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Summary 

A prerequisite of judging and mitigating the extent of massive tree dieback due to climate change is an 

understanding of the causal link between drought and tree death. A wealth of data indicates the xylem 

to be a likely candidate for this link, referring to the long-distance water transport system from the 

plant’s roots to its leaves. Xylem transport is driven by evaporation at the leaves and relies on water 

being passively pulled through the plant in continuous columns, sometime referred to as ‘threads’ or 

‘ropes of water’. This causes the xylem water to be under high tension and complicates invasive 

measurements of xylem functionality or flow, since any xylem injury due to cutting may cause the 

continuous water columns to break, resulting in artificial xylem blockage. Drought stress is considered 

to cause xylem blockages, referred to as xylem emboli. 

Magnetic resonance imaging (MRI) offers a number of unique advantages over other non-invasive 

approaches to image the xylem. Examples are that pixel values can reflect physical quantities, and that 

the energy deposition in the sample is negligible, allowing continuous measurements. Despite these 

advantages, however, MRI has only been used for a limited number of xylem studies. This can be 

ascribed to its relatively coarse spatial resolution, but more importantly to the fact that small, open 

MRI scanners, which accept living plants in an upright position and over longer time periods, are not 

readily available. Also, scanners that can be moved about easily and are sufficiently robust for outside 

measurements, while delivering high image quality, have not been introduced yet. 

In this thesis small, low-field MRI devices and methods are developed and evaluated, which aim to 

image xylem water content changes in trees, and to monitor and quantify xylem embolism formation 

due to drought stress in particular. A dedicated combination of purpose-built hardware, imaging 

software and data evaluation routines is introduced and evaluated. 

It is demonstrated that the shortcomings of a small and light permanent magnet can be compensated 

by using a multi-spin echo (MSE) imaging pulse sequence, which allowed quantitatively imaging water 

content (A) and signal decay time (T2). Pixelwise multiplication of both quantities resulted in high 

quality A*T2 product images. By means of a simulation it was shown that the correlation of T2 and 

xylem conduit diameters makes A*T2 product images a sensitive tool to monitor xylem dry-down. 

Xylem vulnerability curves are obtained by applying a threshold to xylem-masked A*T2 images. 

The utility of quantitative MR images of different spatial resolutions for recognizing and quantifying 

xylem emboli is investigated. The xylem of young beech and spruce trees is continuously monitored at 

different pixel sizes during dry-down. Even at pixel sizes larger than 0.5*0.5 mm², xylem dry-down 

could be spatially and temporally resolved and vulnerability curves could be obtained and quantified. 

Spatial resolution thus can be sacrificed to allow the use of much less powerful, and much more mobile 



v 

MR imagers, or to allow much shorter image acquisition times, without losing the ability to visualize 

and quantify embolism formation. 

Finally, a dedicated combination of imaging hardware and software is paired with a set of mobile 

gradient amplifiers, resulting in a complete mobile imager with a weight of less than 45 kg. The self-

made magnet, gradient coils and gradient amplifiers are proven to be sufficiently robust for outside 

measurement, which were performed at an ambient temperature of 7°C in an orchard. Also, the 

mobile MRI scanner is used in a continuous manner, imaging the stem of a young beech tree during 

leaf development over two months in the greenhouse. The resulting time series of images revealed an 

increase in signal decay time (T2) in certain xylem locations, which could be interpreted to visualize in 

vivo the mobilization and translocation of starch from older to younger xylem via pith tissue. 
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Zusammenfassung 

Um die Folgen der Klimaerwärmung für Bäume und Wälder abzuschätzen und ihnen begegnen zu 

können ist ein genaues Verständnis des kausalen Zusammenhangs zwischen Trockenstress und dem 

Tod einer Pflanze unerlässlich. Zahlreiche Studien deuten darauf hin, dass für viele Spezies das Xylem 

diesen Zusammenhang bildet, wobei es sich um das Wassertransportsystem einer Pflanze von den 

Wurzeln zu den Blättern handelt. Xylemtransport wird durch Verdunstung in den Blättern verursacht, 

wodurch das Wasser in kontinuierlichen Wassersäulen passiv durch die Pflanze gezogen wird, die auch 

als ‚Wasserfäden‘ bezeichnet werden könnten. Das Wasser im Xylem ist daher unter Spannung, was

eine invasive Messung der Xylemfunktionalität oder Flussmessungen erschwert, da jegliche Verletzung 

des Xylems zu künstlichen Xylemblockaden führen kann. Nach dem derzeitigen Verständnis verursacht 

Trockestress Blockaden des Xylems durch Gas, die als Xylemembolien bezeichnet werden. 

Bei der Untersuchung des Xylems bietet Magnetresonanztomographie (MRT) verschiedene Vorteile 

gegenüber anderen nichtinvasiven bildgebenden Methoden. Pixelwerte von MRT-Bildern können 

quantitativ physikalische Parameter des untersuchten Objektes wiedergeben. Außerdem ist die 

Energiedeposition bei MRT in aller Regel vernachlässigbar, was kontinuierliche Messungen erlaubt. 

Trotz dieser Vorteile wurde MRT bisher nur für einige wenige Xylem-Studien eingesetzt. Dies kann auf 

die relativ grobe räumlich Auflösung zurückgeführt werden; noch maßgeblicher ist aber die Tatsache, 

dass es nur wenige kompakte und offene MRT-Scanner gibt, in denen lebende Pflanzen aufrecht 

stehend und über längere Zeiträume gemessen werden können. Außerdem stehen keine mobilen 

Geräte zur Verfügung, die leicht und robust genug für Messungen im Freien bei hoher Bildqualität sind. 

In dieser Arbeit werden kompakte MRT-Geräte mit begrenzter Feldstärke entwickelt und evaluiert, mit 

dem Ziel Änderungen im Xylemwassergehalt von Bäumen zu visualisieren. Speziell soll die durch 

Trockenstress hervorgerufene Entstehung von Xylemembolien in vivo beobachtet und quantifiziert 

werden, idealerweise auch bei Pflaznen in ihrer natürlichen Umgebung (z.B. Wald oder Obstgarten). 

Eine dezidierte Kombination von Hardware, Bildgebungssoftware und Datenauswertungsroutinen 

wird dafür entwickelt und evaluiert. 

Es wird gezeigt, dass die Defizite von kleinen, leichten Permanentmagneten mit Hilfe von Multi-Spin 

Echo Pulssequenzen kompensiert werden können. Diese Pulssequenzen erlauben das Erstellen 

quantitativer Wassergehalts- und T2-Bilder. Durch pixelweise Multiplikation werden A*T2 

Produktbilder von hoher Bildqualität erstellt, die sich außerdem als sensitiv für die Austrocknung von 

Xylemgefäßen erwiesen haben. Anhand einer Simulation wird gezeigt, dass diese Sensitivität auf eine 

Korrelation von T2 und Xylem-Gefäßdurchmessern zurückgeführt werden kann. Außerdem werden 

Xylemverwundbarkeitskurven durch Binarisierung von A*T2 Produktbildern erstellt. 



vii 

Des Weiteren wird untersucht wie gut sich MRT-Bilder verschiedener räumlicher Auflösung für das 

Detektieren und Quantifizieren von Xylemembolien eignen. Dafür wird das Xylem junger Buchen und 

Fichten kontinuierlich bei drei unterschiedlichen räumlichen Auflösungen per MR-Bildgebung 

beobachtet, während die Pflanzen ausgetrocknet werden. Das Ergebnis war, dass auch bei Pixelgrößen 

über 0.5*0.5 mm² die Xylemaustrocknung zeitlich und räumlich aufgelöst werden kann und korrekte 

Xylemverwundbarkeitskurven erstellt werden können. Es kann geschlussfolgert werden, dass die 

räumliche Auflösung für das Erstellen von Xylemverwundbarkeitskurven verringert werden kann. Eine 

geringere räumliche Auflösung würde zum einen die Nutzung von wesentlich einfacheren und 

mobileren MRT-Scannern erlauben; außerdem kann die Zeit für die Bildaufnahme signifikant verringert 

werden, ohne dass man die Fähigkeit einbüßt die Bildung von Xylemembolien zu visualisieren und zu 

quantifizieren. 

Eine dezidierte Kombination von Bildgebunds-Hardware und -Software wird mit speziell angefertigten 

mobilen Gradientenverstärkern kombiniert. So wurde ein integrierter, mobiler MRT-Scanner mit 

einem Gesamtgewicht von 45 kg konstruiert. Die Widerstandsfähigkeit von Magnet, 

Gradientenspulen und Gradientenverstärker werden bei Bildaufnahmen von hoher Qualität im 

Freien bei einer Außentemperatur von 7 °C in einem Obstgarten gezeigt. Der MRT-Scanner wird 

außerdem für eine kontinuierliche Messung in einem Gewächshaus über zwei Monate 

verwendet, bei der ein Buchenstamm während der Blattentstehung im Frühjahr in vivo mit 

Bildgebung untersucht wurde. Die erhaltene Zeitserie von quantitativen Bildern zeigt ein 

Ansteigen der Signalzerfallszeit (T2) in bestimmten Stammregionen, welche als Mobilisierung 

und Transport von Zucker von älterem zu jüngerem Xylem über das Markgewebe interpretiert 

werden kann. 
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1 Introduction 

1 Introduction 

1.1 Basic tree stem anatomy 

Trees are vascular plants, consisting of three basic tissue types. Parenchyma is unspecialized ground 

tissue that performs cell division and other functions. The other two tissue types are the outer dermal 

tissue, which provides protection, and vascular tissue for transport of water, nutrients and 

metabolites, namely the xylem and the phloem. The main organs of vascular plants are the root, the 

shoot and the leaf. In case of a tree, water enters the plant at the roots and is transported to the 

treetop via the long-distance transport system in the center of the stem, referred to as the xylem 

(Fig. 1). After the seedling phase the xylem tissue constitutes the majority of the stem volume, as it 

makes up the wood of a tree. At the treetop the majority of water is lost to transpiration and the 

minority is used for photosynthesis to produce sugar. The sugar subsequently is moved back down to 

be stored or metabolized via the other type of transport tissue in the outer layers of the stem, referred 

to as the phloem. While xylem transport can be considered as flowing water (speeds of centimeters to 

meters per hour), phloem transport is much slower and sometimes hard to distinguish from diffusion. 

Trees not only show longitudinal growth in the direction of the shoot axis, but also lateral growth, 

increasing the shoot diameter (also referred to as secondary growth). This enables trees to increase 

the conductivity and stability of their shoots, and allowed them to become some of the largest land 

organisms. Any lateral or secondary growth is initiated in the cambium, which is a ring of unspecialized 

cells between the xylem and the phloem. Cells that form at the cambium subsequently specialize to 

become either xylem, phloem or parenchyma cells. Growth in lateral direction happens as layers of 

xylem cells grow inward, while layers of phloem cells grow outward from the cambium. Parenchyma 

cells form as discrete rays in the xylem in radial direction, often connecting in the center of the stem 

and referred to as the pith. Pith tissue serves as a connection between xylem and phloem to transport 

and store nutrients, such as starch (Fig. 1). 

Two main types of xylem architectures are distinguished, one of which is found in gymnosperm (seed 

producing plants), the other in angiosperm (flowering plants) tree species. Gymnosperm wood almost 

exclusively consists of tracheids, which provide the two main xylem functions, namely support and 

water transport. In evolutionarily more advanced angiosperms different types of xylem cells perform 

different tasks. Tracheids and sometimes also vessels, are specialized for water transport, while wood 

fibers provide mechanical stability. Vessel containing angiosperm wood is further differentiated 

according to the arrangement of the vessels into ring porous and diffuse porous wood. In Fig. 1 the 

wood of semi-ring porous beech is shown, which can be considered an intermediate type of wood 

architecture between ring porous and diffuse porous. 
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In temperate regions with significant temperature fluctuations annual rings form. Xylem that forms 

during spring has larger cell diameters and thin cell walls, referred to as earlywood. It is required to 

maximize water transport during leaf formation and intense growth. In late summer conduits with a 

smaller diameter and thick cell walls form, referred to as latewood, which provides more stability and 

less conductivity than earlywood. As in temperate regions there is hardly any growth or metabolism 

during winter, in the xylem the border between latewood (small conduits) and earlywood (large 

conduits) can be recognized as the border of two annual rings (Reece et al., 2014). 

 
 

Figure 1: The basic anatomy of a tree stem illustrated by means of a stem cross section of a 

1.2 cm diameter three-year-old spruce, next to two angular cuts of the same spruce 

cross section and of a three-year-old beech tree. The main types of functional stem 

tissues are indicated. 

 

1.2 The cohesion-tension theory 

During transpiration, more than 95 percent of the water that is taken up by a tree at the roots is lost 

through the stomata at the leaves (Sutcliffe, 1968), since hundreds of water molecules are lost per one 

carbon dioxide molecule that is taken up from the air for photosynthesis. In case of tall trees, this 

results in the need for transporting more than one hundred liters of water on a clear day to heights 

beyond 50 m, to replace the water that is lost at the leaves. A question that has long occupied the 

minds of plant scientists is therefore how tall trees manage to transport water to such heights via the 

xylem, without an active pumping mechanism. Today’s understanding of this long distance water 

transport in trees has first been published by Dixon and Joly (1894) and is referred to as the cohesion-

tension theory. According to this theory water is transported under tension in continuous columns 
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without the need for metabolic energy, once the xylem has been grown (Sperry, 2011). In the following 

sections some of the key aspects of this theory will be discussed. 

1.2.1 Long-distance water transport anatomy 

The key anatomy in the three plant organs (root, stem, leaf) in the context of the cohesion-tension 

theory is illustrated in Fig. 2, which has been adapted from Venturas et al. (2017). The driving force 

behind the movement of the water upward in the stem against the gravimetric force (Fg) is generated 

by capillary rise at the evaporating surfaces inside of the leaf. Guard cells (Gc) in the leaves regulate 

transpiration by changing the size of the leaf openings, referred to as stomata. The actual air-water-

interface, however, is not at the stomata, but inside of the leaves, within narrow (1-10 nm) pores in 

the walls of mesophyll cells (Mc), as well as in intercellular spaces. Adhesion of the water molecules to 

the walls of the cell pores results in a capillary force (Fc) and the formation of concave water menisci. 

Evaporation of water molecules from the pores in combination with the cohesion of the water 

molecules, withstanding the tendency of the meniscus to become more concave, causes a tension, and 

water is pulled upward to replace the water evaporated from the menisci (Pickard, 1981; Venturas et 

al., 2017). 

This tension is transmitted via hydraulically continuous water columns from the leaves to the roots, 

and causes soil water to enter a transpiring plant via root cells (Rc). The majority of the water moves 

in between the loosely packed root cells, while some water is also pulled across the membranes of 

root cells. A protective band of cell wall material, called the Casparian strip, causes all the water to be 

pulled across cell membranes before entering the xylem in the root center. This results in microscopic 

air bubbles being filtered from the water (Tyree and Zimmermann, 2002). 

The xylem is an intricate network of elongated conduits, most of which are oriented vertically in the 

annual rings of the stem of a tree, inside of the cambium. Accordingly, conduits are water filled when 

they are functional. For the purpose of water exchange between the plant and its environment the 

xylem tissue also reaches into the roots and the leaves of the plant. The xylem conduits have a lignin 

secondary cell wall which is nonliving at maturity, prevents collapse due to the tension of the water 

(Hacke et al., 2001) and enables support for tall plants. Xylem conduits are interconnected to adjacent 

conduits via pits, which are thin areas consisting only of primary cell walls. Pits divide adjacent conduits 

by a thin sheet of cellulosic meshwork, referred to as the pit membrane (Sperry, 2011).  

Two types of xylem conduits are differentiated. The evolutionarily older type of conduit can be found 

in angiosperm and gymnosperm xylem and is referred to as a tracheid, which is 1 to 10 mm long and 

typically around 50 µm wide. The evolutionarily more advanced type of conduit can only be found in 

angiosperm xylem and is referred to as a vessel, which can be meters long and up to 500 µm wide. 

Connecting pits allow water exchange between two water filled conduits, but up to a limit prevent air 
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to move from a cavitated conduit to an adjacent water filled one. In this manner, pits provide 

interconduit water passage, but at the same time prevent air to spread within the xylem. A very large 

number of interconnected conduits form a network, which provides redundancy in case of cavitation 

of individual conduits by allowing lots of alternative pathways for the water (Venturas et al., 2017). 

 

 
 

Figure 2: Key anatomy in the different plant organs (root, stem, leaf) in the context of the 

cohesion-tension theory. The main reason plants have to transport water to their 

leaves is that they lose water as they take up CO2 at the leaves. Water enters the 

xylem (negative pressure PX) at the roots via root cells (Rc) and through the Casparian 

strip. In the xylem the water moves up through the conduits (vessels and tracheids), 

moving from one conduit to another via the pits. The lifting force is of capillary nature 

(Fc), acting on water (against the gravimetric force Fg) in the 1-10 nm wide pores in 

the walls of the mesophyll cells (Mc) of the leaves. The plant regulates transpiration 

via the Guard cells (Gc) of the leaf. Parts of this Figure were adapted from Venturas 

et al. (2017), with permission from The Journal for plant Botany. 
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1.2.2 Water under tension 

One aspect that is often not straightforward to comprehend is the idea of water in the xylem being in 

a metastable state, as it transmits the pulling force from the leaves to the roots in the form of tension. 

This tension is also referred to as negative pressure by plant scientists (Tyree and Zimmermann, 2002), 

but also by experts on the physics of phase changes of water (Caupin et al., 2012). Water remaining 

liquid outside of the boundaries of the ordinary phase diagram, however, is more common than one 

might intuitively consider. Experimental work has shown that water at atmospheric pressure can 

remain liquid between -41°C and 280°C (Debenedetti, 1996), provided that disturbances like 

vibrations, impurities or container wall irregularities are avoided to a large degree. This state is referred 

to as metastable. Another way to bring water into a metastable state is by stretching it (Caupin & 

Herbert, 2006), which is the state that xylem water is assumed to be in during transpiration. While this 

type of metastability is less commonly known, the physics of it has been investigated in-depth 

(Trevena, 1984; Caupin et al., 2012; Meadley & Angell, 2015). This can also be said about the 

breakdown of this metastable state, referred to as cavitation (Caupin & Herbert, 2006; Franc & Michel, 

2006; Davitt et al., 2010). 

In a comprehensive review on the stability of liquids in a stretched state Chaupin et al. (2012) 

compared the theoretical tensile stability of water to values found experimentally. On the basis of the 

minimum work required to create a bubble of water vapor in a liquid, they calculated that cavitation 

can be expected at a pressure of -190 MPa for pure water at room temperature. This value, however, 

has not been found experimentally when comparing the results of different approaches to test the 

tensile strength of water, which were found to scatter widely. Three different methods (centrifugation: 

Briggs, 1950; acoustic: Galloway, 1954; Berthelot tube: Henderson & Speedy, 1980) and results from 

an artificial tree (Wheeler & Stroock, 2008) yielded values between -25 and -35 MPa, while a fourth 

method resulted in a value of -140 MPa (Zheng et al., 1991). It has been assumed that these 

discrepancies between the theoretical value and experimental findings are due to destabilizing 

impurities and what has been referred to as stabilizing impurities (Davitt et al., 2010; Caupin et al., 

2012; Meadley & Angell, 2015). In any case, theoretical considerations as well as results of all four 

experimental methods confirm that water provides sufficient tensile strength to support even the most 

negative water pressures of -14 MPa that have been found in the xylem of trees (Hacke et al., 2001). 

The circumstances under which cavitation occurs will be discussed in more detail in section 1.3. 

1.2.3 Pressure jump at capillary water menisci in the leaf 

Another aspect of the cohesion-tension theory that can be difficult to comprehend is the idea that 

water can get out of the plant via the leaves, but air is not sucked into the plant, despite the significant 

negative pressures in the xylem. This behavior can be explained by the limited size of the pores in the 
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walls of the mesophyll cells (1 to 10 nm, Fig. 2). The static pressure jump across the interface of air and 

water can be estimated by the Young-Laplace equation (Gennes et al., 2013) 

 Δ𝑃𝑎/𝑤 = 4𝜎 cos Θ𝑑𝑝  

 (1) 

. 

Assuming a pore diameter dp of 5 nm, a contact angle Θ of zero (completely wetting) and a surface 

tension 𝜎 of 0.073 N/m results in a pressure difference Δ𝑃𝑎/𝑤 of 58.4 MPa, also referred to as capillary 

pressure. 

Replacing the pressure difference Δ𝑃𝑎/𝑤 by a term for the height (h) dependent hydrostatic pressure 

of water ρw 𝑔 ℎ results in Jurin’s equation (Jurin, 1718) 

 

 ℎ = 4𝜎 cos Θ𝜌𝑤 𝑔 𝑑𝑝  

 (2) 

, 

which can be used to calculate the height to which water rises in a capillary. Inserting the same 

numbers as above, as well as the density of water, results in a height close to 6000 m. This solves the 

common misconception of using the same formula, but inserting the diameter of a small xylem 

capillary of 5 µm for dp, which results in a capillary rise of only 6 m. This is in line with Koch et al. (2004), 

who pointed to increased leaf water stress due to gravity and resistance of long pathways as the most 

likely factors limiting tree height, not the pulling capillary force in the leaves. 

Further support of the idea that the ultimate lifting force is generated by capillary rise into the pores 

of the mesophyll cell walls has come from the fabrication of synthetic leaves. Such leaves were based 

on nanoporous hydrogels and shown to be capable of creating negative pressures according to the 

same principles between -20 MPa and -33.8 MPa (Wheeler & Stroock, 2008; Wang et al., 2020). 

1.2.4 Xylem water potential 

As water in plants is confined, osmotic and capillary forces may play a significant role besides gravity 

and pressure. To take into account all forces inside of a plant that may act on water, the plant water 

potential has been defined as follows (Cruiziat et al., 2002; Tyree and Zimmermann, 2002) 

 Ψ = μw − μw0𝑉𝑤 = 𝑃 + ρw 𝑔 ℎ + Π 

 (3) 

. 

It is defined for any water containing plant organ as the difference between the chemical potential of 

water in the plant 𝜇𝑤 and water at atmospheric pressure 𝜇𝑤0 , both at the same temperature. Dividing 

this difference by the molar volume Vw of water results in the unit of pressure for the water potential, 

typically given in MPa. The different terms are the hydrostatic water pressure P, a gravitational term 𝜌𝑤 𝑔 ℎ and the osmotic potential Π. 
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One of the most often used methods to measure the water potential, including the work presented in 

this thesis, was introduced by Scholander et al. (1965) and is referred to as the pressure chamber or 

pressure bomb method. A small twig is harvested from the plant. To make sure the water potential of 

the twig and the stem equilibrate, Scholander’s method has been extended by stopping the twig’s 

transpiration (it is covered with plastic and aluminum foil) and harvesting it after a waiting time of 

typically 15 minutes. Subsequently, the twig is put inside a metal chamber and by means of a rubber 

seal positioned in such a way that the cut end sticks out of the chamber, so that it can be observed 

with a stereomicroscope (Fig. 3). The pressure in the chamber is slowly increased until water is 

observed to be squeezed out of the cut xylem of the twig. The corresponding pressure is referred to 

as the balance pressure and its absolute value is  assumed to equal that of the xylem pressure, while 

both are of opposite sign (Tyree and Zimmermann, 2002). When introducing the method, Scholander 

et al. (1965) illustrated that the water potentials are increasingly negative at increasing plant heights, 

as well as in case of species that grow in drier or elevated habitats. 

 
 

Figure 3: Illustration of the pressure chamber technique to measure the xylem water potential. 

The pressure that is required to force water out of the xylem and the xylem pressure 

are assumed to be the same in absolute values. 

 

1.2.5 Xylem water transport 

Water movement in the xylem is caused by water potential differences, with water moving from higher 

to lower water potential, which in the xylem of trees typically means that water moves from negative 

water potential at the bottom of the plant to more negative water potential towards the treetop. As 

solute concentration in the xylem is low and solutes can move relatively freely, no significant 

differences in the osmotic potential can be expected within the xylem and the term can be neglected 

for the quantification of xylem transport. If one considers a static water column, the remaining two 

terms of the water potential, the hydrostatic pressure (P) and the gravitational term (𝜌 𝑔 ℎ), balance 

each other out, resulting in the same water potential Ψ at any height. In this static water column the 
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potential energy of the water due to gravitation increases at increasing height, while the pressure 

decreases at increasing height. This results in a negative hydrostatic pressure gradient of -0.01 MPa/m. 

