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Abstract 
 

This review highlights technological developments in magnetic 

resonance imaging (MRI), which are creating opportunities for the 

visualization and quantification of metabolites in plant and animal 

materials. Some of the leading MRI-based strategies for metabolite 

imaging are explained, and peculiarities of MRI application on plant and 

animal (as experimental models) are highlighted. A major feature of MRI 

is that it is a non-invasive platform, and thus can be used for the analysis 

of living organisms. By concentrating on plants, we explore the 

opportunities offered, and the challenges posed by MRI for elucidating 

the metabolism of living organisms. Here, the aim is to convince the 

reader of the need to develop non-invasive approaches to study plant 

                                                        

 E-mail address: borysyuk@ipk-gatersleben.de. 

No part of this digital document may be reproduced, stored in a retrieval system or transmitted commercially
 in any form or by any means.  The publisher has taken reasonable care in the preparation of this digital 
document, but makes no expressed  or implied warranty of any kind and assumes no responsibility for any 
errors or omissions. No liability is assumed for incidental or consequential damages in connection with or 
arising out of information contained herein. This digital document is sold with the clear understanding that 
the publisher is not engaged in  rendering legal, medical or any other professional services. 



Ljudmilla Borisjuk and Gerd Melkus 2 

metabolism, and in particular to demonstrate the merits of MRI for this 

purpose. We suggest that a co-operative effort between MRI physicists 

and plant biologists will yield a substantial research significant dividend. 

 

 

Introduction 
 

Making sense of visual signals directly or indirectly occupies about 50% 

of the brain's processing power, and the brain is able to processes information 

from images more effectively than from other sources (Smiciklas, 2012). The 

capacity of NMR (Nuclear Magnetic Resonance) to generate images, which 

commonly regarded to the term “Magnetic Resonance Imaging” (MRI), was 

discovered over 40 years ago and since this time the platform has evolved into 

a powerful method for imaging live biological material. The specific 

properties which suit it so well as a tool for the in vivo study of metabolites are 

highlighted in this review. 

MRI is non-invasive technique, meaning that the images can be generated 

without any need to process the target tissue. Doing away with sample 

extraction and/or purification avoids many of the artefacts associated with 

conventional analytical methods. Secondly, the platform permits the detection 

of some processes which are not assayable in vitro, as for example, real time 

variation in the structure and chemistry of the living cell. Thirdly, the platform 

generates multi-faceted (simultaneously spectroscopic, spatial and dynamic) 

data, a property which is particularly valuable in the context of live specimens, 

since it allows for a wide-ranging monitoring of function from a single 

experiment. (In contrast, most conventional analytical methods require the 

investigator to focus on a narrow set of parameters, such as either “structure” 

or “metabolism”). The combination of these advantages has helped to turn 

MRI into a highly versatile medical diagnostics platform technology, but its 

implementation in the plant sciences is not as yet so advanced.  

The early NMR-acquired images of both human (Hinshaw et al., 1977; 

Mansfield and Maudsley, 1977) and plant (Hinshaw et al., 1979; Mansfeld and 

Pykett, 1978) materials were published approximately simultaneously, but the 

impact within the two scientific communities has been rather different. 

Following the early suggestion that NMR could be adopted as a platform for 

cancer diagnosis (Damadian, 1971), large numbers of MRI systems were 

installed in hospitals throughout the world. A clinical device provided the 

means for the earliest documented applications of MRI in the plant sciences 

(Mansfield and Pykett, 1978; Hinshaw et al., 1979). At that time the 
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technology, in terms of resolution, was unable to compete with optical 

microscopy, and in contrast to the complications associated with the 

preparation of biopsy samples from patients, the dissection of plant materials 

to allow their microscopic examination is straight-forward and inexpensive. As 

a result, the utility of developing a non-invasive approach was for a long time 

not recognized by the plant science community; furthermore, at that time, a 

number of technical issues surrounding the processing of plant tissue (see §3, 

below) discouraged exploration of the potential of MRI.  

In the wake of technical improvements with respect to both MRI (Van As 

& van Duynhoven, 2013; Borisjuk et al., 2012) and experimental biology 

(Weissleder & Pittet (2008; Fiorani & Schurr, 2013), the scenario now looks 

quite different. The development of high throughput 'omics technology has 

produced large quantities of gene transcription, translation and post-

translational data. Nevertheless, based as they generally are on invasive 

sampling, the reconstruction of in vivo processes from these data is difficult. 

Inevitably, destructive sampling can only give a snapshot of the condition of a 

once-living tissue, whereas the reality of the living organism is that conditions 

are in dynamic flux. Modelling has been used in an attempt to integrate 'omics 

data, but the predictive ability of any model is limited by the quality and 

breadth of the data used to construct it. The paradigm in much of the medical 

research field has shifted to non-destructive sampling, and in particular MRI. 

A similar transition in the plant sciences may be some way off, but is highly 

likely to occur in the coming years.  

Plant tissues, just as those from all multicellular organisms, are inherently 

heterogeneous, and their global metabolism reflects the end result of a 

complex network of interactions between diverse cell types. During 

development and the adaptation to environmental cues or pathogen attack, 

changes in tissue structure are accompanied by many alterations in 

metabolism. Conventional histology in its many manifestations and state of art 

phenotyping (Fiorany & Schurr, 2013) is well suited for the identification of 

structural/functional alterations, but its resolving power for the spatial and/or 

temporal distribution of metabolites is very low. As a result, our understanding 

of most of the dynamic processes occurring in the plant cell, many of which 

are probably important for the determination of crop productivity, remains 

quite rudimentary. 

Here, the aim is to convince the reader of the need to develop non-

invasive approaches to study plant metabolism, and in particular to 

demonstrate the merits of MRI for this purpose. Some of the leading MRI-

based strategies for metabolite imaging are explained, and the essential 
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peculiarities of plant and animal (as an experimental models used for imaging) 

are highlighted. By concentrating on plants, we explore the opportunities 

offered, and the challenges posed by MRI for elucidating the metabolism of 

living organisms. We suggest that a co-operative effort between NMR 

physicists and plant biologists will yield a substantial research significant 

dividend.  

 

 

1. Imaging Platforms Able to Visualize 
Metabolites 

 

The imaging of the chemical composition of a tissue is typically a more 

challenging task than the visualization of its structure. A small number of 

potentially informative platforms have been suggested (Weissleder & Pittet, 

2008, Aharoni & Brandizzi, 2012; Fiorani & Schurr, 2013). Here we 

summarize the most effective of such technologies: spatially resolved mass 

spectrometry imaging (MSI) and positron emission tomography (PET).  

 

 

1.1. Mass Spectrometry in Spatially Resolved Mode 
 

MSI is a relatively recent technology. It has the potential to determine the 

distribution of specific molecules in tissue sections via the use of direct 

ionization (McDonnel & Heeren, 2007; Lee et al., 2012). The choice of 

ionization source is significant when the subject is living tissue (IR frequency 

laser energy, for example, is more ablative than UV frequency). The level of 

spatial resolution achieved lies in the range 10–50 µm, with the new 

generation of MS devices able to produce a very high level of mass resolution 

and accuracy (Hu et al., 2005; Schaub et al., 2008). MSI is suited for the 

analysis of animal tissue sections (Khatib-Shahidi et al., 2006) and individual 

plant cells (Horn et al., 2012; Shrestha et al., 2009), and has found wide use 

for the in situ imaging of proteins, lipids, drugs and metabolites (Nimesh et al., 

2013). In plant-based experiments, matrix-assisted laser desorption ionization 

(MALDI)–MSI has been successfully applied to map the metabolites present 

on the surface of Arabidopsis thaliana flowers and leaves (Jun et al., 2010), 

for the identification of the free fatty acids present at the surface of various 

fruits (Zhang et al., 2007), and to map the distribution of various lipids within 

the crop seeds (Horn et al., 2012). Although the capacity of conventional 
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MALDI to detect molecules smaller than 500 Da is limited, there is growing 

interest in using MALDI-MSI to characterize the content of small metabolites 

(Zhang et al., 2007; Wiseman et a., 2008; Cha et al., 2008). A description of 

and comparison between the various detection schemes employed to date, 

along with their potential for metabolite imaging have been reviewed 

elsewhere (Touboul et al., 2011; Gode et al., 2013).  

