Chapter 1

Imaging Neurodegeneration: What Can
Magnetic Resonance Spectroscopy
Contribute?

Gilin 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.
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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 (‘H) MR
modalities that can be performed with standard equipment are listed in the table.
However, it should be noted that there are non-proton MR methods such as 31P, 13C,
and 'O 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 75 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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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, GIn, GABA)

Molecular level

Toxic protein accumulation

PET (Ap)

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  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, G/u glutamate,
GABA y-aminobutyric acid, FDG fluoro-deoxyglucose, Lac lactate, Cr creatine, GSH glutathione,
Asc ascorbate, SWI susceptibility-weighted imaging, Fe iron

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

When regional morphometric changes in conventional 7 and 7, 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, '"H 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 (PRESS + advanced 3D shimming) vs. an
in-house developed MRS protocol (SLASER +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 SLASER + 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 By and B; 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
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Fig. 1.1 Proton MR spectra (semi-LASER [57], TR/TE = 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 ¢ = 0.13 s) prior to Fourier
transformation. Voxel positions are shown on T,-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 Bednarik

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
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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].

Acknowledgments The preparation of this chapter was in part supported by the National Institute
of Neurological Disorders and Stroke (NINDS) grant RO1 NS070815. The Center for MR
Research is supported by the National Institute of Biomedical Imaging and Bioengineering
(NIBIB) grant P41 EB0O15894 and the Institutional Center Cores for Advanced Neuroimaging
award P30 NS076408. The author acknowledges valuable feedback from Drs. Christophe Lenglet,
Pierre-Gilles Henry, and David A. Okar and thanks Drs. Dinesh Deelchand, James Joers, Pierre-
Gilles Henry, Fanny Mochel, and Petr Bednarik for providing images and spectra for the figure.

References

1. Vincent GK, Velkoff VA (2010) The next four decades: the older population in the United
States: 2010 to 2050. Current Population Reports. US Census Bureau
2. Andre R, Scahill RI, Haider S, Tabrizi SJ (2014) Biomarker development for Huntington’s
disease. Drug Discov Today 19(7):972-979
3. Dorsey ER, Holloway RG, Ravina BM (2006) Biomarkers in Parkinson’s disease. Expert Rev
Neurother 6(6):823-831
4. Turner MR, Grosskreutz J, Kassubek J, Abrahams S, Agosta F, Benatar M, Filippi M,
Goldstein LH, van den Heuvel M, Kalra S, Lule D, Mohammadi B (2011) Towards a
neuroimaging biomarker for amyotrophic lateral sclerosis. Lancet Neurol 10(5):400—403
5. Mueller SG, Schuff N, Weiner MW (2006) Evaluation of treatment effects in Alzheimer’s and
other neurodegenerative diseases by MRI and MRS. NMR Biomed 19(6):655-668
6. Bossy-Wetzel E, Schwarzenbacher R, Lipton SA (2004) Molecular pathways to
neurodegeneration. Nat Med 10(Suppl):S2-S9
7. Jellinger KA (2009) Recent advances in our understanding of neurodegeneration. J Neural
Transm 116(9):1111-1162
8. Ramanan VK, Saykin AJ (2013) Pathways to neurodegeneration: mechanistic insights from
GWAS in Alzheimer’s disease, Parkinson’s disease, and related disorders. Am J Neurodegener
Dis 2(3):145-175
9. Zlokovic BV (2011) Neurovascular pathways to neurodegeneration in Alzheimer’s disease and
other disorders. Nat Rev Neurosci 12(12):723-738
10. DeKosky ST, Marek K (2003) Looking backward to move forward: early detection of
neurodegenerative disorders. Science 302(5646):830-834
11. Zhu XH, Du F, Zhang N, Zhang Y, Lei H, Zhang X, Qiao H, Ugurbil K, Chen W (2009)
Advanced in vivo heteronuclear MRS approaches for studying brain bioenergetics driven by
mitochondria. Methods Mol Biol 489:317-357
12. Bliiml S, Moreno A, Hwang JH, Ross BD (2001) 1-'>C glucose magnetic resonance spectros-
copy of pediatric and adult brain disorders. NMR Biomed 14(1):19-32
13. Gruetter R, Adriany G, Choi IY, Henry PG, Lei H, Oz G (2003) Localized in vivo 13C NMR
spectroscopy of the brain. NMR Biomed 16(6-7):313-338



14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Imaging Neurodegeneration: What Can Magnetic Resonance Spectroscopy Contribute? 9

Jack CR Jr, Holtzman DM (2013) Biomarker modeling of Alzheimer’s disease. Neuron 80
(6):1347-1358

. Kantarci K, Jack CR Jr (2003) Neuroimaging in Alzheimer disease: an evidence-based review.