Water movement in a plant against gravitation can only be caused by a pressure gradient that is more 

negative than this hydrostatic pressure gradient, resulting in a negative water potential gradient ∂Ψ/∂x 

in height direction. This was confirmed by studies measuring the xylem pressure of tall trees at 

different heights. While those studies confirmed the hydrostatic pressure gradient prior to 

transpiration at predawn, the initiation of transpiration caused the xylem pressure gradient to become 

more negative than the hydrostatic pressure gradient (Bauerle et al., 1999; Koch et al., 2004). 

The conductivity or resistance of the xylem determines the flow that is caused by a particular water 

potential gradient. This correlation between the water potential gradient and the resulting flow can 

be approached in different ways. When the xylem is considered as an assembly of individual pipes, the 

volume flow (Q) through one pipe of radius r can be described by the Hagen-Poiseuille law (𝜂: viscosity) 

 Q = − 𝑟4 𝜋8𝜂 𝜕Ψ∂x  

 

. 

(4) 

The implications of the fact that the conductivity, which is the proportional factor between Q and 

∂Ψ/∂x, scales with the fourth power of the pipe radius r is illustrated in Fig. 4, showing three blocks of 

wood which all have the same hydraulic conductivity (Tyree and Zimmermann, 2002). Studies on cut 

stem pieces of trees showed, however, that only 33 to 67% of the theoretical conductance is actually 

reached (Tyree & Zimmermann, 1971; Petty, 1978, 1981), which has been ascribed to xylem conduits 

not being perfectly round, as well as the flow being interrupted by xylem pits. The matter is 

complicated further, as in vivo magnetic resonance imaging (MRI) flow studies on angiosperm trees 

showed that not all water filled vessels do actually conduct water (Homan et al., 2007; Nagata et al., 

2016), and that in grapevine the pressure drop in height direction across different vessels is not 

constant, but that lateral pressure gradients appear to redirect some flow from larger to narrower 

xylem elements (Bouda et al., 2019). 

 
 

Figure 4: Illustration of the Hagen-Poiseuille law. All three blocks of wood have the same 

hydraulic conductivity, which for an individual conduit relates to the fourth power of 

the conduit radius. This figure was adapted from Tyree & Zimmermann (2002) with 

permission from Springer. 



9 Introduction  

 

While the xylem structure of angiosperm plants more closely resembles an assembly of pipes (as they 

are long, relatively wide and round), Brodersen et al. (2019) argued that coniferous xylem (conifers are 

a subset of gymnosperms, often with needle-like leaves), with its short, densely packed and highly 

interconnected tracheids, is more accurately described as a porous medium and the use of Darcy’s law 

(Couvreur et al., 2018), with the volume flow scaling linearly with wood permeability and the cross-

sectional area. A third approach is to quantify xylem flow by using Ohmic analogies (Cruiziat et al., 

2002). The difference between coniferous and angiosperm xylem in terms of conductivity is confirmed 

by significantly lower speeds of the transpiration flow in coniferous tracheids (20-40 centimeters per 

hour) than in the vessels of broad-leaved trees (5 meters per hour is common, 44 meters per hour has 

been recorded in an oak) (Brown, 2013). 

1.3 Xylem cavitation and hydraulic failure  

Xylem water is subject to the interdependence of transpiration at the leaves, xylem conductance and 

availability of soil water. If transpiration exceeds water supply from the soil, the xylem pressure will 

become more and more negative and the tension in the xylem grows, eventually resulting in xylem 

conduits to cavitate. In this manner, warmer periods of high transpiration and limited water supply 

can significantly impair xylem function and may eventually lead to plant death (Tyree & Sperry, 1989; 

Cruiziat et al., 2002). Significant effort went into the development of methods to determine xylem 

tension values that cause a certain degree of the xylem to become dysfunctional due to cavitation of 

conduits. Specifically, those xylem water potential values are of interest at which a point of no return 

is reached. This value has been found to differ widely with respect to numerous parameters, such as 

species, age and habitat of the plant. 

1.3.1 Embolism formation 

A phase change of water in a metastable state can happen in essentially two different ways, referred 

to as homogeneous and heterogeneous nucleation. Homogeneous nucleation happens in the bulk of 

the metastable liquid and is not caused by impurities. It reflects the actual cohesive stability of the 

water molecules, provided by hydrogen bonds, and therefore determines the attainable limit of 

superheating and supercooling. Under common circumstances the preferential site for the formation 

of a new phase (leading to cavitation) is provided by suspended and dissolved impurities, referred to 

as heterogeneous nucleation (Debenedetti, 1996). 

More specifically, heterogeneous nucleation in plants is ascribed to the existence of tiny gas bubbles 

that grow under specific circumstances. The characteristics of those preexisting gas bubbles, however, 

are not always reported in a consistent manner. In plant science those bubbles are sometimes referred 

to as air bubbles (Denny, 2011), while more often they are considered to consist of a mixture of air and 

water vapor (Tyree and Zimmermann, 2002). Franc and Michel (2006) discussed the stability of 



 Introduction 10 

 

different microbubble radii for microbubbles that contain gas and vapor, and that are smaller than 0.5 

mm in diameter. This was done in dependence of the pressure of the surrounding liquid pꝏ and a 

starting radius R0. The pressure of the liquid (pꝏ) was assumed to equal a pressure term for the gas 

bubble; the latter was composed as the sum of the partial pressure of the gas pg and its vapor pressure 

pv, minus a term for the surface tension 2S/R, which opposes pg and pv 

 𝑝∞ = 𝑝𝑔 + 𝑝v − 2𝑆𝑅  

 (5) 

. 

Stable bubble scenarios are shown in Fig. 5b for two different starting radii (R0 and R0’). Once the 

pressure of the liquid (pꝏ) drops below the critical pressure pc , there are no more stable radii and the 

bubble becomes the point of weakness from which the phase change of the liquid originates. 

 
 

Figure 5: The stable radii for a bubble with radius R, vapor pressure pv and gas pressure pg, 

which is surrounded by a liquid with the pressure pꝏ (a). Two solid lines indicate stable 

radii of bubbles with starting radii R0 and R0’, while the dashed line indicates the locus 
of minima for all curves (b). For a specific starting radius a critical pressure pc indicates 

when no stable situation is available anymore and the bubble causes cavitation. 

  

1.3.2 Air-seeding 

The survival of plants at increasingly negative xylem pressures depends on their ability to keep small 

gas bubbles out of their xylem vessels. This is achieved in the first place by the fact that xylem cells are 

born wet. Further, water that enters the plant via the roots is subject to filtration in root cell 

membranes, which are considered to stop air bubbles beyond a critical size from entering the xylem 

via the roots (Oertli, 1971; Tyree & Sperry, 1989). The most common way through which small air 

bubbles do enter xylem conduits is from one xylem conduit to another via the pits. This process is 

referred to as air-seeding. Xylem pits evolved to prevent this leakage of air from embolized conduits, 
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while they also evolved to allow sufficient water transport through the xylem network. This trade-off 

makes the pits the weakest part of the hydraulic network with respect to cavitation (Wojtaszek, 2011). 

The existence of air-filled xylem conduits, from which emboli spread via the pits at decreasing xylem 

water potential is considered inevitable. Reasons are events such as leaf abscission, branch breakage, 

insect feeding or rupture during tissue growth (Sperry, 2011). If air gets sucked from an air-filled 

conduit into a functional water filled one depends on the size of the pores in the pits. The maximum 

pressure difference at the air-water-interface Δ𝑃𝑎/𝑤  that is supported by a pore of a certain diameter 

can again be calculated with the Young-Laplace equation (Eq. 1), scaling with the inverse of the pore 

diameter. 

Accordingly, more than on the dimension of the xylem conduits themselves, the likelihood of air-

seeding to occur depends on the pressure difference, as well as the combination of the structure and 

the number of the pits connecting the conduits (Sperry, 2011). Due to the large number of xylem 

conduits, arranged in a highly interconnected network, the blockage of individual conduits due to 

cavitation can be compensated by water taking alternative pathways. If the pressure becomes so low, 

however, that the spread of emboli reaches a systemic level, the xylem conductivity can be impeded 

to a agree that poses a threat to plant survival, referred to as catastrophic hydraulic failure (Choat et 

al., 2012). 

1.3.3 Xylem vulnerability curves 

The ability of trees to handle drought stress is mostly defined by (i) their capacity to maintain the xylem 

water potential within functional limits and (ii) the physical limits of the vascular system at declining 

xylem water potential (Choat et al., 2018). A quantitative measure of the degree to which the xylem is 

cavitated at a specific xylem water potential is provided by a xylem vulnerability curve. A common 

method to obtain a vulnerability curve for a particular species is to harvest stem pieces and measure 

the hydraulic conductivity (K) in dependence of the declining xylem water potential. K is measured as 

the mass flow rate divided by the pressure difference across the sample (Tyree & Sperry, 1988). After 

the initial conductivity is measured (Ki) (sample index i), each sample is flushed with degassed water, 

after which the maximum conductivity is measured (Kmax). A vulnerability curve is obtained by 

calculating the percentage loss of conductivity (PLC) via 100*(1-Ki/Kmax) (Tyree and Zimmermann, 

2002), which results in vulnerability curves scaling from 0% (maximum conductance) to 100% (no 

conductance, xylem transport stops, Fig. 6). While the method is relatively cheap and easy to perform, 

care must be taken when sampling stem segments to avoid artificial loss of conductivity due to air 

being sucked into the xylem when cutting the sample (Tyree and Zimmermann, 2002; Cochard et al., 

2013), i.e. by cutting samples under water. 
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Another commonly used approach to measure vulnerability curves in an invasive manner on cut stem 

pieces is the centrifuge method. Stem pieces are spun in rotors for the purpose of increasing the 

tension of the xylem water; the conductivity is measured either in between bouts of spinning (Pockman 

et al., 1995; Alder et al., 1996) or during spinning (Cochard, 2002), allowing full vulnerability curves to 

be obtained rapidly from one cut stem sample. 

Vulnerability curves usually have a sigmodial shape and the most relevant parameters are the position 

of the curve, indicating the water potential Ψ50 at which the conductivity declined by 50%, and the 

slope of the curve, which indicates how rapidly the xylem cavitation spreads. A key purpose of 

vulnerability curves is to find lethal PLC values, which were found to be around 88% in angiosperms 

(Barigah et al., 2013; Urli et al., 2013), while in gymnosperms lethal values around 50% indicate a higher 

vulnerability of this xylem architecture (Brodribb & Cochard, 2009). 

 

 
 

Figure 6: Illustration of a xylem vulnerability curve. At increasingly negative xylem water 

potential (Ψxylem) the xylem loses its function, indicated by the increasing percentage 

loss of conductivity (PLC). At a PLC of 50% the xylem has lost half of its conductivity, 

while at a value of 100% the xylem is completely blocked by emboli. 

 

1.3.4 Winter embolism and spring refilling 

Besides drought stress, a second common reason for cavitation causing gas bubbles to occur in xylem 

conduits are freeze-thaw cycles during winter. Cavitation occurring during the thawing phase has been 

observed in angiosperms and gymnosperms, and is considered an import factor in regions of sub-zero 

temperatures (see Mayr and Sperry (2010) and literature therein). The reason is that gases are 

practically insoluble in ice, resulting in gas bubbles to occur during freezing of xylem water. The fate of 

such gas bubbles can again be described by Eq. 5.  (Lipp et al., 1987), indicating the critical water 
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tension at which the bubble nucleates cavitation to correlate with the inverse of its radius (Sperry & 

Sullivan, 1992). 

As in larger xylem conduits more gas will be released due to freezing of xylem water, species with 

larger conduits are more susceptible to this type of winter embolism. This is confirmed by conifers with 

small tracheids (and vessel-less angiosperms) to be hardly susceptible to this type of winter embolism 

formation, while it is commonly found in species with large vessels (Sperry & Sullivan, 1992; Mayr & 

Sperry, 2010). Accordingly, temperate growing angiosperm tree species in particular require the ability 

to recover from winter embolism to support transpiration of new leaves in spring. The two recovery 

mechanisms in spring that have evolved are (i) refilling  of  embolized  vessels and (ii) growth of new 

xylem vessels (Cochard et al., 2001). Refilling of vessels at negative xylem pressures is not understood 

and can be considered a topic under debate, which inspired different theories and research efforts 

(Zwieniecki & Holbrook, 2009; Brodersen & McElrone, 2013). 

Ring-porous angiosperm species with large vessels (such as oak) may have evolved in response to the 

problem of freezing xylem water. They regrow a ring of large earlywood vessels in late spring, on which 

they mainly rely for water transport until the first frost in autumn (Sperry, 2011). In diffuse-porous to 

semi-ring porous beech (Schweingruber, 1990) both types of xylem recovery mechanisms were 

observed. Active refilling occurred mostly in the roots and the trunk, while new functional vessels were 

observed to form mainly in young terminal shoots (Cochard et al., 2001). 

1.4 Existing non-invasive methods to monitor xylem functionality 

Vulnerability curves are the most important measure to investigate and compare how different plant 

species cope with drought and limited water supply, and are therefore considered ‘at the heart of plant 

hydraulics’ (Venturas et al., 2017). The accuracy of invasive methods (using cut stem pieces) to 

measure the decline in xylem conductivity, however, has been debated extensively. The reason is, in 

essence, that the xylem water is under tension. Therefore, any incision or cut can result in air being 

sucked into the xylem and cause artificial xylem emboli. Another problem can be artificial refilling of 

existing emboli, when trying to prevent air from being sucked into the cut xylem. Numerous 

contributions illustrate the discussion on (i) air entering the sample subsequent to its incision, causing 

a ‘cutting artefact’ (Wheeler et al., 2013; Venturas et al., 2015), (ii) artificial refilling due to xylem 

tension relaxation procedures prior to the measurement (Trifilò et al., 2014; Hochberg et al., 2016b), 

and air entering the xylem during the measurement in the form of an ‘open vessel artefact’ when using 

the centrifuge method (Jacobsen & Pratt, 2012; Sperry et al., 2012; Tobin et al., 2013; Torres-Ruiz et 

al., 2014; Hacke et al., 2015). 

The need to validate standard hydraulic methods with appropriate control experiments has been 

referred to as the single most limiting factor to progress in the field of plant hydraulics  (Sperry, 2013). 
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Therefore, efforts were made to develop less invasive methods for monitoring xylem functionality. 

Examples of cheap and relatively easily implemented approaches are the use of acoustic emissions 

(Jackson & Grace, 1996; Rosner et al., 2006), which are considered to be caused by water columns 

breaking, and a more recently developed optical approach (Brodribb et al., 2017). While both methods 

have been shown to be capable to obtain VCs, neither of them allows to accurately spatially resolve 

the emergence of emboli in the xylem. The ability to obtain more accurate information on where 

emboli form in the xylem in a non-invasive manner is only provided by more sophisticated imaging 

approaches such as neutron  radiography (Tötzke et al., 2013), high resolution computed tomography 

(HRCT) or MRI. While technologies of this kind are costly and more difficult to operate, they are 

expected to resolve open questions around xylem dry-down, such as embolism repair, plasticity and 

xylem redundancies (Melcher et al., 2003). 

The most compelling argument for HRCT is the high spatial resolution down to a few mircometers, 

allowing to resolve individual xylem vessels (Brodersen et al., 2010; Brodersen et al., 2011). Xylem VCs 

were successfully obtained (Brodersen et al., 2013; Choat et al., 2016) and HRCT was used as a 

reference technology to validate whether invasive hydraulic methods are affected by artefacts 

(Cochard et al., 2015; Nardini et al., 2017). Also, HRCT has been used more frequently in plant 

hydraulics since affordable desktop devices can be purchased (Torres-Ruiz et al., 2014; Cochard et al., 

2015; Nolf et al., 2017).  

Besides the fact that until now it cannot be used in the field, an important drawback of HRCT is the use 

of ionizing radiation, which may result in damage of living tissue in different ways (Dhondt et al., 2010; 

Savi et al., 2017; Petruzzellis et al., 2018). Such effects may be less of a problem when imaging the 

xylem, as it mainly contains non-living cells. Depending on the sample size and the spatial resolution, 

however, at higher numbers of exposures the non-invasiveness of HRCT should be questioned. Details 

on this issue are provided in the context of desktop HRCT devices by Suuronen et al. (2013), who 

concluded that the radiation dose may be the biggest drawback of the technology, making it 

inappropriate for long-term and continuous measurements. 

1.5 Magnetic resonance imaging 

In this thesis the use of magnetic resonance imaging (MRI) for the purpose of monitoring the 

emergence of xylem emboli in small trees in vivo is investigated. In the following the basic principles 

of the technology, necessary to follow the publications and discussion, are outlined. 

1.5.1 Spins and sample magnetization 

Spin is a basic property of individual electrons, neutrons and protons. In an atomic nucleus two 

particles of opposite spin typically pair up, resulting in a net spin of zero. Specific atomic nuclei, 
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however, have a nonzero net spin due to unpaired protons or neutrons, including hydrogen, which has 

an individual proton as its nucleus. In a simplified model, the phenomenon of nuclear magnetic 

resonance (NMR) originates from a tendency of those specific nuclei to align themselves with external 

magnetic fields (B0), similar to a compass needle, due to their magnetic moment.  In an MRI scanner 

the external magnetic field B0 is typically provided by a superconducting, resistive or permanent 

magnet. Subsequent to aligning themselves with the field direction, the nuclei rotate (or precess) 

parallel or anti-parallel to the direction of B0, the majority being in the energetically favorable parallel 

state. The frequency of this precession (also referred to as the Larmor frequency 𝜔0) relates linearly

to the local magnetic field, as expressed in the fundamental NMR equation (Larmor equation) 𝜔0 = 𝛾𝐵0 . (6) 

The Larmor frequency 𝜔0 and the magnetic field are related via the gyromagnetic ratio 𝛾, which is

element specific and has the highest value for hydrogen nuclei or protons (of all stable nuclei) of 𝛾𝐻=2π*42.6 MHz/T. This makes hydrogen a natural choice for NMR and MRI experiments, together

with its abundance in water. 

The tendency of the individual magnetic moments to align with an external magnetic field results in a 

net magnetization of the sample M0 in the direction of B0, which scales with the spin density (the 

number of protons per unit volume, 𝜌0) and the field itself

𝑀0 = 𝜌0𝛾2ℏ2𝐵04𝑘𝐵𝑇 (7) 

. 

Besides ℏ2 (the Planck constant squared and divided by π), M0 also scales with the inverse of the

sample temperature (T), multiplied with the Boltzmann constant (kB). This is due to the interaction of 

the spins with each other and their surroundings, which increases with rising temperature and 

counteracts the spin alignment (Brown et al., 2014). 

1.5.2 Radio frequency pulses and signal acquisition 

The sample magnetization M0 cannot be utilized in the form of a signal due to the presence of B0 in the 

same direction. To generate a signal that can be detected, the direction of the magnetization is 

temporally moved out its equilibrium direction by means of a magnetic field that is alternated at the 

Larmor frequency. This alternating magnetic field B1 is oriented perpendicular to B0 and produced by 

a radio frequency (RF) coil. B1 causes a sample magnetization with a non-zero component M⊥ 

perpendicular to B0. If B0 points in the z direction, the perpendicular component M⊥ can be expressed 

by a complex number according to its orientation in the xy-plane (Fig. 7) 𝑀⊥ = cos (𝜔0𝑡 + 𝜙)𝑀𝑥 + 𝑖 𝑠𝑖𝑛(𝜔0𝑡 + 𝜙)𝑀𝑦 . (8)
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The alternating B1 fields are pulsed and referred to as excitation pulses, which are named in accordance 

with the angle they cause the magnetization to rotate by. Commonly used are 90 and 180 degree 

pulses. 

Figure 7: Time dependency of the net sample magnetization, which starts out in the direction 

of B0 (z-direction). The component of the sample magnetization in B0 direction is 

referred to as M0 (black curve). By means of a 90 degree radio frequency (RF) 

excitation pulse the net magnetization is flipped into the xy-plane. The component of 

the magnetization perpendicular to B0 in xy-direction is referred to as M⊥ (red curve), 

and can be detected as an RF signal, which is acquired during the acquisition time Taq 

by an RF coil and is subject to exponential spin-spin relaxation (relaxation time T2). 

Due to spin-lattice processes the net sample magnetization is restored in z-direction 

(relaxation time T1). Another 90 degree pulse is applied to flip the signal back into to 

xy-plane after the repetition time TR. 

After signal excitation, the perpendicular magnetization component M⊥ can be detected by an RF coil 

as a signal in the form of an alternating voltage. When ignoring spatial dependencies, this signal S is 

proportional to 𝜔0𝑀0, resulting in the following dependencies (Brown et al., 2014)

𝑆 ∝ 𝜌0𝛾3𝐵02𝑇 (9) 

. 

1.5.3 Signal decay due to relaxation: T1 and T2 

The time dependency of M⊥ is illustrated in Fig. 7. Due to spin-spin interactions the detectable 

magnetization M⊥ decays as a function of time t, according to the relaxation time constant T2𝑀⊥(𝑡) = 𝑀⊥(0) exp (− 𝑡𝑇2) (10) 

. 

Spins not only interact with each other, but also with their surroundings. This interaction is referred to 

as spin-lattice interaction and causes the magnetization to realign with B0 according to the relaxation 
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time constant T1. Therefore, when exciting the sample twice (or multiple times) in a row by means of 

90 degree pulses (as normally done in MRI), the total detectable signal at the second or later signal 

acquisition depends on both relaxation time constants (T1 and T2), when the signal is acquired (t) and 

the time between excitations, called repetition time (TR) 

 𝑀⊥(𝑡) = 𝑀⊥(0) (1 − exp (− 𝑇𝑅𝑇1 )) exp (− 𝑡𝑇2) 

 (11) 

. 

Accordingly, the time between signal excitation (with a 90° pulse) and signal acquisition should be 

chosen as short as possible to avoid signal decay before signal acquisition. If the aim of an experiment 

is to quantitatively measure proton density, then the repetition time TR should be chosen long enough 

so that the magnetization is completely aligned with B0 before the next excitation. In an MRI 

experiment M⊥ can be determined for the purpose of measuring the sample’s water content (as a 

function of proton density), but also the relaxation time constants T1 and T2 can be probed and provide 

insights about the sample’s physicochemical properties, proton mobility or the liquid composition 

(Eq. 11). 

1.5.4 Signal decay due to B0 and susceptibility inhomogeneities 

The signal not only decays due to stochastic spin-spin interactions within the sample (described by 

what can be called the ‘true’ T2 value), but also due to non-moving spins experiencing slightly different 

magnetic fields (described by T2’). There are different reasons for spins to experience different 

magnetic fields, such as inhomogeneities of the main magnetic field B0 and inhomogeneities of the 

magnetic susceptibility of the sample. In the context of this thesis it is relevant that small permanent 

magnets in particular only offer limited field homogeneity, and that susceptibility inhomogeneities are 

particularly relevant in desiccating plant xylem, since the area of water-air-interfaces increases.  

The observed total decay time is the reciprocally added combination of T2 and T2’ processes, referred 

to as T2* (Brown et al., 2014) 

 
1𝑇2∗ = 1𝑇2 + 1𝑇2′  (12) 

. 

When assuming that the change of the magnetic field is linear within the volume of interest, the decay 

constant T2‘ of the signal that originates from this volume depends on the field inhomogeneity 

experienced by the spins (Δ𝐵𝑖𝑛ℎ𝑜𝑚) across this volume as follows (Chavhan et al., 2009)  

 𝑇2′  = 1γ ΔB𝑖𝑛ℎ𝑜𝑚 

 (13) 

. 

T2’ type of processes (signal decay due to non-moving spins experiencing different magnetic fields) are 

treated separately in terms of T2 because their effects can be reversed and cancelled by applying a 180 
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degree RF refocusing pulse, subsequent to a 90 degree excitation pulse (Hahn, 1950). This causes the 

occurrence of what is called a spin echo. The technique is also referred to as refocusing the signal. 

1.5.5 Multiple spin echoes and quantitative imaging 

Besides the reversal of T2’ signal decay, there are benefits of refocusing the signal more than once per

one excitation by means of multiple spin echoes. If it is refocused successfully, the signal can be 

acquired subsequent to each refocusing pulse. Exponential fitting of the resulting curve of echo 

amplitudes allows for quantitatively probing the water content and the true T2 value (not affected by 

T2’) of each pixel, with fit parameters being M0 and T2 (Eq. 10). Quantitative imaging refers to obtaining

MR images in which pixel values directly relate to physical sample quantities, such as the proton 

density and the signal relaxation times (T1, T2) (van As et al., 2009).  

