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Foreword

Nuclear magnetic resonance (NMR) was discovered by physicists, exploited by

chemists and swiftly commandeered as magnetic resonance imaging (MRI) by

medical radiologists for its diagnostic value. Magnetic resonance spectroscopy

(MRS), the chemical analytical counterpoise, has thus largely become a stepchild

of diagnostic MRI – and is included as a minor after-thought, if at all, in prevailing

neurology textbooks. The present volume is an innovation and corrects the prior

omission. True to its roots as a non-destructive tool for chemical and biochemical

analysis, MRS has its adherents in neurology and the neurosciences. Biochemistry,

they reason, must to a greater rather than a smaller extent underlie brain ‘function’;

MRS may therefore unlock the secrets of brain, cognition and even mind. Neuro-

degenerative diseases attack all of these normal functions. The present volume

assembles many of the ‘keys’ that have been discovered by a quarter-of a century of

dedicated investigation and presents them in a readable, coherent and convenient

form, for the coming generations of neurologists, psychiatrists, neuroscientists and

biomedical engineers who will one day reap that harvest. Confronted by a virtual

epidemic of neurodegenerative disorders and an ageing population, the potential for

MRS as a new diagnostic tool has become compelling.

The achievement of editor and author, Dr. Gülin Öz and the 15 other contributors
to the new volume “Magnetic Resonance Spectroscopy of Degenerative Brain

Disorders” is timely and significant. It makes accessible to the expert and novice

alike, the excitement of 25 years of research and development of MRS as metabolic

imaging of the living, functioning human brain. Thanks to the success of MRI as a

first-line diagnostic tool in neurology and latterly also in psychiatry, these expen-

sive and ungainly machines are universally available and have become familiar and

well-tolerated by patients. MRI has migrated from the Clinic to become available to

an entire generation of physicians and scientists interested in brain function,

dysfunction and disease previously confined to exploring their subjects indirectly,

through post-mortem tissue or secondary tests on blood and cerebrospinal fluid.

Latterly, and in a variant of reverse-engineering, MRI and MRS ‘scanners’ based on

successful human applications, but suited to the 1000-fold smaller brain of the
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mouse, have been designed to take advantage of the revolution in genetics and

animal modeling of human degenerative brain diseases. This continuous iteration of

preclinical with clinical research is another special feature of the present volume.

But the real value of MRS, explored through the medium of human degenerative

brain disorders, lies in the non-invasive access to neurochemistry that this technol-

ogy provides: while we should not forget that the major innovation in ‘structural

MRI’, which distinguishes it from computerized X-ray tomography, comes from its

power to image neurochemistry of brain water in all its myriad forms, one metab-

olite N-acetyl aspartate, NAA, dramatically advances the role of MRS in the brain.

Largely as a consequence of the industry of many of the Authors assembled in this

new volume, NAA can now safely be viewed as a ‘neuronal marker’. MRS of NAA,

deserves its place as the new ‘tendon-hammer’ (invented in 1841 and still going

strong) for diagnostic neurologists by defining the ‘number’ of viable neurons and

axons in any pre-selected region of the human brain. In this Volume we are

informed how NAA predicts (pre-clinical diagnosis), documents progression, and

gives early warning of response in most, if not all neurodegenerative diseases.

But this Volume takes us well beyond NAA, demystifying previously unfamiliar

MR ‘spectra’ to reveal an additional dozen brain metabolites, each the potential

‘biomarkers’ of some feature of pathobiology. The concept of neurodegeneration

itself is explained in an Introductory chapter by the Editor, touching on the genetic,

biochemical, intracellular and apoptotic origins of diseases as various as

Alzheimer’s, Huntington’s, Parkinson’s, motor neuron disease (Lou Gehrig’s dis-

ease) and a handful of cerebellar diseases epitomized by Friedreich’s ataxia.

Technical details crucial to credible clinical MRS – and often ignored in more

general “MRI” tomes devoted principally to the butterfly collection of disease-

specific images – are here stressed to allow explorers to evaluate their reliability as

tools in the broader endeavor of the entire field of now broadly recognized as neuro-

spectroscopy. Armed with these skills, the reader is then offered detailed evaluation

of neurospectroscopy as a harbinger of degenerative disease and a bell-weather of

successful diagnosis by a succession of specialists in each of disorders included in

that concept. Although the Editor and some of the authors of individual Chapters

call for ‘standardization’ in MRS technique, for future multi-center clinical trials

this may be premature for two reasons; the two Chapters devoted to MRS technique

illustrate that a considerable diversity of MRS methods may be necessary if the

analytical depths of magnetic resonance are to be plumbed: we should recall that is

precisely the path taken by diagnostic MRI where every new technique is incorpo-

rated. Next, with the increased recognition and reliance on biomarkers, not least

those revealed through MRS itself, the era of massive clinical trials may itself be

evolving into personalized medicine. Might not diversity in MRS-methodology

become a strength? In any event, the authors of the Chapters which follow have not

heeded the ‘siren-call’ of standardization nor have they been restricted by any

Editorial limitation on the MRS techniques they describe – and, as befits a work

of scholarship, we are offered everything available under the heading of proton (1H)

MRS, provided that it contributes to the central purpose of explaining neurodegen-

erative disorder. The real pleasure in reading this compelling volume comes with
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the carefully considered Chapters each by experts in their field as the richness of

MRS plays out to explore the commonalities and the differences between the

disorders classified here as ‘neurodegenerative’.

While they may be ‘linked’ by loss of NAA there is much more to the story.

Alzheimer’s disease, with the longest track record, more than 20 years of MRS

study, is yielding to careful cross-sectional and longitudinal studies with added-

value in the taxonomy of a once-uniform diagnosis. MRS is well positioned to

become a meaningful biomarker for this dominant group of dementias, when

therapeutic option(s) finally emerge. In successive Chapters on the key disorders

of this spectrum – Huntington’s, Parkinson’s, Motor Neuron Disease and Ataxias

the authors skillfully blend in vivo pre-clinical studies in an ever increasing cast of

disease models, with copious clinical experience of the real disease permitting an

excellent evaluation of the relevance of the model through their MRS patterns. Each

Chapter is accompanied by References pruned to eliminate the irrelevant or frankly

wrong (all too common in the published MRS literature), with inclusion of crucial

lost literature from the ‘dark-age’ which preceded the Internet. The slimmest

Chapter, that on prion disease highlights one of the limitations, even of so robust

a tool as clinical MRS – confining a deteriorating patient within a monster tube –

today’s MR scanner – can be an almost insurmountable challenge! Can we hope this

is one that MR engineers will surmount?

Three Chapters not traditionally covered by the adjective ‘degenerative’ – on

multiple sclerosis, HIV and epilepsy – are included. Here too the Editor’s decision

was wise – each Chapter is authoritatively written and informative with the bonus

that two, MS and HIV, unlike the classical degenerative disorders, have a number of

efficacious treatments. Putative MRS biomarkers sometimes respond to treatments

– as expected – thereby providing an opportunity to test their hypotheses of

etiology, evolution and reversal of disease. The final chapter, that on epilepsy

also more than earns its place, notably emphasizing that epilepsy syndromes may

involve neural re-generation, rather than de-generation. So there might be ‘light at

the end of the tunnel’ of MRS of ever-progressing degenerative brain diseases.

Neural re-generation, through the medium of pluripotent stem cells, while not

directly mentioned anywhere in this Volume, is believed by many to represent

the future. MRS detection and monitoring of stem cell populations has been mooted

and seems well-within the bounds of possibility. If so, this book represents an

important milestone on the long road ahead in ridding Society of degenerative brain

disorders. Because degenerative brain disease remains a poorly understood accu-

mulation of historically distinct disorders, readers who stray beyond their disease of

interest to read more widely about MRS in other diseases, challenges and answers,

will be richly rewarded by the cross-fertilization of the neighboring Chapters.

Reading this Volume thoroughly is highly recommended.

Brian Ross: Division ofMedical Engineering, California Institute of Technology,

Pasadena.
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Ivan Tkáč Center for Magnetic Resonance Research, Department of Radiology,

University of Minnesota, Minneapolis, MN, USA

S. Elizabeth Zauber Department of Neurology, Indiana University School of

Medicine, Indianapolis, IN, USA

Reviewers

Robert Bartha Centre for Functional and Metabolic Mapping, Robarts Research

Institute, Department of Medical Biophysics, University of Western Ontario,

London, ON, Canada

Thomas Ernst Department of Medicine, John A. Burns School of Medicine,

University of Hawai’i, Honolulu, HI, USA

Sanjay Kalra Department of Medicine (Neurology), Neuroscience and Mental

Health Institute (NMHI), University of Alberta, Edmonton, AB, Canada

Blair Leavitt Department of Medical Genetics, and Division of Neurology,

Department of Medicine, Centre for Molecular Medicine and Therapeutics,

University of British Columbia, Vancouver, BC, Canada

xii Contributors



Mario Mascalchi Quantitative and Functional Neuroradiology Research

Program, "Mario Serio" Department of Experimental and Clinical Biomedical

Sciences, University of Florence, Florence, Italy

Susanne G. Mueller Department of Radiology and Biomedical Imaging, School

of Medicine, University of California San Francisco, San Francisco, CA, USA

Petra J.W. Pouwels Department of Physics and Medical Technology, VU

University Medical Center, Amsterdam, The Netherlands

Contributors xiii





About the Editor

G€ulin €Oz, PhD, is Associate Professor of Radiology at the Center for Magnetic

Resonance Research (CMRR), University of Minnesota. Following BS degrees in

Physics and Chemistry and a PhD in Biochemistry, she continued with postdoctoral

training at the CMRR where she later joined the faculty. She spearheaded the

utilization of neurochemical profiles obtained by high field MRS to assess cerebral

changes in patients with neurological diseases and their response to treatment. She

also co-led a MRS consensus effort together with Dr. Risto Kauppinen to facilitate

the use and standardization of robust MRS methodology in the clinical setting. She

uses high field, multi-nuclear magnetic resonance spectroscopy (MRS) to explore

neurochemical and metabolic alterations in diseases that affect the brain. Her

research is primarily focused on applications of advanced MRS methods in neuro-

degenerative diseases and diabetes.

xv



Chapter 1

Imaging Neurodegeneration: What Can
Magnetic Resonance Spectroscopy
Contribute?

G€ulin €Oz

Abstract With increased prevalence of neurodegenerative diseases with age and

an aging society, neuroimaging for diagnosis, prognosis, and therapy monitoring in

these diseases has become more important than ever. There is particularly a great

need for robust biomarkers and surrogate markers of cerebral pathology that can

facilitate development of effective treatments in these conditions. Many radionu-

clide and MRI modalities are currently used in clinical research, with some already

accepted among diagnostic criteria for neurodegenerative diseases. Others are

being evaluated for their potential to monitor the pathogenic events during

neurodegeneration at multiple levels from the global network level down to the

subcellular and molecular levels. This chapter places magnetic resonance spectros-

copy (MRS) within the context of other imaging modalities for evaluating

neurodegeneration and summarizes its unique role in simultaneously assessing

multiple relevant pathophysiological events, including neuronal loss/dysfunction,

gliosis, demyelination, impaired energetics, increased membrane turnover, demy-

elination, synaptic dysfunction, and oxidative stress. Finally, the steps that still need

to be taken to facilitate wider utility of advanced MRS methodology are outlined.

Keywords Structural MRI • Diffusion MRI • Resting state fMRI • Positron

emission tomography • Magnetization transfer MRI • Manganese-enhanced

MRI • Susceptibility-weighted imaging • N-Acetylaspartate • Choline • Creatine •
Myo-inositol • Lactate • Glutamate • Glutamine • GABA • Glutathione • Ascorbate
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Imaging Cerebral Pathology in Degenerative Brain Diseases

Neurological diseases affect as many as one billion people worldwide. Of these,

neurodegenerative diseases cause progressive neuronal degeneration and death and

are a major cause of disability and human suffering. With increased prevalence of

these diseases with age and an aging society in developed countries (between 2000

and 2030, the number of individuals 65 years of age and older will double [1]),

neuroimaging for diagnosis, prognosis, and therapy monitoring in these diseases

has become more important than ever.

This volume on MRS of Degenerative Brain Diseases focuses on chronic,

progressive neurodegenerative diseases, including both preclinical (animal

model) and clinical applications. Thus, acute insults that cause neuronal damage

and degeneration (as in stroke and traumatic brain injury) are not covered in the

volume. Chronic neurodegenerative diseases, such as Alzheimer’s disease (AD),

Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis

(ALS), and spinocerebellar ataxia (SCA), represent a complex family of neurolog-

ical disorders in which vulnerable neuron populations are progressively lost. Cur-

rent treatments for these conditions are supportive as disease-modifying treatments

have been elusive. A major impediment in therapy development has been the lack

of robust biomarkers and surrogate markers of cerebral pathology [2–5]. Manage-

ment currently relies on structural MRI and clinical measures, which are also the

primary outcome measures in clinical trials. Assessing whether therapies impact the

progression of neurodegeneration is particularly challenging because the slow

progression and phenotypic variability in these diseases necessitate long clinical

trials with large sample sizes. Clinical outcome measures typically used in these

trials have many limitations: they do not distinguish between disease-modifying

and purely symptomatic drug effects, they are of no use in the earliest, preclinical

stage (when neuroprotective agents are likely to be most effective), and they usually

have poor test-retest reliability [5]. Therefore, while an essential component of any

treatment trial, these measures need to be supplemented with noninvasive neuro-

imaging to directly assess treatment effects on the brain.

Commensurate with the complexity of these diseases, there are a number of

imaging modalities that can be utilized to monitor various aspects of the patho-

physiology of neurodegeneration. Mechanistic investigations into the process of

neurodegeneration uncovered that while the genetic and environmental triggers

may be different for different neurodegenerative conditions, multiple pathogenic

pathways are common to many of them. These include accumulation of aberrant or

misfolded proteins, oxidative stress, mitochondrial injury, excitotoxicity, synaptic

failure, altered metal homeostasis, axonal and dendritic transport failure,

neurovascular deficits, and neuroinflammation [6–9]. These pathogenic processes

are active for years and result in neuronal dysfunction, even prior to onset of overt

clinical symptoms [10], and lead to the ultimate demise of neurons when the cells

can no longer cope with the loss of homeostatic balance.
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Table 1.1 lists examples of commonly used modalities to monitor these patho-

genic events at multiple levels from the global network level down to the subcel-

lular (axonal/dendritic/synaptic) and molecular levels. Only proton (1H) MR

modalities that can be performed with standard equipment are listed in the table.

However, it should be noted that there are non-proton MRmethods such as 31P, 13C,

and 17O MRS that can provide even more detailed mechanistic information on

metabolic aspects of neurodegeneration [11–13]. Also note that some of these

modalities have been substantially more validated and are used in modern diag-

nostic criteria [14], while others require further validation. Thus, rates of global and

regional brain atrophy measured with structural MRI have been validated in

longitudinal multi-site studies and now are being accepted as therapeutic outcome

measures in some neurodegenerative diseases [2, 5, 15]. Structural MRI is advan-

tageous because MR scanners are widely available in the clinical setting and

volumetric measurements are based on relatively standardized and simple data

acquisition with protocols that are part of routine clinical MRI.

While gross morphometric changes detectable by structural MRI have found

wide utility and undoubtedly contributed to understanding of the temporal progres-

sion of neurodegeneration, microstructural damage in the tissue occurs earlier in the

neurodegenerative sequence of events and is accessible by diffusion MRI
[16]. Recent years marked a surge in development of methods to increase the

reliability of tractography and to enhance understanding of the contributions to

the diffusion MR signal in order to extract tangible quantitative properties of the

tissue, such as axon diameter and density. In addition, functional network connec-

tivity in the brain can now be relatively easily assessed using resting state func-
tional MRI (rsfMRI), which measures spontaneous fluctuations in the blood-

oxygen-level-dependent (BOLD) signal that are correlated across anatomically

distinct brain regions [17]. Importantly, increasing evidence supports the involve-

ment of structural and functional network connectivity deficits in progressive

neurodegeneration [18, 19], and hence these methods are expected to find wide

utility in neurodegenerative disease trials.

Among non-MR modalities, positron emission tomography (PET) has been used
by many to monitor multiple pathophysiological events during neurodegeneration

because it can detect early metabolic and cellular abnormalities, such as toxic

protein accumulation [20], defects in glucose uptake [21], synaptic dysfunction

[22], and, more recently, neuroinflammation [23] (Table 1.1). Importantly, new

NIH and Alzheimer Association guidelines include amyloid ligand PET in the

diagnostic criteria for AD [24]. The drawbacks to PET scans are that they are

significantly more expensive and less readily available than MR and involve

radiation exposure, which makes repeat scanning problematic.

With yet other methods available to assess other pathophysiologic aspects of

neurodegeneration, such as demyelination using magnetization transfer MRI [25],
axonal transport deficiencies using manganese-enhanced MRI (MEMRI) [26], and

iron content using various T2 and susceptibility-based MRI methods [27], it is clear

that multimodal investigations have the best chance to comprehensively evaluate

progressive neurodegeneration and if interventions slow down or reverse the
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progression of pathology. PD presents a good example for a need for multimodal

imaging. Namely, radionuclide imaging detects and monitors dopamine dysfunc-

tion with high specificity and sensitivity in PD, but alternative methods are needed

to monitor non-dopaminergic aspects of the disease [22], as well as to monitor the

nigral pathology [28], which is the hallmark of PD. This need has spurred interest in

MR-based biomarkers for PD despite great success with PET/SPECT imaging of

dopamine function.

Table 1.1 Neuroimaging modalities that can be utilized to assess pathophysiological events

during neurodegeneration

Pathophysiological event Imaging modality

Whole brain/network level

Regional atrophy Structural MRI

Reduced structural connectivity Diffusion MRI

Reduced functional connectivity Resting state fMRI

Cellular level

Neuronal loss MRS (NAA, Glu)

Reactive astrocytosis MRS (Ins, Gln)

Microglial activation/inflammation PET (TSPO), MRS (Ins, Gln), DCE-MRI (BBB

breakdown)

Neurovascular dysfunction Perfusion MRI (ASL), fMRI

Subcellular level

Axonal/dendritic transport failure MEMRI

Demyelination MT-MRI, diffusion MRI, MRS (Cho)

Axonal loss Diffusion MRI, MRS (NAA, Glu)

Synaptic dysfunction PET (dopamine), MRS (Glu, Gln, GABA)

Molecular level

Toxic protein accumulation PET (Aβ)
Impaired energetics/mitochondrial

injury

PET (FDG), MRS (Lac, NAA, Cr)

Oxidative stress MRS (GSH, Asc)

Altered metal homeostasis Relaxometry, SWI (Fe)

The list is not meant to be comprehensive and only includes examples of commonly used

modalities and measured compounds, e.g., amyloid β accumulation with PET

NAA N-acetylaspartate, Ins myo-inositol, Gln glutamine, TSPO translocator protein, DCE-MRI
dynamic contrast-enhanced MRI, BBB blood-brain barrier, ASL arterial spin labeling, MEMRI
manganese-enhanced MRI, MT-MRI magnetization transfer MRI, Cho choline, Glu glutamate,

GABA γ-aminobutyric acid, FDG fluoro-deoxyglucose, Lac lactate, Cr creatine, GSH glutathione,

Asc ascorbate, SWI susceptibility-weighted imaging, Fe iron

4 G. Öz



Added Value of MRS in Clinical Research and Care
in Neurodegenerative Diseases

When regional morphometric changes in conventional T1 and T2 MRI are typically

observed in degenerative brain conditions and are easily accessible via routine

clinical exams, the need for more specialized techniques such as magnetic reso-
nance spectroscopy (MRS) can be questioned. The macrostructural changes how-

ever are the end point of a cascade of events that lead to neuronal death and atrophy,

and it is widely accepted that the underlying cellular and biochemical changes start

years before symptoms and irreversible structural damage detectable by conven-

tional imaging [10]. Therefore, biomarkers and surrogate markers that are sensitive

to these early pathological changes and that can gauge drug effectiveness objec-

tively and quickly are still needed and can have a high impact on development of

neuroprotective therapies. In addition, there are cases where standard CT or MRI

evaluation does not demonstrate gross structural nervous system changes even in

symptomatic patients, such as in PD [29] and ALS [30]. Methods that uncover

chemical changes in the tissue, such as MRS, are ideally suited in these cases to

assess pathological changes in the absence of gross morphological alterations.

MRS has been repeatedly shown to be sensitive to events preceding neuronal

loss [31–33] and can be included in a standard brain MRI exam along with

structural MRI. It has been a powerful complementary tool to conventional MRI

for diagnosis and monitoring of disease progression and response to therapy

because it can detect changes in cell density, cell type, or biochemical composition

[34]. Namely, 1H MRS enables quantification of endogenous neurochemicals,

including potential markers of neuronal health (N-acetylaspartate (NAA), gluta-

mate), glial proliferation (myo-inositol, glutamine), demyelination/increased mem-

brane turnover (choline), deficits in energy metabolism (lactate, NAA, creatine),

neurotransmitter abnormalities (glutamate, glutamine, GABA), and oxidative stress

(glutathione and ascorbate) [35], and thereby can contribute to monitoring multiple

pathogenic events in neurodegeneration alongside other neuroimaging modalities

(Table 1.1). Furthermore, a number of clinical and preclinical applications have

demonstrated that MRS can assess neuronal dysfunction and loss, as well as

accompanying cellular processes, and thereby provide robust and noninvasive bio-

markers of neurodegeneration [36–46], as detailed in this volume. Importantly,

neurochemical alterations measured noninvasively by MRS are independent of [47]

and precede atrophy [31–33] and therefore provide additional information over

structural MRI, especially early in the neurodegenerative disease course.

Consistently, a recent international MRS consensus effort concluded that MRS

is expected to contribute to patient management in neurodegenerative diseases

[34]. In addition, consensus was reached that MRS is “clinic-ready” for diagnostic,

prognostic, and treatment assessment of brain tumors, various neonatal and pedi-

atric disorders, demyelinating disorders, and infectious brain lesions. The break-

down for the utility of MRS into the clinic-ready vs. promising disease categories

primarily stemmed from the differences in effect sizes observed in these diseases.
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Namely, clinic-ready applications involve large effect sizes such that biochemical

changes in brain lesions are detectable reliably in individual patients. On the other

hand, neurochemical changes are more subtle in the “promising” category of

diseases that include neurodegenerative diseases, making robust and highly repro-

ducible MRS acquisition and analysis protocols critical for clinical utility.

Perspectives: What Still Needs to Be Done

While standard MR hardware and software are highly optimized and automated for

imaging protocols, MRS protocols that are currently provided by clinical scanner

manufacturers are not state of the art. Namely, the data quality that can be obtained

with the vendor-provided protocols is sufficient to quantify three to five metabolites

(NAA, creatine, choline, and, depending on acquisition parameters, myo-inositol
and lactate); however, the data quality typically does not allow quantification of

metabolites such as glutamate, glutamine, GABA, and glutathione, metabolites of

high interest for neurodegenerative conditions. Due to inadequacies of automated

shimming protocols, many expert researchers utilize manual shimming on clinical

hardware for best shimming results, which is not feasible or efficient in the clinical

setting. In addition, vendor-provided localization sequences have several deficien-

cies such as large chemical shift displacement at 3 T and higher field strengths, poor

water suppression performance, and generation of unwanted coherences, which

prevent acquisition of consistently high-quality data that can reliably demonstrate

subtle neurochemical alterations in disease. For example, in a systematic compar-

ison of the standard vendor protocol (PRESSþ advanced 3D shimming) vs. an

in-house developed MRS protocol (sLASERþ FASTMAP) with randomized

acquisitions in the same scanning session at 3 T, we found that almost half of the

spectra obtained with the conventional protocol (13/28) did not fit our quality

criteria (water linewidth� 10 Hz, [48]), whereas only 1/28 spectra obtained with

the sLASERþ FASTMAP protocol did not fit these criteria in the elderly popula-

tion [49]. Note that this linewidth criterion was set to avoid bias in concentrations of

some weakly represented metabolites [48]. These considerations underline the

advantages of utilizing advanced MRS methodology at 3 T when investigating

neurodegenerative diseases. Namely, high-quality MRS data with excellent within-

and between-site reproducibility of 10–15 neurochemicals can be obtained with

standard clinical 3 T hardware as long as optimized acquisition and analysis

techniques are used, including robust protocols for B0 and B1 adjustment [48]. Fig-

ure 1.1 shows examples of 3 T spectra acquired with an advanced MRS protocol

from brain regions that are affected by the progressive neurodegenerative diseases

that are covered in this volume.

Another critical need for wider utility of advanced MRS methodology is auto-
mation of MRS acquisition and analysis protocols to make them “MR technologist

friendly.” For example, one of the biggest challenges of single voxel MRS (SVS) in

the clinical environment is the operator dependence of voxel selection. Methods

6 G. Öz



have been developed to automatically place the volume of interest (VOI) in

longitudinal scans to match the VOI at the baseline scan of the same subject

[50, 51]; however, atlas-based automatic voxel positioning to improve VOI con-

sistency both between- and within-subjects has not yet been implemented for SVS.

On the analysis end, spectral fitting using a metabolite basis set needs to be

incorporated into the workflow on the scanner as data analysis is currently a

major hurdle in the clinical utility of MRS [34].

Next, it will be important to standardize such automated, advanced MRS

acquisition and analysis protocols across vendors and validate their multi-site

reproducibility [48, 52]. In fact, lack of standardization has been an impediment

for all biomarker discovery efforts [53] and its importance recognized for all

neuroimaging modalities [54]. Clearly such standardization efforts would be most

effectively pursued in collaboration with MR scanner manufacturers, and it is

Fig. 1.1 Proton MR spectra (semi-LASER [57], TR/TE¼ 5000/28 ms) obtained at 3 T from brain

regions that are of interest for various degenerative brain diseases as listed in parentheses. The
spectra were processed and weighted identically (Gaussian apodization σ¼ 0.13 s) prior to Fourier

transformation. Voxel positions are shown on T1-weighted images. AD Alzheimer’s disease, PD
Parkinson’s disease, HD Huntington’s disease, SCA spinocerebellar ataxia, MND motor neuron

disease, MS multiple sclerosis, Pr prion disease. Spectra and images courtesy of Drs. Dinesh

Deelchand, James Joers, Pierre-Gilles Henry, Fanny Mochel, and Petr Bednařı́k
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encouraging that representatives from major manufacturers are involved in the

MRS consensus effort [34], demonstrating their interest in improving the vendor-

provided MRS packages in future products.

Finally, following standardization of acquisition and analysis methodology in

multi-site settings [48, 52], the added value of MRS needs to be evaluated system-

atically for different neurodegenerative diseases and clinical questions [55] to

provide sufficient data for future evidence-based medicine (EBM)

assessments [56].
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39. Marjańska M, Curran GL, Wengenack TM, Henry PG, Bliss RL, Poduslo JF, Jack CR Jr,

Ugurbil K, Garwood M (2005) Monitoring disease progression in transgenic mouse models of

Alzheimer’s disease with proton magnetic resonance spectroscopy. Proc Natl Acad Sci U S A

102(33):11906–11910
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Chapter 2

Methodology of MRS in Animal Models:
Technical Challenges and Solutions

Ivan Tkáč

Abstract In vivo 1H MR spectroscopy is a unique technique, which is capable of

providing neurochemical information from a selected volume of tissue noninva-

sively. However, the richness and reliability of neurochemical information gained

by MRS depends heavily on the data acquisition and processing techniques utilized.

What makes the use of MRS in neuroscience and medical research even more

challenging is the fact that the most advanced MRS techniques developed in the last

15 years are not routinely provided by MR scanner vendors. This chapter provides

an overview of the MRS methodology for studying animal models of human

neurodegenerative diseases. The chapter’s subsections focus on MRS data acquisi-

tion, processing, and metabolite quantification. The data acquisition section out-

lines some basic hardware requirements, B0 shimming, water suppression, and

localization techniques. The data processing section describes methods applied on

acquired MRS data before metabolite quantification, such as frequency, phase, and

eddy current correction. The quantification section focuses specifically on

LCModel analysis. Finally, some examples, demonstrating the potentials of high-

field 1H MRS for neurochemical profiling in mice, are presented.

Keywords Localization • PRESS • STEAM • LASER • SPECIAL • B0 shimming •

FASTMAP • Chemical shift displacement error • Water suppression • Eddy

currents • Quantification

Introduction

Animal models of human neurodegenerative diseases are fundamental for pre-

clinical studies. In addition, enormous progress has been made in the last decade

in developing new mouse models of neurodegenerative diseases by novel genetic

engineering tools. An examination of these models requires advanced experimen-

tal techniques that provide accurate information about underlying
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neuropathological processes and that can be used for monitoring disease progres-

sion and evaluating the effectiveness of novel therapeutic approaches to assist

drug discovery and development. In vivo 1H MR spectroscopy is a unique method

because it is capable of providing neurochemical information from a selected

volume of brain tissue noninvasively [1]. This feature makes the technique

ideal for longitudinal animal studies, which substantially reduces the number of

used animals and avoids unnecessary animal euthanasia. Figure 2.1 shows the

in vivo 1H MR spectrum of the mouse hippocampus and demonstrates the range

and type of neurochemical information achievable at 9.4 T. A reliable quantifi-

cation up to 20 brain metabolites is currently feasible from the rat or mouse brain,

and the metabolite detection threshold is about 0.5 μmol/g. The 1H MR spectrum

in Fig. 2.1 clearly illustrates that a substantial spectral overlap is present at

magnetic field strengths as high as 9.4 T. Consequently, the full scale of the

neurochemical information can be obtained only if carefully optimized advanced

spectroscopy acquisition and processing techniques are used. A suboptimal pulse

sequence design or a modest misadjustment of acquisition parameters can sub-

stantially deteriorate the resulting spectral quality, which makes reliable quanti-

fication of metabolites impossible. As the most advanced MRS techniques and

processing tools are not routinely provided by MR scanner vendors, reaching a

high spectral quality and reliability of metabolite quantification can be challeng-

ing for MRS users.

The primary goal of this chapter is to review the basic principles of MRS in

animal models, to improve the understanding of the challenges that MRS users

might be facing, and to help potential new MRS users to choose the most appro-

priate approaches in order to maximize the neurochemical information that can

be obtained by this technique. The chapter specifically provides an overview of the
1H MRS methodology for studying animal models of human neurodegenerative

diseases. The chapter’s subsections focus on MRS data acquisition, processing, and

metabolite quantification. At the end of the chapter, some examples demonstrating

the potentials of high-field 1H MRS for neurochemical profiling in mice are

presented.

MRS Data Acquisition

Hardware Requirements

The hardware of modern small animal MRI scanners, in general, meets the require-

ments for advanced MRS. But spectroscopy has high demands especially on the

performance of the second-order shim system and the design of the RF coils.

Sensitivity is one of the limiting factors for MRS, because the concentration of

MR detectable metabolites is by 4 orders of magnitude lower than the concentration
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of water, which provides the source signal for MRI. As both the MR sensitivity and

the chemical shift dispersion (in Hz) scale with the strength of the static magnetic

field (B0), ultrahigh-field MR systems (�7 T) are highly beneficial for small animal

MRS. Currently 9.4 T MR scanners appear to be the best compromise between cost

and performance for advanced 1H MRS of rodents.

Fig. 2.1 In vivo 1H MRS of the mouse brain at 9.4 T. (a) A representative 1H MR spectrum

acquired from the hippocampus (STEAM with OVS and VAPOR water suppression, TE¼ 2 ms,

TR¼ 5 s, NT¼ 320). (b) The neurochemical profile of the hippocampus quantified from the

spectrum shown in (a), LCModel, error bars indicate the estimated error of this fit (Cramér-Rao

lower bounds). Abbreviations of metabolites: MM macromolecules, Ala alanine, Asc ascorbate,

Asp aspartate, Cr creatine, PCr phosphocreatine, GABA γ-aminobutyric acid, Glc glucose, Gln
glutamine, Glu glutamate, GSH glutathione, Gly glycine, Ins myo-inositol, Lac lactate, NAA N-
acetylaspartate, NAAG N-acetylaspartylglutamate, PE phosphoethanolamine, Tau taurine, GPC
glycerophosphocholine, PC phosphocholine
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RF Coils

Appropriate RF coils can substantially boost the sensitivity and increase the signal-

to-noise ratio (SNR) of acquired data. In order to increase the sensitivity of the RF

coil, the coil has to be as close as possible to the examined volume of interest (VOI)

in the brain. Therefore, surface RF coils might be preferred over volume coils for

brain MRS of rodents, because it is much easier to place a small surface RF coil

directly on top of the head in close proximity of the VOI. An additional advantage

of small surface RF coils is their spatially limited sensitivity, which significantly

helps to minimize the unwanted signals arising from remote areas outside of the

VOI. However, this spatially limited sensitivity may cause difficulties in acquiring

MRS data from deep brain structures. One solution is to use a volume RF coil for

transmission, which can generate a spatially homogeneous B1 field, and a separate

small surface RF coil only for reception. Another alternative is to use a quadrature

transmit/receive surface RF coil with two geometrically decoupled single-turn

loops of appropriate diameter (10–15 mm), which might be the best compromise

for mouse brain MRS, providing high sensitivity and reasonable spatial homoge-

neity for transmit as well as for receive RF fields.

Shim System

The B0 field homogeneity is absolutely essential for MRS, because it determines the

spectral resolution. B0 inhomogeneity over the selected VOI increases the spectral

linewidth that consequently decreases the SNR and increases the overlap of metab-

olite resonances, which together result in compromised metabolite quantification.

B0 inhomogeneities primarily originate from susceptibility differences between air

and tissue. These inhomogeneities are scaled with the strength of the B0 field and

become highly nonlinear at ultrahigh magnetic fields. Animal MR scanners are

typically equipped with the hardware (shim coils and drivers) capable of generating

magnetic fields of appropriate strengths and symmetries to compensate these

inhomogeneities. The process of adjusting the B0 field homogeneity is known as

B0 shimming or simply shimming. The spatial magnetic field inhomogeneities are,

in general, very complex, but for small VOIs they can be sufficiently well approx-

imated by first- and second-order shim terms.

The strength of linear shims (X, Y, Z) is not a limiting factor, because powerful

gradient coils and gradient amplifiers are widely used in MR scanners for the first-

order shim corrections. Therefore, the strength of the second-order shim system is

critical for successful MRS at high fields. The smaller the animal head, the bigger

are the field deformations, which implies that a substantially more powerful shim

system is required for brain 1H MRS in mice relative to rats. The maximum

strengths of the second-order shim system recommended for the 9.4 T small animal

MR scanner are at least 2000 Hz/cm2 (50 μT/cm2) for XZ, YZ, and Z2 shim coils

and 1000 Hz/cm2 (25 μT/cm2) for XY and X2Y2 shim coils [2].

16 I. Tkáč



B0 Shimming

As it was mentioned in the previous section, B0 shimming is a key factor for MRS

and reliable metabolite quantification because the separation of some metabolite

resonances (signals) is only a few Hz. Successful B0 shimming requires not only a

powerful second-order shim system but also an efficient B0 mapping technique for

automatic adjustment of currents in shim coils. Methods developed for B0 field

mapping can be grouped into two categories: methods based on 3D B0 mapping [3]

and B0 mapping along projections [4]. In both cases, B0 mapping is based on phase

evolution of the transverse magnetization in an inhomogeneous B0 field. Small

VOIs selected for 1H MRS require high spatial resolution of the B0 mapping

method, which favors projection techniques, such as FASTMAP [4, 5] over 3D

mapping techniques.

FASTMAP is a fully automatic B0 shimming method. It maps the field along thin

bars through the center of the shimmed volume. Typically, three to four iterations

are necessary for very fine shimming and the entire process takes less than 2 min.

The FASTMAP technique allows adjustment of B0 homogeneity in volumes as

small as 4 μL (Figs. 2.1 and 2.2a). The natural signal linewidth (assuming perfect B0

homogeneity) is determined by the T2 relaxation and the microscopic heterogeneity

of the tissue. The linewidths of unsuppressed water signals ranging from 10 to

12 Hz are achievable at 9.4 T for most mouse brain regions. However, in some brain

areas, such as the cerebellum, the spectral linewidth is broader despite perfect

shimming due to intrinsic properties of the tissue [6, 7]. In general, the natural

signal linewidth is smaller in neonates relative to adults due to higher water content

and less myelin. Consequently, water signal linewidths as low as 8–10 Hz are

achievable at 9.4 T in mouse pups [8].

Poor B0 shimming not only increases the spectral linewidths (Fig. 2.2e) but may

also significantly affect the signal lineshape. Distorted and asymmetric signal

lineshapes make metabolite quantification difficult and negatively affect the reli-

ability of assessed metabolite levels.

Localization Techniques

The basic difference between in vivo 1H MRS and the traditional high-resolution 1H

NMR spectroscopy widely used in organic chemistry and biochemistry is the

capability of MRS to acquire data from a well-defined volume of sample. Spatial

localization is fundamental for in vivo applications, because MR spectra acquired

from the whole animal would not provide meaningful information. Spatially selective

excitation is typically based on a combination of three orthogonal slice-selective

pulses (band-selective RF pulses simultaneously applied with field gradients), and

the signal of interest is acquired from the intersection of these slices. In addition,

localization techniques must include water suppression because the detection of brain
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Fig. 2.2 Most important factors affecting spectral quality. (a) Reference spectrum acquired from

the mouse hippocampus using STEAM localization sequence with OVS and VAPOR water

suppression at 9.4 T (TE¼ 2 ms, TR¼ 5 s), (b) spectrum with low signal-to-noise ratio, (c)
spectrum affected by misadjusted water suppression, (d) spectrum acquired without OVS, (e)
poorly adjusted B0 field homogeneity, (f) spectrum affected by uncorrected residual eddy currents
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metabolites (in mM concentration range) is extremely difficult in the presence of a

large water signal (brain water content ~70–80%), 4–5 orders of magnitude stronger

than the signals of metabolites. The design and properties of pulse sequences most

often used for single-voxel 1HMRS studies of small animals will be discussed inmore

detail in the following paragraphs. This chapter does not include the methodology of

MR spectroscopic imaging (MRSI) [9, 10] due to the lack applications of this

technique in animal models of neurodegeneration.

Pulse Sequences for 1H MRS

The two most frequently used localization pulse sequences for in vivo 1H MRS are

PRESS (point-resolved spectroscopy) [11] and STEAM (stimulated echo acquisi-

tion mode) [12]. The PRESS sequence is based on the combination of three

orthogonal slice-selection pulses with a double spin echo (90�-180�-180�). On the

other hand, the STEAM sequence is based on the combination of slice-selective

pulses with a stimulated echo (90�-90�-90�). Each technique has its pros and cons.

The PRESS sequence provides twice as much signal as the STEAM from the same

VOI, but the VOI is not as well defined as in STEAM (slice-selection profile of 180�

is typically worse than that of 90� pulses). In addition, PRESS is more susceptible

for unwanted coherences, and the chemical shift displacement error (see the next

paragraph) might be a big problem for high-field 1H MRS when the peak transmit

RF power is limited. The STEAM sequence provides only 50% of available signal

from the VOI (because of the stimulated echo), but the volume selection is superior

to PRESS. This sequence is also less susceptible for unwanted coherences that

originate from outside of the VOI and enables better water suppression due to an

additional water suppression RF pulse during the TM period (between second and

third 90� RF pulses). Finally, STEAM allows shorter echo times (TE) than PRESS,

which has the advantages of suppressing J-modulation in metabolite spectra with

coupled spin systems and detecting signals of metabolites with short T2 relaxation
more reliably. The localization performance of both sequences can be improved by

outer volume suppression (OVS) applied prior to the VOI selection (Fig. 2.2a, d),

which has been well demonstrated with the ultrashort echo-time STEAM sequence

developed for 1H MRS of rodents at 9.4 T [13].

The LASER (localization by adiabatic selective refocusing) pulse sequence [14]

provides full intensity from selected VOI similar to the PRESS sequence, but the

volume selection, achieved by a pair of adiabatic RF pulses for selection of each

slice, is far superior relative to PRESS. In addition, the LASER sequence is fully

adiabatic, which means that the VOI is properly selected independent of the applied

RF power (above the required adiabaticity threshold). This property of the sequence

is extremely useful for MRS studies using surface RF coils with highly heteroge-

neous transmit B1 profiles. This advantage in volume selection comes at the cost of

increased minimum echo time that might require T2 correction for absolute metab-

olite quantification, although TEs as short as 15 ms can be easily achieved with this

sequence using standard 9.4 T hardware [7, 15].
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More recently, the SPECIAL (spin echo full intensity acquired localization)

pulse sequence was introduced [16], which is based on a single spin echo combined

with a slice inversion applied on alternative scans (180�-90�-180�), similar to 1D

ISIS (image-selected in vivo spectroscopy) localization technique [17]. This

approach allows acquiring full intensity signal with very short TE. However,

these advantages are partially hampered by a potential for spectral contamination

resulting from incomplete subtraction of unwanted coherences since SPECIAL is

not a single-shot MRS technique.

Chemical Shift Displacement Error

Chemical shift displacement error (CSDE) is a general problem of all single-voxel

MRS localization techniques that use slice-selective pulses (simultaneously applied

band-selective RF pulse and the field gradient) for VOI selection. CSDE results

from a spatial displacement of selected slices for off-resonance signals. It means

that metabolite resonances with different chemical shifts originate from volumes

that are spatially displaced from the nominal VOI (Fig. 2.3). This spatial displace-

ment is proportional to the ratio of the spectrum frequency range (in Hz) to the RF

pulse bandwidth. Most of the signals of interest in 1H MRS are grouped within a

3 ppm range, but this spectral range corresponds to a frequency range that is linearly

proportional to applied magnetic field B0. Therefore, CSDE becomes a serious

problem at high magnetic fields. For example, the 3 ppm range corresponds to

600 Hz at 4.7 T, but it increases to 1200 Hz at 9.4 T. The commonly used 90� sinc
RF pulse of 1 ms has a 3 kHz bandwidth, which results in 20% VOI displacement

for resonances separated by 3 ppm just along one axis at 4.7 T. However, the

bandwidth of 180� sinc RF pulse generated by the same peak transmit power is only

2.25 kHz, resulting in 54% VOI displacement at 9.4 T. This shows the CSDE

challenge for the PRESS sequence at high magnetic fields. This drawback in

volume selection can be minimized by increasing the bandwidth of RF pulses by

Fig. 2.3 Illustration of the

chemical shift displacement

error. The volumes from

which the metabolite

signals originate are

displaced from the nominal

position of the VOI

depending on the frequency

offset from the nominal

frequency used for the VOI

selection
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decreasing their duration, as in ultrashort echo-time STEAM [13], or by substituting

amplitude-modulated RF pulses by pairs of broadband frequency-modulated adia-

batic RF pulses, as it is used in the LASER sequence [14]. These approaches limit

the CSDE at 9.4 T to an acceptable 10% per each slice selection. Although a major

CSDE is not recognizable in a spectrum, it may lead to a significant bias and

misinterpretation of acquired MRS data.

Water Suppression

Highly effective water suppression is extremely important for reliable quantifica-

tion of metabolites because the residual water signal, which is rather often out of

phase, may cause serious baseline distortions (Fig. 2.2c). Even though the residual

water signal can be removed from the spectra using the Hankel singular value

decomposition (HSVD) approach [18], this approach cannot eliminate its sidebands

(typically caused by gradient coil vibration) overlapping with metabolite resonances.

Therefore, in order to minimize unwanted coherences in 1HMRS data, highly efficient

water suppression is always preferred over post-processing water signal removal

techniques. The RF pulses applied in the water suppression pulse train have to be

frequency selective, suppressing resonances only in a narrow spectral range

(�0.4 ppm) centered on the water resonance at 4.7 ppm. The widely used WET

(water suppression enhanced through T1 effects) technique [19] has been recently

more often replaced by the VAPOR (variable pulse power and optimized relaxation

delays) water suppression method [13]. This technique, which consists of seven

frequency-selective RF pulses, is relatively insensitive to B1 and T1 variation and can
routinely suppress the residual water signal down to the noise level (Fig. 2.2) [2, 8, 20].

Localization Performance

The localization performance of the sequence can be characterized by two factors:

first, how accurately the received FID is localized to the selected VOI and,

secondly, to which extent the received FID is contaminated by unwanted coher-

ences from outside of the VOI. The accuracy of localization, outer edges of the

VOI, and the CSDE depend on the excitation profiles and bandwidths of the RF

pulses utilized in the localization sequence. The small sidelobes on both sides of the

central excitation profile can excite spins outside of the VOI. If the sidelobes excite

extracerebral subcutaneous tissue, unwanted signal from lipids (around 1.5 ppm

and typically out of phase) will contaminate the 1H MRS spectrum of the brain

(Fig. 2.2d). These imperfections in the localization performance can be minimized

by appropriate OVS (Fig. 2.2a, d). The OVS scheme must utilize broadband RF

pulses (the frequency-modulated hyperbolic secant pulses are the best choice) to

keep the CSDE of OVS in a similar range as the CSDE of the VOI.

The second challenge that accompanies the volume selection originates from the

fact that the series of RF pulses also creates other types of coherences (FIDs, spin
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and stimulated echoes) that have to be eliminated by crusher gradients (gradient

dephasing) and phase cycling of RF pulses and receiver. Unwanted coherence

suppression by gradient dephasing is preferable because the elimination of strong

unwanted coherences by subtraction does not work reliably under in vivo condi-

tions. The dephased magnetization is apparently lost. However, this apparently lost

magnetization can be rephased back during signal detection by inhomogeneous B0

fields outside of the VOI and can generate unwanted echoes.

Because of an inherently low detection sensitivity of MRS and strong overlap of

metabolite resonances in an overcrowded spectral range (1–4 ppm), the spectral

quality is critical for reliable metabolite quantification. Unwanted signals, deterio-

rating the spectral quality, always originate from outside of the VOI. A sufficient

SNR (Fig. 2.2a, b) is very important for accurate and precise metabolite quantifi-

cation. But the quality of the spectra, which depends on B0 shimming, the efficiency

of water suppression, and the elimination of unwanted coherences, is even more

important than the SNR (Fig. 2.2). Only well-designed and optimized pulse

sequences can provide high-quality spectra, which are critical for meaningful

analysis and neurochemical profiling. There are many examples in literature for

high-quality 1H MR spectra measured by STEAM [2, 8, 20–22], LASER [6, 7, 15,

23], and SPECIAL [24–26] pulse sequences.

Eddy Currents

Eddy currents are induced in the conducting structures of the magnet by fast

magnetic field gradient switching and result in undesirable time-varying magnetic

field gradients and magnetic field shifts. These gradients and field shifts cause line

broadening and distortions of lineshape. Despite compensation for eddy current

effects by hardware, some residual eddy currents always persist and affect spectral

linewidth and lineshape (Fig. 2.2f) and thereby may cause major problems in

accuracy of metabolite quantification.

Animal Handling and Data Acquisition Strategies

Successful in vivo 1H MRS requires keeping optimal and stable physiological

conditions during the entire experiment. To achieve that, a well-designed animal

holder, which firmly holds the rat or mouse head in stable position and at the same

time allows smooth respiration, is required. Continuous monitoring of respiration

and body temperature is essential. The respiration rate for spontaneously breathing

mice should be kept in a range of 80–100 per minute by adjusting the isoflurane

level in anesthetic gas mixture (N2O/O2 ~ 1:1). The deoxyhemoglobin is a para-

magnetic molecule and is a major source of microscopic B0 heterogeneity of the

tissue, which affects the signal linewidth. Without optimal blood oxygen saturation,

high spectral resolution is not possible despite perfect B0 shimming.
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Animal respiration and small body motions (not the head) result in frequency

fluctuations, which cause line broadening if these fluctuations are not corrected.

Even very small head movements, caused, e.g., by gasping, result in signal phase

fluctuations, which decrease the signal intensity of the averaged spectrum. There-

fore, a single-scan averaging mode (FID of the each scan is saved separately in

memory) is preferred in order to allow post-processing phase and frequency

corrections before data summation. If the SNR of a single-scan spectrum is too

low (VOI is too small) for performing any correction, then data acquisition in small

blocks is recommended. For example, instead of acquiring 160� 1 scan, 20� 8

scans can be acquired. This approach enables frequency correction at least between

these 20 FIDs (spectra) before summation. In addition, this MRS data collection

approach allows eliminating corrupted blocks of data from summation to avoid

deterioration of the final spectral quality due to intermittent instability.

MRS Data Processing and Quantification

MRS Data Pre-processing

Frequency and Phase Correction

As it was mentioned before, respiration and small body movements can cause

frequency and phase fluctuations in the acquired data. In addition, maintaining a

long-term stability of the B0 field within �1 Hz is difficult. Therefore, a single-scan

averaging approach is highly recommended because it allows correction of any

frequency or phase change on each single scan (FID). Preferentially, these correc-

tions have to be applied on time-domain data (FIDs). If the SNR of single-scan data

is not sufficient, then the single-scan data should be first summed in small blocks

(e.g., eight scans per block) and then the frequency correction can be applied on

these summed data. This approach cannot correct any phase or frequency instability

that occurs within these short time periods, but can efficiently remove a long-term

frequency drift. Uncompensated small frequency fluctuations result in broader

lines, but signal integrals are preserved. However, uncompensated phase fluctua-

tions reduce the signal integrals and may lead to an underestimation of metabolite

concentrations. Therefore, blocks with obviously decreased intensity must be

eliminated from the final summation. If we already know that the SNR of single-

scan data will not be sufficient to perform these corrections, saving data acquired in

relatively short time periods (e.g., eight scans) is a reasonable approach.

Correction for Residual Eddy Currents

Lineshape distortions caused by residual eddy currents can be easily removed from

metabolite spectra using characteristics of the lineshape distortion taken from the
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unsuppressed water signal [27]. This unsuppressed water signal must be acquired

exactly with the same set of parameters, including all gradients, as those used for

metabolite spectra acquisition, except for RF pulses used for water suppression.

This eddy current correction can be applied on individual scans or simply on the

final summed FID.

Metabolite Quantification

Analysis of short echo-time in vivo 1H MR spectra of the brain is rather complex

and requires sophisticated fitting methods. Despite increased chemical shift disper-

sion at ultrahigh magnetic fields and optimal B0 shimming, spectra of individual

metabolites are highly overlapped. Therefore, a simple integration method that has

been routinely used for long TE spectra with three or four peaks is not applicable for

short TE spectra. A big advantage for meaningful quantification of 1H MRS spectra

is the knowledge about metabolites that make a dominant contribution to in vivo

spectrum of the brain. The homeostasis of the brain is extremely well maintained,

therefore except in cases of major metabolic defects, the set of metabolites con-

tributing to brain spectra is well defined. In addition, the pH and temperature of the

brain are typically maintained at a very narrow range, which means that 1H MR

spectra of metabolites can be easily measured under identical conditions. The

database of these metabolite spectra forms the prior knowledge for all spectral

quantification techniques. In order to get meaningful neurochemical information,

fitting algorithms decompose the in vivo spectrum into appropriately broadened

metabolite spectra from the database. It is a rather simplified model, but it works

reasonably well.

Quantification Methods

The two most commonly used spectral fitting software packages are jMRUI

[28, 29], working in the time domain, and LCModel [30], working in the frequency

domain. If the same prior knowledge is used, both methods should provide very

similar quantification results [31]. Quantification errors are estimated by Cramér-

Rao lower bounds (CRLB). It should be emphasized that CRLB are estimated on

the basis of the assumption that the model (spectral basis set) is correct and

complete. Obviously, this is not possible and reasonable simplifying assumptions

have to be made. The metabolite spectra included in the database can be experi-

mentally measured or simulated based on published information about metabolite

chemical shifts and J-couplings [32]. The basic principle of LCModel analysis is

demonstrated in Fig. 2.4. The in vivo 1H MR spectrum (also shown in Fig. 2.1a) is

decomposed into a linear combination of metabolite spectra from the prior knowl-

edge database (basis set). The fitting routine is scaled in such a way that the

coefficients of this linear combination are the estimated metabolite concentrations.
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Fig. 2.4 LCModel analysis of the spectrum acquired from the mouse hippocampus at 9.4 T

(shown on Fig. 2.1). LCModel analysis was performed using a simulated basis set that includes

experimentally measured spectrum of fast-relaxing macromolecules
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The result of the LCModel analysis is shown as a bar diagram in Fig. 2.1. The

reproducibility of the neurochemical profiling in mice is demonstrated in Fig. 2.5,

where the metabolite concentrations quantified from the hippocampus of two

different groups of C57BL/6 mice are compared.

