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Summary 

Investigation of metabolic and microstructural alterations in human brain 

under physiological and pathological conditions by using magnetic resonance 

imaging and 1H- and 31P- magnetic resonance spectroscopy 

Birte Schmitz 

The human brain is the central controlling organ responsible for receiving information and processing 

them through altering systemic functions for an adaptive response to different stressors. As a prerequisite 

to identify neurodegenerative diseases and to distinguish maladaptation of stress in neuropsychiatric 

disorders the knowledge of age-related physiological changes as well as of the influences of stress on 

neurometabolism in healthy human brain become important in a society with increasing life expectancy. 

Therefore, metabolic and microstructural alterations caused by normal aging as well as neurometabolic 

responses to stress in healthy human brain were investigated in course of this project.  

135 healthy volunteers were examined with magnetic resonance (MR) imaging and magnetic resonance 

spectroscopy at a 3T MR scanner. Brain proton metabolites N-Acetylaspartate (NAA), total choline 

(Cho), total creatine (tCr), glutamate/glutamine (Glx), and myo-Inositol (mI), and phosphorus 

metabolites adenosine triphosphate (ATP), phosphocreatine (PCr), phosphomonoesters (PME), 

phosphodiesters (PDE), and inorganic phosphate (Pi), as well as the fractional volumes of brain tissue 

were measured in subjects aged between ~20-70 years to estimate aging effects. Based on that, proton 

metabolites were determined of fifteen females before and immediately after a 72-hour fasting to 

evaluated stress induced neurometabolic alterations in healthy human brain.  

The results demonstrated age-related reduction of gray matter volume with simultaneous decrease in 

concentrations of the neuronal marker NAA. Moreover, decreased ATP and PME concentrations were 

found and in cerebral white matter Cho, tCr, and mI increased significantly with age. A 72-hour fasting 

stress resulted in significantly worse mood scores and altered metabolite distributions, with Glx having 

the greatest change and the frontal lobes being the most affected brain region.  

In conclusion, the observed age-related metabolic and microstructural variations suggest that 

physiological neuronal decline in aging human brain is associated with a reduction of gray matter 

volume and neuronal density, reduced mitochondrial activity, in combination with cellular aging in 

white matter indicated by on-going microstructural alterations. Fasting stress directly influences 

neurometabolism and the adaptive brain response to maintain energy homeostasis under food 

deprivation in healthy subjects is associated with metabolite-selective and region-dependent changes of 

metabolite contents. The obtained data provide a reference for future study on patients. 
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Zusammenfassung 

Analyse metabolischer Veränderungen im menschlichen Gehirn unter 

physiologischen und pathologischen Bedingungen mittels Magnet Resonanz 

Tomographie und 1H und 31P Magnet Resonanz Spektroskopie 

Birte Schmitz 

Das menschliche Gehirn ist als zentrales Kontrollorgan dafür verantwortlich, Informationen zu 

empfangen und diese durch Veränderungen systemischer Funktionen als adaptive Reaktion auf 

verschiedene Stressoren zu verarbeiten. Kenntnisse über altersbedingte physiologische Veränderungen 

sowie den Einfluss von Stress auf den Neurometabolimus im gesunden menschlichen Gehirn sind die 

Grundvoraussetzung für die Identifikation neurodegenerativer Erkrankungen und zur Unterscheidung 

von Fehlreaktionen auf Stress in neuropsychiatrischen Krankheiten. Daher wurden im Zuge dieser 

Arbeit metabolische und mikrostrukturelle Veränderungen, die durch den normalen Alterungseffekt 

versursacht werden, sowie die neurometabolische Reaktionen auf Stress im gesunden menschlichen 

Gehirn untersucht. 

135 gesunde Probanden (Alter ~20-70) wurden mittels Magnetresonanztomographie und Magnet-

Resonanz Spektroskopie untersucht. Die gemessenen Protonen Metabolitenkonzentrationen von N-

Acetylaspartat (NAA), Cholin (Cho), Kreatin (tCr), Glutamat und Glutamin (Glx) und Myo-Inositol 

(mI), und die Phosphor Metabolitenkonzentrationen von Adenosintriphosphat (ATP), Phosphorkreatin 

(PCr), Phosphormonoesters (PME), Phosphordiesters (PDE) und anorganischem Phosphat (Pi) sowie 

die Volumenanteile des Hirngewebes wurden hinsichtlich möglicher Alterungseffekte auf den 

Neurometabolismus untersucht. Außerdem wurden Protonen Metaboliten Konzentrationen von 15 

gesunden Frauen vor und direkt nach einem 72-stündigen Fasten bestimmt, um stressbedingte 

neurometabolische Veränderungen im gesunden Menschen zu erforschen. 

Die Ergebnisse zeigten eine altersbedingte Verringerung des Volumens der grauen Substanz, bei 

gleichzeitiger Abnahme der Konzentration des neuronalen Markers NAA. Darüber hinaus wurde eine 

Reduktion der ATP- und PME-Konzentrationen festgestellt, und in der zerebralen weißen Substanz 

nahmen Cho, tCr und mI signifikant mit dem Alter zu. 72-stündiger Fastenstress führte zu einer 

signifikant schlechteren Stimmung und veränderten Metaboliten Konzentrationen, wobei Glx die größte 

Veränderung aufwies und die Frontallappen die am stärksten betroffene Hirnregion waren. 

Die beobachteten altersbedingten metabolischen und mikrostrukturellen Veränderungen deuten darauf 

hin, dass der physiologische neuronale Rückgang des Alterns im menschlichen Gehirn mit einer 



 

X 

Reduktion der grauen Substanz und der neuronalen Dichte und einer verminderten mitochondrialen 

Aktivität in der weißen Substanz mit gleichzeitigen mikrostrukturellen Veränderungen einhergeht. 

Fastenstress hat einen direkten Einfluss auf den Neurometabolismus: Die adaptive Reaktion des 

Gehirns, um unter Nahrungsentzug die Energie Versorgung aufrechtzuerhalten, ist mit metaboliten- und 

regionsspezifischen Veränderungen der Metabolitenkonzentrationen assoziiert. Die gewonnenen Daten 

können als Referenz für zukünftige Studien an Patienten dienen. 
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Chapter 1   

Introduction 

1  

Knowledge of physiological aging in healthy human brain is increasingly important for neuroscientific 

research and clinical diagnosis. As a complex and heterogeneous process, cerebral aging in humans 

involves a large variety of molecular changes and multiple neuronal networks. Many structural and 

functional studies have been carried out to investigate how cognitive abilities result from dynamic 

interactions in large-scale cortical network under the influences of aging or diseases (Lustig et al., 2003; 

Romero-Garcia et al., 2014). It has been reported that normal aging has significant indirect effects on 

cognition that are associated with brain markers such as gray matter thickness and volume, white matter 

hyperintensities, fractional anisotropy, and resting-state functional connectivity, with significant 

markers varying across cognitive domains (Hedden et al., 2016). Neurodegenerative disorders are found 

to be associated with specific patterns of atrophy of gray matter within distinct functional connectivity 

networks, which involve nearly all gray matter (Seeley et al., 2009).  

Magnetic resonance spectroscopy (MRS) could provide information about aging in human brain at the 

molecular level. The observed proton MRS (1H-MRS) metabolites N-Acetylaspartate (NAA), total 

choline (Cho), total creatine (tCr), glutamine (Gln) and glutamate (Glu), and myo-Inositol (mI), are 

related to neurometabolic activity as well as neuronal integrity (NAA), membrane turnover (Cho), 

energy metabolism (tCr), neurotransmitter function (Glu), or gliosis (mI) (Barker et al., 2009; Grachev 

and Vania Apkarian, 2001). The phosphorus MRS (31P-MRS) metabolites adenosine triphosphate 

(ATP), phosphocreatine (PCr), phosphomonoesters (PME), phosphodiesters (PDE), or inorganic 

phosphate (Pi) allow insight into high energy metabolism (ATP, PCr) and membrane synthesis (PME) 

or breakdown (PDE) (Forester et al., 2010; Hattingen et al., 2011; Pettegrew et al., 1987). 

As one of the first in Germany and of only few MR centers worldwide, a whole-brain 1H-MR 

spectroscopic imaging technique (wbMRSI) has been successfully established by the group of Prof. 

Ding (Hannover Medical School, Institute of Neuroradiology, Germany) in cooperation with Prof. 

Maudsley (Johns Hopkins University, Miami, USA). In contrast to conventional MRS techniques 

suffering from limited spatial coverage, the wbMRSI can be used to measure metabolites within the 

whole brain with a high spatial resolution and enables to determine metabolite concentrations over the 

whole brain, large brain scales, or multiple small brain areas simultaneously. Therefore, this doctoral 
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thesis has been designed to use this advanced MRS technique to investigate systematically how aging 

affects neurometabolism in healthy human brain. As a complementary tool, a simple 31P-MRS technique 

has also been used to estimate accumulative aging effects. A global assessment of brain metabolite 

changes may provide a measure of the overall burden of aging on the brain (Inglese and Ge, 2004). In 

addition, neurometabolic response to stress in healthy volunteers has also been studied with wbMRSI, 

since knowledge about adaptive response of normal brain to standardized stressors, such as fasting 

stress, is of great importance to distinguish maladaptation of stress in for example neuropsychiatric 

disorders. 