Figure 8 Comparison of a single-spin echo (SSE) (a) and multi-spin echo (MSE) (b) imaging 

pulse sequence. In both cases (SSE and MSE) the sample is excited by means of a 

90 degree pulse, after which the signal decays according to the relaxation time T2, 

reflecting physicochemical sample characteristics and proton mobility in the 

sample. In a SSE pulse sequence the signal is refocused by means of a single 180 

degree pulse, and acquired after a certain echo time (TE). In a MSE pulse sequence 

the signal is refocused and acquired many times per excitation and TE is typically 

chosen shorter. 

Besides imaging quantitatively, another important advantage of acquiring the signal many times per 

excitation instead of only once is a more efficient use of measurement time, which is especially 

valuable when B0 and therefore the inherent signal-to-noise ratio (SNR) of an NMR measurement is 

low (Callaghan, 1991). Relatively low magnetic fields (0.25 to 1 Tesla) are a property of mobile 

permanent magnets, compared to stationary superconducting ones. The difficulty of using a multi-spin 

echo (MSE) type of pulse sequence, however, is the cumulative effect of small turn angle errors of the 

magnetization (which cause what is referred to as stimulated echoes), caused by small errors in the 

180 degree pulses. This problem can be solved by periodically altering the relative orientation of 
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successive 180 degree pulses in the xy-plane and the receiver orientation. This approach, referred to 

as phase cycling, adds up spin echoes, while the unwanted stimulated echoes cancel each other. 

Phase cycling patterns for the purpose of NMR (non-imaging) have been developed by H. Y. Carr and 

E. M. Purcell (1954) and Meiboom and Gill (1958) (CPMG). For imaging applications the presence 

of field gradients (see the next section) poses a particular challenge for acquiring accurate T2 images 

(Poon & Henkelman, 1992). On the basis of specific phase cycling patterns, these problems have 

been solved for the purpose of imaging water content and T2 in plants quantitatively (Edzes et al., 

1998), as well for the purpose of combining fast imaging and flow (Scheenen et al., 2000).  

1.5.6 Spatial encoding with magnetic field gradients 

The NMR principle can be utilized to obtain the spatial distribution of the spins in one or more 

directions, referred to as MR images in case of a 2D distribution. For this purpose, switched linear 

magnetic field gradients (Gx,y,z) in different directions are superimposed on top of B0 and B1 to spatially 

define or encode the sample magnetization. This is done by gradient coils that are positioned within 

the magnet and typically outside of the receiving RF coil. 

In 2D imaging mode and when obtaining an image in the xy-plane, in the z-direction a slice encoding 

gradient Gz is present during the 90 degree pulse. This results in the resonance condition (Eq. 6) to only 

apply to the spins within a particular slice thickness (TH), depending on the spectral width (SW), which 

is the frequency window chosen to be picked up by the RF coil. Accordingly, the slice thickness (TH) 

can be chosen by adjusting those corresponding parameters 

𝑇𝐻 = SW𝛾 𝐺𝑧 (14) 

. 

Spatial encoding in the x-direction is achieved by superimposing a frequency or read gradient during 

signal acquisition, which result in a spatial dependency of the Larmor frequency in the corresponding 

direction  𝜔0(𝑥) = 𝛾𝐻(𝐵0 + 𝐺𝑥𝑥) . (15) 

The frequency interval of a pixel Δ𝜔𝑝𝑖𝑥 is determined by the gradient strength Gx , the pixel width in

real space Δ𝑥 in the encoding direction and the gyromagnetic constant 𝛾𝛥𝜔𝑝𝑖𝑥 = 𝛾 𝐺𝑥 𝛥𝑥 , (16) 

and must not be exceeded by the inhomogeneity of the magnet (Δ𝐵0)  over the same distance.

Spatial encoding in the y-direction is achieved by applying a phase gradient pulse Gy in between the 

excitation and the acquisition of the signal for the duration of ty, which causes M⊥ to pick up a position 

(y) dependent phase
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This step is repeated Nph times with different phase gradient values. The linear relation of phase and 

position is utilized for obtaining an image with Nph pixels in y direction.  

Frequency and phase encoding together result in M⊥ to have a spatial dependency in two directions, 

which results in the following term for the signal 𝑆 ∝ ∫ ∫ 𝑑𝑥 𝑑𝑦 𝑀⊥(𝑥, 𝑦) exp(𝑖 (𝜔(𝑥) 𝑡 + 𝜙(𝑦))) . (18) 

Right after applying an ideal 90 degree pulse M⊥ equals M0, which in turn is proportional to the spin 

density. Therefore, a 2d Fourier transform (2DFT) of the signal results in a function for the spin density 

in the xy-plane 𝜌(𝑥, 𝑦) ∝ 2𝐷𝐹𝑇𝜔𝜙(𝑆) , (19) 

which in z-direction is limited to the slice thickness and can be plotted as a 2D MR image. 

1.5.7 Using T2 to probe the internal sample structure 

In plants cells the largest vacuoles and conduits with the widest diameters give rise to the longest 

T2 relaxation times. The T2 of the bulk liquid is up to 2 s for pure water, whereas narrow pores, 

conduits or small cells give rise to T2s that are much smaller (tens of milliseconds). The true 

relaxation time constant is the result of molecular processes which can be subdivided into three 

different kinds. They are the intrinsic or bulk relaxation of the fluid, surface relaxation processes 

and relaxation due to diffusion 1T2 = 1𝑇2,𝑏𝑢𝑙𝑘 + 1𝑇2,𝑠𝑢𝑟𝑓 + 1𝑇2,𝑑𝑖𝑓𝑓 (20) 

. 

At decreasing lumen size, due to the growing surface-to-volume ratio, the influence of surface 

relaxation processes grows. Therefore, the dimensions of the sample structure that the water is 

contained by can be probed on the basis of T2. This principle is used in well logging (probing subsurface 

properties with low-field sensors that are lowered into a bore hole) for measuring the  porosity, 

permeability and other quantities of sandstone (Kleinberg, 1999).  

For living plant tissue the correlation between the sample structure and the observed T2 has been 

tested in different crops by van der Weerd et al. (2001). They also successfully modeled the correlation 

between the observed T2,obs and the structural dimensions of living plant tissue, assuming the plant 

cells to be ellipsoidal (with radii Rx,y,z), on the basis of the following equation 

(21)
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1T2,obs = 𝐻 ( 1𝑅𝑥 + 1𝑅𝑦 + 1𝑅𝑧) + 1𝑇2,𝑏𝑢𝑙𝑘 , 

with the sink strength density H, which was found to be proportional to membrane permeability (Snaar 

& H. Van As, 1992). The more general form of Eq. 21 had been stated by Brownstein and Tarr (1979), 

using the surface to volume ratio (S/V) 1T2,obs = 𝐻 𝑆𝑉 + 1𝑇2,𝑏𝑢𝑙𝑘 (22) 

. 

1.5.8 Signal decay due to diffusion 

Besides T2- and T2’-processes, another type of signal decay process that causes signal attenuation, but

other than T2’-processes cannot be compensated by the use of 180 degree pulses, is the diffusion of

water molecules (i.e. spins) through local magnetic field gradients. Such field gradients can be 

inhomogeneities of B0, magnetic susceptibility inhomogeneities or imaging gradients that are used to 

spatially encode the signal. Attenuation caused by water molecules diffusing through field and 

susceptibility inhomogeneities scales with the product of the spin diffusion constant and the echo time 

squared. Accordingly, signal decay due to diffusion is significantly decreased by using short echo times. 

In plants, especially when drying down, susceptibility inhomogeneities at air-water-interfaces are a 

major cause of signal attenuation. Since the mean square distribution of local magnetic field gradients 

relates to B0² (Edzes et al., 1998), lower field strengths have been shown to result in longer observed 

T2 values in the same cherry tree stem (Homan et al., 2007). Attenuation caused by diffusion through 

imaging gradients scales with 𝐷/Δ𝑥 (where D is the spin diffusion constant, and Δ𝑥 pixel size) and is

therefore negligible at pixels sizes beyond 100 µm (Edzes et al., 1998). 
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1.6 Motivation and thesis objectives 

Due to shifts in temperature and precipitation patterns (Dai, 2013; Trenberth et al., 2014), forests 

worldwide are expected to experience an increase in duration and frequency of drought events, 

potentially resulting in widespread forest dieback. Some of the worlds forested ecosystem have been 

found to already respond to climate change with higher background tree mortality rates (Allen et 

al., 2010;  Williams et al., 2013; Brodribb et al., 2020; Schuldt et al., 2020). 

Trees and forests are relevant for human life in ways that far exceed their economic value. Wood 

serves as an energy source and building material, but on a global scale forests are also critical for 

biodiversity (Gibson et al., 2011), and are considered a global carbon sink with the potential to reduce 

the rising atmospheric CO2 levels (Keenan & Williams, 2018). Also, forests have a major impact on 

global water cycles, as transpiration from plants plays a major role in returning precipitation back to 

the atmosphere (Schlesinger & Jasechko, 2014). Besides threatening the earths largest land 

ecosystems, extensive forest dieback may therefore also result in atmospheric and hydraulic feedback 

loops with unpredictable consequences. 

To estimate the potential effects of different drought scenarios for forested ecosystems a better 

understanding is required of how drought stress causes plant death. The question is a complex one, as 

the response of plants has to be taken into account in terms of water potentials, metabolism, stomatal 

conductance and others, when plants face decreasing soil water potential and high transpiration rates, 

as well as pathogens (Brodersen et al., 2019). Hydraulic failure, i.e. the breakdown of the xylem 

transport process to a life threatening degree, however, is considered the lethal breaking point of 

many tree species (Tyree and Zimmermann, 2002; McDowell et al., 2008; Choat et al., 2012). A more 

detailed understanding of how anatomical traits (i.e. conduit number, size and connectedness) relate 

to xylem vulnerability are relevant for the development of comprehensive hydraulic models of plants 

(Papastefanou et al., 2020). This may provide the ability to choose species and varieties that are better 

able to withstand climate change and drought. 

MRI offers a number of unique opportunities to study water dynamics in plant xylem non-invasively. 

In contrast to HRCT and neutron radiography, obtaining information about the interior of the sample 

does not rely on the sample absorbing high-energy photons or neutrons. Instead, by fulfilling the 

resonance condition, the protons of the water in the sample are caused to coherently emit an NMR 

signal, which carries information about this water, as well as the sample structure. This can allow for 

quantitative imaging, which refers to pixel values that directly relate to individual physical sample 

parameters. Examples are the proton density, which has been used to monitor the water content of 

different plant tissues (Schepper et al., 2012; Robert et al., 2014), while the signal decay time (T2) has 

been linked successfully to the xylem anatomy of cherry trees (Homan et al., 2007) and poplar (Windt
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et al., 2007). MRI is capable of acquiring sub-pixel information, as pixel values reflect information on 

the sample geometry, even if this geometry is not resolved spatially. Depending on the context and 

research question at hand, this aspect has the potential to compensate for the limited spatial 

resolution MRI provides. 

A particular advantage of MRI over HRCT is the ability to do high numbers of repeated measurements 

on the same sample, as in most cases the sample energy deposition of MRI can be considered 

negligible. An open question that may benefit from the ability to do repeated measurements is if plants 

can adapt to drought stress (plasticity, Anderegg, 2015). The ability to monitor xylem dry-down 

development and spread of emboli at high time resolution has been illustrated in grapevine (Holbrook

et al., 2001; Hochberg et al., 2016a) and acer (Zwieniecki et al., 2013), and in the future may help to 

answer the question how some plants are able to refill conduits despite substantial negative xylem 

pressure (Brodersen & McElrone, 2013). 

Accordingly, MRI offers unique advantages over approaches such as HRCT and neutron radiography, 

namely the ability to measure water content, diffusion times and other parameters directly, 

quantitatively and with a negligible sample energy deposition. Those advantages are utilized routinely 

in medical MR imaging and their potential for studying xylem desiccation in vivo has been illustrated 

for angiosperms with large vessels (Holbrook et al., 2001; Clearwater & Clark, 2003; Kaufmann et al., 

2009; Choat et al., 2010; Hochberg et al., 2016a), but also in different tree species without xylem 

conduits being spatially resolved (Utsuzawa et al., 2005; Zwieniecki et al., 2013; Fukuda et al., 2015; 

Umebayashi et al., 2016). The latter was done by utilizing pixel values as a proxy measure of the 

percentage of embolized xylem. 

Accordingly, the potential to use MRI in the context of monitoring xylem dry-down has been shown in 

a fair number of studies. The technology, however, is far from being used routinely for this purpose. 

The main reasons are that affordable, plant-suitable MRI scanners and imaging methods are largely 

unavailable. Most MRI scanners are designed under the assumption that the machine will not be 

moved, and that it will be used in an environment that is temperature stable and shielded from 

electromagnetic noise. The use of smaller, dedicated and open scanners, that are based on small 

permanent magnets, has been limited to experts who are able to modify and build their own imaging 

equipment (Rokitta et al., 2000; Fukuda et al., 2007; Kimura et al., 2011). Existing approaches to use 

MRI scanners in the field require significant effort to move the machine about and set it up, due to the 

size and weight of the magnet (Jones et al., 2012; Nagata et al., 2016), as well as the different electronic 

components that are required for MR imaging (Kimura et al., 2011). 
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This thesis addresses some of the key challenges that prevent the broader use of MRI to image 

embolism formation in tree xylem. This is done by designing custom MRI hardware, and programming 

dedicated image acquisition software and data evaluation routines specifically for this purpose. It was 

tested if imagers can become significantly smaller and lighter, while still providing in vivo images of 

high anatomical detail, ideally in the field. 

To this end, the following hypotheses are investigated and discussed: 

I. The use of a multi-spin echo imaging pulse sequence compensates for the imperfect

homogeneity and lower field strength of small-scale and open permanent magnets.

II. Quantitative MR imaging allows the detection and visualization of xylem emboli, even if xylem

conduits are not spatially resolved.

III. Xylem vulnerability curves can be obtained from quantitative water content and T2 images.

IV. All imaging components can become sufficiently small and robust for imagers to be easily

moved, set up and used in a greenhouse or in the field.
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2 Integration of first authorship publications 

2.1 Publication I: A small‐scale MRI scanner and complementary imaging method to 

visualize and quantify xylem embolism formation 

Marco Meixner, Martina Tomasella, Petra Foerst, Carel Windt 

Background 

Magnetic resonance imaging is rarely used in the field of plant hydraulics, despite different benefits 

and its successful use for imaging xylem embolism formation in vivo in different studies. A major reason 

is that affordable, small and plant suitable imagers are not commercially available. In this paper a novel 

magnetic resonance imaging approach was tested in the context of visualizing the formation of xylem 

emboli in young trees. A small and open permanent magnet was paired with a set of open, custom-

made imaging gradients. The magnet was sufficiently light and small to be mounted on the stem of 

young trees in between branches and leaves with little effort. The two main drawbacks of using a small 

open magnet are low field strength and poor homogeneity of the magnetic field. It was examined if 

those limitations can be compensated to a sufficient degree by using strong custom-made gradient 

coils and a multi-spin echo imaging pulse sequence. The imaging approach was tested by non-

invasively monitoring the stems of young beech trees that were bench dehydrated inside the magnetic 

resonance imaging system. Subsequent to the dry-down experiments, microscopy images were 

obtained at the position where the magnetic resonance imaging had been conducted.  

Results 

The benefits of using a multi-spin echo imaging pulse sequence with a large number of echoes and 

short echo times was found to be beneficial in three different ways when using a small open 

magnet. The low signal amplitude was compensated as the signal was picked up as often as possible 

per excitation. The short signal decay time (due to the low field homogeneity) was compensated 

as the signal was rapidly refocused. Finally, the ability to obtain and fit a signal decay curve for 

every pixel allowed to obtain quantitative water content (A) and T2 parameter images, as well as 

A*T2 product images via pixelwise multiplication. 

All three types of images were utilized to detect the cavitation of xylem vessels in beech, despite the 

fact that those vessels could not be spatially resolved. T2 images showed higher sensitivity to a limited 

number of vessels drying down in a pixel. By means of a simulation this effect was shown to be caused 

by the longer T2 values of water in larger lumina. Xylem vulnerability curves were successfully obtained 

on the basis of binarizing water content and A*T2 product images; the latter approach yielded slightly 
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more accurate sigmodial fits than the former. Both approaches were in agreement with beech 

vulnerability curves from literature. 

Author contributions 

Marco Meixner and Carel Windt designed, built and programmed the magnetic resonance imager. 

Marco Meixner performed the experiments and analyzed the data. Martina Tomasella prepared the 

anatomical sections and microscopic images. Marco Meixner and Carel Windt wrote the manuscript 

with contributions from Petra Foerst and Martina Tomasella. 
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Summary

� Magnetic resonance imaging (MRI) is a useful tool to image xylem embolism formation in

plants. MRI scanners configured to accept intact plants are rare and expensive. Here, we investi-

gate if affordable small-scale, custom-built low-fieldMRI scanners would suffice for the purpose.
� A small-scale, C-shaped permanent magnet was paired with open, plane parallel imaging

gradients. The setup was small enough to fit between leaves or branches and offered open

access for plant stems of arbitrary length. To counter the two main drawbacks of the system,

low signal to noise and reduced magnetic field homogeneity, a multi-spin echo (MSE) pulse

sequence was implemented, allowing efficient signal acquisition and quantitative imaging of

water content and T2 signal relaxation.
� The system was tested visualizing embolism formation in Fagus sylvatica during bench

dehydration. High-quality images of water content and T2 were readily obtained, which could

be utilized to detect the cavitation of vessels smaller than could be spatially resolved. A multi-

plication of both map types yielded images in which filled xylem appeared with even greater

contrast.
� T2 imaging with small-scale MRI devices allows straightforward visualization of the spatial

and temporal dynamics of embolism formation and the derivation of vulnerability curves.

Introduction

As a result of shifts in temperature and precipitation patterns,
forests worldwide are expected to experience an increase in dura-
tion and frequency of drought and widespread forest dieback
events (Dai, 2013; Park Williams et al., 2013; Trenberth et al.,
2014). One of the main causes of drought-induced tree mortality
is thought to be embolism formation, resulting in reduced xylem
conductivity and, ultimately, hydraulic failure (McDowell et al.,
2008; Choat et al., 2018). While there is a good basic under-
standing of, and a large body of literature on, xylem embolism
formation, most of it is based on results obtained by means of
invasive methods, applied to excised stem pieces. Only in recent
decades have noninvasive imaging methods emerged that allow
the spatially explicit visualization of the dynamics of xylem
embolism formation and spread (Fukuda et al., 2015).

High-resolution computed tomography (HRCT) is currently
the most used noninvasive method and is known for the excellent
resolution that it affords (Choat et al., 2016). It has, for instance,
been shown to be capable of fully resolving individual xylem ves-
sels in three dimensions (3D; Brodersen et al., 2010, 2011; Choat
et al., 2016). However, an important drawback of HRCT is the

use of ionizing radiation. It was found to damage living tissue
(Savi et al., 2017) and cause growth inhibition (Dhondt et al.,
2010) and disruption of cellular function (Petruzzellis et al.,
2018). It is thus less suitable for long-term repeated observations
or for investigations of recovery, even though current evidence
suggests that xylem vulnerability per se, as it primarily depends on
the integrity of the dead xylem structure rather than on its living
cells and surroundings, is not easily affected by HRCT.

Magnetic resonance imaging (MRI, also known as nuclear mag-
netic resonance (NMR) imaging) is unusual in that it does not, in
contrast to most other imaging or sensing methods, image the
absorption of radiation in the visible or X-ray domain. Inside an
magnetic resonance (MR) magnet, protons in water within a sam-
ple can be excited to emit a weak radio signal. The latter is achieved
by means of radio frequency (RF) signals of an appropriate fre-
quency and amplitude, neither damaging nor appreciably heating
up the sample. MRI is thus well suited for continuous or long-term
measurements. The technology has been used to image structure
and anatomy (Robinson et al., 2000; Metzner et al., 2014; Hesse
et al., 2018), plant water content (Schepper et al., 2012), and to
measure phloem and xylem sap flow (K€ockenberger et al., 1997;
Scheenen et al., 2000; Windt et al., 2006). For detailed reviews and
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more examples see van As et al. (2009) and Borisjuk et al. (2012).
In the scope of plant hydraulics, MRI has been used to study
embolism formation (Choat et al., 2010; Fukuda et al., 2015),
refilling (Holbrook et al., 2001), hydraulic vulnerability segmenta-
tion (Hochberg et al., 2016) and the spread of disease in the xylem
(Utsuzawa et al., 2005).

In the context of embolism formation, large high field stationary
imagers based on superconducting or resistive magnets have been
employed to study grapevine (Holbrook et al., 2001; Choat et al.,
2010; Hochberg et al., 2017), woody lianas (Clearwater & Clark,
2003), maple (Zwieniecki et al., 2013) and various herbaceous
species (such as the stem of cucumber by Scheenen et al. (2007),
roots of maize by Ilja Kaufmann et al. (2009) and tomato pedicel by
van deWal et al. (2017)). However, despite their proven utility, large
stationary MRI scanners that are suitable for imaging living plants
are rare. The problem is not only the significant cost of such systems,
but also the fact that most imagers have an unfavorable hardware
configuration. The most limiting factors are: the inaccessibility of the
magnet for intact plants (e.g. bore not wide enough, bore horizontal
instead of vertical, isocenter not accessible for other reasons); the
strength and accessibility of the imaging gradients (imaging gradients
do not offer access or cannot be opened, maximum gradient strength
too low for microimaging of small samples); or size and accessibility
of the RF coil (coil too large relative to the sample to achieve a satis-
factory signal-to-noise ratio, coil cannot be split to accept long sam-
ples such as stems). For these reasons, imaging plants has so far
remained the domain of laboratories that have the technical
knowhow to modify their equipment to match the geometry of the
plant organ of interest and research question at hand.

Small-scale imagers based on permanent magnets have the
potential to make MRI of plants much more affordable and can
be tailored for use on plant stems (van As & van Duynhoven,
2013). C-shaped magnets (Umebayashi et al., 2011; Lechthaler
et al., 2016) or ring-shaped Halbach magnets that can be opened
from the side (Windt & Bl€umler, 2015) may be especially well
suited to image plants. Indeed, a number of such imagers have
already been applied to study xylem embolism formation and
pine wilt disease (Umebayashi et al., 2011; Fukuda et al., 2015;
Ogasa et al., 2016; Umebayashi et al., 2016).

The technology to make small-scale imagers more broadly
available thus seems within reach. However, so far, most small-
scale MRI scanners still appear to be based on design principles
from medical imaging. They employ strong and highly homoge-
neous magnets, relatively weak imaging gradients, and run single-
spin echo (SSE) imaging sequences (i.e. a sequence of commands
to operate an MRI scanner; see Fig. 1) with very long echo times.
These specifications are optimal for applications on animals or
humans, but will have drawbacks for applications on plants.
Highly homogeneous magnets have desirable traits: they allow
imaging with narrow spectral widths, thus reducing external RF
noise; they permit the use of weak imaging gradients, as a result
of which gradients can be large and wide, and gradient amplifiers
need only modest power; and they allow 3D and multi-slice
imaging over large fields of view. However, they will also be
wider, heavier and more costly, or have a smaller air gap than is
optimal to allow access to plants. Further, their wide but slow

gradients may limit the types of imaging sequences that they can
run. SSE has been used by all small-scale MRI studies of plants to
date, but in that application it has many drawbacks. Advanta-
geous properties of SSE are that it is robust, does not require fast
gradient switching and allows for easy implementation of multi-
slice imaging: it is one of the most efficient ways to image a 3D
volume with optimal signal to noise. However, in plant stems
where 3D imaging is not needed, SSE mainly has drawbacks. In
single slice mode it inefficiently samples the available NMR sig-
nal (Fig. 1). Furthermore, especially if acquired with long echo
times, the resulting images will not only be weighted by water
content, but also by tissue-dependent differences in signal relax-
ation (T2). SSE images thus do not quantitatively reflect either of
these two quantities, and for that reason, may be difficult to
interpret.

