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Chapter 1 

General Introduction 

“Dem Anwenden muss das Erkennen vorausgehen“ 

“Insight must precede application” 

Max Planck 
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Abstract 

All scientific projects build on previous knowledge often referred to as “standing on the 
shoulders of giants”(1), this introductory chapter of the thesis highlighting the 
milestones from the basics to the now widely spread used Nuclear Magnetic Resonance 
technique. We try to explain the benefits of ultra-high field strength but also challenges 
associated with high field strength and reflects opportunities and explains the 
motivation for this thesis. 
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1.1 History of Nuclear Magnetic Resonance, or NMR Explained with a 
Piano1 
While nuclear Magnetic Resonance Imaging (MRI) scans have become part of the 
standard repertoire of modern medicine, their origin remains astonishing. A 
fundamental discovery in the history of nuclear magnetic resonance (NMR) is the 
discovery of a property of nuclei called nuclear spin, which is often described as a small 
bar magnet or compass needle to explain it. In 1936, C.J. Gorter postulated an idea and 
published his negative results on how to measure the nuclear spin (2). The experimental 
proof was provided by Isidor Isaac Rabi et al. in 1937 (3), for which he received the 
Nobel prize in 1944 (4). This proof meant the potential of a novel method for 
researchers to observe molecules. The following step transferred the observation in the 
molecular beam towards practical application (5). Edward Mills Purcell et al. and Felix 
Bloch et al. showed the possibility to experimentally use this nuclear spin to detect the 
spins in paraffin (6) and water (7) respectively, which showed that the NMR method 
could be used to observe molecules in solids and solution. In the first years, NMR 
already proved very useful for looking at the “fingerprint” of molecules. Due to the 
unique magnetic surrounding in which the different nuclei of atoms within a molecule 
are placed, the nuclei are resonating at different frequencies, similar to that different 
keys on a piano emit different tunes (Figure 1-1). By knowing which frequency belong 
to which nuclei, we can deduce the molecule in which they are housed. To continue in 
this analogy, we can distinguish the different molecules, e.g., ethanol from alcoholic 
beverages and the toxic compound methanol by their frequencies in the NMR-
spectrum, like we can audibly distinguish the trichord (B-D-B) from the dichord (C-E). 
How loud we hear the different tunes of each chord tells us how much of each nucleus 
is present in each molecule and also how many molecules we have in the solution. This 
was already revolutionary as other known spectroscopic methods failed to give a 
complete and non-destructive analysis of the molecules. NMR methods were further 
developed (5), and NMR spectroscopy has become a standard tool for organic chemists 
to verify that they had succeeded in making specific molecules.  

1 This analogy of the piano is solely indended to explain the basics of NMR and MRI only and 
like most analogies does not succeed to convey other aspects of NMR theory such as e.g. 
coherence transfer and relaxation theory.  

1 
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Figure 1-1: The two molecules A.) methanol and B.) ethanol have a different number of 
hydrogen (-H) atoms and therefore, each proton experiences a different magnetic environment. 
By their specific frequencies in the NMR-spectrum, they can be distinguished. (NMR spectra 
were predicted by ChemDraw 18.0) 

A different use for the NMR phenomenon was discovered around 1973. Research 
groups around Paul Lauterbur and Sir Peter Mansfield developed methods on how to 
use these Magnetic Resonance methods to form an image using magnetic field gradients 
(8, 9). Other early contributions advanced the initial development of MR, such as the 
finding that tumours and healthy tissues could be distinguished by the relaxation times, 
i.e., the signal lifetimes, of water in tissues (10). All these findings contributed to the
potential to use of MRI for medical imaging, as besides being non-invasive, it was also
a non-ionizing radiation imaging technique.

The spins of water molecules are all at the same frequency when placed in a uniform 
magnetic field. To stay in the piano analogy, if we would measure a bottle of water with 
NMR, a single frequency would be observed corresponding to a single F-tone on the 
piano (Figure 1-2A). For obtaining an MRI image of the water bottle, the spins of water 
have to be spatially resolved. Magnetic field gradients in three perpendicular directions 
are applied in an MRI experiment. If a gradient is applied along one direction of the 
water bottle, the magnetic field strength is different in different positions along the 
water bottle and the resulted spectrum would show a profile of the water bottle (Figure 
1-2B). The sound from the piano would be a bit unusual such as if the piano player is
leaning with an arm on the piano on the keys D-A.

A B 
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Figure 1-2: A.) When a water bottle is imaged in an NMR-experiment without a magnetic field 
gradient a single peak is observed as the hydrogen nuclear spins of water shows only one peak 
in the NMR-spectrum corresponding to one tone (e.g. F) loudly played (left image). B.) For MRI, 
a field gradient is applied to change the main magnetic field and therefore the frequency of the 
spins is spatially resolved (right image). 

After the initial discovery on MRI of an object based on the water distribution non-
invasively and to distinguish anatomical features, soon other methods were developed. 
Diffusion, flow, and transport of water could be detected. Different chemical 
compounds could be spatially resolved; a research field now termed in vivo NMR 
spectroscopy (11) or Magnetic Resonance Spectroscopy (MRS), but in this thesis we 
refer to it as spatially resolved spectroscopy. This wide variety of information that can 
be retrieved from this technique makes it more versatile than other imaging techniques, 
where usually a single type of tissue property (e.g., tissue density with computer 
tomography (CT)) can be distinguished.   

Nowadays, NMR is a versatile tool with applications of NMR Spectroscopy in analytical 
research (12), used in chemistry and food science, unravelling structures of proteins (13) 
or battery research. MR relaxometry unravels secrets of art (14) and spatially resolved 

A B 1 
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applications using MRI (15, 16). The constant challenge for opening this field to novel 
applications, however, remains in improving the sensitivity of the technique, as 
magnetic resonance techniques suffer from an unfavourable high limit of detection 
compared to other analytical techniques.  

1.2 Basics of MRI and Spatially Resolved Spectroscopy  
As discussed in section 1.1, all nuclear magnetic resonance phenomena are based on the 
property of nuclear spin. When a sample containing a nucleus with a nuclear spin is 
placed in an external magnetic field B0, the net magnetisation from all spins in the sample 
aligns along the direction of the external magnetic field B0. The resonance frequency 𝜔𝜔 
of the spins is proportional to the magnetic field strength B0 and the type of nucleus 
(i.e. its gyromagnetic ratio γ) with 𝜔𝜔0 = −𝛾𝛾𝐵𝐵0 (17).  

Figure 1-3: The vector model is showing the net magnetisation Meq of a spin ensemble when it 
is placed in a magnetic field. The magnetisation in the transverse plane (here denoted by the x-
y plane can be detected by a radiofrequency (RF) coil.  

Thus, for hydrogen nuclei in a 22.3 T magnet, the resonance frequency is 950 MHz. As 
the net magnetisation in equilibrium is not observable and thus cannot be used for 
probing the sample, the net magnetisation Meq has to be perturbed from equilibrium by 
applying a second magnetic field called B1 field which is perpendicular to B0 and 
generated by a radiofrequency (RF) pulse (Figure 1-3). The net magnetisation can be 
manipulated by RF pulses and encoded by magnetic field gradients to yield a variety of 
information from 1. spatial distribution of matter, e.g. the water proton density, 2. the 
chemical composition by (spatially resolved) spectroscopy and 3. information on 
translational motion e.g. diffusion. By varying the timings of the pulses in an MR 
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sequence, the physical and chemical environment of molecules can be detected. This 
can be done using the relaxation times T1 (longitudinal relaxation time constant), T2 

(transverse relaxation time constant) and T2* (transverse relaxation time + contribution 
of static B0-field inhomogeneities). MR offers a large variety of information by varying 
the experimental sequence and timing of RF pulses and gradient pulses. 

How is an MRI image acquired? For a 2D-MRI image, the RF pulses are given in the 
presence of a magnetic field gradient along the direction of Gslice (Figure 1-4). The 
magnetic field strength is thus varying along the direction of the gradient and spins 

resonate with 𝜔𝜔(𝑟𝑟) = 𝛾𝛾𝛾𝛾0 + 𝛾𝛾𝐺𝐺 ���⃗ ∙ 𝑟𝑟 (18). Only spins along the gradient axis which 
resonate at the same frequency as the frequency of the applied RF pulse are flipped by 
the RF pulse. This process is called slice-selection and already restricts the image to a 
relatively thin slice of 0.05-1 mm (values used in this thesis). For the first dimension in 
the 2D image, a readout gradient is applied along a different direction Gread/frequency. The 
effect is that the spins are resonating at different frequencies. The contribution of spins 
at the different frequencies can be related to their location in the sample and retraced 
by a Fourier transform. In the second direction of a 2D image, a phase encoding step 
is employed along Gphase. With every repetition step (or echo in case of accelerated 
sequences such as EPI or RARE), a gradient is switched on for a very short period of 
time before the echo formation. At the end of this gradient, spins in different locations 
have acquired a different phase shift and are thereby encoded for the location along 
Gphase. This is the most time-consuming step as the step has to be repeated a number of 
times, corresponding to the final matrix size of the image My. To accelerate this 
sequence, the refocussing step can be repeated after the first echo and an echo train can 
be recorded. Here, the gradient strength can be varied for each echo to achieve a 
different phase-encoding step. For a 3D image, the gradient pulses along Gslice are 
replaced by an additional phase encoding step.  

1 
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Figure 1-4: Two common MRI sequences A.) Spin-echo sequence (18, 19) and B.) gradient-
echo sequence (18) with selective RF pulses, slice-selection gradients Gslice, frequency or readout 
gradient Gread/frequency and a phase encoding gradient Gphase, which is varied in different repetitions 
of the pulse sequence. The echo time (TE) between first excitation pulse and echo is indicated.  

Two of the most commonly used experimental sequences (called pulse sequences) for 
MRI are spin-echo and gradient-echo sequences (Figure 1-4). The spin-echo sequence 
consists of a 90° pulse followed by a 180° pulse. After the echo time (TE), which is 
twice the interval between the 90° and the 180° pulse, the magnetisation is refocused 
and produces an echo. The gradient echo sequence consists of a pulse α between 5-90°. 
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The echo is produced by reversing the gradient direction in the Gread/frequency. Gradient 
echoes are useful for achieving shorter echo times. In spin-echo sequences, the signal 
decays with T2-relaxation time, while in gradient-echo sequences it decays with the T2*-
relaxation time. The latter also means that gradient-echo sequences are more prone to 
B0 inhomogeneities, as the spins experiencing static inhomogeneities are not refocussed. 
Examples of spin-echo methods used in this thesis are multi-slice multi-echo (MSME), 
rapid acquisition with relaxation enhancement (RARE) (20). Gradient-echo sequences 
are fast low angle shot (FLASH) (21) and multi-gradient echo (MGE).  

Spatially resolved spectroscopy is a broad term, which is comprised of several different 
methods. These methods are used for retrieving spatially resolved information about 
the chemical compound or metabolite contribution in a sample (11). Single-voxel 
spectroscopy sequences (e.g. point-resolved spectroscopy (PRESS) (22) or localisation 
by adiabatic selective refocusing (LASER)) selects a region of interest by applying an 
RF pulse (90°) in the presence of a gradient Gx, to achieve a selection of a slice (Figure 
1-5). By repeating the RF pulse with a 180° pulse in combination with an applied
gradient Gy and a second 180° pulse in combination with the applied gradient Gz, only
the spins in the voxel are refocussed and contribute to an echo, where the spectral
information on the chemical compound is encoded. The gradient directions can be
arbitrarily chosen as long as the set of directions is orthogonal.

1 
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Figure 1-5: A single voxel spectroscopy technique with spin-echo formation, called point-
resolved spectroscopy (PRESS) (22). 

A more thorough description of the basic principles of MRI and spatially resolved 
spectroscopy can be found e.g. in references (18, 19, 23–25), which also offer a more 
detailed overview of the basic principles and shows a larger variety of sequences used.  
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1.3 What is Magnetic Resonance Microscopy? 
Magnetic Resonance Imaging has several applications roughly divided into three main 
research fields, namely medical imaging, preclinical imaging and MR Microscopy. The 
first two definitions are based on the subjects used; clinical imaging develops diagnostic 
or research methods for humans, while pre-clinical imaging usually investigates rodents 
for medical or neuroscience research. MR Microscopy, however, is defined by the 
spatial resolutions (sub-hundredth micrometre resolutions) rather than by type of 
specimen (23, 26). The wide variety of applications in MR Microscopy range from 
biofilms (27), plants (28), biological cells (29), rock sediments, histology of animal 
tissues (30), food (31), electrochemical cells (32).  

As previously mentioned, the spatial resolutions of the MR image in each research field 
can differ. Voxels are in the dimensions of millimetres for clinical images, sub-
millimetres for preclinical imaging and sub-hundred micrometres sized for NMR 
Microscopy applications. A difference that is linked to the spatial resolutions between 
these applications is that typically the magnetic field strengths are higher to achieve 
higher spatial resolutions. For clinical studies, it ranges typically between 1.5 and 3 T 
with a record currently at 10.5 T. For pre-clinical studies, magnetic field strengths are 
commonly 7 T/ 9.4 T with the ultra-high-field being 21 T (Figure 1-6).  

However, the term “ultra-high field” (UHF) is misleading and can only be used in the 
context of state-of-the-art and the respective research field. For the medical field ultra-
high is already 9.4 T while for MR microscopy, ultra-high means at the moment 22.3 T 
but might soon be outdated when the 28.2 T systems become available. The difference 
in the record field strength stems from the challenge to obtain a homogeneous field 
strength over the entire sample area which is more difficult for the diameter of the entire 
human body than for the 5 mm used for the NMR tube in the 22.3 T system. Therefore, 
in the remaining of this thesis, we use ultra-high field MRI for the state-of-the-art 
highest field strength for MR Microscopy at the time of writing of this thesis which is 
22.3 T. 

1 
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*Not yet operational

Figure 1-6: Comparison of different fields within MRI research and commonly used 
specifications of the hardware. 

NMR microscopy applications are very diverse, ranging from pre-clinical studies to 
plants, food and porous media. Next to the higher magnetic field strengths which can 
(but do not need to) be used in NMR Microscopy, combined with high gradient field 
strengths allow for higher spatial resolutions. Recently, ultra-high field strengths of up 
to 21.1 T have proven useful for dynamic and functional imaging for rodent MRI (e.g. 
(33–35) with 18 x 18 x 35 µm3 resolutions in 29 h using a 3D gradient echo sequence 
(33). The usage of microcoils for micrometre resolutions was proven on well-defined 
phantoms (36–38) and biological specimens (39–41). For MRS, the detection limits on 
phantom solutions (42) and cells (43, 44) were reported.  

A significant limitation in most MR applications is the inherent signal-to-noise ratio 
(SNR) or limit of detection. NMR spectroscopy is already quite insensitive compared 
to other analytical techniques like e.g. mass spectroscopy (45). Using MRI the MR signal 
is spatially resolved which leads to a relatively low number of spins detected from a 
voxel.  



General Introduction 

15 

Figure 1-7: Interdependence of a spatial resolution, spin concentration, and acquisition time at 
a given SNR.   

Therefore for a given MR system with a certain RF-coil and a defined object size, at a 
given SNR, spatial resolution, acquisition time, and detectable spin concentration need 
to be in balance (Figure 1-7). For instance, at a given SNR, when reducing the resolution 
by a factor 2 in all three dimensions, the acquisition time has to be increased by a factor 
8. Efforts to double the SNR lead to gain of a factor 4 acquisition time.

1.4 How to increase the Signal-to-Noise-Ratio in MR Microscopy? 
Several factors contribute to the Signal-to-Noise Ratio (Figure 1-8). 

Figure 1-8: The simplified SNR- equation (46) shows that the SNR is proportional to the 1.) 
induced voltage containing the gyromagnetic ratio γ and the main magnetic field strengths B0, 
2.) the magnetic polarisation depending on the gyromagnetic ratio γ, the Planck’s constant h the 
main magnetic field strengths B0, the number of spins Ns, the Boltzmann constant k and absolute 
temperature T, 3.) the detector sensitivity depending on the magnetic field B1 generated by the 
RF-coil with the current I, and 4.) the random thermal noise given by the noise voltage Vnoise. 

1 
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A significant SNR increase can be achieved by increasing the main magnetic field 
strength B0, which affects both the induced voltage (1.) and the net magnetic 
polarisation (2.). The magnetic polarisation is equal to the Boltzmann distribution when 
no additional hyperpolarisation methods are used. Increasing the detector sensitivity (3.) 
is another option, by optimising the detector towards the sample geometry and size. 
Other possibilities for improvement include hyperpolarisation techniques that can be 
used to increase SNR by increasing the net magnetic polarisation (2). Cryo-probe 
hardware can reduce the thermal noise within the coil (4.); however, these are not yet 
available for all high-field (> 14.1 T) MRI systems.   

Main Magnetic Field Strength 
As an increase in main magnetic field strengths represents one of the main methods to 
increase the signal-to-noise ratio, traditionally there has been steady developments in 
magnet technology ranging from electromagnets (<100 MHz) to low-temperature 
superconducting magnets (200-950 MHz) with development of the alloy material used 
for the superconducting wires consisting of niobium and zirconium (NbZr) and 
niobium and tin (Nb3Sn) for magnetic fields ~ 20 T (47). For higher magnetic field 
strength beyond 22 T, one approach is to combine new materials called high-
temperature superconducting materials with the conventional superconductors to reach 
the required field strengths (47), which makes it technically more difficult to upscale the 
field strength, as it is not simply a matter of extrapolation of existing technology.  

Detector Sensitivity 
Besides B0, it is worthwhile to look at the detector sensitivity to obtain an SNR increase. 
The more B1-field strength is created per unit current, the more sensitive a transceiver 
MRI-coil is for signal reception, due to the principle of reciprocity (48). Factors 
contributing to SNR are the quality factor Q, the coil temperature Teff, the volume of 
the sample (VSample) the fill factor η, which in turn depends on the coil diameter and its 
geometry (18) (Equation 1-1). The coil diameter is crucial for the sensitivity of the 
detector, as a decreasing coil diameter leads to an increase of SNR per unit volume (49). 
In terms of geometry, a solenoid coil is 3 times more sensitive than a saddle coil (48). 
SNR can also be increased by decreasing coil losses, which contribute to the noise level. 
The quality factor, defined as Q = ωL/R, is widely used to quantify coil losses (50), and 
the higher the quality factor, the lower the losses the coil suffers. Losses which are 
caused by the conductivity in the sample can be quantified by comparing the Q-factor 
of the coil loaded with the sample Qloaded with the unloaded coil Qunloaded (50). Furthermore, 
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it is crucial to adjust the dimensions of the RF coil to that of the sample, as the higher 
the ratio of sample volume to coil volume, the larger the filling factor will be (18, 51).  

Equation 1-1: A simplified equation for the dependence of the image signal-to-noise ratio 
(SNRi) on detector parameters, such as the filling factor η, the coil quality factor Q and the coil 
temperature Teff and the volume of the sample Vsample (adapted from Equation 3.21 in Ref (18)). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 ~ �
𝜂𝜂 × 𝑄𝑄

𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 × 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

Comparison of SNR across Different MR Systems 
For MRI-applications the SNR per unit volume has to be considered, contrary to NMR 
spectroscopy applications where performance has to be compared based on total spin 
sensitivity since the NMR measurement is performed on the entire sample volume. 
Therefore, image SNR (SNRi) which is additionally normalised to volume (SNRi,v) is 
most suitable for comparison across different hardware and systems to account for 
differences in voxel volumes. If the systems cannot be compared using an MR-
experiment with the same parameters, such as number of averages, matrix size, 
bandwidth, these factors should be additionally accounted for (19). Another indicator 
is the length of the 90° pulse at equal power, which is useful when comparing between 
different transceiver coils but only at the same field strength. The shorter the 90° pulse, 
the more sensitive the coil is (48, 50). Additionally, it is crucial that the reference solution 
which is used for comparison composed of the same compounds, to ensure the same 
proton density. 

1.5 Other Benefits and Challenges at Ultra-high Field MRI 
1.5.1. Susceptibility Effect  
SNR increase is the most significant advantage of UHF on one side, but on the other 
side, other factors can influence the quality of an MR image. Image artefacts, 
homogeneity and contrast, are important factors in MR imaging and spatially resolved 
spectroscopy.  

A common source of image artefacts in MRM stems from susceptibility mismatches. 
Especially in specimens where matter with different magnetic susceptibilities can be 
present, these differences can lead to enhanced contrast in the best case and image 
artefacts in the worst case.  

1 
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When two different materials such as water and air have different magnetic susceptibility 
χ, the magnetic field at the interface will be disturbed (local magnetic field variation 
ΔB0). Due to these field variations, spins experience a different magnetic field at these 
interfaces, which leads to inhomogeneous broadening of the MR signal (52). When a 
standard MRI pulse sequence using frequency encoding is applied for an MRI image, 
the frequency of the spins is shifted with respect to the “expected“ frequency of the 
spin at its position in the gradient. As the frequency of a spin is directly related to its 
location in the magnetic field gradient, a shift in frequency manifests itself in a distorted 
image if the shift is larger than the frequency difference within the voxel due to the 
macroscopic field inhomogeneities.  

The most common sources of susceptibility mismatches leading to macroscopic field 
homogeneities in biological specimens can be large air bubbles (53) or metals with a 
high magnetic susceptibility (32). Contrary to “macroscopic” field inhomogeneities 
leading to artefacts in the MRI image, microscopic and mesoscopic magnetic field 
inhomogeneities can also have a beneficial effect and lead to increased image contrast 
(53). Contrast between two tissue types is essential for distinction and can be challenging 
as this depends mostly on the relaxation times (T1, T2 and T2*) of water within the tissue 
in standard MRI sequences. However, susceptibility differences (T2* contrast) have a 
larger effect at increasing field strength (54). A spin-echo technique is more robust to 
mesoscopic inhomogeneities leading to static dephasing of the signal, however not to 
the dephasing due to the diffusion of spins through this static field inhomogeneities (53, 
54). Thus the choice of pulse sequence is crucial for avoiding image artefacts. 
Additionally, a reduction in echo times can be beneficial for reducing artefacts.  

An additional source of susceptibility mismatches can be the material of the RF-
detector. When coils are close to the samples, the differences in magnetic susceptibility 
between the wire and the air can cause artefacts (45), due to local distortions of the 
magnetic field.  
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1.5.2 Using the SNR increase for Spatially Resolved Spectroscopy of Low 
Concentrated Metabolites 
One of the opportunities for using high SNR is for chemical compounds other than 
water. This gives useful information on the chemical or metabolic status of biological 
specimens. A challenge here is that the commonly sought after metabolites are ~10 mM 
and therefore a factor of 104 less concentrated than water protons, which are present 
with ~110 M in biological specimens. One common workhorse of metabolite imaging 
is direct detection methods, where we can spatially localize the region of interest from 
which we want to have chemical information, i.e. an NMR Spectrum or chemically-
selective signal intensity information. For spatially resolved spectroscopic imaging, a 
distinction is generally made between single-voxel localized spectroscopy (e.g., PRESS 
or STEAM), multi-voxel spectroscopic imaging (e.g. CHESS/CSSI (55) or CSI) (11). 
However, the direct spectroscopic imaging methods, where the spins of the metabolites 
are directly detected are quite time-intensive when low-concentrated compounds need 
to be detected with a high spatial resolution.   

An alternative proposed method is Chemical Exchange Saturation Transfer (CEST) 
(56–59). CEST detects metabolites indirectly, by exchangeable protons of a metabolite 
with water (Figure 1-9A). A selective pulse is applied at the chemical shift offset of the 
exchangeable proton of the metabolite to saturate the magnetisation (Figure 1-9B and 
C). Subsequently, the metabolite protons exchange with water protons which are 
available in the phantom or tissue. The net magnetization of water is reduced this 
process (Figure 1-9B). As this process repeats several times, more proton spins than 
due to the original metabolite concentration are saturated and therefore, signal 
enhancement is achieved compared to the measurement of the protons of the 
metabolite directly. The gain in SNR can be used to either achieve higher spatial 
resolutions or detection of lower concentrated compounds.  

1 
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Figure 1-9: A.) Chemical structure of glutamate with the exchangeable protons indicated in red 
which can exchange with the water protons (blue). B.) When the exchangeable proton of 
glutamate are selectively saturated by a narrow bandwidth pulse (red box), their subsequent 
exchange with water protons causes a decrease in the water peak. (Spectrum of glutamate 
predicted in ChemDraw 18.0) C.) The CEST saturation pulse is applied at a certain saturation 
offset ∆𝜔𝜔 and followed by a non-frequency selective 90° pulse followed by an MRI or spatially 
resolved spectroscopy sequence.  

However, the drawback of this method is that is not uniquely selective to a certain 
metabolite of interest, and thus CEST contrast caused by application of a narrow 
bandwidth saturation pulse cannot be uniquely attributed to that metabolite, which has 
an exchangeable proton at this saturation offset. Here, an advantage of ultra-high 
magnetic field strength, namely the larger chemical shift dispersion helps not only in the 
SNR increase but also in an increased selectivity towards certain metabolites.  
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1.6 Motivation and Outline of this Thesis 

This thesis is an exploration of Magnetic Resonance Microscopy at ultra-high field 
strength at the examples of different applications. In each chapter, we are covering a 
combination of different aspects of ultra-high field MR microscopy: SNR, acquisition 
time, image contrast, artefacts, sample handling, use of dedicated hardware and 
possibilities for detecting low-concentrated metabolites. A graphical overview of these 
aspects related to the chapters can be found in Figure 1-10. 

In chapter 2, we explored the advantages and feasibility for performing MRI at 22 T at 
one of the highest magnetic field strengths worldwide. We compared systematically the 
Signal-Noise Ratio of three different systems 14.1 T, 17.6 T and 22.3 T with notably 
different hardware. Also, we made an attempt to see which resolutions for a phantom 
could be achieved and which concentrations were feasible for localized spectroscopy.  

Chapter 3 gives a practical approach on how to use calibrate and use (micro) coils) at 
ultra-high field strengths and which calibrations are needed. Together with the video 
protocol, it should provide a new user a starting point to use the microimaging 
equipment but also the necessary parameters to implement home-build or non- 
standard coils   

Chapter 4 is a case study of the limits of ultra-high field strength, but it shows that 
high-resolution 3D MRI can be used complementary to electrical performance 
measurements. The important aspect for this thesis on UHF is the aim of quantifying 
biofilms on an electrode material (activated carbon granules). The preamble to this 
chapter describes the work which had to be done prior to obtaining the first successful 
images which were presented in the second part of the chapter.  

Chapter 5 is an exploration of the limits at 22.3 T for high spatial resolution imaging 
and spatially resolved spectroscopy on a plant specimen. More specifically, high-
resolution images are shown at 22.3 T on vacuum-infiltrated root nodules of Medicago 
truncatula. Additionally, spatially resolved spectroscopy is demonstrated in in situ (i.e. not 
vacuum-infiltrated) root nodules.  

In chapter 6 we investigated the use of metabolic imaging at ultra-high field strength 
and more specifically, if higher field strength can help in the selectivity towards specific 
metabolites in CEST-imaging.  

1 
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The general discussion in chapter 7 reflects on the chapters and summarises the main 
conclusion. The lessons from ultra-high magnetic field strength are discussed in terms 
of experimental methods and hardware. Initial results and an outlook for ultra-high field 
MRI and spatially resolved spectroscopy in clinical research, environmental sciences and 
wastewater treatment, and plant science are provided. Finally, we conclude with an 
outlook for the future of ultra-high field MRI and MRS beyond 22.3 T. 
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Figure 1-10: Graphical overview of aspects of ultra-high magnetic field for MRI and spatially 
resolved spectroscopy is given and the respective thesis chapters which are covering the 
respective aspects. Some images within this graphical overview were adapted from refs (60, 
61). 
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Abstract 
This work provides a systematic comparison of the signal-to-noise ratio (SNR), spatial 
resolution, and metabolite limits-of-detection for magnetic resonance microscopy and 
spectroscopy at three different magnetic field strengths of 14.1 T, 17.6 T and 22.3 T 
(the highest currently available), utilising commercially available hardware. We find an 
SNR increase of a factor 5.9 going from 14.1 T to 22.3 T using 5 mm radiofrequency 
(saddle and birdcage) coils, which results in a 24-fold acceleration in acquisition time 
and deviates from the theoretically expected increase of factor 2.2 due to differences in 
hardware. This underlines the importance of not only the magnetic field strengths but 
also hardware optimisation. In addition, using a home-built 1.5 mm solenoid coil, we 
reach an isotropic resolution of (5 µm)3 in a field-of-view of 1.58 mm x 1.05 mm x 1.05 
mm with an SNR of 12:1 using 44 signal averages in 58 hours acquisition time at 22.3 
T. In light of these results, we discuss future perspectives for ultra-high field Magnetic
Resonance Microscopy and Spectroscopy.
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2.1 Introduction 

Magnetic Resonance Microscopy (MRM) is typically defined as acquiring images with 
at least one of the dimensions with sub-100 µm resolution (1–3). Many MRM 
applications use high field vertical bore NMR spectrometers with strong gradients to 
achieve these high resolutions. In addition to providing highly resolved structural 
information based on the water signal in biological specimens, the spatial distribution 
of chemical compounds can be obtained using spatially resolved Magnetic Resonance 
Spectroscopy (MRS). Due to the inherently low spin polarization, MRM and very high 
resolution MRS suffer from a low signal-to-noise ratio (SNR) compared to other 
techniques (4) such as microCT (5), fluorescence microscopy and polarized light 
microscopy (6), and this limits the maximum attainable spatial resolutions. 
Improvements in spatial resolution are possible by signal averaging at the expense of 
long experiment times. For MRS, high concentrations (typically in the mM range) of 
the compound of interest are required due to the low sensitivity.  

The SNR can be expressed in terms of B0, the detector sensitivity given by the B1 field 
per unit current I, the number of spins Ns, T the sample temperature T, and Vnoise the 
noise from coil and sample (7) (Equation 2-1).  

𝑆𝑆𝑆𝑆𝑆𝑆 ∝  [𝛾𝛾𝐵𝐵0] � 𝛾𝛾
2ℎ2𝐵𝐵0𝑁𝑁𝑆𝑆
16𝜋𝜋2𝑘𝑘𝑘𝑘

� �𝐵𝐵1
𝐼𝐼
�  � 1

𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
� (2-1) 
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For MRM cryoprobe technology which reduces the contribution of Vnoise (III) is not 
widely available and unavailable above 500 MHz (11.7 T). The most common way to 
improve the SNR is to move to higher magnetic fields. For example, by going from 14.1 
T to 22.3 T, the SNR theoretically increases by a factor of 2.2 due to the relation SNR 
~ B07/4, taking into account the B0-dependence of the detector sensitivity (III) (8). 
However, improvements of the theoretical SNR are challenging to measure 
experimentally as the hardware, RF-coil quality and technical capabilities of the used 
NMR systems differ (cf Table 2-1). Several SNR-formulations for comparing coil 
performances are readily available in the field of Magnetic Resonance to quantify SNR 
improvements. These include localised time-domain SNR (SNRt) (9), spectral SNR 
(SNRf) (9), and image SNR (SNRi) (10). For MRI applications, spin sensitivity per unit 
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volume (SNRi,v) is the most relevant measure (11). Other MRI parameters such as 
bandwidth, matrix size, number of signal averages, acquisition time, and repetition time 
(notably in its ratio to the T1-relaxation time) should either be kept constant or taken 
into account when comparing different experiments (10, 12). In this paper, we took a 
practical approach of comparing SNR using the same MRI parameters on the same 
samples and using similar coils (d = 5 mm) at three different magnetic field strengths. 
Besides using the increase in sensitivity at the higher magnetic field strength of 22.3 T 
for higher spatial resolutions, it is well-known that one can also use the increased 
sensitivity for higher temporal resolution, i.e., faster image acquisition, and therefore to 
image dynamic systems. The acquisition time (tacq) depends on the desired signal-to-
noise ratio SNR, coil diameter d, spin-lattice T1 and spin-spin relaxation times (T2 or 
T2*), voxel volume (Δx)3  (3, 13) (Equation 2-2).  

𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 ~ (𝑆𝑆𝑆𝑆𝑆𝑆)2𝑑𝑑2  �𝑇𝑇1
𝑇𝑇2
�  1.418× 10−15

(𝛾𝛾𝐵𝐵0)
7
2  𝐶𝐶

 � 1
∆𝑥𝑥
�
6

         (2-2) 

In this research, we investigate the effect of high to ultra-high magnetic field strengths 
B0 on SNR, by comparing volume coils at different field strengths (14.1 T; 17.6 T and 
22.3 T) using standard gradient sets of 2-3 T/m and room temperature conditions for 
coils and sample. At the highest field strength of 22.3 T (1H Larmor frequency = 950 
MHz), we additionally studied detector sensitivity by comparing a home-built 1.5 mm 
solenoid coil with a commercial 5 mm birdcage coil. The improved SNR is quantified 
for all coils and systems and can be used for optimising acquisition time, spatial 
resolution and pushing limits for target sample concentrations. In addition, we 
determine the detection limits of a metabolite at different field strengths. We show that 
the higher SNR obtained at a B0-field of 22.3 T, combined with an increase in detector 
sensitivity using our home-built solenoid coil, allows a measurement with a voxel size 
of (5.5 µm)3 and a field-of-view of 1.58 mm x 1.05 mm x 1.05 mm in 58 h of tacq with 
an SNRi of 12 using a FLASH-sequence. We place our results which are obtained on 
the highest field strength currently available for MRI including a commercial gradient 
system of 3 T/m and room temperature coil and sample temperature in perspective 
with respect to the values achieved by other research groups with highly optimised 
components such as gradient fields up to 65 T/m and coil temperatures (Teff) down to 
28 K. Finally, we discuss possibilities and challenges for ultra-high field MRM and 
provide an outlook for the next milestone in future magnetic field strengths for MRI.  



Assessing spatial resolution, acquisition times and signal-to-noise ratios 
for commercial microimaging systems at 14.1, 17.6 and 22.3 T 

33 

2.2 Experimental Methods 

2.2.1 Spectrometer Specifications and Hardware 
The NMR spectrometers used were a 14.1 T system at Wageningen University & 
Research, a 17.6 T system at Leiden University and the 22.3 T system of the national 
Dutch NMR facility (uNMR-nl) located at Utrecht University. All systems are equipped 
with a Micro 5 probe and ParaVision 5 (17.6 T) or ParaVision 6.0.1 (14.1 T and 22.3 T). 
Other relevant specifications can be found in Table 2-1.  

On the 17.6 T and 22.3 T systems commercial 5 mm 1H birdcage coils were used in this 
research, while on the 14.1 T system we used a dual coil (1H/2H) saddle coil, where the 
1H is the 5 mm inner saddle coil (all Bruker, Ettlingen). 

Additionally, we built a customised solenoid coil for the 22.3 T spectrometer for 1H-
imaging by hand-winding enamelled copper wire of 0.4 mm diameter around a 1.5 mm 
capillary (6 turns). A fixed tuning capacitor (2.5 pF) and a variable matching capacitor 
(1.5-6 pF) were added to the resonance circuit mounted on a printed circuit board PCB 
and attached to a support, compatible with the Micro5 probe socket, which utilises its 
own in-built RF circuitry.  

2.2.2 SNR tests, calculations and Q-factor measurements 
To compare the radiofrequency-coils of different systems, a solution of 20 (v/v) % 
H2O, 80 (v/v) % D2O and 6.3 mM CuSO4 was used (T1 = 265 ms; T2,apparent =75 ms @ 
22.3 T (S 2-1) .   For the commercial 5 mm coils (saddle and solenoid), the solution was 
inserted in a 5 mm NMR tube (inner diameter (ID)4 mm), while for the 1.5 mm solenoid 
coil, we used a 1.5 mm capillary (ID 1.0 mm) (Hilgenberg, Germany) sealed with 
capillary wax (Hampton Research, USA). The gradients of a Micro5 gradient coil system 
were used for all experiments.  

