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Summary 
 

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disorder that affects 

motor neurons in the brain, brainstem and the spinal cord.  ALS is characterized by gradually weakening 

of muscles due to muscle-size decrease, which results in difficulties in limb movement, verbal 

fluency, swallowing, and eventually breathing. ALS leads to death in 2-3 years after diagnosis in about 

50 % of patients, largely due to respiratory failure. Riluzole is the only currently approved drug for ALS 

patients in the United States and in Europe, with mild/moderate therapeutic effects seen in some 

patients.  The diagnosis of ALS is currently based on clinical features and the exclusion of other diseases 

with similar symptoms. Several imaging techniques, including magnetic resonance (MR) modalities have 

also been used for diagnosis with varying success. 

In this doctoral thesis, we mainly evaluated the diagnostic application of proton magnetic resonance 

spectroscopy (1H-MRS) in the assessment of ALS in clinical and preclinical settings. Since ALS is the most 

common adult-onset motor neuron disease, we also examined the impact of age-related 

neurometaboliic changes on motor performance in a cohort of healthy individuals. In addition, we 

report the results of a methodological study conducted to quantify the neurotransmitters GABA and 

glutamate-glutamine with edited/unedited MR spectroscopy sequences (MEGA-PRESS) using three 

different spectral fitting methods.  

In the age-related MRS study, we have focused specifically on the neurometabolic integrity of the left 

motor cortex and the occipital lobe, as both regions are thought to be principal nodes of the 

sensorimotor network underlying bimanual movement. The primary results of this study are that levels 

of multiple neurometabolites in both regions of the healthy human brain decreased significantly with 

age and that age-related declines in bimanual performance are related to low N-acetyl aspartate (NAA, 

neuronal marker) levels in the left motor cortex. Our findings suggest that the neurometabolites NAA 

and myo inositol could serve as biomarkers to assess the integrity of motor networks supporting motor 

control in general and bimanual coordination in particular.  

In the clinical ALS study, we utilized conventional and advanced-edited MRS sequences to detect the 

neurometabolic profiles in patients. Moreover, we examined the relationships between motor cortex 

neurometabolite concentrations and clinical parameters, including ALS Functional Rating Scale-Revised 

(ALSFRS-R) score and Forced Vital Capacity (FVC). We showed significant changes in multiple 

neurometabolites in the motor cortex of ALS patients. Also, we observed that NAA levels in the bulbar-

onset patients were significantly lower compared to the limb-onset patients. Changes in myo-inositol 

and glutamate-glutamine correlated with ALSFR-R score and FVC. Glutathione levels measured in ALS 

patients, for the first time using the novel edited MRS sequence HERMES showed a decreasing trend 

compared to healthy controls.  

In an MRS methodological study, we compared and validated three currently available spectral fitting 

methods to assess the in vivo concentration of GABA and Glx (glutamate + glutamine) derived from 

edited MEGA-PRESS and unedited spectra. We have assessed the inter-subject variability in 

neurotransmitter levels arising from age effects, finding a good agreement between GABA values 
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determined by the different spectral fitting methods. Our initial results suggest that conventional MRS 

sequence with an echo time of 68ms may be used to measure GABA levels accurately in the absence of 

advanced MRS sequences.  

Next, we investigated age-dependent effects of disease onset and progression on regional 

neurochemistry in the transgenic SOD1G93A ALS mouse model using 1H-MRS. We focused mainly 

on the brainstem region, since brainstem motor nuclei are severely affected regions in 

SOD1G93A mice and ALS patients. In addition, a proof-of-concept (PoC) study was conducted to 

assess the effects of coconut oil supplementation on onset and progression of the disease in 

SODG93A mice. In the brainstem region, we discovered a gradual decrease in creatine levels 

starting from a pre-symptomatic age. At later time points, alterations in the form of decreased 

NAA, glutamate, glutamine and increased myo-inositol were observed in the motor cortex. The 

PoC revealed that the coconut oil supplementation of the regular diet delayed disease 

symptoms, enhanced motor performance, and prolonged survival in the SOD1G93A mouse 

model. Furthermore, we confirm that 1H-MRS has the potential to be a used as a diagnostic and 

a therapy monitoring tool in the SOD1G93A ALS mouse model. 

 

In the following preclinical study, we characterized for the first time the hTDP-43A315T ALS mouse model 

using in vivo PET-MR imaging modalities and histology. Results from the study reveals several important 

neurochemical and neuropathological alterations in the hTDP-43A315T ALS mouse model. PET data 

showed significant changes in glucose metabolism in the motor and somatosensory cortices and 

multiparametric (mp) MRI data revealed significant alterations in neurometabolic composition and 

transient diffusion property changes in various motor regions of the brain in hTDP-43A315T mice. In 

addition, we were able to show, previously unreported nuclear clearance of TDP-43 and cytoplasmic 

TDP-43 proteinaceous inclusions present in the brains of symptomatic, late stage hTDP-43A315T mice. 

This finding is particularly important since it follows the changes detected by PET imaging, suggesting 

the potential diagnostic applications. We conclude that multimodal imaging modalities such as PET and 

MR form a powerful tool for longitudinal non-invasive follow-up of disease progression in preclinical 

animal models.  

 

 

 

  



Samenvatting 
 

Amyotrofische laterale sclerose (ALS) is een snel vorderende neurodegeneratieve aandoening die de 

motorneuronen in de hersenen, de hersenstam en het ruggenmerg aantast. ALS wordt gekarakteriseerd 

door het geleidelijk verzwakken van de spieren door het afnemen van de spiergrootte, wat resulteert in 

moeilijkheden bij het bewegen van de ledematen, het spreken, het slikken, en uiteindelijk ook bij het 

ademhalen. 50% van de patiënten sterft binnen de 2-3 jaar na diagnose, voornamelijk door respiratoir 

falen. Riluzole is momenteel de enige goedgekeurde medicatie voor ALS patiënten in de Verenigde 

Staten en in Europa, waarbij bij sommige patiënten lichte/gematigde therapeutische effecten 

waargenomen worden. De diagnose van ALS wordt momenteel gesteld op basis van klinische 

karakteristieken en de uitsluiting van andere ziekten met gelijkaardige symptomen. Ook verschillende 

beeldvormingstechnieken, inclusief magnetische resonantie (MR) technieken zijn gebruikt voor 

diagnose, met wisselend succes. 

In deze doctoraatsthesis hebben we voornamelijk de diagnostische toepassing van proton magnetische 

resonantie spectroscopie (1H-MRS) geëvalueerd bij de studie van ALS in een klinisch en preklinisch 

kader. Aangezien ALS de meest voorkomende motorneuron aandoening is waarbij de eerste 

symptomen opduiken op volwassen leeftijd, hebben we ook de invloed van leeftijdsgerelateerde 

neurometabolische veranderingen op de motorische prestaties onderzocht in een groep van gezonde 

individuen. Bovendien rapporteren we ook de resultaten van een methodologische studie die 

uitgevoerd werd om de neurotransmitters GABA en glutamaat-glutamine te kwantificeren met behulp 

van bewerkte/onbewerkte MR spectroscopie sequenties (MEGA-PRESS), waarbij we gebruik maken van 

drie verschillende spectrale fitting methodes. 

In de leeftijdsgerelateerde MRS-studie hebben we voornamelijk gefocust op de neurometabole 

integriteit van de linker motorcortex en de occipitale hersenkwab. Van beide regio’s wordt gedacht dat 

ze de principale knooppunten zijn van het sensomotorische netwerk dat de bimanuele beweging 

onderligt. Het primaire resultaat van deze studie is dat de niveaus van de verschillende 

neurometabolieten in beide regio’s van het gezonde menselijke brein significant dalen met leeftijd. 

Verder zien we ook dat leeftijdsafhankelijke daling in de bimanuele prestaties verbonden is aan lage N-

acetylaspartaat (NAA, een neuronale marker) waarden in de linker motorcortex. Onze resultaten 

suggereren dat de neurometabolieten NAA en myo-inositol gebruikt zouden kunnen worden als 

biomerkers voor het bestuderen van de integriteit van motorische netwerken die de motorische 

controle in het algemeen en de bimanuele coördinatie specifiek ondersteunen. 

In de klinische ALS studie gebruikten we conventionele en geavanceerde, bewerkte MRS sequenties om 

het neurometabole profiel van patiënten te detecteren. Verder bestudeerden we het verband tussen 

de neurometabole concentraties in de motorcortex en klinische parameters, zoals de ‘ALS Functional 

Rating Scale-Revised (ALSFRS-R)’ score en de geforceerde vitale capaciteit (FVC, forced vital capacity). 

We toonden aan dat er significante veranderingen zijn in verschillende neurometabolieten in de 

motorcortex van ALS patiënten. Bovendien observeerden we ook dat de NAA niveaus in de patiënten 

met een bulbaire vorm van ALS significant lager waren dan in patiënten met een ledemaat-type ALS. 

Veranderingen in myo-inositol en glutamaat-glutamine correleerden met de ALSFR-R score en FVC. 
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Glutathion niveaus werden voor de eerste maal gemeten in ALS patiënten met de nieuwe, bewerkte 

MRS sequentie HERMES. Er werd een dalende trend waargenomen in vergelijking met gezonde 

controles. 

In een methodologische MRS studie vergeleken en valideerden we de drie momenteel beschikbare 

spectrale fitting methoden om de in vivo concentraties van GABA en Glx (glutamaat + glutamine) te 

bestuderen, afgeleid van bewerkte MEGA-PRESS en onbewerkte spectra. We bestuurden de 

intersubject variabiliteit op niveau van neurotransmitters voortkomend uit leeftijdsgebonden effecten. 

Hierbij vonden we een goede overeenkomst tussen de GABA waarden die we bepaald hadden met 

behulp van de verschillende spectrale fitting methoden. Onze initiële resultaten suggereren dat een 

conventionele MRS sequentie met een echotijd van 68 ms kan gebruikt worden om GABA niveaus 

accuraat te meten indien er geen meer geavanceerde MRS methoden beschikbaar zijn. 

Voorts bestudeerden we de leeftijdsgerelateerde effecten van ziekteaanvang en progressie op regionale 

neurochemie in het transgene SOD1G93A ALS muismodel met behulp van 1H-MRS. We hebben 

voornamelijk gefocust op de hersenstamregio, aangezien voornamelijk de motornuclei in de 

hersenstam worden aangetast in deze muizen en bij ALS patiënten. Verder hebben we een proof-of-

concept (PoC) studie uitgevoerd om de effecten van kokosnootoliesupplementen op de aanvang en 

progressie van de ziekte in SOD1G93A muizen te bestuderen. In de hersenstam ontdekten we een 

graduele daling in creatine niveaus beginnende van een presymptomatische leeftijd. Op latere 

tijdspunten werden ook dalingen in NAA, glutamaat, glutamine en een stijging in myo-inositol 

waargenomen in de motorcortex. De PoC toonde aan dat een toevoeging van kokosnootolie aan het 

traditionele dieet de ziektesymptomen uitstelde, motorische prestaties verbeterde en de SOD1G93A 

muizen langer leefden. Bovendien bevestigden we dat 1H-MRS het potentieel heeft om gebruikt te 

worden als diagnostische en therapeutische monitoringstool in het SOD1G93A ALS muismodel. 

In de volgende preklinische studie hebben we voor het eerst het hTDP-43A315T ALS muismodel 

gekarakteriseerd met behulp van in vivo PET-MR beeldvorming en histologie. De resultaten van deze 

studie tonen aan dat er verschillende belangrijke neurochemische en neuropathologische 

veranderingen aanwezig zijn in dit muismodel. De PET data tonen aan dat er significante veranderingen 

zijn in het glucose metabolisme in de motor- en somatosensorische cortex. Multiparametrische (mp) 

MRI bracht significante veranderingen aan het licht in de neurometabolische samenstellingen en de 

transiënte diffusie eigenschappen in verschillende motorregio’s in het brein van hTDP-43A315T muizen. 

Verder hebben we voor het eerst aangetoond dat er nucleaire klaring is van TDP-43 en cytoplasmatische 

TDP-43 proteïne-achtige inclusies in de hersenen van symptomatische, laat-stadium hTDP-43A315T 

muizen. Aangezien deze bevindingen in lijn zijn met de veranderingen gedetecteerd door PET- 

beeldvorming, suggereren ze een mogelijke diagnostische toepassing. We besluiten dat multimodale 

beeldvormingsmodaliteiten zoals PET en MRI een krachtig middel vormen om ziekteprogressie 

longitudinaal en niet-invasief op te volgen in preklinische diermodellen
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18F fluorine-18 
1H proton 

AD  axial diffusivity 

ADP adenosine diphosphate  

ALS amyotrophic Lateral sclerosis 

ALSFRS-R    ALS Functional Rating Scale-Revised 

ASL arterial spin labeling  

ATP adenosine triphosphate  

B0  external magnetic field 

BCT bimanual coordination task  

CBF cerebral blood flow 

CCW counter clockwise 

CW clockwise 

Cho  choline 

Cr creatine 

CSF  cerebrospinal fluid 

DMN default mode network  

DWI diffusion weighted imaging 

ES end stage  

FA  fractional anisotropy  

FDG flouro-deoxyglucose  

FID free induction decay  

FOV field of view 

FTLD frontotemporal lobar dementia  

FVC forced vital capacity 

GABA γ-aminobutyric acid  

Gln glutamine 

Glu glutamate 

Glx glutamate+glutamine  

GM gray matter 

GSH glutathione 

Hb hind brain 

HC healthy control 

Hz hertz  

J coupling constant 

MD  mean diffusivity  

mIns myo inositol 

MM  macromolecules 

MO middle old 

MoCA  montreal cognitive assessment  

mPFC medial prefrontal cortex 

MR  magnetic resonance 

MRI magnetic resonance imaging 

MRS magnetic resonance spectroscopy 

Mx motor cortex 

MY middle young 

NA number of averages 

NAA n-acetyl-aspartate 

NMR nuclear magnetic resonance 

OA old adults 

OCC occipital cortex 

PET positron emission tomography 

ppm parts per million 

PPT purdue pegboard task  

PRESS point resolved spectroscopy  

PWI perfusion weighted imaging 

RCT randomized clinical trials 

RD radial diffusivity 

RF  radio-frequency  

SM1 sensorimotor cortex  

SNR signal-to-noise ratio  

SOD superoxide dismutase 

STEAM stimulated echo acquisition mode 

SUV standard uptake values  

T1 longitudinal relaxation time 

T2 transversal relaxation time 

TDP TAR DNA binding protein  

TE  echo time 

TMS transcranial magnetic stimulation 

TR Repetition time 

VOI volume of interest 

WM white matter 

WT  wild type 

YA young adults 

γ  gyromagnetic ratio  

δ chemical shift 

 

  

https://en.wikipedia.org/wiki/Positron_emission_tomography
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1. | General Introduction 
 

 

Understanding of normal aging and neurodegeneration is important in today’s world because of the 

heavy personal and economic impact of neurodegenerative diseases. It is well known that the elderly 

population is dramatically increasing worldwide and the societal and financial burden due to 

neurodegenerative diseases is equally increasing. On the other hand life expectancy is also increasing 

for both males and females likely due to improved sanitation, education, housing and technology based 

advances in medical care (Denney et al., 2013). It is estimated that around 23 million people worldwide 

are affected by neurodegenerative diseases (Mayeux et al., 2012). The World Health Organization 

(WHO) predicts that by the year 2040, as developed countries' populations get older, 

neurodegenerative diseases such as dementia spectrum disorder (Alzheimer’s disease etc.,) as well as 

disorders that affect primarily motor functions such as Parkinson's disease and amyotrophic lateral 

sclerosis (ALS), will surpass cancer to become the second leading cause of death after cardiovascular 

disease (Gammon 2014). In this regard, the use of non-invasive medical imaging modalities have 

become a key tool in diagnosing neurodegenerative diseases. Recent advances in magnetic resonance 

imaging (MRI) have tremendous and unique potential to have significant impact on health care, 

especially since diagnostic tools for neurological disorders have been severely scarce. Furthermore, the 

interest in developing pharmacological agents for neurodegenerative diseases has been exponentially 

increasing in the recent years. The overall neurodegenerative drug market alone is currently growing at 

about 12.0% a year (Atlas, 2009). In 2005, the global drug market for neurodegenerative disorders was 

valued at $14.5 billion, and by the year 2022 it is predicted to hit $45 billion (Atlas, 2009). It is quite 

obvious that multi-parametric MR methods will be highly valuable in assessing, guiding and further 

developing new treatments. 

 

Neuroimaging refers to the use of techniques to non-invasively visualize the structure, chemistry and 

the function of the nervous system without surgery, incisions or other invasive methods. Mainly because 

of the non-invasive nature of these techniques neuroimaging has become a powerful tool for medical 

diagnosis, therapy assessment and basic research.  

 

 

1.1 Neuroimaging: Background and Theory 
 

The earliest account of non-invasively acquired information on brain activity dates back to 1882, where 

the Italian neuroscientist Angelo Mosso invented a non-invasive neuroimaging technique by attempting 

to measure the redistribution of cerebral blood flow (Sandrone et al., 2013). Then in 1918, Walter 

Dandy, an American surgeon presented a techniques of ventriculography and pneumoencephalography 

(Hoeffner et al., 2012). The former technique was used to image the brains ventricular system by 

injecting filtered air into lateral ventricles and the latter was used to image the cerebrospinal fluid (CSF) 

compartments around the base of the brain. A decade later, the Portuguese neurologist, Egas Moniz 

invented a cerebral angiography technique, where blood vessels in and around the brain could be 

visualized with high precision (Artico et al., 2017). The modern era of neuroimaging began with the 

invention of the computed tomography (CT) which is a noninvasive technique that uses specialized X-

https://en.wikipedia.org/wiki/Angelo_Mosso
https://en.wikipedia.org/wiki/Computerized_axial_tomography
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ray based equipment to produce cross-sectional images of the body that could be used for diagnostic 

and therapy assessment purposes. (Haaga, 1988). Soon after the introduction of CT, the development 

of radioligands enabled the single photon emission computed tomography (SPECT) and positron 

emission tomography (PET) of the brain to visualize and measure metabolic and physiological processes 

(Hutton, 2014). More or less at the same time, magnetic resonance imaging (MRI) was developed by 

the British physicist Peter Mansfield and the American chemist Paul Lauterbur, who were awarded 

the Nobel Prize for Physiology or Medicine in 2003. In the early 1980s, MRI was introduced to the clinic. 

Since then many improvements took place in the field of MR so that MRI became an indispensable 

diagnostic tool in medicine, in particular for diagnosing diseases of the brain (Edelman, 2014). Figure 1.1 

depicts past and modern neuroimaging modalities.    

 

 

 

 

Figure 1.1: (A) Angelo Mosso's "human circulation balance" machine worked like a seesaw to measure blood flow 

changes to the brain (source: Sandrone et al., 2014, Brain). (B) A pneumoencephalogram taken by Walter Dandy 

in 1919. (C) Angiogram obtained using Egas Moniz’s cerebral angiography technique, demonstrating a large 

temporal mass lesion (source: Antunes, 1974, Neurosurg). (D) 11C-RAC-PET scan of a healthy brain (source: 

Antonini, 1998, Ann Neurol). (E) SPECT brain image showing neuronal function (source: Uszler, 2017). (F) CT scan 

of a normal brain (source: Haaga, 1988). 

 

 

1.1.1 Magnetic Resonance 

 

Magnetic resonance imaging techniques were initially used to study the human brain anatomy. MRI 

offers excellent soft tissue contrast where high resolution anatomical information can be obtained. The 

basic principle of MRI is to first place the subject inside a homogenous field of magnetic field (measured 

in Tesla units) of the MRI scanner. When a subject is exposed to such an external magnetic field (B0), 

previously randomly oriented magnetic moment of protons (e.g. as part of the hydrogen nuclei) change 

their orientation preferably parallel to this external magnetic field. This new orientation of protons 

https://en.wikipedia.org/wiki/Radioligand
https://en.wikipedia.org/wiki/Single_photon_emission_computed_tomography
https://en.wikipedia.org/wiki/Positron_emission_tomography
https://en.wikipedia.org/wiki/Positron_emission_tomography
https://en.wikipedia.org/wiki/Magnetic_resonance_imaging
https://en.wikipedia.org/wiki/Peter_Mansfield
https://en.wikipedia.org/wiki/Paul_Lauterbur
https://en.wikipedia.org/wiki/Nobel_Prize_for_Physiology_or_Medicine
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creates a magnetic vector in the direction of the external magnetic field, thus making the subject a 

magnet himself. This magnetic vector can now be manipulated by high-frequency radio-frequency (RF) 

pulses which are set to pass through the subject, and hereby disturbing the thermal equilibrium, 

resulting in the orientation changes of the net magnetic magnetization. After turning off these RF pulses, 

the protons precess (spinning positive charges) in a plane perpendicular to the magnetic field and then 

recoil towards the original orientation (returning to theramal equilibrium). This precession of protons 

creates a magnetic field which then could be measured by specific detectors surrounding the subject 

(body coils, head coils etc.). Hereby, a current is induced in the RF detectors. By measuring these signals 

the MR system can then reconstruct the images, reflecting the distribution of the protons and their 

magnetic properties (e. g. relaxation properties). In addition to the static magnetic field, magnetic field 

gradients are applied. Due to the field dependency of the precession frequency, these magnetic field 

gradients are used for the spatial encoding of the origin of the spins. The result of these processes is a 

high-resolution image of the subject with spatial resolutions ranging from about 0.5 mm3 to 3 mm3 

(about 100 µm or below for mouse brain). This process is described in detail in section 1.1.1.4. While 

the early MRI scanners made use of magnetic fields ranging from 0.05 to 0.1 Tesla, current human MRI 

scanners use 1.5-3 or even to 7 Tesla. Moreover, today’s preclinical micro-MR field strengths can range 

from small-bore animal systems with typically 9.4 to 21 Tesla. 

 

 

1.1.1.1 Nuclear Magnetic Resonance:  NMR and MRI 

 

This discovery of nuclear magnetic resonance (NMR) phenomena led to the development of two 

technologies that revolutionized modern science and medicine and influenced many other areas: MRI 

and NMR spectroscopy. The basic principle of MRI and NMR spectroscopy is the same. The only 

difference is that in MRI, frequency differences are used for spatial encoding and in NMR spectroscopy, 

they are used for ‘chemical’ encoding. NMR spectroscopy has become an important tool used in 

chemistry and physics for analyzing the chemical composition and properties of matter. As mentioned 

before MRI is a tool used to non-invasively visualize the structure and function of organs and tissues. 

For clinical applications of NMR spectroscopy, the term MRS is frequently used. 

 

1.1.1.2 Multi-parametric MRI 

 

Since its early medical application about 40 years ago, magnetic resonance imaging has revolutionized 

neuroimaging providing high-resolution images non-invasively, with high soft tissue contrast and 

without the use of ionizing radiation. Although conventional MRI is able to generate only anatomical 

information, advances in the MR techniques have made it possible to provide insight into tissue 

microstructure, microvasculature, metabolism, function and connectivity (Tsougos 2018). These more 

advanced MRI techniques, including diffusion weighted and diffusion tensor imaging (DWI/DTI), 

magnetic resonance spectroscopy (MRS), functional MRI (fMRI) and perfusion imaging are used for 

investigation of neurodegeneration in routine diagnosing and research environments. DWI/DTI 

techniques measure the integrity but also the connectivity of tissue using readouts such as apparent 

“Nikola Tesla first discovered the rotating magnetic field, the phenomenon that made magnetic resonance imaging 

possible, in Budapest, Hungary in 1882. Seventy-four years later scientists commemorated his discovery by naming 

the Tesla Unit as the official measure of the strength of a magnetic field.” 
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diffusion coefficient (ADC), fractional anisotropy (FA) and mean diffusivity (MD) (Chilla et al., 2015). MRS 

is a noninvasive technique allowing the detection of the chemical composition/metabolites in target 

tissues (Tognarelli et al., 2015). Cerebral perfusion and vascularization is also commonly measured in 

studies of neurodegeneration, including MRI methods like magnetic resonance angiography (MRA) 

(Schneider) 2005) using either dynamic susceptibility contrast-enhanced (DSC/DCE) MRI or arterial spin 

labeling (ASL) MRI. In the last two decades, brain function with or without stimulation (resting state, rs-

fMRI) has been assessed using either blood oxygenation level dependent (BOLD) MRI or perfusion based 

MRI methods (Lv et al., 2018). 

 

 

1.1.1.3 Preclinical MRI 

 

Preclinical animal models provide valuable contribution to improving our understanding of human 

pathologies, ranging from insights into the systemic and molecular basis of a disorder to the 

development of novel therapeutic approaches. . MRI is a useful imaging modality for the evaluation of 

animal models since it provides good spatial resolution without the need for using ionizing radiation. 

Due to its excellent soft tissue contrast and high resolution, MRI is used to distinguish normal and 

pathological tissue. Such In vivo evaluations exclude the necessity to sacrifice the animal and allows 

collection of longitudinal data. In addition, due to the possibility of performing repeated intraindividual 

measurements, the number of experimental groups can also be reduced. A Representative human and 

mouse brains and respective MR images are depicted in Figure 1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: (A) Top: The human brain, bottom: Axial MR image of a human brain. (B) Top: mouse brain, bottom: 

Coronal image of a mouse brain. Figures are not to scale. Source: (brain images: Yáñez et al., 2005). 
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1.1.1.4 MR physics  

 

Atoms constitute of negatively charged electrons and a nuclei containing neutrons and positively 

charged protons. In NMR, magnetic properties of the nucleus, specifically the rotation (spinning) of the 

positively charged protons is used for generating a measurable response. This “spinning” of positively 

charged protons around its own axis creates an electric current that induces a small magnetic field. In 

the absence of an external magnetic field, these protons “spin” in random directions, not generating a 

measurable response (Figure 1.3). However, when placed in an external magnetic field (𝐁0
⃗⃗ ⃗⃗  ) the 

individual magnetic moments of the individual protons align parallel or anti-parallel to this field, and 

each spin rotates within a cone around (𝐁0
⃗⃗ ⃗⃗  ), which is called precession.   

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Random directions of spins in the absence of an external magnetic field (left) and aligned spins in the 

presence of an external magnetic field 𝐁0
⃗⃗ ⃗⃗   (right).  

 

Larmor frequency and population difference between orientations 

 

How fast the protons precess can be measured as precessional frequency. This precessional frequency, 

called the Larmor frequency is not constant and depends on the external magnetic field strength 𝐁0
⃗⃗ ⃗⃗  . 

The Larmor frequency is calculated by: 

 

                                     𝜔0 =  𝛾 𝐁0
⃗⃗ ⃗⃗    (2.1) 

 

where γ is the gyromagnetic ratio which is specific to each nucleus, for instance Hydrogen has a 

gyromagnetic ratio γ = 42.57 MHz/T.  

 

It is more convenient to replace the individual spin by a single magnetization vector representing the 

spins of all the protons. The resulting net magnetization �⃗⃗�  is the sum of all the spins. In the absence of 

an external magnetic field, making the assumption of a uniform distribution of the spin orientations 

(random directions) in a given volume of interest, we end up with �⃗⃗� = 0 (spins cancel each other out). 

However, under the influence of an external magnetic field 𝐁0
⃗⃗ ⃗⃗  , spins get aligned in the direction of that 

field and induce a magnetic vector (force) parallel to 𝐁0
⃗⃗ ⃗⃗   at equilibrium (Figure 1.4). By the laws of 

thermodynamics, the number of spins following the parallel orientation induced by 𝐁0
⃗⃗ ⃗⃗   (low energy 

“Protons exposed to an external magnetic field,  𝐁𝟎
⃗⃗ ⃗⃗   = 3T, will have a precessional frequency of 127.74 MHz, which 

means that the protons will precess 128 million times per second at 3T.” 
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state, called spin-up) slightly outnumbers the amount of spins anti-parallel to 𝐁0
⃗⃗ ⃗⃗    (high energy state, 

called spin-down). The difference is small and determined by a Boltzmann distribution: 

 

𝑁𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
= 𝑒−

Δ𝐸𝑩0
𝑘𝑇 2.2 

 

 

where Nantiparallel and Nparallel are respectively the number of spins in the high and low energy states, 

ΔE is the energy difference between the two states, k is the Boltzmann constant and T the temperature 

in Kelvin. Now the new net magnetization vector resulting from 𝐁0
⃗⃗ ⃗⃗  , becomes �⃗⃗� > 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4:  Smaller red arrows depict the precessing protons around the external magnetic field B0 (z-axis). Larger 

orange arrow depict the magnetic vector created by the precessing protons. Source: Figure adapted from MRI 

made easy (p. 12, 13), by H.H.Schild, 1990, Berlin: Nationales Druckhaus. Copyright 1990 by Schering AG. (Schild 

1990). 

 

 

 

The new net magnetization �⃗⃗�  can be decomposed into two components (Figure 1.4): 

 

 • A longitudinal component 𝑀𝑧
⃗⃗⃗⃗  ⃗, i.e. parallel to 𝐁0

⃗⃗ ⃗⃗   

 • A transverse component 𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗  ⃗, orthogonal to 𝐁0

⃗⃗ ⃗⃗   

 

At equilibrium, after an adequate exposure time to 𝐁0
⃗⃗ ⃗⃗  , the transverse component becomes,     𝑀𝑥𝑦

⃗⃗⃗⃗ ⃗⃗⃗⃗ = 0 

and the longitudinal component  𝑀𝑧
⃗⃗⃗⃗  ⃗ = �⃗⃗� . A subject inside an MRI scanner becomes a magnet himself 

due to this new net magnetization 𝑀𝑧
⃗⃗⃗⃗  ⃗ = �⃗⃗� . In MR, it is this new magnetic vector  �⃗⃗�  that is used to 

“In the case of 1H, at room temperature (296.15K), and for a magnetic field of 3T, there is a difference of 10 protons 

in favor of low energy protons among a total of 1 million protons. These excess protons give rise to the new 

magnetization vector �⃗⃗⃗� .” 



 

 

7 

 

acquire a signal. However, �⃗⃗�  cannot be measured directly as it is in the same direction, parallel to 𝐁0
⃗⃗ ⃗⃗  . 

For this the transversal component 𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗  ⃗, is necessary, so we “excite” the protons.  

 

Excitation  

 

By applying a short burst of RF pulse into the patient inside the scanner, we can perturb the difference 

in the number of protons between the two energy states. However, not any RF pulse perturbs the 

alignment of the protons. For this, RF pulse with the Larmor frequency is used.  

 

 

The application of an RF pulse has two effects on the protons (Figure 1.5):  

 

 It boosts some protons to a higher energy state. This results in the decrease of 𝑀𝑧
⃗⃗⃗⃗  ⃗ 

(longitudinal magnetization). Depending on the RF pulse (duration, flip angle [α] 90° or 180° 

etc.) longitudinal magnetization may become, 𝑀𝑧
⃗⃗⃗⃗  ⃗ = 0. 

 It causes the protons to precess in step (in-phase). This establishes a new magnetization 

vector 𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗  ⃗ (transversal magnetization) in the xy plane. 

 

 

Figure 1.5: (Left) RF-pulse is applied to spin system created by 𝐁0
⃗⃗ ⃗⃗  .  (Middle) An RF-pulse lifts some spins into higher 

energy state (red arrows pointing down) and causes all spins to precess in-phase (red arrows congregate). Note 

the appearance of the transversal magnetization(𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗) and the decreasing longitudinal magnetization (𝑀𝑧

⃗⃗⃗⃗  ⃗). (Right) 

Depending on the RF-pulse, 𝑀𝑧
⃗⃗⃗⃗  ⃗ can even completely disappear. Source: Figure adapted from MRI made easy (p. 

21, 23), by H.H.Schild, 1990, Berlin: Nationales Druckhaus. Copyright 1990 by Schering AG. (Schild 1990). 

The new transversal magnetization 𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗  ⃗ rotates with the precessing frequency. Thus for an external 

observer, 𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗  ⃗ constantly changes its direction, hence it can induce an electric current in a receiver coil 

placed perpendicular to the xy-plane. This electric current decays with time (relaxation time) and is 

“Only when the RF pulse and the protons have the same frequency, can protons pick up some energy from the 

radio wave, a phenomenon called resonance. This is where the "resonance" in magnetic resonance comes from.” 
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known as the free induction decay (FID). This time domain signal is Fourier transformed and generates 
is the MR signal used to create an images or spectra of the subject. 
 

Relaxation  

 
After the RF pulse is switched off, the net magnetization vector returns to its thermal equilibrium. This 

causes the established transverse magnetization 𝑀𝑥𝑦
⃗⃗ ⃗⃗ ⃗⃗  ⃗ → 0 (a process called transversal relaxation), and 

the longitudinal magnetization 𝑀𝑧
⃗⃗⃗⃗  ⃗  grows back to its original size (a process called longitudinal 

relaxation).  
 
Longitudinal relaxation (T1): is based on the energy exchange between protons and surrounding 
molecules. This energy dissipation is characterized by the restoration of the longitudinal component to 
its equilibrium value. This recovery process is modeled by an exponential function characterized by a 

time constant T1, the period for the longitudinal magnetization to recover 63% of its equilibrium value 
(Figure 1.6 left). For a 90°excitation pulse, 𝑀𝑧  at time t is given by: 
 

        𝑀𝑧(𝑡) = 𝑀 (1 − 𝑒
− 

𝑡

𝑇1)  (2.3) 

 
The relaxation process is considered complete after 5 T1 periods. 
 

Transversal relaxation (T2): refers to the loss of net magnetization in the transverse plane related to 
protons dephasing (loss of coherence). Spins not only release energy to surrounding lattice molecules 
but also to other neighboring non-excited spins. This process is also modeled by an exponential function 

characterized by another time constant T2, which corresponds to the period for the transversal 
component to lose 63% of its value just after the RF pulse (Figure 1.6 right): 
 

𝑀𝑥𝑦(𝑡) = 𝑀 𝑒
− 

𝑡
𝑇2   (2.4) 

 
    
This dephasing is further increased by local magnetic field inhomogeneities, and a time constant slightly 
different to T2, denoted by T2∗, is therefore used. Different brain tissues types are characterized by their 

respective T1 and T2 values, as shown in Table 1.1. The intensities of MR images comes from these 
values. 
 

 

Figure 1.6: (Left) longitudinal magnetization vs time after the RF-pulse (T1-curve). (Right) Transversal 

magnetization vs. time after the RF-pulse (T2-curve). Source: Figure adapted from MRI made easy (p. 27, 30), by 

H.H.Schild, 1990, Berlin: Nationales Druckhaus. Copyright 1990 by Schering AG. (Schild 1990). 
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Table 1.1: Relaxation times for different tissues at 1.5T. Sources: [Webb 2003; Meier 2012]. 

 

 

 

 

 

 

    

 

 

Pulse sequence and image construction 

 

A pulse sequence is a series of RF-pulses and/or magnetic field gradients applied to an object/subject 

to produce a specific MR signal. Magnetic field gradients applied during a pulse sequence adjust the 𝐁0
⃗⃗⃗⃗⃗⃗   

field so that the magnetic field varies with spatial position in a linear mode within the scanner. These 

gradients are represented as Gx, Gy, and Gz to denote physical gradients in 3-spatial dimensions. These 

three-spatial gradient coils are placed within the bore of the magnet. As a result of these gradients, 

nuclei at different positions along the gradient direction will experience a different local magnetic field, 

and due to this slight variation in magnetic field the nuclei will precess with a slightly different 

frequency. Figure 1.7 illustrates a basic spin-echo pulse sequence. A gradient Gz in the 𝐁0
⃗⃗ ⃗⃗   direction 

results in a linear intensity variation of the magnetic field that is used to select a slice. In this case, a slice 

is a plane orthogonal to 𝐁0
⃗⃗ ⃗⃗   . As mentioned before the spins of a given slice are characterized by the 

Larmor frequency. After the application of an RF pulse at the frequency related to the target slice, two 

transient gradients are applied to encode the x and y dimensions in the slice plane. A gradient Gy in the 

y direction induces a phase shift related to the position along the y axis. This is called the phase encoding. 

Another gradient Gx in the remaining x direction is applied, leading to a precession frequency variation 

along the x axis. This is called the frequency encoding. This process performs an acquisition of the spatial 

data in the frequency domain, called the k-space. For each selected slice, an inverse Fourier Transform 

finally maps the data back into the spatial domain, which is the MR image. 

 

 

Echo Time and Repetition Time 

 
A pulse sequence is furthermore also characterized by two main operator–selected parameters. The 

echo time (TE) is the time from the center of the RF-pulse to the center of the echo (MR signal) (Figure 

1.7), and its systematic variation allows imaging the T2 contrast between tissues. The repetition time 

(TR) is the duration between two successive RF- pulses, and its systematic variation allows imaging the 

T1 contrast between tissues.  

 

 

 

 

 

 

Brain Tissue T1 (ms) T2 (ms) %Water 

Cerebro-spinal fluid 4000 2000 97 

Grey Matter 900 100 80 

White Matter 780 90 72 

Fat 260 80 0 
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T1-weighted and T2-weighted MRI  

 

The most basic MRI sequences used are spin echo sequences with so called T1 and T2-weighting. T1-

weighted images are acquired using short TE and TR times where T2-weighted images are acquired using 

long TE and TR times. In these images, the brightness and contrast are primarily determined by the T1 

and T2 properties of the tissue. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7: A pulse sequence diagram of a spin-echo sequence.  

 
 

1.1.1.5 Advanced MR techniques 

 

Above-mentioned imaging techniques are capable of providing mostly structural information. They are 

and usually referred to as “conventional” or ‘anatomical’ MRI techniques. Successively, physical 

phenomena that previously often caused image artefacts opened the path to novel imaging contrasts. 

This is the case of sequences sensitized to diffusion, flow, and local field inhomogeneities induced by 

physiological and metabolic changes. This has led to the implementation of advanced MR techniques 

known as diffusion-weighted, perfusion, magnetization transfer, functional MRI and MR spectroscopy. 

In this thesis, diffusion, perfusion MRI and MR spectroscopy was utilized. 

 

Perfusion weighted MRI 

 

Perfusion weighted MRI (PWI) complements the anatomical information acquired with conventional 

MRI, as it is mainly applied for investigating vascular and tumoral brain pathologies (Essig et al., 2013). 

It provides measurements of the parameters of cerebral micro-vascularization, such as cerebral blood 

volume (CBV) and cerebral blood flow (CBF) (Jahng et al., 2014). It relies on using either an endogenous 

or exogenous tracer, followed by measurements of the transient signal through the brain during the 

first pass of the tracer. Arterial spin labeling (ASL) technique uses magnetically labeled blood as an 

endogenous tracer. The labeling consists of a local magnetization inversion of arterial blood that is 

“In general, T1- and T2-weighted images can be easily differentiated by looking at the CSF. CSF is dark on T1-weighted 

imaging and bright on T2-weighted imaging.” (Preston 2006) 
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achieved prior to image acquisition using dedicated RF pulses (pulsed ASL). In ASL, the signal is 

proportional to capillary blood flow, which is comparatively high in rodents. In this thesis, CBF values 

for the transgenic hTDP-43A315T mouse model were calculated using ASL MRI (Figure 1.8).  

