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Preface

The phenomenon of diffusion (i.e. random Brownian motion) of molecules can be measured using a nuclear magnetic resonance (NMR) experiment and has been widely exploited in neuroimaging applications. Diffusion measurements in biological tissues generally focus on water, which is the most abundant 1H compound in tissue, and are a probe of the microstructural environment in which water diffuses. Specifically, diffusion-weighted magnetic resonance imaging (DW-MRI), which detects water, is a successful technique in both clinical and basic investigations of brain tissue microstructure1. However, water molecules are present in all cell compartments as well as in the extra-cellular space and, therefore, they cannot be assigned a well-defined compartment. This fact strongly complicates the interpretation of the mechanisms underlying DW-MRI measurements2,3.

In contrast to water, most brain metabolites detected by magnetic resonance spectroscopy (MRS) in vivo are almost exclusively intracellular and cell specific. In particular, N-acetylaspartate (NAA) is almost exclusively located inside neurons4-7, while choline compounds (tCho) and myo-inositol (mIns) are almost exclusively found in glial cells4,5,8-10. Creatine (Cr) and phosphocreatine (PCr) are not specific to any particular cell type. However, thanks to their role in the creatine kinase cycle11,12, they may represent important markers for probing energetic dysregulation processes.

By combining the sensitivity to microstructure that can be derived using the diffusion-weighted (DW)

techniques with the specificity property of MRS, diffusion-weighted MRS (DW-MRS) enables the non-invasive measurement of the diffusion properties of endogenous brain metabolites in vivo13-16.

This technique is a unique tool to investigate brain microstructure and function in a cell-specific manner, while neglecting phenomena related to the extracellular environment. Previous studies have shown that DW-MRS is sensitive to several properties of the intra-cellular space such as viscosity and molecular crowding of the cytosol, as well as morphological features such as axonal diameter and glial cell size13-16. This information could provide sensitive markers of compartment-specific microstructural alteration due to different pathological mechanisms such as inflammation, gliosis and demyelination.

Preclinical and clinical applications of DW-MRS in brain disease have demonstrated that this method could provide useful markers of the microstructural changes taking place in several diseases, such as inflammation, gliosis and demyelination. Notably, disease related changes in white matter have been observed in multiple sclerosis17,18, ischemia19-22, brain tumors22-24, systemic lupus erythematosus25, schizophrenia26, bipolar disorder27 and aging21.

Given the increasing number of DW-MRS applications for clinical investigation, studies on the reproducibility and the optimization of this technique are also needed. Finally, a histological validation of the DW-MRS metrics is fundamental to enable a wide application of DW-MRS in biomedical research and the clinic.

Thesis objectives

In this thesis, we studied DW-MRS in several complementary ways in order to be able to apply this technique in later clinical studies: optimization of the acquisition pipeline and data analysis, reproducibility of the diffusion measures, and histological validation of the DW-MRS metrics as potential useful markers of brain diseases-related microstructural alterations.

Despite the growing interest in DW-MRS for clinical applications, little has been published on the reproducibility of this technique28,29. The first objective of this thesis was to analyze the reproducibility of metabolite diffusion measures across repeated measurements within healthy subjects as well as across the subjects. We propose an optimization of the acquisition and of the postprocessing procedures for single-voxel DW-MRS experiments in humans, and an evaluation of the feasibility of a DW-semi-LASER sequence for clinical studies at 3 T. Power calculations for the metabolite diffusion measures were reported in order to provide useful information for designing case-control studies in patients with brain diseases.

Studies on histological validation of DW-MRS data are scarce22,30. Moreover, to our knowledge, no studies so far have attempted to determine the histological correlates of brain abnormalities detected using DW-MRS. Therefore, the second objective of this thesis was to validate DW-MRS metrics as markers of tissue damage, and to investigate their specificity to specific cell types through correlations with histological measures of glial and axonal integrity. To this aim, a DW-MRS investigation at 11.7 T was performed in mouse models of multiply sclerosis (MS) and Pelizaeus-Merbacher disease (PMD). These models were chosen because they were able to mimic microstructural alterations due to the inflammation process, as well as axonal damage due to demyelination or hypomyelination. In these animals, the measurements obtained by DW-MRS were compared with histological measurements obtained by immunohistochemistry and electron microscopy.

The first two parts of the thesis enabled the optimization of a DW-MRS acquisition and processing pipeline adapted for clinical applications and the histological validation of the DW-MRS metrics. We then employed a DW-semi-LASER sequence in ischemic stroke patients at 3 T for monitoring the temporal evolution of cellular damages. The aim of the third part of the thesis work was to better understand the disease pathogenesis in cerebral stroke, with the ultimate goal to help improving treatment strategies.

Thesis structure

The thesis is composed of three main parts, preceded by an introduction and followed by a general discussion. The body of the manuscript (chapters 2-4) gathers three different works. In the introduction (chapter 1) an overview of the basic concepts of 1H-NMR, MRS, DW signals and DW-MRS is presented. Chapter 2 focuses on the DW-MRS method developments in the human brain.

Here, the diffusion measures of tNAA, tCho, tCr and mIns were evaluated in the white matter (WM) and in the gray matter (GM) and the clinical feasibility of these measures was investigated. In chapter 3, the apparent diffusion coefficients (ADCs) of tNAA, tCho and mIns were measured in mouse models of neurodegenerative diseases (MS and PMD), and were linked to the microstructural changes due to glial activation and axonal damages. The hypothetical relationships of these measures with changes in cell-microstructure were validated with histological measures. In chapter 4, the investigation of human brain tissue abnormalities after ischemic stroke with DW-MRS is presented.

Specifically, the ADCs of tCho, tCr and mIns were proposed as feasible markers to monitor the inflammation process at different stages of disease. In chapter 5, a summary of the most important findings of the thesis and a general discussion regarding the potentiality of metabolite diffusion measures to detect microstructural changes in WM diseases are presented. Also, possible future directions of this work are suggested.