We propose here that a multi-spin echo sequence (MSE)
would be much better suited when imaging plants with small-
scale MR imagers, in which field strength inherently limits sig-
nal-to-noise performance. Using MSE, the exponentially decay-
ing signal is sampled many times per excitation (Fig. 1). This
makes for efficient signal acquisition and enables quantitative
proton density imaging, even when long repetition times are
required to avoid signal loss as a result of saturation. An addi-
tional benefit is that MSE (at short echo times) is relatively
insensitive to magnet inhomogeneity (Donker et al., 1997). In

(a)

(b)

Fig. 1 Comparison of a single-spin echo (SSE) (a) and multi-spin echo
(MSE) (b) imaging pulse sequences. In both cases (SSE and MSE) the
sample is excited by means of a 90� pulse, after which the signal decays
according to the relaxation time T2, reflecting physicochemical sample
characteristics such as proton mobility. In an SSE sequence the signal is
refocused by means of a single radio frequency pulse (180� pulse), and
acquired after a certain echo time (TE). In the SSE sequence this happens
only once and TE is usually chosen to be very long. In the MSE sequence
used here, the signal is refocused and acquired many times per excitation
and TE is chosen to be as short as possible. S0 is the amplitude of the signal
immediately after excitation.
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the data analysis following MSE acquisition, a monoexponential
fit of the decaying signal for every pixel in the image will yield
quantitative parameter maps of proton density (i.e. water con-
tent) and the relaxation time of the signal (T2). T2 is highly cor-
related to water mobility and compartment size (van der Weerd
et al., 2000) (also see Theory section). The T2 relaxation time of
water in wide lumina such as xylem vessels is much longer than
that in the surrounding tissue, a property that can be measured
even if the vessels themselves cannot be resolved (Windt et al.,
2007; Schepper et al., 2012; Robert et al., 2014). This may
make T2 a valuable parameter for monitoring the cavitation of
vessels, even if they are smaller than the pixels.

In this study we demonstrate how a small-scale MRI scanner
and complementary imaging method based on MSE can be used
to visualize and quantify embolism formation. We constructed a
magnet in which size, weight, robustness, pole gap width and
accessibility for stems and branches was prioritized over sheer mag-
net homogeneity. The device was fitted with custom-built, plane
parallel gradients that are open from the front, yet strong and fast
enough to enable the use of MSE-type sequences, programmed on
a small-scale spectrometer. Embolism formation was visualized
and quantified using Fagus sylvatica (European beech) as a model
species, a tree that is both drought-sensitive and of high economic
relevance (Leuschner et al., 2006; Tomasella et al., 2019).

Theory: T2 relaxation behavior in plants

Nuclear magnetic resonance relies on the fact that certain nuclei
have a magnetic moment (spin). In plants the most abundant
nucleus with spin is the proton (i.e. the nucleus of hydrogen 1H).
When placed in a strong homogeneous magnetic field, protons
will orient themselves along with and opposite to the field direc-
tion. One of these two states will be slightly more populated,
leading to a weak sample magnetization. After exciting the sam-
ple with an appropriate RF pulse, a signal can be detected as the
protons induce a weak voltage in an RF coil placed around the
sample (Schild, 1992; K€ockenberger et al., 1997). Two types of
signal relaxation can be distinguished: spin-lattice relaxation (T1)
and spin-spin relaxation (T2) (Haacke et al., 1999). In the con-
text of this study, only T2 relaxation is of interest.

Spin–spin–relaxation describes the exponential decay of the
amplitude of the signal (S) immediately after excitation (S0), and
is strongly correlated with proton mobility (Fig. 1). It reflects
intra- and intermolecular proton–proton interactions that cause
the signal (S) to decay exponentially as a function of time (t):

S ¼ S0 exp �
t

T2

� �

: Eqn 1

Signal amplitude S0 thus linearly and quantitatively correlates
with proton density, and, after normalizing against a phantom of
100% water, can be used to quantify the amount of water (A) in
a pixel in absolute or relative terms.

The T2 relaxation time of watery solutions in confined compart-
ments or pores is a function of their inherent T2 relaxation time,
and the probability that water molecules of the solution reach the

compartment membrane or wall (Brownstein & Tarr, 1979). Pro-
tons that pass through membranes are likely to end up in narrow
compartments with much smaller relaxation times (cytoplasm, cell
wall, intracellular spaces) and thus more rapidly lose their magneti-
zation, or may interact with the compartment wall directly and
lose their magnetization in that manner (van As, 2007).

Imaging maize and pearl millet, van der Weerd et al. (2001)
modeled and demonstrated this correlation in living plant tissue.
They modeled T2 relaxation (T2,obs) as a function of the T2 of
the bulk liquid (T2,bulk) and the surface to volume ratio S/V, the
latter of which scales with the inverse of the compartment size:

1

T2;obs
¼ H

S

V
þ

1

T2;bulk
: Eqn 2

The rate of wall relaxation or sink strength density H has been
found to vary as a function of membrane permeability (van der
Weerd et al., 2000), but differences in compartment size typically
dominate T2. In practice, cells with the largest vacuoles and con-
duits with the widest diameters give rise to the longest T2 relax-
ation times, approximating the T2 of the bulk liquid (up to 2 s
for pure water), whereas narrow pores, conduits or small cells give
rise to T2 values that are much smaller (tens of milliseconds).
Correlations between the wide xylem vessels and long T2 values
have been observed in poplar (Windt et al., 2007), cherry
(Homan et al., 2007), oak (Schepper et al., 2012) and Avicennia
marina (Robert et al., 2014).

In this study we test if the correlation between the relaxation
time T2 and compartment size can be utilized to detect water-
filled xylem conduits or, conversely, visualize their disappearance
as a result of cavitation.

Materials and Methods

Plant material and experimental treatment

Two- to five-year-old European beech (Fagus sylvatica) saplings
were purchased at a local nursery (Baumschule Veith, Merzenich,
Germany) and grown in a glasshouse (16 h : 8 h, 20°C : 16°C, day
: night), supplemental lighting provided by a set of metal halogen
vapor lamps (SON-T Agro 250 W; Philips Lighting, Eindhoven,
the Netherlands). They were watered every second day to capacity.

During the dehydration experiment the plants were continu-
ously illuminated by a sodium vapor lamp (SON-T Agro 400W;
Philips Lighting). Three polyethylene reference tubes (inner diame-
ter 1 mm, Perfusor Line; Braun, Melsungen, Germany) were
attached to every stem, filled with nickel nitrate-doped water (T2 =

66, 165 and 296ms). The MRI scanner was mounted around the
stems of the intact trees at 110, 110 and 85 cm above the soil, for
trees B1, B2 and B3, respectively. Stem diameters at the imaging
slice were 10.2, 9.3 and 9.9mm, respectively; the stem diameters at
the base of the tree were 30.6, 22.3 and 34.6 mm. The stems were
fixed with aluminum laboratory clamps above and below the posi-
tion of the MRI magnet, and at the base of the stem. First, MR
images of the intact, well-watered trees were acquired. Second, the
stems were cut 10 cm above the soil to initiate desiccation. The
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distances between the cut end of the stem and the imaging slice
were thus 100 cm (B1 and B2) and 75 cm (B3). The drying trees
were imaged every 2 h. After the MRI measurements, the imaged
stem section was excised and stored at �20°C for microscopy.

MRI hardware and methods

A 0.25 T, 16 kg C-shaped permanent NdFeB magnet with a
35 mm air gap was custom-built and fitted with a three-axis plane
parallel gradient set. The gradient set was etched on layers of
two-sided 105 lm copper circuit boards (Octamex, London,
UK) and mounted on an openable, aluminum frame that also
served as a Faraday cage and a heat sink (Fig. 2a). To reduce mag-
netic field drift resulting from temperature changes, the poles of
the magnet were equipped with resistive heating wire and cou-
pled to an accurate temperature controller, regulating magnet
temperature to a set point value of 29 °C. The MR imager was
connected to a standard Kea II spectrometer (Magritek, Welling-
ton, New Zealand) with a built-in 100W RF amplifier. The gra-
dients were driven by a set of three BAFPA40 gradient amplifiers
(Bruker, Rheinstetten, Germany), yielding a maximum gradient
strength of 0.24 T m–1 over a spherical volume of 25 mm. Before
placing the plant inside the magnet, an 11-turn, 15-mm-diameter
solenoidal RF coil was hand-wound around the stem with the
help of a split Teflon coil former. The magnet was mounted on
an adjustable nonmagnetic stand constructed of aluminum and
stainless steel (Fig. 2b). If built in series, it is conceivable that
small-scale MR imagers with similar specifications could be pro-
duced for less than, for example, a set of high-end portable
infrared gas analyzers.

For image acquisition, an MSE (modified Carr, Purcell, Mei-
boom, Gill sequence (Edzes et al., 1998), with an XY-8 phase
cycling scheme) type imaging pulse sequence was used. Imaging
was done using the following settings: matrix size 1289 128,
repetition time 1.5 s, 64 echoes, first echo time 3.95 ms, all subse-
quent echo times 2.01 ms for B1 and 2.1 for B2 and B3. The
slice thicknesses were 4.5, 5.5 and 5.0 mm, the fields of view
18.0, 15.5 and 14.7 mm, and the number of averages 32, 32 and
24, for plants B1, B2 and B3, respectively.

All image acquisition and initial data processing were done in
PROSPA (Magritek). First, all images were masked and phase cor-
rected according to Ma et al. (2008). Quantitative water content
(A) and T2 maps were calculated on the basis of a monoexponen-
tial fit of the signal (S(t)) for every pixel according to Eqn 1.
Water content maps were normalized by dividing them by the
average water content value of all three reference tubes. A9 T2

product maps were obtained by performing a pixel-by-pixel mul-
tiplication of the amplitude and T2 maps.

Obtaining vulnerability curves

Before each MR measurement, the plant leaf water potential was
determined according to Scholander et al. (1964). For this pur-
pose a random twig was bagged, cut off and quickly transferred
to a pressure chamber (Model 1000; PMS Instrument Co.,
Albany, NY, USA). On the basis of calibration curves that were
acquired by means of independently obtained dry-down mea-
surements, we found the difference between stem and leaf water
potential to be insignificant for beech saplings after stomatal clo-
sure occurred, at water potentials of �1.5 MPa and lower.

(a) (b)

Fig. 2 (a) Schematic representation of the small-scale magnetic resonance imaging (MRI) magnet and plus probe head. The magnet as well as the plane
parallel imaging gradient coils are open and fully accessible from the front, allowing trees or branches to be slid in. Arrows indicate how the split coil and
the probe head close around the plant. The magnet has an air gap of 35mm and a spherical homogeneous region of 25mm in diameter, defining the
maximum field of view. The probe head and radio frequency (RF) coil are slightly more restrictive, allowing for a maximum object diameter of 20mm.
(b) The complete instrument. The magnet is borne by an adjustable nonmagnetic support. Three large gradient amplifiers and associated components are
mounted in the wheeled aluminum trolley; on top of it an aluminum enclosure is visible that contains the spectrometer.
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To obtain vulnerability curves (VCs), xylem masks were cre-
ated for all measurements. The xylem region was selected by
hand, excluding the phloem, bark and reference tubes from fur-
ther analysis. Slight changes in stem position over the course of
the dry-down experiment were corrected by shifting the masks
accordingly. VCs were calculated using four different methods.
First, by determining the loss of conductivity on the basis of the
number pixels lost within binarization masks of (method 1) the
amplitude or (method 2) the A9 T2 product maps; and second,
on the basis of the loss of the total proton density (i.e. the
amount of water per pixel) that was lost during dry-down from
within the previously mentioned binarized masks, made on the
basis of water content (method 3) or A9 T2 product maps
(method 4).

To obtain a relative value for the embolized xylem area
(%emb), the initial pixel count or amplitude sum (Pinitial) and the
final pixel count or amplitude sum (Pmin) were calculated from
the number of pixels above threshold (Pabv):

%emb ¼ 100 �
Pinitial � Pabv
Pinitial � Pmin

: Eqn 3

The resulting curves of all four approaches mentioned were fit-
ted with a sigmodial function (Pammenter & van der Willigen,
1998):

%embðwxylemÞ ¼
100

1þ exp S
25 ðwxylem � w50Þ

� � ; Eqn 4

where the slope and the position of the curve in x-direction are
denoted by S and Ψ50, respectively, the latter indicating the water
potential at which 50% of the xylem is embolized. All fits were
performed with MATLAB (Mathworks, Natick, MA, USA) and fit-
ting errors were calculated according to Press (2002).

Light microscopy

After the dry-down experiment, the imaged stem pieces were
marked and excised. Transverse sections of 20 µm were prepared
with a sliding microtome (GSL1; Schenkung Dapples, Z€urich,
Switzerland) and stained with a 1 : 1 (v/v) mixture of safranin
and astrablue, following G€artner & Schweingruber (2013).
Images of the cross-section were obtained with a digital camera
connected to a light microscope (Leica Microsystems GmbH,
Wetzlar, Germany), at a magnification of 94 in combination
with a digital camera (Kappa PS30; Kappa optronics GmbH,
Gleichen, Germany). All images were merged with Adobe PHO-

TOSHOP CS2 to obtain the picture of the whole cross-section.

Results

Imager and imaging

The half-open C-shaped design of the small-scale MR imager
allowed mounting of the setup on a plant in < 20 min. Although
still 16 kg, the weight of the magnet was low enough to allow its

position, height and angle to be adjusted easily and by hand. An
MSE imaging sequence (Edzes et al., 1998) was implemented
and run continuously, which can be thermally challenging for a
gradient set without active cooling. Here, up to 64 echoes could
be acquired, for all examples shown in this study, without over-
heating the gradient system. The prototype imager proved to be
reliable, allowing continuous operation during several months of
tests and dry-down experiments.

Water content and T2 maps of stems of well-watered beech
saplings were acquired, in which seven different types of tissue
could be clearly identified (from outside to inside): bark, phloem
and cambium, early- and latewood of the annual xylem rings, the
pith and (in B1) xylem parenchyma rays. Despite the fact that all
trees were furnished by the same grower, were of the same geno-
type and of comparable heights and stem diameters, their
anatomy revealed strongly varying life histories. B1 and B3 had
five annual rings at the imaging position, whereas B2 had only
two. The current-year annual ring in B1 exhibited evidence of
much faster growth than the annual rings from earlier years,
whereas both annual rings of B2 showed fast growth.

The most striking features of the parameter maps were the
bright bands in the annual rings, which became visible in the
amplitude maps as well as in the T2 maps. The contrast of these
bright rings was fairly low in the amplitude maps, but much
higher in the T2 maps and could be improved even more by mul-
tiplying the two parameter maps to yield A9 T2 product maps
(Fig. 3). The latter procedure resulted in images with excellent
contrast and low noise that did not require any image manipula-
tion to remove spikes resulting from erroneous fitting in areas of
low signal intensity.

The bright rings of high water content and long T2 were
clearly associated with a high density of wide vessels, except for
the oldest annual ring. This was illustrated by matching the
microscopic xylem structure accurately with the MR images,
overlaying the microscopy image of B3 with its T2 map (Fig. 4).
The water content in those bright rings was c. 70% (Fig. 3, row
I), while the darker latewood surrounding those regions showed
values of c. 30%. The T2 maps showed a similar pattern but with
much greater contrast (row II). The bright rings had T2 values of
c. 90 ms, while the remaining tissue exhibited values of c. 20 ms.
The bright xylem rings in the T2 maps were slightly wider than
those in the amplitude maps.

Imaging embolism formation

During the dry-down experiment three beech saplings were
bench dehydrated, while an MR measurement and a water poten-
tial measurement were conducted every 2 h. Of the resulting time
series of images and water potential measurements, only the five
sets that show the most significant changes are displayed (Fig. 5).
Videos incorporating all product images that were acquired dur-
ing dry-down of each plant are provided in Supporting Informa-
tion Videos S1–S3.

In all parameter maps (water content (A), T2 and A9 T2) the
bright rings in the xylem were found to progressively disappear at
increasingly negative water potentials, supporting the idea that
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the declining water content and the change in T2 corresponded
with the loss of water from previously filled xylem vessels. The
percentage change in water content was much smaller than the
percentage change in T2. The average amplitude loss observed for
pixels with filled xylem vessels over the course of the dry-down
ranged from 37% to 48% (B1, 37.1%; B2, 48.4%; B3, 35.5%),
concomitant with a decrease in water potential of c. �1 to
<�5MPa. The corresponding changes in T2, however, were
about twice as large and ranged from 67% to 72% (B1, 72.3%;
B2, 71.3%; B3, 67.9%). At the end of the dry-down experiment,
at water potentials < �5MPa, in all three trees the residual xylem
water content was c. 30% with a T2 value of around 20 ms. As
shown in Fig. 5, the contrast provided by the water content and
T2 maps could be improved even further by multiplying the two
parameters. The resulting A9 T2 product maps were found to
show even greater percentage changes over the course of the dry-
down (B1, 81.7%; B2, 85.0%; B3, 78.9%).

In most beech stems, the oldest annual rings lost water and
showed declining T2 values before the younger ones did. The

only exception was the second annual ring in B3, which lost
water before the third one (rings counted from the outside). For
all beech trees, a homogeneous radial spread of emboli within the
annual rings was observed, resulting in a narrowing of the bright
xylem sections. As the dry-down continued, the radial spread of
emboli within the rings was accompanied by a tangential spread.
For all trees, the latewood within the rings was affected first (sig-
nal decline < �2MPa), the earlywood last. Before the dry-down,
in B1 a domain of low water content and T2 within the current
annual ring was already showing, extending in tangential direc-
tion (arrow in Fig. 5a, row III). Below �3MPa this domain of
low water content and T2 values grew larger and spread in tan-
gential and radial directions.

Vulnerability curves

Four methods to approximate the percentage loss of conductiv-
ity (PLC) were tested: (1) calculation of PLC on the basis of
the loss of number of pixels containing water-filled vessels,
determined on the basis of binarized amplitude maps; (2) as
method 1 but calculated on the basis of binarized A9 T2

Fig. 3 Comparison of amplitude (A), relaxation time (T2) and A9 T2
product maps of the stems of three well-watered beech (Fagus sylvatica)
trees (B1, B2, B3), measured before commencing the dry-down
experiment, and optical microscopy of the same positions in the stems
after harvesting (bottom row). The first row shows the signal amplitude
maps in au, normalized to relate linearly and quantitatively to water
content (0–80%); the second row illustrates T2 relaxation maps in ms; the
third shows the product maps of amplitude and relaxation time. Bars
indicate the values corresponding with black (minimum) and white
(maximum) values. Next to the plants three reference tubes are visible.
The fourth row shows microscopy images of each plant at the same
position.

(a)

(b)

(c)

Fig. 4 (a) Overlay of the relaxation time (T2) parameter map and the
corresponding light microscopy image of beech (Fagus sylvatica) stem B3.
Region I of the image shows the T2 map, region II microscopic image, and
region III an overlay of the half transparent microscopy image with the T2
map superimposed. (b) Magnified view of the region indicated with a
dashed box in (a). (c) Further magnification of the region indicated in (b).
In this window the grid indicates the magnetic resonance imaging pixel
size (1209 120 µm).
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product maps; (3) as method 1 but based on the decrease in the
cumulative proton density in the pixels identified by means of
binarized amplitude maps; and (4) as method 3 but based on
the cumulative proton density in the pixels identified by means
of binarized A9 T2 product maps. Masks resulting from the
binarization of water content and A9 T2 product maps are
shown for five water potential values of B3 in Fig. 6(c,d). Using
Eqn 3 and fitting the result with a sigmodial function (Eqn 4),
VCs were calculated either on the basis of the number of pixels

in the binarization masks, or by summing up amplitude values
of those pixels (Fig. 6a,e,f). The exact values and error values of
r2, slope and Ψ50 for each plant are provided in Table S1. All
four approaches resulted in VCs that matched the data points
well, with values of r2 close to 1. The vulnerabilities of samples
B1 and B3 were found to be very similar (a difference of
c. 0.1MPa), whereas the Ψ50 of B2 was found to be c. 0.6 MPa
lower. An additional comparison of the four methods with all
plants grouped together, done by means of the FITPLC package

(a)

(b)

(c)

Fig. 5 A comparison of magnetic resonance
maps acquired during progressive dry-down
of three beech (Fagus sylvatica) trees (a–c,
B1, B2 and B3, respectively). Row I shows
the signal amplitude (A), normalized to relate
linearly and quantitatively to water content
(0–80%); row II shows relaxation time (T2);
row III shows the A9 T2 product maps;
corresponding water potential values are
shown underneath (WP).
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(a) (b)

(c) (d)

(e) (f)

Fig. 6 Vulnerability curves (VCs) based on binarized amplitude and amplitude9 relaxation time (A9 T2) magnetic resonance images of three beech (Fagus
sylvatica) trees. (a, b) VCs constructed on the basis of the cumulative pixel area of all pixels with values above a threshold in the amplitude (a) or A9 T2
product images (b). (c, d) Examples of the masks thus created are shown for five water potential values (in MPa:�0.3, �2.2, �3.5, �4.5, �5.1) in B3. (e,
f) VCs are shown that were constructed on the basis of the change in water content (i.e. amplitude) inside the same masks as before, made on the basis of
amplitude images (e) and A9 T2 product images (f). After normalizing, all curves were fitted with a sigmodial function; in the upper right corner the mean
values for r2, slope S and Ψ50 of the curves are shown. For the values of the individual curves see Supporting Information Table S1. For a supplemental
analysis of the data with the FITPLC package see Fig. S1.
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(Duursma & Choat, 2017), is provided in Fig. S1 and yielded
comparable results.

The masks based on the product maps much more clearly
reflected the filled xylem than those based on the amplitude maps
(Fig. 6c,d). This corresponds to the fact that the contrast between
filled and cavitated xylem pixels was much greater in the product
maps than in the amplitude maps, as was the signal-to-noise ratio
of the respective images.

Compared with VCs obtained from binarized product images
(Fig. 6b,f), VCs obtained from binarized amplitude images (a
and e) resulted in lower values of r2, steeper slopes and more neg-
ative values for Ψ50.

Discussion

Imaging xylem embolism formation

Despite the low field strength and the relatively low resolution
afforded by the small-scale MR imager, our method was remark-
ably successful at visualizing the appearance and spread of
embolism in the xylem. The use of an MSE imaging sequence
allowed for efficient signal acquisition, enabling the computation
of quantitative water content and T2 maps. Embolism formation
became visible in all three parameter maps that were acquired,
water content, T2 and A9 T2. The multiplication of amplitude
and T2 maps to yield A9 T2 product maps was especially helpful,
as it provided even more contrast between filled and empty xylem
than did either amplitude or T2 maps, while also yielding cleaner
and less noisy images without any further image processing.

The time resolution of the measurements (2 h) was sufficient
to visualize the spread of emboli. Embolism spread happened first
radially, from latewood to earlywood (i.e. from outside to inside),
and subsequently in a tangential direction. This was indicated by
bright (i.e. water-filled) rings becoming narrower from the outer
to the inner xylem. We did not observe a spread of emboli
between annual rings. This agrees with observations by Fukuda
et al. (2015), who saw a similar narrowing of rings from outside
to inside in Katsura and Japanese birch. Brodersen et al. (2013a,
b) observed in grapevine a radial spread of emboli as well, but in
the other direction, that is, from the pith towards the cambium
via direct connections and xylem vessel relays between vessels.

Xylem conduits in the older annual rings of all samples cavi-
tated at less negative water potentials than those in the youngest
annual rings. This is in agreement with findings of previous non-
invasive studies on angiosperms (Fukuda et al., 2015) and gym-
nosperms (Umebayashi et al., 2016). The phenomenon has been
suggested to be caused by cavitation fatigue, attributed to
repeated cycles of drought causing pit membrane degradation
(Hacke et al., 2001; Melcher et al., 2003; Hillabrand et al.,
2016).

A water content of c. 30% remained in the wood after water
potentials dropped below �5MPa, at which point most of the
bright rings had already disappeared (Fig. 5). The T2 value of this
remaining water was c. 20 ms, which is significantly lower than
the T2 value of regions with filled vessels. The T2 of the remain-
ing water is depressed, because it resides in narrow lumina such

as fiber tracheids (Schweingruber, 1990). While Fukuda et al.
(2015), by means of scanning electron microscopy, also found
remaining water in fiber tracheids surrounding cavitated vessels
in the xylem of Katsura, this water was hardly visible in their
MRI images. This may be attributed to the fact they used an SSE
imaging sequence with an echo time of 13 ms. After that time,
most signal from water in fiber tracheids can be assumed to be
lost as a result of T2 signal relaxation.

Simulating embolism detection by means of T2 relaxation

Embolism formation in vessels became visible more readily in the
T2 parameter maps than in the water content maps, confirming
that T2 provides a useful parameter with which the presence, and
subsequent disappearance, of water in filled vessels with long T2

relaxation times can be detected amongst the signal of water
within the wood around the vessel lumina. The latter pool of
water has much shorter relaxation times and is found in narrow
structures such as fibers, intracellular spaces, or cell wall matrices.
T2 thus becomes a means to gain subpixel information: if in a
pixel sufficient water is present in conduits with a T2 that is much

Fig. 7 Modeled relationship of the percentage change in amplitude (A)
and relaxation time (T2) that is expected if n vessels are present in a pixel,
and all cavitate. In the model, pixels had a size of 1209 120 µm and all
conduits had a diameter of 25 µm. The simulation is run for 0–16 conduits
with a volumetric water content of 100%with T2 values of 100, 200 and
400ms (see key). The wood around the conduits is assumed to have a
volumetric water content of 30% with a T2 of 20ms. The resulting curves
indicate a larger effect on the T2 value of a pixel than on its amplitude
value, in case only a few (one to six) vessels inside of it cavitate. The actual
average changes in amplitude and T2 that were measured in the different
beech individuals were added to the graph (filled triangles) and match well
with the modeled results.
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longer than that of water in the surrounding wood, the T2 relax-
ation time of the pixel as a whole will be elevated sufficiently to
stand out clearly.