A number of methodological improvements, as well as a range of “soft 

ionization” approaches for imaging intact molecules, are appearing in the 

literature. A general drawback of current MSI technology is that it is either 

limited to the analysis of the sample surface or requires extensive pre-

preparation of the tissue. Kinetic MSI, perhaps the most advanced of current 

methods, while it provides quantifiable information regarding metabolic flux 

both spatially and temporally, still only provides clinicians with a picture of 

events at or near the sample surface or in sections (Louie et al., 2013). Several 

technical problems still limit the widespread application of MSI (Miura et al., 

2012). The need to balance structural and chemical integrity with data 

quantification/validation remains a key issue for MSI, including the most 

advanced forms of the technology, such as laser ablation electrospray 

ionization (Shrestha et al., 2009), desorption electrospray ionization (Li et al., 

2013; Müller et al., 2011) and nanostructure-initiator MS (Louie et al., 2013). 

 

 

1.2. Positron Emission Tomography (PET) 
 

PET utilizes radioactive nuclei to label biological molecules. Its spatial 

resolution is in the order of mm, and it can provide quantitative information 

regarding dynamic processes over a relatively large field of view. Like MRI, 

PET allows imaging through opaque tissue, even if the thickness of the sample 

is large (Köckenberger et al., 2004; Phelps, 2004). PET experiments in plants 

have achieved the necessary labelling by integrating short half-life positron-

emitting isotopes into either metabolites, nutrients or water. The isotopes used 

to date have included 
11

C (Minchin & Thorpe, 2003), 
13

N (Ohtake et al., 2001; 

Kiyomiya et al., 2001), 
15

O (Nakanishi et al., 2003) and 
18

F (Kiyomiya et al., 

2001; Nakanishi et al., 2003, Tanoi et al., 2005). While earlier radio-tracer 

based studies were only able to monitor metabolite transport and accumulation 

on a coarse spatial scale, PET-based ones have produced a much higher level 

of resolution (Keutgen et al., 2002). PET has also shown substantial potential 

for in planta analysis because of its high sensitivity (Babst et al., 2005; Jahnke 

et al., 2009). Since the spatial resolution of the 
11

C assay is limited to ~1.3 mm 
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(Phelps et al., 1975; Streun et al., 2006, 2007), it is best suited to the 

characterization of long distance translocation (Schwachtje et al., 2006; de 

Schepper et al., 2013). Most recently, PET has been extended to observe real 

time variation in metabolite content (Beer et al., 2010; Alexoff et al., 2011; de 

Schepper et al., 2013). PET requires a complex system for imaging and co-

registration (for example it can be coupled with MRI, see Jahnke et al., 2009). 

In this configuration, PET is used for the detection of the target metabolite(s), 

while MRI supplies the non-invasive visualization of the sample's internal 

structure.  

MRI is less sensitive than PET (Metzler et al., 1995; Melkus et al., 

2009b); given that they represent different modalities, data acquisition and 

processing are consequently rather complex (Bühler et al., 2011). A weakness 

of PET is that it is impossible to determine which specific molecule the 

decaying nucleus is associated with. Moreover, standard PET cannot be used 

for dual isotope imaging (which permits the simultaneous investigation of two 

different biological processes), because positron-electron annihilation products 

from different tracers are often indistinguishable from one another in terms of 

their energy output. Dual isotope PET requires that one of the two radioactive 

isotopes is a pure positron emitter and that the other emits additional high 

energy γ radiation (Andreyev & Celler, 2011). A further difficulty surrounds 

the health and safety aspects of using a strong positron emitter in a laboratory 

situation. A review of PET systems and their usage in plant research is given 

by Kiser et al. (2008). 

PET systems have been in use in the medical field for over 30 years (Ter-

Pergossian et al., 1975) and miniaturized instruments are deployed both in a 

number of experimental programmes and in clinical practice (Chatziioannou, 

2002; Rohren et al., 2004). Combined PET–MRI methods have been 

experimented with to assess cardiac parameters in an infarct mouse model 

(Büscher et al., 2010), as well as to image the structure, function and 

molecular profile of brain tumors (Boss et al., 2010). A very recent application 

of PET has described the cellular mechanisms of certain diseases and some 

pharmaceutical consequences of specific treatments, leading to the novel 

notion that a specific cellular metabolic condition, rather than the presence of a 

distinct molecule(s), provides the most useful target for future anti-cancer 

therapies (Dörr et al., 2013). Generally, however, although PET provides an 

effective means for performing in vivo studies, its major limitation in the 

context of plant science is inadequate spatial resolution and, probably more 

significantly, its requirement for radioactive labelling for detection. 
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2. NMR-Based Tools and Applications  
 

The theoretical basis of MRI has been described both for the reader with a 

strong background in physics (Callaghan, 1991; Haacke et al., 1999; de Graaf, 

2007; McRobbie, 2006) and in versions more accessible to the biologist 

(Köckenberger et al., 2001, 2004; 2009; Elliot & Skerrit, 2006; Blümler et al., 

2009). The content of this section covers the technical aspects of MRI for 

which an understanding is helpful to optimize experimental design in the area 

of metabolite imaging.  

 

 

2.1. Choosing the Most Accessible Elements  
 

MRI is based on the quantum mechanical property of nuclear spin. Nuclei 

containing an odd number of neutrons and an odd number of protons, as well 

as nuclei in which the sum of the number of neutrons and protons is odd, are 

associated with the non-zero net magnetic moment which allows them to be 

targeted by NMR. In a typical experiment, the sample is exposed to a strong 

main magnetic field (B0) which forces an appropriate nucleus to align itself 

with the field. The resulting torque exerted by the field on the spinning nucleus 

induces a circular motion called precession. The frequency ϑ0 of the 

precession (or the Larmor frequency) depends on the gyromagnetic ratio γ of 

the nucleus and is proportional to the external magnetic field: ϑ0= γ·B0/2π. 

Among the biologically significant elements, H, C, N, O, F, Na and P are 

suitable for NMR. Together, this set of elements constitutes 99% of organic 

matter. A range of stable isotopes can be used, although in some cases there is 

a choice between different isotopes of a given element (e.g., 
1
H and 

2
H, 

14
N 

and 
15

N), provided that they have distinct inherent receptivity (Table 1). A 

single Larmor frequency for a certain nucleus would not be of interest in a 

metabolic study because the signal detected from this nucleus in the sample 

would be associated with a single frequency. Fortunately the molecular 

environment influences the magnetic field at the nucleus, leading to a small 

shift in its Larmor frequency, referred to as the “chemical shift”, and it is this 

feature which makes NMR interesting for metabolic studies. Different 

molecules can be detected and identified based on differences between their 

resonance frequencies (“NMR spectrum”). The NMR spectra of a range of 

metabolites are well documented, allowing MRI spectra to be treated as 

diagnostic identifiers of specific metabolites (de Graaf, 2007; Govindaraju  

et al., 2000). 
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Table 1. NMR properties of biological significant nuclei 

 

Nucleus Spin 
Natural 

abundance [%] 
[MHz/T] 

Relative 

sensitivity 

NMR frequency 

at 7.05T [MHz] 

1H 1/2 99.9 42.576 1.00 300.0 

2H 1 1.5x10-2 6.536 1.45x10-6 46.1 

13C 1/2 1.1 10.71 1.76x10-4 75.5 

14N 1 99.6 3.076 1.00x10-3 21.7 

15N 1/2 3.7x10-1 -4.316 3.86x10-6 30.4 

17O 5/2 3.7x10-2 -5.774 1.08x10-5 40.7 

19F 1/2 100 40.054 0.83 282.2 

23Na 3/2 100 11.262 9.27x10-2 79.4 

31P 1/2 100 17.235 6.65x10-2 121.4 

 

The 
1
H nucleus is generally deemed to be highly sensitive and is therefore 

the isotope of choice in most in vivo NMR and MRI applications. It is a very 

abundant and stable nucleus in nature and its NMR spectrum is distinct from 

that of 
2
H. Only disadvantage is that 

2
H has negative effects on cell growth 

(Sacchi & Cocucci, 1992). 
2
H can only be used in plant NMR experiments as a 

low concentration tracer (Link & Seelig, 1990), but has been useful in in vivo 

experiments to assess water movement in the eye (Obata et al., 1995) and 

blood flow (Furuya et al., 1997).  

