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ABSTRACT 
 

Equipped with only three protons, lithium stands as one of the most unexpected drug 

discoveries in history. Despite its initial FDA approval in 1970, lithium's precise mechanism 

for regulating mood remains largely elusive. Lithium is generally considered a modulator of 

neurotransmission, an inhibitor of enzymes in the signaling cascade of inositol (1,4,5)-

triphosphate and diacylglycerol, and neuroprotective. Yet, the true challenge lies in 

understanding how lithium effectively treats patients with bipolar disorder. Bipolar disorder 

is a psychiatric illness that is characterized by recurrent periods of mania and depression, 

often accompanied by a high suicide rate (12-fold higher than the population average) and 

various comorbidities. While lithium is an effective drug for some bipolar patients (between 

30-50%), it also carries an increased risk of renal disease. It is therefore essential to 

understand the early stages of lithium treatment and find a way to predict whether a 

treatment is successful. However, despite extensive research, biomarkers for lithium 

treatment response have largely eluded scientists.  

In this thesis, I aim to tackle a part of this problem, focusing on the effect of lithium on the 

healthy brain. By isolating the drug from its pathological context, I have focused on 

characterizing lithium treatment in mice during the first four weeks of treatment. My 

investigation encompasses three key aspects: lithium distribution in the brain, brain 

metabolism, and changes in water diffusivity in the brain.  

Employing magnetic resonance imaging and spectroscopy, I have looked for biomarkers 

with a translational perspective. The primary isotope of lithium, lithium-7, is a spin-3/2 

nucleus with a nuclear receptivity of 0.29 compared to 1 of protons. Lithium-7 is therefore 

magnetically active making it possible to detect lithium directly in the brain. Previous studies 

in humans and animals have revealed an inhomogeneous distribution of lithium in the brain. 

However, no in vivo imaging of lithium in mice has previously been performed. Through 

optimizing the magnetic resonance sequence and hardware, I successfully performed the 

first in vivo lithium-7 magnetic resonance imaging of the mouse brain (Chapters 2-3). I found 

lower lithium concentrations in the olfactory bulb and cerebellum compared to the rest of 

the brain. Furthermore, I successfully estimated the lithium concentration in the brain of 

mice.   

To investigate brain metabolism, I employed magnetic resonance spectroscopy – a 

technique that relies on the principle of chemical shift. The conventional approach to 

analyze spectroscopy data is to fit it with a linear combination of basis spectra (model 

functions of different metabolites). I performed this analysis using a software package called 

LCModel, which is currently considered the gold standard for in vivo spectroscopy. I could 

show that this software has non-ideal behavior when adding noise to spectra (Chapter 4). 

To better characterize the impact of adding noise on the quality of the fit, I incorporated data 

from five different species: mice, rats, marmosets, macaques, and humans. I also 

developed an open-source toolbox for simulating cortical spectra from these species at 

various noise levels. 

To analyze 3D astrocyte cell cultures within an MRI scanner I developed a magnetic 

resonance-compatible bioreactor linked to a compact incubator, enabling precise control of 
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gas mixing and exchange (Chapter 5). Using the bioreactor, I investigated the metabolic 

response of astrocytes to lithium-enriched media. I found that astrocytes exposed to 

therapeutic concentrations of lithium (0.78 mM) exhibited reduced levels of myo-inositol and 

glutamate plus glutamine, while these levels increased at higher lithium concentrations 

(4.38 mM). 

Finally, I established a magnetic resonance-based characterization of the effects of lithium 

treatment in mice, incorporating structural analysis, metabolic assessments, and diffusion-

related changes. I found that mice on a lithium-enriched diet showed elevated levels of myo-

inositol, decreased N-acetylaspartate, and reduced diffusivity. At first glance these changes 

looked bleak – considering that these suggest increased glial content, decreased neuronal 

health, and inflammation. However, upon further investigation, I found that these were 

accompanied by a change in the glutamate-to-glutamine ratio and increased neurite density 

index – changes associated with a potential shift in cell population rather than neurotoxicity.   

This thesis starts by developing methods enabling the study of lithium treatment in mice in 

vivo. The second half demonstrates the application of these methodologies and presents 

evidence for a shift in cell population following lithium treatment. While I obviously cannot 

claim to have solved the mechanism of lithium action, I have succeeded in delineating a 

magnetic resonance-based profile of lithium treatment in both astrocytes and mice.  
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1 GENERAL INTRODUCTION 
 
The ancient Romans knew it, so did the Greeks… lithium may be used to alleviate mood 

imbalance. Well to be more precise, they realized that drinking water from specific alkaline 

springs could lessen symptoms of mania and melancholia (depression) – thanks to the 

insights of Soranus of Ephesus1. Sadly most of the writings of Soranus of Ephesus were 

lost to time, while the remainder went largely unnoticed – despite him distinguishing mania 

and depression as separate, but interconnected illnesses2 as well as encouraging gentle 

handling of psychiatric patients with a focus of therapy through speaking to the patients3. 

The notion of alkaline healing waters faded and was replaced by other hypotheses. It should 

of course be noted that – lithium was first discovered in 1817 after all4 – Soranus of Ephesus 

was not aware that lithium was the working element in his treatment.   

Almost 1800 years after Soranus of Ephesus discovery, a second discovery of lithium as a 

therapeutic was made5. The brothers Carl and Frederik Lange used lithium to treat patients 

with periodic5 and acute6 depression. This was the first modern usage of lithium carbonate, 

rather than lithium bromide7. However, it required a third discovery, before lithium treatment 

against “psychotic excitement” caught on8. John F. Cade showed that bipolar patients could 

be brought from the manic to euthymic phase with the help of lithium treatment8. It is worth 

noting that lithium carbonate was first approved in the United States of America in 1970.  

Lithium is regarded as the frontline and recommended treatment of bipolar disorder9 with 

recent numbers from Sweden indicating that over half of bipolar patients were prescribed 

lithium10. Bipolar disorder is an affective illness characterized by periods of (hypo)mania 

(elevated mood) and depression – in some cases occurring simultaneously11–13. Manic 

episodes are characterized by an elevation in mood and increased energy, but are often 

accompanied by psychotic symptoms (e.g. delusion)14. In depressive episodes, bipolar 

patients exhibit only minor differences to patients with unipolar or major depression14. 

Affection approximately 3% of the population in their lifetime, bipolar disorder is among the 

leading causes of disability in young adults10,15–18. Due to its high prevalence, onset in early 

adulthood, and 12-fold elevated risk of suicide16, the societal impact of bipolar disorder can 

hardly be overstated. The direct and indirect societal cost of bipolar disorder have been 

estimated to be about €28000 per patient (in Sweden) with indirect costs constituting 75%18. 

German estimates from 2004 showed a similar tendency with a combined direct and indirect 

cost of €5.6 billion16, while the number for direct costs in 2020 of all affective disorders (ICD-

10-F30-39) was €10 billion19.  
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On the behavioral level, lithium treatment has shown decreased suicidal behavior and 

reduction in both manic and depressive episodes20. Despite the success of lithium treatment 

in patients with bipolar disorder, only about 30% of patients respond optimally21. 

Furthermore, lithium treatment can cause nephrogenic diabetes insipidus, a kidney disease 

characterized by polyuria as the kidneys are no longer able to concentrate urine22,23. Long-

term treatment (especially at higher doses) can lead to a six-fold increased risk of end-stage 

renal disease22. Despite the usage of lithium salts in treating bipolar disorder patients for 

almost 75 years8, lithium treatment is not fully understood. It is therefore of concern that no 

clear biomarkers exist to indicate the success of lithium treatment in bipolar disorder 

patients. Furthermore, monitoring treatment efficacy and response in patients is often 

difficult as clinical symptoms first start to subside after 1-3 weeks of treatment24, meanwhile 

frequent blood samples are taken to control lithium dosage and avoid toxicity. Lithium has 

a low therapeutic index of ~2 and narrow therapeutic window, 0.4-1.2 mM recommend 

serum concentrations9.   

In this thesis, I have attempted to tackle the main problem associated with lithium treatment 

– the absence of detectable biomarkers. However, I have approached this from an 

alternative perspective by using magnetic resonance imaging (MRI) and spectroscopy 

(MRS) to examine the effect of lithium on astrocyte cell cultures (chapter 5) and the healthy 

mouse brain (chapter 6), thereby generating an MR-based profile of lithium treatment in the 

healthy mouse. A challenged of lithium treatment is that there are many brain regions that 

may be potential targets. I therefore started by developing the tools to study the lithium 

distribution and characterize MR-detectable biomarkers in the mouse brain. We developed 

lithium-7 MRI and MRS from the in vivo mouse brain for the first time (chapter 2) along with 

a low-cost radiofrequency (RF) coil with comparable signal quality to commercially available 

alternatives (chapter 3). In doing so, I was able to show the first in vivo lithium-7 images of 

the mouse brain. In order to reliably analyze MR spectra in vitro and in vivo, I explored the 

limitations of LCModel25 – a fitting software for MRS analysis – and provided an open-source 

toolbox for simulation of in vivo spectra for five different species: mice, rats, marmosets, 

macaques, and humans (chapter 4). A more detailed overview of the studies included in 

this thesis is given in section 1.4. 

1.1 MAGNETIC RESONANCE 
MRI and MRS are essential tools used in both clinical diagnostics and preclinical research. 

They exploit the principle of nuclear magnetic resonance (NMR). In short, protons in 

magnetic field exist in two energetically distinct states that are unequally populated. A 

second small field can be used to excite protons in the low energy state. The excited protons 

can be detected using a small antenna. The signal may then be transformed into either 

images (MRI) or spectra (MRS). The following sections will elaborate on the principle of 

NMR, spectroscopy, and imaging.  

1.1.1 Principles of nuclear magnetic resonance 

All nuclei have a total angular momentum, which we will refer to as spin. This is a property 

of the nucleus arising from the constituent nucleons (protons and neutrons). Protons and 

neutrons are both spin-1/2 particles that consist of quarks and gluons; however, why this 

results in the intrinsic property that we refer to as spin is well beyond the scope (and interest) 
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of this thesis. We will simply consider spin an intrinsic property of nucleons. However, it is 

important that protons and neutrons are not elemental particles, because despite an 

absence of net charge, neutrons – like protons – have a magnetic moment (although the 

magnetic moment of a proton and neutron is not equal). We may therefore treat protons 

and neutrons jointly for the ensuing discussion. Since the proton is the most abundant 

nucleus in the human body, it will be used for the description of NMR.  

As protons have spin, they have a nonzero net angular momentum and therefore a nonzero 

magnetic moment. Consequently, in the presence of an external magnetic field, these spins 

may align with (also referred to as parallel or spin-up) or against (also referred to as 

antiparallel or spin-down) to the external magnetic field. As the magnetic moment is placed 

in a magnetic field, it will experience a torque, which will make it precess about the axis of 

the external magnetic field. The rate of precession is known as the Larmor frequency (ωL), 

which depends on the gyromagnetic ratio, γ, – the ratio of the magnetic moment and the 

angular momentum – and the field strength of the external magnetic field, B0.  

𝜔𝐿 = 𝛾 ∙ 𝐵0 

In the two quantized states, parallel alignment is energetically favorable compared to 

antiparallel alignment. The energy difference (ΔE) between two neighboring energy levels 

may be expressed in terms of Planck’s constant (h) and Larmor frequency – thereby 

increasing as a function of field strength. 

Δ𝐸 = ℎ𝜔𝐿 

While NMR may be observed on the single proton level, it is the behavior of an ensemble 

of protons that makes this technique interesting for biomedical research. By considering a 

population of protons, we can describe how many align parallel and antiparallel to the field. 

The distribution of spins (Ndown/Nup) at equilibrium is described by Boltzmann statistics (k is 

Boltzmann’s constant and T is temperature).  

𝑁𝑑𝑜𝑤𝑛

𝑁𝑢𝑝
= 𝑒−

Δ𝐸
𝑘𝑇 = 𝑒−

ℎ𝜔𝐿
𝑘𝑇  

For a proton at 37˚C in a standard clinical MRI system with a field strength of 3T, the 

difference between parallel and antiparallel alignment is a few spins per million. However, 

this difference in distribution between the two energy levels results in a net magnetization. 

Using an excitation that fulfills the resonance criterion, one can manipulate this equilibrium.   

Prior to explaining how a simplified MR experiment works, the above explanation must be 

extended to include X-nuclei (nonproton nucleus with nonzero spin). Calculating the spin of 

a nucleus is not trivial; however, using a nuclear shell model, it is possible. For the sake of 

brevity, we will not discuss this in detail, but rather focus on the general rules. If both the 

number of protons and neutrons are even, then the nucleus will have a spin of 0. Carbon-

12 is an example of a spin-0 nucleus. If the mass number is odd, then the spin will be half-

integer. If both the number of protons and neutrons are odd, then the nucleus will have a 

positive integer spin – deuterium (spin-1) is the simplest example with one proton and one 

neutron.   

At this point, we can describe the simplest MR experiment. We want to disrupt our 

equilibrium and observe the system as it reverts. The way we disturb – or more correctly 
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perturb – the system is through a secondary electromagnetic field. This field is only applied 

for a short time and needs to match the Larmor frequency in order to meet the resonance 

criterion. As the Larmor frequency is in the order of megahertz, we will refer to this field as 

a RF pulse. Following the RF pulse, the net magnetization vector has been rotated by 90˚ 

and is now orthogonal to the external magnetic field, we refer to this step as the excitation. 

The excitation angle is referred to as the flip angle, in this example 90˚ is chosen for 

conceptual simplicity. The net magnetization vector continues to precess about the external 

magnetic field; however, as it is now perpendicular to the external magnetic field it can be 

observed. As the protons are now in an excited state and precessing in the same phase, 

there are two types of relaxation that can occur: longitudinal and transversal. Longitudinal 

relaxation – also known as T1 relaxation or spin-lattice relaxation – is the process by which 

spins return from the excited state back to thermal equilibrium. This process is described 

by one minus an exponential decay with the time constant T1 (T1 time). The longitudinal 

relaxation therefore describes the relaxation along the axis of the external magnetic field, 

commonly referred to as the z-axis. The transverse relaxation – also known as T2 relaxation 

or spin-spin relaxation – arises from the dephasing of the individual spins. The transverse 

relaxation is also governed by an exponential decay with the time constant T2 (T2 time); 

however, since the transverse relaxation is about the dephasing of spins, it describes 

relaxation orthogonal to the external magnetic field, commonly referred to as the xy-plan. 

For most biological tissues, the T2 time is shorter than the T1 time or in other words the 

transverse relaxation is faster than the longitudinal relaxation. Following an excitation, the 

signal will therefore decay in amplitude, which is called the free induction decay (FID). This 

free induction decay is usually what is detected in MR experiments, if it is Fourier 

transformed it will give a spectrum, which shows the signal intensity at different frequency 

components – indicating the different chemical environments present in the solution/tissue, 

the foundation of NMR spectroscopy.  

Having discussed X-nuclei and the simplified NMR experiment, we will conclude the theory 

section by looking at the maximum signal intensity and relaxation properties. The nuclear 

receptivity, ΡX – relative to proton, which is assigned 1 – is a measure of the potential signal 

intensity that can be achieved for a given nucleus – it depends on dependent on the 

gyromagnetic ratio and spin.  

Ρ𝑋 = |
𝛾𝑋

3

𝛾
𝐻1

3 | ∙
𝐼(𝐼 + 1)

1
2 (

1
2 + 1)

 

The nuclear receptivity is used to approximate the signal-to-noise ratio (SNR) of a nucleus 

at thermal equilibrium or in vivo. It is worth noting that using techniques such as 

hyperpolarization (to change the equilibrium) or isotopic labelling (to change the 

abundance) one can achieve higher SNR than predicted by the nuclear receptivity. 

However, as neither of these techniques are relevant for hydrogen-1 (proton), lithium-7, or 

phosphorus-31, they will not be discussed. Protons are spin-1/2 with a natural abundance 

of 99.99% and a gyromagnetic ratio of 42.58 MHz T-1. Lithium-7 is a spin-3/2 nucleus with 

a natural abundance of 92.7% and a gyromagnetic ratio of 16.55 MHz T-1. The nuclear 

receptivity of lithium-7 is therefore 0.29; however, the concentration of lithium in the brain – 

even after therapy – is less than 2 mM. Phophorus-31 is a spin-1/2 nucleus with a natural 

abundance of 100% and a gyromagnetic ratio of 17.24 MHz T-1, which means that nuclear 
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receptivity is 0.06. However, since phosphorus-containing metabolites are common, the in 

vivo concentration of (detectable) phosphorus in the brain is roughly 10 mM. The SNR is 

proportional to the nuclear receptivity, concentration [X], and isotopic abundance (AX) of the 

nucleus.  

𝑆𝑁𝑅 ∝ 𝐴𝑋 ∙ [𝑋] ∙ Ρ𝑋 

We can therefore see that the anticipated signal for a proton experiment is roughly 105 times 

larger than lithium-7 (after treatment) and phosphorus-31. As a result, X-nuclei experiments 

require longer acquisition durations and more efficient MR sequences.  

1.1.2 Spectroscopy 

MRS is an extension of the classic NMR experiment described in section 1.1.1. However, 

for in vivo measurements, we would like to detect signal from only specific regions – to 

determine metabolism in cortex, we do not want to observe signal from subcutaneous fat 

outside the brain. In other words, the signal must come from a specific region of interest or 

voxel (volume element). A voxel may be localized using a variety of different methods – in 

MR research we call them sequences, example in Fig. 1-1; however, the main prerequisite 

is that only signal inside the voxel is detected. In this thesis, I used three different sequences 

for single-voxel spectroscopy – stimulated echo acquisition mode (STEAM), point-resolved 

spectroscopy (PRESS), and image-selected in vivo spectroscopy (ISIS). I used STEAM and 

PRESS for proton MRS and ISIS for lithium-7 and phosphorus-31 MRS. 

STEAM26 and PRESS27 are commonly used MR spectroscopy sequence that use three RF 

pulses with orthogonal gradients to produces an echo arising only from the desired voxel, 

Fig. 1-1. However, STEAM achieves this using a stimulated echo approach – three 

consecutive 90˚ pulses – whereas PRESS generates a double spin echo – with 90˚-180˚-

180˚ RF pulses. This means that STEAM can be acquired using shorted echo times allowing 

for better visualization of metabolites with short T2 relaxation times. However, as a 

stimulated echo decays faster than a spin-echo, the expected signal of a STEAM 

sequences is half that of a PRESS sequence28. PRESS is the conventional sequence of 

choice at clinical field strengths (0.5-3T), but at ultrahigh field (>7T) STEAM is the preferred 

method due to the possibility of short echo times. 

Most metabolites in the brain are present at concentrations less than 10 mM, which is 

significantly less than the ~40000 mM of water (depending on brain region)29. As a result, if 

one acquires a spectrum of the brain, one will only see water. Spectra are therefore always 

acquired with water suppression, which in this thesis was performed using chemical shift 

selective (CHESS) water suppression30,31. CHESS water suppression uses three long RF 

pulses – with a narrow frequency range – to suppress only the water signal at 4.7 ppm. 

Each RF pulse is followed by a spoiler gradient, which dephases any residual signal to 

prevent accidental coherences. This allows for the detection metabolites that are present at 

concentrations of at least 0.5 mM. The effect of water suppression on proton spectra is 

visualized in Fig. 1-1.  

Contrary to proton spectroscopy, lithium-7 and phosphorus-31 spectroscopy is commonly 

acquired using an ISIS sequence32. An ISIS sequences uses four RF pulses, as opposed 

to three in both STEAM and PRESS. The first three pulses of an ISIS sequence are slice-
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selective inversion pulses (180°), similar to those in Fig. 1-1. These pulses are followed by 

a non-localized excitation RF pulse (90°) followed by the signal acquisition. As the 

localization is performed prior to the excitation, this sequence can acquire signal with an 

echo time close to 0 ms, thereby detecting almost all the signal. However, the ISIS 

sequence has one major drawback, namely that because the excitation is non-localized, 

the signal will arise from the whole imaging volume and thereby also outside the desired 

voxel. As each of the three inversion pulses will have an associated gradient, one can solve 

this problem by varying whether the inversion pulse is with or without a gradient. If one 

acquires 8 ISIS spectra, then every iteration of gradient on and off can be acquired. One 

can show using a matrix to describe the phase of the spins that if one pairs these into four 

groups differing only by one gradient (e.g. on|off|off and off|off|off), then the sum of the 

difference between groups will give signal only from the central voxel32. Moreover, the signal 

intensity will be eight times greater than the intensity in a single spectrum, thus resulting in 

no signal penalty from combining the spectra. However, the ISIS sequence is especially 

Figure 1-1: Magnetic resonance spectroscopy. Spectroscopy localization is performed using at least three 
different localization pulses. For proton spectroscopy water suppression is a necessity as the concentration 
of metabolites are about 10000-fold lower than water. Lithium-7 spectra have a single resonance at 0 ppm. 
Phosphorus-31 spectra are characterized by phosphocreatine at 0 ppm, ATP upfield of phosphocreatine, 
and inorganic phosphate as well as phosphoesters downfield of phopsphocreatine.  
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prone to motion related artifacts, as movement within this block of eight spectra will lead to 

errors during the subtraction. For this reason, ISIS spectroscopy is not commonly used for 

proton spectroscopy; however, as the signal can be acquired with short repetition times, it 

is a well-suited MR sequence for most X-nuclei.  

Spectroscopy is analyzed in the frequency domain. However, since the operational 

frequency is field strength dependent, the location of two peaks will be field strength 

dependent. In spectroscopy, the chemical shift, δ, is plotted along the x-axis and has the 

unit parts per million (ppm). The main advantage of the chemical shift is that it is field 

independent, because it is defined relative to a reference – tetramethylsilane (TMS). The 

chemical shift of compound X (δX) can therefore be calculated based on the frequency of X 

(νX) and TMS (νTMS). 

𝛿𝑋 =
𝜈𝑋 − 𝜈𝑇𝑀𝑆

𝜈𝑇𝑀𝑆
∙ 106 

This allows spectra to be compared at different field strengths and systems. However, it 

should be noted that the coupling constants are also field independent; however, as they 

are measured in Hz, they do visually change due to the definition of the chemical shift. The 

area under the curve of a peak in the spectrum depends on the concentration and number 

of protons. We note that for spectra with a nonzero echo time and/or short repetition time 

(less than five times the T1 time) the area under the curve will also depend on the transverse 

and longitudinal relaxation rates.  

The proton spectrum of the mouse brain is characterized by the N-acetylaspartate peak at 

2 ppm. Between N-acetylaspartate and creatine/phosphocreatine (~3 ppm), glutamate, 

glutamine, and GABA contribute to the signal – glutamate and glutamine also give rise to 

signal at 3.8 ppm. Creatine and phosphocreatine can be distinguished by their peak at 3.9 

ppm, where phosphocreatine (due to the phosphate) is shifted further downfield – towards 

water. Choline and the two taurine peaks are in the range between 3.2-3.4 ppm. Myo-

inositol has peaks at 3.5-3.6 ppm, but more easily noticeable at 4.05 ppm, labelled proton 

spectrum in Fig. 1-1. Lithium-7 shows a single peak. Phosphorus-31 is characterized by a 

larger phosphocreatine peak defined as 0 ppm. Upfield of phosphocreatine (towards 

negative numbers) there are the three peaks arising from the three phosphates on ATP – 

(in order γ, α, β). Downfield of phosphocreatine (higher values) there are peaks arising from 

phosphodiesters (~3 ppm), inorganic phosphate (~5 ppm), and phosphomonesters (~8 

ppm) – labelled phosphorus-31 spectrum in Fig. 1-1.   

1.1.3 Imaging 

In this thesis, I employed three main MRI techniques – structural, diffusion, and X-nuclei. I 

will discuss each of these techniques in brief with a focus on how they are acquired as well 

as their application.  

Structural MRI was performed using fast-low angle shot (FLASH) sequence with a 

magnetization transfer (MT) pulse added. This sequence allows for fast three-dimensional 

imaging of the mouse brain with a 100-µm isotropic resolution. MT relies on using off-

resonance RF pulses that saturate the signal in the exchangeable protons of 

macromolecules33, fig 1-2. These protons are exchanged between the macromolecules and 

the surroundings, which results in a partial saturation of the water signal. However, the 
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saturation of the water signal is dependent on the macromolecular content of the tissue, so 

the effect is larger in brain regions that have higher amounts of macromolecules – such as 

myelin. Using MT MRI, we get a good grey-to-white matter content in mice with high spatial 

resolution and fast acquisition times, Fig. 1-2.  

A diffusion MRI sequence is built-up in five different phases – excitation, diffusion gradient, 

inversion, diffusion gradient, acquisition, Fig. 1-2. In this thesis, I focused on diffusion tensor 

imaging (DTI)34,35 and neurite orientation dispersion and density imaging (NODDI)36, I will 

therefore describe diffusion sequences that use multiple gradient strengths and directions. 

This is an extension of the conventional diffusion-weighted imaging. The excitation and 

acquisition phases are standard for MRI sequences; however, it should be noted that for in 

vivo experiments the acquisition is usually done with either echo-planar imaging (EPI) or 

spiral read-out, both of which allow for faster acquisition of the k-space than conventional 

line-by-line cartesian MRI, Fig. 1-3. EPI is commonly used for functional MRI, because it 

allows for the acquisition of the whole k-space in a single repetition time – for diffusion it is 

common to acquire this in multiple shots (or segments). However, EPI sequences are prone 

to distortion artifacts due to rapid switching of gradients. Spiral read-out gradients are 

sinusoidal switching of the gradients allowing for a fast read-out with low gradient usage – 

however, due to non-ideal gradients and potential movement, spiral read-outs often have 

blurring leading to lower effective spatial resolution than what was originally encoded. In 

this thesis, diffusion MRI was acquired with EPI. The diffusion gradients are directional and 

Figure 1-2: Magnetic resonance imaging contrasts. Magnetization transfer (MT) uses one (or more) off 
resonance radiofrequency pulses to saturate the macromolecular protons (MM). The exchangeable protons 
from the macromolecules will then exchange with free water protons, which leads to signal loss. Diffusion 
MRI (dMRI) uses diffusion gradients to dephase the spins, then using an inversion pulse and the same 
diffusion gradient re-phases the spins. However, diffusing spins – like in the ventricles – are not re-phased 

correctly, leading to signal loss. PDw – proton density weighted; T2w – T2-weighted MRI.  
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serve to dephase the spins. The time between the diffusion gradients and the inversion is 

called the diffusion time. The inversion pulse is placed exactly in the center of the two 

diffusion gradients, just as the two diffusion gradients are identical. As a result, any spin 

that is stationary will rephase during the second diffusion gradient. However, for spins that 

are moving (or diffusing) they will not rephase, which will lead to signal loss, Fig. 1-2. 

Diffusion MRI may be used to image tissue microstructure, as the diffusion gradients are 

directional thus allow for the characterization of both the directionality and amount of 

diffusivity in a voxel. The diffusivity will depend on the diffusion time, gradient amplitude, 

and gradient duration. These three values are combined to define a factor – called a b-value 

– that allows for describing the diffusion experiment in a comparable manner between field 

strengths and scanner types. In short, the b-value is proportional to the square of 

gyromagnetic ratio, diffusion time, gradient amplitude, and gradient duration37. For the sake 

of completion, it should be said that the b-value is proportional to the square of twice the 

diffusion time, which is the time between the centers of the two diffusion gradients.  

Diffusion tensor imaging uses different directions and b-values to determine the direction 

and strength of diffusion38. Diffusion along the main diffusion direction is called axial 

Figure 1-3: Magnetic resonance imaging sequences. Simple Cartesian sequences allow for reliable 
imaging with high spatial resolution; however, they are comparatively slow as they only acquire one k-space 
line per repetition time. Echo planar imaging is a faster sequence, which acquires multiple k-space lines 
simultaneously. However, it is prone to distortion artifacts, due to the high rate of gradient switching. Spiral-
encoding uses sinusoidal gradient switches to allow for fast imaging of the whole k-space in a single repetition 
time, but with comparatively low gradient usage. However, due to the relatively long sampling time of a spiral 

read-out and gradient imperfections, spiral read-out leads to smoothing at high spatial resolution.  
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diffusion and diffusion orthogonal to the main diffusion direction is called radial diffusivity. 

The average diffusion in all directions is referred to as the mean diffusivity or the apparent 

diffusion coefficient. The square root of the ratio of sum of squared differences between the 

three directions to twice the sum of squares of the three directions is referred to as the 

fractional anisotropy (FA). If the diffusion is equal in every direction (spherical diffusion) then 

FA=0, whereas if the diffusion is only along one direction (radial diffusivity of zero) then 

FA=1.  

NODDI is a more advanced diffusion model, which uses a three-compartment model: intra-

neurite, extra-neurite, and free water36,39. The method is useful for distinguishing the 

diffusion inside and outside of neurite bundles; however, it is a model and only works for 

well-defined cases. In this thesis, I use this model to support my conclusions, but not as the 

main explanation for them.  

X-nuclei MRI – as with spectroscopy – suffers from low SNR. Phosphorus-31 is possible to 

image; however, due to the contribution of signal from many different metabolites it is not 

meaningful. However, lithium-7 MRI – although still in its early stages – offers an opportunity 

to directly image the drug. The historical usage and approaches toward lithium-7 MRI will 

be discussed in detail in chapter 1.3, in this section I will focus on the prerequisites for 

performing X-nuclei MRI. X-nuclei MRI requires fast acquisition with a high number of 

averages to get sufficient signal for meaningful interpretation. In this thesis, I explored two 

main approaches: SPIRAL MRI and balanced steady-state free precession (bSSFP) MRI. 

SPIRAL MRI has been discussed for diffusion; however, due to the low spatial resolution of 

X-nuclei MRI blurring is not as prominent. This means that spiral read-outs are ideal for 

sampling X-nuclei combining fast acquisition and short echo times. bSSFP relies on 

creating a steady state and maintaining it during the acquisition. The key to bSSFP is that 

the gradient moments are balanced and the excitation pulses flip the magnetization to the 

other side, thus creating a steady state for the excitation – this allows for multiple k-space 

lines to be read-out in succession without having relaxation effects. However, bSSFP 

suffers from larger artifacts due to inhomogeneities, because in these areas a proper steady 

state cannot be maintained leading to signal loss and “black band” artifacts. As such, 

although theoretically the ideal sequence for X-nuclei MRI, in practice bSSFP is difficult to 

execute on a preclinical MRI system.  

1.2 LITHIUM AND THE BRAIN  

The molecular weight of lithium is 6.94 with the primary isotope (92.7% natural abundance) 

being lithium-7. It has been shown that lithium-6 and lithium-7 have different diffusivities40 

and induce different behaviors in rodents41–44; however, as this thesis is only concerned with 

lithium food without isotopic enrichment, these differences will be left for the general 

discussion(chapter 7).  With only three protons, lithium is the third smallest element, yet it 

is a frontline treatment of bipolar disorder45. However, the mechanism of action that leads 

to the mood-regulatory effect of lithium still remains unclear20. In the following sections, I 

will explore the three main effects of lithium on the brain: modulation of neurotransmission, 

cellular signaling pathways, and neuroprotective effects. It is worth noting that the division 

of the mode of action of lithium into these three classes is largely artificial. In the final 

section, I will briefly discuss which effects are believed to be most prominent at therapeutic 

concentrations and thereby likely to provide the mood-regulatory effect.   
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1.2.1 Modulation of neurotransmission  

Lithium is known to modulate multiple different neurotransmission systems20,46: 

glutamatergic, dopaminergic, serotoninergic, GABAergic (γ-aminobutyric acid). 