In the following, an introduction to this project is given, by addressing basics of magnetic resonance 

spectroscopy and providing information about common and the recently developed MRS technique with 

the corresponding software packages, the basic anatomical structure of the brain, and the use of MRS in 

neurological issues. 

 

1.1 Basics of Magnetic Resonance Spectroscopy 

In vivo magnetic resonance spectroscopy is a specialized technique of the more common magnetic 

resonance imaging (MRI) used for the characterization of tissues by measuring metabolic information 

in the human body (Barker et al., 2009; Belkic, 2004). Primary, it was used in physical chemistry to 

determine molecular structure of compounds and the composition of mixtures of compounds. In recent 

years, the development of magnets with higher field strengths and the simultaneous progress in the 

corresponding software, afford the use of MRS in clinical routine to measure in vivo metabolism in 

human. Most clinical MRI systems are already equipped with essential MRS measurement sequences, 

i.e. single voxel spectroscopy (SVS) or chemical shift imaging (CSI), and simple analysis programs, so 

that basic spectroscopic measurements are possible. In principle, MRS can be performed on a variety of 

organs, e.g. the heart, muscle, liver etc., however, the brain is particularly applicable for this type of 

examination: The measurements are not disturbed by motion and the position of the head simplifies the 

usage of special needed coils. Because of that, this technique was used in diagnosis of neurological 

diseases like Alzheimer, Parkinson, or brain tumors (Doganay et al., 2011; Fayed et al., 2011; Hattingen 

et al., 2009b). The most widely available MRS method is proton MRS, but also phosphorus (31P), carbon 

(13C), or fluorine (19F) spectroscopy have been successfully applied in humans (Alger et al., 1981; Cady, 

1995; Komoroski et al., 1994). 

MRS is based on the physical phenomenon of nuclear magnetic resonance, in which nuclei in an external 

magnetic field absorb and re-emit electromagnetic radiation. Basic principles of MR were first reported 

by Bloch and Purcell (independently) in 1946 (Bloch, 1946; Purcell et al., 1946), who were jointly 

awarded the 1952 Nobel prize in physics for this work.  
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electronic waves are used to excite the protons in the tissue. Receiver coils detect the MR signal, which 

is induced by the relaxation of the protons. Since this signal is comparatively small, the tissue will be 

excited several times and the measured signals are averaged electronically to eliminate signal 

differences, so called noise. The pulse sequence of several RF pulses is characterized by the repetition 

and the echo time. The repetition time (TR) is defined as the time between two excitations. The echo 

time (TE) is the time between the excitation and the signal recording. 

In opposite to MRI that acquires strong signals from protons within tissues of water and fat, MRS detects 

multiple small signals reflecting the whole frequency spectra of all e.g. proton containing molecules (A. 

Abragam, 1961; de Graaf, 2007; Macomber, 1998). Different chemical environments cause a small 

modulation of the nuclei’s resonance frequencies, for example a proton in a water molecule has a 

different frequency than a proton in a glucose molecule. This effect is known as the chemical shift 

(Figure 2), which is of prime importance, since the nuclei can be distinguished on the basis of their 

resonance frequencies.  

 

Figure 2: Chemical shift 

Microscopic field inhomogeneities, occurring dependently on the atomic environment, change the Larmor 

frequency of the nuclei. This behavior of the nuclei is called chemical shift and is of main importance for MR 

spectroscopy. 

 

Fourier transformation: All resonances of the nuclei from the different molecules are collected 

simultaneously as one FID signal. Through the mathematical principle of Fourier transformation (FT), 

this complex signal in time domain can be transferred in the frequency domain, to generate a spectrum, 

in which the signals are represented with several peaks, corresponding to the different chemical shifts 

of the excited nuclei (Figure 3). The chemical shift values are commonly reported in dimensionless units 

in parts per million (ppm) of the resonance frequency rather than in Hertz (Hz), in order to be 

independent from the magnetic field strength. 
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Figure 3: Fourier Transformation of FID to generate a spectrum 

An in vivo phosphorus MRS FID signal from the brain and its transformation to the frequency domain with Fourier 

Transformation. Data obtained from a 3T scanner. 

 

The signal in the frequency domain has many advantages in understanding and analyzing the obtained 

spectroscopic data of the underlying tissue. From the calculated frequency signal, it is possible to deduce 

the individual chemical substances involved in the resonance oscillation, because the sort and the 

number of stimulated nuclei determine the lineshape of the spectrum. Every nucleus has an own 

frequency that denotes the position of the peak in the spectrum and the corresponding amplitude is 

proportional to the number of excited spins. Thus, the concentration of the chemical substance in the 

examined volume can be quantified by estimating the area under each peak. Quantitative analysis of 

MRS data is challenging and requires precise determination of the amplitude and width of the resonance 

lines by using appropriate and optimized techniques to find an accurate approximation line fitted to the 

spectrum. A sophisticated analysis method is for example the linear combination model that fits the 

spectrum as a linear combination of a variety of measured or simulated compound spectra. More details 

to different evaluation software for proton and phosphorus MRS are given in sections 1.2 and 1.3. 

Correction of volume compartment and metabolite concentration: In clinical routine, MRS is used to 

estimate metabolite concentrations in the measured volume, proportional to the area under the spectral 

peak. However, the examined volume in the human brain often consists of various tissue types, 

therefore, corresponding corrections of derived metabolite concentrations has to be made. One approach 

is to determine the fractions of cerebrospinal fluid (CSF), gray matter (GM), and white matter (WM) 

tissue in the volume by using high resolution anatomical images recorded during the same imaging 

session as the spectroscopy. Corrections for CSF volume contribution could be applied as 

𝐾𝑀′ = 𝐾𝑀1−𝑓𝐶𝑆𝐹            for        0 < 𝑓𝐶𝑆𝐹 < 0.3   [Eqn. 1] 

where 𝐾𝑀 is the uncorrected metabolite value and 𝑓𝐶𝑆𝐹 is the fractional volume of CSF in the examined 

volume (Ding et al., 2015).  

In addition, the absolute metabolite concentration within the measured volume is often underestimated 
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due to the choice of repetition and echo time. At the time of signal acquisition, the longitudinal 

magnetization has to be fully relaxed (TR >> T1) and the transverse magnetization has to be still intact. 

These conditions are not often achieved, thus a correction for T1 and T2 decay is recommended. T1 and 

T2 values of the metabolites can be estimated by fitting an exponential function to the signals using 

different repetition times (for T1) or different echo times (for T2) (Michaelis et al., 1993). 

Quality of the spectra and quantitation procedure: In order to evaluate the quality of the measurement, 

on the one hand, the signal-to-noise ratio (SNR) is determined as the ratio of the desired signal to the 

level of background noise that should exceed a lower bound for reliable data. In case of in vivo MRS, 

the detectable signal is usually too low to obtain a satisfactory SNR. By averaging signals of several 

measurements before Fourier transformation, the SNR is improved. On the other hand, the linewidth 

(LW) of the Fourier transformed curve provides information about the quality of the measurement. The 

narrower the linewidth of the individual peaks, the more accurate is the measurement. Unfortunately, 

the magnetic inhomogeneity of the investigated object broadens the lineshape. For a valid measurement, 

the linewidth should not exceed a certain limit, because the overlap area of neighboring metabolites 

increases with wider linewidth, and therefore the individual metabolites cannot be quantified separately. 

A quality criterion of the quantitation procedure is the Cramer-Rao lower bound (CRlb). To quantify 

the measured spectra, mathematical algorithms are used to find the best approximation line fitted to the 

spectrum. The CRlb quality criterion is most commonly used for estimating the standard error of the fit 

and is expressed in percent of the estimated concentrations. These percentages are only lower bounds, 

but still give useful reliability (Provencher, 2014): 

- CRlb > 50% indicates that the real metabolite concentrations are practically undetectable, 

because of the great range around the estimated value. 

- CRlb < 20% is often used as rough quality criterion for estimating acceptable reliability. 

The CRlb estimates the fitting error, thus the difference between the real and the estimated spectral line. 

Quantitation Reference: To quantify spectra, reliable and reproducible reference methods had to be 

developed. In general, three different methods can be distinguished:  

The internal reference may be either a metabolite that is considered stable in normal and diseased brain 

or the water resonance peak. In proton MRS, the signal intensity is often expressed as a ratio to creatine, 

however, studies indicate that creatine is not always constant, so misleading results could occur 

(Hetherington et al., 1994; Soher et al., 1996; Stöckler et al., 1994). Referencing to the tissue water 

content is also widely used in proton MRS, which can be easily and quickly recorded by turning off the 

water suppression pulses. The difficulty is that the water concentration is usually not exactly known; it 

depends on the proportions of white matter, gray matter, and cerebrospinal fluid in the examined volume. 