The 
19

F nucleus has a high relative NMR sensitivity. While the abundance 

of fluorine in plants is low, xenobiotic compounds could be introduced into the 

organism to study transport or flux through a particular metabolic pathway or 

to measure the local pH (Ratcliffe & Roscher, 1998). However, 
19

F NMR has 

not been widely used in plant research. Among the few examples of its use, a 

fluorinated compound and 
19

F NMRI were used to study synthetic pathways in 

live plants of the species Ancistrocladus heyneanus (Bringmann et al., 2001). 

In contrast, 
19

F NMR has enjoyed a long history of use in animal and human 

material (Chen et al., 2010). Prominent applications have been the imaging of 

gene expression based on tracers in the context of drug pharmacokinetics and 

metabolism (Lockhart et al., 1991; Litt, 1995; Ruiz-Cabello et al., 2011; 

Terekhov et al., 2013), measuring tissue oxygen status (Mason et al., 2003; 

Liu et al., 2011), pH (Huang et al., 2013) and inflammation (Waiczies et al., 

2013; Balducci et al., 2013; Weibel et al., 2013).  

The 
13

C nucleus offers access to a wide range of metabolites, as 

effectively all metabolically relevant molecules are organic. Furthermore, 
13

C 
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NMR spectra display sharp resonances over a wide chemical shift separation, 

which facilitates the identification of metabolites from their 
13

C NMR spectra. 

The low natural abundance (1.1%) of the isotope makes it a difficult nucleus to 

be detected in in vivo NMR experiments (its relative detection sensitivity 

factor is 5700 fold less that than of 
1
H (Table 1). This challenge is being 

tackled in various ways (see §4) (Heidenreich et al., 1998; Kalusche et al., 

1999; Melkus et al., 2011). On the other hand, advantage can be taken of its 

low abundance to study the dynamic uptake and metabolism of 
13

C labelled 

molecules, following feeding with exogenous 
13

C labelled substrate (de Graaf 

et al., 2011; Rolletschek et al., 2011).  

Among the N isotopes, 
14

N is the more sensitive at its natural abundance, 

whereas 
15

N yields much narrower NMR resonances. 
14

N has a spin of I=1 and 

therefore an electric quadrupole moment which results in a more rapid 

relaxation times and broader line widths. The relative NMR sensitivity of the 
15

N nucleus is 260,000 fold less than that of 
1
H. In principle, 

15
N can be 

employed for in vivo NMR, as well as for imaging, but various enhancement 

schemes have to be implemented to facilitate the acquisition of meaningful 
15

N 

NMR data (Fox et al., 1992; Kanamori & Ross, 1999). To the best of our 

knowledge, no reported 
15

N images of metabolites have been published.  

The isotopes 
23

Na and 
31

P are sufficiently abundant in the human body to 

be detected directly. The feasibility of using 
23

Na for the non-invasive 

monitoring of NaCl accumulation in plant seedlings was demonstrated by Olt 

et al. (2000), who achieved a spatial resolution of 156×156 μm
2
 and a temporal 

resolution of 85 min. Quantitative and qualitative 
23

Na MRI of the human 

kidney has been reported by Haneder et al. (2011), while the dynamics of 
23

Na 

concentration during tissue aging in humans has been described by Kopp et al. 

(2013). 
23

Na has been exploited in various experiments to measure on intact 

plants (Olt et al., 2000) and animals (Neuberger et al., 2007; Jansen et al., 

2004). The 
31

P nucleus has an important advantage over that of 
1
H (Moon & 

Richards, 1973), since the chemical shift (see §2.1) of the organic phosphate 

compound is dependent upon the local pH. Consequently, it is possible to use 

chemical shift as a proxy for pH in vivo. 
31

P-based MRI can achieve a sub-

millimeter level of resolution for pH, which is adequate for entomological 

subjects (Hugg et al., 1992; Skibbe et al., 1995; Hart et al., 2003). 
31

P-based 

MRI has been used to visualize gene expression in animals (Gilad et al., 2008), 

so could presumably be used for a similar purpose in plant subjects (Borisjuk 

et al., 2012). Its disadvantage is the rather low sensitivity of 
31

P.  

The relatively low detection sensitivity and low abundance of the X-nuclei 

(
13

C, 
31

P and 
15

N) in comparison to 
1
H is a primary consideration in most 
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applications. Low natural abundance can be considered to be an advantage 

because it allows position labelled compounds to be used to monitor the flux 

of labelled metabolites through a metabolic network (e.g. 
13

C in carbohydrates 

or 
15

N in amino acids). The need for a high strength magnetic field and 

specific radio frequency (RF) coils is a secondary, but potentially important 

consideration, especially when isotopes other than 
1
H are being used. 

 

 

2.2. Hardware Design (Magnets, Gradients and Resonators) 
 

The majority of MRI-based investigations targeting metabolites have used 

relatively high magnetic field strengths which maximize the signal-to-noise 

ratio (SNR) (van As & van Duynhoven 2013). The strongest currently 

commercially available MRI microscope has a field strength of 21.1 T, which 

corresponds to a 
1
H resonance frequency of 900 MHz, and represents an 

approximately seven fold greater field than is offered by routine clinical MRI 

scanners. The gain in sensitivity and the increased chemical shift dispersion 

obtained by increasing the magnetic field strength has encouraged the 

development of stronger superconducting magnets. Gradient coils are needed 

to encode the spatial localization of the spins; they are inserted into the magnet 

bore in order to create three orthogonal gradients in the magnetic field (Figure 

1A-C). For clinical applications, the gradients are typically less than 100 

mT/m, whereas those for pre-clinical applications range from 200 -600 mT/m, 

while for current vertical ultra high magnetic field MRI instruments, the range 

is 1-3 T/m. Such gradients are adequate for the in vivo scanning of small 

animal subjects (rodents). The rise-time of the gradient (i.e., the time needed 

for the gradient to be fully established), which is also an important parameter, 

can vary from >100 microseconds to several milliseconds. 

The RF resonators act as antennae, and are adjusted to the sample in order 

to interact with the spin system by both producing the magnetic field (which 

excites the spin system) and detecting the response (Figure 1D-F). The 

resonator is tuned to the Larmor frequency of the nuclei to be detected. When 

imaging other nuclei, the shift in sensitivity of the NMR has to be considered 

and may require the creation of a corresponding single- or multi- resonant coil 

(see Table 1). Various coil/resonator configurations have experimented with 

the imaging of plant metabolites. Volume resonators produce a very 

homogeneous B1 field (which is required for quantitative metabolite 

spectroscopy and imaging), but are generally less sensitive than surface coils.  
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Figure 1. Principles of magnetic resonance and devices used for MR-imaging. (A) 

Schematic experimental setup for MRI experiments; carrot as example for the 

biological subject is positioned in the centre of the MRI instrument. The object is 

surround by the NMR coil (RF resonator), the gradients (gradient coil) and the static 

main magnetic field (B0). (B) Ultra high field (20 Tesla, 850 MHz 
1
H resonance 

frequency) NMR/MRI system with vertical bore operating with a 3 T/m gradient 

system; usable space: 1.9 cm inner diameter. The red arrow indicates the direction of 

the main magnetic field (B0). (C) Pre-clinical MRI system with horizontal bore and a 

field strength of 7 Tesla (300 MHz 
1
H resonance frequency). The inner diameter of the 

gradient system is 12 cm and the system typically used for pre-clinical in vivo rodent 

imaging. The red arrow indicates the direction of the main magnetic field (B0). (D) 

Various volume (birdcage) resonators for 
1
H imaging and localized spectroscopy: coils 

for mouse body, mouse head and rat body imaging (from left to right). (E) 2 cm 

diameter surface coils for: 
1
H, 

19
F (upper coil),

 13
C,

 15
N (middle coil) and 

23
Na,

 31
P 

(lower coil). The red arrows point to the actual NMR coil, which is the wired loop on 

the picture (F) NMR coil application for measurements on young pod of legumes: (1) 

position for climate chamber, (2) NMR coil, (3) joining wires (4) isolation tube. For 

further details see Borisjuk et al., 2012. 