Glutamatergic signaling is excitatory and mediated by four different families of receptors: 

AMPA, kainate, NMDA, and metabotropic. It has been shown that glutamate levels are 

elevated in mania47 and that lithium inhibits NMDA receptors, reducing the calcium 

response48. Furthermore, lithium is known to inhibit glutamate reuptake in the acute 

application on brain slices; however, it increases glutamate uptake in chronic treatment, in 

mice49. Lithium protection against glutamate-mediated excitotoxicity was found in rat 

neurons that were pretreated with lithium50. In humans, it has been shown that the glutamate 

concentration in bipolar patients with therapeutic concentration of lithium (>0.5 mM in 

plasma) was increased, on the contrary bipolar patients with lithium levels below this have 

decreased glutamate51. It has been theorized that the inhibition of the glutamatergic system 

is a driving force for the anti-manic action of lithium46,52. As with glutamate, it is known that 

dopamine neurotransmission is increased during mania53. While dopamine levels do not 

appear to decrease, dopaminergic activity decreases under chronic lithium administration 

in rats54,55. Serotonin is increased extracellularly following lithium administration56 as a result 

of the inhibition of serotonin autoreceptors57. The GABAergic system is known to be 

activated by acute high doses of lithium58. GABA is increased in the cerebrospinal fluid 

following lithium treatment59,60. It may therefore be said that the effect of lithium on 

neurotransmission is a down regulation of excitatory circuits and an up regulation of 

inhibitory systems. However, one must be careful with this claim as many of the processes 

are dose-dependent and disease-state dependent.  

1.2.2 Cellular signaling pathways  

I will focus on three proteins that are inhibited by lithium: inositol-1 monophosphatase 

(IMPase), protein kinase C (PKC), and glycogen synthase kinase 3 (GSK-3). As these 

proteins are involved in processes that may (in part) be visualized by MRS.  

The phosphoinositide cycle is known for its production of two secondary messengers IP3 

(inositol 1,4,5-triphosphate) and DAG (diacyl glycerol)61. This leads to PKC activation via 

IP3 induced calcium release and DAG directly interacting with PKC62. PKC regulates the 

phosphorylation of GSK-363 – a threonine/serine kinase that is involved in a myriad of cell 

processes including metabolism and apoptosis64. The IMPase and GSK-3 magnesium sites 

are vulnerable to exchange with lithium ions65. Furthermore, in rats, myo-inositol is depleted 

and myo-inositol 1-phosphate is increased following lithium treatment66,67. This hypothesis 

of lithium treatment – although studies in humans have produced mixed results68–71 –  

became known as the inositol depletion hypothesis61. Lithium decreased the PKC activity 

in the rat brain following four weeks of treatment, but not after five days72. The regulation of 

PKC by lithium has led to the hypothesis that regulation of this signaling cascade is 

important for the anti-manic effect of lithium treatment73. Through direct inhibition of GSK-

374, lithium activates the neuroprotective Akt (or protein kinase B) signaling pathway46,75. It 

is clear that lithium alters cellular signaling pathways, which now allows us to focus on how 

these alterations are neuroprotective.  
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1.2.3 Neuroprotective effects  

Having briefly mentioned the Akt signaling pathway in the previous section, I will focus on 

some of the neuroprotective effects of lithium. Lithium inhibits autophagy indirectly, as the 

inhibition of GSK-3 – contrary to IMPase – is known to activate mTOR (mammalian target 

of rapamycin) leading to decreased autophagy76. Another major pathway that is altered by 

lithium, thus leading to neuroprotective effects is through the transcription factor CREB 

(cAMP response element binding protein). CREB activity is increased when exposed to 

lithium; however, only when there is no modification to the TORC (transducer of regulated 

CREB) binding site77. CREB facilitates the expression of both brain-derived neurotrophic 

factor (BDNF) and B-cell lymphoma-2 (Bcl-2)78. BDNF is a neurotrophin – a group of 

proteins involved sustaining neuronal health and growth79,80. Decreased BDNF has been 

observed in mood disorders80–82; lithium and antidepressants have been shown to increase 

BDNF, which may promote neurogenesis83,84. Bcl-2 is an apoptosis regulator85–87, 

increasing the expression Bcl-2 has an anti-apoptotic effect88,89. It may be said that lithium 

has a general neuroprotective effect; however, this effect is likely the result of these 

pathways being down-regulated in bipolar disorder (and other mood disorders). This fact 

highlights the general difficulty in discerning the molecular effect of lithium from the function 

of the lithium during treatment for bipolar disorder.  

1.2.4 The combined effect 

The combination of decreased excitatory neurotransmission, altered secondary messenger 

signaling, and increased neuroprotection may explain both the anti-manic and stabilizing 

effect of lithium. However, as these processes are difficult to study in vivo, researchers have 

looked for signs of their presence in bipolar patients using MRI and MRS. N-acetylaspartate 

– considered a marker of neuronal health and integrity – has been found to be increased 

following lithium treatment in bipolar patients90,91. These findings correlate well with the 

increased grey matter volume and density of lithium treated bipolar patients, but not in 

lithium-naïve patients92,93. Although it should be mentioned that lithium treatment does not 

always lead to increased N-acetyl aspartate in bipolar patients68. Furthermore, in Canavan 

disease, which is characterized by elevated concentrations of N-acetylaspartate, lithium 

treatment yielded decreased N-acetylaspartate94. Myo-inositol changes associated with 

lithium have showed a variety of effects from the anticipated decrease67,95,96 to no 

change68,97,98 and even an increase of myo-inositol following lithium treatment99,100.  

However, as ideal lithium responders make up only about 30% of bipolar patients21, it is fair 

to wonder whether lithium response in itself may be a diagnostic tool for subtype of bipolar 

disorder20. This hypothesis is supported by lithium-responders having low rates of 

comorbidities20, longitudinal stability, family history suggesting positive response, and 

shortage of biomarkers predicting lithium-response.  

1.3 VISUALIZING LITHIUM IN THE BRAIN 

Lithium is a treatment for bipolar disorder, first described in the 1940s, it has been the 

clinical standard since its FDA approval in 1970. As a drug, it has garnered much fascination 

for its simplicity. Lithium-7, the primary isotope, is an MR visible nucleus. 7Li MRI and MRS 

was first acquired in the 1980s101,102; however, developments have been hindered by the 

low SNR and in vivo concentration. The average 7Li T1 time in the brain across known 
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studies is 3.6±1.3 s; however, larger variability in T1 time measurements have been 

observed101,103–116. Most studies found a two-component T2 time101,103,111,114,116 equal to 

43±25 ms for the short and 355±154 ms for the long T2 component, where the short 

component made up the majority. The relatively long T1 time and a short T2 time is an 

unfavorable combination for MR measurements. Consequently, sequence choice is 

essential to optimize the low SNR.   

1.3.1 MR Spectroscopy: lithium pharmacokinetics  

Lithium uptake in the rat brain has been studied following an intraperitoneal injection103, 

which showed a maximum lithium concentration after 8 hours in the brain. The blood 

concentration peaked within a maximum of 30 minutes. It was observed that both uptake 

and elimination of lithium was faster in serum than the brain. While the uptake kinetics of 

lithium following an intraperitoneal injection are of some interest, they were tested on 

lithium-naïve rats. The concentration of lithium (intraperitoneal injection twice a day) in the 

rat brain at 6.6 days and 16.1 days showed that the average lithium brain concentration was 

correlated and, in over half the animals, lower after 16.1 days compared to 6.6 days of 

treatment117.    

Human studies on the pharmacokinetics have primarily involved psychiatric patients; 

however, the first 7Li MRS study on lithium uptake kinetics was conducted on healthy 

volunteers118. Unsurprisingly, lithium uptake following oral administration was faster in 

serum than muscle and brain, but neither serum nor brain concentrations reached 

equilibrium in the seven days of treatment118. Similar to the experiments performed on rats, 

lithium in humans was eliminated slower from the brain than serum104,118–121.  

The lithium brain-to-serum ratio has often been viewed as a crucial marker for treatment 

efficacy, due to the narrow therapeutic window of lithium. As the elimination in the brain is 

slower than serum, lithium brain concentrations may exceed serum concentrations during 

washout periods119,121. We note that in most older studies, as reviewed by Komoroski122, the 

human brain-to-serum ratio of lithium was in the range of 0.4-0.8, lower than the rat brain-

to-serum of roughly 0.9. The mouse lithium brain-to-blood ratio has been estimated to be 

1.2 for C57BL mice123. More recent data have showed similarly large variability in brain-to-

serum concentrations ranging from 0.33-0.78 with most studies finding ratios close to 

0.4112,113,115,124. Intriguingly, a somewhat recent ex vivo study in rats found a brain-to-serum 

ratio of 0.4, which is significantly lower than expected116. It is worth noting that the brain-to-

serum ratio varies between illness state (euthymic vs. manic)125, with age126, and between 

responders and non-responders127, which makes the assessment and understanding 

difficult. Due to the large variations between mood states and with age, serum lithium 

concentrations remain a poor marker for treatment efficacy.  

1.3.2 MR Imaging: lithium distribution in the brain 

Lithium distribution in the brain is heterogeneous. This fact has been reiterated across 

species using different techniques109,115,116,124,128–134. Since lithium treatment in humans has 

side effects, few MR experiments have been conducted in healthy adults and none of these 

have included imaging113,118,119,121. Increased lithium has been found in the brain stem, 

subcortical areas, and white matter in humans115,128. However, large inter-subject variation 

was present, suggesting that distribution and clinical response may be linked. As lithium-7 
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MRI is still in the early stages of development, despite first measurements in 1985102, the in 

vivo distribution of lithium is not well established. Imaging has been further complicated by 

low SNR and long acquisition times. In rodents, where acquisition time is less problematic, 

studies on chronic lithium administration have not reached consensus on the distribution in 

the brain, although low concentrations in the cerebellum have been reported116,132. 

1.3.3 Non magnetic resonance methods 

Multiple methods that do not rely on MRS and MRI have been proposed over the years. I 

will look at three main techniques: flame photometry, neutron irradiation, and ion imaging. 

While these techniques are useful for determination of the concentration of lithium ions, they 

may not be performed on tissue in vivo. Ion selective electrodes, a common technique used 

to determine serum lithium concentrations in the clinical setting, will not be discussed as it 

is not useful for the examination of tissue135.   

For flame photometry, we will split this into two different developments namely atomic 

emission spectroscopy and atomic absorption spectrometry. As the names suggest, the 

former measures the emission of radiation from the sample, whereas the latter measures 

the light absorption of the sample. Atomic emission spectroscopy was initially performed on 

for the measurement of lithium in fluids and dissolved tissue136,137. It has been shown that 

atomic absorption spectroscopy performs at a comparable level to atomic emission 

spectroscopy138. However, the major limitation of both methods is that only dissolved, 

homogenized tissue may be measured. While useful for fluids – e.g. serum and 

cerebrospinal fluid, these methods serve as endpoints for the animal when performed on 

tissue. Furthermore, they are not imaging techniques and brain regions have to be 

dissected to achieve region specificity.   

The neutron irradiation studies of lithium rely on a (n,α) nuclear reaction – specifically 6Li (n, 

α) 3H – that produces alpha particles, which can be detected139. In short, fresh tissue is 

frozen in liquid nitrogen and sliced into ~10 µm thick slices. For the measurement, a slice 

is placed on a detector – cellulose nitrate on plastic – and irradiated with neutrons. Usually, 

the detector is treated with sodium hydroxide following the experiment to improve the size 

of the newly generated particles (from the irradiation). These studies have shown that in 

rodents grey matter has higher lithium concentrations than white matter139,140. While this 

technique allows for high spatial resolution, 3-5 µm, it may only be performed ex vivo on 

frozen brain samples. Furthermore, the experiments require a neutron source – 

comparatively rare – and as the quantification is an image of the detector, it is not trivial.  

Ion imaging has been performed using time-of-flight secondary ion mass spectrometry 

imaging on mouse brains132. In short, secondary ion mass spectrometry uses an ion beam 

– bismuth(III) ions for example – that generates secondary ions in the sample, which are 

observed. Using the information about the time between irradiation and detection (time-of-

flight) allows for the discrimination of different masses. The ions will have different velocities 

as they have the same kinetic energy. This technique allows for both high spatial resolution 

and a good separation of masses, which makes it suitable for the detection of lithium in the 

brain with a pixel size of ~5 µm. It should be noted that similar to the neutron irradiation 

techniques, time-of-flight secondary ion mass spectrometry also requires the tissue to be 

frozen, sliced thinly, and then dried132. The usage of secondary ion mass spectrometry for 

examination of biological tissue is an interesting research tool; however, as it does not allow 
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for in vivo examination and requires extensive preparation, it is a difficult technique to 

implement for large scale studies on lithium in the brain.  

1.4 OVERVIEW OF STUDIES 

The aim of this thesis is to identify biomarkers predicting lithium response. To this end, I 

chose to investigate astrocytes and wild-type mice with MR-based techniques to observe 

the structural, diffusive, and metabolic changes associated with lithium treatment without 

the interference of an illness. In doing so, I conducted five different studies: the first two with 

the aim of improving lithium-7 MRI – developing the technique for mice (chapter 2) and 

providing a cost-efficient lithium-7 RF coil (chapter 3), the third with a focus on optimizing 

MRS analysis with LCModel across five species (chapter 4), the fourth on measuring 

changes in diffusion and metabolism in astrocyte hydrogels exposed to lithium (chapter 5), 

and finally utilizing all of this to establish an MR-based profile of lithium treatment in wild-

type mice (chapter 6).  

1.4.1 Chapter 2: 7Li MRI in mice 

SPIRAL MRI for in vivo Lithium-7 Imaging – A feasibility study in mice after oral 

lithium treatment. In my master thesis, I improved lithium-7 MRI to allow for imaging of ex 

vivo mouse brains that had been suspended in 10 mM LiCl solution (10-fold greater than 

the therapeutic concentration); however, I needed to prove that it was possible to perform 

lithium-7 MRI at physiological concentrations in vivo. This study comprises the first pilot 

experiments performed on lithium-fed mice. I was motivated by wanting to describe the 

distribution of lithium in the in vivo mouse brain and see if mice, like humans, showed a 

non-homogeneous distribution of lithium. Prior to these experiments, lithium-7 MRI had 

never been performed in mice and the highest resolution lithium-7 MRI had been performed 

at was 2×2×4 mm3 in rats116. I was able to show in vitro that SPIRAL lithium-7 MRI provided 

improved SNR compared to conventional FLASH and rapid acquisition with relaxation 

enhancement (RARE) sequences. I found that while bSSFP performed well in vitro, due to 

inhomogeneity of the main magnetic field, it was significantly worse than SPIRAL in vivo. I 

found that lithium was detectable after one week on a lithium-enriched diet. In this study, I 

showed that lithium-7 MRI is feasible in vivo in four hours of measurement time at a 

resolution of 2×2×3 mm3. Using SPIRAL lithium-7 MRI, I found that lithium was found in 

lower concentration in the olfactory bulb and cerebellum and higher concentrations in the 

center of the brain.  

1.4.2 Chapter 3: Home-built 7Li radiofrequency coil 

A home-built, cost-efficient lithium-7 Tx/Rx coil for in vivo 7Li magnetic resonance 

imaging and spectroscopy. Since every nucleus has a different resonance frequency, 

each nucleus will usually require a different RF coil that is tuned and matched to that specific 

frequency. Purchasing these RF coils for multiple nuclei is a cost-intensive endeavor, which 

has limited the development of X-nuclei MRI in preclinical and clinical research. In this study, 

I provide a comprehensive overview of how to build a single-resonance surface RF coil with 

cost-efficient components. I developed an open-source, 3D-printable circuit board (with a 

protective cover) with circuits made from adhesive copper wire and soldered-on 

components (capacitor and inductor). The circuit board design was made in a flexible 

manner allowing for the creation of multiple configurations, which makes the development 
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of RF coils for other X-nuclei feasible. I found that the optimal number of segmentation 

capacitors for a single-resonance lithium-7 mouse brain RF coil operating at 155 MHz was 

two. I compared the home-built coil to a commerical dual-tuned (proton/lithium-7) mouse 

RF coil and found that we were able to acquire MRS with comparable quality. I was able to 

show that with a cost-efficient, home-built RF coil in vivo lithium-7 MRI of the mouse brain 

is possible. Additionally, the design of the RF coil allows for easy adaptation to other nuclei 

and/or shapes and sizes. 

1.4.3 Chapter 4: Cross-species LCModel analysis 

Cross-species quantification of 1H magnetic resonance spectra - Lessons learned 

from simulation and in vivo data. MRS allows for the quantification of brain metabolites. 

In this thesis, I have used MRS to detect metabolic changes in brain of mice on a lithium-

enriched diet. This study was motivated by an age-old problem in the field of MRS, namely 

that the quality of the fit determines the concentration of the metabolites. I was by no means 

the first to realize this issue and at its root, it seems relatively intuitive – if the spectrum has 

a low SNR, then a metabolite will be fit with a lower accuracy. However, the assumption is 

that if the noise is random then the average concentration in a group will remain constant 

and the standard deviation will increase as a function of noise. In this study, I illustrated that 

this is not the case for LCModel analysis – considered the gold-standard, which new 

software are tested against. First, I looked at the extent to which the start parameters of 

LCModel altered the quantification of simulated spectra – simulated from the mean and 

covariance of in vivo human and mouse spectra. Thereafter, I created a small open-source 

toolbox for simulating spectra from basis sets at either “random” concentrations or species 

specific concentrations. I confirmed that these in silico spectra were visually similar to the 

in vivo spectra. I found that specific metabolites correlated in concentration with each other. 

A part of this project was to provide reference values for cortical MRS for various species, 

as I have data from mice, rats, marmosets, macaques, and humans – the mean and 

average metabolite concentrations are shared to allow others to simulate spectra with 

comparable quality. I looked at the noise behavior of both in silico and in vivo spectra for all 

five species and found metabolite and species specific noise behavior was present. I found 

that using optimized LCModel start parameters led to better fit quality than was achieved 

by default LCModel, TARQUIN, and FSL-MRS (two other analysis software). TARQUIN and 

FSL-MRS showed similar tendencies for cross-species comparisons and more ideal 

(constant average value) noise behavior than the two LCModel approaches. However, at 

the expected SNR of in vivo spectra, LCModel remains the preferred analysis approach, 

due to its higher fit accuracy.  

1.4.4 Chapter 5: Cell culture MRI/S 

Magnetic resonance imaging and spectroscopy on 3D astrocyte cell cultures: a 

feasibility study. In this explorative project, I looked at the effect of lithium on immortalized 

human astrocytes. Given the ever-changing landscape of animal experimentation, there 

has been a push towards alternative methods. However, 2D cell cultures do not capture the 

complexity necessary for understanding many in vivo functions. In this project, I have 

established longitudinal MRI and MRS measurements of 3D cell cultures (astrocytes in a 

collagen hydrogel). To this end, I have created an open-source, MR-compatible bioreactor 

and incubator, which allow for the measurement of 3D cell cultures under constant 
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temperature, with medium exchange and gas-mixing to keep the pH constant. This project 

showed that measuring 3D cell cultures is feasible in an MRI system. Furthermore, I 

observed decreased myo-inositol and glutamine plus glutamate at physiological 

concentrations of lithium (0.78 mM), but increased myo-inositol and glutamine plus 

glutamate at high lithium (4.38 mM). I likewise showed that longitudinal measurements are 

feasible with a tendency towards increased lactate over the course of a 1-hour 

measurement. In conclusion, I was able to measure 3D cell cultures in an MRI system, 

which may create an avenue for future experimentation on cell cultures and/or organoids. 

In doing so, I hope to illustrate that preclinical MRI and MRS of 3D cell cultures may, in part, 

be used as a translational tool to study the impact of lithium on individual cell types. 

1.4.5 Chapter 6: Lithium treatment in mice 

Establishing a magnetic resonance-based profile of lithium treatment in healthy, 

wild-type mice. As outlined in section 1.3, there are many hypotheses for the mechanism 

of action of lithium treatment; however, disentangling the disease progression from the 

lithium treatment remains a challenge. Furthermore, due to the many potentially serious 

side effects, detecting ideal responders from non-responders at an early stage would be 

beneficial for treatment and due to the elevated risk of suicide in bipolar patients, potentially 

life-saving. As such, I started with the simple question: “what happens to the wild-type 

mouse brain when a mouse is fed a lithium-enriched diet?” I chose to investigate this 

question with MR-based techniques to increase the translational potential of any biomarkers 

found. Before summarizing my findings, I should clarify that lithium-enriched means 0.2% 

or 0.3% Li2CO3 (w/w), which led to brain concentrations of either 0.4 mM or 0.9 mM – giving 

comparable blood and brain concentrations to human bipolar patients. In mice on a high 

lithium diet (0.3% Li2CO3), I observed a tendency towards increased phosphocreatine with 

phosphorus-31 MRS, which was significant in proton MRS. Contrary to the myo-inositol 

depletion hypothesis, myo-inositol was not decreased, but rather increased in cortex. N-

acetylaspartate was decreased in both corpus callosum and hippocampus. The glutamate-

to-glutamine ratio was likewise decreased in cortex. Combined with the observation of 

decreased apparent diffusion coefficient and increased neurite density index in cortex, 

corpus callosum, and hippocampus, these changes suggest a change in cell activity and/or 

population. A cautious interpretation of this data may be that we have a higher activity or 

concentration of glial cells following lithium treatment. As I did not observe total brain volume 

changes or changes in the cerebrospinal fluid volume, my results could suggest that this 

change was driven by astrocytes. 
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2.1 ABSTRACT: 

Lithium has been the frontline treatment for bipolar disorder for over 60 years. However, its 

mode of action and distribution in the brain is still incompletely understood. The primary 

isotope of lithium, lithium-7 (7Li), is a magnetic resonance (MR) active, spin-3/2 nucleus. 

However, its low MR sensitivity and the small brain size of mice make 7Li MR imaging (MRI) 

difficult in preclinical research.  

We tested four MRI sequences (FLASH, RARE, bSSFP, and SPIRAL) on lithium-containing 

phantoms, and bSSFP and SPIRAL on orally lithium-treated adult C57BL/6 mice. 7Li MR 

spectroscopy was acquired weekly at 9.4T to monitor the lithium uptake. The in vivo T1 

relaxation time of 7Li was estimated in four mice. 4-hour SPIRAL 7Li MRI was acquired in 

ten mice at a resolution of 2×2×3 mm3.  

SPIRAL MRI provided the highest signal-to-noise ratio (SNR) per unit acquisition time and 

the best image quality. We observed a non-homogeneous distribution of lithium in the 

mouse brain, with the highest concentrations in the cortex, ventricles, and basal brain 

regions. Almost no lithium signal was detected in the olfactory bulb and the cerebellum. We 

showed that in vivo 7Li MRI in mice is feasible, although with limited spatial resolution and 

SNR.     

2.2 INTRODUCTION: 

Lithium is a frontline treatment for bipolar disorder that has been used clinically for over 60 

years20. It has been shown that lithium decreases excitatory neurotransmission and inhibits 

NMDA receptors48. It alters secondary messenger signalling61–63 and increases 

neuroprotection via increased activity of the transcription factor CREB77,78. Despite its 

Figure 2-1: Graphical abstract of the study. In vivo 7Li MRI and MRS were acquired from 13 wild-type mice 
on a lithium-enriched diet (0.3% Li2CO3 w/w). Weekly 7Li MRS was performed to monitor the uptake of lithium. 
7Li T1 relaxation time was estimated based on four mice. 7Li MRI was acquired using a SPIRAL sequence at 
a resolution of 2×2×3 mm3 with a 4-hour acquisition time.    
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therapeutic successes on mood disorders, lithium’s potentially complex mode of action in 

the brain is still not well understood. Of particular interest in this context is that lithium 

appears to affect individual brain regions differently21. This local selectivity may be related 

to a heterogeneous lithium distribution across the brain, varying enormously between 

individuals115,128. For example, a recent high-field MRI study reported significant clustering 

of the lithium signal in the left hippocampus in patients with bipolar disorder115. In addition, 

human studies have found increased lithium in the brainstem, white matter, and the limbic 

system115,124,128. Moreover, post-mortem studies on three human brains reported a higher 

lithium concentration in white matter than in grey matter in non-lithium-medicated, non-

suicidal individuals141.  

7Li is an MR active nucleus with a spin of 3/2 and a relative sensitivity of 0.29 compared to 

1 of protons. Due to this low MRI sensitivity in vivo lithium imaging has proven difficult. 

Moreover, lithium is a trace element with daily consumption estimates ranging from ~10 to 

3000 µg per day142,143. So, the brain concentration in non-lithium-treated healthy humans is 

in the nano-to-micromolar range142,144, undetectable for currently available MRI methods. 

Since the therapeutic window of lithium is narrow9 and renal failure is a feared side effect, 

brain concentration cannot readily be increased. Exploring the physiological brain 

distribution of lithium in healthy humans in vivo is, therefore, almost impossible. 

Several studies exploring the effect of lithium on the brain have used rodent models where 

lithium has been administered parenterally (mostly intraperitoneally) or orally (via food and 

drinking water) to achieve brain concentrations high enough for in vivo imaging. The 

significantly smaller brains, however, place high demands on spatial resolution. So far, the 

highest reported resolution of 7Li MRI in rodents is 2×2×4 mm3 and was acquired over 36 

hours using a turbo-spin echo sequence on ex vivo rat brains116. In contrast, in vivo 7Li MRI 

in rats was performed with a resolution of 4×4×7 mm3 (single slice)103, resulting in about 12 

voxels per brain (volume of a rat brain: ~20×10×15 mm3). No in vivo 7Li MRI studies on mice 

have been reported so far. 

This study aims to find an MRI sequence suitable for in vivo 7Li MRI in mice. The protocol 

should provide a sufficient SNR in a measurement time still applicable in vivo. To be feasible 

in mice, we considered an SNR of more than five and an acquisition time of no longer than 

four hours. To that end, we first tested different MR sequences on lithium-containing 

phantoms. We explored the following four MR sequences: fast low-angle shot (FLASH), 

rapid acquisition with relaxation enhancement (RARE), balanced steady-state free 

precession (bSSFP), and SPIRAL. While FLASH and RARE sequences are commonly used 

in proton MRI, the efficient data acquisition of bSSFP and SPIRAL sequences make them 

promising candidates for in vivo 7Li MRI. In addition, bSSFP yields a high SNR, which 

depends on the ratio of transverse relaxation time (T2 relaxation) to the longitudinal 

relaxation time (T1 relaxation). The non-cartesian SPIRAL sequence uses a sinusoidal 

gradient switching, allowing a whole k-space acquisition in a single shot. Based on our 

results in phantoms, we then conducted an in vivo study in mice where we could show for 

the first time that in vivo 7Li MRI is feasible when using a SPIRAL sequence.  A graphical 

summary of the study is shown in Fig. 2-1. 
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2.3 RESULTS: 

2.3.1 7Li MR spectroscopy (MRS) 

Lithium was reliably detectable in the brain already one week after treatment onset.   

Feeding a lithium-enriched diet (0.3% w/w Li2CO3) resulted in a significant increase of brain 

lithium, observable at the first of the weekly acquired localized 7Li MR spectra, one week 

after the treatment started (Fig. 2-2a-b). The brain lithium did not change significantly over 

the following four weeks. To estimate the concentration, we compared the mice spectra with 

spectra acquired from agarose phantoms of different lithium concentrations (0.2 to 2.0 mM) 

using the same coil, identical acquisition parameters, and comparable object geometry and 

coil loading. In this way, we obtained an average brain lithium concentration of 0.6 mM (0.68 

mM brain lithium for mouse 1 and 0.46 mM for mouse 2 at week five; Fig. 2-2c-e). 

The average in vivo T1 relaxation time of 7Li at 9.4T was about 4.8s. 

We acquired non-localized 7Li spectra from the mouse head with varying repetition times 

(Fig. 2-3). The exponential fitting to estimate T1 relaxation time was approached in two 

different ways, which led to comparable results: first, we used the area under the curve 

(AUC) of the averaged spectrum of four mice (T1 = 4.85s, Fig. 2-3a), and second, the signal 

Figure 2-2: Lithium concentration in the brain. Follow-up localized 7Li MR spectra of two mice (a, b) were 
obtained weekly after the onset of oral lithium treatment. Using 7Li MR spectra of lithium-containing agarose 
phantoms (c) as a reference, the estimated brain concentration at weak 5 was 0.68 mM for Mouse 1 and 
0.46 mM for Mouse 2 (d). The linear relationship between the area under the curve and the known lithium 
concentrations of the phantom, together with the estimated brain concentration of Mouse 1 (black) and Mouse 

2 (green) are shown in (e). 

Figure 2-3: T1 relaxation time of brain lithium in vivo at 9.4T. (a) The averaged area under the curve 
(AUC) obtained from 7Li MR spectra of four mice at different repetition times reveals a T1 relaxation time of 

4.85 s. The individual results of each mouse are shown in (b). 
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curve of each mouse was processed individually, resulting in a T1 relaxation time of 4.72 ± 

0.35s (Fig. 2-3b).   

Ex vivo 7Li MRS revealed significant lithium wash-out within 27 hours after PFA fixation.  

Taking advantage of the possibility of longer acquisition time, we performed post-mortem 

lithium measurements of the isolated brain. Following the recommendation of Stout et al.116, 

we excised the brain directly after transcardial perfusion fixation and placed it in 5 ml PFA 

to limit lithium efflux. However, 7Li MRS acquired in intervals over 74 hours, showed a 

substantial signal reduction, reaching the detection limit of lithium in the brain after about 

27 hours (Fig. S-1). Logistic curve fitting revealed a half-maximum at 12.7 hours and a 

decay rate of 0.21. A steady state (95% decay) was reached after 27 hours. 

2.3.2 7Li MR imaging 

Sensitivity profile of the 7Li radiofrequency coil 

The coil sensitivity profile of the single-loop transmit-receive coil (inner diameter 17 mm) 

was acquired on an agarose phantom (10 mM LiCl) and overlaid on a T2-weighted 

anatomical image of a mouse brain, Fig. 2-4. The profile covered almost completely the 

rostrocaudal and left-right dimensions of the brain. In the anteroposterior direction, the 

surface coil showed the typical sensitivity loss with increasing distance. However, the 

predominant brain parts were within the coil’s best sensitivity region. 

SPIRAL 7Li MRI had the highest SNR per unit acquisition time. 

A protocol feasible for in vivo 7Li MRI in mice should be able to detect lithium at a therapeutic 

relevant brain concentration (~1 mM), a spatial resolution of at least 2×2×3 mm3, and within 

a measurement time, being still achievable in vivo. We compared the SNR of four different 

sequences (SPIRAL, RARE, bSSFP, and FLASH) using a structured phantom that 

contained 1 mM LiCl in agarose in its center, Fig. 2-5b. We acquired two coronal slices to 

obtain a field of view that covers the entire mouse brain. Under these conditions, the 

SPIRAL sequence achieved the highest SNR (8.2), followed by bSSFP (SNR = 6.8), FLASH 

(SNR = 3.2), and in the last place, the RARE sequence (SNR = 1.8) (Fig. 2-5a). 

 

 

Figure 2-4: Sensitivity profile of the 7Li coil. A SPIRAL 7Li MRI was acquired on an agarose phantom 
containing 10 mM LiCl (top row). The bottom row shows the 7Li image of the phantom overlaid on a 1H image 

of a mouse head to illustrate the coverage of the brain. 
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SPIRAL 7Li MRI provided the best SNR in vivo  

Next, we applied the two sequences with the highest in vitro SNR, SPIRAL and bSSFP, 

each on a lithium-treated mouse in vivo. Although the two mice did not show differences in 

their brain lithium level, as revealed by 7Li MRS in the same session (Fig. 2-6c), bSSFP 

exhibited a noticeably lower SNR than SPIRAL (2.3 vs. 6.7, Fig. 2-6a-b). 