Changes with age and differences in brain regions may impact the metabolite estimations (Brooks et al., 

2001; Christiansen et al., 1994; Maudsley et al., 2006). However, results of Neeb et al. indicate that 



Chapter 1: Introduction 

7 

changes of brain water content with age were relatively small and less than the variability between the 

subjects (Neeb et al., 2006).  

An external reference signal from an object of known metabolic concentration obtained from a region 

outside of the primary region of interest could be used to correct the in vivo measurement. Often, a vial 

is placed together with the subject in the coil and the spectroscopic signal from the vial is recorded in 

the same MRS measurement. While external standards have the advantage that the reference 

concentration is exactly known, problems with the field homogeneity, caused by simultaneous 

positioning of the subject and the reference sample, occur.  

A phantom reference sample of known concentration could be used to compare the in vivo measurement 

with the phantom spectrum recorded in a separate measurement. Assuming as closely matched 

experimental conditions as possible, such as the same RF properties for both measurements, the 

quantitation results of the in vivo spectrum can be compared to the quantitation results of the in vitro 

spectrum. However, because of the electrical properties of the phantom in contrast to a human organ, 

the RF coil quality factor will be different. This has to be corrected by using the coil loading factor 𝐹 

determined from the RF calibration: 

𝐾𝑀 = 𝐹 ∗ 𝑆𝑀𝑆𝑅𝑒𝑓             with            𝐹 = 𝐾𝑅𝑒𝑓 ∗ 𝐴𝑅𝑒𝑓𝐴𝑀  [Eqn. 2] 

with 𝐾 as the metabolite concentration of the sample (𝐾𝑀) or the reference (𝐾𝑅𝑒𝑓), the measured signal 

of the sample (𝑆𝑀) or the reference (𝑆𝑅𝑒𝑓), and the coil amplitude of the sample (𝐴𝑀) or the reference 

(𝐴𝑅𝑒𝑓) (de Graaf, 2007; Kim et al., 2003).  

 

1.2 Proton MRS 

Proton magnetic resonance spectroscopy (1H-MRS) is most widely used for in vivo MRS because of the 

high natural abundance and its magnetic sensitivity yielding in sufficient SNR. In the following, the 

different acquisition techniques of 1H-MRS in the brain are shortly introduced. 

1.2.1 1H-MRS – Acquisition techniques 

SVS: Single voxel spectroscopy is the most popular MRS technique in clinical practice. Thereby, a single 

volume of interest (voxel) in the brain is selected by using three orthogonal slice selective pulses (Figure 

4). The collected signal from this volume produces only one corresponding spectrum. To plan the voxel 

placement and dimension, preceding localizer images are acquired. The two most common MR 

sequences for SVS are the Point RESolved Spectroscopy (PRESS) (Bottomley, 1987) and the 

STimulated Echo Acquisition Mode (STEAM) (Frahm et al., 1987). Detailed description of the 

advantages and disadvantages of the sequences is given by (Katz-Brull and Lenkinski, 2004; Pattany et 
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al., 2006). Single voxel 1H-MRS is often used in clinical routine because the scan time of a typical voxel 

with a size of 4-8 cm3 is only several minutes. It can be easily performed with good field homogeneity 

within the voxel. The major disadvantage of SVS is the limited spatial coverage, thus only a small part 

of the brain could be examined.  

 

Figure 4: Acquisition of single voxel spectroscopy 

Localization of single voxel spectroscopy volume (4ml) in the occipital gray matter in the human brain (normal 

control subject, male, 25 years). 

 

CSI: Chemical shift imaging collects signals from several voxels in a single plane or in multislices, 

where the scan time is proportional to the number of voxels in the final spectroscopic image, details 

given in (Keevil et al., 1998; Pohmann et al., 1997). Each voxel can either be represented by its spectrum 

or an image can be generated using the concentration of a specific metabolite as the signal intensity. In 

contrast to SVS, CSI enables larger but also limited anatomic brain coverage with higher spatial 

resolution to estimate metabolite distributions.  

wbMRSI: The whole-brain 1H-MRSI technique enables the measurement of the metabolism almost in 

the entire brain with high spatial resolution, established in recent years with either a long echo time (70 

ms) to measure major resonances from NAA, Cho, and tCr (Maudsley et al., 2010), or with a short echo 

time (17.6 ms) to provide in addition information about the metabolic concentration of Glx and mI (Ding 

et al., 2015). It comprises a volumetric echo planar spectroscopic imaging acquisition (EPSI) with a 

relatively short scan time of about 16 minutes and with parallel imaging acquisition with GRAPPA 

reconstruction (generalized autocalibrating partially parallel acquisitions, (Griswold et al., 2002)). 

During the scan time a second dataset without water suppression to normalize the metabolite 

concentrations is measured. For anatomic reference a T1-weighted 3D MPRAGE (magnetization 

prepared rapid gradient echo) data set is applied, which has the same angulation as the EPSI. An example 

of EPSI measurement with a field of view (FOV) of 280 × 280 × 180 mm3 over the whole brain is given 

in Figure 5.  
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With these technical improvements, 1H-wbMRSI technique allows to estimate metabolite concentrations 

in nearly the whole brain, over larger brain scales, or in multiple small regions of interest simultaneously. 

This offers an advanced analysis of cerebral metabolism especially in patients with diffuse metabolic 

pathology and for neuroscientific research.  

 

Figure 5: Acquisition of wbMRSI with EPSI sequence of almost the whole brain 

Measurement of spectroscopic data by using EPSI sequence at 3T (TR/TE = 1550/17.6 ms, 50 × 50 voxels in-

plane and 18 slices, FOV 280 × 280 × 180 mm3) covers the whole brain (healthy volunteer, female, 30 years). 

 

1.2.2 1H-MRS – Spectra evaluation software 

Proton spectroscopic data obtained by the mentioned acquisition techniques (SVS, CSI, or wbMRSI) 

could be analyzed by using different software tools. In this project, we worked with either LCModel or 

MIDAS to analyze spectroscopic data, which are briefly described in the following. 

LCModel for SVS: The LCModel package is established by Stephen Provencher in 1993 for automatic 

quantification of proton MR spectra received by SVS or, in some cases, CSI acquisition (Provencher, 

1993). The software quantifies in vivo spectra by using a Linear Combination of a set of Model spectra 

(cf. LCModel) for each individual metabolite. This basis set can be acquired either in vitro using a series 

of phantom measurements with identical setup as the in vivo acquisition, or by simulating the spectra 

based on known properties of the metabolites, for example chemical shifts. With appropriate calibration 

data, absolute metabolite concentrations and in addition their uncertainty (given by Cramer-Rao lower 

bounds) could be estimated. An example of an LCModel analysis of a voxel in the gray matter of the 

occipital lobe of a healthy human brain is shown in Figure 6.   

The commercial available software tool is widely accepted in clinical routine and research, because of 

its good fitting performance of complex spectra and elimination of user-dependent influences, since it 

is a fully automated implementation. However, LCModel is usually applied in data of SVS acquisition 

and is only customized for fitting 1H spectra but has been successfully adapted for phosphorus MRS 

data (see next section 1.3). 
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Figure 6: Analysis of single voxel spectroscopic data with LCModel 

An example of the LCModel analysis of a spectrum recorded at 3T using STEAM sequence (TR/TE/number of 

averages = 1550/20/128, 4 ml) in the occipital gray matter of a normal control subject (male, 25 years). Difference 

between the original spectral data (black line) and the results of the curve fit (red line) is shown in the top trace. 

Estimations of metabolite concentrations in relation to the water reference signal are provided on the right 

(highlighted blue values with an estimated uncertainty of less than 20 %).  

 

MIDAS for wbMRSI: The three-dimensional spectroscopic data of the EPSI sequence could be analyzed 

with the advanced Metabolic Imaging and Data Analysis software (MIDAS) as described by Maudsley 

et al. (Maudsley et al., 2006) to reconstruct the metabolite and water reference images and obtain 

volumetric maps of the brain metabolites. Tissue water content is used for normalization of the 

metabolite signal intensities. All resultant maps are spatially transformed and interpolated to a standard 

spatial reference, which results in a 2-mm isotropic resolution. The software enables the estimation and 

illustration of the whole brain metabolite distributions with an effective voxel volume of approximately 

1ml (Figure 7). It is also possible to estimate regional metabolite concentrations for example of the 

individual brain lobes and the cerebellum by using a brain atlas. 
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Figure 7: Analysis of wbMRSI spectroscopic data with MIDAS 

An example of MIDAS analysis of whole brain MRSI data, acquired with EPSI sequence at two axial sections 

around the level of centrum semiovale obtained from normal control subjects (A: female, 25 years; B: female, 70 

years). Volumetric maps of the metabolites and the corresponding T1-weighted images (T1w) are shown. On the 

right (C), two example spectra of a single voxel obtained from the younger subject in the occipital gray matter and 

parietal white matter are shown. 