For SNR-tests, a spin-echo sequence (MSME) was used with a repetition time (TR) of 
1 s, an echo time (TE) of 7 ms and 1 average (NA). The matrix size was set to 256 x 
256 with a field-of-view (FOV) of 6 mm x 6 mm, resulting in an in-plane resolution of 
23.4 µm x 23.4 µm. The receiver bandwidth was set to 100 kHz. The slice thickness was 
adjusted to 0.5 mm to achieve an identical receiver gain of 101 to avoid signal clipping 
on all three spectrometers and thus allow for comparison while maintaining sufficient 
SNR for quantification at the lowest field strength (see Manual from Bruker (14)).  
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To calculate the SNRi,v, regions of interest were chosen in the signal area of the image S 
and the noise area of the image and the mean and standard deviations were determined 
in FIJI/ImageJ (15). For the noise area, four regions of interest in the corners of the 
image were selected and the mean and standard deviations were averaged. We calculated 
the Signal-to-Noise ratios by determining the SNR of the (magnitude data) image and 
normalising by the volume of a voxel (Equation 2-3)  

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖,𝑣𝑣 =  𝜇𝜇𝑆𝑆−𝜇𝜇𝑁𝑁
𝜎𝜎𝑁𝑁

× 1
𝑑𝑑𝑟𝑟×𝑑𝑑𝑝𝑝×𝑑𝑑𝑠𝑠

            (2-3) 

with mean of the signal (µS), mean of the noise (µN), the standard deviation of the 
noise(σN) and the voxel dimensions in read (dr), phase (dp) and slice directions (ds). The 
average SNRi,v  of three slices is reported for each 5 mm RF coils. For the value of 
SNRi,v of the 1.5 mm solenoid coil only two slices are used due to the small homogenous 
B1 region of the coil.  

Q- factor measurement on all coils on their respective probe base were performed using
the S11-measurement on a network analyser (Agilent Technologies). Each coil and probe
combination was tuned and matched prior to each Q-factor measurement. The resulting 
Q-factor was calculated according to Equation 2-4:

𝑄𝑄 =  𝜔𝜔0
∆𝜔𝜔0(@−7𝑑𝑑𝑑𝑑)

       (2-4) 

where the bandwidth ∆ω0 is measured at the -7 dB level. The values of Qloaded deviate 
by 7% from Qunloaded, showing that for the relatively low-conductivity samples used in 
this study the loss is coil-dominated.  
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2.2.3 Metabolite Detection Limit Using Localised Spectroscopy  
As a reference solution for the detection limit measurements, we used 5 mm tubes filled 
with 1.) 100 mM and 2.) 10 mM of sodium acetate in de-ionised water. The temperature 
during the measurements was kept on 298 K. The 5 mm birdcage (@22.3 T) coil was 
used.  

A localised spectroscopy sequence (PRESS) was used to record a spectrum on a voxel 
of 125 nL (500 x 500 x 500) µm3 volume, with  TR 1 s, TE 7.2 ms, spectral bandwidth 
9.5 kHz and (1) NA 16, tacq 16 s for 100 mM and 10 mM of acetate or (2) NA 512 and 
tacq 8 min 32 s for 10 mM of acetate. The VAPOR-scheme was used for water 
suppression, and VAPOR pulse powers were calibrated prior to the PRESS-
measurements. The voxel of interest was centred on the acetate concentration by setting 
the working chemical shift to -2.9 ppm with respect to the water resonance. For shim 
adjustments, the MAPSHIM shim calculation based on a B0 map was used, followed by 
(automatic) iterative shimming. A line-broadening factor of 5 was applied during 
processing.  

2.2.4 Temporal Resolution 
A piece of Lily root (Nymphaea odorata) was fixated in 4% (v/v) formaldehyde to ensure 
that the same sample could be imaged on all three spectrometers. It was then transferred 
to fomblin, which does not give 1H-MR signal and to avoid susceptibility artefacts at 
the air-tissue interface (16, 17). 

A FLASH-3D experiment was recorded at the three spectrometers (14.1 T, 17.6 T and 
22.3 T) with a matrix size of 256 x 256 and a field-of-view of 4 mm x 4 mm, resulting 
in an isotropic spatial resolution of (15.6 µm)2 with a slice thickness of 100 µm. Other 
imaging parameters were TR 60 ms, echo time TE 4.03 ms, flip angle 30° and a receiver 
bandwidth of 50 kHz. The number of averages was 768, 128, 32, and tacq was 3 h 17 
min, 32 min 44 s, 8 min 11 s for 14.1 T, 17.6 T and 22.3 T, respectively. Furthermore, 
the 5 mm volume RF coils, namely a saddle on the 14.1 T and birdcage coils on the 17.6 
T and 22.3 T were used for these experiments.  The SNRi from the magnitude images 
was determined using the following formula (Equation 2-5) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 =  𝜇𝜇𝑆𝑆−𝜇𝜇𝑁𝑁
𝜎𝜎𝑁𝑁

   (2-5) 
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with mean of the signal (µS), mean of the noise (µN), the standard deviation of the 
noise(σN). 

2.2.5 Spatial Resolution 
The spatial resolution phantom was prepared using spherical polymer (PMMA) beads 
called Spheromers® CA40 (Microbeads, Skedsmokorset, Norway) and doped water (6.3 
mM CuSO4). The capillary was approximately half-filled with beads, as trapped air 
bubbles could still be removed during sample preparation when the capillary was not 
completely filled with beads.  

To test a very high spatial resolution, the 1.5 mm solenoid coil was used on the 22.3 T 
system. A 3D-FLASH sequence was used to obtain a spatial resolution of 5.5 µm x 5.5 
µm x 5.5 µm with tacq of 58 h 34 min. Other imaging parameters were TE 5.5 ms, TR 
130 ms, NA 44, matrix size 288 x 192 x 192, field-of-view 1.575 mm x 1.050 mm x 
1.050 mm and receiver bandwidth 40.760 kHz. The intensity of the (magnitude) image 
data was plotted using ImageJ (15).  

2.3 Results 

2.3.1 Hardware 
Since the available hardware, such as the consoles, available coils and maximum gradient 
strengths differ between the systems (Table 2-1) we kept the experimental parameters 
constant, wherever feasible. 

Table 2-1: Hardware overview the 14.1 T, 17.6 T and 22.3 T spectrometers and imaging 
equipment. 

14.1 T 17.6 T 22.3 T 

Magnet bore size Standard bore 

(52 mm) 

Wide bore 

(89 mm) 

Standard bore 

(52 mm)  

Manufacturer Bruker 

Instrument type Avance III Avance I Avance III HD 

Commercial RF coil 5 mm dual saddle 
1H inside  
2H outside 

5 mm birdcage 5 mm birdcage 
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Home-built RF coil - - 1.5 mm solenoid 

Gradient system Micro5 Micro5 Micro5 

Gradient power supply GREAT 60 BAFPA 40 GREAT 60 

Gmax, achievable 3 T/m 2 T/m* 3 T/m 

* Due to the gradient amplifiers, this gradient set is limited to 2 T/m.

As mentioned earlier, a commercial saddle coil was used on the 14.1 T (Figure 2-1A)

and a commercial birdcage coil at the 17.6 T (Figure 2-1B) and the 22.3 T (Figure 2-1C- 

left). Additionally, we built a solenoid coil with a coil diameter of 1.5 mm to

accommodate smaller samples (Figure 2-1C – right).

Figure 2-1: The exchangeable coil inserts of the different spectrometers are shown. A.) On the 
14.1 T spectrometer, a 5 mm 1H/2H dual insert was used with the inner coil being the 1H- saddle 
coil. B.) The 17.6 T spectrometer was equipped with a 5 mm birdcage coil and C.) for the 22.3 
T spectrometer a 5 mm birdcage and a home-built 1.5 mm solenoid coil (red highlight) was used. 
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2.3.2 SNR and Q-factor Measurements 
The experimental SNRi,v increased with increasing field strengths from 2.2 x 104 mm-3 
at 14.1 T, to 5.9 x 104 mm-3 at 17.6 T and 1.3 x 106 mm-3 at 22.3 T using the 5 mm RF 
volume coils on all three spectrometers (Figure 2-2A). This corresponds to a factor of 
5.9 from 14.1 T to 22.3 T using 5 mm RF volume coils. 

When increasing the detector sensitivity by using a home-built solenoid coil (d = 1.5 
mm), the SNRi,v increased further by a factor of 3.5 with respect to the 5 mm birdcage 
coil at 22.3 T (Figure 2-2A). The same image could thus theoretically be recorded 12 
times faster if the sample geometry allows the same FOV (13).  

Furthermore, a comparison of the Q-factors showed that both birdcage coils (@ 17.6 
T and 22.3 T) had the highest Q-factors with 500 and 561 respectively, while the 
solenoid and the saddle coil had lower Q-factors, with 271 and 200 respectively (Figure 
2-2B and C). This difference in Q-factor indicates that the coil losses of the 5 mm saddle
(@14.1 T) and the 1.5 mm solenoid (@ 22.3 T) are higher than in the two 5 mm birdcage
coils. The afore-mentioned difference between experimental SNRi,vincrease of a factor
5.9 and theoretical value 2.2 can be explained by this difference in Q-factor.

Theoretically, a 10-fold increase of SNRi,v is expected when going from a 5 mm birdcage 
(@22.3T) coil to a 1.5 mm solenoid (@ 22.3T) coil at the same field strength, due to 
the decrease in coil diameter (factor 3.3) (10) and changing the geometry from birdcage 
to solenoid (factor 3) (18). However, the thinner wire diameter of the solenoid coil 
which leads to higher coil losses. The Q-factor of the solenoid coil is decreased by a 
factor 2 with respect to the birdcage coil (@ 22.3 T).  This difference in Q-factor 
explains partially the discrepancy between experimentally determined SNRv,i increase 
(factor 3.5) and theoretical increase (factor 10). The discrepancy in the SNRv,i –values 
between the birdcage and the solenoid coil cannot be fully explained by the difference 
in Q-factor, so there must be other factors like e.g. imperfect shimming of the sample 
in the solenoid which could lead to a lower SNRv,i than the difference in Q-factor alone. 
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Figure 2-2: A) Signal-to-Noise Ratio for different coils at 14.1 T, 17.6 T and 22.3 T shows an 
SNRi,v increase for the 5 mm volume coils with an increase of B0 field and an SNRi,v increase for 
the 1.5 mm solenoid compared to the 5 mm birdcage(@22.3T). B) The Q-factor of all available 
coils of the different spectrometers were determined. C) All numerical quantities as depicted in 
A and B are listed. 
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2.3.3 Determining the Detection Limits for Metabolites at 22.3 Tesla 
Using 5 mm RF Coils 
To determine the detection limit of potential metabolites, a localised spectroscopy 
experiment was performed on the 5 mm birdcage(@22.3T) using a voxel volume of 
(500 µm)3, corresponding to 125 nL (Figure 2-3). 100 mM of acetate could be detected 
with 16 averages over a 16 s acquisition time with an SNR of 25:1 (Figure 2-3A), while 
the SNR of 10 mM acetate was slightly above 2:1 using the same parameters (Figure 2-
3B). When measuring 10 mM acetate with 512 averages for 8 min and 32 s acquisition 
time, the peak was visible with an SNR of 12:1 (Figure 2-3C). 

Figure 2-3: Localized Spectroscopy (PRESS) on different acetate concentrations at 22.3 T A.) 
100 mM acetate and B.) 10 mM acetate on 125 nL in 16 s C.) 10 mM acetate 125 nL in 8 min 
and 32 seconds. 

The ability to detect these low-concentrated metabolites in small volumes enables high 
spatial resolutions for biological specimen <4 mm.  
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2.3.4 Temporal Resolution at Constant Spatial Resolution 
The increased SNRi,v at higher B0 can also be used to minimise the tacq of the MRI 
experiment. To enable the direct comparison a piece of Lily root was fixated and a 2D-
FLASH experiment as a cross-section through the root was recorded on all three 
systems using approximately the same slice location in the same sample (Figure 2-4). 
We first recorded the 2D-FLASH on the 22.3 T and obtained an SNR of 12.9 in 8 
minutes and 11 s (Figure 2-4C). To obtain a similar SNRi at identical spatial resolution, 
we adapted the number of signal averages which resulted in 32 min at 17.6 T (Figure 2-
4B,D) and 3 h and 17 min at 14.1 T (Figure 2-4A, D). Thus, at 22.3 T, we can accelerate 
the same imaging experiment 4 times with respect to 17.6 T and 24 times with respect 
to the 14.1 T.  

Image contrast differs with the contrast between cell walls and cell cytoplasm increasing 
from 14.1 T to 22.3 T (Figure 2-4A-C). The signal is decreased in the cell walls due to 
shorter T2* most likely caused by magnetic susceptibility mismatches in the cell walls, 
which have a stronger effect at higher the magnetic field strengths (19, 20).  While this 
T2* decrease at high field strengths can be a disadvantage for imaging at ultra-high field, 
in this case, it is favourable for increased contrast and Figure 2-4C shows that especially 
the smaller cells around the xylem bundles are distinguishable at 22.3 T, while they are 
less apparent in the 14.1 T. Surprisingly, susceptibility artefacts which are expected at 
high-field strength seem not to increase towards 22.3 T. The small artefact at the 14.1 
T stems most likely from an air bubble as the slice might have been shifted slightly with 
respect to the slice at 22.3 T or appeared during sample storage between measurements. 
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Figure 2-4: 2D-FLASH experiments of the same fixed Lily root section at A) 14.1 T B) 17.6 T 

and C) 22.3 T. The slice position was slightly shifted between the three experiments. The image 

inserts show an enlarged region of the image. D) The SNRi and the measurement times 

demonstrate the much shorter experiment times possible at 22.3 T. 

2.3.5 Spatial Resolution Achievable Using 1.5 mm Coil with tacq of 58 h 
To estimate the spatial resolution achievable at 22.3 T with using a geometrically well-
defined sample, we used a phantom consisting of polymer (PMMA) beads with a 
diameter of 40 µm (Figure S 2-2) in doped water and the 1.5 mm solenoid coil. The 
PMMA beads are densely packed at the bottom of the capillary and less ordered towards 
the middle of the sample (Figure 2-5A). The capillary was not completely filled with 
beads. An SNRi of 12 was measured in the top part where only doped water was present 
(Figure S 2-3). Figure 2-5B shows a plane of this 3D-dataset with a nominal resolution 
(5.5 µm)3, corresponding to 164 fL. A video of this full 3D-experiment is available on 
request (S 2-3). Enhanced image intensity around the beads is observed likely due to 
diffusion edge enhancement.  Small air spaces in the sample in combination with the 
gradient echo sequence used caused susceptibility effects in the form if a lower image 
intensity. An image plane located at the bottom of the phantom (Figure 2-5C) shows 
that the PMMA beads are ordered due to dense packing and enables the identification 
of the individual beads. If the intensity across individual beads (Figure 2-5D) is plotted, 
the separation of individual beads can be confirmed (Figure 2-5E). However, significant 
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intensity differences over the bead at the right side of the image show that for rigorous 
data analysis a higher SNR might be needed.    

Figure 2-5 All images were acquired with a 3D-FLASH experiment with (5 µm)3 isotropic 
resolution A) One plane of the 3D-FLASH showing the cross-section of the capillary half-filled 
with PMMA beads B) One plane orthogonal on A) through the centre of the capillary is shown; 
C) From the same 3D dataset a plane with packed beads at the bottom of the capillary; D) Close-
up image of 4 beads (indicated with a green frame in image C; E) Intensity profile of the cross-
section through the beads across the area indicated in C and D (yellow rectangle).
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2.4 Discussion  

2.4.1 Spatial and Temporal Resolution 
At the advent of the field of Magnetic Resonance Microscopy, predictions concerning 
the limits of resolutions stated a ‘brick wall’ around 10 µm (1) due to sensitivity 
limitations. To push the limit of resolution, numerous researches have successfully 
increased SNR by moving to higher B0 and used highly-sensitive RF microcoils (21–26). 
However, these studies have in common that in addition to microcoils, dedicated 
hardware such as extremely high gradient field strengths up to 65 T/m (21) or low 
temperatures (27) were utilised, which mitigate resolution limiting factors such as T2-
line broadening and diffusion limitations (10, 28). In this research (Section 3.4), we have 
demonstrated that a 3D-scan at high resolutions is possible when using a 1.5 mm 
solenoid coil in combination with a high field strength and standard gradient set of 3 
T/m. Our solenoid coil had a larger diameter than those used in previous research and 
we were able to obtain larger FOVs (1.58 mm x 1.05 mm x 1.05 mm). The key difference 
is therefore that our setup enables high-resolution 3D MRI measurements at larger 
FOV and object sizes than previous research (21–26) using standard gradients of 3 T/m 
for this experiment.   

However, the SNR increase by B0 and detector sensitivity increases will not be sufficient 
to increase the spatial resolution using our current 22.3 T system. Linewidth-affecting 
factors, such as diffusion, T2-broadening and susceptibility are known to limit the 
achievable spatial resolution (1, 29). Higher magnetic field gradient strengths mitigate 
these effects and lead to a lower contribution of these effects to the broadening of the 
point-spread function (28, 30). Using our current system with a gradient field strength 
of 3 T/m, the resolution limit is predicted to be around 4 µm (28, 30). Gradient 
development is an essential component to increase the achievable spatial resolution also 
at ultra-high field strength B0. At higher resolution, the true resolution becomes 
diffusion-limited and T2 limited (29). Susceptibility artefacts due to for instance air 
spaces are a problem at the presented ultra-high field strength of 22.3T. To this end, 
pure-phase encoding approaches are promising firstly to overcome the resolution limit 
arising from diffusion and secondly as they suffer less from susceptibility artefacts (31–
33). To approach the optimal resolution close to the resolution limit, additionally 
multiple echo summation should be considered (1). 
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2.4.2 Opportunities and Challenges of MRM at Ultra-high Field Strength  
The most obvious advantage of reaching higher field strength is the SNR increase for a 
given measurement time. This can be conveniently used for a higher temporal 
resolution, so shortening of the acquisition time with respect to lower-field 
spectrometers. Furthermore, as the detection limit is lowered by the increased SNR, it 
can be used for imaging metabolites at tens of mM concentrations in small volumes of 
interest of 125 nL. In contrast to localized spectroscopy in smaller sample volumes 
within biological cells has readily been shown on microcoils (34, 35), our results show 
the possibilities of spatially resolved metabolite detection in a commercial 5 mm coil 
and therefore its application to larger sample sizes, where the high-field can provide 
sufficient SNR for metabolite MRM in plant tissues (36, 37).  

At higher field strength, the T2 decreases while the T1 increases. Therefore, MR 
parameters for acquisition need to be optimised to allow for a short echo time and a 
longer repetition time for maximum signal acquisition, in case of quantitative 
measurements. T2-quantification below 100 µm resolution is dependent on the image 
resolution (38). The resolution dependence impedes the quantitative interpretation of 
high-resolution T2 maps, and a distinction based on T2-maps is getting more difficult 
due to the convergence of apparent T2 values. An alternative workaround for high-
resolution T2-experiments at high B0, T2-prepared sequences could be used for high 
resolution. However, these come with increased measurement time, as only one echo 
time point could be measured in each repetition time.   

Susceptibility effects increase with increasing field strengths, which can lead to positive 
as well as negative effects. On the one hand, it can decrease T2*-values of certain tissue 
types and therefore enhance image contrast, which is beneficial. The T2* decrease 
towards higher magnetic field strengths caused by mesoscopic magnetic field 
inhomogeneities in i.e. cell walls can manifest as an advantage due to an increased 
contrast in the (inevitably) T2*-weighted images (see section 3.4) (37). On the other 
hand, macroscopic inhomogeneities caused (e.g. air bubbles) can cause severe image 
artefacts, and therefore, not all samples are suitable for MRM for frequency-encoded 
sequences at ultra-high field. Spin-echo sequences are more robust than gradient-echo 
sequences but are used at the expense of longer tacq.  Examples of factors causing 
susceptibility artefacts are the presence of air spaces in the phantoms or tissues (10) and 
materials containing paramagnetic ions. Air spaces which cause image artefacts in 
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biological tissues can be resolved by infiltrating the tissue by perfluorodecalin (39). 
When imaging an activated carbon granule (40) , we also observed strong image 
artefacts, which are suspected to be due to the paramagnetic ions which are present in 
the activated carbon granule. Efforts to reduce the amounts of paramagnetic ions have 
paid off; we could complete this study on 14.1 T but not yet obtained artefact-free 
images on 22.3 T. To enlarge the applicability of ultra-high field, susceptibility free 
imaging approaches could be used such as SPEN (41) which is more robust to sample 
susceptibility or pure phase encoding approaches such as SE SPI, SPRITE or BLIPPED 
(31–33). 

2.5.  Outlook and Conclusion 

Using the SNR-increase for shorter tacq at 22.3 T offers opportunities for imaging 
systems in a shorter time and potentially dynamic systems. To improve acquisition times 
further, combining the ultra-high field with acceleration techniques (e.g. compressed 
sensing) (42) techniques would be very promising.   

To further increase SNR for MRI and MRS at ultra-high field strength, additional 
methods for sensitivity enhancement could be used. Chemical Exchange Saturation 
Transfer (CEST) can detect lower concentrations of metabolites as saturation of the 
exchangeable metabolite protons and the subsequent exchange with water protons lead 
to a signal amplification over direct localized spectroscopy methods (43). Higher field 
strengths are postulated to be advantageous for CEST as the chemical shift dispersion 
is higher and allows for more selective saturation. Additionally, hyperpolarization 
techniques such as SABRE (44) and DNP (45) are being developed for in vivo MRI 
application and can lead to promising applications in MRS in the future.  

Where will the developments go with ultra-high field MRI when the first magnets above 
23.5 T are becoming available? With the current 5 mm diameter coils, we do not expect 
B1-inhomogeneity problems due to interference, which is a challenge at high-field MRI 
for medical applications. The SNR increase expected at this field strength will certainly 
enable to image with a higher spatial and temporal resolution which will be 
advantageous for numerous applications. However, we do not expect to breach the 
resolution limit of (5 µm)3 considerably as this resolution limit is the regime where it is 
limited by the maximum gradient strength of the currently commercially available 
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gradient strengths on NMR spectrometer systems (28). Furthermore, coil development 
and dedicated setups are highly recommended for smaller samples (d < 3 mm).   

Using a 22.3 T magnetic field strengths we have shown that a 4.8-fold increase of the 
volumetric SNR can be achieved compared to the 14.1 T using 5 mm commercial 
volume coils at the respective systems. When using a home-built 1.5 mm solenoid coil, 
this further increases with a factor 3.5 with respect to the 5 mm volume coil at the 22.3 
T. This SNRi,v increase can be used for faster imaging, lower spin concentrations in
localised spectroscopy or increasing the spatial resolution until the resolution limit.
Spatial resolution of down to (5.5 µm)3 using a standard gradient set and a large FOV
demonstrate the opportunities for high-resolution MRI with larger specimens. The
detection limits on localised spectroscopy in a 5 mm birdcage show the potential of
using ultra-high field MRI for metabolite detection. In future, a combination with
additional sensitivity enhancement techniques could open the field of MRM to a wider
range of spatially resolved metabolite imaging applications.
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2.7 Supporting Information 

S 2-1: T1 and T2 maps of the reference solution used for SNR tests 

Figure S 2-1: Amplitude and T1 map corresponding to the T1-experiments RAREVTR are 
shown on  the left and amplitude and T2-map corresponding to the T2-experiment (MSME) are 
shown on the right.  

The reference solution used was 20 (v/v) % H2O, 80 (v/v) % D2O and 6.3 mM CuSO4 
to determine the T1 and T2 values of the reference solution.  The T1-experiment 
(RAREVTR-sequence) was recorded with the following MR-parameters: TE 2.8 ms, 6 
TR steps varying from 100, 149, 211, 298, 445 and 1100 ms, NA 8, tacq 19 min 39 s, 
FOV 6 mm x 6 mm, MX 64 x 64, rBW 50 kHz. The T2-experiment (MSME-
sequence) was recorded with the following MR-parameters: echo spacing 3.2 ms, 
number of echoes 128, TR 2000 ms, NA 4, tacq 8 min 32 s, FOV 6 mm x 6 mm, 
MX 64 x 64, rBW 100 kHz. It has to be noted that at high spatial resolutions, 
the measured T2-values dependent on the chosen spatial resolution (46).  
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S 2-2: Microscope image of PMMA beads 

Figure S 2-2: The light microscopy image shows the monodispersity of the PMMA beads (d 

= 40 µm)  
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S 2-3: SNRi of the (5.5 µm)3 experiment 

Figure S 2-3: One plane of the 3D-FLASH dataset with (5.5 µm)3 isotropic resolution through 

the top part of the capillary is shown. Here, only doped water was present and the SNRi was 

determined on this slice.  

S 2-4: Video of 3D experiment of phantom 

This video is only available upon request.  
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Abstract 

This chapter describes a method to calibrate and use microcoils designed for ultra-high 
field (UHF) magnetic resonance imaging (MRI), also referred to as MR microscopy 
(MRM). At UHF, the Signal-to-Noise Ratio (SNR) increases. Microcoils further increase 
SNR by matching the size of the radiofrequency (RF) resonator to the size of the sample 
of interest, thereby enabling higher image resolutions in a given data acquisition time. 
Due to the relatively simple design, solenoid microcoils are straightforward and cheap 
to construct and can be easily adapted to the sample requirements. Systematically, we 
explain how to calibrate new or home-built microcoils, using a reference solution. The 
calibration steps include: 1. pulse power determination using a nutation curve, 2. 
estimation of RF-field homogeneity, and 3. calculating a volume-normalised SNR using 
standard pulse sequences. Essential steps in sample preparation for small biological 
samples are discussed, as well as possible mitigating factors such as magnetic 
susceptibility differences within biological specimens and the RF-coil. The potential of 
an optimised home-built solenoid coil at 22.3 T is demonstrated by high-resolution (13 
x 13 x 13 μm3, 2.2 fL) 3D imaging of a Medicago truncatula root sample for 20 h and 23 
min with a matrix of 128 x 64 x 64 and a field-of-view of 1.6 x 0.8 x 0.8 mm3 The 
presented protocol is written for a Bruker NMR Avance III system with a Micro5 probe 
and ParaVision 6.0.1/ Topspin 3.5 software. For other systems, the protocol may be 
used, however the approach might differ in terms of terminology and available 
functionalities.  
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3.1 Introduction 

Magnetic Resonance Imaging (MRI) is a versatile tool to non-invasively image a wide 
variety of biological specimens, ranging from humans to single cells (1–3). While MRI-
scanners for medical imaging applications typically use magnets with a field strength of 
1.5 T to 3 T, single-cell applications are imaged at much higher field strengths (1, 3, 4). 
The study of specimens at resolutions below a hundred micrometres is referred to as 
Magnetic Resonance Microscopy (MRM) (5). MRM suffers from a low Signal-to-Noise 
Ratio (SNR) compared to other available microscopy or imaging techniques (e.g., optical 
microscopy or Computer Tomography). To optimise the SNR, several approaches can 
be pursued(6). One approach is to use a higher magnetic field strength, while a 
complementary approach is to optimise the signal detector for individual samples. For 
the first approach, namely UHF-MRI, 22.3 T (Proton Larmor Frequency 950 MHz) is 
one of the highest commercially available magnetic field strengths. For the latter, the 
dimensions of the detector should be adjusted to match the dimensions of the sample 
of interest. For small samples (≈0.5-2 mm in diameter), e.g., root tissues, solenoidal 
microcoils are useful as the SNR is inversely proportional to the coil diameter (6, 7). 
Resolutions as high as 7.8 x 7.8 x 15 µm3 have been attained on animal cells using 
dedicated microcoils (8). A variety of microcoil geometry types exist, with planar and 
solenoid coils most commonly used depending on application and tissue geometry (9). 
For example, a method designed specifically for imaging perfused tissue has been 
described for planar microcoils (10). Here, we describe the characteristics of the 
solenoid coil, a protocol to prepare samples for microcoil MRI, as well as the calibration 
of a solenoid microcoil (Figure 3-1A). 
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Figure 3-1: A solenoid microcoil A.) The solenoid coil design consists of wire looped helically, 
typically wrapped around a capillary. The geometry and specifications of the wire, such as its 
thickness, coil diameter, number of windings and wire spacing, influence the coil characteristics. 
B.) A home-built solenoid microcoil with a reservoir for susceptibility matching fluid (Fomblin)  
consists of a 0.4 mm thick coated copper wire wound six times around a capillary with an outer 
diameter of 1.5 mm. The coil is submerged in a reservoir which is made from a syringe. Sample 
capillaries up to an outer diameter of 1 mm can be inserted. Two capacitors are used, a 1.5 pF 
capacitor in series with the inductor, and a second variable 1.5-6 pF capacitor is placed in parallel 
to the inductor. All components are soldered to copper tape which is supported by a fibreglass 
board (yellow). It is mounted on a commercial holder (grey polymer) that is modified to support 
the reservoir. C.) A home-built 1.5 mm not susceptibility matched microcoil (as described in 
Chapter 2) as reference.  

The solenoid coil consists of a conducting wire looped, like a corkscrew, around a 
capillary holding the sample. Used in combination with the specific MR system 
(Materials and Methods), microcoils can be constructed using only enamelled copper 
wire, an assortment of capacitors, and a suitable base for soldering the components 
(Figure 3-1B). The major advantages are the simplicity and low cost, combined with 
good performance characteristics in terms of SNR per unit volume and B1 field 
homogeneity. The relative ease of construction enables fast iteration of coil designs and 
geometries. The specific requirements of solenoid microcoil design and probehead 
characterisation, i.e., the theory of electronics, workbench measurements, and 
spectrometer measurements for a variety of coil geometries, have been described 
extensively elsewhere(7, 11–14). In the case of the system used in this chapter, the coil 
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is mounted on a socket of the Micro5 probe which has an own tuning and matching 
circuit. 

Basic experimental MR parameters are highly dependent on the hardware of the system 
used, including gradient system, field strength, and console. Several parameters can be 
used to describe the system performance, of which 90° pulse power, B1-homogeneity 
and SNR per unit volume (SNR/mm3), are the most practically relevant. SNR/mm3 is 
useful to compare the performance of different coils on the same system (15). While 
hardware differences across systems may exist, the uniform application of a 
benchmarking protocol also facilitates the comparison of system performance. 

This protocol focuses on calibration and sample preparation. The stepwise 
characterisation of the performance of solenoid microcoils is shown: 1. calibrating the 
90° pulse length and power 2. assessing the RF-field homogeneity and 3. calculating 
SNR per unit volume (SNR/mm3). RF-field homogeneity is essential to uniformly 
excite the entire region of interest with the experimentally required nutation angle (16). 
A standardised spin-echo measurement using a phantom is described to facilitate 
comparison of coil designs, which allows for optimisation of distinct applications. 
Phantom and biological specimen sample preparation, specific for microcoils, are 
described. The protocol may be implemented on any suitable narrow-bore (≤ 60 mm) 
vertical spectrometer equipped with a microimaging system. For other systems, it can 
serve as a guideline and can be used with some adjustments. 

Biological sample preparation for MRI measurements is usually not very extensive since 
the specimen is imaged as intact as possible. However, air cavities in biological tissue 
can cause image artefacts due to differences in magnetic susceptibility (17). The effect 
increases with increasing magnetic field strength (18). Thus, air cavities should be 
avoided at high-field strengths, if possible, and this might require the immersion of the 
sample in a fluid to avoid air around the tissue and the removal of air cavities within the 
tissue structures. If the chosen fluid does not dissolve air cavities, vacuum infiltration 
might be needed (19). Specifically, when microcoils are employed, excision of the 
desired sample tissue might be required, followed by submerging it in a suitable fluid. 
This is followed by insertion of the sample into a pre-cut capillary, and finally sealing 
the capillary with capillary wax. Using wax as a sealant instead of glue, flame-sealing or 
alternatives, means that the sample may be easily extracted. This procedure is 
demonstrated on the root of Medicago truncatula a small leguminous plant. The advantage 
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of correlation of MRI data with optical microscopy is highlighted since MRI is non-
destructive and can be followed by a destructive technique.  

3.2 Protocol for Microcoil and Sample Preparation 

This protocol describes procedures for microcoil usage and evaluation of coil 
characteristics of a 1.5 mm inner diameter (ID) solenoid coil (Fig 1B). The coil used to 
demonstrate the protocol is housed in a susceptibility-matched reservoir, but the 
protocol is equally applicable to non-susceptibility-matched coils. The protocol may be 
adapted to other sizes and different spectrometer setups.  

A solenoid coil can be built by keeping in mind design rules for the desired dimensions 
according to the guidelines described elsewhere (7, 20). In this specific case, a coil was 
used with an inner diameter of 1.5 mm, made from 0.4 mm enamelled copper wire 
looped around a capillary of 1.5 mm outer diameter. This solenoid is held on a base 
plate on which a circuit is made, consisting of a tuning capacitor (2.5 pF), a matching 
capacitor (1.5-6 pF) as well as copper connecting wires (Figure 3-2). The exact values 
of the capacitors are determined by the designated resonance frequency and the probe 
base circuit.  
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Figure 3-2: Solenoid coil components: 1. solenoid coil, 2. sample capillary, 3. 1.5 pF tuning 
capacitor, 4. variable matching capacitor, 5. fibreglass base plate, 6, copper wire leads, 7. reservoir 
for susceptibility-matching fluid. 

The susceptibility-matched design of the coil includes a reservoir with perfluorinated 
liquid to reduce susceptibility mismatches between the coil material and the surrounding 
air, arising from the copper coil being close to the sample (21). A reservoir was made 
out of a plastic syringe to enclose the coil and filled with Fomblin. As the perfluorinated 
liquid needs to enclose the coil, the available diameter for a sample is reduced to an 
outer diameter of 1 mm. For ease of sample changing, the sample was prepared in 
smaller sample capillary with an outer diameter of 1 mm and an inner diameter of 0.7 
mm. By using a smaller inner capillary, the sample can be easily prepared separate from
the microcoil and easily exchanges.

The coil can be mounted on a holder which fits the Bruker Micro5 probe. In this case, 
we used a modified support insert equipped with the necessary connections to connect 
to the 1H channel of the Micro5 probe.  

3 
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3.2.1 Reference Sample Preparation 

- To prepare 100 ml of the sensitivity reference solution, dissolve 156.4 mg of CuSO4 ∙
5 H2O into 80 mL of D2O contained in a 100 mL GL45 flask. Manually stir until
solids are completely dissolved.

- Adjust volume to 100 ml using de-ionised water for a final concentration of 1 g L-1 

CuSO4 (anhydrous).

NOTE: The reference sample should be sealed to prevent changing the ratio of H2O: 
D2O. 

- To test if the coil resonates at the desired resonance frequency, the probe base can be
connected to a network analyser (i.e., https://pocketvna.com). An S11 test can be
performed to test the frequency range achieved by tuning and for Q- factor
measurements as described in Haase et al. (14).
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3.2.2 Sample Preparation 

- The necessary tools for sample preparation are shown in Figure 3-3.

- Capillaries of suitable outer diameter need to be cut to size, to fit inside the diameter
of the microcoil holder (18 mm), and allow for repositioning (Figure 3-1B). Use a
ceramic cutter to make an incision every 10-12 mm and break carefully on the incision
point.

Figure 3-3: Sample preparation under a stereomicroscope A.) Items needed for the 
preparation of microcoils. From left to right: 1. CuSO4 reference solution, 2. 
perfluorodecalin, 3. microcoil, 4. scalpel, 5. positive tension tweezers, 6. tweezers, 7. 
capillaries outer diameter = 1000 μm, 8. wax pen, 9. capillary wax, 10. nitrile gloves, 11. 
stereomicroscope, 12. watch glass with petri dish cover, 13. plant material in growth 
substrate. Not shown: 2 mL syringe with ø 0.8 x 40 mm needle and fine tissue paper. B.) 
Close up of sample insertion into a capillary using tweezers, while both are kept submerged. 
C.)Sealing of the capillary using molten wax. D.)Insertion of the prepared capillary into the 
microcoil.  

3 
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Reference Sample 

- Add 1 ml CuSO4 solution to a watch dish under a stereomicroscope.

- Use tweezers and the stereo microscope to bring a pre-cut capillary in contact with
the surface of the CuSO4 solution inside the watch glass, allowing capillary action to
fill the capillary.