Macromolecule Background

Short TE 1H MR spectra have significant signal contribution from fast-relaxing

macromolecules that are easily recognizable between 0.5 and 1.8 ppm (Figs. 2.1

and 2.4). A dominant contribution to these macromolecule signals in the healthy

brain comes frommobile proteins in cytosol. These broad signals must be taken into

account in metabolite quantification and should not be fitted as a baseline. Including

a measured macromolecule spectrum in the basis set is a very robust approach,

which improves the quantification of weakly represented metabolites, such as

GABA [33, 34]. The macromolecule spectrum can be experimentally measured

using an inversion-recovery experiment [34]. The small residual metabolite signals

can be suppressed using diffusion weighting [35], or they can be removed from the

spectra in post-processing [36].

Referencing

Metabolite quantification requires appropriate referencing to obtain values in con-

centration units. The signal of total creatine (Crþ PCr) has been widely used as an

internal reference, assuming a concentration of 8 μmol/g. However, using total

creatine as an internal reference is far from being optimal because its content varies

Fig. 2.5 Reproducibility of neurochemical profiling in the mouse brain at 9.4 T. The neurochem-

ical profiles of the hippocampus measured from two different groups of male C57BL/6 mice

(N¼ 10 in each group) are shown in light and dark gray. Error bars indicate the SD
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between brain regions (Fig. 2.6) and changes significantly during brain develop-

ment [24, 25, 37] and as a consequence of neurodegenerative processes

[20, 21]. Using the unsuppressed water signal as a reference is a very useful

approximation and has worked extremely well in many in vivo 1H MRS applica-

tions [1, 6–8, 15, 20, 21, 23, 26]. An alternative referencing method called ERETIC

(Electric Reference To access In vivo Concentrations) has been described [38].

Relaxation

It is extremely difficult to precisely measure T1 and T2 relaxation times of all brain

metabolites in vivo. In addition, relaxation times are not properties of molecules,

but each proton in a molecule has its own T1 and T2 values. The relaxation

parameters of metabolites have been recently assessed based on the simplified

Fig. 2.6 Comparison of the neurochemical profiles acquired from the hippocampus and midbrain

of C57BL/6 mice (N¼ 6) at 9.4 T. Error bars indicate the SD, *p< 0.05, **p< 0.01, ***p< 0.001,

****p< 0.0001
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assumption that all CH2 and CH protons within the same molecule have approxi-

mately the same relaxation properties [39–41]. When MRS data are acquired using

shorter repetition time (TR) or longer TE, then corrections for relaxation effects

must be applied for “absolute” metabolite quantification. But these corrections are

unnecessary when an ultrashort TE localization sequence and a long TR are used

[8, 20–22], making this a robust approach for reliable neurochemical profiling.

Neurochemical Profiling

The primary goal of neurochemical profiling is to extend the range of quantifiable

metabolites and to improve the precision and the accuracy of their quantification.

Reliable quantification of more than 15 brain metabolites is feasible from the rodent

brain when advanced high-field MR instrumentation, carefully optimized pulse

sequences and acquisition strategies, and sophisticated data processing methods

are used [1, 6–8, 15, 20–22, 26, 33]. The metabolite distribution in the rat or mouse

brain is rather heterogeneous, which is illustrated in Fig. 2.6 where the neurochem-

ical profiles of the hippocampus and the midbrain are compared. This figure also

demonstrates the power of 1H MRS to detect differences in tissue composition.

In conclusion, reliable, noninvasive quantification of an extended range of brain

metabolites in rodents is feasible. To achieve this goal, high-quality in vivo 1H MR

spectra and sophisticated processing tools with well-optimized prior knowledge are

needed and are now being used successfully by an increasing number of laborato-

ries worldwide.
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Chapter 3

Methodology of Clinical MRS: Technical
Challenges and Solutions

Bart W.J. Philips and Tom W. Scheenen

Abstract For certain applications in the brain, proton MRS has evolved from a

research tool into a clinically viable application, useful for studying diseases and

clinically relevant disease parameters. It is however technically challenging to

obtain high-quality MR spectra and precisely measure subtle neurochemical

changes in degenerative brain diseases. In this chapter these technical challenges

will be discussed and potential solutions will be outlined. After introducing the

sensitivity challenge of MRS, different methods for localization of a volume of

interest are summarized. Subsequently, solutions to suppress the large water signal

and unwanted residual signals from outside the volume of interest are discussed

together with shimming, culminating in a description of the different calibration

steps covering all these issues and an overview of methods for estimating metab-

olite concentrations from MRS data.

Keywords Single-voxel spectroscopy • MR spectroscopic imaging •

Localization • Pulse sequences • PRESS • STEAM • ISIS • LASER • Semi-

LASER • SPECIAL • Chemical shift displacement error • Spectral editing •

Quantification

Background on Clinical MRS

Magnetic resonance spectroscopy (MRS) can be used to study metabolites in the

human body. As long as these metabolites are available in relatively high enough

concentrations and feature one or more MR visible nuclei, they can be measured

with MRS. Many studies have shown large differences in metabolite levels com-

pared to healthy brain in acute stroke, chronic multiple sclerosis, metabolic disor-

ders, and brain tumors (reviewed in [1]). A recent example that has received

considerable interest for imaging brain tumors is the ability to measure

2-hydroxy-glutarate (2-HG), which is normally not measurable in the human tissue.

B.W.J. Philips, M.D. • T.W. Scheenen, Ph.D. (*)

Department of Radiology and Nuclear Medicine, Radboud University Medical Center,

Geert Grooteplein 10, Nijmegen, GA 6525, The Netherlands

e-mail: Bart.Philips@radboudumc.nl; Tom.Scheenen@radboudumc.nl

© Springer International Publishing Switzerland 2016
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In certain mutations in gliomas, isocitrate dehydrogenase (IDH) is affected, such

that 2-HG builds up to measurable quantities in the tumor. 2-HG is therefore a

marker of IDH dysfunction, which is associated with a better prognosis in gliomas.

MRS can therefore be used in the clinic to measure biomarkers of disease [2]. While

brain tumors have been the primary indication for MRS in the clinical setting,

consensus was recently reached that MRS is expected to contribute to patient

management in neurodegenerative diseases as well [1].

As such, proton MRS has evolved from a research tool into a clinically viable

application, useful for studying a number of central nervous system diseases and

clinically relevant disease parameters. It is however technically challenging to

obtain high-quality MR spectra and precisely measure subtle neurochemical

changes in neurodegenerative diseases. In this chapter these technical challenges

and potential solutions will be discussed.

Technical Challenges and Solutions

Sensitivity

In magnetic resonance imaging, we are interested in the MR signal of protons from

water and lipids. As our brain consists of about 75% water, this signal is generally

abundantly available. In spectroscopy the signals of interest are, in most cases, not

the signal of water, but of molecules that are present in our bodies at concentrations

much lower than that of water. N-acetyl-aspartate (NAA, a marker for healthy

neuronal tissue), for example, has a concentration in the order of 10 mmol/L in the

brain tissue, whereas water protons are available at a concentration of around

80 mol/L in white matter and around 90 mol/L in gray matter (factor 8� 103

difference). This results in a substantially lower signal-to-noise ratio (SNR) in

spectroscopy when compared to conventional MRI. In combination with the already

low intrinsic sensitivity of magnetic resonance, SNR is in most cases the limiting

factor in spectroscopy and is the main reason for the often long measurement times.

Using basic statistical physics, a relation can be derived for the magnetization of

a sample with an arbitrary number of spins (protons) and temperature T in a static

magnetic field B0. This results in an expression for the sensitivity of magnetic

resonance:

sensitivity � hγB0

2kbT

with h, the Planck constant, kb the Boltzmann constant, and γ the gyromagnetic

constant of protons. At room temperature in a magnetic field of 3 Tesla (T), this

gives us a sensitivity of about 10�5 for hydrogen (which has the highest intrinsic

sensitivity of all nuclei). This means that only 1 in 100,000 hydrogen nuclei

(or protons) contributes to the magnetic resonance signal. For this reason the
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sensitivity of magnetic resonance is considered to be low and there are not many

ways to influence this. The temperature can obviously not be influenced in a living

subject, but the magnetic field strength of an MR system can be increased. Alter-

natively one could change the nucleus of interest, but as the hydrogen nucleus has

the highest gyromagnetic ratio, this will always result in a lower sensitivity of the

measurement, which complicates spectroscopy of nuclei other than hydrogen.

Because of the low sensitivity of magnetic resonance and the low concentrations

of the molecules of interest in spectroscopy, spectroscopists are often forced to

repeat the same measurement many times to increase the SNR to acceptable levels.

With increasing repetitions, also more noise is acquired. Noise is stochastic and

therefore scales with the square root of measurement time. A measurement with

twice as many repetitions therefore gives a SNR that is a factor of
ffiffiffi

2
p

higher.

Increasing SNR with additional repetitions by linearly increasing total measure-

ment time is therefore not very efficient but often necessary. If one, for example,

needs to increase the SNR of an experiment by a factor of 4, this would increase the

total measurement time by a factor of 16!

Another important factor influencing SNR—apart from hardware considerations

in radiofrequency coil setup and signal receive chain—is the voxel size. This results

in roughly the following relation for SNR:

SNR / γB0V
ffiffiffiffiffi

tm
p

with V the voxel size and tm is the measurement time. SNR therefore scales roughly

linearly with magnetic field strength, which was one of the main reasons to increase

this in modern clinical MR systems over the years. The dependence of SNR on

voxel size can be understood by considering that the amount of spins that contribute

to the NMR signal is proportional to the voxel volume.

Another reason to increase the main magnetic field, which is mainly of interest to

spectroscopists, is the increase in chemical shift between different spectroscopic

signals at higher field strengths. The distance between peaks of interest in Hertz

increases linearly with the magnetic field. If two metabolite peaks display spectral

overlap and cannot be distinguished, the peak separation can be increased by

increasing the magnetic field strength. This enables more accurate detection of

metabolites and in some cases detection of metabolites that would otherwise not be

detectable. An example of interest in neuroscience is the separation of signals from

neurotransmitters glutamine and glutamate. These signals are not distinguishable at

1.5 T, whereas they are at 7 T (Fig. 3.1).

Localization

When performing spectroscopy in a human subject, we are interested in the

spectrum of a certain part of the body or the brain; hence, we need proper

localization of the MR signal. Correct localization is not only essential to obtain
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signal from an area of interest, it is also necessary to eliminate signal from

outside that area of interest, especially as these unwanted signals originate

from water or lipids. For example, when measuring lactate signal in the brain

at the chemical shift of 1.3 ppm, it is essential to properly localize the voxel or

volume of interest and not receive any signal from subcutaneous lipid tissue

surrounding the skull. These lipids have large resonances in the chemical shift

range of 0.5–2.0 ppm and can therefore overlap and obscure the lactate signal, as

the lipid signals are several magnitudes larger than that of lactate. In spectros-

copy we can distinguish two methods for signal localization: single-voxel spec-

troscopy (SVS) and MR spectroscopic imaging (MRSI, also called chemical shift

imaging or CSI).

Single-Voxel Spectroscopy (SVS)

In SVS an MR sequence is used that selects one single volume from which the

spectrum is measured. There are several techniques to perform this; three will be

discussed here: PRESS, STEAM, and ISIS.

Fig. 3.1 The spectrum of glutamate and glutamine on 1.5, 4, and 7 T. The x-axis is scaled with

actual frequency. Notice how the glutamine and glutamate peaks around 2.4 ppm are not

distinguishable on 1.5 T, whereas a clear distinction can be made on 7 T. Notice also the

separation between the peaks at 2.4 and 2.1 ppm of both glutamate and glutamine on 7 T that

appear as one peak on 1.5 T. The reason for this is that in the case of 1.5 T, the chemical shift

difference between glutamine and glutamate for the peak around 2.4 ppm is small compared to

the J-coupling effect. Chemical shift scales with the magnetic field strength, whereas J-coupling
does not. Therefore, at higher field strength, the chemical shift difference between the glutamine

and glutamate peaks increases, whereas the width of the peaks does not (the width of the peaks is

caused by J-coupling in this case and by magnetic field inhomogeneities). Reprinted with

permission from [30]
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PRESS

Point-resolved spectroscopy (PRESS) [3] localization uses three orthogonal slice-

selective radiofrequency (RF) pulses to select a 3D volume. This is depicted in

Fig. 3.2, which also shows the PRESS pulse sequence. The sequence starts with a

slice-selective 90� pulse that puts the magnetization in the transverse plane. This

Fig. 3.2 PRESS volume selection with MRSI. Three orthogonal slice-selective RF pulses (one

90� excitation pulse followed by two 180� refocusing pulses) select one volume of interest (box
within bold black lines). Sx, Sy, and Sz are the slice selection gradients, C are the crusher gradients

surrounding the 180� pulses, and PE are the phase encoding gradients that allow spatial localiza-

tion for MRSI. In SVS mode these PE gradients are not present. The spin echo occurs at time TE,

with τ1þ τ3¼ τ2¼TE/2
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pulse selects a slice in one direction. Subsequently, two slice-selective 180�

refocusing pulses follow, which invert the spins. These pulses are slice selective

in the two other orthogonal directions and, as they invert the magnetization, an echo

forms at time TE ¼ 2 � τ2. This can be understood in the following way. After

excitation with the 90� pulse, the magnetization starts dephasing by T2* decay for a

time period τ1. The first 180
� pulse inverts the magnetization such that the magne-

tization starts rephasing in the opposite direction to dephasing that occurred in time

period τ1. This occurs for a time period τ2. After the second 180� pulse, which again
inverts the magnetization, the magnetization rephases in the same direction as in

time period τ1. This means that when τ1þ τ3¼ τ2, the dephasing of the magnetiza-

tion by T2* is effectively zero (apart from the T2 decay), and thus a spin echo forms

at echo time TE ¼ 2 � τ2.
By using three orthogonal slice-selective RF pulses, only the magnetization that

is located at the intersection of these three orthogonal slices—the volume of interest

(VOI)—will form an echo at the abovementioned echo time. Magnetization located

outside this intersection will either not form an echo at all or will form an echo at a

different time. This way only signals located within this intersection will be

measured.

PRESS localization is robust and easy to perform, but has some limitations. One

of the main problems is the chemical shift displacement error (CSDE). Signals with

different chemical shifts (different positions in the MR spectrum) experience

different slice selections: the combination of the bandwidth of the RF pulse, the

chemical shift of the metabolite of interest, and the strength of the selective gradient

define the exact slice selection for every individual signal. When using large body

coils for signal excitation and refocusing, the bandwidths of these conventional RF

pulses become quite small. As the chemical shift (in Hertz) increases with magnetic

field, the CSDE at 3 T can become very large, if unaccounted for [4]. This causes a

mismatch in the selected volume between different metabolites. Consider the

following example:

When selecting a VOI of 50 mm with refocusing RF pulses with a bandwidth of

1000 Hz, the effective RF bandwidth per distance is 20 Hz/mm. Suppose we are

interested in signals of water (at 4.7 ppm) and lactate (at 1.3 ppm). These signals are

separated by 3.4 ppm� 128 MHz¼ 435 Hz at 3 T. At an RF bandwidth of 20 Hz/

mm, this results in a shift in slice selection of these signals of 435/20¼ 21.8 mm.

Both signals are refocused in a 50 mm slice, but the centers of the two slices are

almost 22 mm apart, which is a CSDE of 44% for these particular signals. With

CSDE occurring in both refocusing slices, the position of the volume of interest for

the two signals is very different. If the carrier frequency of the slice selection is

chosen in between these two signals, the CSDE remains, but both volume selections

deviate equally (both 22% in opposite directions) from the intended volume

selection. In our example, a proper choice of carrier frequency for slice-selective

pulses would be at an offset from water of half the spectral range of interest

(1.75 ppm or 217 Hz offset of water). In Fig. 3.3 the CSDE of a PRESS sequence

at 3 T is visualized.
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The reason why PRESS is sensitive to the CSDE is because of its use of

conventional refocusing RF pulses, which have an inverse relation between RF

pulse time and pulse bandwidth. Large RF transmit coil 180� refocusing pulses

generally have quite a long pulse duration, corresponding to a low bandwidth,

which makes them more prone to the CSDE.

One of the methods to solve this issue is to refocus magnetization with adiabatic

RF pulses, which can have very high bandwidths compared to conventional 180�

pulses. This is called the localization by adiabatic selective refocusing (LASER)

[5, 6] sequence. The benefit of these types of pulses is that their flip angle is much

less sensitive to variations in RF transmit fields (B1) once the adiabatic condition

Fig. 3.3 Conventional PRESS compared to the semi-LASER pulse sequence in a healthy volun-

teer at 3 T. The spectral map of the water signal (at 4.7 ppm) is shown for the PRESS (a) and semi-

LASER (b) approach with a carrier frequency of 2.2 ppm. Notice how the actual selected volume

is clearly more displaced for volume selection with a PRESS sequence compared to the semi-

LASER sequence. The white box indicates the intended volume of interest (VOI), either selected

with the PRESS pulses or with the semi-LASER volume selection. The spectral maps show the

spectra with range �1.0 to 4.0 ppm of the water-suppressed PRESS (c) and semi-LASER (d)
sequence. Notice residual lipid signals in voxels on the left posterior side of the brain, just outside

the VOI that is apparent in the PRESS sequence compared to the semi-LASER sequence.

Reprinted with permission from [4]
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has been reached and can therefore provide a more homogenous excitation over the

volume of interest. These pulses are however very power demanding and need to be

played out in pairs to get the same refocusing effect as one conventional 180�

refocusing pulse. Moreover, for replacing a conventional slice-selective 90� exci-
tation pulse, three pulses are needed (nonselective excitation and one pair of

adiabatic refocusing pulses for one slice selection). This adds up to a total of

seven RF pulses within the LASER sequence, instead of the three pulses for

PRESS, increasing the minimal echo time in a LASER sequence.

In a so-called semi-LASER [4, 7] sequence, the three first pulses of the full

LASER are replaced by one conventional 90� excitation pulse. Shorter echo times

can be reached again, and for the refocusing pulses, the advantages of small CSDE

and insensitivity to B1 inhomogeneities remain. It reduces RF power deposition, but

it somewhat increases the sequence sensitivity to the CSDE in the direction that is

selected by the excitation pulse. Fortunately, an excitation pulse can be performed

within a shorter time than a refocusing pulse, which means that the pulse bandwidth

can still be kept relatively high (and is therefore not that prone to the CSDE). See

Fig. 3.3 for a comparison between the CSDE in the PRESS and semi-LASER

sequences.

STEAM

Another widely used method for localization is called stimulated echo acquisition

mode (STEAM) [8–10], which is quite similar to PRESS. It also uses three

orthogonal slice-selective RF pulses, but all these pulses have a flip angle of 90�

(Fig. 3.4). Instead of using the standard spin echo that is caused by a 90� and a

180� RF pulse, it uses the stimulated echo that is caused by three 90� RF pulses.

The stimulated echo is then only present in the volume at the intersection of

the three slice-selective RF pulses. The actual echo occurs at a time TE/2 after

the last RF pulse, in which TE/2 is equal to the time between the first and second

RF pulses.

The major advantage of using this sequence is that the magnetization of interest

is locked into the longitudinal plane between the second and the third RF pulses. It

therefore does not have any T2 decay during this time, which enables measure-

ments at shorter echo times and is especially beneficial for signals with short T2

relaxation times. For signals with a longer T2 time, this will not result in a SNR

increase as the stimulated echo only contains half the signal of the spin echo that is

used in the PRESS sequence.

One of the other advantages of the STEAM method is that it is less prone to the

CSDE than the PRESS method, because 90� RF pulses generally have larger

bandwidths than conventional 180� pulses.
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ISIS

Image-selected in vivo spectroscopy (ISIS) [11] is somewhat different from PRESS

and STEAM in that it does not directly select a volume. The sequence consists of

three orthogonal slice-selective refocusing pulses, which are turned on or off in

alternate scans, followed by a 90� excitation pulse after which acquisition starts

immediately. With this method signal from the complete volume within the RF coil

is acquired, not just the volume of interest. However, the magnetization located

within the slices that are selected by the refocusing pulses is inverted, causing

signals from that slice to be 180� out of phase. In this sequence one acquisition is

performed for all possible combinations of turning the three refocusing pulses on

and off. By adjusting the receiver phase to the phase that is expected at the volume

of interest, the signal from the volume of interest is always positive, whereas signals

from other parts of the body are alternatively positive or negative. In a clever

addition of all eight possible acquisitions, this results in the addition of all signals

Fig. 3.4 SVS STEAM sequence. Three orthogonal slice-selective 90� RF pulses select one

volume. Sx, Sy, and Sz are the slice selection gradients, which all need a refocusing gradient R

to compensate signal dephasing by slice selection gradients with a 90� pulse. These refocusing

gradients can be placed in between the first and second slice-selective pulses (as shown here) or

after the third 90� pulse, before formation of the stimulated echo. Gradients C are the crusher

gradients during the mixing time. The stimulated echo occurs at time TE¼ 2τ1 with a mixing time,

TM, of τ2. During TM the magnetization is locked into the longitudinal plane and no T2 relaxation

occurs. Instead, the magnetization during TM is subject to T1 relaxation. Additional crusher

gradient pairs could be placed between the first and second 90� pulse and after the third 90�

pulse. When used in MRSI mode, phase encoding gradients can be positioned just before signal

acquisition (as is shown in the case for PRESS-MRSI, Fig. 3.2)

3 Methodology of Clinical MRS: Technical Challenges and Solutions 39



from the volume of interest, whereas signals from outside this region cancel out. In

effect one then obtains signal from only the volume of interest.

The advantage of this sequence is that acquisition starts right after the 90�

excitation pulse, obtaining the free induction decay (FID) instead of an echo.

There is no T2 relaxation from any echo time, which makes this sequence very

popular for acquiring signals with the shortest T2.

A major drawback of the sequence is its sensitivity to motion artifacts during the

cycle of eight acquisitions: any signal that is not subtracted or added well can lead

to large contaminations, especially if the VOI is small compared to the rest of the

body. In addition, long repetition times are needed, because the longitudinal

magnetization needs to be completely recovered for every repetition.

A hybrid version of ISIS and PRESS is the spin echo full intensity acquired

localized (SPECIAL) [12] sequence. In this sequence two orthogonal slices are

selected using slice-selective 90� and 180� pulses. The third dimension is selected

by a slice-selective 180� pulse, which is applied in alternate scans prior to the 90�

excitation pulse and performs the same function as one of the refocusing pulses in

the ISIS sequence. As only one direction is selected using a prior refocusing pulse,

only two repetitions are needed for volume selection. It is therefore less prone to

subtraction artifacts compared to the full ISIS sequence, but it does rely on one

refocusing pulse producing a spin echo, although this can be at a very short

echo time.

Spectral Editing

The spectral resonances of some metabolites overlap with much larger peaks

originating from other metabolites, which make them difficult to visualize and

quantify. If these signals are J-coupled, elegant ways exist to make use of this

coupling from one proton group to another by selectively refocusing the coupling

between the resonance groups with additional frequency-selective RF pulses within

the normal localization scheme (Fig. 3.5). One example of interest is the measure-

ment of gamma-aminobutyric acid (GABA) in the brain. The concentration of

GABA is low in cortical regions (~1 mmol/L), and its spectral pattern largely

overlaps with (phospho-)creatine, glutamate, glutamine, and macromolecule reso-

nances. In that particular case, spectral editing can be used to exploit the J-coupling
of the 3.0 ppm GABA resonance with the GABA resonance at 1.9 ppm to visualize

the GABA multiplet at the 3.0 ppm chemical shift position without overlap with

other resonances.
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Fig. 3.5 Spectral editing. Consider a metabolite with two resonances that are J-coupled, spin S

and spin I (see b). Both signals overlap with large signals and it is therefore very difficult to

visualize and quantify them. (a) Depicts a J-editing sequence. The 180� (S) pulse selectively

inverts the spin S and does nothing with spin I. This RF pulse is alternating between on and off in

subsequent acquisitions. When turned off the J-coupling is not influenced. The TE is chosen such
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MR Spectroscopic Imaging (MRSI)

After localization of a larger VOI with one of the techniques above, the signal

within the VOI can be further localized in an imaging approach: MRSI. As

traditionally the FID of the signals is used to monitor chemical shift dispersion of

different signals, every point in k-space (raw data space in imaging acquisition)

needs to be acquired with a separate acquisition and is encoded with phase encode

gradients in two or three dimensions. This results in a grid, in which every voxel

shows the spectrum at that part of the grid. The total measurement time Tacq in a

traditional MRSI experiment then becomes:

Tacq ¼ Na � Nx � Ny � Nz � TR;

in which TR is the repetition time, Na is the number of averages or repetitions, and

Nx,y,z is the matrix size in the x-, y-, and z-direction. For even moderately small

matrix sizes, this results in long measurement times. For example, with a matrix of

16 by 16 by 16 and TR of 1 s, the measurement would already take more than an

hour for 1 average. MRSI matrices are therefore kept small in most cases, which

also keeps the spatial resolution of MRSI generally quite low. Several acquisition

schemes have been developed to speed up the measurement.

Weighted Elliptical Sampling

By using elliptical sampling, only the k-space points within a sphere of radius kmax

from the center are actually measured. This reduces the measurement acquisition

time by about a factor of 3, but it also reduces the effective resolution by about the

same factor. This acquisition scheme facilitates weighted averaging of the different

phase encoding points, by averaging points that are located close to the center of k-
space more than the points located far from the center. Because the center of k-
space contains the highest SNR, it is weighted stronger compared to the edges of k-
space, increasing the SNR. The weighting function is based upon a certain spatial

filter, such as a Hamming filter, to provide optimal SNR [13].

Fig. 3.5 (continued) that TE¼ 1/J¼ 1/7 Hz¼ 144 ms and the signal of spin I is completely

inverted, which results in spectrum (c). If the 180� (S) pulse is turned on, it inverts the magneti-

zation of spin S. This also inverts the J-coupling between spin I and S. The time between the two

180� (S) pulses is chosen to be TE/2, which means that the J-coupling is completely refocused at

the echo time, which results in the spectrum (d). Note that the lipid signal is not influenced by the

180� (S) pulse and is therefore equal to the lipid signal in (c). If spectrum (c) is subtracted from (d),
this results in spectrum (e), in which the lipid signal cancels out and the signal of spin I adds. Now,
the signal of interest can be quantified. (f) Depicts the addition of spectrum (c) and (d). Derived
from two figures from the book in vivo NMR spectroscopy, Wiley, by Robin de Graaf

⁄�
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Acceleration in MRSI Acquisition Schemes

Another method to decrease the long acquisition times associated with MRSI is to

accelerate the acquisition scheme. The traditional acquisition scheme described

above only samples the spectral dimension during readout. This is inefficient as the

spectral dimension can often be sampled with a spectral bandwidth of

1000–2000 Hz, sampling only one or two sample points every millisecond, whereas

modern MRI systems can easily obtain 100 samples within 1 ms. Several other

acquisition schemes have therefore been developed to sample the spectral dimen-

sion and one or two spatial dimensions at the same time, such as echo-planar

spectroscopic imaging (EPSI) [14] or spiral MRSI [15].

Volume Selection in MRSI

In MRSI the volume of interest is often substantially greater than the VOI in SVS,

as we are interested in the spatial distribution of signals in this case. As signals are

spatially localized, one would expect that volume selection is not necessary when

performing spectroscopic imaging. This is, however, not at all the case. Matrix sizes

have to be kept small, to obtain reasonable measurement times, causing the spatial

response function to stretch over the full field of view (see below). Signals from the

tissue surrounding the part of the body of interest can then contaminate nearby as

well as distant voxels. Especially water and lipid signals can contaminate the

spectra of interest. This is, for example, the case in MRSI of the brain. When

obtaining the spectra over the whole brain, especially the edges of the brain are

located close to lipids. If these are not suppressed, their signal can contaminate

voxels in the brain, and since the lipid signals are much stronger than the metabolite

signals, they can totally obscure the signals of interest. Accurate localization is

therefore also a critical factor in MRSI. The techniques that are used to perform this

are the same as the ones that are used to perform SVS.

SNR in MRSI

In MRSI we divide the volume of interest in several voxels in the order of the matrix

size. This results in voxels that are generally substantially smaller than the VOI in

SVS. As SNR scales linearly with voxel size, SNR becomes even more of an issue

in MRSI than in SVS. The long acquisition time of MRSI is therefore also necessary

to obtain sufficient SNR. MRSI is always a trade-off between SNR, measurement

time, and voxel size. As described earlier, if SNR is low, it takes a lot of additional

acquisition time to increase it (scales with the square root of the number of

repetitions), so the better choice is to increase voxel size. Accelerated acquisition

schemes are also only useful in situations with sufficient SNR.
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Spatial Response Function

When viewing spectroscopic imaging data, one is often presented with a spectral

grid in which a voxel can be selected for its spectral information. The voxel size

depicted in this grid can be quite misleading as the actual voxel size is often much

larger. There are two reasons for this. First, the MR system always interpolates the

acquisition matrix to the nearest power of 2: 8, 16, 32,. . . as this results in a more

efficient reconstruction with the fast Fourier transformation. The grid therefore does

not represent the actual matrix size. The second reason is the use of filters in k-space
to accommodate efficient weighted elliptical k-space sampling and its effect on the

width of the spatial response function (SRF). This function determines the smallest

detail that an imaging method can resolve and is therefore an accurate measure for

spatial resolution. Measures such as the full width at half maximum (FWHM) or

integral of the normalized SRF can be used to determine the spatial resolution of the

MRSI measurement. In MRSI the SRF of uniformly sampled k-space is sinc shaped,
but is strongly influenced by filtering (widening the FWHM, decreasing the spatial

resolution, but also decreasing contaminating side lobes). This SRF determines the

distance from which signals enter the voxels. If the SRF of an experiment, for

example, has a FWHM of 10 mm, this means that signals located within a sphere of

10 mm from the center of the voxel are present within that voxel.

Several factors can greatly influence the SRF, such as k-space apodization filters
and acquisition schemes. Using a 100% Hamming filter, for example, can increase

the actual voxel size by a factor of 3. Therefore, if we would measure a

10� 10� 10 matrix that is interpolated to 16� 16� 16 and we use a 100%

Hamming filter, the voxels of the spectral grid that the scanner displays are about

(16/10)3�3¼ 12 times smaller than the actual voxels. It is therefore important to

keep in mind how the different settings of the experiment influence the spatial

resolution (Fig. 3.6).

Considerations for SVS and MRSI Sequences

The volume selection of SVS/MRSI depends on the technical capabilities of the

MR system and the MR sequence. In many cases artifacts or unwanted magnetiza-

tion (coherence pathways) may enter the spectra. Using smart sequence designs,

these can be reduced as much as possible:

• As discussed before, with the PRESS sequence, we often suffer from the CSDE

due to the reciprocal relation between pulse bandwidth and pulse duration. It is

therefore advantageous to choose the smallest pulse duration possible within the

limits of the RF amplifier and allowed RF power deposition.

• An additional issue with RF pulses is their exact calibration. If refocusing

pulses are not exactly 180�, they will excite unwanted magnetization into the

transverse plane. To counteract this and the residual magnetization from

imperfect slice profiles, the so-called crusher gradients are placed around the
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180� pulses. These gradients are of the same magnitude and duration. The

magnetization of interest will be dephased by the first gradient before the 180�

pulse. After the refocusing pulse, the spins will have inverted, such that the

second spoiling gradient after the pulse will exactly rephase the magnetization

of interest. Unwanted magnetization that is excited by an incorrect 180� pulse
will only be dephased by the gradient pulse after the 180� pulse and therefore

spoiled. Only magnetization in the transverse plane is affected by a gradient

pulse. This technique is called coherence selection and is used to select only

certain coherence pathways.

• During selection of a slice with a symmetrical 90� excitation pulse with its center
of gravity in the middle of the pulse and corresponding slice selection gradient,

the magnetization is effectively dephased by half the slice selection gradient,

which needs rephasing. Slice selections with symmetrical 180� pulses are self-

Fig. 3.6 2D MRSI of the brain of a patient with glioblastoma at 3 T. In (a) a reconstructed

contrast-enhanced axial T1-weighted image of the brain after contrast administration is shown

with the location of the outer volume saturation (OVS) slabs over the subcutaneous lipid layer, the

volume selection with the semi-LASER pulse sequence in white, and the zero-filled acquisition

matrix and the FOV in green. In (b) the range from 1.5 to 4.3 ppm is shown in the individual

spectra in the spectral maps overlaid on the T1-weighted image. In (c) the spectra from in and

around the tumor are shown together with two spectra from the boundaries of the VOI: the true

sizes of the corresponding voxel numbers are indicated with red circles in (a). Measurement

parameters: FOV 140� 140� 10 mm, matrix size 18� 18 filled to 32� 32, acquisition-

weighted k-space averages 3, TR 2 s, total measurement time 10 min 14 s. Reprinted with

permission from [4]
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refocusing and do not need this additional rephrasing gradient. Dephasing during

excitation can be undone with an additional gradient pulse half the size of the

excitation gradient to rephase the initial dephasing. The most effective position

in the sequence to perform this gradient pulse is just before the start of the

acquisition, after all RF pulses. This ensures that only magnetization that has

been excited by the initial excitation pulse is left unspoiled. Magnetization that

was not excited into the transverse plane by the slice-selective pulse will

undergo additional spoiling by this slice refocusing gradient pulse.

• The phase encoding gradients in MRSI are also best positioned just before

acquisition of the MR signal. This ensures that any unwanted residual sig-

nal—if present—undergoes phase encoding and will be localized to its spatial

origin. If this spatial origin is outside the VOI (e.g., residual lipids), then the

unwanted signals will interfere less with signals inside the VOI. If on the other

hand phase encoding gradients are positioned early in the RF pulse train,

unwanted coherences can spread across all voxels of the MRSI matrix.

Localizing unwanted signals to their spatial origins also makes it easier to

identify their causes and to apply additional localized signal suppression (see

below).

• To optimally attenuate unwanted magnetization, it is best to use different

spoiling strengths for the crusher gradients around the different 180� pulses.

This ensures optimal coherence selection and prevents recombination of gradi-

ents into zero net gradient power. By using prime factors in the spoilers, one can

make sure that unwanted magnetization is mostly spoiled.

Water Suppression

As outlined earlier, the concentration of molecules of interest in the brain is in the

order of several mmol/L, which is a factor of ~8� 103 less than the concentration of

protons in water itself. In order to reveal the 1H signals from these molecules

dissolved in water, the signal of water protons needs to be suppressed. Usually

this is done with one or more frequency-selective pulses that excite the water signal

and immediately destroy its phase coherence by strong crushing gradients, after

which the excitation of the signals of interest can take place.

The simplest way of water suppression is to apply one chemical shift selective

(CHESS [16]) RF pulse on the water resonance and spoil the signal with dephasing

magnetic field gradient pulses. However, differences or deviations in RF pulse

amplitude (B1) and T1 relaxation times of the water signal make it nearly impos-

sible to fully suppress the water signal with one pulse. Using four frequency-

selective excitation pulses with optimized inter-pulse timing and numerically

optimized flip angles, derived from a Bloch equation analysis of the longitudinal

magnetization over a broad T1 and B1 range, an improved “water suppression

enhanced through T1 effects” (WET [17]) technique was developed. With increas-

ing magnetic field strength, but especially with the use of surface coils for
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transmitting the RF signal in, e.g., small animals, the demand rose for a water

suppression scheme that was insensitive to an even larger range of B1 inhomoge-

neities, which led to another optimized pulse scheme with more pulses: “variable

pulse power and optimized relaxation delays” (VAPOR, Fig. 3.7 [18]). This

VAPOR water suppression scheme leaves less than 2% (down to 0%) of the

original water magnetization within a nominal flip angle range from 65 to 125�

and a T1 range of water from 1 to 2 s. The crusher gradients between the frequency-

selective pulses need to be chosen carefully to not generate unwanted stimulated

and spin echoes of the water signal. The bandwidth of the frequency-selective

pulses should be small (corresponding to relatively long duration of these RF pulses

of, e.g., 20 ms), such that the water suppression scheme does not affect signals in

the spectral area of interest. Since it has been around for many years already, the

VAPOR scheme has proven to be a reliable and robust water suppression scheme,

adopted in many spectroscopy pulse sequences, and remains a preferred method of

choice.

Fig. 3.7 The optimized flip angles and timing of VAPOR. For three different B1 flip angles (β),
the time dependence of the water magnetization Mz(t)/Mz(0) is calculated and equals zero after t7,

the moment for excitation of the signals of interest. Optimized time delays t1¼ 150 ms,

t2¼ 80 ms, t3¼ 160 ms, t4¼ 80 ms, t5¼ 100 ms, t6¼ 30 ms, t7¼ 26 ms. Reprinted with

permission from [18]
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Outer Volume Suppression

A relatively simple way to suppress signals at spatial locations is the use of

saturation slices (or slabs): a slice-selective excitation of all signals within a slab,

followed by a signal dephasing crusher gradient, can suppress the signals from that

slice down to a few percent of the original signal. This is a very common way in MR

imaging to spatially suppress unwanted signals (e.g., from breathing-related mov-

ing tissue causing artifacts throughout an image). This is possible for multiple

slices, and if performed outside the desired VOI for spectroscopy, this is known

as outer volume suppression (OVS). Positioning of multiple saturation slabs can be

done manually or automatically in relation to the position of the VOI.

The exact amount of signal suppression with a saturation slab depends on the

accuracy of the flip angle of the pulse, the quality of the slice profile of the slab, and

the combination of the T1 of signals in the slab with the time from saturation to

excitation of the volume of interest itself. If the intended flip angle of the RF pulse,

exciting the slice, is inaccurate, residual magnetization along the z-axis remains in

the slice, which can produce residual signal. The slice profile of the RF pulse

depends on the shape of the RF pulse in the time domain. Depending on the time

allowed for one or more saturation slabs, this duration can be longer, which after

optimization can lead to sharp slice profiles. Since there will always be a time

between excitation of the signal in the saturation slab and, after dephasing of that

signal by crusher gradients, excitation of the volume of interest, T1 relaxation

occurs within the saturation slab. This restores magnetization along the z-direction
in the slab at a speed depending on the (different) T1 relaxation times of the signals

in the slab. Altogether, since slice profiles are not perfect, RF pulse amplitudes have

inaccuracies, and T1s of signals in the slab can differ; the amount of signal

suppression from an OVS slab is in the order of 95%. For MR imaging purposes,

this can very well be enough, since the signal of interest (water and lipids) in the

VOI remains at 100% intensity. For spectroscopic purposes, suppressing water

and/or lipid signals down to ~5% of the original signal intensity still leaves much

more water and lipid signal compared to the spectroscopic signals of interest with

their low concentrations. OVS in spectroscopy is therefore only part of multiple

solutions to eliminate unwanted signals.

The selection of a volume of interest with a signal localization scheme as

described above (Sect. “Localization”) is performed with excitation and refocusing

pulses that are not perfect. A combination of imperfect slice-selective pulses can

cause substantial refocusing of residual signals of water and lipids from outside the

VOI, which is why the localization scheme is combined with outer volume sup-

pression pulses. OVS slabs are often positioned manually on the lipid tissue with

short T1 around the skull (Fig. 3.6). Positioning of the slabs can also be automated to

fit around the volume or voxel of interest, to suppress nearby water signal, or to

overcome difficulties with large chemical shift artifacts of low-bandwidth refocusing

pulses (fully excited VOI or OVERPRESS [19]). In more advanced schemes, the flip

angle of the slab is optimized in combination with the assumed T1 of signals in the
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slab and the time from slab excitation to VOI excitation. Next to this optimization, the

pulse shape of OVS can be optimized to have a sharp slice profile [20], for positioning

close to the voxel or VOI without affecting the signal from the voxel itself. Examples

exist from full optimization of multiple OVS slabs regarding flip angle, timing, and

crusher gradient size and orientation to fully suppress lipid signals from the skull in a

whole brain spectroscopic imaging approach [21].

Magnetic Field Homogeneity

The linewidth of spectroscopic signals from protons in molecules is of essential

importance for an accurate estimate of the concentration. This spectral linewidth is

inversely related to the amount of time the corresponding signal is present in the

signal acquisition domain: the longer this signal is present, the narrower the

corresponding linewidth in the spectrum. In in vivo spectroscopy, the characteristic

decay time of a signal during a free induction decay (the T2*) is proportional to the

main magnetic field homogeneity of the corresponding voxel. The magnetic field

homogeneity of a certain location depends on the surrounding tissue (lipid, water,

tissue interfaces, or presence of air) and can be homogenized by a procedure called

shimming. With shimming, gradients in the main magnetic field across the volume

or voxel of interest are counteracted by gradients controlled with shim coils. An

MRI system is equipped with additional gradient shim coils around its isocenter to

control linear (first-order, in three directions) or quadrature (second-order, in five

directions) magnetic field gradients. B0 inhomogeneities in the VOI first need to be

measured with a fast mapping method, either with multiple line projections of the

B0 field through the voxel (originally introduced in 1993 [22] and often refined) or

with a full 3D B0 field map [23, 24], which nowadays is often the MR system’s
standard in a fully automated way [25].

Shimming small voxels or large volumes of interest can require different strat-

egies. Small voxels in SVS are possibly served best by B0 mapping with line

projections in several iterations. Especially in difficult areas of the brain near

air-tissue interfaces, higher-order (>2nd order) shimming can be beneficial,

although this requires additional hardware (shim coils) with demanding shim

current strengths. As the magnetic field homogeneity of a voxel in the brain also

varies due to distant motion of the subject caused by breathing, the concept of real-

time shimming was introduced to compensate for this [26]. Another recently

proposed approach is to monitor the magnetic field continuously by separate

small field probes with feedback to control the shim coils [27]. Larger volumes of

interest used in MRSI need the current standard of full 3D field mapping to

calculate the optimal shim settings. Even though real-time dynamic shim

approaches and field probes can also be of aid in MRSI, it will always remain a

challenge to achieve similar linewidths in individual voxels of an MRSI examina-

tion compared to what is achievable in shimming a single voxel of the same size at

one particular location.
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Calibrations

Many of the technical considerations in this chapter need subject-specific cali-

bration just before the actual spectroscopic acquisition. Once localization images

of the brain of a patient in the MR system have been acquired, usually

(magnetization-prepared) T1- and/or T2-weighted images provide an overview

of the anatomy of the brain. On this anatomical image, the location of a single

voxel for SVS or volume of interest for MRSI can be planned. Most scanners

allow the identification of a calibration volume (this can be of the same size as

the voxel or volume of interest), on which shimming can be performed with

either of the strategies described above (Sect. “Magnetic Field Homogeneity”).

Once the linewidth of the water signal of the calibration volume is as narrow as

possible (either automated, perhaps iterated, or manually readjusted), the exact

frequency of this water signal needs to be established. Subsequently, the RF

transmit power (B1) needs readjustment for the VOI. Since different patients

have different head and body sizes, they “load” the MR coil of the system

differently, which is why the RF transmitter of the system needs to be adjusted

for every individual. Although this is done automatically as the first step when a

patient has moved into the MR system based on water signal, an accurate

estimate of the amount of RF power needed for the desired flip angle of the

spectroscopy pulse sequence at the calibration volume requires a readjustment of

the RF transmitter.

Once the RF transmitter readjustment is performed, its value can be used to

set the RF amplitudes of the OVS pulses and of the water suppression pulses.

Alternatively, since the quality of shimming has influence on the water suppres-

sion, the latter can be adjusted in an independent step to minimize the residual

water signal in the calibration volume. In case of SVS, a water reference scan

can be acquired with a small number of repetitions to establish the lineshape and

a reference amplitude for the amount of water in the voxel. The spectral integral

of this water reference signal can be used to normalize the metabolite signals of

interest derived from the metabolite scan. It can also serve as the basis to add the

spectroscopic signals from different receive elements of the used RF coil in a

phase-coherent and weighted way. The metabolite scan itself is performed with

multiple repetitions in a phase cycle, with an offset in the carrier frequency of

the slice-selective excitation and refocusing pulses to minimize CSDE for the

spectral range of interest. Addition of signals from different RF coil elements is

based on the water reference scan. In MRSI, acquisition of a water reference

scan takes too much time; therefore, no information regarding lineshape and

integral of the water signal is available, and quantification and coil signal

addition needs to be based on (a combination of) signals in the metabolite

spectra.
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MRS Quantification

As the signal intensity of spectral peaks is proportional to the number of spins that

contribute to the magnetization, MR spectroscopy can be used to quantify concen-

trations of metabolites. In in vivo MRS, this results in a concentration in μmol/g of

the tissue. By assuming a certain concentration for one of the MR signals, absolute

quantification of resonances from other metabolites is possible. Because the con-

centration of water in the brain tissue is generally known and is relatively constant,

this signal is often used to quantify other metabolites. The procedure for absolute

quantification of metabolites by MRS is the following:

• Measure a water-suppressed spectrum of the voxel of interest to acquire the

metabolite signals.

• Measure a water spectrum from the same voxel with little T1 and T2 weighting

and no CSDE (frequency of slice-selective pulses centered on water).

• Process both spectra and determine the relative metabolite intensities to the

water intensity.

• Correct for T1 and T2 relaxation, scalar coupling, and number of protons in the

chemical moiety.

• Determine absolute concentration of metabolites by relating it to the assumed

water concentration.

Processing and Fitting of Spectra

First the spectral data need to be assessed for quality. Bad quality spectra (distorted

baseline, low SNR, bad lineshapes, large residual water or lipid signals) can lead to

inaccurate quantification and therefore need to be excluded from the analysis. Then

the spectra need to be post-processed and fitted by software such as LCModel [28]

or jMRUI [29]. These software packages use a basis set of spectral shape model

files, i.e., prior knowledge in resonance position and shapes, to fit the best combi-

nation of model shapes to the acquired data. The best fit provides the relative

contributions of the different resonances of interest to the spectrum. However,

prior to fitting the software packages perform several corrections to the spectrum.

First, they perform zero- and first-order phase corrections. Due to experimental

imperfections, additions of data from different receive elements of multichannel RF

coils, and delays in the start of acquisition, the spectra often contain zero- and first-

order phase errors. Second, due to the local chemical environment of the molecules

in the voxel or VOI and due to imperfections in the model files or prior knowledge,

the spectral peaks are often not exactly on the expected chemical shift position,

requiring small chemical shift corrections. Third, spectral lineshapes in in vivo

MRS most often do not adhere to exact theoretical lineshapes, due to magnetic field

inhomogeneities or eddy currents, which need to be corrected for. A fourth correc-

tion that is important in short TE spectroscopy (below ~40 ms) is dealing with the

macromolecular baseline. Broad macromolecular signals disturb a flat baseline and
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can be removed by either using a polynomial fitting procedure or by measuring the

actual experimental baseline in a number of volunteers and including the baseline

as a model signal in the basis set. The latter method is often more robust. At longer

TEs (>80 ms), the macromolecular baseline is almost absent.

Corrections for Absolute Quantification

When the metabolite signal intensities are determined using fitting software, addi-

tional corrections are necessary to obtain the absolute concentrations of the metab-

olites. These consist of T1 and T2 corrections and an assumption of the water

content of the tissue at hand. These factors substantially influence the accuracy of

the measurement and it is important to provide accurate estimates of T1 and T2

times and tissue water content. Many examples in literature often use TEs longer

than 30 ms and up to 144 ms (for measuring lactate). In these cases the difference in

T2 times of the metabolites of interest and water can have a large influence on the

estimated concentrations. It is important to note the errors in the estimation of the

concentrations in the final reports of metabolite concentrations. Fitting software

such as LCModel provide the Cramér-Rao lower bounds, which are based on the

Fisher information matrix, as estimates of the quantification errors.

A number of corrections are necessary to obtain absolute concentrations for all

metabolites. The accuracy of these estimates is largely dependent on the correc-

tion factors and performance of the fitting software, and therefore these estimates

need to be interpreted with care. The final metabolite concentrations are given in

μmol/g of the tissue, which means that they represent a characteristic of all the

tissue included in the voxel and do not distinguish intra- or extracellular metab-

olite levels.

Future Perspectives

For further adoption in clinical routine, SVS and MRSI acquisition protocols need

to be standardized across different scanner manufacturer platforms, as well as

automated to allow acquisition of high-quality spectra without assistance of an

MR physicist. In clinical routine, an 8- or 10-min measurement during a patient

examination should not fail; therefore, the MRS protocol needs to be robust and

reliable. Post-processing and quantification also needs to be standardized and

preferably automated to remove operator bias, and the output for the clinical end

user (the radiologist) should be either a table with metabolite concentrations (for

SVS) or maps with metabolite concentrations or ratios superimposed on an ana-

tomical background image (for MRSI). If MRSI data acquisition is standardized

across different MR system platforms (but with room for differentiation in spatial

resolution, echo time, editing, etc. between different diseases), and post-processing
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is performed in a standardized fashion, metabolite concentration or ratio maps can

become part of the radiologists’ toolbox to diagnose and evaluate different neuro-

logical diseases.
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Chapter 4

Magnetic Resonance Spectroscopy
in Dementia

Jonathan Graff-Radford and Kejal Kantarci

Abstract Neuroimaging biomarkers are increasingly being used in clinical practice

for early diagnosis and differential diagnosis of dementia and in clinical trials as an

outcome measure. Proton magnetic resonance spectroscopy has shown promise in

dementia as a diagnostic biomarker with the ability to detect preclinical disease and

amnestic mild cognitive impairment and provide ancillary information to distinguish

among dementia subtypes. Alzheimer’s disease is characterized by decreased N-
acetylaspartate-to-creatine (NAA/Cr) and elevated myo-inositol-to-creatine (mI/Cr)

levels. Dementia with Lewy bodies is characterized by normal NAA/Cr levels in the

posterior cingulate and elevated choline-to-creatine (Cho/Cr). Vascular dementia

demonstrates decreased NAA/Cr but preserved Cho/Cr and mI/Cr in the posterior

cingulate. Despite promising studies, MRS is not routinely used in the evaluation for

dementia in clinical practice. Improving knowledge of the pathological basis of the

metabolite ratio abnormalities, longitudinal studies, and better standardization of the

MRS technique may improve the application in dementia.

Keywords Magnetic resonance spectroscopy • Mild cognitive impairment •

Alzheimer’s disease • Dementia with Lewy bodies • Vascular dementia •

Frontotemporal lobar degeneration • Posterior cingulate

Introduction

Neuroimaging biomarkers are increasingly being used in clinical practice for early

diagnosis and differential diagnosis of dementia and in clinical trials as an outcome

measure. Accurate diagnosis of dementia is not only important for treatment and

prognosis but also because neurotherapeutics has moved to targeting underlying

protein deposits that characterize the dementia syndrome [1–3]. Because of the
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inaccuracies of clinical diagnosis, biomarkers help distinguish underlying pathol-

ogy and aid clinical diagnosis. For example, while clinical diagnosis matches

underlying pathology with adequate sensitivity in the behavioral variant of

frontotemporal lobar degeneration (FTLD) [4], sensitivity of clinical diagnosis of

dementia with Lewy bodies (DLB) to autopsy confirmation is 32% and decreases to

12% for cases of mixed Alzheimer’s disease (AD) and DLB pathology [5]. Cortical

atrophy on structural brain MRI correlates with the neurofibrillary tangle pathology

of AD [6–11]. Specifically, hippocampal atrophy distinguishes clinically diagnosed

DLB from AD [12]. In patients with clinically diagnosed DLB, hippocampal

atrophy predicts higher Braak-NFT stage [13]. However, structural MRI has lim-

itations. Patients with neurodegenerative disease often have multiple pathologies

[14], and patients with mixed AD and DLB pathology may be misclassified as just

AD if the diagnosis is made based on structural MRI alone. [18F]2-fluoro-deoxy-D-

glucose (FDG) PET may be useful in distinguishing FTLD and AD, especially

when diagnostic uncertainty exists, although frontal hypometabolism on PET has

been reported in the frontal variant of AD demonstrating functional imaging with

PET may not predict underlying pathology in some of the cases [15, 16]. Occipital

lobe hypometabolism on FDG PET distinguishes pathologically confirmed DLB

from AD [17, 18]. This distinction is useful but limited because occipital metabo-

lism is significantly impaired in posterior cortical atrophy, an atypical form of AD

[19], and decreased in advanced AD [20]. Overall, several modalities show promise

and are being used in the clinic for early diagnosis and differential diagnosis of

dementia including C-11 Pittsburgh compound B (PiB) PET scans and CSF bio-

markers such as amyloid beta (Aβ) and tau. Proton magnetic resonance spectros-

copy (MRS) may provide additional information and offer an alternative to the less

accessible PET techniques that also require radioactive injections.