Figure 2-5: 7Li MR images acquired within 4 hours using either FLASH, RARE, SPIRAL or a bSSFP 
sequence. The top row shows the phantom’s 7Li images, and the bottom shows them thresholded and 
overlaid on a 1H reference image (a). A sketch of the phantom (b), illustrates the circular field of view of the 
SPIRAL sequence. The green plus sign contained 1.0 mM LiCl. The threshold of the 7Li images was set to 
one-third the maximum intensity of the 7Li image. The FLASH and RARE sequences performed significantly 
worse than the SPIRAL and bSSFP sequences. However, the signal from the FLASH images still originated 
primarily from the lithium-containing plus-shaped center as also shown for SPIRAL and bSSFP. The highest 
SNR was obtained with the SPIRAL sequence (SNR = 8.2) followed by bSSFP (SNR = 6.8).   

Figure 2-6: SPIRAL 7Li MRI had higher SNR than bSSFP 7Li MRI in vivo. The raw (a) and overlaid (b) 7Li 
images show lithium signals originating mainly from the brain. The 7Li image acquired with a SPIRAL 
sequence had higher SNR than the bSSFP (6.7 vs. 2.3) despite the same acquisition time and comparable 

brain lithium concentration as shown by the respective localized 7Li spectra (c).   
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In vivo 7Li SPIRAL MRI is feasible at a resolution of 2×2×3 mm3. 

Having SPIRAL identified as, in our hands, the most suited sequence, we acquired in vivo 
7Li SPIRAL MRI in 10 mice after 4-5 weeks of lithium treatment. In one-half of the mice, the 

images were obtained in two coronal slices (visualized in Fig. 2-7c); for the other half, an 

axial orientation was chosen. Lithium was detectable in the brains of all mice (Fig. 2-7a-b 

and 2-8a). We calculated the average 7Li image for the two slice orientations separately, 

using the centroid alignment of the respective five mouse brains. The group average 7Li 

images showed a prominent lithium signal in the center of the brain, including the lateral 

ventricles and deep grey matter nuclei (Fig. 2-7d and 2-8b). Interestingly, the olfactory bulb 

exhibited almost no lithium signal. This fact remained when correcting for the sensitivity 

profile of the coil and voxel proportions exceeding the head of the mouse (Fig. 2-7d and 2-

8c). Compared to the cerebrum, the cerebellum showed a notably lower lithium signal. 

2.4 DISCUSSION: 
7Li MRS and MRI can provide valuable information about the pharmacokinetics and 

distribution of lithium in the brain. Combined with the vast number of available genetically 

modified mouse lines, these in vivo techniques may further help to unravel its mood 

regulation mechanisms. To enable 7Li MRI in the tiny mouse brain, we tested four MR 

sequences, namely FLASH, RARE, bSSFP, and SPIRAL, on lithium-containing phantoms, 

followed by in vivo experiments in mice using the two best sequences bSSFP and SPIRAL. 

We could show for the first time that in vivo 7Li MRI in mice is feasible, although with a 

limited spatial resolution and SNR. In this context, the fast non-Cartesian sampling of the 

SPIRAL sequence significantly improved the SNR and image quality. 

Feeding mice with a lithium-enriched diet led to a detectable lithium concentration in the 

brain one week after the treatment started. The estimated brain concentration of 0.6 mM 

aligns with a previous post-mortem study reporting a brain concentration of about 0.8 mM 

after lithium treatment using time-of-flight secondary ion mass spectrometry on juvenile 

mice132. Assuming a brain-to-blood ratio of roughly 1.2 in C57BL mice123, the lithium 

treatment used in this study corresponds to a lithium serum concentration within the upper 

therapeutic window of 0.4-1.2 mM in patients9,132,145. 

Our estimated T1 relaxation of brain lithium at 9.4T (4.85s) is comparable to previous 

reports in humans at 7T (3.95s) and 4T (4.12s) and also aligns with measurements obtained 

in rats at 4.7T (2.5-5.1s)110,115,146. This T1 relaxation time was considered when comparing 

the four MR sequences. In vitro and in vivo, SPIRAL provided the highest SNR per unit 

acquisition time. Its single-shot, center-out encoding allowed for a short echo time (TE), low 

bandwidth per pixel, and efficient k-space sampling. Using the SPIRAL sequence, we could 

achieve a spatial resolution of 2×2×3 mm3 within an acquisition time of four hours. Given a 

mouse brain size of about ~10×6×12 mm3 this resolution means approximately 15 voxels 

per coronal brain slice.  

We corrected the signal intensity for the tissue percentage in each voxel to compensate for 

partial volume effects at the brain edges caused by the relatively thick coronal slices. 

Another limitation was the sensitivity profile of the circular surface coil. We took this into 

consideration by weighting the obtained images with the sensitivity profile of the receiver 
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acquired on a homogeneous lithium-containing phantom resembling the size and shape of 

a mouse head. 

The 7Li images corrected this way indicated a non-homogeneous distribution of lithium in 

the healthy mouse brain. The highest concentration was found in the brain center, including 

large parts of the cortex, lateral ventricles, and basal ganglia. We observed significantly 

lower concentrations in the cerebellum and olfactory bulb. The former contrasts a post-

mortem study in juvenile mice132, where the authors reported an accumulation of lithium in 

neurogenic regions such as the hippocampus and the olfactory bulb. Although low levels 

remain in the hippocampus and olfactory bulb of the adult brain, neurogenesis peaks during 

Figure 2-7: In vivo 7Li MRI of lithium-fed, wild-type mice. 7Li MRI was acquired in five mice using a 4-hour 
SPIRAL sequence (a-b). The position of the two coronal slices is visualized in c. The brains were segmented, 
and the 7Li images were overlaid on 1H reference images (b). The average 7Li image (d, left) showed the 
highest lithium signal in the brain’s center. After partial volume correction (d, center), we also observed a 
lithium signal at the brain’s edges. The 7Li image, additionally corrected for the signal intensity profile of the 
coil (d right), shows the highest lithium signal in the main parts of the cerebrum and less in the olfactory bulb 
and cerebellum.      
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early development. It is hitherto undescribed whether juvenile and adult mice have different 

lithium distributions. However, our observation indicates that the neurogenesis level may 

be responsible for potential age-related differences. Moreover, ex vivo rat 7Li MRI found 

higher lithium levels in the cortex and lower in the brainstem116. In addition, the rodent 

cerebellum, especially in white matter, has been shown to have lower lithium 

concentrations, per our findings116,140.  

Post-mortem 7Li MRI theoretically reveals the possibility of spatially higher resolved images. 

However, in contrast to an ex vivo rat study116, we observed a significant wash-out of lithium 

from the paraformaldehyde (PFA) fixed brain into the solution. In the future, other fixation 

techniques need to be found to profit from the possible prolonged measurement time in 

post-mortem studies. 

In conclusion, to our knowledge, we have acquired the first 7Li MRS and 7Li MRI of a mouse 

brain in vivo. 7Li MRI of mice was feasible within 4 hours at a resolution of 2×2×3 mm3. 

Although restricted in anatomical precision, we found indications that the in vivo distribution 

of lithium in the brain may not be homogeneous. SPIRAL 7Li MRI provides a new tool for 

studying lithium treatment and response in mice. It may link regional lithium concentrations 

and structural or metabolic changes. While still in its infancy, murine in vivo 7Li MRI may 

help to increase our understanding of lithium’s mode of action.     

2.5 MATERIALS AND METHODS: 

Animals: 13 adult C57BL/6N mice (8 female, 5 male) were enrolled in the study, which was 

approved by the local ethics committee (Animal Welfare Service, Lower Saxony State Office 

Figure 2-8: Axial 7Li MRI showed high lithium signal in main parts of the cerebrum and low signal in 
the cerebellum and olfactory bulb. In vivo 7Li MRI of five mice, performed in the axial orientation (a), 
showed a clear lithium signal originating from the brain. The averaged 7Li image of the five mice revealed the 
highest lithium concentration in the brain center and only shallow signals in the cerebellum and olfactory bulb 
(b). These findings remained after correcting for the coil profile (c). 
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for Consumer Protection and Food Safety, license-number 33.19-42502-04-20/3365). The 

study design complies with the ARRIVE guidelines and experiments were performed in 

accordance with the relevant guidelines and regulations. The mice were kept on a 12-hour 

light-dark cycle. Food (ssniff Spezialdiäten GmbH) and water were provided ad libitum. 

Water consumption was monitored daily. A saline solution was additionally provided when 

water consumption increased by 300% (B. Braun Medical Inc., Bethlehem, Pennsylvania, 

USA). All mice received a lithium-enriched diet containing 0.3% Li2CO3 (w/w).  

For each MR session, the mice were initially anaesthetized with ketamine (MEDISTAR, 

Serumwerk Bernburg Tiergesundheit GmbH, Bernburg, Germany) and medetomidine 

(Dorbene Vet, Zoetis Inc., Parsippany, New Jersey, USA), intubated and subsequently 

artificially ventilated (animal respirator, advanced 4601-2, TSE Systems GmbH, Bad 

Homburg, Germany). Anesthesia was maintained by 0.5-1.5% isoflurane (Isofluran CP, CP-

Pharma Handelsgesellschaft mbH, Burgdorf, Germany) in oxygen-enriched air. Breathing 

rate and rectal temperature were continuously monitored. At the end of the measurement, 

medetomidine was antagonized by atipamezole (Atipzole, Provident Pharmaceuticals, 

Prodivet Pharmaceuticals sa/nv, Eynatten, Belgium). After the final MR session, the mice 

were transcardially perfused with phosphate-buffered saline solution and 4% PFA (Carl 

Roth GmbH, Karlsruhe, Germany) and the brains were collected for post-mortem analyses. 

MRI system: MR data was acquired on a 9.4T MRI system (BioSpec, 30 cm horizontal bore, 

BGA12 gradient system, ParaVision 6.0.1; Bruker BioSpin MRI GmbH, Ettlingen, 

Germany). A dual-tuned (1H/7Li) transmit-receive surface coil (RAPID Biomedical GmbH, 

Rimpar, Germany) was used for both 1H and 7Li measurements. The 7Li channel had a 

single-loop design with a diameter of 17 mm. The optimal reference power was determined 

manually by acquiring multiple non-localized 7Li spectra with increasing reference power 

and a long repetition time (TR = 40s) to eliminate T1 relaxation effects.  

Chemicals: Agarose and LiCl used for phantom experiments were acquired from Carl Roth 

(Carl Roth GmbH + Co. KG, Karlsruhe, Germany).  

Magnetic resonance spectroscopy: Axial and sagittal T2-weighted 1H images were acquired 

to help position the spectroscopy voxel (2D RARE sequence, TR = 2800 ms, TE = 33 ms, 

RARE-factor = 8, 0.1×0.1 mm2 resolution, 19.2×19.2 mm2 field of view, 0.5 mm slice 

thickness, 0.3 mm slice gap, 24 slices, 2 averages, and 2:14 min acquisition time). Localized 
7Li MR spectra were obtained using an image-selected in vivo spectroscopy (ISIS) 

sequence32 with a spectral width of 10 kHz, a voxel size of 6×5×8 mm3, and 256 data points. 

In vivo 7Li MR spectra (TR = 2.5 ms, number of averages (NA) 120 resulting in a total 

acquisition time of 40 min) were acquired weekly from two mice starting at age 146 days, 

one week after the lithium treatment onset, and continuing for the following four weeks to 

monitor the brain lithium uptake. No data could be obtained in week two due to technical 

problems with the MRI system. Subsequent to the in vivo experiments, one mouse brain 

was analyzed in a 4% PFA solution using the same ISIS protocol to investigate the ex vivo 

lithium wash-out. The spectra were acquired over 74 hours with interleaved 1H reference 

images to ensure an unchanged voxel position.   

To estimate the in vivo lithium concentration in the brain, 7Li MR spectra from phantoms 

with a comparable size to mouse heads (2 ml, Sarstedt AG & Co. KG, Nümbrecht, 

Germany) containing lithium concentrations in the range 0.2-2 mM ([LiCl] in mM/agarose in 
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%: 0.2/3.00, 0.5/2.99, 1/2.98, 2/2.95) were acquired as a reference and compared with 

those spectra additionally obtained from the mice in week five using identical acquisition 

parameters (TR = 40 s, NA = 2, total acquisition time = 10.7 min). The long TR was chosen 

to minimize the effect of the different T1 relaxation times between the phantom and the 

brain.  

In addition, we acquired non-localized spectra (spectral width 16026 Hz, 256 data points, 

NA = 10) in four mice to estimate the T1 relaxation time of 7Li in the brain. The spectra were 

obtained with nine different TRs (0.25 s to 40 s) from longest to shortest TR with 80s of 

dummy scans to ensure a steady state during the acquisition.   

Magnetic resonance imaging: To find a suitable sequence for in vivo 7Li MRI in mice, four 

different MR sequences, i.e. 2D FLASH, 2D RARE, 2D bSSFP, and single-shot 2D SPIRAL, 

were tested on a phantom containing 1 mM aqueous LiCl solution in its cross-shaped center 

surrounded by lithium-free agarose (2.94%). Two coronally oriented slices were obtained 

with a resolution of 2×2×3 mm3. The total acquisition time was 4 hours for each of the four 

sequences. The respective MR parameters are shown in Table 2-1. For FLASH, RARE, 

and SPIRAL, the flip angle was calculated using the Ernst angle formula and an estimated 

T1 of 11s for 7Li in an aqueous solution147. For SPIRAL 7Li MRI, a bandwidth of 7500 Hz 

was found to be optimal to balance the effects of sampling time and T2* decay, yielding 

both good SNR and spatial acuity. 1H reference images were acquired with a FLASH 

sequence, 125 µm isotropic in-plane resolution and 3 mm slice thickness.  

Table 2-1: MR parameters used for sequence comparison on the lithium-containing phantom shown in Fig. 
2-5. 

 RARE FLASH bSSFP SPIRAL 

TR / ms 2500 2500 5 2500 

TE / ms 6.73 1.52 2.5 1.58 

Flip angle 36.1° 36.1° 20° 36.1° 

Navg 60 15 35018 5760 

Matrix size 32×32 32×32 16×16 16×16 

Slices 2 2 2 2 

Voxel size / mm3 2×2×3 2×2×3 2×2×3 2×2×3 

FOV / mm2 64 x 64 64 x 64 32 x 32 32 x 32 

tacq / hr 4 4 4 4 

Sequence-specific 

parameters 

RARE-factor: 

4 
  

Bandwidth: 

7500 Hz 
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The signal intensity profile of the 7Li coil was measured on a phantom with a volume of 5 ml 

(ClearLine CLEAR-LOCK, Kisker Biotech GmbH & Co. KG, Steinfurt, Germany) containing 

10 mM aqueous LiCl solution. To cover a sufficiently large volume, 20 slices with a spatial 

resolution of 1×1×1 mm3 (matrix size 32×32) were acquired within 18 hours (NA = 25920) 

using a SPIRAL sequence with the same TE, TR and flip angle used in vivo.  

Eleven of the thirteen mice underwent 1H and 7Li MRI. Axial and coronal 1H reference 

images were acquired using either a 2D RARE sequence (TR = 2800 ms, TE = 33 ms, 0.2 

mm isotropic in-plane resolution, 32×32 mm2 field of view, 1 mm slice thickness, 21 slices, 

5 averages, and 4:40 min acquisition time, Fig. 2-6 and 2-8), a 2D FLASH sequence (TR = 

100 ms, TE= 2 ms, 0.5×0.5 mm2 resolution, 32×32 mm2 field of view, 0.5 mm slice thickness, 

12 slices, 2 averages, 6 dummy scans, and 2:34 min acquisition time, Fig. 2-7) or 3D SSFP 

sequence (TR = 5 ms, TE= 2.5 ms, 0.25×0.25×0.25 mm3 resolution, 36×36×36 mm3 field 

of view, 2 averages, and 4:47 min acquisition time, Fig. 2-6 – bottom). For in vivo sequence 

comparisons, one axial-oriented 7Li MR images was obtained using a SPIRAL (five mice) 

or a bSSFP (one mouse) sequence. The respective MR parameters are summarized in 

Table 2-2. Finally, using 7Li SPIRAL MRI seven axial-oriented or two coronal-oriented slices 

were acquired from five mice each.  

Data processing  and analysis: MRI and MRS data were processed and analyzed using 

MATLAB (The MathWorks, Inc., Natick, Massachusetts, USA) and Python (version 3.7.9, 

Python Software Foundation). The final figures were assembled in Inkscape (The Inkscape 

Project). 

7Li magnitude spectra were subtracted by the mean of the noise, defined as the mean of 

the 100 data points furthest from the 7Li resonance. The AUC of each spectrum was 

calculated using three-parameter Lorentzian fitting (AUC, chemical shift, and full-width at 

half maximum [FWHM]) with the help of curve_fit from the SciPy toolbox optimize. The 

following boundary conditions were applied: chemical shift = [-5, 5 ppm], FWHM = [0.2, 1.0 

ppm] for the localized spectra and FWHM = [0.2, 1.5 ppm] for non-localized spectra, and 

AUC = [0, 100]. The fit parameters for the weekly 7Li spectra are given in Table S-1.  

Table 2-2: MR parameters used for in vivo sequence comparison – Fig. 2-6. 

 SPIRAL bSSFP 

TR / ms 2500 5 

TE / ms 1.58 2.5 

Flip angle 53.3° 20° 

Navg 5760 4800 

Matrix size 16×16 24×24×24 

Slices 7 3D sequence 

Voxel size / mm3 2×2×3 1.5×1.5×1.5 

tacq / hr 4 4 
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The in vivo concentration of lithium in the brain was estimated by comparing the AUC of the 

in vivo 7Li spectra with those obtained from phantoms of known 7Li concentrations, 

assuming a linear relationship between AUC and 7Li concentration. 

To estimate the in vivo T1 relaxation time of 7Li, we averaged the spectra across the four 

mice. All AUCs were normalized to the AUC for the longest TR (40s). The normalized data 

was fitted to the T1 relaxation equation (equation 2-1, S is relative signal intensity). In 

addition, similar fits were performed for each mouse spectrum individually. Here spectra 

with a TR<1s had to be excluded due to poor SNR. The fit parameters for the estimation of 

the T1 relaxation time are shown in Table S-2 (visualized in Fig. S-2). 

 
𝑆 = 1 − exp (−

𝑇𝑅

𝑇1
) 

equation 2-1 

Moreover, to quantify the ex vivo lithium wash-out, the normalized AUC as a function of time 

was fitted with a logistic curve and the following parameters: amplitude, inflexion point, and 

steady-state signal intensity.  

To compare the four MR sequences explored for 7Li MRI, the field of view of the FLASH 

and RARE images was reduced to 32×32 mm2. The SNR of each image was measured as 

the mean intensity of the signal inside the region of interest (ROI), (in green Fig. 2-5b), 

divided by the mean intensity of the noise. The ROI was defined based on 1H reference 

image, down-sampled to an in-plane resolution of 2×2 mm2 and binarized.  

To take the signal intensity profile of a surface coil into account the 7Li image obtained from 

a homogeneous phantom was down-sampled to a resolution of 2×2×3 mm3, smoothed with 

a Gaussian filter (σ=0.5), and normalized between 0 and 1. This mask was then used to 

weight the pixels of the in vivo 7Li MR images, respectively. In addition, 7Li images were 

corrected for partial volume effects. The percentage of tissue in each voxel of the 7Li image 

was calculated from the binarized 1H reference images (tissue vs no tissue). To minimize 

over-correction, we excluded voxels with low tissue content (Otsu threshold; tissue content 

> 38%). 

The 7Li images were overlayed on a 1H reference image for better visualization. To that end, 

the 7Li images were resized to the resolution of the 1H reference images using nearest 

neighbour interpolation. The threshold for the 7Li signal was computed by maximizing the 

inter-class variance using either MATLAB or the scikit-image library in Python, both based 

on Otsu’s method148. Finally, the 7Li images of five mice were first corrected for partial 

volume (coronal images only) and the coil profile and then averaged using centroid 

alignment.  
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3.1 ABSTRACT: 

X-nuclei magnetic resonance imaging (MRI) and spectroscopy (MRS) is a powerful tool for 

the in vivo investigation of metabolism. However, most nuclei require a dedicated 

radiofrequency (RF) coil for signal detection, which is often expensive. Coupled with the 

need for experts to create RF coils, X-nuclei MR measurements are often inaccessible to 

the general user. In this paper, we present cost-efficient and easy to assemble 7Li RF coils 

that achieved comparable signal-to-noise ratios (SNRs) to their commercial counterpart. 

Our coils were created as single resonance, transmit-receive coils. We found that for a 

mouse surface coil the optimal number of segmentation capacitors was 2, which gave a 

75% signal increase in vitro and 42% in vivo compared to our commercial dual-tuned 

surface coil. The home-built, 2-segment surface coil had sufficiently high SNR to allow for 

in vivo 7Li MRI in mice.  

3.2 INTRODUCTION: 

Advancement in the field of MR have increased interest in X-nuclei MRI and MRS. X-nuclei 

are defined as nonproton nuclei that have nonzero spin (e.g. lithium-7 (7Li), spin-3/2). Due 

to their specificity they have been used for the in vivo investigation of metabolic pathways149 

and energy turnover150. As X-nuclei require dedicated RF coils, it becomes a costly affair 

that often requires specialists and/or commercial partners.  

Lithium is a frontline drug used in the treatment of bipolar disorder and depression20. 

Lithium’s primary isotope, 7Li, is an MR active nucleus with a high receptivity, 0.29 

compared to 1 of protons. However, the therapeutic concentrations of lithium is low with 

0.4-1.2 mM being the recommended blood serum concentration20. We have previously 

shown that in vivo neuroimaging of 7Li in mice is feasible at 9.4T within 4 hours using a 

commercial RF coil (chapter 2). Even with an optimized sequence and long acquisition time, 

we were limited by low SNR.  

We created four home-built, single-resonance surface coils and compared them to a 

commercially available dual-tuned (1H/7Li) RF coil. The quality factor of an RF coil can be 

increased by adding capacitors that segment the RF coil (referred to as segmentation 

capacitors) and thereby minimizes electrical losses151. We illustrate that with the correct 

application of segmentation capacitors, we could increase the SNR of 7Li MRI/S. 

We illustrated that our home-built coil was able to acquire in vivo 7Li MRI/S in mice with 

comparable SNR to commercially available coils, while also being cost-efficient and easy 

to assemble. 

3.3 MATERIALS AND METHODS 

3.3.1 Coil segmentation: 

Segmenting a wire reduces its dielectric loss by dividing the power between the 

capacitors151. For each segmentation, the resistance of the sample will increase due to the 

solder joint between the wire and capacitor. As resistance of the sample increases with the 

number of segmentation capacitors, the coil will eventually be unable to adapt to the 

required 50Ω. The resistance of the coil and sample are sufficiently large to ignore other 

dielectric and radiation losses.  
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The capacitance, C, increases linearly with the number of segmentations, N, equation 3-1. 

It is inversely related to the coil inductance, L, and Larmor frequency, ω (155 MHz at 9.4T 

for 7Li). 

 𝐶 =
𝑁

𝐿 ⋅ (2𝜋𝜔)2
 equation 3-1 

The RF coils were designed in an oval shape with dimensions 18 mm by 14 mm (length (a) 

× width (b)) to fit the head of an adult mouse. The coil inductance was calculated using the 

diameter of the coil, dcoil, and wire, dwire, using equation 3-2. The total capacitance of each 

segment was 36.5 pF, as the segments were in series the capacitance is additive. 

 𝐿(𝑛𝐻) =
𝜋

5
⋅ 𝑑𝐶𝑜𝑖𝑙 (𝑙𝑛 (

8𝑑𝐶𝑜𝑖𝑙

𝑑𝑊𝑖𝑟𝑒
) − 2) equation 3-2 

We created four coils with 0-3 segments. Each coil had a matching and tuning network that 

allowed for manual adjustment of the operation frequency.  

3.3.2 Simulation: 

We calculated the coil inductance, segmentation capacitances, and coil resistance with 

Ansoft Designer (Gunthard Kraus, Tettnang). We used the Ramanujan approximation152, 

equation 3-3, to calculate the length of the wire, lAppr. The length of the wire was needed to 

calculate the resistance of the coil, Rcoil, equation 3-4.  

 𝑙𝐴𝑝𝑝𝑟 =  𝜋 ⋅ (𝑎 + 𝑏) ⋅ (1 +
3𝜆2

10 + √4 − 3𝜆2
) , 𝑤ℎ𝑒𝑟𝑒 𝜆 =

𝑎 − 𝑏

𝑎 + 𝑏
 equation 3-3 

 
𝑅𝑐𝑜𝑖𝑙 =

𝜌 ⋅ 𝑙

𝐴
 → 𝑅𝑐𝑜𝑖𝑙 =

4 ⋅ 𝜌 ⋅ 𝑙𝐴𝑝𝑝𝑟

𝜋 ⋅ (
𝑑𝑊𝑖𝑟𝑒

2 )
2 

equation 3-4 

A is the cross-sectional area of the wire and ρ is the resistivity of the wire – 1.7∙10-8 Ω/m for 

copper153. Using these values, the simulation program Ansoft Designer and Smith Chart 

(V4.1, Fritz Dellsperger) was used to calculate the impedance and adjustment network. 

Figure 3-1: Coil diagrams. The four home-built coils (A) are shown with a simplified adjustment network. 
The matching and tuning (B) were performed to minimize the self-reflection parameter, S11, at 155 MHz 
(Larmor frequency of 7Li at 9.4T). The coil-loop of the 2-segment coil (C) is shown with the two 56 pF 
segmentation capacitors as well as the calculated inductance and resistance of the wire. 
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We designed transmit-receive (Tx/Rx) 7Li RF coils, so we used a 1-port measuring system 

for simulations. In the Smith chart, only the self-reflection parameter S11 was taken into 

account. The difference in resonance frequency between 1H and 7Li (245 MHz at 9.4T) 

meant that the impedance was sufficiently high to render a passive filter network 

unnecessary. 

Each coil was simulated using Ansoft Designer. In Fig. 3-1C, the two-segment coil loop is 

shown with coil inductance, coil resistance, and segmentation capacitors; the adjustment 

network is referred to as Tx/Rx-Port. The adjustment network was determined by the Smith 

chart in Ansoft Designer. After calculating the values of the components in the adjustment 

network, we ensured that the impedance was 50 Ω at the resonance frequency of 7Li. 

Including the adaption network in the Ansoft Designer software, allowed for a simulation of 

the S11 response. The network had a minimum at 155 MHz corresponding to the resonance 

frequency of 7Li, Fig. 3-1B. 

To account for variations in coil loading, we added a matching and tuning network with 

variable capacitors and/or inductors, Fig. 3-1A. Small deviations between the measuring 

bench and MRI system were compensated by home-built variable inductors. The 

inductance could be changed by simply stretching or compressing the inductors. 

3.3.3 Bench evaluation: 

The matching and tuning process adapts the coil from its starting impedance to the required 

50 Ω using a Smith chart. Non-magnetic capacitors (Johanson Technology, Camarillo, 

California, USA) were used for the segmentations. The fixed capacitor deviated by a few 

pF from the simulations. 

The coil loop was created from a silver-plated, 1-mm copper wire. The circuit board (Fig. 3-

2A-B, Fig. 3-2D) was 3D-printed and fitted with 6-mm adhesive copper tape with a thickness 

of 0.05 mm, Fig. 3-2. Adhesive copper tape distributes electrical conduction over a larger 

area than a cable, counteracting the skin effect.  

Fixed capacitors allowed for better utilization of the variable capacitors (Bürklin, 

Oberhaching, Germany). For some networks, we used self-built inductors, Ø1.2 mm copper 

wire. The variable inductors measured 10 mm in outer diameter and 15-20 mm in length. 

The segmentation capacitors, adaption network, and BNC Tx/Rx-port are visualized on the 

finished coil, Fig. 3-2E. The final adaption network varied slightly from the simulation, but 

the components were the same type. 

We note that soldering the wires and components on the 3D-printed board may cause minor 

complications due to heating. In rare cases this may cause melting of the 3D model. 

Furthermore, the adhesive wires were prone to breaking off the board when care was not 

taken, Fig. 3-2C.  

3.3.4 Coat wave barrier: 

Sheath currents arise unintentionally when the cable and coil behave as capacitors resulting 

in unwanted, imbalanced currents. The voltage induced by the system causes a disturbance 

of the Tx/Rx signal preventing optimal coil performance. We used a braid-breaker with a 

capacitive coupler to suppress sheath currents with frequencies near the resonance 
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frequency of 7Li. The capacitive coupler was realized as a resonant circuit using a coaxial 

cable with three turns and two parallel capacitances. The sheath current filter was tuned to 

the resonance frequency of 7Li and positioned in front of the circuit network using BNC 

adapters at about λ/4. The sheath current filter prevented interference during movement of 

the cable154. The sheath current filter was built from an RG174 c/u coaxial cable and had a 

capacitance of 62 pF. We created a 3D model to stabilize the sheath current filter and fix 

the BNC adapters. 

An RG223 coaxial cable with an impedance of 50Ω was used to connect the sheath current 

filter and MRI system. The sheath current filter was connected to the RG223 coaxial cable 

and RF coil via BNC adapters.  

3.3.5 Construction: 

The RF coil was connected to the sheath current filter with BNC connectors. The sheath 

current filter was connected to the MRI system with a Tx/Rx connector. The RF coil was 

enclosed by a 3D-printed case to protect against damage while still allowing manipulation 

of the variable inductors and capacitors. 

The 3D models were printed with polylactic acid (PLA, standard). The 3D-printed circuit 

board had a surface area of 40 x 25 mm2 and thickness of 5 mm. The RF coil was compact 

to enable versatile positioning in the MRI system. 

Depending on the number of segments in the coil ring, the adjustment networks varied 

slightly, but each configuration could be realized on the 3D-printed circuit board.  

3.3.6 Probes: 

A realistic mouse head phantom was made based on previously acquired MRI data. The 

phantom was shaped like the top of a mouse head with a hollow cavity for the brain. The 

phantom was filled with 100 mM LiCl in 3% agarose solution. We compared the SNR and 

B1 map of each coil using similar acquisition parameters to the in vivo experiments. 

Figure 3-2: 7Li single-resonance RF coil assembly. The layout of the board (A) and lid (B) were made so 
that all four coils could be assembled on the same board file. The copper tape should be handled with care 
as it would come off the board if too much force was used (C). The board was assembled first with copper 
wires (D) and then the adjustment network (E).   



Home-built 7Li radiofrequency coil 

37 
 

3.3.7 MR hardware and acquisition: 

MR data was acquired on a 9.4T Bruker MRI system with a 30-cm horizontal bore. The four 

homemade coils were compared to a commercial, 17-mm, dual-channel surface coil 

(RAPID Biomedical, Rimpar, Germany). As the home-built coils were single channeled, we 

used an 86-mm 1H resonator for positioning the animal or phantom as well as acquiring 

structural images. 

The reference power was optimized using non-localized spectroscopy with a flip angle of 

90° and repetition time of 40s. The reference power was varied from 0.001-0.030W with 

increments of 0.001W. The optimal reference power was calculated by finding the maximum 

area under the curve (AUC), Fig. 3-3A. 

We calculated the B1 map of each RF coil using the double angle method155 using a 2D fast 

low angle shot (FLASH) sequence with the parameters: 40s repetition time, 2.4 ms echo 

time, 45°/90° flip angle, 32×32 matrix size, 5 slices, 2×2×3 mm3 voxel size, and 21:20 min 

acquisition time.  

To compare the SNR between the RF coils, we acquired 7Li MRS using an image-select in 

vivo spectroscopy sequence32 with parameters: 2.5s repetition time, 10000 Hz acquisition 

bandwidth, 256 data points, 6×5×8 mm3 voxel size, 120 averages, and 40 min acquisition 

time. The AUC was calculated using Lorentzian fitting of the magnitude spectra.  