- Remove circa 1 mm of liquid from both ends of the capillary using fine tissue paper.

- Melt a small volume of capillary wax using a wax pen. Apply wax on either side while
taking care to eliminate any possible air pockets with the capillary (Figure 3-3C). When
the wax has hardened, it will become opaque.

- NOTE: Avoid overheating wax or capillary as this may cause explosive boil off as well
as cavitation pockets when the finished sample cools.

- Remove excess wax from the exterior of the capillary with a scalpel and wipe clean
with fine tissue paper.

Biological Sample

- Place 1 ml of perfluorodecalin (PFD) inside a watch glass under a stereomicroscope.
PFD will infiltrate a biological specimen without entering the intact cells and thereby
reduce the number of air cavities. Immediately cover the watch glass with a petri dish
lid to prevent evaporative loss, until the PFD is needed. NOTE: PFD is highly volatile
and a potent long-term greenhouse gas(22). When its oxygen-dissolving properties
and its low viscosity are not required, it may be substituted with Fomblin, a
perfluoroether which also gives no observable 1H signal, but which does not evaporate
as quickly(21).

- Use tweezers and a stereo microscope, to bring a pre-cut capillary in contact with the
surface of the PFD inside the watch glass, allowing capillary action to fill the capillary
fully. Release the capillary into the watch glass so that it becomes fully submerged.

- Next, carefully extract a whole root system from its soil or soil replacement. Clean the
root sample meticulously. Photograph if needed for future reference. Select and excise
a root section using a scalpel.

- To reduce the presence of air pockets within biological samples:
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- Place the sample into a 1.5 ml Eppendorf tube containing a suitable buffer solution.
Leave the tube cap off, then apply parafilm to seal the opening of the tube. Then,
punch a hole in the with a sharp tool to allow for ventilation of the tube.

- Place the sample tube in a vacuum chamber, seal the chamber, connect a vacuum
pump to the chamber, and apply vacuum for 30 minutes. Air bubbles may be seen
escaping the sample.

- Using tweezers and stereomicroscope, submerge the sample in infiltration medium
prepared previously. Wash the sample of potential debris.

- Next, insert the sample into the capillary using tweezers, while both capillary and
sample are fully submerged in order to avoid the inclusion of air bubbles. A smaller
capillary or syringe may serve as a pushing rod (Figure 3-3B).

- Take the sample capillary from the medium watch glass, using tweezers. In the case
of PFD, cover the petri-dish lid.

- Remove circa 1 mm of liquid from both ends of the capillary using fine tissue paper.

- Melt a small volume of capillary wax using a wax pen. Apply wax on either side while
taking care to eliminate any possible air pockets with the capillary (Figure 3-3C). When
the wax has hardened, it will become opaque.

- NOTE: Avoid overheating wax or capillary as this may cause explosive boil off as well
as cavitation pockets when the finished sample cools.

- Remove excess wax from the exterior of the capillary with a scalpel and wipe clean
with fine tissue paper.

3.2.3 Mounting Sample 

- Place a microcoil underneath the stereo microscope and insert the sample using
tweezers while immobilising the microcoil (Figure 3-3D).

- Position the sample in the centre of the coil by sliding the capillary inside the solenoid
coil.

- Optionally, apply scotch tape to fix the position of the capillary.

- Inspect the capillary to ensure no air bubbles are visible inside the solenoid coil, to
avoid MR signal destruction caused by susceptibility differences.
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- Place the microcoil on the socket of the probe base (Figure 3-4A & B).

Figure 3-4: The component of a micro-imaging probe. A) Micro5 probe base, containing all 
necessary connections for water cooling, heating, temperature sensors, gradient power, RF (co-
axial connector visible) and optionally probe identification (PICS). Underneath the probe base 
are knobs that allow for adjusting the variable tuning and matching capacitors, as well as retaining 
screws to hold the probe in place inside the spectrometer. B) The home-built microcoil mounting 
atop the probe-base. Note the variable capacitors (white ceramic) integrated in the probe-base 
that allow for tuning and matching. C) Integrated 3-axial gradient mounted on the probe base 
with water-cooling receptacles and gold-plated contacts for grounding the gradient. 

- Carefully slide gradient coils over the microcoil while matching the water-cooling
connectors of the gradient to that of the probe base (Figure 3-4C). (Note: This step
applies for a Micro5 probe only. In the case of a Micro2.5 or a Biospect system, the
gradients are on a separate socket from the coil)

3.3 Determining Coil Characteristics 

- If the coil is tested for the first time, we recommend using the reference sample
solution to create a homogeneous sample, which is useful for power calibration and
B1 homogeneity tests. Also, potential susceptibility problems due to the coil wires may
be tested easily with this reference sample.



Magnetic Resonance Microscopy using Microcoils at 22 T: 
A Method Protocol 

69 

- Insert the probe into the magnet and connect all cables.

- Set desired water-cooling temperature (recommended 298 K) for the water-cooling
unit (BCU20).

- Set the target temperature (298 K) and the target gas flow (300 L h-1). The gas flow
might be different for a different coil design or sample volume. This instruction
applies only to systems with a temperature control system.

NOTE: The next steps outside of the magnet are only necessary when testing novel 
(home-built) coils. 

- Connect the probe using a 50 Ω coaxial cable to a network analyser with a suitably
wide sweep width (400 MHz), centred on the designated resonance frequency.

- Observe the resonant modes by adjusting the matching and tuning capacitors of the
probe base.

- Tune and match the resonant mode to the desired frequency.

- Optionally, determine the coil quality factor (Q-factor) on a network analyser. One
method to obtain the quality factor is to use a coupling network and dividing the
centre frequency by the width of the resonance peak at -3 dB (i.e., )(14). Some network
analysers have Q-factor determination built-in.

NOTE: For the next steps, the coil has to be inserted into the magnet, and the steps 
apply to all coils.  

- Initiate a wobble curve and adjust the tuning and matching as necessary. It is
recommended to set any tuning and matching capacitors to the midpoint of their
range for new coils. Therefore, using a high spectral sweep width is recommended. In
some cases, it might be more convenient to tune and match the coil outside the magnet 
on a network analyser.

- Select appropriate coil configuration if it is available in the imaging software (i.e.,
ParaVision). Else, create a new coil configuration matching the specifications of the
coil, e.g., single tuned or double-tuned, according to the manual of your system.
Estimations for the safe limits for this solenoid microcoil used in this research with
1.5 mm inner diameter in size is 1 ms at 1 W peak power and 1 mW continuous power.

CAUTION: the small capacitors (typically 1 mm in size) needed for microcoils are 
highly sensitive and easily damaged by high voltages. Automated pulse power 
determination might not function with non-standard coils, and too high powers could 
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cause damage to the coil or other parts of the spectrometer. Therefore, manual 
adjustments are recommended. 
3.3.1 90°-pulse Length and Power Determination and RF-field Homogeneity 

- A nutation curve should be recorded in Topspin for a new coil to obtain an indication
of the correct RF-power for the coil (Figure 3-5). Using an FID-experiment in the
absence of gradient encoding, the RF-pulse length is varied systematically while the
pulse power is kept constant. The ideal pulse length is the pulse length, where the
signal intensity reaches the maximum. If testing a new coil, use a 10 µs pulse with a
very low power compared to the expected order of magnitude first and start increasing 
the pulse power gradually. In case the power is much higher than expected for the
combination of coil characteristics and spectrometer, this is already an indication that
the wrong resonant mode has been selected. For a coil with a homogeneous B1-field,
like a solenoid coil, the 180° pulse can also be determined where the signal intensity
decreases to zero (23).

Figure 3-5: Nutation curve A nutation curve is acquired to determine the reference pulse power. 
The reference pulse power (90° pulse) is defined as the combination of power and pulse length 
needed to generate a B1 field that flips all available magnetisation in the z-direction to the 
transverse plane. A series of spectra is recorded in the absence of gradient encoding. With each 
pulse, either pulse length or pulse power is incremented. Here the pulse power is set to 0.6 W, 
while the pulse length is incremented by 1 µs each time. The maximum signal intensity indicates 
the 90° pulse, around 12-13 µs. The 180° pulse may also be determined in this way using the 
minimum intensity.  
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- Set the determined 90° pulse power into the adjustment card of the created study (In
ParaVision, the reference power adjustment card may be used to enter the hard pulse
power).

- Use a Localiser scan with 3 slices, one slice in each of the three primary axes, to locate
the position of the coil within the magnet. Starting with a large field-of-view is
recommended. If the sample is precisely in the centre of the gradient system, the
Localizer scan will show the sample. If the coil or sample is not centred in the image
slices or missing, the localiser scan might need to be adjusted.

- NOTE: If multiple resonant modes are observed in the resonance (wobble) curve,
repeat the above steps for each resonant mode to determine the most sensitive one.

- A complementary way to find the correct 90° pulse is based on image evaluation:
Once an approximate pulse power is determined, one could vary the pulse powers
gradually to check the image for B1-field homogeneity. For some coils, the 90° pulse
power determined using the nutation curve could be overestimated, which leads to
over-tipping in the homogeneous region of the B1 field. The pulse reference pulse may 
then be reduced, and the new images can be checked against the previous images
(Figure 3-6).

Figure 3-6: Visual determination of the 90° pulse length. Once an approximate reference pulse 
power has been found using a nutation curve, it may be checked visually by varying the pulse 
length. Depending on the coil, the B1 field may be more or less sensitive to changes A) 11 µs 
pulse length  B) 12 µs pulse length, optimal for this coil. C) 13 µs pulse length. D) 20 µs pulse 
length. If the pulse power is set too high, over-tipping may occur, thereby reducing image 
intensity in the centre of the coil (arrowhead). The increased B1 field also increases the range of 
the coil, as can be observed in the width of the image.   
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3.3.2 B0-field Homogeneity  

- Select a shim file for the largest volume coil of the imaging probe if it is available. If
starting from a coil that has been used previously, use an available shim file. If both
options are not available, start with all shim values set to 0.

- Manually shim the magnetic field based on the FID signal. A recommended order for
initial shimming is Z-Z2-Z-X-Y-Z-Z2-Z-XY-XZ-YZ-Z. In the case of a solenoid, the
main symmetry-axis is in the XY-plane. Therefore, shims in different directions might
be more sensitive for this coil configuration. Higher-order shims have a small effect
and may be ignored.

- A more detailed overview of shimming strategies for each experiment can be found
in section 3.4.2.
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3.3.3 Calculation of Volume-normalised SNR 

- Next, a volume-normalised SNR must be calculated to allow for comparison of
microcoil characteristics across different systems, adapted from the manufacturer's
protocol (15). For our microcoils we used a spin-echo sequence with the following
parameters: field-of-view (FOV) 6 mm x 6 mm, repetition time (TR) 1000 ms, echo
time (TE) 7 ms, matrix size 256 x 256 and slice thickness 0.5 mm. To compare the
SNR with an identical experiment on a different coil, the receiver gain should be
identical in both experiments. To this end, we adjusted the slice thickness so that the
receiver gain was 101 in all experiments. Next, adjust the number of slices so that
slices extend beyond the region of B1-field homogeneity. Record the images without
signal averaging if possible.

- The volume-normalised SNR (SNR/mm3) can be determined in two steps.

- First, the voxel volume (VVoxel) is calculated (Eq. 3-1):

Equation 3-1: Formula to calculate the voxel volume (Vvoxel) by multiplying the dimensions of 
the voxel in-plane (Dx and Dy) with the dimension in the slice direction (Dslice) for a 2D 
experiment, for a 3D experiment Dslice can be replaced by Dz  

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 𝐷𝐷𝑥𝑥 × 𝐷𝐷𝑦𝑦 × 𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

- Second, by selecting regions of interest, determine the signal intensity (µ) and standard
deviation (𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) of the sample (i.e. the signal) and a region outside the sample (i.e.
the noise). Either the spectrometer control software or general-purpose image
processing software may be used for these calculations (i.e. MATLAB or ImageJ). The
values may then be used to calculate a volume-normalised SNR (Eq. 3-2):

Equation 3-2: The volume-normalized SNR (SNRv) can be calculated by subtracting the mean 
value of the noise 𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 from the mean value of the region of interest (ROI) of the signal 𝜇𝜇𝑅𝑅𝑅𝑅𝑅𝑅  
divided by the standard deviation 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  times the voxel volume Vvoxel  

𝑆𝑆𝑆𝑆𝑆𝑆𝑣𝑣 = 𝜇𝜇𝑅𝑅𝑅𝑅𝑅𝑅−𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 × 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

- When comparing the SNR of coils at different magnetic field strengths, the relaxation
properties of the phantom would need to be measured (24), unless a very long
repetition time (TR) and very short echo time (TE) are used.

NOTE: The units for 𝐷𝐷𝑥𝑥,𝐷𝐷𝑦𝑦 and 𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are in mm. This calculation can likewise be 
performed for a series of slices.  
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- Check for susceptibility problems due to magnetic field inhomogeneities: load and run
a multiple gradient-echo (MGE) sequence (Figure 3-7). Magnetic field
inhomogeneities due to susceptibility differences are visible in the images with higher
echo times as the gradient echo does not refocus spins which dephase due to static
field inhomogeneities. This way inhomogeneities in the sample may be visualised (due
to, e.g., air cavities in the sample), as well as B0-field inhomogeneities introduced by
the coil material. The following parameters are suggested, to be adjusted depending
on the specifications of the spectrometer and coil used: repetition time 200 ms, echo
time 3.5 ms with 48 echoes, echo spacing 3.5 ms, flip angle 30° and matrix size 128 x
128.
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Figure 3-7: RF homogeneity evaluated by gradient-echo imaging:  A Multiple Gradient Echo 
(MGE) sequence is used to evaluate RF (B1 -Field) homogeneity using a series of gradient echoes. 
Basic parameters were: repetition time 200 ms, echo time 3.5 ms with the number of echoes 48, 
echo spacing 3.5 ms, 64 averages, acquisition time 27 m 18 s, flip angle 30°. Field-of-view was 5 
x 5 mm, matrix 128 x 128, resolution 39 x 39 x 200 µm  A) Susceptibility-matched coil. The 
susceptibility matching fluid (Fomblin) surrounding the RF coil reduces susceptibility effects due 
to the coil wire. Small air bubbles cause loss of signal as the echo time increases, B) An RF- coil 
(not susceptibility matched) with equal coil diameter. At longer echo times, increasing artefacts 
caused by B0 field inhomogeneity are observed. 
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3.4 Magnetic Resonance Imaging: A Comprehensive Overview for 
Starting with a Readily Calibrated System  

The protocol as mentioned above should be followed when starting to measure a new 
sample at ultra-high field and using a previously shimmed and calibrated coil. The 
following steps should be taken into account when inserting a new sample and are 
applicable to a Bruker system.  

3.4.1. Preparing for the Localizer Scan 

- Tuning and matching of the RF-coil
- Load in the most optimized shim file in ParaVision
- Basic frequency adjustment can be done in the adjustment platform in ParaVision.

This adjusts the spectrometer reference frequency to the frequency of the dominant
resonance, which is the proton resonance frequency of water protons for most
biological specimens (25).

- Shimming – Optimizing the static magnetic field homogeneity
For a microcoil, this should be done manually, as described above (in step 
3.3.2). The automatic shimming procedure may be tried, but likely fails due to 
shim overpowering. When the coil or sample has a z-symmetry the automatic 
shim is usually a good starting point. 

- Basic frequency adjustment should be repeated after each shim optimization.

- Reference power – Determine the correct 90° pulse
Using ParaVision: For larger volumes, the automatic reference pulse power 
might be sufficient, but for samples with a smaller volume or a complex 
geometry, the selected volume on which the reference calibration might be 
adjusted in the Adjustment platform. 
Using Topspin: In Topspin, the 90° pulse can be adjusted using a non-
localized zg-sequence. The nutation curve can be recorded with the macro 
‘popt’ to determine the exact value of the 90° pulse, which should be relatively 
close to the previously determined value during the coil calibration. This value 
can then manually be added in the adjustment platform in ParaVision. For coils 
with an inhomogeneous B1-field, the 90°-pulse value should be checked visually 
with a spin-echo sequence. To this end, the pulse power should be varied in 
different experiments and the resulting images can be evaluated (see Figure 3-
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6) to estimate whether the most intense region coincides with the region of
interest.

- Receiver gain adjustment - Caution: When cloning an existing scan, the receiver gain
is not maintained but reinitialized to 64.
- Start measuring with ‘GOP’
In the localizer-image, which usually consists of three orthogonal slices that intersect in
the centre of the rf-coil, some factors can be investigated, namely the B0-field, B1-field
homogeneity and the area where the coil is most sensitive.

3.4.2 Shim Adjustments for Different Scans 

For different MR sequences, the adjustments depend on the method, e.g. global shim 
for multi-slice imaging or voxel-specific shimming for single-voxel localized 
spectroscopy. In Figure 3-8, the different shim adjustment strategies for different 
purposes are depicted.  

For global shimming, an automatic FID-shim procedure can be used and adjusted to 
include different shimming steps. The first iteration should be with a large shim range, 
to prevent to enter a local optimum. Alternatively, a manual shimming can be employed 
using ‘gs’ in Topspin. Manual shimming is especially useful when the automatic 
Paravision procedure fails due to the overpowering of the shim channels. The slab-
selective shimming is very useful when the magnetic field in a particular slice needs to 
be more homogeneous. This is very important for high-field spectroscopic imaging 
experiments. The MAPSHIM calculation on a larger area, followed by an iterative 
correction, has proved to be useful. For Localized Spectroscopy applications, 
MAPSHIM can be used as well. In this case, a two-step strategy has proven useful by 
first starting from a significantly large voxel size and then decreasing in a second shim 
adjustment round. Alternatively, local shimming on the voxel can be used.  
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Figure 3-8: Scheme of adjustment strategies for different MR experiments. 

3.4.3 High-resolution Imaging 

- Run a 3D-FLASH experiment with the following suggested parameters: repetition
time 70 ms, echo time 2.5 ms, matrix size of 128 x 64 x 64, field-of-view 1.6 x 0.8 x
0.8 mm, and receiver bandwidth 50 kHz. Adjust the FOV if necessary, covering the
whole object in both phase-encoding directions to avoid aliasing, which manifests as
a wrap-around artefact (26).
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3.5 Representative Results 

Coil Characterisation 

Upon successful tuning and matching of a coil, its performance may be characterised 
by the coil quality factor (Q-factor calculated by Q= 𝜔𝜔L/R (14)), 90° reference pulse, 
and the volume-normalised SNR/mm3. For the 1.5 mm ID susceptibility-matched 
solenoid coil demonstrated here, the Q-factor (not loaded with a sample) was 244, 
compared to 561 for a 5 mm birdcage coil.  

The reference 90° pulse was 11 µs at a power level of 0.6 W; cf. 5 µs at 45 W for a 5 
mm birdcage coil. See also Figure 3-5. This 90° pulse length equates to an RF field 
strength (B1), using (𝐵𝐵1 = 𝜋𝜋/2𝛾𝛾𝛾𝛾), of 0.53 mT for the microcoil and 1.17 mT for the 
birdcage coil (14). Since the pulse power levels (P) differ, coils may be compared in 

terms of transmit efficiency (𝐵𝐵1/√𝑃𝑃): 0.69 mT/W1/2 and 0.18 mT/W1/2 for the 
microcoil and birdcage, respectively (14). Comparing using the 90° pulse, the microcoil 
is found to be a factor ≈ 4 times more sensitive than the birdcage coil. 

Effect of Susceptibility Matching 

At ultra-high field strengths, sample and coil susceptibility become a dominant factor 
for image quality, as seen in Figure 3-7. Compared to a coil lacking a susceptibility 
matching fluid reservoir, the signal is retained longer and more homogeneously in a 
reference sample. However, due to the susceptibility reservoir, the maximum sample 
dimensions decrease with respect to the coil without the reservoir.  

High-resolution Imaging 

A high resolution of 13 x 13 x 13 μm3 of a Medicago truncatula root specimen was attained 
in 20 hours and 23 minutes (Figure 3-9). Starting from the surface of the root, the root 
cortex is seen, along with some residual water on the outside of the root. Furthermore, 
the xylem is observed as a dark band enclosing the phloem. Some air pockets are 
observed as dark spots with complete signal loss. 
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Figure 3-9: 3D imaging of a Medicago truncatula root section. A.) FLASH image. Several features 
of the root section can be distinguished, including the epidermis (e), cortex (c), phloem (ph) and 
xylem (xy). Air pockets (a) in the root cause complete signal loss. Basic parameters were as 
follows: Repetition time 70 ms, echo time 2.5 ms, 256 averages, acquisition time 20 h 23 m. 
Resolution 13 x 13 x 13 µm3. Matrix size was 128 x 64 x 64 and field of view 1.6 x 0.8 x 0.8 mm. 
Receiver bandwidth 50 kHz. B.) MSME image. Basic parameters were as follows: Repetition 
time 500 ms, echo time 5.2 ms, 28 averages, acquisition time 15 h 55 m. Resolution 13 x 13 x 13 
µm3. Matrix size was 128 x 64 x 64 and field of view 1.6 x 0.8 x 0.8 mm. Receiver bandwidth 70 
kHz. 

Symbiotic root nodules of M. truncatula may also be imaged using this protocol (Figure 
3-10). Using a slightly larger, non-susceptibility matched coil (inner diameter 1500 μm),
images with a resolution of up to 16 x 16 x 16 μm3 were obtained in 33 minutes.



Magnetic Resonance Microscopy using Microcoils at 22 T: 
A Method Protocol 

81 

Figure 3-10: 3D imaging of a Medicago truncatula root nodule. A.) A plane is shown of a low-
resolution 3D-experiment. Basic parameters were as follows: Repetition time 60 ms, echo time 
2.3 ms, 4 averages, acquisition time 4 m. Resolution 31 x 31 x 31 µm3. Matrix size was 64 x 32 x 
32 and field of view 2 x 1 x 1 mm. Receiver bandwidth 50 kHz. B.) A plane is shown of a high-
resolution 3D-experiment. Basic parameters were as follows: Repetition time 60 ms, echo time 
2.3 ms, 8 averages, acquisition time 33 m. Resolution 16 x 16 x 16 µm3. Matrix size was 128 x 64 
x 64 and field of view 2 x 1 x 1 mm. Receiver bandwidth 50 kHz. 
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3.6 Discussion 

While solenoid microcoils are relatively easy to fabricate, the sample preparation is more 
complicated than for 5 mm birdcage coils. In addition to submerging and sealing of the 
capillary containing the specimen, any movement of the specimen must be avoided 
inside the horizontal coil. Customizing the capillary diameter or using agar gel to confine 
the specimen might be necessary.   
As microcoils are ideally very close to the sample, the magnetic susceptibility differences 
between the surrounding medium (e.g., air) and the wire can cause additional signal loss. 
For this reason, we presented a susceptibility-matched coil, by submerging the wire in 
fluorinated liquid (Fomblin or FC-43). An alternative approach for constructing a 
susceptibility matched coil is to use susceptibility-matched wire (27). Furthermore, only 
susceptibility issues due to the coil are addressed with this approach.  
Susceptibility mismatches inside the sample (e.g., due to air cavities) remain challenging. 
Air pockets or bubbles pose an experimental challenge that causes extensive signal loss, 
caused by susceptibility differences at the interface of the air and the fluid or specimen 
(17) (Figure 3-7B). An important aspect for successful sample preparation is submersion
of both sample and capillary. However, even small bubbles can cause signal losses,
especially for gradient echo type sequences. Mobile air bubbles can migrate through the
capillary until they are in contact with the sample. Some of these effects can be alleviated
by slightly tilting the capillary so that one end is higher than the other. Tilting ensures
potential air bubbles are held in place at the higher end, without disturbing the sample.
For the air cavities inside the sample, PFD was used to fill up the intercellular air cavities
(28) while not penetrating the cell membranes. However, even with this approach, we
were not able to remove all air cavities. Additionally, this approach means that we need
an additional agent, which is usually not preferred due to the desire to study a system as
non- invasive as possible.
The cylindrical shape of capillaries means that perfusion setups should be viable,
especially for tissues vulnerable to decay such as biopsies or studying processes in living
root material. A perfusion setup could be realised in two steps. First, by connecting and
a medium feed tube and drain tube at either side of the capillary would be sufficient to
create a chemostat. Second, the addition of an indentation in the sample capillary could
hold the sample in place against the direction of flow. This analogous to a protocol
published for planar microcoils (10).
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3.7 Conclusion and Outlook 

We have demonstrated a method for imaging plant material using dedicated microcoils 
on an ultra-high field NMR spectrometer. Relatively large sample volumes can be 
studied at high resolution with a good RF homogeneity. Adapting microcoil design to 
samples is facilitated by an efficient method to determine coil performance 
characteristics. The solenoid coil approach may also be readily applied to other samples 
than plants, including animal tissue.  
The non-invasive nature of MR imaging, combined with the inert liquid used in this 
protocol (PFD for Fomblin), means after completion of experiments samples may be 
removed from their capillaries for further study. Combinations include optical or 
electron microscopy and other destructive imaging techniques. We have recently 
demonstrated a combination with optical microscopy on Medicago truncatula root nodules 
(29). 
The presented protocol is suitable for high spatial resolution in situ measurements, and 
more elaborate designs could allow for imaging in vivo samples, where challenges related 
to life support systems would need to be addressed. 
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4.0 Preamble, or How to Deal with Artefacts 
In this chapter, 3D biofilm visualisation and quantification on an irregular-shaped 
support (specifically an electrode material) and its correlation with electrochemical 
performance are discussed. The published paper (Section 4.1-4.5) focuses on correlating 
non-invasive and non-destructive visualisation and quantification of biofilm on these 
activated carbon granules with electrochemical performance and total nitrogen analysis 
on the same single bioanode. As this thesis is entitled ultra-high field (UHF) MRI and 
MRS, we aim to explain a caveat of UHF MRI, namely susceptibility effects, at the 
example of this specific specimen. The first part (Section 4.0) focusses on the need for 
ultra-high magnetic field strength for the research question and background on the 
arising susceptibility artefacts. In Section 4.0.1, the need for MRI accompanied by a high 
signal-to-noise ratio (SNR) is explained, followed by a screening for different granule 
types (4.0.2), treatment for paramagnetic ion reduction (4.0.3), magnetic field strengths 
(4.0.4). Efforts for accelerating the MRI-experiment are described in section 4.0.5. We 
conclude by discussing the possibilities for ultra-high field MRI of bioanodes beyond 
14. 1 T in section 4.6.
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4.0.1  Need for MRI and a High SNR for Biofilm Visualization   
The system studied in this chapter consists of a single activated carbon granules on 
which an electroactive biofilm is growing (Figure 4-1). For more details on the growth 
and the operation of this capacitive microbial fuel cell system, the reader is referred to 
the thesis of Leire Caizán-Juanarena(1) and Section 4.1 (2).   

Figure 4-1: Scheme of an activated carbon granule on which an electroactive biofilm is growing 
(Modified from Caizán-Juanarena et al. (2) ).  The activated carbon granules in this research were 
irregularly-shaped and 1-2 mm in diameter, while the average biofilm thickness varied between 
28 and 116 µm.  

During the characterisation of the bioanode system, it proved to be crucial to determine 
the biofilm volume and distribution on the activated carbon granule (1). However, the 
non- invasive and non-destructive visualisation of the electroactive biofilm posed a 
challenge during the characterisation of the single-granule anode system. While CLSM 
was invasive and not suitable for these irregular-shaped and opaque granules, SEM was 
destructive. MRI was proposed as an alternative as it is a non-invasive and non-
destructive imaging technique. 

In contrast, MRI is one of the most insensitive techniques among the above-mentioned 
imaging techniques. The requirement for spatial resolutions of at least sub-50 µm in 
three dimensions is rather challenging for MRI. The higher the magnetic field strength, 
the better is the signal-to-noise ratio (SNR) per unit volume for comparable performing 
hardware, as shown in chapter 2. As a consequence, the required high spatial resolutions 
can be obtained at higher magnetic field strength. Therefore, the method of choice was 
to use an MRI-setup with a higher magnetic field strength. For this research, high field 

4 



Chapter 4 

90 

spectrometers with magnetic field strengths of 7.0 T, 14.1 T and 22.3 T were system 
available. 

4.0.2 Screening for Type of AC Granules 
Within the materials tested as support for the biofilm, there were three options, namely 
the activated carbon materials PK from a peat precursor, GAC from a coal precursor 
and a non-activated carbon material, namely GG from a graphite precursor (1). When 
evaluating the feasibility of using high-field MRI for visualisation of biofilms on a 
bioanode in a Microbial Fuel Cell (MFC), we found that the different types of activated 
carbon material, i.e. PK, GAC and GG were contributing to artefacts in different 
degrees of severity even with a spin-echo sequence at the chosen experimental 
parameters and 7 T (Figure 4-2). These artefacts were attributed to a difference in 
magnetic susceptibility between the support and the surrounding water, which causes 
magnetic field inhomogeneities and subsequently distortion in the MRI images. MRI 
images of PK granules showed no severe image distortions (Figure 4-2A) while for 
GAC (Figure 4-2B) we observed image artefacts in the form of high intensities even 
outside the region where signal is expected (i.e. outside the NMR- tube). MRI images 
of GG were completely distorted (Figure 4-2C). These distortions in images of the GG 
and GAC type can be an effect of an inhomogeneous excitation slice profile and/or 
frequency encoding gradient profile (3) resulting from severe magnetic field 
inhomogeneities due to the susceptibility differences or presence of ferromagnetic ions. 
From these preliminary tests, it became clear that high-field MRI would only permit to 
study the PK granules, but not the GG and GAC type. A spin-echo sequence for 
frequency-encoding sequences with a short echo time was used, as the spin-echo 
sequences includes a 180° pulse which refocusses the dephasing due to static field 
inhomogeneities. In contrast, gradient-echo sequences, in which the echo is formed by 
gradient reversal, are more prone to static field inhomogeneities.  
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Figure 4-2: Comparison of different abiotic AC granules at 7.0 T using a multi-slice spin-echo 
(mic_msme, repetition time (TR) 5 s, echo time (TE) 4.2 ms, acquisition time (tacq) 2 h 50 min, 
number of averages (NA) 16, receiver bandwidth (rBW) 100 kHz, slice thickness (ST) 0.5 mm. 
matrix size (MX) 128 x 128, field-of-view (FOV) 7 mm x 7 mm, 10 slices). MRI images of one 
slice of A.) a PK granule in water B.) a GAC granule in water and C.) a GG granule in water. 
The scalebar in all images is 2 mm and the images were extrapolated bilinear to an image matrix 
of 256 x 256 pixels.  

Combining the occurrence of artefacts already with the requirement of needing sub-50 
µm resolution in all three dimensions, the choice for material fell on PK, and the choice 
of spectrometer would be at least 14 T. Additionally, frequency-encoded 3D-MRI 
sequences suffer slightly less from susceptibility artefacts than slice-selective, and 
frequency encoded 2D sequences, due to the phase-encoding steps in two dimensions.  

4.0.3 Reducing Paramagnetic Ions 
The PK type proved to be the best granule type; however, the GAC type was also of 
interest for the study of the growth of electroactive biofilm. Therefore, we investigated 
whether an acid pre-treatment might alleviate the image artefacts. Due to the 
assumption that the image artefacts originate from the presence of paramagnetic ions 
(i.e. iron ions), we tested a pre-treatment with acid, which conveniently also is a standard 
method in MFC research. 22% HCl acid treatment reduced the MRI-image artefacts in 
treated GAC granules (Figure 4-3A) compared to the untreated (Figure 4-3B) was, 
therefore subsequently used in all experiments. The image artefacts were less severe in 
the treated GAC granules, but not completely absent. However, we want to note 
explicitly that the MRI images do not compare the same granule before and after acid 
pretreatment, which would have been the most desirable comparison. Even within the 
granule types, a variation between the susceptibility artefacts could be observed between 
individual granules. As the acid pretreatment is a conventional pre-treatment for 
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electrodes, we included it in our protocol before inserting the carbon granule into the 
reactor and starting the biofilm growth (2).  

Figure 4-3: A.) Not acid-pretreated GAC granule and B.) acid pre-treated GAC granule in water 
imaged on a 7.0 T (mic_msme, TR 5 s, TE 5.3 ms, Tacq 2 h 50 min, NA 16, rBW 50 kHz, ST 0.2 
mm, MX 128 x 128, FOV 5 x 5 mm2, 5 slices). The scale bar indicates 1 mm and the images 
were extrapolated bilinear. Note that these MR parameters (notably rBW and TE) differ from 
the parameters in figure 4-2 and therefore, the susceptibility effects in the MR images are directly 
not comparable with figure 4-2.  

Elemental analysis (Inductively coupled plasma analysis- IPS) confirmed that the acid 
treatment reduced the amount of iron ion in the PK granule type (S 4-2).  
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4.0.4 MRI Images at 14.1 T and 22.3 T 
Using the acid pre-treated PK activated carbon granules, MRI images were acquired 
successfully at 14.1 T. The choice for the sequence was a RARE sequence as it is a spin-
echo sequence and thus more robust to static field inhomogeneities than a gradient-
echo sequence. We chose T1-weighted contrast (TR = 700 ms) and centric k-space 
encoding to reduce T2-weighting by minimising the echo time (TE = 2.92 ms).  
Additionally, a 3 mm NMR-tube was chosen to minimise the field-of-view as the 
bioanodes were 1-2 mm in diameter. The T1-weighted 3D-RARE images (Figure 4-8A)  
were thresholded (Figure 4-8B) and the 3D distribution of biofilm was visualised (Figure 
4-8C) and used to quantify biofilm volume for different durations of biofilm growth 
(Figure 4-9A). Information on biofilm distribution and volume was correlated to the 
electrochemical performance. The details can be found in sections 4.1-4.5 and the 
supporting information S 4-4)

To explore if we could reduce measurement time by using a higher magnetic field 
strength, we acquired 3D-MRI images biofilm on activated carbon granules of the PK 
type at 22.3 T with an optimized MRI-protocol and different pre-treatment options of 
the carbon granule, namely without pre-treatment (Figure 4-4A), with acid pre-
treatment of 24 h (Figure 4-4B) and with acid pre-treatment of 72 h (Figure 4-4C) prior 
to the insertion into the MFC reactor. Interestingly, the MRI image of the bioanode 
without pre-treatment suffered less severe from MRI image artefacts (Figure 4-4A) than 
the MRI-images of the bioanodes with pre-treatment (Figure 4-4B and C). Additionally, 
signal intensity can be observed inside the activated carbon granule in Figure 4-4A, 
which is not observed in Figure 4-4B and C. As we also clearly observed artefacts in 
previous tests and several MR experiments during these trials, we concluded to continue 
the experiments on 14.1 T. Additional tests with the same granule before and after pre-
treatment would be desirable to quantify the effects of the pre-treatment at ultra-high 
field strength and exclude the uncertainty by a variation of paramagnetic ions among 
different granules of the same type. 
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Figure 4-4: Biotic bioanodes (i.e. activated carbon granules with biofilm) where the activated 
carbon granule (type PK) was A.) not pre-treated, B.) pre-treated with 22% HCl for 24 hours 
and C.) pre-treated with 22% HCl for 72 hours. A 3D-RARE at 22.3 T was used (rarefact 8, 
TEeff 3.27 ms, TR 0.7 s, Tacq 27 min, MX 128 x 96 x 96, FOV 3.6 x 2.7 x 2.7 mm3, rBW 100 
kHz). The scale bar indicates 1 mm and magnitude image data is shown.   
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4.0.5 Efforts to Accelerate MRI-Experiment at 14.1 T 
When 14.1 T became evident as the “compromise” field strengths between the ultra-
high-field 22.3 T for high SNR and lower field strength 7.0 T for less susceptibility 
effects, we did some efforts to accelerate the 3D-MRI acquisition. In theory (4) and 
chapter 2, increasing the field strengths is not the only factor which can increase image 
SNR. Optimising the detector to our specific samples will in many cases, increase the 
image SNR of our 3D-MRI experiment. To this end we designed a 3 mm solenoid coil, 
as changing the geometry from birdcage to saddle should already increase the SNR by 
a factor 3. Additionally, reducing the coil diameter from 5 mm to 3 mm which is the 
requirement of our sample, should give us an additional gain of a factor 1.6.  