 

1.2.3 1H-MRS – Metabolites 

1H-MRS can be used to determine several metabolite contents, like NAA, tCr, Cho, Glx, and mI or under 

certain pathological conditions also lactate (Lac) to allow further insight into many pathological 

processes in the central nervous system (CNS). In the following, a typical proton spectrum (Figure 8) 

and a brief review of the major MR visible proton metabolites found in the brain is given. 

N-Acetylaspartate: The most prominent peak in normal 1H spectra of the brain (after water suppression) 

is related to N-Acetylaspartate with a single resonance at around 2.01 ppm and a concentration of 

approximately 10 mM (Birken and Oldendorf, 1989). At the left shoulder of the main resonance, the 

connected NAAG (N-Acetylaspartylglutamate) appears at 2.04 ppm. The multifaceted role of NAA in 

the brain is not entirely understood, but since it is primarily found in living neurons, NAA is considered 

as a neuronal marker to reflect neuronal density and integrity. In addition, its synthesis is closely linked 

to processes of the glucose metabolism. Therefore, a decrease of brain NAA may indicate loss or damage 

to neuronal tissue or impairment of neuronal metabolic activity, which could result from many types of 

neurological disorders (Kreis, 1997).  

Choline: The choline resonance is mainly composed of two important components of the phospholipid 

metabolism, phosphocholine (PCh) and glycerophosphocholine (GPC), and form the third major peak 
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in the 1H spectrum (Govindaraju et al., 2000). It can be observed at 3.2 ppm with a concentration in the 

human brain of approximately 1-2 mM. As a component of the phospholipid metabolism, total choline 

reflects the cell membrane turnover and processes of demyelination and is therefore used as a marker 

for cellular proliferation and membrane damage. An increase of choline may indicate higher membrane 

turnover suggesting demyelination or the presence of malignant tumors, ischemia, head trauma or 

multiple sclerosis (Davie et al., 1994). 

 

Figure 8: 1H Spectrum 
1H spectrum of a 25 years old normal control subject (male) of occipital gray matter voxel. Resonance peaks of 

NAA, tCr, Cho, Glx, and mI are labeled. 
 

Creatine: Total Creatine peak is composed of the creatine and phosphocreatine moiety both resonating 

at 3.03 and 3.9 ppm with a total concentration of ~8-9 mM in the human brain (Govindaraju et al., 2000). 

Creatine and phosphocreatine play an important role in energy metabolism. Because of the conversion 

of phosphocreatine and ADP (adenosine diphosphate) into creatine and ATP (adenosine triphosphate) 

during the creatine phosphokinase reaction, the ATP concentration can be kept stable even in situations 

with increased energy requirements (Hemmer and Wallimann, 1994).  Cr + ATP ⇌  PCr +  ADP +  H+   [Eqn. 3] 

Creatine is synthesized in the liver, thus for example chronic liver disease leads to lower cerebral creatine 

concentrations (Ross and Michaelis, 1994). In normal observed brain tissue, small differences between 

gray and white matter have also been observed (Jacobs et al., 2001).  

Glutamate and Glutamine: Glutamate (Glu) and glutamine (Gln) produce four peaks in the in vivo 1H 

MRS spectrum between 2 and 3.8 ppm. These complex resonances are located very close to each other 
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because of their chemical similarity, so the separation between Glu and Gln is challenging, especially at 

field strengths below 3 Tesla. Therefore, their contributions are usually combined and reported as Glx. 

Glutamate and glutamine are amino acids and important for maintenance and promotion of cell function 

(Barker et al., 2009; Newsholme et al., 2003; Ross, 1991). Glutamate, the major component of the Glx 

signal, is the most abundant excitatory neurotransmitter of the central nervous system, whereas 

glutamine serves as inhibitory neurotransmitter, regulating neurotransmitter activity and acts as a 

precursor and storage form of glutamate. Altered Glx concentrations have mostly been linked to changes 

in metabolic activity in patients with neurological or psychiatric brain diseases (Brennan et al., 2010; 

Yudkoff et al., 2007). 

Myo-Inositol: The concentration of myo-Inositol in normal human brain is between 4-6 mM and 

produces a strong peak centered around 3.56 ppm. Chemically, myo-Inositol is a cyclic sugar alcohol, 

produced by the human body from glucose and occurs in high concentrations in the glia cells. Thus, it 

is thought to be a marker of gliosis (the proliferation of glial cells), which is often associated with 

neuronal atrophy or inflammation of neuronal tissue. In addition, mI serves as a precursor to inositol 

lipid synthesis and is a component of membrane lipids (Ross, 1991). Another essential function of mI is 

the ability to act as an organic osmolyte that maintains the structural integrity of brain cells. Increased 

mI levels have been reported in patients with Alzheimer’s disease, dementia, multiple sclerosis, and 

HIV (Chang et al., 1999; Hattingen et al., 2011; Jones and Waldman, 2004). 

Lactate: The characteristic resonance of lactate is a peak located at 1.31 ppm, which is not visible under 

physiological conditions because its concentration is lower than the detection limit of MRS. However, 

high lactate concentrations are observed in situations with increased energy demand of anaerobic 

glycolysis, such as stroke, trauma, or some types of tumors (Gillard et al., 1996; Howe and Opstad, 

2003; Ross et al., 1998). 

 

1.3 Phosphorus MRS 

Phosphorus magnetic resonance spectroscopy (31P-MRS) is a special form of MRS to study the 

concentrations of phosphorus containing chemical compounds that are involved for example in energy 

metabolism or membrane synthesis. The major advantage of 31P-MRS to proton MRS is that it requires 

a less homogeneous magnetic field to generate spectral data with still reliable discrimination of the 

different resonances due to the relatively large chemical shift dispersion (30 ppm vs 10 ppm in 1H-MRS), 

providing insight into important metabolic processes not observable by 1H-MRS (Novak et al., 2014). 

However, phosphorus has a much lower gyromagnetic ratio than protons (at 3T: 51.7 MHz vs 127.7 

MHz in 1H-MRS). Since the signal strength is proportional to the gyromagnetic ratio, phosphorus 

generates a much lower signal that results in low SNR, leading to poor spectral resolution (large voxel 
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sizes) or long acquisition times. Additionally, 31P-MRS cannot be performed with the same equipment 

as it is used in standard MRI; a special double-tuned 1H/31P volume head coil for signal transmission 

and reception is required.   

Most common clinical application of 31P-MRS is studying muscle mitochondrial function reflecting 

physiological changes for example during rest, exercise and recovery, but also the investigation of 

phosphorus-related brain metabolism is possible (Chance et al., 1982; Prompers et al., 2014; Ren et al., 

2015). However, phosphorus MRS is not as widely used as proton MRS in clinical routine, because, 

apart from the listed technical obstacles, there is also a lack of advanced processing software for the 

automatic quantification of metabolites. 

1.3.1 31P-MRS – Acquisition techniques 

In addition to the described acquisition techniques SVS and CSI for proton MRS, a non-localized FID 

sequence could also be used. With a short scan time of about 2 min the acquisition of a global phosphorus 

spectra of the whole brain is possible. In Figure 9 an FID scan of the whole brain in a normal control 

subject is shown (TR/TE = 2000/2.3). In the same MR examination, CSI data was recorded at the level 

of basal ganglia with 16 x 16 voxels in-plane (Figure 10). 

 

Figure 9: Non-localized phosphorus FID acquisition 

Acquisition of phosphorus non-localized spectroscopy (TR/TE = 2000/2.3) in the human brain at 3T (female, 26 

years). No single volume is selected, due to measuring global brain metabolite contents. 

 

1.3.2 31P-MRS – Spectra quantification 

Different software tools and quantification algorithms have been developed in recent years to estimate 

the brain contents of the 31P metabolites (Mosconi et al., 2014): 

LCModel: The software is well established for evaluation and quantification of in vivo 1H-MRS spectra, 

but over the last decades, efforts have been made to extend the technique to deal with 13C and 31P spectral 
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data (Deelchand et al., 2015b; Henry et al., 2003; Wang et al., 2012). In the presented studies the 

LCModel software adapted for 31P-MRS was used, with spectral basis sets simulated with the VeSPA 

program as described previously by Wang et al., for evaluating FID phosphorus data.   

 

 

Figure 10: Phosphorus CSI acquisition 

CSI data acquisition of a slice with 16x16 voxels at the level of basal ganglia in a healthy control (female, 26 

years) at 3T. 

 

jMRUI: The java-based Magnetic Resonance User Interface (jMRUI) is a software package for 

analyzing MR spectroscopic data like single spectra but also multidimensional MRSI data (Figure 11). 