Technical aspects of brain microstructural investigation 1.4.1 1H NMR signal

In brain tissue, 1H isotopes are abundant: 1H isotopes are present in water, lipids and metabolites. The nuclei of 1H isotopes are uniquely composed by one proton. Protons have an intrinsic angular moment, or spin. Particles with spin always have an intrinsic magnetic moment. In the specific case of protons, classical physics describes, with a good approximation, most physical mechanisms of NMR. In the classical view, when a spin is placed in an external magnetic field, B0, its magnetic moment starts to precess around B0 with a frequency ν0, called the Larmor frequency, which is given by:

𝜐 0 = 𝛾 2𝜋 ⁄ B 0 (𝑟𝑎𝑑 • 𝑀𝐻𝑧 𝑇 -1 ), (1.1) 
where γ is the gyromagnetic ratio. The gyromagnetic ratio is a constant for a given nucleus and the value is 267.522 rad MHz T-1 for 1H. When the protons present in a specimen are subjected to an external magnetic field, the magnetic moments of the individual spins are summed up to form a macroscopic magnetization vector that can be followed over time. The net magnetization is longitudinally oriented to B0, and is referred as Mz.

By adding radiofrequency (RF) pulses in the presence of B0, it is possible to perturb the spins in order to tilt the macroscopic magnetization in the plane transverse to B0. In particular, after the application of an RF pulse of 90°, the net magnetization is oriented transversally to B0. After a sufficient amount of time has passed since the RF pulse application, the spins completely loose coherence in the transverse plane and the transverse magnetization Mxy decays over time. This phenomenon, called the spin-spin relaxation, is caused by the increasing phase incoherence in the precession of adjacent where M0 is the longitudinal magnetization at equilibrium (i.e. the signal before the application of the RF pulses), T1 and T2* are, respectively, the longitudinal and transverse relaxation time constants of the biological tissue. The T1 relaxation concerns the process in which the spins give the energy they obtained from the RF pulse back to the surrounding lattice, thereby restoring their equilibrium state.

Instead, the T2* relaxation is associated with the loss of phase coherence between individual spins, leading to irreversible signal loss in the transverse plane.

The resulting FID signal can be described with a complex function of time where the real (transverse magnetization along x, Mx) and imaginary (transverse magnetization along y, My) components are given by: 𝑀 𝑥 (𝑡) = 𝑀 0 cos(2𝜋 𝜐 0 𝑡)𝑒 -𝑡 𝑇 2 * ⁄ 𝑀 𝑦 (𝑡) = -𝑀 0 sin(2𝜋 𝜐 0 𝑡)𝑒 -𝑡 𝑇 2 * ⁄ ,

In order to study the frequency components of the FID it is useful to calculate the Fourier transform of the signal:

ℱ(𝜐) = ∫ 𝑓(𝑡)𝑒 -2𝜋𝑖𝜐𝑡 𝑑𝑡 +∞ 0 . (1.4) 
ℱ(𝜐) is the FID in the frequency-domain spectrum. The Fourier transform allows the extraction and separation of different frequencies from a time-domain FID. The real part of ℱ(𝜐) is called absorption spectral component and is given by: 𝐴(𝜈) = 𝑀 0 𝑇 2 * 1 + 4𝜋 2 (𝜈 0 -𝜈) 2 𝑇 2 * 2 .

(1.5)

The curve described is generically known as a Lorentzian line shape. The spectral study of the FID becomes indispensable when multifrequency signals are acquired. In this case the Fourier transform provides an absorption spectral component that is the overlap of a number of Lorentzian curves as many as the number of frequencies are involved in the signal. Each Lorentzian peak is placed at given frequency νi with a given M0,i proportional to the number of spins that precede with the Larmor frequency νi.

1H MRS spectroscopy

The chemical shift is the resonance frequency of a nucleus in a magnetic field, relative to a standard frequency. The chemical shift is caused by the shielding of the magnetic field at the nucleus by the surrounding electron cloud. According to the Equation 1.1, the Larmor frequency depends on the magnetic field experienced by the nucleus Bn. In the hypothetical case of a nucleus composed by a single proton and free of the surrounding electron cloud, Bn is identical to the external field B0. In a realistic case, the electron cloud could classically be seen as a current rotating around the nucleus that generates a magnetic field Be. Therefore, Bn is no longer identical to B0, but it is the summation of B0

and Be and the Equation 1.1 becomes:

𝜐 𝑛 = 𝛾 2𝜋 ⁄ B 𝑛 . (1.6)
So, the chemical shift is the alteration of the Larmor frequency caused by the shielding of the magnetic field at the nucleus by the surrounding electron cloud. Since the effect of the electron cloud on Bn strongly depends on the chemical compounds in which the nucleus is present (i.e. Be depends on the electronegativity of the atoms in the chemical bonds), each chemical species containing one or more 1H is characterized by its own Larmor frequencies.

Since nearly all metabolites contain 1H atoms, in vivo 1H NMR spectroscopy is able to detect a large number of biologically important brain metabolites at different frequencies. In order to standardize the chemical identification of different molecules from 1H MRS it is useful to express the Larmor frequencies independently from B0. By taking a reference compound, the Larmor frequencies can be expressed in parts-per-million (ppm) according to:

𝛿 𝑖 = 𝜐 𝑖 -𝜐 𝑟𝑒𝑓 𝜐 𝑟𝑒𝑓 × 10 6 , (1.7) 
where δi is referred to as the chemical shift of a given chemical compound i, and νi and νref are the Larmor frequencies (in Hz) of the chemical compound i and of a reference compound, respectively.

A widely accepted reference compound for the 1H MRS is tetramethylsilane to which δ = 0. Most metabolites are intra-cellular and cell-specific: they are produced by and/or confined to a specific cellular population. One of the most important cell-specific metabolites is NAA. A number of studies reported that NAA is exclusively localized in the nervous system, is mainly produced by neurons and is not secreted4-7. Other studies suggested that the production of NAA also takes place in the oligodendrocytes and, furthermore, NAA is present in the myelin that unsheathes the neuronal axons35. Typically, NAA ranges from 6 to 11 mM depending on the brain area34. NAA is co-measured with N-Acetyl Aspartate Glutamate (NAAG), which is also present in neurons36,37, and together they are referred as total NAA (tNAA).

State

Another highly compartmental specific and quantifiable metabolite (4-8 mM, in the human brain34) is mIns. As is NAA for neurons, mIns is predominantly localized in astrocytes4,5,9. Finally, other quantifiable metabolites, such as Choline (Cho) and Cr, have been shown to have a moderate glial cell-specificity8,9,12. Typically, both metabolites are co-measured with other chemical compounds.