Figure 4-5: A.) The 3 mm 1H solenoid coil was used to acquire a 3D-MRI experiment on the 
14.1 T spectrometer in B.) one plane of a 3D-RARE (TR 0.5 s, TE 3.3 ms; FOV (2.7 mm)3, 
Resolution (21 µm)3; tacq 9 h 6 min, rBW 100kHz, RAREfactor 2; 8 averages). The granule was 
an acid pre-treated biotic granule of the PK type. The scale bar indicates 1 mm and magnitude 
image data is shown.  

The SNR gain by using the solenoid was considerable. A 3D-RARE experiment with 
an isotropic resolution of (21 μm)3 took 9 h and 22 min with an SNRi ratio of signal in 
the biofilm area to noise area of 22. While this proved the potential of using an 
optimised detector, our trial experiments with the coil failed. The horizontal orientation 
of the solenoid caused some granules to move in the glass capillary. Approaches to 
include an agar block at either side were dismissed due to the requirement that the 
imaging needs to be as non-invasive as possible. Additionally, with a solenoid coil, a 
probe change for the sample insertion is required, and manual adjustments might be 
needed (see chapter 3). Hence, the 5 mm saddle coil in which the granule was positioned 
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on an agar block in a vertical NMR-tube was preferred for the remainder of the 
experiment. However, if a solution for the sample fixation could be found without 
biofilm destruction, the 3 mm solenoid coil offers the advantage of increased SNR.  
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4.1 Abstract 
The use of microbial fuel cells (MFCs) for wastewater treatment fits in a circular 
economy context, as they can produce electricity by the removal of organic matter in 
the wastewater. Activated carbon (AC) granules are an attractive electrode material for 
bioanodes in MFCs, as they are cheap and provide electroactive bacteria with a large 
surface area for attachment. The characterisation of biofilm growth on AC granules, 
however, is challenging due to their high roughness and three-dimensional structure. In 
this research, we show that 3D magnetic resonance imaging (MRI) can be used to 
visualise biofilm distribution and determine its volume on irregular-shaped single AC 
granules in a non-destructive way while being combined with electrochemical and 
biomass analyses. Ten AC granules with electroactive biofilm (i.e. granular bioanodes) 
were collected at different growth stages (3 to 21 days after microbial inoculation) from 
a multi-anode MFC and T1-weighted 3D-MRI experiments were performed for three-
dimensional biofilm visualisation. With time, a more homogeneous biofilm distribution 
and an increased biofilm thickness could be observed in the 3D-MRI images. Biofilm 
volumes varied from 0.4 µL (day 4) to 2 µL (day 21) and were linearly correlated (R2= 
0.9) to the total produced electric charge and total nitrogen content of the granular 
bioanodes, with values of 66.4 C µL-1 and 17 µg N µL-1, respectively. In future, in situ 
MRI measurements could be used to monitor biofilm growth and distribution on AC 
granules.  
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4.2 Introduction 
Recovery of resources from waste streams is necessary to transit towards renewable 
forms of energy and a circular economy. Wastewater streams from industries, 
agriculture and households are known to be a valuable source of organics and nutrients 
that can be recovered and used for energy production (5–7). The microbial fuel cell 
(MFC) is a technology that uses bacteria to clean wastewater by oxidising the organics 
while simultaneously producing electricity (8–11). This oxidation reaction occurs at the 
anode, where bacteria grow by forming a biofilm on the surface of the electrode, known 
as bioanode. However, the application of MFCs on up-scaled wastewater treatment 
processes remains challenging due to the expected non-favourable conditions such as 
complex substrates, changes in temperature or increased internal resistances of the 
system. For these reasons, and the stagnating power production trend MFCs have 
shown in the last decade even at laboratory scale (up to ~5 W m-2 cathode surface area) 
(12), the ability of MFCs to compete with other wastewater treatment technologies such 
as anaerobic digestion has been hindered (13, 14). Electrode material properties (e.g. 
biocompatibility, electrical conductivity and surface area) are of importance for the 
performance of MFCs and hence the power density (15, 16). Carbonaceous materials 
are widely used, as they are cheap and hold most of the desired electrode properties. 
Among them, activated carbon (AC) granules have a three-dimensional structure and a 
large specific surface area (even larger than 2000 m2 g-1) (17) that allows for good biofilm 
attachment, hence leading to high volumetric power density. In this research, we use 
single AC granules as previously described by Caizán-Juanarena and co-workers (18), 
where up to 24 granular bioanodes of different sizes and types were electrochemically 
and microbiologically studied under the same conditions (i.e. same reactor system).  

Many studies focus on electrochemical (19–21) and physical properties (22–24) of AC, 
while quantification and distribution of biofilm on such electrode material are less 
extensively addressed. These are important parameters to determine as biofilm growth 
plays a crucial role on the performance of MFCs. Moreover, when using rough, three-
dimensional and porous materials such as AC granules, it is of particular interest to get 
more information about biofilm development on the electrode surface. A wide variety 
of techniques is available for biofilm characterisation (25–27). Biofilm quantification 
can be done by using well-established methods, such as protein analysis (28) and total 
nitrogen (TN) (29) content analysis, which relate to the total amount of biomass. 
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However, these techniques are destructive and cannot give any information about 
biofilm distribution on electrode surfaces, which is an important parameter to better 
understand the growing behaviour and limitations of biofilms and determine features 
such as the biofilm thickness. To this aim, the spatial distribution of a biofilm is 
commonly obtained by microscopy techniques such as scanning electron microscopy 
(SEM) (30–32) or confocal laser scanning microscopy (CLSM) (30, 33). However, they 
are destructive (e.g. SEM), need the addition of chemicals (e.g. CLSM) and can only 
scan small areas of an electrode as shown by Tejedor-Sanz and co-workers on activated 
carbon granules (34). Optical coherence tomography (OCT) has been used to visualise 
the structure of biofilms growing on glass slides (35) and carriers (36). A recent study 
has demonstrated accurate measurements of biofilm volume and thickness of an active 
bioanode growing on an electrode surface, both in situ and non-invasively (29). 
However, the three-dimensional nature of AC granules impedes the application of OCT 
on these specific electrodes, unlike the more or less flat surfaces used in other studies 
(37–39). Therefore, other techniques need to be used to visualise and quantify biofilm 
growth on AC granules and, in this way, add to the information obtained about these 
granular bioanodes in previous studies (18, 19). In this context, magnetic resonance 
imaging (MRI) is a technique that has already been used to visualise biofilms in different 
applications and that is attractive to characterise biofilms growing on our electrodes. 

Magnetic resonance imaging (MRI), a technique well-known from medical diagnostics, 
is suitable for visualisation and characterisation of biofilms (25, 40–44). For an overview 
on recent studies in biofilm research using MRI, a book chapter is available (45). 
Existing MRI research studies on biofilms have mainly focused on biofilm structure, 
transport of water (i.e. diffusion and flow) and metal ions in and around biofilms (40, 
46–53), localised spectroscopic measurements on metabolites present in biofilm (53), 
and biofilm growth on carriers (even with complex geometry) (51, 53–56) (57) and in 
porous media e.g. (58). Furthermore, 3D MRI has also been used to visualise biofilm 
growth on a flat carrier (53, 59, 60), in a tube reactor (61) and on complex geometries 
in porous media applications (62, 63). Specifically, MRI research of biofilm growth on 
electrodes as a carrier, has revealed information about diffusion coefficients (64) and 
metabolic activity (i.e. electron transfer) (65) within the biofilm growing on flat 
electrodes.  
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In this study, we generalise this previous approach of imaging a biofilm on a 2D flat 
electrode geometry (64–66) to 3D biofilm visualisation and also quantification on an 
electrode material (AC granules) with a rather irregular 3D shape and surface, where the 
main challenge is to make a clear distinction between biofilm and both the electrode 
material and surrounding water (as opposed to a flat 2D electrode surface where the 
support shape is well-defined). Because of the irregular features of AC granules and the 
thin biofilm layer, high-resolution 3D images are needed, i.e. at sub-hundred 
micrometre resolution. These resolutions are usually difficult to obtain with MRI due 
to the low sensitivity of the technique, and would require long experimental times of 
days to weeks. To shorten experimental times while obtaining such high-resolution 
images, high magnetic field strengths are needed, as the sensitivity of the MRI technique 
increases with increasing magnetic field strength (4). To obtain high-resolution 3D 
images in reasonable experimental times this study was therefore conducted at a 
magnetic field strength of 14.1 T (56), which is much stronger than the 1.5 and 3 T MRI 
scanners used for conventional medical imaging. Magnetic field strengths used in 
biofilm MRI research are commonly ranging between 4.7 T (e.g. (51)) and 11.7 T (e.g. 
(64)) to achieve higher spatial resolutions in view of the smaller dimensions of biofilms, 
but biofilm studies have also been performed at very low field strengths of 0.7 T (e.g. 

(67)).  

Since MRI is an imaging modality based on the detection of the magnetic moments 
(spins) of hydrogen nuclei in a magnetic field after excitation (with an appropriate pulse 
sequence) (68), it allows to visualise the distribution of hydrogen nuclei in e.g. biological 
samples. As water is the most abundant component containing hydrogen in biological 
samples, the main application is to image water distribution. To distinguish different 
tissues within a biological sample, we can make use of the differences in magnetic 
resonance (MR) signal lifetimes of water in those tissues compared to the surrounding 
bulk water, called relaxation times (T1 and/or T2). As the bulk water signal has a 
different relaxation time than the biofilm water signal, (50), MRI signal acquisition 
timings such as repetition time (TR) and echo time (TE) can be selected to maximise 
the contrast between biofilm and bulk water, which will lead to different signal 
intensities. An optimised TR leads toa contrast based on T1-relaxation time, while an 
optimised TE leads to a contrast based on T2-relaxation time. To select one of these 
contrast types, the other has to be minimised; thus while for T1 contrast we minimise 
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TE to avoid T2-weighting, while for T2 contrast we maximise TR to avoid T1 weighting 
(68). Based on this image contrast, the biofilm region can be selected, and the 
distribution can be visualized. 

The aim of this research was to develop an MRI protocol to non-destructively visualise 
and quantify the three-dimensional biofilm distribution on single AC granules, which 
were grown as bioanodes in a multi-anode MFC. To this end, we investigated whether 
biofilm water could be distinguished from bulk water by T1-relaxation time at a high 
magnetic field strength (14.1 T). 3D-MRI images of granular bioanodes, collected at 
different growth stages, were acquired and biofilm distribution and volume were 
determined. Biofilm quantification with MRI was complemented with measurements of 
total nitrogen content and total produced electric charge of the same granular 
bioanodes.  4 
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4.3 Experimental Methods 
Preparation of AC Granules 

The type of AC granules used are commercially known as PK 1-3 (Cabot Norit 
Nederland B.V., Amersfoort, the Netherlands). They were prepared as explained in a 
previous publication, i.e. by Caizan-Juanarena and co-workers (18): first, sieved using 
an aperture size between 1 and 2 mm (Retsch®, Germany); then individually selected 
for an approximate spherical shape, and finally weighted. Their volume was estimated 
by using the apparent density provided by the manufacturer, i.e. 0.3 g mL-1. Their radius 
was approximated from the volume by assuming a spherical shape of the granule. Their 
outer surface area was also estimated assuming a spherical shape, without considering 
the possible roughness or pores where bacteria could have access to. The measured 
values of weight and the estimated values of volume and surface area can be seen in the 
Supplementary Information (S 4-1). 

After selection, granules were treated with 22% hydrochloric acid (HCl) for 24 hours to 
remove surface organic contamination and metal impurities and washed three times 
with demi water (69). This cleaning procedure is common practice and useful for 
comparative experiments. Additionally, for MRI experiments, it was a crucial step as the 
AC granules should contain as little concentration of iron ions as possible in order to 
avoid image artefacts. In the Supplementary Information (S 4-2) the composition of AC 
granules before and after the acid treatment can be seen, measured with Inductive-
Coupled Plasma Mass Spectrometry (ICP-MS).  

Preparation and Operation of the MFC 

A custom-made MFC reactor was built (see the schematic top view in Fig. 1B), 
consisting of a 2.3 L container as the anode chamber and a glass tube in the middle as 
the cathode chamber. The anode chamber had 2 L of anolyte (10 mM 
NaCH3COO·3H2O; 1 mL L-1 Wolfe’s Vitamin solution; 1 mL L-1 Wolfe’s modified 
mineral solution; 3.7 mM NH4Cl, 1.6 mM KCl; 30 mM Na2HPO4·2H2O; 19 mM 
KH2PO4), of which 0.2 L was an inoculum from another active MFC ran on acetate. 
The cathode chamber had an approximate volume of 0.13 L (100 mM K3FeCN6; 30 
mM Na2HPO4·2H2O; 19 mM KH2PO4) where a 24 cm2 graphite felt was used as 
electrode material, attached to a titanium wire (1 mm diameter, 36 cm long) as current 
collector. A cation exchange membrane (Fumasep FKB, FuMa-Tech GmbH, St. 
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Ingbert, Germany) of 1.76 cm2 was placed on the bottom of the cathode chamber, in 
contact with the anode chamber. The lid of the container had several holes: one for the 
cathode chamber (ø= 2.5 cm), one for the inflow of substrate (ø= 1.5 cm), one for the 
reference electrode (3M KCl Ag/AgCl, +0.199V vs NHE) (ø= 1.5 cm) and 29 for the 
working electrodes (ø= 1 cm). Additionally, a hole on the side of the container was 
made for the outflow (ø=1.5 cm). The effect of the distance between working and the 
reference electrodes on current production was neglected as the latter one was placed 
outside of the electric field.  

Figure 4-6: A) A clamped activated carbon (AC) granule with biofilm (i.e. granular bioanode) 
collected from the reactor; B) Schematic top view of the reactor (18*18 cm), where C stands for 
cathode (ø= 2.5 cm), R for reference electrode (ø= 1.5 cm), N for nitrogen inflow (ø= 1 cm) 
and A for abiotic granule (ø= 1 cm). The rest of circles (ø= 1 cm) with no name indicate the 
place where clamps with AC granules were placed; C) An AC granule with biofilm inside a 3 mm 
diameter magnetic resonance (MR)-tube, filled with a buffer solution (no nitrogen) and with an 
agar block at the bottom. 

Single granules were held separately with clamps made of titanium wire (ø= 1 mm) (see 
Figure 4-6). One side of the clamp had the shape of a hook, where the granule could be 
fixated. The contact area with the granule was minimised using (yellow) non-conductive 
resin (Revlon® ColorstayTM) that served to limit bacterial growth on the clamp. The 
other side of the titanium wire was passed through a rubber that fitted the size of the 
holes on the lid for the working electrodes. The average resistance of the clamps was 
0.8 to 1 Ω between the two ends. Each clamp was connected to a channel from a 
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MultiWE32 module (Ivium Technologies, Eindhoven, The Netherlands), which can 
operate up to 32 working electrodes that share common reference and counter 
electrodes. All working electrodes (one abiotic and 10 biotic) were operated at -0.35 V 
vs Ag/AgCl with continuous anolyte inflow. As the anode potential was controlled 
versus the reference electrode, the counter electrode was of no influence to the current 
production and biofilm growth. This would not be the case if, instead, the cell voltage 
was controlled. The abiotic granule consisted of a 2 mm diameter glass bead (B Braun 
biotech international, Schwarzenberg, Germany) covered with PTFE tape. Acetate 
concentration was maintained above 5 mM. Anaerobic conditions were ensured with 
N2 flushing and the stirring velocity was fixed at 100 rpm.  

Electric current was monitored, with a sampling time of 600 seconds, until granular 
bioanodes were collected from the reactor (see S 4-1 for the exact days). Total produced 
electric charge by each bioanode was calculated according to Equation (4-1):  

𝑄𝑄𝑇𝑇 =  ∫ 𝐼𝐼 𝑑𝑑𝑑𝑑 𝑡𝑡
0   (4-1) 

where QT is the total produced electric charge (C), I is the current (A) and t is the overall 
time (s) during which the current was measured.  

After collecting each granular bioanode, the rubber stopper was replaced with a new 
stopper to avoid oxygen leakage into the reactor. Prior to MRI measurements, clamped 
granular bioanodes were submerged 2 to 3 times in a buffer solution without nitrogen 
(1.6 mM KCl; 30 mM Na2HPO4·2H2O; 19 mM KH2PO4) to avoid accounting for 
additional nitrogen content from the anolyte in the total nitrogen analysis. Each granular 
bioanode was then transferred to a 3 mm diameter MR-tube (Hilgenberg, Malsfeld, 
Germany) containing the same buffer solution and an agar block (2% w/w) of 
approximately 8 mm placed at the bottom (see Figure 4-6C).  

MRI Measurements 

MRI measurements experiment as on a 14.1 T Bruker Avance-III-600 spectrometer 
(Bruker, Karlsruhe, Germany) controlled by ParaVision 5 or 6. The Micro5 imaging 
probe was equipped with a Micro5 gradient set driven by Great60 amplifiers, located at 
MAGNEFY (MAGNEtic resonance research FacilitY, Wageningen, The Netherlands). 
The radiofrequency (RF)-coil used was a 1H/2H saddle coil insert with the inner coil 
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being the 1H-coil with a diameter of 5 mm and the outer coil being a 2H-coil (not used 
in this study). All MRI measurements were performed at room temperature (~293 K) 
with no extra temperature control.  

T1 Map 

A 2D spin-echo RAREVTR sequence (echo time= 2.93 ms, 5 different repetition time 
(TR) steps (TR= 0.10 s, 0.39 s, 0.79 s, 1.46 s, and 5.0 s), 64 averages, receiver bandwidth 
50 kHz, field-of-view 3 x 3 mm2, matrix size 64 x 64, slice thickness 0.2 mm) was used 
for T1 measurements. The raw data were Fourier-transformed and phase-corrected. Per-
pixel the signal intensity as a function of the repetition time TR was mono-exponentially 
fitted with in-house developed IDL scripts using IDL Version 6.4 (ITT, Visual 
Information Solutions, Boulder, CO, USA) to obtain quantitative T1 maps according to 
Equation (4-2):  

𝐼𝐼(𝑇𝑇𝑇𝑇) =  𝐼𝐼0 (1 − 𝑒𝑒−
𝑇𝑇𝑇𝑇
𝑇𝑇1) (4-2) 

where I(TR) (a.u) is the image intensity as function of repetition time TR (s), I0 the 
proton density (a.u.), and the T1 is the T1 relaxation time (s).  

3D-RARE 

A 3D turbo spin-echo (RARE) sequence (echo time= 2.92 ms, turbo factor 4 with 
centric encoding, isotropic voxel resolution (28 µm)3, acquisition time 19 h 42 min, field-
of-view 3.6 x 2.7 x 2.7 mm3, matrix size 128 x 96 x 96, receiver bandwidth 100 kHz) 
was recorded. TR was chosen to be 0.7 s to obtain a T1-weighted image with high 
contrast. Before and after this scan, a control localiser scan was performed to confirm 
that the sample did not move during the experiment.  

Image Processing for 3D Reconstruction 

To process the 3D dataset, a script was written in IDL Version 6.4 (ITT, Visual 
Information Solutions, Boulder, CO, USA). A threshold was set above the noise 
intensity level to mask areas with no signal intensity. Furthermore, we corrected for the 
inhomogeneous intensity of the bulk water signal as function of position due to the 
inhomogeneity of the B1-field, which is caused by the geometry of the detection coil, 
namely the saddle geometry. After this correction, a threshold was set above the image 
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intensity corresponding to bulk water to distinguish volume elements (voxels) 
containing biofilm from those containing bulk water. The dataset containing the 
threshold images was then loaded into ImageJ/FIJI (70) and a 3D-volume 
reconstruction was done using the Image J 3D viewer (71) applying a resampling factor 
of 2. Voxels with a signal intensity higher than the threshold attributed to biofilm were 
summed up and multiplied by the volume of a single voxel (28 µm)3, resulting in the 
biofilm volume. Based on biofilm volumes and the estimation of the outer surface area 
of AC granules, the average biofilm thickness was calculated at each growth stage, as 
reported in the Supplementary Information (S 4-1). 

Total Nitrogen (TN) Analysis 

After MRI measurements, granular bioanodes were processed with the Laton Total 
Nitrogen (LCK) cuvette test with a concentration range of 20-100 mg L-1 TNb 
(HACH®, Manchester, United Kingdom). This method measures organic and inorganic 
bound nitrogen, excluding elemental nitrogen (N2). 0.2 mL of miliQ water was added 
to the reaction vessel together with the granular bioanode, which was directly 
transferred from the MR-tube. Direct contact between the liquids in the reaction vessel 
(water) and the MR-tube (buffer) ensured that the granular bioanode could move with 
little interference. The digestion step in the reaction vessel consisted of 30 minutes at 
120 °C. The digested sample (0.5 mL) was transferred from the reaction vessel to the 
LCK cuvette, from which the nitrogen concentration (mg N L-1) was read after 15 
minutes. This concentration was converted to mg N by correcting for the initial added 
volume of miliQ water (i.e. 0.2 mL).  

The nitrogen content of AC granules without biofilm (i.e. not placed in the reactor) and 
treated with 22% HCl, was found to be around 1 mg L-1, which is more than 10 times 
lower than for granules with biofilm. This residual nitrogen in abiotic granules could 
originate from the AC that contains some nitrogen. However, the exact value is difficult 
to specify, as it will depend on the dry weight of each granule. 
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4.4 Results and Discussion 
In this section, we present and discuss i) the MRI method used to visualise the biofilm 
growing on AC granules, ii) the 3D-MRI images obtained at different biofilm growth 
stages of different granular bioanodes, iii) the image processing and determination of 
biofilm volume, and iv) the correlation between biofilm volume and both the total 
produced electric charge and total nitrogen content of single granular bioanodes.  

4.4.1 Distinguishing biofilm water from bulk water using MRI 

Differences in T1-relaxation times provide the means to control contrast in MRI 
experiments. Therefore, it is important to quantify this parameter for both biofilm water 
and bulk water (consisting of a buffer solution without nitrogen, see Experimental 
Section). Figure 4-7A shows the resulting 2D images for the repetition time (TR) varying 
from 0.1 s (left) to 5 s (right). The absolute image intensity increases with increasing TR, 
as the magnetisation is given more time to recover. The signal intensity of each pixel 
was fitted as a function of TR with a mono-exponential recovery curve. In Figure 4-7B, 
we plotted the curve fitted for two pixels, corresponding to biofilm water (red) and bulk 
water (blue) (marked in Figure 4-7A as example). With this analysis, a proton density 
map (known as signal amplitude map; Fig. 2C, left) and a T1-parameter map (Fig. Figure 
4-7C, right) were obtained. The amplitude map shows that the proton density (a.u.) is
lower inside the biofilm than in the bulk water, while the AC granule has a very low
proton density due to absence of mobile protons in the AC and a too short signal
relaxation time (T2) for the water in the pores to be observable by MRI. The T1 map
shows that T1 values of biofilm water (~0.4-0.7 s) and bulk water (~2 s) can indeed be
distinguished, a trend which was also seen by Hoskin and co-workers (72). The T1 value
of the biofilm water was lower than the bulk water value as the T1-relaxation time of
water spins is affected by the different local (physical and chemical) environment in the
biofilm (73). A T1 value of the AC granule could not be established due to the low
intensity of the signal. Having established that biofilm and bulk water signal could be
distinguished by their difference in T1-relaxation time, the TR for maximum image
contrast was determined. Using the recovery curves, we used the value of TR at which
the difference in signal intensity (i.e. the contrast) between bulk water and biofilm was
the largest. In this case, we chose to use a TR of 0.7 s as indicated by the black dotted
line (Figure 4-7B) for all subsequent 3D-MRI experiments on the bioanodes.
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Figure 4-7: T1-contrast experiments AC granule with biofilm collected after a growth period of 
15 days. A) 2D spin-echo MRI images with different repetition times (TR): 0.10 s, 0.39 s, 0.79 s, 
1.46 s and 5 s from left to right show an increase in signal intensity with increasing TR. B) Signal 
intensity values of (A) for one biofilm pixel (red) and bulk water pixel (blue) plotted against TR 
show the increase in signal intensity due to T1-relaxation. The respective mono-exponential fits 
are shown by the dotted lines. The black dotted line indicates the TR chosen for maximum 
contrast between the biofilm and bulk water. C) Amplitude (i.e. proton density) map and T1 map 
from the fit of the signal intensities in (A) are depicted. The images in C) were re-sampled using 
bilinear interpolation.  

As an alternative method to generate image contrast, we proved on the same AC granule 
as used for the T1-experiments in Figure 4-7 that T2 weighting could be used as well to 
distinguish biofilm water (T2,apparent= ~15-30 ms) from bulk water (T2,apparent= ~40 ms). 
The reported (apparent) T2 values are specific for the resolution (47 x 47 x 200 µm3) 
and magnetic field strength (14.1 T) used in this T2 experiment (74). However, the low 
contrast we found between biofilm and the AC granule with T2-weighted images 
(Supplementary Information, S 4-3) would impede the distinction and subsequent 
quantification of biofilm. The contrast between biofilm water and bulk water in T2 
experiments was also lower than in T1 experiments due to the smaller difference in T2-
relaxation times at the required high resolutions (74). Additionally, performing full T2-
weighted 3D experiments would take longer experimental time than T1-weighted 
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experiments, in fact, it would require a TR of 5* T1,max, with T1,max being the highest T1-
relaxation time among the components, in this case of bulk water (T1= ~2 s). Therefore, 
T1-weighted MRI images were preferred for the present study. 

4.4.2 Biofilm Distribution Using 3D MRI 

Figure 4-8A shows a cross-section of the 3D dataset of a granular bioanode where the 
biofilm was grown for 11 days. The signal intensity of biofilm was higher than both the 
AC granule and the bulk water and could thus be used to determine biofilm growth. As 
a cross-section is not representative for the biofilm distribution on the whole granule 
surface, a 3D reconstruction of the biofilm was made. After selecting the voxels 
containing biofilm in each cross-section by applying a threshold on the signal intensity 
(Figure 4-8B), a 3D reconstruction of the biofilm showed the biofilm distribution and 
coverage (Figure 4-8C, reconstruction depicted from three different angles turned 
around the vertical axis). Cross-sections, threshold images and images of the 3D volume 
reconstruction of every granular bioanode can be found in the Supplementary 
Information (S 4-4). Additionally, videos of the 3D reconstruction of each studied 
granule can also be found in the online supplementary information of the publication 
on which this chapter is based (2). The whole surface of the AC granule at day 11 was 
covered with biofilm, except for an area that corresponds to the position of the clamp 
used as current collector. This partly covered the surface of the AC granules, hence 
preventing biofilm growth on this area. Therefore, this served as an internal control 
within the 3D images indicating that bulk water at the granular surface was not falsely 
attributed to biofilm volume, which is the case when a surface acts as a relaxation sink 
(75). This internal control served thus as proof that MRI image artefacts were not 
interfering in our study.  
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Figure 4-8: One cross-sectional plane through the T1-weighted 3D dataset of an 11-day-old 
granular bioanode. B) The same plane is depicted after thresholding analysis. C) 3D volume 
reconstruction, depicted from 3 angles (turned around in the vertical axis), based on the 
threshold image stack. 

Using the 3D reconstructions of all different granular bioanodes (see Supplementary 
Information, S 4-4), we assessed biofilm growth at different days. At early stages (days 
3 and 4), there were large surface areas of the AC granules that were not covered, and 
the biofilm distribution was not homogeneous over the surface. At later stages (days 6 
and 7), the biofilm was more equally distributed over the granule surface, but it was still 
not very thick. More mature granular bioanodes, grown for 11 days or more, had thicker 
biofilms that allowed for a clearer view of the biofilm distribution on the AC granule. 
It is important to highlight that the area of the clamp was visible in every granular 
bioanode, which served as an internal control as previously explained. At the early 
growth stages, when the biofilm was not much developed, the area covered by the clamp 
was not as distinct as for more mature biofilms. However, when compared to an abiotic 
granule (see also Supplementary Information, S 4-4 ), this latter did not show a hole and 
the whole granule surface was instead covered by an equidistant signal originating from 
the surface of the AC granule acting as a relaxation sink (75).  

4.4.3 Biofilm Volume Determination using 3D MRI 
Figure 4-9A shows the biofilm volume of 10 granular bioanodes, each with different 
AC granule weight, collected from the reactor at different days. Values ranged from 0.4 
µL on day 4 to 2 µL on day 21. An increased biofilm volume is observed with longer 
growth periods for the time range studied here. As biofilm thickness is known to be a 
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crucial parameter for the electrochemical activity of bioanodes (33), the average biofilm 
thickness was calculated assuming that the whole outer surface area of the granules was 
completely covered by biofilm (see Supplementary Information, S 4-1). The lowest 
average thickness estimated was at day 4 with a value of 27.8 µm, while the highest 
average thickness was 165.9 µm for the granular bioanode collected at day 21. This 
biofilm thickness is in the same range as reported for electroactive biofilms on 
macroscopically flat anodes (29, 76). The increasing thickness may be a contributing 
factor to the decrease of electric current production by the bioanodes over time, as 
shown in Figure 4-9B. In fact, some studies (77, 78) have revealed that diffusion 
limitations increase with thicker biofilms, which may hinder current production of the 
system. 

Figure 4-9: A) Biofilm volume obtained with 3D-MRI images at different growth stages, 
distinguished by colours. B) Current production of granular bioanodes at different growth stages 
(see end of the growth curves). C) Total produced electric charge by granular bioanodes as a 
function of the biofilm volume. D) Total nitrogen content of granular bioanodes as a function 
of biofilm volume. The colours in (C) and (D) represent the granular bioanodes at the same 
biofilm growth stages as in (A) and (B). 
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4.4.4 Comparison of biofilm volume with total produced electric charge and 
total nitrogen content 
Electric current production was recorded for each granular bioanode during the biofilm 
growth period (see Figure 4-9B). Most of them reached the maximum current (ranging 
from 57 to 119 µA) approximately 3-4 days after inoculation. After those days, the 
current decreased to values between 87% (in day 6) and 44% (in day 22) of the 
maximum current value. In fact, three weeks after inoculation, current values seemed 
to approach a steady-state. This current curve appears to be characteristic for bioanodes 
that are continuously fed and controlled at a certain potential (29). The variability of 
current values among granular bioanodes might relate to the granular material itself, due 
to its irregularities in shape, surface and porosity, even when the raw material, the 
activation process and the selected granule size is the same. This variability was already 
found in a previous research study (18) where the reproducibility of single AC granules 
was proven for different granule sizes and types. 

We expect current production to be related to biofilm volume, as electroactive bacteria 
gain energy from transporting electrons from the substrate to the electrode. To prove 
this, we correlated the biofilm volume with the total produced electric charge (i.e. 
current integrated over time, see Experimental Section). Figure 4-9C revealed a linear 
relation of 66.4 C µL-1 (R2= 0.9). This value is in the same order of magnitude but 1.6-
fold higher than the linear relation found for bioanodes by OCT measurements (29). 
Similarly, total nitrogen content can be used as an indication of biofilm growth, as both 
the bacteria and extracellular polymeric substances (EPS) that are part of the biofilm 
contribute to the nitrogen content. In fact, the biofilm volume determined from 3D-
MRI images was linearly related to total the total nitrogen content of granular bioanodes 
(Figure 4-9D); the relation found was 17 µg N µL-1 (R2= 0.9).  

By characterising the biofilm on the same granule using three different approaches, in 
fact by recording the current production electrochemically, determining the biofilm 
volume with MRI and indirectly quantifying the biomass with total nitrogen content 
analysis, makes this study complete. Especially correlating the total produced electric 
charge and the biofilm volume is valuable information which is difficult to obtain non-
destructively with other methods. Nevertheless, we believe MRI should be seen as a 
complementary technique to other quantitative methods like protein and nitrogen 
analyses, and particularly be used in studies where biofilm distribution or volume might 
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give extra relevant information about the electrode-biofilm interface or the MFC 
performance in general. 

In this study, we did not continuously monitor the same bioanode at different growth 
stages in terms of volume, as the bioanode was permanently removed from the reactor 
on the day of the MRI measurement. However, we showed that the correlation between 
electric charge, nitrogen content and volume of the 10 measured bioanodes was 
independent of their growth stage and electrical performance, meaning a larger number 
of samples would not give any extra information on this matter. To make sure that these 
linear correlations did not deviate from the actual values due to a possible biofilm 
stability issue as a consequence of long MRI experimental times with no substrate, 
additional total nitrogen analyses were done with fresh granular bioanodes, directly 
collected from the reactor (i.e. without any MRI measurements). The relation between 
nitrogen content and total produced electric charge was found to be similar (see 
Supplementary Information, S 4-5), indicating that sample handling and the duration of 
MRI measurement time had little effect on the amount of biofilm grown on AC granules 
and confirming the non-destructive nature of MRI. Even though biofilm detachment 
proved to be negligible based on these data, the effect of the long experimental times 
and substrate absence during MRI measurements on the biofilm morphology was not 
addressed. To this aim, in situ measurements are needed, where bioanodes do not deviate 
from their original state and growth curve and where thus a non-invasive nature is also 
achieved.  

4.4.5 Challenges and Outlook 
Regarding the resolution used to visualize the biofilm distribution on AC granules, MRI 
images with a resolution of (28 µm)3 were sufficient to elucidate biofilm distribution but 
not to discriminate individual bacterial cells (~1 µm) (79) or clusters below 28 µm 
potentially present in surface cavities or inner pores of the AC granules. In fact, by using 
SEM to visualize the cross-section of AC granules, we found that bacterial growth 
occurred in their inner pores (see Supplementary Information, S 4-6). Therefore, this 
might have caused an underestimation of biofilm growth on AC granules. However, (28 
µm)3 was the optimum resolution with acceptable measurement times (< 24 h). 
Nevertheless, previous research on single AC granules (18) showed a positive linear 
relation between nitrogen content (as quantification of biomass) and the outer surface 
area of granular electrodes, strongly indicating a big contribution of biofilm growth on 
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the surface. This means 3D MRI measurements in this study were able to cover, to a 
large extent, the total biofilm volume of granular bioanodes. If we consider that MRI 
can additionally show the distribution of biofilm over the electrode surface, unlike other 
(indirect) quantitative measurements of biomass, such as nitrogen or protein analyses, 
it can be considered a valuable technique to study biofilms on flat but also porous 
electrodes.  

Higher resolutions than (28 µm)3 would allow to image the biofilm distribution more 
accurately but would require longer measurement times that might damage the integrity 
of the biofilm. To achieve higher resolutions, more sensitive detection coils or 
accelerated measurement techniques (80) are recommended for the future. Another 
approach to achieve higher resolutions is to use an MRI scanner with a higher magnetic 
field strength. In fact, within this research we also imaged granular bioanodes at 22 T, 
but the paramagnetic ions present in AC granules (see Supplementary Information, S 4-
2) had a stronger effect on the MR signal at this field strength and the resulting image
artefacts made biofilm quantification infeasible (images not shown). At 14.1 T the
paramagnetic ions did not cause severe artefacts and therefore did not disturb biofilm
visualization and quantification as this effect decreases with decreasing magnetic field
strength.

High-resolution 3D-MRI measurements on electrode materials as presented in this 
study can be easily applied to other complex geometry biofilms with complex 
geometries of support structures. The limiting factor to the smallest resolvable features 
is the maximum resolution attainable at a given magnetic field strength with the desired 
measurement time. If the biofilm is not attached to an electrode support, this could be 
even easier as measurements might suffer less from susceptibility artefacts. 