7Li MRI was acquired using the 2D SPIRAL sequence we have previously described. The 

SNR was calculated by taking the mean intensity of the region of interest and dividing by 

the mean intensity of the noise. The parameters of 2D SPIRAL 7Li MRI were: 2.5s repetition 

time, 90° flip angle, 7500 Hz acquisition bandwidth, 16×16 matrix size, 2 slices, 2×2×3 mm3 

voxel size, 5760 averages, and 4 hr acquisition time.   

1H reference images were acquired with a FLASH sequence: 350 ms repetition time, 3 ms 

echo time, 30° flip angle, 32×32 matrix, 12 slices, 0.5-mm isotropic voxel size, 12 averages, 

and 4:29 min acquisition time. 

3.3.8 Animal experiments: 

Two female C57BL6/N mice were fed a lithium-enriched diet (0.3% Li2CO3 w/w) for 5 weeks. 

We have previously reported the lithium uptake kinetics and imaging from mice undergoing 

this treatment (chapter 2). The study was approved by the local authorities (TVA: 33.19-

42502-04-20/3365). 

3.4 RESULTS: 

The home-built coils, with the exception of the 1-segment coil, had lower reference power 

than the commercial coil, Fig. 3-3A. As expected, the reference power was negatively 

correlated with the AUC (Pearson’s R=-0.80) and SNR (Pearson’s R=-0.85) of the localized 
7Li spectra. The AUC curve has a local minimum which corresponds to an RF pulse with a 

flip-angle of 180° or four times the optimal reference power. The home-built 2-segment coil 

had the highest AUC and lowest reference power. 

Having determined the optimal reference power for each coil, we acquired B1 maps with 

the double-angle method. There were only minor differences in homogeneity between 

home-built coils and the commercial coil, Fig. 3-3B.  
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Due to higher SNR and low discrepancies amongst B1 maps, we decided to use the 2-

segment coil for the in vivo measurements, Fig. 3-3B-C. 

In vivo 7Li MRS were acquired from mice in their fifth week of a lithium-enriched diet, Fig. 

3-4A. The AUC of the two-segment coil was on average higher than the commercial coil 

(animal 0: 4.7 vs 3.6; animal 1: 4.7 vs 3.0). We did not observe different AUC between 

animal 0 and 1 with our home-built coil. In contrast, we observed higher AUC in animal 0 

than animal 1 with the commercial coil.  

In vivo 7Li images were overlaid on 1H reference image, Fig. 3-4B-C. The lithium signal 

originated primarily in the brain. The SNR was higher in the dorsal than ventral slice (4.7 

vs. 4.0); notably, the SNR of the 7Li images acquired with the home-built coil were lower 

than those reported in our previous study (chapter 2). Consistent with our previous findings, 

the signal intensity of both the olfactory bulb and cerebellum were low, whereas the center 

of the brain had high lithium signal. 

Figure 3-3: In vitro RF coil performance test. The reference power was optimized by calculating the area 
under the curve at each reference power (A). A minimum was reached at four times the reference power, 
corresponding to the 180° flip angle. The 0-segment and 2-segment coils show left-right differences in their 
B1 maps (B). Similarly, the commercial coil showed a similar front-back gradient (B). These are likely the 
result of the probe lying crooked in the scanner. The 2-segment coil had the largest area under the curve of 
the five tested coil (C). 
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3.5 DISCUSSION: 

As 1H imaging was performed with a large volume coil, the 1H image quality was worse than 

for the dual-tuned commercial surface coil. Reducing the size of the coil, specifically the 

components of adjustment network, would allow a decrease in the diameter of the volume 

coil, thereby improving the quality of 1H images. 

The minimalist structure of our coil allows for easy implementation of adjustment networks 

for different nuclei and coil segmentations. The coils may be improved by the addition of a 

sheath shaft filter, directly integrated on the board, or an implementation of the Tx/Rx coaxial 

cable on the board without the use of a BNC adapter. Increasing the wire diameter would 

further reduce the coil impedance and minimize electrical losses. Here, we present a guide 

to coil building that can also be applied to other nuclei. We note that optimal number of 

segmentation on a coil will vary with the size of the coil, as over-segmentation would lead 

to a loss rather than gain in coil quality factor. 

The B1 field maps showed only minor differences between the different coils. We do note 

that the left-right differences seen primarily in 0-segment and 2-segment coil as well as 

front-back in the commercial coil may be a result of the probe lying askew in the MRI system, 

which may lead to the observed B1 map gradients across the probe, Fig. 3-3B.  

7Li MRI and MRS showed that our coils work at a comparable level to conventional 

commercial coils. We note that especially in X-nuclei MRI/S, the observed SNR gain may 

be significant due to the low signal environment. In vivo 7Li MRS had increased SNR and 
7Li MRI had a slight reduction in SNR compared to the commercial coil. We note that the 

SNR calculation for imaging is based on the 7Li images. As our coil is longer than the 

commercial coil, the field of view will increase, thereby increasing signal in low lithium areas, 

Figure 3-4: In vivo 7Li MRI/S using a home-built RF coil. The area under the curve of the 2-segment coil 
(A in orange), was higher than that of the commercial coil (A in black). The 2-segment coil allowed for in vivo 
7Li MRI of mice (B) with the signal primarily originating from the brain (C). 
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ultimately affecting the SNR calculation. Finally, the coil was positioned directly on the 

mouse head at a brain depth of about 3 mm, thereby increasing signal compared to a 

traditional surface coil. 

3.6 CONCLUSION: 

We have showed that a home-built, cost effective 7Li coil gave comparable signal quality to 

commercially available alternatives. Our 3D-printed board allows for high versatility and can 

be used for other nuclei. We aimed to make the development and building of X-nuclei 

surface coils a feasible and economically viable option for laboratories. Further 

improvements could increase the specificity and sensitivity of the coils, such as the usage 

of components with larger value ranges and the integration of filter systems. Ultimately, we 

have shown that a home-built 7Li coil can achieve sufficient SNR for in vivo 7Li MRI in mice. 
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4.1 ABSTRACT: 

LCModel is considered the gold-standard in magnetic resonance spectroscopy (MRS) 

analysis. Despite this, accurate quantification of MRS data is still challenging and LCModel 

is known to behave non-ideally on noisy data. In recent years new, open-source MRS 

analysis software have been created with the aim of improving MRS quantification. We 

investigated the quantification accuracy of LCModel on cortical MRS data from two different 

field strengths and five different species – using a combination of in vivo and in silico data. 

MRS data from mice, rats, and marmosets were acquired at 9.4T with a stimulated echo 

acquisition mode (STEAM) sequence. Human and macaque MRS data was acquired at 3T 

with a point-resolved spectroscopy (PRESS) sequence. The starting parameters of 

LCModel (e.g. chemical shift range) had a large impact on metabolite quantification. Spectra 

simulated from basis sets (in silico) and from in vivo spectra had similar quantification noise-

dependence. We compared LCModel with default and optimized start parameters to 

TARQUIN and FSL-MRS. We observed improved spectral fitting for LCModel analysis of 

preclinical data compared with the other two methods. However, both TARQUIN and FSL-

MRS showed more ideal noise behavior – increased variance at higher noise, but low drift 

of the average concentration. We analyzed and simulated MRS data from the cortex of five 

different species – mouse, rat, marmoset, macaque, and human – showing evidence for 

species and metabolite specific noise fluctuations. 

4.2 INTRODUCTION: 

Quantification of MRS is commonly done using a linear combination of model spectra. We 

designed this study to illuminate a problem that is well-known amongst preclinical scientist 

working extensively with MRS; however, it is ill-defined. The problem of systematic 

quantification errors that change with the noise intensity. When comparing groups of spectra 

with different quality, the assumption is that the uncertainty of metabolite concentrations will 

be higher in low quality spectra, but that at the group level the average concentration will 

remain constant. However, in many cases non-ideal behavior leads to increased and/or 

decreased metabolite concentrations as a function of the signal quality.  

MRS allows researchers and clinicians to study in vivo brain metabolism across multiple 

species and field strengths. The acquisition of single voxel spectroscopy is routine in 

preclinical research; however, a challenging analysis limits widespread clinical 

implementation. To ameliorate the MRS analysis, best practice guidelines exist for 

humans156 and rodents157 along with expert recommendations for terminology158 and 

minimal reporting standards159. For preprocessing and analysis of single-voxel 

spectroscopy there is likewise an experts recommendation on the ideal handling of 

spectra160. Although these recommendations have come a long way toward standardizing 

analysis and reporting practices, they often deal primarily with human spectra that have an 

inherent higher signal-to-noise ratio (SNR) than most preclinical data.  

Conventional, and recommended, MRS analysis is done through fitting a linear combination 

of model spectra160. The model spectra may be either measured or simulated. The group of 

model spectra used is collectively referred to as a basis set. A measured basis set will have 

to be acquired for each sequence and with the exact same parameters as the in vivo 
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spectra, which is time consuming; however, it will take into account specific spin-spin 

relaxation parameters that are difficult to implement in a simulated basis set161. 

LCModel was the first software to quantify in vivo MRS using full in vitro model spectra of 

the metabolites25. Prior to LCModel, quantification was performed by curve fitting using prior 

knowledge162. Despite being an older software, original publication in 1993, LCModel is still 

commonly considered the gold standard for benchmarking new fitting software. The main 

advantage of LCModel compared with other software is its relative ease-of-use. LCModel 

requires three files – metabolite free induction decay (FID), unsuppressed water (reference) 

FID, and a control file – to calculate the concentration of metabolites in the spectrum. The 

output of LCModel is a graphical summary, table, and coordinate file. These files allow for 

a quick overview of fit quality parameters such as SNR and linewidth.  

However, as LCModel is limited by relying on its own file format and started as a proprietary 

software, it is difficult to alter and apply in a larger context. This has led to the development 

Figure 4-1: Simulation overview. Three different spectral simulation techniques were used. For the 
optimization of the LCModel start parameters (A) we simulated data using representative spectra from 
humans (for 3T, depicted as an example) and mice (for 9.4T). The simulated spectra were created using a 
real and imaginary component multivariate normal distribution using the mean and covariance. The 
covariance matrix shows both the real and imaginary component (black triangle), the color map is adjusted 
to improve visualization. The species-specific simulated spectra (B) was created using a linear combination 
of basis spectra as well as macromolecules, lipids, and Gaussian baseline. The species-specific noise 
fluctuations (C, human spectra depicted) were simulated on the average spectrum of each species with 

random noise progressively added.    
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of a wide-variety of different fitting software: FSL-MRS163, jMRUI164, TARQUIN165, and 

VESPA166 (non-exhaustive list). These software vary in style from pipeline-based python 

packages (FSL-MRS and VESPA) to standalone software (jMRUI and TARQUIN). In the 

last part of this study, we will compared LCModel to FSL-MRS and TARQUIN. FSL-MRS 

uses NIfTI files and is written in python163. TARQUIN allows for the direct usage of files from 

different operators as well as LCModel raw and is written in C++165. In both software a small 

script may be used to analyze the data without user interaction. Furthermore, the software 

are open-source, which means user-specific implementations are possible.   

Recently developments in the field of MRS have focused on improving spectral 

quantification. A recent challenge from the international society for magnetic resonance in 

medicine (ISMRM) showed that despite similar pipelines and software choices there was 

substantial variability in the results achieved by different groups167. The ISMRM challenge 

was, however, limited to simulated spectra at 3T.  

In this study, we analyze cross-species MRS data and provide a pipeline for simulating 

spectra that are visually similar to in vivo spectra at two field strengths. We show metabolite 

specific fluctuation profiles, compare grey matter MRS of five different species, and show 

differences between LCModel, TARQUIN, and FSL-MRS quantification for each of these 

species. The simulation of in vivo MRS spectra from basis sets will allow for better 

benchmarking of new analysis software. The cross-correlation of specific metabolites in 

uncorrelated spectra as well as species specific metabolite fluctuations give indications of 

some of the pitfalls of in vivo MRS quantification. Finally, comparing LCModel, TARQUIN, 

and FSL-MRS, we showed the advantages and disadvantages associated with each of 

these software for in vivo quantification of MRS at two field strengths in five species.  

4.3 RESULTS: 

4.3.1 Simulation of MR spectra 

We employed three different types of spectral simulation (Fig. 4-1). First, we generated 

spectra based on in vivo MRS data, creating ample representative datasets to optimize the 

start parameters for LCModel (Fig. 4-1A). These spectra were simulated using the mean 

and covariance of in vivo data obtained from either humans (n=7, 3T) or mice (n=40, 9.4T). 

Second, we used basis sets provided by TARQUIN to simulate spectra, including 

macromolecules, lipids, and a Gaussian baseline (Fig. 4-1B). This approach allowed us to 

generate spectra with metabolite concentrations specific to each species while avoiding 

potential bias due to differences in the quality of in vivo spectra. Third, we added 

progressively increasing noise levels to in vivo spectra obtained in rodents, non-human 

primates, and humans (Fig. 4-1C). These spectra were used to explore the quantification 

accuracy and noise bias of LCModel with default and optimized start parameters and in 

comparison to TARQUIN and FSL-MRS.  

4.3.2 Optimal LCModel start parameters varied across field strengths. 

To find the optimal LCModel start parameters, we utilized ten simulated spectra derived 

from the mean and covariance of in vivo spectra from humans (3T) and mice (9.4T), 

respectively (Figure 4-1A). We tested 7680 different start parameters – each possible 

iteration of column 2 in Table 4-1. To evaluate the metabolite concentration estimation by 
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LCModel for each of the 7680 cases, we focused on a group of eight metabolites that are 

prominent in both mice and humans: myo-inositol, taurine, γ-aminobutyric acid (GABA), 

glucose, total N-acetylaspartate, total phosphocholine, glutamate plus glutamine, and total 

creatine.  

To identify the optimal LCModel start parameter, we first explored their robustness against 

noise. We added three different noise levels to each of the simulated spectra (0.33, 0.66, 

and 1.00 times the standard deviation of the spectrum, Fig. 4-2A-B left column). We then 

selected all those sets of start parameters leading to metabolite concentrations within a 

specific cumulative bias range (Fig 4-2A-B, in red). The cumulative bias was defined as the 

sum of the differences in the metabolite concentrations of each of the three noise-level 

spectra to those concentrations received from the spectra with no added noise. We found 

an absolute bias limit of 25 divided by the respective spectral SNR (provided by LCModel) 

most suited, Fig. 4-2A-B top right. Secondly, the non-noise-added spectra were analyzed 

with the above identified parameter sets (Fig. 4-2C-D) and the metabolic SNR was 

calculated. To calculate the metabolic SNR, we calculated the average and standard 

deviation of each metabolite for every parameter set. The metabolic SNR was defined as 

the sum of the eight average metabolite concentrations divided by the sum of the eight 

standard deviations of the metabolite concentrations; see equation 4-1 in the method 

section. Finally, the parameter set with the highest metabolite SNR was chosen for further 

analyses. The optimized and default start parameters are given in table 4-1.  

At 3T, we observed that increasing the parameter “dkntmn” (baseline flexibility) from 0.15 

to 0.25 yields a more rigid baseline, which led to higher metabolite SNR, Fig. 4-2C. A mild 

line broadening by 0.5 Hz also improved the metabolite SNR. In general, line broadening is 

not recommended for LCModel as it will alter the program statistics25,160. However, we did 

not use the Cramer-Rao bounds for uncertainty here, as the spectra are all drawn from the 

same distribution. Changing the downfield and upfield limit of the chemical shift range from 

4.2-0.7 ppm also improved metabolite SNR. This is especially noteworthy since 0.7 ppm is 

further downfield than the recommendation for short echo time spectroscopy25. The 

standard deviation of the phase correction did not have a significant systematic impact on 

the metabolite SNR.  

At 9.4T, we found that a slight increase in baseline flexibility to 0.20 gave the optimal 

metabolic SNR, Fig. 4-2D. In contrast to the 3T data, a line broadening of 2 Hz improved 

the metabolite SNR, most likely due to the noisier nature of the mouse spectra. Increasing 

Table 4-1: Six parameters were changed during the optimization of LCModel start parameters. The default 
and optimized LCModel start parameters at both 3T and 9.4T are given. 

Start parameter (unit) Values Default 
Optimized  

(at 3T) 

Optimized  

(at 9.4T) 

Line broadening (Hz) 0, 0.5, 1, 2, 3, 5 0 0.5 2 

dkntmn 0.09, 0.12, 0.15, 0.20, 0.25 0.15 0.25 0.20 

sddegz 5, 25, 45, 999 999 45 25 

sddegp 5, 8, 11, 20 20 11 11 

ppmst (ppm) 4.3, 4.2, 4.1, 4.0 4.0 4.2 4.3 

ppmend (ppm) 0.2, 0.3, 0.5, 0.7 0.2 0.7 0.2 
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the chemical shift range to cover the entire spectrum improved the metabolite SNR further, 

likely due to the downfield myo-inositol peak at 4.05 ppm and the significant macromolecule 

contribution seen at 0.7 ppm. Similar to the optimization at 3T, we did not observe 

systematic influences of the phase correction terms on the metabolite SNR.  

4.3.3 Optimized LCModel parameters improved robustness against 

noise at 9.4T.  

We then investigated the robustness of LCModel quantification against noise when using 

the identified optimal start parameters compared to the default set. Here, we focused our 

analysis on the two most abundant metabolites: total N-acetyl aspartate and total creatine. 

The results are shown in Fig. 4-2E in grey for the default and in red for the optimized set of 

parameters. 

We found no noticeable improvement with the optimized parameters for the simulated 3T 

human data, Fig. 4-2E. In contrast, at 9.4T, the metabolite concentration of total N-

acetylaspartate and total creatine showed marked improvement when analyzed with the 

optimized compared to default LCModel start parameters, Fig. 4-2F. While the default start 

parameters showed an increase in the average total N-acetylaspartate concentration with 

increasing noise, its mean value became almost noise-independent when using the 

optimized start parameters. Most noticeable is the effect of the parameter choice on the 

total creatine concentration. The use of the default LCModel start parameters resulted in 

substantial variations in total creatine concentration, which could be significantly reduced 

by applying the optimized LCModel start parameters. Moreover, no systematic changes 

with added noise were observed when using the optimized start parameter.   

4.3.4 Simulation of MR spectra from basis data sets requires calibration 

for concentration and linewidth. 

Low SNR often compromises preclinical data, and the linewidth may be broader than in 

human spectra. Simulating spectra from basis sets can help to distinguish potential species 

specific effects on the estimated metabolite concentration from those associated with 

spectral quality. For that purpose, the basis sets need to be calibrated to ensure that the 

input concentration aligns with the output concentration of the LCModel analysis. To 

establish the calibration factor for the basis sets utilized in this study, we simulated spectra 

in which the concentration of each individual metabolite was systematically altered (Fig. 4-

3A-B, left column). 

We observed the expected behavior for the 3T data. Here, the resulting fitted concentration 

increased linearly with the simulated concentration, as shown for myo-inositol in Fig. 4-3A. 

However, the 9.4T spectra exhibited a slight deviation from the linear relationship for myo-

inositol concentrations exceeding 10 mM, Fig. 4-3B.  

Importantly, the linewidth of the simulated spectrum had a notable impact on the metabolite 

concentration determined by LCModel. In the simulated 3T spectra, we noted the highest 

myo-inositol concentration at a line broadening of 1.66 Hz (Fig. 4-3C, right) and of 1.5 Hz 

on average for all metabolites. For the 9.4T spectra, the peak myo-inositol concentration 

was obtained at a line broadening of 2.41 Hz (Fig. 4-3D, right), and the highest 

concentration for all metabolites was, on average, seen at a line broadening of 2.6 Hz. 
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4.3.5 LCModel exhibited inherent fitting correlations in independent 

data. 

Some metabolites in a basis set, such as creatine and phosphocreatine, have a high 

spectral similarity. Other metabolites, such as creatine and myo-inositol, have almost no 

overlapping resonances. We examined the spectral similarity within LCModel's chemical 

shift range by correlating the real parts of the spectra for each metabolite in the basis set 

(see Fig. 4-3E-F, left side). This served as a reference point for investigating potential 

correlations in the concentrations estimated by LCModel for spectra composed of multiple 

metabolites.  

Figure 4-2: Finding the optimal start parameters for LCModel. An example spectrum at 3T (A) and 9.4T 
(B) with added noise (left). The cumulative bias, Σ(Bias), for each set of start parameters was plotted as a 
histogram (A-B, right). The bias limit, defined as the acceptable cumulative bias, is highlighted in red. The 
start parameters within the bias limit were used to find the optimal metabolite SNR, ρ (C-D). The optimal start 
parameter (red dot) for the baseline flexibility and linewidth (top row), chemical shift range (middle row), as 
well as phase correction standard deviations (bottom row) showed substantial variation within each group of 
parameters (C-D). At 3T (C), the optimal start parameters were lower baseline flexibility (0.25) and higher 
upfield limit (0.7 ppm). At 9.4T (D), the largest chemical shift range gave the optimal fit parameters. Across 
both field strengths the standard deviation of the phase correction had little impact. The optimized starting 
parameters (E-F, in red) showed minor improvements in the bias at 3T (E), but marked improvements at 9.4T 
(F). 
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We generated 10,000 spectra from the basis sets, applying the calibration terms for 

concentration and linewidth that were calculated as explained in the preceding paragraph. 

To prevent any inherent correlations in the spectra, we opted for a uniform distribution of 

concentrations. The concentration ranges were determined based on the maximum and 

minimum concentrations observed across all the in vivo spectra used in the subsequent 

multispecies analysis. The correlation matrixes of the metabolite concentrations estimated 

by LCModel are shown in Fig. 4-3E-F. 

At 3T, we observed that despite spectral similarities (Fig. 4-3E, left), most metabolites 

showed low correlation in their estimated concentrations (Fig. 4-3E, right). The real parts of 

the spectra for creatine and –CrCH2 (negative spectrum of the downfield creatine peak) 

revealed the expected negative correlation, although this was hardly observable for the 

estimated concentrations. Despite a lack of spectral similarity, a modest concentration 

correlation was observed for taurine and scyllo-inositol. Glucose concentration showed a 

moderate positive correlation with phosphocreatine and –CrCH2 and a modest correlation 

with phosphocholine. A negative correlation with glucose was observed for creatine and 

glycerophosphocholine. Glucose only shares spectral similarity with myo-inositol; however, 

the estimated concentrations of myo-inositol and glucose did not correlate.  

At 9.4T (Fig. 4-3F), the negative correlation between the real-part spectra of –CrCH2 and 

creatine was also present in their estimated concentrations. Furthermore, we noted a 

negative correlation between the concentrations of creatine and phosphocreatine at 9.4T, 

despite their spectra showing a positive correlation similar to those of the 3T basis set. 

Likewise, we observed a negative correlation between glycerophosphocholine and 

phosphocholine. This suggests that the software tends to adjust metabolites with higher 

spectral similarity. This adjustment can be crucial in maintaining a relatively constant total 

metabolite concentration and avoiding overfitting. However, it is important to bear this in 

mind when interpreting results from preclinical MRS studies. 

The correlation of metabolites that have high spectral similarity – such as creatine and 

phosphocreatine – having negative concentration correlation indicates that the software 

preferentially regulates them. For this reason, glycerophosphocholine and phosphocholine 

– especially at 9.4T – show strong negative correlation in concentration. These fitting anti-

correlations may be important for keeping the total metabolite concentration relatively 

constant and prevent overfitting; however, their presence means data analysis should be 

performed carefully.    

4.3.6 Pipeline for the simulation of species specific 1H spectra  

Using the results above, we developed a simulation pipeline that allows for the simulation 

of species specific spectra based on the chosen basis data set, Fig. 4-3G. The tool uses a 

list of metabolite concentrations with mean and standard deviation of the desired metabolite 

concentration based on actual measured data. The simulation takes the global 

concentration and linewidth correction into account. The spectra can be simulated with 

macromolecules, lipids, and baseline, as well as various levels of noise. The noise is added 

to the free induction decay after line broadening. A noise level of 1 is defined as 7.5% of 

the standard deviation over the whole free induction decay. The source code is available 

on GitHub (https://github.com/Tor-R-Memhave/preppingLCModel). 

https://github.com/Tor-R-Memhave/preppingLCModel
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We used the pipeline to simulate spectra for mice, rats, marmosets, macaques, and humans 

(Fig. 4-3G) using the following noise levels: 1.5 for mice, rats, and marmosets, 1.25 for 

Figure 4-3: Species-specific spectral simulation from basis sets. The spectra (A-D) were simulated using 
a simulated basis set from TARQUIN at 3T (A,C) and 9.4T (B,D). The black spectrum shows the start 
condition of the simulation (low concentration (A,B) and narrow linewidth (C,D)) and the red lines show the 
progressive increase in either concentration or linewidth. The concentration showed linear increase (A-B) 
and the linewidth (C-D) had a maximum estimated concentration between 1-3 Hz at both field strengths. We 
compared the correlation matrix of the spectral similarity of metabolites in the basis set (E-F, left) to the 
correlation between metabolite concentrations fit by LCModel (E-F, right) in 10000 simulated spectra. At 3T 
(E), only weak correlations are observed between metabolites. However, at 9.4T (F), we observed negative 
correlation between creatine and phosphocreatine as well as glycerophosphocholine and phosphocholine – 
the opposite of the spectral analysis. We simulated spectra to look like in vivo spectra (G) for a mouse 
(purple), rat (pink), marmoset (dark green), macaque (neon green), and human (grey) and compared then 
with their in vivo counterpart (H). The color for each species will be kept constant for all remaining figures. 



Cross-species LCModel analysis 

50 
 

macaques, and 0.25 for humans. The spectra simulated this way did not visually differ from 

those acquired in vivo (Fig. 4-3H). 

4.3.7 Cross-species MRS comparisons: 

Seven in vivo spectra from mice, rats, marmosets, macaques, and humans were acquired 

at two field strengths. Macaque and human spectra were acquired on a 3T clinical MRI 

system with a PRESS sequence. Mouse, rat, and marmoset spectra were acquired on a 

9.4T preclinical MRI system with a STEAM sequence. All acquisition parameters can be 

found in table 4-2.  

Myo-inositol, a common osmolyte and glial marker168,169, was increased in nonhuman 

primates compared with rodents and to a lesser extent humans, Fig. 4-4A. The total N-

acetylaspartate increased steadily from rodents to nonhuman primates and humans, Fig. 4-

4B. N-acetylaspartate is regarded as a neuronal marker, due to its high concentration in 

neurons and decrease in many degenerative brain diseases170. The most characteristic 

peaks of the mouse spectrum are the two taurine peaks at 3.25 and 3.4 ppm, which set the 

spectrum apart from most other species. It is therefore unsurprising that the taurine 

concentration was highest in mice, Fig. 4-4C. Taurine was higher in rats and marmosets 

than macaques and humans. Although this effect may be true, it is likely that this difference 

in part can be explained by taurine being easier to discern from neighboring metabolites at 

Table 4-2: Seven animals/subjects were measure for each of the five species. The animal/subject information 
in the top half. The bottom half of the table shows the spectroscopy sequence parameters. 

Parameter Mouse Rat Marmoset Macaque Human 

Age (µ±σ) 4.7±0.2 mo 5.1±3.1 mo 9.1±1.6 yr 9.3±3.1 yr 24±3 yr 

Sex (male:female) 7:0 0:7 3:4 0:7 3:4 

Anesthetized yes yes yes yes no 

Field strength 9.4T 9.4T 9.4T 3T 3T 

Sequence STEAM STEAM STEAM PRESS PRESS 

Flip angles (˚) 83:83:83 73:73:73 47:47:47 90:180:180 90:180:180 

Repetition time 

(ms) 

6000 6000 6000 2000 2000 

Echo time (ms) 10 10 10 30 30 

Mixing time (ms) 10 10 10 - - 

Data points 2048 2048 2048 1024 1024 

Bandwidth (Hz) 5000 5000 5000 1200 1200 

Voxel size (mm3) 8.7 72 75 512 9000 

Averages 128 128 128 128 64 

Acquisition time 

(min) 

12.8 12.8 12.8 4.3 2.1 
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9.4T than at 3T. An interesting pattern in the total phosphocholine concentrations was 

observed as mice had higher phosphocholine than rats, whereas marmosets had higher 

concentration than macaques and humans, Fig. 4-4D. However, it should be noted that total 

phosphocholine concentration in the brain are relatively low in all species (for mice <3 mM). 

γ-aminobutyric acid (GABA), an inhibitory neurotransmitter, was found to be generally 

increasing from rats to humans with mice being a slight outlier in this trend, Fig. 4-4E. It is 

likely that the position of the voxel within grey matter and thereby concentration of inhibitory 

neurons is the deciding for the GABA concentration171. The glutamate plus glutamine 

concentration was higher in all anesthetized animals than healthy human subjects, Fig. 4-

4F. This was anticipated as the concentration of glutamate is known to increase during 

anesthesia172. The glucose concentration in mice was found to be much higher than rats, 

nonhuman primates, and humans, Fig. 4-4G. We found a similar tendency with total 

creatine, Fig. 4-4H, as we observed for total phosphocholine, Fig. 4-4D. A marked increase 

in mice compared with rats and then marmosets compared with macaques and humans. 

Interestingly, there appears to be a steady decrease in total creatine concentration from 

marmosets to humans with macaques falling in between. All metabolite concentrations from 

Figure 4-4: Cross-species comparisons of key brain metabolites. The left column shows individual 
metabolites, whereas the right column shows commonly combined metabolites. The eight metabolites were 
significantly different across the species (One-way ANOVA p<0.001). Myo-inositol was increased in humans 
and non-human primates compared to rodents (A). There was a weak increase in total N-acetyl aspartate 
from mice to humans (B). Taurine was significantly higher in mice than all other animals (C). The total 
phosphocholine decreased from mice to humans (D). GABA varied across species with rats and marmosets 
having the lowest concentrations (E). The total glutamate and glutamine concentration was higher in all 
animals, due to anesthesia, compared with humans. Glucose was elevated in mice (G). Total creatine varied 

by species, but appears to decrease from mice to rodents and marmosets to humans (H). 
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the five species can be found in table S-3. For the metabolites discussed in this section 

statistical tests: one-way ANOVA and post-hoc t-tests are given in table S-4.    

4.3.8 The susceptibility to noise is metabolite specific. 

As the SNR varies between measurements, studies, and laboratories – it is essential to 

understand the noise behavior of an analysis method. An ideal fitting algorithm maintains a 

consistent average even with added noise, although it may exhibit higher variance. 

However, as most MRS analysis tools rely on optimization procedures with predefined 

priors, they are likely to behave non-ideally. To test the noise behavior of LCModel, we 

simulated spectra using two different approaches – from basis sets and from in vivo spectra 

– and progressively added noise, Fig. 4-5A-E left and right side, respectively. We have 

previously described that LCModel has intrinsic concentration correlations, as such we will 

look at the noise behavior of all five species. While this behavior is unique for every 

metabolite, we chose two metabolites with different types of non-ideal behavior: glutamate 

plus glutamine, Fig. 4-5A-E column 2, and glucose, Fig. 4-5A-E column 3. 

We observed an almost ideal noise behavior of glutamate plus glutamine in the spectra 

simulated from basis set for mice, rats, and marmosets, Fig. 4-5A-C left, with slightly higher 

noise variation in the spectra simulated from in vivo spectra, Fig. 4-5A-C right. However, 

the glutamate plus glutamine concentration for macaque and humans showed a steady 

increase prior to the maximum SNR of the spectra simulated from in vivo spectra, Fig. 4-

5D-E left. Furthermore, the spectra simulated from in vivo spectra showed almost 100% 

increase in glutamate plus glutamine for humans at low SNR. These simulations highlight 

that glutamate plus glutamine fitting was more robust at 9.4T, Fig. 4-5A-C, than 3T, leading 

to more ideal noise behavior. Furthermore, we observe that the lower concentration of 

glutamate plus glutamine in humans led to large overfitting at low SNR, Fig. 4-5E right.  