Some real examples include solenoids and scroll coils, which have an 

opening perpendicular to the direction of the main magnetic field and are 
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therefore only practical for rather short samples such as the cereal grain 

(Neuberger et al., 2009a) and the tobacco seed (Fuchs et al., 2013); and 

birdcage coils and transverse electromagnetic resonators, in which the opening 

lies parallel to the magnetic field, so allowing for the imaging of relatively 

long samples, such as the barley spike (Figure 1D) (Melkus et al., 2011; 

Rolletschek et al., 2011). The most common surface resonators are single loop 

coils, which can be readily placed next to the target portion of the subject 

(Figure 1E). The sensitivity of surface resonators is usually much higher than 

that of volume resonators, but only the subject's surface can be imaged. The 

quantification process of the signal requires a signal correction step and an 

additional measurement of the coil sensitivity profile.  

 

 

2.3. Advantages of Multinuclear Applications 
 

Double nucleus (
1
H and X) imaging requires transmitter/receiver coils 

capable of operating at two frequencies while maintaining good performance 

at each frequency. In multinuclear applications, the coil system generates and 

detects magnetic fields at at least two Larmor frequencies (double resonance 

NMR coils). For example, when detecting 
1
H and 

31
P using a 7.05 T magnet, 

the coils need to resonate at 300.0 MHz for 
1
H and at 121.4 MHz for 

31
P 

(Table 1). Combinations such as 
1
H and 

13
C (de Graaf et al., 2011), 

1
H and 

31
P 

(Klomp et al., 2011; Masad & Grant, 2011) and 
1
H and 

15
N (Kanamori & 

Ross, 1997) have all been successfully used. Since maximizing the sensitivity 

requires that the coil and the object be of comparable size, clinical coils or 

those used for rodent research are not well suited for investigating the 

metabolism of a crop seed. Commercial double resonant coils are available for 

human and animal MRI, but to the best of our knowledge, the coils needed for 

plant applications have all been custom-made to date. 

Applications involving multi-nuclear in vivo MRI are generally primarily 

confined to research laboratories for now. However, combined imaging is of 

importance because it opens new possibilities for monitoring metabolism and 

gene expression in living tissue. In an experiment where a double resonant coil 

for the 
1
H- and the X-nucleus is applied, the 

1
H images can also be used to 

provide a highly detailed morphological image to go with the X-Nucleus 

metabolite maps, which typically have a lower spatial resolution. A further 

benefit of detecting the 
1
H and X nuclei in the same experimental setup is that 

homogenization (“shimming”) of the main magnetic field is eased, because the 

high SNR of the water-proton signal can be used for that procedure. In the 
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authors' opinion, multinuclear imaging has the potential to revolutionize the 

evaluation of both the temporal and spatial profiles of gene expression and 

metabolism in living tissue. 

 

 

3. Plant vs. Animal Models and Cautionary 
Notes for Using MRI  

 

Plant and animal tissues share many similarities in terms of structure, 

composition and metabolism, but differ in many ways too. Hence protocols 

developed for animal/medical use cannot generally be directly applied to plant 

subjects. As an experimental subject, plants are more convenient than humans 

or animals because long exposures to NMR are clearly impossible in a clinical 

setting where the length of time a patient can remain still is limited. Even 

when animals are anaesthetized, exposure time can only be a maximum of a 

few hours. High magnetic field strengths are associated with enhanced 

sensitivity, but cognizance does needs to taken of the potential risk that they 

have an impact on living tissue (Formica & Silvestri, 2004; Paul et al., 2006). 

However, plants do not appear to be sensitive to either the noise generated by 

the machine, nor to strong magnetic fields (Osuga and Tatsuoka, 1999; Paul et 

al., 2006). This allows, for instance, the application of many, intense and very 

short excitation pulses. Thus MRI on plants can be performed in a much more 

direct and quantitative way than in humans (Blümler et al., 2009).  

Unlike animal cells, the plant cell is bounded by a cellulose wall. While 

adjacent cells are interconnected via plasmodesmata, they are also separated 

from one another by air- or water-filled intracellular space. The presence of 

small, air-filled intercellular spaces can induce local heterogeneity in the 

magnetic field which can give rise to susceptibility artifacts (Callaghan et al., 

1994; Connelly et al., 1987; Haacke & Liang, 2000). Further problems can 

arise when long term experiments are conducted. The trade-off is between the 

orientation and the bore diameter of the instrument. Most plants sense the 

direction of gravity, so the orientation of the main magnetic field needs to be 

vertical (Chudek & Hunter, 1997). While an animal/human MRI device is 

usually oriented horizontally (Figure 1C) with a bore diameter up to 60 cm, the 

diameter of a vertical bore for high field NMR systems (Figure 1B) equipped 

with the imaging gradients system can be as much as ten fold smaller, 

restricting its use to rather small subjects. For whole plant subjects, specific 

regions can be targeted by the judicious placement of RF resonators (Figure 
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1F), a measure which simultaneously enhances sensitivity and shortens the 

measurement time. The construction of such RF resonators can require 

technical innovation (Neuberger & Webb, 2009b).  

Plants respire in the absence of light and photosynthesize in its presence. 

Unlike animal subjects, they cannot simply be fed before the experiment; 

instead, they need to be continuously supplied with water, nutrients and light. 

Customized controlled climate chambers have been devised with this in mind 

(van As, 2007). However, the internal space within an MRI device is 

restricted. A particularly innovative approach is represented by the design of 

split coil magnets which allowed the possibility of working with a larger 

subject although metabolite imaging may not feasible in this case because of 

the difficulty of imposing a high enough field strength and therefore sufficient 

SNR. Nevertheless, in some situations, a high degree of spatial resolution is 

not always necessary, as elaborated elsewhere (Köckenberger, 2001; van As et 

al., 2009; Borisjuk et al., 2013a). 

 

 

4. Established NMR Techniques for 
Metabolite Imaging of Living Organisms 

 

Theoretically, MRI can be used to detect and image the nuclei of almost 

any isotope of any element which has a nuclear magnetic moment other than 

zero. Hydrogen is the most commonly used element, because firstly 
1
H has 

very high relative sensitivity compared to other nuclei, and secondly water 

(with its two 
1
H atoms) is ubiquitous in biological tissues. While MRI 

generates highly resolved images of tissues by detecting the 
1
H nuclei within 

the water molecule (i.e., it derives spatial information based on the nuclear 

spins of the water 
1
H atoms), in vivo NMR spectroscopy techniques are able to 

differentiate between and to quantify more complex molecules. The main 

difference between detecting water and metabolites is their concentration in 

the subject. In biological tissues, water is highly abundant, while the 

concentration of typical metabolites is around five orders of magnitude less. 

Detecting the 
1
H signal from a metabolite requires the suppression of the large 

signal produced by the water, otherwise the water resonance would swamp the 

signal and so prevent a clear detection of the metabolites (de Graaf, 2007).  

Various techniques have been developed to suppress the water signal, 

most commonly relying on pre-saturation using spectral selective pulses 

(Haase et al., 1985; Tkác et al., 1999). In subsequent NMR spectrum 
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acquisition experiments, the amplitude of the water resonance signal is greatly 

reduced or even removed. Metabolites are imaged at a much lower level of 

spatial resolution than water to achieve a sufficient SNR from each voxel. 

Thus, the requirements for the experimental setup, the quality of the 

send/receiver coil and the signal-detecting pipeline must be exceptionally fine 

to detect NMR metabolite signals. Its capacity to acquire both the water 

content (which allows high resolution morphological imaging) and metabolite 

localization makes MRI a powerful in vivo research tool.  

Various localized in vivo NMR spectroscopy and spectroscopic MRI 

approaches have been developed over the last decades to preserve chemical 

shift information and simultaneously to provide local information or a spatial 

map. Single voxel spectroscopy (SVS) is one of these methods: it enables the 

acquisition of a NMR spectrum from a given localized voxel. A second 

approach, which acquires spectral and spatial information from multiple 

voxels at the same time, is referred to as chemical shift imaging (CSI). CSI 

typically generates three- (or four-) dimensional datasets, in which the NMR 

spectrum is the additional dimension on top of the two- (three)-dimensional 

spatial information. This technique offers the opportunity to visualize various 

metabolites in a single experiment. A third approach (chemical shift selective 

imaging) is based on two- or three-dimensional imaging to obtain high 

resolution images of particular chemical shift species under specific 

circumstances. These techniques allow for rapid imaging times and good 

spatial resolution provided that the concentration of the target metabolite is 

sufficiently high. If metabolite resonances overlap, two-dimensional 

spectroscopy methods can be applied to distinguished between the different 

signals.  