As for the determination of biofilm volume, it depends on several steps that can 
introduce errors that are not exactly quantifiable. The choice of the threshold value in 
the image processing step is therefore crucial. If this value is too high, biofilm will not 
be counted, while if the threshold is too low, voxels containing bulk water will be 
attributed to biofilm. In fact, in the threshold images (Fig. 3B and Supplementary 
Information, S 4-4), several voxels in the bulk water region and the pore water of 
granules are accounted as biofilm, while in the biofilm region certain areas are instead 
not counted as such. The signal intensity encountered within AC granules could mean 
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that protons originating from either water or biofilm water were present in the internal 
pore structure of the granules. This is difficult to resolve using MRI, due to the 
resolution of the 3D-MRI images (28 µm)3 and the presence of e.g. iron ions (see 
Supplementary Information, S 4-2) that can cause MRI image artefacts inside the 
granule. Furthermore, even though we corrected for image intensity differences caused 
by inhomogeneity in the detector of the MRI-equipment (see Experimental Section), 
small differences in image intensity remain and can cause local over- or underestimation 
of the biofilm volume. Another inaccuracy results from partial volume effects (81). This 
means that, if the voxel of (28 µm)3 is partly filled with biofilm and partly filled with 
bulk water, it might not be accounted as biofilm volume. The estimation of the partial 
volume effect has not been done in this study. Additionally, to obtain a more accurate 
biofilm thickness from the 3D-MRI volume data, determining the exact interfacial area 
between the biofilm and the AC granule would also be needed. However, this requires 
more sophisticated image processing procedures. In any case, MRI image artefacts 
should always be carefully considered for biofilm visualisation purposes, as the signal 
identified as biofilm could originate from a different source (e.g. relaxation sinks at the 
surface of the AC granule). 

A next step in biofilm characterisation of granular bioanodes with MRI would be to 
perform in situ measurements (66) so that biofilm development can be followed in time 
for the same AC granules with no change in the growth conditions. To this end, the 
clamp containing the single bioanode could be inserted into the magnet in a flow-cell, 
which would allow flow of influent and effluent. In that case, efforts to reduce 
acquisition time (i.e. more sensitive detector, accelerated techniques (80)) in 3D-MRI 
measurements would be highly recommended, as it would be preferable to stop the flow 
during MRI measurements to minimise artefacts. The material of the clamp (i.e. current 
collector) would need to be carefully selected to minimise susceptibility artefacts 
originating from the setup. In the same way, when working with real wastewater, special 
attention should be paid to artefacts that might occur due to the complex composition 
of wastewater that contains e.g. more soluble metals than the lab electrolyte. In case 
granular bioanodes (with no attached current collector) are collected from up-scaled 
reactors treating wastewater as done in reference (82), developing a specific protocol 
for it could provide information about biofilm growth over time on these electrodes, 
but again not for the same AC granule as in this study.  
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Furthermore, MRI presents opportunities for biofilm research not only regarding 
structural information but also related to the study of its chemical composition. By 
combining MRI for localisation with NMR spectroscopy for chemical compound 
identification, localised detection of chemical compounds is already feasible in 20-30 
µm thick 2D-plane (53, 66). However, currently, the resolution is still too low to detect 
relevant (low) metabolite concentrations at the high spatial resolutions which would be 
required for the thin biofilm on the bioanodes of this study. By translating recent 
sensitivity enhancement methods from the field of biomedical MRI such as chemical 
exchange saturation transfer (CEST) (83), or spin hyperpolarisation techniques (84), the 
metabolite concentrations could be detected with a higher spatial resolution in the 
future.  

With the further improvements of this study as well as the other possibilities of biofilm 
characterisation that MRI offers (i.e. diffusion and detection of chemical compounds), 
this technique would not only serve to quantify and visualise biofilms in three-
dimensional electrode materials but also could provide strategies to improve the power 
output as well as to potentially elucidate on the degradation of complex organics during 
bioelectrochemical wastewater treatment processes. 

4.5 Conclusions 
Determining the distribution and morphology of electroactive biofilms, as well as 
quantifying them, is of upmost importance since biofilm growth ultimately determines 
the performance of microbial fuel cells (MFCs). In the case of activated carbon (AC) 
granules, this is of particular interest in order to better understand the interaction 
between the biofilm and such highly porous electrode material. In this study, we have 
shown that high-field (14.1 T) magnetic resonance imaging (MRI) can be used for high-
resolution ((28 µm)3) imaging of thin biofilms (~28-116 µm) growing on granular 
electrodes in a multi-anode MFC. By using 3D MRI, we could visualise the electroactive 
biofilm on single AC granule surfaces with a high contrast between biofilm and bulk 
water, and subsequently determine the biofilm volume as well as estimate its thickness 
at different growth stages (from day 3 to day 22). For AC granules, this would have not 
been possible to obtain with electrochemical, chemical or (other) microscopy 
techniques. Moreover, as it is a non-destructive technique, biofilm quantification was 
combined with another analytical technique, i.e. total nitrogen content analysis, to yield 
complementary information. Therefore, the innovation of this study relies on the 
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combination of using MRI on granular electrodes complementary with other 
quantification techniques. Additionally, high-resolution 3D MRI enabled the 
quantification of arbitrarily shaped thin biofilms growing on arbitrarily shaped 
electrodes for the first time. In the future, in situ experiments can be used to monitor 
biofilm growth and distribution on the same single AC granule in time, as well as to 
implement this technique on electrode materials within other bioelectrochemical 
systems. 

4.6 MRI of bioanodes beyond 14.1 T – A mission impossible?  
Connecting this research back to ultra-high field, suggestions for future research include 
the use of pure phase encoding techniques (85), as pure phase encoding techniques are 
less prone to image artefacts arising from susceptibility. The combination of SPI with 
acceleration techniques such as a turbo-spin-echo (turboSPI)(86) and SPRITE (87) 
compensate for the disadvantageous long acquisition times of pure phase encoding 
techniques in comparison to the more standardly used frequency/phase encoding 
techniques. Higher gradient strength or higher readout bandwidth in frequency 
encoding is also a means to reduce the image artefacts (88). Recently, a fast 3D-PEPI 
sequence with T2 weighting was published by Xiao and Balcom (89), who demonstrated 
that the sequence performed well for porous media applications at a favourable 
acquisition time.  

However, all these suggestions would have required additional method programming 
or optimisation which in this case was not needed for the research question by choosing 
the 14.1 T. While using ultra-high field and developments in detector sensitivity certainly 
offers advantages for future research, it was not obligatory to answer this particular 
research question and might not guarantee the optimal results in future. In a broader 
perspective, it might also not be strictly necessary to use an ultra-high field system with 
all its advantages of increased SNR. For the research question of the subsequent paper, 
14.1 T was sufficient, but for faster high-resolution MRI measurements, a different 
approach would be needed. While ultra-high magnetic fields are a straightforward 
means to increase SNR, other approaches such as detector optimisation, cryoprobe to 
decrease the noise contribution or hyperpolarisation to increase the difference in spin 
population can be used to increase the signal-to-noise ratio for either high resolution or 
faster acquisition times (see Chapter 7-General Discussion).   
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4.8 Supporting Information 

S 4-1 Information about each of the AC granules used in this study: harvest day, weight, 
estimated granule volume and surface area, and estimated biofilm thickness.  

Harvest 
day 

Weight 
(mg) 

Estimated 
volume (µL) 

Estimated 
surface area 
(mm2) 

Estimated 
biofilm 
thickness (µm) 

3 1.02 3.52 11.18 40.9 
4 1.39 4.79 13.75 27.8 
6 1.46 5.03 14.20 41.2 
7 1.16 4.00 12.19 85.8 

10 0.97 3.34 10.82 49.2 
11 1.75 6.03 16.03 82.6 
15 0.80 2.76 9.51 115.0 
16 1.05 3.62 11.40 90.5 
21 1.13 3.90 11.97 166.0 
22 1.16 4.00 12.19 136.9 

Density of PK granules used: 1.03 g mL-1 

Volume of a sphere:  V = 4
3

 π r3

Surface area of a sphere: A =  4 π r2 
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S 4-2 Elemental composition of AC granules (PK 1-3) with no treatment (in blue) and with 22% 
HCl acid-treatment (in red). Results were obtained with ICP-MS.  

The elemental composition of AC granules was analysed with an inductively coupled 
plasma analyser (ICP-OES, Varian Vista MPX). 0.209 g of PK granules with no 
treatment and 0.203 g of PK granules with acid treatment (22% HCl for 24h) were used 
for the analysis. Multi- and single-element standard solutions were prepared (with aqua 
regia as dissolvent) to cover a concentration range from 0.2 to 5 mg L-1. These standards 
contained the following elements: Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, 
Li, Mg, Mn, Na Ni, P, Pb, S, Sr, Tl and Zn. 

Prior to measurements, granules were mixed with 4 mL HNO3, 1mL HClO4, 1 mL 
H2O2 and 1 mL H2O in a vessel with vent-and-reseal technology, and digested in a 
microwave (ETHOS 1, Milestone S.r.l.). The overall digestion program took 1 hour 
with a maximum temperature of 220 °C. After samples were cooled down, the resulting 
liquid was diluted in a 100 mL volumetric flask with milli-Q water. Results were 
normalised to the initial weight of the samples.  
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S 4-3 T2 measurements of an AC granule with biofilm that was collected after a growth period 
of 15 days. A) 2D spin echo MRI images at echo times t = 2.9, 11.8, 20.6, 29.5, 38.3 ms are 
shown. B) Signal intensity values of all recorded echo images of one biofilm pixel (red) and bulk 
water pixel (blue) (positions indicated in (A)) are plotted against the echo time. C) Amplitude 
map and T2 map from the mono-exponential fit of the image intensities in (A) are depicted. The 
images in C) were resampled with the bilinear interpolation method.  

T2 map – Methods 

A 2D spin-echo MSME sequence (Echo time (TE) = 2.9 ms, number of echoes 64, 
Repetition time TR = 12500 ms), 24 averages, receiver bandwidth 100 kHz, Field-of-
View 3 x 3 mm2, matrix size 64 x 64, slice thickness 0.2 mm) was used. The raw data 
were phase-corrected and Fourier-transformed. The signal intensity within a pixel as a 
function of actual echo time (t = n*TE) was fitted mono-exponentially using home-
built software in IDL Version 6.4 (ITT, Visual Information Solutions, Boulder, CO, 
USA) to obtain quantitative T2 maps according to the function:  

𝐼𝐼(𝑡𝑡) =  𝐼𝐼0 𝑒𝑒
− 𝑡𝑡𝑇𝑇2 (1)
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where I(t) is the image intensity as function of echo time t = n* TE, the proton density 
I0, and the T2-relaxation time.  

T2 map – Results 

The spin-echo images at different echo times show that biofilm and bulk water can be 
distinguished based on T2 contrast (Figure S 4-3A). However, the contrast between 
biofilm water and AC granule is lower than in the T1-weighted images. Therefore, the 
distinction between these two regions is easier based on T1 contrast than on T2 contrast. 
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S 4-4: This table shows one cross-section of the MRI-data (left), the corresponding image after 
the threshold procedure has been applied (middle) and the 3D-volume reconstruction (right). 
The scale bars shown in the picture of day 3 can be used for the rest of figures as well, which 
have the exact same dimensions. 

Biofilm 
growth 
period  
[d] 

MRI data Theshold image 3D- reconstruction 

3 

See Video “Day_3.avi” 
4 

See Video “Day_4.avi” 
6 

4 
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See Video “Day_6.avi” 
7 

See Video “Day_7.avi” 
10 

See Video “Day_10.avi” 
11 

See Video “Day_11.avi” 
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15 

See Video “Day_15.avi” 
16 

See Video “Day_16.avi” 
22 

See Video “Day_22.avi” 

4 
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23 

See Video “Day_23.avi” 
Abiotic 

See Video “Abiotic.avi” 
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S 4-5 Nitrogen content of granular bioanodes that were i) previously used for MRI images (in 
grey); and ii) fresh, directly taken from the MFC reactor (in black). The correlation of the 
nitrogen content and the total produced electric charge was linear in both cases, meaning that 
no damage was caused to the biofilm during MRI measurements.     

4 
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S 4-6 Two cross-section images of AC granules taken with SEM. On the left (A-I and B-I), the 
granule inner surface can be seen (100x), and cavities that were further checked for bacterial 
growth are marked with arrows, at a distance of approximately 300 to 400 µm from the granule 
surface. On the right (A-II and B-II), a closer view of the cavities can be seen (2000x and 5000x), 
where bacterial growth is visible.   

In order to take SEM images of the granules, theses were individually collected from 
the reactor and fixated with 2.5% glutaraldehyde for 2 h at room temperature. 
Afterwards, they were rinsed 3 times with a phosphate buffer solution (30.5 mM 
Na2HPO4 and 19.5 mM KH2PO4) and dehydrated with a sequence of ethanol solutions 
(30%, 50%, 70%, 90% and 100%) for 30 min each. Finally, granules were dried at 105 
°C for 1 h.  

Prior to imaging, granules were embedded in optimal cutting temperature (OCT) 
compound to do the frozen sectioning on a microtome-cryostat. Usually, this process 
is done to create very thin slides of a sample. However, AC granules were too brittle 
and the slides broke. Therefore, several cuts were done until the middle of the granule 
(~0.7 mm) was approximately reached. The remaining sample was then left at room 
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temperature until the OCT melted, washed with PBS and dried for 1h. For the imaging, 
single granules were placed in a specimen holder of the scanning electron microscope 
(SEM) JEOL JSM-6480 LV (JEOL Technics Ltd., Tokyo, Japan). With a magnification 
of 100x, SEM was operated at an acceleration voltage of 6 kV and an electron beam 
diameter of 20-30%. Images were analyzed with the software JEOL SEM Control User 
Interface version 7.07.  

4 
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Abstract  
Interactions between plants and the soil’s microbial & fungal flora are crucial for the 
health of soil ecosystems and food production. Microbe-plant interactions are 
challenging to investigate in situ due to their intertwined relationship involving 
morphology and metabolism. Here, we describe an approach to overcome this challenge 
by elucidating morphology and the metabolic profile of Medicago truncatula root nodules 
using Magnetic Resonance (MR) Microscopy, at the highest magnetic field strength 
(22.3 T) currently available for imaging. A home-built solenoid RF coil with an inner 
diameter of 1.5 mm was used to study individual root nodules. A 3D imaging sequence 
with an isotropic resolution of (7 μm)3 was able to resolve individual cells and 
distinguish between cells infected with rhizobia and uninfected cells. Furthermore, we 
studied the metabolic profile of cells in different sections of the root nodule using 
localised MR spectroscopy and showed that several metabolites, including betaine, 
asparagine/aspartate and choline, have different concentrations across nodule zones. 
The metabolite spatial distribution was visualised using chemical shift imaging. Finally, 
we describe the technical challenges and outlook towards future in vivo MR microscopy 
of nodules and the plant root system. 

  



Magnetic Resonance Microscopy at Cellular Resolution and Localised Spectroscopy 
of Medicago truncatula at 22.3 Tesla 

139 

5.1 Introduction 

Interactions between plants and microbes are considered to be essential for the health 
of the soil ecosystem as a whole (1). Understanding the metabolic interactions between 
plants and microbes, both commensal and parasitic, could help address many of the 
challenges we face today, related to agriculture and food security. One such interaction 
is the microbiome-mediated uptake of nitrogen by plants. Availability of biologically-
active forms of nitrogen in the soil is an essential factor determining crop yield. Current 
agricultural practice, therefore, relies strongly on nitrogen fertiliser to supplement soil 
nitrogen to ensure high crop yield (2). The Haber-Bosch nitrogen fixation process, used 
to produce the ammonia needed for these fertilisers, currently consumes 1% of the 
world energy sources; making it the most energy-consuming process in the chemical 
industry (3). In contrast, alternative processes (e.g. symbiotic nitrogen fixation, SNF) 
achieve the same result of fixing nitrogen without the need for high pressure and 
temperature required by the Haber-Bosch process. 

More precisely, plants have solved the problem of biological nitrogen fixation through 
commensal processes, involving bacterial infection of plant roots (4). Mutualistic 
infections are omnipresent in nature, with a wide range of nitrogen-fixing bacteria – 
such as those that are collectively named rhizobium – invading not just plants but also 
the phycosphere of green algae (5). The mutualistic symbiosis involves almost all parts 
of the plant cell machinery, including plastids and mitochondria. Of particular interest 
are the interactions between rhizobial bacteria and leguminous plants, which form 
dedicated organs - root nodules - to accommodate the bacteria. Medicago. truncatula 
infected with Sinorhizobium meliloti (S. meliloti) has long since been used as a model plant 
system to study plant-rhizobia interactions (6). The root nodules facilitate intracellular 
hosting and nutrient exchange (7). The result is the efficient formation of fixed nitrogen 
(NH4+), which provides considerable growth advantages to leguminous plants(8). 
Recently, a detailed fate map of root nodule formation at a genetic level has been 
developed(9). It has also been proposed that rhizobial metabolic activity may confer 
resistance to drought and salt stress (10–12). More detailed understanding of key 
metabolites in plant-nodule metabolism and importantly, their localisation within root 
nodule tissues could, therefore, shed light on the mechanism by which Symbiotic 
Nitrogen Fixation (SNF) confers advantages to host plants. 
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Tracking metabolite exchange non-invasively within intact nodule systems is difficult 
with most imaging modalities since they require a form of sample fixation, for example 
in the case of Matrix-Assisted Laser Desorption/Ionisation Mass Spectrometry 
(MALDI-MS) imaging (13). The current knowledge of the metabolic profile in the root 
nodules is based on analysis with destructive extraction procedures. For example, Gas 
Chromatography and Liquid Chromatography in combination with Mass Spectrometry 
(GC/LC-MS) has provided rich metabolic information but required destructive 
extraction procedures (14). These in vitro methods may not faithfully reflect the native 
structural and molecular information. Examining and mapping the levels of metabolites 
directly in the intact root nodule would be important to understand the functional 
framework of metabolism in the native state. Magnetic resonance techniques may offer 
advantages in terms of spatially resolved spectroscopic information on a single nodule, 
which is difficult to access with alternative techniques. Magnetic resonance imaging 
(MRI) has been previously used to visualise belowground root structures (15–17). 

Advances in magnetic resonance technology have resulted in a steady increase in 
sensitivity, making Magnetic Resonance Microscopy (MRM) a research area where 
resolution below 100 μm can be achieved (18). A combination of advances in gradients 
strengths, magnetic field strengths and radiofrequency (RF) coil design, have made it 
possible to attain ever higher resolutions (19). Specifically, microcoils have played an 
essential role in increasing sensitivity by optimally matching the RF coil to a sample of 
interest (20–22). The highest possible resolution on phantoms has steadily increased 
over the years, and thus far maximum nominal resolutions of around 3 μm has been 
attained on phantoms (23–26). Biological applications have been diverse, including 
imaging of neuronal tissue, where cellular resolution were obtained on individual 
neurons (27–31). Moreover, highly resolved Nuclear Magnetic Resonance spectroscopy 
has also been demonstrated using the same type of hardware (32).  

In this work, we applied state-of-the-art magnetic resonance microscopy (MRM) in 
conjunction with localised spectroscopy at ultra-high magnetic field (22.3 T), using a 
home-built solenoid RF coil in order to image root nodules of Medicago truncatula. We 
obtained not only cellular level structural information but also mapped some of the 
metabolic information in localised zones and how they vary across different tissues. 
Lastly, we describe some of the technical challenges that were encountered and an 
outlook towards future in vivo imaging of nodules and plant root systems.  
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5.2 Experimental Methods 
Growing Conditions Medicago truncatula 
Medicago truncatula accession R108 was grown in perlite saturated with Färhaeus medium 
without nitrate in a growth chamber at a temperature of 21 °C and 16/8-h light/dark 
cycle (33). Plants were inoculated with Sinorhizobium meliloti Rm41 (OD600=0.1, 2 mL 
per plant) (34). Root nodules were collected for analysis 21 days after inoculation. Perlite 
was used as a soil replacement to facilitate the extraction of intact root systems. 

Sample Preparation 
For MRI measurements, a single M. truncatula plant was carefully extracted from the 
perlite substrate. Healthy nodules that exhibited a light-pinkish colour were selected and 
used for MRI imaging. For in situ MRI and MRS measurements, a nodule was excised 
and was directly used for measurements without fixation. For ex vivo MRI and optical 
microscopy, root nodules were fixed with paraformaldehyde (4% w/v) and 
glutaraldehyde (5% v/v) in 50 mM phosphate buffer (pH 7.2) at 4 °C overnight, 
followed by vacuum treatment for 30 minutes. Samples were then stored at a 
temperature of 4 °C until use.  

Using an SZ40 stereomicroscope (Olympus, Tokyo, Japan), individual nodules were 
selected that could fit within capillaries with an inner diameter of (1050 ± 50) µm 
(Hilgenberg GmbH, Malsfeld, Germany). To avoid artifacts during MRI acquisition 
from air bubbles both within and outside the sample, a Perfluorochemical solution 
(Perfluorodecalin, PFD) was used to submerge the sample. The use of a 
Perfluorochemical solution not only prevents sample dehydration but also minimises 
susceptibility artefacts. PFD was chosen because it has several advantageous properties, 
making it suitable as an infiltration agent. Importantly, it is a non-toxic compound, 
capable of dissolving both CO2 and O2(35). Furthermore, PFD exhibits a low surface 
tension (1.9 × 10-2 N m-1), below the limit for stomatal penetration (2.5-3.5 × 10-2 N m-

1) in Arabidopsis thaliana leaves(35, 36), making it useful for reducing air bubbles within
the sample without entering the cells. Care was taken to minimise the required amount
of PFD as it is known to function as a potent greenhouse gas(37).

During insertion of the nodule in the centre position of the capillary, both nodule and 
capillary were kept submerged in PFD. Capillary wax (Hampton Research, California, 
USA) was then applied to both ends of the open capillary with a MaxWax Pen 
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(Hampton Research, California, USA). Considerable effort was spent on minimising the 
inclusion of air bubbles within the capillary. 

For solution NMR measurements, metabolites were extracted from root and root 
nodules as described in detail by Kim et al. (2010) (38). Key steps included manual 
excision of root and root nodule tissue and consequent crushing with mortar and pestle 
in the presence of liquid nitrogen. Samples were then freeze-dried and lastly extracted 
with an extraction buffer consisting of 50% (v/v) deuterated methanol and 50% D2O 
phosphate buffer (pH 6) (38). 

MRI Measurements 
A custom solenoid microcoil was built in order to achieve the necessary sensitivity 
required for high-resolution imaging. For the microcoil assembly, a glass-fibre circuit 
board was used as a base to hold all the necessary components in place. The 
radiofrequency (RF) coil consisted of coated 28 AWG (Ø 0.4 mm) copper wire, wound 
into a solenoid with six windings around a glass capillary with an outer diameter of (1500 
± 50) µm. A fixed 1.5 picoFarad (pF) capacitor was placed in series with the RF coil. 
To complete the resonance circuit, a single 1.5-6 pF variable capacitor was placed 
parallel to the RF coil and 1.5 pF capacitor, which allowed for fine-tuning the resonant 
frequency to 950 MHz. The circuit board was then attached to a Micro5 probe (Bruker 
Biospin, Ettlingen, Germany) compatible circuit holder.  

MRI measurements were performed on a Bruker 22.3 T (950 MHz) spectrometer 
(Bruker Biospin, Ettlingen, Germany), at the uNMR-nl national facility (Utrecht, The 
Netherlands). The magnet had a vertical bore of 54 mm in diameter and was connected 
to an Avance III HD console. A Bruker Micro5 probe with exchangeable RF inserts 
allowed operation of the 1500 µm custom-built solenoid resonator. The Micro5 probe 
contained a built-in 48 mT/m/A (2.88 T/m at 60 A) triple axial gradient system coupled 
to GREAT 60 A amplifiers and cooled with a BCU 20 water cooler. Control of 
spectrometer operations was performed with Paravision 6.0.1 and Topspin 3.1PV 
running on a CentOS workstation. Sample temperature was maintained at (298 ± 1) K 
using a BCU II cooler.  
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High-resolution 3D Fast Low Angle Shot (FLASH) images on ex vivo and in situ root 
nodules were acquired with the following parameters: matrix size (MX) 256 × 192 × 
192; read direction along the largest matrix direction; the field-of-view (FOV) was (1.8 
× 1.4 × 1.4) mm3. Resolution (7 × 7 × 7) µm3 isotropic, number of averages (NA) 28, 
acquisition time (tacq) 34 h 24 m, repetition time (TR) 120 ms, flip angle (FA) 30° and 
echo time (TE) 2.9 ms. Receiver bandwidth (rBW) was set to 100 kHz. To allow for co-
registration with coupes from optical microscopy, the JIVE tool was utilised to generate 
oblique slices.  

Localised Spectroscopy 
Point Resolved Spectroscopy (PRESS) was used for localised magnetic resonance 
spectroscopy (MRS) on root nodules (39, 40). PRESS employs 90°-180°-180° 
orthogonal pulses with concurrent slice selective gradients. The PRESS sequence was 
preceded by a VAPOR (Variable Pulse Power and Optimized Relaxation Delays) 
sequence for global water suppression, which consists of seven variable power RF 
pulses with an optimised relaxation delay (41). Prior to MRS, a reference FLASH image 
was acquired with the following parameters: TE = 3.3 ms, TR = 80 ms, MX = 192 x 
128, FOV = 1.8 x 1.2 mm and rBW= 50 kHz. In-plane resolution = 9 x 9 µm, slice 
thickness (ST)= 52 µm,  NA = 256 and tacq = 43 min. Appropriate volumes of interest 
(voxel) for PRESS were selected from the reference FLASH image. Correct positioning 
of the voxel was also verified after all spectroscopic measurements, by high-resolution 
2D FLASH using the following parameters: TE = 4.6 ms, TR = 280 ms, MX = 288 x 
192, FOV= 1.8 x 1.2 mm and rBW = 50 kHz. In-plane resolution was 6.2 x 6.2 µm and 
ST was 52 µm. A total of NA = 768 were acquired for an tacq of 11 h 28 min. 

Five individual MRS voxel (200 × 350 × 350 µm3) were localised covering various zones 
in the nodule. The local field homogeneity was optimised over the voxel by MAPSHIM. 
The field homogeneity was further improved by manual shimming of up to second 
order shims (Z-Z2-Z-X-Y-Z-Z2-Z-XY-XZ-YZ-Z). The time needed for shimming 
varied between 5-10 min. The field homogeneity resulted in a water line width of 10 
Hz. For PRESS measurement, TR was set to 1000 ms, TE was 7.2 ms, and NA 2048 
were acquired for a total tacq of 34 min 8s. Spectra were manually phased and 
automatically baseline corrected with a 3rd or 6th order Bernstein-polynomial fit. 
Chemical shift alignment was adjusted to the largest peak (3.3 ppm). 
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Chemical Shift Imaging 
Chemical Shift Imaging (CSI) was used to acquire a multi-voxel spatial map of metabolic 
distribution. A large volume of interest was selected using a PRESS approach, consisting 
of three mutually orthogonal slice selective pulses. Then phase encoding occurred in 
two directions by applying incremental pulse gradients in each direction, resulting in a 
matrix of spectroscopic spin echoes.  

The following basic parameters were used: TR = 760 ms; TE = 3 ms;  MX= 24 x 16; 
FOV = 1.8 x 1.2 mm2; ST = 400 µm; resolution = 150 × 150 × 400 µm3;  NA = 1024. 
Spectra were acquired with 2048 points; dwell time 26.4 µs; spectral width 19.93 ppm 
(18,939 Hz). Magnetic field homogeneity in the selected volume was optimised by 
shimming the water resonance. A VAPOR suppression scheme was applied for efficient 
water signal saturation before CSI acquisition. 

Reference FLASH images were acquired with the following parameters: matrix size was 
96 × 64; Read direction along the largest matrix direction; FOV was 1.8×1.2 mm2. ST 
was 0.1 mm; resolution (19 × 19 × 100) µm3 isotropic. Number of slices 4; NA 128; tacq 
28m 40s. TR was 210 ms; FA 30° and TE 3.26ms. The rBW was set to 50 kHz.  

For the processing of the CSI data, the integration of selected signal of specific 
metabolite areas in magnitude mode was overlaid on reference FLASH images using 
the Bruker CSI Visualisation Tool. 

NMR Spectroscopy Measurements 
NMR measurements were performed on a Bruker 20.0 T (850 MHz) spectrometer with 
a vertical bore 54 mm in diameter connected to an Avance III HD console. A triple-
tuned broadband cryoprobe was used. Topspin 3.2 was used to control the 
spectrometer and for processing of the acquired data. The sample temperature was 
maintained at 298K.  

1H NMR spectra were collected using a zgpr30 sequence with pre-saturation to suppress 
water efficiently. Data was acquired into 65k points; dwell time 29.3 µs, spectral width 
20 ppm or 17,045 Hz; NA, 512; dummy scans 4; pre-scan delay 10 µs. 2D homonuclear 
1H-1H experiments were performed using chemical shift correlated spectroscopic 
sequence (COSY). The following parameters were used: 3400 points in the direct 
dimension, 400 points in the indirect dimension in Digital Quadrature Mode. Both 
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dimensions zero-filled to 4096 points. NA, 96; dummy scans, 16; Spectral width 12.0 
ppm, 10,000 Hz; Temperature 298K. 

Assignments were cross-checked against metabolite databases and fitting was 
performed using Chenomx deconvolution software (Chenomx, Edmonton, Canada) 
(42, 43). 1D reference spectra were acquired with parameters as follows: data was 
acquired into 65k points; dwell time 41.6 µs, spectral width 20 ppm or 12,019 Hz; NA, 
64; dummy scans 4; pre-scan delay 10 µs. COSY reference spectra were acquired with 
the following parameters: 4096 points in the direct dimension, 256 points in the indirect 
dimension in Digital Quadrature Mode. Indirect dimension zero-filled to 4096 points. 
NA, 4; dummy scans, 16; Spectral width 12.3 ppm, 7200 Hz; Temperature 298 K.  

All experimental data were acquired and processed using ParaVision 6.0.1 (Bruker 
Biospin, Ettlingen, Germany) and Topspin 3.1 running on Linux. The default bi-cubic 
interpolation was applied to enhance the details of the image prior to exporting images. 
Figures were prepared in Adobe Photoshop CC 2019 and Adobe Illustrator CC 2019 
(Adobe Systems Incorporated, Mountain View, California, USA). Stacked spectra were 
produced in MestReNova (MestreLab Research S.L., Santiago de Compostela, Spain). 

Light Microscopy 
After MR imaging, the sample material was dehydrated in an ethanol series and 
subsequently embedded in Technovit 7100 resin (Heraeus Kulzer, Hanau, Germany) 
according to the manufacturer’s protocol. Sections (5 µm) were made by using a 
microtome (Reichert-Jung, Leica Microsystems, Netherlands), stained with 0.05% 
Toluidine blue O for 1 min and additionally with Lugol’s iodine solution for a few 
seconds (if applicable). Sections were analysed by using a DM5500B microscope 
equipped with a DFC425C camera (Leica Microsystems, Wetzlar, Germany).  
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5.3 Results 
Root Nodule Morphology Resolved by MR microscopy in Cellular Detail 
A representative M. truncatula specimen with a single root nodule shown in Figure 5-1a 
was imaged using a custom home-built 1.5 mm diameter solenoid coil as depicted in 
Figure 5-1b.   

Figure 5-1: Photograph of M. truncatula root system and custom-designed home-built 
microcoil. a.) Photograph of a representative M. truncatula plant (five weeks old, three weeks 
post-inoculation). Typical root nodule indicated with a red square. Some white perlite beads are 
still visible along the root system. b.) Photograph of a home-built solenoid coil insert mounted 
on a Bruker insert holder. The solenoid inner diameter is 1.5 mm; further details are described 
in the materials and methods. 
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Figure 5-2: High-resolution MR imaging and optical microscopy of root nodules. a.) FLASH 
image of fixed root nodule at 7×7×7 µm3 resolution with a tacq of 34 h 24 m. Individual cells 
containing bacteroids (ba) can be discerned by the dark rings inside the cells, where S. meliloti 
cells accumulate. The nodule exhibits a double meristem (m) on opposed directions with cells 
becoming smaller towards the meristem until individual cells can no longer be resolved. Air 
pockets appear as hypo-intense regions marked with an arrowhead. b.) Optical transmission 
microscopy of nodule section (thickness 5 µm) stained with Toluidine blue. c.) FLASH image of 
in situ root nodule at 7×7×7 µm3 resolution with a tacq of 34 h 24 m. Though lower in signal-to-
noise, both uninfected cells (black arrow) and infected cells (ba) can be discerned. Abbreviations: 
rc, root cortex; xy, xylem; ph, phloem; nc, nodule cortex; vb, vascular bundle; fx, fixation zone; 
if, infection zone; ba, bacteroid containing cells; m, meristem. Scale bars 200 µm. 
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Individual cells of a root nodule with two lobes and meristems (m) could be 
distinguished on the MRI scans. A high-resolution 3D Fast Low Angle SHot (FLASH) 
image of the root nodule, fixed with formaldehyde and submerged in perfluorodecalin 
(PFD), is shown in Figure 5-2a. All image slices through the entire root nodule are 
shown in the supplementary material (Supplementary Video 1- Available on-line). Root 
nodule morphology in M. truncatula nodules are of the indeterminate type, i.e., four 
distinct regions (zones) occur, from the apex of the root nodule to the root attachment 
point (4). Nodule tissue - from outward to inward - starting with the nodule cortex (nc), 
delineated as a high-intensity ring on the surface of the nodule, contrasted with the 
darker region of the meristem (m). Cells in the meristem, responsible for the growth of 
the nodule, were significantly smaller than mature bacteroid containing cells. In the next 
region, the rhizobial infection zone (if), young cells infected by rhizobia bacteria could 
be seen as a region of alternating high- and low-intensity patches. Not all cells in the 
rhizobial infection zone were infected, which was apparent due to the presence of 
variation in image intensities, i.e., non-infected plant cells had a higher image intensity 
as compared to cells infected with the bacterium. Lastly, in the active nitrogen fixation 
zone (fx), large cells (40 to 50 µm) could be distinguished by their grey rings, caused by 
the presence of bacteroids surrounding the vacuole (44). The fixation zone is where 
rhizobia make nitrogenase, the enzyme required for nitrogen fixation. In the same area, 
uninfected interstitial cells were visible, which did not exhibit the rings. These interstitial 
cells perform an important role in the regulation of nitrogen fixation activity (45). Lastly, 
connective tissues (vascular bundles) could be seen extending from the root towards 
the periphery of the nodules, providing a route for nutrient exchange with the rest of 
the plant.  

Figure 5-2b shows a light microscopy image of a histological slice stained with Toluidine 
blue, from the same root nodule at approximately the same plane as the MR image (co-
registration). Toluidine blue stained the nuclei and lignin of the cell wall (46). Common 
features in Figure 5-2a and b are seen, including the bacteroid ring as observed on the 
MR image, occurring in the staining of cells in the nitrogen fixation zone. Especially 
visible were the vascular bundles extending from the central root, which due to their 
smaller cells appeared more densely stained in the optical microscopy image. In 
addition, air pockets could also be imaged as they appeared as hypo-intense regions in 
the FLASH image (Figure 5-2a, arrowhead). Air pockets also introduced differences in 
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magnetic susceptibility within the sample, which influenced image quality. Air pockets 
of different sizes could be seen within the fixation zone using multiple gradient echo 
(MGE) imaging with echoes acquired at increasing echo times (S 5-1). Because of the 
abundance of air pockets in the apical zone, the susceptibility-induced hypointense 
regions also increased in size in the apical direction. 

To evaluate the possibilities of high-resolution MR imaging of root nodule without any 
fixation or treatment, measurements were performed on freshly excised nodules (Figure 
5-2c). While the image contrast and signal-to-noise ratio (SNR) was noticeably reduced,
individual cells in the nitrogen fixation zone could still be distinguished. The uninfected
cells appeared bright while infected cells appeared dark in the active infection zone.
Cells in the meristem appear slightly brighter in freshly excised nodule (in situ) than in
the fixed nodule, possibly due to the native contrast in freshly excised nodule, while in
fixed nodule the contrast was possibly affected by formaldehyde fixation (47, 48).