Glucose noise-behavior varies from species-to-species likely due to the concentration 

variation between species. Most notably in mice the concentration of glucose drops with 

decreasing SNR, Fig. 4-5A. The behavior is comparable between the two simulations – 

although the effect is increased in spectra simulated from in vivo spectra. The concentration 

of glucose in rats fluctuated with SNR; however, the average was relatively constant, Fig. 

4-5B. Due to the low concentration of glucose in marmosets, the noise behavior was 

predictably unstable, Fig. 4-4C. However, it is of concern that the glucose concentration 

showed a stable increase as the SNR decreased. Both macaque and human glucose 

concentrations were low, which meant their noise behavior was unstable, Fig. 4-4D-E. 

However, it is particularly problematic that at in vivo SNR there is an initial increase in 

glucose with decreasing SNR followed by a large drop.  

The noise behavior of glutamate plus glutamine and glucose were drastically different. 

However, the metabolite specific noise behavior was partially anticipated. The fact that 

metabolites at different concentrations behave differently when noise is added was likewise 

anticipated. However, that metabolites of similar concentration showed different noise 

behavior across species is previously undescribed. This suggests that the calculated 

concentration will vary between species not just from concentration differences, but also 

from fitting uncertainties due to neighboring metabolites.   
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4.3.9 LCModel analyses had higher fit quality than TARQUIN and FSL-

MRS 

While LCModel is still the go-to reference software for benchmarking new analysis software, 

many other software have been developed for analyzing spectroscopy data. In this study, 

Figure 4-5: Species and metabolite-specific concentration changes as a function of SNR. We looked 
at the noise behavior of two metabolites (glutamate plus glutamine [Glu+Gln] and glucose [Glc]) across the 
five species. Noise was progressively added to simulated spectra from basis sets (left side) and from in vivo 
spectra (right). The black line in column two and three indicate the highest SNR of the in vivo data. Ideal 
concentration changes with noise are increased variance, but unchanged mean concentration. This type of 
behavior is observed for glutamate plus glutamine in mice (A), rats (B), and marmosets (C), but not for 
macaques (D) and humans (E). Glucose behaves in non-ideal manner across all five species – although to 
a lesser extend in rats.  
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we chose to look at two popular software for automated spectroscopy analysis: TARQUIN 

and FSL-MRS.  

We found that optimizing the LCModel start parameters led to an increased coefficient of 

determination and decreased the mean absolute error compared with the default start 

parameters, Fig. 4-6A, likely due to line broadening. Looking at the five species, default 

LCModel analysis generally had a higher coefficient of determination and lower mean 

absolute error than FSL-MRS and TARQUIN, except for in marmosets where TARQUIN 

performed better.  

4.3.10 LCModel, TARQUIN, and FSL-MRS showed comparable 

concentration trends across species 

To have a more direct comparison of the fitting software, we looked at the concentration of 

metabolites. We ignored T1-effects for the analysis and normalized the concentrations to 

total creatine.  

We observed comparable metabolite patterns across species for all four analyses, Fig. 4-

6B. The optimized start parameters for LCModel led to lower variation within a species 

compared with the default start parameters, except for myo-inositol in mice, Fig. 4-6B left. 

We note that a few differences were observed amongst the different software. TARQUIN 

had a lower spread in myo-inositol values between the groups – most notably with higher 

concentrations in rodents and decreased concentrations in non-human primates. FSL-MRS 

had increased variance across all myo-inositol fits. Taurine estimates showed similar 

tendencies amongst the four software with mice having higher taurine than rats and 

marmosets and almost no taurine in macaques and humans. However, the taurine 

concentration is likely overestimated for mice by TARQUIN and FSL-MRS. 

The four different analyses showed comparable relative concentration estimates for the 

species. While LCModel showed a lower variance for most species, the other software 

performed as expected with only a slight bias toward overestimating taurine. TARQUIN and 

FSL-MRS were created, primarily, for human data, which has a higher intrinsic SNR. As 

such, it was reassuring to see relatively high agreement between the four analyses for the 

human data.    

4.3.11 LCModel, TARQUIN, and FSL-MRS showed comparable 

noise-dependence for at in vivo SNR 

We chose to compare the SNR of the four different methods using human spectra simulated 

from basis sets with procedurally added noise. We have previously shown the non-ideal 

behavior of glucose in humans with the optimized LCModel start parameters, Fig. 4-5E. It 

is therefore relevant to explore the noise behavior of all four analyses, Fig. 4-6C. 

All four analyses showed ideal noise behavior for myo-inositol at SNR>25, Fig. 4-6C. 

However, only TARQUIN and FSL-MRS showed ideal noise behavior at SNR<25. The 

standard deviation of the myo-inositol concentration was lower for FSL-MRS analysis than 

TARQUIN. The two LCModel approaches were prone to overfitting the concentration at low 

SNR. The default LCModel start parameters led to increasing and then decreasing myo-

inositol concentrations, whereas the optimized LCModel start parameters found steadily 

increasing myo-inositol concentrations with decreasing SNR.     
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4.4 DISCUSSION: 

We developed three different simulation techniques for creating artificial data that were used 

for three different aims: finding the optimal LCModel start parameters, simulating spectra 

from basis set that looked like in vivo spectra from different species, and adding noise to a 

mean spectrum to understand in vivo noise behavior. Spectral simulation using the mean 

and covariance generated spectra that were visually similar to in vivo spectra with 

comparable properties, but they were not identical. This may be of particular use for data 

augmentation purposes or as presented here for optimizing parameters for the original data 

without directly using the original data. Our simulation pipeline simulates spectra from basis 

sets using the mean and standard deviation of the metabolites of a species. We found that 

calibration these spectra for concentration and linewidth biases was important for accurate 

quantification. As the data can be simulated at various noise levels, it is our hope that the 

simulation pipeline may be used for statistical planning related to animal experimentation, 

thus reducing the number of animals used in research. Adding noise to the mean spectrum 

for each species gave the simplest simulation paradigm. It was ideal for testing the 

concentration as a function of SNR with a constant ground truth. 

The noise and linewidth behavior of LCModel has previously been reported173–181. Our 

discussion of noise will deal with spectra simulated from basis sets and in vivo spectra. 

While it was reassuring that the noise behavior of the spectra simulated from basis sets was 

comparable to the spectra simulated from in vivo spectra, it is more important to understand 

how they were different. First and foremost, when simulating spectra from basis sets, we 

used the same basis set for fitting, which means that the noise behavior was as ideal as 

possible. For the spectra simulated using in vivo spectra, we used our standard analysis 

pipeline with different basis sets; however, since the spectra also contain information from 

metabolites not in the basis set, the uncertainty increased at low SNR.  

Non-ideal noise behavior is common and should be expected for all in vivo spectra of 

varying quality. In this study, we provide direct evidence of this fact and we can only reiterate 

that reporting SNR, linewidth, and exact fitting parameters is paramount for both 

interpretation and reproducibility. The reporting of analysis method, SNR, and quality control 

parameters is recommended159; however, we would like to extend this recommendation to 

include a few more measures. Most analysis software have default start parameters, which 

are used for fitting. Even if these default parameters are used, it would be beneficial to 

explicitly report the chemical shift range and the baseline type. In the optimization of 

LCModel start parameters, we observed that these two parameters led to large fluctuations 

in the metabolite SNR. For LCModel, in lieu of reporting all start parameters, a copy of the 

control file can be included. The spectral SNR and linewidth range should be reported for 

all groups and if significant differences are observed, the potential impact of SNR and/or 

linewidth on the conclusions drawn by the study should be discussed. Two types of quality 

control measures should be provided: metabolite concentrations and fit quality. It is our 

recommendation that the coefficient of determination and/or the mean absolute error are 

reported for all groups. The coefficient of determination and mean absolute error are 

complementary and negatively correlated, meaning that reporting one may be sufficient.    
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LCModel was more likely to incorrectly estimate concentrations at low SNR than TARQUIN 

and FSL-MRS. However, the uncertainty of TARQUIN at low SNR was higher than LCModel 

and FSL-MRS. Ultimately, the choice of fitting tool largely depends on the question at hand. 

We note that especially for human data only minor differences were observed; however, 

LCModel generally performed better on preclinical data. It should be noted that LCModel 

fits data from RAW-files, which we generated from text files of the spectra. TARQUIN was 

able to use both Bruker and Siemens file formats. FSL-MRS requires a conversion of files 

into a standardized NIfTI-MRS format, which can be done using spec2nii163.  

The optimized LCModel start parameters had a different noise behavior than the default 

LCModel start parameters. This leads to the direct question of what is defined as optimal 

start parameters. We chose eight metabolites that differed between species to find start 

parameters that ensured their accurate quantification. The spectra used in this study had 

sufficient water suppression to allow for a downfield limit close to the water peak. If this is 

not the case, a downfield limit closer to 4.0 ppm would be preferable. Furthermore, the 

upfield limit at 3T (0.7 ppm), was further downfield than recommended by the software – 

likely a testament to the low macromolecular content of the spectra and macromolecules 

Figure 4-6: Comparing different analysis software across species. The coefficient of determination (R2) 
was generally higher and the mean absolute error (MAE) lower when using optimized LCModel model 
parameters compared with LCModel with default start parameters, TARQUIN, and FSL-MRS (A). All four 
analyses showed comparable trends for the myo-inositol and taurine concentrations across species although 
there was slight tendency for TARQUIN and FSL-MRS to over-fit taurine in mice (B). The average 
concentration of myo-inositol when adding noise was the most robust for FSL-MRS and TARQUIN (C). 
LCModel with default and optimized start parameters showed noise stability down to an SNR of 25 after 

which they start overestimating. 
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not being included in metabolite SNR formula. This illustrates that the optimal start 

parameters for LCModel may depend on the question. Our general recommendation is to 

have a chemical shift range of 4.2-0.2 ppm (comparable to FSL-MRS), if the spectra in the 

study have too much water signal or reduced macromolecular content, then it can be 

narrowed as necessary. The baseline flexibility term yielded higher spectral SNR at lower 

values (higher flexibility), but for most metabolites the concentration is largely constant. 

However, for metabolites with multiplets that are difficult to disentangle, e.g. glucose – a 

flexible baseline may decrease the fit concentration. For most spectra and species, the 

effect will be largely negligible and values between the 0.15 (default) and 0.25 provide 

comparable results. Changing the standard deviation of phase correction performed by 

LCModel did not provide clear advantages, as the spectra did not have large phase 

correction errors. Line broadening the spectra led to improved metabolite SNR; however, 

this is generally not recommended. For noisy data, line broadening will improve the spectral 

quality, which may improve the accuracy; however, it may also lead to undesired effects 

and will artificially lower the Cramer-Rao bounds. In this study, we only applied line 

broadening of less than 75% of the linewidth, which meant a limit of 2 Hz for humans. As a 

result, the line broadening applied was mild and below the linewidth of the spectra. 

Regardless, line broadening – if used – should always be reported and best practice would 

be to ensure that quantification without line broadening produces similar average values. 

Finally, we illustrated that the start parameters for LCModel led to large variations in 

cumulative bias and metabolite SNR. Reporting the LCModel start parameters is therefore 

important for improving reproducibility. We do not offer strict recommendations and the 

optimal LCModel start parameters provided in this study should be seen as an example of 

how optimizing start parameters may alter metabolite quantification.  

Having compared three different analysis software, LCModel offered comparable results to 

its contemporary counterparts. It is therefore likely that LCModel will remain the benchmark 

for new software developments. However, LCModel is less complete than modern analysis 

tools – TARQUIN and FSL-MRS – that allow basis set simulation and include processing 

tools. In recent years, multiple software tools have been developed for a plethora of 

spectroscopy applications such as (but not limited to): FID-A182, INSPECTOR183, 

nmrglue184, Osprey185, jMRUI164, and VESPA166. FID-A and nmrglue are useful tools for 

simulating and preprocessing spectra, whereas INSPECTOR, Osprey, jMRUI, and VESPA 

also allow for MRS analysis. However, a comparisons of all the spectroscopy analysis 

software currently available was beyond the scope of this project. In a recent fitting 

challenge in the MRS study group of ISMRM addressed this question167. Notably, almost 

half the submissions used LCModel for the analysis, suggesting that this is still the preferred 

analysis software. The fitting challenge found, similar to our results, that LCModel fits are 

SNR dependent – although to a lesser extent when constraints are removed (default for 

field strengths greater than 4.7T). We have shown that LCModel is capable of quantification 

at different field strengths and species with high fit accuracy, making it a useful benchmark 

for new spectroscopy analyses. However, LCModel is prone to non-ideal noise behavior.  

The mean and standard deviation of all metabolites quantified in this study are available in 

both the supplementary material, table S-3, and on GitHub. While the study primarily 

explores the behavior of LCModel and to a lesser extend TARQUIN and FSL-MRS, the 

quantification of healthy adult animals of five different species should provide a 
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representative reference work for future studies. As the data used was not acquired for this 

study, the brain regions are not perfectly matched across species. The seven spectra from 

healthy specimens of each species are insufficient to describe the physiological range of 

the population. The concentration ranges provided should therefore be seen as a reference 

guide rather than the ground truth. Furthermore, for the in vivo analysis and the optimization 

of LCModel start parameters, the ground truth was unknown, so optimization meant 

maximizing metabolite SNR. The spectra simulated from basis sets were created as 

representative spectra from different species. Since the spectra are simulated and fit by the 

same basis set – the estimated noise behavior is the lower bound of the true noise behavior, 

Fig. 4-5. Finally, in the comparisons of the different software, we only optimized the start 

parameters of LCModel and used both TARQUIN and FSL-MRS without changing 

parameters. This means that better fit quality and quantification of both software are likely 

possible through thorough optimization of their changeable parameters.   

While this study covers many aspects of LCModel fitting, it does not include changes to 

every possible parameter. Notably, we did not change the soft constraints of the analysis 

or the number of simulated peaks – both known to effect the quality and accuracy of the 

software167,186. Future work may delve deeper into these and other changeable parameters 

of LCModel. 

We started this study by looking for a way to explain and describe the noise behavior of 

LCModel. While this is relatively easy to explain, we found few resources meticulously and 

systematically testing the software at hand. We have illustrated that the inherent noise-

related fluctuations in metabolites can be simulated using spectra simulated from basis sets 

and from in vivo spectra with comparable outcomes. The need for understanding the 

limitations of software is growing, especially with the new developments in MRS analysis 

tools in mind. We have illustrated the extremities of noise behavior and shown that it is both 

metabolite and species specific. However, in doing so, we also do not offer any strict 

recommendations for software analysis – only that all spectra are inspected visually and 

analysis parameters are reported.  

4.5 METHODS: 

4.5.1 Optimizing LCModel start parameters: 

LCModel start parameters were optimized by testing all combinations of six different 

parameters: line broadening, baseline flexibility (dkntmn), standard deviation of the zero 

(sddegz) and first order (sddegp) phase correction, and the start (ppmst) and end (ppmend) 

point of the chemical shift range. The 7680 combinations, derived from the aforementioned 

parameters as well as the default and optimized start parameters are depicted in table 4-1.  

4.5.1.1 Simulating spectra using real data for optimizing LCModel start parameters 

at 3T and 9.4T: 

The noise level alters the concentration of metabolites determined by LCModel on the level 

of a single spectrum. However, as most studies contain multiple animals, we were 

interested in whether the mean and median concentrations were stable against more 

modest noise levels. 
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4.5.1.2 Human (3T): 

Human spectra were simulated using data from 7 subjects. We simulated 10 spectra per 

noise level using a multivariate distribution (mean and covariance). To reduce the variation 

between the 10 simulated spectra, we multiplied the covariance by 0.01. We applied noise 

levels of 0.00, 0.33, 0.66, and 1 time the intrinsic noise. The noise was defined as the 

standard deviation of the spectrum at the 2 ppm furthest downfield. 

4.5.1.3 Mouse (9.4T): 

Mouse spectra were simulated using 40 cortical spectra from 20 mice (2 time points). The 

spectra were phase-corrected. Using the average and covariance matrix, we simulated 10 

spectra using a multivariate distribution. To reduce the variation between the 10 simulated 

spectra, we multiplied the covariance by 0.001. We applied noise ranging from 0.00, 0.33, 

0.66, and 1 time the intrinsic noise. The noise was defined as the standard deviation of the 

spectrum at the 2 ppm furthest downfield. 

4.5.2 Simulating data from basis sets: 

Spectra were simulated directly from the basis set at 3T and 9.4T. In order to ensure that 

the final concentration could be simulated reliably from the basis set, we calibrated the 

simulation for concentration, linewidth, and created macromolecules that could be added to 

the simulation. An example of a simulated spectrum for each species is shown in Fig. 4-3. 

All simulated data relied on TARQUIN for creating LCModel basis sets. The basis sets at 

both 3T and 9.4T were simulated at 1 mM. LCModel requires an unsuppressed water 

reference spectrum to calculate the concentrations. We simulated unsuppressed water 

reference spectra based on the assumption that the water peak had a Lorentzian shape. 

We scaled the spectrum to be 43700 (assumed water concentration in mM) time larger than 

one-third the area under the curve of the creatine singlet at 3.05 ppm (integrates 3). We 

note that this scaling factor was halved at 3T for our current basis set. 

4.5.2.1 Concentration: 

In order to ensure that the output concentration from LCModel matched the desired input 

concentration, we calculated a concentration correction term. The concentration correction 

of each metabolite was calculated by simulating a linear increase in the metabolite 

concentration from 0.25-15 mM and keeping the concentration of all other metabolites fixed 

at 0.5 mM. The relationship between simulation and LCModel concentration is assumed to 

be linear. The slope and intercept may be used to improve the simulation of metabolites 

outside physiological concentrations.  

4.5.2.2 Linewidth: 

While the concentration scales linearly in most cases, the fit of a metabolite may vary based 

on the linewidth of the data – especially for metabolites that are multiplets. We note that 

LCModel – by default – adjust the linewidth of the basis set to the spectrum that it is trying 

to fit. However, it is unclear if the estimated concentration of LCModel depends on the 

linewidth of the simulated spectrum. We therefore simulated (for each metabolite in the 

basis set) a spectrum where a metabolite had a concentration of 15 mM (uncorrected) and 

the remaining metabolites had a concentration of 0.5 mM. The spectrum was then line 

broadened by 0-11 Hz at 3T and 0-20 Hz at 9.4T in 200 steps. Once these spectra were fit 

by LCModel, we looked at the variation of the concentration of the metabolite with the 
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linewidth of the spectrum. The linewidth correction was calculated by smoothing the 

normalized concentration curves for each metabolite. Due to the maximum concentration 

being found at linewidths between 1-3 Hz for both field strengths, simulations using a 

linewidth between 1-3 Hz are corrected using a linewidth correction term of 1. Additionally, 

the linewidth correction term was capped at 1.33 to avoid overcorrection.  

4.5.2.3 Macromolecules: 

Macromolecules, lipids, and baseline may be simulated using Gaussian functions. They 

were defined using the known lipids and macromolecules from the LCModel manual. 

Macromolecules were simulated at 0.9, 1.2, 1.4, 1.7, and 2.0 ppm. Lipids were simulated at 

0.9, 1.3, and 2.0 ppm. Finally, the baseline can be added to the spectrum using a linear 

combination of Gaussian functions.   

4.5.2.4 Comparing basis set similarity with LCModel fitting: 

Testing the specificity of a fitting algorithm is important for understanding the limitations of 

the approach. We simulated 10000 spectra from simulated basis sets and investigated the 

correlation of the LCModel metabolite concentrations. The dataset was simulated with no 

intrinsic correlation – concentrations were simulated using a uniform distribution of 

physiological concentrations. The average concentration and linewidth correction term were 

used for the simulation. Macromolecules, lipids, and baseline was added for increased 

similarity to in vivo spectra. We compared this correlation to the correlation between 

metabolite spectra – i.e. the spectral similarity of the real component within the chemical 

shift range of investigation (4.2-0.7 ppm at 3T and 4.3-0.2 ppm at 9.4T).       

4.5.3 Comparing interspecies spectra from cortical grey matter: 

Seven animals/subjects were analyzed for five different species. We acquired spectra from 

two rodent species: mice (C57BL/6N) and rats (Wistar), two nonhuman primate species: 

the common marmoset (Callithrix jacchus) and cynomolgus macaques (Macaca 

fascicularis), and humans. Spectra were acquired from cortical grey matter. 

4.5.3.1 Mouse, rat, and marmoset spectra at 9.4 T 

Mouse, rat, and marmoset spectra were acquired on a 9.4 T MR scanner with 30-cm 

horizontal bore (Bruker Biospin, Ettlingen, Germany). Mouse experiments were performed 

under anesthesia with a BGA12 gradient insert. Rat and marmoset experiments were 

performed under anesthesia using a BGA20 gradient system. Spectroscopy data was 

acquired using a STEAM sequence.  

Sequence parameters and subject information is given in table 4-2. 

4.5.3.2 Macaque and human spectra at 3T 

Macaque and human spectra were acquired using a 3T Siemens PRISMA MRI system 

(Siemens Healthcare GmbH, Erlangen, Germany). Macaque data were acquired under 

anesthesia and human data were acquired awake. Spectroscopy data was acquired using 

a PRESS sequence.  

Sequence parameters and subject information is given in table 4-2. 
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4.5.4 In vivo spectroscopy analysis 

Spectra were fitted and using three different software: LCModel, TARQUIN, and FSL-MRS. 

Bruker data were preprocessed by removing the digital filter using the python package 

nmrglue. Scripts for preprocessing spectra, writing LCModel RAW-files (and control files), 

and running (as well as batching) LCModel, TARQUIN, and FSL-MRS are available on 

GitHub (https://github.com/Tor-R-Memhave/preppingLCModel) – in addition to all scripts for 

simulating data. 

4.5.4.1 LCModel 

Data were opened as free induction decays using MATLAB and converted to txt-files. 

Bruker data was opened using an in-house developed script. Siemens macaque spectra 

were opened using mapVBVD in the rawData format and human spectra were opened in 

ima-format using FID-A. The data were preprocessed in python using nmrglue. The data 

was written into RAW-files and analyzed using LCModel. LCModel was performed using 

the 3 T PRESS dataset accompanying LCModel and a measured 9.4T STEAM basis set.  

4.5.4.2 TARQUIN 

TARQUIN read both Bruker and Siemens data files. For the mouse, rat, and marmoset 

spectra, Bruker fid, fid.refscan, and acqus files were input into TARQUIN. The macaque 

and human spectra were analyzed in Siemens DICOM format (‘.ima’) using both a water 

reference and a water suppressed scan. Data was analyzed using simulated basis sets. 

4.5.4.3 FSL-MRS 

Macaque and human data were converted into NIfTI MRS Files for FSL-MRS analysis from 

Siemens DICOM format. FSL-MRS was not able to fit our Bruker data or convert it to NIfTI, 

due to a mismatch between data files and basis set. 

4.5.5 Simulating spectra with varying noise for different species: 

4.5.5.1 Spectra simulated from basis set: 

Data with concentrations comparable to each species was simulated from basis sets. Noise 

was added in the range from 0-10 in 100 noise levels. At each of the 100 noise levels, 25 

spectra were simulated.  

The noise levels were defined such that a noise level of 0.25 is comparable to in vivo human 

data and a noise level of 2 is comparable to in vivo marmoset data. Therefore, the noise (at 

noise level 1) is defined as 0.075 times the standard deviation of the free induction decay. 

The noise was added as random noise to the free induction decay. 

4.5.5.2 Spectra simulated from in vivo spectra: 

Data for each species was simulated by adding noise to the mean spectrum. At each of the 

50 noise levels, 25 spectra were simulated. The intrinsic standard deviation is defined the 

mean of the standard deviation of each spectrum (calculated as the standard deviation of 2 

ppm furthest downfield). The maximum noise level was defined as the ratio of the mean of 

the magnitude spectrum upfield of 4.65 ppm to the absolute value of the noise, SN. 

https://github.com/Tor-R-Memhave/preppingLCModel
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4.5.6 Comparing different analysis methods: 

For the data acquired at 9.4T, we analyzed the data using LCModel and TARQUIN. For the 

data acquired at 3T, we analyzed the data using LCModel, TARQUIN, and FSL-MRS. 

The direct comparisons was performed on metabolite concentrations normalized to total 

creatine – to eliminate differences in assumed water concentration and fitting biases. The 

in vivo spectra was analyzed using the software’s preferred file formats. For LCModel, the 

data was converted to RAW files. For TARQUIN, Bruker data was analyzed directly from fid 

and fid.refscan formats, whereas Siemens data was analyzed in dicom format. For FSL-

MRS, the spec2nii conversion did not work for Bruker data acquired with a multi-channel 

coil, so we resorted to fitting data from RAW files using spec2nii conversion. For FSL-MRS 

analysis of data acquired on the 3T MRI system (macaque and human) –we used spec2nii 

to convert Siemens dicom to NIfTI-MRS format. The data was phase-corrected using 

“fsl_mrs_proc phase” and analyzed using the same basis set as TARQUIN.  

4.5.7 Quantification parameters for each analysis: 

The fit quality was assessed using the mean absolute error (MAE) and coefficient of 

determination (R2). The reported SNRs were calculated by LCModel. LCModel defines the 

spectral SNR as the ratio of the maximum value (spectrum minus baseline) divided by the 

root-mean-square of the residual. 

The optimal start parameters of LCModel were determined based on the bias and 

metabolite SNR (ρ). The cumulative bias was calculated for a group of eight metabolites: 

myo-inositol, taurine, γ-amino butyric acid (GABA), glucose, total N-acetylaspartate, total 

phosphocholine, glutamate plus glutamine, and total creatine. Only analyses with start 

parameters that gave a cumulative bias within the bias limit were considered. The bias limit 

was defined as 25 divided by the mean SNR of the spectra without added noise. For 

analyses with start parameters fulfilling the bias criterion, we calculated the metabolite SNR. 

For each of the eight metabolites, we found the average and standard deviation across the 

10 simulated spectra. We defined the metabolite SNR (ρ) for the ratio of the sum of the 

mean concentration (µ) to the sum of standard deviations (σ), equation 4-1. The optimal 

start parameters of LCModel were found by finding the conditions that gave the maximum 

value of ρ.  

 
𝜌 =

∑ 𝜇𝑖𝑖

∑ 𝜎𝑖𝑖

 equation 4-1 

4.5.8 Statistical Analysis 

Metabolite differences between species were compared using one-way ANOVA test with 

post-hoc testing performed using two-way, independent t-tests with Bonferroni correction 

for number of tests between species (10) for each metabolite. Significance was set to 

p<0.05.  
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5.1 ABSTRACT: 

Astrocytes are believed to be an in vivo cellular target of lithium treatment. However, 

studying the impact of lithium on astrocytes metabolism and function in vivo is complicated 

by the presence of other cells and difficulties with lithium detection. Understanding the 

impact of lithium on astrocytes in traditional cell cultures suffers from poor translation into 

clinically detectable biomarkers. In contrast, 3D cell cultures offer a middle ground that 

allows studying with conventional and translational analysis methods, while removing some 

of the biological complexity. In this study, we acquired magnetic resonance imaging (MRI) 

and spectroscopy (MRS) data from immortalized human astrocytes seeded in collagen 

hydrogels. The data was acquired on a 9.4T MRI system in a home-built bioreactor 

connected to an incubator allowing for gas-mixing and humidification. The astrocytes were 

placed in four different medium types that were derived from lithium-magnesium thin films. 

The media varied in magnesium and lithium concentrations. We found, using diffusion MRI, 

that astrocytes in low lithium medium (0.78 mM) had increased diffusivity relative to 

astrocytes in other media, whereas astrocytes in high lithium (4.38 mM) medium had 

decreased diffusivity. Astrocytes in low lithium medium, as revealed by MRS, had increased 

glycine and decreased myo-inositol and glutamate-to-glutamine ratio. We illustrate that 

measuring cell cultures in an MRI system is feasible with home-built components and 

standard coils. Furthermore, our MRI and MRS results provide evidence for lithium-induced 

changes in astrocyte metabolism. 

5.2 INTRODUCTION: 

Studying metabolism using MRS offers direct comparisons between cell cultures, animal 

models, and humans. As MRS allows for the detection of multiple different compounds 

simultaneously, it is ideally suited for characterization of cell cultures, fluid samples, and 

tissue samples187–189. In recent years, there has been a shift away from animal experiments 

towards in vitro cell culture experiments. Although MRS allows for measuring cell culture 

extracts, MRS studies conducted on traditional nuclear magnetic resonance (NMR) 

Figure 5-1: Experimental overview. The console room contained the incubator used for gas-mixing, flow 
pump (not used aside from preliminary testing), and water bath for temperature regulation. The components 
in the console room were connected via tubes to the bioreactor in the scanner room (where the MRI system 
is located). The medium exchange was performed following the first 1-hour time series using a syringe directly 
connected to the bioreactor via Luer taper. 
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instruments have often been limited to sampling at individual time points making sample 

preparation a requirement prior to each acquisition187,190,191, leading to labor intensive 

workflows. On the contrary, measuring the cell cultures longitudinally allows for detection of 

metabolic changes over time. Different longitudinal approaches have been performed using 

NMR tubes192, flow systems193–196, and bioreactors197,198.  

NMR instruments provide higher field strengths and narrower linewidths than MRI systems 

and in addition have commercially available flow cells for studying 3D cell cultures197. 

However, a traditional NMR tube is 5-10 mm wide, which may be insufficient for larger 

organoids and 3D cell cultures. Furthermore, for more advanced substance application and 

longer experiments a bioreactor with a larger volume and easier access would be preferable 

to an NMR tube.  

As translational research tools, MRI and MRS span from single molecule spectra to images 

used for clinical diagnostics. MRI and MRS is frequently used to study metabolism in 

preclinical animal research. For in vitro experiments performed on 2D cell cultures, the 

advantages of MRI systems – localization and larger space – are irrelevant, and such 

experiments have been and continue to be performed on an NMR instrument. While 2D cell 

cultures are still commonly used in preclinical research, they are often too simplistic199,200. 

The development of 3D cell cultures in hydrogels and organoids potentially allows for 

investigation of metabolic changes in living tissue with a reduced need for animal 

experiments. 3D cell cultures are closer to living tissue than 2D cultures199–203 and provide 

a volume that can be imaged and acquired spectra from in an MRI system.    

Despite clinical usage for over 50 years, lithium’s mode of action as a treatment for bipolar 

disorder is still not thoroughly understood20. However, astrocytes – glial support cells, which 

are omnipresent in the mammalian brain204 – are believed to be a cellular target of lithium 

treatment205. It has been shown that lithium is able to exchange magnesium in specific 

magnesium-dependent enzymes65. An example is the myo-inositol depletion hypothesis, 

which relies on the inhibition of inositol monophosphatase (IMPase) by lithium67,95 and yields 

altered phosphatidylinositol signaling206,207. The inhibition of IMPase leads to decreased 

myo-inositol in rats67 and bovine extracts from brain and testes95; however, in mice, we have 

previously shown the opposite effect (chapter 6). Understanding the effect of lithium at 

different concentrations on astrocytes may provide insight into the findings seen in vivo.  

In this study, we utilize the preclinical 9.4T MRI system with a 30-cm horizontal bore to study 

3D astrocyte cell cultures in a home-built bioreactor. The bioreactor was connected to an 

incubator, used for gas-mixing, providing a constant gas flow. We acquired diffusion MRI 

and time-resolved MRS data to investigate the effect of lithium at two concentrations on the 

metabolism of astrocytes. This is to the best of our knowledge the first MRI and MRS study 

assessing the feasibility of measuring 3D cell cultures in a preclinical MRI system.  

