars from phloem vessels (“leaky tube” or “retrieval 
inhibition” hypothesis). Additionally, it can be speculated about multiple effects of cold 
on flow resistance by viscosity and sugar concentrations and disturbance of hydrostatic 
pressure relations. 

Ad (a): In the present study it was shown for the first time that water flow was 
totally stopped in the phloem by cold treatment. But, this effect lasted only a few minutes 
and recovered afterwards while the cold treatment persisted. The blockage of sieve plates 
by dispersal of parietal crystalline P proteins may provide an explanation. 

Ad (b): Release of sugars along the phloem pathway and inhibition of sugar 
retrieval by low temperatures may occur. Accordingly, it was observed that sugar 
concentrations in phloem sap decreased downstream during girdling (short term as well as 
long term experiments) and that starch accumulated above the cold girdle, obviously after 
conversion from sucrose. Upon re-warming sugar concentration in phloem sap recovered 
immediately. 

Additionally, cold girdling may locally change flow resistances in the phloem. On 
the one hand, it could be that flow resistance increased at the site of cold treatment 
because of the effects of temperature on phloem sap viscosity. On the other hand, flow 
resistance may be decreased downstream of the cold girdle as a result of a decrease in 
sucrose concentration and the associated decrease in phloem sap viscosity. It is therefore 
possible to speculate that the decrease in phloem flow resistance downstream of the cold 
girdle may have been sufficient to wholly or partially cancel out the increase in flow 
resistance that was caused by the effect of temperature on viscosity. 
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Summary 
 
This thesis deals with Nuclear Magnetic Resonance (NMR) imaging of long distance 
transport in plants. Long distance transport in plants is an enigmatic process. The 
theoretical framework that describes its basic properties has been in place for almost a 
century, yet at the same time only little is known about the dynamics of long distance 
transport inside the living plant. The latter is caused by the fact that the two pathways in 
which transport takes place, the xylem and the phloem, are virtually inaccessible to 
invasive experimentation. As a result a wide range of questions about the dynamics of 
long distance transport have yet to be answered. Examples of such questions, as addressed 
in this study, are: how fast does phloem sap move; how variable is the phloem sap flow 
velocity between species and over the diurnal cycle; what percentage of the potential flow 
conducting area in xylem tissue is functional. Or with regard to fruits: what percentage of 
the influx to fruits occurs through the xylem, what percentage through the phloem; does 
the xylem remain functional throughout fruit development; and does backflow from the 
fruit to the plant occur. Here, we show that NMR flow imaging provides a non-invasive 
and quantitative means to answer these intriguing questions. 

In order to be able to compare the results from different plants, the flow imaging 
data need to be independent from anatomical characteristics such as conduit diameter. To 
quantify flow, the signal from a known quantity of water in a reference object is compared 
with the signal from flowing water in the plant. When the NMR signals arising from the 
flowing water in the plant and that of the reference object have different relaxation rates, 
quantification problems may arise. In porous materials relaxation is influenced by pore 
diameter. Correspondingly, the relaxation of flowing water in plants will be influenced by 
conduit diameter. We developed a T2 resolved flow imaging method to measure the T2 
relaxation behaviour of the flowing water (chapter 2), and used it to determine how xylem 
conduit diameter affects T2 relaxation. Furthermore, we investigated whether conduit 
diameter dependent T2 changes need to be corrected for when quantifying results of NMR 
flow imaging (chapter 3). We found that conduit diameter indeed affected the T2 of the 
flowing water. However, because the effects were relatively small, T2 resolved flow 
imaging was not needed to correct for conduit diameter induced changes in T2. Standard, 
non flow resolved T2 imaging sufficed. The accuracy of the quantification of volume flow 
in the xylem in all cases was ±10% or better. The T2 resolved flow imaging sequence that 
was developed will be of interest for research that deals with liquids moving through 
microscopic conduits, such as porous media, bioreactors, and biomats. 