 

 

 

 
 

Figure 1.8:  (A) FAIR pulsed ASL compares the magnetization after either global (control) or slice-selective inversion 

that is generated symmetrically around the imaging slice [Kober et al., 2011]. (B) Mouse cerebral blood flow maps 

(ml/100g/min). 

 

 

Diffusion MRI 

 

Diffusion MRI is an advanced non-invasive imaging technique which provides information about the 

movement of water molecules in biological environments, where it can interact with macromolecules, 

fibers, membranes, or other cellular structures. Directionally dependant diffusion is known as as 

anisotropic. Usually, inside the brain, three types of diffusion is seen: free isotropic, encountered mostly 

in CSF or fluid filled lesions, restricted isotropic, encountered mostly in gray matter, and anisotropic, 

encountered mostly along white matter fiber tracts. In highly organized tissues (e.g., neurons, white 

matter tracts), diffusion occurs preferentially along one direction. For example, in white matter tracts, 

myelin sheaths enclose the neurons and prevent the diffusion of water across the myelin sheath but 

permit to diffuse in the direction of the axons. By acquiring diffusion information in at least 6 different 

directions, we can calculate diffusion indices such as the fractional anisotropy (FA), mean diffusivity 

(MD), axial diffusivity (AD) and radial diffusivity (RD) maps. For example, high FA values represent 

anisotropic diffusion and low FA values indicate restriction in diffusion, usually indicating pathological 

conditions (Figure 1.9). 

 

“Quantitative CBF measurements have provided information on microvascular alterations in mouse models of 

Alzheimer’s disease” (Weidensteiner et al., 2009; Faure et al., 2009) 
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Figure 1.9: Diffusion index maps of axial mouse brain slices. (A) Fractional anisotropy. (B) Mean diffusivity. (C) Axial 

diffusivity. (D) Radial diffusivity.  cc: corpus callosum.  

 

 

Magnetic Resonance Spectroscopy (MRS) 

 

MRS has proven to be a powerful technique to supply information about the chemical structure of 

molecules. In vitro MRS of biological or synthetic molecules is usually performed on a uniform sample, 

i.e. the concentration and composition are constant throughout the sample, such that the sample 

dimension and location need not be considered as an experimental parameter. However, this condition 

is usually not met for in vivo MRS. The concentration, composition, relaxation and other properties of 

compounds can vary throughout the object under investigation. Such variations can be considerable in 

cases where normal and pathological tissues (i.e. tumors, infarctions) are studied. Therefore, in vivo 

MRS is often combined with techniques that allow the detection of spatially localized volumes. 

 

 

 

Chemical-Shift 

 

The external magnetic field, B0, is normally modulated around the nuclei due to the shielding effects by 

neighboring electrons. These effects are proportional to the external field and, consequently, the local 

magnetic field is given by: 

 

𝐁𝑙𝑜𝑐𝑎𝑙 =  𝐁0(1 − σ) (2.5) 

 

where σ is the shielding constant which depends on the chemical environment of the nucleus. The 

chemical shift δ is defined as: 

 

𝛿 = 
𝜔 − 𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
  (2.6) 
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where ω and ωref are the frequencies of the compound under investigation and of a reference 

compound, respectively. 

 

Most often, chemical shifts are not expressed in units of Hertz, since it would make chemical shifts 

dependent on the magnetic field strength. Instead chemical shifts are expressed in terms of ppm by 

referencing to a standard frequency given at a particular magnetic field strength. By convention the 

chemical shift (δ) is defined as: 

 

 

𝛿 =  
𝜔 − 𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
 × 106  (2.7) 

 

J-coupling 

 

J-couplings, sometimes referred as scalar couplings are interceded through chemical bonds connecting 

two spins. J-coupling results from indirect interaction between one nucleus to another on the same 

molecule mediated through bonding electrons. This interaction results in the splitting of spectral peaks 

into doublets, triplets or higher order multiplets. A spectral peak will be split through J-coupling under 

certain conditions:  

 

 The nuclei must be non-equivalent (chemically discernible).  

 The distance between nonequivalent nuclei must be less than 4 bonds lengths. 

 

This is illustrated using the NMR spectrum of the chloroethane (CH_3-CH_2-Cl) molecule (Figure 1.10). 

Chloroethane contains hydrogen-nuclei in two different chemical environments (nonequivalent): 

methyl (−CH3) and methylene (−CH2−), with resonances at chemical shifts (δ) 1.2 and 3.6 ppm 

respectively. As depicted in the spectrum, the two spectral peaks are split into a triplet and quartet 

respectively due to J-coupling. The distance between the subpeaks in a multiplet is determined by the 

coupling constant (J), which for chloroethane has a value of about 7 Hz (Castillo et al., 2010).  

 

 

 
Figure 1.10: ¹H NMR spectrum of chloroethane depicting the splitting of spectral peaks, at chemical shifts δ = 1.2 

and 3.6 into a triplet and quartet due to J-coupling.   
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1.1.1.6 In vivo MRS 

 

In vivo MRS, the technique extensively used in this thesis, complements MR imaging as a non-invasive 

assessment of tissues. MRS is used to acquire signals from metabolites that are present in tissues at 

much lower concentrations than water. Peaks in MR spectra correspond to different metabolites and 

are identified mainly by their resonance frequencies (i.e., position in the spectrum) and expressed as 

the shift in frequency in parts-per-million (ppm) relative to a standard (typically water at 4.77ppm at 

body temperature or other known metabolites). The area under each spectral peak is calculated as a 

measure of the metabolite concentration in a given voxel. However, this association depends on 

multiple instrumental and biophysical parameters, such as the pulse sequence used, the metabolite 

relaxation times and J-coupling [Lin et al., 2005]. Principles of MRS and applications parameters are 

further discussed in following sections. 

 

In vivo MRS considerations 

 

In order to acquire quantitative MRS spectra certain parameters needs to be optimized, these include 

the echo time (TE), repetition time (TR), voxel size and number of averages (NA). 

 

Echo Time and Repetition Time in MRS 

 

Table 1.2: Average 1H-Metabolite Relaxation times measured at 3T. Sources: [Träber et al., 2004]. 

 

 

 

 

 

 

 

 

 

Because of T2 relaxation, the intensities of all peaks are reduced with increasing TE. At medium 

(TE=144ms, Figure 1.11 middle) and long (TE≥280ms, Figure 1.11 right) TE’s, three main peaks (NAA, Cr, 

and Cho) can be clearly seen due to their relatively high concentration, the absence of J-coupling of 

Brain metabolites also have measurable T1 and T2 relaxation times which vary with the local 

environment (brain region, pathology etc.), and magnetic field strength of the scanner. Average 

relaxation times measured at 3T for common metabolites are shown in Table 1.2.  At short TE's (e.g., 20 

ms or less) (Figure 1.11 left), all metabolic signals will be at their maximum values since due to the short 

time left for undergoing T2 decay. Moreover, the phase-modulating effects of J-coupling evolution (J-

modulations) are also minimized at short TE’s. Short TE’s are particularly advantageous for visualizing 

metabolites with short T2 values such as lipids. However, a drawback of using short TE’s is that 

macromolecules having very short T2 values could produce a prominent undulating baseline, which 

makes quantification of metabolites more challenging. 

 

Metabolite T1 (ms) T2 (ms) 

NAA 1400 250 

Choline 1100 200 

Myo-inositol 1100 200 

Glutamate 1200 180 

Macromolecules 250 15 
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these singlets and their long T2 values. Metabolites of low concentration or short T2 relaxation times 

will disappear. In this thesis conventional MRS was performed with TE = 20ms for preclinical MRS and 

TE = 22ms for clinical. Spectral edited MRS was done with TE = 68ms for MEGA-PRESS sequence and 

TE=80ms for HERMES sequence. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11: 1H-MRS brain spectra acquired at different echo times. NAA:N-Acetyl-Aspartate, Cr:Creatine, 

Cho:Choline Source: Courtesy of Allen D. Elster, MRIquestions.com  

 

As T1-weighting is controlled by the repetition time, using a TR considerably shorter than the T1 of a 

metabolite does not allow the longitudinal magnetization to fully recover. Hence, the signal intensity of 

the metabolite is decreased. Figure 1.12 illustrates this signal intensity reduction of NAA, which has a 

long T1 (1400ms) acquired at TR = 1500ms. ).  Ideally, high quality MR spectra could be acquired for all 

metabolites using relatively long TR values, but at the expense of longer acquisition times since TR is 

directly proportional to the acquisition time. In general, clinical MRS is usually performed with TR values 

between 1500 – 2000ms, requiring subsequent compensation/ calibration of the incomplete T1 

relaxation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: 1H-MRS brain spectra acquired at different repetition times. Source: Courtesy of Allen D. Elster, 

MRIquestions.com. 

 

 

 

NAA 
Cho Cr 
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Voxel selection 

 

Voxel size is directly proportional to the signal-to-noise ratio (SNR) in MRS and has a linear effect. A 

voxel twice the size will have twice the SNR. In MRS, the signal intensity is approximately proportional 

to the number of protons giving rise to that peak. As a voxel volume increases, the height of the peaks 

also increases (Figure 1.13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13: 1H-MRS brain spectra acquired from voxel’s, 1x1x1 cm3 (left) and 2x2x2 cm3 (right). Source: Courtesy 

of Allen D. Elster, MRIquestions.com 

 

 

Number of acquisitions  

 

The number of averages (NA) is an important determinant of SNR. SNR and NA are related by 

 

                                                                   SNR ∝ √NA  

 

This means that a four-fold increase in number of averages results in a 2-fold increase in the SNR. Figure 

1.14 depicts a spectra obtained with TR = 1500 and TE = 144 ms, where reduced baseline and sharper 

spectral peaks are attained with NA = 256 compared to NA = 8. Note the different SNRs in the depicted 

MR spectra. 
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Figure 1.14: 1H-MRS brain spectra acquired using different number of averages. Source: Courtesy of Allen D. 

Elster, MRIquestions.com 

 

 

Conventional MRS sequences: 

 

PRESS  

The PRESS (Point RESolved Spectroscopy) sequence (Bottomley et al., 1987) is one of the most 

commonly used sequences for in vivo MRS. The sequence allows three-dimensional localization in a 

single acquisition, which is done with three orthogonal slice selecting gradients (Figure 1.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15:  Simplified pulse sequence diagram of the PRESS single voxel spectroscopy sequence for MRS. Source: 

Courtesy of Allen D. Elster, MRIquestions.com 

 

 

 

STEAM 

 

STimulated Echo Acquisition Mode (STEAM) is also a widely used MRS sequence that provides a localized 

single voxel MR spectrum. The STEAM sequence allows limiting the volume of interest to a selected 

voxel in a single acquisition. One of the advantages of this sequence compared to PRESS is the possibility 

of use very short TEs (the shortest TE in commercially available clinical scanners is around 3 ms). 

However, this comes at a cost of only 50% of the SNR achieved with PRESS. 

 

Spectral Editing Techniques 

 

Spectral editing methods are used in MRS to improve the detection of strongly coupled and partially 

overlapping metabolites of low concentration such as GABA or glutathione (Terpstra et al., 2002; 

Terpstra et al., 2003; Edden et al., 2012).  For this reason advanced spectral editing schemes were 

developed to isolate these overlapping, low concentration metabolites. Some of these methods are 

described in the next sections. 
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J-difference Editing 

 

A conventional short echo 1H-MR brain spectrum contains many overlapping signals due to the large 

number of 1H-containing metabolites and their limited chemical shift range. This complicates the 

visualization and accurate quantification of especially low concentration metabolites in the presence of 

other high concentrated signals. For this reason, targeting resonances by J-difference editing is 

commonly used to overcome this issue for J-coupled spin systems (Hetherington et al., 1985; Harris et 

al., 2017). J-difference editing technique requires the acquisition of two consecutive spectra in which 

frequency-selective RF pulses are alternatively switched on and off on one resonance of the coupled 

spin-system (Wiegers et al., 2017).  

 

 

MEGA-PRESS sequence 

 

MEGA-PRESS (MEshcher–GArwood Point RESolved Spectroscopy), named after the scientists who first 

proposed the MEGA suppression scheme (Mescher et al., 1998), has become the standard J-difference 

editing technique used in MRS measurements of GABA and glutathione. In the case of GABA, MEGA-

PRESS sequence acquires two interleaved (‘ON’, ‘OFF’) datasets, with frequency selected RF pulses 

applied to the GABA spin system. In one experiment, an RF pulse is applied to the spins of GABA at 1.9 

ppm chemical shift in order to selectively refocus the evolution of J-coupling to the GABA spins at 3 ppm 

(‘ON spectrum’). In the second experiment, an inversion pulse is applied around 4.7 ppm (or anywhere 

else) so that the J-coupling can evolve through the echo time (referred to as ‘OFF spectrum’). Because 

of the frequency selective manipulation of the spins, the majority of signals in the spectrum are 

unaffected and subtraction of the edited ON spectrum from the non-edited OFF spectrum removes all 

the peaks from the subtracted-spectrum and preserves only those peaks that are perturbed by the 

editing pulses. A schematic representation of this process is showed in Figure 1.16. The figure shows 

that the edited spectrum comprises signals closer to 1.9 ppm, the GABA signal at 3 ppm (J-coupled GABA 

spins at 1.9 ppm), the combined glutamate + glutamine (Glx) peaks at 3.75 ppm (coupled Glx signals at 

around 2.1 ppm) and J-coupled macromolecular peaks (Mullins et al 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16: Schematic illustration of MEGA-PRESS editing of GABA. Editing RF pulses applied at 1.9 ppm modulate 

the shape of the GABA signals at 3 ppm. Subtracting scans acquired without these pulses (OFF) from scans acquired 

with the editing pulses (ON) inverts the NAA peak, removes overlapping creatine (Cr) signals from the edited 

spectrum, revealing the GABA signal in the difference spectrum (DIFF). Source: [adapted from Mullins et al., 2012]. 

Glx 
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HERMES sequence 

 

A significant drawback of MEGA-PRESS is that it usually only edits one metabolite at a time from a single 

brain region. Since editing is typically applied to lower concentration compounds, relatively long 

acquisition times are required, and studies are almost always severely restricted in terms of both the 

numbers of brain regions and metabolites that can be studied within the time constraints of an MR 

examination. Thus, although GABA-edited MRS is increasingly used, it is rarely combined in studies with 

the detection of other metabolites of interest, such as glutathione. Recently, the Hadamard Encoding 

and Reconstruction of MEGA-Edited Spectroscopy (HERMES) approach (Chan et al., 2016) has 

demonstrated that more than one metabolite of overlapping signals can be edited within a single 

acquisition. In this manuscript, we show that HERMES can be used to simultaneously detect edited 

signals from GABA and glutathione. 

 

 

 

 
 

Figure 1.17: HERMES editing of GABA and glutathione. (A) Inversion profiles of editing pulses applied in the four 

sub-experiments A-D. (B) The Hadamard spectra show a GSH-edited signal at 2.95 ppm in the A-B+C-D combination 

and a GABA-edited spectrum in the A+B-C-D combination. Source: [Saleh et al., 2016]. GSH: glutathione 

 

 

 

Processing of MR spectra and metabolite quantification  

 

Conventional MRS Post-Processing Methods  

 

The quality and reproducible quantification of an MR spectrum from the measured signal can be 

enhanced by a variety of post-processing techniques that aim to overcome some of the specific 

problems inherent to in vivo MR spectroscopy. Typically applied methods are: 

 

 

 

 



 

 

20 

 

1. Residual water removal: in most situations water suppression is not complete, and a residual 

water signal is still left with an amplitude often superior to the amplitudes of the metabolites 

of interest. The residual water signal can influence the quality of quantification (Cabanes et al., 

2001).  

 

2. Apodization: A time-domain filtering technique used to improve the SNR of a spectrum (Poullet 

et al., 2008). 

 

3. Phase correction: The lineshapes of metabolite peaks and their quantification may be distorted 

due to phase changes, including first order changes arising from the time delay in FID acquisition 

(Poullet et al., 2008). 

 

Quantification 

 

Quantification aims at extracting metabolite concentrations from MR spectra. Depending on the 

acquisition and quantification method used, quantification can result in absolute concentration values 

(absolute quantification), or be semi-quantitative, when the output are relative metabolite 

concentrations. Absolute metabolite quantification, despite desirable, requires information that is not 

always available, such as: the tissue/compartment fractions for each voxel, the relaxation properties of 

the different metabolites in each compartment, and the knowledge of the evolution of the spins for the 

used pulse sequence (Gasparovic et al., 2016, Slotboom et al., 1998). Consequently, semi-quantitative 

methods are more frequently used in in vivo clinical applications of MRS. In this thesis, semi-quantitative 

quantification was performed using QUEST (Quantitation based on QUantum ESTimation, [Ratiney 

2004, Ratiney 2005]). 

 

Detectable neurometabolites in in vivo 1H-MRS 

 

Figure 1.18 shows a normal MR spectrum of a brain using a PRESS sequence, indicating the resonances 

of the most important metabolites of the healthy brain. A brief description of the most important brain 

metabolites observed at 3T is provided below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18: Normal brain spectrum acquired using a PRESS sequence. The MR spectrum was collected from the 

voxel (yellow square) in the reference image. The main visible peaks were assigned to the corresponding 

metabolites.  
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N-Acetyl-Aspartate (NAA) 

 

N-Acetyl-Aspartate (NAA) is an amino acid found in the healthy brain at high concentrations (7.9-16.6 

mM) (Kreis et al., 1997). The acetyl group of NAA produces a singlet around 2.01 ppm which is one of 

the most prominent peaks in normal brain spectra. NAA is regarded as a marker for neuronal density. 

However, low NAA levels are associated not only with neuronal loss but also with neuronal dysfunction 

that may be reversible in some situations (Govindaraju et al., 2000). Reduced NAA levels have been 

reported in neurodegenerative diseases such as Huntington's disease (Jenkins et al., 2005), Alzheimer’s 

disease (Dedeoglu et al., 2004) and Amyotrophic Lateral Sclerosis (Andreassen et al., 2001).   

 

Creatine (Cr) 

 

Creatine 1H MR spectrum contains contributions from creatine and to a larger extent from 

phosphocreatine. The main role of phosphocreatine is to act as an energy buffer (Greenhaff et al., 2001), 

as it enables the process of converting adenosine diphosphate (ADP) into adenosine triphosphate (ATP), 

generating creatine in the process. Creatine is again converted into phosphocreatine at the sites of 

energy transduction, where ATP is consumed and converted into ADP. Therefore, the (total) creatine 

signal is considered a marker for energy metabolism. In the brain, both metabolites are found in similar 

concentrations, with a total concentration of 6.4-9.7 mM in the gray matter and 5.2-5.7 mM in the white 

matter (Govindaraju et al., 2000).  

 

Choline (Cho) 

 

Choline is an important constituent of cell membranes and myelin sheets, and is a precursor of the 

neurotransmitter acetylcholine (Govindaraju et al., 2000, Mountford et al., 2010). In the normal brain, 

the main contributors to the 1H MR spectrum of visible choline correspond to 0.5-2.5mM. Choline bound 

to membranes is not visible by the 1H MRS. The total choline signal typically consists of choline, 

phosphocholine and glycerophosphocholine. At higher field strength, the 1H MR spectra of the three 

compounds can be (partially) resolved.   

 

Glutamate and Glutamine (Glu and Gln) 

 

Glutamate and glutamine are two amino-acids found in the brain which are frequently quantified 

together, due to their complex J-coupling pattern (multiplet), signal overlap and similarity of their 

spectra. The ensemble of glutamate and glutamine resonances is referred to as "Glx". Glutamate is the 

principal excitatory neurotransmitter in the vertebrate nervous system [Meldrum 2000] and is found in 

the brain with a concentration of about 12 mM, making it the most abundant amino acid found in the 

brain (Govindaraju et al., 2000). Glutamine’s major role in the brain is to act as a precursor to the 

excitatory neurotransmitters glutamate and aspartate, and the inhibitory neurotransmitter gamma-

amino butyric acid (GABA) (Albrecht et al., 2010). Glutamate is cytotoxic (Takano et al., 2001) and 

accumulation of high glutamate concentrations induces an inflammatory response in the surrounding 

tissue, possibly caused by the neuronal loss resulting from glutamate itself, which is believed to be a 

possible pathomechanism in neurodegenerative diseases.  
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γ-aminobutyric acid (GABA) 

 

GABA is the principal inhibitory neurotransmitter in the human brain. GABAergic inhibition shapes and 

regulates patterns of neuronal activity, serving a key role in cortical information processing and 

plasticity. Naturally lower levels of GABA in the brain (0.5-1 mM) require spectral editing methods to 

reliably quantify it with 1H MRS also due to its complex J-coupling pattern and partial signal overlap.  

 

 

Glutathione (GSH) 

 

Glutathione is the most abundant redox (reduction-oxidation) compound in the brain, serving an 

important role in minimizing the damage caused by reactive oxygen species. Glutathione can exist in 

reduced (GSH) or oxidized (GSSH) forms, although it is present in the brain almost exclusively as GSH at 

concentrations of 1–3 mM (Trabesinger et al., 1999; Terpstra] et al., 2005). Spectral editing methods 

are required for quantification by 1H MRS due to overlap with the free amino acids. 

 

Myo-inositol (mIns) 

 

Myo-inositol is considered an astrocyte marker and an osmolyte usually found in the brain with a 

concentration between 4 and 8 mM (Kreis et al., 1997). Elevated myo-inositol levels have been 

previously reported for numerous neurodegenerative diseases, including Alzheimer’s disease 

(Voevodskaya et al., 2016), Huntington’s disease (Sturrock et al., 2015) and ALS (Kalra et al., 2006). 

 

Lactate (Lac) 

 

Lactate is a product of anaerobic glycolysis and, consequently is a marker for reduced oxygenation/ 

anaerobe metabolism (Mountford et al., 2010). It is not present in the ‘normal’ brain at 1H MRS 

detectable concentrations. Elevated lactate concentrations are typically found in stroke, brain tumors 

and some abscesses. J-editing (for example, using echo times of 135-144ms) results in a 180° phase shift 

and better detectability of the lactate dublet (methyl group) at 1.31 ppm.  

 

Macromolecules and Lipids 

 

A substantial proportion of the signal detected by in vivo 1H MRS is derived from “macromolecular 

resonances”. The macromolecular signal originates from proteins and ‘bound’ amino acids and result in 

signals with short T2 values and subsequently in broad resonances that make a substantial contribution 

to the baseline of the MR spectrum. Similarly, lipid signals have a short T2 value and broad linewidths, 

partially masking other metabolites. Both, macromolecular contributions and lipid signals can be 

suppressed by large echo times.  

 

Other detectable metabolites 

 

A number of other small molecular metabolites may also be detected, including alanine (Ala),  

aspartate (Asp), glucose, glutathione and taurine (Tau). Many of these metabolites are usually at or 

below the limit of detection by standard 1H MRS. This together with the complexity of their resonance 
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peaks means that advanced techniques are required to achieve robust identification and quantification. 

Some of these metabolites may be robustly quantified when present in elevated concentrations since 

their MRS resonances do not significantly overlap with other metabolites, such as taurine which is 

detectable in young infants, or alanine in some cases of lactic acidosis. 

 

MRS processing software 

 

Due to the fact that the MRS signals require specialized algorithms, several software packages have 

been created for post-processing and quantification of the data. Each available software package 

provides various tools and features, therefore the user choose these packages according to their specific 

needs. 

 

jMRUI 

 

The software includes several visualization tools, preprocessing methods and several quantitation 

routines (Stefan et al., 2009). Apart from visual preprocessing e.g. apodization, jMRUI offers peak 

removal algorithms e.g. HLSVD. AMARES, QUEST, AQSES and SVD family are the available quantitation 

methods (Pijnappel et al., 1992; Vanhamme et al., 1997; Graveron-Demilly 2013; Garcia et al., 2010). 

Most frequently used quantification of metabolites includes the use of linear combinations of reference 

spectra from the respective metabolites (either simulated or acquired 1H MR spectra). One of the 

biggest advantages of jMRUI is its plug-in-based approach, which enables every researcher to add new 

functionalities to jMRUI. The software is available free of charge for educational and public research 

activities. 

 

LC Model 

 

LCModel is a software package for processing and quantification of magnetic resonance spectra. It 

process the spectrum as a linear combination of a set of model spectra, called a “basis set” for each 

metabolite of interest. Processing is automatic (noninteractive) with no subjective input. (http://s-

provencher.com/lcmodel.shtml). 

 

GANNET 

 

The GANNET software is the recommended tool for GABA-edited MRS data analysis (Edden et al., 2013). 

The software is specifically intended as a tool for the batch analysis of whole datasets with minimum 

user intervention. Gannet is coded within Matlab (The Mathworks, Natick, USA), using Optimization and 

Statistics toolboxes, and is distributed open-source. The Gannet script and instruction manual can be 

downloaded from this website: gabamrs.blogspot.com.  

 

Other Packages 

 

There are several other software approaches to the MRS data manipulation, built by research groups 

customized to their needs, e.g. jSIPRO (Jiru et al., 2013), SPID (Poullet et al., 2007; Sauwen et al., 2015; 

Sima et al., 2006).  

 

http://gabamrs.blogspot.com/
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1.1.2 Positron Emission Tomography (PET) 

 

Positron-emission tomography (PET) is a functional imaging modality that is used to visualize metabolic 

activity in the body (Bailey 2005). The primary measurement in PET is the detection of two photons 

emitted from a positron (e+) emitting radionuclide when the emitting positrons interact with electrons. 

These photons are then converted into electrical signals in a ring of detectors arranged around the 

sample. By drawing lines between detectors that measure these coincidence within a short time window 

allows to determine the origin/ location of the positron emitting tracer. A frequently used isotope for 

PET is the fluorine-18 isotope (18F) due to its relatively long half-life (approx... 120 min). 18F labelled 

compounds are injected into the body in the form of biologically active molecules known as a 

radiotracer. Due to its high sensitivity, only tracer concentrations at or below physiological 

concentrations are required. 3D- images of the radiotracer concentration accumulation within the body 

are reconstructed after PET data acquisition. In this thesis, the biologically active radiotracer molecule 

used was 18-fluorodeoxyglucose (18FDG), which is an analogue of glucose. By visualizing the distribution 

of the FDG radiotracer, we are able to measure the cerebral tissue metabolic activity as it corresponds 

to regional glucose uptake.  

 

Figure 1.19: Representative PET mouse brain axial, sagittal and coronal images using 18FDG as a radiotracer.  

 

 

 

1.1.3 Other imaging methods 

 

Computed tomography (CT), bioluminescence imaging (BLI), fluorescence imaging (FLI) and ultrasound 

imaging modalities are also used in clinical and preclinical studies, however, these modalities are less 

specific and not suitable for studying neurodegeneration 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Functional_imaging
https://en.wikipedia.org/wiki/Fludeoxyglucose_(18F)
https://en.wikipedia.org/wiki/Structural_analog
https://en.wikipedia.org/wiki/Glucose
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1.2 Aging and Amyotrophic Lateral Sclerosis 
 

1.2.1 Aging  

 

“Aging is the progressive accumulation of changes with time that are associated with or responsible for 

the ever-increasing susceptibility to disease and death which accompanies advancing age” 

 

The Aging Process-Dr. Denham Harman, M.D., Ph.D. 

 

Aging is mainly characterized by the progressive loss of physiological integrity, leading to reduced 

function and increased vulnerability to death (López-Otín et al., 2013). Over the recent years, research 

in aging has discovered that the rate of aging is controlled by genetic pathways and biochemical 

processes conserved in evolution. Scientists have identified several hallmarks that characterize common 

factors of aging in mammals. These include (Figure 1.20) genomic instability, telomere attrition, 

epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, 

cellular senescence, stem cell exhaustion, and altered intercellular communication (López-Otín et al., 

2013). 

 

Age is the major risk factor for most prevalent diseases, including neurodegenerative disorders (Niccoli 

and Partridge 2012). As the world’s aging population increases, the number and proportion of 

individuals affected by neuro-related disorders also increases. Aging is considered a key risk factor for 

most neurodegenerative diseases such as dementia, including Alzheimer’s disease, cognitive 

impairment, Parkinson’s disease and ALS. For example, for Alzheimer’s disease the prevalence is 

expected to double within the next 20 years (Prince et al. 2013). Another study found that the number 

of patients with Parkinson's disease will double between the years 2005 and 2030 (Arthur et al., 2016). 

The same study reports that the number of ALS cases across the world is projected to increase from 

222,800 in 2015 to 376,674 in 2040, signifying an increase of 69% (Arthur et al., 2016). Arthur et al 

further states that this increase is predominantly due to ageing of the population, particularly in 

developing nations (Arthur et al., 2016).  

 

The brain is one of the most active and energy consuming organs in the body where energy and cellular 

homeostasis is crucial for its proper function. Therefore, imbalances in energy metabolism could lead 

to diseases ranging from subtle alterations in neuronal function to cell death and neurodegeneration. 

Cellular energy is mainly produced within mitochondria, however, the process of energy production also 

creates formation of toxic reactive oxygen species (ROS) that can be harmful for cellular organelles, 

including mitochondria itself.  

 

Studies of normal aging in the human brain are important for neuroscience but also for clinical diagnosis. 

Therefore, the investigation of age-related brain chemistry impairments is becoming of increasing 

interest in order to understand the mechanisms leading to normal aging and neurodegenerative 

disease. Although many studies have been conducted on diseases related to aging, not many studies in 

“Contrary to the prevailing medical belief, having high total cholesterol is not bad for the brain. In fact, high 

cholesterol actually reduces the risk of dementia.” (Mielke et al., 2005). 
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depth the chemistry of the aging brain in the absence of neurodegenerative disease or the 

neuropsychological profile of healthy young and older adults. Magnetic resonance spectroscopy (MRS) 

provides a useful tool to study the effects of aging on brain metabolism. Therefore, this thesis reports 

also on clinical studies investigating changes of 1H-MRS metabolite concentrations in both normal aging 

in healthy brain as well as the ALS affected brain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20: The Hallmarks of Aging. The scheme enumerates the nine hallmarks described in this Review: genomic 

instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient sensing, 

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication. 

Source: [López-Otín et al., 2013] 

 

 

1.2.1.1 Neurobiology of aging 

 

Noninvasive in vivo imaging studies have shown effects like the expansion of cerebral ventricles and 

regional decreases in cerebral volume as a function of age (Craik and Salthouse., 2000; Raz et al., 

2005). The brain matter can be classified roughly into grey matter, white matter and cerebrospinal fluid. 

Gray matter is mainly comprised of neuronal cell bodies in the cortex and subcortical regions and the 

white matter is comprised of highly structured myelinated axons.  A reduction in grey matter volume is 

reported between the ages of 20-40 and old age, while an increase in white matter volume was reported 

from age 18-40 with a subsequent reduction (Sowell et al., 2003).  

“On average, the brain loses 5-10 percent of its weight between the ages of 20 and 90.”  (Guttman 2001) 

 

https://en.wikipedia.org/wiki/Ventricular_system
https://en.wikipedia.org/wiki/Grey_matter
https://en.wikipedia.org/wiki/White_matter
https://en.wikipedia.org/wiki/Cerebral_cortex
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In normal healthy aging, a general increase in the density of protein aggregates (neurofibrillary tangles) 

has been reported (Anderton et al., 2002). Typically, these aggregates are restricted to the olfactory 

nucleus, parahippocampal gyrus, amygdala and entorhinal cortex. In pathological states, the aggregate 

density as well as diverse locations of aggregation has been observed (Price et al., 1991). In the aging 

brain as well as in the case of several neurodegenerative diseases, there is a decline in the normal 

antioxidant defense mechanisms, which increases the vulnerability of the brain to the deleterious 

effects of oxidative damage (Finkel et al., 2000). It was shown that compared to other organs in the 

body, the mammalian brain is highly susceptible to oxidative damage (Keller et al., 2005). Furthermore, 

protein oxidation and lipid peroxidation are reported to be major contributors of oxidative stress in the 

brain (Harris et al., 2006). Apart from the brain’s age-related structural changes, aging processes also 

lead to a series of pathological and biochemical changes. Studies have identified a number of 

neurotransmitters, such as glutamate, GABA and dopamine to alter in various brain regions in the 

process of ‘normal’ aging. In addition, neurometabolites such as the neuronal markers NAA have shown 

to decrease during aging (Ross et al., 2006; Eylerset al., 2016) Studies have shown lower glutamate 

concertation in the motor cortex of older adults compared to young adults (Kaiser et al., 2005). In 

addition, a significant age-related reduction in glutamate was also observed in parietal grey matter, 

basal ganglia and frontal white matter (Sailasuta.et al., 2008). Since glutamate is also observed to be 

altered in these location in neurodegenerative diseases associated with aging, brain glutamate levels 

may serve as a biomarker for age-related brain diseases (Chang et al., 2009). 

 

 

 

1.2.2 Amyotrophic Lateral Sclerosis 

 

1.2.2.1 History of ALS 

 

Amyotrophic Lateral Sclerosis (ALS) or commonly known as Lou Gehrig’s disease, is a fatal 

neurodegenerative disease primarily characterized by progressive and selective degeneration of motor 

neurons in the brain and spinal cord. In the mid eighteen hundreds, the Scottish surgeon Sir Charles Bell 

and the French neurologist François Aran first recognized patients with muscle dystrophy and motor 

function (Turner et al., 2010). However, at the time there had been much speculation among 

neurologists whether muscular dystrophy was due to disease of the muscle or nerve. Studies conducted 

between 1865 and 1869 by Jean-Martin Charcot, provided the insight into understanding the 

correlation between clinical signs and autopsy results of patients (Pandey et al., 2012). Charcot 

diagnosed and defined the first cases of ALS as a specific neurological disease associated with a distinct 

pathology unique from other motor neuron diseases such as primary lateral sclerosis (PLS) and primary 

muscular atrophy (PMA) (Goetz 2000). Further studies revealed certain ALS pathologies overlap with 

the rare disease of frontotemporal dementia (Turner et al., 2015).  

 

 

“Ketones can be a great brain fuel for aging brain and it has been shown to be beneficial in several neuro-

diseases such as Alzheimer's and epilepsy.” (Stafstrom et al., 2012) 

 

https://en.wikipedia.org/wiki/Amygdala
https://en.wikipedia.org/wiki/Fran%C3%A7ois-Amilcar_Aran
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1.2.2.2 Epidemiology 

 

ALS is considered an adult-onset disease where most affected patients are of ages between 40 and 65, 

with an average age of 52 at the time of diagnosis. The average life-expectancy from onset to death is 

about 3–4 years. However, younger (age 20-30) and older (age > 70) humans can also develop the 

disease (Figure 1.21). Generally, ALS occurs in higher rate (about 20%) in men than in women. With 

advancing age, the incidence of ALS tends to be more equal between the genders. The incidence rates 

for ALS in North America and Europe range between 1.5 and 2.7 per 100,000/year, while prevalence 

rates range between 2.7 and 7.4 per 100,000 (Worms et al., 2001; Logroscino et al., 2010; Mehta et al., 

2014). According to the recent ‘ALS Liga België’ statistics, there are about 1000 ALS-patients registered 

in Belgium and more than 200 patients die from the disease each year and roughly the same number of 

new patients are diagnosed [Annual report ALS research KU Leuven 2017, preview 2018 treatment ALS 

(Prof. Dr. Philip Van Damme). 

 

Apart from North America and Europe, a study of global epidemiological data by Cronin et al concluded 

that the incidence of ALS might be lower among African, Asian, and Hispanic ethnic groups than among 

Caucasians (Cronin et al., 2007). Risk factors for ALS include increasing age, family history and gender. 

Additionally, some studies suggests that cigarette smoking is also a risk factor for ALS (Armon et al., 

2007; Sutedja et al., 2007).  

 

  

 

 
 

Figure 1.21 Age- and gender-specific incidence rates of ALS in Europe during the 2-year period 1998–1999 

classified by site of onset. Source: [Logroscino et al., 2015]. 
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1.2.2.3 Clinical features 

 

ALS leads to progressive degeneration of the motor neurons that supply voluntary muscles, including 

lower motor neurons (LMN) in the brainstem and anterior horn of the spinal cord as well as upper motor 

neurons (UMN) in the motor cortex. Symptoms of ALS include progressive muscle weakness, muscle 

atrophy and ultimately leading to death by respiratory failure. In about 65% of ALS patients, symptoms 

start in the limbs (limb-onset), often in arms, where symptoms include muscle twitches, difficulty in 

walking and eventually total paralysis. About 35% of patients present symptoms of bulbar dysfunction 

such as dysarthria, dysphagia, drooling, and atrophied tongue. Eye movement and sensory capabilities 

are usually spared until advanced stages of the disease. Cognitive impairment is also a commonly 

reported characteristic of ALS (Phukan et al., 2007; Strong et al., 2009; Elamin et al., 2011). 

Frontotemporal dementia, which occurs in about 15% of patients with ALS (Elamin et al., 2011) is 

characterized by personality changes, executive dysfunction or impairments in language. 

 

1.2.2.4 Diagnosis 

 

Diagnosis of ALS is challenging due to the overlap of ALS symptoms with other neurological diseases. 

Therefore, a neurologist would conduct a differential diagnosis to eliminate disease that mimic ALS. So 

far, no conclusive diagnostic test exists for ALS. The combination of several clinical (functional rating 

scales), laboratory (serum, urine protein electrophoresis), nerve conduction tests and imaging studies 

supports the diagnosis (Hardiman et al., 2011; Wang et al., 2011). Neurofilaments, which are 

intermediate nanoscale filaments in neurons, have been studied in various neurological conditions, and 

are considered to be useful as marker of acute and chronic neuronal injury. New evidence is emerging 

that neurofilament levels can become biomarker for ALS for diagnosing ALS (Poesen & Van Damme 

2019). 

 

1.2.2.5 Molecular Biology 

 

Approximately 90% of all ALS cases are sporadic (sALS) with unknown etiology. Familial ALS (fALS) 

accounts for about 5%-10% of ALS cases and is genetically heterogeneous (Pasinelli et al., 2006; 

Valdmanis et al., 2009). Mutations in several genes including superoxide dismutase 1 (SOD1), TAR DNA 

binding protein (TARDBP), chromosome 9 open reading frame 72  (C9ORF72), fused in sarcoma (FUS), 

valosin-containing protein (VCP),  angiogenin (ANG), ubiquilin 2 (UBQLN2) and optineurin (OPTN) have 

been shown to cause 85% of adult-onset familial ALS and for a smaller fraction be the cause of sporadic 

ALS cases (Ticozzi et al., 2011). Understanding how variations in these genes cause motor neuron 

degeneration is key to improving our understanding of the disease’s pathophysiology and to the 

development of more powerful neuroprotective therapies. 