Background on Disease Pathology

AD is a neurodegenerative disease characterized at autopsy by deposition of tau in

neurofibrillary tangles and plaques consisting of extracellular amyloid. Typical AD

initially presents with episodic memory impairment consistent with early involve-

ment of the medial temporal lobe with the neurodegenerative pathology. As the

neurodegenerative pathology progresses to involve association cortices, semantic

memory, executive function, and language become involved. Primary motor and

sensory cortices are affected late in the course. Aβ deposition in the brain occurs in
a stereotyped pattern initially in the cortex, followed by the hippocampus, before

reaching the brain stem and cerebellum [21]. Tau deposition also follows a stereo-

typed pattern starting in the medial temporal lobes before spreading to the limbic

system followed by involvement of the association cortices with the neurofibrillary

tangle pathology [22]. Topographic distribution of the neurofibrillary tangle pathol-

ogy mirrors the topographic distribution of neurodegenerative changes and atrophy

in AD [23].
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DLB is a neurodegenerative disorder characterized by abnormal deposition of

α-synuclein protein in Lewy bodies. The presence of Lewy bodies in limbic and

cortical regions differentiates DLB from Parkinson’s disease. Significant overlap
between AD and DLB pathology occurs with a significant proportion of DLB

patients having amyloid plaques. The clinical presentation of DLB includes demen-

tia with hallucinations, parkinsonism, fluctuations, REM sleep behavior disorder,

and severe sensitivity to neuroleptics.

Cerebrovascular disease is another common pathology observed in patients with

dementia in autopsy series. In most cases however, vascular pathology coexists

with the pathology of AD, and pure vascular pathology is relatively uncommon.

Vascular lesions, specifically microinfarcts, are more common in patients with

dementia than cognitively normal elderly [24]. In a patient with the clinical

diagnosis of AD and cerebrovascular disease, the challenge is to determine how

much, if any, of the two pathologies contribute to dementia.

Frontotemporal dementia (FTD) refers to clinical syndromes characterized by

degeneration of the frontal and temporal lobes. Three clinical variants of FTD exist:

behavioral variant FTD (bvFTD), semantic variant primary progressive aphasia

(svPPA), and progressive agrammatic/nonfluent aphasia (PNFA). BvFTD is char-

acterized by a progressive change in apathy, disinhibition, and socially inappropri-

ate behavior. SvPPA is a fluent aphasia with severe anomia and loss of word

knowledge. PNFA is a nonfluent aphasia characterized by agrammatism. Patho-

logic diagnoses are based on the primary protein deposited in the brain. The two

most common proteins found include the microtubule-associated protein tau and

the TAR DNA binding protein of 43 kDa with the fused in sarcoma protein being

less common [25].

MRS in Presymptomatic Alzheimer’s Disease (AD)

Recent evidence suggests that in patients with familial mutations for AD, Aβ
deposition occurs approximately 15 years before symptom onset [26]. This,

coupled with the failure of treatment with monoclonal antibodies against Aβ
peptides, has shifted the focus of AD research to earlier intervention [27]. To

facilitate research targeting earlier identification and treatment of AD, the National

Institute on Aging and the Alzheimer’s Association developed recommendations of

stages of preclinical AD [28]: Stage 1 consists of asymptomatic cerebral amyloid-

osis (positive PIB or low CSF Aβ 42); stage 2 consists of amyloidosis with evidence

of neurodegeneration (hypometabolism on FDG PET, cortical atrophy on MRI, and

elevated tau levels in the CSF); and stage 3 pertains to cerebral amyloidosis,

evidence of neurodegeneration, and trace cognitive impairment without meeting

MCI criteria [29]. The data on MRS in preclinical AD is limited but promising. In

patients with normal cognition, those with a higher choline-to-creatine (Cho/Cr)

ratio in white matter voxels above the lateral ventricles were at increased risk of a

cognitive decline [30]. In asymptomatic Alzheimer mutation carriers,
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N-acetylaspartate-to-creatine ratio (NAA/Cr) and NAA-to-myo-inositol ratio

(NAA/mI) were decreased compared to controls with the size of the difference

predicting onset age [31]. In a population-based study of 311 cognitively normal

older adults from the Mayo Clinic Study of Aging, increased PiB-PET amyloid

deposition correlated with increased mI/Cr and Cho/Cr in the posterior cingulate

gyrus (Fig. 4.1). Independent of PIB amyloid load, Cho/Cr elevation correlated

Fig. 4.1 Association between MRS metabolite ratios and cortical Pittsburgh compound-B (PiB)

retention ratio on PET. The left panel shows the PiB retention ratio PET images in an 82-year-old

man with a PiB retention ratio of 2.42, NAA/Cr ratio of 1.51, mI/Cr ratio of 0.58, and Cho/Cr ratio

of 0.76. The right panel shows the PiB retention ratio in a 78-year-old woman with a PiB retention

ratio PET images of 1.27, NAA/Cr ratio of 1.69, mI/Cr ratio of 0.45, and Cho/Cr ratio of 0.54. The

spectra are scaled to the Cr peak. High PiB retention is associated with significantly elevated mI/Cr

and Cho/Cr ratio and a trend of lower NAA/Cr ratio (With permission from Neuropsychiatric

Disease and Treatment) [106]
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with worse performance on memory and attention tasks in this cognitively normal

cohort. Since Cho/Cr correlated with cognitive performance independent of

amyloid in addition to predicting cognitive decline in cognitively normal indi-

viduals, MRS shows promise as an additional biomarker for preclinical stages

of AD.

MRS in Mild Cognitive Impairment (MCI)

Mild cognitive impairment represents a state of cognitive dysfunction with pre-

served activities of daily living prior to the onset of dementia. Patients with MCI are

at a 10–15% risk of converting to dementia each year highlighting the importance

of studying MCI, particularly for identifying early imaging biomarkers for neuro-

degenerative dementias [32]. The cognitive impairment associated with MCI can be

amnestic, often associated with lower hippocampal volumes, representing prodro-

mal AD, or non-amnestic, associated with preserved hippocampal volumes, which

most often represents the prodromal stage of other types of dementia including

DLB and vascular dementia (VaD) [33]. In conjunction with lower hippocampal

volumes, elevated mI/Cr can distinguish amnestic MCI from non-amnestic MCI

[34]. Non-amnestic MCI has normal MRS metabolite ratios, normal hippocampal

volumes, but greater proportion of strokes detected on MRI [35]. The MRS changes

in amnestic MCI showing decreased NAA/Cr are similar but smaller compared to

the MRS findings in AD [36–38]. Compared to controls, subjects with MCI have

been shown to have reduced NAA/Cr in the medial temporal lobe, hippocampus,

and parietal gray matter with reduced memory performance correlating with lower

NAA/Cr in the medial temporal lobe [37]. MRS may also have a role in predicting

conversion from MCI to dementia. In a study of 151 MCI subjects, lower posterior

cingulate NAA/Cr in addition to hippocampal volumes and infarction predicted

conversion to dementia better than any single MRI biomarker alone [34]. A low

paratrigonal white matter NAA/Cr also predicted conversion fromMCI to dementia

[34, 39]. A decline in Cho/Cr predicted stable MCI, while an increase predicted

conversion [40]. While most MRS studies performed have been cross-sectional, in a

longitudinal study, a decline in NAA/Cr in the posterior cingulate predicted a

cognitive decline [40]. In a population-based MRI/MRS study, hippocampal vol-

umes and posterior cingulate NAA/mI independently predicted conversion from

MCI to dementia [41]. Since a minority of AD cases may have atypical pathology

such as sparing of the hippocampus [42], MRS from the posterior cingulate gyrus

may have a complementary role to hippocampal volumetry in predicting progres-

sion to dementia in MCI [39, 43–45].
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MRS in Alzheimer’s Disease (AD)

Interest for MRS as a biomarker for AD began in 1992 when Klunk

et al. demonstrated decreased NAA/Cr on autopsied AD brains correlated with

Alzheimer’s pathology [46]. Subsequently, many studies have shown a consistent

AD MRS profile of decreased NAA and elevated mI [38, 47–50]. NAA is consid-

ered a marker of neuronal integrity supported by the finding that decreased con-

centrations of NAA correlated with decreased neuronal density in the cortex of AD

subjects [51]. Not surprisingly, the MRS pattern between MCI and AD differs

following a similar pattern to the progression of neurofibrillary tangle pathology

from limbic to cortical [22]. Compared to MCI subjects, AD subjects had a greater

NAA/Cr decline in superior temporal lobe and posterior cingulate voxels [38]. As

AD becomes more advanced, decreased NAA/Cr becomes widespread involving

the parietal, temporal, frontal, and eventually the occipital lobe [38, 52–55]. While

NAA/Cr is consistently decreased in AD compared to normal controls, it is not

specific for AD and can be found to be decreased in other neurodegenerative

diseases, normal pressure hydrocephalus, and AIDS-related cognitive decline

[56–58]. NAA levels in AD can improve with acetylcholinesterase inhibitor treat-

ment [59], but not all studies have confirmed this finding [60].

Shortly after Klunk described decreased NAA/Cr in AD, in 1993 mI/Cr was

found to be elevated in AD [48]. In a multivoxel analysis of the superior temporal

lobe, posterior cingulate gyri, and medial occipital lobe, elevated mI/Cr occurred in

the posterior cingulate [38]. MI is considered a glial marker with elevated levels

found in glial proliferation [61, 62].

While some groups have demonstrated an elevation of Cho in AD [49, 63, 64],

others have found no difference in Cho between AD and controls [65–68]. Some of

these differences may be related to different regions studied. For example, while

Cho was found to be elevated in the posterior cingulate and centrum semiovale

[63, 64], it was shown to be decreased in the hippocampus [36]. The Cho peak in

MRS is related to phosphatidylcholine breakdown products [69]. Therefore, eleva-

tions in AD may be the result of greater phospholipid bilayer turnover. Since Cho/

Cr ratios decrease with administration of a cholinergic agonist, it has been proposed

that increased Cho in AD is a compensatory mechanism to increase acetylcholine,

which is depleted in AD [70, 71].

Decreased glutamate (Glu) or (glutamate + glutamine)/Cr ratio occurs in the gray

matter of AD patients [72–75]. Hippocampal Glu/Cr ratios and cognitive perfor-

mance improve with galantamine treatment [76]. Along with decreased NAA

levels, decreased Glu levels correlate with frontal amyloid load in transgenic

Alzheimer mice [77].

Temporal progression of metabolites in AD is consistent with an increase mI/Cr

followed by a decrease in NAA/Cr and then an increase in Cho/Cr [38]. Both

NAA/mI and NAA/Cr decline longitudinally in AD compared to controls [78, 79].

MRS metabolite ratios also correlate with cognitive testing and pathologic

severity of AD-related changes. NAA/Cr in the medial temporal lobe, primary
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motor, and sensory cortices correlated with mini-mental state examination

[52]. NAA/Cr and mI/Cr were correlated with verbal memory in addition to global

cognitive functioning in the posterior cingulate [80]. Decreased NAA/Cr and

increased mI/Cr metabolite ratios were associated with higher Braak-NFT stage,

higher Aβ plaque burden, and higher chance of AD pathology in the posterior

cingulate [81]. NAA/mI ratio proved to be the best predictor of the pathologic

likelihood of AD correlating greatest with Braak stage [81].

Transgenic mouse models of AD and ex vivo MRS studies in the human tissue

have also provided insight into the pathologic underpinnings of decreased NAA,

Glu, and increased mI levels. These findings are consistent with the metabolic

abnormalities observed in patients with AD [51, 82–86]. For example, lower NAA

and Glu levels were associated with Aβ plaque load in mice with PS2APP mutation

[77]. Magic angle spinning 1H MRS in the superior temporal cortex tissue from

patients with AD showed a correlation between NAA concentration and neuronal

density [51]. An in vivo 13carbon (13C)-MRS and 1H MRS study suggested a link

between increased glial or microglial activation and mI elevation in AD [87]. Treat-

ment with anti-β-amyloid therapy reduces mI levels in transgenic mouse models,

which suggest a link between mI elevation and β-amyloid deposition [88].

MRS in Dementia with Lewy Bodies (DLB)

MRS findings in DLB are difficult to interpret because AD pathology coexists in

over half of DLB cases, and multiple pathologies at autopsy are common

[14, 89]. Clinically diagnosed DLB patients have normal NAA/Cr levels [63, 90]

but elevated Cho/Cr in the posterior cingulate [57]. Similar to AD patients, low

NAA/Cr in the hippocampus and white matter of DLB patients has been reported

[91, 92]. The relative contribution of VaD and AD to these findings remains

unclear. In a recent multivoxel MRS study, clinically diagnosed DLB patients

were characterized by decreased NAA/Cr, increased mI/Cr ratios in the occipital

voxel, and elevated Cho/Cr in the posterior cingulate voxel [93]. In an attempt to

examine the DLB MRS pattern in the absence of significant coexisting AD pathol-

ogy, we divided DLB patients into those with preserved hippocampal volumes (low

likelihood of coexisting AD) on volumetric MRI and reduced hippocampal vol-

umes (high likelihood of coexisting AD). Patients with low likelihood AD had

preserved NAA/Cr in the posterior cingulate. In the subset that came to autopsy,

DLB patients with coexisting AD pathology had antemortem MRS patterns of

decreased posterior cingulate and frontal NAA/Cr levels. In contrast, patients

with pure DLB at autopsy had preserved NAA/Cr in the posterior cingulate.

Since NAA is a neuronal marker, these findings are compatible with the fact that

DLB has preserved neuronal numbers at autopsy [94]. In contrast, AD is charac-

terized by neuronal loss in the posterior cingulate at autopsy [95].

MI/Cr was elevated in DLB compared to controls in the occipital voxel

[93]. This elevation occurred in the absence of coexisting AD pathology. The

4 Magnetic Resonance Spectroscopy in Dementia 61



localization of mI/Cr elevation in DLB is consistent with FDG PET data, which

demonstrate greater occipital involvement in DLB compared to AD [96]. The MRS

findings in DLB highlight the importance of understanding the relative contribu-

tions of multiple pathologies to MRS findings as well as different metabolite

patterns in different anatomic locations.

MRS in Vascular Dementia (VaD)

Similar to AD, VaD also demonstrates decreased NAA/Cr compared to controls

[57]. In contrast to AD, in the posterior cingulate, Cho/Cr and mI/Cr are not

elevated in VaD [57]. Voxel location in gray or white matter plays an important

role in VaD as NAA/Cr tends to be lower in white matter [90, 97]. For example, in

the frontal lobe, NAA/Cr is lower in VaD than in AD [97].

MRS in Frontotemporal Lobar Degeneration (FTLD)

Using a posterior cingulate voxel, the metabolite ratios in FTLD approximate those

in AD (decreased NAA/Cr, increased mI/Cr, and increased Cho/Cr) [57, 98]. How-

ever, because frontal lobes are more severely involved in FTLD compared to AD,

MRS metabolite levels in the frontal lobe voxel tend to be more abnormal in FTLD

compared to AD and successfully distinguish AD from FTLD [98]. In FTLD, the

frontal voxel demonstrated decreased NAA/Cr, increased mI/Cr, and decreased Glu

plus glutamine, whereas no abnormalities were detected in AD subjects’ frontal
voxel [98].

Frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-

17) is an autosomal dominant tauopathy that is linked to mutations in the gene

encoding for the microtubule-associated protein tau (MAPT) on chromosome

17 [99–102]. Mutations in MAPT result in filamentous accumulation of hyperpho-

sphorylated tau in neurons and glia leading to neurodegeneration and atrophy

[103]. Progressive accumulation of filamentous tau and subsequent neuronal

death is central to the pathogenesis of many neurodegenerative diseases including

AD and may begin years before the onset of clinical symptoms. We recently

demonstrated 1H MRS metabolite abnormalities in presymptomatic carriers of

mutations in the gene encoding forMAPT on chromosome 17 [104]. The severity of
1H MRS and MRI abnormalities was associated with the proximity to the estimated

age of symptom onset. NAA/mI ratio was fully outside of the control range in

presymptomaticMAPT mutation carriers who had 5 years to reach estimated age of

symptom onset or who were past the estimated age of symptom onset, indicating

presence of 1H MRS metabolite abnormalities related to neurodegeneration, years

before the onset of symptoms and atrophy in MAPT mutation carriers.
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Future Perspectives

MRS has shown promise in dementia as a diagnostic biomarker with the ability to

detect preclinical disease and amnestic mild cognitive impairment and provide

ancillary information to distinguish FTLD, AD, DLB, and VaD (Fig. 4.2). Further,

MRS can predict progression early in the disease course from preclinical AD to

MCI and from MCI to dementia and correlates with clinical severity. Despite these

advantages, MRS is not routinely used in the evaluation for dementia in clinical

practice. Better understanding of the pathological basis of the metabolite ratio

abnormalities [105] and better standardization of the MRS technique with multisite

studies may improve its applications in dementia.
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Chapter 5

Magnetic Resonance Spectroscopy
in Parkinsonian Disorders

Ulrike Dydak, David A. Edmondson, and S. Elizabeth Zauber

Abstract Parkinsonian disorders are a group of mostly neurodegenerative diseases

that affect the basal ganglia. Symptoms include slowness of movement, increased

muscle tone, and changes in walking and balance. The most common form of

parkinsonism is idiopathic Parkinson’s disease. Currently, only symptomatic treat-

ments are available. These treatments can improve symptoms and quality of life,

but do not prevent neurodegeneration or slow the course of disease.

By detecting metabolic changes in specific brain regions, magnetic resonance

spectroscopy (MRS) shows promise in helping to distinguish between different

types of parkinsonian disorders, to aid in early diagnosis, and potentially to track

disease progression. However, heterogeneous results are common in the literature

to date, in part due to differences in patient characteristics, brain regions examined,

evolving MRS techniques, and the effects of medications.

This chapter reviews the clinical and pathological features of parkinsonian

disorders and MRS studies in these disorders and describes the use of animal

models to further investigate the connection between MRS findings and patholog-

ical brain changes.
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Symptoms, Pathology, and Classification
of Parkinsonian Disorders

The term parkinsonian disorders, further called PDS, encompasses any disorder that

causes parkinsonism. Parkinsonism is a clinical syndrome characterized by a

combination of clinical features: bradykinesia (slowness of movement), rigidity

(muscle stiffness), tremor, and postural instability. Patients with parkinsonism may

experience a variety of symptoms including soft or slurred speech, slow shuffling

gait, stooped posture, loss of balance, and falls. Most patients with parkinsonism

meet clinical criteria for idiopathic Parkinson’s disease (IPD); however, other

pathological causes of parkinsonism do occur and may be difficult to distinguish

clinically from IPD, especially in the first few years of the disease (see below).

Atypical refers to any other cause of parkinsonism besides IPD. Clinical recogni-

tion of atypical parkinsonism is important, since most atypical forms of parkinson-

ism have a more rapidly progressive course and poor prognosis. The distinction is

also critical for research, since atypical forms of parkinsonism have distinct path-

ophysiology and would not be expected to respond to IPD-targeted therapies. This

chapter focuses on the role of magnetic resonance spectroscopy (MRS) in diagno-

sis, monitoring, and research of the most common neurodegenerative causes of

parkinsonism.

Idiopathic Parkinson’s Disease

Idiopathic Parkinson’s disease (IPD) is a common neurodegenerative disease

affecting seven million people globally. Pathological changes in IPD include the

loss of dopaminergic neurons in the substantia nigra pars compacta and accumula-

tion of alpha-synuclein-containing Lewy bodies. Because these neurons project to

the striatum (caudate and putamen), cell loss in the substantia nigra pars compacta

is the likely cause of bradykinesia (slowness of movement) and rigidity (increase

muscle tone) in IPD. The resulting reduced striatal dopamine causes decreased

activity in the direct basal ganglia pathway, leaving the indirect pathway to inhibit

the cortex and therefore overall movement. Neuronal cell loss is not limited to the

dopaminergic system. It also occurs in the locus coeruleus, nucleus basalis of

Meynert, pedunculopontine nucleus, and raphe nucleus, which leads to reductions

in neurotransmitters such as serotonin and norepinephrine. Lewy bodies, which are

pathological neuronal inclusions of abnormally aggregated protein, are also wide-

spread and recently have been reported to occur in the peripheral nervous system,

the autonomic nervous system, and the enteric nervous system as well. It is

hypothesized that pathological changes occur first in the periphery, followed by

the brainstem, and later in the cortex in stages called Braak stages 1–6 [1].

IPD produces a wide spectrum of clinical symptoms including motor symptoms

such as slowness, stiffness, tremor, changes in gait, balance, speech, and posture.
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Non-motor symptoms include cognitive impairment, depression, anxiety, apathy,

pain, and changes in bowel and bladder function. These non-motor symptoms are

common, may be present decades before diagnosis, worsen with disease progres-

sion, and have a significant impact on quality of life [2].

Symptomatic treatments (see below) can improve motor and non-motor symp-

toms; however, no treatment to date has been shown to slow disease progression.

The search for disease-modifying treatments, such as neuroprotective or restorative

agents, is a major focus of current research. One reason why disease-modifying

trials have failed to date may be that, at the time of diagnosis, over 50% of

dopaminergic neurons have already been lost [3] and it is too late for intervention.

Pathological changes in IPD can be detected up to two decades prior to diagnosis

resulting in non-motor symptoms such as constipation, reduced sense of smell,

sleep disorders, and mood disorders [4]. It is hypothesized that initiating a

neuroprotective therapy would be most effective in the pre-motor or prodromal

phase of disease. This earliest phase of “preclinical” IPD refers to people who have

no clinical symptoms but in whom imaging or colonic biopsy can detect patholog-

ical changes. “Pre-motor” IPD refers to people with subtle non-motor symptoms

such as changes in sleep, mood, and autonomic function, who do not yet have any

motor features of the disease. “Pre-diagnostic” patients have subtle motor symp-

toms that are not sufficient to meet full diagnostic criteria for IPD [5]. Accurately

diagnosing patients in these pre-motor phases will require improved diagnostic

tools such as advanced MRI methods.

In the research setting, the diagnosis of IPD is made using United Kingdom

Parkinson’s disease brain bank criteria [6]. Clinical diagnostic accuracy improves

with disease duration, such that the clinical diagnosis of IPD strongly predicts

pathological findings late in the disease course, but can be substantially less

accurate in the first 5 years of disease. Most clinical trials in IPD use a standardized

motor rating scale to determine response to treatment called the Unified Parkinson

Disease Rating Scale (UPDRS). The scale was updated in 2007; the newest version

is called MDS-UDPRS [7]. Another common measure of disease severity is the

Hoehn and Yahr scale which broadly rates disease severity into 1 of 5 stages. In

stage 1, patients have symptoms on one side of the body. In stage 2, symptoms are

bilateral. Stage 3 is bilateral symptoms with impaired balance, stage 4 is impair-

ment in balance and walking such that an assistive device is required, and in stage

5 patients are unable to walk [8]. Not every patient will progress through each

Hoehn and Yahr stage.

Drugs that act on the dopaminergic system are the first line of treatment in IPD.

Since the motor symptoms of IPD result from low striatal dopamine, replacing or

enhancing brain dopamine pharmacologically can lessen these motor symptoms.

The most commonly used drugs are therefore dopamine agonists and carbidopa/

levodopa. There are four dopamine agonist medications: rotigotine, ropinirole,

pramipexole, and apomorphine. Medications usually provide good symptom con-

trol early in the course of IPD. As the disease progresses, patients may experience

more troublesome side effects from medications such as levodopa-induced dyski-

nesias (involuntary twisting movements) or hallucinations, among others.
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Advanced IPD patients also experience symptoms that are resistant to dopaminer-

gic therapy such as dementia, difficulty with walking, and loss of balance. These

dopamine-resistant symptoms are likely related to more widespread pathological

changes. Nondrug treatments are available such as physical, occupational, and

speech therapy, which can be useful throughout the course of disease, but are

especially useful in patients with more advanced disease.

A small subset of IPD patients are treated with a surgical procedure called deep

brain stimulation surgery (DBS). These are typically younger onset patients with

good cognitive function who have significant motor symptoms not entirely relieved

with dopaminergic medications. The most common brain target for the surgery is

the subthalamic nucleus (STN), although other brain regions may be targeted. The

precise mechanism by which DBS improves PD symptoms is unknown, but broadly

it is understood to allow for more physiological neuronal cell firing patterns in the

basal ganglia. DBS is an effective treatment of symptoms for selected patients;

however, it is not a cure and does not slow disease progression.

The search for disease-modifying treatments that can slow disease progression is

a major focus of research. Finding such a therapy requires improved understanding

of the pathogenesis of IPD. The exact cause of cell death in IPD is still unknown;

however, both genetic and environmental factors are thought to play a role. The

most well-accepted environmental risk factor is pesticide exposure, either through

farming, rural living, or drinking well water. Known genetic mutations account for

only a small percentage of IPD cases; however, the process of identifying causative

genes has significantly improved the understanding of IPD pathogenesis. It is now

understood that changes in mitochondrial and lysosomal function and abnormalities

in intracellular protein trafficking contribute to neuronal dysfunction and cell

death [9].

Atypical Parkinsonian Disorders

The possibilities for differential diagnosis for parkinsonism are broad and include

toxic, metabolic, and genetic diseases. This review focuses on the neurodegenera-

tive diseases that most closely mimic IPD. In the first few years of symptoms,

atypical parkinsonian disorders (APD) may closely resemble IPD. However, atyp-

ical forms of parkinsonism have a more rapid course and some unique clinical

features. In recent years, advanced neuroimaging techniques, including MRS, have

helped increase differential diagnostic accuracy.

Dementia with Lewy Bodies

Dementia with Lewy bodies (DLB) is the second most common form of dementia

after Alzheimer’s disease. DLB can be distinguished from IPD by its clinical time

course. In DLB, motor features of parkinsonism and dementia occur within the first
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2 years, while in IPD dementia occurs late in the disease course (10–20 years from

onset). Patients with DLB experience vivid visual hallucinations and marked

fluctuations in cognitive function. Pathological changes resemble those of the late

stage IPD with widespread Lewy bodies and neurodegeneration. Reduced dopa-

mine in the nigrostriatal system is responsible for motor features, while cholinergic

denervation is responsible for cognitive deficits.

Multiple System Atrophy

Multiple system atrophy (MSA) is also a disorder of alpha-synuclein. In contrast to

IPD and DLB, which have intraneuronal inclusions, MSA is pathologically char-

acterized by alpha-synuclein inclusions in oligodendroglia, as well as neurons. As

the name suggests, multiple areas of the central nervous system are involved.

Dopamine depletion occurs due to atrophy of the nigrostriatal pathway. However,

neurodegeneration also occurs in brainstem, cerebellum, and corticospinal tracts.

Clinically, MSA is characterized by early involvement of the autonomic nervous

system, limited response to levodopa, early impairment in gait, and the presence of

cerebellar and corticospinal tract signs. Most patients have a subtype of MSA called

MSA-P (parkinsonian MSA), which closely resembles IPD with additional symp-

toms of rigidity and bradykinesia. Individuals with MSA who have prominent

cerebellar features are classified as MSA-C, while those who present initially

with autonomic failure (loss of control of bowel and bladder or severe orthostatic

hypotension) are termedMSA-A. For diagnosis, standard MRI can be used to detect

volume loss in the putamen, pons, and cerebellum. In the clinical research setting,

the Unified Multiple System Atrophy Rating Scale (UMSARS) is used to quantify

disease severity [10].

Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is clinically characterized by severe distur-

bance of balance (with falls typically in the first year), axial rigidity (rather than

appendicular rigidity in parkinsonism), limitation of voluntary down-gaze, and

subcortical dementia. Poor balance is likely caused by neurofibrillary tangles

containing abnormal phosphorylated tau protein in the cholinergic

pedunculopontine nucleus [11]. Tangles also occur in the basal ganglia, brainstem,

and frontal cortex. The most distinctive MRI finding is atrophy of the midbrain. A

standard rating scale has been developed to quantify the clinical features, called the

Progressive Supranuclear Palsy Rating Scale or PSPRS [12].
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Corticobasal Degeneration

Corticobasal degeneration is closely related to progressive supranuclear palsy, with

neurofibrillary tangles; however, patients with this disease have more pathological

involvement of the cortex than the brainstem, and as a result, clinical symptoms

include cortical sensory loss, aphasia, and apraxia, in addition to motor features of

parkinsonism. Standard MRI may show asymmetric cortical atrophy.

Manganism

Manganism is a form of parkinsonism characterized by excessive and chronic

accumulation of manganese in the basal ganglia. The clinical expression of

manganism was first described in cases of occupational exposure [13] and con-

tinues to be most commonly studied in welders, who are exposed to manganese-

containing fumes [14–18]. However, manganism can also occur in patients with

liver failure due to reduced excretion of dietary manganese via the hepatobiliary

system [19, 20]. Recently, intravenous drug users of ephedrone have been found to

develop manganism due to high levels of manganese contaminants in the

drug [21].

The clinical features of manganism include bradykinesia, rigidity, and tremor;

however, there are some clinical differences from IPD. Patients with manganism

are less likely than IPD patients to have resting tremor but usually have postural

tremor. They may have a difference in their walking described as a “cock gait”

and are more likely to have dystonia. Importantly, in contrast to patients with IPD,

manganism patients typically do not improve with levodopa treatment [22] nor

has any other form of symptomatic treatment been established to date, making

early and correct diagnosis of manganism highly important. An active area of

research is the use of MRI and MRS to find accurate biomarkers for early

diagnosis, as well as research into the mechanism of manganese toxicity. Brain

MRI of subjects recently exposed to Manganese shows increased T1 signal

intensity in the basal ganglia, reflecting manganese accumulation, a finding not

observed in IPD patients [23, 24]. Pathological studies of humans with manganism

are limited, but they do report changes in the globus pallidus. The substantia nigra,

where the bulk of cell death occurs in IPD, is not affected in manganism

[25]. Recent studies in nonhuman primates show a marked inhibition of striatal

dopamine release in the absence of nigrostriatal dopamine terminal degeneration

typical for IPD [26]. With increasing sensitivity and accuracy to measure gamma-

aminobutyric acid (GABA) and glutamate (Glu), MRS is a promising tool to

further study the differential metabolic imbalances in the basal ganglia pathways

in IPD, manganism, and other APDs.
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Potential Clinical Utility of Magnetic Resonance
Spectroscopy

Magnetic resonance spectroscopy (MRS) allows for a noninvasive assessment of

metabolic abnormalities, and more recently the technique has become sensitive

enough to detect changes in neurotransmitter concentrations in vivo. It is hypoth-

esized that in most diseases metabolic changes occur prior to structural changes.

Thus, assessments of brain biochemistry have the potential to be more sensitive

than structural imaging to early pathological changes and to subtle changes in

disease progression. Because of its sensitivity, MRS may be useful both at detecting

biomarkers of disease progression and for aiding early diagnosis. This is particu-

larly important in disorders like PDS, of which some have a slow disease progres-

sion. The slow disease progression may result first in neurochemical and functional

changes, before atrophy becomes a visible structural marker of neurodegeneration.

It is during the early stages of disease when differential diagnosis using MRS may

be crucial for the development of disease-modifying therapies, monitoring of

disease progression, or assessment of treatment efficacy.

MRS does not make use of ionizing radiation, does not require the administra-

tion of contrast agents, and is thus truly noninvasive. Compared to other molecular

imaging techniques, such as PET or SPECT, it is less expensive and is a more

straightforward way of assessing biochemical information. Yet, in order to compare

results across multiple studies and sites, rigorous data quality control and standard-

ized protocols should be employed (see below).

Standard proton MRS (1H MRS) techniques allow for the quantification of

several metabolites providing information on neuronal integrity, myelin and glial

cells, energy metabolism, and other metabolic compounds [27]. The largest peak in

a healthy brain 1H spectrum originates from N-acetylaspartate (NAA), a marker of

neuronal viability and function. NAA is reduced in many brain disorders, due to

neuronal or axonal loss. As such, reduction of NAA is a characteristic feature of

neurodegenerative diseases. Early studies probing the utility of MRS in IPD

diagnosis investigated basal ganglia and cortical structures involved in motor

dysfunction. Yet, since NAA is also involved in several neuronal processes such

as mitochondrial function, osmoregulation, and lipid and protein synthesis, its

depletion may equally be interpreted as loss of neuronal function and does not

immediately indicate neuronal cell death.

Total creatine (tCr) is a combined peak at 3.03 ppm, which is composed of

creatine (Cr) and phosphocreatine (PCr) and serves as an energy buffer. In earlier

literature it was highly common to use tCr as internal reference and provide

metabolite concentrations as ratio to tCr. While the concentration of tCr is assumed

to be relatively stable due to it being the sum of Cr and PCr, this assumption

requires careful testing and has often been shown as unjustified, particularly in

pathological conditions.

Total choline (tCho) stands for the combination of several choline-containing

compounds, including free choline, phosphorylcholine, and glycerophosphorylcholine,
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which is a precursor to acetylcholine. Changes in tCho are often associated with

abnormalities in membrane synthesis or degradation or neuro-inflammation.

Myo-inositol (mI), another detectable metabolite, is suggested as a marker for

gliosis. Elevated mI levels have been associated with several neurodegenerative

diseases [28, 29] and were found very early in dementia [30, 31]. An increase in

another metabolite, lactate (Lac), is usually interpreted as marker of anaerobic

metabolism such as in hypoxia, ischemia, or cancer. In neurodegenerative disorders

and in MRS studies of IPD in particular, Lac plays a minor role.

The pathophysiology of parkinsonian disorders involves the indirect and direct

pathways of movement in the basal ganglia, which are neuronal circuits facilitating

the initiation and execution of voluntary movement. These pathways depend on

excitatory and inhibitory signaling and well-balanced regulation of the neurotrans-

mitters dopamine (DA), GABA, and Glu (Fig. 5.1). Thus, exploring these

neurotransmitters by MRS is of great interest to understand where and how these

neuronal pathways are disrupted in PDS. Glu is readily detectable by short-TE 1H

MRS, but its differentiation from the glutamine MRS signal is only considered

unambiguous at field strengths of 3T and higher. The detection and quantification

of GABA require special editing techniques at clinical field strengths of 1.5T and

3T, the most common being the MEGA-PRESS technique [32]. While accurate

detection of GABA using regular short-TE MRS becomes feasible at 4T and

higher [33], and even under special experimental conditions at 3T [34], reports

on GABA concentrations measured without editing techniques at 1.5T and 3T

have to be viewed with caution. Studying GABA levels in parkinsonism is of

interest in assessing the motor aspects of the disease: non-MRS, invasive, and

ex vivo techniques have described increased GABA levels in the basal ganglia of

patients with movement disorders [35]. Both in IPD patients and in animal IPD

models, loss of dopaminergic striatal neurons has been found to be accompanied by

increased striatal GABA content [36–39]. In postmortem human studies, these

increased GABA levels were found to be inversely correlated with the severity

of DA loss [37]. DA itself is not visible by MRS due to its low concentration in the

order of nM.

Phosphorus (31P) MRS allows for measurement of compounds related to cellular

energy metabolism of the brain, including both high-energy phosphates such as

adenosine triphosphate (ATP) and phosphocreatine (PCr) and also the low-energy

metabolites adenosine diphosphate (ADP) and inorganic phosphate (Pi). Since

abnormalities in mitochondrial function contribute to neuronal dysfunction and

cell death [9], studying brain energy metabolism by noninvasive 31P MRS tech-

niques can prove a useful tool for both diagnosis and monitoring of disease in PDS.

Being able to measure in vivo concentrations of these metabolites and neuro-

transmitters, MRS is a promising tool to assess metabolic biomarkers of early

disease states, disruptions of metabolic pathways, or biochemical response to

treatment in PDS. Later parts of this chapter will summarize and discuss studies

in which MRS was used to find metabolic differences between IPD and controls, to

find a marker of disease progression, to monitor the effects of treatment, as well as

to differentiate between different forms of APDs.
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Fig. 5.1 Normal and abnormal circuitry of the basal ganglia. (1) Location of the basal ganglia in a

cross section of the human brain. (2) Basic circuit in the normal brain. Excitatory input is shown in

green and inhibitory input in red. (3) In Parkinson’s disease the dopaminergic neurons of the

substantia nigra pars compacta (SNc) degenerate, unbalancing their modulatory effects on the

striatum (putamen and caudate nucleus). Reproduced with permission from Hill et al: Animal

Physiology, Third Edition Companion Website. Box Extension 19.2



Technical Considerations and Challenges of MRS in PDS

Technical improvements in the acquisition and analysis of MRS data, as well as in

study designs, have made huge impacts on data quality, reproducibility, and

reliability of MRS data over the last decades. As such one needs to be cautious in

comparing study results from literature 10–20 years ago to more current literature.

The test-retest coefficient of variance for the main metabolites (NAA, tCr, tCho, mI,

Glu) has become less than 6% when one uses an optimized protocol and sequence

[40]. The widespread availability of high-field MRS at 3T and higher magnetic

fields has yielded spectra with better signal-to-noise ratios and high spectral

resolution, thus making the identification and quantification of spectral peaks easier

and more reliable. At the same time, the use of PRESS, one of the standard

localization strategies, at higher field strength, also introduces larger variance in

the volume of origin for each metabolite peak (chemical shift displacement). This

limitation can be overcome by using localization schemes less prone to this artifact

such as STEAM and sLASER.

Brain Regions of Interest in PDS

In PDS, the basal ganglia structures are of particular interest. Yet, structures like the

globus pallidus, the putamen, the midbrain, or pons are small and have high iron

content, leading to intrinsic magnetic field inhomogeneities and thus broad spectral

linewidths [33]. Because each structure in the basal ganglia has a different function,

each is expected to show distinct neurochemical changes in disease. For example,

when considering disruption of the indirect and direct pathways of movement, the

globus pallidus interna and externa play different roles, and GABA concentrations

are expected to change differently in these two substructures. This difference

cannot be adequately resolved in MRS measurements. Thus, high spatial resolution

and adequate corrections for contribution of different tissue types and brain regions

are necessary for reliable interpretation of MRS data in PDS studies.

Since pathological changes are thought to begin in the periphery and spread first

to the brainstem, then to the midbrain, and eventually to the cortex, studies do not

need to be limited to analysis of basal ganglia regions. Studies investigating

potential biomarkers of preclinical IPD might examine caudal brain structures,

such as the pons [41], while studies focused on understanding metabolic correlates

of particular motor or non-motor symptoms may examine the motor cortex or other

cortical areas [42].
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Choice of MRS Technique and Correction Factors

MR spectroscopic imaging (MRSI) is a technique that can provide metabolic

information with a somewhat higher spatial resolution over a larger anatomical

coverage in about the same scan time as single voxel MRS (SVS). Yet good quality

MRSI data can only be obtained if the whole MRSI region to be covered has high

magnetic field homogeneity. Thus, cortical regions close to the skull, as well as

other brain regions such as the midbrain and pons, are more amenable to single

voxel MRS techniques than to MRSI. However, if the main focus is on studying the

metabolism of the basal ganglia structures, one or more axial slices of MRSI may

nicely cover most basal ganglia structures in one scan (Fig. 5.2).

The minimal size for volumes of interest (VOIs) in single voxel MRS on clinical

scanners is restricted to at least 1 ml, implying that an MRS VOI always contains

more than one type of brain tissue (gray matter, white matter, cerebrospinal fluid

(CSF)). Because it is well known that gray and white matter contain different

metabolite concentrations, it is important to consider the contributions of different

brain structures and brain tissue types to the VOI. Even the smaller MRSI voxels

still contain mixtures of CSF, gray matter, and white matter and seldom encompass

a single brain structure. Therefore, different voxel compositions can easily mask or

confound metabolic findings and may contribute to the inconsistent results found in

the IPD literature. In the past, CSF contribution to the VOI was corrected for by

reporting metabolic concentrations as ratios, often using tCr as the reference

metabolite, e.g., NAA/tCr. Studies that use tCr as the reference do not account

for the differences in [tCr] between gray and white matter, [tCr] regional variation

across the brain, and age dependence of [tCr]. In 2002, O’Neill et al. were one of the
first investigators to use quantitative MRS approaches to study IPD, reporting

absolute concentrations and accounting for voxel tissue composition [45]. They
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Fig. 5.2 Proton MRSI of a subject with idiopathic Parkinson’s disease at 3.0T. (a) Prescribed
central slice of interest for 1H MRSI scan. (b) Sample 1H MRSI grid overlaid on a corresponding

localizer MR image with illustrations of 10� 10� 15 mm3 striatal and gray matter voxels of

interest. (c) A representative proton spectrum showing resonances for N-acetylaspartate (NAA),

total creatine (tCr), and total choline (tCho). Reproduced with permission from Weiduschat

et al. (2015). Usefulness of proton and phosphorus MR spectroscopic imaging for early diagnosis

of Parkinson’s disease. [43]
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not only reported significantly lower tCr in the substantia nigra of IPD patients

compared to matched controls, but also substantial atrophy of the putamen, the

globus pallidus, and the prefrontal cortex, corrected for total brain volume. While

results of volumetric changes in IPD do vary in the literature, atrophy is fairly

consistently reported in basal ganglia structures. This highlights how important the

correction of metabolite concentrations for age- and disease-related atrophy

is. Further, using the relative contribution of a particular brain structure of interest

(e.g., the often studied lentiform nucleus) to the MRS VOI as covariate for

statistical analysis will help to account for atrophy of a particular structure.

Increased Brain Iron Content in IPD

It has been suggested that brain iron content of basal ganglia nuclei is increased in

IPD and possibly also in other forms of parkinsonian disorders [46, 47]. The iron

level of the substantia nigra, as measured by T2* MRI, has even been suggested as a

marker of disease progression in IPD [48]. The very same mechanism that allows

MRI techniques to quantify brain iron content, namely, the fact that iron is

paramagnetic and thus decreases the T2 relaxation time, also causes the linewidth

of spectral peaks to widen. This increases the challenge of obtaining well-resolved,

high-quality spectra from high-iron brain regions. It also may be a confounder in the

quantification of MRS visible metabolites, depending on the quantification tech-

nique used. Since T2 itself is different for each metabolite of interest and depends

on the field strength [49], the influence of iron on T2 may depend on the metabolite

as well. Thus, using metabolite ratios may yield confounded results.

Study Population Heterogeneity

Results vary and are sometimes even conflicting in the human MRS literature in

PDS. The heterogeneous results may be due to technical differences as well as the

different inclusion and exclusion criteria used. Because it appears that a decrease of

cortical NAA is primarily a feature of dementia and thus appears in IPD patients

with cognitive decline, but not in patients with pure motor dysfunction

(see Sect. on APDs), it is important that IPD patients, with and without dementia,

are differentiated [50, 51]. Furthermore, the concentration of NAA—as well as

many other metabolites—is age dependent [52, 53], and thus age needs to be

rigorously accounted for in all statistical models.
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Overview of Clinical MRS in Parkinsonian Disorders

Metabolite Changes in IPD Versus Controls

When using MRS to study a particular pathology, the first step is to identify a

metabolic signature of the disease. One way is to search for spectroscopic differ-

ences between the patient population and age-matched healthy controls. Since the

hallmark of IPD is the neurodegeneration of nigrostriatal dopaminergic neurons,

NAA (as a marker for neuronal viability) is a classic candidate to be examined in

such studies. In fact, most cross-sectional MRS studies on PDS report on NAA

findings; however, the range of findings is wide and needs to be carefully differen-

tiated with respect to patient classification, brain region, and data acquisition and

analysis methods. Early studies, using 1.5T MRI, mostly report on ratios of NAA to

either tCho or tCr. An early multicenter study in 1995 included 151 IPD patients

and 97 controls and reported lower NAA/tCr in the striatum in an elderly subset of

patients (age >51 years), as well as lower NAA/tCho in a subset of drug-naı̈ve

patients [54]. In general, over the past 20 years, the majority of MRS studies on IPD

patients reported decreases of NAA/tCr or NAA/tCho. Since neuropathological

changes in IPD are known to start in the brainstem and midbrain and later spread to

the cortex, we will discuss studies investigating basal ganglia structures separately

from studies investigating the cerebral cortex.

1H MRS Studies of the Basal Ganglia

Since reliably obtaining good quality MRS data from small regions of interest only

emerged with the advent of high-field MRI scanners, earlier studies often reported

on larger, composite basal ganglia regions such as the lentiform nucleus or the

striatum. The only early study that reported a significantly lower NAA/tCr in the

striatum found it in a subset of elderly patients, as well as in drug-naı̈ve patients, as

noted above, probably due to a large sample size [54]. Another study found no

differences in NAA/tCr but instead decreases in both, NAA and tCr, and a decrease

in NAA/tCho, in the contralateral putamen [55]. Several other early studies inves-

tigating the lentiform nucleus, putamen, or thalamus did not find significant

changes of NAA, tCr, or tCho [56–59], except for an increase of tCho in the

lentiform nucleus reported later by Clarke et al. in 2000 [60]. A recent MRSI

study analyzing a region of interest in the striatal area also reports unchanged

metabolite levels, potentially due to the short duration of disease in their patient

sample compared to other studies [43].

Since nigrostriatal dopaminergic degeneration is the hallmark of IPD, the over-

whelming majority of MRS studies of IPD over the past decade have targeted the

substantia nigra (SN). As mentioned above, this region is small and lies in the

midbrain, which makes it difficult to obtain a narrow spectral linewidth. The SN is
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also known to have increased iron content in IPD, proportional with the severity of

the disease [48]. Thus, conflicting findings are not surprising.

Decreases in NAA/tCr in the SN, in line with diminished neuronal viability,

have been reported by several investigators [33, 44, 61–63]. Some of these studies

investigated the laterality of their findings and showed asymmetry of NAA/tCr

[61, 62], consistent with the known pathological asymmetry in early IPD. Using the

improved sensitivity of a 3T high-resolution MRSI technique (point spread function

corrected voxel size of 2 ml), Seraji-Bozorgzad et al. followed drug-naı̈ve patients

over 3 months and found a 4.4% decrease of NAA/tCr in IPD patients versus

controls [64], in line with the percentage of neuronal loss per decade found ex vivo

[65]. Together with an asymmetry index of 16.1% in IPD versus only 1.6% in the

control group, this study suggests that a decrease in NAA/tCr in the SN may serve

as a marker of disease progression in unmedicated patients.

Medication status of patients likely plays a confounding role in clinical studies,

as NAA levels have been shown to depend on the medication status (see

Sect. on monitoring disease progression). These findings suggest that at least part

of the decrease in NAA should be interpreted as inhibition of the neuronal function

rather than as a marker of cell loss. Since NAA is synthesized by neuronal

mitochondria, lower NAA levels have been hypothesized to reflect impaired mito-

chondrial function, in line with mitochondrial electron transport chain dysfunction

being a primary or secondary event in parkinsonian pathogenesis [66].

Even though they also used high-resolution MRS at high-field strength and

scanned the patients after at least 12 h of withdrawal from their respective medi-

cations, some studies did not find differences in NAA in the SN [41, 45]. Potentially,

these findings might be explained by the positioning of the single voxel or the MRSI

grid and differentiation of the rostral and caudal parts of the SN. According to two

studies by Gr€oger et al., only the rostral part of the SN showed a decrease in

NAA/tCr and mI/tCr, while both metabolite ratios increased in the caudal part of

the SN compared to controls (Fig. 5.3) [44, 63]. Later, they used an improved

quantification method using internal water as reference instead of tCr. They found

higher NAA and lower tCho in the rostral SN compared to the caudal SN in both

IPD patients and controls, while higher tCr in the rostral compared to the caudal

part was only found in IPD patients. NAA was found to be significantly reduced in

both regions in IPD with respect to the control group [67]. According to these

results, which agree with postmortem results by Gerlach et al. [68], the differential

changes in NAA/tCr ratios could be due to spatially different concentrations of tCr

found in the caudal and rostral parts of the SN in IPD patients. Further findings

suggesting changes in tCr instead of (or in addition to) NAA are reported in the

2002 study by O’Neill et al. who also used internal water as reference instead of

reporting ratios. This group did not detect any decreases in NAA, tCho, or mI but

instead found a decrease in tCr in the substantia nigra, accompanied by atrophy of

putamen, globus pallidus, and prefrontal cortex [45].

In summary, changes in NAA/tCr, primarily found in the SN and in agreement

with the neuropathology of IPD, could only be detected with high resolution

(~1–2 ml), with careful voxel placement, and with sensitivity only achieved by
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3T or higher magnetic fields. Since most changes are reported as a ratio to tCr,

reflecting energy status or glial activation [64, 69], a decrease in NAA/tCr may be

interpreted as a loss of neuronal viability, a deficit in energy metabolism, gliosis, or

any combination thereof. Therefore, quantification methods using internal water as

is done by LCModel [70]—though requiring correction for CSF content of the

volume of interest—are of advantage for interpretation of the results.

1H MRS Studies of Cortical Structures

A large variety of cortical brain regions have been probed by MRS in IPD.

Fortunately, the cortical regions associated with the basal ganglia-thalamocortical

networks require less stringent resolution than MRS of the substantia nigra; how-

ever, other confounders, such as the existence of dementia, may strongly affect

cortical measurements. A reduction in NAA/tCr in the temporoparietal cortex was

found in IPD patients by Hu et al. [71], as well as by Taylor et al. [72], who also

reported a decrease in tCho/tCr for the same region. Furthermore decreased

NAA/tCr ratios were found in IPD patients in the motor cortex [73],

presupplementary motor cortex [74], posterior cingulate cortex (PCC) [75], and

anterior cingulate cortex (ACC) [42] and in temporal gray matter [76]. Importantly,

Lewis et al. found an association between reduced NAA/tCr in the ACC and poor

executive function and increased psychotic symptoms. Another study took the

presence of mild cognitive impairment (MCI) into account and found a decrease

in NAA/tCr in the occipital cortex and an increase of tCho/tCr in the PCC only in

IPD patients with MCI [51]. Finally, several single voxel and MRSI studies report

no significant metabolite changes at all between IPD patients and controls in the

investigated cortical regions [43, 59, 77].

Fig. 5.3 Rostral (left) and caudal (right) voxels investigated by 1H MRSI in the regions of the

substantia nigra as well as in the midbrain tegmentum areas. Reproduced with permission from

Gr€oger et al. (2011) Three-dimensional magnetic resonance spectroscopic imaging in the

substantia nigra of healthy controls and patients with Parkinson’s disease. Eur Radiol

21:1962–1969 [44]

5 Magnetic Resonance Spectroscopy in Parkinsonian Disorders 85



In summary, when interpreting these results, one needs to consider that most

studies only sample between 10 and 20 patients and controls, very few studies exist

on medication-naı̈ve patients, and very few studies control for, or even report on,

the medications used by their subject pool. Only few studies differentiate between

IPD patients with or without dementia or cognitive impairment, and many early

studies did not correct for gray matter, white matter, and CSF content of the

volumes of interest. In fact, taking into account that dementia and cognitive

impairment are associated with reduced cortical NAA [78], decreased NAA in

cortical regions might be a differentiator between IPD without dementia and IPD

with dementia. Progressive cognitive symptoms and the emergence of other

non-motor symptoms commonly occur with disease progression in IPD. One

hypothesis is that the progression of clinical symptoms relates to cortical changes

in specific brain regions. This would explain why no metabolic changes are found in

cortical regions in early stages of IPD but are found in more advanced disease when

more clinical symptoms, such as cognitive impairment, occur. Cortical changes

detected in early stage parkinsonism may indicate the presence of an atypical

parkinsonian disorder (see Sect. 4.3).