With regard to the dynamics and basic properties of xylem and phloem transport, 
three subjects are taken into account: xylem transport, phloem transport, and long distance 
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transport to fruits.  
For the xylem, one of the questions to be solved is how much of the potential flow 

conducting area that is present in the xylem anatomy, is in reality used to conduct flow. 
Xylem tissue consists of many conduits of varying diameters, ranging from small to large. 
We investigated the relationship between xylem conduit diameter distribution and flow 
conducting area in stems of various plant species (chapter 3), and the relation between the 
diurnal dynamics of xylem sap flow and the flow conducting area (chapter 4). We found 
that in the stems with the widest conduits only a small proportion of the potential flow 
conducting area conducted flow (as low as 31%). In stems that only possessed narrow 
conduits, a much larger part of the total xylem conduit cross sectional area conducted flow 
(up to 86%). We conclude that when wide conduits are present and are functional, the role 
of the narrowest conduits in terms of the conductance of water is almost negligible. 
Secondly, we found that the flow conducting area does not stay constant throughout the 
diurnal cycle. Decreases in xylem flux at night were accompanied by a decrease in 
velocity, but also by a decrease in flow-conducting area. It is well known that plant stems 
exhibit a diurnal pattern of shrinkage and expansion due to changes in xylem pressure. 
However, the diurnal changes in the flow conducting area were opposite to the changes in 
stem diameter and thus could not be explained by pressure dependent elastic changes in 
conduit diameter.  

With regard to the phloem we investigated the following questions: how fast does 
phloem sap move, how variable is the sap flow velocity between species and over the 
diurnal cycle; and what percentage of the shoot-bound xylem sap is returned to the root 
system by means of the phloem (chapter 4). Furthermore we investigated how phloem 
volume flow responds to local cooling (chapter 6). We compared the diurnal phloem and 
xylem flow dynamics in poplar, tomato, castor bean, and tobacco. In contrast to the highly 
variable sap flow velocities in the xylem, the sap flow velocities in the phloem remained 
very constant throughout the diurnal cycle. The differences in the average phloem flow 
velocity between the four species also were remarkably small (0.25 - 0.40 mm/s). We 
hypothesize that upper and lower bounds for phloem flow velocity may exist: when 
phloem flow velocity is too high, wall bound (parietal)  organelles may be stripped away 
from sieve tube walls; when sap flow is too slow or is highly variable, phloem borne 
signalling could become unpredictable. The phloem to xylem volume flow ratio reflects 
the amount of xylem water that within the plant is (re)used for phloem transport. It may be 
indicative for the water use efficiency of a plant. This ratio was surprisingly large at night 
for poplar, castor bean and tobacco (ranging from 0.19 for poplar to 0.55 in tobacco), but 
as low as 0.04 in tomato.  
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 With regard to long distance transport to fruits we investigated three long-standing 
questions: how much of the influx into the fruit occurs by means of the xylem, and how 
much by means of the phloem; does the xylem remain functional throughout fruit 
development; and does backflow from the fruit to the plant occur. As a model system we 
used a tomato truss. We found that xylem transport into the truss remained functional 
throughout the full 8 weeks of truss growth. During that period at least 75% of the net 
influx occurred through the xylem, and about 25% through a region that contains both 
internal phloem and internal xylem (perimedullary region). These results contradict earlier 
estimates that were made on the basis of indirect measurements. Halfway during truss 
development a xylem backflow to the plant appeared. However, the influx volume always 
was larger, implying that there was no net loss of water from the truss to the plant. 
Interestingly a circulation of xylem sap in the truss stalk remained even after the fruits 
were removed, probably caused by pressure gradients originating from the main stem. 
During the experiment about half of the cumulative net influx into the truss was lost to the 
air due to evaporation. 