 

1.2.2.1 Pathology 

 

ALS is recognized as a very complex disease. Traditionally, glutamate excitotoxicity, oxidative stress, 

protein aggregation, mitochondrial damage, and neuroinflammation, altered axonal transport have 

“C9orf72 repeat expansions are a frequent cause of ALS in Belgium, and also in sALS patients.” (Rademakers et 

al., 2013) 
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been considered as key factors in the pathogenesis of ALS, with the relatively recent addition of 

disturbances in RNA metabolism (Shaw et al., 1997; Pollari et al., 2014; Blokhuis et al., 2013; 

Muyderman Et al., 2014; Liu et al., 2017; De Vos et al., 2017; Droppelmann et al, 2014). 

 

 

Figure 1.22 Timeline of gene discovery and pathogenic mechanisms in ALS. Schematic illustration of years of 

discovery of genes associated with ALS. NEFH neurofilament heavy; ALS2 alsin; DCTN1 dynactin; PRPH peripherin; 

SETX senataxin; VAPB vesicle-associated membrane protein-associated protein B; CHMP2B Charged multivesicular 

body protein 2B; ANG angiogenin; FIG4 phosphoinositide 5-phosphatase; OPTN optineurin; ATXN2 ataxin 2; DAO 

D-amino acid oxidase; SPG11 spastic paraplegia 11; VCP valosin containing protein; SIGMAR1 sigma non-opioid 

intracellular receptor 1; TAF15 TATA-box binding protein associated factor 15; UBQLN2 ubiquilin-2; SQSTM1 

sequestosome 1; PFN1 profilin-1; HNRNPA1 heterogeneous nuclear ribonucleoprotein A1; ERBB4 erb-2 receptor 

tyrosine kinase 4; MATR3 matrin 3; TUBA4A tubulin alpha-4a; TBK1 TANK-binding kinase 1.Source: [Picher-Martel 

et al., 2016]. 

 

 

1.2.2.1 Therapeutic options 

 

Riluzole (Rilutek) is the only drug approved by the Food and Drug Administration (FDA) in 1995 for ALS 

treatment. In 2017, a drug known as Edaravone had been approved by the FDA for use in the United 

States. However, this drug is not approved to be used in Europe. Numerous other drugs established to 

be efficient in animal models have failed in clinical trials (Petrov et al., 2017).  

 

 

 

 

“Over 95% of all ALS cases involve TDP-43 proteinopathy” (Yang et al., 2014) 
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Figure 1.23 Reported frequencies of C9ORF72 mutations in patients with ALS. Source: [Rademakers et al., 2013]. 

 

1.2.2.2 Animal models for ALS 

 

Preclinical animal models provide valuable contributions for improving our understanding of human 

diseases, ranging from insights into the molecular and cellular background of a disease to the 

development of novel therapeutic approaches and diagnostics. One of the main advantages of 

preclinical studies is group homogeneity, which is difficult to achieve in clinical studies. In addition, 

intensive immunohistochemical and molecular studies are possible in animal models. Procedurally, the 

application of parallel imaging modalities that are developed for animal models are also applicable to 

humans, positively affecting the translational potential of animal research (Figure 1.24). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.24 Translational research, including the development of advanced imaging approaches. 
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Development of transgenic animal models is the first phase in understanding the pathophysiology and 

novel therapies of neurodegenerative diseases like ALS (Ittner et al., 2015). Multiple animal models have 

been generated to mimic the human disease and to test prospective pharmaceuticals. In this thesis, we 

use two transgenic ALS mouse models; the SOD1G93A and TDP-43A315T mouse models.  

 

 

SOD1G93A Mouse model 

 

The generation of ALS animal models started after the identification of SOD1 as a causative gene for this 

disease (Rosen et al., 1993). SOD1 is a ubiquitously expressed cytosolic metalloenzyme (Cu/Zn) of 

153 amino acids encoded by five exons. Although the mutant SOD1 preserves some enzymatic activity 

(Gurney et al., 1994), binding of copper ions is not as effective as for the wild-type SOD1 enzyme (Pratt 

et al., 2014). The most widely used mouse strain SOD1G93A (point mutation responsible for a glycine to 

alanine substitution at position 93) with survival of approximately 140 days overexpresses the normal 

mRNA levels of mouse SOD1 by 40 folds (Gurney et al., 1994, Jonsson et al., 2006). These mice express 

most of the clinical (pharyngeal dysphagia, limb muscle weakness and paralysis) and neuropathological 

findings of ALS (Figure 1.25 C). 

 

Because of its regular function in catalyzing the conversion of superoxide anions to hydrogen peroxide, 

it was first thought that the toxicity of different SOD1 mutants could be a result of decreased free-

radicals scavenging activity. However, SOD1 knockout mice do not develop motor symptoms (Reaume 

et al., 1996) and mice expressing mutant SOD1G93A develop motor neuron disease despite elevation in 

the SOD1 activity levels (Cleveland, 1999). These results suggest that the mutations in SOD1 provoke a 

gain of new toxic properties.  

 

 

 

TDP-43A315T Mouse model 

 

The 43-kDa TAR DNA binding protein (TDP-43) is localized in the cell nucleus under normal conditions 

(Figure 1.25 A left). However, ubiquitinated and phosphorylated inclusions of TDP-43 were observed in 

patients with ALS and in patients with frontotemporal lobar dementia with ubiquitinated inclusions 

(FTLD-U) (Cairns et al., 2007, Hasegawa et al., 2008). These inclusions were observed in the cytoplasm 

and nucleus of both, neurons and glial cells (Cairns et al., 2007, Mackenzie et al., 2007). TDP-43 is partly 

cleared from the nuclei of neurons containing cytoplasmic aggregates (Neumann et al., 2006, Van 

Deerlin et al., 2008), supporting the notion that pathogenesis of ALS in these cases may be driven, at 

least in part, by loss of normal TDP-43 function in the nucleus (Figure 1.25 A right). TDP-43 inclusions 

are now recognized as a common characteristic of most ALS patients (Maekawa et al., 2009, Sumi et al., 

2009).  

 

The discovery of TDP-43 mutations found in ALS patients had led to the generation of many animal 

models including the hTDP-43-A315T mouse model. In 2010, Wegorzewska et al reported on the first 

transgenic model of TDP-43 proteinopathy, describing the human mutation TDP-43A315T overexpressed 

“The G93A mouse line is currently the most widely used experimental model in ALS research and drug testing” 

https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/topics/pharmacology-toxicology-and-pharmaceutical-science/binding-protein
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/topics/neuroscience/ubiquitin
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0055
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0170
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/topics/neuroscience/glial-cells
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0055
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0245
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0265
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0360
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0360
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0250
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0335
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/science/article/pii/S027858461000309X#bb0335
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by mouse prion protein (Prp) promoter, created on a hybrid C57BL/6 and CBA genetic background. 

These mice are reported to develop gait abnormalities starting from about 3 months of age. The 

phenotype includes increased paw progression angle of the hind limbs and weight loss at about 

4.5 months (Figure 1.25 B). However, the TDP-43A315T mouse model, now available on a 100% C57BL6/J 

congenic genetic background from Jackson laboratory (stock number 010700), reported to develop an 

early intestinal blockage that prevents the disease phenotype progression and leads to premature death 

(Esmaeili et al., 2013; Herdewyn et al., 2014).  Herdewyn et al. also showed that the gastrointestinal 

dysfunction can be avoided by replacing the standard rodent food pellets with an easily digestible gel 

diet, allowing time for the development of the pathology in the brain and spinal cord in these mice 

(Herdewyn et al., 2014). Both male and female TDP-43A315T mice develop significant motor impairment, 

usually deficits appearing earlier and progressing more rapidly in males.  

 

Despite the broadly expressed transgene in TDP-43A315T, pathological aggregates of ubiquitinated 

proteins accumulated only in specific neurons, including layer 5 pyramidal neurons in the frontal cortex, 

as well as spinal motor neurons. Previous studies reported that prp-hTDP-43A315T mice did not reveal 

cytoplasmic TDP-43 aggregates in the cortical neurons, which is a feature that led to the discovery of 

TDP-43 as a hallmark of ALS and FTLD-U in patients (Wegorzewska et al., 2009). 

 

 

 

 

“A high-fat jelly diet restores bioenergetic balance and extends lifespan in the presence of motor dysfunction and 

lumbar spinal cord motor neuron loss in TDP-43A315T” (Coughlan et al., 2016) 

 

” 

https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/topics/neuroscience/pyramidal-cell
https://www-sciencedirect-com.kuleuven.ezproxy.kuleuven.be/topics/neuroscience/frontal-lobe
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Figure 1.25: (A) Normal and pathophysiological TDP-43. Left: under normal physiological conditions, TDP-43 

mainly localized in the nucleus, although the protein has the capacity to shuttle between the nucleus and the 

cytoplasm. TDP-43 has been reported to have roles in regulating transciption and regulating gene splicing, and 

(B) Upon tail elevation, a symptomatic TDP-43A315T mouse holds its hindlimbs close to their body and fail to show 

proper escape extension (spread of hindlimbs). (C) An endstage SOD1G93A mouse, showing hunched posture, 

muscle atrophy, paralysis of hindlimbs.  
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2. | Outline of the Thesis 
 

 

The discovery of novel, sensitive and specific biomarkers for aging and neurodegenerative diseases is a 

crucial factor for the development of clinically applicable diagnostic tools and for the development and 

evaluation of novel therapeutics. For their validation, it is advisable to combine various diagnostic tools. 

Standardization of the diagnostic protocols before including novel neuroimaging modalities to the 

routine clinical protocols is essential to achieving better precision in disease diagnosis. The continuous 

improvements in neuroimaging technologies will ultimately result in the application of more reliable 

diagnostic tools. These tools will be essential for precession diagnosis and therapy assessment in the 

disease management process, where more a personalized approach in the care for the patient is the 

ultimate aim.   

 

The primary focus of this dissertation is the application of MRS in the assessment of the 

neurodegenerative disease, ALS. Moreover, aging is a major risk factor in the development of all chronic 

neurodegenerative diseases, including ALS. The mean onset of ALS is between 50 and 65 years of age. 

Individuals with familial mutations that predispose them to ALS/FTD may live asymptomatically until 

middle age. Because of this reason, we investigated the neurometabolic changes in the normal aging 

brain using single voxel MRS in chapter 3. Furthermore; we examined the impact of age-related 

neurometaboliic changes on motor performance. We observed that neurometabolic changes in the 

aging brain could account for age-related decline of motor performance in healthy older adults. Our 

study suggests for the first time that decreased levels of NAA and myo-inositol in the motor cortex may 

reflect neuronal loss and degeneration in brain regions that support bimanual coordination. 

 

In chapter 4, we used MRI together with conventional and novel MRS sequences to investigate 

neurometabolic changes in the motor cortex of ALS patients and their relation to clinical parameters. 

Neurometabolites were measured using regular PRESS and HERMES MRS sequences. We observed 

significant alterations in NAA, Glx and myo-inositol levels in the motor cortex of ALS patients. NAA levels 

in the bulbar-onset group were found to be significantly lower compared to the limb-onset group. 

Correlations were also found between neurometabolites and ALSFR-R and FVC scores. We have tested 

to what extent mean neurometabolite concentrations detected in the motor cortex may correlate with 

clinical and pathological changes in ALS.  

 

Spectral editing methods like the MEGA-PRESS technique provide a promising approach for the 

discrimination of GABA from glutamate and glutamine signals. But, no comparison has been made so 

far to compare GABA concentrations derived from edited (MEGA-PRESS) and unedited (MEGA-OFF) MR 

spectra. Only very few studies have investigated possible changes of GABA levels with advancing age  

and relatively little is known about the inter-subject variability in neurotransmitter levels arising from 

age effects. In chapter 5, we quantify the GABA and Glx concentrations derived with edited/unedited 

MEGA-PRESS using three different spectral fitting methods (Gannet, jMRUI-AMARES, jMRUI-QUEST). 

Age related differences in neurotransmitter levels in a group of healthy young and old adults were 

investigated using MEGA-PRESS. We have demonstrated that the inter-subject variability for GABA 

levels was lower than that of Glx for all three fitting methods. We found a good agreement between 

GABA values estimated with Gannet (edited) and QUEST (MEGA-OFF) spectral fitting methods. 
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Furthermore, our results indicate that within the motor cortex GABA levels were lower in older as 

compared to young adults. 

 

In chapter 6, we have investigated age-dependent effects of disease onset and progression on regional 

neurochemistry in the SOD1G93A ALS mouse model using single voxel MRS. The aim of this study was the 

identification of potential diagnostic markers for the onset and progression of ALS. We focused mainly 

on the brainstem region and motor cortex motor nuclei since they are the primarily affected regions in 

SOD1G93A mice and ALS patients. In addition, we have assessed potential neuroprotective effects of 

coconut oil dietary supplement in these mice in a proof-of-concept study. Potential therapeutic effects 

were monitored using MRI/ MRS. We observed alterations in creatine, GABA, Glx, NAA, myo-inositol in 

the brainstem region and altered glutamate, NAA and taurine levels were seen at late stages in the 

motor cortex. The proof-of-concept study revealed that the coconut oil supplementation together with 

the regular diet delayed disease symptoms, enhanced motor performance, and prolonged survival in 

the SOD1G93A mouse model. 

In chapter 7, we report for the first time on the longitudinal non-invasive PET-MR characterization of 

the novel ASL hTDP-43A315T mouse model. We employed 18F-FDG PET, MRS, DW-MRI and perfusion MRI 

techniques to characterize this transgenic mouse model and compared the measured parameters with 

age-matched control mice. We observed significant changes in the glucose uptake, neurochemistry and 

functional parameters in the transgenic mouse brain. In addition, we showed the presence of 

pathological cytoplasmic TDP-43 inclusions in the brains of symptomatic hTDP-43A315T mice, which has 

not been reported previously. Our results from this study provide novel insight into the 

neuropathological events in this transgenic mouse model that can be used as a framework for future 

ALS research. 

The overarching goal of this thesis was the identification of magnetic resonance (MR) based biomarkers 

for early diagnosis and potential treatment follow up of amyotrophic lateral sclerosis (ALS) using 

preclinical and clinical data. In several studies, MR spectroscopy techniques were further developed and 

validated, effects of aging on MR spectra of apparently healthy subjects was assessed to determine a 

baseline for a subsequent study on ALS patients and mouse models of ALS were studied to identify non-

invasive diagnostic markers 

 

Figure 2.1:  Schematic overview of the experimental outline of the thesis.  
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3. Sensorimotor cortex N-acetylaspartate as correlate of 

motor performance across the adult lifespan: 

evidence from a 1H-MRS study 
 

 

 

3.1 ABSTRACT 
 

Alterations in neurochemical characteristics of the aging brain can be assessed in-vivo with proton-

magnetic resonance spectroscopy (1H-MRS). However, it remains unclear which specific metabolites are 

the most critical for functional integrity of the motor system. We have explored whether changes in the 

metabolic profile of the aging brain account for motor performance declines. We focused specifically 

on neurochemical integrity of the left sensorimotor cortex (SM1) and the occipital lobe (OCC), as both 

regions are thought to be main nodes of the visuomotor network underlying bimanual control. Aging 

was accompanied by decreased levels of N-acetylaspartate (NAA), glutamate-glutamine (Glx), creatine 

(Cr) and myo-inositol (mI) in both regions, and decreased Choline (Cho) in the OCC region. Lower NAA 

and Glx levels in the SM1 and lower NAA levels in the OCC were related to poorer performance on a 

bimanual coordination task, suggesting that NAA could serve as a potential biomarker for the integrity 

of the motor system supporting bimanual control. In addition, NAA, Glx, and mI levels in the SM1 were 

found to have significant positive correlation with performance on a manual dexterity test. The findings 

highlight the role for 1H-MRS to study neurochemical correlates of motor performance across the adult 

lifespan.  

 

 

3.2 INTRODUCTION 
 

Aging is associated with gradual alterations in structural and neurochemical characteristics of the brain, 

the latter of which can be assessed in-vivo by the application of proton-magnetic resonance 

spectroscopy (1H-MRS). In healthy human volunteers, in-vivo quantification of brain neurometabolites 

with 1H-MRS typically shows age-related declines in regional levels of N-acetylaspartate (NAA), 

glutamate-glutamine complex (Glx), creatine + phosphocreatine (Cr), and gamma-aminobutyric acid 

(GABA), among other neurometabolites (Boumezbeur et al, 2010; Ding et al, 2016; Gao et al, 2013; 

Grachev & Apkarian, 2001; Grachev et al, 2001; Haga et al, 2009, Hermans et al, 2018; Zahr et al, 2013). 

These alterations may play a pivotal role as mediators of progressive cognitive and motor declines 

observed during aging. For example, decreased concentrations of various metabolites, including 

glutamate, choline, myo-inositol and GABA, have been linked to poor cognitive functioning (Zahr et al., 

2008; Porges et al., 2017; Tumati et al., 2018).  The majority of previous research has focused on the 

contribution of neurometabolite alterations to cognition, but very little attention has been paid to the 

neurometabolic correlates of motor functioning in a healthy aging population (Zahr et al., 2013), and in 

complex tasks in particular (e.g., bimanual coordination).  
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Importantly, changes in the regional levels of NAA, choline (Cho), myo-inositol (mI), GABA, and Glx have 

previously been identified as potential biomarkers of disease progression in neurodegenerative 

disorders such as amyotrophic lateral sclerosis (ALS), Parkinson's disease, or Alzheimer’s disease (Ben 

Salem et al, 2008; Block et al, 1998; Bonneville et al, 2002; Kalra et al, 2006; Kantarci et al, 2007; 

Weerasekera et al., 2018; Zanigni et al, 2015; for reviews see: Duarte et al, 2012). Likewise, 

neurochemical alterations could also be indicative for neurodegenerative processes at the neuronal 

network levels. The general literature on aging in an apparently healthy population, nonetheless, lacks 

research efforts examining the relationship between behavioral changes and age-related shifts in the 

neurochemical profile of the healthy aging brain, with the few exceptions (Porges et al, 2017; Zahr et al, 

2008; Zahr et al, 2013). The current study will address this critical knowledge gap. 

 

In addition to the evidence directly associating neurometabolite alterations and performance changes 

in healthy aging (e.g., Zahr et al, 2013),  there is also empirical evidence suggesting that age-linked shifts 

in the biochemical profile affect brain network connectivity (Hu et al, 2013; Kapogiannis et al, 2013; 

Lord et al, 2017; Thielen et al, 2018). For example, Hu et al (2013) reported significant associations of 
1H-MRS measurements of regional glutamate and GABA with activation/deactivation of the default 

mode network (DMN) during execution of a working memory task. Considering that integrity of 

neurochemical systems in the brain may be altered with age, one would expect to find an association 

between age-related changes in the regional levels of NAA and glutamate (among other neurochemicals 

and/or neurotransmitters) and degraded coordination performance. Specifically, the NAA 

concentration is considered to be a common marker of neuronal integrity and was recently associated 

with age-related changes in brain connectivity (Lord et al, 2017) or microstructural deterioration of 

white matter (WM) tracts in patients with traumatic brain injury (Grossman et al. 2015). Age-related 

decline in levels of glutamate has been previously related to decreases in motor and cognitive 

functioning in aging (Zahr et al, 2008; Zahr et al, 2013). Here, we focused specifically on neurochemical 

integrity of the left sensorimotor cortex (SM1) and the occipital lobe (OCC), as both regions are thought 

to be principal nodes of the visuomotor network underlying bimanual control. The association between 

age-related changes in the neurochemical profiles within the two regions of interest and performance 

changes was tested across multiple visuomotor bimanual tasks.  

 

We primarily used a bimanual coordination task (BCT) analogous to that employed in our previous 

research (Beets et al. 2015; King et al, 2017; Sisti et al, 2010; Solesio-Jofre et al. 2014) and a bimanual 

Purdue pegboard task (PPT) that aimed to examine age-related declines in performance of (bi)manual 

dexterity and gross visuomotor skills (Desrosiers et al, 1995; Serbruyns et al, 2015). The more complex 

BCT was designed specifically to test multiple coordination constraints (i.e., temporal and spatial) and 

has been shown to induce activation of widespread brain networks that closely interact with the 

sensorimotor network (King et al, 2017). Therefore, this task was expected to be useful for studying the 

associations between integrity of neurochemical systems in SM1 and OCC and performance changes in 

the healthy aging brain. We expected that (1) lower Glx levels in the sensorimotor voxel will be related 

to decreased performance on BCT as both excitatory and inhibitory interactions between M1 and other 

brain regions are expected to rely primarily on activation of glutamatergic transmission (Chen, 2004; 

Liuzzi et al., 2010; Perez and Cohen, 2008) and that (2) performance declines in both BCT and PTT will 

be related to decreases in the level of NAA which is generally considered to be associated with 

neurodegenerative processes (e.g. Ding et al, 2016).   
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3.3 MATERIALS AND METHODS 
 

3.3.1 Participants  

 

We have included 106 healthy, right-handed (Oldfield, 1971) adults (age range 20.0 – 74.5 years, 49 

women) that were from the same pool of participants as in King et al (2017). All participants had no past 

or present history of neurological or psychiatric disorders, no contra-indications for magnetic resonance 

imaging (as indicated in the guidelines of the University Hospital Leuven), normal or corrected to normal 

vision, and reported no consumption of psychoactive medications at the time of the experiment. The 

experimental protocol was approved by the local medical ethics committee (University Hospital Leuven; 

MEC reference S58441), and a written informed consent was obtained from each of the participants 

prior to his/her inclusion in the study. Fifteen of the 106 participants were excluded from the final 

analyses due to missing data and/or poor quality of MRI/MRS acquisition. Two participants voluntarily 

withdrew from the study before completion of the protocol, and one participant reported changes in 

medication/health status during the experiment. Finally, two participants were considered statistical 

outliers (defined as >2 SD from the average score of participants greater than 50 years of age) on the 

Montreal Cognitive Assessment (MoCA) (Nasreddine et al. 2005). Characteristics for the 86 participants 

that were included in the analyses are detailed in Table 3.1. 

 

Table 3.1 Characteristics of the included participants.  

   Age groups   

 All 

(n=86) 

YA (20-35 

(years) 

(n=23) 

MY (35-50 

(years) 

(n=22) 

MO (50-65 

(years) 

(n=21) 

OA (65-75 

(years) 

(n=20) 

Gender, 

n(male/female) 

47/39 12/11 10/12 11/10 14/6 

Mean Age ± SD 48.1 ± 17.3 25.1 ± 4.3 43.2 ± 3.5 57.7 ± 4.9 69.8 ± 2.8 

Mean MoCA ± SD    28.0 ± 1.6 27.1 ± 1.7 

 

YA = young adults, MY = middle young, MO = middle old, OA = old adults. Age of the participants was specified as 

a decimal (in years) and the precise cutoffs for the 4 experimental groups were 20.00–34.99 (YA), 35.00–49.99 

(MY), 50.00–64.99 (MO), and ≥65.00 years (OA). Montreal Cognitive Assessment (MoCA) means and SD are 

provided only for the MO and OA groups.  

 

 

 

 

 

 



 

 

50 

 

3.3.2 Procedure and data collection 
 

The experimental protocol consisted of three experimental sessions; see also King et al (2017). The first 

session was used for screening/familiarization purposes, during which participants were informed about 

the experiment, completed screening-related questionnaires and assessments (i.e., health history, MRI 

contraindications, MoCA, etc.) and executed familiarization blocks of practice on the bimanual 

coordination task (BCT) while positioned supine in a mock MRI scanner (see below for BCT details). The 

subsequent two sessions consisted of MRI scanning and were completed at the University Hospital of 

KU Leuven. The first scanning session consisted of a standard scanning protocol, including the 

acquisition of a high-resolution T1-weighted structural image and 1H-MRS (see below for scan 

acquisition details). The second scanning session was completed approximately one week following the 

first and consisted of 9 runs of the BCT while functional MR images were obtained (task-related imaging 

data not presented here). 

 

3.3.3 Motor tasks 

 

3.3.3.1 Purdue pegboard task (PPT) 

 

This task consists of manipulating a maximum number of small pins in two vertical columns with pinholes 

on a board, within a 30-sec time period (Desrosiers et al, 1995; Tiffin and Asher, 1948, see also Serbruyns 

et al. 2015). The task was performed with the right hand, left hand, and with both hands simultaneously 

(in the bimanual condition). Each of the three subtasks was repeated three times. Before starting, the 

participants were allowed to practice with four pairs of pins. The dependent variable was the average 

number of pairs inserted during the three bimanual trials. 

 

3.3.3.2 Bimanual coordination task (BCT) 

 

The BCT and corresponding data have been previously reported (see King et al (2017) for a more 

detailed description of the task. Briefly, participants were positioned supine in the MRS scanner with a 

non-ferromagnetic device placed on their laps. The device contained two dials (5 cm diameter) to be 

rotated by the two hands in order to control the movement of a single cursor. The left and right hands 

controlled movements along the vertical and horizontal axes, respectively. When the left-hand dial was 

rotated clockwise (CW), the cursor moved up, whereas the cursor moved down when the left-hand dial 

was rotated counterclockwise (CCW). CW and CCW movements of the right-hand dial resulted in 

movements to the right and left, respectively. Angular displacements of the dials were registered with 

non-ferromagnetic high precision optical shaft encoders (HP, 2048 pulses per revolution, sampling 

frequency of 100 Hz), which were fixed to the movement axes of both dials. Visual information depicting 

task stimuli and feedback were shown on a LCD projector, visible via a mirror placed in front of the eyes. 

Four different movement trajectories were included in order to modulate task complexity. The first two 

trajectories required participants to follow a diagonal line on the screen but differed in terms of the 

slope of the line and thus the relative velocities (i.e., frequency ratios) at which the two hands had to 

rotate in order to appropriately perform the task. Participants moved the hands either at a 1:1 velocity 

ratio, or a 2:5 velocity ratio. The third condition required the two hands to move at a 1:1 frequency 

ratio, but the trajectory followed a V- or inverted-V shaped pattern (equal number of trials per block) in 

which participants had to change the direction or angle of their movement. Last, participants again 
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moved at a 1:1 frequency ratio, but the trajectory abruptly altered directions in a zigzag manner. This 

Abrupt pattern was either oriented horizontally or vertically (equal number of trials per block). Each BCT 

session contained eight blocks, with each block consisting of 24 trials (six per movement trajectory) and 

lasting approximately 6 min. The x and y positions of both the target cursor and the participants’ cursor 

were sampled at 100 Hz and recorded for subsequent offline processing conducted in MATLAB R2016b 

(The MathWorks, Natick, Massachusetts, USA). Movement accuracy was the primary measure and 

reflected the percentage of overlap between the target and the participant’s trajectory. The dependent 

variable was the average accuracy score collapsed over all BCT sessions and the four movement 

trajectories. For more details, see supplemental Figures S1-S3. 

 

3.3.4 Brain imaging and 1H-MRS 

 

All scanning sessions were conducted using a Philips 3T Achieva Magnetic Resonance scanner (Philips 

Healthcare, The Netherlands) with a 32 channel receiver head coil. A high-resolution T1-weighted 

structural MR image (repetition time (TR) = 9.6 ms, echo time (TE) = 4.6 ms, 0.98 × 0.98 × 1.2 mm³ 

voxels, field of view: 256 × 256 × 160) was used to acquire a 3D magnetization prepared gradient echo 

(MPRAGE). 1H-MR spectra were acquired in two voxel locations, namely the left sensorimotor cortex 

(SM1) (Fig. 1A) and occipital cortex (OCC) (Fig. 1B) which are parts of the visuomotor system. MRS data 

were acquired using a PRESS sequence (TR = 2000 ms, TE = 22 ms, number of averages = 128, spectral 

bandwidth 2000Hz, data size = 1024 points) with excitation water suppression. The voxel size was 1.5 × 

1.5 × 1.5 cm³ in both the sensorimotor and occipital cortex voxels.  The sensorimotor voxel was centered 

over the left hand-knob, parallel to the anterior and posterior axis (Yousry et al., 1997). One surface was 

parallel to the cortical surface in the coronal and axial views (e.g., Greenhouse et al, 2016). The occipital 

voxel was centered on the median line, aligned with the cerebellar tentorium in the sagittal plane, and 

positioned as posteriorly as possible. The unsuppressed water signal was also acquired for absolute 

metabolite quantification using the same acquisition parameters, except for number of averages = 16. 

MR spectra were processed using jMRUI v6.0 (Stefan et al., 2009) and the in-house developed software 

SPID (Poullet et al., 2007). Signal-to-noise ratios (SNR) were determined by jMRUI QUEST in time-domain 

(maximum of FID/standard deviation of FID tail). Only spectra with linewidths less than 10 Hz or SNR 

greater than 5 were included for quantification. Spectra were also visually checked to ensure the 

absence of artefacts. The excluded data were eliminated from further processing. Metabolite signals 

and corresponding non-suppressed water signals were quantified in SPID. Averaged spectra from young 

(20-35 years) and old (65-75 years) participants are shown in Figure 3.1. Water-referenced 

concentrations of NAA, Glx, Cr, Cho, mI and Taurine (Tau) were quantified for each voxel location. 

 

The MPRAGE T1-weighted MR images, acquired for the localization and placement of the MRS voxels 

were segmented with a statistical parametric mapping approach using SPM8 

(http://www.fil.ion.ucl.ac.uk/spm/). Voxel registration was performed using custom-made scripts 

developed in MATLAB (The MathWorks, Natick, Massachusetts, USA) by Dr. Nia Goulden (Bangor 

University Wales, UK), which can be accessed at http://biu.bangor.ac.uk/projects.php.en (Sanaei 

Nezhad et al, 2017). Using the T1-weighted MR image and the orientation and location information 

from the Philips SPAR files, the scripts generate a mask of the voxel location, which is then used to 

calculate the partial volumes of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) 

percentages within the voxel. The segmented tissue fractions were then used to correct for metabolite 

concentrations quantified using SPID for differences in CSF content according to Gasparovic et al. 

http://www.fil.ion.ucl.ac.uk/spm/
http://biu.bangor.ac.uk/projects.php.en


 

 

52 

 

(2006). T1 and T2 values used in our study were 1331 ms, 832 ms, and 3817 ms (T1) and 110 ms, 79 ms, 

and 503 ms (T2) for GM, WM and CSF, respectively. Metabolite relaxation times that were used for 

calculating the final corrected metabolite concentrations were taken from previous studies (Wansapura 

et al., 1999; Träber et al, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Primary sensorimotor (SM1) voxel positioning (A) and occipital cortex (OCC) voxel positioning (B) and 

their corresponding group averaged spectra from younger (20-35 years old cohort, n=23; blue curve) and older 

(65-75 years old cohort, n = 20; orange curve) participants.   
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3.3.5 Statistical analysis 

 

Associations between performance measures and brain neurometabolites were examined using 

regression analyses. Data for final analyses were obtained from 86 participants (Table 3.1). Variables of 

interest were the average numbers of pairs inserted during performance of the bimanual variant of the 

PPT, average accuracy (collapsed across blocks, trials and conditions) on the BCT and estimated (water-

referenced, tissue-corrected) concentrations of NAA, Glx, Cho, Cr, mI, and Tau in the SM1 and OCC 

regions. Partial correlations were used to control for confounding effects of age-related changes in 

tissue composition within a voxel (results are summarized in supplemental Table S1). It should be noted 

that significant changes in voxel tissue composition associated with age were found only for GM in the 

SM1 voxel (r = -0.24, p = 0.026). For details, see supplemental Figure S4. Next, associations between 

performance on the two motor tasks and the estimated (tissue-corrected) concentration levels of all six 

metabolites in the SM1 and OCC regions were studied. We conducted both a bivariate analysis of these 

associations (i.e., by evaluating the bivariate correlation between each neurometabolite and 

performance) for the confounding effect of age (through partial correlation analysis; see supplemental 

Table S2). To adjust for multiple correlation tests, we employed a Bonferroni correction: (1) A corrected 

value of p < 0.0042 (= 0.05/12) was set as significance threshold for correlations between age and 

concentration levels of NAA, Glx, Cho, Cr, mI, and Tau in SM1 and OCC (resulting in 12 correlation tests; 

i.e., 6 metabolites in 2 voxel locations correlated with age). (2) A corrected value of p < 0.0021 (= 

0.05/24) was set as significance threshold for correlations between performance on the two 

coordination tasks and concentration levels of NAA, Glx, Cho, Cr, mI, and Tau in SM1 and OCC (resulting 

in 24 correlation tests; i.e., BCT and PPT performance scores correlated with 6 metabolites in 2 voxel 

locations). Finally, Fisher r-to-z transformation was used for comparison between correlations. 

 

In addition to the aforementioned analyses, we employed stepwise multiple regression analyses to 

determine the unique variance contributed by specific metabolites to the performance of the PPT and 

BCT. Results of the multiple regression models are summarized in the supplementary Materials. For PPT, 

see supplemental Table S3 (output of the standard multiple regression model) and supplemental Table 

S4 (output of the stepwise multiple regression model). For BCT, see supplemental Table S5 (output of 

the standard multiple regression model) and supplemental Table S6 (output of the stepwise multiple 

regression model). 

 

 

3.4 RESULTS 
 

3.4.1 Age-related bimanual performance declines 

 

3.1. Age-related bimanual performance declines 

 

Our observations revealed significant negative correlations between age and performance on both 

bimanual tasks, indicating a general decline in coordination abilities with age. Figure 3.2A shows the 

correlation between age and performance scores on the PPT (r = -0.51; p < 0.001) and Figure 3.2B shows 

the correlation between age and performance scores on the BCT (r = - 0.73; p < 0.001). Finally, the BCT 

performance scores positively correlated with the performance scores obtained on the PPT (r = 0.38; p 

< 0.001). However, the partial correlation between the two performance scores with age inserted as a 
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covariate was not significant (partial-r = 0.00, p > 0.9), indicating that the two tasks were not related to 

each other after factoring out the variance explained by age. 

 

 
 

Figure 3.2. Linear-regression plots of performance levels by age for the 86 participants that were included in the 

statistical analysis. (A) Performance on the Purdue Pegboard Test (PPT), showing the average number of pairs 

inserted. (B) Performance on the Bimanual Coordination Task (BCT), showing the accuracy scores collapsed over 

all BCT sessions and the four movement trajectories. (C) Relationship between performance scores on the two 

motor tasks after adjusting for the variance explained by age did not remain significant (p > 0.9).   

 

3.4.2 Age-related neurometabolic changes 

 

Plots showing the linear regressions between age and the tissue-corrected concentrations of the six 

neurometabolites in SM1 and OCC regions are shown in Figure 3.3. The α-level of significance for 

Bonferroni correction was set at p ≤ 0.0042; herein correcting for 12 independent correlation tests (6 

metabolites × 2 regions). Significant negative correlations between age and neurometabolite 

concentration levels in the SM1 were found for NAA (r = -0.43, p < 0.001), Glx (r = -0.32, p = 0.003), and 

Cr (r = -0.33, p = 0.002) (Figure 3.3A). Significant negative correlations between age and neurometabolite 

concentration levels in the OCC were found for NAA (r = -0.43, p < 0.001), Glx (r = -0.37, p < 0.001), Cr 

(r = -0.36, p = 0.001), and Cho (r = -0.31, p = 0.004) (Figure 3.3B). The remaining correlations did not 

reach statistical significance after correction for multiple comparisons (SM1: Cho, mI, and Tau (all ps > 

0.023); OCC: mI, and Tau (both ps ≥ 0.007)). Age-related trajectories were similar across the various 



 

 

55 

 

metabolites, as no statistical differences between the age-related changes in concentration (i.e., 

correlation coefficients) were found; with exception of the differences between SM1 NAA (r = -0.43) 

and SM1 Tau (r = -0.09); Fisher r-to-z transformation: z = -2.38, p = 0.009 (otherwise all | z | ≤ 1.56, p > 

0.05).    Finally, results of partial correlations with SM1 or OCC gray matter or white mater fractions as 

covariates revealed a nearly identical pattern of results (see supplemental Table S1; Fisher r-to-z 

transformation: all | z | < 0.3, p > 0.4),  suggesting that changes in concentrations with age cannot be 

explained by age-related changes in voxels’ tissue composition. 

 

3.4.3 Neurometabolic correlates of motor performance 

 

3.4.3.1 Relationship between MRS metrics and motor performance 

 

Correlation tests (Pearson) were performed between each of the two coordination tasks and SM1/OCC 

neurometabolites to investigate the degree of association between performance scores and 

concentration levels of the six neurometabolites in the two aforementioned brain regions. The α-level 

of significance for Bonferroni correction was set at p ≤ 0.0021; herein correcting for 24 independent 

correlation tests (6 metabolites × 2 regions × 2 tasks). Subsequently, partial Pearson correlations were 

used to explore in which neurometabolites variation in the tissue-corrected concentration levels were 

related to bimanual performance above and beyond the effect of age.   

Findings revealed significant positive associations between PPT performance and SM1 levels of NAA (r 

= 0.39, p < 0.001), Glx (r = 0.34, p = 0.001), Cr (r = 0.42, p < 0.001), and mI (r = 0.41, p < 0.001) (see 

Figure 4A and supplemental Table S2). Among these, the correlation between performance on the PPT 

and SM1 level of mI was robust to partial correlation with age (partial-r ≥ 0.34, ps = 0.003). This was not 

the case for NAA, Glx, and Cr (all partial-r ≤ 0.30, p > 0.005). However, Fisher r–to-z transformations 

showed no significant differences between correlation coefficients for any of the six metabolites in 

neither voxel locations (all | z | ≤ 1.28, p > 0.1), indicating similar relationships between concentrations 

and performance across the various neurometabolites.  

For the BCT task, significant positive associations were observed between average accuracy scores 

across the four movement-trajectory conditions and SM1 levels of NAA (r = 0.37, p < 0.001) and Glx (r = 

0.32, p = 0.002), and OCC levels of NAA (r = 0.33, p = 0.002) (see Figure 4B). These relationships were 

not robust to partial correlations with age as a covariate; all partial-r ≤ 0.31, ps > 0.005 (see 

supplemental Table S2). Significant differences between non-adjusted and age-adjusted correlation 

coefficients were found for SM1 NAA (non- 

adjusted r = 0.37 versus age-corrected partial correlation r = 0.08; Fisher r–to-z transformations: z = 

1.95, p = 0.026) and OCC NAA (non-adjusted r = 0.33 versus age-corrected partial correlation r = 0.02; 

Fisher r-to-z transformation: z = 2. 08, p = 0.019) but not for SM1 Glx (non-adjusted r = 0.32 versus age-

corrected partial correlation r = 0.14; Fisher r-to-z transformation: z = 1.25, p > 0.1). 
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Figure 3.3. Linear-regression plots of metabolite levels by age in the primary sensorimotor (SM1) voxel positioning 

(A) or occipital cortex (OCC) voxel positioning (B). Abbreviations: i.u. = institutional units; N-acetylaspartate; Glx = 

glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau = Taurine. The correlation 

coefficients were considered significant when p-values were below the Bonferroni corrected threshold at p < 

0.0042 (= 0.05/12), marginally significant when p < 0.01, and not significant when p ≥ 0.01.   
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Figure 3.4. (A-C) Linear-regression plots showing the neurometabolite correlates of Purdue Pegboard Test (PTT) 

performance scores (i.e., average number of pairs inserted). Illustrations are shown for SM1 NAA, Glx, and mI (see 

supplemental Table S2 for correlations with the remaining SM1 and OCC neurometabolites). (D-F) Relationships 

between neurometabolite levels and performance after adjusting for the variance explained by age remained 

significant only for mI (p = 0.001). Abbreviations: i.u. = institutional units; N-acetylaspartate; Glx = glutamate-

glutamine complex; Cr = creatine; mI = myoinositol. The correlation coefficients were considered significant when 

p-values were below the Bonferroni corrected threshold at p < 0.0021 (= 0.05/24), marginally significant when p 

< 0.01, and not significant when p ≥ 0.01. 