Localised Spectroscopy Revealed the Spatial Distribution of Nodule 
Metabolites  
Since the root nodule is an active plant organ whose primary function is to fix nitrogen 
and to facilitate nutrient exchange, SNF-linked metabolite distribution over the various 
nodule zones is of interest. According to earlier literature, a nodule may be divided into 
four zones, based on SNF activity: (I) meristem zone, (II) infection zone, (III) nitrogen 
fixation zone, and (IV) senescence zone, the latter observed mostly in older nodules. In 
the infection zone, bacteroids accumulate and mature, while in the fixation zone active 
SNF takes place (49). Localised Magnetic Resonance Spectroscopy (MRS) was utilised 
to distinguish metabolites in a freshly excised and PFD submerged root nodule, based 
on their frequency differences (chemical shift) and location. Localised MR spectra were 
recorded from five different regions of interest (ROI), localised in the four different 
zones in an intact freshly excised root nodule, in situ (Figure 5-3a). The presence of 
bacteroids was verified with optical microscopy after the MRI measurements (Figure 5-
3c). The first ROI was placed on the meristem (ROI 1) in Figure 5-3b, where little MR 
signal was recorded, possibly due to the small volumes of individual cells which may 
cause T2-shortening, reducing the SNR. The second voxel (ROI 2) was placed in the 
infection/early fixation zone. The third (ROI 3) and fourth voxels (ROI 4) were placed 
in the largest zone: the active nitrogen fixation zone. The last voxel (ROI 5) was placed 
in the basal region of the root nodule.   

5 



Chapter 5 

150 

Figure 5-3: Localised spectroscopy in in-situ root nodule reveals sugar differences in pre- and 
post-granule onset regions. (a) FLASH reference with PRESS Region of Interest (ROI), 
numbered one through five. Roman numerals indicate nodule zones: Meristem (I), Infection 
zone (II), Nitrogen fixation zone (III). Grey dotted boxes show ROI shift of Betaine due to 
Chemical Shift Displacement Error (CDSE). Pulse excitation was centred around 4.0 ppm. (b) 
Co-registration of Optical Microscopy confirms the presence of bacteroids in the active nitrogen 
fixation region. Toluidine blue staining 10x magnification. (c) PRESS spectra captured from 
Regions of Interest (ROI) shown in Figure 5-3a, for Nodule Meristem (1.), (early) Nitrogen 
fixation zone (2.), Nitrogen fixation zone (3. & 4.), Basal region (5.). PRESS voxel sizes were 
200x350x350 µm3. Spectra were aligned to the betaine peak at 3.3 ppm. Water peak region at 4.7 
ppm has been omitted for ease of viewing. Intensities of the spectra have not been normalised, 
reflecting the strength of the signal recorded. This means that for the meristem little information 
can be discerned. Line broadening 10 Hz. Abbreviations: nc, nodule cortex; vb, vascular bundle; 
m, meristem; ra, root attachment area. Scale bars 200 µm.  
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The spectra obtained from ROIs 2-5 showed the presence of several metabolites 
including various amino acids, sugars, choline and betaine. Betaine was present in a high 
amount in all four ROIs (Figure 5-3b). The signal from sucrose and 
asparagine/aspartate was also clearly detected. Assignment of various metabolites was 
confirmed with solution-state NMR performed on an extract obtained from the root 
nodules, using two-dimensional 1H-1H correlation spectroscopy (2D-COSY) (see S 5-
2). It should be noted that, due to the chemical shift displacement error, which increases 
with magnetic field strength, the regions of interest chosen for the localised spectra were 
shifted slightly for each metabolite, as the spatial selection relied on the frequency of 
the metabolite relative to the chosen centre frequency of 4.0 ppm (50). This shift meant 
that the indicated regions of interest in Figure 5-3a were correct for signals at δ = 4 
ppm, while for example the strongest signal (at δ = 3.3 ppm) originated from an ROI 
which was shifted by 35 µm along x, 97 µm along y and 97 µm along z (see the dotted 
region of interest in Figure 5-3a). 

The most intense peak observed in all spectra was attributed to a resonance of glycine 
betaine (δ = 3.3 ppm) (Figure 5-3b). A complementary spectroscopic imaging method, 
Chemical shift imaging (CSI) confirmed the presence of betaine throughout the nodule 
(S 5-3). Betaine serves as an important osmoprotectant produced by S. meliloti (51). 
Furthermore choline – a precursor to glycine betaine in both plants and bacteria, was 
visible in ROI 3 as a shoulder on the low-frequency side of the betaine peak, and was 
even more pronounced in ROIs 4 and 5 (52). In uninfected root tissue, choline, but not 
glycine betaine was detected as seen in solution NMR measurements (S 5-4).  

In root nodule, another strong peak from asparagine and aspartate was seen primarily 
in ROIs 2-5 (Figure 5-3b). Notably, glutamine - though present in ROI 4 - appeared 
much lower in concentration in all ROIs than asparagine, suggesting a smaller pool or 
higher turnover rate in the nitrogen assimilation process.  

Intermediates from the tricarboxylic acid cycle such as acetate (δ = 1.9 ppm), pyruvate 
(δ = 2.3 ppm) and succinic acid (δ = 2.4 ppm) were also seen in the nitrogen fixation 
zone (region 3 & 4). Lactate (δ = 1.3 ppm) was visible only in the active nitrogen fixation 
zone (region 3 & 4). Alanine (δ = 1.5 ppm) has been suggested by metabolic network 
modelling to be the primary metabolite for the uptake of assimilated nitrogen by plants 
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(53). However, our results indicated that the pool of alanine was small compared to 
asparagine.   

Sucrose, the most important resource for growth and root nodule activity, was present 
in all regions with a concentration gradient towards the basal area, starting with the early 
fixation zone (Figure 5-3b, ROI 2). Several peaks were assigned to sucrose (e.g., δ = 5.3 
ppm), with some overlap with choline (δ = 3.5 ppm) and fructose (δ = 3.8 ppm). In the 
basal region (region 5), the sucrose peak at δ = 5.3 ppm was hard to distinguish, possibly 
due to baseline distortions. Overall, the metabolic pattern exhibited in regions 3-4 
appeared to be maintained in the basal region (region 5), though attenuated and with a 
broader linewidth, possibly reflecting a more disorganised structure of the tissue. At the 
same time active SNF still appeared to take place, indicating this region is not (yet) the 
senescent zone IV in which the activity would be reduced.  

Optical Microscopic Detection of Starch Correlates with MR Based Sucrose 
Profile 
Starch is a carbohydrate storage polymer that is unique to plants. Indeterminate root 
nodules are known to form amyloplasts in certain cells, detectable by optical 
microscopy, especially in the youngest cells of the nitrogen-fixation zone of an actively 
growing nodule (54). Accumulation of amyloplasts has also been found in cells located 
behind the division zone in shoot meristems (55). Zeeman et al. speculated that this 
might be caused by ‘a temporary imbalance between carbon import and utilisation as 
cells move from division to expansion and differentiation’ (56). If correct, this marker 
for high metabolic activity should be reflected in changes to the metabolic profile of 
bacteroid containing cells. Therefore, we aimed to detect pre- and post-starch granule 
formation zones in an intact root nodule, and correlate them with sugar metabolites as 
measured by localised spectroscopy.   

Lugol’s solution was used to stain amyloplasts (Figure 5-4a) on an optical section 
immediately adjacent to that of Figure 5-3b, to relate the distribution of sucrose and 
other metabolites to starch. Starch distribution was seen as dark spots, concentrated in 
a band located in the first layer of the nitrogen fixation zone as well as in smaller 
amyloplasts throughout the fixation zone (Figure 5-4b and d). In the nitrogen fixation 
zone, amyloplasts were small and dispersed over infected cells (black arrowhead) as well 
as uninfected interstitial cells (white arrowhead)(Figure 5-4d). In contrast, the cells 
present in the first layer on the border of the infection zone (II) and fixation zone (III) 



Magnetic Resonance Microscopy at Cellular Resolution and Localised Spectroscopy 
of Medicago truncatula at 22.3 Tesla 

153 

exhibited a different distribution of starch (Figure 5-4b). At higher magnification, large 
amyloplasts were visible at the periphery of the infected cells, which were almost 
completely filled with bacteroids (Figure 5-4c). Thus, sucrose and starch appear to co-
localise with SNF activity. Taken together, starch distribution patterns could provide a 
possible biomarker for changes in cellular metabolism during nodule development.

Figure 5-4:Optical microscopy of root nodules reveals multiple starch distribution patterns. 
Coupes were stained with both Lugol’s solution and Toluidine blue. a.) A section immediately 
adjacent to that of Figure 5-3a reveals starch distribution throughout the nodule. 10x 
magnification, scale bar 200 µm. A black dotted rectangle indicates the zone shown in (b) on an 
alternate section. A white rectangle indicates an enlargement seen in (d). 10x magnification, 
zoomed; scale bar 50 µm. b.) At the first layer of cells in zone III, starch is present as a band (s). 
A white rectangle indicates the area shown in (c). Alternate section, 20x Magnification, scale bar 
100 µm. c.) Starch granules (s) are located near the periphery of infected cells. The vacuole (v) 
reappears in the fixation zone after disorganisation in the infection zone. (b). 40x Magnification, 
scale bar 20 µm. d.) A fine distribution of starch granules can be seen in Zone III contained in 
nitrogen fixating cells (black arrowhead) and uninfected cells (white arrowhead). Abbreviations: 
ra, root attachment site; nc, nodule cortex; vb, vascular bundles; m, meristem; s, starch granules; 
v, vacuole; ba, bacteroids. 
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5.4 Discussion 

This paper showed the feasibility of attaining cellular resolution (7x7x7) µm3 in M. 
truncatula root nodules over a relatively large volume (1.8×1.4×1.4 mm3), opening up 
new applications for MR microscopy in plant studies (Figure 5-2). Individual cells, 
especially young and mature bacteroids containing cells, were resolved with high 
contrast in fixed root nodule, exhibiting a unique ‘grey ring’ pattern where S. meliloti cells 
accumulated near the cell walls around a central vacuole. Smaller cells, such as those 
present in the meristem, could not be resolved individually. A low signal to noise in 
meristem may be attributed to the shortening of T1 and T2 relaxation times as a result 
of formaldehyde-based fixation. Formaldehyde is known to alter the relaxation 
properties of tissues by cross-linking proteins, which may lead to a gel-like cytoplasm. 
This alters the rates of chemical exchange between water protons and proteins, thus 
leading to a reduced T1 and T2 (47, 48, 57). However, vacuoles are less affected by this, 
potentially contributing to the strong contrast between bacteroids and vacuoles. 
Looking towards in situ imaging in Figure 5-2c, although nodules suffered from lower 
image contrast and SNR, the meristem appears brighter as compared to fixed nodule 
(Figure 5-2a). These results also support the notion that lower signal in meristem in 
fixed nodule could be due to shortening of relaxation parameters. A possible reason for the 
overall lower image quality in freshly excised nodule may be due to the abundance of 
air cavities since no vacuum treatment was applied for in situ imaging. More quantitative 
measurements are required to determine the causes of reduced SNR and contrast. 

Although the hypo-intense regions caused by small and large air pockets can be 
detrimental to overall image quality (S 5-1), they also contain useful information. Air 
pockets in root nodules of M. truncatula are of particular interest, because of the delicate 
balance of oxygen levels required for the proper functioning of the nitrogen fixation. 
The pockets may thus have a regulatory role, as nitrogenase is paradoxically both 
dependent on oxygen for carrying out its function but can also be poisoned by oxygen 
under high concentrations (58). Previous MR investigations into root nodules of 
soybean (Glycine max) have focused on investigating the oxygen diffusion barrier, 
believed to regulate nodule functioning (59, 60). Furthermore, Glycine max root nodules 
are known to be sensitive to changes in gas perfusion (61). Thus, MRM could be a useful 
tool to study oxygen regulation mechanisms, due to its ability to detect air spaces 
through enhanced signal loss.  
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PRESS localised spectroscopy results show that betaine was distributed throughout the 
nodule (Figure 5-3c). The relatively high concentration of betaine could be due to 
maintaining a high degree of osmoregulation, an indicator of stress, or both (52). High 
asparagine levels seen especially in the nitrogen fixation zone indicate significant SNF 
activity. The presence of asparagine, as well as betaine, was also confirmed by high-
resolution 2D correlation spectroscopy on extracts prepared from nodules (S 5-2). 
Asparagine, together with glutamine, is known to be a major export product of 
assimilated nitrogen (62). Our results show that asparagine accumulates mostly in active 
SNF areas (regions 3-5). As such, asparagine was absent in normal root tissue (S 5-4). 

Metabolite levels of betaine and asparagine might therefore potentially provide useful 
markers for stress and SNF activity, respectively. The sucrose concentration gradient, 
decreasing from the basal to the apical end of the nodule, may reflect either 
consumption rates or limitations in transport through the nodule. In conjunction, starch 
granules appeared to be localised to two specific regions, a band in the transition from 
infection to fixation zone, and the fixation zone (III) itself (Figure 5-4). The band 
seemed to provide support for Zeeman’s prediction of amyloplast formation due to a 
‘temporary metabolic imbalance’, though it is located at some distance from the 
meristem (Figure 5-4b) (56). As for the fixation zone, it has been observed in the 
literature that starch amyloplast accumulation in uninfected cells is related to the 
expression of SNF-related (nif) genes (Figure 5-4d) (63, 64). Considering that sucrose 
was present throughout the nodule, albeit in a diminishing concentration gradient, it is 
likely that cell-specific metabolism and environmental conditions determine whether 
and in what quantity starch amyloplasts are formed (49, 65). For instance, sucrose must 
be metabolised by the host cell in order to provide carboxylic acids that are preferentially 
taken up by the bacteroids (66, 67). The observed distribution in size and location of 
amyloplasts could be affected in this way as well.  

As an explorative study of ultra-high field MRM for plant imaging, several 
recommendations might be of interest to the reader. Sample handling and preparation 
are essential for high-resolution imaging. More generally, special attention needs to be 
given to managing sample susceptibility at ultra-high fields, since the inclusion of even 
small air bubbles in the vicinity of samples can distort image quality significantly, as well 
as cause line broadening in localised spectroscopic experiments. Perfluorodecalin (PFD) 
was useful as a submerging fluid as its magnetic susceptibility is close to that of tissues 
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and it gives no observable 1H signal. It is also efficient in displacing and dissolving air 
pockets, which are present in root nodule tissue. The absence of extraneous signal 
allowed for a manual shimming strategy that was sufficient for imaging and provided a 
good starting point for shimming voxels of interest for localized spectroscopy. Still, 
maximum shim currents on a particular system may prove to be a limiting factor for 
microimaging applications. Another source of sample susceptibility could be the 
presence of iron in the form of legheamogloblin which regulates oxygen levels. In 
bacteroids of mature nodules, up to 25% of the total soluble protein consists of 
legheamoglobin (7). The high concentrations of this iron-heme containing protein 
might have implications for the values of longitudinal relaxation (T1) and transverse 
relaxation (T2) and their interpretation, as these properties may depend strongly on the 
physiological state of the root nodule when measured. Thus, with further 
characterisation, susceptibility-weighted imaging may provide a useful method for 
evaluating the physiological state of root nodules.  

Although MRS was done on freshly excised root nodules, the use of PFD as a 
submerging fluid may have some influence on the vitality of the nodule, since PFD 
displaces air pockets thus, altering oxygen diffusion to the cells within the nodule.  

Rather than a higher resolution per se, the future applications for MRM at ultrahigh 
field for – in vivo – imaging are also enticing, yet challenging. To achieve in vivo imaging, 
novel coil-insert designs with the necessary life support systems would be required. The 
solenoid coil type used here could be modified to allow for a relatively simple setup that 
would support whole plants. Vertical-bore MRI systems allow top access to supply light 
and fresh medium. Additionally, controlled nutrient supply would be desirable, e.g. a 
continuous medium perfusion setup (68). Overall, an imaging setup optimised for 
longitudinal studies would allow testing of stress conditions for host-symbionts, non-
destructively.  
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5.5 Conclusion 

In conclusion, our results demonstrate that MRM at ultra-high fields in conjunction 
with microcoils provides a promising technique to determine physiology and metabolic 
profiling non-invasively in plant root nodules. Further research and development on 
coil design are required to exploit this application to its full potential.  
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5.7 Supporting Information 

S 5-1: T2-weighted images reveals susceptibility artefacts caused by air pockets. An MGE 
sequence was used to acquire scans with increasing echo times on a fixed but not vacuum treated 
nodule, showing a progressive loss of signal as a function of echo time. Nodule Apical-Basal 
orientation is left-to-right. Dark areas are indicative of air pockets that dephase signal through 
increased local magnetic susceptibility differences (arrow). Notably, air pockets are variable in 
size with smaller pockets seen in the basal direction. The meristem and nitrogen fixation area are 
particularly affected by the signal loss, though the meristem signal loss is likely due to short T2, 
not susceptibility. A total of 32 gradient recalled echoes were acquired; initial echo was TE 2.7 
ms, further echoes were spaced 2.8 ms apart resulting in echo times of 2.7, 5.5, 8.3, …, 89.5 ms. 
MX was 128×64×64; Read direction along the largest matrix direction; FOV was (1.8×1.4) mm2. 
ST was 1.4 mm; resolution (19×19×19) µm3. NA was 24; tacq 3 h 16 m. TR was 120 ms;  FA 5°. 
Abbreviations: fx, fixation zone; m, meristem. Scale bar 200 µm. 
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S 5-2: Homo-nuclear 1H correlation spectroscopy (COSY) of root nodule. a.) 1D NMR from 
0.5 to 5.5 ppm with the most abundant metabolites assigned. Solvent Methanol/D2O, water 
suppressed. GABA = γ-aminobutyric acid. b.) COSY was used to verify assignments of in situ 
PRESS results. COSY assignments for the most relevant metabolites are indicated with coloured 
boxes. Range 0.5 to 5.5 ppm, water suppressed. 
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S 5-3: Chemical Shift imaging showing betaine localisation. Nodule Apical-Basal orientation is 
top to bottom. a.) MSME reference image. Note that the CSI volume of interest is larger than 
the nodule itself. Thus, the distribution of metabolites may be skewed. b.) Heat map generated 
from betaine peak (integration bandwidth 300 Hz). 
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S 5-4: A representative solution state 1H NMR spectrum of root and nodule tissue, revealing 
differences in several major metabolites. Spectra acquired at 850 MHz. a.) Nodule tissue b.) 
Root tissue. 
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Chapter 6 

Abstract 

Spatially resolved metabolite detection is very useful as it is one of the few methods 
with which a variety of metabolites can be non-invasively detected. In addition to the 
direct detection of metabolite protons, the indirect detection by chemical exchange 
saturation transfer (CEST) of exchangeable protons with water protons has proven to 
yield significant signal-to-noise ratio (SNR) enhancements. However, the selectivity to 
a certain metabolite of interest is a challenge using CEST- techniques. In this chapter, 
we are investigating the selectivity of CEST at ultra-high field of 17.2 T and 22.3 T in 
phantoms (i.e. glutamate, glucose, lactate and myoinositol)  and cherry tomato pericarp. 
The Z-spectra were found to be better resolved at 22.3 T than at 7.0 T for phantoms 
and tomato pericarp tissue. The complete disentanglement of metabolites remains a 
challenge even at the state-of-the-art ultra-high field strength of 22.3 T.  
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6.1 Introduction 
Spatially resolved metabolite detection by Magnetic Resonance (MR) techniques is a 
powerful tool to measure information on the metabolite distribution in living organisms 
non- invasively (1). Common methods for metabolic imaging are localised spectroscopy 
and spectroscopic imaging of protons or X-nuclei such as 13C, 31P and more recently 2H 
(2). However, MR techniques are relatively insensitive compared to other spectroscopic 
techniques and suffer from low signal-to-noise ratios (SNR). This results either in high 
detection limits, long acquisition times or low spatial resolutions. One method to 
increase the SNR is to use high magnetic field strength (3) with 17.2 T and 22.3 T 
currently being among the highest magnetic field strengths for pre-clinical imaging and 
NMR Microscopy applications, respectively. These emerging ultra-high field strengths 
open up new possibilities for metabolic imaging techniques, however additional 
enhancement methods are desirable to improve the detection limit further.  

Among the methods used for metabolic imaging, Chemical Exchange Saturation 
Transfer (CEST) has proven to be a useful technique for sensitivity enhancement (4). 
As an example, for glutamate, a 700-fold increase in SNR compared to localised 
spectroscopy was reported (5). The principle of CEST originates from the early study 
of exchange processes in NMR Spectroscopy (6). Combined with the spatially-resolved 
MRI, this method can help detect a certain metabolite using the advantage of increased 
sensitivity compared to direct detection of the metabolite. This increase in sensitivity 
depends on the combination of chemical shift difference between water and the 
metabolite and exchange rates between them (7). The CEST-method is based on a 
saturation transfer of the solute molecules to the solvent molecules, which is bulk water 
in the case of most biological samples (8). By irradiating the exchangeable protons of 
the molecule of interest, the subsequent exchange of the solute protons with bulk water 
leads to the transfer of the saturation to the bulk water (Figure 6-1a+b). By dividing the 
resulting saturated signal Ssat by the signal without pre-saturation S0, the CEST-spectrum 
can be obtained (Figure 6-1c). As direct water saturation may interfere with detection 
of CEST effects, a common procedure for quantification is to employ the so-called MT 
ratio asymmetry (MTRasym) analysis (Figure 6-1d). The saturation transfer module can 
be performed with different options of  transfer schemes (e.g. a continuous wave pulse, 
a pulse train with a short interpulse delay or a label-transfer module which either use a 
dephasing gradient after each pulse or an inversion pulse) before starting the first RF 
pulse of the MRI experiment (8). 

6 
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Figure 6-1: a.) The principle of CEST is based on the exchange of protons of a solute molecule 
with the solvent molecules e.g. H2O. b.) When irradiating at the resonance frequency of the 
exchangeable solute proton, the magnetisation will be saturated, which will be transferred to the 
bulk water upon the exchange. c.) Dividing the spectrum taken with the saturation pulse applied 
Ssat by the spectrum without saturation S0 results in the CEST- or Z-spectrum d.) A common 
procedure for quantification is to employ the so-called MT ratio asymmetry (MTRasym) analysis. 
© 2011 Wiley-Liss, Inc.Wiley. Used with permission from (Peter C. M. van Zijl, Nirbhay N. 
Yadav, Chemical exchange saturation transfer (CEST): What is in a name and what isn't?, 
Magnetic Resonance in Medicine and John Wiley and Sons) (8). 

Several types of CEST experiments have been developed and classified based on their 
exchange mechanism, namely proton exchange, molecular exchange and 
compartmental exchange (8). Numerous chemical compounds have been investigated 
for application towards CEST, most commonly known is their division into diamagnetic 
CEST (diaCEST) and paramagnetic CEST (paraCEST) (8). For diaCEST(4), 
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metabolites (e.g. glucose) are included. For these metabolites, the CEST-mechanism is 
based on proton exchange with the water protons.  Among the compounds tested for 
endogenous CEST-contrast (9) were lactate (10), glutamate (5, 11), glucose (7, 12, 13), 
myoinositol (14). 
CEST-contrast depends on a number of sample parameters: exchange rate (ksw) pH, 
temperature and the concentration of solutes (11). Another dependence of the CEST-
contrast is on MR-parameters, saturation time TSat, pulse bandwidth, saturation offset, 
and excitation field strength B1. The CEST-condition states that in order to exhibit the 
CEST effect, ksw has to be smaller than or equal to the chemical shift difference in 
frequency units ∆δ [Hz]1 between the exchangeable metabolite proton and water 
protons (9). As this chemical shift difference increases with B0 as it is linear to the 
magnetic field B0(15), the CEST-condition is fulfilled for a larger range of exchange 
rates ksw at higher field strengths. Using high field strengths of 17.2 T and 22.3 T results 
in increased SNR, longer T1 relaxation times and most importantly, an increased 
specificity by increased spectral resolution (8). Here, we aim to test whether low 
concentrated metabolites can be imaged at ultra-high strengths with increased 
selectivity.  

To this end, we tested a phantom consisting of solutions of the selected metabolites 
lactate, glucose and glutamate and a mix of the three afore-mentioned metabolites on 
three different field strengths (7.0 T, 17.2 T and 22.3 T). Additionally, myoinositol was 
tested at 17.2 T and 22.3 T. The CEST-parameters were optimised on each field strength 
B0 and the phantom was tested with the optimised parameters to conduct a specificity 
analysis towards each metabolite given a specific field strength and CEST parameters. 
Then, a cherry tomato was used to evaluate CEST specificity on a biological specimen.  
The B1 field was varied to optimise the selectivity and finally, CEST-MRI experiments 
were performed. 

1 In this chapter, we use the abbreviation of ∆𝜔𝜔 [Hz] to indicate the field-dependent chemical 
shift difference, as this notation is common in most literature and formulas. However, to 
compare at different field strengths, these chemical shift difference are converted to the field-
independent shift difference ∆δ [ppm] (15) in the results section. 
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6.2 Experimental Methods 

Phantom Solutions for Optimisation of B1-parameter 
The phantoms were prepared using 0.01 M PBS buffer in H2O and the metabolites of 
interest to the final concentrations of 1. 20 mM L-Glutamic Acid (Glutamate), 2. 20 
mM D-Glucose (Glucose), 3. 40 mM L-(+)-Lactic Acid (Lactate) and 4. a mix of 1-3.  
5. 20 mM Myoinositol. All solutions were adjusted to the pH of 7 and azide was added
when the solution was not tested immediately.

MRI-Equipment  
MRI experiments were done on different systems 1.) a 7.0 T PharmaScan (Bruker, 
BioSpin, Ettlingen, Germany)  with a maximum possible gradient strength of 760 
mT/m and a 38 ID mm 1H resonator 2.) a 17.2 T Biospec system (Bruker, BioSpin, 
Ettlingen, Germany) with a maximum possible gradient field strengths of 1 T/m and a 
25 mm ID quadrature birdcage coil 3.) a 22.3 T Advance III HD (Bruker, BioSpin, 
Ettlingen, Germany) with a maximum possible gradient field strengths of 3 T/m and a 
5 mm 1H birdcage coil. All systems were equipped with ParaVision 6.0.1.  

CEST-Experiments 
Prior to all experiments, a FID-shim procedure up to second order was performed on 
the entire sample. A B0 map was recorded and for each scan, MAPSHIM was used to 
calculate the optimal shim settings for the region of interest and iterative shimming was 
performed to improve the B0-field homogeneity. A Local Frequency adjustment for 
CEST-PRESS and Basic Frequency Adjustment for CEST-RARE was repeated prior 
to each scan. 

A CEST-PRESS sequence was used with the following parameters: 1.) CEST module 
consists of 35 block pulses of  pulse length (tp 50 ms) with an interpulse delay 10 μs, 
saturation time (Tsat) 1.75 s, saturation offset range from 10 ppm to -10 ppm with a 
resolution of 0.1 ppm between 4.3 and -4.3 ppm alternating positive and negative 
saturation offsets, 2.) PRESS parameters: repetition time (TR) 2.5 s, echo time (TE) 
15.2 ms, spectral acquisition time 560 ms, total acquisition time (tacq) 4 min 10 s, number 
of averages (NA) 1. Voxel sizes and B1-field strength varied for different experiments 
and are reported in the results section. 2.) RARE parameters: TR 3 s, TE1 4.72 ms, 
receiver bandwidth 50 kHz, rarefact 6, NA 1, tacq 11 min 10 s. Voxel sizes and B1-field 
strength varied for different experiments and are reported in the results section. 
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The CEST-RARE images were acquired with the following parameters 1.) CEST 
module consists of 35 block pulses of  tp 50 ms with an interpulse delay 10 μs, Tsat 1.75 
s, saturation offset range from 4 ppm to -4 ppm with a resolution of 0.4 ppm alternating 
positive and negative saturation offsets. Additionally, reference images with a saturation 
offset of 38 and -38 ppm. Geometries and matrix sizes vary and are reported in the 
results section. A Water Saturation Shift Referencing (WASSR)-experiment was 
performed with saturation offsets from -1 ppm to 1 ppm with a resolution of 0.1 ppm 
and a B1-field strength of 0.2 μT. Rare factors were 6 and 1 at 17.2 and 22.3 T, 
respectively.   

Data Processing  
CEST-PRESS data was analysed with the MTRasym analysis (Equation 1) using 
MATLAB. 

For MTRasym maps, a WASSR map was recorded to correct for B0-inhomogeneities 
prior to the MTRasym-analysis (see S 6-5). For data processing, MATLAB-scripts were 
used. The MTRasym ratio for CEST-PRESS spectra and CEST-RARE was determined 
using the asymmetry analysis (Equation 6-1) (8). This is based on calculating the 
difference between the signal intensity 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠(−∆𝜔𝜔) at the (field-dependent) saturation 
offset −∆𝜔𝜔 [Hz] and a control acquisition to account for the effect of direct water 
saturation (16). The saturation offset ∆𝜔𝜔  is given by the frequency difference between 
the excitation frequency and the frequency of the water protons. Additionally, this 
difference is normalised by the signal intensity S0 corresponding to a saturation offset 
(-38 ppm) from the water saturation (8).  

𝑀𝑀𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (∆𝜔𝜔) =  𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠(−∆𝜔𝜔)−𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠(∆𝜔𝜔)
𝑆𝑆0

              (6-1) 
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6.3 Results  
After optimisation of the CEST parameters (i.e. saturation offset and B1-field strength) 
in section 6.3.1, the selectivity with optimal parameters was determined and evaluated 
on spectrometers with different field strengths in section 6.3.2. Z-spectra CEST-RARE 
experiments on a cherry tomato were evaluated in section 6.3.3.  

6.3.1. Optimisation of CEST-MRI Parameters at Different Magnetic Field 
Strengths 
The optimal CEST-parameters were determined on phantoms of the individual 
metabolites (Table 6-1). For B1-optimization, Z-spectra at different field strengths were 
evaluated for 1. a large intensity in MTRasym values with 2. minimal line broadening for 
increased specificity (S 6-3). B1- optimisation was performed on CEST-PRESS spectra 
with constant CEST-module parameters of Tsat = 1.75 s at all field strength to limit the 
maximum repetition time with the objective to use a fast MRI sequence. In different 
phantom experiments, the maximum in the MTRasym ratio for gluCEST shifted between 
the saturation offset 2.8-2.9 ppm and for glucose from 1.1-1.2 ppm. For consistency, 
the offset 2.8 ppm is reported for gluCEST in all experiments, while the offset for 
glucoCEST is reported at 1.2 ppm. 

Table 6-1: Exchange rates ksw, saturation offset ∆δ, and optimised B1-field strengths at different 
static magnetic field strengths. All experiments were conducted on liquid phantoms (pH  7 in 
0.01 M PBS buffer).  

Concentrations 
of metabolites 
in pH 7 and 
0.01M PBS 

ksw [s-1] (at pH 
7 from 

literature) 

∆δ 
[ppm] 

B1 [µT] 
@ 7 T 

B1 [µT] 
@ 17.2 T 

B1 [µT] 
@ 22.3 T 

Glutamate 
[20 mM] 

7490 ± 90 (19) 2.8 7 7 7 

Glucose 
[20 mM] 

3940 ± 260 (19) 1.2 3 5 5 

Lactate 
[40 mM] 

~350 ± 50 (10) 0.4 1.5 2.6 2.6 

Myoinositol 
[20 mM] 

2090 ± 100 (19) 0.8 - 4 5 
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6.3.2 Specificity Analysis Using the MTRasym-analysis 
Z-spectra and corresponding MTRasym-spectra of the metabolites (glutamate, glucose,
lactate and the mix) at different B0-field strengths and at optimised parameters to favour
gluCEST contrast are shown in Figure 6-2. The Z-spectra at 7.0 T show that the Z-
spectrum of glutamate shows the highest MTRasym ratio. The maximum of the MTRasym

peak of glutamate is observed around 2.8 ppm for glutamate. The peak of glucose is
visible around the expected offset at 1.2 ppm, while for lactate no peak can be observed
in the MTRasym-spectrum (Figure 6-2A),

For 17.2 T and 22.3 T, the MTRasym spectra peak at the expected saturation offsets 
(Figure 6-1B and C). Furthermore, the spectra are more resolved than at 7.0 T, with the 
best resolution at 22.3 T. However, the MTRasym spectra of the glucose solution at all 
field strength show a significant contribution at the saturation offset for glutamate at 
optimised parameters. This results in a contribution of glucose in the gluCEST contrast, 
and vice versa a contribution of glutamate to the glucoCEST contrast was observed. 
This proves that even at the current state-of-the-art ultra-high field strength for MRI 
and MRS, the metabolite contributions, though being better resolved, cannot be 
completely disentangled.  6 
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Figure 6-2: Z-spectra acquired with optimised parameters for gluCEST-contrast at 7.0 T, 17.2 
T and 22.3 T (all Z-spectra acquired with B1 7 μT, voxel dimensions 2 x 2 x 4 mm3). The Z-
spectra (thin line) show the proton signal intensity after saturating at the respective saturation 
offset with a B1-field strength of 7 μT. The asymmetric MTR analysis of the Z-spectrum yields 
the MTRasym-spectra (bold line), which eliminates the effect of direct water saturation.  
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While the ultra-high field allows for increased specificity, the contrast is not solely 
originating from the targeted metabolite (Figure 6-3). For example, considering the 
gluCEST contrast with optimised B1-field strength of 7 µT, we obtain an MTRasym-ratio 
at 2.8 ppm of 26% but a glucose contribution of 10% (Figure 6-3A and D). The 
contributions of myoinositol and lactate, are, however, negligible to the gluCEST-
contrast, which allows for a distinction of these metabolites. However, the proximity of 
glucose and myoinositol both in terms of saturation offset (∆δgluco 1.2 ppm and 
myoinositol ∆δmi 0.8 ppm) and optimal B1-field strengths of 5 µT makes them 
indistinguishable in the MTRasym contrast (Figure 6-3B and D). Using the LATEST 
parameters (∆δlac 0.4 ppm and B1 2.5 µT) an MTRasym ratio of 10% can be achieved 
which is exceeded by the MTRasym ratios of myoinositol and glucose with 12% and 9% 
respectively.  

Figure 6-3: Z-spectra and MTRasym-spectra for optimised parameters for A.) gluCEST B.) 
glucoCEST/ miCEST-contrast C.) LATEST contrast and D) MTRasym ratios for each gluCEST, 
gluco/miCEST and LATEST experiment from the Z-spectra in A.-C)  

6 
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CEST-RARE images with the optimised B1-field strengths were recorded on a phantom 
consisting of 20 mM Glucose, 20 mM Glucose and 20 mM Myoinositol (Figure 6-4A). 
The inhomogeneities in the image stem from B1- inhomogeneity as the typical excitation 
profile of a birdcage coil is observed in the image.  

Figure 6-4: Phantoms at 22.3 T were investigated using CEST-RARE experiments on A.) 
Glutamate, B.) Glucose, and C.) Myoinositol. The images are color-coded for the obtained 
MTRasym at the indicated saturation offset. The spectra show the Z-spectra and MTRasym-spectra 
for a region of interest in the center of each phantom.  D.) The table shows the MTRasym ratios 
on pure phantom solutions.    
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6.3.3. CEST-effect Studied on a Cherry Tomato 
To investigate the usefulness of CEST for studying tomatoes or similar biological 
specimen, B1-field strength optimisation was conducted at 7.0 T, 17.2 T and 22.3 T 
using CEST-PRESS (Figure 6-5A-C) on a cherry tomato (S. lycopersicum). At all three 
field strengths, a shift of the MTRasym peak from 1.2 ppm at low B1-field strengths (B1 
= 1.5 µT), to 2.8 ppm at higher B1 field strength (B1 = 7 µT) was observed, which 
signifies a shift of selectivity from glucose to glutamate. Additionally, an enhanced 
separation of peaks in the MTRasym spectrum with narrower linewidth could be 
observed, especially at 22.3 T (Figure 6-5C).  