Because of the extreme sensitivity of xylem and phloem to invasive 
experimentation, only little is known about the dynamics of long distance transport in the 
living plant. The fact that the exploratory NMR flow imaging experiments in this study 
swiftly turned up a number of surprises with regard to the dynamics of flow underscores 
this observation. We found indications that phloem flow velocity is much more constant in 
nature than previously assumed, over the course of a day as well as between species. We 
observed that, depending on the species, at night a significant amount of xylem water can 
be recycled by means of the phloem, thus helping to maintain xylem circulation during 
periods of low transpiration. With regard to long distance transport to fruits, we found that 
during truss growth in tomato the majority of water influx does not occur by means of the 
phloem, but through the xylem. These results illustrate that the dynamics of xylem and 
phloem sap flow in the living plant are far from being understood, but also that NMR flow 
imaging provides an excellent non-invasive tool to help elucidate it. 
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Dit proefschrift heeft als onderwerp Nuclear Magnetic Resonance imaging (NMR 
imaging, ook bekend als Magnetic Resonance Imaging of MRI) van xyleem en floeem 
transport in planten. De sapstroom in het xyleem is verantwoordelijk voor het transport 
van water en nutriënten van de wortels naar de bladeren en de vruchten, terwijl de 
sapstroom in het floeem verantwoordelijk is voor het vervoer van fotosyntheseproducten 
van de bladeren naar plaatsen waar deze nodig zijn voor groei en onderhoud (o.a. wortels, 
vruchten, groeipunten). In theoretische zin is goed beschreven hoe deze twee systemen 
functioneren; en de ten dele meer dan een eeuw oude onderliggende theorieën worden 
breed geaccepteerd. Het is tot nu echter extreem lastig gebleken om deze theorieën aan de 
werkelijkheid te toetsen. Deze tegenstrijdigheid wordt veroorzaakt door het feit dat de 
sapstromen in het xyleem en floeem vrijwel niet te bestuderen zijn met bestaande 
conventionele technieken. Het belangrijkste probleem is dat de meeste technieken invasief 
zijn. Zij beschadigen het weefsel waarin het transport plaats vindt, of verstoren de fragiele 
drukverschillen die er aan ten grondslag liggen. NMR flow imaging, ook wel bekend als 
Magnetic Resonance Imaging (MRI) flow imaging, heeft dat nadeel niet.  

Recentelijk zijn NMR flow imaging methoden ontwikkeld die het mogelijk maken 
om xyleem transport kwantitatief en in vivo te meten. In deze studie nemen we deze 
methoden als uitgangspunt en demonstreren dat NMR flow imaging eveneens gebruikt 
kan worden om het langzamere en lastiger te onderscheiden floeem transport te meten. 
NMR flow imaging geeft toegang tot een grote hoeveelheid informatie met betrekking tot 
het stromende water in de plant, zoals het stromingsprofiel, het doorstroomd oppervlak, de 
stroomsnelheid en volumetrische stroomsnelheid; ruimtelijk opgelost en op een per pixel 
basis. 

Als gevolg van het feit dat de sapstromen met conventionele methoden niet 
bestudeerd kunnen worden zijn verrassend fundamentele vragen met betrekking tot deze 
sapstromen nog onbeantwoord gebleven. Een paar voorbeelden die in dit proefschrift aan 
de orde komen zijn a) hoe snel stroomt floeem sap in verschillende soorten planten, en hoe 
variabel is deze snelheid; b) welk percentage van het potentiële water geleidende 
oppervlak in het xyleem geleidt werkelijk sap; c) vindt het transport van water, nutrienten 
en carbohydraten naar ontwikkelende vruchten voornamelijk plaats via het floeem, of 
speelt het xyleem een rol van betekenis; en d) is transport naar de vruchten 
unidirectioneel, of kan water uit vruchten terug stromen naar de plant. In deze studie 
demonstreren we dat met behulp van NMR (Nuclear Magnetic Resonance) flow imaging 
deze vragen op non-invasieve en kwantitatieve wijze beantwoord kunnen worden.  
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Vatdiameter, T2 relaxatiegedrag en de kwantificatie van flow imaging data 
Om transport kwantitatief te kunnen meten moet NMR flow imaging onafhankelijk zijn 
van anatomische karakteristieken van de plant zoals vatdiameter. Deze onafhankelijkheid 
is niet vanzelfsprekend. Bij kwantificatie wordt het signaal van een referentie object 
vergeleken met het signaal van het stromende water. Wanneer de beide NMR signalen niet 
met dezelfde snelheid vervallen kan de kwantificatie onbetrouwbaar worden. Het is 
bekend dat het verval van het signaal van water in poreuze materialen sterk wordt 
beïnvloed door de diameter van de poriën waar het water zich in bevindt. Op een 
vergelijkbare manier zal het relaxatiegedrag van water in planten afhankelijk zijn van de 
diameter van de vaten waar het zich in bevindt.  