 

3.4.3.2 Contribution of specific neurometabolites to performance 

 

We used multiple regression analyses to examine the specific contribution of each neurometabolite to 

performance on the PPT and BCT tasks. For PTT performance, the regression model revealed that 

together the six metabolites in both SM1 and OCC contributed to 33.4% of the variance in performance, 

and that SM1 mI (t(73) = 2.01, p = 0.049) and SM1 Cho (t(73) = -2.92, p = 0.005) were independent 

predictors of performance to a greater extent than the contributions of the other metabolites (all ps ≥ 

0.1; for details, see supplemental Table S3). However, only SM1 mI was a significant and independent 

predictor of PTT performance (t(84) = 4.10, p < 0.0001) when a stepwise regression model was applied, 

accounting for 16.7 % of the variance (Table 3.2; for details, see supplemental Table S4). 

For BCT performance, the regression model revealed that together the six metabolites in both SM1 and 

OCC contributed to 27.4% of the variance in performance. However, none of the neurometabolites 

contributed independently to performance (all ps ≥ 0.077; for details, see supplemental Table S5). Using 

a stepwise regression model, only the SM1 NAA was a significant and independent predictor of BCT 

(t(84) = 3.64, p = 0.0005), contributing 13.6 % to the variance in performance. (Table 3.2; for details, see 

supplemental Table S6).   
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Figure 3.5. (A-C) Linear-regression plots showing the neurometabolite correlates of Bimanual Coordination Task 

(BCT) performance. Illustrations are shown SM1 NAA and Glx and OCC NAA (see supplemental Table S2 for 

correlations with the remaining SM1 and OCC neurometabolites). (D-F) Relationships between neurometabolite 

levels and performance after adjusting for the variance explained by age were not significant (p ≥ 0.068). 

Abbreviations: i.u. = institutional units; N-acetylaspartate; Glx = glutamate-glutamine complex. The correlation 

coefficients were considered significant when p-values were below the Bonferroni corrected threshold at p < 

0.0021 (= 0.05/24), marginally significant when p < 0.01, and not significant when p ≥ 0.01. 

 

3.5 DISCUSSION 
 

Our findings provide novel evidence that neurometabolic changes in the aging left sensorimotor cortex 

(SM1) account for age-related decline of bimanual coordination skills in healthy older adults. A first 

major observation was that (tissue-corrected) levels of multiple neurometabolites in both the left 

sensorimotor and occipital regions of the healthy human brain decreased significantly with age. A 

second major observation was that lower NAA levels in the left SM1 corresponded to poorer levels of 

performance on the BCT, a visuomotor task that has shown associations with brain structural and 

functional connectivity measures in several studies of the aging brain (Fujiyama et al., 2016; King et al., 

2017; Solesio-Jofre et al., 2014). Finally, our observations indicated that superior performance on the 

Purdue Pegboard test was predicted by high levels of mI in the SM1. 
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Table 3.2: Main neurometabolic predictors of motor performance obtained by stepwise regression 

between behavioral motor measures on Purdue and BCT tasks and the putative neurometabolite 

predictors (NAA, Glx, Cr, Cho, mI, and Tau concentrations in the SM1 and OCC regions).  

 

Task Predictor† R2 R2-Adj. F B ± SE  β ± SE p-value 

PPT  0.334a 0.225 3.06**    

 SM1 mI 0.167b 0.157 16.8*** 1.603 ± 

0.391 

0.408 ± 

0.100 

< 0.0001 

         

BCT  0.274a 0.154 2.29*    

 SM1 NAA 0.136 b 0.126  13.2 *** 2.255 ± 

0.620  

0.369 ± 

0.101  

0.0005  

†Significant contribution by an independent variable to the total explained variation in the stepwise multiple 

regression model (p < 0.01). 

a Summary statistics for standard multiple regression model (Table S3 and Table S5 in supplementary materials). 

b Summary statistics and regression summary for stepwise multiple regression model (Table S4 and Table S6 in 

supplementary materials). 

PPT = Purdue pegboard test; BCT = Bimanual tracking task; SM1 = primary sensorimotor cortex; OCC = occipital 

cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = 

myoinositol; Tau = Taurine; B = regression coefficient; β = standardized regression coefficient; SE = standard 

error; R2 = Multiple R2; R2-Adj = Adjusted R2; *p < 0.05; ** p < 0.01; *** p < 0.001. 

 

3.5.1 Effects of age on neurometabolite levels in SM1 and OCC 

 

Findings from the current MRS data showed an overall age-related decrease in the concentration of 

principal brain neurometabolites such as NAA, Cr, and Glutamate/Glutamine (Glx) in both voxel 

locations. Significant age-related decline in Cho level was observed only in the OCC voxel, whereas, for 

the remaining metabolites, only weak and/or moderate trends towards low levels in old age (mI and 

Cho in the SM1 voxel and mI and Tau in the OCC voxel) or no age-effects at all (SM1 Tau) were found. 

Overall, our findings point towards homogeneous age-related alterations of 1H-MRS neurometabolites 

within each region with the exception of SM1 Tau. Specifically, concentration levels of Cr, Glx, and NAA 

showed similar declines with age in both regions, whereas age-related changes in concentration levels 

of Cho and Tau were more prominent in the OCC than in the SM1. However, there were no statistically 

significant differences among the correlation coefficients (exception: SM1 NAA and SM1 Tau).  

 

Given the aforementioned findings, it looks like age-related changes in neurometabolite concentration 

could be caused, partly, by region-specific structural neurodegenerative processes as previously 

proposed by Grachev and Apkarian (2001); for specific details see: Soares et al. (2009). Direct evidence 
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for this interpretation was provided in a recent study by Ding and colleagues (Ding et al., 2016), who 

applied whole brain 1H-MR spectroscopic (wbMRS) imaging to study metabolite concentrations in the 

GM and WM of different brain regions. Specifically, Ding et al (2016) showed: (1) Age-dependent 

decrease of NAA content occurred predominantly in GM across all brain regions, whereas age-related 

decline of NAA content in WM occurred only in the right and left frontal lobes and the left temporal 

lobe. (2) Significant decline of Glx content in GM occurred for the main part more in the right frontal 

than in posterior brain regions. (3) Age-dependent changes in contents of Cho, total Cr (tCr) and mI 

occurred mostly in WM (irrespective of brain region examined). Interestingly, observations from our 

study showed that NAA, Glx, and Cr concentrations in the SM1 and OCC voxels were slightly more 

susceptible to aging as compared to mI, Cho and Tau (for SM1) or mI and Tau (for OCC) (see Figure 3). 

But again, with exception of the difference between SM1 NAA and SM1 Tau, we did not find statistical 

differences among all other correlation coefficients.  In addition, results from partial correlations 

showed that SM1 neurometabolites were more susceptible to changes in GM content within the voxel 

whereas this was not the case for the OCC neurometabolites (see supplemental Table S1). This may 

suggest, at first sight, that neurodegenerative changes associated with GM loss in the SM1 may have 

some (even though minor) impact on concentration levels of NAA within this voxel. However, we found 

no significant differences between correlation coefficients with and without control for within voxel 

tissue composition. Moreover, findings from the study of Ding et al (2016) suggest that while reduced 

brain NAA (and possibly Glx and Cr) in the aging human brain could be associated with a reduction of 

withe volume and neuronal density, age-related differences in WM microstructural organization may 

also be a contributing factor. Indeed, recent studies associated reduced levels of NAA with a decline in 

WM tract integrity in patients with a mild traumatic brain injury (Grossman et al, 2015) or schizophrenia 

(Chiappelli et al, 2015).  

 

Significant negative correlations with age were also found for the Glx levels in both voxel locations, 

though the age-effect was slightly less pronounced than that observed for NAA. This finding is in line 

with previous studies reporting a declining trend of Glx levels with age across multiple cortical and 

subcortical regions, including the primary sensorimotor cortex (Kaiser, et al., 2005), striatum (Zahr et 

al., 2013), hippocampus (Harris et al, 2014), and the prefrontal lobe (Ding et al, 2016). Similarly to NAA, 

decreased Glx levels with age in the SM1 and OCC voxels may reflect age-related reduction in neuronal 

density and/or decrease of neuronal metabolic activity (Ding et al, 2016; Kaiser et al., 2005). Taken 

together, the findings that age-related changes in NAA and Glx concentrations occur in parallel could 

suggest that changes in brain tissue volume and brain metabolite concentrations with age may be 

triggered by shared neurodegenerative processes; albeit one should not preclude the possibility that 

the latter may be triggered by the former. This could indicate loss of neuronal integrity and 

demyelination (NAA), altered energy-metabolism (Cr) and/or shift in balance of neurotransmitter 

metabolism (Glx). Further studies combining whole brain 1H-MRS and 13C-MRS imaging methods will be 

required to either substantiate or disprove those interpretations. (Boumezbeur et al., 2009; Rothman 

et al., 2011).  

 

Although minor, declining trends with age were also observed for levels of Cho and mI in both voxel 

locations and for levels of Tau in the OCC voxel location. However, these findings were inconsistent with 

findings of other 1H-MRS studies involving healthy older adults, reporting increased levels of mI and Cho 

with age (e.g., Chiappelli et al, 2015; Ding et al, 2016; Schmitz et al., 2018 Zahr et al, 2013). For example, 

mI content, related to glial cell size/proliferation, has been reported to increase in WM (Chiappelli et al, 
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2015; Ding et al., 2016) whereas findings from 1H-MRS data in our study showed decreased levels of mI 

in both SM1 and OCC voxels. Also contrary to our findings was the observed increased level of Cho (Ding 

et al, 2016; Schmitz et al., 2018 Zahr et al, 2013); however, see observations of Tumati and colleagues 

(Tumati et al., 2018) who reported reduced Cho and mI levels in elderly with mild cognitive impairments. 

This inconsistency could be attributed, partially, to differences in voxel’s tissue composition across the 

selected regions of interest (Gussew et al, 2012), and/or susceptibility of the selected regions of 

interests to WM loss with aging (e.g., Ding et al, 2016). For example, observations from studies where 

increased Cho or mI levels with age were reported, came predominantly from prefrontal and temporal 

voxels that are more sensitive to WM loss than left SM1 or middle OCC (Ding et al, 2016). Importantly, 

increased concentrations of Cho and mI have been argued to signify progressive loss of myelin integrity 

which is expected to be more prominent in pathologies such as multiple sclerosis (MS), traumatic brain 

injury (TBI) or schizophrenia (e.g., Chiappelli et al, 2015; Klauser et al, 2018; Marshall et al., 2018; 

Zaaraoui et al., 2010) than in healthy aging.  

 

3.5.2 Neurometabolic correlates of motor performance 

 

In line with findings from previous studies, we observed a progressive decline in bimanual performance 

with age (Boisgontier et al, 2016; Fujiyama et al., 2012; Fujiyama et al, 2016; Heuninckx et al., 2004; 

King et al, 2017; Serrien et al., 2000; Swinnen et al., 1998). In general, young adults (i.e., participants in 

the 20-35 years old cohort) showed higher performance scores than older adults (i.e., participants in 

the 65-75 years old cohort) on both the PPT and the BCT. Previous work has attributed these declines 

to multiple factors, including loss of GM and WM volume (Boisgontier et al, 2016; Fling et al, 2011; 

Koppelmans et al., 2015; Serbruyns et al, 2015), breakdown in the brain’s network segregation (King et 

al, 2017), and/or disruption of connectivity between motor and non-motor brain regions (Fujiyama et 

al., 2016).  The observations from the current study suggest that, in addition to structural and functional 

changes (e.g., Fujiyama et al, 2016; Inano et al, 2013; King et al, 2017), neurometabolic changes across 

the lifespan may also be a contributing factor for the noted bimanual performance declines with 

increasing age.  

 

Our findings corroborate, in part, observations from other studies highlighting the association between 

age-related changes in prefrontal or striatal concentrations of NAA or Glx and observed declines in 

motor or cognitive functioning in older healthy adults (e.g., Nikolaidis et al, 2017; Zahr et al, 2008; Zahr 

et al, 2013). Other evidence linking changes in the concentration levels of brain neurometabolites such 

as NAA to performance deficits or abnormalities emerged from studies on pathological populations or 

pathological aging (Chiappelli et al, 2015; Kantarci et al, 2002; Tumati et al, 2018); for review see Zanigni 

et al (2015). Importantly, decreases in concentration of NAA have previously been linked to reduced 

microstructural organization of WM or decreased axonal density in aging and pathological conditions 

(Bjartmar et al, 2000; Bonneville et al, 2002; Chiappelli et al., 2015; Grossman et al., 2015; Wijtenburg 

et al, 2013). As such, the present finding referring to the positive relationship between SM1 NAA levels 

and accuracy scores on the BCT suggests that a reduced NAA may reflect impaired functional integrity 

of brain networks that support bimanual control. This assertion is supported by evidence from some 

studies where both MRS and diffusion tensor imaging (DTI) were conducted on cohorts of healthy 

elderly and/or patients with neurodegenerative diseases, showing that reduced NAA concentrations 

were associated with degeneration of WM tracts (Chiappelli et al., 2015; Grossman et al, 2015; 

Wijtenburg et al., 2013). Future research investigating the role of NAA as a biomarker of brain network 
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integrity in healthy (as well as in pathological) aging should examine the extent by which declines in NAA 

levels are linked to reduced connectivity and disrupted neural network communication.  

 

Finally, evidence from the current study showed that SM1 mI levels were positively associated with 

performance on the Purdue Pegboard Test (PPT). However, a careful examination of the current findings 

in relation to findings from previous studies require additional considerations. Specifically, evidence 

from multiple studies indicated that mI levels slightly increased with age (Chiappelli et al., 2015; Raininko 

and Mattsson, 2010; Reyngoudt et al, 2012; Zahr et al., 2013). This would suggest a negative association 

between cortical and/or subcortical levels of mI and performance, a finding that is in contrast to the 

observations of the present study, which revealed a positive significant correlation between mI levels in 

SM1 and performance. Further studies are necessary in order to conclude whether the positive 

association reported here between mI levels and performance on the PPT indeed arise from alterations 

in structural and functional integrity of SM1. 

 

3.6 CONCLUSIONS  
 

We have shown that levels of multiple neurometabolites in both SM1 and OCC regions of the healthy 

human brain decrease significantly with age and that lower NAA levels in the left SM1 are associated 

with age-related declines in bimanual performance. Given that NAA may reflect neurodegenerative 

processes related to alterations in WM microstructure, these findings highlight the necessity to make 

use of multimodal imaging approaches in order to reveal interactions between brain structure, 

neurochemicals and behavior. Neurometabolite concentrations in other brain regions are also 

important to consider because motor functions are orchestrated via interactions between the motor 

and other brain networks. Therefore, further research using 1H-MRS should be conducted to examine 

age-related changes in neurometabolite levels across multiple regions of the brain as plausible 

predictors of motor performance decline in healthy older adults.  

 

 

3.7 SUPPLEMENTARY MATERIAL 
 

Bimanual coordination task (BCT)  

 

A customized nonferromagnetic apparatus was positioned above the participants’ laps. The device 

contained 2 dials (5 cm diameter) to be rotated by the 2 hands in order to control the movement of a 

cursor. The left and right hands controlled movements along the vertical and horizontal axes, 

respectively. When the left-hand dial was rotated clockwise (CW), the cursor moved up, whereas the 

cursor moved down when the left-hand dial was rotated counterclockwise (CCW). CW and CCW 

movements of the right-hand dial resulted in movements to the right and left, respectively. Angular 

displacements of the dials were registered with nonferromagnetic high precision optical shaft encoders 

(HP, 2048 pulses per revolution, sampling frequency of 100 Hz), which were fixed to the movement axes 

of both dials. This enabled registration of kinematics as well as the display of online visual feedback. 

Visual information depicting task stimuli and feedback were shown on a LCD projector, visible via a 

mirror placed in front of the eyes. The goal of the BCT was to track a visual target presented on the 

screen by simultaneously rotating the 2 dials with the 2 hands. Each trial started by depicting a desired 
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behavioral trajectory (blue line), a target dot (white circle) as well as the cursor to be moved by the 

participants (see supplementary Figure S1, panel A). Prior to each trial, the cursor would be automatically 

shift to the appropriate starting position, after a 2s planning period the target dot would move along 

the trajectory at a constant speed for 10 s. The participants would then have 10s to mimic the trajectory 

as accurately as possible by rotating the dials after which the screen would turn black and following an 

interval of 3 s the next target would appear. Four different movement trajectories were included in 

order to modulate task complexity (see supplemental Figure S1, panel B). The first 2 trajectories required 

participants to follow a diagonal line on the screen but differed in terms of the slope of the line and thus 

the relative velocities (i.e., frequency ratios) the 2 hands had to rotate in order to appropriately perform 

the task. Participants moved the hands either at a 1:1 or 2:5 velocity ratio. Thus, the 2 hands needed to 

rotate at the same velocity for the Line 1:1 condition (with the direction of movement either from the 

screen’s bottom-right to top-left or vice versa; equal number of trials per block). Conversely, for the Line 

2:5 condition, the left hand had to rotate 2 units for every 5 units the right hand rotated (or vice versa; 

equal number of trials per block). The third condition required the 2 hands to move at a 1:1 frequency 

ratio, but the trajectory followed a V- or inverted-V shaped pattern (equal number of trials per block) in 

which participants had to change the direction or angle of their movement (herein referred to as the 

condition Angle). Last, participants again moved at a 1:1 frequency ratio, but the trajectory abruptly 

altered directions in a zigzag manner (herein referred to as condition Abrupt). This Abrupt pattern was 

either oriented horizontally or vertically (equal number of trials per block). Each BCT session contained 

8 blocks, with each block consisting of 24 trials (6 per movement trajectory) and lasting approximately 

6 min. 

 

Supplemental Figure S1 

 

Exemplar movement trajectories (one trial) for Line 25 (left panel) and Abrupt (right) movement 

trajectory conditions are depicted in supplemental Figure S2. The Blue line represents the ideal 

movement path and the Red line represents the participant’s movement trajectory (axes are x and y 

coordinates in units of mm). Note that the dependent measure average deviation, defined as the 

average Euclidean distance between target and participant’s cursor position, is similar in the two 

exemplar trials. However, in the Abrupt condition (right panel), the participant executed a vertical line 

through the middle of the desired movement trajectory. In such a case, the Euclidean distance between 
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cursor and target fluctuated – and sometimes reached a value of zero – based on the movement pattern 

of the desired target and not the participant’s movement. Thus, the mean Euclidean distance for the 

trial was relatively small despite the participant failing to perform the task appropriately. Conversely, 

the accuracy measure defined in the main text highlights a clear difference between the two exemplar 

trials and thus is a more appropriate assessment of performance, particularly for the irregular (i.e., Angle 

and Abrupt) movement trajectories.  

 

 

Supplemental Figure S2 

 

The x and y positions of both the target circle and the participants’ cursor were sampled at 100 Hz and 

recorded for subsequent offline processing conducted in MATLAB R2016b (The MathWorks, Natick, 

Massachusetts, USA). Movement accuracy was the primary measure and reflected the percentage of 

overlap between the target trajectory and the participant trajectory. The primary dependent measure, 

labeled as movement accuracy, reflected the percentage of the target line that was “covered” by the 

participants’ movements. For each sample within a trial (i.e., every 10 ms), a line with the shortest 

distance between the participant’s cursor and the ideal movement trajectory was projected. The 

projection point on the target line was marked as covered and then movement accuracy was quantified 

as the percentage of the ideal movement trajectory that was covered by the participant. No trials were 

labeled as statistical outliers for the accuracy dependent measure, defined as scores greater than 2SD 

from the mean for that particular individual block and movement trajectory. Outlier analyses were 

completed separately for each block to account for performance changes as a function of practice. The 

average accuracy scores obtained for each of the four trajectory condition are illustrated in 

supplementary Figure S3 as function of age (n=86 participants). The dependent variable used in the 

current study was the average accuracy score collapsed over all BCT sessions and the four movement 

trajectories 
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Supplemental Figure S3 

 

Fractional tissue volumes 

 
Supplemental Figure S4 illustrates age-related changes in the fractional tissue volumes of gray matter 
(GM), white matte (WM), and cerebrospinal fluid (CSF) in the sensorimotor (SM1) and the occipital 
cortex (OCC) voxels (n=86 participants). Solid lines show the linear fits with age. A significant negative 
correlations with age was observed for SM1 fractional GM volume (r = -0.24, p = 0.026), suggesting that 
gray matter content in the sensorimotor voxel declined with age. No effects of age were found for the 
fractional tissue volumes of WM and CSF in SM1 voxel or fractional tissue volumes of GM, WM, and CSF 
in the OCC voxel (all r ≤ 0.12, p > 0.2). 
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Supplemental Figure S4 
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Supplemental Table S1 

Results of the Pearson correlations between neurometabolites levels and age and the partial correlation coefficients obtained after adjusting  for structural tissue composition 

properties within voxel (n = 86 participants).  

  SM1 OCC 

  NAA Glx Cr mI Cho Tau NAA Glx Cr mI Cho Tau 

r AGE -0.43* -0.32* -0.33* -0.24NS -0.21NS -0.09NS -0.43* -0.37* -0.36* -0.29† -0.31* -0.26NS 

partial-r  fgm -0.40* -0.29† -0.29† -0.21NS 0.19NS -0.08NS -0.44* -0.38* -0.37* -0.30† -0.32* -0.27NS 

partial-r  fwm -0.43* -0.31* -0.33* -0.24NS -0.20NS -0.09NS -0.44* -0.38* -0.36* -0.29† -0.32* -0.27NS 

 

SM1 = primary sensorimotor cortex; OCC = occipital cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau = 

Taurine. r = Pearson correlation coefficient; partial-r = Pearson partial correlation coefficient corrected for % fraction of grey matter (fgm) or white matter (fwm) utilized for 

tissue class segmentation within each voxel; The correlation coefficients were considered significant (*) when p-values were below the Bonferroni corrected threshold at p < 

0.0042 (= 0.05/12), marginally significant (†) when p < 0.01, and not significant (NS) when p ≥ 0.01. Significant correlations are highlighted in bold text. 
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Supplemental Table S2 

Results of the Pearson correlations between neurometabolite measures and performance measures on the two motor tasks and the partial correlation coefficients obtained 

after adjusting  for age (n=86 participants).  

 

Task  SM1 OCC 

  NAA Glx Cr mI Cho Tau NAA Glx Cr mI Cho Tau 

PPT r 0.39* 0.34* 0.42* 0.41* 0.27NS 0.23NS 0.30† 0.29† 0.28† 0.28† 0.27NS 0.20NS 

              

 partial-r (age) 0.22NS 0.22NS 0.30† 0.34* 0.19NS 0.22NS 0.11NS 0.13NS 0.12NS 0.16NS 0.13NS <0.1NS 

BCT r 0.37* 0.32* 0.29† 0.28† 0.24NS 0.20NS 0.33* 0.26NS 0.26NS 0.20NS 0.25NS 0.23NS 

              

 partial-r (age) 0.08NS 0.14NS 0.08NS 0.16NS 0.14NS 0.20NS 0.02NS -0.02NS 0.00NS -0.02NS 0.03NS 0.06NS 

 

PPT = Purdue Pegboard Test; BCT = Bimanual Coordination Task; SM1 = primary sensorimotor cortex; OCC = occipital cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine 

complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau = Taurine. r = Pearson correlation coefficient; partial-r = Pearson partial correlation coefficient corrected for age 

(age). The correlation coefficients were considered significant (*) when p-values were below the Bonferroni corrected threshold at p < 0.0021 (= 0.05/24), marginally significant 

(†) when p < 0.01, and not significant (NS) when p ≥ 0.01. Significant correlations are highlighted in bold text.  
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Supplemental Table S3 

Results of the multiple regression between performance measures on the Purdue Pegboard Test (PPT) and the putative neurometabolite predictors (NAA, Glx, Cr, Cho, mI, 

and Tau concentrations in the SM1 and OCC regions).  

 

  R R2 R2-Adj. F(12,73) B ± SE  β ± SE p-value 

  0.578 0.334 0.225 3.06**    

SM1 NAA     0.419 ± 0.622 0.253 ± 0.376 0.50 

 Glx     0.538 ± 0.502 0.423 ± 0.395 0.29 

 Cr     0.500 ± 0.630 0.230 ± 0.290 0.43 

 Cho     -6.081 ± 2.085 -1.091 ± 0.374  0.005 

 mI     1.932 ± 0.963 0.492 ± 0.245 0.049 

 Tau     0.697 ± 0.909 0.142 ± 0.186 0.45 

OCC NAA     -0.144 ± 0.380 -0.123 ± 0.324 0.71 

 Glx     0.082 ± 0.324 0.092 ± 0.367 0.80 

 Cr     -0.210 ± 0.487 -0.128 ± 0.297 0.67 

 Cho     2.342 ± 1.992 0.574 ± 0.488 0.24 

 mI     0.453 ± 0.915 0.136 ± 0.274 0.62 

 Tau     -1.442 ± 0.884 -0.468 ± 0.287 0.11 

 

SM1 = primary sensorimotor cortex; OCC = occipital cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau 

= Taurine; B = regression coefficient; β = standardized regression coefficient; SE = standard error; R2 = Multiple R2; R2-Adj = Adjusted R2; *p < 0.05; ** p < 0.01; *** p < 0.001. 
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Supplemental Table S4 

Summary of the stepwise (backward) regression between performance measures on the Purdue Pegboard Test (PPT) and the putative neurometabolite predictors (NAA, Glx, 

Cr, Cho, mI, and Tau concentrations in the SM1 and OCC regions). Predictors are sorted from first (OCC Glx) to last (OCC Cho) out in the order of removal. 

 

Predictor R R2 R2-Adj. F(1,84) Multiple R2 R2 - Change F –to enter/remove p-value 

SM1 mI 0.408 0.167 0.157 16.81***     

         

OCC Glx     0.334 -0.001 0.063 0.80 

OCC NAA     0.333 -0.001 0.117 0.73 

OCC mI     0.331 -0.002 0.216 0.64 

OCC Cr     0.330 -0.001 0.070 0.79 

SM1 NAA     0.326 -0.004 0.497 0.48 

SM1 Tau     0.322 -0.004 0.466 0.50 

SM1 Cr      0.311 -0.011 1.327 0.25 

SM1 Glx     0.272 -0.039 4.526 0.036 

OCC Tau     0.244 -0.027 3.028 0.085 

SM1 Cho     0.221 -0.023 2.531 0.12 

OCC Cho     0.167 -0.054 5.778 0.018 

 

SM1 = primary sensorimotor cortex; OCC = occipital cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau 

= Taurine; *p < 0.05; ** p < 0.01; *** p < 0.001. 
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Supplemental Table S5 

Results of the multiple regression between performance measures on the Bimanual Coordination Task (BCT) and the putative neurometabolite predictors (NAA, Glx, Cr, Cho, 

mI, and Tau concentrations in the SM1 and OCC regions).  

 

  R R2 R2-Adj. F(12,73) B ± SE  β ± SE p-value 

  0.523 0.274 0.155 2.29*    

SM1 NAA     4.307 ± 2.400 0.705 ± 0.393 0.077 

 Glx     1.351 ± 1.937 0.288 ± 0.412 0.49 

 Cr     -2.760 ± 2.433 -0.344 ± 0.303 0.26 

 Cho     -12.92 ± 8.049 -0.627 ± 0.391 0.11 

 mI     3.096 ± 3.718 0.214 ± 0.256 0.41 

 Tau     0.114 ± 3.509 0.006 ± 0.194 0.97 

OCC NAA     1.989 ± 1.467 0.459 ± 0.339 0.18 

 Glx     -1.159 ± 1.252 -0.354 ± 0.383 0.36 

 Cr     2.811 ± 1.880 0.464 ± 0.310 0.14 

 Cho     2.326 ± 7.690 0.154 ± 0.510 0.76 

 mI     -6.062 ± 3.532 -0.491 ± 0.286 0.090 

 Tau     -0.283 ± 3.413 -0.025 ± 0.300 0.93 

 

SM1 = primary sensorimotor cortex; OCC = occipital cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau 

= Taurine; B = regression coefficient; β = standardized regression coefficient; SE = standard error; R2 = Multiple R2; R2-Adj = Adjusted R2; *p < 0.05; ** p < 0.01; *** p < 

0.001. 
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Supplemental Table S6 

 Summary of the stepwise (backward) regression between performance measures on the Bimanual Coordination Task (BCT) and the putative neurometabolite predictors 

(NAA, Glx, Cr, Cho, mI, and Tau concentrations in the SM1 and OCC regions). Predictors are sorted from first (SM1 Tau) to last (OCC NAA) out in the order of removal. 

 

Predictor 

 

R R2 R2-Adj. F(1,84) Multiple R2 R2 - Change F –to enter/remove p-value 

SM1 NAA 0.369 0.136 0.126 13.24***     

         

SM1 Tau     0.274 -0.0000 0.001 0.97 

OCC Tau     0.274 -0.0001 0.006 0.93 

OCC Cho     0.272 -0.0011 0.115 0.74 

SM1 Glx     0.267 -0.0058 0.602 0.44 

SM1 mI     0.258 -0.0082 0.861 0.36 

SM1 Cr     0.250 -0.0089 0.933 0.33 

OCC Glx     0.242 -0.0071 0.750 0.39 

OCC Cr     0.233 -0.0090 0.952 0.33 

OCC mI     0.218 -0.0150 1.589 0.21 

SM1 Cho     0.196 -0.0222 2.333 0.13 

OCC NAA     0.136 -0.0600 6.193 0.015 

 

SM1 = primary sensorimotor cortex; OCC = occipital cortex; NAA = N-acetylaspartate; Glx = glutamate-glutamine complex; Cr = creatine; Cho = choline; mI = myoinositol; Tau 

= Taurine; *p < 0.05; ** p < 0.01; *** p < 0.001. 
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4. Motor Cortex metabolite alterations in Amyotrophic 

Lateral Sclerosis assessed in vivo using edited and non-

edited magnetic resonance spectroscopy. 
 

 

 

4.1 ABSTRACT 
 

Previous MRI and proton spectroscopy (1H-MRS) studies have revealed impaired neuronal integrity and 

altered neurometabolite concentrations in the motor cortex of patients with amyotrophic lateral 

sclerosis (ALS). Here, we aim to use MRI with conventional and novel MRS sequences to further 

investigate neurometabolic changes in the motor cortex of ALS patients and their relation to clinical 

parameters. We measured neurometabolic profiles using a regular PRESS MRS sequence in patients 

(n=20) and healthy controls (HC) (n=20). In addition, the novel HERMES (Hadamard Encoding and 

Reconstruction of MEGA-Edited Spectroscopy) MRS sequence was used to simultaneously quantify 

GABA and glutathione in patients (n=7) and HC (n=7). We observed an 11% decrease in N-

acetylaspartate (NAA) (p = 0.025), 15% increase in glutamate + glutamine (Glx) (p = 0.0084) and a 21% 

increase in myo-inositol (mIns) (p = 0.0051) levels for ALS patients compared to HC. NAA levels in the 

bulbar-onset group were found to be significantly (p = 0.0097) lower compared to the limb-onset group. 

A strong correlation (p < 0.0001; Rρ = -0.8801) for mIns and a weak correlation (p = 0.0066; Rρ = -0.6673) 

for Glx was found for the disease progression, measured by declining of the ALS Functional Rating Scale-

Revised criteria (ALSFRS-R). Concentrations of mIns and Glx also correlated with disease severity 

measured by forced vital capacity (FVC). A trend towards decreasing glutathione concentrations in ALS 

patients was observed (p = 0.0842). Results suggest that mean neurometabolite concentrations 

detected in the motor cortex may indicate clinical and pathological changes in ALS.  

 

 

4.2 INTRODUCTION 
 

Amyotrophic lateral sclerosis (ALS) is an idiopathic, progressive and a fatal neurodegenerative disease 

characterised by selective death of motor neurons in the motor cortex, brainstem and spinal cord 

(Hardiman et al., 2017; van Es et al., 2017). These neurons innervate facial and articulator muscles, 

regulate the swallowing and control upper and lower limbs. ALS symptoms include fasciculations, 

progressive atrophy of the skeletal muscles, weakness and paralysis of the upper and lower limbs 

(Cleveland et al., 2001). In addition, loss of speech and partly degeneration of the respiratory muscles 

are present in most ALS patients dying of respiratory failure. 

 

The pathophysiological mechanisms leading to the degeneration of motor neurons are still largely 

unknown and possibly multifactorial (Kiernan et al., 2011). However, there are several hypotheses 

underlying the disease process including oxidative stress, glutamate excitotoxicity, impaired 

mitochondrial function, and aberrant protein folding (Turner et al., 2008).  
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Localized in vivo proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive technique for 

measuring neurometabolites. MRS has been used to assess the progression of neurodegeneration in 

humans and animal models of diseases including Alzheimer's disease, Huntington's disease and ALS 

(Jenkins et al., 2000; Andreassen et al., 2001; Choi et al 2003a; Dedeoglu et al., 2004; Jenkins et al., 

2005; Marjanska et al., 2005, Weerasekera et al., 2018). Neurometabolites detectable by 1H-MRS 

include N-acetylaspartate (NAA), which is considered as an in vivo marker of neuronal activity; choline-

containing compounds (Cho), which are markers for cell-membrane synthesis; creatine + 

phosphocreatine (Cr), markers for energy metabolism; myo-inositol (mIns), which is a maker for 

inflammation, and a range of other signals that might not be visible depending on type and quality of 

spectra as well as on the pathological condition (Verma et al., 2016). Neurotransmitters such as the 

excitatory neurotransmitter glutamate (Glu), glutamine (Gln), the inhibitory neurotransmitter γ-

aminobutyric acid (GABA) and the reduced and oxidized form of the peptide glutathione are also 

detectable by 1H-MRS. Although the latter compounds are of considerable neuroscientific interest, 

their accurate quantification by in vivo MRS can represent a significant challenge due to their low 

concentrations, complex spin systems (signal pattern) and overlapping spectral resonances. Using 

advanced edited MRS sequences, low concentration metabolites such as GABA and glutathione can 

be accurately measured (Mullins et al., 2014; Sanaei et al., 2017; Raschke et al., 2018). In this regard, 

the novel Hadamard Editing and Reconstruction of MEGA-edited Spectroscopy (HERMES) sequence 

allows the simultaneous detection of multiple metabolites with overlapping signals in the 1H-MR 

spectrum. The HERMES sequence has demonstrated a two-fold reduction in scan time for GABA and 

GSH editing compared to successively acquired measurements using conventional editing methods 

(Chan et al., 2016; Saleh et al., 2016). Reduced scan time benefits the patient comfort and compliance, 

thus minimizes motion during scanning. In this study, we utilized conventional point-resolved 

spectroscopy (PRESS) and the novel edited HERMES MRS sequences to detect the neurometabolic 

profiles in ALS patients. We have examined the relationships between neurometabolite levels and 

clinical parameters, including ALS Functional Rating Scale-Revised (ALSFRS-R) score and Forced Vital 

Capacity (FVC). 

 

4.3 MATERIALS AND METHODS 
 

4.3.1 Ethical considerations 

 

The research protocol was approved (S55312) by the local Ethics Committee from the University 

Hospital (UZ) Leuven. Written informed consent was obtained from all subjects included in the study.  

 

4.3.2  Study Participants and Design 

 

Twenty individuals with ALS were recruited for the Phenotype Research for ALS Modifier Discovery 

(PYRAMID) study conducted at UZ Leuven, Gasthuisberg campus (Table 4.1). The PYRAMID study was 

designed to create a detailed databank of clinical information and samples from ALS patients.  Clinical 

parameters included the declining of the ALSFRS-R (Rooney et al., 2017) and FVC (Czaplinski.et al., 

2006). ALSFRS-R (range 0 to 48, 48: normal) is a rating scale that determines patients’ valuation of their 

competence and independence in 12 functional activities such as motor capability and respiratory 

performance. A score of 0 to 4 rates each question, where a score of 0 indicate no function while a score 



 

 

83 

 

of 4 would indicate normal function. (Cedarbaum et al., 1999). FVC is measured with a spirometry test 

where function of the respiratory muscles is assessed in people with ALS (Kaplan et al., 1994). In 

addition, twenty apparently healthy, age and gender-matched controls (HC) were recruited. 

 

Table 4.1: Patient and healthy control group characteristics. 

 

 

Clinical Parameters ALS patient group 

(n = 20) 

Healthy control group 

(n = 20) Mean ±SD Mean ±SD 

Age (years) 56 10 57 8 
Gender (male: female)                          16:4                      16:4 
Disease duration (months) 20 15  
ALSFRS-R score 30.2 9  
FVC (%) 86.3 29.5  
Riluzole use (yes: no) 16:4  
Onset locus (limb:bulbar) 12:8  

 

 

4.3.3  Magnetic Resonance Protocol and Data Acquisition 

 

All MRI studies, which included structural MRI examination and single-voxel 1H MRS of the motor cortex, 

were conducted on a 3T Philips Achieva (Philips Healthcare, Best, The Netherlands) scanner using a 32-

channel receiver head coil system (Philips Healthcare, Best, The Netherlands). First, a three-dimensional 

anatomical T1-weighted scan of seven minutes was performed to capture the structural characteristics 

of the brain (MPRAGE, repetition/time echo (TR/TE) = 9.6ms/4.6ms;  inversion time = 900 ms,  0.98 x 

0.98 x 1.2mm pixel size; field of view (FOV) = 192 x 250 x 250; 160 coronal slices of 1.2 mm thickness, 

flip angle, 8°). The anatomical scan was used to accurately position the volume of interest for MRS 

acquisition.  