Alterations in Glutamate and GABA

As described above, the balance of the neurotransmitters Glu and GABA plays an

essential role in the direct and indirect pathways of movement. However, few

studies have examined the roles of these neurotransmitters in the basal ganglia. In

2007, Kicker et al. used TE averaging for unambiguous detection of Glu [79] in the

lentiform nucleus, but did not find any changes in Glu in IPD patients (neither on

nor 12 h off medication) compared to controls [80]. In a study on metabolic

differences between IPD with and without dementia and Alzheimer’s disease,

Griffith et al. found lower levels of Glu/tCr ratios in the PCC in IPD patients with

dementia compared both to controls and to Alzheimer’s disease patients [81]. Emir

et al. found elevated GABA in the pons (þ64%) and in the putamen (þ32%) using

a short-TE STEAM sequence at 7T (Fig. 5.4) [41]. No further GABA MRS studies

have been published in human IPD; however, some evidence for increased levels of

GABA in the thalamus in parkinsonism comes from studies on manganese-exposed

metal workers. Using MEGA-PRESS spectral editing, Dydak et al. showed signif-

icantly increased GABA/tCr levels (þ80%) in a relatively large volume centered

on the thalamus in highly exposed smelter workers in China [82]. A few years later,

the same group showed that increasing thalamic GABA/tCr in manganese-exposed

workers predicted reduced motor performance, consistent with increased thalamic

inhibition of excitatory glutamate to the motor cortex resulting in hypoactive motor

symptoms [83]. Similar studies still need to be done in IPD to determine whether

GABA level changes are a potential marker of early motor impairment or only

specific to the mechanism of manganese-induced parkinsonism. To date only pilot

data exists that suggests that increased thalamic GABA changes in IPD correlate

with disease severity, as measured by UPDRS-III [84, 85].
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31P MRS in PD

Involvement of mitochondrial dysfunction is suggested in the early pathophysiol-

ogy of IPD and may be assessed by investigating energy metabolism using phos-

phorus (31P) MRS. A combined 31P and 1H MRSI study at 3T was performed in a

group of early IPD and a group of advanced IPD patients, as compared to matched

control subjects [86]. The putamen and midbrain were explored. While no signif-

icant changes in 1H metabolites, such as NAA, tCr, or tCho, were found, the high-

energy phosphates ATP and PCr were found to be significantly lower in both IPD

Fig. 5.4 Examples of 1HMR spectra obtained in one patient with PD with STEAM (TR¼ 5 s, TE

¼ 8 ms) from three VOIs. Reproduced under the Creative Commons Attribution license from Emir

et al. (2012) Elevated Pontine and Putamenal GABA Levels in Mild-Moderate Parkinson Disease

Detected by 7 Tesla Proton MRS (MRS of Brainstem and Striatum in Parkinson Disease). PLoS

One 7:e30918 [41]
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patient groups compared to controls. Low-energy phosphate ADP and inorganic

phosphate were unchanged. These results suggest early involvement of mitochon-

drial dysfunction. In contrast, investigating a striatal and parietal gray matter brain

region, a recent study reported unaltered levels of 31P metabolites [43] in early

PD. The same group also reported a sex difference in 31P metabolites in these same

brain regions, with male PD patients having lower ATP and PCr levels than female

PD patients [87]. This indicates that the gender distribution within a study popula-

tion may need to be considered when comparing results across studies. For exam-

ple, the Hattingen study [86] had a study sample with 11 males and 5 females,

whereas the Weiduschat study [43] had 10 male and 10 female patients in their

sample, which could explain why the first study was able to detect changes in the

high-energy phosphates in contrast to the second.

Differential MRS Findings in APD

Clinical differentiation between IPD and other forms of atypical parkinsonism

(APD), such as dementia with Lewy bodies (DLB), multiple system atrophy

(MSA), progressive supranuclear palsy (PSP), or corticobasal degeneration

(CBD), is often challenging, particularly in early stages of the disease. This leads

to a high rate of misclassifications. Yet, distinguishing between these forms of APD

is important for clinical prognosis and will become essential once disease-

modifying treatments are available. Assuming that chemical/metabolic changes

underlie all neurological symptoms and may be present prior to the clinical man-

ifestation of such symptoms, MRS is expected to play an important role in differ-

entiating IPD from ADPs. In particular, some ADPs like DLB are clinically

differentiated from IPD more by their time course than by the early symptoms.

Since DLB is a form of dementia, MRS has the potential to detect metabolic

changes in brain areas that are affected in dementia rather than in motor disorders.

This concept of differentiation through MRS has been tested in several studies.

Lower NAA and elevated mI levels in cortical regions such as the occipital,

temporal, parietal, and frontal cortices are well established in dementing disease

such as mild cognitive impairment (MCI) and Alzheimer’s disease [78]. In com-

parison to nondemented IPD patients, lower NAA levels in the occipital cortex

were found both in patients with Parkinson disease dementia (PDD) [50] and in IPD

patients with MCI [51]. Nie et al. also reported a higher tCho/tCr ratio in the

posterior cingulate cortex in the MCI group [51]. Another study looking at the

posterior cingulate gyrus showed significantly reduced NAA/tCr in PDD compared

to nondemented IPD as well as age-matched controls [88]. In that same study,

NAA/tCr correlated with neuropsychological performance in both patient groups,

but not with severity of motor impairment, suggesting NAA/tCr is a marker for

dementia in patients with IPD. Lewis et al. also report a similar correlation between

decreased cortical NAA with neuropsychological results [42]. They found that

lower NAA/tCr in the anterior cingulate cortex was associated with poor executive
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function and increased psychotic symptoms. Pagonabarraga et al. [89] report

similar findings in their MRS study to evaluate temporal lobe dysfunction in IPD

as it relates to progression to dementia. Studying IPD patients without cognitive

impairment, with MCI and with dementia (PDD), they found that cognitive impair-

ment was related to dorsolateral prefrontal dysfunction (reduced NAA) even in

early stages such as in MCI, while progression to PDD was linked to the additional

impairment of temporal lobe structures (reduced NAA in hippocampus in PDD

patients).

In line with the notion that reductions in cortical NAA reflect the additional

neuronal dysfunction in APDs, but not of IPD, Abe et al. studied patients with PSP,

CBD, MSA, and IPD and found reduced NAA/tCr in the putamen in all four patient

groups compared to healthy controls, as well as in CBD patients compared to MSA

and IPD patients. However, only PDP, CBD, and MSA patients, but not IPD

patients, also displayed lowered NAA/tCr in the frontal cortex [90].

Another group of studies established that in the basal ganglia, in particular in

striatal regions, reductions of NAA are more prominent or more widely distributed

in APDs than in IPD: early MRS studies at 1.5T could find lower NAA/tCr in the

lentiform nucleus in MSA-P (parkinsonian MSA), but not in IPD [56], or lower

NAA/tCr in MSA as compared to IPD patients [91]. Guevara et al. (2010) reported

lower NAA concentrations in the pallidum, putamen, and lentiform nucleus in

patients with PSP and MSA-P compared to healthy controls and patients with

IPD [92]. As discussed above, the detection limit of alterations in NAA in the

basal ganglia is strongly dependent on the sensitivity and specificity of the MRS

exam, i.e., it is influenced by magnetic field strength and spatial resolution. Thus,

the fact that these studies at 1.5T detected changes in APDs but not in IPD might

simply indicate that NAA reductions in basal ganglia areas are expected to be

higher in APD compared to IPD. This would also explain why some studies also

reported decreases in NAA/tCr or NAA/tCho in the lentiform nucleus in IPD, as

outlined in the review by Firbank [93]. At 3T, using the NAA/tCr levels in putamen

and pontine basis was suggested as discriminator between MSA and IPD by

Watanabe et al. (2004), with NAA/tCr being lower in the putamen only in

MSA-P patients but in the pontine basis also in MSA-C patients. Finally, another

3T MRS study demonstrated a differentiation between IPD and APDs by compar-

ing NAA/tCr within different regions of the substantia nigra (SN): NAA/tCr was

found higher in caudal voxels of the SN than in rostral voxels only in IPD patients.

In contrast, the opposite relationship was found for APDs and healthy controls [94].

In summary, many of these studies still need to be verified by reproduction of the

results, which are all based on statistical group differences but do not yet allow for

individual diagnosis. Without a clear establishment of “normal” NAA values in the

brain structures of interest, or those “typical” for IPD, it will remain difficult to use

MRS in the basal ganglia to differentiate IPD from APDs. However, while these

results await further confirmation, the presence of metabolic alterations in cortical
structures seems to be a strong indicator for the presence of an APD and/or

additional dementia, especially in earlier stages of the disease.
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MRS to Monitor Disease Progression or Treatment Effect

Since the motor symptoms of IPD result from low striatal DA, good symptom

control early in the course of IPD is achieved by medications replacing or enhanc-

ing brain DA, such as levodopa. Already in 1995 and 1997, two studies reported

significantly lower NAA/tCho in drug-naı̈ve IPD patients compared to controls in

striatum and putamen, respectively, but normal levels in levodopa-treated patients

[54, 95]. However, these studies were cross-sectional and thus could not yet prove

that NAA would be restored in the same patient after treatment. A decade later a

prospective study design was able to show that dopaminergic treatment increased

NAA in IPD patients to normal levels in the motor cortex: Lucetti et al. [96]

reported initially lower levels in NAA/tCr and tCho/tCr in de novo IPD patients.

After 6 months of treatment with the dopamine agonist pergolide, an increase to

normal levels both in NAA/tCr and tCho/tCr, together with an improvement of

motor symptoms as measured by UPDRS-III, was seen. A recent MRS study at 3T

used a randomized permuted block study in drug-on and drug-off condition in

20 patients with parkinsonian syndromes [97]. Significantly lower NAA, tCr, and

mI in the putamen were reported in drug-off conditions compared to healthy

controls. Levodopa therapy nearly restored NAA as well as tCr to normal levels,

i.e., levels were still slightly lower but without significant difference to normal

levels anymore. Yet, mI remained low in the patients even in drug-on condition. No

correlations between putaminal metabolite levels and motor function (UPDRS-III

scores) were found.

In cases where pharmacological treatments do not adequately control severe

motor symptoms, patients may be eligible for deep brain stimulation (DBS). Due to

the challenges of performing MRI on patients with an implanted neurostimulator,

MRI studies on the effects of DBS at higher field strength do not exist. There is

however one MRS study performed at 1T comparing brain metabolism in left and

right globus pallidus, as well as left fronto-basal cortex before and after bilateral

DBS of the subthalamic nucleus. The authors reported no changes in globus

pallidus but increased cortical NAA/tCho and NAA/tCr ratios after DBS, correlat-

ing with improvement of motor performances (UPDRS-III) [98].

NAA is known to reflect neuronal viability and thus neuronal dysfunction, as

well as neurodegeneration. Dopaminergic neurodegeneration is a slowly progres-

sive and nonreversible feature of IPD starting in the substantia nigra and spreading

through the basal ganglia and eventually to the cortex with an accompanying

increase in clinical symptoms. Both dopaminergic treatment and DBS alleviate

motor symptoms, but neither is a cure, nor do they slow down disease progression.

With this in mind, the interpretation of decreased NAA levels found in MRS studies

of PDS seems to reflect both components: Only cortical NAA levels have been

associated with motor or cognitive impairment depending on the brain region

studied and seem to be reversible as far as symptoms are reversible through

treatment. Here, NAA levels seem to primarily reflect the severity of symptoms

and as such the reversible impairment of neuronal function in these regions, until
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neurodegenerative processes also reach the cortex in later stages of IPD. Lower

NAA levels in basal ganglia have not been associated with either motor or cognitive

deficits but in contrast have been shown to follow the known rate of

neurodegeneration [64] and to reflect postmortem findings of neuronal loss

[64]. Yet, the Mazual study still found reversible NAA levels in the putamen.

Thus, NAA levels in basal ganglia structures may be reflective of both neuronal

dysfunction and early degeneration—having both a reversible and a nonreversible

component. Long-term prospective studies would be needed to differentiate dys-

function from degeneration. Of most interest would be a metabolite marker of

disease progression that is independent of medication status. The “neurodegenera-

tive component” of NAA levels could be such a marker but is confounded by the

“neuronal function” component, which is partially alleviated by medication. Poten-

tially, results from MRS studies performed in medicated subjects might be more

indicative of underlying disease progression, but more studies are needed to

understand the effects of medication on metabolite levels. Only few studies

reported on significantly lower mI levels in IPD patients [44, 97], yet the finding

that decreased mI in the putamen was not altered by medication status in the Mazual

study [97] makes mI an interesting candidate for a marker of disease progression.

Overview of MRS in Animal Models of Parkinsonian
Disorders

As with other diseases, animal models have been developed to probe into the

mechanistic properties of IPD. Because lesions occur within the brain, the models

incorporate chemicals that either can cross the blood-brain barrier or are directly

applied to applicable regions of the brain, such as the substantia nigra and striatum.

Historically, there are two commonly used neurotoxic animal models that mimic

the depletion of DA neurons in IPD: 6-hydroxydopamine (6-OHDA) and 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Both have been used on a variety of

animals, large and small, including mice, dogs, cats, and nonhuman primates.

While these models have been favorites in the research community, the suspicion

that environmental factors may contribute to IPD has led to the development of

additional models in recent years. These include using pesticides, as well as the

metal manganese, to produce symptoms of parkinsonism. There have been many

reviews and in-depth discussion on animal model designs for parkinsonism that the

interested reader is referred to [99–101]. The following will give a short introduc-

tion to the most common animal models, as well as an overview on MRS studies

and their results performed in these models.
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6-OHDA

6-OHDA is a potent neurotoxin that causes discrete damage to dopaminergic

neurons. 6-OHDA is very similar in shape to dopamine with the exception of an

additional hydroxyl group. The additional hydroxyl group renders the molecule

toxic, as it can autooxidize and induce oxidative stress to dopaminergic neurons.

Consequently, this leads to apoptotic cell death and the loss of neuronal activity.

Much like dopamine, 6-OHDA cannot cross the blood-brain barrier and therefore

needs to be applied directly to the desired area of the brain. In the past, the most

commonly administered location in rat models was the medial forebrain bundle, but

recently other areas have been used to better represent human IPD, such as the

striatum and substantia nigra. Often 6-OHDA is only injected into one side of the

brain, leaving the other side as a reference. This is beneficial because it allows for

each animal to be its own control, which eliminates some sources of variability

between animals. Articles reviewing the 6-OHDA model and its applications are

abundant [99, 102–104].

While 6-OHDA has provided around 50 years of IPD research [99], very few

studies have used MRS as an instrument for measuring the impact of this chemical

on the modeled brain. Those using MRS to study the effects of 6-OHDA on

metabolite concentrations lack consistency in their approaches and results, even

though they were all performed on rats. In one study, 6-OHDA was applied to the

left striatum of rats resulting in a decrease in tCho/tCr and an increase in Lac/tCr in

the afflicted striatum [105]. While the interpretation of changes in tCho is largely

ambiguous, increased lactate could indicate hypoxic conditions, as is seen in

ischemia [27]. However, no studies have reported similar findings on either tCho

or Lac upon 6-OHDA administration since.

Some indirect evidence of neurodegeneration was provided by Hou et al. in 2010

when they showed that 6-OHDA injection into the SN correlated with a decrease in

NAA/tCr in the ipsilateral frontal cortex. This decrease in NAA/tCr corresponded

to a loss of dopaminergic neurons in the SN analyzed postmortem [106]. NAA/tCr

also decreased in the injected striatum in another study, correlating with a signif-

icant impairment of the rats’ left forepaw performance [107]. More recently, Coune

et al.’s study using 14.1T in vivo MRS showed significant decreases in NAA similar

to Hou et al. While a decline in NAA is generally attributed to neurodegeneration in

a particular region [108], a decrease in NAA in a downstream location might

indicate loss of neuronal function, rather than simply neurodegeneration, as

discussed above in the section on clinical findings, complicating interpretation.

More recently, GABA has been found to increase in the striata after 6-OHDA

injection [109, 110], consistent with recent findings in humans [41]. Other metab-

olites were reported to decrease in an ex vivo study, including Glu, Cr, glycine,

alanine, and taurine [109]. Gao et al. also found differences in the contralateral

striatum of increasing Glu and decreasing GABA, compared to baseline scans prior

to 6-OHDA injection [109]. This suggests that there might be compensatory

changes in the contralateral striatum resulting from DA cell loss in the affected

striatum.
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MPTP

The MPTP model was unintentionally developed after MPTP was accidentally

synthesized during the production of an illicit opioid analgesic drug called MPPP.

After clusters of intravenous drug users unexpectedly developed a sudden onset of

parkinsonism, investigations found an impurity, MPTP, to be the direct cause. In

short, MPTP crosses the blood-brain barrier where it is quickly taken up by

astrocytes and metabolized into 1-methyl-4-phenyl-dihydropyridine (MPPþ)

(Fig. 5.5). MPPþ is then able to enter dopaminergic neurons through the dopamine

transporter (DAT) where it concentrates in the mitochondria of the neurons and

inhibits the function of a protein in the electron transport chain (called complex I),

which interrupts a significant portion of the neuron’s ATP synthesis. In regions

replete with dopaminergic neurons, such as the SN and striatum, this inhibition

causes reactive oxidative species to form while also limiting the available ATP in

the neurons, leading inevitably to cell death [99, 101, 104].

Various animals, including nonhuman primates, cats, rats, and mice, have been

made parkinsonian with MPTP. One of the hallmarks of this model is that results

more closely resemble the gradual onset of IPD when MPTP is chronically admin-

istered to animals, rather than giving large doses at once [108]. In a 1998 study of

chronically administered MPTP to nonhuman primates, a single voxel PRESS

sequence was used to detect increases in striatal Lac/macromolecules and tCho.

This increase remained until 10 months after the last administration and was

accompanied by a significant increase in the tCho/tCr ratio and a significant

Fig. 5.5 Schematic of MPTP metabolism and toxicity in dopaminergic neurons. Explanation in

text. Reproduced with permission from Dauer W, Przedborski S (2003) Parkinson’s Disease:

Mechanisms and Models. Neuron 39:889–909 [104]
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decrease in the NAA/tCr ratio [108]. A later study using acute MPTP exposure over

10 days reported a similar decrease in NAA/tCr ratio along with evidence of

increased Lac in cat striata [111].

A benefit of the MPTP model over 6-OHDA is the ability to test the interactions

of different drugs concurrent with MPTP exposure. In one study using mice,

exposure to MPTP caused an increase in striatal Lac/tCr 2 h after exposure, but

in a second round using a DA uptake inhibitor or monoamine oxidase inhibitor prior

to exposure, the Lac/tCr increase did not occur [112]. In a comparative study using

marmosets, NAA/tCr ratios reduced significantly after 1 week and remained low

after 3.5 weeks in marmosets that were exposed to MPTP. However, for the

marmosets that had taken a neuroprotective agent prior to MPTP exposure,

NAA/tCr ratios slightly decreased 1 week later but then significantly increased

3.5 weeks after exposure [113]. In two separate studies, Chassain et al. found

increased glutamine, Glu, and GABA in the striatum of MPTP treated mice, but

this effect could be attenuated if pretreated with levodopa [114, 115].

Other Novel Models

There are a few other neurotoxic animal models for IPD. While none of these

models have been used in studies where MRS has been employed, they hold

promise for future studies of environmental risk factors of IPD, particularly expo-

sure to pesticides. Several pesticides have been shown to produce PD-like symp-

toms including paraquat and rotenone. Paraquat is a commonly used herbicide that

has a structure similar to MPPþ but a different toxic mechanism. Paraquat creates

reactive oxygen species (ROS) by redox cycling, meaning it continues to produce

these ROS even while undergoing mechanisms intended to make it less reactive.

This induces significant lipid peroxidation and eventual degeneration [99–101,

116]. Rotenone is a naturally occurring compound from the roots of some plant

species that is used as an insecticide and to kill fish. Rotenone inhibits complex I of

the electron transport chain, and due to nigrostriatal dopaminergic neurons’ com-

paratively higher sensitivity to complex I inhibition, small chronic doses can cause

parkinsonian symptoms without affecting other regions of the brain [99, 100, 117].

Because some genes have been found to contribute to IPD (mutations are

responsible for about 10% of all IPD cases) [101], genetic animal models are

also being developed. Some genes known to cause IPD are LRRK2, parkin, DJ1,

SNCA, and PINK1. Mutations in parkin account for about half of the familial cases

of IPD and 20% of the early onset IPD cases. Animal models based on these

mutations are newer than the neurotoxic models, but their use is increasing,

particularly the models that result in alpha-synuclein overproduction. There are a

few ways to create these genetic models. One is to breed the specific transgenic

animal model desired, and the other is to induce mutation of the specific gene with a

viral vector. For example, Coune et al. injected the SN of rats unilaterally with an

adeno-associated virus (AAV) that had been prepared to express human alpha-
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synuclein in adult nigral neurons. Twelve weeks after injection, the affected side

showed a significant increase in GABA compared to the unaffected side using

14.1T MRS [110]. While MRS is yet to be employed with any consistency with

these relatively newer models, it is likely that these models will become more

common in the near future for studying IPD.

Future Perspectives

IPD is a neurodegenerative disease, characterized among others by slowly progres-

sive dopaminergic neurodegeneration that spreads from brainstem to basal ganglia

and ultimately to the cortex. Concurrently, clinical symptoms, that at first primarily

include motor dysfunction, progress and start to include additional dysfunctions,

such as impaired cognition. The exact type of additional dysfunction depends on the

affected cortical regions. Development of treatments that can slow or even stop the

neurodegenerative process in IPD strongly depends on early and accurate discrim-

ination of IPD from other parkinsonian disorders to optimize the therapy, as well as

on biomarkers of disease progression for monitoring treatment efficacy. Further-

more, such a biomarker at best should be sensitive enough to detect changes in the

preclinical or pre-diagnostic phase of the disease.

MRS measures underlying metabolic changes in vivo, potentially before they

result in structural brain changes (such as volume loss due to neurodegeneration) or

overt clinical symptoms. The ability to noninvasively measure changes in metab-

olite and/or neurotransmitter concentrations with MRS holds promise to help

understand the underlying mechanism and may serve a biomarker of disease

progression. At first glance the results of MRS studies in PDS reported in this

chapter may seem inconsistent. Yet, both human and animal MRS have made huge

technical advances since researchers started using it in IPD research: With increas-

ing magnetic field strength as well as developments of improved acquisition and

analysis techniques, the spatial resolution as well as the sensitivity of MRS has

increased, and quantification of metabolites has significantly better reproducibility

today compared to 20 years ago. Thus, achieving accurate and reproducible insights

into the metabolism of even small basal ganglia regions such as caudal and rostral

parts of the substantia nigra, or achieving increased sensitivity to identify disease-

related metabolic changes even earlier in the disease, will become more feasible.

What remains challenging is to understand confounders that mask reproducibil-

ity and correct interpretation of results. Accuracy and reproducibility will remain

crucially dependent on controlling for potential confounders, such as brain tissue

composition, patient group homogeneity (controlling for disease severity,

additional symptoms such as cognitive impairment or depression, APDs), brain

iron content and its possible effects on T2 of the studied metabolites, and, last

but not least, medication status. At minimum, medication status should be reported

in every study.
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Future research should focus on ways to differentiate between metabolic

changes that correlate with reversible symptoms and those that reflect neurodegen-

erative progression of the disease. As discussed in this chapter, changes in basal

ganglia NAA levels seem to contain a component reflecting neuronal function,

which may be reversible with medication, as well as a component reflecting

neuronal cell death, which is not reversible. With advancing disease stage, the

latter component is assumed to be increasing. The nonreversible component of

NAA may also be interpreted as reflecting mitochondrial dysfunction, eventually

leading to degeneration. Furthermore, cortical changes in NAA seem to be related

more to cognitive deficits as seen in later stages of IPD or in APDs. This interpre-

tation might explain many of the seemingly conflicting results on NAA presented

throughout the chapter. In the search for a biomarker of disease progression, future

studies should focus on whether metabolic signals are reversible with medication.

The current literature suggests that changes in mI and/or GABA might be interest-

ing candidates for nonreversible or early changes in IPD. A differentiation between

cortical regions and basal ganglia is of interest for interpretation of results and

possibly for identifying APDs early in the disease. Furthermore, longitudinal

studies are needed to better understand the dependence on disease severity and

symptoms. Once the dependence of metabolite signals on current medication

is better understood, such longitudinal studies can be performed in medicated status,

as this will highlight the nonreversible metabolic changes reflecting the true disease

progression. This nonreversible component of the metabolic response is of most

interest when assessing the efficacy of any novel therapy that aims to slow or stop

progression of IPD instead of alleviating symptoms. Finally, with novel animal

models of IPD emerging, which more closely resemble the time course and the

pathogenesis of the human disease, back-translation of human MRS findings to the

animal model for systematic studies and validation of reversible versus

nonreversible metabolic changes or dependence of metabolic changes on particular

symptoms will be more readily feasible.
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Chapter 6

Magnetic Resonance Spectroscopy
in Huntington’s Disease

Fanny Mochel, Janet M. Dubinsky, and Pierre-Gilles Henry

Abstract Huntington’s disease (HD) is an autosomal dominant neurodegenerative

disease with complete penetrance. Although the understanding of the cellular

mechanisms that drive neurodegeneration in HD and account for the characteristic

pattern of neuronal vulnerability is incomplete, defects in energy metabolism,

particularly mitochondrial function, represent a common thread in studies of HD

pathogenesis in animal models and humans. Here we review the metabolic dys-

function captured by in vivo proton and phosphorus magnetic resonance spectros-

copy (MRS) in animal models of HD and human carriers of the mutated huntingtin

protein. Having access to a presymptomatic population of individuals gives a

unique possibility of approaching early pathophysiological changes in

HD. Although longitudinal studies are needed to determine more precisely the

time course of these metabolic changes in humans, MRS tools are already used in

clinical trials to obtain proof of concepts of the ability of disease-modifying drugs

to impact on disease progression in HD.
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Huntington’s Disease: A Metabolic Disease?

Huntington’s disease (HD) has a prevalence of 5–10 per 100,000 in the general

population of the Western hemisphere. The disorder is reported in all ethnicities,

although it is much more common in Scotland and Venezuela and less common in

Finland, China, Japan, and black South Africans [1]. HD affects at least 40,000

people living in Europe, and an estimated additional 80,000 individuals carry the

HD mutation but remain as yet unaffected. In the United States, there are about

30,000 affected individuals, and another 150,000 Americans have a genetic risk for

developing the disease [2].

Molecular Diagnosis and Presymptomatic Testing

HD is inherited as an autosomal dominant trait. In individuals with HD, a poly-

morphic trinucleotide repeat sequence (CAGn), near the 50 end of the HTT gene, is

expanded beyond the normal repeat range, leading to the translation of an expanded

polyglutamine sequence in the huntingtin protein (Htt) [3]. In the normal popula-

tion, the number of CAG repeats varies from 17 to 29. Individuals with adult-onset

HD usually have a CAG expansion from 40 to 55, whereas those with juvenile onset

have CAG expansions greater than 60 that are often inherited from the father.

However, penetrance of alleles with a CAG repeat in the range of 36–39 is reduced.

Although people with intermediate alleles (27–35 repeats) will not experience HD

symptoms themselves, the repeat inherited by their children can be longer than their

own. The CAG repeat length is inversely correlated with the age at onset; the longer

the CAG repeat stretches within the HTT gene, the earlier is the onset and the more

severe the clinical manifestations of HD [4].

The availability of the HD genetic test makes possible the identification of

mutant gene carriers long before they become symptomatic [5]. Presymptomatic

testing has been offered since 1993 within a multidisciplinary framework [6]. Hav-

ing access to a presymptomatic population of individuals also gives a unique

possibility of approaching early pathophysiological changes in HD. This feature

is pivotal in identifying therapies that will be efficient not only at slowing but also

stopping or even reversing the pathological process in HD. When symptoms

develop in patients, atrophy of the underlying region is already pronounced

[7]. Therefore, the presymptomatic phase in HD provides a unique window for

therapeutic intervention.
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Clinical Manifestations

Individuals who have 36 CAG repeats or more may develop the clinical symptoms

and signs of HD including motor, cognitive, and neuropsychiatric abnormalities

that cause a progressive loss of functional capacity and shortened lifespan. The

clinical features of HD usually emerge in adulthood between 30 and 50 years of

age, after which illness progresses steadily over a period of 15–25 years. Patients

with HD may present with motor signs (over 50%), with behavioural signs, or with

both motor and behavioural signs [8]. Patients themselves may be unaware or

unconcerned about early cognitive and motor changes. The motor disorder usually

begins with clumsiness and fidgetiness that evolve into chorea. The presence and

severity of chorea vary markedly from subject to subject and over time. In addition

to chorea, patients with HD have bradykinesia and motor impersistence, with

difficulty sustaining ongoing movement. With advancing disease, there is progres-

sion of bradykinesia and dystonic movements appear. The gait disorder of HD is

complex, with chorea, parkinsonism, lapses in tone of antigravity muscles, and

ataxia. Ultimately, progressive bradykinesia and intractable falls lead to the wheel-

chair- or bed-bound state. Dysarthria and dysphagia progressively impair commu-

nication and nutrition.

Behavioural changes contribute largely to disability in HD [9]. The most com-

mon changes in early disease are irritability, anxiety, and mood disturbance.

Depressed mood is very common with a lifetime risk of about 50% [10]. The

critical periods for suicide risk are prior to receiving a diagnosis and when patients

experience a loss of independence [11]. Psychosis is not common but may be difficult

to treat. Apathy increases in concert with disease severity and is a nearly universal

feature of advanced disease [12]. Behavioural and psychiatric disorders may predate

the onset of overt HD by as long as a decade, reflecting early pathological changes in

the non-motor areas of the striatum [8]. Cognitive changes are frequent in HD

[8]. The dementia of HD fits the description of subcortical dementia with disordered

attention, concentration, motivation, insight, judgement, and problem solving rather

than traditional cortical signs such as aphasia and apraxia [13].

Neuropathology

The initial detailed description of HD was that of George Huntington, a medical

practitioner of Pomeroy, Ohio, in 1872. The pathology of HD includes prominent

neuronal loss and gliosis in the caudate nucleus and putamen along with regional

and more diffuse atrophy. On gross examination of the brain, the atrophy may be

diffuse or confined to the frontal lobe or the striatum [14]. With the progression of

the disease, neostriatal degeneration appears to simultaneously move in a caudo-

rostral direction, in a dorsoventral direction, and in a medio-lateral direction

[14]. Large cortical neurons in layer VI are also involved, as are neurons in the
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thalamus, pars reticulata of the substantia nigra, superior olive, lateral tuberal

nucleus of the hypothalamus, and deep cerebellar nuclei [15]. Premature death of

medium spiny gamma-aminobutyric acid-ergic (GABAergic) projection neurons of

the neostriatum with gradual atrophy of the caudate nucleus, putamen, and external

segment of the globus pallidus is the neuropathologic hallmark of HD [14]. Inter-

neurons of the striatum are generally spared. Early, there is preferential loss of

GABAergic neurons that co-localize enkephalin, dynorphin, and substance P

[16]. These neurons are thought to predominate in the indirect pathway, accounting

for difficulties suppressing abnormal movement early in the disease course. With

disease progression, all GABAergic medium spiny neurons are affected, including

those in the direct pathway, explaining the emergence of parkinsonism in later

disease.

Pathophysiology and Energy Metabolism in HD

In HD, both normal and mutant alleles are expressed. Gain-of-function alterations

in which the mutant Htt has protein-level toxicity, as well as loss of function of

normal Htt, have been proposed to contribute to HD [17]. Like many neurodegen-

erative diseases, HD is characterized by a cascade of events leading to neuronal cell

death. The main pathophysiological mechanisms proposed to underlie HD are

(1) neuronal aggregates, (2) transcriptional dysregulation, (3) excitotoxicity,

(4) mitochondrial dysfunction and altered energy metabolism, (5) changes in

axonal transport, and (6) signalling dysfunction [18].

Energy metabolism has been under the scope of HD research for many years due

to several observations in both patients and models of the disease. A reduction in

ATP production was shown in the brain of HD mice, including presymptomatic

mice [19]. A significant reduction in ATP levels and mitochondrial respiration was

measured in striatal cells of HD mice, although the respiratory chain complexes

were not impaired [20]. PET studies conducted in HD patients showed that glucose

consumption is reduced in the brain, providing strong evidence for

hypometabolism, especially in the basal ganglia, even in presymptomatic mutation

carriers [21–23]. The underlying cause of this early energy deficit in HD brain is

currently unknown, but impaired glycolysis [24], tricarboxylic acid (TCA) cycle

[25], and/or oxidative phosphorylation [20] may be involved. Mutant Htt was

shown to decrease the expression of peroxisome proliferator-activated receptor

coactivator-1alpha (PGC-1α) in the striatum of HD mice and patients, through a

CREB-dependent transcriptional inhibition [26]. PGC-1α is a transcriptional

co-activator that regulates key energetic metabolic pathways, both in the brain

and peripheral tissues [27]. The possible role of PGC-1α in HD was initially

suspected from the observation of selective striatal lesions in the PGC-1α knockout

mouse [28]. Downregulation of PGC-1α in HD striatum was then shown to affect

mitochondrial energy metabolism, possibly by impairing oxidative phosphorylation

[26]. In addition, the inhibition of succinate dehydrogenase, by 3-nitropropionate
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(3NP) or malonate, mimicking HD neuropathology in baboons [29] and mice [30],

indicates that a lack of substrates for the TCA and the respiratory chain is impli-

cated in the energy deficit of HD brain.

Clinical Utility of MRS in HD

By tracking several brain regions longitudinally in presymptomatic individuals that

were predicted to be far or close to motor onset according to the individual’s age
and HTT CAG repeat length [4], the TRACK-HD study has shown that progressive

striatal atrophy, and especially caudate atrophy, is a component of the disease that

can be observed decades before predicted motor onset [31]. Several brain regions

besides the caudate are also involved early in the disease process, but the neural

networks that underlie such alterations are unknown [31]. Metabolic changes are

likely to occur prior to brain atrophy and could potentially be reversed with early

therapeutic intervention. A real challenge in HD is therefore to identify and capture

the metabolic dysfunction that leads to structural changes. The sensitivity of

magnetic resonance spectroscopy (MRS) should allow the characterization of

such metabolic dysfunction. Because of its ability to study brain metabolism

in vivo, including energy metabolism using 31P MRS is of particular clinical

relevance in HD, and especially at the presymptomatic stage of the disease.

As a monogenic disease with full penetrance (for alleles with CAG repeats

>39)—carriers develop the disease in an age-dependent manner; HD is a model to

understand mechanisms of neurodegeneration that may be common to more frequent

neurodegenerative diseases such as Parkinson’s or Alzheimer’s diseases. Major

discoveries in HD are likely to impact largely on the field of neurodegeneration.

Consequently, promising therapeutic strategies have been developed in HD among

which are (1) the lowering of mutatedHTT using RNA interference, (2) the correction

of toxic post-translational modifications of the mutated HTT, and (3) the compensa-

tion of key downstream cellular alterations like vesicular transport or mitochondrial

functions. However, due to the small effect sizes of any clinical parameter, it is useful

to identify robust and functional biomarkers of HD for proof-of-concept studies

testing these exciting treatments before they can be launched in large clinical trials.

The detection byMRS of dynamic metabolic changes linked to the progression of the

disease could lead to a better understanding of the nature of the metabolic changes in

HD and identification of novel brain biomarkers. In addition, these biomarkers could

be used to assess the efficacy of therapeutic strategies in HD carriers, and especially

those targeting brain energy metabolism [32].
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Overview of MRS in Animal Models of HD

Proton MRS

Since the earliest development of animal models of HD, MRS has been utilized to

biochemically characterize the disease state and longitudinally follow disease

progression. Moreover, these metabolite profiles have proved useful in assessing

the impact of proposed treatments and gaining insight into underlying disease

mechanisms. MRS has also been applied to biochemical preparations of synthetic

polyglutamine molecules to assess the structure of monomers, fibrils, and aggre-

gates [33, 34]. While these experiments have shed light on the molecular nature of

the toxic structure, they will not be addressed in the current discussion of in vivo

MRS applications.

One of the earliest animal models of HD involved systemic injections of

metabolic inhibitors, including 3NP, to produce striatal lesions. Decreased total

N-acetylaspartate (tNAA) and increased lactate concentrations accompanied these

lesions [35, 36]. Low-dose, chronic administration of 3NP, an inhibitor of succinate

dehydrogenase, an enzyme involved in both the TCA cycle and the mitochondrial

electron transport chain, produces striatal degeneration and motor symptoms rem-

iniscent of HD, demonstrating that disruption of energy metabolism reproduces the

main features of HD phenotypes [35, 37, 38]. In rats receiving a dietary creatine

supplementation, the striatal lactate/tNAA ratio detected by 1H MRS was reduced

compared to 3NP alone [38]. As the effects of 3NP administration developed slowly

in baboon, absolute concentrations of striatal tNAA, creatine, and choline

decreased initially followed many weeks later by an increased lactate concentration

[37]. When 13C MRS was used to measure TCA cycle activity in the striatum of

3NP-treated rats, the TCA cycling rate was lower than controls, confirming mito-

chondrial inhibition [39]. More recent analytical measurements of striatal ATP and

phosphocreatine (PCr) concentrations from 3NP-treated rats reported that 3NP

resulted in a decrease in both ATP and PCr concentrations, whereas PCr was

shown to increase in genetic mouse models [40]. Directly lesioning the striatum

with quinolinic acid (QA), an NMDA receptor agonist that produced excitotoxic

damage and produced 1H MRS detectable decreases in glutathione (GSH) and

glutamate (Glu), with corresponding increases in glutamine (Gln), a different

pattern of changes than those observed in the 3NP model [41]. In addition,

decreases in tNAA, total creatine (tCr, CrþPCr), and taurine were observed

[41]. While both of these biochemical approaches (3NP and QA) to modelling

HD mimicked the striatal lesion, the mechanisms producing these lesions did not

necessarily mimic the disease. Nonetheless, characterizing these models demon-

strated the feasibility of using MRS to monitor changes in metabolite concentra-

tions in vivo in animal models of HD.

With the development of genetic mouse models of HD, MRS provided insightful

characterization of metabolic changes associated with the onset and progress of

disease. 1H MRS at 4.7T was first applied to the R6/2 mouse, an early HD model
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with rapidly progressive motor dysfunction and a short lifespan [42, 43]. The

observation of a decreased tNAA/Cr ratio and increased GlnþGlu level was

confirmed by 1H MRS of in vitro samples of striatal and cortical brain extracts

and interpreted to indicate disruption of the regulation of the neurotransmitter

glutamate [42]. Similarly, decreases in tNAA and increases in taurine and choline

were individually quantified in a subsequent study including two other more slowly

progressing genetic models, the N171-82Q and YAC72 mice, supporting the idea

that similar metabolite changes are related to HD and not to the effects of a specific

genetic construct [44]. In the R6/1 HD mouse, which exhibits a slower disease

progression than the R6/2 mouse, the loss of tNAA was observed at an age in which

striatal DARPP32 expression had also declined [45], aligning this metabolite

change to other phenotypic markers. The decline in tNAA levels in HD mice

corroborated similar measurements from 1H MRS studies in humans [46].

The most precise characterization of both striatal and cortical metabolite

changes has been reported in longitudinal studies of the R6/2 mouse model at

9.4T [47, 48]. Initial reports of decline in the absolute concentrations of striatal

NAA and increases in Cr, glycerophosphocholine (GPC), GSH, and Gln, among

others, at both 8 and 12 weeks of age [47] were followed up with a more detailed

longitudinal progression of both cortical and striatal changes at 4, 8, 12, and

15 weeks [48]. The increased spatial resolution from the higher field strength

provided measurements localized to dorsal cortex or striatum without interference

from surrounding structures. The asynchronous changes reported among 18 small

molecules indicated that as disease progressed, multiple mechanisms altered dif-

ferent metabolites. Striatal PCr increased, and PE decreased stepwise at 8 weeks

without further changes, while both striatal and cortical Gln, Cr, Cho, Gln, and Lac

continuously increased, and NAA steadily decreased. To capture this

multidimensional landscape, all metabolite concentrations were combined using a

Partial Least Squares Discriminant Analysis (PLSDA). The two derived principal

components, which accounted for 75% of the variability, described a trajectory that

separated the more diseased mice from early onset and controls [48]. Longitudinal,

behavioural, and MRI-derived anatomical measurements were compared to the

metabolite profiles to determine which would be the most sensitive indicator of

disease. As a biomarker, the first principal component was more sensitive and better

able to recognize and predict disease stage than striatal volume, climbing behav-

iour, body weight, or any single metabolite [48].

Longitudinal assessment of metabolite changes in the Q140 knock-in mouse

model demonstrated many changes comparable to the R6/2 mouse [49]. One

notable difference was in total choline (tCho), increasing in R6/2 while remaining

stable in Q140. Interestingly, in the more slowly progressing Q140 model, striatal

metabolite changes preceded cortical ones [49]. Surprisingly, in the BACHD

mouse, a model expressing the full-length human mutant HTT gene, the only

metabolite observed to change over the course of 24 months was an increase in

lactate, suggesting this model progresses more slowly than previously thought

[50]. The non-invasive assessment of brain metabolites via 1H MRS has become

so valued that it was one of the variables measured in an initial characterization of a
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novel knock-in mouse model, zQ175 [51]. Comparable to the previously reported

metabolite profiles, the zQ175 striatum at one year is characterized by decreased

NAA and increased concentrations of glutamine, taurine, and total creatine [51].

This approach was also applied to 1H MRS data from very young Q111 mice, a

model of the earliest stages of disease [52, 53]. Increases in Cr and decreases in PCr

at 6 weeks were homeostatically restored to normal by 13 weeks [54]. Other

changes in the Q111 striatal metabolite profile included increases in Gln, as

observed in R6/2, but also increased glucose and decreased taurine; changes are

not encountered previously. At these time points during mouse adolescence, the

PLSDA analysis could distinguish genetic carriers from wild-type littermates, even

though the metabolite changes at these early ages largely contrasted with those

encountered during overt disease in the R6/2 (Fig. 6.1) [48, 54]. This study

illustrates the fluid nature of the systemic response to the consequences of abnormal

HTT gene expression. Early in life, homeostatic changes can compensate for

perturbations, producing metabolite shifts that are different from those encountered

during manifest disease. The increases in PCr and/or Cr values detected by 1HMRS

in the above studies were confirmed independently by analytical HPLC analysis of

brain regions harvested from R6/2 and Q111 mice [40]. Thus 1H MRS provides a

reliable, non-invasive method for detecting and following the dynamics of disease

progression in vivo.

Phosphorus MRS

While 1H MRS provides information on multiple metabolites, suitable for

metabolomic characterization, 31P MRS yields information on phosphorus-

containing metabolites providing potential mechanistic information about energy

status. The absence of changes in human occipital measures of Pi/ATP in response

to visual stimulation among individuals with early-stage HD illustrates the ability

of 31P MRS to provide information regarding energy utilization during functional

challenges [55]. Due to the smaller brains of HD mice and the lower sensitivity of 31

P MRS compared with 1H MRS, the spatial resolution of 31P MRS in mice at 9.4T is

currently limited to relatively large regions, e.g. dorsal brain [54]. Functional chal-

lenges are also difficult to present to anaesthetized animals, restricting measurements

to steady state examination of phosphorus-containing metabolites for both R6/2 and

Q111 mice [54]. In 11-week-old R6/2 brain, GPC increased and PCr and NADP

trended upwards. Measured ATP levels appeared normal, illustrating ATP’s strong
homeostatic basal regulation even in advanced disease. Analytical measurements of

ATP concentration in brain extracts detect an ~10% decrease [40], below the resolu-

tion of the 31P MRS for the sample size studied. The calculated relative rate of the

creatine kinase reaction increased as a consequence of the overall increase in total

creatine [54] but inconsistent with reports of downregulation of that enzyme [56]. In

young Q111 mice, the homeostatic ATP regulation was observed clearly in calcula-

tions using values from both 1H and 31P MRS [54]. The phosphorylation potential
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declined, and the concentration of ADP and the relative rate of oxidative phosphor-

ylation were transiently lower at 6 weeks, recovering by 13 weeks [54], illustrating the

resilience of brain tissue just beginning to accumulate Htt aggregates [53, 57].

In addition to energy compounds, 31P MRS yields measures of intracellular pH,

derived from the Pi peak. A cytoplasmic alkalinization was encountered both in rat

striatum lesioned with 3NP and occipital cortex of HD patients [58], again

Fig. 6.1 Partial Least Squares Discriminant Analysis (PLSDA) of striatal (a, b) and cortical (c, d)
metabolites in separate principal component (PC) spaces or combined in one space (e, f) [48]. The
loading plots provide the relative weights of each metabolite concentration used in computing PC1

and PC2 (a, c, e). Solid symbols represent R6/2, open symbols represent littermate controls,

squares represent cortex and triangles represent striatum. Grey scale differs depending on age
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demonstrating the ability of MRS to detect parallel changes in both preclinical

models and human disease. However, the 31P MRS studies of young Q111 and

diseased R6/2 mice did not detect any changes in intracellular pH [54].
31P MRS has yielded insights into the shifts in energy metabolism that occur in

both human disease and animal HD models. As the resolution improves with higher

field magnets, functional challenges are expected to yield greater insights into the

metabolic shifts that accrue as disease progresses. One example of this is the recent

report of the ability to measure the cerebral metabolic rate of oxygen (CMRO2) in

mouse brain using a 16.4T magnet [59]. When applied to transgenic mouse models

of HD, this technique may be able to directly determine if HD limits energy

capacity.

Biomarker Considerations

1H MRS can yield anywhere from 4 to 19 metabolites depending upon field

strength, magnetic field homogeneity (shim), and signal to noise ratio. Including

all of this metabolite information, rather than just a few favourite metabolites, in a

biomarker calculation should in principle increase the accuracy and usefulness of

the biomarker. Other mathematical combinatorial techniques have been proposed

beyond simple metabolite ratioing. An ROC analysis of R6/2 1H MRS data

suggested that PCr or CrþPCr alone might be sufficient to identify disease onset

and track progression [60]. The problem with this analysis is that it derives from the

most severe and rapidly progressive animal model and may be insensitive to early-

onset metabolite changes. PLSDA has been successfully applied to longitudinal

MRS analysis in multiple mouse HD models to yield combined pseudo-variables

that track disease progression [48, 54]. A PLSDAmathematical model derived from

the R6/2 mouse can be used to assess disease progression in the Q140 mouse and

vice versa [49]. More complicated mathematical processes [61] have been proposed

but lack validation with data from multiple mouse models. As various MRS

measures are demonstrated to have validity in both preclinical models and human

disease, consensus upon how to best utilize the rich metabolomic information needs

to be developed.

Overview of Clinical MRS in HD

Methodological Considerations

MRS studies of subjects with HD present a number of challenges specific to this

disease. First, while motion is always a concern in MRS, it is particularly problem-

atic in subjects with HD. Motor symptoms may result in involuntary movements
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during scanning in subjects with HD. Even in presymptomatic individuals or sub-

jects, in the early stages of HD, small voxels that match structures of interest (e.g. in

caudate or putamen) can make MRS acquisitions particularly sensitive to move-

ment (a 5-mm movement has potentially much more impact on measured metab-

olite concentrations when using a 2-cm3 voxel than when using a 15-cm3 voxel).

Recent progress in real-time motion and shim correction for MRS could be used in

the future to alleviate this problem [62, 63].

In addition, cohorts of HD subjects differ widely between studies with respect to

disease severity, disease duration, age, etc. This makes it difficult to compare results

from different studies and may contribute to higher standard deviations across

groups. Even when presymptomatic and patient groups are clearly distinguished,

significant heterogeneity within each group is difficult to avoid. Correcting for

disease burden or disease duration may help in reducing this heterogeneity.

Data acquisition techniques vary widely across studies, sometimes making

comparison of results difficult. While many early studies used long-echo time

(TE) and focused on singlet resonances (tNAA, tCr, tCho), recent studies generally

used shorter TE, which gives access to additional metabolites such as myo-inositol
(mIns) and Glu. Higher magnetic fields (3T and 7T) offer the potential of additional

gains in quantification precision [64].

Accurate quantification is another challenge. Early studies often reported metab-

olite ratios, which can be ambiguous. For example, an unchanged tNAA/tCr ratio

can mask a simultaneous decrease in both tNAA and tCr. More recent studies have

used LCModel or similar techniques to quantify short-TE spectra. The use of water

as a concentration reference allows determination of “absolute” metabolite con-

centrations without using concentration ratios. Handling of the macromolecule

(MM) baseline is particularly important, and inclusion of an experimentally mea-

sured MM spectrum is recommended. Without inclusion of such an MM spectrum,

the baseline can be estimated, but care is required with potential bias due to

incorrect baseline estimation. Insufficient outer volume suppression may also

cause lipid contamination artefacts and have a strong effect on quantification.

Improvements in the localization performance of MRS pulse sequences in the

past 15 years probably explain why lactate increases reported in HD in earlier

studies were not observed in more recent studies.

Finally, avoiding or correcting for partial volume effects is crucial in HD studies,

particularly for cerebrospinal fluid (CSF). The most studied structures (caudate and

putamen) display pronounced atrophy in HD and are therefore prone to partial

volume effects from white matter and, in the case of caudate, from nearby CSF. The

choice of smaller voxels and careful voxel positioning help minimize these effects.

Alternatively, image segmentation can be used to estimate the amount of white

matter or CSF in the voxel. Estimation of CSF content can also be performed using

a bi-exponential fit of unsuppressed water signal as a function of TE.
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Clinical Studies Using Proton MRS

1H MRS studies in subjects with HD were reported as early as 1993 [35]. In the

1990s, several studies were performed at 1.5T using long-echo times [46, 65–68]

and one at shorter TE (30 ms) [69]. Most of these studies reported only metabolite

ratios, with a few exceptions [69]. In the 2000s, studies at short-echo time became

more widespread, giving access to J-coupled metabolites such as mIns and Glu.

Finally, in the 2010s, studies appeared at higher magnetic field (3T and 7T). The

largest study to date included 84 subjects—30 controls, 25 presymptomatic carriers,

and 29 patients with early HD (Fig. 6.2) [70]. Most studies have focused on caudate

and putamen, but several studies have also looked at other cortical and subcortical

regions. In the following, we discuss the most significant 1H MRS findings in

individuals affected by HD and then in presymptomatic individuals.

Most MRS studies to date have been performed in symptomatic HD subjects—

or in mixed symptomatic/presymptomatic cohorts. In the putamen, at least four

studies have been published [69–72]. Most but not all found decreased tNAA and

decreased tCr in symptomatic HD subjects compared to controls [69, 70,

72]. Decreased Glu [70, 72], increased mIns, and increased tCho compared to

controls [69, 70] were also reported. These observations are consistent with

Fig. 6.2 1H MRS in 30 controls, 25 presymptomatic individuals, and 29 subjects with HD

[70]. Error bars denote SEM for each group. Asterisks indicate level of significance: *p< 0.05,

**p< 0.01, and ***p< 0.001. Group comparisons were made using one-way analysis of variance

with post hoc Newman-Keuls Multiple Comparison Tests
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neurodegeneration and gliosis. In the caudate, two studies reported decreased tNAA

and decreased tCr [67, 72], while another reported only a decrease in Glu, although

only when considering concentration ratios [71]. Observations of increased lactate

in the striatum in early studies [46, 66] were not confirmed in subsequent studies.

Other brain regions have been studied more sparsely and generally showed fewer

changes, consistent with striatum being the most affected structure in HD. In

occipital cortex, two studies reported no change in the absolute concentration of

any metabolites [68, 69], while the ratio tNAA/tCr was significantly decreased [69],

and ratios Lac/tNAA and tCho/tNAA were significantly increased [46]. In prefron-

tal cortex, two studies reported no change in any metabolite [71, 72], while one

study reported decreased tNAA and increased Lac [65]. Decreased tNAA and Glu

were reported in posterior cingulate cortex [73]. Measurements in thalamus and

hypothalamus at 7T reported no change [73], although decreased tNAA/tCr was

reported in an earlier study [74]. Overall, keeping in mind the great variety of brain

regions studied and MRS methodologies used, changes in brain regions other than

striatum mostly show either a small change in tNAA or no change at all. Many of

these studies, however, have relatively small numbers of subjects and may not have

sufficient power to detect small changes, which may explain apparent

inconsistencies.

Just a handful of studies have reported results in cohorts of presymptomatic

individuals that included no subjects with diagnosed HD. The largest study to date

reported a significant 8% decrease in NAA—but not tNAA—in the putamen of

presymptomatic individuals relative to controls [70]. In contrast, other studies

reported no change in putamen [72, 75], caudate [72], or striatum [76]. In prefrontal

cortex, there was either no change [72] or an increase in tCho [76], although the

absence of shown spectra in the latter study makes it impossible to assess spectral

quality. No change was reported in the hypothalamus [72] or thalamus

[72, 75]. Again, these studies have small numbers of subjects for these specific

structures and may not have sufficient power to detect small changes. Overall, it

seems that there is a small (<10%) decrease in tNAA in the putamen in

presymptomatic HD carriers, which can be detected in studies with sufficiently

large (~25) numbers of subjects. Across presymptomatic individuals and HD sub-

jects, changes in tNAA correlated with performance on a motor function task and

with disease burden [70].

Clinical Studies Using Phosphorus MRS

Only a few studies have been reported using 31P MRS in HD subjects. The first one

reported no change in posterior parietal region, except for a small increase in Pi that

was attributed to increased CSF [69]. Another study reported an increase in pH in

the brain of HD patients [58].
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More recently, a study in occipital cortex during functional visual activation

reported an increase in Pi/PCr and Pi/ATP in controls during activation compared to

rest, but this functional increase was not seen in subjects with HD suggesting

compromised energy metabolism (Fig. 6.3) [55].