5.3 RESULTS: 

5.3.1 Acquiring cell culture experiments in a preclinical MRI system 

using a home-built bioreactor and incubator 

Acquiring cell culture measurements on a preclinical MRI system requires solving two main 

problems. First, the setup is inaccessible during measurements. This means that whenever 
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repositioning of the setup is needed, either due to handling the setup or incorrect position, 

a new set of localization images and field map must be acquired. The field map allows for 

map-shimming of the system, a process that makes the magnetic field as homogeneous as 

possible within the region of interest. This process allows for spectra with narrow linewidths 

of <10 Hz to be acquired. Second, the incubator, flow pump, and water bath are separated 

from the bioreactor by roughly five meters, Fig. 5-1. As a result, changing the conditions in 

the setup is a slow process to avoid overshooting the ideal conditions. In test experiments, 

we used a flow pump; however, we found that due to the long leading line, this was difficult 

to control at low flow rates. We therefore opted for exchanging the medium using a syringe 

with Luer taper.  

The bioreactor, Fig. 5-2A-B, and incubator, Fig. 5-2C-D, were designed to allow for flexibility 

in the setup and monitoring of the conditions. The bioreactor was created with valves 

allowing for gas and medium perfusion of the system as well as heating with water, Fig. 5-

2B. The temperature inside the bioreactor was measured using an electrical thermometer 

at the back of setup, Fig. 5-2B. The gas line was connected to the incubator, which was 

used to monitor the CO2, O2, humidity, and gas temperature. The incubator was constructed 

using a standard 3-liter plastic box with an airtight lid. The electronic components – fan, 

sensors, and Arduino holder – were glued to the lid, Fig. 5-2C. The Arduino was connected 

to the sensors using both analog and digital, circuit diagram in Fig. 5-2D, and was powered 

Figure 5-2: Custom-built bioreactor and incubator. The bioreactor (A) was 3D printed on a 
stereolithography printer with connection sites for gas-lines, medium exchange, and water heating (B). On 
the back of the bioreactor, a pocket was created to ensure that the thermometer was near the cells. The 
incubator lid was used as a base for the different sensors needed for gas-mixing (C). The circuit diagram of 
the Arduino-controlled sensors and fans (D) was implemented using simple jumper-wires to allow for fast 
assembly and disassembly.  
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by a 9V socket. The sensor measurements were plotted real-time using python and were 

written into a CSV-file for later usage.  

5.3.2 Astrocyte preparation and imaging  

10 million astrocytes were seeded into collagen hydrogels one-day prior to MR examination. 

Six hours after seeding the medium of the hydrogels was exchanged to either DMEM with 

10% fetal bovine serum (normal medium) or normal medium with Mg-extract (Mg), 

Mg1.6wt%Li-extract (low lithium), or Mg-9.5wt%Li-extract (high lithium). The low lithium 

medium had 0.78 mM lithium and the high lithium medium had 4.38 mM lithium, the 

magnesium concentration of the three extracts was 10 mM. A sample gel of astrocytes was 

imaged using confocal laser scanning microscope, Fig. 5-3A, showing good homogeneity 

in the distribution of astrocytes in the gel. Lactate dehydrogenase (LDH) measurements 

showed no major differences between the hydrogel in a standard incubator and our 

bioreactor.  

5.3.3 Diffusion MRI showed variable changes in apparent diffusion 

coefficient (ADC) depending on lithium concentration 

Diffusion MRI was acquired at the end of the measurement, due to the large heating effects 

of the sequence compared with spectroscopy. Diffusion MRI showed good SNR and a clear 

delineation between the hydrogel and medium, Fig. 5-3B. Using the diffusion MRI images, 

we created manually segmentation of a region of interest in the hydrogel and medium. 

These regions of interest were used to analyze diffusivity changes between astrocyte 

hydrogels in different media. We observed increased ADC in the astrocytes in the low 

lithium medium compared with astrocytes in the high lithium medium (p=0.03), Fig. 5-3C. 

Although t-tests showed a significant decrease in the ADC of astrocytes in high lithium 

medium compared to astrocytes normal and low lithium medium, we note that a one-way 

Figure 5-3: Imaging 3D astrocyte cell culture. Confocal laser scanning microscopy images of the 3D 
astrocyte cell culture showed a homogenous distribution of astrocytes (A). The apparent diffusion coefficient 
maps allowed for clear delineation of the astrocyte hydrogel from the medium (B). We observed a tendency 
towards increased diffusivity in astrocytes in low lithium medium (C).   



Cell culture MRI/S 

69 
 

ANOVA analysis did not show a significant effect (F(3,14)=1.6, p=0.24) and there were no 

statistical differences between normal, magnesium, and low lithium.  

5.3.4 Good spectral quality could be achieved in 10 minutes 

We acquired a 1-hour time series of spectra from the hydrogel, Fig. 5-4A. The data was 

averaged either as 10-minute independent bins or 2-minute moving averages with 2 Hz line 

broadening to achieve a sufficient signal-to-noise ratio (SNR) for good quality fitting with 

LCModel, Fig. 5-4B. To investigate temporal changes over the 1-hour time series, we 

performed a 2-minute moving average analysis with a sliding window approach and 30 

second gap between spectra.  

The astrocytes in the four different medium types gave visually similar spectra, Fig. 5-4C. 

We note that the fit quality was comparable between the 2-minute moving average and 10-

minute binning, Fig. 5-4D-E. For the 10-minute average, the Otsu threshold for the 

coefficient of determination was 0.70 and for the mean absolute error was 3.6, Fig. 5-4E. 

The relatively high coefficient of determination showed that LCModel can reliably quantify 

Figure 5-4: Quality control of spectra acquired from astrocyte hydrogels. Spectra were acquired from a 
5×1.5×5 voxel, which was positioned using T2-weighted images (A). For the moving average spectra, we 
chose 2-minute windows that were spaced by 30 seconds, whereas 10-minute binning of spectra gave 
sufficient SNR for metabolic analysis (B). Astrocytes in different cell culture media showed comparable 
spectra (C). We found that both the 2-minute moving average with 2 Hz line broadening (D) and 10-minute 
binning (E) yielded high coefficients of determination (R2) and low mean absolute error of the fitting. Ethanol 
in the spectra were the result of the cleaning process (F). The six outliers in the high lithium group are from 

the same 1-hour time series.  
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the spectra with adequate accuracy. Furthermore, the results indicate that using both the 

coefficient of determination and mean absolute error may serve as useful quality control 

parameters to compare spectra within a time series as well as define exclusion criteria in a 

minimally biased manner.  

The concentration of ethanol was higher in lithium-containing media, Fig. 5-4F. One-way 

ANOVA analysis and post-hoc t-tests for ethanol and all other metabolites discussed can 

be found in the supplementary information for Chapter 5. However, in table 5-1, a summary 

of the direction of change for each metabolite as a function of medium is shown.  

5.3.5 Lithium-specific changes in astrocyte metabolism 

Myo-inositol decreased in astrocytes in low lithium medium – opposite the effect in 

astrocytes in high lithium medium, Fig. 5-5A. Glycine was increased in astrocytes in all 

medium types compared to astrocytes in normal medium, Fig. 5-5B. Interestingly, we 

observed a decrease in phosphocreatine in the astrocytes exposed to the low lithium 

medium, but an increase in astrocytes exposed to high lithium medium, Fig. 5-5C. The latter 

observation was also observed in mice (chapter 2).  

Astrocytes in high lithium medium showed increased glutamate, contrary to astrocytes in 

low lithium medium, Fig. 5-5D. Astrocytes in both low and high lithium medium showed a 

tendency towards decreased glutamine, Fig. 5-5E. The total glutamate and glutamine 

concentration was decreased in astrocytes in low lithium medium and increased in 

astrocytes in high lithium medium, Fig. 5-5F.  

We observed increased lactate levels in astrocytes in high lithium medium, Fig. 5-6A. We 

note that the lactate concentration increased steadily, as expected, over the course of the 

1-hour measurement, Fig. 5-6B. Glucose concentrations showed large variations; however, 

the overall tendency was decreased glucose in low lithium astrocytes and increased 

glucose in high lithium astrocytes, Fig. 5-6C. We note that the time-curve, Fig. 5-6D, showed 

little systematic change in glucose levels over the course of the 1-hour time series.   

5.4 DISCUSSION: 

5.4.1 Improving the bioreactor and incubator    

While the bioreactor and incubator allowed for the measurement of 3D cell cultures in an 

MRI system with reasonably stable conditions, a few improvements could be made to the 

current setup.  

We note that the bioreactor was designed to fit on top of a mouse brain radiofrequency coil. 

However, having designated radiofrequency coils for 3D cell culture experiments would 

allow for more flexibility in the design of the bioreactor as well as potentially higher SNR. 

The connections to the bioreactor were airtight, but not watertight. Consequently, the 

bioreactor was wrapped in the water pipes rather than the water flowing through as 

intended. To eliminate this problem, we have since created a bioreactor, which uses Luer 

taper for the connections. Luer taper is also used for syringes, thereby making substance 

application easier. We note that in the current study, medium was exchanged using syringes 

– as constant flow was not required. However, for future studies multiple day experiments, 

a connection between the bioreactor and a larger medium reservoir via a small pump may 
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be required. When using a pump, the overflow reservoir will serve to allow for multiple 

whole-volume medium exchanges before the setup needs to be removed from the MRI 

system. Measuring the pH of the system and regulating the CO2 concentration accordingly, 

may be done by connecting the bioreactor to a flow-through cuvette and estimating the pH 

using ultraviolet-visible spectroscopy – based on the absorption of phenol red. In addition, 

the creation of a small circulating loop for the medium with a flow cell and ultraviolet-visible 

spectroscopy may provide optimal cell conditions for longer durations and allow for a larger 

medium volume. The larger medium volume would provide enough nutrients to allow for 

longer scan durations.   

For the incubator function optimally, a more advanced heating system is required, in this 

study we used a heating pad below the incubator. It is foreseeable that better temperature 

control can be achieved using a feedback controller and small heating elements. In addition, 

the air circulation fans used for the incubator did not produce a high flow rate, which meant 

that a constant inflow of air and CO2 was supplied to the incubator. Using larger, more 

powerful, fans would improve this and reduce the CO2 usage of the incubator. Additionally, 

for the incubator to simultaneously serve as an incubator and gas-mixer, one can create a 

3D printed insert, which does not require the whole incubator to be opened between scans.  

5.4.2 Diffusion MRI showed changes contrary to in vivo findings 

The ADC changes related to lithium could warrant further investigation. We note that the 

ANOVA analysis was not significant, although this is likely the result of low sample size. 

Measuring ADC changes as a function of lithium concentration, would require spanning the 

range 0-2.5 mM at smaller intervals to observe therapeutically relevant dose-dependent 

changes. In the current study, the increased diffusivity in the low lithium condition is 

interesting as the Li concentration is comparable to the upper range of the therapeutic 

window (0.4-1.2 mM)9. However, in vivo studies on mice (chapter 6) and rats208 have found 

decreased ADC following lithium treatment, contrary to these findings. We note that in vivo 

experiments observe the additive effects of multiple cell types, whereas this study only looks 

at astrocytes. In vivo measurements have shown that glial activation may be associated 

with increased diffusivity209,210.  

Table 5-1: The impact of medium type on astrocyte metabolism. The table depicts the change of the 
metabolite concentration in astrocytes as a function of medium relative to astrocytes in normal medium. All 
changes are given as increase, decrease, or left blank (no change observed). Astrocytes in low lithium 
medium showed decreased myo-inositol (Ins), phosphocreatine (PCr), glutamate (Glu), glutamate plus 
glutamine (Glu+Gln), and glucose (Glc) opposite the effect of astrocytes in high lithium medium. Glycine 
(Gly) was increased in astrocytes in all three media. Astrocytes in Metabolites in bold were showed a 
between group effect on one-way ANOVA analysis. Note that we did not observe an effect of medium on 

glutamine (Gln) and lactate (Lac). 

Metabolite Magnesium Low lithium High lithium 

Ins  Decrease  

Gly Increase Increase Increase 

PCr  Decrease  

Glu  Decrease Increase 

Gln  Decrease Decrease 

Glu+Gln Decrease Decrease  

Lac   Increase 

Glc Increase  Increase 
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5.4.3 Good spectral quality, but ethanol retention in bioreactor 

The spectra had good spectral quality, although it was significantly worse than that obtained 

on an NMR instrument197. Despite good spectral quality, we observed that individual spectra 

had too low SNR for analysis. As such, the direct interpretation of single spectra was not 

feasible and an analysis using either 10-minute averages or two-minute sliding windows 

was required, thereby decreasing the temporal resolution.  

We did observe increased ethanol in astrocytes in lithium-containing medium. This is likely 

the result of cleaning the setup prior to measurement. The six spectra from the high lithium 

group with high ethanol are from the same time series, Fig. 5-4F. Increased ethanol often 

comes from ethanol retention in the 3D-printed materials following cleaning. We found that 

thorough cleaning of the setup with water, rather than ethanol, and then treatment with 

ultraviolet light for an hour can greatly reduce the ethanol concentration while minimizing 

the risk of contamination. 

5.4.4 Concentration specific effects of lithium on metabolism 

We found that the effect of lithium on metabolism was dose-dependent – notably that while 

myo-inositol, phosphocreatine, glutamate, lactate, and glucose were decreased in 

astrocytes in low lithium medium, these five metabolites were increased in astrocytes in 

high lithium medium. The decreased glucose in astrocytes in low lithium is of interest and 

could suggest higher metabolism in astrocytes in low lithium medium compared to the other 

conditions. In an in vivo study in lithium-fed mice (chapter 6), we found a weak increase in 

phosphocreatine following lithium treatment (comparable to low lithium), but decreased 

Figure 5-5: Astrocytes showed lithium-dependent metabolic differences. Astrocytes in low lithium 
medium had decreased myo-inositol and a tendency toward increased glycine (A-B) whereas high lithium 
medium yielded an increase in both myo-inositol and glycine. Phosphocreatine was decreased in low lithium 
medium and increased in high lithium medium (C). Astrocyte glutamate (D) was decreased at low lithium 
levels and increased at high lithium; however, glutamine was decreased in both conditions (E). This led to a 
decrease in the total glutamate and glutamine (F) for the low lithium group, but an increase for the high lithium 

group. 
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glutamate-to-glutamine ratio – contrary to the finding presented here, Fig. 5-5D-F. 

Decreased myo-inositol was expected and in line with the myo-inositol depletion hypothesis 

of lithium treatment67,95,206. We note that this effect has not been unanimously been 

observed in human and rodent studies70,96,211,212 and was also not present in the high lithium 

group. Comparable to our results from astrocytes in low lithium medium, Fig. 5-5A-B, it is 

believed that following the start of lithium administration the myo-inositol decrease is 

accompanied by a glycine increase70,213. Myo-inositol and glycine have similar spectra in 

the chemical shift range (4.2-0.2 ppm) that is conventionally analyzed, which means 

accurate distinction and quantification is difficult and subject to high variability. 

Increased lactate as a function of time is to be expected, Fig. 5-6B, due to anaerobic 

metabolism. However, it is of note that we observed no significant difference in LDH 

between cell cultures in a traditional incubator and the bioreactor. This suggests that the 

production of lactate observed via MRS is comparable to the expected production in a 

conventional incubator. Astrocytes in high lithium medium produced increased lactate 

compared with the other groups, Fig. 5-6A. Interestingly, cells in this medium also showed 

higher LDH activity. We did not observe systematic decreases in glucose as a function of 

time, Fig. 5-6D. The time series was only 1 hour on cells in low glucose medium, which 

makes it likely that the differences were below our detection limit. Future experiments will 

investigate whether the rate of glycolysis is different between the conditions.  

5.4.5 Limitations 

While the setup could be kept at constant temperature for the spectroscopy measurements, 

the gas mixing led to large inter cell culture variability due to insufficient circulation of air 

between the setup and incubator. As we did not have a direct measure of the pH in real-

time, it was difficult to adjust the CO2 and air partial pressures. Furthermore, due to the high 

Figure 5-6: Time-resolved moving-average spectra. We found increased lactate in astrocytes in high 
lithium medium (A). All four media had increased lactate as a function of time (B). The glucose concentration 
was lower in the low lithium group than the other groups and higher in the high lithium group (C). We did not 
observe large changes in glucose over the 1-hour time series (D). 
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humidity in the incubator, the CO2 sensor broke – thus adjustments could only be based on 

flow rate and the O2 sensor. It would therefore be ideal to have the gas mixture flow through 

the CO2 and O2 sensors before reaching the incubator or add a heat and moisture exchange 

filter between the sensors and the incubator, thereby minimizing humidity damage to the 

sensors.  

The low sample size of the study – 20 unique hydrogels – means that the results should be 

seen as preliminary and not definitive. The metabolite comparison was performed with six 

spectra from a single hydrogel time series and twelve spectra when combining the time 

series. Due to the small sample size the spectra were treated as independent for post-hoc 

testing. We note that this assumption does not necessarily hold; however, a repeated-

measures, one-way ANOVA would not be meaningful for the current sample size.  

Furthermore, the time series were likely too short to observe metabolic-rate differences due 

to the high volume of medium outside the cell cultures. However, metabolic differences 

between the different cell culture conditions could be observed. It is unclear whether the 

metabolic changes observed in the astrocytes exposed to lithium are transferable to the in 

vivo situation as our study only considered mono-culture rather than cell cultures with 

multiple cell types.  

5.4.6 Conclusion 

In this explorative study, we provide – to our knowledge – the first evidence for studying 3D 

cell culture metabolism in an MRI system. We have shown that MRI and MRS from 3D cell 

cultures using a home-built incubator and bioreactor was feasible. Astrocytes in low lithium 

medium had increased ADC and metabolic changes that differed from astrocytes in normal 

and high lithium medium. These provide early indications of astrocytes being sensitive to 

the lithium concentration. Previous work showed that metabolism could be studied in an 

NMR scanner using fibroblasts197; however, here we combine a bioreactor and incubator 

with an MRI system to achieve images of 3D cell cultures using MRI. While challenges 

persist – low SNR, lack of specialized RF coils, and low accessibility to the cell cultures – 

our results illustrate that it is feasible to study cell cultures in an MRI system.  

5.5 METHODS: 

5.5.1 Bioreactor: 

The 3D-printed bioreactor was designed to allow for MRI and MRS of cell cultures using 

radiofrequency coils designed for mouse brains, Fig. 5-2A-B. The bioreactor was printed on 

a 3BL stereolithography printer (Formlabs Inc., Ohio, USA) using BioMed Clear (Formlabs 

Inc.) biocompatible resin. The bioreactor was fitted with lids for both the overflow reservoir 

and main chamber – these were printed in polylactic acid (PLA) on an i3 MK3S+ 3D printer 

(both from Prusa Research, Prague, Czech Republic). The two lids were wrapped in 

parafilm (Amcor, Zürich, Switzerland) to ensure an airtight fit. The 3D models are provided 

in the supplementary material, here the bioreactor can also be found with fittings made for 

Luer taper.  
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5.5.2 Incubator: 

The incubator was used for gas-mixing and constant gas flow to the bioreactor. The 

components and circuit diagram of the incubator are shown schematically in Fig. 5-2C-D. 

The incubator was built around a small Arduino Uno Rev3 (Arduino, Turin, Italy) with 

components installed for monitoring CO2, O2, humidity, and temperature. We used an 

EXPLORIR-WX-20 CO2-sensor (Gas Sensing Solutions, Cumbernauld, UK) and an I2C O2-

sensor (DFRobot SEN0322, Zhiwei Robotics Corp., Shanghai, China). The humidity and 

temperature were measured using a combined DHT22 sensor (AZ-Delivery Vertriebs 

GmbH, Deggendorf, Deutschland). Two 30-mm mini-fans (MakerHawk) were used to 

circulate the air. 3D-printed holders were made for each component and glued to the lid of 

a 3-liter plastic box. Junctions between sensors and 3D-prints were made airtight using 

parafilm.  

5.5.3 Extract preparation from Mg/Mg-Li thin films  

Freestanding Mg, Mg-1.6wt%Li and Mg-9.5wt%Li thin films were fabricated by UV 

lithography and magnetron sputtering (University of Kiel, Germany). The fabrication process 

and material characterization are published in detail [https://doi.org/10.1038/s41598-023-

39493-9]. The dimensions of the thin films used in this study were 10 x 10 mm and 20 µm 

thickness. The thin films were cleaned by submerging them in n-hexane and acetone for 20 

minutes each. Following this, the thin films were placed in pure ethanol for 3 minutes and 

sterilized by submerging them in 70% ethanol for 20 minutes. The thin films were allowed 

to dry under a sterile atmosphere at room temperature. Once dry, they were transferred to 

Dulbecco’s modified Eagle’s medium (DMEM, low glucose, 21885025, Thermo Fisher, 

Germany) supplemented with 10% fetal bovine serum (FBS, S0615, Merck, Germany) and 

1% antibiotics (15140122, Thermo Fisher, Germany) (final concentrations were 100 U/mL 

penicillin and 100 μg/mL streptomycin).  

The extraction ratio was 1 mL medium/film and the incubation was carried out under a 5 % 

CO2 atmosphere at 37 °C and 96% relative humidity. After 72 h, the supernatant was 

collected and fresh medium was added for a second round of extraction. The supernatants 

from each thin film type were pooled, sterile filtered (0.2 μm) and stored at 4 °C until use. 

The Mg2+ and Li+ concentrations were measured by flame atomic absorption spectroscopy 

(240 AA, Agilent Technologies, Germany) in a 1% nitric acid matrix with a minimum of 1:250 

dilution (see supplementary information). Right before the cell culture experiment, the 

extracts were diluted using DMEM (low glucose) + 10% FBS + 1% antibiotics such that all 

three extracts contained 10 mM Mg and the Li concentration corresponded to the thin film 

composition. 

5.5.4 Astrocyte cell culture 

Immortalized human astrocytes were purchased from Innoprot (P10251-IM, Innoprot, 

Spain) and cultured in DMEM (high glucose, 31966047, Thermo Fisher, Germany) + 10% 

FBS + 1% antibiotics, henceforth referred to as growth medium. To have a large cell yield 

for seeding in the hydrogels, the cells were grown in Corning® CellSTACK® (CLS3268, 

Merck, Germany) under a 5 % CO2 atmosphere at 37 °C and 96% relative humidity. 
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5.5.5 Seeding astrocytes in collagen hydrogels 

The immortalized human astrocytes cells were detached by trypsinization using trypsin-

EDTA (0.05%, 25300104, Thermo Fisher, Germany) and counted using a hemocytometer. 

Collagen Type I (rat tail, 5 mg/mL, ibidi, Germany) was neutralized using 1 M NaOH and 

mixed with 10x minimum essential medium (MEM, 21430020, Thermo Fisher, Germany) 

and 7.5% NaHCO3 as per manufacturer instructions (see supplementary information for 

exact volumes). For each gel, cell suspension containing 10 million cells in growth medium 

was added to the neutralized collagen, resulting in a final collagen type I concentration of 3 

mg/mL. The gels were cast in a 4-well chamber slide (0.5 mL/well, 94.6140.402, Sarstedt, 

Germany) and allowed to solidify for 30 minutes under cell culture conditions. The solidified 

gels were then transferred to a 6-well plate (1 gel/well) containing 5 mL/well of growth 

medium. After 6 h, the medium was changed to the Mg/Mg-Li extract in which the gel would 

be measured the following day. 

5.5.6 Imaging astrocytes in collagen hydrogels 

Immortalized human astrocytes cells were incubated with 10 µM of CellTrackerTM Green 

(CMFDA dye, C2925, Thermo Fisher, Germany) in serum-free DMEM (high glucose) for 30 

minutes under cell culture conditions. Then, the cells were seeded into collagen hydrogels 

as previously described and incubated overnight. The gels were imaged using a confocal 

laser scanning microscope (Leica DM6000 CS, Leica, Germany). 

5.5.7 Lactate dehydrogenase (LDH) assay 

To evaluate the effects of MR measurements in the bioreactor on the cell health, LDH 

released into the supernatant from the gels was used a marker of cell death. The 

Cytotoxicity Detection KitPLUS (4744926001, Merck, Germany) was used to measure the 

LDH activity as per the manufacturer instructions and the absorbance measurements were 

acquired using a plate reader (Victor3V multilabel plate reader, PerkinElmer, Germany). 

LDH levels were quantified using an absorbance measurement. The measurement was 

compared a standard absorbance curve of L-LDH standard (10127230001, Merck, 

Germany). 

5.5.8 Magnetic resonance hardware: 

The experiments were performed on a 9.4T MRI system with a 30-cm horizontal bore 

(BioSpec 94/30; ParaVision 6.0.1, Bruker Biospin MRI GmbH, Ettlingen, Germany). The 

scanner was fitted with a 12-cm gradient system insert (BGA-12; Bruker BioSpin MRI 

GmbH, Ettlingen, Germany). 1H MRI and MRS was performed using the combination of an 

86-mm resonator and 4-channel receive-only mouse brain radiofrequency coil (Bruker 

BioSpin MRI GmbH, Ettlingen, Germany). 7Li MRI and MRS was performed using a dual-

resonance (1H/7Li) transmit-receive RF coil (RAPID Biomedical GmbH, Rimpar, Germany).  

5.5.9 Magnetic resonance experiments: 

Diffusion MRI, Fig. 5-3B, was acquired with a diffusion echo-planar imaging (EPI) sequence 

with the following diffusion parameters: 8 b-values (250, 500, 750, 1000, 1500, 2000, 2500, 

3000 mm2/s), 6 diffusion directions, 3 ms gradient duration, and 12.5 ms diffusion time. The 

EPI sequence has the following acquisition parameters: TR|TE = 2000|25 ms, 4 segments, 
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0.2×0.2 mm2 in-plane resolution, 128×128 matrix size, 0.5-mm slice thickness, 0.3-mm slice 

gap, 18 slices, 3 repetitions, and 21:12 min total scan time.  

Prior to MRS, structural MRI was acquired as T2-weighted images with a 2D rapid 

acquisition with relaxation enhancement (RARE) sequence in two orientations (axial and 

coronal). The parameters of the RARE sequences were: RARE-factor 4, 40 ms effective 

echo time (TE), 2800 ms repetition time (TR), 0.2×0.2 mm2 in-plane resolution, 128×128 

matrix size, 0.5-mm slice thickness, 0.3-mm slice gap, 18 slices, and 1:30 min total 

acquisition time, Fig. 5-4A.  

For MRS, the voxel was positioned using the structural MRI scans to maximize the 

proportion of hydrogel in the voxel, Fig. 5-4A in red. Two different MRS protocols were 

measured during each experiment: first a single spectrum and second a time series. The 

single spectrum was acquired using a stimulated echo acquisition mode (STEAM) 

sequence with parameters: 6000 ms TR, 10 ms TE, 10 ms mixing time, 5×1.5×5 mm3 voxel 

size, 32 averages, and 1:36 min scan time. The single spectrum was used to ensure 

adequate shim and water suppression. The time series was acquired with a similar STEAM 

sequence with parameters: 6000 ms TR, 10 ms TE, 10 ms mixing time, 5×1.5×5 mm3 voxel 

size, 1 average, 600 repetitions, and 1 hr total scan time, sample spectra shown in Fig. 5-

4B-C.  

5.5.10 Diffusion MRI analysis: 

Diffusion MRI images were converted from DICOM to NIfTI using dcm2niix214. NIfTI images 

were denoised (nlmeans, DIPY) and analyzed using a standard diffusion tensor imaging 

(DTI) model in python using the package DIPY215.    

5.5.11 Spectroscopy analysis: 

Each spectrum in a time series was phase corrected with the phase correction calculated 

for average spectrum of the time series. For visualization purposes, we averaged the data 

in 2-minute and 60-minute bins.  

To compare the difference in metabolism between groups, we averaged spectra in 10-

minute bins – six bins per time series. Prior to group analysis spectra with spurious echoes 

were removed using visual inspection. Spectra with low fit quality were removed using an 

Otsu threshold applied to both the coefficient of determination and mean absolute error.  

To look at the time curve of the cell cultures, we performed a moving average analysis. 

Spectra were averaged in 2-minute sliding windows with a 30 second gap. In order to reduce 

the background noise, line broadening of 2 Hz was applied. In the 2-minute moving average 

analysis only spectra with spurious echoes were removed, as both the coefficient of 

determination and mean absolute error are directly related to the line broadening. The 

average time curve for each condition was smoothed using a Savitzky-Golay filter (width 

11, order 3) to minimize the effect of inaccurate LCModel fits on the time curve.  

LCModel of the time series data was analyzed using the reference scan acquired prior to 

the time series as a reference. All LCModel soft constraints were removed and, due to the 

low creatine signal, the spectra were referenced to the residual water peak.  



Cell culture MRI/S 

78 
 

5.5.12 Statistical analysis: 

For diffusion MRI, we compared the mean diffusivity of the hydrogel divided by the mean 

diffusivity of the medium for each culture. The groups were compared using independent t-

tests – due to the small sample size (n=5 per group) no correction for multiple comparisons 

was conducted. 

For MRS, the metabolite concentration of the six 10-min spectra from each 1-hour time 

series were averaged and a one-way ANOVA was performed, details in in the 

supplementary information for Chapter 5. Post-hoc testing was performed assuming that 

the six 10-min spectra from each 1-hour time series were independent. Post-hoc testing 

between different medium-types was performed using two-tailed t-tests for metabolites 

where a one-way ANOVA (medium type) was significant. The two-tailed t-tests were 

Bonferroni corrected for the number of tests (n=6).  

5.6 DATA AVAILABILITY: 

Every component of the bioreactor and incubator has been uploaded as STL files on GitHub 

(https://github.com/Tor-R-Memhave/Cell-Culture). In addition to the components, the 3D 

model of the MRI system (Fig. 5-1) and the lid with components (Fig. 5-2C) are included as 

HTML files. The Arduino code for calibration and monitoring are available on GitHub. 

5.7 AUTHOR CONTRIBUTIONS: 

All authors contributed to the conceptualization and design of the study. E.Q., R.W., and 

S.B. supervised the study. L.H. and K.B. performed the benchwork. K.B. and T.R.M. 

performed the data acquisition. T.R.M. conducted the formal analysis and data visualization. 
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6.1 ABSTRACT:  

Lithium is the frontline treatment for bipolar disorder and given to more than 50% of bipolar 

disorder patients. However, lithium treatment has two major challenges: only ~30% of 

patients are perfect responders and the mood-regulatory mode of action is incompletely 

understood. Due to the side effects of lithium treatment, non-ideal responders are at risk of 

developing potentially severe renal complications without improvement of symptoms. In 

human patients, distinguishing bipolar disorder and lithium treatment effects is challenging, 

which complicates early detection of positive or negative treatment response. In this study, 

we aimed to establish a magnetic resonance (MR) based profile of acute lithium treatment 

thereby establishing MR-detectable biomarkers of lithium treatment. We fed twenty mice 

either a high lithium (n=8), low lithium (n=4), or a placebo diet (n=8) for 3-4 weeks. We 

acquired multi-nuclear MR imaging (1H MRI) and MR spectroscopy (1H, 7Li, 31P MRS) at 

baseline and after three weeks on lithium-enriched/placebo diet. In week 4, 7Li MRS was 

acquired from the mice on a lithium-enriched diet to estimate the lithium concentration in 

the brain. 7Li MRS showed that brain lithium concentrations were within the therapeutic 

window. Mice on a high lithium diet had a brain concentration of 0.9±0.1 mM and mice on 

a low lithium diet had a brain concentration of 0.4±0.1 mM.  We did not observe significant 

changes in 31P MRS – although there was a tendency toward increased phosphocreatine. 
1H MRS showed increased osmolyte concentrations and decreased neuronal markers (N-

acetylaspartate and glutamate-to-glutamine ratio). Anatomical MRI showed no change in 

total brain or cerebrospinal fluid volume. Diffusion MRI showed decreased apparent 

diffusion coefficient and increase neurite density index in cortex, corpus callosum, and 

hippocampus in mice on a high lithium diet. Our results suggest that the acute phase of 

lithium treatment might easily be mistaken for hypernatremia or neurodegeneration, but that 

when taken together they point at a potential change in cell activity or population. The 

changes occur across three distinct brain regions in both grey and white matter, which we 

cautiously interpret as a sign of increased astrocyte activity and density. We used MR 

techniques to establish a profile of lithium treatment in healthy, wild-type mice, which must 

be interpreted carefully, but may provide the first MR-detectable biomarkers of lithium 

treatment.  