Cho is detected with glycerophosphorylcholine and phosphorylcholine, together they are referred as tCho (1-2 mM, in human brain34); Cr is co-measured with PCr, together they are referred as tCr (5-10 mM, in human brain34). However, tCho and tCr are both present in neurons and glial cells. In the case of tCho, glial cells have a 2-3-fold higher concentration than neurons4,38, and thus tCho serves as a glial marker. On the contrary, tCr is generically not considered as a glial cell marker but rather a marker of cell energy metabolism.

Diffusion Weighted signal

The diffusion process describes the stochastic migration of molecules in a medium due to the thermal motion (Brownian motion). In case of isotropic medium the Brownian motion is well defined by the Gaussian diffusion propagator P(r|r',t): the probability that a given molecule moves from r to r' in an elapsed time t is described by a Gaussian distribution with mean μ = 0 and variance σ2 = 6Dt, where D is the diffusion coefficient. So, the displacement variance of the molecules in a medium is linearly dependent with the observation time (or diffusion time td)16 (Figure 1.2A):

< (𝑟 ′ -𝑟) 2 > = 6𝐷𝑡 𝑑 (1.8)
where the triangular brackets < > denote the ensemble average. According the Stokes-Einstein,the diffusion coefficient in a fluid medium without constraints depends on the viscosity of the medium f and on the temperature16:

𝐷 = 𝑘 𝑏 𝑇 𝑓 (1.9)
where kb is the Boltzmann constant. The case of a chemically inert molecule in a dilute solution is well described by a spherical particle that moves in a viscous fluid, so f is simply proportional to the hydrodynamic radius RH of the molecule and the viscosity η of the solution16:

𝑓 = 6𝜋𝜂𝑅 𝐻 . (1.10)
In a real fluid medium as the molecular environment of the brain tissue, the diffusion process is generally not isotropic and is influenced by different mechanism as molecular crowding, tortuosity and restriction. The molecular crowding describes a situation where the concentration of additional molecular species is not negligible compared to the solvent concentration. In this case, the viscosity term becomes dependent on the volume fraction occupied by the additional molecular species. In different way, tortuosity and restriction refer to the effect of hindrances imposed by the numerous obstacles that exist within the intracellular space. Because the description of the diffusion process is hardly linked to the observation time, the effect of the physical boundaries is relevant under the condition of long observation16:

𝑡 𝑑 > 𝑎 2 6𝐷 , (1.11) 
where a is a typical distance between the boundaries (Figure 1.2B). Obviously, when the diffusion time is smaller than a2/6D, the diffusion is still described by the Equation 1.8. Sometimes the physical restriction may be anisotropic, i.e. the structures in the medium are organized to favor the diffusion in a certain direction. In this case the diffusion coefficient is spatial dependent. In conclusion, in a real medium it is not possible to evaluate the diffusion coefficient defined in the Equation 1.8, but rather it is convenient to measure an apparent diffusion coefficient (ADC) that could result from the molecular crowding, the hindered and anisotropic diffusion16.

How to measure the ADC from an MR signal? Stejskal and Tanner proposed to use magnetic field gradient (MFG) pulses to sensitize the NMR signal to diffusion40. The combination of the MFG pulses and the RF pulses in a simple spin-echo sequence generates a dephasing and subsequent rephasing of the transverse magnetization, Mxy. At the end of the sequence, the loss of Mxy reflects the overall loss of coherence of the spins due to the fact that the spins move in a strongly inhomogeneous magnetic field41:

𝑆(𝑡) ≝ 𝑀 𝑥,𝑦 (𝑡) = 𝑀 𝑥,𝑦 (0) < exp(𝑖𝜙(𝑡)) > (1.12)
where ϕ is the phase shift at time t of a single spin and < > is the ensemble average. The phase shift is defined as:

𝜙 = 𝛾 ∫ 𝒈(𝑡 ′ ) 𝑡 0 • 𝒓(𝑡 ′ )𝑑𝑡′ (1.13)
where γ is the gyromagnetic ratio, g is the magnetic gradient vector and r is the position vector of a given spin. For a combination of MGF and spin-echo sequence, the total phase shift <exp(iϕ(t))> is easily achievable for the Gaussian diffusion approximation40:

< exp(𝑖𝜙(𝑡)) > = exp (-𝛾 2 𝑔 2 𝛿 2 (Δ - 𝛿 3 ) × 𝐴𝐷𝐶) (1.14)
where δ is the duration of the single gradient pulse, and Δ is the elapsed time between the two gradient pulses (i.e. the diffusion time td). So, by embedding all experimental information in a unique parameter, the b-value is defined as

𝑏 = 𝛾 2 𝑔 2 𝛿 2 (𝑡 𝑑 - 𝛿 3 ), (1.15) 
and the DW signal could be re-written as:

𝑆(𝑏) = 𝑆(0) exp(-𝑏 × 𝐴𝐷𝐶). (1.16)
Because the eq. (1.14) depends on the direction of the gradient application, the DW signal gives information about the diffusion process in that direction. In other words, the ADC is computed in the direction of the diffusion weighting.

The Gaussian diffusion model to evaluate the ADC remains essentially valid for low b-values (≈ 4000 s mm-2, for metabolite diffusion in the human brain WM)15. For high b-values the effect of the diffusion in complex media are no longer approximated with the Gaussian model and the signal attenuation deviates from the mono-exponential decay15. To treat no Gaussian diffusion, number mathematical approaches are available42,43 (kurtosis, stretched-exponential, anomalous diffusion, etc.). A mathematical overview of these approaches is outside of the scope of the thesis, and it is not precisely specified the ADC is referred to the mono-exponential decay (Equation 1.16). The study of water diffusion signal has had and still has a considerable impact on the brain microstructural investigation and provides useful markers for the detection of various neurodegenerative diseases56-58. This is not the most efficient technique for quantifying specifically the changes observed in the different cell types that constitute the central nervous system (CNS).