Complementary, localised spectroscopy was performed to detect the presence of 
metabolites (S 6-4).   Localised spectroscopy being semiquantitative in this case, can be 
used to indicate the presence of the metabolites glucose and glutamate, which are 
known to be major metabolites in tomatoes (20, 21). Myoinositol is also predicted to be 
present in tomato at lower concentrations (20), however as the proton resonances of 
myoinositol are located in the carbohydrate region of the spectrum, it is difficult to 
assign this metabolite. Peak fitting might be the method of choice, but prior knowledge 
of the metabolite composition of tomato would be recommended.   6 
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Figure 6-5: Z-spectra from a CEST-PRESS spectrum with different B1-field strengths on the 
pericarp tissue of the same tomato for A.) 7.0 T and C.) 17.2 T. E.) At 22.3 T, a piece of excised 
tomato pericarp tissue in perfluorodecalin was used for CEST-PRESS spectra. The 
corresponding 2D RARE images are shown in B.) at 7.0 T D.) at 17.2 T and F.) at 22.3 T. The 
blue box indicates representative voxel locations of the dimensions 3 x 3 x 3 mm3 at 7.0 T and 
17.2 T and 1.5 x 1.5 x 1.5 mm3 at 22.3 T.  
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Using CEST-RARE on a cherry tomato, CEST-images were acquired at 17.2 T for 
preferred gluCEST (Figure 6-6A) and glucoCEST-parameters (Figure 6-6B). Here, the 
B1-field strength of 7 µT was chosen for optimal gluCEST contrast, while 3 µT was 
chosen for optimal glucoCEST contrast based on the maximum of the MTRasym in the 
Z-spectra of the CEST-PRESS experiment (Figure 6-6).  The corresponding Z-spectra
are shown in Figure 6-6C and D. In the tomato, the pericarp tissue exhibits a higher
MTRasym ratio at the saturation offset of 2.8 ppm than the flesh (Figure 6-6A). Likewise,
the pericarp shows a higher MTRasym ratio than the flesh for the saturation offset of 1.2
ppm. However, due to the dependence of the MTRasym ratio on several factors, the
quantification of the concentrations is not feasible only based on the MTRasym ratio at
one saturation offset.

Figure 6-6: CEST-RARE images at 17.2 T for A.) gluCEST contrast (Saturation offset 2.8 ppm, 
B1 7 µT) with the corresponding Z-spectrum of an ROI located at the pericarp and the flesh of 
a tomato B.) glucoCEST contrast (Saturation offset 1.2 ppm, B1 3 µT). Both images have a 
matrix size of 64 x 64 and a field-of-view of 10 x 10 mm2) 

6 
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At 22.3 T, the MTRasym ratios in the tomato pericarp are increased with respect to 17.2 
T. For gluCEST parameters (Saturation offset 2.8 ppm, B1 7 μT), this MTRasym-increase
is from 34 % (Figure 6-6C) to 41 % (Figure 6-7C). For glucoCEST (Saturation offset
1.2 ppm, B1 3 μT),  the MTRasym from 21 % to 31% (Figure 6-7D). However, as it is not
the same tomato (Note that this in contrast to the experiments in Figure 6-5 which were
conducted on the same tomato), it is not feasible to conclude whether this difference
stems from a higher metabolite concentration or a higher MTRasym ratio as an effect of
the increasing field strengths. Additionally, excising the tomato might have an effect on
the metabolite distribution.

Figure 6-7: CEST-RARE images at 22.3 T for A.) gluCEST contrast (Saturation offset 2.8 ppm, 
B1 7µT) with the corresponding Z-spectrum of an ROI located at the pericarp and the tomato 
flesh B.) glucoCEST contrast (Saturation offset 1.2 ppm, B1 3 µT). Both images have a matrix 
size of 64 x 64 and a field-of-view of 10 x 10 mm2) 
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6.4 Discussion 
B1 strength optimisation is necessary for a CEST-experiments as the selectivity for a 
metabolite of interest can be optimised by applying the optimised B1-value at the 
saturation time Tsat (19). When using a phantom for B1-optimization, additional 
parameters such as temperature, pH-value, metabolite concentrations and buffer 
concentration should be matched as these sample conditions influence Z-spectra (11). 
For the results presented in section 6.3, we used a fixed saturation time Tsat in the CEST-
preparation module, as CEST was optimised keeping reduced acquisition times into 
account. As the T1 increases at increasing field strengths B0, also the saturation time Tsat 
could have been increased to achieve a higher CEST-contrast at 22.3 T, compared to 
17.2 T, due to more efficient saturation. However, for consistency the choice was made 
to keep the TR constant.  

The CEST-SNR could be calculated to quantify the effect of varying the B0-field 
strength on the sensitivity (22). To compare the SNR of the systems, the volume-
normalised SNRv,k=1 increases by a factor 22.5 between a 25 mm 1H (quadrature) 
birdcage coil at 17.2 T to and a 5 mm 1H birdcage coil at 22.3 T (S 6-1). This does not 
only stem from the difference in magnetic field strength, as the theoretical SNR-increase 
from 17.2 T to 22.3 T only accounts for a factor 1.6 due to the SNR dependence on 
B07/4 (23). Additional factors to explain this SNR difference are the difference in coil 
diameter and other hardware differences (e.g. preamplifier). 

Quantitative CEST analysis is a big challenge within the biomedical domain. Most 
CEST-studies which aimed to investigate a certain metabolite by CEST contrast used 
an infusion to prove a qualitative change in the CEST contrast. At lower field strength 
spectral resolution is reduced as the spectral resolution scales with the main magnetic 
field strengths B0. Using ultra-high field strength for CEST improves the separation of 
metabolite contributions. Unfortunately, it does not lead to a complete disentanglement 
of the metabolite contributions to a CEST-contrast at a particular saturation offset 
when using the CEST-contrast based on the asymmetry analysis. Therefore, the 
observed gluCEST contrast and glucoCEST contrast in the cherry tomato cannot 
uniquely be attributed to glutamate or glucose, respectively, and a further step to 
uniquely select the metabolite of interest is necessary.  

6 
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To quantify the CEST-contrast in model-based solutions, the fitting to the modified 
Bloch-McConnell equations (24) has been reported. The drawback of the fitting of the 
Z-spectrum using the Bloch-McConnell equations is that the recording of a full Z-
spectrum is too time-consuming for applications where fast acquisition times are
needed, e.g. for fMRI experiments.

Regarding the acquisition, several other methods are proposed to increase the specificity 
towards a certain metabolite with an optimised acquisition strategy using either e.g. 
chemical exchange spin-lock imaging (CESL) (25) or frequency-labelled exchange 
(FLEX) (26, 27). The advantage of CESL is the possibility for separation of metabolites 
according to their exchange rate kexch, while FLEX is able to simultaneously separate 
several exchangeable metabolite protons. For CEST imaging, B0 homogeneity is crucial 
as the saturation pulse bandwidth is small and shift in resonant frequency caused by B0- 
inhomogeneities can lead to the excitation at a displaced chemical shift. Therefore, 
optimising the B0- homogeneity is crucial and might potentially be a drawback at ultra-
high field. One approach to correct for B0-inhomogeneities is the Water Saturation Shift 
Referencing (WASSR) approach (28), where the Z-spectrum around the saturation 
offset of 0 ppm is experimentally recorded with a CEST-MRI sequence (e.g. CEST-
RARE) and fitted to determine the frequency shift due to B0-inhomogeneities  per 
voxel. This shift is then used to extrapolate to the expected saturation offset in this 
voxel and the MTRasym-ratio can be corrected for it. However, for an accurate 
extrapolation, his approach requires the acquisition of CEST-MRI images with different 
saturation offsets and adds to the acquisition time of the experiments. Additionally, if 
B1-inhomogeneities are present in the region of interest, a simultaneous B0 and B1-
mapping can be performed using WASABI (29). 
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6.5 Conclusion and Outlook  
CEST has been proven to be a promising technique for experiments where the Signal-
to-Noise is limited. Furthermore, ultra-high field strengths and optimised detectors are 
advantageous due to their increase in SNR, which in turn increased the SNR due to 
CEST.   

Most importantly,  CEST-contrast specificity towards certain metabolites increase with 
increasing field strengths, which manifested itself by higher resolved MTRasym-spectra. 
While this might be a powerful method in a well-defined system with a single compound 
which changes in concentration, model-free CEST contrast alone cannot serve to 
identify a compound in a complex system with several metabolites, which change in 
opposite directions. As most biological specimens contain a complex mixture of 
metabolites, it is needed to refine the methods either by employing more selective 
acquisition strategies (e.g. FLEX, see general discussion, chapter 7) or by data analysis 
strategies which succeed in the disentanglement of the contributions or a combination 
of both.  

6 
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6.7 Supporting Information 

S 6-1: SNR comparison between the 7.0 T, 17.2 T and 22.3 T system. An MSME experiment 
was recorded with the following parameters (TR 1s, TE 7 ms, 1 average, rBW 100 kHz, tacq 4 
min 16 s, matrix size 256 x 256). The reference solution used to acquire this image was 20% 
(v/v) H2O, 80% (v/v) D2O and 6.3 mM CuSO4.  

Main 
magnetic 

field B0 [T] 
RF - detector 

RF inner 
diameter 

[mm] 
SNRi 

Voxel volume 
[mm3] 

SNRi,v, k=1

[mm-3] 

7.0 1H resonator 38 12 9.5 x 10-3 5 

17.2 
1H (quadrature) 

birdcage 
25 25 4.4 x 10-3 22 

22.3 1H birdcage 5 35 2.7 x 10-3 495 

The image SNR of a (magnitude) image on a CuSO4 was determined by subtracting the 
mean of the signal ROI 𝜇𝜇𝑆𝑆by the mean of the noise ROI 𝜇𝜇𝑁𝑁and divide this by the 
standard deviation of the noise 𝜎𝜎𝑁𝑁. To compensate for differences in acquisition 
parameters, we additionally normalised to account for differences in matrix sizes Mx 
and My (18) (S 6-1). Other acquisition parameters which influence the SNR were kept 
constant.  

𝑆𝑆𝑆𝑆𝑆𝑆 𝑣𝑣,𝑘𝑘=1 = 𝜇𝜇𝑆𝑆−𝜇𝜇𝑁𝑁
𝜎𝜎𝑁𝑁∗𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ∗�𝑀𝑀𝑥𝑥∗𝑀𝑀𝑦𝑦

            (S 6-1) 
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S 6-2: B1-optimization at 17.2 T  for A.) 20 mM Glutamate (voxel dimension: 3 x 3 x 3 mm3) 
B.) 20 mM Glucose (voxel dimension: 3 x 3 x 3 mm3)  C.) 20 mM Myoinositol (voxel 
dimension: 3 x 3 x 3 mm3)  D.) 40 mM Lactate (voxel dimension: 2 x 2 x 4 mm3).  
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S 6-3: B1-optimization for 22.3 T  A.) 20 mM Glutamate (voxel dimension: 3 x 3 x 3 mm3) B.) 
20 mM Glucose (voxel dimension: 3 x 3 x 3 mm3) C.) 20 mM Myoinositol (voxel dimension: 3 
x 3 x 3 mm3) D.) 40 mM Lactate (voxel dimensions: 2 x 2 x 4 mm3) 
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S 6-4: Localized spectroscopy (LASER) at 22.3 T (TR 12 s, TE 25 ms, 128 averages, tacq 25 
min and 36 s, exchitation chemical shift 3.7 ppm, spectral width 8012 Hz, excitation pulse 
adiabatic half passage, refocussing pulses hyperbolic secant 4, R=20) indicated the presence of 
glutamate and carbohydrates (e.g. glucose).  
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S 6-5: WASSR- maps of cherry tomato at 17.2 T (left) and 22.3 T (right). At 17.2 T the B0- 
inhomogeneities are larger than at 22.3 T, however on the 17.2 T an entire cherry tomato has 
been imaged. The seeds and possible air cavities can contribute to B0 inhomogeneitites. At 22.3 
T only a tomato pericarp tissue was excised which was additionally submerged in 
perfluorodecalin, a compound which dissolves air and thus prevents susceptibility artefacts.  
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S 6-6: Phantoms at 17.2 T were investigated using CEST-RARE experiments on A.) Glutamate, 
B.) Glucose, and C.) Myoinositol. D.) The table shows the MTRasym ratios on pure phantom 
solutions. Note that B.) Glucose and C.) Myoinositol were acquired with a B1 value below 
optimal B1 field strength as determined in (S 6-2). 
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Abstract 

In this chapter, the main insights and conclusions from the experimental chapters are 
summarized. Technical and experimental insights from ultra-high field MRI and MRS 
are discussed and perspectives for different applications are provided. Finally, 
perspectives for the ultra-high-field at 22.3 T and beyond are mentioned.  
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7.1 Main Insights and Conclusions 

In this thesis, we have investigated the potentials and challenges of ultra-high field MRI 
and MRS at (ultra-)high magnetic field (UHF) strengths. 

In chapter 2 we systematically analysed how the newly installed (2015-unmr-nl system 
at  Utrecht University) 22.3 T system compared to other NMR-spectrometers, namely 
a 14.1 T spectrometer and a 17.6 T spectrometer equipped with Micro5-probes for 
imaging. We found that the volumetric Signal-to-Noise Ratio (SNRi,v) was significantly 
higher for a 5 mm birdcage coil at the 22.3 T. This lead to acquisition times being 24 
times accelerated at 22.3 T compared to the 14.1 T. However, we also realised the 
difference between theoretical and experimentally achievable SNR. This underlines the 
importance of the entire hardware setup of the MR system and not solely the main 
magnetic field strength. To this end, a 1.5 mm solenoid coil was fabricated and tested 
for small specimens (<1 mm in diameter). SNRi,v was 5.9 times increased compared to 
the 5 mm birdcage coil on the same magnetic field strength 22.3 T. Additionally, 
contrast in FLASH images (T2*) increased from 14.1 T to 22.3 T.  

In chapter 3, we have focused on describing a protocol for sample preparation and the 
use of dedicated coils at UHF, which can also be applied to the same system at lower 
field strength. At  UHF it is especially crucial to avoid air spaces in the sample during 
sample preparation to increase the image quality, i.e. obtaining artefact-free images 
Dedicated equipment can help to increase the SNRi,v even further if e.g. the rf-coil is 
adjusted to the sample geometry. This protocol is the result of how to calibrate a new 
rf-coil on a microimaging system. As magnetic field homogeneity is of utmost 
importance for certain applications such as metabolite imaging in (cf. chapter 5 and 6), 
possible shimming strategies for different applications are listed.  

The use of UHF MRI was investigated for a research question related to biofilm 
visualisation and quantification on activated carbon granules for microbial fuel cells in 
chapter 4. However, susceptibility problems arising from paramagnetic ions were 
found to be detrimental for imaging. While this problem was solved with protocol 
optimisation and sample pretreatment for 14.1 T, it remained a problem for frequency-
encoded sequences at 22.3 T, resulting in image artefacts which distorted biofilm 
visualization and impeded quantification. Possible strategies such as pure-phase 
encoding techniques were suggested.   
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In chapter 5, the application of UHF MRI on plant sciences are discussed. A high-
resolution 3D-FLASH with a spatial resolution of 7 x 7 x 7 µm3 was recorded on a root 
nodule of Medicago truncatula in an acquisition time of 34 h 24 min. The high spatial 
resolution allowed to distinguish individual plant cells, while the T2* contrast allowed a 
distinction of cells filled with bacterioids of S. melioti. While this was achieved with high 
SNR and good contrast on a vacuum-infiltrated and fixed specimen, images with a 
reduced SNR and contrast were obtained from a freshly excised root nodule i.e. the 
root nodule was excised from the intact plant and directly imaged (after a short sample 
preparation with PFD).  Nevertheless, localized spectroscopy results with voxel sizes of 
200 x 350 x 350 µm3 were obtained on these fresh nodules, which enabled to make a 
spatial metabolite profile across the relevant nodule zones.  

One of the possibilities of ultra-high field is to use the sensitivity for metabolite imaging. 
In clinical imaging chemical shift saturation transfer (CEST) has been proposed and is 
explored for different metabolites. However, one of the questions is if ultra-high field 
CEST imaging can, next to the increase in SNR, also contribute through an additional 
aspect, namely the increased spectral resolution. In chapter 6, we compared the CEST 
spectra across a wide variety of systems and concluded that the increased spectral 
resolution indeed results in a better selectivity towards metabolites. Selectivity still 
remains a challenge, as even at 22.3 T the metabolite of interest cannot be disentangled 
completely.   

In the remainder of this chapter, we will discuss the lessons we can take from ultra-high 
field strength from the hardware and experimental point-of-view. Perspectives of ultra-
high field MRI and MRS in different research fields are discussed, and we conclude with 
a perspective for future state-of-the-art ultra-high field strength of 28 T.  
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7.2 Lessons from Ultra-high Magnetic Field Strengths 

Increasing the magnetic field strengths does not only extrapolate SNR-values and 
expected image quality. As an example of field extrapolation, the transition of clinical 
MRI from 3 T to 7 T-systems was a big step and problems, particular in B1-field 
homogeneity, are still essential considerations in clinical imaging today. Here, we want 
to discuss lessons and critical points from ultra-high field MR Microscopy and 
Spectroscopy, namely the need for strong gradients, dedicated radiofrequency coils, 
susceptibility effects, chemical shift differences, other means to increase SNR and 
sequence optimisation.  

7.2.1 Dilemma of Gradient Strengths 

At the start of the field of MRI Microscopy, SNR was clearly the main factor for limiting 
achievable spatial resolutions with the highest resolutions achieved being 10 x 10 x 100 
µm3 in 1990 (1). This limit explains the need for higher magnetic field strengths. 
However, the higher we go in spatial resolutions, the more we are limited by other 
factors such as T2 and diffusion limits(1–3). These factors can typically be overcome by 
a stronger gradient, which are not ubiquitously available and might limit the available 
sample space. Developments in stronger tri-axial gradients might be needed when the 
SNR has improved, and the actual resolution becomes limited by the gradient strength. 
We have shown in chapter 2 that we can reach a nominal resolution of (5.5 µm)3 on a 
phantom with poly-methylmethacrylate beads of 40 µm in diameter. This spatial 
resolution is close to the limit of achievable resolution for the maximum gradient field 
strength of 3 T/m of the Micro5-probe used, which is around 4 µm (4). For the phase 
encoding direction, the limit is slightly lower. However, to reach the current benchmark 
resolutions even at UHF, stronger gradient field strengths are needed as have been used 
to achieve the resolution records as listed in Table 7-1. These researchers made use of 
dedicated radiofrequency coils as well as dedicated gradient hardware to reach the 
benchmark resolutions.  
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Table 7-1: Comparison of spatial resolutions obtained in literature on phantom samples 

Reference Coil 

type/ 

diameter 

B0 

[T] 

Gmax 

[T/m] 

Field-of-View 
[µm3] 

Spatial 

Resolution 
[µm3] 

Acquisition Time/ 

Number of 

averages 

Ciobanu et al. 

(5) 

Solenoid 

74 µm 

9 1.6 

5.8 

5.7 

237 x 66 x 66  3.7 x 3.3 x 3.3  30 h 

Weiger et al. 

(6) 

Planar 

20 µm 

18.8 65 384 x 384 x 192  3 x 3 x 3 59 h 

Lee et al. (7)1 Solenoid 

500 µm 

14.1 13.5 

11.2 

12.3 

500 x 500 x 75   1 x 1 x 75  56 min 

Lee et al. (8) Solenoid 

~820 µm 

14.1 13.5 

11.2 

12.3 

500 x 500 x 75  1 x 2 x 75 32 h 

Moore and 

Tycko (9) 

Solenoid 

170 µm 

9.38 4 160 x 160 x 160  5 x 5 x 5 150 h 

Chen and 

Tycko (10) 

Solenoid 

150 µm 

(ID) 

T= 28 K 

9.38 Gmax 

used ~ 

6.3  

218 x 95 x 95  2.8 x 2.8 x 2.8 53 h 

Chapter 2 Solenoid 

1500 µm 

22.3 3 1575 x 1050 x 

1050 

5.5 x 5.5 x 5.5 58 h 

Not only the spatial resolution limit can be increased by higher gradient field strength. 
Chemical shift displacement and susceptibility artefacts in the slice direction and 
frequency encoding direction can be mitigated by stronger gradient or larger receiver 
bandwidth, which in turn reduces the SNR.  

1 The difference between the work of Lee et al., 2001 (7) and Lee et al., 2009 (8) lies in the object sizes being 
13 μm and 3-6 μm respectively.  
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7.2.2. Dedicated Radiofrequency Coils 

It is well-known that adapting the size and geometry of the radiofrequency (RF) coil to 
a sample gives improvement in terms of filling factor, especially for mass-limited 
samples in NMR spectroscopy (11–13). While in NMR spectroscopy the SNR of the 
entire sample contributes to the signal amplitude in the spectrum, in MRI the SNR per 
unit volume is measured and decreasing the coil diameter leads to an increase of SNR 

per unit volume proportional to 1
𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  and 1
�𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  for solenoidal coils (14). Additionally, 

when possible to adjust the rf-geometry, the solenoidal geometry (Figure 7-1A) is 3 
times more sensitive compared to the saddle or birdcage geometry (15) (see Figure 7-
1B for saddle geometry and Figure 7-1C for birdcage geometry). Next to sensitivity, B1-
homogeneity of detector coils in transmission mode in the region of interest is crucial 
for most MR experiments.  

Figure 7-1: Scheme of the different coil geometries used in this thesis, i.e. a solenoid (left), saddle 
(middle) and birdcage coil (right scheme). The directions of the main magnetic field B0 and the 
excitation field B1 are indicated (modified based on reference (16)). 

Next to efforts to maximising the SNR, the ease of sample handling and suitability for 
the experimental workflow are important aspects when choosing the coil design. The 
solenoid design and orientation requires the removal of the probe for exchanging the 
sample. This step is time-consuming and should be considered when designing the coil 
insert for a specific type of specimen or applications. Coil designs where the sample can 
be loaded from the top by the airlift, have an advantage for a higher throughput of 
samples. This should be especially taken into account when the gain in MRI acquisition 
time (by SNR increase) for the desired experiment in the same order as the probe 
exchange time, or if the experiment has to be conducted very fast after the sample 
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preparation due to changes in the specimen. Additionally, the horizontal orientation of 
the sample in a solenoid coil can cause the sample to move along the sample capillary 
during the measurement. To this end, the sample needs to be stationary in its position 
which could not be ensured for example in chapter 4 as the fixing into a stable position 
might have damaged the biofilm on the activated carbon granule.  

7.2.3 Susceptibility Effects 

Susceptibility differences can be detrimental to image quality at ultra-high field MRI. 
These susceptibility differences can manifest as artefacts in the MR image and are often 
caused by paramagnetic ions or air spaces can cause severe image artefacts. Pure phase 
encoding sequences e.g. single point imaging (SPI) have been proposed for samples 
with susceptibility effects in frequency encoding sequences. These sequences often 
come at the expense of longer measurement times and should be combined with an 
accelerated acquisition scheme as proposed in (17, 18). Additionally, it is important 
during sample preparation to avoid the inclusion of large air cavities in the sample 
whenever possible. 

Susceptibility effects related to the difference in susceptibility between coil material (e.g. 
copper wire) and surrounding air can cause additional artefacts close to the edge of the 
sample. This can be mitigated by either submerging the coil in a susceptibility matching 
reservoir (Chapter 3) or using zero-susceptibility wire (19).  

Next to causing artefacts, susceptibility differences within a sample offer a method to 
increase contrast at ultra-high field. In chapter 2, we could observe a stronger T2*- 
contrast by the cell walls of a lily root at 22.3 T compared to 14.1 T. MRI of air spaces 
can be useful as a measure to quantify the microporosity in fruits and vegetables (20). 
Additionally, there are developments to use superparamagnetic nanoparticles (SPIO) as 
a contrast agent (21).  SPIO’s will have a strong effect on the contrast at ultra-high field 
due to the proportionality of magnetic field variations caused by susceptibility 
differences with main magnetic field strength B0 (22, 23). In MR Microscopy, SPIO’s 
were proposed for use in an in vitro MR assay (24).  

7.2.4 Chemical Shift Displacement 

For metabolite imaging, several options are possible for ultra-high field MRS, namely 
single-voxel or multivoxel techniques with different selection approaches. Using single-
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voxel localized spectroscopy at ultra-high field can be a powerful tool since lower 
concentrations are detectable compared to lower field strengths due to the SNR-
increase. A disadvantage, however, is the high chemical shift displacement of the 
compounds within a localized spectroscopy spectrum due to the higher chemical shift 
dispersion at ultrahigh field. This can be seen in cf. chapter 5 (Figure 5-3a) by the 
displacement of the voxel of the metabolite betaine with respect to the voxel at the 
center resonance frequency. To this end, the pulse bandwidth or gradient strengths can 
be increased or the working frequency offset can be chosen to match the compound of 
interest if there is one specific metabolite of interest. For multivoxel spectroscopic 
imaging techniques such as chemical shift selective imaging (nowadays referred to as 
CSSI, originally published as CHESS (25)) both the SNR-increase and the larger 
chemical shift dispersion  at ultra-high field are beneficial but B0 homogeneity can be 
critical for a uniform excitation of the correct chemical shift.   

7.2.5 Comparison between Different MR Systems 

For comparing different MR-systems in chapter 2, phantoms were chosen carefully but 
it remains difficult to choose optimal phantoms. A standard sample used to compare 
coil performance is 20 % (v/v) H2O, 80% (v/v) D2O and 6.3 mM CuSO4. The CuSO4 
is added as it shortens the T1 and T2-relaxation times of the solution and allows faster 
scanning (22). For the image comparison, we chose a fixed plant material, as fixed 
material does not significantly change its internal structure between the measurements 
at different spectrometers. In this research, we have chosen to compare images with 
identical parameters while they do not necessarily have the same contrast. Also, the 
compared spectrometers had similar hardware components i.e. 5 mm RF coils which 
made a comparison based on the same MR-parameters feasible. In case it would be 
desired to compare RF coils which are significantly different in diameter, the volume-
normalized SNRi,v has to be normalised additionally to the number of data acquisition 
points k (i.e. the matrix which is sampled) to yield SNRi,v,k=1 as differences in matrix size 
also contribute to a difference in SNRi,v (26). Likewise, differences in receiver 
bandwidth and other MR parameters such as echo time, repetition time, number of 
averages have to be accounted for when comparing the SNRi,v of different 
sequences(26).  

7 
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7.2.6 Sequence Optimisation 

For UHF MRI sequences, it is advantageous to optimise the sequences for minimal 
echo time, as the T2-relaxation time shortens with increasing field strengths. Depending 
on the hardware, excitation and refocusing pulse bandwidths and gradient strengths can 
be increased, to shorten the echo time considerably. Additionally as mentioned in 
section 7.3.2, the pulse bandwidth can be increased in spatially resolved spectroscopy 
sequences to reduce the chemical shift displacement.  

7.2.7 SNR-increase for Metabolite Imaging by Chemical Exchange 

Using chemical exchange saturation transfer (CEST), the Boltzmann equilibrium 
remains undisturbed. Instead, the excess presence of water protons and the exchange 
of protons from metabolites with the water protons is used to increase the SNR of the 
metabolites. As shown in this thesis, this method can be used to enhance the SNR for 
metabolite imaging. While the specificity towards certain metabolites increases with 
magnetic field strengths, it remains necessary to increase the specificity even further, as 
discussed in chapter 6.  

CEST imaging has been investigated at ultra-high field (Chapter 6). For this method, 
the higher chemical shift dispersion at ultra-high field strengths is beneficial, as the 
saturation offset of the exchangeable metabolite can be excited more selective. 
However, even at state-of-the-art UHF of 22.3 T, it is not possible to entirely 
disentangle the metabolite contributions and other methods might be possible.  

To increase the selectivity towards the desired metabolite, Frequency Labeled 
EXchange (FLEX) transfer seems to be a promising option, as specificity is increased 
while retaining the advantage of CEST of increasing the SNR for metabolite detection 
by exchange of the metabolite protons with water protons. For off-resonance FLEX, a 
90° pulse is applied with a pulse bandwidth to reach all chemical shift offsets of the 
exchangeable metabolite protons except the water resonance (Figure 7-2) (27, 28). 
During the evolution time tevol the magnetisation can evolve due to the chemical shift 
and is flipped at the end of tevol with a 90° pulse along the -x-axis. During the exchange 
period texch the metabolite protons can exchange with water protons. This FLEX-
module is repeated n-times in order to use the excess of the water protons with respect 
to the metabolite protons to enhance the SNR of the signal, similar to the CEST-
module.  Subsequently, tevol varied during the next repetition of the experiment to obtain 
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the next point with a different chemical shift evolution. With this method, a free 
induction decay (FID) is obtained, which can be fourier-transformed to yield a 
spectrum. Using FLEX, several metabolites can be detected during one complete FLEX 
experiment. However, a FLEX-experiment comes at the expense of elongated 
measurement times , as FLEX experiment requires a number of repetitions (e.g. 16 or 
32) with different tevol periods in order to construct FID signal with enough data points
for a fourier-transformation. The minimal number of repetitions for  CEST-MRI with
MTRasym analysis is 3, due to the three different saturation offsets (-∆𝜔𝜔; ∆𝜔𝜔 and ~ -40
ppm).

Figure 7-2: Scheme of FLEX pulse sequence (27). A 90°x pulse selectively excites the 
exchangeable metabolite protons which have a magnetization M0, which are given tevol to evolve 
due to the chemical shift offset. After the time period tevol, a second 90°-x pulse selectively flips 
back the y component of the magnetization M0*cos(𝜔𝜔tevol). S ubsequently, d uring t exch the 
metabolite protons can exchange with water protons, transferring the reduction in magnetization 
to the water peak. Any MRI or spatially-resolved sequence can be used to spatially resolve the 
water proton information. The sequence is repeated with different steps of tevol. 

7.2.8 Other Methods to Enhance SNR 

In this thesis, we investigated the SNR- increase due to an increase in main magnetic 
field strengths B0, and to a certain extent SNR-increase to an increase in detector 
sensitivity. Additional possibilities to increase the SNR of an MR experiment include 
reducing the random thermal noise or hyperpolarisation techniques.  

The random thermal noise can be reduced by cryoprobe systems, where the coil is 
cooled to the temperature of liquid helium. The advantage of a cryoprobe is that the 
thermal noise in the rf-coil is reduced leading to higher SNR-values by a factor 2.5 (29) 
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at the same magnetic field strengths. The same 3D-RARE experiment as used in section 
4.3.1 could have been acquired a factor 6 accelerated at the same magnetic field strength 
of 14.1 T. Furthermore, an MRI cryoprobe at lower field strength could have been 
chosen for the experiments in chapter 4. This strategy would use the fact that 
susceptibility effects are less pronounced at lower field strengths as it is proportional to 
the field strength. The practical reason for which a cryoprobe was not used here is that 
no MRI cryoprobe was available at the Magnetic Resonance Facility in Wageningen. 

Hyperpolarisation techniques such as dynamic nuclear polarisation (DNP)(30), signal 
amplification by reversible exchange (SABRE) (31) and photo-chemical induced 
dynamic nuclear polarisation (photoCIDNP) (32) are currently under development 
towards MRI for signal enhancement. For DNP, a compound (e.g. 13C-pyruvate) is 
hyperpolarised and subsequently injected into a specimen to see an enhanced contrast 
due to the presence of the hyperpolarised compound in a specific part of the specimen. 
SABRE is readily used to hyperpolarise several metabolites for analytical applications 
(31, 33) and currently biocompatible catalysts are tested as next step towards its use in 
in vivo MRI (34). PhotoCIDNP for MRI is a hyperpolarisation method which can 
enhance 19F NMR signals (32). In contrast to the previously discussed factors B0 and 
detector sensitivity for SNR-increase, these hyperpolarisation approaches do not 
uniformly enhance the SNR of all spins present in the specimen or proximity to the 
radiofrequency coil, but enhance the SNR of a selected chemical compound of which 
the fate can be detected by the increased SNR with respect to the surrounding tissue.  
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7.3. Perspectives for Applications 

This thesis shows a limited amount of applications. Within the project which led to this 
thesis, however, we have investigated the feasibility for different applications. This short 
outlook lists ultra-high field MRI and MRS applications for future research in clinical 
research (Section 7.3.1), environmental sciences and wastewater treatment (Section 
7.3.2), and plant sciences (Section 7.3.3).    

7.3.1. Clinical Research Applications 

While non-invasive clinical whole-body MRI might not be desirable with the wavelength 
limitations, ultra-high field MRI can contribute to clinical research by solving different 
questions on organoids or tissue biopsies and thereby complement other methods in 
clinical research questions 

7.3.1.1. Brain Organoids 

In neuroscience research and clinical research, there are still unsolved problems around 
the mechanism of diseases, such as e.g. spinocerebellar ataxia (35). Human brain 
organoids in this context are promising to study the pathogenesis (36). Ultra-high field 
MRI allows to non-invasively study these brain organoids in terms of diffusion, 
structure and metabolites. The ultra-high field strength of 22.3 T provides us with the 
sensitivity needed to perform these experiments at the relevant spatial and temporal 
resolution while the gradient strength might allow in the future to separate components 
over slower diffusion time scales. One of the challenges at 22 T is to create a contrast 
between water and the brain organoids (Figure 7-3A). T2-weighting provided contrast 
between the tissue water and surrounding free water (Figure 7-3B), but diffusion-
weighting (Figure 7-3C) was the method of choice, as the magnetisation of the free 
water protons surrounding the brain organoids was dephased. Metabolite analysis using 
single-voxel MRS provide additional information on the metabolites which are 
detectable (Figure 7-3D). The primary metabolites which could be detected were 
choline and lactate. Further studies are in progress to determine and quantify the 
metabolites within the brain organoids. The main challenge in this application for 
metabolite imaging will be to keep the organoids under in situ conditions with a constant 
gas flow and shaking especially if a longitudinal study is desired.  
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Figure 7-3: A.) MRI experiments of a 2D plane through a brain organoid in a droplet of water 
in perfluorodecalin without contrast preparation (echo time 3.3 ms) and B.) with T2-weighting 
at an echo time of 16.4 ms (Acquired with a spin-echo sequence TR 5 s, TE 3.3 ms; number of 
echoes 12; FOV 3 x 2 mm; matrix size 96 x 64; rBW 100 kHz, slice thickness 0.062 mm; 64 
averages, 10 slices; tacq 5 h 41 min) C.) with a small diffusion-weighting step (acquired with a 
spin-echo sequence with a small diffusion step beff = 947 s/mm2; TR 5 s; TE 11.3 ms, FOV 4 x 
4 mm; MX 64 x 64; rBW 50 kHz, slice thickness 0.1 mm; 4 averages, 10 slices, tacq 21 min). 
Depicted scale bars in A-C indicate 1 mm. D.) PRESS-spectrum (TR 10 s; TE 9 s; tacq 10 min 40 
s; voxel dimensions 1 x 1 x 0.8 mm3, 64 averages) of voxel on brain organoid (red) and voxel on 
medium (blue). The inset shows the screenshot with in red marked the voxel location on the 
brain organoid (Unpublished results by Krug, Van As, Velders, Buijsen, van Roon-Mom, Webb, 
Ronen).   

7.3.1.2 Ex Vivo Tissues and Biopsies 

Ultra-high field can give access to information on diffusion, metabolites and structual 
information at a lower detection limit, but at the same time it is limited to small sample 
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sizes of 5 mm - 10 mm (in future potentially 25 mm if wide-bore ultra-high field systems 
become available). UHF might also be useful for tissue biopsies or ex vivo MRI. Next to 
the increased SNR to explore different modalities, it can be used to investigate the ex 
vivo samples (e.g. biopsies) at a higher spatial resolution than on clinical scanners. Lymph 
nodes have previously been investigated with high field (14.1 T) MRI to correlate the 
effect of superparamagnetic iron nanoparticles with photoacoustic imaging (37). 

7.3.2 Environmental Technology and Wastewater Treatment 

We investigated applications in enviromental technology and wastewater treatment, 
namely using wastewater as a resource to produce electricity (Section 7.3.2.1) and 
anaerobic granules for the production of volatile fatty acids as a starting material for 
bioplastics (Section 7.3.2.2). Specifically, we investigated the potential of MRI and MRS 
to answer research questions with respect to biomass structure and chemical 
compounds, which benefit from using a non-invasive technique.  