The data acquisition and monoexponential fitting were simu-
lated to compare how the two fit parameters are affected by the
presence and subsequent cavitation of varying numbers of vessels
inside of a pixel. The NMR signal before cavitation was assumed
to be the sum of two pools of water in a pixel: water in conduits
(Scon), comprising both tracheids and vessels with longer T2 val-
ues (T2,con); and water in all other, much narrower spaces in the
wood such as fibers and intracellular lumina (Sother), with a corre-
spondingly short T2 (T2,other). After cavitation of all conduits in a
pixel, the only remaining NMR signal was assumed to originate
from water in the wood surrounding the conduit lumina.

The signals of both pools of water were calculated assuming
that all space not occupied by conduits was filled by wood, that
all conduits had a diameter of 25 µm, and that the water content
of the wood before and after cavitation remained at 30%. The
conduit diameter was chosen on the basis of the observed conduit
diameter distributions (see Fig. S2); the water content of the
wood was estimated based on the water content next to the bright
rings observed in the water content images. The NMR signal of a
pixel was subsequently modeled on the basis of Eqn 1:

Scon ¼
nconAcon

Apix
exp �

t

T2;con

� �

; Eqn 5

and

Sother ¼ 0:3� 1�
ncon � Acon

Apix

� �

exp �
t

T2;other

� �

; Eqn 6

where ncon represents the number of conduits in a pixel, Acon
their cumulative cross-sectional area, and t the time after excita-
tion. The simulated NMR signal was sampled according to the
settings used for the actual image acquisition. The resulting data
points were fitted monoexponentially, providing estimates for
amplitude and T2, calculated first for the scenario in which all
conduits were filled, second for the scenario in which all were
cavitated. To estimate the response of both parameters to cavita-
tion events, the percentage difference between the T2 values of
both scenarios was plotted against their difference in amplitude.
The simulation was run for pixels with between 0 and 16 con-
duits (see pixel sketches in Fig. 7), in which the water in the con-
duits was modeled to have T2,con values of 100, 200 and 400 ms.

The results of the simulation corresponded well with the per-
centage change observed in the images (Fig. 7). The curves
showed slopes of well over one for between one and five vessels,
indicating that the presence and subsequent cavitation of only a
few filled vessels already had a large influence on the observed T2

value of a pixel. Please note that in the model, all vessels within a
pixel are assumed to cavitate. For example, the cavitation of a sin-
gle vessel which covers 3.4% of the pixel area will cause an ampli-
tude change of 11%, but will cause an even larger increase in the
T2 relaxation time of 25–40%, depending on the value chosen
for T2,con. This difference decreased for larger numbers of vessels.

To facilitate a direct comparison between the parameter maps
and the model, the average percentage changes of water content
and T2 within the bright xylem regions were plotted in Fig. 7. In
the simulation, between three and seven vessels per pixel (ncon)
explained the changes that were observed in amplitude and T2,
for a value for T2,con of between 100 and 400 ms. Those values
accurately matched the numbers of vessels that have been found
per MRI pixel (Fig. 4c).

During dry-down, the bright rings in the T2 maps that indicate
the presence of filled vessels were always equal in width or wider
than the bright rings in the amplitude maps. This suggests that,
even when in a pixel a few but not all conduits were cavitated, the
T2 value for such a pixel would remain higher. This response
would correctly indicate the presence of filled conduits, but be
binary in nature, contrary to the amplitude maps, in which the
gradual cavitation of conduits in a pixel results in a gradual reduc-
tion of intensity. By combining the two parameters by a multipli-
cation into the A9 T2 parameter maps, the strengths of both are
combined, boosting contrast and alleviating the problem of the
low SNR that is inherent to the use of a low-field MR imager.
The near-binary response of T2 to the presence of filled vessels is
also expressed in the width of the bright rings in the xylem. Dur-
ing the course of the dry-down experiment, bright rings were
wider in the T2 maps than in the water content maps. Further, in
the final dry-down images (<�5MPa) the amplitude maps no
longer showed evidence of the presence of remaining filled vessels,
whereas in the T2 and A9 T2 maps some pixels with filled con-
duits still remained (Fig. 5).

The sensitivity of the T2 relaxation time to the presence of
filled vessels is based on the large difference in the T2 relaxation
time of the NMR signal originating from water in wood and con-
duits. As T2 increases with conduit diameter, the method is likely
to be applicable for all species in which conduit diameters are
similar to, or wider than, those of beech. However, to what
degree mapping T2 would yield comparable results in xylem
architectures with smaller or fewer vessels than beech remains to
be tested. If T2 in narrow conduits approaches that of water in
wood, the T2 contrast advantage would be lost.

Vulnerability curves

Surprisingly, despite the noisy appearance of the masks result-
ing from the binarization of amplitude maps (Fig. 6c,d), all
four approaches to obtain a measure for the relative loss of
conductivity from binarized MR images successfully yielded
VCs. The difference in the VCs based on amplitude maps
(Fig. 6a,e) is that more water from nonconducting tissues is
included. In binarizing the amplitude images much care was
taken not to set the threshold too low, which, owing to the
high noise floor, could have led to the exclusion of pixels
with filled conduits. The application of a conservative thresh-
old, conversely, will have resulted in the inclusion of pixels
that contain wood and water, but no filled conduits. The
masks based on A9 T2 product maps, thanks to the high
contrast and low noise figure of the latter, most effectively
singled out pixels with filled conduits.
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Vulnerability curves obtained from A9 T2 product masks
resulted in curves with a higher r2, a more shallow slope
and a less negative Ψ50, compared with the VCs obtained
from the binarized amplitude images. In both cases, the
difference between VCs calculated on the basis of the loss
of water within the binarized masks (Fig. 7e,f), and those
based on the mere number of pixels left in the mask
(Fig. 7a,b), was negligible. The most convenient method to
derive VCs from the imaging data thus proved the most
useful: binarization on the basis of A9 T2 product images,
combined with an estimation of the PLC on the basis of
the decrease in the numbers of pixels within the binariza-
tion masks.

The differences in the estimates of Ψ50 for the two methods
were relatively minor, ranging from �3.2 and �3.3 (A9 T2

product masks) to �3.7 and �3.8 MPa (amplitude masks).
These values are in good agreement with those reported in other
studies on beech saplings (Caquet et al. (2009) and Aranda
et al. (2015) reported values of �3.0 to �4.0, and �3.0 to
�3.7MPa, respectively), while there are also studies that found
less negative values (Cochard et al. (1999) and Barigah et al.
2013) reported values of �2.5 to 3 and �2.5MPa, respec-
tively). Studies on mature beech trees also resulted in similar
values (Lemoine et al., 2002, �2.2 to �3.1MPa; Herbette
et al., 2010, �3.0 MPa; Schuldt et al., 2016, �3.3 to
�3.7MPa; Stojnic et al., 2018, �2.9 to �3.5 MPa; Tomasella
et al., 2018, �2.5MPa). In the framework of the current study
we have not been able to cross-correlate our results with estab-
lished benchmark methods. In future experiments it would be
most interesting to follow up on this study by making such a
comparison.

Conclusions

In this study we have demonstrated that MRI scanners based on
small-scale, low-field permanent magnets are capable of imaging
embolism formation in diffuse-porous angiosperms such as
beech. By combining such an imager with an MSE imaging
sequence, quantitative parameter maps of water content and T2

signal relaxation could be obtained. While both types of images
could be used to detect xylem cavitation, T2 parameter maps were
found to be especially sensitive to it. By multiplying the parame-
ter maps of water content and T2 relaxation time, A9 T2 pro-
duct maps could be obtained in which regions with filled vessels
could be identified even more clearly. The improved contrast
afforded by the A9 T2 product maps also provided a convenient
way to obtain VCs by means of straightforward image binariza-
tion.

The MSE imaging sequence, as a means to quantitatively map
T2 relaxation times to visualize and detect filled conduits that are
too small to be resolved spatially, could also be helpful when used
on conventional imagers with much higher field strengths. In
such imagers, signal to noise will not be limiting, but T2 contrast
may still be expected to facilitate the detection of filled conduits,
if the latter cannot be identified, because of the limited spatial
resolution, on the basis of imaging alone.
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Fig. S1 The data points of all three beech trees (Fagus sylvatica)
were grouped together for analysis, to compare the four methods
shown in Fig. 6 by means of FITPLC package (sigmodial model
and 1000 resamples).

Fig. S2 Conduit diameter distributions of the microscopic cross-
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20.2 µm, respectively).
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sylvatica); shown are time series of magnetic resonance product
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progressive dry-down.
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2.2 Publication II: Reduced spatial resolution MRI suffices to image and quantify 

drought induced embolism formation in trees 

Marco Meixner, Petra Foerst, Carel Windt 

Background 

Magnetic resonance imaging (MRI) can be used to monitor xylem embolism formation in trees non-

invasively and with high temporal resolution, even if individual xylem conduits cannot be spatially 

resolved. Quantitative magnetic resonance images of water content and signal relaxation time (T2) are 

especially useful, since they provide information about the sample beyond the limited spatial 

resolution of most small-scale MRI approaches. When affordable low field MRI devices are used, 

spatial resolution is particularly costly in measurement time, as well as weight and price of the 

hardware. In this contribution it has been examined how much spatial resolution can be sacrificed 

without losing the ability to detect and quantify drought induced xylem emboli. For this purpose, a 

young spruce and a young beech tree were dehydrated inside a small-scale magnetic resonance 

imager, while they were continuously imaged at three different spatial resolutions. The dry-down 

experiment was succeeded by obtaining microscopy images at the same stem position where the MR 

imaging had been conducted. 

Results 

It was found that quantitative magnetic resonance images with a pixel size larger than 0.5*0.5 mm² 

still permit an approximate localization of embolism formation in angiosperm and gymnosperm xylem 

architecture, as well as the generation of accurate vulnerability curves via binarization. It was found 

that it is beneficial to adapt the binarization threshold to a particular measurement in terms of spatial 

resolution and species. Accordingly, spatial resolution can be traded off against the ability to image 

much more rapidly, or with significantly reduced hardware demands. Imaging at a higher 

time resolution can be beneficial in the context of certain research questions, regarding the 

dynamics of xylem dry-down or refilling, and to improve the accuracy when fitting vulnerability 

curves.  Reduced hardware demands may allow for the use of smaller permanent magnets, 

as well as gradient amplifiers, and therefore potentially bring down the cost and weight of MRI 

scanners for monitoring and quantifying embolism formation in trees non-invasively. 

Author contributions 

Marco Meixner and Carel Windt designed, built and programmed the magnetic resonance imager. 

Marco Meixner performed the experiments and analyzed the data. Marco Meixner and Carel Windt 

wrote the manuscript with contributions from Petra Foerst. 
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Reduced spatial resolution MRI suffices 
to image and quantify drought induced 
embolism formation in trees
Marco Meixner1,2, Petra Foerst1 and Carel W. Windt2*  

Abstract 

Background: Magnetic resonance imaging (MRI) is uniquely suited to non-invasively and continuously monitor 
embolism formation in trees. Depending on the MRI method used, quantitative parameter maps of water content 
and MRI signal relaxation behavior can be generated. The ability to measure dynamic differences in water content and 
relaxation behavior can be used to detect xylem embolism formation, even if xylem conduits are too small to be spa-
tially resolved. This is especially advantageous when using affordable small-scale low-field MRI scanners. The amount 
of signal that can be obtained from an object strongly depends on the strength of the magnetic field of the imager’s 
magnet. Imaging at lower resolutions thus would allow to reduce the cost, size and weight of the MRI scanner and to 
shorten image acquisition times.

Results: We investigated how much spatial resolution can be sacrificed without losing the ability to monitor embo-
lism formation in coniferous softwood (spruce, Picea abies) and diffuse porous beech (Fagus sylvatica). Saplings of 
both species were bench dehydrated, while they were continuously imaged at stepwise decreasing spatial resolu-
tions. Imaging was done by means of a small-scale MRI device, utilizing image matrix sizes of 128 × 128, 64 × 64 and 
32 × 32 pixels at a constant FOV of 19 and 23 mm, respectively. While images at the lowest resolutions (pixel sizes 
0.59 × 0.59 mm and 0.72 × 0.72 mm) were no longer sufficient to resolve finer details of the stem anatomy, they did 
permit an approximate localization of embolism formation and the generation of accurate vulnerability curves.

Conclusions: When using MRI, spatial resolution can be sacrificed without losing the ability to visualize and quantify 
embolism formation. Imaging at lower spatial resolution to monitor embolism formation has two advantages. Firstly, 
the acquisition time per image can be reduced dramatically. This enables continuous imaging at high time resolution, 
which may be beneficial to monitor rapid dynamics of embolism formation. Secondly, if the requirements for spatial 
resolution are relaxed, much simpler MRI devices can be used. This has the potential to make non-invasive MR imag-
ing of embolism formation much more affordable and more widely available.

Keywords: Magnetic resonance imaging, MRI, NMR, Spatial resolution, Xylem, Embolism, Vulnerability curve, Small-
scale, Low field

© The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
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in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
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Background
During the last couple of decades two non-invasive imag-

ing methods emerged that allow the visualization and 

quantification of embolism formation and spread in plant 

xylem: High-resolution computed tomography (HRCT, 

also referred to as micro-CT) and MRI. For both imaging 

modalities methods have been developed to determine 
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the percentage loss of xylem conductivity (PLC) due to 

the cavitation of xylem conduits. This is done by meas-

uring, directly or indirectly, the amount of conducting 

xylem area that is lost.

HRCT currently is the most widely used method, 

known for the excellent spatial resolution it affords. It is 

capable of resolving individual xylem conduits, even in 

tree species with small conduit diameters. This allows to 

determine what conduits were filled before dry-down, 

which conduits cavitate during dry-down, and to esti-

mate their conductivity (and loss thereof ) on the basis 

of their diameters, in combination with the Hagen-Poi-

seuille law. This has been done for eucalyptus [1], grape-

vine [2]and walnut [3]. An important drawback of HRCT, 

however, is the use of ionizing radiation. Depending on 

the dosage, it may damage living tissue [4], disrupt cel-

lular function [5] and cause growth inhibition [6]. There-

fore, while it is an excellent tool to visualize embolized 

conduits in high spatial detail, it is not an ideal choice 

to monitor dynamic processes that require repeated or 

long-term imaging with large numbers of exposures [7].

For the latter purpose MRI, on the other hand, is 

especially well suited. It does not rely on the absorption 

of ionizing radiation by the sample, but is based on the 

principle of nuclear magnetic resonance (NMR). The 

energy deposition that is associated with MRI of small 

samples such as plant stems is negligible, especially at 

low magnetic fields. Therefore, samples can be imaged 

non-invasively, for periods of months and with a virtu-

ally unlimited number of image acquisitions. Examples 

of such-long term experiments are imaging of flow and 

water distribution in a tree stem over a period of multi-

ple seasons [8] or imaging of sap flow towards a devel-

oping tomato truss [9]. Using the appropriate hardware 

and imaging pulse sequences, parameter maps can be 

obtained that quantitatively represent NMR parameters 

such as amplitude (A) and  T2 [10]. The amplitude maps 

acquired in the current study thus linearly and quantita-

tively reflect water content, and are not merely weighted 

by it (for further details see [10, 11]).

MRI usually cannot match the resolution offered by 

HRCT. The resolution that can be achieved by means 

of MRI is limited by the size of the sample, which usu-

ally dictates the smallest field of view (FOV) that can 

be used, and the number of pixels that can be acquired 

in that FOV. Reducing the FOV to zoom in on parts of 

an object in most cases is not possible, as signal from 

parts of the object that are outside of the FOV would 

fold back in, corrupting the image. The number of pix-

els (voxels) that can be encoded in a FOV is then defined 

by the strength and homogeneity of the magnetic field, as 

well as the strength of the imaging gradients, but almost 

never is chosen higher than 512 × 512. For plants matrix 

size typically is 256 × 256 or lower (for a more detailed 

explanation of the tradeoffs involved, please see the the-

ory section). This means that in practice, even for sam-

ples measuring no more than 10 mm in diameter, it will 

be hard to exceed an in-plane resolution of 40 × 40 µm. 

MRI thus can only resolve xylem conduits in species or 

organs with wide vessels, as has been demonstrated for 

woody lianas [12], grapevine [2, 14–15], cucumber [16] 

and roots of maize [17].

To circumvent the problems imposed by this resolu-

tion limit, various techniques were developed to detect 

xylem embolism formation indirectly. In plants, the MR 

signal almost exclusively originates from protons of water 

molecules. This fact can be used to generate parameter 

maps that quantitatively reflect water content, relaxa-

tion behavior, diffusion or flow, or parameter maps that 

are merely weighted by one or more of these parameters. 

PLC has been calculated or estimated on the basis of 

parameter maps in a number of ways. One approach is 

to base PLC on the change in pixel brightness of water 

content weighted MR amplitude images [18]. PLC values 

have also been derived from binarizing various types of 

MR parameter maps. In the binarization approach the 

loss of xylem conductivity is estimated from the decline 

in the number of pixels above a chosen threshold, plot-

ted in dependence of the xylem water potential. Binariza-

tion has been applied to different types of MR parameter 

maps, such as signal intensity maps [19–20] or quantita-

tive water content maps [14]. In Meixner et  al. [11] we 

obtained PLC values of beech saplings on the basis of 

binarizing A*T2 product images, obtained by pixel-wise 

multiplication of water content images (A) and signal 

relaxation time images  (T2). In A*T2 product images 

even low numbers of filled xylem vessels per pixel easily 

became detectable, as well as their disappearance due to 

cavitation; and the binarization of A*T2 product images 

resulted in accurate xylem vulnerability curves. Using 

this approach, detection of embolism formation and the 

quantification of xylem vulnerability curves could be 

done, despite the fact that pixels were five times larger 

than the average conduit diameter in beech.

There are two important benefits that may be had by 

imaging xylem dry-down at a lower than usual spatial 

resolution: MRI hardware can be scaled down in size and 

weight, and images can be acquired more rapidly. We 

recently demonstrated that imaging embolism forma-

tion is possible, even when using a mobile small-scale, 

low-field MRI scanner [11, 21]. The imagers used in these 

cases were based on a 16  kg permanent magnet. Inte-

grated onto a trolley, the whole system weighed 45  kg 

and could easily be handled by a single person, even in 

the field [21]. While this system can already be consid-

ered mobile, reducing spatial resolution would enhance 
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mobility even further. If resolution is reduced, a lower 

magnetic field strength suffices to achieve the same sig-

nal-to-noise ratio (SNR), allowing lighter and cheaper 

permanent magnets to be used. A reduction in resolu-

tion would also allow the use of lighter and less powerful 

gradient amplifiers and therefore permit the develop-

ment of low-cost imaging equipment that is even more 

lightweight and mobile. Another advantage when reduc-

ing spatial resolution is the ability to image more rapidly, 

which allows the acquisition of more PLC values per unit 

time, permitting higher accuracy when fitting vulner-

ability curves [22]. In addition, high temporal resolu-

tion dry-down movies can be generated which allow the 

investigation of embolism spread within and between 

annual rings [14, 19], even when this spread proceeds 

rapidly [18].

In this study we investigate if MRI spatial resolution 

can be reduced significantly, without losing the ability to 

detect and quantify embolism formation. To this end, we 

bench dehydrated spruce (Picea abies) and beech (Fagus 

sylvatica) saplings in a small-scale MRI system. During 

dry-down the plants’ main stems were imaged continu-

ously at three stepwise decreasing spatial resolutions. We 

tested whether timing and location of embolism forma-

tion during dry-down can be monitored and vulnerabil-

ity curves can be obtained, even if pixel sizes are much 

(up to thirty times) larger than the average xylem conduit 

diameter.

Theory: benefits of imaging at lower spatial resolutions

MR imaging experiments always involve a trade-off 

between spatial resolution, signal-to-noise ratio (SNR) 

and imaging time. The benefits of using a lower spatial 

resolution are illustrated by the following equation [23]:

 Neglecting signal decay over time due to spin–spin or 

spin–lattice interactions, Eq. 1 illustrates how increasing 

the pixel area  (Apix, i.e. a decrease in matrix size  Nfq ×  Nph 

at constant FOV) can compensate for: (i) the use of mag-

nets of a lower magnetic field strength  (B0); (ii) imaging 

with a lower number of averages  (Navg); or (iii) imaging 

at a higher spectral width (SW). If lower magnetic fields 

are permitted, the magnets that provide the main mag-

netic field can become smaller and lighter. For exam-

ple, imaging at a matrix size of 32 × 32 pixels instead 

of at 128 × 128, i.e. lowering spatial resolution by a fac-

tor of four while keeping all other imaging parameters 

the same, would allow the use of a four times weaker 

(1)SNR/pixel ∝ ApixB0

(

Navg

SW/(Nfq ∗ Nph)

)1/2

.

magnetic field  B0, while achieving the same SNR per pixel 

in the same imaging time.

Alternatively, imaging at lower spatial resolutions 

would also allow measurements with higher temporal 

resolution. On the one hand because at lower resolu-

tion the number of phase encoding steps  (Nph) is lower, 

but also because the number of averages  (Navg) can be 

lowered, decreasing image acquisition time. Imaging at 

higher spectral width (SW) also facilitates mobile imag-

ing in the field. It allows the use of magnets of lower 

homogeneity and ensures tolerance against the effects of 

temperature changes and magnet handling on the mag-

net’s homogeneity during transport and field use [11, 24].

Apart from the static and homogeneous magnetic field 

 (B0) magnetizing the sample, MRI also requires switched 

magnetic field gradients to spatially encode the MR sig-

nal. The frequency width of a pixel ( �ν ) is determined 

by the gradient strength (G), the pixel width in real space 

( �r ) in the encoding direction and the gyromagnetic 

constant for hydrogen ( γ ). 

The minimum value that is acceptable for �ν is, 

amongst other factors, determined by the homogeneity 

of the magnet. The more homogeneous the magnet, the 

lower �ν is allowed to be. Small-scale magnets that are 

exposed to temperature changes and handling, however, 

require higher �ν values and therefore more powerful 

imaging gradients (G). The need for strong and fast gra-

dient pulses in turn limits the mobility of the MR imager. 

Strong and fast gradient pulses require large and heavy 

gradient amplifiers. For mobile systems this is particu-

larly relevant, since the gradient amplifiers constitute the 

largest and heaviest hardware components of an imager, 

besides the magnet. Keeping all other imaging parame-

ters unchanged, a four times reduction in imaging reso-

lution would lower the gradient strength required by a 

factor of four. Imaging at lower spatial resolutions (higher 

values of �r ) thus also allows for the use of smaller, 

lighter, cheaper and more mobile gradient amplifiers.

Materials and methods
Plant materials and treatment

A potted 3-year-old spruce sapling (Picea abies, 82  cm 

high, 16  mm stem diameter at measurement position) 

was purchased from a local nursery (Pflanzenwelt Bier-

mann, Trangstedt, Germany), as was a 3-year-old beech 

sapling (Fagus sylvatica, 161  cm high, 16  mm stem 

diameter at measurement position, Baumschule Leon-

hard Veith, Merzenich-Golzheim, Germany). Both trees 

were subsequently grown in a greenhouse at 20  °C  day 

(16 h) and 16 °C night (8 h) temperature, provided with 

(2)�ν = γG�r
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supplemental light (250  W, Philips IP65 metal halogen 

vapor lamps) and kept well-watered by means of drip 

irrigation.

For the dry-down treatment the trees were moved 

to the lab. MRI scanning was started when the tree was 

still intact, for the spruce tree 11 h and for the beech tree 

9 h prior to the initiation of dry-down, which was done 

by cutting the stems 5 cm above the soil (for a schematic 

representation of the experiment, see Fig. 1a). During the 

entire experiment the trees were illuminated by a sodium 

vapor lamp (SON-T Agro 400 W, Philips) and kept at a 

temperature of 22 °C during the day (12 h) and 18 °C at 

night (12  h). The dry-down experiment was continued 

until the xylem was completely embolized, which took 

47  h in case of spruce and 18  h for beech. The spruce 

dry-down experiment was performed in the first half of 

February 2019, the beech dry-down experiment in the 

middle of June 2019.