Neuroimaging Clin N Am 13(2):197-209

Goveas J, O’Dwyer L, Mascalchi M, Cosottini M, Diciotti S, De Santis S, Passamonti L,
Tessa C, Toschi N, Giannelli M (2015) Diffusion-MRI in neurodegenerative disorders. Magn
Reson Imaging 33(7):853-876

Barkhof F, Haller S, Rombouts SA (2014) Resting-state functional MR imaging: a new
window to the brain. Radiology 272(1):29—49

Pievani M, Filippini N, van den Heuvel MP, Cappa SF, Frisoni GB (2014) Brain connectivity
in neurodegenerative diseases—from phenotype to proteinopathy. Nat Rev Neurol 10
(11):620-633

. Iturria-Medina Y, Evans AC (2015) On the central role of brain connectivity in neurodegen-

erative disease progression. Front Aging Neurosci 7:90

Jack CR Jr, Barrio JR, Kepe V (2013) Cerebral amyloid PET imaging in Alzheimer’s disease.
Acta Neuropathol 126(5):643-657

Perani D (2014) FDG-PET and amyloid-PET imaging: the diverging paths. Curr Opin Neurol
27(4):405-413

Stoessl AJ, Lehericy S, Strafella AP (2014) Imaging insights into basal ganglia function,
Parkinson’s disease, and dystonia. Lancet 384(9942):532-544

Zimmer ER, Leuzy A, Benedet AL, Breitner J, Gauthier S, Rosa-Neto P (2014) Tracking
neuroinflammation in Alzheimer’s disease: the role of positron emission tomography imaging.
J Neuroinflammation 11:120

Jack CR Jr (2012) Alzheimer disease: new concepts on its neurobiology and the clinical role
imaging will play. Radiology 263(2):344-361

Filippi M, Rocca MA (2007) Magnetization transfer magnetic resonance imaging of the brain,
spinal cord, and optic nerve. Neurotherapeutics 4(3):401-413

Silva AC, Bock NA (2008) Manganese-enhanced MRI: an exceptional tool in translational
neuroimaging. Schizophr Bull 34(4):595-604

Dusek P, Dezortova M, Wuerfel J (2013) Imaging of iron. Int Rev Neurobiol 110:195-239
Lehericy S, Sharman MA, Dos Santos CL, Paquin R, Gallea C (2012) Magnetic resonance
imaging of the substantia nigra in Parkinson’s disease. Mov Disord 27(7):822-830

Brooks DJ (2000) Morphological and functional imaging studies on the diagnosis and pro-
gression of Parkinson’s disease. J Neurol 247(Suppl 2):1111-1118

Foerster BR, Welsh RC, Feldman EL (2013) 25 years of neuroimaging in amyotrophic lateral
sclerosis. Nat Rev Neurol 9(9):513-524

Godbolt AK, Waldman AD, MacManus DG, Schott JM, Frost C, Cipolotti L, Fox NC, Rossor
MN (2006) MRS shows abnormalities before symptoms in familial Alzheimer disease.
Neurology 66(5):718-722

Oz G, Nelson CD, Koski DM, Henry PG, Marjanska M, Deelchand DK, Shanley R, Eberly LE,
Orr HT, Clark HB (2010) Noninvasive detection of presymptomatic and progressive
neurodegeneration in a mouse model of spinocerebellar ataxia type 1. J Neurosci 30
(10):3831-3838

Kantarci K, Boeve BF, Wszolek ZK, Rademakers R, Whitwell JL, Baker MC, Senjem ML,
Samikoglu AR, Knopman DS, Petersen RC, Jack CR Jr (2010) MRS in presymptomatic
MAPT mutation carriers: a potential biomarker for tau-mediated pathology. Neurology 75
9):771-778

0Oz G, Alger JR, Barker PB, Bartha R, Bizzi A, Boesch C, Bolan PJ, Brindle KM, Cudalbu C,
Dincer A, Dydak U, Emir UE, Frahm J, Gonzalez RG, Gruber S, Gruetter R, Gupta RK,
Heerschap A, Henning A, Hetherington HP, Howe FA, Hiippi PS, Hurd RE, Kantarci K,
Klomp DW, Kreis R, Kruiskamp MJ, Leach MO, Lin AP, Luijten PR, Marjariska M, Maudsley
AA, Meyerhoff DJ, Mountford CE, Nelson SJ, Pamir MN, Pan JW, Peet AC, Poptani H,
Posse S, Pouwels PJ, Ratai EM, Ross BD, Scheenen TW, Schuster C, Smith IC, Soher BJ,



10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

G. Oz

Tkac 1, Vigneron DB, Kauppinen RA, The MRS Consensus Group (2014) Clinical proton MR
spectroscopy in central nervous system disorders. Radiology 270(3):658—-679

Duarte JM, Lei H, Mlynarik V, Gruetter R (2012) The neurochemical profile quantified by
in vivo "H NMR spectroscopy. Neuroimage 61(2):342-362

Jenkins BG, Kraft E (1999) Magnetic resonance spectroscopy in toxic encephalopathy and
neurodegeneration. Curr Opin Neurol 12(6):753-760

Viau M, Marchand L, Bard C, Boulanger Y (2005) "H magnetic resonance spectroscopy of
autosomal ataxias. Brain Res 1049(2):191-202