These methods have been developed for the high resolution NMR 

spectroscopy of liquids and can be applied alongside localized spectroscopy or 

spectroscopic imaging methods. Spectral editing methods can be used to 

simplify the NMR spectrum in the case of overlapping resonances; these 

sequences focus typically on one particular metabolite which is obscured by 

co-resonant signals, avoiding the need to acquire a complete two-dimensional 

spectroscopic dataset.  

 

 

4.1. Single Voxel Spectroscopy (SVS) 
 

SVS methods enable the acquisition of an NMR spectrum for a defined 

location in the subject. Magnetic field gradients are used to localize the voxel 
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where the NMR spectrum is to be sampled. Various techniques have been 

developed to ensure correct localization. The three leading methods are image 

selected in vivo spectroscopy (ISIS: Ordidge et al., 1986), stimulated echo 

acquisition mode (STEAM: Frahm et al., 1987) and point resolved 

spectroscopy (PRESS: Bottomley, 1984a). A PRESS-localized 
1
H NMR 

spectrum from a 1x1x1 mm
3
 voxel from the endosperm of a wild type pea seed 

is illustrated in Figure 2A. In addition to the suppressed signal from water 

(H2O), resonances from various metabolites are detectable using this 

technique, allowing the levels of sucrose (Suc), alanine (Ala) and glutamine 

(Gln) to be quantified and monitored over time by repeating the experiment 

(Figure 2B,C). 

Newer, more precise SVS techniques are emerging from the pre-clinical 

and medical field; for example, localization by adiabatic selective refocusing 

(LASER: Garwood & DelaBarre, 2001), frequency offset corrected inversion 

(FOCI: Kinchesh & Ordidge, 2005) and the use of shorter echo times for the 

acquisition of spectra (Tkác et al., 1999; Mlynárik et al., 2006). These 

developments will increasingly give access to the macromolecular content of 

the sample (using short echo times) and improve the SNR of the resonances. 

Such methods should be readily adaptable for the investigation of plant 

metabolism and the characterization of larger target molecules. 

 

 

4.2. Chemical Shift Imaging (CSI)  
 

CSI (also referred to as MRSI - magnetic resonance spectroscopic 

imaging) detects NMR spectra from the simultaneous sampling of several 

voxels, a feature which is helpful for imaging the distribution of metabolites 

(Brown et al., 1982).  

The technique acquires both spatial and spectral information in the same 

experiment. Such three (one spectral and two spatial dimensions) or four (one 

spectral and three spatial dimensions) dimensional datasets capture a plethora 

of metabolite-associated information. CSI allows (i) the monitoring of more 

than one metabolite simultaneously, because the resonances of the various 

metabolites are distinct; (ii) the quantification of metabolites via calibration 

with reference compounds; and (iii) the possibility of observing the dynamic 

behavior of some metabolites.  
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Figure 2. Localized 
1
H NMR spectra and metabolic mapping of wild type pea seeds. 

(A) Localized 
1
H NMR spectrum from the endosperm using PRESS: Besides residual 

signal from water (H2O) resonances from the metabolites sucrose (Suc), alanine (Ala), 

glutamine (Gln), lactate (Lac) and valine (Val) are detectable. (B) Compositional 

changes of liquid endosperm during starvation: Localized NMR-spectra taken by 

monitoring of liquid endosperm of an individual seed (acquisition of localized NMR 

spectra in a 30 minutes interval). (C) Plot showing decline in the concentration of Suc, 

Gln and Ala during the starvation experiment; y-axis gives metabolite level in % (start 

of experiment is set to 100%). (D) Photo of the pea seed dissected per hand, liquid 

endosperm (correspond to endosperm vacuole (ev)), seed coat (sc) and embryo (e) are 

arrowed. (E) Visualisation of embryo sac by MRI shows positioning of seed coat (sc), 

embryo (e), endosperm vacuole (ev) and suspensor (s). (E) MRI visualisation of 

sucrose distribution within the embryo sac. Bar: color code for specific signal intensity. 

(F) Alanine distribution within the embryo sac. Bar represents color code for signal 

intensity. For further details see Melkus et al., 2009b. 
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Most of the metabolite CSI experimentation reported to date has relied on 
1
H, 

31
P, 

23
Na and 

13
C, although some users have successfully tested multi-

resonant 
19

F compounds as contrast agents. While the typical CSI experiment 

is rather time-consuming in comparison to MRI, it does offer a high level of 

sensitivity (Pohmann et al., 1997). Where the target is to image rapid 

metabolic changes, a number of methods have been derived to accelerate data 

acquisition (Pohmann et al., 1997). Thus, when multiple detection receiver 

coils are used (section §2.3), parallel imaging can be used to speed the 

acquisition of data (Dydak et al., 2003; Posse et al., 2013). Alternatively, 

compressed sensing (Hu et al., 2008; Kampf et al., 2010) can be exploited to 

reconstruct an under-sampled (and therefore more rapidly acquired) data set. 

Clinical applications of CSI have largely been aimed at investigating 

metabolic changes in the human brain, although it has also had an impact in 

prostate and breast cancer research (Posse et al., 2013). CSI is commonly 

appended to a more extended MRI protocol, and so must be brief to minimize 

scan time and discomfort to the patient. The exposure time for a pre-clinical 

CSI experiment depends on how long the animal subject can safely be kept 

anaesthetized. Plant experiments can, in principle, be even more extended, 

assuming that the experimental conditions are appropriate (section §3). An 

early example is the imaging of lipids within the embryo of the pecan nut 

(Halloin et al., 1993). The spectra obtained from non-imbibed material 

contained a single major lipid peak, whereas those from imbibed embryos 

included separate water and lipid peaks. This separation enabled the 

distribution of both lipid and water to be determined. A further plant-based 

application involved the detection of sucrose in garden pea seed (Tse et al., 

1996; Xia and Jelinski, 1995), fennel seed and the grape berry (Pope et al., 

1991, 1993). 
1
H CSI was used by Glidewell et al. (2002) to determine the 

distribution of water, sugars and lipids in the female cones of the conifer 

Afrocarpus falcatus. Some further examples of lipid imaging in plants using 

CSI have been summarized by Halloin et al. (1993) and Borisjuk et al. 

(2013a). The location of sugars in barley seeds during germination was 

investigated by Ishida et al. (1996). A representation of the distribution of 

sucrose and alanine within the endosperm of a garden pea seed is given in 

(Figure 2). Similarly, but using an inverse 
13

C/
1
H CSI method, the uptake into 

the barley caryopsis of 
13

C enriched sucrose allowed the detection of sucrose 

(Figure 3) and its the metabolic products, in particular alanine (Figure 4). A 

pre-clinical application of using CSI in cancer research for in vivo 

investigation of the metabolic status of a xenograft tumor transplanted on the 

mouse leg is shown in Figure 5.  
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Figure 3. Non- invasive 
13

C/
1
H NMR imaging of 

13
C sucrose allocation within the 

developing caryopsis of barley (Hordeum vulgare). (A) Young barley plant caring 

ears. The accumulation of 
13

C in the barley caryopsis was performed during feeding a 

100 mM 
13

C labeled sucrose buffer solution to the stem. The red cage (schema) shows 

the position of the NMR coil. (B) A 
1
H MRI image shows a cross section through the 

intact ear, two caryopses are visible (red arrows). (C) Fragments of the dynamic 
13

C 

sucrose uptake imaging experiment: The reference image is shown at the top, below 

are samples of the color-coded 
13

C sucrose maps at different time points demonstrating 

the uptake and distribution of 
13

C sucrose. The time post the start of incubation is 

indicated on the upper right of each image (given in hours : minutes). For further 

details see Melkus et al., 2011. 
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Figure 4. 
13

C metabolic imaging of sucrose and alanine in barley seeds (Hordeum 

vulgare) using an inverse 
13

C/
1
H detection scheme (geHMQC). (A) The structure of 

the crease region of a wild type caryopsis, cross section. Nucellar projection is shown 

in green and starch accumulation as visualized by iodine staining in a wild type 

caryopsis (right). Dark staining visualizes starch accumulation, which is maximal in 

endosperm and absent in nucellar projection. (B) The structure of the crease region in 

Jekyll down-regulated line 91, cross section. Disordered nucellar projection is shown 

in green and starch accumulation as visualized by iodine staining in Jekyll down-

regulated caryopsis. Endosperm is almost replaced by nucellar projection, which is 

asymmetrically vacuolized. (C) 
1
H MR reference image of the Jekyll caryopsis. (D) 

Allocation of 
13

C sucrose after 12h of feeding with a 100mM 
13

C labelled sucrose 

buffer solution. (E) Alanine distribution after 12h of feeding with the 100mM 
13

C 

labelled sucrose buffer solution. (F) Localized geHMQC 
13

C/
1
H spectrum from the 

pericarp region. The typical resonances from the 
13

C labelled sucrose (Suc) are 

detectable. (G) geHMQC 
13

C/
1
H spectrum from the endosperm. Besides the resonances 

from 
13

C sucrose also 
13

C alanine (Ala) metabolized from the 
13

C sucrose is visible. 