Om het T2 relaxatiegedrag van het stromende water te meten, ondanks het feit dat 
het ruimtelijk oplossende vermogen van MRI niet groot genoeg is om de vaten zichtbaar 
te maken, is een methode ontwikkeld waarmee het mogelijk is om stromend en stilstaand 
water op sub-pixel niveau te scheiden, en het relaxatiegedrag van de twee pools van water 
afzonderlijk te meten: correlated displacement-T2 imaging (hoofdstuk 2). Deze methode is 
gebruikt om te bepalen hoe de diameter van xyleemvaten in stengels het relaxatiegedrag 
van het stromende water beïnvloedt (hoofdstuk 3). Daarnaast werd onderzocht of het 
noodzakelijk is om bij de kwantificatie van NMR flow imaging resultaten te compenseren 
voor eventuele vatdiameter afhankelijke T2 relaxatieverschillen. Gevonden werd dat de 
vatdiameter inderdaad een effect had op het T2 relaxatiegedrag. Echter, omdat de door de 
vatdiameter veroorzaakte verschillen relatief gering waren, was het niet nodig om gebruik 
te maken van de tijdsintensieve correlated displacement-T2 imaging methode om hiervoor 
te compenseren. De nauwkeurigheid van de volume flow bepalingen was ±10% of beter. 
De in dit kader ontwikkelde correlated displacement-T2 imaging methode kan relevant zijn 
voor vele typen onderzoek die betrekking hebben op de beweging van water in media met 
microscopische poriën, zoals poreus gesteente, bioreactoren, sedimenten of biomatten. 
 
Potentieel en reëel doorstroomd oppervlak in het xyleem 
Het xyleem is te beschouwen als een grote verzameling onderling verbonden vaten met 
verschillende diameters. De vatdiameter distributie in het xyleem is afhankelijk van 
factoren zoals plantensoort, plantgrootte, en kweekcondities. Onduidelijk is welk deel van 
de vaten die aanwezig zijn in het xyleem werkelijk water geleiden, en of de verhouding 
tussen functionele en niet-functionele vaten verband houdt met de diameters van de in het 
xyleem aanwezige vaten.  

Met NMR flow imaging is het mogelijk om het feitelijke doorstroomde oppervlak 
te meten. Deze mogelijkheid werd benut om te onderzoeken of er een relatie bestaat tussen 
de xyleem vatdiameter distributie en het percentage van het beschikbare xyleemoppervlak 
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dat feitelijk stroming geleidt (hoofdstuk 3). Voor dit doel werden stengels geselecteerd 
met uiteenlopende vatdiameter distributies. Gevonden werd dat in de stengels waarin de 
wijdste vaten aanwezig waren, het laagste percentage van het potentiële 
stromingsgeleidende oppervlak werd benut (laagste waarde 31%). In stengels waarin 
alleen nauwere vaten aanwezig waren lag dit percentage veel hoger. In deze samples werd 
tot 86% van het potentiële stromingsgeleidende oppervlak benut. Geconcludeerd wordt dat 
wanneer wijde vaten aanwezig en functioneel zijn, de rol van de nauwere vaten voor het 
geleiden van water in de plant vrijwel verwaarloosbaar is. De rol van de nauwere vaten is 
in deze gevallen waarschijnlijk beperkt tot het bieden van stevigheid en back-up capaciteit 
voor het geval grotere vaten uitvallen. 