Diffusion

Indeed, water is present in all cells of neural tissue, including neurons, astrocytes, microglial and oligodendrocytes, and thus is inherently non-specific. In addition, water in the extracellular space has a similar concentration (~ 110 M, in human) as the intracellular space. Therefore, DW-MRI provides only partial or confounded information about cell-specific alterations in pathologies2,3. Considering that most brain metabolites have intra-cellular location and cell specificity, quantification of metabolites diffusion properties may provide information on cell-type specific changes. Since many neurodegenerative diseases are characterized by microstructural changes of different cellular types, metabolite diffusion signals can serve as biomarkers with enhanced specificity. DW-MRS potentially has the ability to unravel changes due to neuronal damage from those associated with inflammationinduced glial activation. This technique is starting to be used in disease models in preclinical and clinical research. In this thesis, the clinical feasibility of DW-MRS was investigated. The optimization of a singlevoxel DW-semi-LASER sequence for clinical applications at 3 T, and the evaluation of the reproducibility of the method under different experimental conditions were explored. Then, the histological validation of DW-MRS markers was reported. The metabolite ADCs were measured in mouse models of MS and PMD, and the DW-MRS metrics were validated with the IHC and EM measurements.

Finally, the DW-MRS was applied to monitor the dynamic axonal and glial changes in human brain tissue at different stages after ischemic stroke. The aim was to acquire useful knowledge of the disease pathogenesis to improve treatment strategies. Despite the increasing number of studies reporting different applications of DW-MRS to investigate brain tissue, and the importance of the evaluation of the reliability of the method for a study design, to our knowledge only two reports so far tested the reproducibility of DW-MRS methods. Differently from our study, one of these reports focused on a specific model of metabolite diffusion in the human corpus callosum employing a DW-PRESS sequence at both 3 T and 7 T28. In the second report, a DW-STEAM sequence was employed to measure metabolite apparent diffusion coefficients (ADCs) at 3 T, and the reproducibility of the method was tested in the subcortical white matter in a small group of three subjects29. Yet, the long acquisition time employed in this study is not suitable for clinical applications.

Method developments in the human brain: In vivo diffusion-weighted MRS using semi-LASER in the human brain at 3 T: methodological aspects and clinical feasibility

The goal of the present study was to optimize the acquisition and post-processing procedures for single-voxel DW-MRS experiments, and to evaluate the feasibility of clinical studies using a DWsemi-LASER sequence at 3 T. To this aim, we report the variability of ADCs of N-acetylaspartate + N-acetylaspartylglutamate (tNAA), creatine + phosphocreatine (tCr), choline containing compounds (tCho), and myo-inositol (mIns), measured using DW-semi-LASER in two brain regions containing mostly grey matter (GM) or white matter (WM). In order to explore the impact of a series of methodological issues on the variability of metabolite ADCs, the reproducibility of the diffusion measures was evaluated for different experimental conditions across repeated measurements of the same subject, and across subjects. In particular, the effect of physiological motion on the DW-MRS signal and the importance of cardiac gating and peak-thresholding to account for signal amplitude fluctuations were investigated. The ADCs were calculated using mono-exponential functions up to moderately high b-values (b = 3300 s/mm2), as well as using kurtosis model for measurements up to high b-values (b = 7300 s/mm2). Finally, based on the variance of the metabolite ADCs, we provided power calculations that can be used for planning clinical studies, and discussed the suitability of DW-MRS for case-control studies in disease populations.

Material and Methods

Human subjects

Ten healthy volunteers (seven males, three females; mean age ± standard deviation: 25 ± 3 years, range: 20-29 years) participated in this study. Each subject underwent the same MRI/MRS examination during three different sessions (S1, S2, and S3), each on a different day, with a maximum delay between sessions of three weeks. All subjects provided informed consent according to local procedures prior to the study. The study was approved by the local ethics committee.

MRI hardware

All subjects were scanned on a 3 T whole-body Siemens MAGNETOM Prisma Fit MRI scanner (Siemens Medical Solutions, Erlangen, Germany). The scanner was equipped with gradient coils capable of reaching 80 mT/m on each of the three orthogonal axes. The standard radio-frequency body-coil was used for excitation and a 64-channel receive-only head coil for reception.

MRI/DW-MRS protocol

At the beginning of each scan, three-dimensional (3D) T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) images (field of view, 256 (anterior-posterior) × 256 (foot-head) × 231 (right-left) mm3; isotropic resolution, 0.9 mm; TR/TE, 2300/2.08 ms; total acquisition time, 5 min 17 s) were acquired to position the spectroscopic volumes of interest (VOIs) and to perform tissue segmentation.

The DW-MRS acquisitions were performed using a single-voxel semi-LASER sequence with diffusion gradients added in a bipolar configuration, as shown in Figure 1.4 (see section 1.4.3). Using the bipolar configuration of the diffusion gradients minimizes eddy currents as well as cross terms between the diffusion gradients and gradients rising from inhomogeneities of the B0 field64. DW-MRS data were acquired in two VOIs of 20 x 20 x 20 mm3 located in the posterior cingulate cortex (PCC), from here on referred to as VOIPCC (Figure 2.1A), and in the corona radiata (CR), from here on referred to as VOICR, (Figure 2.1C). In the CR, data were acquired in eight subjects also in a smaller VOI (VOI'CR) of 15 (foot-head) x 20 (anterior-posterior) x 15 (right-left) mm3, with the same center as VOICR (in two subjects it was not possible to perform the measurement in VOI'CR due to technical reasons). For all VOIs, sequence parameters were: TE = 120 ms, spectral width = 3 kHz and number of complex points = 2048. All resonances were excited using a slice selective 90° pulse (pulse length of 2.52 ms) followed by two pairs of slice-selective adiabatic refocusing pulses in the other two dimensions (HS1, R = 24, pulse length of 7 ms). The 64-channels signals were combined on-line using a reference water scan, after appropriate phase adjustment and amplitude weighting of each channel for optimal SNR combination. All acquisitions were synchronized with cardiac cycle using a pulse-oximeter device, in order to start each acquisition every 3 heart beats, while keeping a minimum TR of 2.5 s. To verify the effect of cardiac gating on signal fluctuations, an additional acquisition was performed in one subject without pulse-oximeter device and TR = 2.5 s. Diffusionweighting was applied in three orthogonal directions (dir1 = [1, 1, -0.5], dir2 = [1, -0.5, 1], dir3 = [-0.5, 1, 1] in the VOI coordinate system) with diffusion gradient duration (δ) = 18 ms, diffusion time (td) = 60 ms and three increasing gradient strengths resulting in the b-values b1 = 850, b2 = 3300 and b3 = 7300 s/mm2. The b-values were calculated using the chronograms of the pulse sequence, and therefore accounted for all gradients present in the sequence, including slice selective and crusher gradients. A non-diffusion-weighted condition with diffusion gradient amplitude set to zero was also acquired: b0 = 11 s/mm2, where the small b-value originates from the slice selective and crushers gradients. Forty averages were collected for each diffusion-weighting condition and saved as individual free induction decays (FID) for further post-processing. Water suppression was performed using variable power with optimized relaxation delays (VAPOR) and outer volume suppression65.