 

4.3.4 Non-edited Conventional MRS acquisition  

 

Standard single voxel 1H-MR spectra were acquired from the left motor cortex with a voxel size of 2x2x2 

cm3 (for voxel placement see Figure 4.1A), using a point resolved spectroscopy pulse sequence (PRESS,  

repetition time/echo time, TR/TE 2000/22 ms; receiver bandwidth 2 kHz, 128 averages, 1024 sample 

points. Water suppression method: MOIST (multiple optimizations insensitive suppression train). The 

total acquisition time was 5 min, 30s. 
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4.3.5 Edited MRS acquisition with HERMES sequence 

 

Edited single voxel 1H MR spectra were acquired also from the left motor cortex with a voxel size of 

3x3x3 cm3 (keeping the same voxel position as for the PRESS sequence but increasing the size by 1 cm), 

using the HERMES sequence (Saleh et al., 2016; Chan et al., 2016) with TR/TE, 2000/80 ms; 2 averages; 

160 dynamic scans; 20ms pulse duration; water frequency was set to 4.68 ppm; 16 phase cycles. Water 

suppression method: MOIST. The total acquisition time was 10 min, 56s.  

 

4.3.6 1H MRS data processing and quantification 

 
Non-edited spectra were processed using jMRUI v6.0 (Stefan et al., 2009).  Spectra were phase 

corrected. An HLSVD (Hankel Lanczos Singular Values Decomposition) filter was applied to remove the 

residual water signal (van den Boogaart et al., 1994). Metabolites were quantified with the QUEST 

algorithm in jMRUI using a simulated (nmrscopeb) basis set (Ratiney et al., 2004). Results are reported 

relative to the non-suppressed water signal. 16 neurometabolites (Alanine, Aspartic acid, total creatine, 

choline, GABA, glycine, glucose, glutamate, glutamine, NAA, myo-inositol, Scyllo-inositol, lactate, 

phosphoethanolamine, scyllo-inositol, taurine) were quantified. Only neurometabolites with a Cramer-

Rao lower bound < 20% were considered for quantification. Edited spectra were processed by the 

Gannet toolkit v3.0, using water as a reference (Edden et al., 2014). Signal-to-noise ratio (SNR) 

measurements were determined by jMRUI QUEST, in time-domain (Maximum of FID/standard deviation 

of FID tail).  

 

 

4.3.7 MRI Segmentation  

 
The MPRAGE T1-weighted MR images, acquired for the localization and placement of the MRS voxels 

were segmented with a statistical parametric mapping approach using spm8 

(http://www.fil.ion.ucl.ac.uk/spm/). Voxel registration was performed using custom-made scripts 

developed in MATLAB (The MathWorks, Natick, Massachusetts, USA) by Dr. Nia Goulden (Bangor 

University Wales, UK), which can be accessed at http://biu.bangor.ac.uk/projects.php.en. Using the T1-

weighted MR image and the orientation and location information from the Philips SPAR files, the scripts 

generates a mask of the voxel location, which then is used to calculate the partial volumes of gray matter 

(GM), white matter (WM), and cerebrospinal fluid (CSF) percentages within the voxel. 

  

4.3.8 Tissue Correction 

 

The segmented tissue fractions were then used to correct for metabolite concentrations quantified by 

using jMRUI-QUEST for differences in cerebrospinal fluid content according to Gasparovic et al., 2006. 

T1 and T2 values for grey matter, white matter, and CSF used in this study were 1331, 832, and 3817 ms 

and 110, 79, and 503 ms, respectively. Metabolite relaxation times that were used for calculating the 

final corrected metabolite concentrations were taken from previously studies (Wansapura et al., 1999; 

Traber et al., 2004).  

 

http://www.fil.ion.ucl.ac.uk/spm/
http://biu.bangor.ac.uk/projects.php.en
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4.3.9 Statistical Analysis 

 

Statistical analysis was performed using Prism GraphPad v5 (GraphPad, La Jolla, California) with 

unpaired, two-tailed Student t-tests on groups of patients with patients versus control subjects. A p-

value of less than 0.05 was considered statistically significant in this study. Spearman’s rank correlation 

coefficients were calculated to evaluate the correlations between neurometabolites and clinical 

parameters, e.g. ALSFRS-R score and FVC. 

 

 

4.4 RESULTS 
 

4.4.1 Subjects 

 

Twenty patients with ALS (male = 16, female = 4; mean age, 56 ± 10 years) and 20 healthy controls (male 

= 16, female = 4; mean age, 57 ± 8 years) were studied using a 3T MR scanner. Out of 20 patients, 16 

were on the ALS medication Riluzole. Comparison of localized PRESS 1H-MR spectra from an ALS patient 

and a healthy control is shown in Figure 4.1B and a representative HERMES spectrum of an ALS patient 

is shown in Figure 4.1C. 

 

4.4.2 Voxel segmentation 

 
The 2x2x2 cm3 voxel comprised on average 59%±12% white matter, 26%±15% gray mater, and 

14%±10% CSF for the patient group and  55%±15% white matter, 33%±10% gray mater, and 12%±11% 

CSF for the control group, respectively. The gray, white matter and CSF content within the motor cortex 

was not significantly different between subjects with ALS and controls. 
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Figure 4.1. (A) 3x3x3 cm3 voxel placement on precentral gyrus overlaid on a sagittal, coronal and axial T1 (MPRAGE) 

image. (B) Non-edited PRESS spectra from an ALS patient (left) and a healthy control (right). Blue arrow shows the 

increased myo-inositol resonance at 3.61 ppm. (C) Edited HERMES spectra of an ALS patient processed with 

GANNET. Top spectra: edited glutathione spectrum, bottom: edited GABA spectrum. Abbreviations: Lip+MM, 

lipda+macromolecules; NAA, N-acetylaspartate; Glx, glutamate+glutamine; Cr, creatine; Cho, choline; mIns, myo-

inositol. 
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4.4.3 MRS quality parameters 

 

No significant differences in spectral quality or amount of CSF in the voxel were apparent between the 

groups (Table 4.2).  

 

Table 4.2: MRS Data Quality 

 

 

MRS quality parameters 

 

 

 

 

 

 

 

 

 

ALS patient group 

 

 

(n = 20) 

Healthy control group 

 

 

 

(n = 20) 

   
Signal-to-noise ratio 60±10 

 

 

 

54±8 

Water linewidth (Hz) 7±1  

 

 

 

 

7±0.5 

%CSF 10.3±6.1 

 

12.1±3.2 

 

 

4.4.4 Neurometabolites 

 

Neurometabolite levels from the motor cortex of subjects with ALS and healthy controls were quantified 

using a standard non-edited PRESS sequence (ALS: n = 20, HC: n = 20) (Figure 4.1B) and an edited 

HERMES sequence (ALS: n = 7, HC: n = 7) (Fig 4.1C). Quality of the fitting for both acquisitions is shown 

in Figure 2 (Fig 4.2A and B).   

 

4.4.5 Metabolite quantification using PRESS 

 

The comparison between ALS patients and healthy controls (Figure 4.3) showed a decrease of 11% in 

NAA in subjects with ALS compared to healthy controls (p = 0.025). In addition, Glx and myo-inositol 

levels were found to be increased by 15% (p = 0.0084) and 21% (p = 0.0051) in ALS patients, respectively. 

No significant correlations were found for these metabolites (NAA-mIns: p = 0.1178, Rρ = -0.36; NAA-

Glx: p = 0.2927, Rρ = 0.2476; Glx-myo-inositol: p = 0.1212, Rρ = 0.3580). No significant differences were 

found for other quantified metabolites.  
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Figure 4.2. (A) Original non-edited PRESS spectrum (red) fitted using QUEST algorithm overlayed with estimated 

spectrum (blue), bottom; residue (green) after quantification. (B) Model fit of edited HERMES spectrum of 

glutathione (left, blue) with estimated overlayed (red). Right: corresponding GABA spectrum. Note the very good 

fitting quality (excellent overlay of aqcuired and model data).  
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Figure 4.3. Absolute concentrations of NAA, Glx and myo-inositol in the motor cortex of ALS patients (n = 20) and 

age-matched healthy controls (n = 20). Statistical significances between the two groups and mean concentrations 

within each group are shown. Concentration values are given as mean ± SD; *P < 0.05, **P < 0.01 

 

Regarding metabolite ratios, several metabolite ratios revealed significant differences between patients 

and healthy controls (Figure 4.4). Namely, mIns/Cr (p = 0.0011), and mIns/NAA (p = 0.0009) showed 

significant increases compared to healthy controls. Significant decreases were found for NAA/Cr (p = 

0.0014), NAA/Glx (p = 0.0042, NAA/Cho (p = 0.0056) and NAA/mIns (p = 0.0011) ratios.  

The comparison of the limb-onset ALS patient group (n = 12) with the bulbar-onset patient group (n = 

8) showed significantly (p= 0.0097) lower NAA concentrations in the motor cortex of bulbar-onset 

patients than in the limb-onset group (Figure 4.5).  
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Figure 4.4. Ratios of mIns/Cr, mIns/NAA, NAA/Cr, NAA/Glx, NAA/Cho and NAA/mIns in the motor cortex of ALS 

patients (n = 20) and age-matched healthy controls (n = 20). Statistical significances between the two groups and 

mean concentrations within each group are shown. Concentration values are given as mean ± SD; *P < 0.05, **P 

< 0.01, ***P < 0.001 
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Figure 4.5. NAA concentrations in the motor cortex of bulbar-onset ALS patient group (n = 8) and limb-onset ALS 

patient group (n = 12). Concentration values are given as mean ± SD; **P < 0.01 

 

 

4.4.6 Metabolite quantification using HERMES 

 

In addition to the conventional PRESS acquisition, we utilized the novel Hadamard-encoded spectral 

editing scheme to simultaneously quantifying low concentration glutathione and GABA at a field 

strength of 3T. The comparison between ALS patients and healthy controls (Figure 4.6) showed a trend 

towards a decrease of glutathione in patients with ALS compared to healthy controls (p = 0.0842). No 

changes in GABA were observed between the two groups (p= 0.48). 

 

 

4.4.7 Correlations of neurometabolites with ALSFRS-R and FVC scores 

 

Neurometabolite concentrations and ratios were correlated with the clinical parameters ALSFRS-R 

scores and FVC (Figures 4.7 & 4.8). Only neurometabolites/ neurometabolite ratios that showed a 

significant difference or a trend between patients with ALS and healthy controls were selected. 

Correlations are summarized in Table 4.3. 
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Figure 4.6. Absolute concentrations of glutathione and GABA in the motor cortex of ALS patients (n = 7) and age-

matched healthy controls (n = 7). Statistical significances between the two groups and mean concentrations within 

each group are shown. Concentration values are given as mean ± SD;  

 

Table 4.3: Correlations between absolute metabolic concentrations (mM) and functional parameters 
 

 

 

Metabolite ALS-FRS-R FVC 

Spearman, Rρ p-value Spearman, Rρ p-value 

mIns -0.8801 < 0.0001 -0.6357 0.0109 

Glx -0.6673 0.0066 -0.688 0.0046 

NAA 0.4705 0.0767 0.2373 0.3945 

NAA/Cr 0.7091 0.0182 -0.08242 0.789 

NAA/Glx 0.8104 0,0002 0.7 0.0037 

NAA/mIns 0.8062 0.0005 0.5253 0.0537 
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Figure 4.7. Correlation between neurometabolite concentrations and the disease progression measured with 

ALSFRS-R. (A) Demonstrates the correlation of regional mIns and ALSFRS-R. The resulting slope in linear fit is 

represented by the solid black line (Rρ = -0.8801, P < 0.0001). (B) Glx vs ALSFRS-R (Rρ = 0.-0.6673, P = 0.0066). (C) 

NAA vs ALSFRS-R (Rρ = 0.4705, P = 0.0767). Abbreviation: NAA, N-acetylaspartate; mIns, myo-inositol; Glx, 

glutamate+glutamine 
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Figure 4.8. Correlation between neurometabolite concentrations and the disease progression measured with FVC. 

(A) mIns vs FVC (Rρ = -0.0.6357, P = 0.0109). (B) Glx vs ALSFRS-R (Rρ = -0.688, P = 0.0046). (C) NAA vs FVC (Rρ = 

0.2373, P = 0.3945). Abbreviation: NAA, N-acetylaspartate; mIns, myo-inositol; Glx, glutamate+glutamine 

 

 

4.5 DISCUSSION 
 

The value of in vivo MR spectroscopy in evaluating upper motor neuron integrity in ALS has been 

previously demonstrated (Pioro et el., 1994; Jones et al., 1995; Kalra et al., 1999; Han et al., 2010; 

Foerster et al., 2014; Liu et al., 2015; Grolez et al., 2016). To the best of our knowledge, this is the first 

study to apply conventional PRESS and novel edited HERMES sequences at 3T in an ALS study. The use 

of robust editing techniques enable access to neurometabolic data that was previously inaccessible to 

conventional MRS due to the heavy overlap with signals of metabolites with higher concentrations.  
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4.5.1 Decreased motor cortex N-acetylaspartate  

 

In the brain, NAA is generally considered exclusively of neuronal origin. Therefore, it is regarded as a 

marker for neuronal density and integrity. MRS results from this study showed a significant decrease in 

the levels of NAA in the motor cortex of ALS patients compared to healthy controls. Moreover, the lower 

NAA levels observed in the bulbar-onset patient group may imply a more severe upper motor neuron 

involvement in the bulbar-onset group. In addition, significant decreases in the NAA/Cr, NAA/Cho, 

NAA/Glx and NAA/mIns ratios were also observed. 

 

Jones et al (Jones et al., 1995) first applied MRS on ALS patients and reported reduced NAA and NAA/Cho 

levels in the motor cortex. Other groups confirmed these findings using high-field MR scanners (Cwik et 

al., 1998; Block et al., 1998; Rule et al., 2004; de Graaff et al., 2010; Stagg et al., 2013; Atassi et al., 2017; 

Cheong et al., 2017). Therefore, reduced NAA levels in the motor cortex is the most frequently reported 

in MRS studies of ALS. This reduction is usually attributed to neuronal loss. However, if NAA was indeed 

an exclusive neuronal marker, one would expect that the motor cortex NAA levels would correlate with 

disease severity. Even though a significant decrease in the NAA levels in ALS patients was observed in 

this study, no correlation was found for NAA concentration and the ALSFRS-R score (Rρ = 0.4705, P = 

0.0767). Furthermore, in above-mentioned studies, most did not report such correlations or they 

reported correlations with respect to disease diagnosis (definite, probable and possible) but not with 

the disease severity (ALSFRS-R). 

 

4.5.2 Increased motor cortex myo-inositol  

 

We have found significant elevation myo-inositol, a glial marker, in ALS patients compared to healthy 

controls.  This finding is consistent with previous studies. Elevated myo-inositol levels have been 

previously reported for numerous neurodegenerative diseases, including Alzheimer’s disease 

(Voevodskaya et al., 2016), Huntington’s disease (Sturrock et al., 2015) and ALS (Kalra et al., 2006; 

Foerster et al., 2013; Cheong et al., 2017). Furthermore, we found a significant (Rρ = -0.8801, P< 0.0001) 

negative correlation between myo-inositol levels of ALS patients with the ALSFRS-R score (ALSFRS-R 

mean ± SD = 30.2 ± 9). This indicates that the significant group difference is primarily driven by the 

higher myo-inositol levels in those who are severely affected by the disease. The increase of myo-inositol 

levels with the ALS progression is further supported by two previous studies that enrolled patients at an 

early disease stage (ALSFRS-R mean ± SD = 40.1 ± 4.3, van der Graaff et al., 2010; ALSFRS-R mean ± SD 

= 38.2 ± 4.7, Atassi et al., 2017) where the authors found no differences in myo-inositol levels.  

 

4.5.3 Increased motor cortex Glx  

 

Glutamate is the most abundant neurotransmitter in the brain, as well as a structural component of 

proteins, a component of intermediate energy metabolism and a precursor for glutamine, GABA and 

glutathione (Erecinska et al., 1990; Bak et al., 2006). In ALS, excitotoxicity of glutamate is assumed to be 

one of the leading contributors to ALS pathogenesis (Van Den Bosch et al., 2006). In vivo high-field 1H-

MR spectroscopy studies in humans and animal models of ALS suggest changes in glutamate 

concentrations in the motor cortex (Choi et al 2009, Attassi et at., 2017). However, due to the molecular 

structural similarity of glutamate and glutamine, conventional MRS at clinically used magnetic field 
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strengths of 1.5 and 3 T is challenging for reliable quantification of the two molecules. Therefore, the 

combined signal Glx is often reported and considered to be more reliable. We have found a 15% 

increase in Glx concentrations in the ALS group compared to healthy controls. Higher g lutamate 

levels in plasma and CSF of ALS patients was previously reported (Camu et al., 1993; Plaitakis et al., 

1993). Previous MRS studies on ALS patients also reported significantly higher Glx levels and a negative 

correlation with ALSFRS score (Piorro et al., 1999; Hans et al., 2010). However, it should be noted that 

out of the 20 patients recruited in our study, 16 were taking Riluzole. Riluzole has been shown to 

decrease glutamatergic neurotransmission by acting as an antagonist of presynaptic NMDA and AMDA 

glutamate receptors, as well as by increasing glutamate transporter uptake (Albo et al., 2004; 

Lamanauskas et al., 2008; Fumagalli et al., 2008). Foerster et al reported higher levels of Glx in the motor 

cortex of untreated patients compared to Riluzole-treated patients (Foerster et al., 2013).  

 

4.5.4 Motor cortex GABA and glutathione 

 

Changes in low concentration GABA and glutathione has shown to play an important role in ALS 

pathology (Foerster et al., 2013; Diana el al., 2017; Di LAzzaro et al., 2017; Chiò et al., 1998; Vargas et 

al., 2012; Weiduschat et al., 2014). Since edited MRS allows reliable detection of J-coupled, low-

concentration metabolites such as the inhibitory neurotransmitter GABA and the redox compound 

glutathione, we simultaneously measured the GABA and glutathione levels using the edited-HERMES 

MRS sequence. For the edited MRS study, 7 patients and 7 healthy controls were used (all 7 patients 

were taking Riluzole). Our data show no difference in GABA levels between the ALS group and the 

healthy controls. However, since Riluzole also acts on GABAergic systems (Foerster et al., 2013) the 

interpretation of GABA levels in the two groups becomes challenging. As for glutathione levels, a 

decreasing trend was observed for the ALS group compared to healthy controls. A recent study by 

Weiduschat et al using a J-edited PRESS sequence reported lower levels of glutathione in the motor 

cortex of ALS patients (n=11) compared to healthy controls (n=13) (Weiduschat et al., 2014). However, 

further studies using edited MRS and a larger sample size is necessary to confirm these findings. 

 

4.6 CONCLUSIONS 
 

In conclusion, the combined use of non-edited and edited MRS could be a powerful and non-invasive 

tool to study molecular changes of neurodegeneration in ALS. Previously, low concentration metabolites 

were deemed impractical to acquire for diagnostic MRS due to time considerations and patient 

discomfort. However, simultaneous editing of these metabolites using sequences such as HERMES, 

enable the reduction of total scan time considerably, increase the diagnostic accuracy and enhance the 

patient comfort. The diagnostic value is demonstrated by the significant neurometabolic changes in the 

motor cortex of ALS patients that are reported in this study. Some of the observed neurometabolic 

changes also showed significant correlations with clinical measures. Our results also agrees well with 

previous findings which may indicate the robustness of quantitative MRS.  
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5. Comparison of GABA and glutamate/glutamine 

quantification from edited and unedited MR spectra – 

assessment of age effects. 

 
5.1 ABSTRACT 

 

Purpose Here we compare currently available spectral fitting methods to assess the in vivo 

concentrations for GABA and glutamate + glutamine (Glx) derived from J-edited (MEGA-
PRESS) and unedited (MEGA-PRESS-OFF) magnetic resonance (MR) spectra. In addition, we 

tested the approach to assess the inter-subject variability in neurotransmitter levels arising 
from age effects.  

 

Materials and Methods  Single voxel MEGA-edited PRESS MR spectra were acquired from a 

27 cm3 voxel placed in the left sensorimotor cortex (SM1) of 10 young adults (YA) and 10 
older adults (OA) using an 3T Philips Achieva clinical MR scanner. MEGA-edited spectra were 

quantified using the Gannet 3.0 toolbox and jMRUI v6.0-AMARES algorithm. MEGA-edit-OFF 

(unedited) spectra were quantified with the jMRUI v6.0-QUEST algorithm. Quantification 
methods were compared using two-tailed unpaired t-tests. Age-differences in concentrations 

using the three methods were assessed using two-way ANOVA with Bonferroni post-hoc test. 

 

Results GABA levels estimated using Gannet and QUEST showed very good agreement. 

Significant positive correlation was found for GABA values estimated with Gannet-QUEST (R2 

= 0.95) and Gannet-AMARES (R2 = 0.69) and for Glx estimated with Gannet-AMARES (R2 = 
0.69). Edited GABA estimated with AMARES showed significantly lower levels for the older 

adults. Likewise, GABA estimated with Gannet and QUEST (MEGA-edit-OFF) had a trend 

towards decreasing GABA levels in older adults (P = 0.028, P = 0.067 and P = 0.057, 
respectively).  

 

Conclusion There is a good agreement between GABA values estimated with Gannet (edited) 

and QUEST (MEGA-OFF) spectral fitting methods. The strong correlation between the Gannet 
(edited) and QUEST (MEGA-OFF) methods may suggest that conventional MRS (PRESS or 

STEAM) with an echo time TE=68ms may be used to measure GABA levels accurately in the 
absence of advanced MRS sequences like MEGA-PRESS. Furthermore, our results indicate 

that within the SM1 voxel GABA levels were lower in older as compared to young adults.   
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5.2 INTRODUCTION 

 

Imbalances in neurotransmitters glutamate and glutamine (Glx) as well as γ-aminobutyric acid (GABA) 

have been implicated aging as well as in various neurodegenerative and neuropsychiatric disorders 

including Alzheimer’s disease, Parkinson’s disease, Amyotrophic Lateral Sclerosis (ALS), epilepsy and 

schizophrenia (Helms et al., 2006; Martin 2007; Stone et al., 2007). Proton magnetic resonance 

spectroscopy (1H-MRS) is a validated method for assessing gamma-aminobutyric acid (GABA) and Glx 

concentrations in vivo for various conditions (Shungu et al., 2016). GABA is becoming the focus of 

interest in functional neuroimaging, as resting in vivo GABA levels derived from 1H-MRS have been linked 

to changes in cerebral blood volume and blood oxygen level dependent (BOLD) fMRI signal during visual 

stimulation (Donahue et al., 2010; Muthukumaraswamy et al., 2009), as well as the negative BOLD 

response in the default mode network (Northoff et al., 2007). Changes in GABA have also been observed 

with motor task activity (Floyer-Lea et al., 2006). Changes in glutamate and glutamine have been 

detected following acute pain stimulation (Siddall et al., 2006; Gussew et al., 2010). Those studies 

suggest that MR spectroscopic measurements of GABA and glutamate are sensitive not only to baseline 

neurotransmitter levels but also to rapid regional modulations of neurotransmitter activity. 

 

However, in vivo GABA and Glx detection by 1H MRS presents significant challenges due to their complex 

signal pattern (J-coupling), their partly low concentration, overlap with other resonances and 

contamination by macromolecule (MM) signals. There is a growing interest in the application of 

advanced spectral editing methods to measure GABA and Glx in the human brain. Spectral editing 

methods such as the MEshcher–GArwood Point RESolved Spectroscopy (MEGA-PRESS) sequence 

(Mescher, et al., 1998; Edden et al., 2006) provide a promising approach for the separation of GABA 

from glutamate and glutamine. The technique is based on the J-coupling modulation of the compounds 

of interest (Mullins et al., 2014; Puts et al., 2012).  

 

Currently there are various software-tools available for quantification of GABA concentration from 

edited spectra. The Gannet toolbox is such a software that is specifically designed to quantify GABA and 

Glx (Edden et al., 2014). The AMARES fitting algorithm in jMRUI is a semi-automated tool where prior 

knowledge is used to fit metabolite signals using single Gaussian or Lorentzian peaks (Vanhamme et al., 

1997). Quantification methods that use simulated or experimental metabolite basis sets, such as QUEST 

in jMRUI (Naressi et al., 2001; Stefan et al., 2009), LC Model (Provencher 1993) and TARQUIN (Wilson 

et al., 2011) are mainly designed for unedited spectra, however, one can also use these methods to 

quantify edited spectra with appropriate adjustments to the metabolite basis sets and processing 

parameters.  

 

To date no comparison was made of GABA concentrations derived from edited (MEGA-PRESS) and 

unedited (MEGA-OFF) spectra. Here we compare currently available spectral fitting methods, Gannet, 

AMARES and QUEST to assess the in vivo concentration values for GABA and Glx derived from edited 

(MEGA-PRESS) and unedited (MEGA-PRESS-OFF) spectra.   

 

Spectral editing methods like the MEGA-PRESS technique provide a promising approach for the 

discrimination of GABA from glutamate and glutamine, but only very few studies have investigated the 

possible changes of GABA levels with advancing age (Sanacora et al., 1999; Chang et al., 2009) and 

relatively little is known about the inter-subject variability in neurotransmitter levels arising from age 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R44
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R61
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R69
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R69


 

 

105 

 

effects. In the present study, we quantify the GABA and Glx concentrations derived with 

edited/unedited MEGA-PRESS using three different spectral fitting methods and investigated age 

related differences in neurotransmitter levels in a group of healthy young and old adults. 

 

5.3 MATERIALS AND METHODS 

 

5.3.1 Subjects 

 

The subject group for this proof-of-principle study consisted of 10 healthy young adults (YA) (5 female 

and 5 male; mean age, 38.2 ± 8.43 years; range, 18–45 years) and 10 healthy older adults (OA) (5 female 

and 5 male; mean age, 62.8 ± 6.26 years; range 60-70 years) with no history of neurological or 

psychiatric illness, illegal substance abuse or use of psychotropic medication. All subjects were right 

handed. The protocol was in accordance with the Declaration of Helsinki (1964) and the study was 

approved by the local medical ethics committee (University Hospital Leuven; MEC reference S58441). 

All participants gave written informed consent before being included in the study. 

 

5.3.2 MR Data Acquisition 

 

MR imaging and spectroscopy studies were performed with a 3 Tesla (T) Philips Achieva Magnetic 

Resonance scanner (Philips Healthcare, The Netherlands) using a 32-channel receiver head coil. The 

scanning protocol included a three-dimensional (3D) fast inversion-recovery prepared gradient echo 

acquisition (number of slices = 160, slice thickness = 1.2 mm, repetition time (TR) = 9.6 ms, echo time 

(TE) = 4.6 ms, field of view = 256 mm × 256 mm, flip angle = 20 rdg , matrix = 256 × 192, spatial resolution 

= 0.98 × 0.98 × 1.2 mm), used for placing of the spectroscopic volume of interest. Single voxel edited 
1H-MR spectra were acquired from a 3 × 3 × 3 cm3 volume of interest (VOI) positioned in the left 

sensorimotor using the MEGA-PRESS sequence (Mescher et al., 1996; Mescher et al., 1998). The 

sensorimotor voxel (Figure 5.1) was centered over the left hand-knob (Yousry et al., 1997), parallel to 

the anterior and posterior axis. One surface was parallel to the cortical surface in the coronal and axial 

views (as shown in Hermans et al., 2018). A total of 320 averages were acquired for each spectrum 

(number of signal averages (NSA) = 160, dynamic scans = 2) with a TR of 2000 ms, a TE of 68 ms, and 16 

phase cycles, water suppression performed with MOIST (Ogg et al., 1994) resulting in an acquisition 

time of 10 min 56 sec. MEGA-editing was achieved with 20-ms Gaussian editing pulses applied at 1.9 

ppm and 7.5 ppm in alternate spectral lines.  

 

5.3.3 Data Pre-processing 

 

After loading the raw data, apodization (3Hz), frequency correction, water removal and calculation of 

the edited spectrum was performed automatically without any user input using the Gannet software 

(Edden et al., 2014). For AMARES and QUEST, spectra were frequency and phase corrected and the 

water peak was removed manually prior to quantification (Vanhamme et al., 1997; Ratiney et al., 2005) 

Difference spectra from edited and non-edited spectra were derived using a custom made jMRUI plugin. 

Data were not apodized for AMARES and QUEST.    
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5.3.4 Data Processing and Analysis 

 

Edited spectra were quantified using the Gannet 3.0 toolbox (Edden et al., 2014) and the jMRUI v6.0-

AMARES algorithm (Vanhamme et al., 1997). Spectral fitting in AMARES was performed after manually 

defining the center frequency and linewidth of the GABA and Glx peaks, and modeling the GABA peak 

at 3.0 ppm as a singlet and the co-edited glutamate + glutamine (Glx) peak at 3.75 ppm as a doublet. 

MEGA-PRESS-OFF spectra were quantified with the jMRUI v6.0-QUEST algorithm (Ratiney et al., 2005). 

A metabolite basis set for QUEST was simulated using a PRESS protocol (TE = 68ms) in NMRScopeB 

(Starčuk et al., 2017).  An unsuppressed water signal was acquired from the same voxels, such that data 

is reported as the water-normalized ratios:  GABA/H2O and Glx/H2O. Corrections were applied for 

relaxation effects using published values for the metabolite relaxation times (Mlynarik et al., 2001; 

Ethofer et al., 2003; Traber et al., 2004). In this study, concentrations were not corrected for partial 

volume CSF contamination.  

 

Water-referenced GABA and Glx concentrations were estimated in institutional units from metabolite 

amplitudes according to the following formula (Mullins et al., 2014): 

 

[GABA] =  
SGABA

SH2O
∗ [H2O] ∗  VISH2O  

1 −  e
(

−TR
T1H2O

)

1 − e
(

−TR
T1GABA

)
∗  

e
(

−TE
T2H2O

)

e
(

−TE
T2GABA

)
                  (1) 

 

where SGABA and SH2O are the averaged raw GABA and water signals, [H2O] is the brain water 

concentration (e.g. 55,550 mmol/l), VISH2O is the water visibility (e.g. 0.65 in white matter, TR is the 

repetition time, T1H2O is the T1 of water (1.1 s) (Wansapura et al., 1999), T2H2O is the T2 of water (0.095 s) 

(Wansapura et al., 1999), T1GABA is the T1 of GABA (0.8 s), T2GABA is the T2 of GABA (0.13 s) (Träber et al., 

2004),   

 

Statistical analysis was done using Prism GraphPad v5 (GraphPad, La Jolla, California). Quantification 

methods were compared using two-tailed unpaired t-tests. Age-difference concentration values of the 

three methods were assessed using two-way ANOVA with Bonferroni post-hoc test. Pearson correlation 

coefficients were calculated to evaluate the correlations between the methods. A P-value less than 0.05 

was considered statistically significant in this study. 

 

 

5.4 RESULTS 

 

A representative MEGA-PRESS spectrum and non-edited spectrum of a participant is shown in Figure 

5.1. The GABA peak at 3.0 ppm and the Glx peak at 3.75 ppm from edited MEGA-PRESS spectra were 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R67
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R67
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R65
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3825742/#R65
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visualized for all spectra with high signal-to-noise ratio. The average linewidth of the non-suppressed 

water spectra was 6.8±2.1 and average signal-to-noise ratio of spectra was 58.3±8. Figure 5.2 shows the 

fitting of the data from the three methods. Glutamate, glutamine and GABA estimated using QUEST had 

a Cramér—Rao lower bounds of less than 15%. Figure 5.3 depicts the GABA and Glx concentrations 

estimated with Gannet, AMARES, and QUEST for the 20 subjects. The differences between 

concentration values measured using Gannet, AMARES and QUEST across all subjects are presented in 

Table 5.1. GABA levels estimated with Gannet and QUEST showed similar values. Significant positive 

correlations were found for GABA and Glx values estimated with Gannet, AMARES and QUEST, where 

strongest correlation was seen between Gannet and QUEST (Table 5.2).  

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Representative processed MEGA-PRESS spectrum (A) and processed non-edited PRESS spectrum (B) 

acquired from the left sensory motor cortex of one participant visualized by jMRUI.   
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Figure 5.2: Spectral fitting from the three processing methods. Original spectrum, model fit and residual spectrum 

for edited and non-edited spectra are shown. Insert of the non-edited spectrum quantified using QUEST shows 

the estimated metabolites, glutamate, glutamine and GABA. 

 

 

 

 
 

Figure 5.3: GABA and Glx concentrations estimated with Gannet, AMARES, and QUEST for the 20 subjects. 

Note the GABA estimated by Gannet and QUEST is almost identical. In addition, all three methods show a 

lower inter-subject variability for GABA compared to Glx.  
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Table 5.1: Mean ± SD GABA and Glx concentrations estimated with Gannet, AMARES, and QUEST for the 20 

subjects. 

 

 
 

 

 

Table 5.2: Correlation information comparison of GABA and Glx estimated with Gannet, AMARES, and QUEST. 

 

 
 

 

 

MEGA-PRESS edited GABA estimated with AMARES showed significantly lower levels for the older adults 

(Figure 5.4). Likewise GABA estimated with Gannet and QUEST (MEGA-OFF) showed a trend towards 

decreasing GABA levels in older adults (P = 0.028, P = 0.067 and P = 0.057 respectively).  
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Figure 5.4.  GABA concentrations for young (n = 10) and old (n = 10) adults estimated with Gannet, 

QUEST and AMARES.  

 

 

 

5.5 DISCUSSION 

 
The high spectral quality and high sensitivity to GABA seen for all the spectra in this study indicate that 

the MEGA-PRESS method provides a robust tool for the in vivo detection of especially GABA in the 

sensory motor cortex. However, it should be mentioned that the GABA concentrations reported in this 

study (both edited and unedited) also contain contributions from co-edited macromolecule signals. 

Therefore, fitting of the edited peak at 3.0 ppm as either a singlet or a doublet will yield an estimate for 

GABA that should be indicated as having a substantial contribution from macromolecules, this is often 

referred to as GABA+ in the literature [Harris et al., 2017; Porges et al., 2017). Results from metabolite 

nulling studies suggest that the MM resonances can account for nearly half the apparent GABA 

concentration, although the relative contribution of the MM to the GABA+ peak is thought to remain 

relatively stable across brain regions and subjects (Kegeles et al., 2007).  
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Direct comparison of the three spectral fitting methods using comparable metrics is not feasible due to 

several reasons. Errors in fit determined using jMRUI-QUEST reflect a statistical model that fits all 

metabolites simultaneously, while the errors generated from the fit by using GANNET do not consider 

errors propagated in preprocessing (frequency alignment, subtraction etc.). Also, time and signal-to-

noise penalties were not considered in this study. We mainly looked for consistency in the data 

generated by the acquisition and three fitting methods.  

 

The inter-subject variability for GABA levels was lower than that of Glx for all three fitting methods. 

Almost no difference in concentration values was found for GABA estimated with Gannet (edited) and 

QUEST (unedited).  A 30% difference in GABA concentrations was found for AMARES compared to the 

other two methods. For Glx, a 20% difference in values was found between Gannet-QUEST and 29% 

difference was seen between AMARES-QUEST. The largest Glx difference of 47% was found between 

Gannet and AMARES. The variability in concentration values obtained by all three methods could be due 

to several factors such as the differences in water visibility values (% of water in brain tissue), 

apodization and editing efficiency values used in each processing tool in estimating the absolute 

concentration. A strong positive correlation between Gannet and QUEST suggest that the two methods 

are in good agreement for quantifying GABA acquired by edited and unedited MEGA-PRESS spectra. 

Due to the good agreement of the Gannet and QUEST derived GABA values, a next step could be to 

acquire GABA using a regular PRESS sequence with a TE = 68ms and compare the data with those 

acquired with MEGA-PRESS. Such a study could confirm if a regular PRESS sequence with a TE = 68ms 

could replace the MEGA-PRESS sequence for reliable GABA quantification.  

 

In this study, we also investigated the changes of neurotransmitters GABA and Glx levels in the 

sensorimotor cortex of young and old adults. Even though not many studies reported GABA changes 

with advancing age, a recent study from Porges and co-workers observed a decrease in GABA levels 

with advancing age within frontal and parietal locations (Porges et al., 2017). Our observation of lower 

GABA in older adults as compared to young adults needs further analysis with tissue corrections since 

the distribution of GABA varies across neural tissue fractions (Olsen et al., 2009). The age-related 

differences in GABA levels we observed may be driven by the gray matter loss rather than altered GABA 

levels within the gray and white matter tissues. However, we did not observe any significant changes in 

the Glx levels of the two groups. An alternative interpretation of the GABA+ concentrations could be a 

decreased MM contribution with old age. However, some preliminar studies have reported increased 

MM in the aging brain (Hofmann et al., 2001; Mader et al., 2002; Marjańska et al., 2018).  

 

In conclusion, there is a good agreement between GABA values estimated with Gannet (edited) and 

QUEST (MEGA-OFF) spectral fitting methods. The strong correlation between the Gannet (edited) and 

QUEST (MEGA-OFF) may suggest that conventional MRS (PRESS) with a TE=68ms may be used to 

measure GABA levels accurately in the absence of advanced MRS sequences. Furthermore, our results 

indicate that within the SM1 voxel GABA levels were lower in older as compared to young adults.  
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6. Non-Invasive Assessment of Disease Progression and 

Neuroprotective Effects of Dietary Coconut Oil 

Supplementation in the ALS SOD1G93A Mouse Model: a 

1H-Magnetic Resonance Spectroscopic Study. 
 

 

 

6.1 ABSTRACT 
 

Amyotrophic Lateral Sclerosis (ALS) is an incurable neurodegenerative disease primarily characterized 

by progressive degeneration of motor neurons in the motor cortex, brainstem and spinal cord. Due to 

relatively fast progression of ALS, early diagnosis is essential for possible therapeutic intervention and 

disease management. To identify potential diagnostic markers, we investigated age-dependent effects 

of disease onset and progression on regional neurochemistry in the SOD1G93A ALS mouse model using 

localized in vivo magnetic resonance spectroscopy (MRS). We focused mainly on the brainstem region 

since brainstem motor nuclei are the primarily affected regions in SOD1G93A mice and ALS patients. In 

addition, metabolite profiles of the motor cortex were also assessed. In the brainstem, a gradual 

decrease in creatine levels were detected starting from the pre-symptomatic age of 70 days 

postpartum. During the early symptomatic phase (day 90), a significant increase in the levels of the 

inhibitory neurotransmitter γ- aminobutyric acid (GABA) was measured. At later time points, alterations 

in the form of decreased NAA, glutamate, glutamine and increased myo-inositol were observed. Also, 

decreased glutamate, NAA and increased taurine levels were seen at late stages in the motor cortex. A 

proof-of-concept (PoC) study was conducted to assess the effects of coconut oil supplementation in 

SODG93A mice. The PoC revealed that the coconut oil supplementation together with the regular diet 

delayed disease symptoms, enhanced motor performance, and prolonged survival in the SOD1G93A 

mouse model. Furthermore, MRS data showed stable metabolic profile at day 120 in the coconut oil 

diet group compared to the group receiving a standard diet without coconut oil supplementation. In 

addition, a positive correlation between survival and the neuronal marker NAA was found. To the best 

of our knowledge, this is the first study that reports metabolic changes in the brainstem using in vivo 

MRS and effects of coconut oil supplementation as a prophylactic treatment in SOD1G93A mice. 