Fig. 6.3 (a) Representative 31P NMR spectrum from the occipital cortex of a control subject at 3T

(pulse-acquire, 240 repetitions, TR ¼ 2 s, 8 min total acquisition time) [55]. In addition, an 1H

image shows the position of the sphere at the centre of the 31P surface coil, aligned with the visual

cortex (upper left). The surface coil is drawn on the image to show the size and position of the coil

relative to the head. The dashed white line indicates the sensitive volume of the coil encompassing

most of the visual cortex. The square on the 1H image shows the region used for localized 1H

shimming. A picture of the 31P coil is also shown (upper right). (b) Pi/PCr ratio before, during, and
after visual stimulation in 15 early HD patients and 15 age- and sex-matched controls. In controls,

the Friedman test was significant for Pi/PCr ( p¼ 0.006), and the Bonferroni-corrected Wilcoxon-

signed crank test indicated increased Pi/PCr between rest and activation ( p¼ 0.024) followed by a

decrease between activation and recovery ( p¼ 0.012). These changes were absent in HD patients;

*p< 0.05
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Perspectives

The above-mentioned studies demonstrate that MRS permits detection of metabolic

changes in HD. Longitudinal studies are needed in humans to determine more

precisely the time course of these metabolic changes and compare them with

other measures such as the rate of caudate atrophy or Unified HD Rating Scale

(UHDRS) scores. Because metabolic changes are thought to precede structural

changes, measurements of metabolic parameters could potentially detect a positive

response to treatment earlier than structural imaging.

From a technical standpoint, future studies could benefit from higher magnetic

fields, which are expected to provide better quantification precision, especially for

J-coupled metabolites such as glutamate and glutamine [64]. Real-time motion and

shim correction could also be beneficial to mitigate the effect of movement. Other

modalities such as 31P magnetization transfer or 17O MRS could be used to further

investigate energy metabolism in HD. A recent study in mice using 17O MRS also

showed promise to study energy metabolism [59].
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Chapter 7

MRS in Motor Neuron Diseases

Varan Govind

Abstract Upper motor neurons (UMN) in the motor cortex and/or lower motor

neurons (LMN) in the brainstem and spinal cord are affected in a heterogeneous

group of related or pathologically similar adult-onset diseases, collectively termed

as motor neuron diseases (MND). Amyotrophic lateral sclerosis (ALS) is the most

predominant (85%) among MND in which both UMN and LMN progressively

degenerate. The etiology of ALS is not known in approximately 90% of patients;

however, inheritance of genetic mutations underlies in about 10% of them. To date,

neither conventional neuroimaging techniques nor laboratory tests of body fluids or

biopsy samples yielded definitive biomarkers for ALS. Furthermore, molecular and

cellular mechanisms involved in this disease remain poorly understood. Proton

MRS is well suited to quantify metabolite alterations in the brain, and it has been

used on patients with ALS in an effort to gain insight into the pathophysiology of

ALS. A brief description on MND and their subtypes, limitations of clinical

neuroimaging methods to diagnose ALS, a number of brain metabolites that can

be quantified by in vivo MRS and their relevance to MND, andMRS techniques and

their limitations are provided. Use of a whole-brain MRSI approach to fully

characterize changes within the brain due to disease is described with a sample

dataset obtained in a patient with ALS. Changes in the concentration or ratio of

brain metabolites in patients with ALS and their pathophysiological significances

are described. Finally, the use of MRS methods for longitudinal and therapeutic

evaluation studies and future perspectives are discussed.
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Background

A motor neuron is a nerve cell present in the central nervous system (CNS). Upper

motor neurons (UMN) are located in the motor cortex of the brain. Lower motor

neurons (LMN) are located in the anterior horn of the spinal cord and the cranial

nerve nuclei of the brainstem. The UMN axons coalesce and descend through the

spinal cord and synapse with LMNs at spinal nerve root levels, as shown in Fig. 7.1.

The LMN axons innervate skeletal muscle fibers.

The motor neurons are affected in a group of adult-onset diseases, collectively

termed motor neuron diseases (MND). In these diseases, the common pathological

evidence is the progressive degeneration or loss of either UMN or LMN, or both.

Based on the type of motor neurons affected, MNDs are broadly categorized into

primary lateral sclerosis (PLS) [1] with UMN degeneration, progressive muscular

atrophy (PMA) with spinal LMN degeneration, progressive bulbar palsy (PBP) with

bulbar LMN degeneration, and amyotrophic lateral sclerosis (ALS) with both UMN

and LMN degeneration [2–5]. Among patients with MND, approximately 85% are

diagnosed with ALS [6, 7]. Furthermore, some patients diagnosed with PMA [8] or

PLS [9] show evidence of ALS, thereby making distinctions among the MNDs

Fig. 7.1 A schematic

diagram to show the

anatomical locations of

upper motor neurons and

lower motor neurons. Upper

motor neuronal cell bodies

are located in the motor

cortex (a) and their axonal

bundles descend through the

internal capsule and spinal

cord and connect with lower

motor neurons at the

appropriate brainstem and

spinal nerve root levels. The

axonal bundles of lower

motor neurons with their

cell bodies in the brain stem

(b) that control the facial
muscles and tongue, and the

axonal bundles of lower

motor neurons with their

cell bodies in the spinal cord

(c) that control the limb and

respiratory muscles
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unclear. Recent studies further indicate that ALS has also been observed in extra-

motor brain areas such as frontotemporal regions [10–16]. Approximately 50% of

patients with ALS show cognitive impairments and behavioral abnormalities [17–

19] and have clinical, genetic, and pathological overlap with frontotemporal lobar

degeneration (FTLD) [20–24]. Hence, ALS is increasingly recognized as a

multisystem disorder with variable involvement of UMN, LMN, and extra-motor

brain regions in patients.

Clinical examination of patients with ALS reveals spasticity (or stiffness) of

limb muscles, presence of the Babinski and Hoffman signs, hyperreflexia, and

pseudobulbar affect as signs of UMN involvement and fasciculation (i.e., sponta-

neous muscle twitching), decreased reflexes, weakening of muscles, and muscle

atrophy in affected anatomical regions as signs of LMN involvement of MND [25].

The etiology of ALS is not known in approximately 90% of patients with ALS,

termed as sporadic ALS (sALS), and the remaining 10% are known to inherit

disease-causing genetic mutations and categorized as familial ALS (fALS)

[26, 27]. The molecular and cellular mechanisms involved in the pathogenesis of

ALS remain poorly understood, but a general consensus evolved among researchers

is that it is a syndrome with multiple mechanisms contributing to the disease

[28]. Evidence from previous research studies suggest that oxidative damage [29]

or stress [30], abnormal accumulation of neurofilaments in axons [31], altered

cytoskeletal protein metabolism [32], glutamate excitotoxicity [33], intracellular

aggregates or protein misfolding [34], cellular transport abnormalities [35], muta-

tions in DNA-/RNA-binding proteins [36, 37], mitochondrial dysfunction [38], and

neuroinflammation [39] are some of the mechanisms implicated to cause the

disease. The pathological features of ALS include selective degeneration and

subsequent loss of the motor neurons in the motor cortex, brainstem, and spinal

cord and degeneration of the white matter fibers (axons that descend from the motor

neurons) in the corticospinal tracts (CST). In histopathological studies [40, 41], loss

of the pyramidal Betz cells and gliosis in motor cortex, degeneration of CST,

appearance of myelin pallor, and shrinkage and loss of anterior horn cells in spinal

cord were observed. Neither the anatomical location of the onset of this disease nor

its progression is clear—it may begin within the motor neuron cell body (cortex),

the axons, or at the neuromuscular junction and progress either away from (anter-

ograde or “dying forward”) or toward the motor cortex (retrograde or “dying

back”), with evidence for both the possibilities [42–45].

To date, there is no treatment available either to prevent further progression or to

reverse or cure ALS completely. The only FDA-approved drug for ALS, riluzole

[46], is known to delay mortality for up to three months [47] and its therapeutic

mechanism is based on anti-excitotoxic properties.
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Potential Clinical Utility of MRS

Diagnosis of ALS in patients is made upon determination of functional deficits

in both UMN and LMN of them. Deficits in LMN function of patients can be

evaluated by performing electromyography and nerve conduction studies [48–50].

However, despite evidence of UMN degeneration or loss in postmortem brain

specimens of patients died with ALS [51], no definitive laboratory or in vivo

imaging method is available to assess UMN involvement in the brain. As a result,

determination of UMN deficits relies on clinical assessments (in which the clinical

symptoms and signs observed in patients are interpreted) and findings of conven-

tional imaging and laboratory body fluid tests to rule out other diseases that

mimic MND.

Conventional MR imaging methods show signal intensity changes mainly in the

CST and motor cortex [52–57] and atrophy of the motor cortex [58, 59] in patients

with ALS. However, these changes are not consistently found in all patients

[57]. Similar intensity changes observed from MRIs of some control subjects

make a reliable diagnosis of ALS even more difficult [60]. However, clinical

MRI is still useful for exclusion of a diagnosis of other pathological conditions

that mimic ALS. Among other brain imaging modalities that have been evaluated to

assess UMN function in patients with ALS include transcranial magnetic stimula-

tion [61, 62], positron emission tomography [63, 64], and other MR-based tech-

niques such as MR spectroscopy and diffusion tensor imaging [65].

As a noninvasive technique, in vivo proton (i.e., hydrogen or 1H) MR spectros-

copy (MRS) offers a unique tool to quantitate a number of metabolites in the brain

of patients and healthy normal subjects [66]. The cerebral metabolites readily

observed by 1H MRS include N-acetyl aspartate (NAA; localized primarily in

neurons and axons; described as a neuronal marker), total creatine (Cre; sum of

creatine and phosphocreatine; an indicator of cellular energetics), and total choline

(Cho; sum of choline, phosphocholine, and glycerophosphocholine; an indicator of

cell membrane integrity, synthesis, and degradation). Other, not so easily observ-

able metabolites include glutamate (Glu), glutamine (Gln), and γ-aminobutyric acid

(GABA) (excitatory or inhibitory neurotransmitters), myo-inositol (mIns; an

osmolyte, present mostly in glial cells; an indicator of glial cell proliferation or

gliosis), and glutathione (an antioxidant). These metabolites are involved in various

physiological and pathological processes. Since the molecular and cellular pro-

cesses in the CNS are strongly considered to be the origin and development of

MND, it is reasonable to expect that alterations in the brain metabolites will precede

the CNS tissue parenchymal changes such as atrophy and thinning of cortex. Thus,

quantitation of these brain metabolites will not only provide the earliest indication

of disease but also enable to identify specific metabolic pathways that initiate UMN

degeneration (e.g., glutamate excitotoxicity), to aid in the assessment of UMN

degeneration/deficit (e.g., alterations in NAA, Cho, and mIns), to monitor the

progression of UMN degeneration (e.g., spatiotemporal changes in metabolites),

and to evaluate the efficacy of potential therapeutics. In Fig. 7.2, shown are the
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theoretically simulated proton MR spectra of the brain metabolites, observed at

3 tesla using a commonly used single-volume selection method for data acquisition,

point-resolved spectroscopy (PRESS [67]), with an echo time (TE) of 30 ms. For

the simulations, the GAMMA library [68] and published spectral parameters of the

brain metabolites [66] were used.

Fig. 7.2 Proton MR spectra of the brain metabolites of primary interest in motor neuron diseases.

Spectra shown were simulated for point-resolved spectroscopy (PRESS) sequence at 3 tesla with a

TE value of 30 ms (TE1¼TE2¼ 15 ms), an identical concentration for all the metabolites and a

6 Hz line broadening. The spectral lines shown originate from the circled hydrogen atom(s). The

hydrogen atoms with asterisks for choline were not included in the simulation. NAA, N-acetyl
aspartate; Cre, creatine; Cho, choline; mIns, myo-inositol; Glu, glutamate; Gln, glutamine; PPM,

parts per million
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Technical Considerations

ALS is for long thought to affect selectively the upper and lower motor neurons and

their axons in the brain and spinal cord. However, results from recent neuropath-

ological and imaging studies [10, 14, 51, 69, 70] provide evidence of involvement

of non-motor brain regions that are spread across much of the whole brain. Though

detectable brain metabolite alterations might be found at the time of disease onset

(or soon after the clinical signs of disease appear) only in few discrete anatomical

locations such as the primary motor cortex and corticospinal tracts, the progression

of disease is expected to produce concomitant spatiotemporal changes in the

metabolites. Thus, a whole-brain MRSI data acquisition approach is necessary to

follow the brain metabolite changes longitudinally to assess fully the anatomical

spread of the disease and also to evaluate efficacy of potential future therapeutics in

patients with ALS.

Spectroscopic data can be obtained using single volume (or voxel) spectroscopy

(SVS) or multi-voxel MR spectroscopic imaging (MRSI) techniques. SVS tech-

niques are well suited to pathologies confined to a discrete anatomical location and

pathologically homogenous and also to metabolites that are difficult to quantitate

using conventional single-shot acquisition methods, for example, GABA in the

brain, which requires use of a spectral editing method [71]. Typically, SVS tech-

niques take about 10 min to acquire data from an approximately 8 mL voxel

volume. Despite the fact that MRSI is technically challenging on the brain of

human subjects and requires longer data acquisition time (>15 min), it is still

preferred owing to its wide spatial (or anatomical) coverage. Among the

3D-MRSI techniques, a unique whole-brain MRSI data acquisition technique

developed by Maudsley et al. [72] is well suited for cross-sectional and longitudinal

studies. This echo-planar spin-echo-based data acquisition technique obtains data

from the whole brain including cortical regions and yields reliable data from much

of it after processing. In Fig. 7.3 are shown the whole-brain MRSI data obtained

from a patient with ALS (45 years old male) at 3T with a TE of 70 ms and an

acquisition time of approximately 25 min. The quality of spectra obtained using

this technique from discrete anatomical locations in the corticospinal tract of a

patient with ALS, as shown in Fig. 7.4, can be gauged from small linewidth values

(<10 Hz) and a reasonably high signal-to-noise ratio of the spectral lines. At a TE

of 70 ms, only the prominent metabolites such as NAA, Cre, and Cho can be

observed. However, a parallel-imaging version of this sequence [73] can be used

to acquire whole-brain MRS data in approximately 18 min at a TE value of 17 ms

to observe additional metabolites such as myo-inositol, glutamate, and glutamine.

For quantitation of GABA, the recently published spectral editing sequence with

3D spatial coverage [74] may be utilized; however, it still leaves out the cortical

brain regions that are most relevant to motor neuron diseases and thus its use for

MND will be limited.
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Most published MRS studies in MND reported metabolite quantitative data

either as ratios with respect to a co-observed metabolite (for example, Cre) or as

values in an institutional unit (i.e., T1 and T2 values of the metabolites are not taken

into account for calculations of their absolute concentrations). Furthermore, these

studies compared metabolite values or ratios either between patient and healthy

control groups in cross-sectional studies or between time points in intra-subject

longitudinal studies. Measurements of metabolite T1 and T2 involve experiments

with multiple repetition time (TR) or TE values and thereby require long data

acquisition times. As a consequence, absolute concentration calculations of the

metabolites within the whole brain, comprised of multiple voxels, are not feasible

within clinically acceptable scan times. This is one of the major limitations of

in vivo MRS studies.

Fig. 7.3 Whole-brain MRSI and T1-MRI data acquired from a subject with ALS (45 years, male)

are shown. Metabolite distributions in 12 contiguous slices of 5 mm thickness and T1-MRIs

matched to the same slice thickness (i.e., 5 mm) are shown. MRSI data were acquired from

18 slices of 10 mm each that covered the whole brain, and the data were processed to 32 slices of

5 mm each. For brevity, data from only 12 MRSI slices that encompassed most of the brain are

shown. Abbreviations used include NAA for N-acetyl aspartate, Cre for total creatine, and Cho for
total choline. The outlines of the metabolite images correspond to the outer edge of the brain on

their respective T1-MRI. The black colored voxels within the brain outline on the metabolite

images indicate that the metabolites in these voxels were not quantified either due to the poor

quality of data or no metabolite is present such as voxels with CSF. The white colored voxels on

some of the metabolite images indicate that the quality of spectral data from those voxels was poor

due to high magnetic susceptibility variations in the anatomical region and/or insufficient sup-

pression of water signal
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Overview of MRS in Animal Models of MND

Animal models of ALS provide insights into alterations in cellular and molecular

processes that enable researchers to identify possible targets for drug development

and to evaluate efficacy of potential experimental therapeutic agents. Etiological

models of ALS have been developed in mouse and rat species ([75–82]; see reviews

[83, 84]) for four major mutated genes that are known to cause over 60% of familial

ALS and a small fraction of sporadic ALS [85]. These genes are comprised of

copper, zinc-superoxide dismutase (SOD1; [29]), transactive response

DNA-binding protein (TDP-43; [21, 86]), fused in sarcoma (FUS; [36, 87]), and

C9orf72 [23, 24]. Despite some critical differences between these animal models

and the human disease [85, 88], only SOD1 rodent models produce phenotypes that

recapitulate several core clinical and pathological features of human ALS

[83, 85]. Other models either do not mimic the core clinical and pathological

features seen in ALS patients or are yet to be evaluated for their recapitulation of

ALS pathology (i.e., C9orf72 models).

Prior MRS studies, performed on the wobbler mouse [89] and transgenic mice

models with human SOD1 mutations, utilized three different sampling approaches

to obtain tissue metabolite profiles that consist of in vivo [89–91], ex vivo intact

tissue [92], and tissue extracts [90, 93].

Fig. 7.4 Representative proton MR spectra from discrete anatomical regions in the left

corticospinal tract, medulla, and pons/midbrain of a patient with ALS (43 years, male) are

shown. The spectrum shown for each region was obtained by averaging spectra from contiguous

voxels in that region and the voxel volume for the spectra ranges from 2.7 mL to 6.0 mL. Spectra

shown are from medulla (a), pons/midbrain (b), left internal capsule (c), left corona radiata (d), left
centrum semiovale (e), left precentral gyrus/subcortical white matter (f). (Adopted from [120])

128 V. Govind



In an animal model of ALS, Pioro et al. [89] have acquired in vivo proton MRS

data using PRESS sequence (TR/TE: 2500/135 ms) at 4. 7T in the brain of

homozygous mutant wobbler mice (n¼ 5) and age-matched unaffected littermates

(n¼ 5) for comparisons. The voxel localized for MRS included neocortex, caudate,

putamen, hippocampus, and thalamus. They found significantly decreased

NAA/Cre and no difference in Cho/Cre in the brain of mutant wobbler mice.

Andreassen et al. [91] have evaluated the concentration of brain metabolites at

4.7T in the sensory cortex region of transgenic mice with a SOD1 mutation and

wild-type groups and, furthermore, the effect of long-term creatine supplementa-

tion on brain metabolite levels in the transgenic mice group. Their findings included

a significantly increased Glx/Cre in the mutant mice group (n¼ 9) as compared to

the wild-type group (n¼ 6), and a significantly lower Glx/Cho at 80 day-old but no

difference at 110-day-old creatine-fed group (n¼ 5) as compared to the normal diet

similar age groups (n¼ 5). Creatine supplementation has significantly increased

longevity and motor performance of the transgenic mice group. Their results

provided evidence for impaired glutamate transport and marginal beneficial effect

of creatine supplementation in mutant SOD1 transgenic mice. In a longitudinal

in vivo MRS study, Choi et al. [90] have acquired SVS data at 9.4T in the motor and

cingulate cortex regions of mutant transgenic SOD1 and wild-type mice groups.

Data were categorized for analyses into three groups (n¼ 5–7) based on the

anatomical extent of motor symptoms (i.e., unaffected, paralysis of hind limbs

only, and paralysis of hind limbs and partial paralysis of front limbs). The results

included significantly decreased NAA and Glx and increased taurine in mice with

four limbs affected, compared to a group with no limbs affected.

Ghoddoussi et al. [92] have evaluated the effect of chronic treatment of methi-

onine sulfoximine (MSO), an inhibitor of glutamine synthetase, on the brain

metabolites of transgenic mutant SOD1 mice (a mouse model of familial ALS)

using high-resolution magic angle spinning (HR-MAS) MRS method with intact

ex vivo tissue samples of the motor cortex and anterior striatum. Compared to

saline-treated control animals (n¼ 6), significantly decreased concentrations of Gln

and Glu in the motor cortex and striatum were found in the MSO treated mice

(n¼ 6). Furthermore, the MSO treatment extended the lifespan of mice by 8%. This

study showed that MSO can be used to reduce glutamine synthetase (GS) activity

and thereby finding GS as an effective drug target to manipulate the levels of Glu

and Gln so as to reduce the extracellular glutamate excitotoxicity-initiated neuro-

degenerative damages in the brain.

Two proton MRS studies [90, 93] assessed changes in the concentration of

metabolites in the tissue extracts of the brain and spinal cord of a mouse model

of ALS. Niessen et al. [93] have evaluated alterations in the concentration of

metabolites in the tissue extracts of the spinal cord, brainstem, cortex, and cerebel-

lum of transgenic mutant SOD1 (n¼ 5) and non-transgenic (n¼ 5) mice. Data were

acquired at 34, 75, 90, and 120 days postpartum and at 14.1T. The first two time

points (34 and 75 days old) reflected a stage before the disease onset with no
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significant motor neuron loss and no evidence of clinical symptoms, and the

remaining two time points indicated the average disease onset (90 days old) and

terminal (120 days old) stages. Their results included significantly decreased NAA,

glutamine, and GABA in the spinal cord and brainstem of the mutant SOD1 mouse

group in the presymptomatic phase of the disease (�75 days old). At 90 days and

thereafter, a significantly altered concentration was found for most of the metabo-

lites in the spinal cord and brainstem of the SOD1 mouse group. There were no

significant changes in the concentrations of NAA in the cortex and cerebellum of

the SOD1 mice at all the four time points, indicating that this animal model does not

replicate the cortical motor neuron pathology found in human ALS. Furthermore,

myo-inositol concentration in the spinal cord of the mutant SOD1 mice decreased at

120 days, which is in contrast to elevated myo-inositol levels reported in the motor

cortex of patients with ALS [55, 94, 95]. This finding indicates further differences

between the pathogenesis of ALS in this mouse model and the human ALS. Choi

et al. [90] have reported regional variations in the concentration of metabolites in

the tissue extracts of the spinal cord, medulla, cerebellum, and sensorimotor cortex

of transgenic mutant SOD1 (familial ALS mouse model; FALS) and wild-type

(WT) mice at four growth time points (84, 110, 114, 142 days of age) that reflect

different stages of the disease. At 84 days of age (close to the disease onset stage),

they found a significantly increased glutamate in the sensorimotor cortex of FALS

mice (n¼ 9), compared with the WT mice (n¼ 9). Significantly increased glycine,

taurine, glutamine, and glutamate at 114 days of age (close to terminal disease

stage) and further increase in taurine and glutamine and decreased NAA at 142 days

of age (terminal stage with partial paralysis) were reported in the extracts of

sensorimotor cortex. They also assessed the effects of 2% creatine in the diet to

animals on the concentration of metabolites in the tissue extracts from the cerebel-

lum, medulla, and cortex regions. Their results included no loss of NAA in medulla,

providing evidence of a protective effect of creatine supplementation and signifi-

cantly increased creatine in medulla and cerebellum.

Though most of the metabolite alterations observed in the animal models of ALS

paralleled the changes found in patients with ALS [65], there were few metabolite

changes as described above that differed findings from human ALS studies. The

possible reasons for the noted discrepancies in animal models include different

pathogenic and temporal disease evolution trajectories in these models that do not

completely imitate the disease and its temporal evolution in humans. Furthermore,

drugs found to alter the disease processes in animal models of ALS have failed to

translate in patients with ALS [88, 96–98]. As a result, researchers and clinicians

question the usefulness of existing animal models and look for new animal models

[96] that mimic the pathophysiology of human ALS at cellular (e.g., motor neurons

and astrocytes), molecular (e.g., protein aggregation, and dysfunction, degenera-

tion, apoptosis of motor neurons), and morphological or clinical symptomatic (e.g.,

muscle weakness, tremor, paresis, and paralysis) levels.
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Overview of Clinical MRS

Despite the clinical and pathological evidence of degeneration or loss of UMN

and/or LMN in the brain and spinal cord of patients with MND [51], MRS studies

have been performed mostly in the brain of patients, owing to technical challenges

associated with the acquisition of reliable MRS data in the spinal cord. A brief

review of some of the MRS studies performed in the brain and spinal cord of

patients with MND is provided here.

Brain

In 1994, Pioro et al. [99] have evaluated for the first time changes in the concen-

tration of the metabolites of the brain of 12 patients with MND and 6 healthy

controls using a PRESS-volume selected single-slice MRSI sequence at 1.5T with a

TE of 272 ms. The brain regions chosen for this acquisition included the primary

motor cortex, premotor, primary sensory cortex, and superior parietal regions. They

found a significantly decreased NAA/Cre in the primary motor cortex (PMC) of ten

patients (i.e., 5 with signs of both UMN and LMN and 5 with only signs of UMN) as

compared to six healthy controls. In contrast, there was no significant difference in

NAA/Cre between two patients with progressive spinal muscular atrophy (a -

LMN-only disease) and healthy controls. The results from this first published

MRS study in MND [99] indicated that NAA/Cre ratio can be considered to be a

marker for evaluation of the degree of dysfunction or loss of cortical motor neurons

(i.e., UMN). Since then several studies reported altered metabolite concentrations

in the brain of patients with MND. These studies are reviewed here by grouping

them based on the brain anatomical region evaluated.

Motor Cortex

Several studies reported significantly decreased NAA [59, 100–106], NAA/Cre

[99, 104, 105, 107–116], NAA/Cre [94], NAA/Cho [94, 104, 105, 109, 110, 115,

117, 118], NAA/(CreþCre) [117], and NAA/(CreþCho) [105, 109, 119] in the

primary motor cortex (PMC) of patients with ALS compared to healthy control

subjects. Furthermore, some of these studies reported increased Cho/Cre [94, 104,

112, 115], Cho/NAA [105, 120] and Cho [55, 102, 105] and decreased Cre

[103, 104] in the PMC of ALS patients. Those studies that reported robust results,

due to either use of a robust technology/methodology or inclusion of a large number

of patients, are briefly reviewed here.

Block et al. [94] have evaluated MRS spectra acquired from the motor cortex of

33 patients with ALS, 20 healthy volunteers, and four patients with multifocal

motor neuropathy (MMN; a LMN-only disease). The patient group comprised of

7 MRS in Motor Neuron Diseases 131



22 patients with clinical signs of UMN involvement and 11 without it. Data were

acquired at 1.5T with a 30 cm3 single volume selected within the motor cortex using

the PRESS SVS sequence with TEs of 30 ms and 272 ms. Relaxation times (T1, T2)

of NAA, choline, and phosphocreatine were measured in subsets of patients and

control subjects. They reported reduced NAA/Cho and NAA/Cre in patients with

ALS compared to healthy control subjects. There was a significant decrease in

NAA/Cho even in the patients without signs of UMN involvement subgroup. There

were no metabolite T1 or T2 differences between the patient and control subject

groups. Most importantly, the metabolite values in the MMN patient group matched

with the control group values and not with the patient group. The follow-up studies

showed a trend toward a lower NAA/Cho as time after the first examination

increased. The results of this study [94] suggested that MRS has the potential to

provide quantitative markers for motor neuron degeneration, to classify clinically

distinct MND, and to track their progression in longitudinal studies.

In 2001, Pohl et al. [103] have reported results of MRS data acquired from

70 patients with ALS and 48 healthy control subjects. The patient group comprised

of 15 suspected, 18 possible, 10 probable, and 27 definite ALS, classified according

to El Escorial criteria [121]. Data were acquired from a 30 cm3 voxel localized

within the left and right sides of the primary motor cortices and used PRESS SVS

sequence with a TE of 272 ms. In addition to metabolite ratios, they also calculated

absolute concentrations of NAA, Cre, and Cho using published metabolite T1 and

T2 values [94]. They reported significantly reduced concentrations of NAA and Cre

and no change in Cho concentration in the PMC of the patient group. NAA/Cho and

NAA/Cre were found to be reduced across all the patient subgroups. Furthermore,

there was a significant correlation between NAA/Cho in a side of the PMC and the

clinical signs of the contralateral affected side. Weak correlations between

NAA/Cho and disease duration and severity were also noted. The results of this

study [103] confirmed that absolute concentrations of NAA and Cre in the PMC

were significantly altered in patients with ALS, and changes in NAA/Cho in the

PMC corresponded with the lateralization of clinical signs.

In an effort to identify metabolite markers of UMN involvement in ALS,

Kaufmann et al. [62] have acquired MRS data from the brain of a large number

of patients (n¼ 151). The study group consists of patients with possible, laboratory-

supported probable, and definite ALS (n¼ 124; with clinically identified probable-

and definite-UMN signs), and progressive muscular atrophy (a pure LMN disease;

n¼ 27). The MRS data were acquired at 1.5T using PRESS SVS sequence with a

TE of 272 ms for localization of 8 cm3 voxels within the left and right sides of the

precentral gyrus of patients. NAA/Cre ratio alone identified UMN involvement in

86% and 63% of patients with UMN and LMN signs, respectively. They found a

significant correlation between the degree of abnormal levels of NAA/Cre in the

PMC and UMN signs. Furthermore, they determined that NAA/Cre has the sensi-

tivity and specificity of 0.86 and 0.37, respectively, to detect UMN involvement in

patients.

Following Pioro et al. [99], other investigators have applied single-slice MRSI

approaches to obtain data from the brain of patients with MND in axial [99, 106,
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113, 122] and coronal orientations [70, 115]. Expansion of this approach led to

Weiner and colleagues to come up with a 3-slice spin-echo-based MRSI data

acquisition method to encompass a wider region of the brain for evaluation in

ALS [102, 105, 109, 119]. In one of their studies [109] that included 47 patients

with ALS and 17 healthy control subjects, MRSI data were acquired at 1.5T from

three axial slices of 15 mm thickness each, positioned in such a way to include the

primary motor cortex, centrum semiovale, and internal capsule. Of the 47 patients,

21 were with possible or suspected ALS and 24 with probable/definite ALS. Data

acquisition of the 3 slices took 30 min with TR of 1800 ms and TE of 70 ms and

nominal in-plane resolution of 7.5� 7.5 mm2. Segmentation of the T1-MRI

acquired in the same data acquisition session provided white matter, gray matter,

and cerebrospinal fluid partial volume information in each MRSI voxel for calcu-

lation of ratios or absolute concentrations of metabolites by tissue types (i.e., gray

matter and white matter). Decreased NAA/Cho and NAA/(CreþCho) were found in

the motor and other regions in both the most and least affected hemispheres of the

probable or definite ALS group. A subgroup of 28 patients underwent four follow-

up MRI scans with an interval of 3 months in-between. Though a significant

decrease in NAA was observed at 3- and 9-month follow-up scans within or outside

the motor cortex, no consistent metabolite change over time was found across the

subjects scanned. These results led them [109] to conclude that a change in the brain

NAA concentration may not be a reliable surrogate marker for therapeutic efficacy

trials.

In 2007, Mitsumoto et al. [106] have reported results of MRSI data acquired at

1.5T from the brain of 64 patients with MND (43 sporadic ALS; 6 familial ALS,

9 PMA, and 6 PLS) and 29 healthy control subjects. They found markedly

decreased NAA in the primary motor cortex of patients with ALS and all UMN

diseases combined (i.e., patients with ALS, PLS, or fALS) groups, compared to the

healthy control group. NAA concentration was not significantly different between

each of the PMA, PLS, and fALS groups versus the control group. Similar results

were noted for NAA/Cre in the PMC of the above two groups compared with the

control group, but the group differences were larger (for example, a mean differ-

ence in NAA in the ALS group was 11% versus a mean NAA/Cre difference in the

same group was 24%) and so the significance level was much higher ( p¼ 0.009

versus p< 0.0005). They found strong correlations (r¼ 0.38–0.45; p� 0.001)

between NAA concentrations in the PMC of all patients and measures of UMN

function (i.e., finger tapping speed, average grip strength, and average pinch

strength) but less strongly with amyotrophic lateral sclerosis functional rating

scale—revised (ALSFRS-R [123]) scores (r¼ 0.30; p¼ 0.03). The results of this

study [106] suggested that the brain metabolite measures in the PMC have potential

to differentiate ALS, its subtypes, and healthy control subjects.

Govind et al. [120] have published the first whole-brain MRSI study of patients

with ALS in which data from the upper limb somatotopy of the PMC homunculus

and the corticospinal tracts were analyzed (see Fig. 7.5). MRSI and clinical

assessment data from 38 patients with sporadic definite ALS and 70 healthy control

subjects were analyzed. In the ALS group compared to the control group, they
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found significantly decreased NAA and increased Cho and Cho/NAA in the

precentral gyrus (PCG) regions of either both the left and right sides or one of the

sides (see Fig. 7.6). A strong association between the left-PCG Cho/NAA concen-

tration and the right finger tap rate (a measure of UMN function) was found in this

study. Two other studies evaluated brain metabolite alterations in patients with ALS

using the same whole-brain MRSI approach [124, 125] following this study.

Despite the fact that glutamate-induced excitotoxicity is one of the possible

mechanisms of ALS pathogenesis [33], not manyMRS studies evaluated alterations

in Glu concentration in the brain of patients with ALS. The MRS-observed Glu

spectral peaks in the brain have contributions from both the metabolic (intracellu-

lar) and neurotransmitter (extracellular) Glu pools. Quantification of only the

neurotransmitter pool of Glu that is responsible to cause excitotoxicity is techni-

cally not feasible using MRS methods. The intracellular metabolic pool (order of

10 mmol/L) is relatively much larger than the smaller extracellular neurotransmitter

Fig. 7.5 An atlas comprised of the corticospinal tract (CST) and the upper limb/respiratory

muscles somatotopy in the left side was overlaid onto a coronal orientation T1-MRI template in

Montreal Neurological Institute coordinate space. The somatotopic arrangement within the pri-

mary motor cortex and its approximate anatomical regions are shown (the filled circles, diamonds,

and squares represent the face, upper limb, and lower limb somatotopies, respectively). The circles

and the lines represent the motor nuclei and the axons, respectively; the axons coalesce to form

CST, which traverses inferiorly toward the brainstem. The horizontal dashed lines indicate the

approximate anatomical levels at which the five segments were made along the length of the CST.

PCG, precentral gyrus; CS, centrum semiovale; CR, corona radiata; IC, internal capsule or

posterior limb of IC; CP, cerebral peduncle; L, left side of the subject
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pool (order of few μmol/L) [55], and so the MRS-quantified Glu represents mostly

the concentration of its metabolic pool in the brain. Han et al. [116] used

TE-averaged PRESS sequence [126] at 3T to quantitate Glu in the brain of patients

with ALS. Increased Glu/Cre and Glx/Cre were found in the PMC and posterior

limb of internal capsule (PLIC) regions of patients. Another study reported a

significant decrease in Glu [55] in the PMC of patients and it used STEAM [127]

sequence to acquire data at 1.5T. It is not clear whether the contradictory results of

the studies are due to a difference in the acquisition sequences used, the use of

Fig. 7.6 Proton metabolite values and their ratio in the intracranial corticospinal tracts of patients

with ALS and matched healthy control groups are shown. The histograms indicate the metabolite

values and their ratio (mean� standard deviation) within the entire intracranial corticospinal tracts

of the left and right sides, between the precentral gyrus and the cerebral peduncle regions, of the

ALS (n¼ 38) and control (n¼ 70) groups. The age of the subjects included ranged from 34 to

65 years. For group comparisons, ANCOVA was used. The asterisks indicate significant between-
group differences with *p< 0.05, **p< 0.005, and ***p< 0.0001. The between-group percentage

differences found include �8.9% (left) and �6.2 (right) for N-acetyl aspartate (NAA), þ8.1 (left)
andþ7.5 (right) for total choline (Cho), andþ20.0 (left) andþ15.7 (right) for Cho/NAA, with the
negative and positive signs representing decreased and increased values, respectively, in the ALS

group as compared to the control group values. I.U.: institutional unit. (Adopted from [120])
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different quantitation metrics (ratios versus concentration values), or differences in

the patient groups included.

Few studies evaluated changes in myo-inositol concentration in the PMC of

patients. All studies reported increased mIns values (mIns [55]) or its ratio with a

co-observed metabolite (mIns/Cre [94, 110, 112] or mIns/Cre [94]) in patients.

Increased mIns in ALS is compatible with the concept of glial cell proliferation

(i.e., gliosis) in the space left behind by loss or degeneration of neurons or changes

in the phospholipid composition of myelin [55]. Except one study at 3T [110], all

other studies were performed at 1.5T [55, 94, 112].

Despite technical difficulties to quantify GABA in the brain, two recent MRS

studies reported lower levels of GABA [128, 129] in the PMC of patients with ALS

compared to healthy control subjects. Both the studies utilized MEGA-PRESS

spectral editing method at 3T [130] to quantitate GABA because conventional

MRS methods are not useful to quantitate it. Foerster et al. [129] have reported

lower levels of GABA and higher levels of Glx (i.e., GluþGln) in the PMC of

patients who were drug naive, compared to the levels in healthy control subjects.

Their results suggest that an imbalance between the inhibitory (i.e., GABA) and

excitatory (i.e., glutamate) neurotransmitters exists in ALS.

Another pathogenic cause implicated in ALS is oxidative stress-mediated neu-

ronal cell death [30]. Glutathione (GSH) is an important antioxidant in the CNS,

and its depletion in the brain is hypothesized to cause motor neuron degeneration

[131] or death [132]. A recent MRS study [133] reported lower levels of GSH (36%

with respect to Cre) in patients with ALS compared to healthy control subjects

using a spectral editing technique at 3T [134].

Corticospinal Tracts

Despite evidence of significant tissue structural changes in the intracranial

corticospinal tracts (CST) of patients with ALS, not many studies [102, 108, 115,

116, 120] evaluated changes in the concentration of metabolites in CST. These

studies evaluated MRS data from discrete locations along the length of CST that

include centrum semiovale [120], posterior limb of internal capsule [102, 116, 120],

periventricular white matter [108], corona radiata [115, 120], cerebral peduncle

[120], and whole intracranial CSTs [120]. The metabolite changes reported in these

studies include decreased NAA/Cre [116] and NAA [120], increased Cho [120] and

Cho/Cre, increased Cho/NAA [120], and increased Glx/Cre [116] and Glu/Cre [116].

In order to assess the degree of metabolite changes at specific anatomical levels

along the length of intracranial CST of patients, Govind et al. [120] have divided

the intracranial CST into 5 segments at appropriate anatomical levels such as

precentral gyrus, centrum semiovale, corona radiata, and posterior limb of internal

capsule (see Fig. 7.5). They found significant metabolite changes in these segments

in 38 patients with definite ALS compared to 70 healthy control subjects. The

changes observed in specific metabolite measures as shown in Fig. 7.7 include

increased Cho and Cho/NAA in the segments of left and right CSTs and reduced
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NAA in the left CST segments. There were significant correlations between

Cho/NAA in the CST) and measures of UMN function (i.e., finger and foot tap

rates) and disease severity (i.e., forced vital capacity) in the patient group. Further-

more, the observed correlations showed the expected contralateral anatomical

relationships between the regions localizing the motor somatotopies in the PMC

and their associated body parts. The observed correlations between the metabolite

and clinical measures indicate that the MRS metrics can be used as potential

biomarkers for evaluation of UMN dysfunction in the relevant body region of the

PMC. The data acquisition and analysis methodology utilized in this study can be

used in longitudinal disease progression monitoring and therapeutic efficacy eval-

uation studies.

Fig. 7.7 Comparisons of the metabolite values at five discrete regions in the length of the

intracranial corticospinal tracts in ALS (n¼ 38) and control (n¼ 70) groups. The age of the

subjects included in the two groups ranged from 34 to 65 years. ANCOVA was used for statistical

analysis. The asterisks indicate significant group differences with *p< 0.05, **p< 0.005, and

***p< 0.0001. NAA, N-acetyl aspartate; Cho, total choline; PCG, precentral gyrus; CS, centrum
semiovale; CR, corona radiata; PLIC, posterior limb of internal capsule; CP, cerebral peduncle; I.

U., institutional unit. (Adopted from [120])
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Extra-Motor Brain Regions

Fora longtime,ALS is considered toaffect selectively themotorneuronsand their axons

in the primarymotor cortex and corticospinal tracts of patients; however, accumulating

evidence from recent neuropathological and neuroimaging studies [10, 51, 69, 70, 124,

135, 136] indicates that it is a multisystem disorder in which extra-motor brain regions

are also affected.The extra-motor brain regions thatwere found tobeaffected inALSby

MRSstudies include thalamus [135], basalganglia [135],mesial prefrontal cortex [137],

mid cingulate cortex [70] and other regions [109, 124].

Brainstem

The descending corticospinal and corticobulbar tracts (i.e., UMN tracts) and the

motor nuclei of cranial nerves (i.e., LMN) are located within the brainstem, and

these are known to be affected in ALS [138]. Though it is technically challenging to

obtain reproducible MRS data in the brainstem that is comprised of the midbrain,

pons, and medulla, few studies reported altered metabolite levels in the brainstem

[101, 104, 139–141] of patients with ALS. In brainstem, NAA/Cre was found to be

lower in patients with severe bulbar weakness or spasticity, whereas it is near

normal in patients with predominantly LMN weakness [139]. Pioro et al. [141]

have found 55% higher levels of Glx (i.e., GluþGln) in the medulla of patients with

ALS, which supports the concept of Glu-induced excitotoxicity in ALS.

Spinal Cord

The corticospinal tracts (i.e., UMN tracts) and/or the anterior horn cells (i.e., LMN)

in the spinal cord of patients are known to be affected in MND. But acquisition of

reliable MR spectroscopic data in spinal cord is difficult due to the technical

difficulty associated with MRS data acquisition in the anatomical region in which

it is located. This explains why very few MRS studies have been published thus far.

Three MRS studies reported findings in the spinal cord of patients with ALS

[142, 143] and of presymptomatic subjects tested positive for superoxide dismutase

1 (SOD1þ) [144]. The findings included decreased NAA/Cre and NAA/mIns in

C1–C2 region of the spinal cord of presymptomatic-familial ALS (SOD1þ) sub-

jects [144] and patients with ALS [142, 144]. Furthermore, compared to controls,

decreased mIns/Cre was found only in SOD1þ subjects and not in patients with ALS.

The observed metabolite changes in the SOD1þ group with no signs of disease and

normal clinical measures suggest that there are altered metabolic processes preceding

the onset of disease. Serial follow-up studies in such a group will establish the

relationship between the metabolite changes and first appearance of symptoms.

138 V. Govind



Relaxation Times of Brain Metabolites

Due to long measurement times needed to acquire additional datasets for the

calculation of metabolite relaxation times (i.e., T1 and T2), it is a common practice

among in vivo MRS researchers to report metabolite concentrations and between-

group metabolite changes (e.g., patients versus control subjects) without accounting

for relaxation times of individual metabolites or metabolite relaxation time differ-

ences between the groups compared. Most of published MRS studies in MND are

no exception to this practice. Two studies reported T1 [94] and/or T2 [94, 140]

values of the prominently observed brain metabolites in ALS. Block et al. [94]

found no T1 and T2 differences between ALS and control groups for NAA, Cre, and

Cho in the brain whereas Hanstock et al. [140] reported decreased T2 for NAA and

Cre in the brainstem of patients with ALS compared to healthy control subjects.

MRS in Longitudinal Studies

Few longitudinal brainMRS studies followed patients with ALS for up to 28months

and reported ongoing changes in NAA/Cho [103, 104] and NAA [105, 109, 145] in

the primary motor cortex. However, there was no consistent pattern of progressive

metabolite changes overtime in patients included in these studies [103, 104,

109]. Several issues may have contributed to this result such as flooring of metab-

olite levels at first time point as this leads to no further changes in subsequent

measurement times, change in the metabolite relaxation times across follow-up

studies, inclusion of heterogeneous patient population, and the data acquisition and

analysis methods. With regard to correlations between changes in MRS metrics and

clinical assessments, Pohl et al. [103] reported a positive correlation between

NAA/Cho in the PMC and disease progression rate (r¼ 0.55) of patients.

MRS in Therapeutic Efficacy Evaluation Studies

MRS has been used to evaluate the effects of therapeutics on brain metabolites in

patients with ALS [111, 146–150]. Kalra et al. [146] have reported a 6.1% increase

of NAA/Cre in the PMC of patients after 3 weeks of treatment with riluzole, the

only FDA-approved drug for ALS. Despite the brain metabolite changes noted in

the patients [146], there was no concomitant symptomatic and/or functional

changes found in them. The effects of minocycline [147] and creatine [148] on

brain metabolites were evaluated after short-term administration of these experi-

mental drugs in patients with ALS.
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Future Perspectives

MRI studies performed at the whole-brain level provided evidence of morpholog-

ical and microstructural changes in the motor and extra-motor brain regions of

patients with ALS [65]. Despite the evidence of disease-related tissue structural

alterations beyond the motor regions, findings from most of the previous MRS

studies in ALS have been limited to data acquired in the primary motor cortex and

few other discrete brain anatomical regions, using single-voxel MRS or multi-voxel

MRSI methods. The reasons for the limited brain coverage in MRS data acquisi-

tions include poor quality of data obtained from some parts of the brain regions

(e.g., the cortical gray matter, and temporal lobe and inferior frontal brain regions)

and requirements of long acquisition times to collect multi-voxel data from the

whole brain (>30 min). The availability of a true whole-brain MRS data acquisition

method [72] together with a comprehensive suite of automated data processing and

convenient analysis tools [151] allowed few research groups to acquire whole-brain

MRS data from patients with ALS [120, 124, 125]. It is hoped that future cross-

sectional and longitudinal studies will use a whole-brain MRS data acquisition

method as that would allow comprehensive evaluation of metabolite changes

throughout much of the whole brain in patients with MND.

Conventional MRS data acquisition methods (e.g., spin-echo, PRESS, and

STEAM sequences) pose difficulties to readily observe and accurately quantitate

glutamate and GABA. These metabolites are excitatory (glutamate) and inhibitory

(GABA) neurotransmitters and are suggested to be involved in the primary patho-

physiological processes in ALS. Spectral editing [74] or other [126] techniques are

lately used to have an improved quantitation of these metabolites. However, use of

such methods comes with issues such as different editing methods for each metab-

olite and that leads to long acquisition times even for a single volume of interest,

and therefore currently their use for the whole brain does not seem feasible in

clinical settings. Perhaps, an MRI-based indirect quantitation method [152] at

magnetic field strengths � 7T may be explored to map the distributions of these

and other metabolites at the whole-brain level within a timeframe suitable for

clinical diagnostic scans.

In order to evaluate the true concentration differences of the brain metabolites

either between pathological and healthy normal conditions or in longitudinal

patient studies, it is necessary to correct for differences in their relaxation times

between the conditions or time points. Though it would be ideal to have the

metabolite relaxation times measured experimentally, it is impractical in clinical

settings, especially for whole-brain multi-voxel MRSI acquisitions and metabolites

with multiplet spectral patterns (e.g., glutamate and GABA). This has been the

biggest impediment to realize an MRS-based absolute concentration measurement

method for metabolites in human subjects. Further development of novel parallel-

imaging accelerated sparse-sampling high-speed MRSI data acquisition techniques

[153–155] may lead to a relaxation time accounted absolute concentration quanti-

tation method for the metabolites within the whole brain.
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ALS is a rare and uniformly fatal disease with rapid progression rates, and death

occurs typically between 1 and 5 years after disease symptom onset. Along the

course of disease progression, the physical condition of a significant proportion of

patients deteriorate to a level at which they can no longer be scanned. Therefore,

multi-site studies are necessary to enroll sufficiently large number of patients to

conduct statistically meaningful longitudinal pathogenic progression and therapeu-

tic efficacy trial studies. Development and standardization of a common MRI/MRS

protocol for use across multiple sites and scanner platforms [156] and availability of

a large normative database of metabolite concentrations and tissue type fractional

volume compositions (i.e., white matter, gray matter and cerebrospinal fluid) with

appropriate clinical variables such as age and gender [72] would greatly facilitate

the ease of performing future MRS research studies in human subjects.
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Chapter 8

MR Spectroscopy in Multiple Sclerosis

Niamh Cawley and Olga Ciccarelli

Abstract Multiple Sclerosis is a chronic inflammatory demyelinating disorder of

the central nervous system. 1H-MRS provides us with additional information on the

chemical pathology within the brain and spinal cord in MS patients, when com-

pared to conventional MRI. This has enhanced our understanding of the pathogen-

esis and natural history in multiple sclerosis. It has proved a useful biomarker of

neurodegeneration, as reflected by a decrease in the levels of the neuronal marker,

N-acetylaspartate. Changes in choline and myo-inositol have also informed us of

the importance of monitoring changes in myelin damage and repair and of the

extent of gliosis. This chapter will provide an overview of 1H-MRS in the brain and

spinal cord in clinical and preclinical studies in multiple sclerosis. We will also

discuss the future potential of 1H-MRS in multiple sclerosis and its promising

applications.

Keywords Multiple sclerosis • MR spectroscopy • Brain • Spinal cord • White

matter • Grey matter • Disability • Neurodegeneration • Inflammation • Progression

Introduction

Prevalence, Incidence and MS Sub-Types

Multiple sclerosis (MS) is a chronic inflammatory disease of the brain and spinal

cord with both demyelinating and neuroaxonal degenerative components. It is the

most common cause of neurological disability in young adults worldwide.

Jean-Martin Charcot was the first to describe the clinicopathological features of

MS in 1868, although, there had been earlier case presentations in the 1820s.
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However, the aetiology and pathophysiology of the disease course has only recently

started to be understood.

MS is a global disease with an estimated 2.3 million sufferers worldwide. MS

has a prevalence of 97–184 per 100,000 [1]. The prevalence of MS varies greatly,

with the highest prevalence in North America and Europe (140 and 108 per

100,000, respectively). The prevalence is lowest in Sub-Saharan Africa and East

Asia at 2.1 and 2.2 per 100,000 [2]. The incidence of MS worldwide tends to

increase with increasing latitude, with the highest disease prevalence seen in

Europe between 45� and 65� north latitude, North America, Southern Canada,

and Northern Australia [3]. Geographical variations are seen over relatively small

distances. For example, MS is more common in Scotland with an incidence almost

double that of Wales [4], while in South America the prevalence of MS in

Argentina is 18 per 100,000, which is six times higher than Ecuador with a

prevalence of 3.2 per 100,000 [5].

The incidence of MS has been rising around the world over the last few decades.

This is likely due to a rising incidence in women, which may support a sex-linked

environmental factor [6]. Potential explanations for this include a rise in female

smoking, later age of first pregnancy, declining birth rates, and obesity. The exact

aetiology of MS is unknown, but it is widely recognised that it has a complex

causation that involves both genetic and environmental factors [6].

MS can be divided into different sub-types, characterised by a different clinical

course. The classification of disease sub-types is very important due to the differ-

ences in prognosis. To date, disease-modifying therapy has been proven to be

effective in the relapsing–remitting form of MS [2]. The initial phase of relapsing–

remitting MS (RRMS) is characterised by episodes of active disease with neuro-

logical dysfunction (relapse) during which demyelinating lesions form in the

central nervous system (CNS), interspersed with periods of clinical inactivity

[7, 8]. There is a variable degree of recovery between relapses. The disease course

for RRMS is highly unpredictable; both the frequency of relapses and the accumu-

lation of disability are linked to the sex of the patient as well as age at disease onset.

About 85% of all MS patients present with RRMS [9]. About 40% of these patients

with RRMS progress into a secondary progressive form after a period of 10 years

[10]. After 20 years, 80% of patients with RRMS have developed secondary

progressive MS [11, 12].

Secondary Progressive MS (SPMS) is diagnosed retrospectively by a history of

gradual worsening after an initial relapsing disease course, with or without acute

exacerbations during the progressive course [13]. To date, there are no clear

clinical, imaging, immunological, or pathological criteria to determine the transi-

tion point when RRMS converts to SPMS; the transition is usually gradual

[13]. This has limited our ability to study the imaging and biomarker characteristics

that may distinguish this course. The median time to SPMS is 21.4 years from the

time of initial diagnosis [14]. Male gender, age at onset, and motor symptoms at

first presentation are associated with the onset of secondary progression in untreated

MS patients [14].
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A minority of patients with MS (10%) have a slow accumulation of disability

from disease onset and are described as having primary progressive MS (PPMS)

[15]. About 10% of patients with PPMS have relapses [16]. PPMS differs from

other types of MS as the age of symptom onset is typically older (fourth or fifth

decade) when compared to patients presenting with RRMS (second or third decade)

[2, 6]. Studies to date show that PPMS has an equal sex distribution. This is in

contrast to RRMS which has a female preponderance at 2–3:1 [2, 6]. It has been

suggested that PPMS may represent a distinct, non-, or at least less inflammatory,

pathological form of MS [17], but clinical, imaging, and genetic data suggest that

PPMS is a part of the spectrum of progressive MS phenotypes and that any

differences are relative rather than absolute [18]. Analyses of natural history

cohorts demonstrate that worsening proceeds at a similar rate in SPMS and

PPMS [8, 13, 19].