6.2 INTRODUCTION: 

As a frontline treatment for bipolar disorder for over half a century, lithium treatment remains 

important today. Recent data from Sweden shows that roughly half of bipolar patients 

receive lithium treatment10. Despite the success of lithium treatment, the mechanism of 

action is still incompletely understood.  

Studies have shown multiple cellular targets of lithium  treatment including enzymes such 

as glycogen synthase kinase 374 and inositol-1 monophosphatase (IMPase)66,67, both of 

which have magnesium sites that are vulnerable to magnesium-to-lithium exchange65. 

IMPase inhibition leads to decreased myo-inositol (Ins) and interruption of the 

phosphoinositide cycle61. These findings illustrate the complex mechanisms of lithium 

treatment; however, many studies have focused on the effect of lithium at the cellular level. 

As such, they cannot account for the complexity of lithium treatment on the systems level.  
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MRI and MRS allow for noninvasive measurements of brain structure, function, and 

metabolism at the systems level. Many studies on human bipolar disorder patients have 

been conducted, showing various effects related to lithium treatment. Most notably studies 

have shown changes in N-acetylaspartate (NAA), glutamate (Glu), and Ins. NAA was 

initially shown to increase following chronic lithium treatment in bipolar patients90, although 

later studies were unable to confirm these findings68,97–100. Furthermore, administration of 

lithium to healthy subjects showed no difference in the brain metabolic profile68. Early 

studies on lithium showed that Glu and glutamine (Gln) decreased in basal ganglia following 

lithium treatment71; however, a more recent study showed increased Glu in the anterior 

cingulate cortex of bipolar disorder patients97. Such discrepancies have been linked to a 

dose-dependency of lithium on Glu levels with lower dosages leading to decreased Glu and 

high dosages to increased Glu51. Increased Ins have been described in remitters following 

lithium treatment and after chronic lithium treatment97,100, although the Ins levels have been 

shown to fluctuate in cortex216. These studies highlight a fundamental challenge, namely, 

that it is nearly impossible to distinguish the drug from the disease in humans. The genetic 

variability of humans and different brain regions studied have led to largely inconclusive and 

difficult to reproduce results.  

As lithium is distributed heterogeneously in the human brain115,124,128, it is reasonable to 

assume that the effect of lithium varies between different brain regions. In rats, a 

heterogeneous distribution of lithium in the brain have been shown ex vivo116 and in our 

recent work we showed a non-homogeneous distribution of lithium in vivo in the mouse 

brain (chapter 2). It is worth noting that while research on rats has been conducted217,218, to 

the best of our knowledge no in vivo mouse study has been conducted showing the effect 

of lithium on the healthy brain.  

The aim of this study is to understand the MR-based profile of acute lithium treatment in the 

healthy mouse brain. Lithium was given to mice in lithium-enriched chow to mimic the oral 

administration in bipolar disorder patients. We acquired 7Li MRS to estimate the lithium 

concentrations in the brain and 31P MRS to investigate whether lithium treatment influenced 

the energy metabolism in the brain. We acquired 1H MRS from three different brain regions 

– cortex, corpus callosum, and hippocampus – as well as structural and diffusion 1H MRI.  

6.3 METHODS: 

6.3.1 Animals: 

Experiments were approved by the local ethics committee (Animal Welfare Service, Lower 

Saxony State Office for Consumer Protection and Food Safety, license-number 33.19-

42502-04-20/3365). 20 adult male C57BL6/N mice were fed either a diet-enriched with 0.3% 

Li2CO3 (w/w, n=8), 0.2% Li2CO3 (n=4), 0.3% Na2CO3 (n=4), or normal chow (n=4) for four 

weeks. The two lithium naïve groups were combined for statistical tests. The mice are 

therefore effectively divided into three groups based on their diet: high lithium (0.3% Li2CO3), 

low lithium (0.2% Li2CO3), and placebo. Food and water were provided ad libitum. If the 

daily water consumption increased by more than 300% compared to baseline, a second 

water bottle with diluted saline solution was provided. The mice were single housed. Nesting 

data was acquired from 10 adult female C57BL6/N mice on a high lithium diet from a 

previous study (chapter 2).   
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In week 0, 3, and 4, the mice underwent MR examination. In week 0 and 3, 1H MRI, 1H 

MRS, and 31P MRS was measured. In week 4, 7Li MRS was measured. For each MR 

examination, anesthesia was induced with ketamine (MEDISTAR, Serumwerk Bernburg 

Tiergesundheit GmbH, Bernburg, Germany) and medetomidine (Dorbene Vet, Zoetis Inc., 

Parsippany, New Jersey, USA). The mice were then intubated and subsequently artificially 

ventilated (animal respirator, advanced 4601-2, TSE Systems GmbH, Bad Homburg, 

Germany). Anesthesia was maintained with isoflurane. The breathing rate and temperature 

(rectal thermometer) were continuously monitored. At the end of the MR examination, 

medetomidine was antagonized by atipamezole (Atipzole, Provident Pharmaceuticals, 

Prodivet Pharmaceuticals sa/nv, Eynatten, Belgium). 

Following the final MR examination, the mice were given an overdose and perfused by first 

phosphate buffered saline and then 4% paraformaldehyde (Carl Roth GmbH, Karlsruhe, 

Germany). For each mouse, the brain, heart, and kidneys were collected.   

6.3.2 Magnetic resonance acquisition: 

6.3.2.1 Hardware: 

MR examinations were performed on a 94/30 Bruker Biospec MRI system: 9.4T, 30-cm 

horizontal bore, BGA12 gradient system, and ParaVision 6.0.1 (Bruker BioSpin MRI GmbH, 

Ettlingen, Germany). For 1H MRI and MRS, an 86-cm resonator and 4-channel, receive-

only mouse head radiofrequency coil was used (Bruker). Dual-tuned (1H/7Li and 1H/31P), 

transmit-receive, 17-cm (inner diameter) surface radiofrequency coils (RAPID Biomedical 

GmbH, Rimpar, Germany) were used for 7Li and 31P MRS. 

6.3.2.2 Spectroscopy: 
7Li MRS was acquired using an image-selected in vivo spectroscopy (ISIS) sequence with 

parameters: repetition time (TR) = 40s, 90° excitation flip angle, 256 data points, 10000 Hz 

acquisition bandwidth, 6×5×8 mm3 voxel size (whole brain), 2 averages, and 10.7 min 

acquisition time.  

31P MRS was acquired using an ISIS sequence with parameters: TR = 3s, 512 data points, 

7000 Hz acquisition bandwidth, 6×5×8 mm3 voxel size (whole brain), 100 averages, and 40 

min acquisition time. 

1H MRS from three brain regions – cortex, corpus callosum, and hippocampus – was 

acquired using a stimulated echo acquisition mode (STEAM) sequence with the following 

parameters: chemical shift selective (CHESS) water suppression, map shimming (linewidth 

water <20 Hz), TR|echo time (TE)|mixing time = 6000|10|10 ms, flip angle 78.7°, 5000 Hz 

acquisition bandwidth, 2048 data points, and 128 averages. The voxel size was 3.9×0.7×3.2 

mm3 (8.7 µl) for cortex, 3.9×0.7×1.7 mm3 (4.6 µl) for corpus callosum, and 5.9×1×1.9 mm3 

(11 µl) for hippocampus. The voxels are visualized in Fig. 6-4A with one spectrum from 

each voxel shown in Fig. 6-4B.   

6.3.2.3 Imaging: 

Anatomical MRI was measured using a magnetization transfer (MT) FLASH sequence with 

the following parameters: TR|TE = 15.1|3.4 ms, 5° flip angle, MT pulse (3.5 ms, 3000 Hz 

offset, 135° flip angle), 100×100×100 µm3 resolution, 192×192×192 matrix size, 100 kHz 

bandwidth, 2 averages, and 18.6 min acquisition time.  
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Diffusion MRI was acquired using a diffusion-weighted echo-planer imaging sequence with 

the following parameters: number of segments = 4, TR|TE = 2000/21.5 ms, 30 diffusion 

directions, 2 b-values per diffusion direction (1000 s/mm2, 2000 s/mm2), 5 b=0 s/mm2 

images, gradient duration/separation 2.5/12.5 ms, 100×100 µm2 in-plane resolution, 

128×128 matrix size, 500 µm slice thickness, 150 µm slice gap, 18 slices, 333 kHz 

bandwidth, 1 average, and 8.7 min acquisition time.  

6.3.3 Data analysis: 

6.3.3.1 Spectroscopy: 
7Li spectra were opened as Bruker 2dseq files in MATLAB and analyzed using Lorentzian 

fitting in python with the scipy toolbox optimize.  

31P spectra were opened as Bruker fid files in MATLAB and converted to text files. They 

were preprocessed and analyzed in python. Spectral preprocessing was done using the 

nmrglue library184. Spectral preprocessing included the following steps: removing the digital 

filter, zero-filling to 4096 points, 20 Hz line broadening, and automatic phase correction 

using the “peak minima” method in nmrglue. Spectra were corrected for scaling using the 

Bruker reco file. A two-stage polynomial baseline correction was applied to each spectrum. 

Spectra were fit to a 10-peak Lorentzian model with three variables per peak – integral, 

linewidth, and chemical shift – using the scipy toolbox optimize. The signal-to-noise ratio 

(SNR) was calculated by dividing the difference between the maximum signal (Smax) and 

the mean of the noise (Nmean) with the root mean square of the residuals (ri), equation 6-1.  

 
SNR =

𝑆𝑚𝑎𝑥 − 𝑁𝑚𝑒𝑎𝑛

√1
𝑛

∑ 𝑟𝑖𝑖

 
equation 6-1 

The pH was calculated using the chemical shift, δ, between phosphocreatine (PCr) and 

inorganic phosphate (Pi) using equation 6-2. As the chemical shift of PCr is defined as 0 

ppm, we can write the equation using only the chemical shift of inorganic phosphate219,220.  

 
𝑝H = 6.73 + log10 (

𝛿Pi
− 3.275

5.685 − 𝛿Pi

) equation 6-2 

The pMg, concentration of free magnesium, was calculated using the chemical shift 

between PCr and the phosphate in the β-position on adenosine triphosphate (βATP) using 

equation 6-3220,221. 

 
𝑝Mg = 4.24 + log10 (

𝛿𝛽ATP + 18.58

−15.74 − 𝛿𝛽ATP
) equation 6-3 

1H MRS spectra were converted from Bruker fid into LC Model RAW files using a home-

built script. The spectra were preprocessed using nmrglue184. Preprocessing included digital 

filter removal and zero filling. Spectra were analyzed using LC Model25. The results are 

given in mM.  

6.3.3.2 Imaging: 

MRI images were exported from ParaVision in the DICOM format and converted to NIfTI 

(Neuroimaging Informatics Technology Initiative; http://nifti.nimh.nih.gov) with dcm2niix 

(https://www.nitrc.org/plugins/mwiki/index.php/dcm2nii:MainPage).   

http://nifti.nimh.nih.gov/
https://www.nitrc.org/plugins/mwiki/index.php/dcm2nii:MainPage
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Structural MRI was analyzed using a home-built template. The study template was created 

from the 40 MT MRI acquisitions using rigid registration and buildtemplateparallel from the 

Advanced Normalization Tools (ANTs222) (http://stnava.github.io/ANTs/). The individual 

MRI acquisitions were first N4 biased field corrected and then non-linearly registered (using 

a symmetric normalization method)222 to the study template using ANTs. An MT MRI atlas 

was created by modifying the Dorr-Steadman-Ulman-Richards-Qiu-Egan (DSURQE) 

atlas223–226. The DSURQE atlas was down-sampled to 100-µm isotropic resolution and 

registered to the MT MRI template. Labels were corrected using a stereotaxic atlas227. The 

total brain and cerebrospinal fluid volume was calculated using a brain and cerebrospinal 

fluid mask.  

Diffusion MRI was analyzed using nipype228, dipy215, and dmipy229 libraries. Bruker 2dseq 

images were converted to NIfTI using the nipype function Bru2. The NIfTI images were 

denoised using the dipy function patch2self230. Using dipy, a diffusion tensor model (DTI) 

was fitted, which calculated: fractional anisotropy (FA), axial diffusivity, radial diffusivity, and 

apparent diffusion coefficient (ADC) maps. Using dmipy, a neurite orientation dispersion 

and density imaging (NODDI) model with Bingham diffusion was fitted36,39. Beta fraction and 

orientation dispersion were used as markers for neuronal morphology39. The intracellular 

and extracellular fraction was used to calculate a neurite density index (NDI). For both 

diffusion MRI methods, we defined three regions of interest were defined to match the 1H 

MRS voxels: cortex, corpus callosum, and hippocampus. The median was calculated from 

each region of interest.    

6.3.4 Statistics: 

To discern aging and treatment effects, we performed two-way ANOVA (scan week and 

diet) tests using statsmodels in python. Post-hoc significance tests were performed between 

groups using t-tests, scipy stats in python. For each group, the difference between a 

metabolite’s concentration in baseline and week 3 was used for significance testing.  

6.4 RESULTS: 

6.4.1 Lithium-enriched diets led to increased water consumption:  

Health monitoring, in the form of daily scoring, was conducted to ensure animal welfare. 

The mice did not show outward signs of discomfort except for increased water consumption. 

The water consumption increased by 828% in mice on a high lithium diet and 212% in mice 

on a low lithium diet, Fig. 6-1A-B. Mice on a placebo diet did not have increased water 

consumption, Fig. 6-1A-B. The drinking consumption exceeded 300% in all mice on a high 

lithium diet and one-of-four mice on a low lithium diet. A weight-loss of 13±4% was observed 

in mice on a high lithium diet whereas low lithium (weight-loss of 4±6%) and mice on a 

placebo diet (weight-gain of 4±6%) did not show systematic weight changes.  

The nest building of five cages of female mice on a high lithium diet were measured weekly, 

Fig. 6-1C. They were scored by one blind reviewer. We did not observe systematic changes 

in nesting behavior (p=0.72, one-way ANOVA); however, the polyuria did increase the 

wetness of the bedding.  

http://stnava.github.io/ANTs/


Lithium treatment in mice 

85 
 

In conclusion, the behavior suggests that although the mice develop severe polyuria, no 

adverse cognitive effects or signs of discomfort was observed in mice during lithium 

treatment.   

6.4.2 Post fixation kidney weight was decreased in all mice on a lithium-

enriched diet.  

The kidney weight of mice on a high and low lithium diet was lower than for mice on a 

placebo diet, Fig. 6-1D. A high lithium diet led to a 15% decrease in kidney weight (p<0.001) 

compared to mice on a placebo diet. Mice on a low lithium diet had a 14% decrease in 

kidney weight compared with mice on a placebo diet (p=0.01). A decreased kidney weight 

may be an early sign of fibrosis and/or necrosis in mice on a lithium-enriched diet. 

6.4.3 Mice on a lithium-enriched diet showed a dose-dependent uptake 

in the brain  

As expected, in vivo 7Li MRS of mice on a high lithium diet showed increased SNR (13.9 

vs. 5.8) and the Lorentzian fit had a higher coefficient of determination (0.61 vs. 0.21) 

compared with mice on a low lithium diet, Fig. 6-2A-B. The linewidth did not vary between 

groups (0.47 vs. 0.45).  

Figure 6-1: High lithium diet led to increased water consumption and decreased kidney weight. Daily 
water consumption increased in all animals on a lithium-enriched diet (A). Mice on a low lithium diet had 
212% and mice on a high lithium diet had 828% increase in water consumption by the end of the third week 
on a lithium-enriched diet (B). Despite increased water consumption and subsequent polyuria, we observed 
no systematic change in nesting behavior (C). The polyuria induced by a lithium-enriched diet led to 
decreased kidney weight in high and mice on a low lithium diet (D). 

Figure 6-2: Lithium uptake in the brain was dose-dependent. 7Li spectra were acquired from whole-brain 
voxels. Mice on a low lithium diet (A) had lower area under the curve than mice on a high lithium diet (B). 
Using phantom measurements, we estimated that the lithium concentration in the brain was 0.4 mM for mice 
on a low lithium diet and 0.9 mM for mice on a high lithium diet (C). 
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We observed a dose-dependent uptake of lithium in the brain using 7Li MRS, Fig. 6-2C. 

Mice on a high lithium diet had increased brain lithium compared with mice on a low lithium 

diet. Using the area under the curve of the central peak in the 7Li spectra, we estimated that 

the brain lithium concentration was 0.90±0.12 mM in mice on a high lithium diet and 

0.41±0.09 mM in mice on a low lithium diet. The concentration ratio between groups was 

2.3 compared with a 1.5 dosage ratio. This suggests a non-linear uptake of lithium in the 

mouse brain.   

6.4.4 Phosphorus spectroscopy showed tendencies toward increased 

high phosphocreatine   

In vivo 31P MRS showed no systematic differences in quality assurance parameters 

between groups (SNR, linewidth, and coefficient of determination). Bonferroni-corrected, 

group-wise t-test of each parameter showed no difference between groups.  

31P MRS metabolites were normalized to the total phosphate content. Two-way ANOVA 

analysis of the metabolite concentrations as a function of scan week and diet showed no 

effects, Table 6-1. All post-hoc tests were performed between placebo and lithium groups 

on the difference between baseline and week 3, Fig. 6-3B-C, Fig. 6-3E-F, and Fig. 6-3H. 

There was no change in the total ATP concentration between groups. The 

phosphomonoester (PME) to phosphodiester (PDE) ratio, a marker associated with 

Figure 6-3: 31P MRS showed a tendency of increased PCr. In vivo 31P spectra were acquired from whole 
brain voxels. The raw spectra (A) were line broadened, phase-corrected, and baseline corrected (D). 
Quantification was done on baseline-corrected spectra with a 10-peak model (G). The change in total ATP 
(B) and ratio of phosphomonesters to phosphodiesters (PME/PDE) (C) were not significantly difference 
between mice on a placebo and a high lithium diet. We did not observe changes in the pH (E) or free 
magnesium concentration (pMg) (F). We saw a tendency towards increased phosphocreatine (PCr) (H), 
which we confirmed using the average of the PCr concentration in cortex, corpus callosum, and hippocampus 
measured by 1H MRS (I). 



Lithium treatment in mice 

87 
 

membrane turnover, was not significantly changed in mice on a lithium diet, Fig. 6-3C. 

However, there is a tendency of a decreased PME/PDE ratio in mice on a lithium diet, which 

would be interesting to study further as decreased PME/PDE has previously been reported 

in patients with bipolar disorder231. We did not observe changes in pH or pMg, Fig. 6-3E-F. 

We saw a tendency towards increased PCr (p=0.10), Fig. 6-3H, which we confirmed using 

proton spectroscopy, Fig. 6-3I. Using the mean PCr concentration – calculated from 1H MRS 

– from cortex, corpus callosum, and hippocampus, we found increased PCr in the brain of 

mice on a high lithium diet (p = 0.01). 

6.4.5 In vivo proton spectroscopy showed metabolic changes amongst 

key metabolites: 

In vivo 1H MRS was acquired from three different brain regions: cortex, corpus callosum, 

and hippocampus, Fig. 6-4. In vivo 1H MRS showed no major systematic difference in SNR, 

linewidth, or coefficient of determination of the fit between groups. Bonferroni-corrected, 

group-wise t-tests of each parameter showed three differences between groups. There was 

lower SNR in corpus callosum of week 3 compared with week 0 in mice on a low lithium 

diet. The coefficient of determination was higher in the hippocampus in week 0 of high and 

mice on a low lithium diet compared with week 3 of mice on a placebo diet. SNR is 

calculated by LC Model and given as an integer; as such small discrepancies are expected. 

The difference in coefficient of determination of the fit between mice on a high lithium diet 

in week 0 and week 3 mice on a placebo diet is 0.009 or ~1% and is therefore likely the 

result of small sample size.  

1H MRS can be used to detect metabolic changes in the mouse brain. We investigated the 

change in five key metabolites after the first three weeks of lithium treatment: Ins, Tau, total 

NAA (tNAA), Glu/Gln, and the total creatine (tCr) concentration. tNAA was defined as the 

sum of NAA and NAA-glutamate. tCr was defined as the sum of Cr, PCr, and Cr2 (downfield 

Cr peak). To discern the effect of a lithium-enriched diet from inter-measurement variability, 

we did a two-way ANOVA, Table 6-2. Post-hoc testing between placebo and lithium groups 

was performed on the difference between baseline and week 3, Fig. 6-4C-G. 

Ins, a biomarker associated with glial cells, was increased by 39% in cortex (p=0.02, n=8). 

The neuronal marker tNAA was decreased by 11% in corpus callosum (p=0.009) and 10% 

in hippocampus (p=0.01). The Glu/Gln, glutamate being a neurotransmitter and glutamine 

synthesize in astrocytes, was decreased by 16% in hippocampus (p=0.05). The tCr was 

unchanged each of the three brain regions, suggesting that the observed changes were not 

due to a systematic shift in concentration.  

Due to the small sample size, some metabolites, which were significant in pair-wise t-tests, 

were not significant using the conservative statistical tests described above. However, three 

Table 6-1: Two-way ANOVA (scan week and diet) of 31P MRS did not show significant effect of a high 
lithium compared to placebo diet. 

Two-way ANOVA (scan week, diet), p-value interaction 

Metabolite tPE tPC Pi PME/PDE PCr yATP aATP NAD bATP 

p-value 0.59 0.51 0.33 0.78 0.10 0.63 0.61 0.19 0.96 
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tendencies were observed. We verified the following tendencies using a two-sided, one 

sample t-test of the change between week 0 and week 3 in mice on a high lithium diet 

against the mean change of the mice on a placebo diet. Ins was increased in corpus 

callosum by 26% (p=0.03). The osmolyte Tau was increased by 9% in cortex (p=0.04). 

Glu/Gln was decreased by 14% in cortex (p=0.04).  

The increase of osmolytes, Ins and Tau, and decreased on neuron specific markers, Glu 

and tNAA, could suggest increased glial cells relative to neurons.  

6.4.6 Total brain and cerebrospinal fluid volume was unchanged in all 

mice 

Using our study atlas, we observed no change in the total brain volume (p=0.84, two-way 

ANOVA, scan week and diet interaction) and cerebrospinal fluid volume (p=0.44, two-way 

ANOVA, scan week and diet interaction) in mice on a lithium-enriched diet.  

6.4.7 Diffusivity decreased and neurite density increased in cortex, 

corpus callosum, and hippocampus  

The diffusion data was analyzed using two different models – DTI and NODDI. We looked 

at diffusive changes in the three regions we also acquired spectroscopy from: cortex, corpus 

callosum, and hippocampus. For both the DTI and NODDI, we drew conservative regions 

Table 6-2: Two-way ANOVA (scan week and diet) of 1H MRS showed significant changes in myo-inositol 
(Ins), taurine (Tau), and N-acetylaspartate (NAA). 

Two-way ANOVA (week, diet), p-value interaction 

Metabolite Cortex Corpus callosum Hippocampus 

Ins 0.01 0.02 0.45 

Tau 0.04 0.28 0.59 

NAA 0.32 0.02 0.01 

Glu/Gln 0.28 0.89 0.08 

tCr 0.83 0.85 0.82 

 

Table 6-3: Two-way ANOVA (scan week and diet) of the parameters derived from the two diffusion MRI 
analyses: DTI and NODDI. †Parameters derived from DTI analysis; ‡parameters derived from 
NODDI analysis. 

Two-way ANOVA (scan week, diet), p-value interaction 

Modality Cortex Corpus callosum Hippocampus 

ADC† 0.01 0.003 0.02 

FA† 0.81 0.73 0.47 

NDI‡ 0.02 0.009 0.03 

Beta fraction‡ 0.28 0.97 0.34 

Orientation dispersion‡ 0.45 0.48 0.83 
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of interest – Fig. 6-5A and 6-5C, respectively. To discern the effect of a lithium-enriched diet 

from inter-measurement variability, we did a two-way ANOVA, table 6-3. Post-hoc testing 

Figure 6-4: 1H MRS showed increased myo-inositol (Ins) and decreased N-acetylaspartate (NAA) in 
mice on a high lithium diet. 1H MRS was acquired from cortex, corpus callosum, and hippocampus (voxels 
in A, spectra in B). Ins was increased in cortex (C). The change in taurine did not significantly differ between 
mice on a high lithium and placebo diet (Tau in D). NAA was decreased in corpus callosum and hippocampus 
in mice on a high lithium diet compared with placebo (E). Hippocampal glutamate-to-glutamine ratio (Glu/Gln 
in F), was decreased in mice on a high lithium diet. We did not observe changes in total creatine (tCr in G).      
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between placebo and lithium groups was performed on the difference between baseline 

and week 3, Fig. 6-5B and 6-5D. 

The DTI analysis showed decreased ADC in mice on a high lithium diet across the three 

brain regions. The ADC was decreased by 4% in cortex (p=0.005), 5% in corpus callosum 

(p=0.004), and 4% in hippocampus (p=0.01). We did not observe changes in FA in response 

to a lithium-enriched diet.  

Using the NODDI model, we observed increased NDI across the three brain regions for 

mice on a high lithium diet. The NDI was increased by 6% in cortex (p=0.01), 7% in corpus 

callosum (p=0.007), and 6% in hippocampus (p=0.02). We did not observed changes in 

beta fraction or orientation dispersion.  

The two diffusion models yield complementary findings. The decreased ADC and increased 

NDI suggest that the diffusion changes are related to brain microstructure.  

6.5 DISCUSSION: 

6.5.1 Are the mice healthy? 

The mice were kept in standard animal housing with food and water ad libetum. However, 

this fact does not constitute a healthy mouse, it is therefore important to assess what is 

meant by healthy. Here, the definition is used to describe a mouse that does not show 

clinical signs of distress, lithium poisoning, or anhedonia. From our experiments, we have 

three different measures that can be used to assess welfare: drinking behavior, nest-

building behavior, and daily scoring.  

The increase in water consumption was expected and seen across all mice on a lithium 

diet. Increased thirst and urination are common side effects of lithium treatment in humans 

and rodents22,232,233. However, the induction of early-stage nephrogenic diabetes insipidus 

via a lithium-enriched diet should not be likened with kidney failure and associated 

problems. In rats, it has been shown that lithium treatment of rats causes reversable kidney 

changes234. The dosing of 0.3% Li2CO2 (w/w) is not expected to give blood concentrations 

larger than 1.2 mM – the upper limit of the acute therapeutic range9. While the increased 

water consumption and subsequent polyuria is expected to cause damage to the kidneys, 

as seen by decreased kidney weight, we did not observed signs of end-stage renal disease.  

Nest-building data was complicated by the polyuria of the animals, which led to wetter nests 

in general. However, in all mice we observed an attempt to build a nest and no significant 

reduction in nest-building as function of time on a lithium-enriched diet, Fig. 6-1C. Nest-

building was used as an indirect test for anhedonia. However, the nest-building paradigm 

was insufficient to distinguish the behavioral difference between the mice and was only 

used to ensure that the mice did not suffer from severe lithium poisoning.  

The daily scoring and monitoring of the animals showed no systematic cognitive or 

behavioral deficits resulting from lithium treatment – aside from increased water 

consumption. The weighing of the mice before the MR examinations showed that mice on 

a high lithium diet had decreased body weight between the first and last examination (13%).  

It is our opinion that while lithium treatment does result in higher water consumption and the 

development of polyuria that mice on a lithium-enriched diet did not exhibit signs of distress. 
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We note that no standardized behavioral testing was used in the study. This limitation 

manifests itself in two major components: first, we are unable to test whether the overall 

activity of the mice play a role in the MR data and second, we cannot state whether the 

behavior is comparable between groups and/or cages. The interpretation of mouse welfare 

was therefore limited to simplified health metrics and daily monitoring. 

6.5.2 Distinguishing lithium treatment and disease pathology   

An increase in Ins is commonly observed in neurodegenerative disorders and has been 

associated with microglial activation. An interpretation supported by increased Ins 

correlating with amyloid pathology in Alzheimer’s disease235,236 and thereby increased 

microglia. However, Ins is not microglial specific, but rather a marker of increased glial cells 

in the volume of interest. 1H MRS of lithium-treated, adolescent, bipolar disorder patients 

has previously shown that lithium does not affect Ins levels in the brain216, contrary to our 

findings.  

Increased cortical Tau concentrations following lithium treatment are complex to interpret, 

due to the many proposed functions of Tau in the brain. As a semi-essential, sulfur-

containing amino acid, the proposed functions of Tau range from mechanisms from 

neuroprotection to regulation of gene expression237. The high Tau concentrations in the 

rodent brain highlight two other important functions as a calcium regulator238 and 

osmolyte239. Tau has been linked to cognitive dysfunction and shows decreased 

concentrations with advanced age in mice240. However, Tau concentrations may vary 

between different cell types, it is well known that the concentration of taurine in astrocytes 

may exceed 50 mM in mice, in stark contrast to the roughly 1 mM in the extracellular 

space241. A cautious, but interesting interpretation is that increased Tau may be related to 

an increased astrocyte content.  

Figure 6-5: Mice on a high lithium diet had decreased apparent diffusion coefficient (ADC) and 
increased neurite density index (NDI). Diffusion MRI was analyzed using two models: DTI (A-B) and 
NODDI (C-D). From DTI, we analyzed ADC in cortex, corpus callosum, and hippocampus (A). The ADC 
decreased in all three regions of interest for mice on a high lithium diet (B). Using NODDI (regions of interest 
in C), we observed increased NDI in all three regions of interest in mice on a high lithium diet (D).     
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Traditionally thought of as a marker of neuronal health, the functions of NAA are many and 

still heavily debated. Unique to the central nervous system, NAA is synthesized from 

aspartate and acetyl-CoA in neurons170. We observed decreased NAA in both corpus 

callosum and hippocampus. Earlier studies in humans have shown both increased and 

decreased NAA resulting from lithium treatment of adolescents with bipolar disorder99,242. 

Lithium has been shown to decrease NAA in both a rat model of Canavan disease243 and 

human children with Canavan disease94. It should be noted that for Canavan disease the 

NAA levels are highly elevated, which was not the case in healthy mice. However, our data 

support the hypothesis that lithium may decrease NAA levels. Cross-sectional and 

longitudinal studies of lithium treatment in human bipolar patients have observed mixed 

effects on NAA244. In the human studies, the treatment and illness are difficult to 

disentangle; however, in our study, healthy, wild-type mice were placed on a lithium-

enriched diet, so the decreased NAA is interpreted as a direct sign of treatment.   

With diffusion MRI, we observed decreased ADC in cortex, corpus callosum, and 

hippocampus – the regions also studied in 1H MRS. Observing decreased ADC across 

multiple brain regions has often been loss of neurons, commonly observed in mouse models 

of Alzheimer’s or Parkinson’s disease245,246. However, we do not observe accompanying 

changes in beta fraction (NODDI), FA (DTI), or orientation dispersion (NODDI). The total 

brain volume and cerebrospinal fluid volume did not change either. The lack of these 

common comorbidities of decreased diffusivity in neurodegeneration suggest that an 

alternative hypothesis is required.  