 

6.2 INTRODUCTION 
 

Amyotrophic lateral sclerosis (ALS) is an idiopathic, progressive and a fatal neurodegenerative disease 

characterized by selective death of motor neurons in the motor cortex, brainstem and spinal cord. The 

bulbar neurons regulate the swallowing and spinal motor neurons innervate limb muscles. ALS 

symptoms and signs include fasciculations, progressive atrophy of the skeletal muscles, weakness and 

paralysis of the upper and lower limbs (Cleveland et al., 2001). In addition, loss of speech and 

denervation of the respiratory muscles occurs with most ALS patients dying of respiratory failure. 
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The pathophysiological mechanisms leading to the degeneration of motor neurons are still largely 

unknown and possibly multifactorial. However, there are several hypotheses underlying the disease 

process including oxidative stress, glutamate excitotoxicity, impaired mitochondrial function, aberrant 

protein folding, disturbances in RNA metabolism and impaired axonal transport (Turner et al., 2008; 

Wang et al., 2015; De Vos et al., 2017; Liu et al., 2017).   

 

While approximately 10% of ALS cases have familial causes (fALS), in 90% the disease is considered 

sporadic (sALS). The etiology of sALS is largely unknown; however, about 20% of fALS is associated with 

a dominantly inherited mutation in the gene that encodes the Cu/Zn-superoxide dismutase 1 (SOD1). A 

key pathology observed in SOD1 mutation is the abnormal build-up of misfolded-dysfunctional mutant 

SOD1 protein aggregates in affected motor neurons (Bruijn et al., 1998). However, since most mutant 

SOD1 proteins are able to function normally, a toxic gain of function is more likely as a cause for 

pathogenesis of SOD-related ALS (Boillée et al., 2006; Sau et al., 2007; Bunton-Stasyshyn et al., 2015; 

Bastow et al., 2016). 

 

The SOD1G93A transgenic mouse, which over-expresses a mutated form of the human SOD1 gene 

(Gurney et al., 1994) has been studied as an experimental model for fALS. This model presents with 

clinical symptoms and neuropathological features that mimic those characteristic of fALS (Rosen et al., 

1993; Van Damme et al., 2017), such as severe hind limb paralysis with atrophy of skeletal muscles (Tu 

et al., 1996). In SOD1G93A mice, atrophy of the diaphragm muscles leads to respiratory failure and 

subsequent death (Tankersley et al., 2007). At the moment there is a strong urgency to find predictive 

biomarkers in the progression of ALS since early diagnosis is the key for possible disease management 

methods (Karitzky et al., 2001).  Magnetic resonance imaging (MRI) and spectroscopy (MRS) have 

become essential in the diagnosis of various neurological diseases mainly because of their non-invasive 

nature, high soft tissue contrast and multi-parametric readouts. In human ALS patients, both T2-

weighted and fluid-attenuated inversion recovery (FLAIR) MR images have shown non-specific 

hyperintense alterations in the primary motor cortex and corticospinal tract (Lee et al., 2003; Hecht et 

al., 2003). Also, it is well established that T2-weighted MRI is sensitive to tissue changes around the time 

of symptom onset in SOD1G93A mice (Zang et al., 2004; Niessen et al., 2006; Bucher et al., 2007; Evans 

et al., 2014). These studies reported that T2-weighted MRI revealed an early and progressive 

degeneration in the SOD1G93A hindbrain motor nuclei, including motor nuclei V (trigeminal), VII (facial), 

and XII (hypoglossal).  

 

In vivo 1H-MRS) is a non-invasive method for measuring brain metabolites. It has been used to assess 

the progression of neurodegeneration in humans and mouse models of diseases including ALS, 

Alzheimer's, Huntington's and Parkinson’s disease (Jenkins et al., 2000; Andreassen et al., 2001; Choi et 

al 2003a; Dedeoglu et al., 2004; Jenkins et al., 2005; Marjanska et al., 2005; Van der Perren et al 2015). 

There are a number of neurometabolites that can be identified and quantified from in vivo MRS. N-

acetyl aspartate (NAA), a known marker of neuronal health and function has been observed to decrease 

in motor cortex and then increase with Riluzole therapy (Kalra et al., 1999). A longitudinal study showed 

a decline of NAA in the motor cortex but not in other cortical regions of ALS (Choi et al., 2009). Increases 

in the neurotransmitters glutamate and glutamine have also been observed in ALS medulla (Pioro et al., 

1999). Other molecules such as taurine and myo-inositol, that are related to both osmotic regulation/ 

neurotransmitter modulator as well as glial cell proliferation can be measured in vivo. 1H-MRS also has 

the advantage of being able to measure changes in total creatine (the sum of creatine and phosphor-
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creatine), which is a marker for the energy metabolism in cells with dietary supplementation 

(Andreassen et al., 2001; Hersch et al., 2006; Choi et al., 2009).  

 

There is considerable evidence to indicate that the ALS pathology arise due to impaired energy 

metabolism in motor neurons (Dupuis et al., 2011). In ALS, a lower body mass index (BMI) is linked with 

higher risk of developing the disease and poor prognosis. Therefore, maintaining a higher BMI is proven 

to be beneficial in ALS (Gallow et al., 2013; O’Reilly et al., 2013). Previous studies have shown that a 

ketogenic diet or caprylic triglyceride halts the impairment of motor function and reduces death of 

motor neurons in the spinal cord of SOD1G93A mice by restoring energy metabolism through ketone body 

utilization (Zhao et al., 2006; Zhao et al., 2012). In normal circumstances glucose acts as the main energy 

source for the cells. However, alternative energy sources such as ketone bodies or TCA cycle 

intermediates can potentially bypass the rate limiting steps associated with impaired neuronal glucose 

metabolism and restore mitochondrial adenosine triphosphate (ATP) production (Ari et al., 2014). 

Recently, metabolic-targeted therapies such as therapeutic ketosis have been used in the disease 

management process in several neurological disorders (Hartman et al., 2012; Hartman et al., 2013). In 

addition, coenzyme Q (Beal et al., 2002), creatine (Andreassen et al., 2001), high-fat diet (Lupuis et al., 

2004), and ketogenic-medium chain triglyceride diet (Zhao et al., 2006) were found to be effective 

against neuronal damage induced by excitotoxicity and mitochondrial inhibition. Furthermore, coconut 

oil which contains high levels of medium chain triglycerides (MCT) could act as a natural ketogenic 

supplement in ALS. However, we were unable to find any published clinical or preclinical trials of 

coconut oil, although sporadic reports exist on patient platforms (Gupta et al., 2011). Therefore, we 

designed a proof-of-concept (PoC) study to assess the effects of coconut oil in the SOD1G93A mouse 

model. 

 

The goals in this study were to monitor the onset and progression of the disease by observing alterations 

in regional brain metabolism of SOD1G93A mice using in vivo MR spectroscopy and to examine the 

potential neuroprotective effects of coconut oil dietary supplement in this model.  

 

6.3 MATERIALS AND METHODS 
 

6.3.1 Transgenic Mice 

 

All animal experiments were performed according to the European Communities Council Directive of 

September 22nd 2010 (2010/63/EU) and approved by the local Animal Ethics Committee of the KU 

Leuven. Male transgenic mice carrying a high copy number of a mutant allele human superoxide 

dismutase 1 (SOD1) [B6SJL-TgN (SOD1-G93A) 1Gur, Stock #: 002726] were purchased and bred locally 

with female B6SJL mice (Jackson Laboratory, Bar Harbor, ME). The progeny were genotyped by tail DNA 

polymerase chain reaction (PCR). 

In a first experiment, we used localized in vivo 1H-MRS to evaluate metabolic changes associated with 

disease onset and progression in SOD1G93A mice (n = 10). Metabolic profiles were assessed in the 

hindbrain and motor cortex in comparison to age-matched wild type (WT) mice (n = 10) of 30, 60, 70, 

90, 110, 120 and 140 days postpartum (P30, P60... etc). In the second experiment, in vivo 1H-MRS was 

used to assess the effects of coconut oil supplementation versus standard diet, tested in additional 
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cohorts of SOD1G93A (n = 6) and control mice (n = 6). Also, body weight, motor performance and survival 

was assessed.  

Time-points were selected to reflect disease stages either long before the onset of clinical symptoms 

(P30), right before the disease onset (P60-P70), at the average disease onset (P90-P110) and at the 

terminal stage of ALS (P120 and P140). Since sex could possibly be a factor for variations in the survival 

in SOD1G93A model only males were used. 

 

6.3.2 In vivo MRI and MR spectroscopy 

 

All MR-based experiments were performed using a small-animal 9.4 Tesla MR scanner (Biospec 94/20, 

Bruker Biospin, Ettlingen, Germany) with a horizontal bore of 20 cm and equipped with an actively 

shielded gradient set (600 mT m-1, inner diameter 11.7 cm). Single-voxel 1H-MR spectra were acquired 

using a linear polarized resonator (7 cm diameter) for transmission, combined with a mouse brain 

surface coil for receiving (both Bruker Biospin, Ettlingen, Germany).  

 

6.3.3 Animal preparation and monitoring 

 

Mice were fixed in an animal-bed by placing the nose of the mouse in a nose cone, restraining it with a 

bite bar and custom made outer ear-inserts. The mouse head was lifted and gently stretched a few 

millimeters forward. By lining up the midline of the head and the spine produces an angle between the 

brainstem and the rest of the mouse body. This alignment decreases the distance between the surface 

coil and the brainstem region and allows acquisition of high quality data.  

Throughout scanning, mice were anaesthetized with 1-2 % isoflurane in 100 % oxygen. Respiration and 

body temperature were continuously monitored and maintained at 60-100 min-1 and 37±1°C, 

respectively. Vidisic Eye Gel (Bausch & Lomb, Brussels, Belgium) was used to avoid the drying of eyes 

during scanning. 

 

6.3.4 Magnetic Resonance Imaging  

 

In order to visualize signal intensity changes, a T2-weighted 3D TurboRARE protocol was acquired with 

the following acquisition parameters: repetition time (TR) 1000 ms, echo time (TE) 12 ms, FOV  

24×15×8.3  mm,  matrix  size  256×160×88, RARE factor 10, number of averages = 1. For the placement 

of the spectroscopy voxel, T2-weighted 2D RARE images (effective TE 50ms; matrix 256x256; 300um 

slice thickness) were acquired. For T2 relaxometry, a multi-slice multi-echo (MSME) sequence was used 

with ten echoes collected at intervals of 12 ms from TE = 12 ms to TE = 120 ms, with TR = 3000 ms and 

with NA = 1, FOV 25x25 mm, 19 slices, slice thickness of 0.5 mm and a matrix of 256 × 256. T2 maps 

were produced using the imageJ software (NIH, USA). T2 values were calculated using ITKSNAP (Penn 

Image Computing and Science Laboratory, USA) and an in-house python scripts.   
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6.3.5 1H-Magnetic Resonance Spectroscopy  

 

MR spectra were acquired for volumes in the motor cortex and the hindbrain with a voxel size of 

2x2.5.x1.5 mm3 (see Figure 2). The hindbrain voxel covered the following nuclei: hypoglossal, medial 

vestibular nucleus, and the dorsal motor nucleus of the vagus nerve. MR spectra were acquired with a 

PRESS pulse sequence using the following parameters: TR = 1800 ms, TE = 20 ms, and number of 

averages 320 for motor cortex and 640 for hindbrain. Water suppression was optimized using VAPOR 

(Griffey et al., 1990).  An unsuppressed water spectrum (TE = 20 ms, TR = 1400 ms, number of averages 

= 4) was acquired before each 1H-MRS spectrum (water suppressed) for quantification/ referencing. 

Shimming was performed using FASTMAP (Gruetter 1993), resulting in a final water line width at half 

height < 16 Hz. Spectra were processed using jMRUI v6.0 (Stefan et al., 2009).  Spectra were phase 

corrected and an HLSVD (Hankel Lanczos Singular Values Decomposition) filter was applied to remove 

the residual water signal (van den Boogaart et al., 1994). Only metabolites with a Cramer-Rao lower 

bound < 25% were considered for quantification. Metabolites were quantified with the QUEST algorithm 

(Ratiney et al., 2004) in jMRUI using a simulated (NMRScopeB) basis set (Starčuk Jr et al., 2009). Results 

are reported in reference to the non-suppressed water signal. A total of 16 brain metabolites (Alanine, 

Aspartic acid, total creatine, choline, GABA, glycine, glucose, glutamate, glutamine, NAA, myo-inositol, 

Scyllo-inositol, lactate, phosphoethanolamine, scyllo-inositol, taurine) was quantified.  

  

6.3.6 Diet Preparation 

 

Extra virgin coconut oil (supplementary Figure S1 (A)), Royal Green, Frenchtop Natural Care Products BV, 

AL Hoornm Netherlands) was mixed with the standard rodent food (ssniff DIO D12450B, 4ml with 15-

20g). Food was dispensed in a petri dish and placed inside the cage daily. Treatment started at 72 days 

after birth. At 70 days of age, animals underwent baseline MR spectroscopy, and the same animals were 

re-scanned at 120 days. Mice were followed up until end stage for behavior and survival studies. Control 

animals received standard rodent food (D12450B Rodent Diet with 10 kcal% fat from Ssniff 

laboratories).  

 

6.3.7 Behavioral Assessments 

 

Muscle strength and endurance was assessed by the paw grip endurance (PaGE) test (supplementary 

Figure S1 (B)) (Weydt et al., 2003). Mice were placed on the center of a custom made metal grid and 

grid was turned upside down over a cage and the latency to fall (time in seconds) was recorded (Crawley 

2007). Longest hanging-time was recorded after two attempts were given for each mouse.  

 

6.3.8 Survival and End-Point 

 

Survival endpoint criteria were defined as unable to return to the normal, upright position within 10s 

following push over, this was tested daily from P130 (Ari et al., 2014). When the mice reached the end-

stage, mice were euthanized by IP injection of Sodium pentobarbital (50 mg/kg, Butler Schein, NDC 

#11695-4829-1).  
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6.3.9 Statistical Analysis 

 

All statistical tests were performed using GraphPad PRISM version 5 (GraphPad, San Diego).  Two-way 

analysis of variance (ANOVA) tests were performed for each neurometabolite in hindbrain and motor 

cortex to evaluate the significance of the group (SOD1G93A and WT) and postpartum age (P30, P60, P70, 

P90, P110, P120 and P140) as fixed factors. Subsequently, those neurometabolites, which had a 

significant effect were further analyzed for age-dependent effects within each group with a one-way 

ANOVA. One-way ANOVA and t-tests were used to assess significant differences in mean concentrations 

within each group and between the two groups. Comparisons between coconut oil treated and standard 

diet animals were made using by t-tests or ANOVA with post hoc analyses and effect of coconut oil diet 

on survival was assessed by the Kaplan-Meier survival analysis. The threshold for statistical significance 

was set at P < 0.05. P-values were Bonferroni corrected for multiple comparisons. Pearson correlation 

coefficient, r, was used for correlation analysis.  

 

6.4 RESULTS 
 

6.4.1 T2-Weighted Magnetic Resonance Imaging 

 

T2-weighted MR images revealed increased hyperintense contrast in SOD1G93A brainstem motor nuclei 

V (trigeminal), VII (facial), and XII (hypoglossal) (Figure 6.1). Contrast of the motor nuclei within the 

brainstem starts to increase relative to surrounding tissue around P90, parallel to the observation of 

first clinical symptoms such as tremors and gait abnormalities.  

 

6.4.2 Magnetic Resonance Spectroscopy 

 

In order to assess neurometabolic alterations, we acquired MR spectra (motor cortex: signal to noise 

ratio > 14; line-width 9 ± 2 Hz, hindbrain: SNR > 10, line-width 12 ± 3 Hz, water/lipid/artifact suppressed). 

Typical MR spectra obtained from the motor cortex and hindbrain of a SOD1G93A mouse at P30 are shown 

in Figure 6.2. MR spectra of the time-evolution of neurometabolites in the hindbrain of SOD1G93A mice 

is presented in Figure 6.3. 

Two-way ANOVA tests for each 16 neurometabolites showed significant interactions in the motor cortex 

and the hindbrain of the SOD1G93A mice. The neurometabolic changes observed in SOD1G93A mice and 

the comparison to WT mice are shown in Figure 6.4 (hindbrain) and Figure 6.5 (motor cortex). In the 

motor cortex, significant interactions were found for glutamate (F = 3.0, P < 0.01), taurine (F = 4.7, P = 

0.0002) and NAA (F = 6.4, P < 0.0001). As for the hindbrain, significant interaction of the two factors 

were found for creatine (F = 13.6, P < 0.001), GABA, (F = 3.3, P = 0.0044), glutamate (F = 4.1, P = 0.0009), 

glutamine (F = 4.2, P < 0.001), mIns (F = 4.1, P < 0.001), and NAA (F = 4.2, P = 0.0008). For the 

metabolites, which showed significant interaction, data were further analyzed by one-way ANOVAs 

separately in SOD1G93A mice and WT mice to evaluate influences of animal age for each brain region. 
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Figure 6.1 T2-weighted MRI Sections showing hyperintense regions in  SOD1G93A miceT2-weighted MRI showing 

hyperintense contrast in the brainstem region compared to surrounding regions in a 140 day old SOD1G93A mouse. 

(A) Left: Sagittal sections: arrow shows hyperintensity in the brainstem nucleus Nc. XII (hypoglossal). Right: Sagittal 

sections: arrows show hyperintensities in the brainstem nuclei Nc V (trigeminal), Nc VII. (B) Coronal section: white 

arrows show bilateral hyperintensities in Nc V (trigeminal). Yellow arrow: hyperintensity in Nc XII (hypoglossal). (C) 

Coronal section: arrows show bilateral hyperintensities in Nc VII (facial). 

 

 

In the motor cortex of SOD1G93A mice, age-dependent effects were found for the excitatory 

neurotransmitter glutamate, neuronal marker NAA and the neurotransmitter modulator taurine. 

Decreases in glutamate (P < 0.05) and NAA (P < 0.0001) concentrations around P120 as well as a 

continuous increase in taurine from P90 (P < 0.05) were found. The increase in taurine concentration 

was significant (P < 0.001) between the two groups at P110 (Figure 6.5). In the hindbrain of SOD1G93A 

mice, a significant (P = 0.001) age dependent decrease in creatine levels were found at P110. However, 

the levels of creatine were significantly (P < 0.0001) different between SOD1G93A and WT around P70.  A 

significant (P < 0.0001) decrease of glutamine was observed at early-symptomatic stage (P110). For the 

inhibitory neurotransmitter GABA, a significant (P < 0.0001) increase was found at P90 and a significant 

(P = 0.0110) decrease of NAA concentration was detected at P120. Also, a significant (P < 0.0001) 

decrease in the glutamate and an increase of the inflammation/glial marker myo-inositol (P < 0.0001) 

were found at P140. The mean concentrations of glutamate and taurine were significantly higher 

(41.2%, 118.5%, respectively) in the motor cortex than in the hindbrain for both groups (Figure 6.6). A 

3-time point summary of the significant neurometabolite concentrations in both regions for SOD1G93A 

and WT is presented in Table 6.1. To further analyze the dependence between the altered 

neurometabolite concentrations in the motor cortex and hindbrain, Pearson correlation coefficients (r) 

were calculated using all seven time points for SOD1G93A mice (Figure 6.7 and Figure 6.8). Strong 

A 
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correlations were observed for NAA and glutamate in the motor cortex and brainstem (r = 0.968, P = 

0.0003; r = 0.915, P = 0.0038, respectively). Also in the motor cortex, significant negative correlations 

were found between NAA and taurine (r = -0.785, P = 0.036) and between glutamate and taurine (r = - 

0.758, P = 0.048). In the hindbrain, strong correlation was seen between NAA and creatine (r = 0.983, P 

< 0.0001), NAA-glutamate (r = 0.947, P = 0.0041), between NAA and myo-inositol (r = - 0.905, P = 

0.0050), and between glutamate and creatine (r = 0.889, P = 0.0074).  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.1H-MR spectra of the motor cortex and hindbrain of a SOD1G93A  mouse 30 days postpartum acquired at 

9.4 Tesla. (A) In vivo 1H-MR spectra acquired from the motor cortex and (B) hindbrain of a SOD1G93A mouse with 

labelled visible neurometabolite peaks. Right images show the voxel localization in both regions (2x2.5.x1.5 mm3).  

Abbreviations: Lip, lipid; Lac, lactate; NAA, N-acetylaspartate; Glu, glutamate; Gln, glutamine; Cr, creatine; Cho, 

choline; Tau, taurine; mIns, myo-inositol. 
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Figure 6.3. MR spectra illustrating the evolution of neurometabolites in the hindbrain of SOD1G93A mice. Hindbrain 
1H-MR spectra of postpartum day 30, 70, 110, and 140 of a single SOD1G93A mouse are shown. Arrows depict 

changes in signal intensities during the four time-points.  
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Figure 6.4. Absolute Concentrations of creatine, γ-aminobutyric acid (GABA), glutamate, glutamine, myo-inositol, 

and N-acetyl aspartate (NAA) in the hindbrain of SOD1G93A and WT mice. Concentrations of creatine, γ-

aminobutyric acid (GABA), glutamate, glutamine, myo-inositol, and N-acetyl aspartate (NAA) in the hindbrain of 

SOD1G93A (n = 10) and age-matched wild-type mice (n = 10) at 30, 60, 70, 90, 110, 120, 140 days postpartum were 

determined relative to the unsuppressed water signal from the same voxel. Statistical significances between the 

two groups and mean concentrations within each group are shown. Concentration values are presented as mean 

± SD; *P < 0.05, **P < 0.01, ***P < 0.001 
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Figure 6.5. Absolute Concentrations of NAA, taurine and glutamate in the motor cortex of SOD1G93A and WT mice. 

Concentrations of NAA, taurine and glutamate in the motor cortex of SOD1G93A (n = 10) and age-matched wild-

type mice (n = 10) at 30, 60, 70, 90, 110, 120, 140 days postpartum were determined relative to the unsuppressed 

water signal from the same voxel. Statistical significances between the two groups and mean concentrations 

within each group are shown. Concentration values are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 

0.001 
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Table 6.1: Summary of metabolite concentrations of SOD and WT mice 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Absolute concentrations of glutamate, taurine in hindbrain and motor cortex of SODG93A mice. 

Comparison of mean concentrations of glutamate, taurine in hindbrain and motor cortex of SOD1G93A (n = 10) at 

30, 60, 70, 90, 110, 120, 140 days postpartum. Abbreviations: Mx. Motor cortex; Hb, hindbrain. 
 

 

 Metabolite Concentration (mean±S.D in mmol/l)  

Model Age Location NAA tCr Glu Gln mIns Taurine 

SOD 

 

 

WT 

P30 Hindbrain 

Motor cortex 

 

Hindbrain 

Motor cortex 

9.27±0.79 

8.77±0.88 

 

9.42±0.74 

9.21±1.12 

7.45±0.43 

6.68±0.79 

 

7.40±0.20 

7.21±0.72 

8.15±0.73 

12.38±1.50 

 

8.30±0.87 

13.14±1.98 

3.87±0.57 

3.01±0.44 

 

3.97±0.47 

3.54±0.32 

3.50±0.39 

2.02±0.47 

 

3.04±0.57 

2.15±0.76 

2.23±0.32 

7.82±0.65 

 

1.89±0.85 

8.12±0.57 

SOD 

 

 

WT 

 

P110 Hindbrain 

Motor cortex 

 

Hindbrain 

Motor cortex 

 

8.48±0.81 

8.93±0.78 

 

9.43±1.02 

8.84±0.92 

6.47±0.61 

7.11±0.65 

 

8.22±0.59 

7.68±0.53 

8.47±1.05 

13.05±0.87 

 

9.13±1.29 

11.68±1.80 

2.59±0.64 

3.23±0.35 

 

3.54±0.36 

3.10±0.42 

3.10±1.03 

2.24±0.36 

 

3.24±0.59 

1.97±0.89 

2.50±023 

9.45±0.70 

 

2.45±0.14 

8.35±0.84 

SOD 

 

 

WT 

 

P140 Hindbrain 

Motor cortex 

 

Hindbrain 

Motor cortex 

 

6.22±0.49 

6.29±0.73 

 

10.05±0.58 

9.21±0.47 

5.23±0.57 

6.68±0.79 

 

7.89±0.78 

7.45±0.87 

6.77±0.61 

9.62±1.26 

 

9.24±0.74 

12.85±0.84 

2.91±0.75 

3.21±0.33 

 

3.34±0.42 

3.12±0.25 

5.20±0.55 

2.32±0.61 

 

3.45±0.72 

2.04±0.63 

2.36±0.13 

10.03±0.63 

 

2.01±0.35 

8.73±0.65 
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Figure 6.7. Correlation between neurometabolite concentrations in SOD1G93A hindbrain.  Correlation between 

neurometabolite concentrations in the hindbrain of SOD1G93A mice for all time-points (30, 60, 70, 90, 110, 120, 

140 days postpartum). (A) Correlation of glutamate and NAA concentrations through life-span. The slope in linear 

fit is shown by the dashed black line (R2 = 0.837). (B) Correlation between myo-Inositol versus NAA concentrations 

(R2 = 0.819). (C) Relation between glutamine and NAA concentrations (R2 = 0.898). (D) Correlation between 

creatine and NAA concentrations (R2 = 0.965). (E) Correlation between creatine and glutamate (R2 = 0.791) 

concentrations. Abbreviation: NAA, N-acetylaspartate; tCr, total creatine; mIns, myo-inositol; Glu, glutamate; 

A B 

C D 
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Figure 6.8. Correlation between neurometabolite concentrations in SOD1G93A motor córtex. Correlation between 

neurometabolite concentrations in SOD1G93A motor cortex for all time-points (30, 60, 70, 90, 110, 120, 140 days 

postpartum). (A) Correlation between glutamate and NAA (R2 = 0.938). (B) Correlation between taurine and NAA 

(R2 = 0.616). (C) Correlation between taurine and glutamate (R2 = 0.575). Abbreviation: NAA, N-acetylaspartate; 

Glu, glutamate; Tau, taurine. 

 

6.4.3 Development of Symptoms 

 

In this first experiment, SOD1G93A mice developed tremors in the hind-limbs between P90 and P100, and 

gait impairment around P115. Interestingly, in all animals an early and increasingly pronounced effect 

on left hind-limb tremors and dysfunction was detected. Total paralysis of both hind-limbs were 

detected between P140 and P150, reaching the endpoint of the disease. 

 

6.4.4 Effect of Coconut oil diet on motor performance in SOD1G93A Mice 

 

In a second experiment, animals were treated with a virgin coconut oil diet starting from 72 days of age. 

These animals were compared with animals receiving standard food. The diet had the following effects 

on SOD mice: 

I. Body weight: Coconut oil diet had a significant net positive effect on retention of body weight at 90 (P 

< 0.001), 110 (P < 0.0001) and 130 (P < 0.0001) days of age compared to the mice fed with a normal 

diet (Figure 6.9 A).  

A 

C 
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II. Motor performance: Better motor performance was recorded in the treated group on week 14, 15 

and 16 (P = 0.001, P = 0.0001, P = 0.0001) when compared to normal diet group (Figure 6.9 B). 

III. Survival: Coconut oil diet extended the mean survival by 11% (164.7 ± 5.4 days for coconut oil-fed 

versus 147.2 ± 3.3 days for normal fed, P < 0.0001, n=6) (Figure 6.9 C). 

 

 

 

Figure 6.9. Effect of the coconut oil diet on SOD1G93A mice. (A) The effect of the coconut oil diet on weight in 

SOD1G93A mice at the beginning of treatment (Day 70), day 90, day 110 and day 130 of the study. Coconut oil fed 

group had significant net positive effect on retention of body weight during P90 (P < 90), P110 (P < 0.001) and 

P130 (P < 0.0001). (B) The PaGE test showed better motor performance in the coconut oil diet group on week 14, 

15 and 16 (P < 0.001, P <  0.0001, P < 0.0001, respectively), compared to the standard diet group. (C) Kaplan-Meier 

survival plot of the study groups. SOD1G93A mice on coconut oil diet displayed significantly prolonged survival 

(13.6%) compared to standard diet animals (p < 0.0001). Data = mean ± SD; Coconut oil diet group: n = 6, standard 

diet group: n = 6. **P < 0.01, ***P < 0.001, **** P < 0.0001 

 

6.4.5 Effects of Coconut Oil diet on Neurometabolites and MRI 

 

MR spectra were acquired at baseline (P70) and P120 for both coconut oil and standard diet groups. 

We examined the changes in neurometabolite concentrations in the hindbrain within and among the 

two groups. Compared to the baseline, stable (no significant changes) metabolite levels were estimated 

at the late time point (P120) for the coconut oil fed group (Figure 6.10 A). In contrast, the previously 

observed pattern of changes in neurometabolite levels (see first experiment) were observed for creatine 

(P < 0.05) and NAA (P < 0.05) in the standard diet group (Figure 6.10 B). Even though the 

neurometabolite concentration for NAA was not significantly different when comparing the coconut oil 

treated group with the standard diet mice at P120 (Figure 6.10 C), the levels were higher on average 

(8.6±2.2 for coconut oil treated group vs. 7.6±1.2 for standard diet group, respectively). Creatine 
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concentrations for the treated group were significantly higher (P < 0.05) at P120 compared to the 

standard group (7.1±1.3 vs. 5.60±1.2 respectively).  

 

 

 

 

Figure 6.10. The effects of coconut oil supplementation on hindbrain neurometabolite levels of SOD1G93A mice 

assessed with 1H-MRS. (A-B) In vivo MRS neurometabolite profiles of standard diet group and coconut oil diet 

group at day 70 and day 120. Significant decrease in creatine and NAA was found for the standard diet group 

between 70 and 120 days (P < 0.001, P < 0.005 respectively).  No significant changes in neurometabolites were 

found for the coconut oil diet group between day 70 and day 120. (C) Comparison of the two groups at P120. 

Significant decrease in creatine was found for the standard diet group (P < 0.01) compared to the coconut oil diet 

group. (D) A highly significant (P < 0.0001) correlation (R2 = 0.922) between the survival and the hindbrain NAA 

levels was seen for the two groups. Dotted circles highlight the standard diet and coconut oil diet groups.  

 

 

6.5 DISCUSSION 
 

MRI and MRS have been applied to monitor ALS progression and treatment response in both humans 

as well as transgenic ALS mouse models (Wang et al., 2011; Kumar et al., 2013; Verstraete et al 2015). 

In the present study, we employed in vivo MRI and MRS to monitor the disease onset and progression 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Verstraete%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25791072
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in the SOD1G93A mouse model. Furthermore, we conducted a small-scale PoC study to assess the 

potential neuroprotective effect of coconut oil diet in SOD1G93A mice. 

To the best of our knowledge, only three studies have examined the SOD1G93A neurometabolic changes 

utilizing in vivo MRS and/or ex vivo high resolution NMR spectroscopy (Andreassen et al., 2001; Choi et 

al., 2010; Niessen et al., 2007). Two of the studies also examined the possible beneficial effects of dietary 

creatine supplementation in the same mouse model. The set up and results of the above mentioned 

studies are summarized in the (Supplementary Table 1). Our study revealed significant changes in the 

hindbrain and motor cortex of SOD1G93A mice. While some observations are consistent with previous 

studies, our findings also indicate some dissimilar patterns.  

 

6.5.1 T2-weighted MRI and SOD1G93A brainstem pathology 

 

Previously it was shown that in SOD1G93A mice, spinal cord motor neurons and lower motor nuclei are 

the most vulnerable structures for degeneration (Niessen et al., 2006; Niessen et al., 2007). 

Consequently, it is reasonable to assume that neurometabolic changes occurring in those motor nuclei 

during the life-span of this mouse model (Kong et al., 1998).  Using T2-weighted MR imaging Niessen et 

al (Niessen et al., 2004) showed clear signal intensity enhancement compared with surrounding tissue 

in various motor nuclei within the brainstem of SOD1G93A mice, including the hypoglossal nucleus (Nc. 

Nv XII), nucleus ambiguus (Nc. Nv IX, X), facial nucleus (Nc. Nv VII), and trigeminal nucleus (Nc. Nv V). 

Using T2-weighted MR images, we observed similar increased contrast in the SOD1G93A brainstem motor 

nuclei V (trigeminal), VII (facial), and XII (hypoglossal) compared to WT mice. Trigeminal and hypoglossal 

nuclei are shown to be two key motor components involved in mastication (chewing) and licking 

behaviors of mice (Hillel et al., 1989; Zang et al., 2004). 

 

In our previous studies with this model, we observed impaired chewing and licking behavior through 

the progressive decline in body weight and food consumption of SOD1G93A mice. Caron et al 

demonstrated that the hyperintensities in T2-weighted MRI of the brainstem region are associated with 

the formation of vacuoles rather than the loss of motor neurons (Caron et al., 2015).  In fact, 

vacuolization is one of the initial signs of motor neuron changes in SOD1G93A (Higgins et al., 2013). 

Vacuolization, which is primarily due to abnormal and swollen mitochondria, has been observed as early 

as one month of age in dendrites and proximal axons of spinal motor neurons (Kong et al., 1998; 

Bendotti et al., 2001), before the loss of motor nuclei and the appearance of a glial reaction (Bendotti 

et al., 2005). 

 

6.5.2 1H-MR spectroscopy 

 

Our study implies MR detectable involvement of the hindbrain and motor cortex in the course of the 

disease seen as significant changes in SOD1G93A neurometabolite concentrations. Some of these 

significant changes in the hindbrain region of SOD1G93A mice are in accordance with previous 

observations by Niessen et al. (Niessen et al., 2007) and Choi et al. (Choi et al., 2010) using the same 

mouse model. Niessen et al. observed a decrease in glutamine at P90, a decrease in NAA and glutamate 

at P120. Choi et al. also reported a decrease in NAA at P142 as well as a trend towards decreasing 

glutamate. Furthermore, they reported an increase in inflammation/glial marker myo-inositol between 
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P110 and P142. We observed a decrease in glutamine at P110 and a decrease in NAA, glutamate at P120 

and P140, respectively. Similar to Choi et al., we also observed an increase in myo-inositol around P140. 

However, our results show somewhat different patterns from those observed in those previous studies. 

For instance, unlike Andreassen et al. and Choi et al. (Andreassen et al., 2001; Choi et al., 2010), we did 

not observe neither an increase in glutamate and glutamine at the early disease stages nor an increase 

in glutamine at end stage. Concerning the neuronal marker NAA, we were unable to confirm the early 

decrease of NAA in the brainstem at P75 as was reported by Niessen et al. Apart from the above 

mentioned differences, we were able to find significant neurometabolite changes in both the motor 

cortex and hindbrain regions that were not previously described in the SOD1G93A animal model.  

 

6.5.3 Decreased NAA and glutamate in the motor cortex of SOD1G93A mice 

 

Reductions in the neuronal marker NAA have been reported in the motor cortex of individuals with ALS 

(Block et al., 1998; Bradley et al., 1999; Gredal et al., 1997). The most common finding reported in in 

vivo MRS studies of ALS patients is also the reduction of the neuronal marker NAA in the motor cortex, 

which is generally interpreted as neuronal loss (Agosta et al., 2010; Rule et al., 2004). Our results show 

decreased NAA levels at the end stages between P120 and P140. However, since NAA is synthesized in 

neuronal mitochondria, changes in NAA levels could also reveal mitochondrial dysfunction (Clark et al., 

1998; Vielhaber et al., 2001). Furthermore, our study shows decreased glutamate levels in the motor 

cortex of SOD1G93A mice around P120 and P140, which was not previously reported for this model. 

 

Glutamate is the main excitatory neurotransmitter in the brain, though higher extracellular glutamate 

is associated with several neurodegenerative diseases including ALS. Previous MRS studies in patients, 

using low magnetic field strengths (1.5 or 3 Tesla) have reported variable results on glutamate 

concentrations in patients with ALS (Bradley et al., 1999; Bowen et al., 2000; Block et al., 1998; Han et 

al., 2010). However, a recent study by Atassi et al (Atassi et al., 2017), using a higher magnetic field (7 

Tesla) reported decreased glutamate levels in the motor cortex of ALS patients compared to healthy 

controls.  

 

6.5.4 Increased taurine in the motor cortex of SOD1G93A mice 

 

In the motor cortex, age-dependent concentration changes were found for taurine in SOD1G93A mice. 

An age-dependent increase in taurine started at around P90 and became significant at P110 compared 

to WT mice. Niessen et al. also reported increased taurine levels in the motor cortex at P90, however, 

the changes were similar in both SOD1G93A mice and control mice (Niessen et al., 2007). Our finding of 

increased taurine levels is in agreement with studies in postmortem ALS patients, where higher levels 

of taurine were detected in the brain and spinal cord (Yoshino et al., 1979; Perry et al., 1987; Malessa 

et al., 1991). Taurine is a non-essential amino acid whose exact function is unclear. However, it has been 

proposed as a modulator of neurotransmitter action, where it is shown to exert an inhibitory effect 

(Curtis et al., 1965). Jung et al. reported that SOD1G93A mice have higher levels of brain taurine and 

higher expression of the taurine transporter, TauT (Jung et al., 2013). Evidently, expression of this 

transporter increases under oxidative stress and is controlled by the heat shock factor 1 protein. 
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Increased expression of taurine transporters and uptake of taurine in motor neurons in ALS could be a 

compensatory mechanism (Jung et al., 2013).  

 

6.5.5 Increased GABA in the hindbrain of SOD1G93A mice 

 

Around P90, or in the early symptomatic stage we observed an increase in GABA levels in the hindbrain 

which normalized thereafter and remains stable. Imbalance of GABA has been implicated to play an 

important role in the pathogenesis of ALS. GABA is produced by decarboxylation of glutamic acid, 

catalyzed by the glutamic acid decarboxylase enzyme (Petroff et al, 2002). Therefore, an increase in 

GABA could have a pathological implication in reversing glutamate excitotoxicity and thereby act as a 

protective mechanism against cell damage. Along this mechanism, pharmacological agents that increase 

the levels of GABA such as baclofen and gabapentin have been suspected to be beneficial in treating 

ALS. The reason for our observation of GABA levels normalizing after P90 and remaining stable until 

P140 is currently unclear. Although the continuous reduction of glutamate and glutamate levels starting 

at around P110 may trigger a compensatory GABA level increase which longitudinally appears stable 

compared to other metabolites. However, in vivo GABA detection by 1H-MRS, even at higher magnetic 

field strengths, presents significant challenges arising from the low brain concentration, overlap with 

more intense resonances and contamination by mobile macromolecule signals (Pfeuffer et al., 1999). 

Therefore, caution must be taken in interpreting MRS-GABA results.  