The package can be installed on Windows and Linux systems free of charge for academic use and 

provide conversion routines for data files from most manufacturers (Bruker, Philips, Siemens, etc.). A 

wide range of time-domain algorithms is offered: 1) Preprocessing methods like selective filtering of 

signals, correction of artifacts, or signal-to-noise enhancement, 2) Quantification of metabolite 

concentrations: black box quantification based on single value decomposition, e.g. HLSVD, (Pijnappel 

et al., 1992) or nonlinear least-squares algorithms (e.g. AMARES (Vanhamme et al., 1997), QUEST 

(Ratiney et al., 2005, 2004)), and 3) Generating metabolite basis data sets with the integrated NMR-

Scope. The interactive fitting method AMARES (Advanced Method for Accurate Robust and Efficient 

Spectral fitting), introduced by Vanhamme et al. in 1997, estimates MRS signals by using prior 

knowledge like chemical shift, linewidth, amplitude and phase information to obtain a reliable fit 

(Vanhamme et al., 1997). In addition to the metabolite concentrations, their confidence intervals 

(Cramer-Rao lower bounds) are also estimated.  

The estimated 31P metabolite concentration from the different quantification methods have to be 

corrected, as described in section 1.1. In this project, a 2.7-liter spherical aqueous phantom containing 

50 mM potassium phosphate monobasic (KH2PO4) was therefore scanned in a separate acquisition (TR 

= 9s) to provide an external reference. Coil loading was taken into account by using the radiofrequency 
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transmitter amplitude required for a 50° pulse in each spectrum [Eqn. 2], thus whole brain mean contents 

of each 31P metabolite are estimated in mM. Furthermore, 31P metabolite signals were also corrected for 

T1 saturation, with T1 values estimated in vivo from the spectra acquired from repeated 31P-MRS FID 

measurements with TR values ranging from 1700 to 10000 ms. Thus, T1 values for each metabolite 

could be estimated by calculating a nonlinear fit of the respective signal intensity. No T2 correction was 

performed for 31P data, expecting all metabolites under fully relaxed conditions.  

 

 

Figure 11: User interface of jMRUI 

User interface of the spectra analysis software package jMRUI is presented. Metabolite concentrations with their 

standard deviation are listed, estimated for example with the AMARES method by supplying prior knowledge like 

chemical shift information about the individual metabolites. On the right side, fitted spectra and the residual are 

given. 

 

1.3.3 31P-MRS – Metabolites 

31P-MRS is used to detect a number of clinically important compounds such as ATP, PCr, PME, PDE, 

and Pi that provide insight into growth and energy metabolism of the cell. A typical 31P spectrum is 

given in Figure 12.  

ATP and PCr are known as the main high-energy metabolites in the human brain and therefor play a key 

role in evaluating the energy metabolism, ATP as a provision and PCr as a storage compound.  

ATP: The three major resonances on the right side of the spectrum correspond to the phosphorus atoms 

of adenosine triphosphate. ATP consists of adenosine and three phosphate groups (α, β, γ) which 

resonate at -2.48 ppm for γ, -7.52 ppm for α and -16.26 ppm for β moiety. To estimate ATP 

concentration, the β-ATP peak is approximately taken (Shi et al., 2015). Primarily, ATP contributes to 

the signal of these three resonances, but also the fission product of ATP, adenosine diphosphate has an 
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input to the overall signal. ATP is the main direct energy supply in the cells and is responsible for cellular 

oxidative phosphorylation, in which the chemical reaction produces energy and thus indicates to 

mitochondrial activity ([Eqn. 3]).  

 

Figure 12: 31P Spectrum 
31P Spectrum of a 25 years old normal control subject (male). Resonance peaks of ATP, PCr, PME, PDE, and Pi 

are labeled. 

 

PCr: The centered phosphocreatine peak is commonly set as a reference at 0 ppm. Since PCr provides 

a phosphate group for ATP synthesis, it is able to prevent a fall in global ATP concentrations by rapid 

equilibration in the creatine phosphokinase reaction (Erecinska and Silver, 1989; Schlattner et al., 2006). 

Therefore, PCr serves as an efficient temporary high energy buffer by providing a phosphate reservoir 

for brain ATP synthesis. 

Another group of 31P signals acting together are phosphomonoesters and phosphodiesters that are 

responsible for the membrane turnover (synthesis: PME, breakdown: PDE). 

PME: The phosphomonoesters essentially consists of phosphocholine (resonance peak at 5.88 ppm) and 

phosphorylethanolamine (PE, resonance peak at 6.78 ppm), whose phosphate group is linked to the rest 

of the molecule over one ester bond. The components of the PME signal are precursors for the membrane 

and play an important role in the synthesis of membrane lipids (Shi et al., 2015).  

PDE: The resonances of glycerophosphocholine (resonance peak at 2.79 ppm) and glycerol-

phosphorylethanolamine (GPE, resonance peak at 3.20 ppm) are combined together as the 

phosphodiester signal. Unlike PME, the phosphate group is linked to the rest of the molecule by two 

ester bonds. The compounds of the PDE signal are products of phospholipid breakdown. Thus, PDE is 
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a marker for membrane turnover and in particular a decreased turnover has been associated with elevated 

PDE levels (Wasser et al., 1997).  

Pi: Inorganic phosphate (resonance at 5.02 ppm) corresponds to the free dissolved phosphate ions. The 

resonance frequency of the Pi is significantly influenced by the pH (Moon and Richards, 1973): 

Depending on the number of hydrogen ions bound to the phosphate group, the minimally altered local 

magnetic field shifts the resonance frequency of the free phosphorus atoms. The resonance difference 

between PCr (pH independent) and Pi is therefore often used to determine the acid-base character of the 

tissue, which is an important information for example in glioma differentiation (Rata et al., 2014; Stubbs 

et al., 1992). 

 

1.4 MRS of central nervous system 

MRS offers the opportunity to identify metabolic compounds according to their resonance frequencies 

and even quantify the concentrations in a specific volume. Especially in the brain, the use of in vivo 

MRS is gaining importance for e.g. brain tumor differentiation and early diagnosing of neurological 

diseases. In the following, brief description of the structure and the individual components of the central 

nervous system are provided, respectively to introduce the common applications of MRS in the human 

brain presented in the last section 1.4.3. 

1.4.1 Structure of the CNS 

Primarily, the central nervous system (CNS), consisting of the brain and the spinal cord, serves as the 

communication interface of the human with the environment (Schünke et al., 2009; Tortora and 

Derrickson, 2014). The main tasks are the perception and processing of sensory stimuli and to coordinate 

and maintain the functions of the organism. This requires continuous communication between billions 

of nerve cells (neurons) via electrical pulses.  

The nervous system is composed of neurons and neuroglia. The surface of the brain is called cerebral 

cortex, which is 2 to 5 mm thick and contains the cell bodies of the nerves as part of the gray matter. 

The white matter is formed by the extensions of the nerve cells that proceed beneath the cerebral cortex. 

The glia cells are located in the gray and white matter. 

Neurons: Neurons consist of a cell body (soma) and one or more extensions (dendrites and axons). 

Chemical substances, called transmitters, are used to conduct electrical signals and transmit them to 

subsequent cells via synapses.  

Neuroglia: Among other things, glial cells form myelin sheaths around the axons of neurons that are 

primarily used for improving the transmission. In the CNS, there are further glial cells: astrocytes 
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(support and protection of neurons, formation of the blood-brain barrier and modulation of synapse 

function), microglia (active immune defense) and ependymal cells (production of cerebrospinal fluid). 

Cerebrospinal fluid: The cerebrospinal fluid is a clear colorless fluid that circulates in the brain 

ventricles and the spinal cord. The most important function of CSF is to protect against chemical and 

physical damage, as well as transporting oxygen, glucose and other substances from the blood to the 

neurons and neuroglia.  

The brain can morphologically, functionally, and evolutionary be divided into the following regions: 

- The brainstem, consisting of medulla oblongata, pons, and mesencephalon, is structurally 

connected with the spinal cord and provides important roles in the regulation of cardiac and 

respiratory functions, maintaining consciousness and regulating the sleep cycle. 

- The diencephalon, consists of the thalamus, the hypothalamus, the epithalamus, and the 

subthalamus, which are centers for olfactory, visual and auditory pathways, the surface and 

depth sensitivity, and emotional perception. Many instincts such as hunger, thirst, sleep, and 

survival are regulated from structures of the diencephalon. 

- The cerebellum (Cbl) is the second largest part of the human brain by volume and performs 

important functions according to motor activity like the coordination, fine movement, and motor 

learning. 

- The cerebrum is the largest amount of the brain and will be described in more detail below. 

 

1.4.2 Lobes of the cerebrum 

The cerebrum is the most highly developed part of the human brain. In the center, it is divided into two 

symmetric hemispheres, which are connected to each other by a broad connection of nerve fibers, the 

corpus callosum. The two hemispheres can be subdivided into different lobes: the frontal lobe, parietal 

lobe, temporal lobe, and occipital lobe (Figure 13). 

- The frontal lobe (FL) is located at the front of each cerebral hemisphere and a large part houses 

the motor cortex, which regulates voluntary movements like walking. Besides, cognitive 

processes are controlled in order to act appropriate to a situation. That is why the temporal lobe 

is generally considered as the individual personality and social behavior. 

- The parietal lobe (PL) is positioned above the occipital lobe and behind the frontal lobe. It plays 

an important role in the integration of sensory information (perception of touch, vibration, 

temperature, pain, etc.) and acts as an interface between the sensory systems (especially the 
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visual system) and the motor system (e.g. hand – eye movement). In addition, parts of the 

parietal lobe are involved in language processing and spatial thinking, or similar processes such 

as reading and numeracy.  