The delays used for VAPOR were 150, 100, 146, 105, 106, 68, 80, and 22 ms66. Unsuppressed water reference scans were acquired from the same VOIs using the same parameters as water suppressed spectra for eddy current corrections. B0 shimming was performed using a fast automatic shimming technique with echo-planar signal trains utilizing mapping along projections, FAST(EST)MAP67.

The total DW-MRS scan time for VOIPCC and VOICR was about 17 minutes for each VOI. In VOI'CR, an additional shorter acquisition was performed using only b0 and b2 (the latest applied in the three orthogonal directions) and 24 averages per diffusion condition (about 4 minutes), to evaluate, at these experimental conditions, the effect of voxel size on data variability.

Spectral processing

All spectra were processed with in-house written routine in MATLAB release R2016b (Mathworks, Natick, MA, USA). DW-MRS data were first corrected for eddy currents using water reference scans.

Zero-order phase fluctuations and frequency drifts were corrected on single averages before summation using an area minimization and penalty algorithm and a cross-correlation algorithm, respectively68. A peak thresholding procedure was applied, for each diffusion condition, to discard the single averages with artifactual low SNR caused by non-translational tissue motion, and which is not justified by gaussian noise alone (see Supplementary material 2.S1). The remaining spectra, for each condition, were averaged. Finally, the averaged spectra were analyzed with LCModel69 for metabolite quantification. The basis set was simulated with an in-house written routine in MATLAB based on the density matrix formalism70 and using previously reported chemical shifts and J-couplings71,72. The basis set included alanine, ascorbate, aspartate, creatine (Cr), γ-aminobutyric acid, glucose, glutamate, glutamine, glutathione, glycerophosphorylcholine, mIns, lactate, Nacetylaspartate (NAA), N-acetylaspartylglutamate, phosphocreatine (PCr), phosphorylcholine, phosphorylethanolamine, scyllo-inositol, and taurine. Independent spectra for the CH3 and CH2 groups of NAA, Cr and PCr were simulated and included in the basis set.

Metabolite diffusion measures

Based on the LCModel data, metabolite diffusivity properties for tNAA, tCr, tCho and mIns were calculated in each VOI. ADCs were computed assuming a mono-exponential decay of the signal up to b2 (Figure 2.2) in each diffusion direction:

ln S i b ( ) S 0 é ë ê ê ù û ú ú = -b × ADC exp i (2.1)
where Si(b) is the signal measured at a given b-value in direction i, S0 is the signal measured at b0, and ADCiexp is the corresponding apparent diffusion coefficient estimated in direction i. Since the signal decay obtained up to b3 was not mono-exponential, the signal decay up to this b-value was evaluated using the kurtosis approach42,43 (Figure 2.3): ln

S i b ( ) S 0 é ë ê ê ù û ú ú = -b × ADC K i + K i 6 b × ADC K i ( ) 2 (2.2)
where ADCiK is the apparent diffusion coefficient for the direction i and Ki is the kurtosis parameter in the same direction. The quality of both mono-exponential and kurtosis fits up to b3 was assessed of using a chi-square (χ2) goodness-of-fit test for the residuals, using the Cramér-Rao lower bounds (CRLBs) provided by LCModel as standard deviations for the metabolite signal amplitudes. and to a kurtosis model (dashed line) up to b3 = 7300 s/mm2.

Inter-subject variability

The inter-subject variability of the diffusion measures was evaluated for all four metabolites and all

VOIs. Coefficients of variation (CV) were calculated as ratios between standard deviations (SD) and mean values of the diffusion parameters. SD and mean values were estimated across subjects for each session separately, as well as across subjects and sessions, and were consequently used for the CV evaluations.

At first, the effects of peak thresholding, diffusion-weighting direction and VOI size on the mean values and variability of tNAA diffusion measures were evaluated. Subsequently, the CV were calculated for metabolite ADCexp, ADCK and K values estimated using peak-thresholding and averaged over three diffusion directions. 

Intra-subject variability

The intra-subject variability analysis was carried out on ADCexp, ADCK and K of tNAA and tCho derived from VOIPCC and VOICR. The dependence of the intra-subject variability of the diffusion measures on the acquisition time was evaluated by computing the diffusivity parameters for each subject, considering different diffusion-weighting schemes and different numbers of spectral averages per diffusion condition. For this purpose, a bootstrapping subsampling procedure was used: the datasets from each session were randomly resampled with replacement prior to averaging. Each subset consisted respectively of 10, 15, 20, 25, 30, 35 and 40 averages per diffusion condition (e.g., per b-value and diffusion direction). In addition, ADCexp and their variabilities were estimated from different diffusion-weighting schemes: scheme b[0,1,2] employs b0, b1, and b2; scheme b[0,2] employs b0 and b2; scheme b[0,1] employs b0 and b1. K were estimated using all b-values b0, b1, b2 and b3

(scheme b[0-3]).
For each resampled subset, the averaged spectra needed for calculation of the diffusion metrics were obtained. The bootstrapping procedure was repeated 200 times for each subset size to obtain a bootstrap population. From the bootstrap populations, mean values and SDs of the diffusivity parameters were obtained and utilized for intra-subject CV calculations.

Reproducibility and sample size analysis

A one-way repeated analysis of variance (rANOVA) model (MATLAB release R2016b) was performed to evaluate the within-subject variability (σ) of metabolite ADCexp averaged over the diffusion directions. σ was used for repeatability coefficient (CR) and power/sample size calculations.

CR within the 95% confidence interval was defined as 𝐶 𝑅 = 1.96 × √2 × 𝜎 73.

Power calculations were performed to estimate the necessary sample size to detect a difference (Δ) in tNAA ADCexp and K between two groups. These were based on a two-sided test with significance level α = 0.05 (z1-α/2 = 1.96), and a power of 80% (1-β = 0.80, z1-β = 0.84):

n = s 2 z 1-a /2 + z 1-b ( ) 2 D 2 .
(2.