 

6.5.6 Gradual decrease in total creatine levels in the hindbrain of pre-symptomatic SOD1G93A 

mice 

 
1H-MRS detectable creatine constitutes of creatine and phosphocreatine (total creatine), which are 

indistinguishable at magnetic field strengths of 9.4 T and below (Sartoriua et al., 2008). Creatine plays a 

major role in maintaining ATP levels constant in cells with high and unstable energy demands (Rae et 

al., 2015; Gasparovic et al., 2009). In MRS, creatine is frequently used as an internal reference since it is 

considered stable even under most pathological conditions. However, clinical MR spectroscopic studies 

reported that early and progressive reduction of total creatine levels in the striatum is associated with 

the onset and progression of Huntington’s disease (Sanchez-Pernaute et al., 1999; Reynolds et al., 

2005). In our study, we observed a gradual decrease in creatine levels in the SOD1G93A hindbrain starting 

between P60 and P90. The decrease was clearly evident in all ten SOD1G93A mice (Supplementary Figure 

S3). Our finding of decreased creatine level in the hindbrain of SOD1G93A mice may indicate a hyper-

metabolic environment in the motor nuclei region. In a recent publication, Atassi et al. (Atassi et al., 

2017) observed a decrease in creatine in the left precentral gyrus of ALS patients compared to healthy 

controls. In ALS, a hyper-metabolic state in the hindbrain may possibly occur due to the imbalance of 

glutamate-glutamine cycle. Increased glutamate/glutamine levels have been reported in the medulla of 

ALS patients (Pioro et al., 1997). Therefore, a possible pathway could be that enhanced excitatory 

neurotransmitter release leads to the hyper-metabolism of the hindbrain of SOD1G93A mice, which 

results in an overconsumption of creatine. An imbalance in supply-demand in creatine levels may 

threaten the viability of the neuronal cells and hence make them susceptible to degeneration. However, 

further investigations are needed to support this hypothesis. On the contrary, in vitro NMR studies using 
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brainstem extracts from SOD1G93A mice, reported stable creatine levels (Niessen et al., 2007; Choi et al., 

2010). One reason for this disagreement could be the brain extracts used in the ex vivo experiments 

covered a larger volume compared to the smaller voxel size (7.5 mm3) used in our in vivo MRS 

experiments. Since mainly the motor nuclei are affected in the brainstem, homogenization of brain 

extracts from a larger region may mask the detection of subtle changes in neurometabolites in those 

affected areas. In addition, biological variability, sample preparation technique and signal acquisition/ 

processing parameters might also influence the precision and accuracy of ex vivo measurement of 

neurometabolites.   

 

6.5.7 Increased myo-inositol in the hindbrain of SOD1G93A mice 

 

We were able to detect a significant increase in the glial marker myo-inositol in the hindbrain of 

SOD1G93A mice from around P140. This finding is consistent with the observation of Choi et al. where 

they observed an increase in myo-inositol in the medulla between 110-142 days (Choi et al., 2010). 

Furthermore, similarly MRS studies with ALS patients have also shown increased myo-inositol (Block et 

al., 1998; Bowen et al., 2000; Kalra et al., 2006; Foerster et al., 2014; Atassi et al., 2017).  

Correlation analyses between the neurometabolites in the hindbrain and motor cortex indicate that the 

factors regulating the levels of these metabolites may be interrelated. However, definite interpretations 

of the biological significance of these interrelations remain to be elucidated.   

 

6.5.8 Coconut Oil Diet Improved Motor Performance and Increased Survival in SOD1G93A mice 

 

The influence of dietary factors in ALS progression has been a focus of previous research (Cacabelos et 

al., 2014). It is well accepted that malnutrition is indeed a negative prognostic factor in ALS 

(Greenwood et al., 2013). Furthermore, the ‘ALS Untangled‘ study  reported that saturated fatty acids, 

such as those present in coconut oil, could alleviate the disease progression by means of increasing 

energy bioavailability towards mitochondrial pathways (ALS Untangled 2012). Extracted from the meat 

of coconuts, coconut oil comprises 2.5% of world vegetable oil production (Hamid et al., 2011; ALS 

Untangled 2012). It is available in a basic “virgin” form, and also as an “RBD” (refined, bleached and 

deodorized) form, which has no coconut aroma or taste. Coconut oil can be fractionated into different 

medium-chain fatty acids; fractionated coconut oil is sometimes referred to as medium chain 

triglyceride (MCT) oil (ALS Untangled 2012).  

 

6.5.9 Coconut oil as compensation for mitochondrial dysfunction in ALS 

 

Mitochondrial dysfunction is likely to play an important role in ALS pathophysiology (Martin et al., 2011). 

Among the mitochondrial dysfunctions identified, cells extracted from patients with ALS show 

decreased complex-I activity, which contribute to impaired energy production (Swerdlow et al., 1998). 

MCT in coconut oil are converted in the liver into ketone bodies. In cultured neurons treated with drugs 

impairing complex 1 function, the addition of ketone bodies can restore complex 1 function (Tieu et al., 

2003). Therefore, consumption of coconut oil and thereby raising ketone body levels may help 

https://link.springer.com/article/10.1007%252Fs12017-014-8317-7#CR17
https://link.springer.com/article/10.1007%252Fs12017-014-8317-7#CR2
https://link.springer.com/article/10.1007%252Fs12017-014-8317-7#CR2
https://link.springer.com/article/10.1007%252Fs12017-014-8317-7#CR2
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compensate for mitochondrial dysfunction and impaired energy production in patients with ALS. 

Alternatively, there is growing evidence suggesting that nutritional status (Desport et al., 1999) and lipid 

metabolism (Dorst et al., 2011) are important prognostic factors in patients with ALS. In that context, 

coconut oil could possibly slow the disease progression by acting as a high caloric reservoir that 

increases circulating lipids.  

 

6.5.10 Proof of concept study: coconut oil as a dietary treatment for SOD1G93A mice  

 

One major finding of our study is that coconut oil supplemented diet demonstrated improved motor 

function in SOD mice on PaGE test compared to animals receiving standard diet during weeks 14 to 16. 

The coconut oil diet group showed 13.5% extended survival compared to the standard diet group. T2-

weighted MR images acquired at P120 showed typical hyperintensities in the hypoglossal nucleus for 

animals receiving standard diet, which is less pronounced for animals of the coconut oil group 

(Supplementary Figure S2 A). T2-relaxometry maps from the hypoglossal nucleus confirmed increased 

T2-values for the standard diet group compared to the coconut oil group (Supplementary Figure S2 B, 

C). MRS data showed a stable neurometabolic profile in mice receiving a coconut oil supplemented diet 

compared to mice receiving standard diet at P120. Also we observed a significant (P < 0.0001) positive 

correlation (r = 0.88) between survival and NAA concentrations (Figure 6.9D), where the coconut oil 

group showed higher levels of NAA and extended survival. Kalra et al. showed that impaired neuronal 

integrity (decreased NAA) in the motor cortex negatively correlates with survival in ALS (Kalra et al., 

2006). Therefore, improved NAA levels are a possible biological marker for vital prognosis in ALS. 

However, we cannot exclude the fact that a general improvement of the dietary state (instead of ketone 

bodies supplemented with the coconut oil) can also contribute to the improved survival and motor 

function.   

 

6.6 CONCLUSION 
 

In conclusion, MR images of SOD1G93A mice between 90 and 140 days revealed clear signal intensity 

enhancements compared to surrounding tissue in specific motor nuclei within the hindbrain, which are 

not detectable in age-matched WT mice. MRS evaluation of neurometabolic profiles revealed 

biochemical alterations in the motor cortex and hindbrain of transgenic ALS SOD1G93A mice. In a PoC 

study, we have demonstrated that coconut oil supplementation added to a standard rodent diet 

improved motor function, delayed neurological deficits, extended survival and was reflected by the 

absence of neurochemical changes otherwise seen in age matched animals of the SOD1G93A mouse 

model. Thus the study provides experimental evidence that prophylactic treatment with coconut oil diet 

may slow motor deterioration and protect motor neurons in SOD1G93A mice. Our initial results suggest 

that the neuroprotective effect by coconut oil may provide beneficial effects in ALS through a dietary 

intervention. Although promising, it is important to note that this was a pilot study, and more research 

is needed to validate these preliminary results. Finally, our study confirms that degeneration of neurons 

in the brainstem may indeed contribute significantly to the onset and overall disease progression in the 

SOD1G93A ALS model. Therefore, therapeutic trials in this mouse model should evaluate the beneficial 

effects to brainstem motor neurons. Furthermore, we confirm that 1H-MRS technique has the potential 

to be a used as diagnostic and a therapy monitoring tool in the SOD1G93A ALS mouse model. 
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7. Molecular changes observed by positron emission 

tomography and magnetic resonance imaging precede 

nuclear clearance and aggregation of transactive-

response DNA-binding protein TDP-43 in hTDP-43A315T 

transgenic mice 
 

 

 

 

7.1 ABSTRACT  
 

Currently TAR DNA binding protein 43 (TDP-43) pathology underlying Amyotrophic Lateral Sclerosis 

(ALS) remains poorly understood, which hinders both clinical diagnosis and drug discovery efforts. To 

better understand the disease pathophysiology, positron emission tomography (PET) and 

multiparametric magnetic resonance imaging (mp-MRI) provide a non-invasive mode to investigate 

metabolic, structural, and neurochemical abnormalities in vivo. For the first time, we report the findings 

of a longitudinal PET-MR study in the hTDP-43A315T ALS mouse model, investigating disease-related 

changes in the mouse brain. 18F-FDG PET showed significantly lowered glucose metabolism in the motor 

and somatosensory cortices of hTDP-43A315T mice whereas metabolism was elevated in the region 

covering the bilateral substantia nigra, reticular and amygdaloid nucleus between 3 and 7 months of 

age, as compared to controls. Magnetic resonance spectroscopy data showed significant changes in 

glutamate+glutamine (Glx) and choline levels in motor cortex and hindbrain of hTDP-43A315T mice 

compared to controls. Cerebral blood flow (CBF) measurements using arterial spin labelling technique 

showed no significant age- or group-dependent changes in brain perfusion. Diffusion MRI indices 

indicated transient changes in different motor areas of the brain in hTDP-43A315T mice around 14 months 

of age. Nuclear clearance of TDP-43 and cytoplasmic TDP-43 proteinaceous inclusions were observed in 

the brains of symptomatic, 18-month-old mice, i.e. following the changes detected by in vivo [18F]FDG 

PET imaging. Our results reveal that disease- and age-related functional neurochemical alterations, 

together with limited structural changes, occur in hTDP-43A315T mice as compared to their healthy 

counterparts. These changes preceded nuclear clearance of TDP-43 and its aggregation in the cytoplasm 

of frontocentral neurons. 

 

 

 

7.2 INTRODUCTION  
 

Amyotrophic lateral sclerosis (ALS) is a fatal progressive neurodegenerative disorder in which loss of 

upper and lower motor neurons leads to paralysis with a typical disease course of 1 to 5 years. Most 

forms of ALS are sporadic (sALS), however about 10% of patients have an inherited familial form of the 

disease (fALS) and a clear family history (Chia et al., 2018). Understanding of ALS genetics began with 
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the discovery of dominant causative mutations in the gene encoding copper/zinc superoxide dismutase 

1 (SOD1) in about 20% of fALS cases and in about 1% of sporadic cases (Hardiman and van den Berg, 

2017). Subsequently, other even more rare familial form of ALS with atypical disease features were 

linked to mutations in several other genes including C9orf72, FUS, TDP-43 (Lagier-Tourenne and 

Cleveland, 2009). One of the neuropathological hallmarks of ALS is the presence of ubiquitylated 

neuronal cytoplasmic inclusions (NCIs) in upper and lower motor neurons (Leigh et al., 1991). In 2006, 

the 43kDa TDP-43 protein has been identified as the major component of NCIs in sALS and SOD1–

negative fALS, as well as sporadic and familial frontotemporal lobar dementia (FTLD) (Neumann et al., 

2006). TDP-43 is a highly conserved ubiquitously expressed nuclear protein with two RNA recognition 

motifs (Krecic and Swanson, 1999). Under normal conditions, TDP-43 shuttles between the nucleus and 

the cytoplasm and is involved in gene splicing and micro RNA biogenesis. Furthermore, mutant 

fragments of TDP-43 were detected in post-mortem ALS neuronal tissues suggesting that abnormal 

molecular-weighted TDP-43 could be a causative protein in these disorders (Neumann et al., 2006). 

Albeit TDP-43 proteinopathy is a common pathological feature in human ALS, the mechanism related to 

pathogenesis is poorly understood. The missense mutation, Ala-315-Thr (A315T) was identified as a 

candidate gene in familial ALS through the sequencing of the TDP-43 gene, thereby establishing a 

connection between mutant TDP-43 proteinopathy and neurodegeneration (Gitcho et al., 2008). 

Although TDP-43 mutations are not a common feature in familial ALS, similar pathological observations 

were made in sporadic ALS (Kabashi et al., 2008). In 2010, Wegorzewska and colleagues reported on 

the first published transgenic model of TDP-43 proteinopathy, describing the prnp-hTDP-43A315T 

overexpression mouse model created on a hybrid C57BL/6 and CBA genetic background (Wegorzewska 

et al., 2009). These mice were reported to develop gait abnormalities starting from about three months 

onwards. However, the TDP-43A315T mouse model, now available on a 100% C57BL6/J congenic 

genetic background from The Jackson laboratory (stock number 010700), was reported to develop an 

early intestinal blockage that prevents the disease phenotype progression and leads to premature 

sudden death (Guo et al., 2012; Esmaeili et al., 2013). Herdewyn et al. also showed that by replacing 

the standard rodent food pellets with an easily digestible gel diet, one can by-pass the gastrointestinal 

dysfunction and allow time for pathology to develop in the brain and spinal cord in these mice 

(Herdewyn et al., 2014). Both male and female TDP-43A315T mice develop significant motor 

impairment, with deficits appearing earlier and progressing faster in males.  

 

Discovering biomarkers of ALS pathology has the potential to diagnose patients at the early disease 

onset stage, which is essential to provide optimal patient care (disease management) and categorize 

patients for clinical trials. Preclinical research based on the use of transgenic ALS mouse models has 

become an essential part of biomarker discovery and novel preclinical drug evaluation in ALS (Perrin, 

2014). In vivo imaging such as positron emission tomography (PET), magnetic resonance imaging and 

spectroscopy (MRI-MRS) have shown to provide unique insights into complex biological processes. 

These techniques also allow the temporal study of individual animals over time, enabling the assessment 

of disease progression in transgenic animal models. In this regard, non-invasive imaging of the TDP-43 

A315T transgenic mouse model may help us elucidate the pathophysiology and identify disease-related 

metabolic and structural changes that may be translated into clinical research. Therefore, we 

investigated, for the first time, the effect of hTDP-43A315T expression on the mouse cerebrum through in 

vivo PET-MR imaging, combining 18F-fluorodeoxyglucose (FDG) PET, diffusion tensor imaging (DTI), 

arterial spin labeling (ASL) perfusion MR imaging and MR spectroscopy (MRS).  
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7.3 MATERIALS AND METHODS 
 

7.3.1 Experimental design 

 

PET-MR imaging time points were chosen to non-invasively investigate physiological changes in the 

mouse cerebrum associated with hTDP-43A315T overexpression from early- to late-stage pathology, in 

accordance with previous studies (Herdewyn et al., 2014; Beel et al., 2018). 18F-FDG-PET images 

acquired simultaneously with high-resolution MR images (section 7.3.4) were obtained in a separate 

scan session from more time-consuming MRS, DTI, and ASL perfusion MR scans (section 7.3.5). A total 

of 36 transgenic and 14 non-transgenic mice were included in this study. A detailed description of the 

cohort characteristics and experimental timeline are shown in Figure 7.1. 

 

 

Figure 7.1. Experiment timeline. T1-T5 indicate all time points where molecular imaging was performed, including 

magnetic resonance spectroscopy (MRS), diffusion tensor imaging (DTI), and perfusion MR imaging with arterial 

spin labeling (top panel). 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) combined with 

anatomical MRI was performed in the same cohort, but in separate scan sessions (bottom panel). Each panel 

describes the age (mean ± standard deviation) and amount of animals in the respective hTDP-43A315T transgenic 

and control groups. Abbreviation: hTDP-43A315T: human TAR DNA binding protein 43 carrying the A315T mutation; 

ctrl: non-transgenic control mice. 

 

 
 

7.3.2 Transgenic Mice 

 

All experiments were performed in accordance with institutional guidelines and compliant with the 

national and European Communities Council Directive of November 24, 1986 (86/609/EEC). The Animal 

Research Committee of the KU Leuven University, Belgium approved the study protocol (P075/2016).   

Prp-hTDP-43A315T transgenic mice were purchased from Jackson Laboratory (stock number 010700, 

Bar Harbor, ME, USA), and back-crossed for 10 generations into a congenic C57BL/6 J background, 

leading to a pure C57BL/6 J background. All animals were housed in a conventional animal facility in 

regular mouse cages. Mice were given gel food (DietGel®31M, ClearH20, Maine, USA) from 60 days 

postpartum. Food and water were made available ad libitum. Body weight, body appearance and motor 

performance were monitored weekly. Onset of gait abnormalities was defined by the appearance of a 

swimming gait. Mice were classified as end stage (ES) when presenting with following symptoms: 
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immobility, lethargy, or absence of righting reflex, and were euthanized accordingly. A number of mice 

developed ulcerative dermatitis in the rostral back region which is a common effect in ageing C57BL/6 

mice (Hampton et al., 2012). Mice were treated with dermal cream (20 mg/g fusidic acid + 1mg/g 

betamethasone, topical administration) for a maximum of 14 days and their nails were clipped. In case 

mice lost more than 20% of their initial body weight, mice were also sacrificed. Only female mice were 

used in this study to avoid any influence of gender. 

 

7.3.3 Animal procedures 

 

Before and during imaging procedures, mice were anaesthetized with 1-2% isoflurane in 100% oxygen. 

Mice were then placed in an MRI-compatible animal bed by placing the nose of the mouse in a nose 

cone, restraining it with a bite bar and custom-made outer ear-inserts. Respiration and body 

temperature were continuously monitored and maintained at 60-100 breaths min-1 and 37±1 °C, 

respectively. Prior to tracer injection, blood glucose was measured in each individual animal. 

 

7.3.4 Simultaneous in vivo 18F-FDG PET – MR imaging  

 

Simultaneous 18F-FDG PET-MR imaging was performed on an Albira Si PET insert (Bruker, Ettlingen, 

Germany) in combination with a 7 Tesla (T) MR scanner (Biospec 70/30, Bruker Biospin, Ettlingen, 

Germany). The PET insert has a 0.7 mm spatial resolution, 12% sensitivity, and 80x148 mm field of view. 

The 18F-FDG radiotracer was prepared using an IBA 18/9 cyclotron (Ion Beam Applications, Louvain-La-

Neuve, Belgium) and FDG synthesis module. After overnight fasting, mice were injected with 

approximately 10.4±1.8 MBq of 18F-FDG into in the tail vein. If necessary the solution was diluted to a 

maximum volume of 200 µL using a 0.9% saline solution. Mice remained anaesthetized throughout the 

30 min uptake period whereafter a 30 min static scan was initiated (Wong et al., 2011; Casteels et al., 

2013). List-mode data were reconstructed in a single frame using the Maximum-Likelihood Expectation-

Maximization algorithm (MLEM; 12 iterations). Scans were randoms and scatter corrected. Data were 

collected in a 32x32 mm matrix with 0.5 mm isotropic resolution. 

 

To visualize signal intensity changes and for co-registration of PET images, a T2-weighted 3D TurboRARE 

protocol was acquired simultaneously with the following acquisition parameters: repetition time (TR) 

1000 ms, echo time (TE) 12 ms, FOV  24×15×8.3  mm,  matrix  size  256×160×88, RARE factor 10, number 

of averages = 1.  

 

First, PET and T2-weighted MR images were co-registered in the mouse native space. Following, T2-MR 

images of the cerebrum of each individual mice were co-registered to the Mirrione mouse brain atlas 

whereafter the same rigid transformation was applied to the PET scans using PMOD version 3.8 software 

(PMOD Technologies, Zurich, Switzerland). Standard uptake values (SUV) were calculated (=activity 

concentration (MBq/ml)/injected dose (MBq)), as a measure of absolute FDG uptake. Relative glucose 

metabolism was determined by normalizing the regional 18F-FDG uptake to the whole-brain uptake. 

Volume-of-interest (VOI)-based analysis was executed using a predefined VOI map including 20 

anatomical regions of mice with a C57BL/6 J background. Voxel-wise analysis was performed using 

Statistical Parametric Mapping 12 (SPM12, Wellcome Department of Cognitive Neurology, London, 

United Kingdom). Spatially normalized images were masked to exclude extra-cerebral signal. We used a 

2 sample t-test for cross-sectional comparisons and a flexible factorial design taking into account factors 
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‘time point’ and ‘group’. SPM analysis was performed using a 0.8 relative threshold of mean image 

intensity, with and without global normalization. T-maps were interrogated at a pheight≤0.005 

(uncorrected) peak level and extend threshold of kE>200 voxels (1.6 mm3). Only significant clusters 

with pheight<0.05 (corrected for multiple comparisons) were retained. Exceptions on pcluster were 

accepted for clusters with a plausible neurobiological basis and in light of previous ALS research. 

 

7.3.5 In vivo MR imaging 

 

MRS, DTI and perfusion MR acquisitions were performed using a small-animal 9.4 T MR scanner (Biospec 

94/20, Bruker Biospin) with a horizontal bore of 20 cm and equipped with an actively shielded gradient 

set (600 mT m-1, inner diameter 11.7 cm). MR data was acquired using a linear polarized resonator (7.2 

cm diameter) for transmission, combined with a quadrature shaped mouse brain surface coil for 

receiving (both Bruker Biospin). 

 

7.3.6 1H-Magnetic Resonance Spectroscopy  

 

MR spectra were acquired for volumes in the motor cortex and the hindbrain with a voxel size of 

2x2.5x1.5 mm3. The hindbrain voxel covered the following nuclei: hypoglossal, medial vestibular 

nucleus, and the dorsal motor nucleus of the vagus nerve. MR spectra were acquired with a PRESS pulse 

sequence as previously reported (Weerasekera et al., 2018) and using the following parameters: 

TR=1800 ms, TE=20 ms, and number of averages 320 for motor cortex and 640 for hindbrain. Water 

suppression was optimized using VAPOR. An unsuppressed water spectrum (TE=20 ms, TR=1400 ms, 

number of averages = 4) was acquired before each 1H-MR spectrum (water suppressed) for 

quantification/ referencing. Shimming was performed using FASTMAP, resulting in a final water line 

width at half height of less than 16 Hz. Spectra were processed using jMRUI v6.0 (Stefan et al., 2009). 

Spectra were phase corrected and an HLSVD (Hankel Lanczos Singular Values Decomposition) filter was 

applied to remove the residual water signal. Only metabolites with a Cramer-Rao lower bound <25% 

were considered for quantification. Metabolites were quantified with the QUEST algorithm in jMRUI 

using a simulated (NMRScopeB) metabolite basis set (Ratiney et al., 2004; Starcuk et al., 2009). Results 

are reported in reference to the non-suppressed water signal. A total of 16 brain metabolites (alanine, 

aspartic acid, total creatine, choline, GABA, glycine, glucose, glutamate, glutamine, NAA, myo-inositol, 

Scyllo-inositol, lactate, phosphoethanolamine, scyllo-inositol, taurine) were quantified. The sum of 

glutamate and glutamine concentrations was reported as Glx. 

 

 

7.3.7 Arterial Spin labeling, Diffusion Tensor Imaging and T2-weighted MRI 

 

Perfusion maps were recorded from a single 1 mm thick axial forebrain slice covering the motor cortex, 

striatum and nucleus accumbens using a flow-sensitive alternating inversion recovery (FAIR) approach 

(Kim and Tsekos, 1997). ASL MR image acquisition was as previously reported [Oosterlinck et al., 2011; 

Govaerts et al., 2019]. In brief, a rapid acquisition with relaxation enhancement (RARE) readout was 

used with the following specific parameters: TR=18 s, TE=5.2 ms, FOV 2.5×2.5 cm, matrix 128×128 with 

partial Fourier acceleration to 128×72, 14 inversion times from 20 to 8000 ms, and using an inversion 

hyperbolic secant pulse of 14 ms with a slab thickness of 1.6 mm. Fractional anisotropy (FA) and mean 
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diffusivity (MD) were determined using a two-dimensional single shot echo planar spin echo acquisition 

with the following specific parameters: 13 slices of 0.6 mm thick with 0.12 mm gap, TR/TE = 7000/52 ms, 

acquisition matrix 128×128 zero filled to 256×256 resulting in a spatial resolution of 98×98 µm, fat 

suppression and diffusion parameters: δ/Δ = 6/14 ms, 15 non-co-linear directions, 6 b-values (250 500 

750 1000 1500 3000). 

 

For the placement of the spectroscopy voxel, T2-weighted 2D RARE images (effective TE 50 ms; matrix 

256x256; 300 µm slice thickness) were acquired. Perfusion MR images were processed using the 

Paravison 5.1 software (Bruker Biospin). Absolute cerebral blood flow (CBF) values were calculated using 

the T1 difference method and assuming an arterial T1 of 2.4s. Diffusion data was analyzed using region-

based analysis in DSI Studio (http://dsi-studio.labsolver.org); fractional anisotropy (FA), radial diffusivity 

(RD) and mean diffusivity (MD) were calculated for the following anatomical regions: striatum, motor 

cortex and hindbrain.  

 

7.3.8 Immunohistochemistry 

 

After perfusion with 4% paraformaldehyde, the brains were fixed in 4% paraformaldehyde for at least 1 

week, dehydrated overnight, and embedded in paraffin blocks. Sections of 5 μm were cut and dried 

overnight.  

 

The TDP-43 cytoplasmic aggregates and nuclear TDP-43 were labeled using an antibody against 

phosphorylated TDP-43 (pTDP), clone 1D3 (MABN14, rat monoclonal, 1/100, Merck Millipore, MA, USA) 

or with anti-TDP-43 (12892-1-AP, rabbit polyclonal, 1/1000, ProteinTech, IL, USA) with a Dako 

autostainer Link 48, according to the manufacturer’s protocol (Dako, Belgium). Briefly, after pre-

treatment (pH=6) for antigen retrieval and deparaffinization, the sections were treated with peroxidase 

blocking reagent (Envision Flex Peroxidase-Blocking Reagent, Dako) for 5 min. Afterwards, a biotinylated 

anti-rat secondary antibody  was used, followed by an ABC reaction to increase the detected signal 

(Vectastain Elite ABC HRP Kit, Vector labs, CA, USA). 3,3'-diaminobenzidine (Liquid DAB+ Substrate 

Chromogen System, Dako) was used as a chromogen to yield brown reaction products. Counterstaining 

with hematoxylin was performed. The slides were microscopically analyzed with a Leica DM2000 LED 

microscope and images were taken with a Leica DFC7000 T camera, at 200 or 400x magnification. 

 

7.3.9 Statistical Analysis 

 

Reported values are described as mean ± standard deviation unless indicated otherwise. All statistical 

analyses were performed using JMP and PRISM software (SAS Institute Inc., NC, USA; GraphPad 

Software, Inc., CA, USA). Body weight was analyzed using the Mann-Whitney U test with Bonferroni 

multiple testing correction. PET VOI-based data, MRS, DTI and perfusion MR data were analyzed using 

the standard least squares model, employing REML (restricted maximum likelihood estimation) with 

Tukey-Kramer post-hoc adjustments. Fixed effects included: pathology (‘group’), time point (‘time’) and 

the group*time intercept. The term ‘Subject’ was added as a random effect. Survival analysis was 

performed using the Mantel-Cow method. A p-value < 0.05 was accepted as statistically significant. 
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7.4 RESULTS 
 

7.4.1 18F-FDG PET imaging 

 

To assess the effect of hTDP-43A315T expression on cerebral glucose metabolism, we performed 

longitudinal in vivo 18F-FDG-PET imaging. VOI- and voxel-wise analysis did not indicate significant 

changes in regional SUV values over time. Voxel-wise analysis did show decreased relative 18F-FDG 

uptake (i.e. normalized to whole-brain 18F-FDG uptake) in the unilateral motor- and somatosensory 

cortex of transgenic mice, as compared to controls (-15.8%; T1 vs. T2; Figure 7.2A). In the same time 

period, glucose metabolism significantly increased (+8%) in a cluster covering the substantia nigra, 

amygdaloid and reticular nucleus, extending towards the brain stem, in transgenic hTDP-43A315T mice 

(Figure 7.2B). Between T1 and T3, transgenic mice also developed hypometabolism in the left lateral 

striatum (Figure 7.2 C). A detailed description of the cluster peak anatomical location and p-values are 

shown in Table 7.1.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. Relative 18F-FDG uptake in hTDP-43A315T transgenic mice. Functional T-maps are overlaid on coronal brain 

sections at pheight<0.005. Brain sections showing significantly (A) decreased glucose metabolism in a cluster 

comprising the left motor and somatosensory cortex and (B) elevated glucose uptake in the region of the 

substantia nigra, amygdaloid and reticular nucleus, in transgenic mice between time point 1 and 2 (T1 vs. T2), as 

compared with non-transgenic mice. (C) From T1 to T3, FDG uptake decreased in transgenic mice in a cluster 

covering the unilateral striatum, as compared to non-transgenic mice. The T-statistic color scale indicates the 

significance at the voxel level. The approximate age of the mice at the mentioned time points is: T1: 3.5 months, 

T2: 7 months, T3: 11.5 months. Abbrevations: L, left; R, right; TDP-43A315T, TAR DNA binding protein 43 carrying the 

A315T mutation. 
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Table 7.1. Voxel-wise 18F-FDG PET analysis. Peak locations for the clusters in the group comparison at pheight<0.005 

uncorrected and cluster extent > 200. Pcorr at cluster level, p-value corrected for the search volume; KE cluster 

extent; T, indication of statistical significance; puncorr, p-value uncorrected for the search volume. The age of the 

mice at T1-T3 scan sessions are: T1: 3.5 months, T2: 7 months, T3: 11.5 months. Intensity difference values are 

indicated as mean ± standard deviation. 

 

7.4.2 Magnetic Resonance Spectroscopy 

 

To assess potential neurometabolic alterations of the TDP mice, we acquired MR spectra (motor cortex: 

signal to noise ratio >15; line-width 10±3 Hz, hindbrain: SNR >11, line-width 12±3 Hz, water/lipid/artifact 

suppressed). Typical MR spectra obtained from the motor cortex of a hTDP-43A315T mouse and non-

transgenic control at T1 are shown in Figure 7.3. 

 

Of the metabolites, Glx and choline demonstrated time- and group-dependent differences in the motor 

cortex. Glx levels were significantly higher at early-stage acquisitions (T1-T2), in comparison with non-

transgenic controls (F[group x time]4.74=6.32; p=0.0002; T1: p=0,0018; T2: p=0.0003). Choline levels depicted 

a gradual increase in hTDP-43A315T mice, with significance at T3 and T5 (F[group x time]4.74=6.32; p=0.0006; 

T3: p=0.03; T5: p=0.0004). It should be noted that choline levels visualized by short-echo time MRS 

contain contributions from unbound free choline, glycerophosphorylcholine (GPC), phosphorylcholine 

(PC) and are often referred to as ‘total choline’ (tCho) or just choline.  

 

In the hindbrain, Glx, creatine and choline levels depicted significant alterations. Glx concentrations 

showed both early- and late-stage group-dependent differences (F[group x time]4.86=8.57; p<0.0001). With 

respect to controls, we found Glx levels significantly increased at T1 (p=0.0018), and subsequently 

decreased at T4 (p<0.0001). Both groups showed an age-dependent drop in Glx concentrations between 

T3 and T5 (F[time]4.86=11.79; p<0,0001; T3-T5: p<0,0001 in both groups). Creatine levels were influenced 

by the age of the animals, but not by pathology (F[time]4.86=5.43; p=0,0006). By contrast, TDP-43A315T 

mutant overexpression had a modest, but significant, effect on choline levels at late-stage time point T5 

(F[group]4.86=7.18; p<0,0001; T5: p=0.02), though time and interaction effects were not significant 

(p>0.05). 
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Figure 7.3. Evaluation of the metabolite profile in the motor cortex and hindbrain using MRI-guided 1H-MRS. (A) 

Placement of the MRS voxel covering the hindbrain (top) and motor cortex (bottom), overlaid on a T2-weighted 

MR image. (B) 1H-MRS spectrum of the left motor cortex in a hTDP-43A315T (left) and control mouse (right). Black 

arrows indicate the significantly different Glx (glutamate + glutamine) concentrations, as can be visually 

appreciated. (C-D) Overview of the 4 main neurometabolite concentrations, including Glx (glutamate + glutamine), 

N-acetylaspartate, creatine and choline. Concentrations measured in the motor cortex (C) and hindbrain (D) of 

hTDP-43A315T and non-transgenic controls are displayed over time, visualized in dot plots. Time points mentioned 

in this figure are in correspondence with following approximate age of the animals: T1: 2 months, T2: 6 months, T3: 

9 months, T4: 13,5 months, T5: 16 months. Restricted maximum likelihood estimation. * p<0.05, ** p<0.01, *** 

p<0.001.  

 

7.4.3 Perfusion MRI 

 

Regional CBF values, obtained from ROIs in the motor cortex and striatum are represented in Figure 

7.4. No significant changes in CBF was observed between the two groups in motor cortices and striatal 

ROIs.  
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Figure 7.4. Cerebral blood perfusion in motor areas of the mouse cerebrum. Dot plots display perfusion values for 

the bilateral motor cortex (A-B) and striatum (C-D) of TDP-43A315T mice and respective controls. ALS mice did not 

present with any significantly different perfusion values. Time points mentioned in this figure are in 

correspondence with following approximate age of the animals: T3: 9 months, T4: 13.5 months, T5: 16 months. 

 

7.4.4 Diffusion Tensor Imaging Measures 

 

A summary of regional DTI metrics for the two groups are listed in Table 7.2. Significant differences in 

the DTI-based fractional anisotropy (FA), mean diffusivity (MD) and radial diffusivity (RD) between hTDP-

43A315T and WT mice were observed at T4. In the striatum, a significant increase in FA (F[group x 

time]2.48=4.62; p=0.01; T4: p=0.006) and decrease in RD (F[group x time]2.48=6.80; p=0.003; T4: p=0.0001) 

were present. Of note, the group effect was non-significant for FA (p>0.05). In addition, a significant 

decrease in RD was present in the left motor cortex, which was not affected by the group*time 

interaction effect (F[group]1.17=8.74; p=0.009; F[time]2.28=7.65; p=0.002; T4: p=0.03). A significant increase 

in MD in the brainstem region of both groups was also observed (F[group x time]2.40=6.05; p=0.005; 

F[time]2.40=14.80; p<0.0001; T4: p=0.03). 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0067630#pone-0067630-t001
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Table 7.2. Assessment of microstructural changes using diffusion tensor imaging. ROI analysis of fractional 

anisotropy (FA), axial diffusion (AD), radial diffusion (RD) and mean diffusion (MD) measured in the region of the 

motor cortex, striatum, and hindbrain of hTDP-43A315T transgenic ALS mice and non-transgenic controls. Time 

points mentioned in this figure are in correspondence with following approximate age of the animals: T3: 9 months, 

T4: 13.5 months, T5: 16 months. Values represent mean ± standard deviation. Significant alterations in MR diffusion 

were obtained by using the restricted maximum likelihood estimation model. Δ p<0.05, Ω and Σ p<0.01, Θ p<0.001. 

 

7.4.5 Survival analysis and neuropathology 

 

As expected, hTDP-43A315T mice portrayed a significantly lower survival, as compared to non-transgenic 

mice, with a median survival of 480 days (X2=12.94, p=0.0003; Figure 7.5 A). As previously described, 

disease onset and duration were highly variable. Mean age at symptom development was 310 ± 172 

days and mice survived on average 78 ± 83 days following onset of symptoms. The weight of the mice 

significantly increased with age, but did not differ between groups (F[time] 14.413=23.67; p<0.0001; 

Figure 7.5B).  

 

Interestingly, we observed an increased nuclear clearance of normal TDP-43 in aged, symptomatic TDP-

43 mice (18 months of age) when compared to WT mice at 18 months of age, as well as compared to 

10- and 21-months-old non-symptomatic TDP-43 mice, respectively (Figure 7.6 A-D). Cytoplasmic 

aggregates that are positive for phosphorylated TDP-43 (pTDP-43), were found in pyramidal neurons of 

layer V in the frontal cortex in symptomatic, 18 months old mice (pS409/pS410), although these 

inclusions were relatively rare (Figure 7.6 E-H). 

 

 

Controls TDP-43A315T
Controls TDP-43A315T

Controls TDP-43A315T

T3 0,25 ± 0,03 0,22 ± 0,03 0,22 ± 0,02 0,22 ± 0,02 0,35 ± 0,05 0,32 ± 0,05

FA T4 0,24 ± 0,03 0,20 ± 0,05 0,27 ± 0,04 0,22 ± 0,03Ω
0,32 ± 0,04 0,30 ± 0,05

T5 0,21 ± 0,02 0,20 ± 0,03 0,20 ± 0,02 0,21 ± 0,04 0,24 ± 0,03 0,26 ± 0,03

T3 0,77 ± 0,03 0,76 ± 0,02 0,75 ± 0,03 0,75 ± 0,03 0,74 ± 0,09 0,72 ± 0,09

AD T4 0,76 ± 0,02 0,76 ± 0,04 0,77 ± 0,03 0,80 ± 0,05 0,90 ± 0,13 0,80 ± 0,09

(10-3 mm2/sec) T5 0,75 ± 0,02 0,75 ± 0,05 0,76 ± 0,02 0,77 ± 0,02 0,70 ± 0,06 0,72 ± 0,04

T3
0,53 ± 0,02 0,55 ± 0,03 0,54 ± 0,02 0,55 ± 0,03 0,45 ± 0,07 0,45 ± 0,08

RD T4 0,53 ± 0,02 0,56 ± 0,03Δ
0,52 ± 0,03 0,59 ± 0,06Θ

0,61 ± 0,13 0,51 ± 0,11

(10
-3

 mm
2
/sec) T5 0,55 ± 0,01 0,56 ± 0,02 0,56 ± 0,01 0,56 ± 0,02 0,48 ± 0,04 0,49 ± 0,02

T3
0,61 ± 0,02 0,62 ± 0,03 0,61 ± 0,02 0,61 ± 0,02 0,55 ± 0,08 0,54 ± 0,08

MD T4 0,61 ± 0,02 0,61 ± 0,03 0,60 ± 0,03 0,64 ± 0,05 0,71 ± 0,13 0,60 ± 0,01Σ

(10
-3

 mm
2
/sec) T5 0,61 ± 0,02 0,63 ± 0,020 0,63 ± 0,01 0,63 ± 0,01 0,55 ± 0,05 0,56 ± 0,02

Motor cortex Striatum Hindbrain
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Figure 7.5. Life span and weight analysis in hTDP-43A315T transgenic mice. (a) Transgenic mice showed high variability 

regarding life span ranging from 122-554 days. (b) hTDP-43A315T did not have a significantly altered body weight in 

comparison with non-transgenic mice. 