Abbreviations: cv, crease vein; np, nucellar projection; p, pericarp; se, starchy 

endosperm. For further details see Rolletschek et al., 2011. 

 

 



Nuclear Magnetic Resonance Imaging of Metabolites … 21 

 

Figure 5. 
1
H CSI metabolic imaging of a xenograft (SAS) tumor transplanted on the 

upper leg of a nude-mouse. (A-D) Interpolated metabolite maps acquired with CSI 

combined with Spectral Editing for lactate detection. The metabolite signal intensity is 

shown as color coded map over the 
1
H reference image: (A) creatine (Cr), (B) choline-

containing compounds (Cho), (C) lipid methylene groups (L1), (D) lactate (Lac). (E) 

The L1/Cho ratio map from the lipid L1 signal and the choline-containing compound. 

Large L1/ Cho ratios, originating from subcutaneous adipose tissue between skin and 

muscle, are omitted from the map. For further details see Melkus et al., 2008.  

 

Figure 6. Visualization of metabolic heterogeneity of the mouse brain 20 days after 

date of birth using CSI (acquired at 17.6 Tesla). (A) Analyzed regions in the mouse 

brain: thalamus (region 1, yellow), midbrain (region 2, blue), caudate putamen (region 

3, green) and basal ganglia (region 4, red). (B) In vivo spectra from the four mouse 

brain regions. Differences in the concentration of taurine (Tau) and N-acetylaspartate 

(NAA) between the brain regions were directly visible. Abbreviations: tCho, total 

choline; tCr, total creatine; GLX, glutamate and glutamine. For further details see 

Weiss et al., 2009. 
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The metabolites creatin, choline and lactate as well as mobiles lipids could 

be detected (Melkus et al. 2008). In a study by Weiss et al. (2009) CSI was 

used to acquire the 
1
H NMR spectral pattern in different regions of the 

developing mouse brain using a main magnetic field strength of 17.6 Tesla 

(Figure 6). 

 

 

4.3. Chemical Shift Selective Imaging 
 

The acquisition of CSI data in two or three spatial dimensions is too 

unwieldy in certain experimental situations. Where the interest is focused on 

just a single metabolite or resonance frequency, it is possible to accelerate the 

experiment using frequency-selective excitation and/or refocusing (Bottomley, 

1984b). Frequency-selective pulses are designed to specifically excite only a 

certain segment of the NMR spectrum, after which standard MRI is used to 

capture the signal. This approach is particularly useful when the metabolite's 

resonance is well separated from that of other compounds in the NMR 

spectrum. The visualization of lipids in biological samples is a good example 

of chemical shift selective imaging, since lipid resonances are well separated 

from that of water, and so lipids can readily be excited and/or refocused using 

spectral selective pulses (Figure 7).  

 

 

Figure 7. Lipid visualization in oilseed rape seed: conventional staining versus 

chemical shift selective MR-imaging. (A) Seed dissected at early storage stages, 

showing the seed coat and embryo inside of seed. (B) Embryos isolated at the same 

stage, showing the lipid distribution as visualized by conventional staining (Sudan 

III/IV dyes). (C) Intact seed at the same stage, showing the gradients in the lipid 

distribution (quantitative lipid map, max (red) 47mol/g). For lipid MRI a chemical 

shift selective preparation with a standard multi-slice spin echo acquisition was used. 

Abbreviations: co, cotyledon; ic, inner cotyledon; oc, outer cotyledon; ra, radicle. For 

further details see Borisjuk et al., 2013. 
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Borisjuk et al. (2013a) have shown that this approach works well for 

imaging the lipid content of seeds and fruits. Various field strengths have 

proven to be effective, ranging from 4.7 T (Pope et al., 1991; Gussoni et al., 

2001; Brescia et al., 2007) to 8.5 T (Terskikh et al., 2005) to 17.6 T 

(Neuberger et al., 2009a; Horn et al., 2012; Borisjuk et al., 2013a). Spatial (in 

plane) resolution can be as low as 25 µm (Gersbach & Reddy, 2002). 

Chemical shift selective imaging requires a highly homogeneous main 

magnetic field, otherwise artefactual results can arise, leading to false 

estimates of metabolite content. This is guaranteed by including shimming 

routines. 

 

 

4.4. Localized Two Dimensional Spectroscopy 
 

Metabolites which are difficult to identify in the NMR spectrum due to 

signal overlapping can sometimes be separated by adopting a two dimensional 

NMR approach, where the second dimension is created by additional scans 

which manipulate the spin system with additional RF pulses (Levitt, 2008). 

Correlation spectroscopy (COSY) is a basic two dimensional NMR 

spectroscopy method, where the chemical shift and the connection between 

neighboring nuclei in the molecule is visualized as so-called “cross peaks” in 

the 2D NMR spectrum. Two dimensional NMR can be combined with SVS 

(Thomas et al., 2001, 2003), as well as being capable of being built into CSI to 

enable the acquisition of a spatial map, in a combined technique referred to as 

correlation peak imaging (CPI) (Metzler et al., 1995; Ziegler et al., 1996; von 

Kienlin et al., 2000). Where the identity of most of the metabolites to be 

detected is known a priori, two dimensional techniques can help differentiate 

between signals which overlap in a simple one dimensional spectrum. For 

example, aspartate and phosphoethanolamine could be identified in the rat 

brain via cross peaks (von Kienlin et al., 2000). For metabolic studies 

performed on plant subjects, the expectation is that spectral overlaps will occur 

because of the presence of sucrose, glucose and fructose, and of various amino 

acids. The overlap is likely to be much stronger in in vivo than in in vitro 

subjects due to line broadening of the resonances. Figure 8 demonstrates an 

example of localized COSY applied to investigate the composition of sugars 

and amino acids in the endosperm of an intact garden pea seed; the cross peaks 

involving sugars and amino acids were readily resolved by implementing a 

second spectral dimension.  
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Figure 8. Localized two-dimensional NMR spectrum from the endosperm of wild type 

pea seeds (Pisum sativum). (A) Localized COSY (L-COSY) spectrum. The cross-peaks 

in the spectrum are indicated by the metabolite name labeling: Lac, lactate; Ala, 

alanine; Suc, sucrose. The white rectangle indicates the enlarged spectrum, which is 

presented in (B). (B) Enlarged spectrum from the white rectangle in (A). The cross-

peaks detected between 3.2 ppm to 4.2 ppm result from sucrose. No other metabolites 

were detected in this spectral area. For further details see Melkus et al., 2009b. 
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A disadvantage of localized two dimensional NMR methods is their long 

acquisition time. Depending on the spectral resolution required and the 

bandwidth needed for the second (the indirect) spectral dimension, scan time is 

typically extended by a factor between 32 and 64 for in vivo scans. However, 

acceleration is possible, as referred to in section §4.2. The advantage and 

power of this approach is that a complete spectral pattern of the detectable 

metabolites is acquired, so allowing their discrimination from otherwise 

confounding metabolites. 

 

 

4.5. Spectral Editing 
 

The problem with the long acquisition times required in CPI and localized 

two dimensional NMR methods can be solved by spectral editing, but at a cost 

of losing some of the spectral information. Spectral editing methods are useful 

either when only a certain metabolite is of interest and/or when signal overlap 

is a problem.  