3)

It was assumed that the means were normally distributed and the variances of the two groups were the same for both groups (σ1 = σ2 = σ).

Results

Diffusion-weighted spectra quality

Representative diffusion-weighted spectra acquired in VOIPCC and VOICR of one subject at all bvalues applied in one diffusion gradient direction (dir1) are shown in Figure 2.1B and 2.1D, respectively. The CRLBs of tNAA calculated from all subjects, all b-values, all directions and all VOIs ranged from 2 to 7%, while the CRLBs of tCr and of tCho ranged from 3 to 12%. The CRLBs of mIns were lower than 20% for all b-values in VOIPCC and lower than 35% for all b-values up to b2 in VOICR, whereas for b3 in VOICR they were higher than 50% for 5 out of 30 datasets, and were therefore excluded from the kurtosis analysis. In VOI'CR, the CRLBs of mIns at b2 were > 35 % for more than half of the datasets, therefore these signals were not considered for further analysis. The mean SNR, based on the tNAA peak (averaged over all sessions and DW directions), was 24 for b0 and 14 for b3 in VOIPCC. In VOICR, the mean SNR was 23 for b0 and 9 for b3. Both in VOIPCC and in VOICR, no differences in SNR were observed between different DW directions. The SNRs in VOI'CR were considerably lower than in VOICR for each direction and both b-values: SNR = 14 for b0 and SNR = 8 for b2.

The linearity of the signal logarithm attenuation for the acquisition scheme b[0-2] was very good for all metabolites in both GM and WM (R2 > 0.9 for all fits). In contrast, for the acquisition scheme b[0-3] a significant deviation from linearity was observed in about 30% of the fits (p < 0.05 for the χ2 goodness-of-fit test for the residuals), and the signal decay was better fitted by the kurtosis model: for all fits, the null hypothesis of the χ2 goodness-of-fit test was accepted with p > 0.9.

Tissue segmentation results showed that the average WM fraction was 88 ± 4% in VOICR and 94 ± 4% in VOI'CR, respectively, while the average grey matter fraction in VOIPCC was 72 ± 5%. Cardiac gating ON Cardiac gating OFF cardiac gating were higher for each b-value and diffusion condition. The associated standard deviations were slightly lower with heartbeat trigger, except for b1 in dir2.

Effect of acquisition strategy and post-processing on the variability of the diffusion measures

Cardiac gating

Peak thresholding

The average number of spectra rejected after peak thresholding were 3 for b0 and b1, 4 for b2, 5 for b3 in VOIPCC, and 2, 6, 10, 12, respectively, in VOICR. In VOI'CR, 1 and 2 spectra on average were rejected for b0 and b2, respectively. thresholding by 26% in dir1, 14% in dir2 and 35% in dir3, respectively. Instead, no differences in the CV of ADCK were observed in any of three directions when peak thresholding was applied. In VOICR the mean values and the CV of ADCexp decreased strongly in each direction when peak thresholding was applied: 33% in dir1, 41% in dir2 and 39% in dir3 (Figure 2.5B). Similarly, in this region the CV of ADCK decreased by 25%, 36% and 21% in dir1, dir2 and dir3, respectively (Figure 2.5D). In both VOIs, no differences in the variability of K were observed when peak thresholding was applied (Figure 2.5E and 2.5F). The diffusion metrics and their CV reported from here on were calculated with peak thresholding.

DW direction

In VOIPCC, the variability of ADCexp and ADCK of tNAA was very similar for the three directions:

mean CV = 9% and 12% for the two metrics, respectively (Figure 2.5A, 2.5C). In contrast, in VOICR, for each parameter and direction. Blue markers: peak thresholding applied; red markers: no peak thresholding. Differently from VOICR, the variability estimated from the VOI'CR did not present any significant dependence on the diffusion-weighting direction (averaged CV = 16%). The CV values calculated in VOI'CR in dir1 and dir2 dropped by 19% with respect to those derived from VOICR in the same directions, while they were comparable in dir3. Similar behavior with respect to peak thresholding, DW direction and VOI size was observed for the variability of tCr, tCho and mIns diffusion measures (data not shown). 

Voxel size

Inter-subject variability

tNAA, tCr, tCho and mIns diffusivity measures averaged across diffusion directions and subjects are reported for each session, with the associated SDs and CV values, in Table 2.1 and 2.2, for VOIPCC and VOICR and VOI'CR, respectively. No significant differences in diffusivity measures of the metabolites across the sessions were observed (rANOVA).

In VOIPCC, the CV values estimated for ADCexp and ADCK of all metabolites ranged from 6% to 14% and from 8% to 18%, respectively, while the CV of K ranged from 11% to 34% (Table 2.1). In VOICR, the CV of ADCexp and ADCK were higher than those calculated in VOIPCC, ranging from 7% to 32%, while the CV of K ranged from 15% to 38% (Table 2.2). Finally, in the VOI'CR the CV of tNAA, tCr and tCho ADCexp ranged from 8% to 19% (Table 2.2). In Figure 2.7, all diffusivity measures computed for all metabolites from all subjects and all sessions for the two VOIs are shown. and acquisition time of 4 minutes were smaller than those for the same scheme and acquisition time of 7 minutes. 

Effect of acquisition time on intra-subject variability

Discussion

The variability of metabolite diffusion parameters measured with DW-semi-LASER across different subjects and sessions was evaluated in two brain regions of interest (PCC and CR) and with different acquisition and post-processing strategies. Our data showed that DW-MRS is feasible at 3 T with an excellent statistical power even employing a short acquisition protocol in small subject populations, providing that the proper choice of b-values, the execution with cardiac triggering, and the postprocessing with peak thresholding are all taken carefully into account. The optimized acquisition and Nevertheless, the variance of the diffusion measures differed significantly across brain regions (despite the similar SNR at b0), as they are affected by motion artifacts to different extents, and it also depended on the VOI size: while acquisitions in a larger VOI provide higher SNR, a smaller VOI may allow for more robust datasets and lower variability of the diffusion measures.

From power calculations we estimated that, under our experimental conditions, 5% differences in tNAA mean diffusion coefficient can be detected with a sample size of 7 and 31 subjects per group in the PCC and in the CR, respectively, with an acquisition time of 4 minutes. Remarkably, the measure of metabolite diffusion parameters was extremely robust and reproducible in the PCC, while much higher variability was observed in the CR when the VOI was located next to the ventricles.