 

 

 

Figure 7.6. Nuclear clearance (A-D) and phosphorylated TDP-43 aggregates (E-H) associated with hTDP-43A315T 

expression. TDP-43 neuronal nuclear depletion assessment in the frontal cortex of (a) aged WT littermates (18 

months), (b) younger, non-symptomatic hTDP-43A315T mice (10 months), (c) aged, but asymptomatic hTDP-43A315T 

mice (21 months) and (d) aged, symptomatic hTDP-43A315T mice (18 months). Nuclear clearance of TDP-43 was 

restricted to symptomatic 18-month-old hTDP-43A315T mice (d) but not seen in younger symptomatic animals or 

asymptomatic mice at the same age or older. Scale bars = 50μm. Phosphorylated TDP-43-immunoreactive 

cytoplasmic inclusions present in layer 5 of the frontal cortex of symptomatic 18-month-old hTDP-43A315T mice (e-

f, arrows,) but not in aged WT littermates (18 months) (g) or in aged, asymptomatic hTDP-43A315T mice (21 months) 

(h). Scale bars = 20μm. 
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7.5 DISCUSSION  

In this study, we systematically and non-invasively characterized the evolution of brain microstructural 

and metabolic alterations that occur in the hTDP-43A315T mouse model using a multi-parametric in vivo 

PET-MRI-MRS approach. 

 

The main finding of this study is that metabolic and functional imaging abnormalities observed by FDG-

PET, MR spectroscopy (metabolite profiles for choline and glutamate+glutamine) and diffusion MRI 

preceded nuclear clearance of TDP-43 in neurons and the cytoplasmic aggregation of TDP-43 in neurons 

of the frontocentral cortex in the hTDP-43A315T mouse. This finding may have impact on the 

interpretation of TDP-43 in ALS patients, probably representing just the “tombstone” of the underlying 

functional alterations of the neurons as indicated by the reduction of glucose metabolism and the 

changes in neurotransmitter levels. Since in our mouse model these changes occur in the areas which 

are typically affected in ALS such as the motor cortex, it is tempting to speculate whether such changes 

can be used for the early clinical diagnosis of ALS. Hypometabolism in the motor cortex has been 

demonstrated in ALS patients (Endo et al., 2017, D’hulst-Van Damme et al., 2018) and may be combined 

with imaging markers to identify ALS patients as early as possible. 

 

Our longitudinal 18F-FDG PET imaging study showed significantly lowered glucose metabolism in the 

motor and somatosensory cortices unilaterally, in parallel with an increase in the midbrain region, 

covering the bilateral substantia nigra, reticular and amygdaloid nucleus, and spreading towards the 

brain stem between three and seven months of age. By approximately one year of age, we also found 

decreased glucose utilization in the unilateral striatum in transgenic mice, as compared to non-

transgenic controls.   

 

These findings are in line with common metabolic patterns in ALS patients, where hypometabolism is 

generally found in the frontal and occipital lobes and relative hypermetabolism is present in the 

brainstem, amygdalae, cerebellum and medial temporal lobe (Agosta et al., 2018). To our knowledge, 

no previous data have been presented, examining disease-related changes in cerebral glucose 

metabolism in TDP-43 transgenic mice models. Due to differences in transgene, symptom development 

and life span, it remains difficult to compare these findings to those in other commonly used rodent 

models of ALS, such as the SOD1. In this mouse model, carrying the SOD1G93A mutation, research 

reported no significant effect on glucose utilization in motor-related regions (Lei et al., 2018). 

 

All metabolically altered regions (including cortex, striatum and midbrain regions) were shown to 

express the mutant transgene in neurons and glia (Wegorzewska et al., 2009), and could therefore be 

affected by TDP-43 pathology. Also in ALS patients, TDP-43 immunoreactive lesions were found in the 

previously mentioned regions (Cykowski et al., 2017). Given that 18F-FDG PET is an indicator of synaptic 

dysfunction and neurodegeneration, it is plausible that reduced FDG uptake in the motor cortex 

represents the pronounced neuronal loss and ubiquitin aggregate pathology in layer V, as previously 

shown by histological analysis (Wegorzewska et al., 2009).  

 

Of note, decreased FDG uptake has been associated with mitochondrial dysfunction, and subsequent 

neuronal loss in several disorders (Herrero-Mendez et al., 2009; Tenney et al., 2014). Mutant TDP-43 

was shown to accumulate in the mitochondria of neurons, impair respiratory complex I subunits, directly 
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causing disrupted cellular bioenergetics (Wang et al., 2016). This altered metabolic state may further 

explain the altered glucose metabolism we observed in several motor-related cerebral regions in TDP-

43 transgenic mice. 

 

On the other hand, hypermetabolic patterns in the mid- and hindbrain may correspond to inflammation 

involving microglial activation. In the SOD1G93A model, Gargiulo et al. reported “microgliopathy” in this 

region surrounding several motor nuclei, using 18F-DPA-714 PET imaging of the translocator protein 

(TSPO), a well-known marker for neuroinflammation (Gargiulo et al., 2016).  

We examined the evolution of the neurochemical profile in the motor cortex and hindbrain of hTDP-

43A315T and control mice using 1H-MRS. Our results showed significant changes in Glx and choline levels 

in the motor cortex and hindbrain of hTDP-43A315T mice compared to controls. Elevations in the Glx levels 

at the 2- and 6-month time points suggest an alteration in glutamatergic transmission creating an 

imbalance between the excitatory and inhibitory neuronal activity in both regions. In correspondence 

with our findings, Lei and colleagues showed increased levels of glutamate in the motor cortex of pre-

symptomatic hSOD1G93A transgenic animals (Lei et al., 2018; Weerasekera et al., 2018). The glutamate-

glutamine cycling in the glia and neurons is a complex process, where the enzyme glutamine synthetase 

plays a vital role. Impairment of this enzyme, which is highly susceptible to oxidative damage, can lead 

to a decreased metabolism of glutamate to glutamine (Oliver et al., 1990). Thereby, an increase in tissue 

levels of glutamate/glutamine could also reflect impaired energy metabolism, similar to observations in 

transgenic mice of Huntington's disease (Jenkins et al., 2000). 

 

In this study, a time- and group-dependent increase in total choline was observed in the motor cortex 

of transgenic mice at nine months. In the hindbrain, this increase was also present in 16-month-old 

mice. Choline-containing compounds are involved in pathways of phospholipid synthesis but also 

degradation as well as biosynthesis of neurotransmitter acetylcholine (Duarte et al., 2012). Elevated 

choline levels have been systematically observed in neurodegenerative diseases such as Alzheimer’s 

disease, Parkinson’s disease and multiple sclerosis (Firbank et al., 2002; Gonzalez-Toledo et al., 2006; 

Narayanan et al., 2006). Moreover, Duarte and colleagues reported brain choline levels to gradually 

increase as part of the normal ageing process and that this increase may be attributed to an increased 

release of water-soluble choline-compounds from cellular membranes (Duarte et al., 2014). 

 

Previous studies have reported that a decrease in glutamatergic transmission activity may activate a 

compensatory mechanism such as regulation of a secondary messenger system (Belousov et al., 2001; 

Liu et al., 2008).  Interestingly, in the hindbrain, one such mechanism may cause a late-stage increase in 

the expression of acetylcholine. The MRS signal of choline has been used to assess the alteration of 

acetylcholine level in the brain (Lindner et al., 2017). Therefore, the observed upregulation of choline 

levels at a later stage may be due to an upregulation of acetylcholine signaling following a decrease 

glutamate-mediated neurotransmission activity, as indicated by Glx measurements.  

 

Assessing changes in cerebral blood flow (CBF) yields important information on the onset and 

progression of various pathological conditions (Yonas et al., 2005; Struys et al., 2017; Govaerts et al., 

2019). However, up to date, perfusion MRI in animal models of ALS has not been implemented. CBF is 

tightly coupled to neuronal activity of the brain, and is often considered as an indirect measurement of 

the energy demands of the brain, similar to FDG-PET. An increase in CBF is suggested to enhance the 

delivery of oxygen and substrates to the high-energy demand regions, and to facilitate the elimination 
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of toxic byproducts of cerebral metabolism (Peterson et al., 2011). A previous arterial spin labeled MR 

study demonstrated hypoperfusion in ALS patients compared to healthy subjects in the frontal, medial, 

middle cingulate cortices, and precuneus (Rule et al., 2010). In correspondence with clinical findings, 

spinal blood flow was progressively decreased at pre- and post-symptomatic stages in SOD1G93A mice, 

as detected by in vivo capillary imaging (Miyazaki et al 2012). In this study, no significant age or group-

related differences in basal CBF were observed in cerebral motor regions. It should be noted that 

anesthetics have a strong impact on cardiac function, brain function or microvascular hemodynamics, 

and the combination of all these effects could lead to modifications of CBF (Hendrich et al., 2001). 

Isoflurane anesthesia tends to increase CBF (Govaerts et al., 2019), which may have masked 

observations of subtle differences in perfusion values in the groups studied. Therefore, barbiturates 

such as a ketamine/xylazine combination may have been be a better choice of anesthetics. Alternatively, 

TDP pathology may not be responsible for the perfusion changes seen in ALS patients. Diffusion MRI-

based measures such as the FA, MD, RD and AD were used to evaluate axonal and myelin integrity in 

the mouse cerebrum (Madden et al., 2013; Ontaneda et al., 2017). Although no age-related changes in 

diffusion parameters were found for both groups, disease-associated changes were detected, but only 

in mice at approximately 14 months of age, suggesting that hTDP-43A315T expression is associated with 

limited microstructural changes in motor-related regions of the mouse brain. 

 

In the apparently healthy bran, TDP-43 is predominantly located in the nucleus where it is involved in 

RNA metabolism. Within TDP-43 proteinopathies, abnormal cleavage and phosphorylation 

(pS409/pS140) of the protein has been associated with nuclear depletion and formation of pathological 

cytoplasmic inclusions (NCIs) (Arai et al., 2006). A positive correlation was found between cytoplasmic 

aggregate formation and neurotoxicity in vitro, linking TDP-43 pathology to neurodegeneration 

(Barmada et al., 2010). Thereby it has been hypothesized that in models of overexpressed human TDP-

43, the loss of endogenous nuclear TDP-43 is the mechanism responsible for toxicity, rather than the 

toxic gain of function in the cytoplasm (Vanden Broeck et al., 2014). This nuclear depletion, and 

subsequent loss of function, might constitute an early event in the disease pathology and might become 

more pronounced as the disease progresses (Neumann et al., 2006). The differences in the nuclear 

clearance of non-phosphorylated TDP-43 between symptomatic 18 month-old TDP-43 mice, but not 

younger TDP-43 mice, corroborates this hypothesis. This becomes important, considering that we did 

not observe this nuclear depletion in aged WT littermates or non-symptomatic TDP-43 mice, which 

suggests an association of normal, nuclear TDP-43 depletion with the development of the disease, 

specifically the development of symptoms.  

 

Several studies using in vitro and animal models have tried to address these mechanisms of 

degeneration. A study using primary rat cortical neuronal cultures showed that overexpression of A315T 

mutation is positively correlated with neurotoxicity and is associated with cytoplasmic aggregate 

formation (Barmada et al., 2010). Abnormally phosphorylated TDP-43 (pS409/pS410) has been detected 

in the spinal cord of mutant TDP-43 mouse models, but less frequently in the brain (Xu et al., 2011; 

White et al., 2018). Despite the fact that ubiquitin-positive aggregates have been previously detected 

in this model, cytoplasmic inclusions positive for phosphorylated TDP-43 have not been described 

(Wegorzewska et al., 2009). In our study, we observed the presence of phosphorylated TDP-43 

aggregates in the cortex of symptomatic, 18-month old mice, but not in the brains of younger animals.  

Taking the highly variable life span and symptom onset in this cohort into account, the group-based 

acquisition protocol that was employed in our study is a main limitations. To improve the detection of 
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disease-related changes, one might opt for a dynamic acquisition protocol based on each animals’ 

individual disease progression. However, this strategy may be challenging concerning logistics and 

statistical analysis. 

 

Together, the presented longitudinal in vivo PET-MR data, reveal several important neurochemical and 

neuropathological alterations in the hTDP-43A315T ALS mouse model, indicating that, multimodal 

imaging modalities such as PET and MR can form a powerful tool for longitudinal non-invasive follow-

up of disease progression in preclinical animal models.  
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8. |General Discussion, Limitations and Future 

Perspectives 
 

8.1 General conclusion 
 

In this thesis, in vivo magnetic resonance imaging and spectroscopy in combination with other 

experimental procedures were used in clinical and pre-clinical settings. In the clinical setting, the 

primary focus was to investigate the changes in neurochemical profiles of healthy subjects due to 

normal aging and of patients with neurodegenerative disease states, specifically amyotrophic lateral 

sclerosis. As for the pre-clinical setting, imaging techniques were used as a tool to non-invasively 

monitor disease onset, progression and for monitoring therapy. In general, this work aimed in particular 

to further develop and apply quantitative in vivo neurochemical profiling by MRS in the investigation of 

ALS as an adjunct to standard neuroimaging, biochemical analyses and clinical assessment. Limitation 

of the techniques employed in this thesis are discussed and future perspectives are outlines in the next 

sections.   

 
The analyses of trends in Europe and the USA show clearly that ALS incidence is rapidly increasing. One 

explanation for this trend could be the increased life-span in those developed countries. Aging is found 

to be a major risk factor for both, familial and sporadic neurodegenerative disorders. However, how the 

link between aging and ALS can be proven is still a major question in contemporary neuroscience. This 

prompts us to ask questions such as, what neurostructurual and neurometabolic changes occur in 

normal aging, and where/how does normal aging evolve into pathological neurodegeneration? ALS is 

characterized by progressive muscle weakness which mainly affects the motor performance. In order to 

elucidate the link between normal aging and ALS, it is essential to understand the relationship between 

neurometabolic changes in normal aging in connection with motor performance. While many studies 

focused mainly on the contribution of neurometabolite alterations to cognitive abilities (Kant arci et al., 

2002; Ross et al., 2006; Mondego et al., 2011; Purges et al., 2017; Tomato et al., 2018), studies 

examining the neurometabolic changes in relation to motor performance in ‘normal’ aging are limited. 

In chapter 3, we examined the associations between age-related neurometabolite alterations in the 

motor and occipital cortices with motor performance.  

 

MRS results from the aging study showed an overall decrease in the concentration of many MRS-

detectable brain neurometabolites such as NAA, Cr, and Glx in both regions of interest with increasing 

age. Overall, our findings from this study pointed towards heterogeneous alterations of 

neurometabolites, which could be caused by region-specific neurodegenerative processes as previously 

proposed by Grace & Apiarian (Grace & Apiarian et al., 2001).  Direct evidence for this hypothesis was 

provided in a recent study by Ding et al (Ding et al., 2016), who applied whole brain 1H-MR spectroscopic 

(wbMRS) imaging to study metabolite concentrations in the gray matter and white matter of different 

brain regions. They showed that age-dependent decrease of NAA content occurred predominantly in 

gray matter, whereas age-related decline of NAA content in white matter occurred only in the right and 

left frontal lobes and the left temporal lobe. Based on these findings, we assume that age-related 

decrease of cerebral NAA observed in our study occurred predominantly due to a reduction in white 

matter volume and loss of neuronal density. The fact that within voxel brain matter and global brain 
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matter contents positively correlate with a neurometabolite decrease as found in our study further adds 

validity to this assumption. Interestingly, observations from our study showed that NAA concentrations 

in the motor cortex are slightly more susceptible to aging compared to other neurometabolites. 

Furthermore, Ding’s study suggest that neurodegenerative changes associated with gray matter loss 

may have greater consequences on NAA content than on the content of other gray neruometabolites 

such as Glx. These findings suggest that a reduction in the concentration of NAA may be driven by age-

related neurodegenerative processes in both gray and white matter substructures whereas age-related 

changes in the levels of the remaining metabolites were likely subject to tissue-specific alterations either 

in gray matter (Glx) or white matter (choline, myo-Inositol). Therefore, we can conclude that these 

structural and neurometabolic changes are an inevitable part of the normal aging process, and not 

necessarily related to neurodegenerative disease. It is likely that the vulnerability of these areas to 

normal age-related changes contributes to their vulnerability to pathological processes involved in 

neurodegenerative diseases such as ALS.  

 
Over the past decades, MRI and MRS techniques have proven to be powerful investigation tools for non-

invasive studies in ALS patients (Turner et al., 2009). Despite the availability of functional rating scales 

and various diagnostic routines, both early diagnosis and prognosis remain a difficult task in ALS (Brooks 

et al., 2000; Costa et al., 2012). In order to improve this shortcoming, the identification and validation 

of disease-specific biomarkers for disease onset and monitoring is critical. Discovering biomarkers will 

also have a strong impact on the development of promising pharmacological agents and designing cost 

effective randomized clinical trials (RCT) in ALS. Even though neurochemical biomarkers have started to 

show the potential to monitor and assess disease progression in ALS, they have not been able yet to 

have a real impact on the accuracy of diagnosis. Neuroimaging offers a noninvasive approach to identify 

biomarkers and to monitor disease state in ALS. Major developments in neuroimaging have been the 

application of multiparametric MRI to exclude diseases that mimic ALS (Filippi et al., 2010) and 

innovations in novel acquisition protocols and processing tools, which have led this technique to the 

forefront of biomarker discovery (Turner et al., 2010). In our study of ALS patients, described in chapter 

4, we applied conventional and advanced edited MRS sequences to further investigate neurometabolic 

changes in the motor cortex of ALS patients and their relation to clinical parameters. Conventional PRESS 

MRS data showed a decrease in NAA, increase in Glx and an increase in myo-inositol levels in the motor 

cortex of ALS patients compared to healthy, age-matched controls. NAA levels in the bulbar-onset group 

were found to be significantly lower compared to the limb-onset group. We also showed correlations 

for mIns and Glx with disease progression measured by the ALSFRS-R score. In line with our results are 

previous studies that have reported changes mainly in the motor cortex of ALS patients (Pohl et al., 

2001; Kalra et al., 2006; Unrath et al., 2007; Lombardo et al., 2009; Verma et al., 2013; Foerster et al 

2014; Cervo et al., 2015; Atassi et al., 2017; Cheong et al., 2017). Numerous contradictory reports have 

shown either higher or lower levels of Glx in the motor cortex of ALS patients (Bowen et al., 2002; Han 

et al., 2010; Kalra et al., 2013).  However, a recent study by Cheong et al (Cheong et al., 2017) suggests 

that motor cortex glutamate levels depend on the disease stage in ALS. Our finding of Glx levels 

correlating with disease progression supports this view.  

 

A major limitation of using conventional MRS sequences to acquire low-concentration metabolites such 

as GABA and glutathione using low field clinical MR scanners is the rather poor spectral resolution/ 

overlap of signals and the low SNR, which imposes for the latter a lower limit on the scan time for a 

given region of interest (Puts et al., 2012; Mullins et al., 2014). Successive acquisition of MRS sequences 
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to determine GABA and glutathione concentrations would generally take about 20 minutes per volume 

of interest using MEGA-PRESS editing techniques. Therefore, not many studies measure both 

compounds due to these time constrains. In this study, we have demonstrated for the first time the 

simultaneous acquisition of GABA and glutathione in half the scan time in ALS patients using the novel 

HERMES editing sequence. Our data showed no difference in GABA levels between the ALS group and 

healthy controls. However, since all patients participated in this study were taking Riluzole and since 

Riluzole is known to act on GABAergic systems (Foerster et al., 2013), the interpretation of GABA levels 

in the two groups becomes challenging. Future studies should focus on newly recruited patients that 

are not yet under medication. As for glutathione levels, a trend of decreased concentrations was 

observed for the ALS group compared to healthy controls. Using spectral editing methods, a study by 

Weiduschat et al (Weiduschat et al., 2014) reported lower levels of glutathione in the motor cortex of 

ALS patient, while a recent study by Cheong et al (Cheong et al., 2017) reported no differences in 

glutathione levels. One explanation for this incongruity would be the difference between the patient 

cohorts’ disease stages, where one study recruited more early stage patients and the other more severe 

stage patients.  

  

In our study as well as in other 1H-MRS studies performed on ALS patients, reduced NAA levels in the 

motor cortex is the most frequently reported metabolic alteration. Significantly lower NAA levels in the 

motor cortex is also widely reported in normal aging and other neurodegenerative disease 1H-MRS 

studies. The reduction of NAA in the cortex with ‘normal aging’ is consistent with histological evidence 

of neuronal loss (Simic et al. 1997) and volumetric MR imaging measurements of decreased gray matter 

(Matsumae et al., 1996; Lim et al., 1997). Moreover, diminishing NAA levels reported during the middle 

age period correlates with brain volume decrease found in subjects older than fifty years (Double et al., 

1996). Therefore, our findings from both clinical studies are in overall agreement with previous 

histological, anatomical, and MR spectroscopic results. 

 

As mentioned earlier, spectral editing methods such as the MEGA-PRESS technique provide a promising 

approach for the discrimination of GABA from overlapping highly concentrated neurometabolites. As 

with conventional MR spectroscopy, there are a number of software tools available for fitting and 

quantification of GABA concentration from edited spectra. Quantification methods that use prior 

knowledge models - simulated or acquired in vivo metabolite basis sets - such as LCModel, AMARES and 

QUEST in jMRUI can be applied to edited spectra with proper modifications to basis sets and control 

parameters. In contrast, GABA-analysis specific tools such as the Gannet software (Edden et al., 2013) 

are custom-written to perform both preprocessing and quantification of MEGA-PRESS data. However, 

no comparison of the main software tools currently available has been published to date. Furthermore, 

to date no comparison was made of GABA concentrations derived from edited (MEGA-PRESS) and 

unedited (MEGA-OFF) spectra. In chapter 5, we compare currently available spectral fitting methods, 

Gannet, AMARES and QUEST to assess the in vivo concentration values for GABA and Glx derived from 

edited (MEGA-PRESS) and unedited (MEGA-PRESS-OFF) spectra. We tested the approach to assess the 

inter-subject variability in neurotransmitter levels arising from age effects. We found a strong positive 

correlation between Gannet and QUEST quantification methods, suggesting that the two methods are 

in good agreement in quantifying GABA acquired by edited and unedited MEGA-PRESS spectra. Due to 

the good agreement of the Gannet and QUEST derived GABA values, a next step could be to acquire 

GABA using a regular PRESS sequence with a TE = 68ms and compare the data with MEGA-PRESS 

acquired data. Such a study could confirm if a regular PRESS sequence with a TE = 68ms could replace 
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the MEGA-PRESS sequence for reliable GABA quantification. Future studies should also recruit larger 

numbers of subjects than in our preliminary proof-of-concept study. 

 

Transgenic mouse models have become a vital part of basic research and drug development when it 

comes to assessing disease stages, disease progression and potential of current and novel treatments. 

Apart from very few in vitro high resolution NMR spectroscopy studies of transgenic ALS models 

(Niessen et al., 2007; Choi et al., 2009), in vivo 1H-MRS studies of mouse models of ALS remain limited 

(Lei et al., 2018). Furthermore, previous in vivo MRS studies on transgenic ALS mouse models have not 

consider the age‐dependent neurometabolic alterations in various motor regions associated with ALS 

pathology. In addition, these studies suffer from sensitivity and quantification issues innate to all in 

vivo MRS applications. In chapter 6, we have monitored metabolic alterations in the motor cortex and 

hindbrain of SOD1G93A mice at seven time points postpartum. 

 

Using T2-weighted MRI, we were able to visualize the previously reported hyperintensities observed in 

multiple brainstem nuclei of these mice (Evans et al, 2014; Caron et al., 2015). We confirmed the 

intensity changes with increased T2 relaxation values in brainstem motor nuclei V, VII and XII. The 

observed hyperintensities in these motor nuclei are associated with the formation of vacuoles rather 

than motoneuronal loss (Caron et al., 2015). In fact, vacuolization, which is primarily due to abnormal 

and swollen mitochondria, has been detected as early as 30 days postpartum in dendrites and proximal 

axons of spinal motor-neurons (Kong et al., 1998; Bendotti et al., 2001) before the loss of motor neurons 

cell bodies and the appearance of a glial reaction [Belndotti et al., 2004]. However, Evans et al suggest 

that another possibility for the T2 hyperintensities may be increased astrocytosis and microgliosis (Evans 

et al., 2014). Similar MRI findings have been reported in human ALS patients, with hypointensities 

evident on T1-weighted MR images and hyperintensities on T2-weighted MRI along the cortico-spinal 

tract (Ellis et al., 1999; Waragai et al., 1997). However, in patients the basis of this signal change is not 

entirely clear at present.   

 

Notably, neurometabolic changes specific to SOD1G93A mice were detected in both the motor cortex and 

brainstem before the onset of motor symptoms. With the progression of the disease, other 

neurometabolic alterations further evolved with the appearance of motor symptoms originating from 

the brainstem and motor cortex of these mice. The neurometabolic alterations observed in our study 

are mostly consistent with the underlying cellular responses of ALS that evolve with disease progression. 

Despite the complexity of disease progression changes were seen for NAA, Glx, GABA, Cr, myo-inositol 

and Tau concentrations. 

 

The most significant finding from this study was the detection of gradual decrease in creatine levels in 

the hindbrain starting from the pre-symptomatic age of 70 days postpartum. This finding was not 

previously reported in this mouse model using 1H-MRS. Using High Performance Liquid Chromatography 

(HPLC), Browne et al reported normal creatine levels in 30-day postpartum SOD1G93A mice but observed 

a 47% decreased creatine in the spinal cord at late presymptomatic stages. They further reported 

reduction in ADP and ATP levels in the 60 day postpartum SOD1G93A spinal cords. Such changes in the 

brain of asymptomatic SOD1G93A mice may reflect impaired energy metabolism, which could possibly be 

due to several causes: 
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1. Depletion of adenosine triphosphate (ATP); previously observed in SOD1G93A mice (Browne et al., 

2006).  

2. Depletion of cortical and subcortical glucose metabolism; observed in ALS patients (Ludolph et al., 

1992). 

3. Hypermetabolism; FDG-PET showed increased metabolism in the brainstem of ALS patients (Cistaro 

et al., 2012).  

 

Therefore, our finding of decreased creatine level in the hindbrain of SOD1G93A mice may be due to 

above mentioned causes. In a recent publication, Atassi et al. observed a decrease in creatine in the left 

precentral gyrus of ALS patients compared to healthy controls (Atassi et al., 2017). Beneficial effects of 

ketogenic diet through improvements in mitochondrial energy production has previously been shown 

in SOD1G93A mice (Zhao et al., 2006). They observed that ketogenic diet fed SOD1G93A mice maintained 

motor function longer than mice fed a standard rodent diet and had more intact motor neurons in the 

lumbar spinal cord. They further reported the restoration of rotenone inflicted inhibition of the 

mitochondrial Complex I by ketone bodies. Our observation and the available evidence indicating that 

ALS pathology is also related to impaired energy metabolism in motor neurons, prompted us to assess 

the efficacy of using coconut oil as a natural ketogenic supplement in SODG93A mice’ diet. Results 

revealed that coconut oil supplementation together with the regular diet delayed disease symptoms 

(including MR-detectable biomarkers), enhanced motor performance, and prolonged survival in the 

SOD1G93A mouse model. A recent study by Blasco et al. reported that higher caloric intake improves 

survival and low cholesterol levels might be harmful in ALS patients (Blasco et al., 2017). In this regard, 

our results may ecourage to initiate a clinical trial to evaluate if coconut oil is effective in the treatment 

of ALS and use MRI/MRS as a monitoring tool. 

 

In this study, we demonstrated that non-invasive in vivo 1H-MRS detection of neurometabolic changes 

in motor neuron abundant regions (i.e. hindbrain and motor cortex) of the ALS SOD1G93A mouse model 

is possible at magnetic high-field strength (≥ 7T). Such neurometabolic changes preceding symptom-

onset in the SOD1G93A mouse model can provide insights into disease onset, progression, identify early 

diagnostics biomarkers and ultimately assist in discovering targets for therapy. 

 

TDP-43 was discovered as the major component of the ubiquitinated protein aggregates localized in 

the brain and spinal cord of most patients suffering from ALS and fronto-temporal lobar 

degeneration. Several mouse models were developed to study TDP-43 pathology with a range of 

phenotypes and histopathological features mimicking ALS. One of the first mouse models created to 

mimic TDP-43 pathology expresses the ALS-associated mutation A315T controlled by mouse prion 

promoter. However, up to date this mouse mode was not characterized by any neuroimaging 

modalities neither at single time points nor longitudinally. In chapter 7, we describe the non–invasive 

characterization of the hTDP-43A315T mouse model for the first time using PET and MR imaging 

modalities. Figure 8.1 summarizes the main findings.  
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Figure 8.1. Multimodal phenotype characterization: TDP-43-A315T mice.  Summary of major findings from the study. 

Abbrev: FA: fractional anisotropy, RD: radial diffusion, MD: mean diffusion. 

 
18F-FDG PET showed significantly lowered glucose metabolism in the motor and somatosensory cortices 

of hTDP-43A315T mice whereas metabolism was elevated in the region covering the bilateral substantia 

nigra, reticular and amygdaloid nucleus between 3 and 7 months of age, as compared to controls. MRS 

results showed significant changes in Glx and choline levels in the motor cortex and hindbrain of hTDP-

43A315T mice compared to controls. Diffusion MRI indices indicated transient changes in different motor 

areas of the brain in hTDP-43A315T mice around 14 months of age.  

 

Ubiquitin positive cytoplasmic inclusions are a key pathological feature of ALS. The TDP-43 protein has 

been implicated in the sporadic form of ALS since ubiquitin inclusions co-localized with immunoreactive 

TDP-43 have been shown to alter nuclear/cytoplasmic localization in sporadic ALS autopsy specimens 

(Arai et al., 2006, Neumann et al., 2006). In the hTDP-43A315T model, ubiquitin positive cytoplasmic 

inclusions were reported to be found in neurons of the spinal cord and brainstem but not in the cortex.  

Up to now, no ubiquitin positive TDP-43 aggregates were observed in the hTDP-43A315T motor cortex. In 

collaboration with Dr. Dietmar Thal, we were able to show the presence of cytoplasmic TDP-43 

proteinaceous inclusions in the cortex of symptomatic, late stage hTDP-43A315T mice. This observation 

further confirms that the symptomatic phenotype in hTDP-43A315T mice is related to altered TDP-43 

function and has important implications for understanding ALS pathogenesis. 

 

A summary of the MRS data from ALS patients and transgenic mouse models from this thesis is shown 
in Table 8.1. Patient MRS data are from a crossectional study compared to healthy volunteers. 

https://www.sciencedirect.com/topics/neuroscience/ubiquitin
https://www.sciencedirect.com/topics/medicine-and-dentistry/cytoplasm
https://www.sciencedirect.com/science/article/pii/S0969996110002135?via%3Dihub#bb0005
https://www.sciencedirect.com/science/article/pii/S0969996110002135?via%3Dihub#bb0055
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Transgenic mice data are from longitudinal studies compared to their non-transgenic littermates. 
Decreased NAA and increased myo-inositol was observed in motor cortices of both patients and 
SOD1G93A mice. Glx on the other hand was increased in patients and decreased in SOD1G93A mice, while 
TDP-43A315T mice also showed an increase at early time points. Increased choline was also detected at 
two distinct time point for the TDPA315T mice.   
 
 

Table 8.1: Clinical and preclinical MRS results 

 

 
 

Imaging of the brainstem and spinal cord is especially difficult both in humans and in animal models. 

MR spectroscopy of the brainstem is a challenging task especially in the hindbrain due to its deep brain 

placement, small size of the area of interest and close proximity to bone structures. However, it has a 

large potential interest especially in the study of degenerative processes and tumors involving this brain 

area. Even though brainstem region structures are mainly affected in ALS mouse models, most in vivo 

MRS studies so far have not examined the longitudinal evolution of neurometabolites in this region. The 

use of a two-coil system; linearly polarized resonator for transmission combined with a mouse brain 

surface coil for receiving, acquisition with high number of averages and proper positioning of the mouse 

head enabled us to acquire high quality MR spectra from the brainstem region. Further improvements 

might be possible due to the development of new hardware components like cryogen-cooled surface 

coils.  

 

8.2 Limitations and Future Perspectives 
 

Studies presented in this thesis have a few limitations which needs to be discussed. In ALS, degeneration 

of motor neurons in the motor cortex leads to upper motor neuron abnormalities. Loss of motor 

neurons in the brain stem and spinal cord causes muscle atrophy, weakness, and fasciculation. In our 

study, we investigated the neurometabolic profiles from only the motor cortex, mainly due to time 

restrictions. Furthermore, in our clinical study, only the left motor cortex was selected. However, 

investigators should consider that motor neuron dysfunction in ALS may be asymmetrical and MRS 

findings can be unilateral or, if bilateral they can be more severe on a given brain hemisphere. Therefore, 

future MRS studies should preferentially be conducted bilaterally.  
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In addition, the question of data reproducibility needs to be addressed, particularly as the alterations in 

metabolites in neurodegeneration have been shown to be often subtle, and the detection of early 

neurometabolic alterations requires greater sensitivity.  The conventional single voxel MRS technique 

presented in our clinical studies samples a volume of about 8 cm3, in which presumably millions of 

neurons and glial cells are present. The neurometabolite signal is therefore an average across the whole-

volume, and is not capable of detecting alterations in the distribution of metabolites across cell types 

or small anatomical structures. These partial volume effects must be taken into consideration when 

interpreting the data.   

 

A common observation made in this thesis with respect to the aging study and clinical-preclinical ALS 

studies is the reduction of NAA. However, the interpretation of the significance of measuring reduced 

NAA is crucial for understanding the underlying condition.  In 2015, Norsemen and co-workers reported 

the accumulation of NAA not only in neuronal tissue (grey matter) but also in myelin (white matter) and 

oligodendrocytes (Nordengen et al., 2015). Hence, their data suggest that NAA may not be a specific 

marker for neurons. These findings also implicate that NAA peaks visible in the MR spectrum reflect not 

only the neuronal density but also the state of oligodendrocyte and myelin. Therefore, it is reasonable 

to assume that a reduction of NAA detected in this thesis may not necessarily be exclusive to neuronal 

loss. Since NAA is produced in neuronal and oligodendrocytic mitochondria, (Patel et al., 1979; 

Madhavarao et al., 2003; Arun et al., 2009; Nordengen et al., 2015) the detected decrease in NAA may 

also indicate mitochondrial dysfunction (Clark et al., 1998), which is thought to play an important role 

in ALS pathogenesis. Considering our and previous findings, we suspect that the NAA decrease in ALS 

patients and mouse models of ALS measured by 1H-MRS may in fact indicate a multi-factorial pathology.  

 

In fact, utilization of whole-brain magnetic resonance spectroscopic imaging (MRSI) with image 

segmentation methods have the potential to estimate the grey and white matter NAA contribution from 

a particular VOI (Gasparovic et al., 2006). By using such methods coupled with other advanced MRS 

techniques such as diffusion MRS (DW-MRS) (Najac et al., 2016) we may be able to better understand 

the compartmentalization of NAA in the brain. The DW-MRS technique is currently being implemented 

at our site. 

 

Apart from the technical limitations, the ALS clinical study was also subjected to patient recruitment 

limitations, meaning that the patient cohorts available for the study are lower due to subject-related 

barriers such as disease severity, age, family objections, and social circumstances. However, these 

recruitment barriers are not exclusive to patients but also affect the recruitment of control subjects. 

Furthermore, the crossectional nature of the study reflect different stages of the disease, making the 

interpretation of the data more complex.   

 

Regarding the preclinical studies, our group-based acquisition protocol is one of the main limitations in 
this thesis. To improve the detection of disease-related changes, one might opt for a dynamic acquisition 
protocol based on monitoring individual animals. However, this strategy may be challenging concerning 
logistics and statistical analysis. Another limitation of the preclinical studies is the relatively small sample 
size (due to availability, breeding issues, mortality) and, variability of onset of disease between animals 
and mortality issues/diet. 
 
It is reasonable to assume that the variations in neurometabolites reported in clinical and preclinical  
MRS studies could be due to sensitivity (coils used, echo-times, number of averages) and spatial 
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resolution (voxel size, placement) differences as well as the variability of the SOD1G93A mouse model 
(gene promoters, gene copy number, overexpression rate, gender etc.) (Ludolph et al., 2010). 
 
Despite the limitations, the work presented in this thesis has demonstrated that in vivo MR spectroscopy 

can provide valuable information on normal aging and ALS. The significance of the information could be 

further maximized by combining PET with multi-parametric MR techniques as well as advanced data 

acquisition and data processing protocols. 

MRS coupled with other modalities has the potential for monitoring disease state and therapeutic 

interventions in preclinical ALS models and in patients. There is considerable evidence from the work 

presented in this thesis and from previous studies that support the value of MRS in ALS.   

 

Although MRS is a promising technique, it is not yet widely implemented in clinical routine. This may be 

due to several reasons. The technical complexity of the method requires expert knowledge in for the 

acquisition, processing and interpretation of the data, which is regarded as the most limiting factor for 

the clinical use of MRS. Therefore, new methods are needed that simplify and/ or automate the use and 

interpretation of MRS and allow clinical centers with less experience to use the technique whenever its 

information may be of relevance for patient management.  

 

This need is currently addressed by several academic and industrial initiatives. For example, BrainSpec is 

a recently established health technology company that aims to diagnose brain disorders using an 

efficient approach that involves MRS and clinically applicable software. The Company was formed 

through the iHub at Brigham & Women’s Hospital with Dr. Alexander Lin, the director of the hospital’s 

Center for Clinical Spectroscopy and Alex Zimmerman at Harvard Business School. BrainSpec and other 

initiatives aim to address the current limitations of the use of MRS in a clinical setting by developing a 

fully automated post-processing pipeline for MRS and assisting clinicians in the analysis and 

interpretation of MRS data. Those approaches combine linear combination model based post-

processing with a highly intuitive and user-friendly front-end web-based user interface. This 

combination allows for high analytical performance while maintaining ease of use. This results in 

reduced processing time, leading to higher throughput and lower costs. 

 

 

8.3 Conclusion 
 

Neuroimaging and neurospectroscopy offer excellent ways to investigate structural and metabolic 

aspects of ALS-associated pathology in transgenic animal models and clinical populations alike. An 

important feature of non-invasive procedures concerns the possibility of performing longitudinal 

investigations and using different techniques on one and the same subject, allowing for a simultaneous 

or step-wise analysis of structure and function.  

 

MR is still an evolving technology, and more revelations are undoubtedly around the corner. At present, 

MRI has become the most versatile and widely used imaging modality available today. The combination 

of MRI and MR spectroscopy enables us to obtain information from the molecular level through cells, 

tissues, animal models, and humans. The necessity of animal models in research dictates the 

development of dedicated animal research systems. With proper use and quality control, MR offers the 
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potential for greatly reducing the number of animals that would otherwise be required to move forward 

in our understanding of intact biological systems.  
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