A subgroup of patients with RRMS seems to suffer minimal disease-related

deficits, as reflected by the expanded disability status scale (EDSS) score. Benign

MS (BMS) is defined in various ways in relation to the length of disease duration

(10–15 years) and the severity of the disability (EDSS �2 or 3) [9]. BMS is seen in

20% of patients and they tend to have little or no disability after 15 years [9]. The

terms “benign” and “malignant” are not MS phenotypes, but they are intended to

provide an indication of disease severity over time and were described “by con-

sensus” [9]. These terms can, in theory, apply to any MS phenotype depending on

the degree of activity over time or impairment/disability at any given point in time.

In a long-term disease like MS, the severity and activity of the disease can change

significantly and unpredictably, and therefore the applicability of these terms

should be re-evaluated [13]. As clinical features alone seem to be insufficient

when defining BMS, imaging parameters are looked at for additional metrics that

may better characterise this disease course [20].

Pathology of MS

Traditionally MS was considered to be an autoimmune inflammatory disorder,

which was mediated by a T cell attack against CNS elements, in particular myelin.

Patients with RRMS display a compelling autoimmune and inflammatory pheno-

type on laboratory and radiological tests [21]. Although the same pathological

abnormalities are present in all forms of MS, they vary both quantitatively and

qualitatively between the three forms (RR, SP, and PP) of MS [17], with the degree

of inflammation higher during the early relapsing stage of the disease and lower in

the later phase of the disease [22].

Pathological examination of biopsied or post-mortem brains of patients with MS

shows characteristic perivascular inflammatory infiltrates, which consist mainly of

lymphocytes and macrophages. Inflammatory infiltrates mainly contain CD8þ T

lymphocytes, which are clonally expanded in active lesions [23]. CD4þ T cells and

B-lymphocytes are less numerous than CD8þ T-cells and mainly accumulate in the
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perivascular space and meninges [24, 25]. Microglial activation in the initial lesions

is associated with demyelination and neurodegeneration with subsequent recruit-

ment of macrophage as a result of myelin breakdown [22, 26].

White Matter

The understanding of MS has evolved significantly over the last number of years.

Traditionally it was thought that MS was solely a disease of the white matter, but

improvements in radiology and pathology in more recent years indicate that grey

matter structures (i.e. neurons and synapses) of the brain are also affected [27].

Early RRMS is predominantly a disease of the white matter, characterised by

confluent plaques of demyelination. The active demyelination is associated with

inflammation and blood–brain barrier leakage [28]. The progressive stages of the

disease are characterised by the gradual expansion of white matter lesions in the

absence of blood–brain barrier leakage, with widespread cortical demyelination and

widespread injury of the normal appearing white and grey matter. This ultimately

results in extensive brain tissue loss and injury [28].

In the past, the majority of the evidence suggested that the disease began due to

an immune dysregulation. This is based on the “outside-in” model of MS [21]. The

resulting inflammatory reaction, which typically follows a RR course in the initial

stages, causes further demyelination and tissue injury [21].

In more recent years, doubt has been cast on this model due to some inconsis-

tencies and an “inside-out” model of MS has been proposed. This model proposes

that the initial malfunction occurs within the CNS, like other neurodegenerative

conditions, for example Parkinson’s and Alzheimer’s disease. Primary

neurodegeneration, possibly involving the oligodendrocyte–myelin complex, may

be involved in the initial event. This then releases highly antigenic constituents,

which promote secondary autoimmune and inflammatory responses in the

predisposed individual [29, 30].

Progressive stages of MS remain largely refractory to treatment. It is widely

suggested that accumulating axonal loss is responsible for clinical progression.

Pathological changes associated with clinical progression include inflammatory

changes becoming increasingly compartmentalised in the perivascular and sub-

arachnoid spaces behind a relatively intact blood–brain barrier [31].

Grey Matter

Extensive pathology is seen in the grey matter in the CNS. Grey matter pathology is

characterised by demyelination with a relative absence of immune cell infiltrates.

The number of cortical lesions increases at a significantly greater rate in patients

with actively progressive disease and correlates with increasing disability

[32]. Therefore, there is increasing evidence that accumulating cortical grey matter

pathology plays an important role in the severity of both physical and cognitive
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disability [33]. The degree of cortical atrophy is not constant throughout the brain,

with marked regional variations in cortical involvement. There is more extensive

involvement seen in the hippocampus, frontal, and temporal cortices as well as the

cingulate gyrus, and less extensive involvement in the occipital lobe and primary

motor cortex [34]. The predilection for the frontal lobe and the hippocampus is

likely to account for the predominance of cognitive over motor disability related to

cortical pathology [34].

Little is known about the mechanism of lesion formation in the cortical grey

matter and how the accumulation of cortical pathology may contribute to clinical

progression [35]. Post-mortem studies have shown that inflammatory infiltrates are

commonly found in the cerebral leptomeninges in SPMS [22]. In a proportion of

SPMS cases, large B cell aggregates have been identified in the subarachnoid space

with some of the characteristics of ectopic B cell follicles [22, 36]. The ectopic B

cell follicle-like structures can be found distributed throughout the cerebral menin-

ges and they are variable in number and size [36]. They are mainly present in the

cerebral sulci which suggests that reduced CSF flow and the microenvironment of

these locations favour the homing and retention of inflammatory cells which gives

rise to an inflammatory milieus in the CSF [36]. MS cases with these meningeal

lymphoid-like structures are associated with a younger age at disease onset, a

shorter time to disease progression and wheelchair use, and shorter disease

duration [37].

Potential Clinical Utility of Magnetic Resonance
Spectroscopy (MRS)

In MS, conventional MRI is sensitive to grey and white matter atrophy, and it can

distinguish active from chronic lesions. However, it lacks specificity to gliosis,

inflammation, demyelination, and neuronal loss [38]. Additionally, lesions in the

grey matter are difficult to identify with conventional MRI (Fig. 8.1). MRS can be

seen as a complementary technique to MRI because it helps to enhance sensitivity

to pathology; it also provides chemical and biophysical information about the

microenvironment of tissues.

Resonances in MR spectra are mainly identified by their frequency, that is to say

their position in the spectrum and expressed as the shift in frequency in parts-per-

million (ppm) relative to a standard [40]. MRS has the unique ability to characterise

the chemical pathology of brain and spinal cord lesions in MS, as well as regions of

the brain or spinal cord that are not associated with evident structural abnormalities

on conventional MRI [41]. This results in improved diagnosis, it helps to better

define the natural history of the disease process and, occasionally, it can help in

monitoring metabolic responses to therapy [42, 43].

Quantitative MRI techniques, such as MRS, have been used to measure disease

burden within focal lesions, both acute and chronic, as well as in normal appearing
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white and grey matter of MS patients at different stages of the disease. 1H-MRS has

demonstrated that although grey and white matter appear normal on conventional

MRI, they may be affected in the early phases of the disease [44]. 1H-MRS has the

specificity to detect and differentiate between neuronal and glial abnormalities in

the absence of distinct structural injury. This has greatly improved our understand-

ing of the factors involved in the evolution/natural history of MS [38].

Studies carried out to date in MS have demonstrated changes in various metab-

olites, including N-acetylaspartate (NAA), choline (Cho), myo-inositol (mIns),

glutamate (Glu), lactate, and creatine (Cr) [40, 45], which suggest the presence of

Fig. 8.1 Comparison

between magnetic

resonance imaging (MRI)-

visible and invisible cortical

lesions. 1: Cortical lesions
were assessed on

proteolipid protein-stained

tissue sections (original

magnification _0.7), and

after comparison with the

corresponding MRI images,

marked as visible (red) and
invisible (blue). 2:
Corresponding proton

density-weighted MR

image of the same brain

slice. 2a: MRI-visible

lesion. 2b: MRI invisible

lesion (Seewann et al. [39]);

(with permission)
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specific pathological abnormalities (see Box 1). By quantifying NAA levels, a

marker of neuroaxonal integrity, which reflects both axonal loss and metabolic

dysfunction [46], 1H-MRS studies have highlighted the role of neuroaxonal damage

in MS [47]. Cho is associated with cell membrane phospholipids and is a marker of

cell membrane turnover and myelin breakdown and repair [47, 48]. Cr and mIns are

both markers of gliosis [47, 48]. The excitatory neurotransmitter, Glu is associated

with Glu excitotoxicity and neuroaxonal loss [49, 50], while lactate can be

increased due to the metabolism of inflammatory cells.

In the following sections of this chapter, we will briefly describe the pathological

correlates of spectroscopic abnormalities. We will first review MRS changes in the

acute and chronic lesions and in the normal appearing white matter and grey matter

in patients with MS when compared with healthy controls. We will then discuss the

use of MRS to help with the diagnosis and prognosis of MS. Finally, we will review

the potential use of MRS for monitoring patients’ response to treatments.

Box 1. Commonly Quantified Metabolites in MS and the Corresponding

Underlying Pathological Abnormalities

• N-acetylaspartate (NAA) (usually this refers to total NAA (tNAA), which

is equal to the sum of NAA and NAA-glutamate (NAAG)), is a marker of

neuroaxonal integrity and/or metabolic mitochondrial function [46, 51].

• Myo-inositol (mIns) is a glial cell marker and increases are associated with

astrocytic activation and proliferation [52].

• Choline (Cho) reflects changes in steady-state levels of membrane phos-

pholipids released during myelin breakdown [53]. Increases are associated

with demyelination or inflammation with increased membrane turnover.

• Creatine (Cr), if increased, is a marker of gliosis.

• Glutamate (Glu) is the major excitatory neurotransmitter in the CNS. It is a

marker of the neurotransmitter pool. While in the brain it is possible to

quantify Glu using special techniques, in the spinal cord, Glu is typically

quantified with glutamine (Gln) (Glu þ Gln¼Glx) [54].

• Lactate, if increased, is a marker of inflammation, and indicates the

presence of macrophage infiltrate in large acute MS lesions.

Acute Lesions

In acute demyelinating lesions in the brain of patients with MS, decreases in NAA

are seen, while Cr, Cho, mIns, lactate, and Glu are increased [45, 47, 50]. The

abnormal concentrations of metabolites in acute demyelinating plaques can change

over time, with normalisation of NAA, Cr, and lactate [47]. The recovery of NAA

to (almost) normal levels is likely due to the resolution of oedema associated with

acute inflammation, in addition to remyelination [47]. Partial normalisation of NAA
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levels after acute lesions has also been observed in the spinal cord, in association

with development of cord atrophy, suggesting that this may also indicate increased

neuronal mitochondrial metabolism [55]. Additionally, modelling NAA, which

reflects axonal structural integrity and mitochondrial metabolism, with imaging

measures of axonal integrity (axial diffusivity and cord cross-sectional area),

enables one to extract the mitochondrial metabolic component of NAA

[56]. Lower residual variance in NAA, reflecting reduced mitochondrial metabo-

lism, was associated with greater clinical disability in MS, independent of structural

damage [56], suggesting that modelling metabolites with structural imaging mea-

sures has potential and important clinical applications.

Chronic Lesions

Typically, in chronic lesions in the brain, NAA is significantly reduced, with mIns

remaining increased [45]. The ongoing decrease in NAA in chronic plaques is

likely due to ongoing neuroaxonal loss [47, 50]. One study did not demonstrate a

change in glutamate levels in chronic T1-hypointense areas when compared to

control white matter areas [50].

Normal Appearing White Matter

A number of studies have shown a reduction in NAA in normal appearing white

matter in patients with MS (and these decreases seem to vary with distance from the

focal white matter lesions), while Glu, mIns, and Cr are increased in normal

appearing white matter [47, 50, 57]. Not all studies have demonstrated a decrease

in NAA in normal appearing white matter, as results from a few studies have shown

an unchanged concentration of NAA [50, 57]. The differences in results may be

related to differences in the acquisition parameters, differences in quantification

methods used, the location of the voxel, the volume of tissue examined and the

sample size [50, 57]. Several studies have looked at the metabolic changes in early

RRMS, and they have demonstrated that the concentration of NAA levels at

baseline in MS patients was reduced in the normal appearing white matter com-

pared to controls [58, 59]. The normal appearing white matter NAA tended to

recover from baseline. This demonstrates that neuroaxonal damage is seen in the

early stages of the disease, but part of this damage maybe reversible given the

increase in NAA from baseline [58]. Another study in early RRMS [60] demon-

strated that glial abnormalities (due to myelin breakdown and astrogliosis) were

more widespread and were larger in magnitude compared to axonal abnormalities.

This was represented by patients’ white matter Cr, Cho, and mIns being higher than

controls. White matter NAAwas lower in patients than controls with some recovery

of NAA levels, indicating partial recovery of the axonal abnormalities [60]. This is

likely due to the effects of treatment [60]. This demonstrates that MRS may be a

good indicator of early myelin disorders and acute inflammation [47, 61].
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In individuals presenting with a clinically isolated syndrome, a number of

studies have shown a decrease in NAA with normal or elevated mIns and Cho

levels [62, 63]. This indicates neuroaxonal damage occurring during the first

demyelinating event, but absent or very little increase in the activity of glial cells.

The concentrations of Cr in lesional tissue and normal appearing white matter in

patients with MS have been inconsistent among studies. Cr values in normal

appearing white matter of patients with MS decreased [64], increased [65–67], or

were unaffected [64]. Similarly, Cr values in lesional white matter of patients with

MS decreased [64], increased [68], or were unchanged [66]. These conflicting

results are likely due to differences in patient selection, and in acquisition and

quantification methods used [69].

A number of MS studies have measured metabolites as a ratio to Cr, rather than

individual metabolite measures. The use of ratios is potentially less sensitive to

disease effects in MS than the use of absolute values [63]. The use of the ratio to Cr

is based on the assumption that Cr is normal in the patient’s brain. However, MS

studies have demonstrated abnormalities of Cr in demyelinating lesions and normal

appearing white matter in MS [57, 63, 70, 71]. A meta-analysis carried out on the

variability of NAA and Cr suggests that if there is a large discrepancy between the

individual variability of these two metabolites, one needs to be cautious with the

ratios obtained [69].

Grey Matter

MR spectroscopy has demonstrated a reduction in NAA, Cho, and Glu in the grey

matter of the brain of MS patients [49, 72]. These reductions tend to be more

pronounced in patients with progressive disease [72]. A reduction in whole brain

NAA in MS patients and patients presenting with a clinically isolated syndrome has

also been found [44]. This raises the possibility that MRS may be a useful marker of

global neurodegeneration [44].

A 1H-MRS study by Geurts et al. [73], demonstrated alterations in metabolite

concentrations in the thalamus and hippocampus in MS patients, which were related

to T2 lesion load, but no alteration was seen in the cortical grey matter. In the

thalamus there was a decrease in NAA, which was most prominent in the PPMS

group, with an increase in mIns in the thalamus, which was greatest in the SPMS

cohort [73]. The increase in mIns is likely to reflect gliosis. Brain pathology in

PPMS patients tends to show less of an inflammatory component, displays more

widespread damage to neuroaxonal elements [74, 75], with less focal pathology in

the brain than the spinal cord [76], which is in keeping with spectroscopic findings.

The mIns concentration in the hippocampus increased, while there was no change

in any of the other metabolites [73]. The increase in mIns in both the thalamus and

hippocampus correlates with increased T2 lesion load, which suggests that gliosis

increases as the lesion volume increases in the brain [73].

A recent 3T study [49] looked first at Glu levels in the hippocampus, thalamus,

cingulate, and parietal cortices in patients with RRMS compared to controls.

Figure 8.2 demonstrates the voxel placement in these four grey matter regions.
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Fig. 8.2 Examples of placement of the MR spectroscopy voxels (left) with their corresponding

MRS spectra (right) in the right hippocampus (a), parietal cortex (b), right thalamus (c), and
cingulate (d) (Muhlert et al. [49]; with permission)
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Second, it investigated if there was a relationship between Glu concentration and

memory performance [49]. There was significantly lower Glu in the cingulate and

parietal cortices in patients compared to controls, with a trend towards lower Glu in

the right hippocampus in patients. As Glu is much more abundant inside cells than

in the extracellular space, a possible explanation for these results is reduced

synapses and neuroaxonal degeneration, which has been described in post-mortem

studies [77]. A positive correlation between Glu concentrations and cognitive

function was demonstrated, with worse visuospatial memory linked to lower Glu

in the hippocampal, thalamic, and cingulate regions in patients with RRMS

[49]. These findings using 1H-MRS may lead to new treatment approaches, which

specifically target this neurotransmitter in MS patients with cognitive

impairment [49].

Differential Diagnosis

1H-MRS can be useful in differentiating between different pathologies. This was

demonstrated in a recent study of MS patients and neuromyelitis optica (NMO)-

related cases, with each case having a lesion in the upper cervical cord [78]. The key

finding from this study demonstrated that the mIns/Cr ratio was reduced in the

upper cervical cord which contained the longitudinally extensive NMO lesions

when compared to healthy controls and MS patients, who showed lesions in the

same region. Increased concentration of mIns is thought to be a marker of astrocytic

activation and proliferation [79]. Therefore, the reduction in mIns is likely to reflect

astrocytic necrosis, which is pathological for NMO lesions and is thought to

mediate oligodendrocyte injury [80]. This raises the possibility of developing

novel imaging spinal cord markers to distinguish NMO from MS and it may also

have value in future clinical trials in NMO with remyelinating or neuroprotective

therapies [78]. Idiopathic inflammatory demyelinating diseases can present as

single focal brain lesions, which can be clinically and radiologically indistinguish-

able from tumours [81]. Some conventional MR imaging features (Balo-like pat-

tern) can help differentiate tumours from inflammatory lesions, but in many

situations this information is not sufficient. 1H-MRS can provide additional diag-

nostic information by assessing the concentrations of NAA, Cho, mIns, and Glx

[82]. This can help in distinguishing between tumour and solitary inflammatory

lesions, which may avoid invasive diagnostic and therapeutic procedures [81].

Prognosis

Radiologically Isolated Syndrome (RIS)

A radiologically isolated syndrome (RIS) is defined as the unanticipated MRI

finding of brain spatial dissemination of focal white matter lesions highly sugges-

tive of MS in subjects without symptoms typical for MS and with normal
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neurological examination [83]. There is an urgent clinical need to be able to more

accurately differentiate individuals with just an incidental radiological finding from

those individuals who are likely to go on to develop MS [84]. 1H-MRS can provide

valuable information on the disease processes as well as vital insights into the

underlying pathological changes. One study demonstrated a decrease in the levels

of NAA/Cr levels in a group of RIS subjects [84] when compared to healthy

controls. These findings indicate the presence of neuroaxonal damage or loss,

even in this preclinical condition [83]. These findings may be helpful in stratifying

RIS individuals with a high risk of progression to MS [84].

Clinically Isolated Syndrome (CIS)

Quantifying metabolic damage at the earliest clinical stage of disease has been

investigated in order to better determine predictors of disease evolution in subjects

presenting with a Clinically Isolated Syndrome (CIS). A study demonstrated

reduced NAA/Cr, when combined with brain atrophy and measures of focal

demyelinating lesions, helped predict short-term disease evolution in patients

with CIS [85]. Another study showed a significantly lower NAA in the normal

appearing white matter in patients presenting with a CIS, who converted to MS,

when compared to non-converters [86]. This indicates that neuroaxonal damage at

baseline in patients with CIS was more prominent in those who went on to develop

clinically definite MS, suggesting that NAA may be a useful prognostic marker for

patients with a higher risk of conversion to clinically definite MS [62, 86]. There

was no evidence of increased glial cell activity, as reflected by mIns levels, in the

normal appearing white matter in patients with CIS [62].

A study in patients who had presented with a CIS 14 years previously demon-

strated elevated mIns in patients relative to controls in both lesions and normal

appearing white matter [87]. The mIns concentration positively correlated with

EDSS score at 14 years. After 14 years, 78% of the CIS patients converted to

clinically definite MS, while 22% remained as a clinically isolated syndrome.

Interestingly, it was the change in mIns concentration in the normal appearing

white and grey matter which separated these two groups, with those developing

clinically definite MS having increased levels of mIns [87]. The increase in mIns

early in MS may have a potential role in the future to help determine diagnosis,

future relapses, and disability [88].

RRMS

A recent study by Achtnichts et al. [89] looked at whole brain NAA in two RRMS

cohorts of �15 year’s duration. One group had an EDSS score of �3 (benign MS)

and the other group had an EDSS score of �3 (non-benign MS). However, no

differences were seen in the whole brain NAA between the patient groups. The
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preservation of neuronal integrity in both normal appearing white matter and focal

lesions does not seem to be a discriminating factor in distinguishing BMS from

non-BMS patients of long disease duration. Another study that estimated whole

brain NAA in RRMS [90] found that atrophy increased and NAA declined linearly

with increasing MS disease duration, and that the rate of NAA decline was 3.6 times

faster than atrophy. Further longitudinal studies are needed to understand whether

NAA concentration is a useful marker of disease progression [90].

Progressive MS

It is not possible to predict the long-term course of relapse-onset MS, specifically

related to progressive disability [67]. It is thought the progressive phase of MS is

most likely due to widespread neurodegeneration, mediated through the innate

immune responses within the CNS, with microglial activation, astrocyte prolifera-

tion, meningeal inflammation, mitochondrial dysfunction, ion channel abnormali-

ties, and oxidative injury [91].

A recently published study [92] investigated the ratio of mIns to NAA longitu-

dinally in MS. This combined measure reflects both the damaged CNS innate

immune process (increase in mIns) and the neurodegeneration, which causes

long-term disability (reduced NAA) [67]. The mIns/NAA ratio in normal appearing

white matter of a cohort of MS patients was significantly associated with future

disease progression [92]. These findings were then confirmed in another cohort of

MS patients. This clearly demonstrates the robustness of this measure as a biolog-

ical predictor [67].

Monitoring Treatment Response

To date several longitudinal, multicentre studies in MS using 1H-MRS, have looked

at the effects of drug therapies on reversing or stopping the progression of

neuroaxonal injury [47]. These studies have demonstrated reproducibility between

sites when factors such as method of data acquisition, position and size of the

volume of interest, post-processing, and quantification procedures are

standardised [93].
1H-MRS longitudinal studies carried out to date in patients on immunomodula-

tory treatment have demonstrated recovering or stable white matter NAA [60]. This

is likely due to treatment effect on axons but not on glial markers (Cr, Cho, and

mIns), as these markers continued to increase, indicating patients’ glial abnormal-

ities progressed while on immunomodulatory therapy [77].
1H-MRS has a greater pathological specificity for axonal integrity and other

pathological processes compared to conventional MRI in MS; however, it is only

rarely used in phase III clinical trials [47]. This is primarily due to the technical

difficulties related to the protocol implementation and standardisation of data

acquisition, position and size of the volume of interest (VOI), post-processing,
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and quantification procedures between centres [47]. In the future more consensus

guidelines need to be available to help research groups overcome these

challenges [47].

Clinical Correlations and Considerations for Clinical
Applications of MRS

Over the last 10 years, the information acquired from MRS has provided a great

contribution to better define the pathogenesis and natural history of MS [94]. Levels

of NAA have provided evidence of neurodegeneration from the earliest stages of

the disease, which has led us to reconsider the role of neuroaxonal damage in MS

[95, 96].

In this section of the chapter, we will review the clinical correlations between

MRS in the brain and spinal cord.

Disability

Many studies have demonstrated correlations in 1H-MRS findings with clinical

disability, with NAA consistently correlating with the Expanded Disability Status

Scale (EDSS) [97–99]. This clearly indicates neuroaxonal damage as a mechanism

of disability, as patients with long disease duration, SPMS, and patients with RRMS

and advanced clinical disability have the greatest NAA loss [81]. In addition to

NAA, a number of studies have shown associations between mIns and Glx in

normal appearing white matter and disability [87, 100].

Fatigue

In addition to disability, NAA has also been correlated with fatigue in MS patients.

A significant decrease in NAA/Cr in the lentiform nucleus in MS patients was

associated with fatigue, supporting the involvement of the basal ganglia as a

contributing factor to the development of this MS-related symptom [101].

Cognition

Cognitive impairment is common in MS, occurring at all stages of the disease

[102]. Memory impairment in MS has been associated with both grey matter

cortical thinning [103] and atrophy in specific grey matter regions, like the hippo-

campus [104]. 1H-MRS has shown correlations between specific cognitive deficits

and NAA levels in certain brain structures [81]. One study found a decrease in NAA
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in the right locus ceruleus in the pons correlated with selective attention deficits

[105]. A previous study by Muhlert et al. [49], mentioned earlier, demonstrated

worse visuospatial memory was associated with lower Glu levels in the hippocam-

pus, thalamus, and cingulate regions in patients with RRMS. These studies clearly

indicate that changes in metabolites in specific brain regions correlate with specific

cognitive deficits.

NAAG is the most abundant neuropeptide in the mammalian brain, and is a

selective agonist for metabotropic glutamate receptor 3 (mGluR3) [106]. An MRS

study quantified NAAG in the hippocampi of MS patients and found that NAAG

correlated with cognitive function [107]. MS patients with cognitive impairment

had lower levels of NAAG, while individuals with normal cognitive function had

higher levels of NAAG [107]. This raises the possibility that NAAG may be a

potential biomarker for cognitive function in MS, although quantification of NAAG

is challenging.

Spinal Cord

Due to the technical challenges of 1H-MRS in the spinal cord, there are significantly

fewer studies performed to date compared with 1H-MRS of the brain. Most studies

published have demonstrated similar findings, with reduced NAA concentrations in

the cervical cord in patients with MS compared to healthy controls [108–110].

One study looked at changes in NAA using 1H-MRS following a cervical spinal

cord relapse (with a lesion between C1 and C3), in MS patients to investigate

mechanisms involved in spinal cord repair and associated clinical recovery

[55]. Results demonstrated a reduction in NAA concentration at 1 month and

then a persistent increase in NAA from 1 month to 6 months in those individuals

who demonstrated a greater clinical recovery. The partial recovery in NAA after the

relapse was associated with a decline in spinal cord cross sectional area. One

possible theory for the increase in NAA concentration is that this may be driven

by increased axonal mitochondrial metabolism [55]. A subsequent study investi-

gated the indirect estimation of mitochondrial metabolism in vivo by statistically

modelling the NAA concentration measured in the spinal cord, with other structural

imaging measures, such as atrophy and axial diffusivity, which is derived from

diffusion tensor imaging (DTI) [56]. These findings are similar to brain studies,

which reported temporal changes in NAA after acute lesions [111].

Higher field strength (3T) MRI has enabled the detection of additional metab-

olite concentrations with spinal cord MRS, such as Glu/Gln [54, 112, 113], with an

example of the voxel placement in the cervical spinal cord shown in Fig. 8.3. This

has mainly been achieved through the optimisation of the acquisition protocol, the

use of a cervical collar, which reduced the macroscopic movement of the neck,

triggered iterative shimming and optimised water suppression [114]. Figure 8.4

shows a baseline and follow-up spectra of a healthy control and an MS patient in the

cervical spinal cord, with a decrease in NAA and an increase in mIns in the patient,

compared to the control [115].
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Overview of MRS in Animal Models of MS

The non-invasiveness of 1H-MRS, as well as its clinical translatability, makes it an

ideal tool for parallel experimental paradigms using animal and human studies

[116]. Animal models of MS have led to a better understanding of the disease. The

three most commonly studied animal models of MS are as follows:

1. The purely autoimmune experimental autoimmune encephalomyelitis (EAE)

induces autoimmune-mediated CNS inflammation, demyelination, and axonal

damage.

2. The virally induced chronic demyelinating disease models, with the main model

of Theiler’s murine encephalomyelitis virus (TMEV) infection.

3. Toxin-induced models of demyelination, including the cuprizone model and

focal demyelination induced by lyso-phosphatidyl choline [117].

Pre-clinical MR imaging has contributed significantly to enhancing our under-

standing of the disease pathology in MS. Prior to the development of 1H-MRS,

standard EAE studies required histological examination of the tissue which was a

terminal experiment at a fixed time point [118]. 1H-MRS allows serial examination

of the animal at specific time points, allowing longitudinal studies. This can then be

supported with histological examination of the tissue. Scanning an animal at

multiple time points also allows for before and after treatment analyses [118].

Studies using 1H-MRS in EAE have consistently found reduced NAA levels

[119, 120] in EAE, in keeping with findings in MS in normal appearing white

Fig. 8.3 Sagittal, coronal, and axial views of the voxel placement (red box) in the cervical cord of
one subject. Of particular importance was the avoidance of CSF inclusion in the voxel in all planes.

The white box is the shifted water voxel and the outer blue boxes are the outer volume suppression

slabs in the anterior–posterior and foot–head directions (Solanky et al. [54]; with permission)
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matter [60, 99] and at the level of the whole brain [121]. Increased levels of Cho and

Cr have also been seen in EAE [120], in agreement with findings from MS studies

[57, 65]

More recently, a study group [117] from the US studied pathological differences

between two strains of mice, which were identical except for the deletion of β2-
microglobulin in one strain. The complete deletion of β2-microglobulin results in

the absence of CD8þ T cells among other cell types [122]. They investigated the

Fig. 8.4 Baseline and follow-up spectra of a healthy control and a MS patient in the cervical cord,

depicting a reduction in NAA and an increase in mIns in the patient spectra (Bellenberg

et al. [115]; with permission)
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influence of CD8þ T cells on spinal cord demyelination, remyelination, axonal

loss, and brainstem NAA levels in a longitudinal study during acute and chronic

phases of TMEV infection [122]. Early in the disease brainstem NAA levels

dropped in both strains. However, NAA recovered in β2-microglobulin-negative

mice with remyelination and axonal preservation. Β2-microglobulin-positive mice

lost axons of all calibres, while β2-microglobulin-negative mice had a modest loss

of only medium- and large-calibre axons [122]. This study clearly supports the

hypothesis of the role of CD8þ T cells in axonal injury and subsequent neurological

deficits in TMEV, as well as potentially influencing the degree of demyelination

and/or remyelination [118]. This suggests the therapeutic targeting of cytotoxic

CD8þ T cells in chronic demyelination in human MS [118]. This provides further

evidence of the importance of MRS in animal models of disease.

Future Perspectives of 1H-MRS in Multiple Sclerosis

To date, 1H MRS studies have given us valuable insight into the pathogenesis and

natural history of MS. In the future, more multi-centred, longitudinal studies using 1

H-MRS are needed in order to clearly determine the role of 1H-MRS in monitoring

disease evolution in addition to treatment efficacy in MS.

MR scanners of higher field strength are becoming increasingly popular. One

benefit of higher field strength scanners is that the signal-to-noise ratio (SNR)

increases linearly with the field strength, in addition to higher spatial resolution,

resulting in improved resolution of two adjacent spectral peaks. This allows one to

investigate other metabolites such as gamma-aminobutyric acid (GABA), which is

overlapped by NAA and Cr at 3T, but resolved at 7T given the larger chemical shift

dispersion.

The use of 7T gives additional information from Glu and Gln, which are

challenging to resolve at 3T. Higher field strength has mainly been applied to

brain imaging in MS, while spinal cord imaging in MS has mainly been conducted

at 1.5T and 3T. Higher field strength in the spinal cord needs to overcome problems

related to chemical shift displacement and positioning errors, which would make

MRS volume of interest placement in the spinal cord more challenging.

Diffusion Tensor Spectroscopy (DTS) combines features of diffusion tensor

imaging (DTI) and MRS, resulting in the measurement of diffusion properties of

intracellular metabolites [123]. This enables the measurement of the diffusion

properties of intracellular, cell-type-specific metabolites [124]. To date one study

using a 7T scanner demonstrated reduced NAA parallel diffusivity in MS subjects

and this inversely correlated with water parallel diffusivity and clinical severity

[124]. These preliminary findings are thought to be able to distinguish axonopathy

from other processes such as inflammation and demyelination [124]. Based on this,

DTS changes may help interpret findings from more specific techniques, such as

DTI, and further clarify their pathophysiological significance [124]. Future studies
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will be required to further analyse the natural history of DTS measurements in

MS [124].

The combination of 1H and 31P MRS provides a more specific approach to

metabolite changes. 31P MRS specifically quantifies the high energy metabolite

phosphocreatine (PCr), enabling the calculation of a ratio between PCr and Cr,

when used in combination with 1H-MRS [125]. This has the potential to provide

additional information on the biochemical background related to 1H-detectable

metabolite changes in MS by differentiating the components of the 1H metabolite

signals [125].

The detection of glutathione (GSH) is technically challenging at field strengths

of 1.5T and 3T, mainly due to the low concentration of this metabolite within the

brain, and the standard single-echo acquisitions, which cannot be used to resolve

GSH from other resonances that it overlaps [126]. The use of spectral editing

techniques enables the unobstructed detection of GSH. GSH is the major antioxi-

dant in the human brain and plays a key role in the detoxification of reactive

oxidants [127]. Oxidative stress plays an important role in the pathogenesis of

MS as macrophages, activated as a result of inflammation, generate reactive oxygen

species, with resulting damage to myelin and oligodendrocytes [126]. A study in

MS patients demonstrated a reduction in GSH in the grey matter of MS patients

when compared to controls [126]. There was no significant difference in the

concentration of GSH in the white matter of patients relative to controls

[126]. These findings demonstrate the presence of oxidative stress in the normal

appearing grey matter. This supports the pathogenic role of oxidative stress con-

tributing to the disease process in MS. GSH has the potential to be a very useful

biomarker to predict disease progression, in addition to a potential therapeutic

target to combat oxidative stress both in the initial inflammatory period of the

disease but also in preventing the neurodegenerative processes associated with

progressive MS [127]. MR spectroscopy studies at 7T will allow for improved

quantification of metabolite abnormalities, therefore providing valuable new

insights into MS pathogenesis, once technical limitations posed by the very high

field are overcome.

With further investigation of novel metabolites in MS, we expect that great

effort will be put in future on GABA. GABA is the main inhibitory neurotransmitter

in the CNS and is thought to be involved in brain plasticity, cortical adaptation, and

reorganisation in neurodegenerative disease processes [128]. A number of studies

in healthy controls demonstrated a decrease in GABA inhibition facilitated long-

term potentiation-like activity in the motor cortex. Very few studies have been

carried out to date looking at GABA in MS patients using 1H-MRS. One study

demonstrated an inverse correlation between the concentration of GABA in the

sensorimotor cortex of patients with RRMS and the 9-hole peg test [128]. These

results indicate a worsening of performance with increased GABA levels. These

findings suggest that cortical GABA may be a potential marker of function and

reorganisation of cortical grey matter in patients with MS [128]. To date one group

has looked at quantifying GABA in the spinal cord [129] and demonstrated that it is

feasible. In the future, the alterations of this metabolite in MS may have a role in the
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development of novel and individual treatment concepts but this needs to be

investigated [129].

Conclusions

1H MRS complemented by conventional MR techniques provides advanced

insights into the pathogenesis of MS by obtaining additional information on the

microenvironment within the brain and spinal cord. This enhances our understand-

ing of the mechanisms involved in disease progression, as well as treatment

response in patients with MS.

Technical limitations of 1H MRS in MS, such as reproducibility of the exami-

nation conditions, can be difficult for any voxel size and position, making its use in

phase III clinical trials challenging. In addition, standardised post-processing and

quantification procedures between centres remain a challenge. Other challenges

include motion artefacts, and image distortions from the magnetic susceptibility at

tissue/bone/air interfaces, limiting 1H MRS use in the clinical setting.

The increasing availability of high field scanners may enable the use of 1H MRS

to aid the diagnostic criteria of MS, in addition to monitoring disease progression

and treatment response. In the future this will enable investigators to measure more

novel metabolites, which will allow them to study mechanisms related to relapses

and neurological progression.
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Chapter 9

Magnetic Resonance Spectroscopy in Ataxias

Pierre-Gilles Henry, H. Brent Clark, and G€ulin €Oz

Abstract Ataxia refers to deficits in coordination of movement and balance. This

chapter focuses on recessively and dominantly inherited as well as sporadic degen-

erative ataxias. These diseases are characterized by neurodegeneration in the

cerebellar system, including the cerebellum and its afferent and efferent connec-

tions, and frequently also in other brain regions such as the pontine nuclei. They

display great pathological diversity, as well as phenotypic variability; thus there is a

great need for imaging biomarkers that reflect the underlying pathology and that

can be used for diagnostic, prognostic, and treatment monitoring purposes. Despite

technical challenges of magnetic resonance spectroscopy (MRS) in the cerebellum

and brainstem, MRS has been shown to be sensitive to neurochemical alterations in

various degenerative ataxias. Namely, early neurochemical abnormalities have

been detected by MRS in ataxias prior to the structural atrophy detectable by

conventional MRI and prior to symptoms. Correlations with clinical status and

pathological severity were demonstrated in clinical and animal model studies,

respectively. MRS was also shown to distinguish different ataxia subtypes, with

potential utility in differential diagnosis, especially valuable for sporadic ataxias in

the absence of genetic testing. Finally, a few studies have utilized MRS for

treatment monitoring in clinical trials of recessive ataxias, and a great need exists

in this area for all degenerative ataxias. More longitudinal investigations and

standardization of advanced MRS methodology for multi-site trials will be critical

in this respect.
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Symptoms of Ataxias

The term ataxia is used to describe deficits in coordination of movement and

postural instability that occur independently of motor weakness. Typical features

of ataxia include abnormalities of posture and gait, loss of coordination of limb

movements, poor articulation of speech, and disturbances of eye movements.

Postural changes may include instability of the trunk while standing or, when

severe, even sitting. Ataxic patients compensate with a wide-based stance, but

they still have difficulty maintaining balance. Walking is irregular, wide based,

and staggering. The patients cannot walk placing one foot in front of the other.

Limb ataxia is characterized by the inability to perform movements with proper

timing and trajectory, known as dysmetria. Patients also may have intention tremor,

jerky coarse movements, and a reduced ability to perform rapid alternating move-

ments. Their speech disturbances, called dysarthria, consist of disruption of the

rhythm, fluency, and articulation of speech. Oculomotor changes are variable and

include nystagmus, and problems with visual pursuit, ocular fixation, and align-

ment, as well as saccadic eye movements. Although ataxias can have multiple

causes, most are neurodegenerative in nature. Neurodegenerative ataxias can be

hereditary or sporadic and will be the focus of this chapter.

To evaluate the severity of clinical involvement of ataxic patients, clinical

assessment scales have been developed. These include the International Coopera-

tive Ataxia Rating Scale (ICARS) [1], the Scale for the Rating and Assessment of

Ataxia (SARA) [2], and the Friedreich’s Ataxia Rating Scale (FARS) [3, 4].

Pathological Classification of Degenerative Ataxias

The cerebellar system is the principal pathological target of neurodegenerative pro-

cesses that result in ataxia. This system includes the cerebellum itself and also its

afferent and efferent connections. In some forms of ataxias the cerebellar system is the

sole target, but many others have a more complex involvement of other brain regions.

Classification of ataxias has historically been problematic because of clinical

and pathological variability within individual types of disease. Recent advances in

genetic classification of many of the hereditary ataxias have helped somewhat in

better categorization, but the phenotypic variability seen in a number of forms

remains a confounding factor in characterizing these diseases.

Pathological classifications have emphasized three major patterns of

neurodegeneration although they are not always so clearly distinct and do not

tightly correlate with clinical entities.

1. The most common pattern is cerebellar cortical degeneration, which is charac-

terized by loss of Purkinje cells. There also may be variable but usually milder

loss of granular neurons and cortical interneurons. There often is neuronal loss in

the inferior olivary nuclei that is thought to result from retrograde trans-synaptic
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degeneration due to loss of climbing-fiber targets. Recent studies have suggested

that some of the ataxias thought to be simple cerebellar degenerations may have

pathology in brainstem areas that affect eye movements [5]. Examples of this

type of pathology include spinocerebellar ataxia 5 (SCA5) and SCA6 and a

number of the other dominantly inherited ataxias.

2. Olivopontocerebellar atrophy (OPCA) results from more complex involvement

of the cerebellar system and other areas of the nervous system. In addition to

cerebellar cortical degeneration there is loss of afferent mossy fibers from the

basal pontine nuclei with respective loss of volume in the middle cerebellar

peduncles and the cerebellar white matter. Mossy fibers from vestibular and

spinocerebellar pathways also frequently are affected. The inferior olivary

nuclei likewise have neuronal loss that usually is as great or greater than the

loss of Purkinje neurons, suggesting that it is part of the primary process rather

than secondary to retrograde trans-synaptic degeneration. If severe, olivary

atrophy may be accompanied by atrophy of the inferior cerebellar peduncles.

There also is variable involvement of the deep cerebellar nuclei, which are

spared in the cerebellar form of multiple system atrophy (MSA-C) and to

some extent in SCA2, but affected in SCA1. Loss of neurons in the deep

cerebellar nuclei results in atrophy of the superior cerebellar peduncles. Other

variably affected areas include the spinal cord, cranial nerve nuclei, substantia

nigra, red nuclei, periaquaductal gray nuclei, and the basal ganglia.

3. Spinocerebellar degeneration is a third category and is characterized by loss of

cerebellar afferent projections, with milder or no detectable involvement of the

cerebellar cortex. The deep cerebellar nuclei also are affected in some instances,

such as in Friedreich’s ataxia (FRDA) [6] and SCA3. Despite the name, most of

the autosomal dominant hereditary ataxias, termed spinocerebellar ataxias, do

not necessarily have this pattern of degeneration.

Although the combinations of the affected sites can be quite variable depending

on the type of ataxia, there are consistent histological features in the affected areas.

Shrinkage of the cerebellar folia with sulcal expansion is characteristic of cerebellar

cortical degeneration, principally due to loss of the Purkinje neurons. The Purkinje

neuronal loss often is preceded by dendritic and somatic atrophy, which may

contribute to the atrophy of the molecular layer of the cortex. Atrophy and death

of Purkinje neurons are accompanied by hypertrophy and hyperplasia of Bergmann

astrocytes, which reside in the Purkinje cell layer. In later stages there often is at

least partial loss of interneurons, as well as the granular neurons. Loss of Purkinje

neurons in the cortex results in degeneration of axon terminals in the deep cerebel-

lar nuclei that is accompanied by gliosis with variable loss of deep nuclear neurons.

In ataxias with brainstem and spinal cord involvement, other features often are

present. Neuronal loss in the basal pontine nuclei is reflected by gross atrophy of the

basis pontis, loss or shrinkage of transverse fibers, and a loss of volume in the

middle cerebellar peduncles and cerebellar white matter. These gross changes are

accompanied by loss of neurons and their fiber projections with reactive

astrocytosis. Similar histopathological changes are seen in other affected brainstem

and spinal cord nuclei and tracts.
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Recessively Inherited Ataxias

The most common recessive ataxias are FRDA and ataxia-telangiectasia (A-T).

FRDA primarily affects sensory afferent projections and deep nuclear efferents of

the cerebellum, while largely sparing the cerebellar cortex, olives, and pons.

Grossly, the spinal cord may seem small with histological evidence of loss of

axons in the posterior columns and the dorsal roots as well as in the spinocerebellar

tracts. There also frequently is some degree of pyramidal tract degeneration. The

dentate nuclei are severely atrophic, as are their efferent pathways in the superior

cerebellar peduncles [7].

In A-T the cerebellar vermis and hemispheres have gross atrophy. Microscop-

ically, there is severe loss of Purkinje cells with surviving cells having bizarre

dendritic morphology, and heterotopic somata within the molecular layer. Cortical

interneurons and granular neurons are less severely affected with prominent pres-

ervation/proliferation of basket fibers around the sites of degenerated Purkinje cells

(empty baskets). There is retrograde trans-synaptic degeneration in the inferior

olivary nuclei and gliosis in the dentate nuclei without neuronal loss. The basal

pons is not affected but the spinal cord can have atrophy of the posterior

columns [8].

Ataxia with oculomotor apraxia type 2 (AOA2) also has been termed

spinocerebellar ataxia recessive type 1 (SCAR1) because oculomotor apraxia is

not always present. Onset of disease occurs in the second decade of life and patients

frequently have amyotrophy as well as ataxia, oculomotor apraxia, and neuropathy.

This disorder has not been well characterized neuropathologically [9].

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is an

early-onset spastic ataxia. An autopsy study from one patient found atrophy of the

anterior cerebellar vermis with loss of Purkinje neurons. The corticospinal tracts

were atrophic in the pons and medulla and spinal cord, but there was no involve-

ment of the basal pontine nuclei, the deep cerebellar nuclei, or the inferior olivary

nuclei [10].

Dominantly Inherited Ataxias

There are over 30 forms of dominantly inherited ataxias, collectively known as the

SCAs, but pathologically very diverse. A number of the more common and better

characterized forms of SCA have a polyglutamine-trinucleotide-repeat-expansion

mutation. Variability in the length of the expanded repeat has a major influence on

the phenotype of these patients such that members of the same kindred can have

significant differences in their pathological and clinical features. The

polyglutamine-related SCA include SCA1, SCA2, SCA3, SCA6, SCA7, and

SCA17. The pathology of SCA1, SCA2, and SCA7 tends to be that of the OPCA

pattern in most cases [5, 11, 12]. The deep cerebellar nuclei are more affected in
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SCA1 and less so in SCA2 and SCA7 and the pons may be less affected in SCA7.

SCA3 has a more unique pattern with spinal and pontine involvement with relative

sparing of the cerebellar cortex and olivary nuclei and severe involvement of the

dentate nuclei. It should be emphasized, however, that within each disease there is a

considerable spectrum of pathology, such that not all cases have the patterns

described above as the dominant features. SCA3 not infrequently has extrapyrami-

dal, pyramidal, and even lower motor neuronal involvement as major features

superseding or masking ataxia. All of the above with the possible exception of

SCA6 can have involvement of other brainstem regions as well as supratentorial

regions, including the deep gray nuclei and in some instances cerebral cortex.

SCA6 is mostly a simple cerebellar cortical degeneration although recent studies

have shown mild involvement of brainstem and pyramidal motor neurons [5].

Sporadic Ataxias

The sporadic ataxias usually have the OPCA or simple cerebellar atrophic patterns

of degeneration. A common sporadic form of OPCA is the cerebellar form of

multiple system atrophy (MSA-C) in which there is severe pontine atrophy with

corresponding shrinkage of the middle cerebellar peduncles and the cerebellar

white matter. The cerebellar cortex is affected but less severely than in many

SCA and the deep cerebellar nuclei are spared. Therefore, the outflow areas of

the dentate nucleus in the cerebellar white matter and the superior cerebellar

peduncles are spared. MSA-C frequently has mild changes that are present to a

greater extent in the parkinsonian form, MSA-P, i.e., putaminal and nigral atrophy.

There are other forms of sporadic OPCA that are not related to MSA-C and have a

better prognosis, but the pathological pattern may be similar [13]. There are a

number of apparently sporadic simple cerebellar atrophies mostly of late onset [14]

although some of these cases may represent undiagnosed hereditary ataxias. The

neuropathology of these cases resembles what is seen in SCA6 with the degener-

ation affecting Purkinje cells.

Potential Clinical Utility of Magnetic Resonance
Spectroscopy

In vivo proton magnetic resonance spectroscopy (1H MRS) enables noninvasive

quantification of endogenous metabolites that exist at millimolar concentrations in

selected tissue volumes and thereby provides biochemical information that is not

available from conventional structural MRI. Specifically, 1H MRS may provide

insight into neuronal viability (N-acetylaspartate, NAA), cellular proliferation or

membrane turnover (choline-containing compounds, tCho), glial activation (myo-
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inositol, mIns), neurotransmitter activity (glutamate, glutamine, γ-aminobutyric

acid (GABA)), oxidative stress (glutathione, vitamin C), and energy metabolism

(creatine, phosphocreatine, glucose, lactate) [15–17]. Since biochemical abnormal-

ities precede the ultimate demise of neuronal populations in neurodegenerative

diseases such as hereditary and sporadic degenerative ataxias, a primary potential

clinical utility of MRS in ataxias is the early detection of neurochemical abnor-

malities prior to the cerebellar and brainstem atrophy detectable by conventional

MRI. This may enable detection of disease onset in mutation carriers of hereditary

ataxias and allow the timely administration of potential neuroprotective therapies.

Along the same lines, MRS may help with monitoring of the effects of potential

therapies in degenerative ataxias. While ataxias are currently untreatable, neuronal

and motor dysfunction has been shown to be reversible in mouse models

[18, 19]. Furthermore, advances in understanding of molecular mechanisms of

common ataxias have raised a realistic hope for the development of effective

therapeutic interventions [20–22]. However, assessing whether therapies can

abate progression of neurodegenerative diseases is challenging because of their

slow progression and phenotypic variability, which in turn necessitate long clinical

trials with large sample sizes, a particular challenge for rare diseases like ataxias.

Clinical outcome measures that are typically used in clinical trials have limitations:

they do not distinguish between disease-modifying vs. purely symptomatic drug

effects, they cannot detect effectiveness of therapies in the presymptomatic stage

(when neuroprotective agents are likely to be most effective), they are unable to

provide prompt feedback regarding drug effectiveness and usually have poor test-

retest reliability [23]. MRS has the potential to directly assess disease-modifying

effects of therapeutic interventions in the brain and to gauge their effectiveness

quickly and objectively.

Another area where MRS may have clinical impact in ataxias is differential

diagnosis. While the definitive diagnosis in hereditary ataxias will always rely on

genetic testing, distinguishing ataxias by noninvasive imaging has been a long-term

interest in the ataxia field [24–29] because such biomarkers could guide genetic testing

in the absence of family history and help with diagnosing sporadic ataxias. Degener-

ative ataxias are challenging to distinguish due to the substantial overlap in the affected

brain regions, pathology, and clinical presentation [30–32]. Therefore there is a need

for other neuroimaging modalities such as MRS to provide potentially ataxia subtype-

specific information not available from conventional atrophy assessments.

Technical Considerations

The precision and accuracy of in vivo MRS strongly depend on the quality of

methodology used to acquire and process the data. Critical factors include good

radiofrequency (RF) coils with high transmit efficiency and good receive sensitiv-

ity, a well-optimized pulse sequence with efficient outer volume suppression,

excellent B0 shimming, and shot-to-shot data acquisition for subsequent shot-to-
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shot frequency and phase correction. Single-voxel MRS generally provides the

highest spectral quality, and therefore better precision and detection of higher

number of metabolites. Up to three regions of interest can be measured sequentially

with single-voxel MRS in a 1-h scanning session. Magnetic resonance spectro-

scopic imaging (MRSI), on the other hand, offers the advantage of larger spatial

coverage, often at the expense of lower overall spectral quality.

A short-echo time sequence is advantageous to minimize signal loss due to T2

relaxation and to retain signals from metabolites with J-coupled resonances, such as

glutamate and glutamine. STEAM allows very short echo times and has been used

in many studies, but suffers from an intrinsic 50% loss in signal-to-noise ratio

(SNR) compared to full-intensity sequences. PRESS provides full SNR, but suffers

from high chemical-shift displacement errors, especially at higher magnetic fields.

Newer sequences such as LASER [33] and semi-LASER [34, 35] or SPECIAL [36]

offer a number of advantages: insensitivity to B1 inhomogeneity, low chemical-

shift displacement error, and reduction of T2 loss and J-modulation through the

Carr-Purcell-Meiboom-Gill (CPMG) effect.

Various challenges of acquiring high-quality spectra from the cerebellum and

brainstem were recently summarized [17] and primarily stem from the caudal

location of these structures in the brain and their proximity to bone/air/tissue

interfaces. Hence broader intrinsic linewidths are observed relative to other cerebral

regions. Despite these challenges, high-quality MR spectra can be obtained from

the cerebellum and pons on clinical 3 T platforms both in healthy volunteers and

patients with ataxias [37, 38] (Fig. 9.1).

Fig. 9.1 Proton MR spectra obtained from the cerebellar vermis and pons of a healthy control (left)
and a patient with SCA1 (right) at 3T (semi-LASER [34], TR/TE¼ 5000/28 ms). Voxel positions

are shown in T1-weighted mid-sagittal images. Differences in the spectra from the patient vs. control

in total NAA (tNAA), myo-inositol (mIns), and total creatine (tCr) are clearly visible
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On the processing side, quantification using water as an internal concentration

reference has become the standard for quantification of 1H MRS spectra, and is

preferable to reporting ratios of concentrations, which can be difficult to interpret.