7.3.2.1 Biofilm in Microbial Fuel Cells 

Chapter 4 shows an example of a biofilm grown on an activated carbon granule. This 
is one example of an application but could not be extended to ultra-high field due to 
the susceptibility artefacts arising from the paramagnetic ions in the activated carbon 
electrode. However, for a wider range of biofilms, ultra-high field MRI offers 
opportunities for high-resolution 3D structural information, transport phenomena and 
metabolite information. Beneficial for biofilm applications at ultra-high field will be that 
the materials are not causing image artefacts such as air bubbles or paramagnetic ions. 
In a large number of applications (38) the biofilm is either not attached to a support or 
the support is not paramagnetic, so ultra-high field MRI provides an excellent 
technique. In future, spatially-resolved spectroscopy could be attempted for thicker 
biofilms if the concentrations in combination with the achievable volume sizes can be 
detected. This might require a customised reactor setup such as has been developed for 
flat biofilms (39) to keep the biofilm viable during longer acquisition times. 

7.3.2.2 Volatile-fatty Acid Producing Bacteria 

Granular sludge from a lab-scale reactor producing volatile fatty acid were tested initially 
as a control when investigating the aerobic granular sludge granules. Opposite to prior 
assumptions, the core of the granules seemed to be hollow or contain biomass density 
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as seen in both T1-contrast images (Figure 7-4A) and T2-contrast images (Figure 7-4B). 
As it was previously assumed that the lab granules were homogeneous in biomass 
density, this finding suggested implications for different metabolic activity in different 
depths of the granule.  

Figure 7-4: 2D-MRI images of VFA-granules at 22.3 T A.) with T1-weighted contrast (MSME; 
TR 5 s; TE 5.3 ms; FOV 6 x 6 mm2; MX 128 x 128; tacq 9 min 23 s; rBW 50 kHz ), B.) with T2-
weighted contrast (MSME; TR 5s; TE 5.3 ms; FOV 6 x 6 mm2; MX 128 x 128; tacq 10 min 40 s; 
rBW 50 kHz) (Unpublished results by Krug, Hendriks, Kirkland, Vergeldt, Toja Ortega, Kreuk, 
Velders and Van As).  

To investigate whether spatially resolved spectroscopy would be feasible to detect and 
potentially quantify the gradient of VFA’s within the biomass, we used Point Resolved 
Spectroscopy (PRESS) at ultra-high field strength of 22.3 T (Figure 7-5A). While 
chemical shifts in the lipid region, most likely corresponding to acetate and propionate, 
could be detected in a volume of (300 µm)3, the spatial resolution was not high enough 
to detect metabolites in the biomass. Additionally, the granule size in the bioreactor 
decreased over the course of this project, which made attempts to detect metabolites 
along a gradient in an irregular-shaped 3D structure unfeasible. In future, to distinguish 
metabolites between the medium and the biomass, within a chosen volume, localised 
diffusion-weighted spectroscopy could be used. The metabolites in bacteria and 
medium can most likely be distinguished by their difference in diffusion constant.  
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Figure 7-5: A.) Localized spectrum of a voxel on a VFA granule (PRESS, Voxel dimensions 
(0.3 mm)3, TR 1 s, TE 15.2 ms, NA 4096, tacq 1 h 8 min, B0 22.3 T; RF-coil 1.5 mm solenoid) B.) 
Reference NMR-spectra of expected VFA-compound present in VFA granules:  namely lactic 
acid (blue), acetic acid (purple), proprionic acid (orange), valeric acid (green), butyrinc acid (red) 
(𝜔𝜔(1H) 400 MHz, compounds dissolved in H2O) (Unpublished results by Krug, Hendriks, 
Kirkland, Vergeldt, Toja Ortega, Kreuk, Velders and Van As). 7 



216 

Chapter 7 

7.3.3 Plant Sciences 

Ultra-high field MRI can offer both high-resolution images and spatially resolved 
metabolite information of plant specimens, such as plant seeds and roots (Figure 7-6).  

Figure 7-6: Examples of MRI of plant specimen at 22.3 T A.) A plane of a 3D-MSME 
experiment of cabbage seeds in water is shown (Brassica rapa, type “Optiko”) in a 5 mm RF coil 
(TR 2 s, TE 2.4 ms, tacq 36 h 24 min, FOV 12 x 6 x 6 mm3, MX 256 x 128 x 128, rBW 200 kHz). 
Magnitude data is presented here and the scale bar indicates 1 mm. B.) A 2D-FLASH of Alfafa 
submerged in PFD in a 1.5 mm solenoid coil at 22.3 T (TR 130 ms, TE 2.6 ms, tacq 2h 21 min, 
NA 512,  FA 30°, FOV 1.2 x 1.2 mm2, ST 0.1 mm, MX 128 x 128, rBW 50 kHz). Magnitude 
data is presented here and the scale bar indicates 200 μm.  

Additionally, we have shown on root nodules that metabolites in different zones of a 
root nodule can be detected and that we can obtain high-resolution 3D images (7 x 7 x 
7 µm3) on fixated root nodules (40). Main challenges for ultra-high field non-invasive 
MRI and spatially-resolved spectroscopy on plants are specifically related to air spaces 
inside plant tissue. During the fixation step, a vacuum treatment is included to infiltrate 
the tissue with the fixation liquid. This, however, also extracts the air spaces, which is 
convenient for MRI. In contrast to anatomical imaging by MRI, this fixation step is not 
useful for spatially-resolved spectroscopy, as it most likely alters metabolite 
concentrations. For this in situ measurements were performed as the next step where 
the root was excised to fit in the solenoid coil but was not fixated by the fixative. 
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Figure 7-7: 2D images of excised pericarp tissue of a tomato in A.) H2O and B.) PFD. A RARE-
experiment with the following parameters was recorded ((TR 3 s, TE 8.0 ms, rarefact 4, tacq 3 h 
25 min, FOV 5 x 5 mm2, MX 256 x 256, 3 slices, NA 64,  rBW 50 kHz). Magnitude data is 
presented here and the scalebar indicates 1 mm.  

The difficulty with in situ measurements without vacuum treatment are air spaces 
present in the tissue as can be seen when an excised tomato pericarp tissue is imaged in 
H2O (Figure 7-7A). In the middle of the slice the black circle is the effect of an air 
bubble causing a distortion in the image due to susceptiblity mismatches between air 
and water as discussed in section 7.2.2. This can be solved for in situ samples by using 
perfluorodecaline as immersion liquid (as discussed in Chapter 3). No susceptibility 
effects are seen in the tomato pericarp tissue which is immersed in PFD (Figure 7-7B). 
PFD has the ability to fill up the extracellular air spaces by dissolving the air which 
reduces the susceptibility effects. 

Finally, ultra-high field MRI might be useful for in vivo imaging in plants as complete 
non-invasive imaging and spectroscopy of biological specimen are usually given the 
preference. MRI offers this unique advantage compared to other techniques, so either 
appropriate acquisition methods or sample preparation protocol have to be developed 
to optimally accommodate for plant specimen. Pure phase encoding techniques could 
be used for suspectibility-free imaging (41). To this end, a system should be 
implemented which can supply the plant with light, fresh water and potentially nutrients. 
Previously, this has been done on e.g. tomato plants on a 0.72 T (42) and a 3 T MRI-
system (43) at Wageningen University. The limited space of the 22.3 T poses additional 
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challenges which would be needed to overcome by e.g. microfluidic systems and suitable 
sized whole plants or plant organs (i.e. Arabidopsis or roots of Medicago Truncatula). 

7.4 Perspectives for 22.3 T and Beyond 

One crucial lesson from the 22.3 T UHF MRI was that the optimal result can be 
achieved when the coil is designed for a specific sample configuration (44) and all coil 
parameters including susceptibility matching are be considered (40).  

Increased time resolution can be very useful for longitudinal studies, if it is ensured that 
the specimen is viable over the study period and the process (i.e. structural changes or 
metabolite changes) can be followed within the temporal resolution as given by the total 
acquisition time of the experiments. To this end, appropriate systems for e.g. perfusion 
with biofilms or light and water supply for plants should be designed and tested. Due 
to the limited space, microfluidic applications could be investigated.  

The higher the B0-field, the shorter the T2 -relaxation time of water protons becomes 
while the T1-relaxation time increases (45). One might think that a shorter T2 relaxation 
time could be advantageous for achieving higher contrast, but as an additional factor T2 
converges at the resolutions which are used at ultra-high field imaging (46). To mitigate 
the effect of signal loss due to decreasing T2 relaxation times, pulse sequence 
optimization can be employed to shorten the effective echo time during image 
acquisition.  

The research project shown in this thesis has focused on the 1H-nucleus which is the 
most sensitive nucleus due to the high gyromagnetic ratio γ. However, ultra-high field 
also holds advantages for X-nuclei such as 2H, 13C, 23Na and 31P, which are less sensitive 
than 1H due to their lower gyromagnetic ratio γ, as SNR is proportional to γ3 (47). At 
ultra-high field the SNR-increase can also be used for spatially resolving these X-nuclei 
at higher spatial resolutions compared to lower field strengths. Hardware requirements 
are a dual coil or double-tuned coil, which depending on the circuit and the desired 
experiment, allow either the switching between 1H and X-channel or the simultaneous 
excitation of both nuclei.  

While ultra-high field already proved to be useful for a number of applications, we 
conclude that the possibilities for applications can be further exploited if this state-of-
the-art ultra-high magnetic field system is combined with strong gradient strengths, 
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optimized detector coils, sequence optimization and implementing novel sequences and 
methods. Additionally, several biological applications would profit from a customized 
support to maintain the specimen under study viable.  
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Magnetic Resonance Imaging (MRI) and spatially resolved spectroscopy are valuable 
Magnetic Resonance (MR) techniques ranging from clinical diagnostics and research to 
applications in environmental and plant sciences. The key advantage is the ability to 
non-invasively and non-destructively yield information which other techniques cannot 
provide. A disadvantage of MR techniques, however, is their relatively low sensitivity, 
which poses limitations to the minimal spatial resolution and target concentration or 
comes at the expense of long experiment times. The Signal-to-Noise Ratio (SNR) can 
generally be increased by increasing the main magnetic field strength B0, increasing the 
sensitivity of the detector, reducing the noise of the coil or enhancing the signal by 
hyperpolarisation techniques. In this thesis, we mainly focussed on SNR increase by 
increasing the B0 (cf. chapters 2-6) and to a certain extent by increasing the detector 
sensitivity (cf. chapters 2,3 and 5), as well as the enhancement by chemical shift 
saturation transfer (cf. chapter 6). 

Ultra-high magnetic field strength for MRI and spatially resolved spectroscopy are 
anticipated by the research community both with excitement as well as with precaution. 
Opportunities in terms of increase of both SNR and spectral resolution meet the 
challenges concerning susceptibility artefacts which cause image distortions and line 
broadening. During the research project leading to this thesis, we have identified both 
opportunities as well as challenges on phantoms and biological specimen.  

In chapter 1, the main milestones in the discovery of the fundamental physical 
phenomenon of nuclear magnetic resonance (NMR) and MRI techniques, as well as the 
road towards the different applications, are explained. The basics of MRI and spatially 
resolved spectroscopy are discussed, including MR image formation and the most 
commonly used sequences. The research field of Magnetic Resonance Microscopy 
(MRM) is set into context, and main hardware differences between the different 
research areas of MRI, i.e. clinical, preclinical and microimaging, are highlighted. The 
limitations to MR techniques, being the low SNR, and opportunities to increase the 
SNR are discussed. In terms of additional benefits and challenges at ultra-high field, 
susceptibility mismatches which represent a significant challenge in high field MRI are 
highlighted. A short introduction to spatially resolved spectroscopy methods is given.  

In chapter 2, the SNR-increase was quantified systematically across different high-field 
microimaging systems. We found that using the same detector dimensions (5 mm saddle 
and birdcage coils) the volumetric SNR could be increased by a factor of 5.9 from 14.1 
T to 22.3. T, while a factor of 2.2 could be gained from 17.6 T to 22.3 T. As the SNR 
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increase from 14.1 T to 22.3 T exceeded the theoretical expectation, this underlines the 
importance of considering other hardware components as well, such as using optimised 
radiofrequency detectors; in fact, the 5 mm saddle coil at 14.1 T appeared to 
underperform. Using a 1.5 mm microcoil at 22.3 T, we found an increase of a factor 3.5 
with respect to the 5 mm birdcage coil at the same magnetic field strength. This 
underlines the importance of adjusting the detector coil to accommodate the correct 
sample dimensions optimally. Our highest resolution obtained (5.5 μm )3 was on a 
phantom with doped water with the 1.5 mm solenoid coil, using a 3D-FLASH 
experiment with a matrix size of 288 x 192 x 192 in 58 h and 34 min. An additional 
effect from increasing the field strengths is the increase in T2* contrast, which could be 
observed by imaging with identical parameters on a specimen of lily root.  

In chapter 3, we describe a method protocol for using the uNMR-nl ultra-high field 
spectrometer (22.3 T) and calibrate new or home-built microcoils. Sample preparation 
for using solenoid coils is described, and adjustments for MRI experiments are 
described. As pre-scan adjustments and especially a good B0-homogeneity is essential 
to a number of applications at ultra-high field, the necessary adjustments, such as 
shimming, are outlined in the protocol.  

A case study for samples posing challenges to ultra-high field MRI due to susceptibility 
problems is shown in chapter 4. The preamble of this chapter describes the initial trials 
with respect to different activated carbon materials and sample pre-treatment strategies. 
An acid pre-treatment was found to reduce the iron content in activated carbon 
material. Biofilm visualisation and quantification of activated carbon electrodes by MRI 
on a 14.1 T high field imaging system was successfully correlated with the 
electrochemical performance and total mass by total nitrogen analysis. Strategies to deal 
with these susceptibility artefacts are discussed.  

In chapter 5, magnetic resonance imaging and spatially resolved spectroscopy were 
combined to evaluate the potential of ultra-high field MRI for plant sciences. A high-
resolution image of a fixed Medicago truncatula root nodule with a resolution of 7 x 7 x 7 
µm3 was obtained. These root nodules form in response to growing in nitrogen-
deficient soil and are a symbiotic interaction with bacteroids (Sinorhizobium melioti). In 
this image, plant cells are well resolved, while the presence of bacteroids can be 
distinguished by T2* contrast in the interior of infected plant cells. However, when 
freshly excising the root nodules, contrast and SNR decreases, most likely due to air 
cavities. This underlines the need for robust approaches when susceptibility is involved. 
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Additionally, spatially resolved spectroscopy was used to obtain spectral information 
from relevant zones in the nodule in a voxel of 200 x 350 x 350 µm3.  

While the ultra-high magnetic field is suitable for spatially resolved spectroscopy due to 
the increased SNR improving the detection limit, chemical exchange saturation transfer 
(CEST) imaging can further improve the detection limit significantly for a number of 
metabolites which contain exchangeable protons. In chapter 6, we investigated the 
additional advantage of CEST at ultra-high field, namely the increase of the selectivity 
towards the desired metabolite on 7.0 T, 17.2 T and 22.3 T systems. An increase in 
selectivity was observed with increasing field strengths, but it remains a challenge to 
uniquely select for a specific metabolite.  

In the general discussion (Chapter 7), we summarise the main findings and conclusions 
of this thesis. The lessons from ultra-high field MRI and spatially resolved spectroscopy 
are discussed from a hardware and experimental point of view. We highlight that both 
the main magnetic field strength and other hardware components, such as gradient 
strength and detector sensitivity, are important. Experimental considerations, which in 
particular have to be taken into account when working at ultra-high-field strengths are 
the chemical shift displacement when performing localised spectroscopy, strategies to 
reduce susceptibility effects and sequence optimisation. Other strategies for SNR 
increase, such as cryoprobes and hyperpolarisation, are briefly discussed for a future 
outlook. As ultra-high field MRM is a research field which usually comes together with 
small sample sizes, perspectives for different applications such as clinical research, 
environmental sciences, wastewater treatment, and plant sciences are discussed. Finally, 
this chapter concludes with an outlook for ultra-high field MRI and spatially resolved 
spectroscopy for magnetic field strengths beyond 22.3 T.  

Overall, we conclude that ultra-high field MRI and spatially resolved spectroscopy are 
highly beneficial as it leads to higher spatial resolutions, faster acquisition times and 
improved detection limits for metabolites. These advantages can be in the future further 
extended to a variety of applications. Novel acquisition approaches, hardware and 
sample preparation, can be additionally optimised for each application to benefit 
maximally from the state-of-the-art 22.3 T system.  



Samenvatting 
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Kernspintomografie (MRI) en ruimtelijk-opgeloste spectroscopie zijn waardevolle 
methoden in de kernspinresonantie, variërend van klinische diagnostiek- en 
onderzoeksmethoden tot toepassingen in de milieu- en plantenwetenschappen. Het 
belangrijkste voordeel ten opzichte van andere technieken is de mogelijkheid om niet-
invasief en niet-destructief te meten. Een nadeel van de kernspinmethodes is de relatief 
lage gevoeligheid. Deze lage gevoeligheid stelt limieten aan het ruimtelijke 
oplossingsvermogen en de benodigde concentratie van kernspins tenzij de 
experimentele duur verlengd wordt. De signaal-ruis verhouding (ook wel afgekort met 
SNR) kan in het algemeen vergroot worden door een verhoogde magneetveldsterkte 
B0, een verhoogde gevoeligheid van de detector, het verlagen van het ruisniveau of het 
versterken van het signaal door middel van hyperpolarisatiemethoden.  In deze 
dissertatie focussen we op het vergroten van de SNR door bij extreem hoge 
magneetvelden te meten (zie hoofdstukken 2-6) en door de gevoeligheid van de 
detector te vergroten (zie hoofdstukken 2,3, en 5). Bovendien kijken we naar de SNR-
verhoging door chemische shift saturatie transfer (zie hoofdstuk 6).  

De wetenschappelijke gemeenschap keek uit naar ultrahoge magnetische velden voor 
kernspintomografie en ruimtelijk opgeloste spectroscopie met zowel grote 
verwachtingen als met enige terughoudendheid. Aan de ene kant zijn er  vooruitzichten 
in de vorm van SNR-verhoging en verhoogde spectrale oplossing en aan de andere kant 
zijn er uitdagingen rondom susceptibiliteitseffecten, die beeldvervormingen en 
lijnverbreding kunnen veroorzaken.  

In hoofdstuk 1 worden de mijlpalen in de ontdekking van het onderliggende fysische 
fenomeen van kernspinresonantie (NMR)- en MRI-technieken en het pad naar de 
verschillende toepassingen uitgelegd.  De basis van MRI en ruimtelijk-opgeloste 
spectroscopie, MRI-beeldvorming en de meest gebruikte sequenties worden behandeld. 
Het onderzoeksveld van kernspinresonantie-microscopie (MRM) wordt in context 
geplaatst en verschillen in hardware tussen de verschillende gebieden in MRI worden 
uitgelicht. De limitaties voor de kernspintechnieken, zijnde de lage SNR en 
mogelijkheden om de SNR te vergroten, worden bediscussieerd. Daarnaast worden de 
zogeheten susceptibiliteitsverschillen benadrukt, omdat deze een belangrijke uitdaging 
in ultrahoogveld MRI zijn.  
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In hoofdstuk 2 wordt de SNR-verhoging van verschillende micro-imaging systemen 
systematisch gekwantificeerd. We hebben vastgesteld dat de SNR met een factor van 
5.9 kan stijgen van een 14.1 T spectrometer naar een 22.3 T spectrometer, door 
radiofrequentie-spoelen met dezelfde dimensies (5 mm zadel en birdcage spoelen) te 
gebruiken, terwijl van 17.6 T naar 22.3 T een factor 2.2 te behalen was. Het feit dat de 
SNR-verhoging van 14.1 T naar 22.3 T groter is dan de theoretische verwachtingen, laat 
zien hoe belangrijk de hardware en met name een geoptimaliseerde radiofrequentiespoel 
is. De 5 mm spoel op de 14.1 T  bleek niet optimaal te presteren. Met een 1.5 mm 
microspoel op 22.3 T hebben we een verhoging van de SNR met een factor 3.5 ten 
opzichte van de 5 mm spoel bij dezelfde magneetveldsterkte gerealiseerd. Dit laat zien 
dat het van belang is om de spoel qua dimensies optimaal op de dimensies van het 
monster af te stemmen. De hoogst gemeten ruimtelijke oplossing was (5.5 μm)3 op een 
fantoom met gedoteerd water in de 1.5 mm solenoïde spoel. Hierbij hebben we gebruik 
gemaakt van een 3D-FLASH experiment met een matrixgrootte van 288 x 192 x 192 in 
58 uur en 34 min. Een bijkomend effect van het verhogen van de veldsterkte is de 
verhoging in T2* contrast, die geobserveerd kon worden door het opnemen van een 
MRI-beeld bij identieke parameters op een monster van een leliewortel.  

In hoofdstuk 3 beschrijven we een protocol om de uNMR-nl ultrahoogveld 
spectrometer (22.3 T) te gebruiken en om nieuwe microspoelen te kalibreren. De 
voorbereiding van een monster voor een solenoïde spoel en de afregelingen voor een 
MRI-experiment worden beschreven. Daarnaast worden voor een aantal toepassingen 
bij ultrahoog veld de noodzakelijke pre-scan optimalisaties beschreven. Met name B0-
homogeniteit is essentieel bij ultrahoogveld en daarom wordt het homogeniseren van 
het magneetveld expliciet beschreven.  

Een casus voor uitdagende monsters wordt gepresenteerd in hoofdstuk 4. Het gaat 
hierbij om monsters die susceptibiliteitsproblemen geven in MRI bij ultrahoog veld. De 
inleiding van dit hoofdstuk beschrijft de eerste experimenten met verschillende 
materialen van actieve kool en de verschillende strategieën voor voorbehandeling. Een 
voorbehandeling met zuurverminderde de ijzer hoeveelheid in de geteste actieve kool. 
Visualisatie en kwantificatie van biofilm op actieve kool op een 14.1 T hoogveld MRI 
systeem correleerde met de elektrochemische prestatie en totale massa op basis van het 
totale stikstofgehalte. Strategieën om met de susceptibiliteitsartefacten om te gaan 
worden bediscussieerd.  
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In hoofdstuk 5 worden MRI en ruimtelijk-opgeloste spectroscopie technieken 
gecombineerd om het potentieel van ultrahoogveld MRI te onderzoeken voor 
toepassing in de plantenwetenschappen. Van een gefixeerde Medicago truncatula 
wortelknolletje werden beelden verkregen met een ruimtelijke oplossing van 7 x 7 x 7 
µm3 in 34 uur en 24 min. M. truncatulata vormt wortelknolletjes als reactie op een 
stikstofarme grond en in de cellen in deze wortelknolletjes bevinden zich in symbiose 
bacterioiden (Sinorhizobium melioti). In de verkregen MRI beelden kunnen door middel 
van T2* contrast zowel de plantencellen als de aanwezigheid van bacterioiden in de 
plantencellen onderscheiden worden . Beelden van een vers afgesneden wortelknolletje 
hebben een verminderd contrast, waarschijnlijk vanwege de aanwezige luchtholtes. 
Deze susceptibiliteitsproblemen benadrukken het belang van een robuste benadering. 
Daarnaast werd ruimtelijk opgeloste spectroscopie gebruikt om spectrale informatie uit 
relevante zones in het knolletje  in een voxelgrootte van 200 x 350 x 350 µm3 te 
verkrijgen. 

Ultrahoog veld is geschikt voor ruimtelijk opgeloste spectroscopie door een verhoogde 
detectielimiet, die voortkomt uit een verhoogde SNR. Chemical Exchange Saturatie 
Transfer (CEST)-beeldvorming kan deze detectielimiet significant verbeteren voor een 
aantal metabolieten die uitwisselbare protonen hebben. In hoofdstuk 6 hebben we het 
bijkomend voordeel van CEST bij ultrahoog veld onderzocht, met name de verhoging 
in selectiviteit voor bepaalde metabolieten in 7.0 T, 17.2 T en 22.3 T systemen. Een 
hogere selectiviteit werd gevonden bij hogere veldsterktes, maar het blijft een uitdaging 
om specifiek één metaboliet te selecteren.  

In de algemene discussie (Hoofdstuk 7) vatten we de voornaamste resultaten van dit 
proefschrift samen. De belangrijkste bevindingen van ultrahoogveld MRI en ruimtelijk 
opgeloste spectroscopie worden bediscussieerd met de focus op hardware en 
experimentele aspecten. We benadrukken dat zowel de magneetveldsterkte als de 
gevoeligheid van de detector van belang zijn. Experimentele factoren waar rekening 
mee moet worden gehouden bij ultrahoog veld zijn de chemische shift verschuiving bij 
ruimtelijk-opgeloste spectroscopie, strategieën om susceptibiliteit te verminderen en 
sequentie optimalisatie. Andere strategieën voor SNR-verhoging, zoals cryoprobes en 
hyperpolarisatie, worden kort bediscussieerd in het kader van toekomstig onderzoek. 
Omdat ultrahoogveld MRM een onderzoeksveld is dat vaak gepaard gaat met kleine 
monstergroottes, worden de mogelijkheden van ultrahoogveld MRI in verschillende 
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gebieden zoals klinisch onderzoek, milieuwetenschappen en plantenwetenschappen, 
bediscussieerd. Tenslotte sluit dit hoofdstuk af met de vooruitzichten van ultrahoogveld 
MRI en ruimtelijk-opgeloste spectroscopie met magneetveldsterktes hoger dan 22.3 T.  

Samenvattend concluderen we dat ultrahoogveld MRI en ruimtelijk-opgeloste 
spectroscopie veelbelovend zijn, vanwege de hogere oplossingsvermogens, snellere 
acquisitietijden en verbeterde detectielimieten voor metabolieten. Deze voordelen 
kunnen in de toekomst uitgebreid worden voor verschillende toepassingen. Bovendien 
kunnen nieuwe meetmethodes, hardware en monstervoorbereiding geoptimaliseerd 
worden voor elke specifieke toepassing om maximaal van het 22.3 T systeem te kunnen 
profiteren.  





Zusammenfassung 
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Magnetresonanztomographie (MRT) und ortsauflösende Spektroskopie sind wertvolle 
Magnetresonanz(MR)-Techniken deren Anwendungen von klinischer Diagnostik und 
Forschung bis zu Umwelt- und Pflanzenwissenschaften reichen. Der Hauptvorteil ist 
die Möglichkeit Informationen nicht invasiv und nicht destruktiv zu erhalten, die andere 
Techniken nicht hergeben. Ein Nachteil der Magnetresonanztechniken ist jedoch die 
niedrige Sensitivität, die die räumliche Auflösung und die Spinkonzentration limitiert 
oder lange Experimentdauer mit sich bringt. Das Signal-Rausch-Verhältnis (SRV) kann 
normalerweise erhöht werden, indem man das Hauptmagnetfeld B0 oder die Sensitivität 
des Detektors erhöht, das Rauschniveau der Spule reduziert oder das Signal durch 
Hyperpolarisierung steigert. In dieser Doktorarbeit lag der Focus auf der SRV-
Steigerung durch B0-Erhöhung konzentriert (siehe Kapitel 2-6) und bis zu einem 
gewissen Grad der Erhöhung der Detektorsensitivität (siehe Kapitel 2, 3 und 5), sowie 
der Steigerung durch Chemical Exchange Saturation Transfer (CEST) (siehe Kapitel 6) 
gewidmet.  

Ultrahohe Magnetfeldstärken für MRT und ortsaufgelöste Spektroskopie werden durch 
die Forschungsgemeinschaft mit Spannung erwartet, aber auch mit Vorsicht betrachtet. 
Den Chancen der SRV-Steigerung und höheren spektralen Auflösung stehen 
Herausforderungen durch Suszeptibilitätartefakte gegenüber, die Bildverzerrungen und 
Linienverbreiterungen zur Folge haben können. In diesem Forschungsprojekt wurde 
bei Messungen von Modellproben und biologischen Proben sowohl Möglichkeiten als 
auch Herausforderungen gesehen. 

In Kapitel 1 werden die wichtigsten Eckdaten der Entdeckung des fundamentalen 
physikalischen Phänomens der Kernresonanz (NMR) und MRT-Techniken genauso 
wie der Weg zu den verschiedenen Anwendungen dargelegt. Die Grundlagen von MRT 
und ortsaufgelöster Spektroskopie werden erörtert, einschließlich der MR 
Bilderzeugung und die meist benutzten Sequenzen. Das Forschungsfeld der 
Magnetresonanzmikroskopie (MRM) wird in den Kontext eingebettet und wichtige 
Hardwareunterschiede zwischen den verschiedenen MRT-Gebieten werden 
hervorgehoben. Die Limitierung der MR-Techniken, nämlich die niedrige SRV, und die 
Möglichkeiten zur SRV-Steigerung werden diskutiert. Den zusätzlichen Nutzen und die 
Herausforderungen von ultrahohen Magnetfeldstärken betreffend werden 
Suszeptibilitätunterschiede herausgestellt, die eine besondere Herausforderung in 
Hochfeldmethoden darstellen. Es wird eine kurze Einleitung in ortsaufgelöste 
Spektroskopie gegeben.  
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In Kapitel 2 wird die SRV-Steigerung systematisch über mehrere Hochfeld-
Microimaging-Systeme quantifiziert. Wir fanden heraus, dass mit den gleichen 
Dimensionen des Detektors (5 mm Sattel- und Vogelkäfigspule) das volumetrische SRV 
um einem Faktor 5.9 erhöht werden konnte mit einer Erhöhung des Magnetfeldes von 
14.1 T auf 22.3 T, während ein Faktor 2.2 erreicht wurde mit einer Erhöhung von 17.6 
T auf 22.3 T. Da die SRV-Erhöhung mit der Erhöhung von 14.1 T auf 22.3 T die 
theoretischen Erwartungen übertrifft, unterstreicht dies den Einfluss der Hardware, wie 
zum Beispiel den Gebrauch von optimierten Radiofrequenzdetektoren, da die 5 mm 
Sattelspule bei 14.1 T nicht ihre optimale Leistung erbringt. Mit einer 1.5 mm 
Mikrospule wurde bei 22.3 T SRV-Steigerung von 3.5 gegenüber der 5 mm 
Vogelkäfigspule bei gleicher Magnetfeldstärke gefunden. Dies unterstreicht die 
Bedeutung der optimalen Anpassung der Dimensionen der Detektorspule an die 
Dimensionen der Probe. Die höchste erreichte Auflösung in dieser Arbeit war (5.5 μm)3 

an einer Modellprobe mit dotiertem Wasser mit der 1.5 mm Zylinderspule, in einem 
3D-FLASH Experiment mit einer Matrizengröße von 288 x 192 x 192 in 58 Stunden 
und 34 Minuten. Ein zusätzlicher Effekt der Magnetfeldstärkenerhöhung ist die 
Zunahme des T2*-Kontrastes, die durch die Aufnahme eines MRI-Bildes mit 
identischen Parametern an einer Lilienwurzel detektiert werden konnte.  

In Kapitel 3 wird ein Methodenprotokoll beschrieben um das unmr-nl 
Ultrahochfeldspektrometer (22.3 T) zu verwenden und um neue oder selbstgebaute 
Mikrospulen zu kalibrieren. Das Vorbereiten der Probe für die Zylinderspule wird 
beschrieben und ebenso Prä-Scan Einstellungen für MRT-Experimente. Da Prä-Scan 
Einstellungen und vor allem eine gute B0- Homogenität wesentlich sind für zahlreiche 
Anwendungen bei Ultrahochfeld, werden diese in diesem Protokoll beschrieben.  

Eine Fallstudie für Proben, die durch Suszeptibilitätsprobleme Herausforderungen bei 
Ultrahochfeld-MRT aufzeigen, ist in Kapitel 4 dargestellt. Die Präambel für dieses 
Kapitel beschreibt die Initialexperimente in Bezug auf verschiedene 
Aktivkohlematerialien und Strategien zur Vorbehandlung der Probe. Eine 
Säurevorbehandlung hat ergeben, dass der Eisengehalt in dem Aktivkohlematerial 
reduziert wurde. Biofilmvisualisierung und – quantifizierung auf Aktivkohlematerial 
mittels MRT auf einem 14.1 T Hochfeldbildgebungssystem wurde erfolgreich an der 
elektrochemischen Leistung und Gesamtmasse durch 
Gesamtstickstoffbestimmungsanalyse korreliert. Strategien zum Umgang mit 
Suszeptibilitätproblemen sind dargelegt. 
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In Kapitel 5 wurden MRT und ortaufgelöste Spektroskopie kombiniert, um das 
Potenzial von Ultrahochfeld-MRT für Pflanzenwissenschaften auszuwerten. Ein hoch 
aufgelöstes Bild von einer fixierten Medicago truncatula Wurzelknöllchen mit einer 
Auflösung von (7 µm) 3 wurde in 34 Stunden und 24 Minuten erreicht. Diese 
Wurzelknöllchen formen sich, wenn die Pflanzen auf stickstoffarmen Boden wachsen, 
und sind eine symbiotische Interaktion mit Bakterioiden (Sinorhizobium melioti). In 
diesem Bild sind die Pflanzenzellen gut aufgelöst, während die Anwesenheit von 
Bakterioiden mittels T2*-Kontrastbildgebung im Innern der infizierten Pflanzenzellen 
nachgewiesen werden kann. Bei frisch geschnittenen Wurzelknöllchen ist sowohl 
Kontrast als auch SRV reduziert, wahrscheinlich durch die Lufthohlräume. Dies 
unterstreicht die Notwendigkeit von robusten Methoden, wenn Suszeptibilität beteiligt 
ist. Des Weiteren wurde ortsaufgelöste Spektroskopie benutzt, um spektrale 
Informationen aus relevanten Zonen in dem Knöllchen  in einem Voxel von 200 x 350 
x 350 µm3 zu erhalten.   

Während Ultrahochmagnetfeld aufgrund der SRV-Steigerung für ortsaufgelöste 
Spektroskopie geeignet ist, kann CEST-Bildgebung die Nachweisgrenze einer Anzahl 
von Stoffwechselprodukten, die austauschbare Protonen haben, signifikant verbessern. 
In Kapitel 6 haben wir den zusätzlichen Vorteil von CEST bei Ultrahochfeld 
untersucht, nämlich die erhöhte Selektivität für bestimmte Stoffwechselprodukte bei 7.0 
T-, 17.2 T- und 22.3 T-Systemen. Eine Steigerung in Selektivität wurde festgestellt, aber 
es bleibt eine Herausforderung, ein bestimmtes Stoffwechselprodukt zu selektieren.  

In der allgemeinen Diskussion (Kapitel 7) werden die Hauptergebnisse und 
Schlussforderungen dieser Doktorarbeit zusammengefasst. Die Lektionen von 
Ultrahochfeld-MRT und ortsaufgelöster Spektroskopie werden aus experimenteller und 
technischer Sicht erörtert. Wir unterstreichen, dass sowohl die Hauptmagnetfeldstärke 
als auch andere Hardwarekomponenten wie Gradientstärke und Detektorsensibilität 
wichtig sind. Experimentelle Aspekte, die bei Ultrahochfeld erwogen werden müssen, 
sind chemische Verschiebungen, Strategien zur Reduzierung von Suzeptibilitätseffekten 
und Sequenzoptimierung. Andere Strategien für SRV-Steigerung wie zum Beispiel 
Kryosonden und Hyperpolarisierung werden kurz hinsichtlich ihrer zukünftigen 
Perspektiven angesprochen. Da Ultrahochfeld-MRM ein Forschungsfeld ist, das 
normalerweise mit kleinen Probendimensionen einhergeht, werden Perspektiven für 
verschiedene Anwendungen wie zum Beispiel klinische Forschung, 
Umweltwissenschaften, Wasseraufbereitung und Pflanzenwissenschaften erörtert. 
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Dieses Kapitel schließt mit einem Ausblick für Ultrahochfeld-MRT und ortsaufgelöster 
Spektroskopie für Magnetfelder über 22.3 T hinaus ab. 

Zusammenfassend lässt sich sagen, dass Ultrahochfeld-MRT und ortsaufgelöste 
Spektroskopie sehr vorteilhaft sind, da sie zu höheren Auflösungen, schnelleren 
Experimentzeiten und verbesserten Nachweisgrenzen für Stoffwechselprodukte 
führen. Diese Vorteile können in der Zukunft noch weiter für verschiedene 
Anwendungen benutzt werden. Neue Experimentmethoden, Hardware und 
Probenvorbereitung können für jede Anwendung ergänzend optimiert werden, um 
maximal von dem neuesten Stand der Technik (dem 22.3 T-Spektrometer) zu 
profitieren. 
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