Current methods rely on either polarization transfer (Hardy & Dumoulin, 

1987), multiple quantum coherences (Sotak & Freeman, 1988) or the J-

difference (Rothman et al., 1984) method to separate the target signal from co-

resonant peaks.  

The basics of these techniques have been presented by de Graaf (2007) 

and a description is beyond the scope of this chapter. Two acquisitions are 

necessary for J-difference spectroscopy, but the multi-quantum coherence 

approach requires only a single acquisition, as use is made of gradient de-

phasing to unpick the overlapping signal.  

A typical example of the successful implementation of spectral editing is 

the detection of lactate resonance in a background mass of mobile lipid 

signals. Figure 9 shows lactate images from a xenograft tumor transplanted on 

a mouse leg. The data was acquired using a spectral editing preparation in 

combination a standard CSI (Figure 9 A, B) and with a readout gradient 

method (Figure 9C) (Melkus et al., 2009a).  

The significance of the level of lactate in a tumor has driven the 

development of various spectral editing methods (He et al., 1995; Smith et al., 

2008; Boer et al., 2013). Wolf et al. (2000) used a double quantum filter 

combined with CSI to detect and image sucrose in the stem of sugar cane 

(Saccharum officinarum). 
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Figure 9. In vivo measurements of the lactate distribution in a xenograft (FADU) tumor 

transplanted on the upper leg of a nude-mouse using a spectral edited fast CSI 

sequence. (A) A spectral map of the edited lactate CH3 resonance acquired with a 

spectral edited CSI sequence is laid over the tumor and leg contours. (B) The 

corresponding interpolated lacate distribution. (C) The interpolated lactate image 

acquired with the spectral edited fast CSI method. Both images were acquired in the 

same total measurement time to compare their sensitivities. For further details see 

Melkus et al., 2009a. 

 

4.6. Considerations Surrounding NMR Metabolic Imaging 
 

MRI is often the method of choice for assessing metabolite content and for 

monitoring metabolic reactions in vivo (Befroy, 2011; Befroy & Shulman, 

2011). Its disadvantages are its relatively poor sensitivity and its requirement 

for sophisticated (and hence costly) equipment. A number of further 

considerations mitigating against the broad application of MRI in experimental 

biology are discussed later in this section. The resolving capacity of NMR 

improves with the strength of the main magnetic field, since this increases the 

SNR, while simultaneously enhancing the chemical shift separation. 

Unfortunately, it also raises the frequency of artefacts (Köckenberger, 2001), 

some of which result from the direct impact of high field strength on living 

cells (section §3). A validation procedure is therefore indicated, to ensure that 

metabolite concentrations measured non-invasively by MRI agree well with 
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those derived from conventional destructive assays. The potential of localized 

NMR in biological research is high, but each of the current methods is 

associated with certain drawbacks. The technical operation of an NMR 

scanner is not a trivial procedure, few imaging protocols dedicated to plant 

subjects have so far been elaborated, and a level of fundamental understanding 

of the science underlying MRI is required to interpret the resulting data.  

 

 

5. Implementation of Functional MRI  
in Experimental Plant 

Biology/Biotechnology 
 

Plants (mostly their seed) are used as a vehicle to produce oil, proteins and 

a range of other valuable compounds. The overarching objective of crop 

genetic research is to engineer plant metabolism toward human needs. The 

focus of metabolic engineering efforts has shifted from manipulating single 

pathways to more holistic approaches, facilitated by high throughput 'omics 

technology (Yoon et al., 2013). Some of the most innovative plant MRI 

applications are being performed on crop species, rather than on model plants, 

with the driver being that a better understanding of how plant growth and 

metabolism are integrated during development and during adaptation to 

environmental cues and stresses will guide the design of novel or improved 

crops. Some examples follow which illustrate the role which MRI can play in 

these integrative approaches.  

 

Example #1: Allocation of nutrients within the seed 

In the plant, there is no vascular connection between the embryo and the 

mother plant. Attempts to characterize the connection using microscopy, laser 

dissection, isotope tracing and transgenesis have all failed to generate a 

complete picture. MRI, however, has succeeded in obtaining dynamic images 

of sucrose passing through the seed coat of species, then moving through a 

very small aperture into the interior of the seed. At the same time MRI was 

also able to visualize the amino acids synthesized from sucrose just after its 

entry into the storage tissue (Figure 4). An analysis of various mutant and 

transgenic barley lines has demonstrated that sucrose release via the nucellar 

projection provides an essential means whereby the mother plant controls the 

growth of the daughter caryopsis (Melkus et al., 2011). The distribution of the 

incoming sucrose was facilitated by the structural and metabolic features of 
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the endosperm, leading to an in silico flux balance analysis of sucrose. None 

of this information was derivable using a conventional destructive approach.  

Re-designing “functional MRI” (Köckenberger et al., 2004; Friis et al., 

2007) to fit a seed subject has proven to be technically rather challenging. 

Solutes move within the plant vasculature quite slowly (Mullendore et al., 

2010), and the speed of their dispersal outside the vasculature is expected to be 

slower still (Jenner et al., 1988; Patrick & Offler, 2001). Measuring solute 

movement with MRI is difficult when the flow velocity is in the order of 1 m/h 

or below, because of the need for strong MRI gradients which are applied for a 

long duration induce significant SNR loss (van As, 2007; Szimtenings et al., 

2003). To surmount this problem, direct and inverse 
13

C detection methods 

(such as the geHMQC sequence (Hurd & John, 1991)) to detect 
13

C labelled 

tracers molecules have been combined with an optimized double resonant 

detector coil and a high magnetic field strength. The resulting metabolic 

images could be captured over about one hour for the direct 
13

C 

measurements, and over 30 minutes for the inverse detection scheme. The 

required spatial scale for assaying a seed was a few millimeters, which 

allowed the 
13

C NMR method to achieve a sufficient level of resolution within 

a reasonable measurement period. The method not only detected 
13

C labelled 

sucrose, but also could identify other labelled metabolites (e.g. 
13

C alanine). 

Finally, the 
13

C/
1
H NMR method allowed for a straightforward 

superimposition of the structural and the metabolite images, so enabling a 

precise localization of the metabolites within the subject.  

 

Example #2: Potentially improved estimation of seed lipid concentration.  

The capacity of individual tissues to accumulate lipids is hard to measure 

using conventional methods, which yield the mean concentration over a 

complete organ, rather than a localized one in a specific segment of the organ. 

The grain of barley, for example, not renowned as an oil crop, contains a mean 

lipid concentration of 2%, but MRI analysis has demonstrated that this 

concentration can exceed 50% in certain parts of the caryopsis, a level which 

matches that of genuine lipid crops (Neuberger et al., 2008, 2009a). MRI's 

ability to identify regions where lipids are either accumulated or degraded has 

allowed a more focused search for genetic variation with respect to lipid 

storage, as well as providing a tool to evaluate the response of the storage 

tissues to changes in the growing environment. MRI-based lipid mapping has 

been carried out on both very large (coconut) and very small (tobacco) seeds 

(Fuchs et al., 2013). Some of the 
1
H MRI-based strategies described in 
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sections §4.2 and §4.3 can be adapted to provide a quantification of lipids at 

very high levels of resolution (Neuberger et al., 2009a; Borisjuk et al., 2013a). 

 

Example #3: Structural-functional alterations in storage product 

accumulation in a growing seed.  

Oilseed rape, the leading European oilseed crop, has been a widely used 

model for studying the physiology and genetics of lipid synthesis and 

accumulation. However, both its seed size and embryo lipid content (which 

represents ~50% of seed dry weight) are in need of improvement to guarantee 

its continuing economic viability. The development of the embryo within the 

seed is difficult to follow using an invasive method, which is almost certain to 

disturb the process. After adjusting the MRI protocol to allow the imaging of 

small seeds, it has been possible to image aspects of seed metabolism and the 

development of lipid storage in the growing embryo, and to relate these to 

overall seed development. Such data were acquired by integrating 
1
H MRI-

based structural imaging with quantitative NMR-based visualization of lipids, 

supported by metabolic modelling and conventional analytical measurement of 

proteins, metabolites and enzymatic activity. The MRI platform used was a 

17.6 T Avance II (Bruker, Rheinstetten, Germany) wide-bore system, 

implementing a multi-slice spin echo sequence with the water signal removed 

using a chemically selective suppression module. The sequence achieved an 

in-plane resolution of up to 20 µm isotropic and a slice thickness of 105 µm. 