Correction for cerebrospinal fluid (CSF) content in the voxel is also critical to

correctly account for loss of tissue during neurodegeneration [39]. This can be

achieved either by acquiring the water signal at multiple echo times and fitting the

T2 decay with a bi-exponential curve [40] or by image segmentation [41].

Higher magnetic fields have been shown to be beneficial for MRS, providing

higher precision and increasing the number of metabolites that can be measured

reliably. From 3T to 7T, gains in sensitivity are particularly pronounced for

glutamate, glutamine, and GABA [42]. However, 7T systems are still not widely

available in clinical settings.

Overview of MRS in Animal Models of Ataxias

Recessively Inherited Ataxias

To the best of our knowledge, no animal model studies have been reported using

in vivo MRS in recessive ataxias. This may in part be due to the fact that the

underlying genetic defects in recessive ataxias were identified relatively recently. In

addition, the neuropathology of animal models of FRDA, the most common

recessive ataxia, has primarily been investigated at the level of the dorsal root

ganglia and spinal cord, which are likely too small for in vivo MRS.

Dominantly Inherited Ataxias

MRS studies on animal models of dominantly inherited ataxias are few. Nonethe-

less, they provided insights into disease and helped validate the biomarker and

surrogate marker potential of the metabolites quantified by MRS.

The first study that attempted to define the metabolic phenotype in a dominantly

inherited ataxia by MR was not an in vivo investigation, but utilized 1H nuclear

magnetic resonance (NMR) spectroscopy of tissue extracts and magic angle spin-

ning 1H NMR of intact tissue [43]. Using these methods, the investigators demon-

strated a number of neurochemical alterations in a transgenic mouse model of

SCA3, a polyglutamine disease and the commonest dominantly inherited ataxia.

They concluded that the differences observed in the cerebellum and cerebrum of

SCA3 mice relative to controls, including higher glutamine and lower tCho, mIns,

GABA, and lactate levels, were likely caused by neuronal metabolic dysfunction,

rather than large amounts of cell death.
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Later studies focused on transgenic and knock-in models of another

polyglutamine ataxia, SCA1. A longitudinal investigation of a transgenic SCA1

model, which overexpresses the mutant human ataxin-1 in Purkinje cells and

reproduces the Purkinje cell pathology and the phenotype of the human disease,

demonstrated progressive neurochemical changes, starting at the presymptomatic

stage of disease [44]. Specifically, neuronal markers NAA and glutamate were

lower and the putative glial marker mIns was higher in SCA1 mice than controls.

These abnormalities worsened over time and were correlated with the molecular

layer thickness and a pathological severity score, demonstrating that they reflect the

progressive pathology of the cerebellar disease (Fig. 9.2). Importantly, these were

the same metabolites that correlated with the clinical deficit in patients [45],

confirming the validity of the neurochemical abnormalities observed in the mouse

model. The same study uncovered another set of early biochemical abnormalities,

namely increased total creatine (creatine þ phosphocreatine, tCr) and glutamine

and decreased taurine, that anticipated disease progression.

Fig. 9.2 Proton MR spectra (LASER [33], TR/TE ¼ 5000/15 ms), and mid-sagittal T2-weighted

images obtained from oneWT (upper row) and one SCA1mouse (lower row) across their life-span
[44]. Also shown are representative H&E-stained histological slides from different mice at each

age. The voxel position for the spectra is shown on each image. The longitudinal changes in NAA,

glutamate, and myo-inositol in the spectra of the SCA1 mouse are shown with arrows. The
thinning of the molecular layer in SCA1 mice is visible. Other prominent pathological alterations

in this model are early formation of vacuoles (shown with arrowhead) and heterotopic Purkinje

cells (shown with arrow). ML: molecular layer, PL: Purkinje layer, GL: granular layer. Adapted

from [44] with kind permission from Society for Neuroscience
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Next, a study on a conditional transgenic mouse model of SCA1 demonstrated

the sensitivity of metabolite levels to disease reversal [46]. The expression of the

ataxin-1 transgene in this conditional transgenic model was put under doxycycline

regulation such that administration of doxycycline suppresses transgene expression

and thereby rescues the neuronal pathology and motor phenotype [18]. The ultra-

high-field MRS study conducted with this mouse line before and after doxycycline

administration demonstrated partial reversal of abnormal NAA and mIns concen-

trations to wild-type (WT) levels, together with complete normalization of taurine

and tCr. Therefore the earliest biochemical abnormalities (taurine, tCr) were

completely reversible, while the markers of progressive neurodegeneration

(NAA, mIns) accurately reflected the partial reversal of pathology, as confirmed

by histological measurements. A later study using the same conditional model

showed that ultra-high-field MRS accurately reflects transgene expression levels

based on a significant correlation between NAA/mIns ratio and quantitative PCR

[47]. In addition, receiver operating characteristic (ROC) analyses demonstrated

that MRS is as sensitive as the invasive measures histology and qPCR and more

sensitive than standard motor behavioral testing (Rotarod) in detecting treatment

effects in SCA1.

A knock-in model of SCA1, which displays milder cerebellar pathology than the

transgenic model [48], was monitored longitudinally using ultra-high-field MRS for

the earliest neurochemical changes related to neurodegeneration in SCA1

[49]. While the cerebellar pathology was found to be very mild even at the latest

disease stage investigated, the knock-in mice were distinguishable from WT mice

starting at the earliest stage using the MRS-measured neurochemical levels, dem-

onstrating the sensitivity of neurochemical levels to changes in the absence of overt

pathology. Consistent with observations in the transgenic model described above,

the earliest changes included glutamine, tCr, and taurine. Therefore, MRS studies in

SCA1 models revealed neurochemical alterations that were consistent between

different models of the disease (at the same disease stages), as well as between

the models and the human disease.

Finally, high-field MRS was recently utilized to characterize a novel SCA5

mouse model and demonstrated a higher decline rate of NAA concentrations

compared to control mice [50].

Overview of Clinical MRS in Ataxias

Prior to the identification of the causative genes for many hereditary ataxias, studies

classified ataxias using either clinically defined criteria [51] or imaging-based

criteria, such as olivopontocerebellar atrophy (OPCA) and cerebellar cortical atro-

phy (CCA) [52, 53]. Considering the pathological heterogeneity between different

ataxia subtypes grouped under these classifications, below we will primarily focus

on reports of genetically defined ataxias, as well as sporadic ataxias.
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Recessively Inherited Ataxias

A number of MRS studies in autosomal recessive cerebellar ataxias have been

reported. Most of these studies have been performed in patients with FRDA, the

most common form of recessive ataxia. A few additional studies have been reported

in A-T, AOA2, and ARSACS. Many of these studies show significant neurochem-

ical differences between patients and controls, with a decrease in total NAA (NAA

þ N-acetylaspartylglutamate, tNAA) and an increase in mIns being the most

common findings. However, much remains to be done to assess regional differ-

ences, and, more importantly, how early these changes occur in the course of the

disease, how they evolve with time, and their correlation with clinical status.

Friedreich’s Ataxia: 1H MRS in the Cerebellum

Several studies have shown reduced tNAA-to-tCr ratio (tNAA/tCr) in the cerebel-

lum (both in vermis and cerebellar hemispheres) in patients with FRDA relative to

controls [54–57]. This decrease was relatively small, on the order of 10%, and did

not always reach statistical significance in studies with small number of patients

[55, 57].

Although most studies reported metabolite ratios, one study quantified metabo-

lites independently using an external concentration reference, which allows quan-

tification of individual metabolites, as opposed to ratios. The study reported a

decrease in tNAA and an increase in tCr in vermis [39], suggesting that the decrease

in tNAA/tCr ratio observed in the abovementioned studies likely reflects a change

in both metabolites, and not only a decrease in tNAA. That study also corrected for

CSF contamination in the voxel, a potential source of bias in the presence of

atrophy.

Finally, a study at higher magnetic field (4 Tesla), using water as an internal

concentration reference, reported decreased tNAA, increased tCr, and increased

mIns in the vermis and cerebellar hemispheres of patients with FRDA relative to

controls [58] (Fig. 9.3). An increase in glutamine was also observed in the vermis.

Although no obvious atrophy of the cerebellum can be seen on MRI images in

FRDA in the first years of the disease [59], the MRS study also showed detectable

atrophy as evidenced by the increase in CSF fraction in the spectroscopic voxel in

the vermis (from 11% in controls to 18% in patients).

Overall, most MRS studies in FRDA show relatively small but consistent

changes in metabolite concentrations in the cerebellum (both in vermis and in

cerebellar hemispheres). The most commonly observed changes are a decrease in

tNAA, presumably reflecting neuronal damage, and an increase in tCr and mIns,

presumably reflecting gliosis.
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Friedreich’s Ataxia: 1H MRS in Pons and Spinal Cord

In addition to the cerebellum, a few of the abovementioned studies also reported

results from 1H MRS in the pons, a challenging region for MRS due to the small

voxel size and the difficulty to obtain good B0 shimming in this region. Mascalchi

et al. reported lower tNAA/tCr ratio in the pons in patients versus controls [54]. Sub-

sequent studies also reported lower tNAA, as well as higher mIns, although these

changes did not reach statistical significance [55, 58].

In contrast, no MRS study has been reported in the spinal cord in FRDA. Spinal

cord degeneration occurs early in FRDA, and spinal cord atrophy measured on

Fig. 9.3 Proton MR spectra obtained from the cerebellar hemisphere of a healthy control (top)
and patients with dominant (SCA1, SCA2, SCA6), recessive (FRDA, AOA2), and sporadic

(MSA-C) ataxias at 4T (STEAM, TR/TE¼ 4500/5 ms). Voxel position is shown in the

T2-weighted coronal image of the control subject. Reported metabolite alterations in each disease

are shown with arrows that indicate the direction of change. Adapted from [29, 45] with kind

permission from Springer ScienceþBusiness Media B.V and John Wiley and Sons
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anatomical MRI images was recently shown to correlate with FARS scores

[60]. Recent preliminary results show large differences in tNAA (�34%) and

mIns (þ30%) in patients with FRDA relative to controls, consistent with neuronal

damage and gliosis in the spinal cord [61].

Friedreich’s Ataxia: 31P MRS in Heart and Muscle

In FRDA, the mutation in the Frataxin gene leads to a reduction in levels of the

mitochondrial protein Frataxin, leading to impaired mitochondrial respiration. As a

result, FRDA is associated with impaired muscle metabolism and cardiomyopathy.

A number of studies have investigated muscle and heart energy metabolism in

patients with FRDA using 31P MRS, which allows measurement of steady-state

ATP, phosphocreatine (PCr), and inorganic phosphate (Pi) levels. Dynamic mea-

surements of PCr and Pi concentrations in muscle during exercise can also be used

to calculate kinetic parameters such as the maximum rate of ATP production Vmax

(ATP).

In muscle, Vmax(ATP) was found to be lower in patients with FRDA than in

control subjects [62]. There was also a strong correlation between Vmax and the

number of GAA repeats in the small allele. Consistent with these findings, PCr

recovery after ischemic exercise was dramatically delayed (time constant nearly

tripled) in patients with FRDA compared to controls [63–65]. Time constants of

recovery correlated with the number of repeats in the smaller allele, the age of the

patients, and disease duration [63].

In the heart, cardiac PCr/ATP ratio was shown to be reduced by 40% in patients

with FRDA relative to controls [66, 67]. The decrease in PCr/ATP was accompa-

nied by an increase in Pi/PCr [67]. Both ratios correlated with the degree of heart

hypertrophy measured by septal wall thickness [67].

In light of those findings, 31P MRS was used in a number of clinical trials in

patients with FRDA. For example, treatment with Co-Q10 and vitamin E or E2

resulted in increased cardiac PCr/ATP ratio, and increased Vmax(ATP) in muscle

in patients with FRDA relative to controls [68, 69]. Those improvements, however,

were not associated with clear clinical benefits, although one study suggested

improvement in ICARS scores in some patients [69]. Similarly, treatment with

antioxidant idebenone [64] or with recombinant human erythropoietin (rhuEPO)

had no effect on the rate of PCr recovery after exercise and did not improve clinical

scores [65].

Although clinical trials have not identified effective treatments for FRDA so far,
31P MRS may prove useful to assess heart and muscle energy metabolism in future

clinical trials as new treatments become available.
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Ataxia-Telangiectasia (A-T) and Ataxia-Telangiectasia-Like Disorder

(ATLD)

One study reported decreased tNAA/tCho and increased tCho/tCr in the cerebellar

white matter of patients with A-T compared to controls, with no change in tNAA/

tCr [70]. This suggests elevated tCho, although the data are also consistent with a

simultaneous decrease in tCr and tNAA. Proton MRS using water as an internal

concentration reference would permit discrimination between those two

possibilities.

In ATLD, tNAA/tCr was markedly reduced in two patients (�23% and �40%,

respectively) in the cerebellum compared to known control values in the same

region [71]. Other metabolite ratios were not reported.

Ataxia with Oculomotor Apraxia Type 2 (AOA2)

Only one MRS study has been reported in AOA2 [58]. Patients had lower tNAA

and higher mIns concentrations in the vermis and pons relative to controls, as well

as lower glutamate in the vermis, suggesting altered glutamatergic neurotransmis-

sion. tNAA levels in the vermis strongly correlated with FARS scores.

Autosomal Recessive Spastic Ataxia of Charlevoix-Saguenay (ARSACS)

Only one MRS study has been reported in ARSACS and showed decreased tNAA

and increased mIns in the vermis and cerebellar hemispheres of patients versus

controls [55].

Dominantly Inherited Ataxias

The majority of MRS studies in patients with dominantly inherited ataxias thus far

showed a reduction in tNAA or tNAA/tCr at 1.5T, as is common in neurodegener-

ative diseases [17, 72]. Evidence that these changes are detectable very early in the

disease course came from a report of lower tNAA/tCr and tCho/tCr in the pons of

carriers of the SCA1 mutation, including two asymptomatic carriers [73]. While

metabolite level/ratio alterations are detectable prior to symptoms, MRS-measured

metabolites have also been found to reflect the symptomatic progression in ataxias.

Namely, correlations between tNAA and clinical scores were shown in patients

with cerebellar degeneration starting with the earliest studies [74]. Correlations

were observed between pontine tNAA/tCr and clinical disability in a combined

group of patients with OPCA, including SCA1 and SCA2 [54], between pontine

tNAA and ataxia scores in SCA1 [26] and between tNAA, tCho, and disease
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duration in SCA2 [55]. Furthermore, a recent longitudinal pilot study at 3T indi-

cated that the pontine tNAA/mIns ratio is more sensitive to disease progression than

the SARA score [75].

Several investigations focused on neurochemical differences between different

dominant ataxia subtypes. A pilot study reported lower cerebellar tNAA/tCr and

tCho/tCr ratios in SCA2 than SCA6, suggesting a higher degree of neuronal

dysfunction or loss in SCA2 [25]. This was consistent with a larger study that

reported lower cerebellar tNAA/tCr and tCho/tCr ratios in SCA2 than both SCA3

and SCA6 [76]. A multi-modal MR study reported lower tNAA levels in the pons

and cerebellar white matter of patients with SCA1 and SCA2 relative to controls,

with no differences between the two disease entities [26]. Therefore distinguishing

SCA2 from SCA3 and SCA6 seems feasible by the tNAA levels or ratios; however

distinguishing SCA1 and SCA2 has been more challenging at 1.5T.

Studies at high field (3T, 4T) utilizing optimized MRS methodology reported

more extensive changes in neurochemical profiles consisting of 10–15 metabolite

concentrations [29, 38, 45]. These included altered levels of tNAA, glutamate,

glutamine, mIns, and tCr, likely indicating neuronal dysfunction/loss, gliotic activ-

ity, alterations in glutamate–glutamine cycling, and deficits in energy metabolism

in SCA1, SCA2, SCA3, SCA6, and SCA7 [29, 38, 45]. Interestingly, the same

ranking was observed in the severity of neurochemical abnormalities and known

levels of synaptic loss between SCA1, SCA2, and SCA6, with the most severe

involvement in SCA2, followed by SCA1 and SCA6 (Fig. 9.3), raising the possi-

bility that neurochemical alterations may reflect synaptic density [29]. The higher

data quality and the ability to quantify extended neurochemical profiles also

allowed the accurate classification of these dominant ataxias, even SCA1 and

SCA2 [29], which has been challenging previously. In SCA1, SCA3, and SCA7,

strong correlations were detected between select metabolites (tNAA, mIns, tCr,

glutamate) and a validated ataxia score [38, 45]. These neurochemicals also

allowed the separation of patients from controls without any overlap, suggesting

that high-field MRS may be used for clinical decision making on an individual

subject basis.

MRS was further used to noninvasively demonstrate the pathological involve-

ment of regions other than the cerebellum and brainstem in dominant ataxias, e.g.,

the deep cerebral white matter in SCA3 [77] and cerebral cortical and white matter

regions in SCA1 [78]. Finally, the cerebellar tNAA/tCr ratio was recently shown to

accurately predict the age of disease onset in SCA2 and SCA3 [79].

Sporadic Ataxias

MRS studies in sporadic ataxias primarily tested the diagnostic utility of the

technique, which may be very valuable in the absence of genetic testing. For

example, distinguishing MSA-C from other forms of sporadic cerebellar degener-

ation is important as prognoses are quite different between these disease entities.
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An early study reported reductions in cerebral and cerebellar tNAA/tCr in patients

with MSA and sporadic CCA and suggested that the two groups could be distin-

guished based on putaminal tNAA/tCr, which was low only in MSA [53]. This

study also showed significant correlations between the cerebellar tNAA/tCr and a

functional ataxia scale and between frontal cortex tNAA/tCr and mini-mental state

examination scores in both groups.

Others attempted to distinguish MSA-C from MSA-P. tNAA/tCr was lower than

controls both in the pons and putamen in MSA-P, while only the pontine tNAA/tCr

was altered in MSA-C [80]. In addition, tNAA/tCr alterations were present prior to

ataxic symptoms and MRI abnormalities in this study.

Due to the similarities in clinical presentation and ages of onset, distinguishing

MSA-C from the SCAs using neuroimaging is also expected to be valuable in the

clinic. Among the most common SCAs, SCA2 has the most similar cerebellar

metabolite ratios (tNAA/tCr and tCho/tCr) to those in MSA-C [76], and metabolite

ratios have been largely insufficient to distinguish MSA-C from SCA2 [76, 81]. The

similarity between neurochemical abnormalities in MSA-C and SCA2 was also

demonstrated at 4T (Fig. 9.3); however the access to extended neurochemical

profiles, as well as the better spectral quality, allowed the separation of these groups

[29]. Specifically, utilizing selected neurochemical levels from the cerebellum and

pons allowed 89% accurate classification of a cohort consisting of patients with

SCA1, SCA2, SCA6, MSA-C, and controls.

Future Perspectives

While the existing literature clearly has demonstrated the sensitivity of MRS to

early and progressive neurochemical changes in ataxias, the majority of the work

has been limited to metabolite ratios at 1.5T. With the wider availability of high-

magnetic-field scanners (3T and above) and advanced MRS methods, studies with

high MRS data quality are expected and needed in the ataxia field. The acquisition

of neurochemical profiles is also expected to provide ataxia-subtype-specific

metabolite profiles and insights into differences in pathology, as was demonstrated

in pilot work [29]. Furthermore, future studies at ultra-high magnetic fields (e.g.,

7T) are expected to bring higher quantification precision, especially for J-coupled

metabolites such as glutamate and glutamine. In addition, increased sensitivity and

the resulting spatial resolution at ultra-high fields are expected to enable future

studies to better focus on smaller nuclei such as the dentate nucleus, a primary site

of pathological involvement in FRDA, with less partial volume effects.

Longitudinal investigations, starting at the earliest disease stages, are critical in

this endeavor to determine how early the neurochemical alterations can be detected,

as well as the sensitivity of MRS-measured metabolites to disease progression.

While this has already been demonstrated in animal model studies [44] and a

number of cross-sectional clinical studies have shown correlations between MRS

measures and clinical status [26, 45, 53, 54, 73, 74], it will be important to
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demonstrate the sensitivity of MRS to disease onset and progression in longitudinal

studies in ataxias [75].

Finally, based on the promising data in mouse models showing the sensitivity of

the technique to reversal of pathology [46, 47], there is great motivation to start

using MRS as an outcome measure in preclinical and clinical trials. Standardization

of advanced MRS methodology for multi-site investigations is critical in this

respect, especially considering the rarity of degenerative ataxias and the difficulty

of obtaining data from large patient cohorts in single-site investigations. Recent

standardization efforts at high field have been very promising [37, 82] and robust

multi-site data in ataxias are expected in the near future.
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Chapter 10

Magnetic Resonance Spectroscopy in Prion
Diseases

Damien Galanaud

Abstract Prion diseases are uncommon dementias linked to the accumulation in

the brain of humans and other mammals of an “infectious” autologous protein. The

rapid clinical deterioration of the patients makes them difficult to study with MRS.

Their spectroscopic profile includes decreased N-acetylaspartate and increased

myo-inositol, reflecting the neuronal loss and gliosis characteristics of these

pathologies.

Keywords Prion-related protein • Creutzfeldt–Jakob disease • Fatal familial

insomnia • Gerstmann–Straussler–Scheinker disease • Scrapie

Introduction

Prion diseases are an uncommon group of neurodegenerative disorders chara-

cterized by the presence of an “infectious” endogenous protein. In addition to

humans, they affect a wide range of animals, such as cows, elks, mice, sheep, and

felids [1, 2].

The pathogenicity of this protein is linked to its misfolding, resulting from an

alteration in its sequence (in genetic prion diseases), interaction with an exogenous

altered protein (in “mad cow” disease and growth hormone-related Creutzfeldt–

Jakob disease), or unknown factors. This misfolding makes the prion-related

protein (PrP) highly resistant to proteases, leading to its accumulation and to the

development of secondary neurodegenerative processes. While the PrP is not

observable with MRS, these secondary changes are easily detectable.
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Clinical Variants, Symptoms, and Radiological Signs

The classical clinical presentation of Creutzfeldt–Jakob disease, both sporadic

(s-CJD) and genetic (g-CJD), is a dementia of rapid onset, with usually just a few

weeks between the first symptoms and the fully developed clinical picture. Cere-

bellar syndrome and myoclonus are strongly suggestive of the disease. The median

survival time is a few months. MRI shows in most of the cases areas of increased

signal on FLAIR in the cortex and/or basal ganglia (putamen and pallidum). These

signal changes are associated with a decrease in apparent diffusion coefficient

(ADC) [3, 4]. They are rapidly evolving, with changes in both the pattern of signal

and ADC changes, and accelerated brain atrophy [5].

Iatrogenic Creutzfeldt–Jakob disease (i-CJD) has a clinical pattern very similar

to s-CJD and occurs 1.3 to 40+ years after contamination with prion-laden

somatotropic hormone or dura matter grafts. Bulimia is sometimes also present.

Evolution is somewhat slower, with disease duration of about 6 months. Its neuro-

imaging pattern is similar to s-CJD.

Variant Creutzfeldt–Jakob disease (v-CJD) usually affects younger patients, and

usually starts with atypical depression, often associated with diffuse pain in the

lower limbs, followed by dementia. Disease duration is between 1 and 2 years.

Neuroimaging is a major diagnostic criterion, with a typical pattern of areas of high

signal/low ADC in the pulvinar and dorso medial nuclei of the thalamus.

The two less common, genetic, prion diseases are fatal familial insomnia (FFI), a

rapidly progressive pattern of sleep disturbance, psychiatric symptoms, ataxia and

dementia, and Gerstmann–Straussler–Scheinker (GSS) disease, a slowly evolving

ataxia later followed by dementia. Neuroimaging in these two diseases is usually

normal or only shows nonspecific findings.

MRS Protocol for Prion Diseases

MRS in prion diseases is performed using single voxel acquisition. Since these

patients usually suffer from advanced dementia when they are studied, MRSI

acquisitions cannot reasonably be included, except in very special circumstances

(the rare slowly evolving forms) [6]. Short echo time sequences should be utilized

when studying prion diseases by MRS to reliably assess myo-inositol. The

lentiform and caudate nuclei, the thalamus, the cerebellum, the bifrontal or

bioccipital cortices are most commonly affected by prion diseases and therefore

typically examined by MRS.

MRS should be ideally performed as part of a global neuroimaging protocol,

including at least FLAIR, DWI, and 3D T1 acquisitions. This, however, is very

often difficult due to the altered neurological status of the patients.
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MRS Changes in Prion Diseases and Their Relationship
to the Pathology

The abnormal PrP accumulates in the intra and extracellular spaces. This leads first

to neuronal suffering, then to neuronal vacuolation of the axonal and dendritic

processes (the “spongiform” changes), eventually leading to neuronal death

[7]. This neuronal suffering and death leads to a decrease in N-acetylaspartate
(NAA). Interestingly, despite the rapidity of the clinical deterioration and brain

atrophy, free lipids are not present in significant amounts. Lactate is usually also not

detectable but has been reported by some authors [8]. Astrogliosis may be present

even in the earliest stages of the disease, leading to an increase in myo-inositol

(Fig. 10.1). Experimental studies in the mouse [9] and hamster [10] models of prion

diseases have shown similar results. No metabolite usually not detected in the brain

has ever been reported. Since the evolution of the disease is rather fast, correlation

with pathological studies in humans must be taken cautiously. However, the few

reports that studied patients in MRI very shortly before their death showed a very

good correlation between the pathological findings and MRS results [8, 11].

Temporal Evolution of MRS Changes

Due to the rapid evolution of most cases of prion diseases, repeated scanning of

these patients is usually not practical, and reports of temporal changes of MRS in

prion diseases are scant. Moreover, since they are almost always performed in

patients with atypical, slowly evolving diseases they may not be representative of

the “classical” evolution of this pathology. In our prospective study of 40 patients

with prion disease, rescanning was not possible at 1 month except for 3 patients, and

the resulting spectra were of very poor quality likely due to severe atrophy and

motion artifacts (unpublished results). A report by Fujita et al., on two patients with

s-CJD rescanned at 1 month showed a trend for a decrease in NAA in the caudate

nucleus [8]. Interestingly, an increase in myo-inositol may be present even before

the onset of symptoms in presymptomatic carriers of mutations in the PrP gene [12],

while hamsters infected with PrP did not exhibit changes in NAA and myo-inositol

until the clinical phase of the disease [8]. In a study of the mouse model of scrapie, a

decrease in NAA appeared near the symptomatic phase of the disease [9]. This

decrease was stable over the course of the disease, with the exception of a trend

toward additional reduction in NAA at end-stage disease.
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Potential Diagnostic Value of MRS in Prion Diseases

Multivariate analysis of myo-inositol/NAA ratios measured in the putamen, cere-

bellum, and frontal cortex clearly separate patients with various prion diseases from

controls (Fig. 10.2, Galanaud et al., unpublished). In addition, MRS changes can be

detected in patients without any signal changes obvious on FLAIR and DWI

4 3 2 1 0

4 3 2 1 0

4 3 2 1 0

Fig. 10.1 Imaging and spectroscopy (STEAM acquisition, TR¼ 1500 ms, TE¼ 20 ms) in a case

of sporadic Creutzfeldt–Jakob disease. Sagittal T1 acquisition (a) showing marked cerebellar

atrophy. Marked hyperintensity is detected in the lentiform and caudate nuclei on FLAIR (b)
and diffusion (c) images. MRS on the lentiform nucleus (d) and pulvinar (e) shows isolated

decrease in NAA, associated with an increase in myo-inositol in the vermis (f)
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[11, 12]. However, as these authors stressed, these findings are nonspecific, and

reduced NAA and increased myo-inositol is a frequent finding in most neurode-

generative diseases. The presymptomatic decline in NAA and increase in

myo-inositol has also been reported in Alzheimer’s disease [13] and is also present

in frontotemporal and vascular dementias [14]. Assessing the precise diagnostic

value of MRS in prion diseases would thus require multivoxel MR spectroscopy

protocols, including a large number of patients with prion diseases and the most

common neurodegenerative diseases. However, the implementation of such a study

is very challenging.

In a series of 14 patients with s-CJD, Kim et al. showed that the value of NAA/Cr

at diagnosis, measured in the parietooccipital cortices was correlated with disease

duration, giving it a somewhat prognostic value [15].

While without clear diagnostic value for individual patients, some form-specific

patterns can be described in prion diseases. For example, v-CJD is dominated by an

increase in myo-inositol and a decrease in NAA in the pulvinar [16, 17], and i-CJD

is characterized by a marked decrease in NAA in the cerebellum [18]. The use of

MRS methods that provide quantification of a larger number of neurochemicals is

expected to be of value for specificity.

Fig. 10.2 Principal component analysis of the mI/NAA ratio in 3 STEAM single voxel MRS

acquisitions (TR¼ 1500 ms, TE¼ 20 ms) performed on the vermis (V), frontal cortex (F), and

lentiform nucleus (L) in 30 patients with various prion diseases, 10 controls (blue squares) and
9 other suspected cases of prion diseases, for which this diagnosis was eventually ruled out (black
boxes). The hyperplane (dotted line) clearly separates the populations, showing the potential

interest of MRS for the positive diagnosis of prion diseases
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Association of MRS with Findings on Other MR Modalities

Understanding the MRS findings in prion diseases is relatively straightforward,

since they correspond well to the histological findings in these pathologies. Spec-

troscopy has also been suggested as an interesting tool to understand the signal

changes on structural MRI and diffusion-weighted imaging observed in these

pathologies, which still remain subject to intense debate. In a case of FFI, we

have shown that an isolated increase in myo-inositol was associated with an

increase in ADC of the corresponding region (the thalamus) [11]. This was attrib-

uted to isolated gliosis, and this finding was confirmed by postmortem analysis. It

should also be noted that the cerebellum, frequently involved in CJD, does not

exhibit any signal changes on both FLAIR and DWI. However, metabolic alter-

ations can often be detected with MRS on this structure [19].

Fulbright et al. reported both decreased ADC and NAA/Cr ratios on the putamen

on an analysis of seven patients with the E200K but did not draw any correlation

between these findings [6]. In a series of 31 patients with various prion diseases, we

did not find any correlation between ADC values and any metabolite ratio in the

putamen, cerebellum, frontal cortex, and pulvinar [18]. This suggests that a com-

plex mechanism, combining neuronal suffering/loss, PrP deposits, and astrogliosis

is responsible for the ADC changes observed in these pathologies [18].

Conclusion

MRS can help better understand the physiological processes underlying prion

diseases. However, its use is hampered by the scarcity of these pathologies and

the altered clinical status of the patients.
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Chapter 11

Magnetic Resonance Spectroscopy
in HIV-Associated Neurocognitive
Disorders: HAND

Eva-Maria Ratai

Abstract A significant number of HIV-infected patients develop neurological

symptoms ranging from minor cognitive impairment to severe dementia (known

HIV-associated dementia, HAD). Without combination antiretroviral therapy

(cART) HAD occurs in 20–40% of HIV positive subjects, with the advent of

cART the incident has decreased to 5–10%, although milder forms of cognitive

deficits may occur in 30–50% of those infected with HIV. It is believed that HIV

enters the CNS during the early stages of infection by infected immune cells which

initiate an inflammatory cascade which results in neuronal injury and loss. Imaging

has been widely used to evaluate the effect of HIV to the brain. Specifically, proton

magnetic resonance spectroscopy (1HMRS) is one of the most informative methods

employed in patients suffering from HIV-associated neurocognitive disorders

(HAND). MRS is able to noninvasively measure metabolic changes pertaining to

neuronal injury and inflammation, thus, it can assist in the diagnosis of the disease

and measure the severity of injury. In animal models of neuroAIDS, MRS has been

proven extremely powerful to assess disease progression and response to treatment.

Here we review the literature of preclinical models as well as MRS studies of HIV+

adults and children before and after the advent of cART regiments. In addition, we

discuss technical considerations related to the disease and finally talk about future

direction in HAND using MRS.

Keywords AIDS (acquired immune deficiency syndrome) • HIV (Human

immunodeficiency Virus) • NeuroAIDS • HAND (HIV-associated neurocognitive

disorders) • SIV (Simian immunodeficiency virus) • Rhesus Macaque • Brain •

MRS (magnetic resonance spectroscopy) • MRSI (magnetic resonance

spectroscopic imaging) • cART (combination antiretroviral therapy) •

Minocycline • Neuroinflammation
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Background on Disease Pathology

Human immunodeficiency virus (HIV) affects more than 1 million people in the

United States of America and ~34 million worldwide. Approximately 1.7 million

people have died from AIDS and 2.5 million people were newly infected with the

virus in 2011 [1]. Figure 11.1 showed the natural disease progression of HIV/AIDS:

During the early phase of infection, the virus replicates extensively, reaching levels

of 106–108 copies of HIV RNA/mL in blood plasma due to the absence of

discernible immune responses [2]. Once seroconversion occurs (as determined by

ELISA/Western Blot), it is thought that the host’s immune response begins to

control viral replication, causing the high levels of virus to be quickly reduced

within weeks [2]. During acute HIV-1 infection, there is frequently a marked

decrease in the CD4+ T cell count [3, 4], followed by an increase toward the end

of the acute stage, which typically does not return to preinfection levels in the

absence of antiretroviral therapy (ART). Throughout the latent period, there is

usually a steady decline in the numbers of CD4+ lymphocytes. A diagnosis of

AIDS is made if the CD4+ T-cell count falls below 200 per μL. At these later stages
of the disease, viral loads are starting to increase once more, leading to symptoms,

opportunistic infections, and death.

Early in the AIDS epidemic, HIV-associated neurocognitive disorders (HAND)

were recognized as an important clinical manifestation of the disease [5–9]. Prior to

Fig. 11.1 A generalized graph of the relationship between HIV copies (viral load) and CD4+

T cell counts over the average course of untreated HIV infection. This is a file from the Wikimedia

Commons. Commons is a freely licensed media file repository. Adapted from Fig. 1 in Pantaleo,

G et al. (February 1993). “New concepts in the immunopathogenesis of human immunodeficiency

virus infection”. New England Journal of Medicine 328 (5): 327–335. PMID 8093551
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the advent of combination antiretroviral therapy (cART), 20–40% of HIV-infected

patients developed neurological symptoms ranging from minor cognitive impair-

ment to severe dementia (known as HIV-associated dementia, HAD or AIDS

dementia complex, ADC). ADC is characterized clinically by severe cognitive,

motor, and behavioral abnormalities in the absence of opportunistic infections.

Physical symptoms include headaches, generalized seizures, and ataxia. Cognitive

symptoms comprise forgetfulness, slowing of thought processes, global dementia,

confusion, and disorientation. Abnormalities in motor functions are characterized

by unsteady gait, clumsiness, tremor, limb weakness, loss of coordination, and

fine motor control. Finally, behavioral changes such as social withdrawal,

lethargy, personality change, and hallucinations have been perceived in patients

with ADC [7, 10].

Although cART has reduced AIDS-related mortality, HAND continues to be

a major problem in patients with HIV. Antiretroviral drugs suppress virus burden in

the plasma, CSF, and lymphoid tissue of HIV+ individuals; however, due to their

restricted CNS penetration, these drugs exhibit only limited efficacy in the treat-

ment of HAND. While the incidence of more severe neurological symptoms of

ADC has been seen to decrease with cART, less severe versions of the disease

persist among the infected population [11, 12]. The overall prevalence of HAND

and associated morbidity remains high at approximately ~50% [13–15]. It is

projected that the prevalence of HAND is again increasing as life expectancy

among patients increases. As the virus gains resistance to ART, the incidence of

severe neurodegeneration is predicted to increase [13, 16, 17] and remains a

significant independent risk factor for death [18, 19].

There is a consensus that HIV enters the central nervous system (CNS) during

the early stages of infection primarily through virally infected/activated monocytes

from the blood across the blood–brain barrier (BBB) by a so-called Trojan horse

mechanism [20, 21]. Once in the brain, infected monocytes/macrophages and

microglia release viral envelope proteins and cytokines, which in turn activate

uninfected macrophages and microglia [22–29]. These activated macrophages

and microglia release several neurotoxic substances, such as free radicals and

glutamate, which lead to neuronal injury and apoptosis [30–34]. In summary, the

virus does not directly infect neurons, yet neurons suffer injury due to indirect

mechanisms mediated by host proinflammatory and viral proteins [26, 31, 35–37].

Post mortem neuropathological studies have demonstrated that the virus variably

affects different regions of the brain. Pre-ART, abnormalities were predominantly

found in the white matter and in subcortical structures, with relative sparing of the

cortex [5]. Furthermore, higher levels of virus were found in the basal ganglia and

hippocampus compared to cerebellar cortex and midfrontal cortical gray matter

[38]. However, it appears that the anatomic distribution and temporal progression

of neuropathologic changes differ across individuals, thus, it is important to con-

sider both cortical and subcortical brain regions in studies of neuropathogenesis and

treatment of HIV-related brain disease [39].
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Potential Clinical Utility of MRS in HAND

Imaging has been used widely to evaluate the effect of HIV infection on the brain.

Structural neuroimaging methods such as computerized tomography (CT) and

magnetic resonance imaging (MRI) are important for the diagnosis of cerebral

opportunistic infections such as Progressive Multifocal Leukoencephalopathy

(PML), Toxoplasmosis, Neurosyphilis, and Cytomegalovirus (CMV) Encephalitis.

Morphological alterations detected by MRI include cortical atrophy at later stages

of HIV-associated dementia (HAD). Furthermore, hyperintensities in the white

matter (WM) and basal ganglia (BG) were observed on T2-weighted images of

HIV+ patients. Diffusion tensor imaging (DTI) has been used to study the white

matter structural integrity as it is typically more sensitive compared to T2-weighted

imaging [40]. More recently, also quantitative morphological MRI has been

used for assessing the severity of HAND [41–43]. However, structural imaging

techniques were found to be limited in the evaluation of early cognitive changes

[44–47]. Thus, neuroimaging techniques that provide functional and biochemical

information have proven to be more useful in the evaluation of HAND [48].

SPECT and PET are sensitive to changes related to cerebral perfusion and

metabolism. Specifically, PET has been used in patients with HAND and in animal

models of neuroAIDS to study glucose metabolism, neuroinflammation, microglial

activation, fibrillar amyloid, and dopamine transporters [49–53]. However, nuclear

medicine techniques expose the subject to radiation and have therefore limited use

for monitoring diseases progression or treatment effects when repeat measurements

are needed [54].

Magnetic resonance spectroscopy (MRS) offers the unique ability to measure a

wide range of cerebral metabolite levels in a noninvasive manner. Specifically,

proton MRS (1H MRS) is one of the most informative methods employed in

neuroAIDS research. MRS has been used in HIV-infected patients to understand

the cognitive deficits and to establish biomarkers in HAND. To date, more than

80 original studies have been employed to evaluate the effects of HIV infection

using MRS. The resonances seen in the brain by 1H MRS are typically low weight

molecules related to neuronal injury/loss and inflammation. Specifically,

N-Acetylaspartate (NAA), an established marker for neuronal density and viability

is decreased in patients with advanced neurocognitive symptoms and is of partic-

ular value for the in vivo assessment of neuronal integrity [55–58]. The earliest

MRS studies of neuroAIDS, published in the early 1990s, reported decreases in

NAA/Creatine (NAA/Cr) in patients with advanced neurocognitive symptoms and

the decrease in NAA/Cr was found to be associated with disease severity [59–61].

Choline-containing compounds are related to cell/lipid membrane metabolism,

thus an increase in Cho or Cho/Cr in HIV-infected patients is possibly associated

with an immune response that includes cerebral inflammation or gliosis

[61–63]. Myo-inositol (mI) is an organic osmolyte which is primarily located in

glial cells, thus an increase in mI is associated with gliosis or inflammation

[64]. Since HAND is considered a neuroinflammatory disease mI is especially
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important in the evaluation of glial response. In fact, MRS studies have found an

elevation in mI/Cr as a result of HIV-associated brain injury [65–67].

The total creatine (tCr) resonance consists of the sum of creatine (Cr) and

phosphocreatine (PCr), a high energy reservoir for the generation of ATP. Since

Cr and PCr are in equilibrium the tCr peak is commonly assumed to remain stable in

size despite bioenergetic abnormalities that occur with many pathologies or with

age [68]. Consequently, the tCr resonance is often used as an internal standard and

is commonly referred to as simply creatine (Cr). However, elevated Cr levels have

been reported in the white matter in ART naı̈ve HIV+ ADC stage 3 patients [69] but

also in the WM in simian immunodeficiency virus (SIV) infected rhesus macaques

during acute infection [70] and in an accelerated macaque model of neuroAIDS a

few weeks after infection [71]. In the context of HAND, an elevation in Cr may

reflect enhanced high-energy phosphate turnover in activated astrocytes and

microglia [71].

Other metabolites of interest include glutamate (Glu), glutamine (Gln), and Glx,

which is the sum of Gln and Glu. Glu is an amino acid acting as excitatory

neurotransmitter and Gln is its precursor. Even though activated microglia release

neurotoxic substances, such as free radicals and glutamate, which result in

excitotoxicity and finally to apoptosis [30–34], decreases in Glx levels have been

reported during early and chronic HIV infection [72–76]. The observed decrease in

Glx may indicate neuronal dysfunction. Furthermore, levels of lactate (Lac), a

marker of anaerobic glycolysis and inflammation and lipids, indicators of cell

membrane turnover, have been assessed in HIV+ patients. The Lac/Cr ratio in the

lenticular nuclei was significantly greater in HIV+ patients with moderate to severe

impairment compared to seronegative controls. Moreover, the (Lipids + Lac)/Cr

ratio was significantly elevated in both mild and moderate to severe HIV+ patients

compared to seronegative controls [77].

Consequently, quantification of these abovementioned metabolite levels can

assist in the diagnosis of the disease and measuring the severity of injury. Espe-

cially, in animal models where longitudinal scans are common, MRS has been

proven extremely powerful to assess disease progression and response to treatment.

Technical Considerations for HAND

Echo Time

As with MRI, the choice of echo time (TE) can have an enormous effect on the

appearance of the information obtained in a 1H MRS study. MR spectra obtained

with shorter echo times (~30 ms) allow the detection of more metabolites including

glutamate, glutamine, and myo-inositol. However, the baseline is typically more

distorted due to increased lipids and macromolecular background signals. Spectra

obtained with longer echo times (135–144 ms) show reduced number of
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metabolites. However, spectra are easier to process and analyze due to the relatively

flat baseline. In addition, the lactate (1.3 ppm) doublet is inverted, therefore

allowing better differentiation between Lac and lipids. On the other hand, longer

TE attenuates the signal-to-noise ratio (SNR) and some metabolites, e.g., mI, Glu,

and Gln, which can only be detected at short echo times, would be missed, thus

short TE is typically preferred (Fig. 11.2).

Single Voxel vs. MRSI

To measure MR spectra in vivo one has to be able to define the spatial origin of the

detected signal. Basically, two methods exist to obtain the spatially localized

metabolic information in vivo:

1. Single voxel spectroscopy (SVS) uses selective excitation pulses to localize a

voxel of typically 3–8 cm3. SVS has the advantage of higher SNR and typically

shorter acquisition times. However, the accumulative scan time permits acqui-

sition of only a few locations (Fig. 11.3).

2. Magnetic resonance spectroscopic imaging (MRSI) can be obtained in two or

three dimensions. MRSI allows one to collect the spectral information from a

Fig. 11.2 MRS of white matter in a normal brain. (a) Long TE spectra have less baseline

distortion and are easy to process and analyze but show fewer metabolites than short TE spectra.

(b) Short TE demonstrates peaks attributable to more metabolites, including lipids and macro-

molecules, glutamine and glutamate, and myo-inositol
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volume consisting of many voxels with individual voxel sizes of typically

0.5–3 cm3 and most importantly makes it possible to cover large brain areas

although spectra are typically characterized by lower SNR compared to SVS

(Fig. 11.4).

MRSI is preferred for clinical studies where it is indicated to obtain metabolic

information of a large and heterogeneous lesions (e.g., in tumors), and when

additional simultaneous spectral information from control regions needs to be

obtained. However, HIV is considered a predominantly “global disease” and

therefore, most studies have acquired SVS from 1 to 3 brain regions covering

frontal white matter (FWM), basal ganglia (BG), and parietal cortex

(PC) consistent with recommendations by the HIV MRS Consortium

[78, 79]. In a study using both techniques, Sacktor et al. demonstrated that short

TE SVS and long TE MRSI offer complementary roles in evaluating individuals

with HIV dementia [80] (Fig. 11.4).

Field Strengths

MR spectroscopy inherently suffers from low SNR resulting in voxels with low

spatial resolution or long acquisition times. The SNR can be improved by using

higher magnetic field strengths. Physics predicts a linear increase in signal with

field strength if T1 and T2 relaxation times, coil and system losses, and

radiofrequency (RF) penetration effects do not change significantly. In addition,

Control

HIV+, MSK 1 

PPM 4.0 3.0 2.0 1.0

Cho
Cr

ml

NAA

a b

Fig. 11.3 Single-voxel proton magnetic resonance spectroscopy (SV-MRS). (a) Voxel locations
the left frontal white matter region selected for quantitative spectroscopic analysis using SVMRS.

(b) Sample spectra obtained in the frontal white matter in an HIV seronegative control and an HIV

seropositive individual with mild dementia using SV-MRS. The NAA peak is decreased in the

HIV dementia patient. Reprinted with permission from [80]

11 Magnetic Resonance Spectroscopy in HIV-Associated Neurocognitive Disorders. . . 215



the increased chemical shift range at 3 and 7 T relative to 1.5 T results in greater

separation of the resonance peaks, and consequently, allows for better quantifica-

tion of those metabolites that generally overlap with others such as Glu, Gln, and

mI. Thus, MRS is preferred at 3 T over 1.5 T. Figure 11.5 shows the spectra from

the parietal cortex of a healthy rhesus macaque obtained at three different field

strengths, 1.5, 3, and 7 T. The SNR increases at higher fields. In addition, improve-

ments in spectral resolution are evident.

Higher field strength may also result in better reproducibility. For example, in a

study at Massachusetts General Hospital, four rhesus macaques underwent repeated

(>4 times) SVS scans before infection to access reproducibility of the technique.

Data at 1.5 T revealed coefficients of variance (CVs) within the same animals of

7–11% for NAA/Cr, 13–16% for Cho/Cr, and 8–12% for mI/Cr in various brain

regions including the FC, WM, and BG [81]. Four additional macaques were

scanned a few years later at 3 T and revealed CVs of only 4% for NAA/Cr,

2–8% for Cho/Cr, and 3–7% for mI/Cr in the FC, WM, and BG, respectively.

Fig. 11.4 Magnetic resonance spectroscopic imaging (MRSI). (a) The MRSI locations include

bilateral regions examining the (1) forceps minor, (2) caudate nucleus, (3) thalamus, (4) forceps
major, (5) mesial frontal gray matter, (6) dorso-lateral gray matter, (7) frontal white matter, (8)
centrum semiovale, and (9) subcortical white matter. The location of octagonal outer-volume

saturation bands for lipid suppression is indicated on localizer images in yellow. (b) Sample

spectra, T1-weighted and FLAIR MR images, and spectroscopic images for Cho, Cr, and NAA

obtained in the frontal white matter in an HIV seronegative control and an HIV seropositive

individual with mild dementia using MRSI. The NAA peak is decreased in the HIV dementia

patient. FLAIR MRI scans show no abnormalities; no obvious spatial variations in the metabolic

images are apparent between the HIV seronegative control and an HIV seropositive individual.

Focal hyperintensity at the edges of the brain in the NAA images is due to lipid contamination

from the peri-cranial tissues. Reprinted with permission from [80]
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Ratios vs. Absolute Concentration

There are long-standing discussions on the best way to quantify MRS signals,

specifically relative versus absolute quantification. The easiest method is to report

metabolite ratios such as NAA/Cr. However, using Cr as an internal standard is

often based on the assumption that the Cr concentration does not change during the

disease process, which is sometimes, but not always true. Ratios are relatively easy

to determine and are more reproducible than absolute concentrations. However,

when a change is detected, it may not be possible to determine whether it is due to a

change in the numerator, denominator, or both.

Changes in creatine have been reported in patients and an animal model of

HAND [69–71]; increasing creatine levels may mask increases in Cho and

mI. Absolute quantification of brain metabolites by MRS is more difficult to obtain.

They are generally expressed in units of mmol/kg. Methods used for absolute

quantification include: (a) phantom replacement techniques [82–84], (b) using the

unsuppressed water signal as a reference [85–87], or (c) the use of an external

reference [88, 89]. Most studies on HIV-infected patients that reported metabolite

concentrations have used the water signal as reference [85].

Fig. 11.5 Comparison

between MR spectra of

rhesus macaques obtained

at three different field

strengths. (a) 1.5 T, (b) 3 T,

(c) 7 T
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Overview of MRS in Animal Models of HAND

In the previous chapter, we have established that in vivo MRS is a powerful tool in

studying the effect of HIV infection on the brain. Due to its noninvasive nature,

in vivo MRS is suitable for both cross-sectional and longitudinal studies. However,

studies of HIV-infected individuals present difficulties in interpretation: the time of

infection is often unknown; a number of individuals are infected with more than one

strain of HIV; alcohol and substance abuse result in comorbidities. Animal models

allow for greater flexibility to explore and address the questions concerning HIV

neuropathogenesis in a controlled manner. Furthermore, animal models allow

access to subsequent post mortem neuropathology studies helping define relation-

ships between in vivo biomarkers of neuronal function and inflammation by MRS

and postmortem histopathology.

Crucial insights into neuroAIDS have emerged from several excellent animal

models, including a transgenic HIV mouse model that expresses viral surface

protein gp120 in the brain [90]; injection of HIV-1-infected macrophages into the

brains of severe combined immunodeficient (SCID) mice [91], which results in the

development of pathologic hallmarks for HIV encephalitis (HIVE) and

neuroinflammation [92–94]; a feline immunodeficiency virus (FIV) infection of

cats [95–102]; and the SIV macaque models [103–107].

MRS Studies of Rodent Models

Rodent models have been applied in elucidating neuropathogenic pathways asso-

ciated with HIV infection, such as the migration and distribution of monocytes in

brain tissue and the neurotoxic effects of specific viral proteins [108–110]. In a

SCID mouse model, HIVE was induced focally into the striatum by the unilateral

injection of HIV-1ADA-infected human monocyte-derived macrophages. Histol-

ogy revealed focal giant cell encephalitis, with reactive astrocytes, microgliosis,

and neuronal dropout. Metabolite concentrations using in vivo MRSI at 7 T were

measured 7 days after injection in infected mice compared to sham-operated and

unmanipulated mice. These studies showed significant decreases in NAA in both

the ipsilateral and contralateral site of injection in HIVE mice compared to sham-

operated mice indicating that a highly focal encephalitis can produce global deficits

for neuronal function and metabolism [111].

MRS Studies of FIV Models

Like HIV, FIV is known to infect CD4+ T lymphocytes causing immunosuppres-

sion, encephalopathy, and neurobehavioral deficits [112, 113]. The neurological

abnormalities are typically more profound when FIV is induced during the
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developmental period of brain maturation, making this an ideal model for under-

standing neurologic complications observed in children infected with HIV

[102, 114]. Cats infected with Maryland isolate (FIV-MD) have demonstrated

reductions in NAA and NAA/Cho between 8 and 14 months of infection.

FIV-infected cats also exhibited a higher proportion of quantitative electroenceph-

alographic relative slow wave activity that correlated to lower NAA in the frontal

cortex [102]. Furthermore, cats infected with high viral titers of V1CSF

(a neurovirulent FIV strain which was derived from the CSF of a cat with enceph-

alopathy) had increased Cho/Cr and reduced NAA/Cr in the frontal cortex com-

pared to those that received low titers indicating that infectious titers in the brain

during the early stages of infection determine the severity of neurovirulence

[115]. Like many HIV studies, FIV infection also resulted in reduction in Glu and

Glu/Cr in the cortex and white matter [115].

MRS Studies of SIV Macaque Models

The SIV macaque models are arguably the most comparable and informative of

CNS disease progression [107]. The SIV-infected rhesus macaque shares very

similar pathology with HIV-infected human patients, including the development

of AIDS, disease of the CNS, and cognitive or behavioral deficits [103–107]. SIV is

the closest known phylogenetic relative of HIV and also infects CD4+ macro-

phages, lymphocytes, and microglia. Its acute infection parallels that of HIV,

with a very rapid change in the blood viral load observed during the first month

of infection, usually around 11–12 days after infection [116–118]. Neuroinvasion

occurs early in infection for both HIV and SIV [119], and their neuropathology

includes gliosis, perivascular cuffing, and neuronal injury [104, 106, 120, 121].