MRI hardware and methods

The MRI scanner comprised a custom, small-scale 

C-shaped permanent magnet (0.25  T, 16  kg), a custom 

plane parallel gradient set with a maximum gradient 

strength of 0.3 T/m and a Kea II spectrometer (Magritek, 

Wellington, New Zealand), equipped with a built-in 

100 W RF amplifier. The gradient set was driven by three 

BAFPA40 gradient amplifiers (BRUKER, Rheinstetten, 

Germany). Inside the gradient system a 20 mm solenoi-

dal RF coil with tuning mechanism was mounted. For full 

details on the system see Meixner et al. [11].

After winding the radio frequency (RF) coil around a 

Teflon former, placed on the stem (at heights of 37 and 

78 cm for spruce and beech respectively), the plants were 

slid into the probe head of the MRI scanner. Both trees 

were fixed relative to the imager by means of three metal 

clamps, positioned below and above the magnet, and 

near the position where the tree was cut. For both meas-

urements, a glass reference tube with an inner diameter 

of 1.7 mm, filled with nickel nitrate doped water and a  T2 

value of 112.4 ms, was attached to the stem inside of the 

RF coil. To minimize external RF noise the magnet was 

covered with an earthed silver-plated copper mesh.

A multi-spin echo (MSE) pulse sequence was employed 

as previously described in full detail by Meixner et  al. 

[11], acquiring 64 echoes with an echo time of 4 ms for 

the first echo and 2.1  ms for all subsequent ones. Exci-

tation was done by means of a slice selective 90°, 500 µs 

5-lobe sinc pulse; refocusing by means of hard, 13  µs 

non-slice selective 180 degree pulses. For all measure-

ments, the spectral width was 100  kHz, the slice thick-

ness 5 mm, the dwell time 10 µs, the number of averages 

4 and the repetition time 1.5  s. The field of view (FOV) 

was 19 × 19  mm for spruce and 23 × 23  mm for beech. 

Both plants were imaged continuously, acquiring sets of 

three images of increasing matrix size (32 × 32, 64 × 64 

and 128 × 128 pixels) and measurement time (3.5, 7.2 and 

14.6  min, see Fig.  1). The resulting in-plane resolutions 

in mm were 0.59 × 0.59, 0.30 × 0.30 and 0.15 × 0.15 for 

spruce, and 0.72 × 0.72, 0.36 × 0.36, 0.18 × 0.18 for beech, 

respectively. By continuously repeating this block of three 

measurements three time series with different spatial 

resolutions were acquired, each with the same temporal 

resolution of 25.3 min (Fig. 1a).

Data processing

A flow chart of the image processing workflow is given 

in Fig.  1b. The higher resolution images (matrix sizes 

64 × 64 and 128 × 128) were of lower SNR than desired 

for our purposes (Additional file 1). In order to raise SNR, 

a sliding window averaging approach was applied, aver-

aging up to eight consecutive measurements of the same 

spatial resolution. Prior to sliding window averaging all 

images were corrected for small position changes of the 

tree during the dry-down. This was done by iteratively 

shifting each image pixel-wise  in the x- and y-direction, 

looking for the position at which the smallest difference 

is found between the shifted image and the first image of 

Fig. 1 Flow charts of the sequence of events during the dry-down 
experiment (a) and of the image- and data processing workflow (b). 
Images were acquired continuously and at matrix sizes of 32 × 32, 
64 × 64 and 128 × 128 pixels
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each time series. This difference was calculated by sub-

tracting the current image in the time series from the 

first image, then taking the sum total of the absolute 

values of all pixels. After sliding window averaging all 

resulting images were phase corrected according to Ma 

et  al. [25]. Subsequently, quantitative water content (A) 

and signal relaxation  (T2) maps were obtained by mono-

exponentially fitting the echo train of each image of the 

measurement time series in a pixel-by-pixel manner [26]. 

Prior to fitting, handmade masks were applied which 

only included the tree stem. A*T2 parameter maps were 

calculated by multiplying amplitude (A) and  T2 images, 

again pixel-by-pixel (Fig. 2).

When generating dry-down movies via sliding window 

averaging of one, two, four or eight images, fitting errors 

in the form of erroneous, bright pixels were filtered out. 

This was done by setting pixels to zero that have double 

or more, or less than half the value of all four nearest 

neighboring pixels.

Calculation of vulnerability curves

To generate vulnerability curves (VCs), the decline in 

xylem functionality was estimated from A*T2 product 

images and plotted as a function of stem water poten-

tial (Ψstem). The latter was measured with a Scholan-

der Chamber (Model 1000, PMS Instrument Company, 

Albany, USA). Throughout the dry-down, randomly cho-

sen small twigs were carefully bagged with cling foil and 

aluminum foil (the latter to put the leaves in complete 

darkness) and left to equilibrate for 15  min. The twigs 

were then excised, quickly transferred to the instrument 

and measured. For spruce, 61 water potential values were 

measured over the course of four days, whereas during 

the more rapid dry-down of beech 26 water potential val-

ues were taken over a period of 26 h.

During the dry-down experiments, the percentage of 

embolized xylem conducting area was obtained by bina-

rizing A*T2 product images. This was done by matching 

the center of the sliding window temporally to the water 

potential measurements and counting the number of pix-

els  (Pabv) above a binarization threshold, the value of 

which was determined by an optimization approach. 

Thresholds were iteratively applied to each dry-down 

series of images and the  r2 of the sigmodial fits of the 

resulting dry-down curves compared, until an optimal 

solution (maximum  r2) was found. For the three matrix 

sizes (32 × 32, 238 64 × 64, 128 × 128) this resulted in 

threshold values of 0.2, 0.1, 0.1 for spruce, and 1.4, 1.3, 

1.3 for beech, respectively. After binarization, the  Pabv 

values were normalized from 0 to 100% according to 

%emb = 100 ∗
Pinitial−Pabv
Pinitial−Pmin

 , with  Pabv referring to the initial 

and  Pmin to the minimum number of pixels above the 

binarization threshold of a time series of images. The VC 

Fig. 2 Water content (A), relaxation time  (T2) and A*T2 product 
images of a well-watered spruce (a) and beech (b) sapling, acquired 
at matrix sizes of 32 × 32, 64 × 64, and 128 × 128 pixels. The resulting 
pixel sizes were 0.59 × 0.59, 0.30 × 0.30 and 0.15 × 0.15 mm for spruce 
and 0.72 × 0.72, 0.36 × 0.36 and 0.18 × 0.18 mm for beech. The total 
acquisition times at these respective matrix sizes were 7, 29, and 
117 min for spruce and 4, 14 and 59 min for beech. For A and A*T2 
the values are indicated in arbitrary units (a.u.),  T2 is indicated in ms
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was obtained by fitting a sigmodial function in depend-

ence of the measured xylem water potential (Ψxylem): 

%emb

(

�xylem

)

= 100/
(

1 + exp
(

S
25

(

�xylem − �50

)

))

 

[22], with the fit parameters indicating how quickly the 

dry down progressed through the xylem (slope: S) and 

the water potential at which 50% of the initially filled 

xylem was embolized (Ψ50). Normalization and sigmodial 

fitting were performed with Matlab (Mathworks, Natick, 

USA). Fitting errors were calculated as described by Press 

[27].

Microscopy

After the dry-down experiment, the imaged stem pieces 

were marked, excised and stored in 75% ethanol (after 

previously equilibrating them in 25% and 50% ethanol for 

24 h each). Transverse sections of 20 µm were prepared 

with a sliding microtome (GSL1, Schenkung Dapples, 

Zürich, Switzerland) and stained with a 1:1 (v/v) mixture 

of safranin and astrablue, following Gärtner and Schwe-

ingruber [28]. Images of the cross section were obtained 

with a digital camera (DFC 320, Leica, Cambridge, 

UK), connected to a light microscope (DM2500, Leica 

Microsystems GmbH, Wetzlar, Germany).

Results and discussion
What xylem anatomical detail can be resolved 

at decreasing spatial resolution?

In spruce, water filled xylem could easily be distin-

guished from cambium and bark, even at a pixel size of 

0.59 × 0.59 mm (matrix size 32 × 32 in Fig. 2a). Individ-

ual year rings, however, were only resolved at a pixel size 

of 0.30 × 0.30  mm (matrix size 64 × 64) and better. The 

cambium is the brightest tissue in the  T2 images, where 

it showed maximum contrast against the surrounding 

tissue. The border between cambium and xylem, how-

ever, appearing as a black ring both in water content 

(amplitude, A) and  T2, was only resolved at pixel sizes of 

0.30 × 0.30 mm (matrix size 64 × 64) and 0.15 × 0.15 mm 

(matrix size 128 × 128). The homogeneous distribution 

of water inside the filled xylem was similar to that previ-

ously imaged in pine stems [20, 29].

In beech, at all pixel sizes the filled xylem could be 

distinguished from the cambium due to a dark region 

between cambium and filled xylem (Fig.  2b). Similar to 

spruce, individual year rings could only be recognized at 

pixel sizes of 0.36 × 0.36  mm (matrix size 64 × 64) and 

better. In the microscopic images of beech (Fig. 4b), the 

sapling showed two complete growth rings, and a nar-

row region of early wood of a third growth ring inside of 

the cambium, which had formed during the current year. 

At all matrix sizes xylem containing filled vessels could 

be distinguished from non-filled xylem on the basis of 

higher water contents (40 to 60%), but could be identi-

fied even more clearly by long  T2 (60 to 80 ms) and A*T2 

values. Filled xylem was not found in all year rings, but 

only became visible in the middle of the second growth 

ring. Comparable water content and  T2 values for filled 

and embolized xylem in beech were found in Meixner 

et al. [11]. Merela et al. [30] observed similar water con-

tent distribution patterns in the stem of a beech sapling 

(please note that in this example the amplitude images 

were water content weighted, but did not reflect water 

content quantitatively). The absence of filled vessels 

in the newly formed xylem may indicate that the plant 

experienced drought stress [31], or had been repotted in 

spring 2019.

Most of the finer details of the xylem anatomy of both 

beech and spruce thus were already resolved at a pixel 

size of 0.30 × 0.30 mm in spruce and 0.36 × 0.36 mm in 

beech (in both cases, at a matrix size of 64 × 64). Pixel 

sizes of 0.59 × 0.59 mm in spruce and 0.72 × 0.72 mm in 

beech (matrix size of 32 × 32) were sufficient to identify 

filled xylem.

Spatio‑temporal characterization of the xylem dry‑down 

at decreasing spatial resolution

The A*T2 product images provided an effective means 

to monitor dry-down for all three matrix sizes in both 

xylem anatomies (Fig.  3a, b). In Meixner et  al. [11] it 

was shown that both water content and  T2 images can 

be used to detect xylem cavitation in beech, but that 

 T2 maps are especially sensitive to it. By multiplying 

the parameter maps of water content (A) and  T2, A*T2 

product maps were obtained, in which regions with 

filled vessels in beech could be identified even more 

clearly. In the current study we show that in coniferous 

wood the same approach is effective as well. The pres-

ence of filled xylem conduits gave rise to bright A*T2 

regions, just like in beech, while dry-down manifested 

(See figure on next page.)
Fig. 3 A*T2 product maps of xylem embolism formation in spruce (a) and beech (b). Images were acquired with matrix sizes of 32 × 32, 64 × 64 and 
128 × 128 pixels, resulting in pixel sizes of 0.59 × 0.59, 0.30 × 0.30 mm and 0.15 × 0.15 for spruce and 0.72 × 0.72, 0.36 × 0.36 and 0.18 × 0.18 mm 
for beech). Below the parameter maps desiccation time and water potential (WP) are shown. The concomitant water content and  T2 images are 
provided in Additional file 2. Imaging continuously allowed for resolving finer spatio-temporal details of embolism formation. In (c) the first emboli 
forming in spruce are shown, in panel (d) the completion of xylem dry-down in beech. In all panels (a–d), the difference in image intensity between 
the first and the last image is shown in the rightmost position ( �

−
)
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itself as a strong decrease in A*T2 values (Fig.  3a). In 

the following the dry-down of both species was there-

fore monitored on the basis of A*T2 maps.

In the A*T2 product maps of spruce, independent of 

matrix size, the first emboli could be distinguished at 

a water potential of – 3.15 MPa, 11.4 h after dry-down 

initiation (Fig.  3a). Embolism formation started in the 

current annual ring and at the border of the neighbor-

ing second ring (Fig.  3a, arrow SP1). From this region 

emboli spread, first radially and then tangentially 

within the outer annual ring (arrow SP2), and after 

16.5  h emboli also started forming in the neighboring 

ring. Another detail that was visible at all three spatial 

resolutions was a narrow strip of xylem that remained 

hydrated in the outer annual ring, while the xylem 

tissue surrounding it appeared empty (arrow SP3). 

After 46.9  h (− 3.8  MPa) nearly all xylem was embo-

lized (Fig. 3a).

In beech, emboli started forming only a few hours 

after cutting the plant at its base (Fig.  3b). Embolism 

formation manifested itself in the form of a gradual 

decline in A*T2 pixel intensities. Filled xylem, which 

was found only in the middle of the second growth 

ring, cavitated within a short time window, between 

hour 7.5 and 12.0. Dry-down appeared gradual and 

spread uniformly over the entire filled xylem, indicating 

that vessels cavitated in an independent, rather than in 

a clustered manner. Embolism spread in a tangential 

and radial pattern, as observed by Meixner et  al. [11] 

within beech, was not detected.

Fig. 4 Light microscopy of spruce (Picea abies, a) and beech (Fagus sylvatica, b). The thin sections were obtained from the same position where 
MR imaging was done. Insets illustrate the difference in pixel sizes between the three spatial resolutions (matrix sizes) used in the MR imaging 
experiments
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On the basis of difference images, even at the lowest 

spatial resolution, it was possible to detect embolism 

events that play out in a time window of only a few hours 

(see �
−

-maps in Fig. 3c, d). In spruce it was shown that 

the onset of embolism formation, which took place in the 

early wood of the outer annual ring, happened between 

hour 5 and 8 after initiation of the dry-down (Fig.  3c). 

In beech at the lowest spatial resolution it could be 

shown that the final phase of the xylem dry-down hap-

pened between hour 9 and 12 (Fig. 3d). A striking differ-

ence between the sequences of A*T2 product images of 

both species was that in the xylem of spruce almost no 

intensity was left in the images after complete dry-down, 

whereas in beech always a significant amount of back-

ground signal was left visible. This reflects the differ-

ences in xylem anatomy of spruce and beech. In spruce, 

the xylem for the largest part consists of tracheids, and 

contains, apart from resin ducts, almost no other tissue 

types or living cells [32] (Fig. 4a). After cavitation of the 

tracheid, the amount of remaining water in the tracheid 

walls was either too little to be recognized, or its  T2 value 

was too short to be detected. In beech, to the contrary, 

the bulk of the xylem consists of narrow fibers with thick 

walls, interspersed between the vessels (Fig.  4b). This 

pool of water remained visible and, with an average  T2 

value of ~ 25  ms, was detected in the stem, even when 

surrounding vessels cavitated.

For an animated illustration of the observations 

mentioned in this section a tableau of nine videos are 

provided for both plants as supplementary material 

(Additional file 3a, 4b).

Are low resolution images sufficient to obtain xylem 

vulnerability curves?

For spruce and beech, xylem vulnerability curves (VCs) 

were successfully obtained via binarizing A*T2 product 

images of all three spatial resolutions. For both species, 

the binarization masks at different matrix sizes were 

consistent in the location and timing where xylem des-

iccation was observed (Fig.  5a, b). VCs based on those 

binarization masks showed  r2 values > 0.90 and yielded 

comparable Ψ50 values. At matrix sizes of 32 × 32, 

64 × 64, 128 × 128 for spruce values of − 3.8, − 4.0 

and − 4.0  MPa were found, for beech − 3.4, − 3.5 and 

− 3.5 MPa, respectively (Fig. 5c–h).

The Ψ50 values found for beech at the different matrix 

sizes were in close agreement with one another, as well 

as with values obtained in other studies on beech sap-

lings (Caquet et  al. [33]: − 3.0 to − 4.0  MPa; Aranda 

et al. [34]: − 3.0 to − 3.7 MPa; Meixner et al. [11]: − 3.2 

to − 3.8  MPa) and mature beech trees (Lemoine et  al. 

[35]: − 2.2 to − 3.1 MPa; Herbette et al. [36]: − 3.0 MPa; 

Schuldt et al. [37]: − 3.3 to − 3.7 MPa; Stojnic et al. [38]: 

− 2.9 to 3.5  MPa; Tomasella et  al. [39]: − 2.5  MPa). For 

spruce, the Ψ50 values obtained in the current study were 

slightly higher than those obtained in other studies on 

spruce saplings (Mayr et  al. [40]: − 4.38  MPa; Chmura 

et al. [41]: − 4.27 MPa), but lower or in agreement with 

values found for mature trees (Cochard [42]: − 3.5 MPa; 

Tomasella et  al. [39]: − 4.01  MPa). Hence, we conclude 

that xylem dry-down can be quantified accurately on the 

basis of MR images, even if their spatial resolution is low 

and pixels are much larger than xylem conduit diameters.

Conclusions
In this study we demonstrated that MR imaging at low 

spatial resolution (pixel sizes > 0.5 × 0.5  mm) suffices 

to detect and image the formation of xylem emboli in 

spruce and beech, and that these images can be used to 

quantify embolism formation by means of xylem vulner-

ability curves. While images with a matrix size of 32 × 32 

(pixel sizes of 0.59 to 0.72 mm) were not sufficient to spa-

tially resolve the annual rings or finer details of the stem 

anatomy, they did permit an approximate localization 

of embolism formation (e.g. to differentiate older and 

younger xylem tissue on the basis of their position in the 

stem).

The ability to obtain meaningful data and vulnerabil-

ity curves from quantitative but low-resolution images 

can be utilized in two ways. Firstly, by imaging at lower 

spatial resolution the acquisition time per image can be 

reduced dramatically. This enables continuous imaging at 

high time resolution, which may be beneficial to monitor 

rapid dynamics of embolism formation, for example dur-

ing bench dehydration. Secondly, if the requirements for 

spatial resolution are relaxed, much simpler MRI devices 

can be used. Such imagers can be based on much weaker 

and therefore smaller and lighter permanent magnets, 

as well as on smaller and lighter gradient amplifiers. For 

example, keeping all other imaging parameters con-

stant, accepting a four times lower imaging resolution 

(See figure on next page.)
Fig. 5 Vulnerability curves (VCs) obtained on the basis of binarization of A*T2 product maps. The matrix size of the images was varied (32 × 32, 
64 × 64, and 128 × 128, resulting in pixel sizes of 0.59 × 0.59, 0.30 × 0.30 and 0.15 × 0.15 mm for spruce and 0.72 × 0.72, 0.36 × 0.36 and 
0.18 × 0.18 mm for beech), while field of view was held constant. A subset of the binarization masks that the VC’s are based on is shown, together 
with the corresponding water potentials (WP), in (a) for spruce and (b) beech. The resulting VCs are shown in panels (c, e, g) for spruce; and in 
panels (d, f, h) for beech
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allows the strength of the main magnetic field as well as 

that of the imaging gradients to be reduced by a factor 

of four, without sacrificing SNR or increasing imaging 

time. Imaging at reduced spatial resolutions thus has the 

potential to make MR imaging of embolism formation 

much more mobile and affordable, further opening up 

the methodology to the plant hydraulics community.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13007- 021- 00732-7.

 Additional file 1. First echo images of well-watered spruce (a) and 
. beech (b), acquired with an MSE imaging sequence, illustrating the 
dependency of image quality and signal-to-noise ratio on matrix size and 
the number of acquisitions averaged (numAcq). The respective SNR is 
printed under each image. 

Additional file 2. Water content (A) and  T2 maps of progressive xylem 
embolism formation in spruce (a ,b) and beech (c,d), acquired with matrix 
sizes of 32 × 32, 64 × 64 and 128 × 128 pixels, and shown in depend-
ence of time and water potential (WP). In all panels (a-d), the difference 
in image intensity between the first and the last image is shown in the 
rightmost position ( �

−
). 

Additional file 3. Animated illustration of the xylem dry-down of spruce 
(a). Water content (A),  T2 and A*T2 maps were acquired at image matrix 
sizes of 32 × 32, 64 × 64 and 128 × 128 pixels. In the upper right corner 
dry down time and water potential are shown. 

Additional file 4. Animated illustration of the xylem dry-down of beech 
(b). Water content (A),  T2 and A*T2 maps were acquired at image matrix 
sizes of 32 × 32, 64 × 64 and 128 × 128 pixels. In the upper right corner 
dry down time and water potential are shown.
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2.3 Publication III: An integrated magnetic resonance plant imager for mobile use in 

greenhouse and field 

Marco Meixner, Johannes Kochs, Petra Foerst, Carel Windt 

Background 

Magnetic resonance imagers for plants that are sufficiently mobile and robust to be easily transported 

and used in a greenhouse or in the field are desirable for a number of reasons. Using an imager in a 

greenhouse makes experiments with large numbers of plant samples more convenient, and imaging 

outside would allow to investigate trees and crops in their natural environment. Existing approaches 

are either lacking mobility, image quality or robustness. In an earlier contribution we demonstrated 

that in the context of monitoring xylem emboli in trees the shortcomings of a small and open 

permanent magnet can be compensated by using a multi-spin echo imaging pulse sequence with short 

echo times and many echoes (Meixner et al., 2020). Short echo times and a large number of echoes, 

however, require a large number of short and high gradient pulses per unit time, which in turn require 

gradient amplifiers of sufficient strengths and speed. In this contribution we tested if these 

requirements can be met by adapting a gradient amplifier design of limited size to the setup presented 

in the earlier contribution. The robustness of the resulting magnetic resonance imaging scanner was 

demonstrated by imaging an apple tree in an orchard, while its long-term stability was shown in a two-

month greenhouse imaging experiment on a beech tree during leaf development in spring. 

Results 

The resulting imager had a total weight of 45 kg and was small enough to fit into a car. Since all 

components were integrated onto an aluminum frame with wheels, the device could be moved across 

uneven ground by a single person and be set up within half an hour. Despite the fact that the echo 

number and spacing had to be chosen less demanding on the amplifier hardware than in an earlier 

contribution (Meixner et al., 2020), high quality images with microscopic resolution were acquired 

during the measurements in the orchard and the greenhouse. The imager delivered images without 

signs of temperature drift or other artefacts when measuring outside for one hour at an ambient 

temperature of 7 °C, and neither when measuring continuously in a greenhouse for two months at 

ambient temperatures fluctuating between 18 and 28 °C. 

Author contributions 

Marco Meixner and Carel Windt designed, built and programmed the magnetic resonance imager. The 

mobile gradient amplifier has been designed and built by Johannes Kochs. Marco Meixner performed 

the experiments and analyzed the data. Marco Meixner and Carel Windt wrote the manuscript with 

contributions from Johannes Kochs and Petra Foerst. 
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a b s t r a c t

In this contribution we demonstrate a mobile, integrated MR plant imager that can be handled by one

single person and used in the field. Key to the construction of it was a small and lightweight gradient

amplifier, specifically tailored to our combination of magnet, gradient coils and the requirements of

the desired pulse sequences.

To allow imaging of branches and stems, an open C-shaped permanent magnet was used. In the design

of the magnet, pole gap width, low weight and robustness were prioritized over homogeneity and field

strength. To overcome the adverse effects of short T2*, multi-spin echo imaging was employed, using

short echo times and high spectral widths. To achieve microscopic resolution under these constraints

requires fast switching field gradients, driven by strong and fast gradient amplifiers. While small-scale

spectrometers and RF amplifiers are readily available, appropriate small-scale gradient amplifiers or

designs thereof currently are not. We thus constructed a small, 3-channel gradient amplifier on the basis

of a conventional current-controlled AB amplifier design, using cheap and well-known parts. The finished

device weighs 5 kg and is capable of delivering 40 A gradient pulses of >6 ms in duration.

With all components built onto an aluminum hand trolley, the imaging setup weighs 45 kg and is small

enough to fit into a car. We demonstrate the mobility and utility of the device imaging quantitative water

content and T2, first of an apple tree in an orchard; second, of a beech tree during spring leaf flushing in a

greenhouse. The latter experiment ran for a continuous period of 62 days, acquiring more than 6000

images.

! 2020 Forschungszentrum Jülich GmbH. Published by Elsevier Inc. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of mobile imagers and the application of

mobile, field going NMR for use in plant science has long occupied

the imagination of researchers [1–3], but has recently become

more feasible than ever. Many components for small scale imagers

have now become available, either in the form of published

designs, or as ready-made commercial devices. This ranges from

designs for small-scale and open (or openable) NMR magnets [4–

8], via designs for small-scale, fully integrated or open source spec-

trometers [9–11], to examples for methods to design gradients for

plane parallel magnets [12–14]. One of the most extensive studies

describing the construction of a small-scale imager is that by Coo-

ley et al. (2020) [15], who presented an affordable open source

tabletop imager for teaching and testing purposes. They present

details on the construction of all components of their imager,

including the software and GUI.