Daarnaast werd onderzocht of het doorstroomd xyleem oppervlak in de plant kan 
variëren gedurende de loop van de dag (hoofdstuk 4). Het is bekend dat stengels van 
planten gedurende de loop van de dag krimpen (overdag) en uitzetten (’s nachts), dit onder 
invloed van veranderende drukrelaties in het xyleem. Deze rek en krimp zou aanleiding 
kunnen geven tot een toename van het doorstroomd oppervlak gedurende de nacht en een 
afname gedurende de dag. Het tegenovergestelde werd echter waargenomen. In alle 
soorten in deze studie ging de afname in het xyleemtransport gedurende de nacht gepaard 
met een afname in de stroom snelheid, maar ook met een afname van het doorstroomd 
oppervlak. De veranderingen in het doorstroomd oppervlak kunnen niet verklaard kunnen 
worden aan de hand van drukafhankelijke krimp en rek. Blijkbaar neemt bij een toename 
in de volumetrische sapstroomsnelheid een groter deel van het potentieel beschikbare 
xyleemoppervlak deel aan het transport van water.  
 
Floeem transport: langzaam maar met constante snelheid  
In dit proefschrift demonstreren we aan de hand van metingen aan een drietal kruidachtige 
planten en een boom (tomaat, tabak, wonderboom en populier) dat NMR flow imaging op 
routinematige wijze ingezet kan worden voor het meten van xyleem- en floeemtransport in 
uiteenlopende planten (hoofdstuk 4). De xyleem en floeem sapstroom karakteristieken van 
deze modelplanten werden gedurende meerdere dagen gemeten en onderling vergeleken. 
In tegenstelling tot het xyleem transport, dat in alle planten sterk varieerde over de loop 
van de dag en de nacht, was het floeem transport in alle planten in hoge mate constant. De 
snelheden varieerden vrijwel niet gedurende de dag / nacht cyclus. De stroomsnelheden in 
het floeem van alle planten waren laag en vergelijkbaar, met waarden tussen de 0.25 en 
0.40 mm/s.  

Op basis van deze waarnemingen en eerdere observaties in de literatuur 
concluderen we dat er waarschijnlijk een bovengrens bestaat voor de stroomsnelheden die 
voor kunnen komen in het floeem. Deze zou kunnen voortkomen uit beperkingen in de 
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architectuur van de floeemvaten. Floeemsap is in essentie een enigszins visceuze suiker 
oplossing. In de stromingsgeleidende elementen van het floeem, de zeefvaten, komen 
wand gebonden organellen voor. Bij een te grote stroomsnelheid zouden de krachten op 
deze organellen te groot kunnen worden. Hierdoor zouden de organellen weggespoeld 
kunnen worden, met beschadigingen en obstructie van de zeefvaten als gevolg. Daarnaast 
kan verondersteld worden dat de plant belang heeft bij het handhaven van een constante 
sapstroomsnelheid in het floeem. Het floeem speelt een belangrijke rol bij de 
signaaltransductie in de plant. Als de stroomsnelheid in het floeem sterk zou variëren zou 
het transport van signaalstoffen in de plant onvoorspelbaar kunnen worden.  