- The temporal lobe (TL), located just behind the temples, contains the primary auditory cortex, 

responsible for the auditory perception. This lobe plays an important role in organizing sensory 

input, language and speech production, as well as the formation of declarative and long-term 

memory. 

- The occipital lobe (OL) is the posterior part of the cerebrum and the smallest of the four lobes. 

It contains the anatomical region of the visual cortex and has several visual functions, such as 

visuospatial processing, color differentiation and motion perception.  

 

 

Figure 13: Structure of the human brain 

The human brain is composed of the brainstem, diencephalon (in the center of the brain), cerebellum, and 

cerebrum. The cerebrum contains four lobes (frontal lobe, parietal lobe, temporal lobe, and occipital lobe), which 

are responsible for different functions in the brain. 

 

1.4.3 Clinical application of MRS in human brain 

MR spectroscopy is an important technique in clinical routine and research in various applications like 

tumor diagnosis and grading, monitoring brain development, differentiation to neurodegenerative 

diseases, or prognosticating outcome in e.g. hypoxic-ischemic encephalopathy or traumatic brain injury. 

Differences of the chemical shifts or the concentrations of specific compounds in comparison to normal 

tissue indicate metabolic malfunction. In the following some applications of MRS are introduced. 
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Normal variations in brain development and aging: Differentiating of pathological and normal brain 

tissue requires knowledge of the age-related spectral variations occurring in the healthy brain. Because 

of different used MRS techniques and evaluation tools and large regional and age-related dependencies 

of the spectra, the provision of reference data is still of great importance. Preliminary findings are as 

follows: Generally regional variations in proton brain spectra exist like differences between gray and 

white matter or supra- and infratentorial brain (Hetherington et al., 1994; Kreis et al., 1993; Michaelis 

et al., 1993; Soher et al., 1996). Especially in early childhood development, the spectra change rapidly, 

NAA increases and choline concentrations are highest in infants (Pouwels et al., 1999). Aging process 

in elderly subjects is associated with choline and creatine increase in frontal brain regions while NAA 

remains stable or slightly decreases (Haga et al., 2009). Eylers et al. confirm the result of decreased 

NAA concentrations in specific small regions in the brain (occipital GM, putamen, splenium of the 

corpus callosum, and pons ventral), but in contrast, total creatine concentration decreased in the pons 

dorsal and putamen and choline did not change significantly in selected brain regions (Eylers et al., 

2016). The findings of normal aging brain alterations are region- and technique-dependent and as an 

accurate reference for pathological studies, more research is necessary. 

MRS in neurodegenerative disorders: Neurodegenerative disorders include a wide range of disorders 

affecting the central nervous system. The accompanied symptoms are distinguished by reduced 

cognition (e.g. Alzheimer’s disease), motoric ability (e.g. amyotropic lateral sclerosis) or both (e.g. 

Parkinson). The application of MRS provide information about metabolic changes associated with 

neurodegeneration, like decrease of neuronal function, or programmed cell death. These insights allow 

better evaluation of the disorders concerning early diagnosis, differential diagnosis and monitoring 

disease activity. Proton MRS studies have been performed in dementia with findings of decreased levels 

of NAA (Kreis, 1997; Pilatus et al., 2009), especially in Alzheimer’s disease elevated myo-Inositol 

concentration (associated with gliosis) correlates with clinical severity and helping in the differential 

diagnosis (Fayed et al., 2011; Jones and Waldman, 2004). Parkinson’s disease result in a decreased 

stimulation of the motor cortex by the basal ganglia, caused by a degeneration of the brain dopaminergic 

system (Barker et al., 2009). Therefore, proton MRS studies were carried out in the basal ganglia, 

however with conflicting results: Either no differences between Parkinson’s disease patients and normal 

controls or decreases of NAA/Cr levels in patients were found (Clarke and Lowry, 2001; Davie, 1998). 

Results of phosphate MRS provide evidence for mitochondrial dysfunction in the early course of 

Parkinson’s disease, indicated by a reduction of high-energy phosphates in the putamen and midbrain 

(Hattingen et al., 2009b).  

Brain tumors: In the last decades proton MRS has evolved into an important tool for measuring 

metabolic alterations in patients with brain tumors. Many scientific publications in this field promote 

the application of MRS for more accurate diagnosis, grading of CNS gliomas and measuring prognosis 

and patient outcome (Doganay et al., 2011; Hattingen et al., 2009a; Horska and Barker, 2010). It was 
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found that brain tumors have increased choline levels, due to altered membrane metabolism, and 

simultaneously decreased NAA levels, therefore, the Cho/NAA ratio is a useful parameter with a higher 

value correlating with a higher degree of malignancy, thus indicating poor prognosis (Bruhn et al., 

1989). Hattingen et al. additionally found glycine as a marker of malignancy, with significantly elevated 

glycine concentrations in high grade glioma compared to low-grade gliomas (Hattingen et al., 2009a). 

Brain damage as a consequence of therapeutic radiation and therefore distinguish glioma recurrence 

from radiation necrosis were also studied (Crain et al., 2017; Usenius et al., 1995). Most of the MRS 

data were compiled with single voxel spectroscopy, by comparing tumor and non-tumor tissue. To 

evaluate the spatial heterogeneity and distinction of the infiltrated tissue, CSI or MRSI methods has to 

be applied. This may provide guidance for biopsy, surgery or therapy.  

MRS in infectious, inflammatory, and demyelination lesions: MR spectroscopy plays an important role 

in the diagnosis and treatment decision in CNS diseases accompanied by infectious, inflammatory, and 

demyelination lesions (Barker et al., 2009). In chronic diseases, such as HIV infection or multiple 

sclerosis (MS), MRS provides additional helpful information for monitoring the temporal progress and 

therapeutic efficiency. Research studies of HIV-infection found elevated choline and myo-Inositol 

levels in early disease stages due to microglia proliferation, whereas subsequent changes (cognitive 

impairment and dementia) additionally yield in reduced NAA (neuronal loss) (Barker et al., 1995; Jarvik 

et al., 1993; Menon et al., 1990; Meyerhoff et al., 1993). Similar results (increased choline and myo-

Inositol, and decreased NAA) were found in patients with MS suggesting axonal damage during the 

demyelination (Davie et al., 1994; Hattingen et al., 2011; Narayana, 2005; Wattjes et al., 2008). 

Interestingly, white matter of patients with MS appears normal in conventional MRI, but MRS is able 

to detect abnormal metabolic spectra, assigning to global changes in the brain tissue. 
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1.5 Aims of this thesis 

By aiming to obtain knowledge of age-related physiological changes and of stress-effects in 

neurometabolism in healthy human brain, present project has been carried out in three studies, briefly 

described below, with the results have been published in different peer reviewed scientific journals as 

indicated: 

1. Schmitz, B., Wang, X., Barker, P.B., Pilatus, U., Bronzlik, P., Mete, D., Kahl, K.G., 

Lanfermann, H., Ding, X.-Q., 2018. Effects of aging on the human brain: A proton and 

phosphorus MR spectroscopy study at 3T. Journal of Neuroimaging. 

2. Ding, X.-Q., Maudsley, A.A., Sabati, M., Sheriff, S., Schmitz, B., Schütze, M., Bronzlik, P., 

Kahl, K.G., Lanfermann, H., 2016. Physiological neuronal decline in healthy aging human 

brain - An in vivo study with MRI and short echo-time whole-brain 1H MR spectroscopic 

imaging. Neuroimage 137, 45–51. 

3. Ding, X.-Q., Maudsley, A.A., Schweiger, U., Schmitz, B., Lichtinghagen, R., Bleich, S., 

Lanfermann, H., Kahl, K.G., 2017. Effects of a 72 hours fasting on brain metabolism in healthy 

women studied in vivo with magnetic resonance spectroscopic imaging. J. Cereb. Blood Flow 

Metab. 0271678X1769772. 

The first study (Effects of aging on the human brain: A proton and phosphorus MR spectroscopy study 

at 3T) aimed to investigate accumulative aging effects on neurometabolism by measuring age-related 

mean metabolite values of the whole brain by using whole-brain 1H-MR spectroscopic imaging in 

combination with 31P-MRS at 3T. In the second study (Physiological neuronal decline in healthy human 

brain – An in vivo study with MRI and short echo-time whole-brain 1H MR spectroscopic imaging), 

brain regional metabolite concentrations in aging human brain were measured with whole-brain 1H 

spectroscopic imaging to investigate brain regional dependent neuronal decline in normal aging brain. 

After addressing age-related changes on whole brain mean metabolites (first study) and regional 

metabolites (second study), the third study (Effects of a 72 hours fasting on brain metabolism in healthy 

woman studied in vivo with magnetic resonance spectroscopic imaging) investigated neurometabolic 

responses to fasting stress in healthy women, by comparing brain regional metabolite concentrations 

before and immediately after a 72-hour fasting in healthy subjects.  