Despite the availability of components that would lend them-

selves for the construction of mobile imagers, currently no devices

appear to exist that are truly mobile. Efforts to explore the utility of

MR imaging of trees in the open air so far all utilized one or more

conventional, full sized components [16,17]. In one case these were

made transportable by mounting the setup on an electric trolley

[18]. To this date, the most mobile imager that has been presented

was also one of the first [2]. It was based on a commercially avail-

able small-scale TD-NMR setup, coupled with a custom-made

probe head, gradient coils and gradient amplifiers. The system

was used to demonstrate imaging of plants in a greenhouse. It,

however, still consisted of a number of loose, interconnected com-

ponents and thus did not appear suitable to be moved around.

In this work we seek to construct a truly mobile MR imager that

is tailored for imaging plants at microscopic resolutions, while

remaining affordable and relatively easy to build. To be called

mobile, we propose that an imager a) should consist of a single,
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integrated unit; b) should be light and mobile enough to be moved

and handled by a single person; c) should be compact enough to fit

in a regular sized car; and d) needs to be able to cope with the rig-

ors of imaging in environments with large temperature variations

and transport shocks.

In a previous study we constructed a magnet in which weight

and size, as well as robustness and accessibility was prioritized

over sheer magnet homogeneity [19]. The resulting C-shaped mag-

net has a total weight of 16 kg and can easily be re-shimmed

mechanically to optimize the homogeneity of the magnetic field.

It is fitted with custom-built, plane parallel gradient coils that

are open from the front, yet strong and fast enough to enable the

use of MSE-type sequences. The approach thus relied on a robust

gradient set and a fast and powerful gradient amplifier. This

requirement was easily met by a set of conventional gradient

amplifiers, which, however, weighed more than 100 kg in total,

making the setup large and cumbersome to move.

An integrated, truly mobile plant imager, utilizing this magnet

and gradient set, would require a gradient amplifier of comparable

power and speed, which at the same time would have to be small,

light and robust. Unfortunately, devices of this kind have not been

presented yet. Existing examples of custom-made devices are

either not sufficiently mobile [16] or not sufficiently powerful

[2,15]. Therefore, we here present a dedicated mobile gradient

amplifier that is light and small, but at the same time sufficiently

powerful to support MSE imaging at short echo times.

Using this amplifier, we constructed a practical, fully integrated

mobile imager, designed specifically for imaging intact trees and

plants in situ. The finished device has a total weight of 45 kg and

is installed on a hand trolley. It can be moved across soft and

uneven ground by a single person and allows imaging of plant

organs at various heights and orientations. The mobility and func-

tionality of the device in the field was demonstrated imaging an

apple tree in an orchard. Its long-term stability was shown in a

two-month greenhouse experiment, imaging the dynamics of dor-

mancy release in the stem of a beech tree during and after spring

leaf flushing.

2. Materials and methods

2.1. Mobile gradient amplifier: Design and construction

To be suitable for our purposes the gradient amplifier should

allow for fast switching (<150 ms) and high current output (!40

A). These are not requirements typically associated with small-

scale, mobile amplifiers. Yet, they are needed to allow for short

echo times, pulsed field gradient (PFG) flow measurements of

xylem and phloem sap flow in plants (future application), as well

as for imaging small objects with microscopic resolution at high

spectral widths. So far, we employed a stack of conventional AB

power amplifiers (BAFPA40, Bruker, Rheinstetten, Germany) to

achieve these requirements and drive our gradients [19]. This set

of gradient amplifiers weighed approximately 105 kg, and was

mounted in a 1900 rack (height of 3 # 4RU or 3 # 178 mm). In the

current work we set out to replace this set of amplifiers with a unit

of much lower weight (<10 kg) and bulk. This set of small-scale

amplifiers should allow mobile and optionally battery driven use

in the greenhouse and field, but without sacrificing current output

and slew rate.

As a basis for the power stage of the mobile amplifier we chose

the well-established design for a conventional AB type audio

amplifier published by Giesberts (1993) [21]. This design uses

cheap, well-known parts, is easy to repair, and has a low resistance

power stage. To approximate the maximum current and slew rate

of the full-sized amplifiers in a mobile, small-scale AB-type ampli-

fier, its efficiency needs to be much better than that of its full-sized

counterpart. To achieve this goal, it is key to tailor the specifica-

tions of the amplifier to our plane parallel gradients. Due to their

small size (diameter 60 mm), optimized design, thick 105 mm cop-

per windings and low number of turns (4 in X and Y, 12 in Z) these

gradients have an exceptionally low resistance (0.29 O in X and Y,

0.55 O in Z) and inductance. This allows fast slew rates even with

low voltage amplifier output. Whereas the BAFPA40 reference

amplifiers have a maximum output voltage of 120 V, we empiri-

cally found that 18 V already suffice to achieve a current of 40 A

with a ramp time of 150 ms in the Z channel. Designing for lower

output voltages markedly improves amplifier efficiency, as the

average power loss (Ploss) at the transistors of the power stage

(MOSFETS) scales with voltage:

Ploss ¼ 1=T

Z T

0

ðIDS tð Þ ' UDS tð ÞÞdt

Here T represents time, IDS drain-source current, and UDS drain-

source in-phase voltage. The maximum value of UDS equals the sup-

ply voltage. By reducing the voltage of the power stages to the min-

imum value required by the gradient coils to achieve the desired

slew rate, the heat loss per cycle in the MOSFETS was minimized.

This voltage reduction also enables the use of smaller MOSFETS

with a lower maximum voltage and therefore a lower internal resis-

tance, resulting in again lower energy losses. However, there is a

trade-off: the gains in efficiency come at the cost of flexibility.

The amplifiers lose the ability to drive larger coils of higher impe-

dance and will suffer a reduction in the duty cycle that can be

supported.

The power stage [21] of the mobile amplifier was realized using

MOSFETs IRF9540N and IRF540N in a TO-220 case (datasheet PD-

91437B and PD-91341A). To increase maximum peak current and

to decrease resistance we added a second pair of MOSFETs in par-

allel in the main branches, as simulated by Heinemann et al. [22]

(Fig. 1b). No symmetrizing resistors for the current distribution

were added, as would normally be used in this amplifier design.

This resulted in a theoretical RDS(on) of 60 mO. The MOSFETS are

cooled by means of a large aluminum cooling body and radial cool-

ing fans (Fig. 2c, d). The cutoff frequency was 20 kHz. A standard

current regulation was added as described by Cooley et al. [15],

using a 50 mO shunt resistor as a compromise between accuracy

and voltage drop.

Originally, the amplifier design mentioned above was meant to

drive loads between 3 and 8 O. The much lower resistance of the

gradient coils, in combination with parasitic inductances in the cir-

cuit, are likely to cause high peak voltages and oscillations that will

damage the MOSFETS of the power stage. These oscillations were

suppressed by empirically adding small capacitors between the

base and collector of those transistors and in the current mirror cir-

cuit (marked *** in Fig. 1b). These additions did not increase pulse

rise time.

Three gradient amplifiers were built on modular boards,

designed to fit a lightweight 1900, 3RU modular euro chassis. One

half of the chassis was taken up by the three gradient amplifiers,

the other half of the chassis housed a set of two switched 24 V, 4

A power supplies (LS100-24, TDK-Lambda Americas Inc., Tokyo,

Japan), weighing 0.6 kg each (Fig. 2). The dimensions of the power

supplies (10 # 4 # 25 cm3) are close to those of a set of heavy duty

25.9 V, 12,600 mAh lithium ion battery packs, weighing 2.0 kg each

(PR-CU-R281, AA Portable power, Richmond, USA), which can

easily be used to replace the power supplies, and allow for up to

8 h of continuous standalone use. Protection of gradient coils and

amplifiers is ensured by fuses, as well as an analog timing circuit,

limiting maximum pulse length, but allowing a shim current of
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up to 2 A. Additionally, heat sink temperature is monitored for over

temperature and the power stage disabled at temperatures > 70 "C.

The finished three channel amplifier weighs 5.0 kg fitted with

two switched power supplies, or 7.8 kg when fitted with lithium

ion battery packs. It is able to provide 40 A at a maximum voltage

of 18 V per channel, for gradient pulses of up to 6 ms in duration,

without significant current drop. The output current of the gradi-

ent amplifier as a function of the voltage, supplied by the gradient

driver of the spectrometer, was shown to be linear (Fig. 3a). Driving

the X gradient, not more than 9.5 V were required to achieve a cur-

rent of 30 A with a rise time of 100 ms (Fig. 3b). In practical use,

running MSE sequences at high resolution, care needed to be taken

not to acquire too many echoes (<40 when measuring less than an

hour, <25 during continuous imaging). At values beyond that the

transistor junction of the read channel had a tendency to overheat,

and the transistors needed to be replaced. This, however, was a

cheap repair of little effort. Imaging with short echo times, the

modest number of echoes that can be acquired will limit the accu-

racy of T2 fitting when dealing with samples with a very long T2
(>200 ms). This may for example be encountered in the large

parenchymatic cells in the pith of herbaceous plants.

2.2. Magnet and probe head

A 0.25 T, 16 kg C-shaped permanent NdFeB magnet with a

40 mm air gap was custom-built and fit with a three-axis plane

parallel gradient set with a maximum gradient strength of 0.3 T/

m over a spherical volume of 25 mm in diameter in X and Y

Fig. 1. Circuit diagrams of one channel of the small-scale AB gradient amplifier. The main components of the amplifiers were a pre-amplification circuit, a driver circuit, an

operational amplifier based PI current regulator (shunt resistors voltage as feedback) and a power stage (MOSFET transistors 2 # IRF540, 2 # IRF9540 with a peak current

>70A) (a). The power stage was based on a design published by Giesberts (1993) [21], to which capacitors were added for suppressing high peak voltages and oscillations,

indicated by *** (b). To prevent voltage drop during pulsing, the supply lines of the three gradient boards were interlinked via the back plane resulting in a total capacity of

60,000 mF (not shown).
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direction. The diameter of the gradient coil set is 60 mm, the resis-

tance 0.29 O for X and Y, and 0.55 O for the Z gradient. The gradient

efficiency is 6.1 mT/m/A for X and Y and 22.3 mT/m/A for Z. The

gradient plates were constructed on the basis of two-sided

105 lm copper circuit boards (OCTAMEX, London, United King-

dom). The gradient plates are mounted on an openable, aluminum

frame that also serves as a Faraday cage (Fig. 4b). The openable

probe head (RF coil, gradient coils and aluminum frame) can be

rotated relative to the poles of the magnet to fit the orientation

of the plant (Fig. 4c). RF coils on Teflon formers of an inner diam-

eter of 10, 12.5, 15, 17.5 and 20 mm can be mounted in the probe

head (Fig. 4d). The solenoidal coils are hand-wound onto the split

Teflon formers. To reduce magnetic field drift due to temperature

changes, the poles of the magnet are equipped with resistive heat-

ing wire, coupled to an accurate temperature controller (±0.1 K

regulation error) that regulated magnet temperature to a set point

approximately 5 "C above ambient temperature. Further details on

the magnet and probe head are given in Meixner et al. [19].

2.3. Mobile MRI hand trolley

A custom-made aluminum hand trolley with large air-filled

tires was constructed as a carrier for the MR imager. A sturdy alu-

minum pole, that was welded to the trolley frame, supports the

Fig. 2. Completed small-scale gradient amplifier. The front view (a) and top view with the cover removed (b) show the three amplifier modules (right in panel a), next to the

power supply (left in panel a). The modular amplifier boards could be pulled out individually (c). The main transistors are fitted with an aluminum heat sink with a radial fan

(d).

Fig. 3. Plot of the linearity of the output current of the gradient amplifier as a function of gradient driver voltage (a). Response curve of the amplifier during a 1 ms (100 ms rise

time), 30 A pulse, connected to the X gradient (b). Amplifier input voltage is shown in red, coil voltage in blue and coil current in green. Current was monitored measuring the

voltage drop over an additional 100 mO resistor mounted in series. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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magnet; the magnet is fixed relative to the pole with two quick

release clamps. The pole provides a convenient handle to recline

the trolley onto its large rear tires and move the trolley around.

After parking, the magnet can be slid up the pole for easy mounting

at heights between 50 and 160 cm. During the orchard measure-

ment the magnet was covered with a thin sheet of flexible insula-

tion foam, shielding it from the low ambient temperature (7 "C).

Included in the imaging setup are the 3-axis gradient amplifier, a

Kea II spectrometer (Magritek, Wellington, New Zealand) with a

standard built-in 100W RF amplifier, and a pre-emphasis unit

(Resonance Research, Billerica, USA). The imaging console is oper-

ated with a standard laptop, running the proprietary spectrometer

software Prospa V3.21 (Magritek, Wellington, New Zealand). The

electronic components of the imager are mounted side by side in

a 190 0 rack at the bottom of the trolley, lowering the center of grav-

ity and countering the weight of the magnet on the pole (Fig. 4a).

The entire imager (trolley, magnet and electronic components)

weighs 45 kg.

2.4. Plant material, treatment and handling

Two demonstrator experiments are presented in this contribu-

tion. The first one was conducted on a full-grown commercial

apple tree (Malus domestica cv. Captan), grown in the open air in

an orchard at the Research Campus Klein-Altendorf, Rheinbach,

Germany. Here, the magnet was mounted on a branch with a diam-

eter of 10 mm at a height of about 1.5 m (Fig. 5).

The second demonstrator measurement was a long-term exper-

iment during which the dormancy release (spring awakening) of a

150 cm tall beech tree (Fagus sylvatica) was monitored. The tree

was purchased in mid-winter from a local nursery (Baumschule

Leonhard Veith, Merzenich-Golzheim, Germany). Prior to the

experiment the plant was grown in the open air, at temperatures

between (7 and 5 "C. At the end of winter dormancy release was

forced by moving the tree into the greenhouse, exposing it to long

day length and higher temperatures (20 "C, 16 h day; 16 "C, 8 h

night; 250 mmol m2 s(1 PAR in supplemental lighting by metal

halogen vapor lamps (250 W SON-Agro, Philips, Eindhoven, the

Netherlands)). At the measurement position, 135 cm above the

soil, the stem had a diameter of 18 mm. Imaging was started

directly after moving the plant to the greenhouse. For this long-

term measurement any movement of the plant relative to the ima-

ger was avoided by minimizing tension in the branch due to its fix-

ation, as the gradual release of such tensions by tree growth was

found to cause movement and potential ghosting artefacts in prior

experiments.

2.5. MR Imaging, parameters and processing

The following steps were performed prior to image acquisition:

(i) Adjustment the height of the magnet and the angle of the probe

head to match that of the branch; (ii) winding the coil around the

shoot; (iii) sliding the branch with the coil into the probe head;

closing of the probe head and covering it with an earthed silver-

plated copper mesh, (iv) tuning and matching of the coil, finding

pulse settings and (v) optimizing the angle of the probe head so

that it is perfectly perpendicular to the branch. The latter was done

by imaging side projections of the shoot. Small adjustments of the

position and angle of the branch were done by means of aluminum

clamps, fastened onto the MRI hand trolley above and below the

position of the magnet. All image acquisition was done with an

MSE imaging pulse sequence as described by Edzes et al. [20],

employing an XY-8 phase cycling scheme [19,23].

For the orchard experiment a 15 mm diameter solenoidal coil

was employed. Images at two matrix sizes were acquired,

128 # 128 and 64 # 64, both with a field of view (FOV) of

16.7 # 16.7 mm, a slice thickness of 4 mm and the following set-

tings: Slice selective 90" pulse: 500 ms soft five lobe sinc, (38 dB;

hard 180" pulses: 7.8 ms, (16 dB; 40 echoes; echo time (TE) 4 ms,

spectral width (SW) 100 kHz. Images with a matrix size of

64 # 64 were acquired with a repetition time (TR) of 2.5 s and 4

averages, resulting in a total image acquisition time of 5 min. The

128 # 128 images were acquired with a TR of 1.5 s and 16 aver-

ages, resulting in an image acquisition time of 50 min. The ambient

temperature during the measurement was around 7 "C; the mag-

net set point temperature was 12 "C.

For the long-term dormancy release experiment a 20 mm diam-

eter solenoidal coil was employed. In the greenhouse the tree was

imaged continuously for 62 days until its leaves had fully emerged

and the first leaves reached maturity. Imaging was done every

15 min, with the following settings: matrix size 128 # 128, FOV

24 # 24 mm, slice thickness 5 mm, 4 averages, TR 1.5 s, TE 5 ms,

24 echoes, 90" pulse: (36.5 dB, 500 ms five lobe sinc; hard 180"

pulses: (16 dB, 9.9 ms; SW of 100 kHz. Despite the active temper-

ature control of the magnet, strong temperature changes in the

greenhouse or direct solar irradiation caused small changes in B0.

To compensate, resonance frequency was automatically deter-

mined between measurements and B1 frequency adjusted to

match.

Passive and active shimming of the magnet was done once,

directly after mounting the tree into the imager. Subsequently

Fig. 4. Sketch of the mobile magnetic resonance imager. The setup was assembled

onto a lightweight aluminum hand trolley (a). A C-shaped permanent magnet was

mounted on a sturdy aluminum pole that was fixed to the hand trolley. The magnet

can be moved up and down on the pole (max. height of 160 cm). The electronic

components comprise a custom-built, small-scale, 3-axis gradient amplifier (i), a

pre-emphasis unit (ii), and a Kea II spectrometer with built-in RF amplifier (iii). The

probe head and RF coil can be opened, allowing plant stems or branches to be

inserted (b). The angle of the probe head can be adjusted relative to the magnet to

match the angle of the object of interest (c). The diameter of the split Teflon former

of the RF coil can be chosen to closely match the diameter of the plant shoot (10–

20 mm) (d).
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active shimming was done and checked every two weeks, but no

significant adjustments were needed during the entire 62 day

period.

All image acquisition and data processing was programmed in

Prospa (Magritek, Wellington, New Zealand). First, all images were

masked and phase corrected according to Ma (2008) [24]. Quanti-

tative water content (A) and T2-maps were calculated on the basis

of a mono-exponential fit of the signal for every pixel. In the dor-

mancy release experiment, all water content maps were normal-

ized on the basis of the reference tube. A*T2 product maps were

obtained by performing a pixel-by-pixel multiplication of the

amplitude- and T2-maps [19]. A*T2 product maps were shown to

be especially helpful to visualize filled xylem vessels in trees.

Xylem vessels tend to be smaller than can be spatially resolved,

but give rise to pixels with elevated water content (A) and T2. By

multiplying the two parameter maps, the contrast between wood

with and without filled xylem vessels is greatly enhanced, enabling

the detection of pixels with filled xylem vessels even less than half

the cross sectional area of those pixels is occupied by xylem sap

[19]. In the greenhouse experiment, before T2-fitting, all images

were calculated based on sliding window averaging of 36 MSE

measurements. To filter out noise in the animations of sequential

images, pixels with values that were double or more, or half or less,

than all four nearest neighboring pixels were assumed to be noise

and set to zero (supplementary Fig. S1 and S2).

3. Results and discussion

3.1. Orchard field-measurement

The mobility and robust nature of the mobile MRI scanner were

demonstrated by imaging the branch of an apple tree (Malus

domestica cv. Captan) in a research orchard (Fig. 5). The experi-

ment was done in early November on a day with a maximum tem-

perature of 7 "C. The device was loaded into the trunk of a car and

taken to the measurement site. Thanks to the large air-filled tires

the device could be wheeled with ease from the car to the tree of

choice by a single person, unhindered by the soft and uneven field.

After adjusting the set point of the temperature controller of the

magnet to approximately 12 "C, magnet temperature equilibrated

within about two hours. Prior to taking the setup out of the lab,

the magnet was at a set point temperature of approximately

25 "C. In the car magnet temperature was not controlled and ambi-

ent temperature was approximately 20 "C. The robust and basic

construction of the magnet allowed re-shimming it in minutes at

the site of measurement, correcting for the potential effects of

transport shocks and temperature changes. Passive shimming

was done by adjusting the pole shoe alignment of the magnet;

active shimming was done by means of the three gradient coils.

Images of the branch were obtained at two matrix sizes

(64 # 64 and 128 # 128), both with the same FOV

(16.7 # 16.7 mm). At a matrix size of 64 # 64 a full dataset could

be acquired within 5 min, from which water content and T2 images

with a pixel size of 0.26 # 0.26 mm were obtained. At a matrix size

of 128 # 128 (pixel size 0.13 # 0.13 mm) image acquisition took

50 min. During this time, no artefacts (such as blurring or image

deformation) were observed, indicating that the magnet tempera-

ture was held sufficiently constant to prevent temperature induced

shifts of B0 (Fig. 6).

Images readily allowed to differentiate stem tissues, such as

bark (water content 30%, T2 40 ms), cambium (water content

50%, T2 80 ms), xylem (water content 30 to 40%, T2 70 to 100 ms)

and pith (water content 55%, T2 145 ms). The uniform water con-

tent (A) and T2 values of the xylem reflected the homogeneous ves-

sel distribution in the wood, as observed by light microscopy after

harvesting (not shown). In amplitude (64 # 64: 0.107, 128 # 128:

0.115) and T2 (64 # 64: 81.2 ms, 128 # 128: 74.9 ms) the average

values of images acquired with both matrix sizes agreed within

an error range <10% (Fig. 6).

Fig. 5. The mobile MRI scanner in an orchard (Research Campus Klein-Altendorf, Rheinbach, Germany) (a). The imaging hardware was installed onto a 1900 frame, mounted on

an aluminum hand trolley. The C-shaped permanent magnet was supported by an aluminum pole, which was an integral part of the hand trolley (c). By sliding up or down the

magnet was adjusted in height. Empty plastic crates (blue) provided a makeshift table for the laptop. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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3.2. Long-term greenhouse measurement

As a demonstrator experiment for the long term use of the ima-

ger in an agronomical setting with strongly varying environmental

conditions, the MRI scanner was set up in a greenhouse to monitor

an 18 mm diameter beech stem (Fagus sylvatica) during bud burst

and leaf flushing, for a continuous period of 62 days (Fig. 7). In the

greenhouse the imager experienced diurnal temperature changes

between 18 and 28 "C and was occasionally exposed to direct sun-

light and high air humidity. During the experimental period B0

showed a variation of 9.8 kHz at the very extremes, but usually

did not show a diurnal drift of more than 3.9 kHz (Fig. S3), i.e. half

a pixel at a matrix size of 128 at a spectral width of 100 kHz. This

was easily corrected by determining and adjusting resonance fre-

quency between measurements. The imager remained functional

for the whole time, acquiring>6000 images sequentially, demon-

strating the reliability and durability of the setup in the challeng-

ing greenhouse environment.

The water content and T2 values of the various tissues in the

stem (bark, cambium and phloem, xylem, pith; Fig. 7) were in line

with previous experiments imaging beech [19,25]. In the xylem,

one large and mostly connected ring of tissue had the highest

water contents (33 to 40%) and T2 values (50 to 90 ms). Over a per-

iod of 62 days, water content in this ring increased from around

35% to values of up to 57%; while T2 increased from around

70 ms to a maximum value of 127 ms. In the oldest xylem in the

center, T2 increased from 30 ms to more than 100 ms, while water

content values in this area increased from 15 to 20% (Fig. 7).

The average water content and T2 values of the stemwere found

to oscillate diurnally during the whole experiment (Fig. 8a). Both

parameters exhibited fluctuations of around 3 to 4%, with a maxi-

mum in the morning and a minimum in the evening. Both quanti-

ties thus reflect the diurnal pattern of the depletion of stem water

reserves during the day and their replenishment during the night

[1,7,8,26,27]. The diurnal pattern of fluctuation closely matched

that which is observed when measuring stem diameter variations

by means of dendrometers [5,28]. In vivo MRI of oak revealed that

most of the diurnal shrinkage and swelling in that species is caused

by water content fluctuations in the elastic bark tissues [27]. The

water content fluctuations that we observed in the bark after leaf

emergence (supplementary animations S2c and S2d) mirror this

behavior and suggest that the same holds true in beech.