De floeem tot xyleem ratio geeft aan welk deel van het xyleemsap dat van de 
wortels naar de bladeren stroomt, niet wordt verdampt maar wordt hergebruikt voor 
floeemtransport in de omgekeerde richting, in een proces dat bekend staat als Münch 
counterflow. Doorgaans wordt er vanuit gegaan dat het volumetransport in het floeem 
verwaarloosbaar is in vergelijking met dat in het xyleem. Dat was bij de hier onderzochte 
planten onder omstandigheden met hoge transpiratie (overdag) grotendeels het geval, 
hoewel zelfs overdag in tabak al een significant deel van de opwaartse sapstroom in het 
xyleem werd gebruikt voor Münch counterflow (10%, ratio 0.1). Gedurende de nacht, 
onder condities van lage transpiratie, werden nog hogere ratio’s gemeten. In populier, 
wonderboom en tabak varieerden de waarden van 0.19 in populier tot maar liefst 0.55 in 
tabak. In tomaat bleef de floeem / xyleem ratio laag (0.04). Deze ratio’s geven aan dat, 
gedurende periodes van lage transpiratie en afhankelijk van de soort plant, een significant 
deel van de sapstroom in het xyleem niet wordt veroorzaakt door verdamping, maar door 
Munch counterflow. 
 
Xyleem en floeem transport naar de vrucht 
NMR flow imaging van het transport naar de vrucht is om een verschillende redenen 
uitdagend. De vruchtsteeltjes waarin het transport plaatsvindt zijn klein, kwetsbaar en 
bevinden zich op plekken aan de plant waar met de huidige MRI apparatuur lastig te 
meten is. Daarnaast zijn in deze vruchtsteeltjes xyleem- en floeemtransport lastiger te 
onderscheiden dan in de stengel. In de stengel van de plant stromen xyleem en floeem in 
tegengestelde richting, terwijl dit in de vruchtstengel, zeker aan het begin van de 
vruchtontwikkeling, niet het geval is.  
 In deze studie is een tomatentros gebruikt als modelsysteem. We onderzochten 
hoeveel van het watertransport naar de tros plaatsvindt via het floeem en hoeveel via het 
xyleem; of de twee transportsystemen functioneel blijven gedurende de ontwikkeling van 
de tros; en of er naast influx ook sprake is van efflux van de tros terug naar de plant. In 
tegenstelling tot eerdere studies werd gevonden dat gedurende 8 weken van trosgroei 
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zowel het floeem als het xyleem functioneel bleven. Gedurende de trosontwikkeling vond 
tenminste 75% van de influx plaats via het xyleem, en 25 % via een regio in de trossteel 
waarin floeem en xyleem samen voorkomen. De totale influx via het floeem moet 
dientengevolge lager zijn geweest dan 25%. Deze metingen staan in scherp contrast tot 
eerdere studies waarin op basis van indirecte metingen werd geschat dat 90 tot 95% van 
het water in de tomatenvrucht de vrucht bereikt via het floeem.  

Vanaf week 4 (halverwege de trosontwikkeling) tot aan het einde van het 
experiment in week 8 was een efflux van de vrucht naar de plant waarneembaar. Deze 
efflux vond alleen plaats via het xyleem. De influx van sap was steeds groter dan de 
efflux, zodat de tros netto geen water aan de plant verloor. Gedurende het experiment ging 
circa 50% van de cumulatieve influx aan water verloren aan verdamping door de tros. 
Merkwaardigerwijs bleef de circulatie van xyleemsap in de trossteel in stand, zelfs nadat 
de vruchten, vruchtkroontjes en knokkels waren verwijderd. Geconcludeerd kan worden 
dat de circulatie van xyleemsap niet veroorzaakt werd door de aanwezigheid van vruchten, 
maar door de aanwezigheid van drukgradiënten in het xyleem van de hoofdstengel.  
 
Conclusie  
De verkennende NMR flow imaging experimenten die beschreven staan in dit proefschrift 
leidden tot verschillende verrassende resultaten met betrekking tot floeem transport, 
xyleem transport en het transport naar vruchten. Deze resultaten onderstrepen dat, ondanks 
het bestaan van breed geaccepteerde theorieën met betrekking tot de fysische principes die 
verantwoordelijk zijn voor het xyleem en floeem transport in planten, nog maar weinig 
bekend is over de manier waarop deze fysische principes in de praktijk tot uitdrukking 
komen. NMR flow imaging is een uitstekende techniek om in deze situatie verandering te 
brengen. 
 