The major finding was that the environment within the seed is heterogeneous 

due to the folding of the cotyledons, and that this generated localized variation 

in metabolic activity which resulted in distinct profiles of metabolites and 

storage products. The sessile nature of plants means that they must be able to 

adapt their metabolism to prevailing conditions of illumination, nutrition and 

physical space. For a detailed description, see Borisjuk et al. (2013), Schiebold 

et al. (2011) and Verboven et al. (2013).  

The direct or indirect consumption of seed/grain is an important 

component of the human diet. Understanding how proteins, lipids, 

carbohydrates are accumulated in the seed, and then how they are digested in 

the human gut is important, not just for the purpose of improving crop 

productivity but also to find ways to overcome a number of human diseases. 

The potential contribution of MRI to food quality control has been noted. As 

early as 1994, Hisa et al. generated a MRI image of a nut lodged in the throat 

of a young boy, but it was some years before it became possible to image seed 

digestion in the human gut (Hoad et al., 2008). A subsequent evaluation of 

lipid digestion and absorption (Hoad et al., 2011) was able to provide a 
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number of avenues for the design of foods with positive health benefits. 

Overall, it is clear that non-invasive MRI represents a versatile platform for 

the study of both plant and animal metabolism, of the fate of various nutrients 

in the human/animal gut, and should play a part in the diagnosis and 

alleviation of a number of food-related disorders. 

 

 

6. Leading Edge MRI Applications  
in Animal/Medical Science and Prospects 

for Its Use in Plants 
 

MRI technology and sequence development is, like most of the 

biotechnology field, led by developments in medical science. The 

investigation of metabolism is a fast developing research area, particularly in 

the context of animal models for potential translation to human subjects. Here 

we describe the three most recent innovations made in MRI, all of which could 

have considerable potential for application in the plant sciences.  

Hyperpolarized 
13

C MRI has been elaborated to monitor the uptake and 

metabolism of endogenous compounds. The hyperpolarization of the 
13

C 

nucleus enables a gain in signal strength of between four and five orders of 

magnitude (Ardenkjaer-Larsen et al., 2003; Golman et al., 2006a). Methods to 

maintaining dynamic nuclear polarization in solution enables access to 

hyperpolarized contrast agents for MRI. The technique has been pioneered in 

various pre-clinical experiments, and especially as a tool to understand tumor 

metabolism (Golman et al., 2006b; Chen et al., 2007; Day et al., 2007; 

Gallagher et al., 2011), as well as in a range of other medical and biological 

contexts (Aquaro et al., 2013; Lau et al., 2013). A very recent report describes 

its use in an in vivo study of human subjects (Nelson et al., 2013); here, 

hyperpolarized [1-
13

C] pyruvate was used to image metabolism in tumors of 

prostate cancer patients, and it was possible to show that local elevated [1-
13

C] 

lactate [1-
13

C] pyruvate ratios were diagnostic for tissue regions where a 

biopsy had indicated the presence of cancerous growth. The degree of the 

polarization shown by the metabolite, its 
13

C T1 relaxation time and the time 

elapsed between hyperpolarization and the arrival of the metabolite at its target 

are all critical parameters which help to achieve the large gain in the SNR 

(Nelson et al., 2013). Once the hyperpolarized labelled metabolite has been 

produced, the 
13

C signal decays rapidly (within a few seconds to several 

minutes, depending on the actual metabolite) due to T1 relaxation. For 
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example, [1-
13

C] pyruvate, a very commonly used analyte in cancer research, 

has a T1 relaxation time of one minute at 3 Tesla. Such short T1 relaxation 

times would represent a major disadvantage in any plant study, so novel 

strategies will need to be elaborated to lengthen relaxation time to allow the 

analyte sufficient time to reach its target tissue; alternatively, ways will need 

to be found to deliver the analyte directly to the site where metabolism is 

under study. As noted in section §3, plant cell structure differs greatly from 

that of a mammalian cell (particularly with respect to the existence of a thick 

cell wall), and this has consequences for the application of a technique such as 

hyperpolarized 
13

C. Medical researchers are already focusing on 

hyperpolarizing other metabolically active compounds and also on using 

nuclei other than 
13

C (Cudalbu et al., 2010; Cerutti et al., 2011). 

A second promising MRI innovation involves imaging tissue using very 

short T2 relaxation times. Neither bones nor teeth are directly visible in 

classical MRI images, appearing only as dark regions. Both of these structures 

are characterized by very short T2 relaxation times, which has prevented the 

capture of signal from the protons present within them. Developments in hard- 

and software have enabled ultra-short echo time (UTE) sequences to be run on 

commercially available clinical MRI scanners (Gatehouse & Bydder, 2003). 

These methods are in current use to investigate bone and the bone-cartilage 

interface (Togao et al., 2010). The same approach has also been effective with 

lung tissue, since the contact of the lung with oxygen shortens the relaxation 

time and hence results in rapid signal decay. Sweep imaging with Fourier 

transformation (SWIFT) imaging uses an echo time close to zero (Idiyatullin 

et al., 2006). This approach has allowed for the direct imaging of teeth 

(Idiyatullin et al., 2011) and its success with imaging the bone-cartilage 

interface on equine specimens indicates its potential in musculoskeletal 

research (Rautiainen et al., 2013). Zero echo time (ZTE) imaging is a third 

type of sequence able to capture the signal when T2 times are short (Weiger et 

al., 2011). In dense and woody plant tissues, T2 relaxation times are expected 

to be short, so techniques such as SWIFT and ZTE will be needed to acquire 

the signal. Spectral selective water suppression could be combined with these 

techniques to image the lipid content of seeds, whose T2 relaxation times are 

too short for standard MRI methods. UTE, SWIFT and ZTE have the potential 

to enable a range of presently impractical non-invasive explorations of plants 

and seeds. For translation from animal/human to plant subjects, the 

development of new NMR coils may be necessary. Note that the acquisition of 

signal with ultra-short or close to zero echo times may risk capturing 
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artefactual signals from the coil housing or the isolation material of the RF 

cable.  

“MRI fingerprinting” has the capacity to extract various quantitative 

parameters (T1 relaxation time, T2 relaxation time, proton-density and off-

resonance) using a sequence comprised of semi-random pulses and acquisition 

parameters (Ma et al., 2013). The acquired data results in a very specific 

fingerprint and is compared to a database of possible patterns. With this 

approach different quantitative maps can be reconstructed from the dataset. 

The new concept could have also several applications in plant imaging, as for 

example the quantitative imaging of lipids and metabolites, where the 

knowledge of T1 and T2 times are necessary for signal correction and 

quantification.  

The step from animal to human MRI application has generally been rapid. 

The translation from animal/human to plants is more difficult, since typically it 

is not possible to replicate the same technique due to the major biological 

difference between animal and plant physiology and morphology. Generally, 

adjustments need to made to both the software and the hardware, along with 

the development of appropriate pre-MRI experimental procedures.  

 

 

Conclusion 
 

MRI has major potential as a platform to non-invasively analyze 

metabolism in living organisms. Its usage in plant research lags far behind that 

in medical research, and a substantial effort will be required both to enhance 

the levels of chemical and spatial resolution achievable and to re-design some 

of the hardware before its potential can be fully realized in plant research. 

Consideration needs to be given to ways in which the expense of using MRI 

facilities can be reduced to make the platform more accessible for the plant 

biologist. Despite the undoubted versatility of MRI, it cannot fully replace any 

of the other conventional high resolution and/or high throughput technologies. 

Indeed, the full explanatory power of MRI can only be achieved when it is 

coupled with high throughput 'omics technology and analytical and 

computational methods. The integration of imaging and 'omics data has 

become an important topic, as this is now required to form a more holistic 

view of the living organism. Visualization of in vivo processes may well have 

an impact on the interpretation of some molecular and biochemical data sets, 

helping to formulate rational mechanistic models and to understand what can 

seem to be uninterpretable results. MRI's major contribution to our 
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understanding of life processes is that unlike in silico models it is based on real 

data; and unlike analyses based on destructive sampling, it is a non-invasive 

method which is less liable to produce artefactual data.  
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