The next chapters contain the published articles, the results and a comprehensive discussion with future 

prospects. 
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Chapter 2   
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2.1 Global aging effects on neurometabolism 

 

Effects of Aging on the Human Brain: A Proton and Phosphorus MR Spectroscopy Study at 3T 

Birte Schmitz 1, Xin Wang 2,5, Peter B. Barker 2, Ulrich Pilatus 3, Paul Bronzlik 1, Mete Dadak 1, Kai G. Kahl 4, 

Heinrich Lanfermann 1, Xiao-Qi Ding 1 

1 Institute of Diagnostic and Interventional Neuroradiology, Hannover Medical School, Hannover, Germany 
2 Russell H Morgan Department of Radiology and Radiological Science, Johns Hopkins University School of 

  Medicine, Baltimore, USA 
3 Institute of Neuroradiology, Goethe University, Frankfurt am Main, Germany 
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Chapter 3   

Results and Discussion  

3   

The purpose of this project was to investigate microstructural and metabolic alterations caused by 

normal aging as well as metabolic response to stress in human brain by using MRI and MR spectroscopy. 

At first, analysis of age-related metabolic changes has been conducted, based on estimated regional 

brain metabolite concentrations of NAA, Cho, tCr, Glx, and mI (in 9 brain regions, i.e. 8 cerebral lobes 

and the cerebellum) in 81 healthy volunteers (aged between 20-70 years) by use of recently established 

1H-wbMRSI with a short echo time of 17ms. In addition, global concentrations (= mean value averaged 

over the whole brain) of brain proton metabolites NAA, Cho, tCr, and the 31P- metabolites ATP, PCr, 

PME, PDE, and Pi were measured in 54 healthy volunteers aged between 22-73 year, by use of a 

wbMRSI with a long echo time of 70ms in combination with single-shot 31P-MRS. In a second step, 

neurometabolic responses to a 72-hour fasting stress has been investigated by estimating regional proton 

brain metabolite concentrations of fifteen healthy female subjects pre- and post-fasting with a short echo 

time 1H-wbMRSI. Supplementary, corresponding fractional volumes of brain tissue, separated in gray 

matter (FVGM), white matter (FVWM), and cerebrospinal fluid (FVCSF), were also determined to 

estimate associated changes of brain tissue volume. In the following, the results of this project are briefly 

summarized: 

Statistical analysis revealed a strong age-dependent decrease of global as well as regional brain 

concentrations of NAA, with the largest contribution occurring in GM. Only in the cerebellum regional 

NAA concentration did not show age-related changes. Analysis of fractional volumes of brain tissue 

and CSF volume revealed a decrease of brain tissue volume with age, accompanied by an increase of 

CSF volume in global and regional assessment. The loss of the GM volume was the largest contribution 

to the changes in brain tissue. In cerebral white matter, concentrations of Cho and tCr increased with 

age in association with increased fractional volume of white matter. In cerebellum, the tCr concentration 

increased, while brain tissue volume decreased with age. However, accumulative Cho concentrations 

showed a tendency of positive correlation to age and tCr concentrations increased only in old subjects. 

The age-related increase of mI concentration occurred only in WM, while the changes of cerebral Glx 

concentration were less tissue-specific but overall exhibited an age-related reduction in several brain 

regions.   
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As part of this project, metabolic alterations caused by normal aging were supplementary investigated 

using phosphor spectroscopy. Significant age-related decrease of global ATP concentration were found, 

while PCr showed a significant decrease only over a reduced age range (~40 years). PME and Pi 

concentrations showed a negative correlation to age (Pi concentrations decreased significantly only in 

subjects at age between 24 and 68 years), whereas PDE concentrations stayed unchanged.   

After 72-h fasting, regional dependent differences of pre- and post-fasting brain metabolite 

concentrations were found with the frontal lobes as the most affected brain regions. Parallelly observed 

mood scores increased significantly. After fasting, Glx concentrations were reduced in all nine brain 

regions with up to -21%, showing the greatest metabolite change. Also decreased Cho concentrations 

were found in all lobes (except of right occipital lobe) and NAA concentrations showed a regional 

dependent decrease in the frontal lobes, in left temporal lobe and right parietal lobe. After food 

deprivation, the tCr concentration was only significantly reduced in the right frontal lobe. In opposite to 

age-related study results, fractional volumes of brain tissue and CSF volume did not show significant 

changes in pre- and post-fasting measurements.  

For detailed results including figures and tables please see original publications attached above (Ding et 

al., 2017, 2016; Schmitz et al., 2018). 

 

3.1 Age-related alterations in normal human brain metabolism 

Our results of regional and global concentrations of the brain proton metabolites measured with 1H-

wbMRSI in healthy subjects are consistent to those reported by previous studies mostly with different 

1H-MRS acquisition techniques and over different brain regions (for comparison of global brain 

concentrations values from gray and white matter were averaged) (Deelchand et al., 2015a; Ding et al., 

2015; Falini et al., 2005; Guerrini et al., 2009; Jacobs et al., 2001; Keevil et al., 1998; Pouwels et al., 

1999; Pouwels and Frahm, 1998; Rigotti et al., 2007).  

Consistent with present findings, decreased NAA with age was frequently reported either in targeted 

small brain areas (Brooks et al., 2001; Charles et al., 1994; Haga et al., 2009; Raininko and Mattsson, 

2010) or in large scales of brain structures (Maudsley et al., 2012). Regional differences in the age-

related decrease of NAA concentrations suggest that cerebral and cerebellar aging are different. The 

age-related loss of the GM volume (neuronal volume) was the largest contribution to the changes in 

brain tissue, which is also consistent with previous studies on regional or global brain volumes (Allen 

et al., 2005; Good et al., 2001; Hedden et al., 2016; Maudsley et al., 2012; Seeley et al., 2009). The 

decrease of brain NAA could be due to either a reduction in neuronal volume/density or neuronal 

function (Brooks et al., 2001; Chao et al., 2010). Thus, the reduction of GM volume in combination with 

the decrease of brain NAA concentration with age seems to be a main process detectable with either 
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local or global assessments and is associated with reduced neuronal metabolic activity and neuronal 

density (Brooks et al., 2001).  

Up to date, reports regarding age-related alterations of Cho and tCr are ambivalent: Consistent with 

present findings, the increase of Cho and tCr in WM over large brain scales was reported by Maudsley 

et al. (Maudsley et al., 2012, 2009), but measurements on small brain structures revealed regional 

dependent differences (Brooks et al., 2001; Charles et al., 1994; Raininko and Mattsson, 2010). Few 

studies, dealing with effects of aging on metabolites in the cerebellum, revealed inconsistent results, but 

Maudsley et al. also reported a tendency of increased cerebellar tCr concentration (Maudsley et al., 

2012). Changes of Cho concentration in the brain have been shown to be associated with altered cell 

membrane turnover, while tCr reflects energy metabolism (Barker et al., 2009). Therefore, present 

observation of increased Cho concentrations in cerebral white matter may be associated with an age-

related increase of the cellular membrane turnover (Bowley et al., 2010; Sandell and Peters, 2003), while 

increased tCr concentrations may indicate a compensatory energy supply and neuroprotection (Rae and 

Bröer, 2015). We also observed age-realted increase of global concentrations of brain Cho and tCr, 

which may reflect the averaged accumulative aging effects concerning Cho and tCr. 

Few reports deal with the associations of Glx and mI with age: Tunc-Skarka et al. as well as Raininko 

and Mattsson revealed slight increases of mI in frontal WM with age comparable with our results and 

Sailasuta et al. observed as well region dependent decreases of glutamate in male though using single 

voxel spectroscopy (Raininko and Mattsson, 2010; Sailasuta et al., 2008; Tunc-Skarka et al., 2014). Glx 

consists of the major component glutamate, an excitatory neurotransmitter in the brain and the inhibitory 

glutamine compound (Barker et al., 2009; Shen, 2013). Therefore, the observation of Glx decrease with 

age may again indicate an age-related reduction of neuronal metabolic activity. The metabolite mI 

reflects glial proliferation and osmolyt function, thus the observed increase of mI concentrations with 

age indicate altered gliosis in white matter (Rae and Bröer, 2015).  

The global phosphorus metabolite concentrations of ATP, PCr, PME, PDE and Pi were within the ranges 

of previously reported concentrations from localized brain volumes (Bluml et al., 1998; Hattingen et al., 

2011; Mason et al., 1998) and considerable different from those of muscles (Buchli et al., 1994) 

indicating that the contribution of signals from non-brain tissue is negligible. Only partially consistent 

with the observation of age-related decreased ATP, PCr, PME and Pi and unchanged PDE 

concentrations, Forester et al. as well found decrease of PME and unchanged PDE concentrations, but 

increased PCr and non-significant changes for ATP and Pi concentrations (Forester et al., 2010). These 

discrepancies might be due to the localized acquisition of small brain volumes and moreover, in the 

present study a larger cohort with evenly age distribution were examined.   