 164 



Dankwoord 

Dankwoord 
 
 
Het schrijven van een proefschrift doe je niet alleen, en dat zelfde geldt voor het opzetten 
en uitvoeren van het onderzoek dat eraan ten grondslag ligt. Velen zijn er op directe of op 
indirecte wijze bij betrokken geweest. Ik begin aan de zakelijke kant en bij mijn 
begeleider, Henk van As. Toen ik begon met dit onderzoek had ik, als plantbioloog, nog 
nooit te maken gehad met NMR. Echter, het vooruitzicht om stroming in planten te 
kunnen bestuderen zonder in die planten te hoeven prikken of snijden leek me 
veelbelovend en interessant, en zo denk ik er nu nog steeds over. Henk, jou wil ik graag 
bedanken voor het feit dat je van mij, naast plantbioloog, ook een NMR kenner hebt 
gemaakt. Daarnaast wil ik je bedanken voor de interessante discussies die we hebben 
gevoerd, voor de vrijheid die je me hebt gelaten gedurende het onderzoek, en voor de vele 
hulp bij het tot stand komen van dit proefschrift.  

De meeste promovendi moeten het doen met één promotor, ik heb er twee: Tjeerd 
Schaafsma en Herbert van Amerongen. Tjeerd, jou wil ik graag bedanken voor de 
stimulerende gesprekken, voor je nuttige suggesties en voor het gedetailleerde en 
constructieve commentaar tijdens het afronden van dit proefschrift. Herbert, ook jou wil ik 
graag hartelijk danken voor je hulp tijdens het afronden van dit proefschrift en voor het 
optreden als mijn promotor.  
 Bij promotieonderzoek zijn je directe collega’s even onmisbaar als je begeleiders. 
Tom, zeker in het begin moet je soms gek zijn geworden van mijn vragen over flow 
imaging of de verwerking van imaging data: bedankt voor je geduld. Wat ik heb geleerd 
over flow imaging, heb ik voor een belangrijk deel van jou. Frank, ook jij hebt een 
belangrijke rol gespeeld bij het tot stand komen van dit proefschrift. De laatste tijd vooral 
vanwege je constructieve commentaar op mijn schrijfsels, maar ook omdat er zonder jouw 
programmeerkunsten geen sprake was geweest van flowT2 of floëemflow metingen op de 
Bruker console. Adrie, je bent niet meer onder ons, maar jou wil ik graag bedanken omdat 
je met je encyclopedische kennis op het gebied van NMR een vraagbaak voor mij bent 
geweest en veel hebt gedaan om mijn onderzoek mogelijk te maken. Edo, ook jou wil ik 
hartelijk bedanken voor alle hulp gedurende mijn onderzoek. Als ik nog eens een meting 
wil doen gedurende de kerst weet ik wie ik moet hebben! Ik heb het plezier gehad om drie 
studenten te begeleiden bij hun afstudeer vak, die ik alle drie wil bedanken en 
complimenteren met het feit dat ze het bij mij hebben uitgehouden: Wietske van der 
Zwaag, Paul ter Horst en Kim de Lange. Verder mogen Joke Oosterkamp, Taede Stoker 
en Aart van Ommeren niet ongenoemd blijven: Joke omdat zij verantwoordelijk is voor de 
fraaie microscopische opnames in deze dissertatie, en Teade en Aart omdat zij jarenlang 
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en op een geweldige manier zorg hebben gedragen voor mijn tomatenplanten.  
 Dit onderzoek is gestart als onderdeel van het project “Kwaliteitscontrole bij 
tomaat”. Ik wil mijn collega’s binnen dit project, Uulke van Meeteren, Ep Heuvelink en 
Wouter Verkerke bedanken voor hun hulp en advies. Wim van Ieperen, jou wil ik in het 
bijzonder bedanken, al was het maar omdat je het hebt klaargespeeld om voor hoofdstuk 
twee van dit boekje in een aantal stengeldoorsnedes werkelijk alle vaatbundels op te 
meten.  
 One of the nice aspects of doing research is that one gets to work with colleagues 
from all kinds of different groups and disciplines. Andreas Peuke, I would like to thank 
you for our fruitful collaboration and our stimulating discussions, but also for your lucky 
choice of model plants. When you first came to Wageningen I had almost given up on 
imaging phloem sap flow, because in my tomato plants I had so far had little success. 
Fortunately, the Ricinus plants you brought turned out to be the perfect subjects for NMR 
flow imaging, and yielded my first quantitative phloem flow measurements. Further, I 
would like to thank Carole Helfter, Diana Chavarro, Maciek Lubczynski and Jean Roy. 
 