Bud development during the first 36 days, prior to leaf emer-

gence, coincided with a moderate increase in stem water content

()10%; Fig. 8b-c). This increase was observed mainly in the bright

xylem ring. Between day 0 and 20 the average T2 value of the stem

increased from 47 to 63 ms. This became visible throughout the

xylem, but was especially noticeable in the older year rings

(Fig. 8b). Between days 20 to 37 the stem average T2 value went

back down to 53 ms, with T2 decreasing again throughout the

xylem (Fig. 8a, c). Between day 37 and 47 the first leaves emerged,

while a significant T2 increase in the older xylem and the pith was

observed (Fig. 8d). The rays stood out in T2 and A*T2 images, while

a more moderate T2 increase was observed in the younger xylem.

Between day 47 and day 61 water content increased significantly

in the cambium and in the younger xylem, resulting in an average

Fig. 6. Amplitude (A), T2, A*T2 images of an apple branch, acquired with the mobile

imager in an orchard. Field of view 16.7 # 16.7 mm. At a matrix size of 64 # 64 (left

column) image acquisition took 5 min, at a matrix size of 128 # 128 (right column)

50 min.

Fig. 7. Long-term greenhouse experiment, monitoring the stem of a beech tree

(Fagus sylvatica) during bud flushing, leaf development and leaf maturation. The

tree was imaged continuously for a period of 62 days; shown are images acquired

between day 0 (a) – day 55 (e). Every MRI parameter map represents the sliding

window average of 36 measurements, acquired over a period of 9 h. A photo of the

branches of the tree is shown next to the corresponding amplitude (A), relaxation

time (T2) and A*T2 product images. An animation of the whole 62 day experiment is

provided as supplementary material (S1).
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water content increase of 36% (Fig. 8a, e). This was accompanied by

a moderate change in T2 in the cambium.

The observed T2 of water in compartments in porous structures

such as plant tissues is negatively correlated with compartment

size if, after excitation, magnetization bearing protons are likely

to reach the compartment wall by diffusion in a timescale shorter

than the intrinsic (or bulk) T2 of the liquid [29]. This correlation has

been observed for living vacuolated plant tissues [30,31], as well as

for woody xylem conduits [32,33]. In the context of drought stress

in trees, we utilized this effect to monitor embolism formation (i.e,

the collapse of water columns) in xylem conduits [19]. In the con-

text of flushing, an increase in T2 as observed in Fig. 8b and d may

reflect the swelling of compartments, or water entering larger, pre-

viously empty lumina. Other factors that are associated with flush-

ing and that might influence T2, such as an increased sugar

concentration in the xylem sap, or an increased membrane perme-

ability, are unlikely to have caused the T2 increase. They would

both rather have caused the opposite effect, a decrease in the

observed T2 [34,35].

In temperate angiosperms including beech [36], a substantial

part of the conductive xylem tissue is embolized due to freeze-

thaw cycles during winter [37,38]. In beech, active refilling is the

dominant mechanism to reestablish xylem function [39], allowing

for flow resumption during leaf development [40]. Refilling is

Fig. 8. Average amplitude (A), T2, and A*T2 in the stem of beech during bud flushing and leaf maturation over a period of 62 days (a). The most significant positive and

negative changes during periods (i) to (iv) in the A, T2 and A*T2 parameter maps are shown in panels b-e. Positive changes in the respective time periods are shown in the top

half of the panels (D+), negative changes in the bottom half (D-). The scaling of the water content and A*T2 product images is relative to the scaling used in Fig. 6. Animations

representing the timeframes of panel b) - e) are provided as supplementary material (S2a-d).
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thought to involve the wood rays, consisting of radially aligned

files of specialized parenchyma cells. They form a link between

xylem and phloem, and allow radial bi-directional transport of

water and solutes. Rays were found to be involved in the storage

and remobilization of starch, sugars, protein and fats [41,42].

Sucrose and other soluble sugars are essential for the development

of new leaves in spring. They were found to arise from starch mobi-

lization, after which they are radially translocated from the rays to

the phloem, or the conduit lumen [43,44]. Tantalizingly, indirect

evidence for both processes would appear to become visible in

the increases in amplitude and T2 of the rays (Fig. 8a, 8d, supple-

mental animation S2a, S2c, S2d) and in T2 for the potential mobi-

lization of starch in the center of the tree (Fig. 8d, supplemental

animation S2c, from day 45 onwards).

Copini et al. [45] used MRI to monitor dormancy release in oak

by imaging and subsequently harvesting two individuals per phe-

nophase from April till June. Even though oak has a ring porous

wood architecture that is different from semi-diffuse porous beech,

similarities in the pattern of spring refilling were found. For both

species, before bud break water in the stem was distributed fairly

diffusely and homogeneously (Fig. 7a). Upon dormancy release

average stem water content increased only moderately, but

marked increases in water content were observed in the newly

formed xylem (Fig. 8e). In both species water in the older year rings

appeared to converge in particular regions, increasing contrast

between wood regions with and without water. Copini et al. found

the development of new vessels to coincide with leaf formation. In

beech we also observed the start of xylem formation to coincide

with bud break.

The T2 dynamics between day 37 and 47 are particularly inter-

esting (Fig. 8d). Bud break was accompanied by the start of a strong

increase in the T2 of the oldest xylem and the pith in the middle of

the plant. Due to its low water content ()15%) this region would

not appear to contain conducting xylem. The strong increase in

T2 in the center was accompanied by a more moderate T2 increase

in the surrounding xylem tissue, with especially the wood rays

standing out (Fig. 8d). These increases in T2 were followed between

day 47 and 61 by a marked increase in water content in the cam-

bium and the younger xylem, indicating radial growth (Fig. 8e, see

supplementary animations S2c,d for details). This suggests that

older xylem may have been used for storing starch. The increase

in T2 then may be associated with the mobilization (hydrolyzation)

of starch into of soluble sugars around bud break. Such soluble sug-

ars are osmotically active, attracting water and potentially causing

a local increase in turgor. The sugars are subsequently transported

via the rays to the xylem vessels, supporting xylem refilling and

flow resumption, as well as to the cambium to support growth

[46]. In spring, when sugars are mobilized, wood ray cells are likely

to attract water and swell. The resulting decrease in surface-to-

volume ratio may have caused the observed increase in the T2 of

the wood rays.

4. Conclusion

We presented a fully integrated, mobile plant imager with a

maximum field of view of 20 mm.

To be able to run an MSE pulse sequence with short echo times

and high spectral width, while achieving microscopic resolution,

we constructed a small-scale gradient amplifier that was capable

of generating pulses of up to 40 A at a duration of up to 6 ms.

By mounting all components of the MRI scanner (magnet, spec-

trometer, pre-emphasis unit, gradient amplifier) on a hand trolley,

a mobile imager was obtained that could be moved by one person,

transported in a regular car and used in the field. It was capable of

delivering water content and T2 images of high quality, while oper-

ating under challenging environmental conditions and over

extended periods of time.

All components that were custom built for the imager (i.e., the

magnet, gradient coils and gradient amplifier) were of well-known

design and could potentially be manufactured at low to moderate

cost, especially if produced in larger numbers. The spectrometer

was the most expensive element in the imager. In the future, by

also replacing the spectrometer with an affordable open source

design, the imaging setup could become more affordable still. This,

as well as the fact that the machine could easily be shared between

labs, could make MRI available more widely for applications in

plant physiology. Cheaper measurement time would also allow

imaging of plants over extended periods of time.
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3 Overarching discussion and literature reflection 

3.1 Hypothesis I: The use of a multi-spin echo imaging pulse sequence compensates 

for the imperfect homogeneity and lower field strength of small-scale and open 

permanent magnets. 

The first hypothesis was confirmed. A novel MRI approach to image plant xylem was introduced. A 

relatively light, open and robust permanent magnet with limited field strength and homogeneity was 

paired with a multi-spin echo imaging pulse sequence with short echo times and a large number of 

echoes. Within less than two hours quantitative water content and signal relaxation time (T2) images 

were obtained with pixel sizes between 100*100 and 200*200 µm². The images provided high 

anatomical detail of the stem of young spruce and beech trees, allowing the different stem tissue types 

to be distinguished (Meixner et al., 2020; Meixner et al., 2021a). At pixel sizes between 300*300 and 

360*360 µm² annual rings could still be distinguished in both types of xylem architecture, which was 

not possible anymore at pixel sizes above 500*500 µm². 

The novel MRI approach introduced in Meixner et al. (2020) is advantageous compared to existing 

approaches of imaging plants with open small-scale magnets (Umebayashi et al., 2011; Umebayashi et 

al., 2016; Fukuda et al., 2015), as in all of those existing approaches single-spin echo imaging pulse 

sequences were used (with echo times >10 ms). The use of multi-spin echo pulse sequences with short 

echo times was found to compensate the shortcoming of an open small-scale magnet in different ways 

(see Fig. 8). The limited field strength is compensated as the signal is used more efficiently. The limited 

homogeneity of the magnetic field, which causes the signal to decay rapidly, is compensated by 

refocusing the signal as soon as possible after its excitation. Finally, another advantage of multi-spin 

echo imaging is that the large number of signal acquisitions allows to fit the signal for each pixel with 

high accuracy and to obtain quantitative water content and signal relaxation time (T2) images. 

3.2 Hypothesis II: Quantitative MR imaging allows the detection and visualization of 

xylem emboli, even if xylem conduits are not spatially resolved. 

The second hypothesis was also confirmed. Quantitative water content and signal relaxation time (T2) 

images both provided sufficient contrast between pixels that contain filled xylem conduits and those 

that do not in beech and spruce xylem. This provided a way to monitor xylem desiccation in angiosperm 

and gymnosperm xylem, even when pixel sizes were significantly larger than xylem conduits (Meixner 

et al., 2020; Meixner et al., 2021a). Combining water content (A) and signal relaxation time (T2) images 

via pixelwise multiplication resulted in A*T2 product images, which showed a higher image quality and 

higher signal-to-noise ratio than water content or relaxation time images individually. Also, product 

images were found to be more sensitive against a limited number of conduits per pixel drying down, 
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which was particularly beneficial when monitoring the disappearance of filled vessels in beech, which 

was challenging due to water remaining in smaller lumina (e.g. fibers) beyond the dry-down. On the 

basis of a simulation, the high sensitivity of product images to monitor xylem dry-down in beech was 

ascribed to a the longer T2 values of water in larger lumina, such as vessels (Meixner et al., 2020).  It 

was further shown that monitoring the emergence of xylem emboli on the basis of A*T2 product 

images also works at pixel sizes beyond 500*500 µm² (Meixner et al., 2021a). 

Existing approaches to use MRI for monitoring xylem embolism formation in trees that have been 

applied to gymnosperm species confirmed the relatively homogeneous xylem structure of this type  of 

xylem architecture (Utsuzawa et al., 2005; Umebayashi et al., 2011; Umebayashi et al., 2016). Two 

studies that have been conducted on angiosperm tree species were both limited in the sense that only 

the water in large vessels (with long T2 values) was visualized, while signal from water in smaller lumina 

within the tissue surrounding the vessels was not acquired due to its short T2 value (Zwieniecki et al., 

2013; Fukuda et al., 2015). In Meixner et al. (2020) and Meixner et al. (2021a) it was shown that when 

imaging beech xylem with a sufficiently short echo time and a large number of echoes, quantitative 

images can be obtained that allow to also visualize water in smaller lumina next to the vessels. 

Quantitative water content images allowed to monitor the amount of water, while signal relaxation 

time images allowed to draw conclusions on the compartment size of the lumina the water is contained 

by. The ability to detect water in smaller as well as larger lumina provides a more complete 

understanding of how certain species handle drought stress, especially in case of angiosperm species. 

3.3 Hypothesis III: Xylem vulnerability curves can be obtained from quantitative 

water content and T2 images. 

The third hypothesis could also be confirmed. Xylem vulnerability curves were successfully obtained 

from water content (A) as well as A*T2 product images, despite the fact that the pixels of the MR 

images were at least five times larger than the average vessel diameter (Meixner et al., 2020; Meixner 

et al., 2021a). Different ways have been tested to obtain xylem vulnerability curves. For all tested 

approaches fitted vulnerability curves were in good agreement with the dry-down data (r² values >0.9); 

the most accurate vulnerability curves, however, were obtained via binarizing A*T2 product images. 

This was ascribed to the higher contrast in A*T2 product images between xylem pixels that contain 

filled conduits and those that do not. The approach to obtain vulnerability curves via binarizing product 

images was refined further by optimizing the binarization threshold on the basis of maximizing the 

agreement between the dry-down data and the resulting sigmodial fit; the agreement was quantified 

on the basis of the r² values. Binarizing product images was confirmed to yield accurate vulnerability 

curves at different spatial imaging resolutions. For beech and spruce vulnerability curves were found 

to be in agreement with curves obtained in other studies (Meixner et al., 2020; Meixner et al., 2021a). 
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In existing MRI dry-down studies on trees vulnerability curves have been based on pixel values directly 

(Zwieniecki et al., 2013), and the binarization of MR images (Fukuda et al., 2015; Umebayashi et al., 

2016). In all of those cases signal intensity images were used that are simultaneously weighted 

by different sample parameters (i.e. water content and T2). In such studies the unique capability of 

MRI to produce quantitative images was therefore not utilized. Also, existing studies hardly ever 

discuss the choice of their binarization threshold, which indicates that it is not based on a strict 

methodological approach. Finally, the degree to which fitted vulnerability curves agree to the dry-

down data is limited in some of the studies mentioned, while in Meixner et al. (2020) and 

Meixner et al. (2021a) the r² values of the sigmodial fits were above 0.9 in all cases, even when 

pixel sizes were above 0.5*0.5 mm². 

3.4 Hypothesis IV: All imaging components can become sufficiently small and robust 

for imagers to be easily moved, set up and used in a greenhouse or in the field. 

Lastly, also the fourth hypothesis was confirmed. A single unit mobile MRI scanner with a total 

weight of 45 kg was constructed. The device was based on the imaging approach presented in 

Meixner et al. (2020), which was combined with a small but powerfully gradient amplifier 

(Meixner et al., 2021b). The gradient amplifier had been based on an existing audio amplifier design, 

which was tailored to the gradient coils and sequences used in Meixner et al. (2020) and Meixner et 

al. (2021a). The mobility of the device, as well as its functionality outdoors, was illustrated by 

obtaining quantitative high-quality images of the twig of an apple tree; the measurement has been 

conducted in an orchard at an ambient temperature of 7 °C.  A second measurement was conducted 

to illustrate the capability of the setup to image continuously over extended time periods and 

despite significant fluctuations of ambient temperature and air moisture. For this purpose, a 

beech tree was imaged during spring leaf development over a period of two months in a 

greenhouse. Quantitative water content and T2 images suggested that water and starch dynamics 

in the stem during spring refilling have been observed successfully in vivo. 

Most existing approaches of imaging plants outdoors can be called mobile only to a limited 

extent, either due to the size and weight of the permanent magnet (Nagata et al., 2016), or the 

electronics (Kimura et al., 2011; Jones et al., 2012). The most mobile device so far has been 

presented by Rokitta et al. (2000). It used a 52 kg, 0.47 T magnet and required 20 kg of additional 

electronic hardware. While this device has been shown to be capable of imaging in a greenhouse, 

the number of acquired images was limited, and the images were of limited quality. Further, the 

device of Rokitta et al. consisted of a number of loose, interconnected components, preventing its 

convenient use in the field. Existing small-scale amplifier approaches were found not to be 

sufficiently mobile (Jones et al., 2012) or not sufficiently powerful (Rokitta et al., 2000; Cooley et 

al., 2020). 
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4 Conclusions and outlook 

In this thesis it was shown that, in the context monitoring xylem emboli in trees non-invasively, some 

of the shortcomings of the MRI technology can be compensated by using a dedicated combination of 

hardware, imaging pulse sequences and data evaluation routines. The use of a small and open 

permanent magnet results in limited strength and homogeneity of the static magnetic field that the 

magnet provides, limiting the MRI signal and causing its rapid decay. Both properties, however, were 

compensated by using a multi-spin echo imaging pulse sequence (with short echo times and a large 

number of echoes).  

As low-field MRI only provides limited spatial resolution, pixels sizes above 100*100 µm² prevented 

individual xylem conduits in trees to be spatially resolved. Combining quantitative water content and 

T2 images via pixelwise multiplication, however, was found to generate high quality images with a high 

sensitivity to xylem cavitation in angiosperm and gymnosperm xylem. The correlation of compartment 

size and T2 allowed to recognize the dry-down of a limited number of conduits per pixel with high 

sensitivity. This approach allowed to obtain accurate xylem vulnerability curves, even at pixels sizes 

beyond 500*500 µm². 

Finally, it was shown that quantitative high-quality images can also be obtained in the field or 

greenhouse, by combining the small open magnet and the multi-spin echo pulse sequence with a 

tailored mobile gradient amplifier. As the amplifier was based on a well-known design and cheap parts, 

this approach not only demonstrated a way to make quantitative imaging of plants mobile and suitable 

for outdoor measurements, but also showed that it can be made more affordable. 

Accordingly, MRI has potential beyond its current use to study plant hydraulics. The ability to image 

plant stems with small and open magnets of a simple design has a number of beneficial implications. 

The limited size and weight makes the magnets relatively cheap and mobile, while the fact that they 

are open allows their convenient use when imaging plant stems. Cheaper MRI devices based on such 

magnets can reduce the cost for measurement time and allow to continuously image xylem dry-down 

(and potentially also refilling) of larger numbers of samples, and to obtain vulnerability curves non-

invasively, even in the field. This can provide a broader basis of in vivo data to verify existing hydraulic 

methods, but also to tackle unresolved questions around repair, plasticity, segmentation, and 

potentially also questions regarding the plant metabolism under water stress.  

A better understanding of these questions is expected to provide answers regarding the vulnerability 

to drought stress of present-day forests and to allow more accurate future predictions. Understanding 

of this kind will further assist to choose species and varieties, as more plants are expected to face 

higher temperatures and less precipitation. Also, the optimization of watering strategies for crops will 
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benefit from a better understanding of the dynamics of xylem water and repair, as plants face drought 

stress.  

Future challenges that have to be resolved to make MRI more accessible to plant scientist mostly are 

linked to its complexity. The biggest challenge probably is to make the technology failsafe and 

automate it to a degree so that it can be easily used by non-MRI-experts on a daily basis (e.g 

optimization of a large number of imaging parameters), while keeping the hardware and programming 

costs within affordable limits. 

Finally, the NMR principle provides a unique way to directly and non-invasively obtain a full distribution 

of flow velocities for each pixel of an MR image. The components presented and used in this thesis 

(magnet, gradient coils and amplifiers) have been designed so that they are capable of flow 

measurements in the xylem and phloem. The implementation of this functionality would open a new 

set of possible applications, e.g. to base xylem vulnerability curves on the actual percentage loss of 

conductivity, obtained via non-invasive xylem flow measurements.  
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7 Appendix: Supplementary material of embedded publications 

7.1 Publication I: A small‐scale MRI scanner and complementary imaging method to 

visualize and quantify xylem embolism formation 

Marco Meixner, Martina Tomasella, Petra Foerst, Carel Windt 

Figure S1: Conduit diameter distributions of the microscopic cross sections of beech (Fagus sylvatica) 

shown in Fig. 1. Mean diameter values in µm are B1mean = 28.5, B2mean = 24.9, B3mean = 20.2.  

Figure S2: The three beech trees (Fagus sylvatica) were grouped together to compare the four 

methods shown in Fig. 6 by using the fitPLC with a sigmodial model and 1000 resamples. 
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Table S1:  r2, slopes and Ψ50 of vulnerability curves of three beech (Fagus sylvatica) trees shown in Fig. 

7. Curves were acquired via applying a threshold to amplitude (a) and product (b) images and counting 

the number of pixels that contained values above that threshold at a certain water potential; in a 

second step VCs were obtained by using the mask created by thresholding amplitude and product 

images and summing up the amplitude values of all the pixels inside of them (c and d). The slope (S) 

indicates how fast the dry-down happens; Ψ50 is the water potential value at which  50% of the vessels 

are embolized, indicating the position of the curve; the coefficient of determination R² is a measure 

for how well the data suits the  sigmodial fit function. 

 

  r² S (% MPa-1) Ψ50 (MPa) 

 B1 0.98 -44.07 ± 2.45 -3.58 ± 0.09 

(a) B2 0.87 -48.59 ± 11.17 -4.12 ± 0.18 

 B3 0.96 -44.63 ± 1.85 -3.47 ± 0.07 

 B1 0.99 -33.42 ± 1.03 -2.84 ± 0.02 

(b) B2 0.96 -29.48 ± 1.94 -3.74 ± 0.06 

 B3 0.98 -29.67 ± 1.01 -2.97 ± 0.08 

 B1 0.97 -48.37 ± 4.72 -3.62 ± 0.07 

(c) B2 0.84 -47.49 ± 20.90 -4.29 ± 0.32 

 B3 0.96 -46.92 ± 6.82 -3.47 ± 0.09 

 B1 0.99 -34.06 ± 0.98 -2.93 ± 0.05 

(d) B2 0.92 -30.50 ± 4.02 -3.86 ± 0.16 

 B3 0.99 -31.21 ± 3.71 -3.02 ± 0.07 

 

 

Video S1-S3: Videos of the time series of magnetic resonance product (A*T2) images of the stem of 

three beech (Fagus sylvatica) trees, acquired during progressive dry down. The plant is indicated in the 

upper left corner (B1, B2, B3); the corresponding water potential is indicated in the lower left corner. 

The number of images per plant is 14 for B1, 10 for B2 and 7 for B3.  
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7.2 Publication II: Reduced spatial resolution MRI suffices to image and quantify 

drought induced embolism formation in trees 

Marco Meixner, Petra Foerst, Carel Windt 

 

Figure S1: First echo images of well-watered spruce (a) and beech (b), acquired with an MSE imaging 

sequence, illustrating the dependency of image quality and signal-to-noise ratio on matrix size and 

the number of acquisitions averaged (numAcq). The respective SNR is printed under each image.  
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Figure S2: Fig. 3: Water content (A) and T2 maps of xylem embolism formation in spruce (a,b) and 

beech (c,d), acquired with matrix sizes of 32x32, 64x64 and 128x128 pixels, shown in dependence 

of time and water potential (WP). In all panels (a-d), the positive difference in image intensity 

between the first and the last image is shown in the rightmost position (Δ+). 

Figure S3,S4: Animated illustration of the xylem dry-down of spruce (S3) and beech (S4). Water 

content (A), T2 and A*T2 maps are displayed at different imaging matrices (32×32, 64×64 and 

128×128), all with the same field of view. In the upper right corner the time and water potential 

values corresponding with each image are shown. 
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7.3 Publication III: An integrated magnetic resonance plant imager for mobile use in 

greenhouse and field 

Marco Meixner, Johannes Kochs, Petra Foerst, Carel Windt 

Supplementary video S1: Animation of the amplitude (A), relaxation time (T2) and A*T2 product images 

of a beech tree, acquired during 62 days of bud flushing, leaf development and leaf maturation. A 

photo indicating the developmental stage of the tree and its buds is shown next to the parameter 

images. Time elapsed is indicated in the upper left corner in days. Image intensities are scaled as 

indicated in Fig. 7. 

Supplementary video S2a: Animations of the changes in amplitude (A), relaxation time (T2) and A*T2 

during days 0 to 20 (a), 20 to 37 (b), 37 to 47 (c) and 47 to 61, i.e. the same timeframes as shown in 

Fig. 8. A, T2 and A*T2 product images are shown in the left column of parameter images. Corresponding 

parameter images depicting increase and decreases in intensity are shown in the middle and right 

column, respectively. To the right of the three columns of parameter images, photos of the branches 

of the tree are shown indicating the developmental stage of the tree and its buds. The parameter 

images in the left column are scaled as indicated in Fig. 7. The parameter images in the middle and 

right column are scaled as indicated in Fig. 8. 
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Supplementary data S3: Magnetic field drift during the long-term greenhouse experiment. Plotted are 

B0 (blue line) and ambient temperature (red line) during the 62 day greenhouse experiment (top 

panel), and B0 (blue line) and solar illuminance (red line) as measured on top of the greenhouse 

(bottom panel). The accuracy with which B0 can be measured and corrected is limited by the precision 

with which frequency can be set in this version of the spectrometer software (Prospa V3.21, Magritek, 

Wellington, New Zealand), as a result of which the B0 is plotted in discrete steps. The increase in the 

maximum temperature extremes and solar irradiation towards the second half of the experiment 

correspond with the occurrence of warmer and sunnier days in April. During the entire period B0 

showed a variation of 9.8 kHz at the very extremes, but on average did not exhibit a diurnal drift of 

more than 3.9 kHz. The positive correlation of B0 and ambient temperature indicates a slight under-

regulation of the temperature controller. This in all likelihood is caused by the position of the 

controller’s temperature sensor in the yoke of the magnet, since it cannot be placed at the core of the 

magnet poles. 
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