ATP and PCr concentrations reflect the high energy metabolism in human brain with ATP as the main 

source of chemical energy and PCr serving as an efficient temporal energy buffer mediated by the 
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creatine phosphokinase reaction (Erecinska and Silver, 1989; Forester et al., 2010; Hattingen et al., 

2011; Pettegrew et al., 1987; Schlattner et al., 2006). Presently observed age-related decreases of ATP 

are in line with cellular findings of mitochondrial aging, connecting reduced ATP concentrations with 

reduced motor function (Bertoni-Freddari et al., 2004; Pandya et al., 2015). Therefore, the decrease of 

ATP with age may indicate that the accumulative aging effects of normal aging brain are associated with 

reduced mitochondrial activity. The observed decline in PCr in older subjects suggest that its function 

as high energy reservoir is reduced and a rapid decline in global ATP concentrations could not be 

sufficiently counteracted.   

The metabolites PME and PDE are related to phospholipid metabolism of the cellular membrane 

turnover (Pettegrew et al., 1987). A reduction of global PME with age may reflect decreased membrane 

synthesis accompanied with an overall stable membrane breakdown in older individuals, reflected by 

unchanged PDE concentrations. 

 

3.2 Stress-induced alterations in normal human brain metabolism 

Regional brain metabolite concentrations of NAA, Cho, tCr, Glx and mI in non-, pre- and post-fasting 

measurements were within the ranges of previously reported metabolite values of normal adult subjects 

(Ding et al., 2015) demonstrating the reproducibility of the wbMRSI technique. Metabolite values of 

non-fasting control subjects were taken from the second study on a one-to-one basis to match the fasting 

subjects (Ding et al., 2016). No significant differences in pre- and non-fasting brain regional metabolite 

concentrations were found, suggesting that the observed significant differences between pre- and post-

fasting values do not result from measurement error. Moreover, in opposite to age-related study results, 

fractional volumes of brain tissue and CSF volumes did not show significant changes. Thus, the 

observed alterations in regional metabolite concentrations represent fasting-related altered 

neurometabolism, which did not impact the brain tissue volume (Meyers et al., 2016).  

After 72-h fasting, Glx was the most affected metabolite, with concentrations decreasing in all nine brain 

regions. In addition to its role as an excitatory neurotransmitter, glutamate (major component of Glx) is 

also a key metabolite for regulating brain energetics linked with the glutamatergic neuronal activity 

(Robinson and Jackson, 2016; Shen et al., 1999; Sibson et al., 1998). During short-term starvation, the 

glucose consumption of the human brain is reduced to 75% with a simultaneous increase in ketone 

bodies in plasma to account for the cerebral energy requirement (Hasselbalch et al., 1995, 1994). The 

observed fasting-induced reduction of Glx concentration may be considered as a principle metabolic 

response of the human brain to food deprivation that results in a decrease of glutamatergic neuronal 

activity, although the increase of ketone bodies may cover up to one-fourth of the cerebral energy 

requirement.   
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Since NAA is related to neuronal volume/density as well as neurometabolic activity, the fasting-related 

reduction of brain NAA concentration without impact on the neuronal volume may reflect an adaptive 

alteration in neuronal metabolic activity in healthy subjects. In combination with age-related results, 

these observations may suggest that NAA might be used as a general surrogate biomarker for monitoring 

neuronal integrity and neuronal function during aging, neurodegeneration or neurophysiological 

alterations.   

After 72-h fasting, Cho concentration was decreased in all brain lobes except of right occipital lobe, 

indicating a fasting-induced decrease of cell membrane turnover, which is consistent with observed 

reduced brain NAA concentration as sign of decreased neuronal metabolic activity.   

Interestingly, after fasting the tCr concentration, as an indicator of energy metabolism, was decreased 

only in one brain lobe, reflecting the ability of healthy human brain to maintain energy homeostasis 

under food deprivation. No changes of mI after fasting period suggests that the stressor did not 

significantly influence osmolality or brain cell activity related to mI (Brand et al., 1993). 

Overall, the influence of fasting on neurometabolism seems to be regionally dependent: The frontal 

lobes were the most affected brain regions followed by the temporal lobes, suggesting a greater 

sensitivity of these brain regions to the effects of fasting. Interestingly, these regions have been reported 

to be often involved in neurodegenerative and psychiatric disorders (Barnes et al., 2006; Kimbrell et al., 

2002). In line with this, psychological testing revealed subtle mood alterations after the 72-h fasting, 

which is consistent with earlier studies on fasting/dieting demonstrating related depressive mood and 

cognitive changes (Laessle et al., 1996, 1988; Polivy, 1996). Altogether, our observations may suggest 

that the acute deprivation of energy supply to the brain may promote the development of depressive 

symptoms. 

 

3.3 Limitations and future prospects 

There are several limitations of this project regarding acquisition and evaluation techniques and included 

subjects: 

In this project the recently established proton MR spectroscopic technique wbMRSI was used in 

combination with estimating the metabolite contents with the corresponding software MIDAS. 

Reproducibility and reliability studies demonstrated excellent performance in measuring proton 

metabolism covering the whole brain with sufficient spatial resolution (Ding et al., 2015; Maudsley et 

al., 2010). However, in this project, regional metabolite contents were estimated over large scales of 

brain structures as well as global metabolite contents of the whole brain (for addressing age-related 

changes) without obtaining information on changes in specific smaller brain structures.   

Furthermore, the use of a non-localized 31P-MRS sequence allowed solely the estimation of phosphorus 
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related global brain metabolite concentrations of the whole brain. Although global measurements are 

less precise, the accumulative effects are more independent of specific brain regions, which might offer 

an advantage for comparison of different studies. Nevertheless, further studies with the use of more 

advanced phosphorus MRS techniques, like CSI, are necessary to validate the results in more detail.  

Another limitation relates to the quantitation process of the proton metabolite concentration. The tissue 

water content was used as internal reference for signal normalization, assuming constant water content 

over the entire age range and across different brain regions (Maudsley et al., 2009, 2006). Changes with 

age and differences in brain regions may impact the metabolite estimations (Brooks et al., 2001; 

Christiansen et al., 1994; Maudsley et al., 2006), although results of Neeb et al. indicate that changes of 

brain water content with age are relatively small (Neeb et al., 2006). 

There are also limitations concerning the acquired participants: Health conditions of the volunteers from 

the local population were only assessed according to a self-report about their clinical anamnesis 

(exclusion of systemic diseases like neurological/psychological disorders, chronic hypertension, 

diabetes hypercholesterolemia etc.). However, each subject underwent two screening tests (Beck 

Depression Inventory and DemTect (Kalbe et al., 2004; Steer et al., 1999) to exclude cognitive or 

psychiatric impairments. For the age-related studies, the difficulty in volunteer recruitment of subjects 

older than 70 years, due to exclusion criteria, restricted the investigated age range.   

The fasting study is limited by examining only female subjects with body mass index less than 30. 

Further studies with a larger sample size, wider range of BMI values, and inclusion of males will be 

necessary to determine the influence of age, weight and gender on metabolic response to fasting stress. 

Therefore, the fasting study is currently being continued: metabolic response on fasting-induced stress 

is investigated in overweight controls and in addition in patients with diagnosed depression.  

 

3.4 Conclusion 

This doctoral thesis has been designed to use the advanced wbMRSI technique to investigate 

systematically metabolic alterations caused by normal aging and normal neurometabolic responses to a 

72-hour fasting stress in healthy human brain by measuring global and regional concentrations of proton 

metabolite concentrations and the corresponding fractional volumes of brain tissue and CSF. As a 

complementary tool, 31P-MRS has also been used to estimate accumulative phosphorus metabolite 

concentrations. The presented studies provide direct in vivo information about alterations in the brain 

metabolism in normal controls under aging and fasting stress:  

Physiological neuronal decline in aging human brain is found to be associated with a reduction of 

neuronal metabolic density with accompanied decrease in gray matter volume. Moreover, the studies 
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demonstrated reduced mitochondrial activity and membrane synthesis, in combination with changes in 

white matter gliosis and energy metabolism, indicating microstructural age-related alterations in white 

matter. Aging also results in altered cerebellar energy metabolism with loss of cerebellar tissue volume. 

Fasting stress directly influences neurometabolism in healthy women: The adaptive brain response to 

72-hour fasting is associated with metabolite-selective and region dependent alterations in metabolite 

contents. Thereby, Glx showed the greatest changes under food deprivation, suggesting the involvement 

to maintain energy homeostasis, while the most sensitive brain regions to the stressor were located in 

the frontal brain.  

The obtained results could not only bring further insight into age-related physiological neuronal decline 

and in neurometabolic response to stress in healthy subjects for neuroscientific research, but also provide 

reference database for future studies on patients to distinguish for example pathological alterations in 

neurodegenerative disorders or maladaptive responses in psychiatric disorders. The new established 

proton whole-brain spectroscopic imaging method might play an important role in exploring the brain’s 

metabolic status, by simultaneously determining metabolite concentrations of the whole brain, large 

brain scales, or multiple small brain areas.  
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