Furthermore, antiretroviral therapy has been successfully applied to SIV-infected

macaques [122, 123].

Traditional SIV Model

Acute/Early SIV Infection

Acute HIV infection is the time period from viral infection through seroconversion.

It is characterized by high peak in viremia and impairment/destruction of CD4+

T lymphocytes [2, 124, 125] similar to events that are manifest in chronic infection

when HIV-related dementia is more likely to occur [126]. In the SIV macaque

model peak viremia is typically observed within 2 weeks after inoculation with

SIVmac251 (Fig. 11.6a). We found that plasma SIV RNA peaked at 11–12 days

postinfection (dpi) at ~108 copies/mL. Within days after the peak, the viral load

reverted to lower levels ~106 copies/mL due to the immunologic response by the

macaques. In these studies nearly all macaques had transient reductions in NAA/Cr
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by single voxel MRS within the first 2 weeks of infection in the frontal cortex

(Fig. 11.6b) but not in the basal ganglia or white matter. Pathology confirmed

neuronal dysfunction detected by significant decreases in synaptophysin, a marker

for synaptic integrity, while the numbers of neurons were not affected by the virus

suggesting that during early infection reversible neuronal injury occurs, but not

neuronal loss [127].

Myo-inositol levels were significantly elevated in both the frontal cortex and

white matter regions, suggesting stimulation of glial metabolism within the first

month of infection [70]. In addition, dynamic changes in choline were observed in

the same regions. At the time of peak viremia, both choline and Cho/Cr were

significantly elevated; however, between 2 and 4 weeks postinfection (wpi),

Cho/Cr ratios underwent a large reduction, resulting in levels below preinfection

[118] (Fig. 11.6b). An increase in Cho reflects altered membrane metabolism [128]

and in the context of neuroAIDS may be reflective of cerebral inflammation, cell

proliferation, recruitment, microgliosis, and/or astrocytosis [61, 63]. Evidence of

the association with astrocytosis is given by our observation that during the acute

phase changes in Cho/Cr mirror the changes in the astrocyte response by glial

fibrillary acidic protein (GFAP) [129]. Decreases in Cho below baseline have rarely

been reported in diseases not involving necrosis and still warrant further

investigations.

Furthermore, the SIV Model is characterized by elevations in creatine concen-

trations in the white matter during the acute phase of infection. During that stage,

the virus enters the brain through infected monocytes [31], resulting in glial-cell

activation and proliferation. These processes may manifest themselves in high

tissue metabolism, which would explain an increase in Cr. Energy change as a

function of enhanced glial activation is supported by the finding that the greatest

increases in mI and Cho are in the same regions as the highest increase in Cr [70].
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Fig. 11.6 Acute changes in the SIV macaque model of NeuroAIDS. Based on [118] and [70]. (a)
Plasma viral loads: peak viremia can be detected at 11 days postinfection (dpi). (b) Metabolic

changes in the frontal cortex: acutely SIV-infected macaques showed a transient decrease in

NAA/Cr at 13 dpi; elevated mI/Cr at 11, 13, and 25 dpi; and a dynamic response in Cho/Cr with

increases at 11 dpi and decreases below baseline at 27 dpi
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Chronic SIV Infection

Eight rhesus macaques were infected with SIVmac251 and serially imaged with

MRI and 1H MRS to terminal AIDS or the endpoint of the study at 2 years. Due to

the low incidence of SIV encephalitis (SIVE), possible diverse viral mutation and

the differences in host factors the metabolic response over the time course of

infection was variable. However, comparing the same animals we found a positive

correlation between frontal cortex Cho/Cr and plasma viral load and a negative

correlation between basal ganglia NAA/Cr and plasma viral load [130].

Rapid SIV Model

Untreated SIV+/CD8� Animals

Because of its parallels with HIV pathogenesis, the traditional SIV macaque model

is hindered by the low rate of development of SIVE and the long time period for its

evolution. Only approximately 25% of infected macaques develop encephalitis and

progression to terminal AIDS may take several years [107, 131]. These factors

make it difficult for use in testing potential drug therapies. Therefore, attention has

focused on two rapidly progressing SIV macaque models. One model employs

pig-tailed macaques that are coinoculated with two SIV strains (SIV/17E-Fr and

SIV/DeltaB670), which accelerates SIV CNS disease, producing SIVE in over 90%

of these animals within 3 months [132–135]. The second model retains the use of

the SIV-infected rhesus macaques, but uses a monoclonal antibody to deplete the

animal of CD8+ lymphocytes [136, 137]. In this model, 80% of persistently

CD8-depleted animals develop SIVE, with a course of progression to terminal

AIDS within 12 weeks [33, 123, 138]. Modifications in applying the antibody

have resulted in >90% of macaques becoming persistently CD8 depleted with

nearly all of them developing SIVE. This model also produces profound neuronal

injury detectable within weeks by in vivo 1H MRS [123]. Thus, this accelerated

model of neuroAIDS in combination with MRS provides an exceptional opportu-

nity to efficiently explore potentially useful drug therapies that can control or

reverse neuronal injury and damage.

In the SIV+/CD8�model plasma viral RNA was detectable 6 days after infection

with ~107 copies Eq./mL and approached a plateau by 4 weeks after infection at

~5� 108 copies Eq./mL (Fig. 11.7a). CSF viral loads were found to be approxi-

mately 3 orders of magnitude lower than plasma. SIV+/CD8� animals were eutha-

nized at 4, 6, and 8 weeks after infection and the amount of viral RNA in the frontal

cortex was found to be ~106 copies Eq./g at all three time points (Fig. 11.7b).

The neuronal marker NAA/Cr steadily declined following SIV infection and

CD8 depletion, reaching levels as low as 20% below baseline by 8 wpi in untreated

animals (Fig. 11.7c). The decrease in NAA/Cr following infection is due to both

decreases in neuronal NAA and increases in creatine, which most likely reflects the
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cumulative effects of altered metabolic states of neurons and glial cells, respec-

tively (for further discussion, see Ratai et al. [71]). Neuronal injury was confirmed

by decreases in microtubule-associated protein 2 (MAP2), a marker of dendritic

integrity (Fig. 11.7d).

CART and Minocycline-Treated SIV+/CD8� Animals

To gain further insights into the neuropathogenesis of AIDS we modulated disease

progression with treatments. In total, 11 SIV+/CD8� rhesus macaques were treated.

Seven received minocycline (MN), an antibiotic, which easily crosses the BBB, and
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Fig. 11.7 (a and b) Viral RNA and neuronal injury following SIV infection and CD8 depletion.

Based on [148] and [71]. (a) Viral RNA was detectable in plasma 6 days after infection (~107

copies Eq./mL) and the viral load approaches a plateau by 4 weeks after infection. The mean

plasma viral load in infected animals was 4.9� 108 copies Eq./mL 8 weeks after infection. CSF

viral loads were found to be approximately 3 orders of magnitude lower than plasma in all animals.

(b) Animals were euthanized at 4, 6, and 8 weeks after infection. The amount of viral RNA in the

frontal cortex of untreated animals was 7.5� 105, 9.2� 105, and 3.0� 105 copies Eq./g at 4, 6, and

8 weeks after infection, respectively. (c) The neuronal marker NAA/Cr steadily declined following

SIV infection, reaching decreases as low as 20% below baseline by 8 weeks postinfection (wpi) in

the parietal cortex (PC). (d) Neuronal injury is confirmed by decreases in Microtubule-associated

protein 2 (MAP2), a marker of dendritic integrity
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has been found to have anti-inflammatory, neuroprotective, possibly antiviral

effects [139–146]. Four of the seven MN-treated animals had persistent depletion

of CD8+ lymphocytes. However, three of the MN-treated animals had partial

recovery of CD8+ lymphocytes. This latter cohort was distinct from the long-term

depleted cohorts in respect to its 1 order of magnitude lower viral loads and was

thus grouped into a separate cohort of MN-treated short-term depleted animals. All

seven animals were treated at 4 wpi for 4 weeks.

Four additional animals were treated with combination antiretroviral therapy

(cART) consisting of 9-R-2-Phosphonomethoxypropyl adenine (PMPA), 5-Fluoro-

1-[(2R,5S)-2-(hydroxymethyl)-[1,3]oxathiolan-5-yl]cytosine (FTC), and 20-3-
0-didehydro-20-30-dideoxythymidine (Stavudine, Zerit®) starting at 6 wpi for

6 weeks. Both treatments, MN and cART, resulted in a moderate decline of plasma,

CSF, and brain viral levels [147, 148]. During minocycline as well as cART

treatment, a significant reduction of circulating activated CD14+CD16+ monocytes

was observed.Without treatment, SIV progression is characterized by the expansion

of these monocytes in the periphery, which play a major role in trafficking virus

across the BBB into the brain [149]. More importantly, the decline in NAA/Cr was

arrested with MN and cART (Fig. 11.8, here shown for the parietal cortex, NAA/Cr)

resulting in higher NAA/Cr levels when compared to untreated animals sacrificed at

8 wpi. Animals that were MN treated and had partial immune reconstitution of the

CD8+ T cell population had the most complete recovery. Thus, we hypothesize that

possibly the best strategy to treat neuroAIDS is by the use of combination therapies

targeting pathogenic factors in both the periphery and CNS [148].
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CD8+ T cell population had the most complete recovery (orange triangles)
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Overview of Clinical MRS in HAND

Early HIV Infection

Until recently the effect of HIV to the brain during the early stages of HIV infection

(less than 1 year of seroconversion) remained relatively unknown. However, a few

studies show that soon after infection brain metabolism is affected by the virus as

detected by in vivo MRS. In a study by Lentz et al., eight subjects were examined

by SVS MRS within 3 months of their evolving Western blot and subsequently at

Fig. 11.9 Metabolic changes in NAA and Glx in the frontal cortex and white matter centrum

semiovale during early and chronic infection. In the frontal cortical gray matter N-acetylaspartate
(NAA) (a) and glutamate + glutamine (Glx) (b) levels are reduced in subjects during the first few

months of infection, similar to subjects with chronic infection who are neurologically asymptom-

atic. Within the white matter of the centrum semiovale, NAA (c) was found to be reduced in

chronically infected patients with HIV, but not in those during early infection. No changes from

control levels for Glx in the white matter were observed (d). Reprinted with permission from [76]
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2 and 6 months after their initial scan. Initially, a decrease in NAA and Glx were

observed in the frontal cortex but not in the white matter semiovale compared to

controls suggesting that frontal cortical gray matter to be more susceptible to early

neuronal injury [76] (Fig. 11.9). Further longitudinal evaluation of this cohort

showed increases in choline metabolism in the FC and WM indicative of lipid

membrane turnover and glial metabolism [150]. These findings were confirmed by

Sailasuta and Valcour who found increases in Cho/Cr in the WM and BG, respec-

tively, in HIV+ patients being scanned during the first year of infection (median

2 weeks after infection) compared with HIV� controls [151, 152]. Recently, MRS

markers have been correlated with markers of inflammation and neuronal injury

suggesting early neuronal injury in a subset of participants with primary HIV

infection through mechanisms involving central nervous system inflammation

[153, 154].

Chronic HIV Infection

Observed MRS changes in chronically HIV-infected patients typically show reduc-

tion in NAA or NAA/Cr and elevations in Cho and mI or their respective ratios over

Cr. The first case report of MRS studies in HIV-infected patients appeared in 1990

and discussed the strength of MRS in providing a marker of neuronal loss in

patients with normal MRIs [155]. The first larger study of MRS in more than

100 HIV+ patients showed decreased NAA/Cr and elevated Cho/Cr [61]. Subse-

quently, it was found that Cho/Cr was elevated even in asymptomatic HIV+

patients and in patients with AIDS dementia complex while NAA/Cr was only

decreased in symptomatic ADC patients [156] confirming that brain choline-

containing compounds are elevated in HIV+ patients before the onset of ADC

[157]. The decrease in NAA seems to correlate with the degree of neuronal

dysfunction. Decreases in NAA/Cr of ~10% have been observed in HIV+ patients

with minor cognitive or motor dysfunction [67], while reductions of 15–28% been

reported in HIV+ patients with severe cognitive impairment or AIDS dementia

complex compared to HIV� controls [63, 156, 158, 159].

Elevated mI or mI/Cr has been reported at various stages of HIV dementia and

has been shown to increase with dementia severity [54, 65–67, 160]. Elevated Cr

levels have been reported in the frontal white matter of chronic HIV patients

[69]. Further changes in chronically infected patients include decreases in gluta-

mate or Glx in the frontal white matter [72, 73]. Lower brain glutamate levels are

associated with poorer cognitive deficits in HIV patients [74, 75].

Post Post-cART

As previously stated with the advent of ART, the incidence of severe neurological

symptoms of HAD has been seen to decrease; however, less severe versions of the
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disease persist among the infected population [11, 12]. The characteristic involve-

ment of the basal ganglia in pre-ART specimens is less commonly seen in post-

ART specimens, which display neuroinflammation in the hippocampus and in

adjacent parts of the entorhinal and temporal cortices [15, 161, 162].

Longitudinal studies in HIV+ patients with mild dementia showed improvement

of CD4 counts and HIV Dementia Scale score when treated with cART. The

initially increased Cho/Cr levels reversed in the midfrontal cortex and in the

basal ganglia and the initially elevated mI/Cr and mI levels in the basal ganglia

also decreased [163]. Another study that followed HIV+ patients before and after

cART showed no significant improvement in Cho or mI after 3 months of treatment,

but only after 6–9 months [54].

Clinical Trials Using MRS

A few clinical trials have included MRS as one of the outcome measures for

neuroprotective drugs in HIV+ patients. In a Phase II randomized, double-blind,

placebo-controlled, multicenter trial within the Adult AIDS Clinical Trials Group,

140 HIV-infected patients with mild to severe ADC receiving stable antiretroviral

therapy were enrolled to assess the safety and efficacy of memantine, an N-methyl-

D-aspartate receptor antagonist as treatment of HIV-associated cognitive impair-

ment. While no significant differences in cognitive performance (neuropsycholog-

ical z score (NPZ)-8) were shown 16 weeks later, the MRS data suggested that

memantine may ameliorate neuronal metabolism, an important step to stabilizing or

preventing neuronal injury. These results underscore the need for longer studies to

assess the full potential of neuroprotective agents [164]. On the other hand, a study

that assessed the effectiveness of selegiline transdermal system (STS) in reversing

HIV-induced neurologic injury revealed no effect on either MRS metabolites,

oxidative stress, or NPZ-8 scores [165].

Comorbidities

HAND is exacerbated by several comorbidities. Numerous studies have shown that

neuronal injury is enhanced by both licit (alcohol) and illicit drugs (methamphet-

amine) [43, 166, 167]. As the HIV-infected population ages, other age-related

neurological disorders will likely affect HIV+ patients. Several studies started to

investigate the relationship between HIV and age [79].

Of note, increasing evidence suggests that certain antiretrovirals may be neuro-

toxic [168]. Nucleoside reverse transcriptase inhibitors (NRTIs) suppress HIV

replication but are often associated with mitochondrial toxicity. Chronically

infected HIV+ patients on long-term cART regimens that included NRTIs such as

didanosine and/or stavudine revealed significant reductions in NAA in the FWM
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compared with HIV� controls while HIV+ individuals receiving alternative cART

regimens that did not include NRTIs exhibited only intermediate decreases in

NAA [169].

HIV-Infected Children

Overall, fewer MRS studies have been performed on the brains of HIV-infected

children. Most HIV+ children under the age of 13 are infected during pregnancy,

childbirth, or breastfeeding. A study by Keller et al. showed that while healthy

children showed an increase in NAA with age in the frontal WM and hippocampus,

HIV+ children did not show the age-related increase. Furthermore, HIV+ children

with high plasma viral loads had lower Cho, mI, and Cr in the basal ganglia but

higher Cho in the midfrontal gray matter compared to children with lower viral

loads [170].

A study by Mbugua et al. imaged a cohort of 5-year-old HIV+ children in

South Africa and found lower CD4/CD8 ratio in early infancy (mean age¼ 8� 2

weeks old) to be significantly associated with lower NAA and Cho levels in the

basal ganglia [171]. Furthermore, a longitudinal study by Holmes et al. compared

HIV uninfected, exposed (HEU) and HIV unexposed, uninfected (HUU) young

children; they found a significant increase in NAA levels with age in HUU only as

well as significantly higher mean Cho levels in HEU children at age 7 years [172].

Summary and Future Perspectives

In summary, MRS offers a valuable imaging technique to assess disease status and

response to therapeutics in patients with HAND. Since MRS changes are sensitive

to early subtle neuropathogenic changes MRS studies certainly add information to

conventional MRI exams. In animal models MRS has successfully been utilized to

understand the neuropathogenesis of the disease. Specifically, the combination of

MRS with immunology, virology, and pathology in animal models has led to a

greater understanding of the inflammatory and neuronal events caused by the virus.

To date most human studies have been cross sectional; however, MRS is

especially powerful when applied longitudinally to monitor individual patients.

Thus, the next step in neuroimaging studies should include standardized MRS

protocols in multicenter clinical trials to evaluate potential treatments for patients

suffering from HAND. Significant effort has been made by the AIDS Clinical Trial

Group (ACTG) using the same imaging paradigm at multiple sites [154].

Furthermore, most studies performed single voxel spectroscopy on either 1.5 or

3 T. However, more novel MRS techniques have been developed to more accu-

rately measure metabolites that show overlapping peaks in the regular

one-dimensional (1D) MRS spectra. For instance, using 2D localized chemical
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shift correlated spectroscopy (L-COSY) enables converting a crowded, overlapping

1DMR spectrum to a better resolved 2D spectrum through the addition of a spectral

dimension [173] and allows for better detection of metabolites at lower concentra-

tions and delineation of the components of otherwise overlapping peaks such as

glutamate/glutamine, myo-inositol, aspartate (Asp), gamma-aminobutyrate

(GABA), taurine, glutathione (GSH), threonine, and macromolecules [174].

In addition, GABA and GSH can specifically be detected with so-called editing

techniques either using double-quantum coherence (DQC) [175, 176] or difference

editing techniques, e.g., MEGA PRESS [177, 178]. Specifically, the quantification

of GSH levels may be of pertinence in HIV-infected patients. HIV is associated

with substantial oxidative stress [179]. Glutathione is thought to be an extremely

important antioxidant for HIV-infected patients, because it appears to interfere with

HIV’s entry into its target cells [180].

Greater signal-to-noise ratio, spatial and spectral resolution can also be gained

from higher field strengths. 7 T MRS in combination with LCModel [181] allows

for the quantification of 17 metabolites [182]. 7 T MRS has successfully been

employed in the CD8-depleted macaque model of neuroAIDS [183]. In addition,

Gonen et al., have successfully implemented a 3D MRSI sequence with 0.05 cm3

isotropic spatial resolution at 7 T [184].

Other technical advances include motion- corrected MR spectroscopy exams.

For children between 2 months and 7 years of age, motion artifact and patient

cooperation often limit the feasibility of MRI and MRS [185]. Using image-based

navigators, it is possible to correct motion in structural imaging, single-voxel and

multivoxel spectroscopy prospectively [186–192].
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Chapter 12

Magnetic Resonance Spectroscopy
in Epilepsy

Jullie W. Pan

Abstract This review discusses the utilization of MR spectroscopy and spectro-

scopic imaging for epilepsy from a clinical localization and research perspective.

As a relatively common neurological problem that affects the entire age range, the

understanding and management of epilepsy has benefited substantially from the

recent past improvements in anatomical MRI quality and resolution. With multiple

facets of epilepsy dysfunction identified metabolically and neurophysiologically,

the sensitivity of metabolic and functional MR imaging to such processes suggest

that continued MR development can be important as well. Metabolically and

spectroscopically, much of the challenge for the most common type of clinical

epilepsy (localization related) is the sizable interpatient variability for both location

of abnormality and severity of injury as well as the need to adequately evaluate the

neocortical ribbon. These factors combine to place emphasis on developments at

high field for SNR and voxel size, acceleration, and adequate lipid suppression.

From a basic science perspective, substantial work has shown that metabolic and

cellular changes are well detected by MRS early and late in the process of

epileptogenesis, consistent with major shifts in neuronal and astrocytic processes.

Thus, the role of MR spectroscopy has much room to progress for clinical and

research applications in epilepsy.

Keywords Localization-related epilepsy • Primary generalized epilepsy • Medial

temporal lobe • Bioenergetics • Glial/neuronal unit • GABA • Glutamate

Epilepsy: The Role for MR Spectroscopy in the Clinic
and the Bench

Epilepsy is a chronic neurological disorder characterized by spontaneous recurrent

seizures. It has a prevalence of about 6–7/1000 people, varying between 0.5

and 0.8% in developed countries to less affluent countries, respectively [1, 2]
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Jallon P, 1997. Multiple types of epilepsy exist, and in its more common form of

“localization related” or focal epilepsy, seizures are typically believed to arise from

a discrete cerebral location. This nomenclature is used to distinguish it from

“primary generalized epilepsy,” which is substantially less common than focal

epilepsy (15–20% of all the epilepsies), [2]. In primary generalized epilepsy, the

seizures are not thought to arise from any specific brain region and can instead

appear to involve the entire brain simultaneously. However, it should be noted that

many focal onset seizures can evolve into what appears to be a generalized seizure.

In focal epilepsy, the transient behavior that is seen in a seizure is variable between

patients, depending on the location of seizure onset, e.g., a momentary lapse of

attention, staring to whole body convulsive events. Importantly, the region of

seizure onset is believed to be at, adjacent or linked to a direct site of brain

dysfunction or injury. Through this region, the brain’s electrical activity is abnor-

mal, and the overt rapid appearance of the seizure results from propagation of

abnormal electrical activity through the brain.

While the majority of patients with epilepsy can be managed with medications,

~35% of patients find that medications are insufficient for seizure control [2, 3]. In

these medically intractable cases, many studies have shown that if the region of

seizure onset can be identified, surgical resection of that region can be highly

effective to treat and possibly cure the epilepsy. One of the most common types

of focal epilepsy that is readily identified as such is medial temporal lobe epilepsy,

MTLE. MTLE has a characteristic seizure semiology and with improvements in

high field (3 T) structural imaging, is generally well identified with T1-weighted

and FLAIR imaging, especially as it is also anatomically restricted to the regions of

the hippocampi and amygdala. Success of temporal lobe epilepsy surgery is excel-

lent, at approximately ~66% with a range of 50–85% seizure freedom at 2 years

follow-up [6, 7].

Thus, as MTLE is relatively straightforward to identify and has an outstanding

response to surgery, the belief is that other localization-related epilepsies may or

should be similarly responsive. Data have supported this view (e.g., Hauptman

and Mathern [8] with focal cortical dysplasias); however, in non-MTLE or

extratemporal epilepsy, structural imaging can be commonly negative or ambigu-

ous for identification of seizure onset. With careful clinical description of seizure

behavior, the lobe or region of seizure onset can generally be hypothesized;

however, extensive testing is still required for adequate surgical planning. Multiple

imaging methods are used to attempt to identify the region of greatest cerebral

“irritability,” now commonly including FDG-PET, magnetoencephalography

(MEG), SPECT, and MR spectroscopy. For this goal, our group and others have

suggested that MRSI can provide pertinent data. While this role is clearest on the

major question of clinical localization, it should be noted that other spectroscopic

measurements such as GABA and glutamate are also of obvious interest for human

epilepsy research.

From a basic science perspective, metabolic dysfunction has been continually

considered in the evaluation of epilepsy, seizures, and epileptogenesis. A seizure,

defined as that acute process of aberrant cerebral electrical propagation, has long
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been known to be an energetically demanding event (e.g., [9] and earlier). The fact

that the ketogenic diet, which shifts the brain from its normally preferred fuel of

glucose to ketone bodies, can strongly affect seizure frequency and severity, has

been a very compelling basis to better understand the interaction between metabolic

function and seizures. It is therefore not surprising that MR spectroscopy is of

particular interest for basic science studies of epilepsy. This is exemplified by early

animal model studies, e.g., [10–12], finding that seizures induce specific changes in

lactate, NAA, myo-inositol, and also possibly in high energy phosphates.

In studying the development of epilepsy, it is important to recall that from both

human and animal model experience, the pathophysiology of most focal epilepsy is

initiated by a cerebral insult (e.g., the fairly common event of fever-induced or

febrile seizures, head trauma or infection), followed by a latent period that precedes

the onset of overt spontaneous recurrent seizures, i.e., epilepsy. Given several

clinical studies (e.g., [13]) that have shown that treating the immediate seizure or

status epilepticus (i.e., a prolonged seizure, occasionally less responsive to medi-

cations) does not necessarily prevent the subsequent development of epilepsy, it is

clear that epileptogenesis is not identical to ictogenesis, i.e., the process that leads to

spontaneous recurrent seizures is not the same as the acute process that leads to the

occurrence of any given seizure. Thus in animal models, much interest is focused

on epileptogenesis, hypothesized to occur during the latent period between insult to

recurrent seizures. Several physiologic and pathophysiologic processes have been

identified, including development of novel aberrant circuits (e.g., mossy fiber

sprouting), abnormal neuroregeneration, GABA receptor shifts, inflammation,

glial dysfunction and mitochondrial injury (for review, see [14, 15]), or a combi-

nation therein. Given the brain’s obvious complexity, its endogenous regulation and

the variety of insults that can all result in epilepsy, the response to a major injury of

this kind may very well be multifactorial, exhibiting several of these pathophysi-

ologic processes. From an imaging and spectroscopic perspective, there is interest

in studying the process from a metabolic dysfunction viewpoint, although it is clear

that identification of an imaging biomarker that characterizes this process is also of

obvious importance.

Thus overall, the role of MR spectroscopy in epilepsy has at least two major

aspects. First, several groups [16–20] have suggested that MR spectroscopic imag-

ing can contribute toward the challenging problem for localization of regions of

brain dysfunction, i.e., identify possible regions of seizure onset. It is also clear that

in human research, measurements of GABA, glutamate may provide similar local-

ization information and/or clarify the nature of seizure control or drug effect.

Second, from a basic science view, evaluating the role and consistency of MR

detectable dysfunction in epileptogenesis may also be of major importance

[21, 22]. Not only might it better define the metabolic distortions in epileptogenesis,

it and other MRI methods of early detection of epileptogenesis [23] may be

especially useful given the recent developments of novel neuroprotective therapies

that target epileptogenesis. For both of these avenues, an interdisciplinary approach

is needed, given that the scientific, clinical, and imaging aspects of the problem are

still evolving.
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Epilepsy as a Neurodegenerative Disorder

Before further discussion on MR spectroscopic imaging in epilepsy, it should be

stated that the classification of epilepsy as a neurodegenerative disorder, character-

ized by progressive neuronal death commonly linked with mitochondrial dysfunc-

tion, can be debated. To address this, two factors may be considered. First, as stated

earlier, mitochondrial dysfunction with its attendant abnormalities in calcium

handling and free radical oxygen species generation (for review, [24]) is hypothe-

sized as a contributing factor in epileptogenesis which with its key function for

cellular bioenergetics has been strongly implicated in a self-sustaining cycle that

can propagate into progressive injury. While a single brief seizure itself is not

strongly associated with neuronal death (for review, [25]), recurrent and severe

seizures (e.g., status epilepticus) are. Thus, even during the latent period before

onset of spontaneous recurrent seizures, clinical experience and many animal

models of epilepsy require a sustained period or multiple episodes of seizures or

status to initiate the process of epileptogenesis. Second, it is clear that under

conditions of mitochondrial disease such as Leigh syndrome, MELAS, MERRF,

epilepsy is commonly a key phenotype, implying that epilepsy and recurrent

seizures can be considered a symptom of mitochondrial dysfunction.

Thus, in either the development of epilepsy or the recurrent seizure condition,

neuronal injury is present. Given that many clinical research and animal studies

have shown there to be a strong correlation between seizure frequency and several

pertinent indices, e.g., subsequent seizure control [26] and cognitive performance

[27, 28], these data suggest that the injury from continuing seizures has broad

impact, for both the epilepsy and brain function itself. As a result, approaches that

can evaluate and quantify such degenerative injury remain of significant interest.

What Can Be Evaluated

In this chapter, we review the state of the art for MR spectroscopy in epilepsy. We

stay with 1H MR spectroscopy, as the availability of X-nucleus channels is gener-

ally limited with many human spectrometers. It should already be apparent that

with the detection sensitivity of MR spectroscopy being in the range of 1–10 mM of

small molecules, this means that the compounds of interest are most frequently

components of metabolic pathways. Given the hypothesized dysfunction of neuro-

nal, astrocytic, and mitochondrial associated injury in epilepsy [21, 29, 30], the

interest in the MR spectroscopic evaluation of epilepsy is logical.

The most commonly studied 1H spectroscopic compounds in MRSI are N-acetyl
aspartate (NAA), creatine, myo-inositol, glutamate, glutamine, and GABA. As

stated in earlier chapters, NAA is synthesized only in neuronal mitochondria

[31, 32] and is strongly correlated with oxidative metabolism [33–35]. As a result,

many studies of a variety of brain disorders have found NAA to be an informative
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measure of neuronal function. Creatine, as a key component of phosphocreatine, is

highly useful as a normalization factor for many bioenergetic parameters, being

consistent over a cross section of species and within a given tissue type, as

discussed by Connett [36]. While found in both neurons and astrocytes, the highest

concentration of creatine is in astrocytes and thus when considering an integrated

unit of neuronal function, many groups have used the ratio of NAA/Cr as a

normalized parameter. We characterize NAA/Cr as reflecting the bioenergetics of

the glial/neuronal unit (“bGNU”), finding it to be very informative for identifying

regions of energetic and neuronal dysfunction [37–39].

The comparison betweenMRSI and 18-fluoro-deoxyglucose-PET (FDG-PET) is

inevitable, and while these are clearly complementary measurements, it is worth-

while considering some of the pertinent differences and similarities. FDG-PET

evaluates total glucose consumption and has been long used to measure differences

in glucose consumption in varying tissue types (FDG uptake in gray matter is

approximately 3� that of white matter [40]) and with various states of activation.

The amount of uptake reflects the amount of tissue present in the voxel of interest,

and thus decreases in uptake can result from both decreased cerebral consumption

and/or tissue atrophy (with potential for distortion of white and gray matter

contributions). There is commonly variation in voxel size or point spread function

with location in PET, but given improvements with human high resolution research

tomograph (HRRT) cameras, the voxel resolution has improved to better than

2–3 mm in-plane resolution [41]. For application to epilepsy, the success rate of

FDG-PET in identifying the region of seizure onset very much depends on the

population studied with the best localization rates of �80–90% in temporal lobe

epilepsy, although it is probably less successful in the nonlesional neocortical

epilepsy patients (for review, [6, 42, 43]). This lesser success rate reflects the

challenge in neocortical epilepsy, with the region of seizure onset commonly

much less well defined, with variations in propagation paths and volume of injury.

In MRSI, the use of the NAA/Cr ratio largely eliminates the sensitivity of the

parameter to tissue volume due to minimal NAA and Cr in the CSF; however, there

is sensitivity to tissue type (gray, white matter), with the majority of workers

finding that NAA/Cr is smaller in gray than in white matter (reflecting primarily

a higher creatine concentration in gray [44–46]). With most sampling strategies, the

sampling volume of MRSI is regionally constant, and for practicable time limits of

study, are typically 0.64–2 cc. Thus in epilepsy, where tissue atrophy can be

variably gross or subtle, the ability of MRSI to detect dysfunction using the

bGNU with tissue type correction is potentially excellent as it does not require

use of asymmetry indices and is relatively independent of tissue atrophy.
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MRSI of Medial Temporal Lobe Epilepsy

Studies initially performed in the 90s established the ability of 1H-MRS to lateralize

the seizure focus in temporal lobes and to test the validity of MRSI to already

established methods of localization, using video-EEG as gold standard as well as

MRI-volumetry (MRIV), FDG-PET, and SPECT. Hugg et al. [47] initially demon-

strated a significant asymmetry of NAA left/right metabolite ratios and further

studies have demonstrated comparable results, e.g., Cendes et al. [48] and

Kuzniecky et al. [49] in larger patient groups. In addition, 1H-MRS was also

sensitive in detecting bilateral dysfunction. The degree of asymmetry in NAA/Cr

ratios correlated with the degree of one sidedness of EEG abnormalities. These

results support the fact that 1H-MRS is a valid method even in bilateral cases

presenting a high concordance to the degree of bilateral EEG findings in patients

with TLE. Our recent data [50–52] in temporal lobe epilepsy has demonstrated that

the decrements in NAA are not just localized to the ipsilateral hippocampus, but

consistent with existing PET studies, are also found in a network of involved limbic

and subcortical nuclei.

Such studies, pertinent for seizure localization, have also been integrated with

physiological research studies of epilepsy. For example from animal studies of

mitochondrial dysfunction, it has been known that mild to moderate oxidative stress

can also cause major abnormalities in GABA (and glutamate). Saransaari and Oja

[53] studied the mouse hippocampus with variable levels of peroxide stress to show

increases in basal GABA release, ranging from 30 to more than 550%. These

observations are of particular interest for epilepsy where GABA is thought to be a

key component underlying the abnormal hyperexcitability. Given this and the

known high energetic cost of neurotransmission and synaptic activity [54], we

anticipated that GABA neurotransmission and metabolic function might be corre-

lated, certainly in the seizure onset zone. This may be especially important given

the recent in vitro work that has suggested GABA function may be either anti- or

proconvulsant [55, 56]. This was evaluated in human epilepsy patients undergoing

intracranial EEG and microdialysis analysis. Their microdialysis measurements of

extracellular GABA (ecGABA) were compared to preoperative measures of the

bGNU or NAA/Cr. All data from this study were acquired from the hippocampus,

including patients with either hippocampal epilepsy or nonhippocampal (neocorti-

cal) epilepsy. Figure 12.1 shows the correlations from this study, finding very

strong correlations between ecGABA and NAA/Cr. In the MTLE patients,

ecGABA strongly negatively correlated with decreasing NAA/Cr, R¼�0.94,

p< 0.001 (Fig. 12.1) and implies that ecGABA and mitochondrial function are

largely representing parallel processes, and appears consistent with the conclusions

from Saransaari and Oja [53], and Woo et al. [56]. In contrast, with the neocortical

epilepsy patients (and outside of the seizure onset zone), the relationship between

ecGABA and NAA/Cr is also significant but positive with R¼ +0.70, p< 0.015. In

these neocortical patients, the hippocampus being studied was ipsilateral to the

cortical seizure onset region and thus may be a site of proximal propagation.

246 J.W. Pan



Nonetheless, as it is not the seizure focus, these data remain conceptually similar to

the results of Petroff et al. [58], who found that well outside the seizure focus

(studying the occipital lobe), patients with better seizure control have higher tissue

GABA levels.

While these data cannot specify which or several of these injurious processes

may be ongoing in the seizure onset zone, it is evident that the relationship of

ecGABA with NAA/Cr within the ipsilateral hippocampus is distinctive in com-

parison to ecGABA correlations in the non-MTLE group. It is notable that these

two groups are largely separated by the NAA/Cr measurement, given that the

dynamic range of ecGABA is similar. This suggests in the healthier (non-MTLE)

vs. the diseased (MTLE) hippocampus, there is a real change in the function of

ecGABA, e.g., potentially proconvulsant as suggested by Woo et al. [56].

Neocortical Epilepsy

The localization of extra-temporal and neocortical epilepsies is commonly much

more challenging than solely temporal and medial temporal lobe epilepsy, much in

part due to given the large volume of neocortex that has potential for seizure onset,

which can be MRI negative or MRI ambiguous. Furthermore, there is also the

potential for variable propagation paths and variation between different subjects for

volume of seizure onset. Nonetheless, given that the success of surgery is high with

accurate identification of seizure onset zone [6, 43, 59, 60], additional information

that can help guide the localization process is desirable. As now routinely

performed between neurosurgery and neurology, intracranial EEG monitoring is

Fig. 12.1 Interictal extracellular GABA (ecGABA) levels are measured by quantitative zero flow

microdialysis, which estimates the true basal concentrations of extracellular fluid neurochemicals

such as glutamate, glutamine, and GABA [57]. Closed circles from hippocampal epilepsy patients;

open circles from nonhippocampal (neocortical) epilepsy patients
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used to more accurately localize seizure onset; however, it is clear that positioning

of electrodes is a critical step. If electrodes do not adequately sample the seizure

onset zone, the likelihood for success for seizure localization is low.

Thus, it is obvious that for such challenging cases, there is a potential strong role

for spectroscopic imaging to assist in the identification of candidate regions of

seizure onset. As discussed earlier, the high sensitivity of the bGNU measure is a

robust parameter to develop for this target. However starting from the relative

success in studies of medial temporal lobe epilepsy, the required jump to neocor-

tical epilepsy poses a major technologic challenge. The challenges include a

commonly large target region that varies between different patients, thus requiring

extended volume coverage. For example, temporal lobe (with its functions for

memory and learning) seizure onset is a very common site for epilepsy (>50%

of all cases), but even so, is frequently not well distinguished from frontal lobe

onset. The size of the seizure onset zone is variable and unknown as to the requisite

voxel size of MRSI measurement, implying that to maintain adequate SNR, studies

may use larger voxel sizes that can then dilute the metabolic abnormality. The

requirement to visualize the cortical ribbon imposes a need for outstanding

extracerebral lipid suppression which can be difficult for large volume spectro-

scopic imaging. While overall, epilepsy patients span the entire age range and are a

highly cooperative patient group, very lengthy acquisition times commonly con-

sidered for spectroscopic imaging studies are intrinsically difficult. In spite of these

many significant challenges, there have been a few groups that have targeted work

in large volume spectroscopic imaging for epilepsy [17–19, 61, 62]. Maudsley

et al. [17] developed whole brain echo-planar spectroscopic imaging in epilepsy

at 3 T, achieving study durations of 25 min, FOV 280� 280� 180 with a final

sampling matrix of 50� 50� 18, giving 70� 6% coverage of the whole brain. The

approach uses a moderate echo (TE 70 ms), global inversion recovery for lipid

suppression (TI 198 ms) supplemented with a k-space extrapolation based on a

scalp mask to reduce lipid ringing artifact. However after filtering the data based on

spectral quality (<13 Hz linewidth), much of the entire temporal and inferior

frontal lobes is excluded, explained as resulting from the well-known problems in

field homogeneity with consequent difficulties for linewidth and spectral quality.

This report on n¼ 14 patients concluded that the MRSI was helpful although varied

substantially between patients, with detected dysfunction found in 7/14 subjects,

the other 7 subjects with inconclusive findings. A figure fromMaudsley et al. [17] is

reshown here (Fig. 12.2) and shows the spectral variations in the temporal and

parietal lobes.

Whether the 50% detection result is due to the variability in patient severity of

bGNU abnormality or sensitivity of the study is unknown. However, it is known

that more than 50% of surgical epilepsy patients have their seizure onset in the

temporal lobe, with either initiation from or propagation into the medial temporal

region and thus methods need to be able to consistently evaluate this region. This

challenge is still present even at 1.5 T where the residual inhomogeneity is less;

however, as reported by Mueller et al. [61], there can be problematic spectra in up

to 50% of all pixels in the temporal region.
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With the demonstrated improvement of SNR available at 7 T and the uncertainty

on the severity of metabolic dysfunction in epilepsy, our group has developed 7 T

MRSI for neocortical epilepsy. This initial work, performed to establish the meth-

odology and to assess the range of severity of dysfunction, performed targeted

whole slice MRSI studies from regions determined with available clinical informa-

tion. The extent of overlap between the NAA/Cr abnormality with surgical resec-

tion (none, partial, or complete) was compared with patient outcome (International

League Against Epilepsy (ILAE) classification dichotomized to I–III and IV–VI).

These studies used TE/TR 40 ms/1.5 s and single slice acquisitions (acquisition

time 14 min/slice), with high degree and order (3rd and 4th) B0 shimming to

accommodate large volumes of study as well as B1 RF shimming to overcome

known problems with B1 inhomogeneity and amplitude present at 7 T [63, 64].

Figure 12.3a shows data from a patient with neocortical epilepsy with a history of

meningitis who had unilateral (left) intracranial EEG coverage based on semiology.

The resulting resection surgery included the L precuneus, which did overlap with

the bGNU abnormality. Postoperatively this patient did well initially for 3 months

Fig. 12.2 From Maudsley et al. [17]. Results for subject 17 that exhibits a clearly defined left

parietal lesion seen on the T2-weighted MRI (a) and by decreased NAA/Cr (b). Spectra selected
from contralateral anatomical locations indicated by the triangle (subject right) and circle (subject
left) symbols are shown in (c) for the left, middle, and rightmost slices shown
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Fig. 12.3 (a) With permissions from Pan et al. [18, 19]. Data from a neocortical epilepsy patient:

(A) scout with statistical overlay, (B) segmentation data showing gray and white matter masks, (C)
spectra and (D and E) pre-op and post-op clinical imaging showing the area of resection in the

precuneus. There are multiple areas of NAA/Cr abnormality seen in both hemispheres (shown with

stars). (b) An MTLE patient who was MRI negative with a large extent of metabolic dysfunction

over the left MTL greater than right MTL
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but had an ILAE class IV outcome. Figure 12.3b shows temporal lobe data from a

MTLE patient with a negative MRI, having had intractable epilepsy for a relatively

short 3 years. These data were consistent with intracranial monitoring results, and

as a group, all of the MTLE patients undergoing anterior temporal lobectomy

resection had ILAE class I or II outcomes. In this initial group of 25 patients all

of whom eventually underwent resective surgical treatment, we have assessed the

coherence of the bGNU with resection region (i.e., did the region of resection

overlap with metabolic abnormality or not) and eventual outcome. While it is clear

that this is a small patient group, a Fisher’s exact 3� 2 contingency statistical test

found that the concordance between MRSI and surgical resection was significantly

related to good outcome, p< 0.001 [18, 19].

Thus, the question on whether the spectroscopic imaging of NAA/Cr has the

adequate sensitivity to detect pertinent dysfunction in neocortical epilepsy seems

promising. Nonetheless, it seems to be highly variable; in this short literature

review, recent studies seem to range from ~50% detection of abnormality [17] to

higher rates of dysfunction detection [18, 19, 62]. In fact, as suggested by Mueller

et al. [62], the widespread distribution of injury seen by MRSI in fact raises the

possibility that the bGNU parameter could be too sensitive for seizure localization.

As stated, at least part of this wide variability may be due to acquisition method-

ology; however, it is also clear that epilepsy patients can be highly variable.

Depending on the nature of the epilepsy type (e.g., malformations, meningitis,

traumatic, mesial temporal lobe, etc.) the extent and nature of metabolic aberrancy

may be expected to differ. For example, as a group, malformations can be highly

variable from both a structural imaging as well as etiologic view, some are subtly

MRI detectable vs. those with multiple and large lesions, some are highly familial

while others are most likely due to in utero insult. Large systematic MRSI studies of

various epilepsy etiologies have not been done but an eight patient study [65] of

several types of malformations (including polymicrogyria, dysplasias, heterotopia)

found variable NAA/Cr abnormalities within and surrounding the lesion. Another

cause for variability is the reasonably well-established view of epilepsy as a

network disorder [50, 66] which could be expected to manifest in a distribution

of injury that includes the propagation path(s) for the seizure. The practical

relevance of this network is pertinent; e.g., propagated injury through the seizure

network (which can be hypothesized as a deviant form of normal brain connectiv-

ity) is possibly a key basis for the relatively common presence of dual pathology,

that condition in which medial temporal lobe epilepsy is identified in concert with a

separate (typically ipsilateral) neocortical lesion. Thus, while not all abnormalities

of the bGNU are necessarily epileptic, it is not surprising that a widespread

distribution of abnormalities is seen and needs to be assessed individually in the

context of the patient and their epilepsy. The data thus far have suggested that the

identified abnormal NAA/Cr regions are informative and may be more viewed as

candidate regions of seizure onset with additional study needed for their classifi-

cation (e.g., seizure onset, multiple seizure onset vs. propagation vs. unrelated

injury).
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Measurements of GABA and Glutamate

Other important resonances identified for epilepsy include glutamate, GABA,

myo-inositol, lactate, and glutamine. Glutamate and GABA, in particular, are

important targets given their neurotransmission roles. However as coupled reso-

nances, these compounds generally require more care in detection and analysis,

either via short echo spectroscopy or through editing sequences. While short echo

spectroscopy is a relatively successful approach, there are potential significant

problems due to the variable macromolecule baseline that is present [67, 68]. Our

group has targeted the detection of coupled resonances using a J-refocused coher-

ence transfer (double echo) sequence that enables longer echo times, which mini-

mizes the macromolecule baseline due to T2 decay and yet retains excellent

sensitivity to coupled resonances. Figure 12.4a shows the performance of the

coherence transfer sequence in comparison to a short echo acquisition and shows

the elevated glutamine resonance in an epilepsy patient being treated with valproic

Fig. 12.4 (a) (left) J-refocused spectra from a control (bottom) and epilepsy patient on valproic

acid (top). For both the control and patient, short echo and j-refocused spectra are shown. Key

resonances are identified. The epilepsy patient shows a substantially increased glutamine reso-

nance in comparison to control. (b)(right) GABA spectra from a control (bottom) and epilepsy

patient whose seizures are well controlled (top). For both control and patient spectra, macromol-

ecule (mm) suppressed and nonsuppressed spectra are shown. The epilepsy patient shows a

substantially increased GABA resonance
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acid. This glutamine change is consistent with the known hyperammonemia and

hepatic changes that occur with use of valproic acid.

As the major inhibitory neurotransmitter, GABA detection is also of obvious

interest for epilepsy. However, with its resonances obscured by many other metab-

olites (creatine 3.0 ppm, NAA 1.9 ppm, and amino acids 2.28 ppm) and relatively

low concentrations of typically 0.8–2 mM, for optimal detection, a selection

process such as spectral editing or a multiple quantum selection is preferred.

Spectral editing has been used by several groups in epilepsy, such as Petroff

et al. [58], finding that tissue GABA is increased in patients whose seizures are

well controlled in comparison to poorly controlled patients. We have adapted the

J-refocused approach to select for the C4 3.0 ppm resonance of GABA. Based on an

initial inversion recovery suppression of the 3.0 ppm region, the coherence transfer

sequence induces magnetization transfer from the C3 1.9 ppm to its coupled partner

at C4 3.0 ppm. The GABA C4 3.0 ppm resonance is therefore detected without the

overlapping creatine resonance. As a single shot acquisition (no scan-to-scan

differencing needed) GABA is detected with an efficiency of ~50%. As studied

in the thalamus in a small epilepsy group (example spectra Fig. 12.4b), this study

found that the thalamic GABA/Cr in well controlled, poorly controlled epilepsy

patients vs. controls was 0.119� 0.013, 0.054� 0.013, and 0.071� 0.015, respec-

tively [51, 52].

Animal Models of Epileptogenesis

MR spectroscopy has long been proposed to be useful to noninvasively evaluate the

process of epileptogenesis [11, 12, 69]. The more recent work of Filibian et al. [21]

used a pilocarpine rat model to study the process of epileptogenesis, using TE 10 ms

PRESS and 16 μl voxel sizes in the hippocampus. This report found progressive

increases in myo-inositol, glutathione with decreases in NAA in the immediate days

after status epilepticus, most likely characterizing glial activation, edema, and

neuronal injury (Fig. 12.5). In the chronic epileptic rat, similar findings were

reported. It is clear that in this time course, many of the changes are metabolic,

with comparatively less change seen in GABA and glutamate. This would be

reasonably expected, given the known metabolic demands of seizures. However

the NAA changes, interpreted as abnormalities in neuronal mitochondrial function,

when taken in comparison with the myo-inositol changes, suggest a difference in

the temporal response of neuronal vs. glial processes. This interesting study raises

the question on what these changes may mean for epileptogenesis as a better

understanding these early processes will suggest which cellular pools are most

dynamic and may suggest avenues of approach and prediction for epileptogenesis.

Given these well-established methods in animals, it will become more compelling

to consider evaluating these metabolites in patients who are at risk for development

of epilepsy.
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Fig. 12.5 From Filibian et al. [21]: 1H spectra (7 T 16 μl single voxel TE10ms PRESS) from a

pilocarpine rat model of epilepsy, showing progression of abnormalities. Fitted data from Panel

(c): spectrum, macromolecule, fitted resonances (top noise line represents difference residual)
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Conclusions: Imaging Challenges in Humans and Animals
and Promises

Altogether, there are many aspects to the metabolic dysfunction seen in the brain

injury of seizures and epilepsy that result from the close physiological relationship

between brain function and metabolism. From a basic science view, it is clear that

there are sizable metabolic shifts occurring early in the process of seizures and

epileptogenesis. The changes seen by MR spectroscopy are consistent with

dynamic glial and neuronal responses to seizure injury [11, 21]. This type of

work opens an avenue toward defining and understanding the pathologic and

pathophysiologic responses (e.g., the roles of NAA, myo-inositol, glutamine,

and/or glutathione) to epileptogenic injury which may lead to a better understand-

ing of the in vivo target for therapeutic intervention and to establish potential

biomarkers for predicting the development of epilepsy.

From a human imaging perspective, the use of the MRSI measures for purposes

of seizure localization in surgical planning remains an important question with both

technological and clinical epilepsy aspects. While measurements of GABA, gluta-

mate, and myo-inositol remain of high clinical interest for their roles in epilepsy

toward neurotransmission and astrocytic function, consistent measurements of

these require substantially more care because of their j-modulating signal and

spectral overlap. With its robustness of acquisition and sensitivity to injury, the

utility of NAA/Cr remains strong for its use for seizure localization. Given the

variable nature of epilepsy, it is clear that spectroscopic imaging, rather than single

voxel spectroscopy is necessary; that high SNR needs to be maintained; and finally,

given that seizures are not thought to arise from white matter and subcortical nuclei,

studies need to achieve excellent coverage of the cortical ribbon. These basic

requirements make consistent human studies challenging.

Technologically, there has been variability on how such studies are being and

will be performed, specifically with regards to field strength, hardware, pulse

sequences, and analysis methods. The SNR at 7 T is clearly at least linearly better

than 3 T; however whether the increased SNR is requisite for the singlet NAA/Cr

measurements in comparison to the much more commonly available 3 T platform

will depend on the severity and volume extent of metabolic dysfunction seen in

epilepsy (e.g., it is possible that in some malformations, the volume extent of

NAA/Cr decline may be very small). This needs to be balanced against the push

to accelerate the acquisitions (e.g., <15 min) which if incurred at the sacrifice of

SNR will make detection difficult and may ultimately come back and make the case

for needing greater field strength. As discussed earlier [17, 70] and well known by

MRS practitioners, at 7 T and even at 3 T, a major challenge facing consistent

epilepsy MRSI is field homogeneity, with problems in the temporal lobe, inferior

frontal, and lower brain regions. It should be noted however that the high degree

and order shim inserts that have been developed for 7 T field homogeneity have

immediate impact for 3 T, and at the present writing, developments are under way

to implement additional shim hardware for 3 T. Nonetheless whether for 3 or 7 T,
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the field distortions for the temporal region are substantially different from the

frontal–parietal regions and thus ability to obtain true simultaneous and equivalent

performance in temporal and frontal–parietal regions from whole brain acquisitions

will be difficult. Finally, pulse sequence design and analysis approaches substan-

tially depend on the above factors and local equipment, with many groups finding

lipid suppression provided most robustly through inversion recovery and moderate

echo times to reduce j-modulating coherences while maintaining sensitivity. Accel-

erated methods (e.g., EPSI, spiral, multiband SI) will depend on gradient, RF coil

equipment, and experience; however, it is noted that acceleration performed at the

cost of SNR is likely to reduce sensitivity of detection.

So the dilemma for epilepsy is therefore reasonably clear. As a disorder that can

vary substantially between different patients, commonly requires clinical and

imaging scrutiny over large portions of the brain, requires high performance

imaging equipment and expertise for acquisition and analysis, MRSI for epilepsy

is challenging. In comparison with other difficult neurological problems, many of

these other conditions are more forgiving, e.g., the disorder is generally found in the

same locus in all patients, does not require visualization in the cortical ribbon

and/or caudal brain regions, and is not surgically quickly verifiable. Thus, at this

writing MRSI is performed for epilepsy localization only in a handful of interested

academic imaging centers. For the difficult problem of neocortical epilepsy, we

have taken a positive position, that MRSI can be highly informative. However, we

also recognize that typical for any complex multicomponent undertaking, MRSI is

demanding in that each component needs to have a high rate of success. In all

reality, whether or not MRSI can be implemented for broader use in epilepsy will

depend on not just the above clinical and imaging requirements, but also multiple

economic factors from within neurology, neurosurgery, and radiology.
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