Werk is belangrijk, maar wat het leven de moeite waard maakt zijn de mensen met wie je 
het deelt. De eersten die ik in dit kader wil bedanken zijn mijn ouders. Pa en Ma, jullie 
moeten je zo nu en dan hebben afgevraagd waar dat heen moest met mij en mijn 
studiekeuzes. Desondanks hebben jullie mij altijd gesteund in wat ik dacht te willen doen. 
Ik kan jullie daarvoor niet genoeg bedanken, en hoop dat dit proefschrift laat zien dat ik 
toch best aardig ben terechtgekomen. Karen, als ik iemand moet bedanken nu dit 
proefschrift tot stand is gekomen dan ben jij het wel. Ik was de idioot die staande bij de 
Grand Canyon probeerde een eerdere vlucht naar huis te boeken vanwege vermeende 
verplichtingen, jij degene die dat begreep; dat vat de zaak wel ongeveer samen. Bedankt 
voor je begrip, je engelengeduld, voor je morele support, en voor alle hulp bij het afmaken 
van dit boekje. Marc en Marcel: ik ben paranimf geweest bij jullie promotie, het doet me 
onnoemelijk veel plezier dat ik jullie nu eindelijk kan inschakelen als paranimf bij de 
mijne. We kennen elkaar al sinds dag 1 van onze studie, en ik kan jullie bedanken voor 
zoveel wandel- en zeil- en motortochten, avonden op de stoep, feesten en wat dies meer zij 
dat ik de tel kwijt ben. Bernd, jou ken ik al even lang, en ook met jou heb ik heel wat 
leuke momenten gedeeld. Eerst tijdens memorabele avonden achter het schaakbord, op de 
“WBC” borrels en in de kroegen van de Poelestraat, tegenwoordig wat rustiger en 
aanzienlijk rook- en alcohol-armer. Bedankt! 
 Francis, Hans, Lieselotte en Philippine, jullie wil ik graag bedanken voor de 
gezellige weekenden, en voor jullie culinaire kunsten en copieuze diners (al dan niet met 
muzikale en theatrale begeleiding). Ernst en Judith, Suzanne en Jeroen, en Addie en Evert, 
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Arjen, Wout, Nykle, Jurriaan en Max, ook jullie wil ik graag bedanken voor de vele 
gezellige avonden, verjaardagen en andere bijeenkomsten, voor de goede gesprekken, het 
logeren, de woordenboek battles en zo kan ik nog wel even door gaan.  
 Ik ben gedurende mijn onderzoek gezegend geweest met een lange reeks gezellige 
collega’s om mee te discussieren, “ulrichen”, zwetsen, knallen, borrelen en kroegtijgeren. 
Zonder jullie was het niet leuk geweest! Tom, Sander, Frank, De Limburgers, Ulrich, 
Louise, Bart & Bart, Werner, Afonso, Koen, Magda, Natalia, en alle leden van de 
vakgroep die ik nog niet genoemd heb maar die ook stuk voor stuk mijn verblijf in de 
Biofysica groep tot een genoegen hebben gemaakt: hartelijk bedankt.  
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