We therefore investigated the NDI, a marker of the amount of axons and dendrites in the 

voxel247. We found increased NDI in cortex, corpus callosum, and hippocampus, which 

would further support discarding the neurodegeneration interpretation. NDI does not solely 

correlate with neural density, but also myelin density, especially in cortex247–249. The change 

in NDI in hippocampus likely results from NDI also being sensitive to unmyelinated fibers249. 

As such, decreased ADC and increased NDI could be seen as indication that a change in 

cell population occurs. 

Glu is an important neurotransmitter, which has been associated with a wide range of 

illnesses. Glu/Gln should therefore be interpreted as an indirect marker of the glutamate 

turnover, which has been linked to neural plasticity250. Observing an increased Glu/Gln ratio 

suggest that lithium increases the glutamate turnover rate, which may result from increased 

astrocyte activity. For completion, we also looked that the ratio of the sum of Glu and γ-

aminobutyric acid (GABA) to Gln – [Glu+GABA]/Gln – as an indirect measure of the 

astrocyte turnover rate – both glutamate and GABA are converted to glutamine in 

astrocytes251. We found decreased [Glu+GABA]/Gln in the hippocampus of mice on a high 

lithium diet (placebo vs. high lithium t-test, p=0.009; two-way ANOVA, scan week and diet 

intersection p=0.03, Fig. S-3), supporting the hypothesis of increased astrocytic activity. We 

note that increased Glx (Glu+Gln+GABA) is commonly observed in bipolar disorder252. In 

the manic state Glu/Gln is frequently elevated; however, this may in part be explained by a 

decreased number of glial cells in bipolar disorder patients252,253.  

Mice on a high lithium diet had increased PCr. A metabolite important for energy 

homeostasis, PCr is converted to ATP when there is high-energy demand. tCr is a common 

internal reference, although it should be used with care157,254. In humans, tCr does not 
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change significantly with age or time of day255,256. In bipolar disorder decreased tCr and PCr 

have been reported in bipolar disorder patients both undergoing treatment and medication 

free257–260. This highlights the issue of disentangling the illness from the treatment. It is worth 

noting that non-lithium medicated bipolar disorder patients have decreased PCr compared 

to unmedicated bipolar disorder patients261.  

Importantly, tCr was unchanged throughout the experiments. This is an important indicator 

that edema or other effects of hypernatremia were not present. Edema and hypernatremia 

may lead to systematic quantification errors, due to increased water content; however, as 

we observed both increases and decreases in metabolite concentrations, this is unlikely. 

We observed decreased post fixation kidney weight, but no signs of urine retention 

(indicator of kidney failure). The whole brain and cerebrospinal fluid volumes were 

unchanged. Combining these measures, we suggest that the observed effects of a high 

lithium diet in healthy, wild-type mice are biomarkers of lithium treatment and not the result 

of edema or kidney failure.   

6.5.3 Lithium administration in healthy human subjects and wild-type 

rodents 

Metabolic changes associated with lithium treatment have been extensively studied in 

bipolar disorder patients; however, distinguishing the effect of lithium and bipolar disorder 

has proven difficult. However, a few studies have attempted to look at the profile of lithium 

treatment in either healthy volunteers or rodents.  

6.5.3.1 Lithium treatment in healthy human subjects:  

Despite the inositol depletion hypothesis being a proposed mechanism of action of lithium 

treatment, studies have not reached a consensus on the effect of lithium treatment on Ins 

in the brain. 1H MRS studies have shown a mixture of no change and decrease in Ins68–71. 

A likely explanation for this lack of consensus is the difficulty in quantifying Ins, especially 

at low fields, due to its proximity to water and other high concentration metabolites. 

However, these studies still contradict the Ins increase observed here. Human Ins 

concentrations are also ~2-fold higher than in mice, which may hint at Ins playing a different 

role in the two species. In humans, while early studies found increased NAA following lithium 

administration, more recent work has found no significant changes following lithium 

treatment68,71,90. Glu/Gln was decreased in mice following a lithium-enriched diet, whereas 

in healthy humans lithium increased Glu/Gln71.  

6.5.3.2 Lithium administration in wild-type rodents: 

Ex vivo NMR studies of rat brain extracts have shown decreased Ins after two and four 

weeks of lithium administration217, contrary to our findings. In two studies, O’Donnell et al. 

looked at key brain metabolites following 15 days of lithium administration in rats96,218. The 

experiments were conducted on ex vivo brain homogenates using NMR. In the first study, 

NAA was decreased, which we also observed, but Ins and tCr were also decreased – 

contrary to our findings96. In the second study, they observed decreased aspartate, Glu, 

and Tau218. We did not observe significant changes in aspartate. In contrast, we observed 

increased Tau in our study. Here, it should be noted that high-performance liquid 

chromatography samples of brain homogenates did not show significantly decreased 
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Tau218. Decreased Glu may be comparable to our finding of a decreased Glu/Gln. Although 

it has also been suggested that Glu concentrations change in a dose dependent manner58.  

6.5.4 Establishing an MR-based profile of lithium treatment in mice 

The aim of this study was to provide the community with unique markers of lithium treatment 

in wild-type mice. The MR-based profile of lithium treatment was observed in mice on a high 

lithium diet and showed an increase in cortical osmolytes – Ins and Tau, decreased NAA 

and Glu/Gln in hippocampus. We observed decreased ADC and increased NDI in cortex, 

corpus callosum, and hippocampus. However, we did not observe changes in total brain 

volume or cerebrospinal fluid volume.  

6.5.5 A drug as complex as the illness it treats   

While the data presented here shows similarities to neurodegenerative phenotypes 

observed in mice – decreased NAA, increased osmolytes, and Gln – we would like to offer 

an alternative hypothesis, an increased glial activity. The neurodegenerative phenotype is 

often associated with microglial activation, which ultimately results in severe symptoms; 

however, in our mice we did not observe clinical symptoms such as tremor and anhedonia. 

The mice on a lithium diet showed a large increase in water consumption, but no behavioral 

abnormalities. Early, mild symptoms of kidney damage are not anticipated to manifest 

themselves in brain metabolism, although it is well known that hypernatremia will lead to 

increased Ins (and other osmolytes)168,262,263. However, lithium-fed mice are unlikely to have 

hypernatremia, due to constant water availability and large urine production. We did not 

observe total brain or cerebrospinal fluid volume changes, which makes edema unlikely.    

Future experiments are needed to verify the observed changes. Our experiments provide 

evidence for metabolic changes occurring in the acute phase of lithium treatment. In future 

studies, the addition of brain histology and ex vivo kidney MRI would help to validate the 

observed changes and distinguish whether lithium treatment causes changes in cell 

population, microglial activation, hypernatremia, or a combination of these. 

6.5.6 Limitations: 

The current study focused on the acute treatment of lithium in mice. As such, the observed 

changes are likely to mimic the start of lithium treatment rather than chronic long-term 

lithium treatment. This distinction is important for interpreting the results. Here, we present 

potential early biomarkers of lithium treatment.  

We only acquired data from healthy, wild-type mice. The biomarkers of lithium treatment 

and the corresponding MR-based profile were based on lithium in the healthy brain – it is 

unknown if lithium affects brain metabolism different in bipolar disorder patients. 

The nomenclature of spectroscopy voxels should be clarified. 1H MRS was acquired from 

large voxels, Fig. 6-4A-B, so they were named based on the brain region at their center 

(e.g. the corpus callosum voxel is larger along the superior-inferior axis than the corpus 

callosum thickness).  

Finally, the 31P MRS analysis yields similar, but not identical results based on the 

preprocessing steps prior to curve fitting. The impact of line broadening, phase correction 

algorithm, baseline correction, and curve fitting start points on the spectral quantification 
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are detailed in the supplementary information. Most notably, the chemical shift of βATP was 

strongly dependent on the analysis method.  

6.6 CONCLUSION: 

We have described the MR-based profile of a lithium-enriched diet on healthy, wild-type 

mice. Most notably mice showed dose-dependent lithium uptake as well as spectroscopic 

and diffusive changes that suggest a change in cell activity and/or population. The mice 

were clinically healthy with no detectable behavioral symptoms of discomfort, despite 

increased water consumption and decreased ex vivo kidney weight. We have illustrated 

that there are MR detectable biomarkers of the acute phase of lithium treatment in mice, 

which may help to disentangle bipolar disorder from its most successful treatment.  

6.7 ACKNOWLEDGEMENTS: 

The authors would like to thank Kristin Kötz, Sina Bode, and Jessica König for their technical 

assistance during data acquisition. 

6.8 AUTHOR CONTRIBUTIONS: 

All authors contributed to the conceptualization and design of the study. S.B. supervised 

the study. T.R.M. and S.B. performed data acquisition. T.R.M. conducted the formal 

analysis, data visualization, and wrote the first draft of the manuscript. All authors 

commented on previous versions of the manuscript and have read and approved its final 

version.  

 

 

 



General discussion 

96 
 

7 
 

7 GENERAL DISCUSSION 
 
In this thesis, I have investigated the mechanism of action and in vivo distribution of lithium 

using magnetic resonance imaging (MRI) and spectroscopy (MRS). This is an alternative 

approach to answer the elusive question of lithium’s mechanism of action, which has 

intrigued scientists since John Cade first found lithium effective against manic depression 

– the name for bipolar disorder at the time. Since lithium has many targets in the brain, I 

opted to develop lithium-7 MRI with the aim of visualizing the distribution of lithium in the 

brain. Alongside lithium-7 MRI, I acquired structural and diffusion MRI to better understand 

the impact of lithium on the healthy brain in the early phase of lithium treatment. To 

investigate early metabolic biomarkers of lithium treatment, I acquired MRS from astrocytes 

in a lithium-containing medium and the mouse brain in vivo. Combing these approaches, I 

found indications of what lithium treatment may look like during the early phase with the 

ultimate goal of translating this into a profile of a positive treatment response. However, 

despite this progress towards understanding the mechanism of action of lithium, I have not 

found a definitive answer.  

In the following sections, I will discuss four important questions in the context of lithium 

treatment. I have provided evidence for a non-homogeneous distribution of lithium in the 

mouse brain, but which mechanisms give rise to these regional variations in lithium 

concentration. In chapter 5-6, I showed that lithium alters metabolism in astrocyte cell 

cultures and mice on a lithium-enriched diet, thereby characterizing an MR-based profile of 

lithium treatment, but an important question remains, “why does lithium only help some 

bipolar patients?” In this thesis, I have developed methods for studying the lithium 

distribution in the mouse brain. In section 7.3, I will discuss the technical aspects of lithium 

imaging with the aim of improving the resolution to 1×1×1 mm3 – sufficient for accurate 

visualization of the lithium distribution in the mouse brain. Finally, another area of interest 

in this regard is to understand whether the different properties of lithium-6 and lithium-7, 

result in an isotope effect on treatment.   

7.1 WHAT DRIVES THE HETEROGENEOUS DISTRIBUTION OF LITHIUM IN THE 

BRAIN?  

To understand lithium-7 treatment, we must first understand whether the heterogeneous 

distribution of lithium in the brain originates from the initial uptake of lithium from the blood 

or is dictated by lithium retention in certain regions. While progress has been made towards 
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answering the question of lithium-7 uptake kinetics and distribution in the brain, thorough 

answers only exist for the former. The distribution of lithium in the brain is still largely 

unexplained and has shown large variance between subjects in humans115,128 and, as 

presented in the thesis, in mice. The problem may be broken down into two separate parts 

the lithium uptake distribution and the lithium equilibrium distribution.  

Understanding the lithium uptake distribution is essential to discern whether all regions of 

the brain receive the same amount of lithium from the blood. In rats, a heterogenous 

distribution of lithium in the brain can be observed following an intraperitoneal injection of 

lithium chloride129. While the study found low concentrations in the cerebellum (comparable 

with results in chapter 2), it should be noted that most of the lithium ended in the muscle 

tissue below the brain. With this in mind, this question is likely to be best addressed in 

rodents, where lithium naïve animals may receive intravenous injections or follow a feeding 

regime with lithium-7 MRI on consecutive days. Here, it should be noted that lithium-6, due 

to long T1 relaxation time and an ability to be hyperpolarized264, may be the preferred option 

for the intravenous application. Van Heeswijk et al. showed that it may be possible to image 

the distribution of lithium uptake using hyperpolarized lithium-6; however, they were limited 

by their radiofrequency coil not having full brain coverage264. 

The lithium equilibrium distribution in the brain will continue to be of interest in large-scale 

human studies. Here, I foresee that cohorts of bipolar patients will shed light on the variation 

of lithium distributions in humans as well as whether there is a link between lithium 

distribution and successful treatment. Studies in bipolar disorder patients115 and ex vivo 

mice132 have shown increased lithium in the hippocampus. In bipolar disorder patients, it is 

well established that there are large inter-individual differences in the lithium equilibrium 

distribution115,124,128; however, as of yet there is no definitive indicator of successful 

treatment based on the lithium equilibrium distribution in the brain. In this regard, 

understanding distribution differences between wild-type and transgenic mice might provide 

insights into how lithium treatment works. Specifically, some transgenic mouse-models of 

bipolar disorder (and mania) are ideal responders to lithium treatment265,266, others are 

not267. The difference between the lithium equilibrium distribution in the brain of lithium 

responding and non-responding mice may provide explanations for the observations seen 

in humans. Furthermore, as mice are scanned under anesthesia, it is feasible to increase 

the measurement duration. MR examinations in mice can therefore include lithium-7 

imaging as well as proton MRI and MRS. Such investigations may pinpoint treatment 

efficacy, which may in turn provide insights into MR-detectable biomarkers of successful 

lithium treatment.    

7.2 WHY DOES LITHIUM ONLY HELP SOME BIPOLAR PATIENTS? 

It remains unclear how to predict ideal lithium response. I have provided a few insights that 

could potentially be translated into research tools. Specifically, the cautious interpretation 

that during the early stages of lithium treatment a change in the cell population and/or 

activity occurs. Specifically, I have observed that astrocytes show dose-dependent changes 

in metabolism (chapter 5). Diffusion MRI of mice on a high lithium diet (chapter 6) showed 

decreased apparent diffusion coefficients and increased neurite density index. Alongside 

our MRS observation of increased in glial markers – myo-inositol and glutamine, the initial 

MR-based profile of lithium treatment in mice is indicative of an increased number of 
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astrocytes. Astrocytes are known to be increased in rats following lithium treatment268. 

Recently, targeting astrocytes in bipolar disorder – where they are depleted – has become 

a prominent route for drug development205,269. My findings support this idea; however, 

further experimentation is required to separate the contribution of different types of glia to 

the MR-based profile of lithium treatment.  

There are only few MR-detectable markers of neurogenesis, most notably a peak at 1.28 

ppm in proton MRS270. Although the broad peak at 1.28 ppm was originally believed to 

originate exclusively from neural stem cells270, it has since been described that it is more 

directly related to apoptosis271. However, this 1.28 ppm peak is not easily observed and is 

not detectable in my mouse spectra. Furthermore, any conclusion drawn from the current 

MR-based profile of lithium treatment must be verified by histology. In chapter 2, I observed 

that lithium would gradually diffuse from our fixed mouse brains into the surrounding 

solution. Due to this wash-out of lithium, I kept the mouse brains out of solution after the 

final MR examination in chapter 6. However, this meant that histology was not possible. I 

am currently testing the hypothesis that the increased glial markers in MR-based profile of 

lithium treatment is mediated by astrocytes using microglia-depleted mice on a lithium-

enriched diet. In this study, histology will be performed after the final MR examination. 

Microglia-depleted mice will serve as an interesting model for discerning whether the 

changes observed in this thesis are mediated by astrocytes – as hypothesized.   

7.3 HOW CAN WE ACQUIRE LITHIUM IMAGING AT (SUB)-MILLIMETER 

RESOLUTION? 

In this thesis, I have improved the spatial resolution of lithium-7 MRI from 2×2×4 mm3 

(reported by Stout et al.116) to 2×2×3 mm3 (25% smaller), while shortening the measurement 

protocol from 36 hours to 4 hours (3-fold lower expected signal-to-noise ratio [SNR]). This 

was primarily possible due to improved sampling of the k-space, due to the rapid acquisition 

using spiral-encoding. However, 2×2×3 mm3 is still insufficient for an accurate, region-

specific characterization of the in vivo distribution in mice. In this regard, achieving sub-

millimeter or 1-mm isotropic voxels would be ideal. In order to do this, the SNR would need 

to be increased at least 10-fold. I propose that this may be possible using the following three 

improvements. First and foremost, a cryogenic lithium-7 RF coil would improve the SNR 

roughly three-fold. Although this would allow a significant improvement, it is also the most 

expensive solution to improve the SNR. The second improvement would be to switch from 

a spiral-encoding to a radial encoding with a balanced steady-state free precession 

(bSSFP) sequence. The radial-encoding will allow for fast imaging with every acquisition 

passing through the center of the k-space (improving the SNR), which in turn would also 

allow for potential motion correction. Furthermore, the radial bSSFP is less sensitive to 

inhomogeneity artifacts than the Cartesian bSSFP employed in this thesis (standard 

encoding scheme). Finally, one could use more advanced reconstruction methods, such as 

compressed sensing. Used for improving the speed or SNR of an acquisition, compressed 

sensing relies on the data being reconstructed using only parts of the k-space and 

optimizing these chosen points in an iterative manner272. Using this approach, it would be 

possible to (theoretically) improve the SNR about four-fold273. Combining these approaches 

would potentially allow lithium-7 MRI at 1-mm isotropic voxels at therapeutic concentrations. 

Additionally, lithium-6 may be an interesting avenue for understanding the lithium uptake 
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distribution, when combined with hyperpolarization264. However, lithium-6 MRI would 

require both a new RF coil and hyperpolarization equipment, both of which cannot be readily 

(or cheaply) attained.  

7.4 DO LITHIUM ISOTOPES HAVE AN EFFECT ON TREATMENT? 

Finally, I have investigated the treatment with natural lithium, which is predominantly lithium-

7; however, it is known that lithium-6 and lithium-7 have different diffusion properties40. 

Furthermore, experiments on rodents suggest that lithium-6 and lithium-7 may have 

different effects42,274. Leading to lithium-6 being taken up faster41, in higher quantity275, and 

having side effects in a larger percentage of mice43. Further investigation of the equilibrium 

distribution of the two isotopes as well as their brain concentrations at equivalent dose may 

provide insights into whether there is an isotope-specific treatment effect.  

7.5 CONCLUDING REMARKS 

Despite more than 50 years of clinical usage, lithium treatment remains an interesting 

puzzle for science. The third smallest element having a fundamental effect on brain 

structure, diffusion, and metabolism is remarkable. In this thesis, I have attempted to tackle 

the problem of an absence of detectable biomarkers of lithium treatment. In the first half of 

the thesis, I focused on developing novel imaging techniques that allow for the direct 

detection of lithium-7 in the mouse brain. In the process, I developed a cost-efficient, open-

source radiofrequency coil for the detection of lithium-7. The final part of method 

development in this thesis (chapter 4) focused on describing LCModel fitting and developing 

an open-source toolbox for simulating spectra from different species. The developed 

lithium-7 MRI protocol will be used in future studies on genetically modified mice to better 

understand the non-homogeneous lithium equilibrium distribution in the mouse brain. In the 

final two chapters of this thesis, I looked for detectable biomarkers of lithium treatment in 

astrocytes and mice on a lithium-enriched diet. While this thesis does not uncover the 

mechanism of action of lithium, it does provide insights into the distribution in the mouse 

brain as well as associated early metabolic and diffusive changes, which may serve as 

potential biomarkers for lithium treatment. 
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APPENDIX 

SUPPLEMENTARY INFORMATION FOR CHAPTER 2: 

Measuring Lithium wash-out: 

 

Figure S-1: Lithium wash-out after PFA fixation. (a) Localized (green box in b) 7Li spectra of the isolated brain 
in PFA solution were continuously acquired over 74 hours. (b) The normalized area under the curve illustrates 
the lithium wash-out with an inflexion point at 12.7 hours and reaching a steady state after ~27 hours. 

 

Fitting parameters weekly 7Li spectra: 

Table S-1: Fitting parameters of the weekly in vivo 7Li spectra. The fitting parameters of the 7Li spectra of animal 
1 and 2 (group 2) are given for each week of treatment. Due to technical problems, no measurements were 
possible in week 2 of treatment. 

Week 
Animal 1 Animal 2 

AUC 
Chemical 
shift / ppm 

FWHM / 
ppm 

AUC / 
a.u. 

Chemical 
shift / ppm 

FWHM / 
ppm 

1 4.80 0.13 0.58 3.53 0.15 0.52 

2 - - - - - - 

3 4.63 0.08 0.59 4.01 0.09 0.64 

4 4.47 0.10 0.61 3.08 0.12 0.57 

5 3.56 0.07 0.59 3.02 0.14 0.54 

AUC = area under the curve, FWHM = full-width at half-maximum of the fitted Lorentzian 

curve 
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Measuring T1 in vivo: 

 

Figure S-2: Lorentzian fits of the mean 7Li spectra at each TR with the y-axis scaled individually. The 
fitting parameters are given in table S2. The 7Li spectra of the T1 measurement are plotted using the same y-
axis across all repetition times, B. The repetition time increases down the figure.   

 

Table S-2: In vivo T1 measurement of lithium-7. The fitting parameters of the normalized Lorentzian curves. The 
area under the curve has been normalized such that the area at TR = 40000 ms is 1. The full-width half-
maximum was, as expected, larger in the non-localized spectra than in the localized spectra. 

Repetition time / ms 
Normalized area  
under the curve 

Chemical shift / ppm 
Full-width  

half-maximum / ppm 

250 0.03 0.05 0.46 

500 0.08 0.33 0.77 

750 0.12 0.13 1.24 

1000 0.15 0.05 0.66 

2500 0.44 0.08 0.95 

5000 0.64 0.09 1.03 

10000 0.88 0.12 1.00 

20000 0.98 0.09 0.95 

40000 1.00 0.12 0.95 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 4: 
Table S-3: The metabolite concentration for key metabolites in mice, rats, marmosets, macaques, and humans 
are given. The average and standard deviation of the concentration of each metabolite (in mM) is given for each 
species. Metabolites: Ala: alanine; Asp: aspartate; Cr: creatine; -CrCH2: negative creatine peak; GABA: γ-
aminobutyric acid; Glc: glucose; Gln: glutamine; GSH: glutathione; Glu: glutamate; GPC: 
glycerophosphocholine; Ins: myo-inositol; Lac: lactate; NAA: N-acetylaspartate; NAAG: N-
acetylaspartylglutamate; PCh: phosphocholine; PCr: phosphocreatine; Scyllo: scyllo-inositol; Tau: taurine.  

Metabolite Mouse Rat Marmoset Macaque Human 

Ala 0.79±0.25 0.43±0.14 0.41±0.38 0.02±0.03 0.02±0.03 

Asp 3.61±0.50 3.09±0.28 4.18±0.79 1.88±0.65 1.36±0.33 

Cr 8.58±0.53 4.82±1.45 6.59±2.48 3.17±0.49 2.90±0.17 

-CrCH2 3.20±0.50 1.55±0.39 1.78±0.55 0.02±0.05 0.04±0.10 

GABA 1.58±0.18 0.93±0.25 1.17±0.29 1.74±0.50 1.99±0.20 

Glc 8.56±0.92 2.47±0.56 0.80±0.73 1.10±0.68 0.74±0.38 

Gln 4.39±0.51 3.24±0.28 3.96±0.51 2.47±0.51 0.95±0.14 

GSH 0.95±0.19 0.79±0.23 1.30±0.37 2.57±0.24 1.66±0.20 

Glu 8.75±0.56 10.23±0.41 9.98±0.76 10.14±0.78 7.62±0.57 

GPC 1.21±0.20 0.83±0.05 1.00±0.26 1.04±0.25 1.02±0.27 

Ins 2.60±0.64 2.86±0.30 6.55±0.77 6.40±0.47 4.45±0.37 

Lac 0.01±0.02 0.00±0.00 0.03±0.05 0.07±0.12 0.38±0.16 

NAA 8.47±0.52 8.74±0.39 9.25±0.33 8.28±0.51 9.16±0.58 

NAAG 0.17±0.15 0.0±0.0 0.42±0.30 1.04±0.44 1.03±0.21 

PCh 1.23±0.15 0.71±0.15 0.75±0.40 0.09±0.22 0.09±0.21 

PCr 1.67±0.63 1.95±0.59 1.83±0.44 5.51±0.43 3.67±0.34 

Scyllo 0.01±0.01 0.0±0.0 0.18±0.06 0.23±0.06 0.11±0.06 

Tau 9.38±0.41 3.27±0.53 2.62±0.30 0.65±0.13 0.95±0.10 
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Table S-4: One-way ANOVA tests (species) were performed for eight metabolites that differed between the five 
species. Post-hoc testing was performed at a significance of p=0.05 with multiple comparisons corrections 
(n=10). Significant differences are shown in bold. Metabolites: Ins: myo-inositol; tNAA: total N-acetylaspartate; 
Tau: taurine; GPC+PCh: glycerophosphocholine plus phosphocholine; GABA: γ-aminobutyric acid; Glu+Gln: 
glutamate plus glutamine; Glc: glucose; tCr: total creatine. 

Species Ins (F=72.8, p<0.001) tNAA (F=12.2, p<0.001) 

 t-statistic p-value t-statistic p-value 

mouse rat -0.9 1 -0.4 1 
mouse marmoset -9.7  <0.0001 -3.9 0.002 

mouse macaque -11.7  <0.0001 -3.3 0.01 
mouse human -6.1 0.0001 -5 0.0003 

rat marmoset -11  <0.0001 -3.7 0.003 

rat macaque -15.4  <0.0001 -3 0.01 
rat human -8.1  <0.0001 -4.8 0.0004 

marmoset macaque 0.4 1 1.5 1 
marmoset human 6 0.0001 -1.6 1 
macaque human 7.9  <0.0001 -3.1 0.01 

 
Tau (F=661.7, p<0.001) GPC + PCh (F=119.8, p<0.001) 

t-statistic p-value t-statistic p-value 

mouse rat 22.3  <0.0001 13.3  <0.0001 

mouse marmoset 32.7  <0.0001 7.8  <0.0001 

mouse macaque 50.1  <0.0001 21.5  <0.0001 

mouse human 49.4  <0.0001 20.8  <0.0001 

rat marmoset 2.6 0.02 -2.6 0.02 
rat macaque 11.7  <0.0001 7.2  <0.0001 

rat human 10.5  <0.0001 7.1  <0.0001 

marmoset macaque 14.7  <0.0001 7.8  <0.0001 

marmoset human 12.9  <0.0001 7.8  <0.0001 

macaque human -4.6 0.0006 0.3 1 

 
GABA (F=11.9, p<0.001) Glu + Gln (F=44.3, p<0.001) 

t-statistic p-value t-statistic p-value 

mouse rat 5.2 0.0002 -1.2 1 
mouse marmoset 3 0.01 -1.8 0.09 
mouse macaque -0.8 1 1 1 
mouse human -3.8 0.003 13.6  <0.0001 

rat marmoset -1.5 1 -1.1 1 
rat macaque -3.6 0.004 1.7 1 
rat human -8.2  <0.0001 15.1  <0.0001 

marmoset macaque -2.4 0.03 2.2 0.05 
marmoset human -5.8 0.0001 11.5  <0.0001 

macaque human -1.1 1 7.4  <0.0001 

 
Glc (F=144.5, p<0.001) tCr (F=109.3, p<0.001) 

t-statistic p-value t-statistic p-value 

mouse rat 13.8  <0.0001 8.9  <0.0001 

mouse marmoset 16.2  <0.0001 1.1 1 
mouse macaque 16  <0.0001 7.1  <0.0001 

mouse human 19.2  <0.0001 16.2  <0.0001 

rat marmoset 4.4 0.0008 -9.5  <0.0001 

rat macaque 3.8 0.003 -2.1 0.05 
rat human 6.2  <0.0001 9.4  <0.0001 

marmoset macaque -0.8 1 7.4  <0.0001 

marmoset human 0.2 1 18.5  <0.0001 

macaque human 1.1 1 11.4   <0.0001 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 5: 

ANOVA analysis results are shown for the nine metabolites discussed in chapter 5. Post-

hoc testing was performed on all spectra within each group and multiple comparisons 

corrected for number of tests, n=6. 

Ethanol (F(3,25)=2.4, p=0.09) 

Medium t-statistic p-value 

Normal Mg -5.2 <0.0001 

Normal Low Li -10.1 <0.0001 

Normal High Li -4.5 0.0001 

Mg Low Li -5.6 <0.0001 

Mg High Li -3.0 0.02 

Low Li High Li -1.2 1 

 

Myo-inositol (F(3,25)=3.1, p=0.04) 

Medium t-statistic p-value 

Normal Mg 1.8 0.45 

Normal Low Li 4.4 0.0002 

Normal High Li -0.02 1 

Mg Low Li 4.6 <0.0001 

Mg High Li -1.9 0.38 

Low Li High Li -4.6 0.0001 

 

Glycine (F(3,25)=5.2, p=0.007) 

Medium t-statistic p-value 

Normal Mg -4.9 <0.0001 

Normal Low Li -4.2 0.0003 

Normal High Li -7.3 <0.0001 

Mg Low Li 0.4 1 

Mg High Li -2.6 0.06 

Low Li High Li -2.8 0.04 

 

Phosphocreatine (F(3,25)=8.3, p=0.0005) 

Medium t-statistic p-value 

Normal Mg 1.0 1 

Normal Low Li 5.6 <0.0001 

Normal High Li -2.7 0.06 

Mg Low Li 5.0 <0.0001 

Mg High Li -3.8 0.002 

Low Li High Li -8.2 <0.0001 
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Glutamate (F(3,25)=6.1, p=0.003) 

Medium t-statistic p-value 

Normal Mg 0.5 1 

Normal Low Li 7.1 <0.0001 

Normal High Li -4.0 0.0006 

Mg Low Li 7.3 <0.0001 

Mg High Li -4.3 0.0003 

Low Li High Li -8.2 <0.0001 

 

Glutamine (F(3,25)=1.7, p=0.20) 

Medium t-statistic p-value 

Normal Mg 2.6 0.07 

Normal Low Li 2.7 0.04 

Normal High Li 6.0 <0.001 

Mg Low Li 1.0 1 

Mg High Li 3.2  0.01 

Low Li High Li 1.0 1 

 

Glutamate + Glutamine (F(3,25)=4.6, p=0.01) 

Medium t-statistic p-value 

Normal Mg 3.0 0.02 

Normal Low Li 7.3 <0.0001 

Normal High Li -0.4 1 

Mg Low Li 5.1 <0.0001 

Mg High Li -2.5 0.09 

Low Li High Li -5.6 <0.0001 

 

Lactate (F(3,25)=1.6, p=0.21) 

Medium t-statistic p-value 

Normal Mg 0.7 1 

Normal Low Li 1.3 1 

Normal High Li -4.3 0.0003 

Mg Low Li 0.8 1 

Mg High Li -5.3 <0.0001 

Low Li High Li -4.4 0.0002 
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Glucose (F(3,25)=3.3, p=0.04) 

Medium t-statistic p-value 

Normal Mg -2.9 0.02 

Normal Low Li 0.6 1 

Normal High Li -5.4 <0.0001 

Mg Low Li 4.2 0.0004 

Mg High Li -3.5 0.005 

Low Li High Li -6.9 <0.0001 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 6: 

 

Figure S-3: Hippocampal (Glu+GABA)/Gln decreased in mice on a high lithium diet. Decreased 

(Glu+GABA)/Gln may be interpreted as an indication of higher astrocyte activity or a change in cell population.  
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