Schuff N, Meyerhoff DJ, Mueller S, Chao L, Sacrey DT, Laxer K, Weiner MW (2006)
N-acetylaspartate as a marker of neuronal injury in neurodegenerative disease. Adv Exp
Med Biol 576:241-262, discussion 361-363

Marjanska 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

Tkac I, Dubinsky JM, Keene CD, Gruetter R, Low WC (2007) Neurochemical changes in
Huntington R6/2 mouse striatum detected by in vivo "H NMR spectroscopy. J Neurochem 100
(5):1397-1406

Mohamed MA, Barker PB, Skolasky RL, Selnes OA, Moxley RT, Pomper MG, Sacktor NC
(2010) Brain metabolism and cognitive impairment in HIV infection: a 3-T magnetic reso-
nance spectroscopy study. Magn Reson Imaging 28(9):1251-1257

Oz G, Hutter D, Tka¢ I, Clark HB, Gross MD, Jiang H, Eberly LE, Bushara KO, Gomez CM
(2010) Neurochemical alterations in spinocerebellar ataxia type 1 and their correlations with
clinical status. Mov Disord 25(9):1253-1261

Oz G, Iltis 1, Hutter D, Thomas W, Bushara KO, Gomez CM (2011) Distinct neurochemical
profiles of spinocerebellar ataxias 1, 2, 6, and cerebellar multiple system atrophy. Cerebellum
10(2):208-217

Oz G, Tka¢ I, Charnas LR, Choi IY, Bjoraker KJ, Shapiro EG, Gruetter R (2005) Assessment
of adrenoleukodystrophy lesions by high field MRS in non-sedated pediatric patients. Neurol-
ogy 64(3):434-441

Ratai E, Kok T, Wiggins C, Wiggins G, Grant E, Gagoski B, O’Neill G, Adalsteinsson E,
Eichler F (2008) Seven-Tesla proton magnetic resonance spectroscopic imaging in adult
X-linked adrenoleukodystrophy. Arch Neurol 65(11):1488-1494

Kantarci K, Petersen RC, Boeve BF, Knopman DS, Tang-Wai DF, O’Brien PC, Weigand SD,
Edland SD, Smith GE, Ivnik RJ, Ferman TJ, Tangalos EG, Jack CR Jr (2004) '"H MR
spectroscopy in common dementias. Neurology 63(8):1393—-1398

Zimmerman ME, Pan JW, Hetherington HP, Katz MJ, Verghese J, Buschke H, Derby CA,
Lipton RB (2008) Hippocampal neurochemistry, neuromorphometry, and verbal memory in
nondemented older adults. Neurology 70(18):1594—1600

Deelchand DK, Adanyeguh IM, Emir UE, Nguyen TM, Valabregue R, Henry PG, Mochel F,
0z G (2015) Two-site reproducibility of cerebellar and brainstem neurochemical profiles with
short-echo, single voxel MRS at 3 T. Magn Reson Med 73(5):1718-1725

Deelchand DK, Kantarci K, Eberly LE, 0z G (2015) Towards translation of advanced MRS
methodology to clinical setting. In: Proc Intl Soc Mag Reson Med, Toronto, Canada. p 4660
Hancu I, Blezek DJ, Dumoulin MC (2005) Automatic repositioning of single voxels in
longitudinal '"H MRS studies. NMR Biomed 18(6):352-361

Dou W, Speck O, Benner T, Kaufmann J, Li M, Walter M (2015) Automatic voxel positioning
for MRS at 7 T. MAGMA 28:259-270

van de Bank BL, Emir UE, Boer VO, van Asten JJ, Maas MC, Wijnen JP, Kan HE, Oz G,
Klomp DW, Scheenen TW (2015) Multi-center reproducibility of neurochemical profiles in
the human brain at 7 T. NMR Biomed 28(3):306-316

Poste G (2011) Bring on the biomarkers. Nature 469(7329):156—157



54.

55.

56.

57.

Imaging Neurodegeneration: What Can Magnetic Resonance Spectroscopy Contribute? 11

European Society of Radiology (ESR) (2010) White paper on imaging biomarkers. Insights
Imaging 1(2):42-45

Lin A, Ross BD, Harris K, Wong W (2005) Efficacy of proton magnetic resonance spectros-
copy in neurological diagnosis and neurotherapeutic decision making. NeuroRx 2(2):197-214
Lin AP, Tran TT, Ross BD (2006) Impact of evidence-based medicine on magnetic resonance
spectroscopy. NMR Biomed 19(4):476-483

0Oz G, Tkaé I (2011) Short-echo, single-shot, full-intensity proton magnetic resonance spec-
troscopy for neurochemical profiling at 4 T: validation in the cerebellum and brainstem. Magn
Reson Med 65(4):901-910



	Chapter 1: Imaging Neurodegeneration: What Can Magnetic Resonance Spectroscopy Contribute?
	Imaging Cerebral Pathology in Degenerative Brain Diseases
	Added Value of MRS in Clinical Research and Care in Neurodegenerative Diseases
	Perspectives: What Still Needs to Be Done
	References