Effect of physiological motion on the DW signal

Potential sources of bias in the evaluation of metabolite ADCs were identified, mainly attributed to the effect of physiological motion on the DW signal. Whilst artifacts induced by pure translational motion can be corrected by properly adjusting frequency and phase of the single averages before summation, small rotations or compressive motion due to cardiac and cerebrospinal fluid (CSF) pulsation may induce severe amplitude drops that are more difficult to address16.

To evaluate the effect of physiological motion on the DW signal, in one subject we investigated the influence of cardiac gating on tNAA SNR over time and across different directions. The mean normalized signal was higher when the acquisition was synchronized to the cardiac cycle at all bvalues, while the associated standard deviations were always lower except for one condition (b = 850 s/mm2, dir2) (Figure 2.3C). This result highlights the importance of employing cardiac gating in DW-may be detrimental for the DW signal. However, the assessment of the optimal trigger delay would require a more systematic investigation, since it may depend on the region of interest, DW-MRS sequence parameters, and cardiac gating device utilized. One possible limitation of using cardiac gating is that the effective TR is slightly variable during the acquisition, thus possibly introducing another source of ADC variability. Moreover, it may differ from subject to subject, depending on the individual heart rate. Nevertheless, the intra-subject TR fluctuations induced by irregular heart beatings were source of smaller signal amplitude variability compared to that observed without cardiac synchronization (Figure 2.3C).

In a previous study, the metabolite-cycling method and the use of the inherent water peak were proposed for compensation of significant signal loss74. Peak thresholding represents an alternative way to overcome the issue of motion-related signal amplitude fluctuations, and becomes crucial especially at high diffusion-weighting values. This procedure avoids the risk of artificial overestimation of ADCs as a consequence of underestimation of the DW signal in the presence of significant drops in the signal amplitude due to non-translational motion. Although the removal of some of the spectra before averaging could introduce a relatively small artificial increase of SNR (see Supplementary material S1), as expected, in both VOIs the variability of ADCs across subjects and sessions was lower when peak thresholding was applied (Figure 2.5). Notably, the effect of peak thresholding was more pronounced in VOICR than VOIPCC, suggesting that motion affects the diffusion-sensitized signal in the parietal WM more than in the PCC. In addition, the variability of the ADCs was much higher in two of the three DW directions (dir1 and dir2) in VOICR (Figure 2.5)

indicating that motion is associated preferentially with specific directions, while in VOIPCC there was no significant difference among directions. Interestingly, the ADC variability in the smaller voxel VOI'CR did not depend on the diffusion direction (Figure 2.6), and, despite the intrinsic lower SNR related to voxel size, the ADC variability in VOI'CR was lower than that in VOICR in dir1 and dir2, suggesting that in those directions the effect of motion is dominant with respect to noise, thus affecting to a higher extent the bigger VOI. In addition, the average number of rejected spectra after peak thresholding was smaller in VOI'CR than in VOICR, further corroborating this hypothesis.

Metabolite kurtosis analysis

Diffusion-attenuation curves were fitted to mono-exponential functions up to b2 = 3300 s/mm2 and to a kurtosis model (Equation 2.2) up to b3 = 7300 s/mm2. The χ2 goodness-of-fit test revealed that the mono-exponential fit was not able to explain 30% of the metabolite signal decays up to b3, whereas the kurtosis approach was found to be more accurate (the null hypothesis was accepted for all fits with p > 0. In the present study, we evaluated the possibility to capture deviations from mono-exponentiality using the kurtosis approach, with a reasonably high bvalue of 7300 s/mm2 and a relatively short acquisition protocol. Significantly higher K mean values in GM compared to WM for all metabolites confirmed previous results suggesting greater diffusional heterogeneity in GM77. Coefficients of variation for K were much higher than those obtained for the ADCs.

Inter-subject and intra-subject variability

The inter-subject variability calculated from full data-sets was less than 16% for ADCexp and ADCK of all metabolites under investigation in VOIPCC (Table 2.1), while it was higher in VOICR (< 16% for tNAA, tCr and tCho, < 27% for mIns) (Table 2.2). Instead, the inter-subject variability of K was less than 27% for all metabolites in both VOIs.

The DW-MRS can be used to characterize microstructural alterations affecting brain tissue in a variety of diseases. Previous clinical and preclinical studies reported differences greater than 20% in the diffusion of several metabolites in patients with ischemic stroke or tumor, compared to healthy subjects21,22. Wood et al. reported differences of almost 20% in the tNAA diffusivity in the corpus callosum of patients with multiple sclerosis62, while differences in tCho and tCr ADCs of more than 15% were observed in systemic lupus erythematosus25. Our results on ADCexp repeatability (Table 2.3) suggest that for investigating tNAA, tCr, tCho and mIns diffusion abnormalities in pathologies where the expected ADCexp differences are greater than 10%, it is sufficient to keep the acquisition time per region of interest below 5 minutes, with a group size of about 30 subjects. In contrast, to explore more subtle microstructural abnormalities in normal aging or neurological diseases at the very early stage, longer acquisition times are probably desirable, and need to be evaluated case-bycase depending on the location and size of the brain region under investigation and the expected differences in the diffusion metrics.

Conclusions

We evaluated the performance of a DW-semi-LASER sequence at 3 T and demonstrated the feasibility of this method in a clinical setting, providing that all procedures from experimental planning (choice of b-values and number of averages), execution (cardiac triggering) and postprocessing (peak thresholding in addition to standard phase and frequency corrections) are all carefully performed. Altered metabolite diffusion in tissue has been shown to reflect specific structural damage in disease. In particular, the diffusion of the neuronal marker tNAA has been suggested to reflect pure intra-axonal damage in white matter diseases, while the diffusion of tCho and tCr represent potential markers of inflammation and glial cells alterations. DW-semi-LASER may allow the exploration of microscopic cellular alterations in different pathological conditions, providing useful insights on the pathogenesis and evolution of the disease, and eventually helping to choose the most appropriate temporal window for tailored therapies and to monitor treatment response. If the SNR at b0 (SNRb0) is normally distributed, the following criterion for spectra rejection could be used:

𝑆𝑁𝑅 𝑖 𝑏 < 𝑆𝑁𝑅 𝑚𝑒𝑑 𝑏 -2𝜎 (2.S1)
Where SNRbi is the tNAA SNR of the i-th measured spectrum at a given b-value, SNRbmed is the median of the tNAA SNR at a given b-value, and σ is the standard deviation (SD) of the SNRb0 gaussian distribution. The choice of 2σ allows to discard spectra with SNR lower than the 95% gaussian lower bound. However, when performing the analysis on the single subject, the SNRb distribution is not normally distributed (even when neglecting the unwanted signal drops) due to the small number of averages (40 or less). To overcome this issue, we defined a new criterion for peak thresholding:

𝑆𝑁𝑅 𝑖 𝑏 < 𝑆𝑁𝑅 𝑚𝑎𝑥 𝑏 -2𝜎 𝑛𝑜𝑖𝑠𝑒 (2.S2)
where SNRbmax is the highest SNR for a given diffusion-weighting condition and σnoise is defined as the "noise SNR" (SNRnoise), e.g., the ratio between the highest signal in the noise range and the noise itself (averaged over all spectra at a given b-value).

Finally, to ensure that SNRbmax < SNRbmed, + σ, we used an additional criterion to select SNRbmax: 

𝑖𝑓 𝑆𝑁𝑅 𝑚𝑎𝑥 𝑏 -𝑆𝑁𝑅 𝑚𝑎𝑥-1 𝑏 > 𝜎 ⇒ 𝑆𝑁𝑅 𝑚𝑎𝑥 𝑏 ≝ 𝑆𝑁𝑅 𝑚𝑎𝑥-1 𝑏 , (2.S3) 

Animal model validation: Glial and axonal changes in mouse models of disease investigated with diffusion-

weighted magnetic resonance spectroscopy at 11.7 T

Introduction

DW-MRS allows detecting metabolic and microstructural alterations that take place in diseased brains by probing the diffusion properties of several metabolites in vivo13-16. Since most brain metabolites are intracellular and cell-type specific, diffusion measurements could provide information on cell size and morphology49,54,59,60, as well as viscosity and molecular crowding in the intracellular environment50.

Specifically, because tNAA (NAA + NAAG) is mainly present in neurons and axons, alterations in the diffusion properties of this compound has been proposed as a marker of axonopathy both in animal models of ischemic stroke19,20 and in multiple sclerosis in humans62. Changes in the diffusion of the choline compounds (tCho), have been linked to the glial cell reactivity25, since the concentration of tCho is 2-3-fold higher in glial than neuronal cells4. A more specific glial marker is the myo-Inositol (mIns). Due to the predominant presence of mIns in the astrocytes4,5,9, its diffusivity was specifically explored by Ligneul et al30 in a mouse model of reactive astrocytes. In this study, a significant increase in the mIns diffusion was observed in sick mice compared to control mice and was related to the astrocyte hypertrophy. Finally, a number of studies looked into the possible microstructural information provided by the diffusion-weighted signal of tCr (Cr + PCr). The tCr plays a fundamental role in aerobic cell energetic metabolism and is present in all neural cells11,12. As the tCr is a nonspecific cell metabolite, the alterations of tCr diffusion in human brain diseases were linked to both neuronal damages18 and inflammation processes25.

Despite the growing interest in the diffusion of cerebral metabolites as potential markers of brain tissue alterations induced by pathological mechanisms, to our knowledge no studies so far have reported the histological correlates of brain abnormalities detected using DW-MRS. The goal of this study was to validate DW-MRS measurements by correlating the apparent diffusion coefficients (ADCs) of tNAA, tCr, tCho and mIns with histological markers from electron microscopy (EM) and immunohistochemistry (IHC) techniques. In addition, we highlighted the differences in the metabolic information provided by DW-MRS with respect to classical MRS.

For this purpose, the histological validation of the DW-MRS measurements was carried out on the corpus callosum (CC) of two different mouse models of myelinopathy with inflammatory response, associated with multiple sclerosis (MS) and the Pelizeaus-Merzbacher disease (PMD), respectively.

The CC is an integral part of the central nervous system, and it was selected for this study because it is predominantly composed of axons and glial cells while the neuronal bodies represent less than 1%79. MS and PMD involve two different pathological mechanisms of white matter diseases, i.e. demyelination80 and hypomyelination81, respectively. In MS, the immune-mediated responses are the responsible for destruction of the myelin and axons82. In PMD, the overexpression one of proteolipid (PLP1), a major protein component of myelin, leads to the deleterious accumulation of PLP1 in oligodendrocytes and to hypomyelination83,84. This accumulation causes inflammation and axonal injury83,84.

In this study, the cuprizone-fed mouse and the transgenic PLP/Tg 66 line mouse were used as models of MS and PMD, respectively. The cuprizone mouse model is a well-characterized model of MS85,86.

Cuprizone is a copper chelator classified as a neurotoxin for rodents. After six weeks of cuprizone treatment, the mice exhibit a significant demyelination process associated with a significant increase in the area of the astrocytes and microglial cells87,88. The transegenic PLP/tg 66 line is the most relevant model of PMD, since duplication is the most common PLP1 mutation. This model is able to mimic severe hypomyelination as well as glial activation89,90. In both cases, the models were chosen because they were able to mimic microstructural alterations due to inflammation processes. In addition, we investigated the axonal damage associated with demyelination and hypomyelination processes.

Material and methods

Mouse models

All animal experiments were performed in accordance with the EU Directive 2010/63/EU for animal experiments and approved by the Charles Darwin's Ethical Committee for Animal Experimentation (#6119-2016071314309890).

Cuprizone experiment

We used eighteen 8-week old C57Bl/6J female mice. Eight mice were fed 0.2% cuprizone (CPZ) for 6 weeks, and ten healthy wild-type (WTCPZ) mice were fed a normal chow diet and used as controls.

All mice were fed ad libidum91.

Overexpressed PLP1 mutation experiment

Thirty-one transgenic mice of line # 66 were generated. Twelve were homozygous for the mutation and overexpressed the mutated PLP1 gene (PLP). Nineteen healthy wild-type mice of the same background (WTPLP) were used as controls.

Experimental procedures

Before scanning, the mice were initially anesthetized with 4% isoflurane in a mixture of air (flow rate: 1 l/min) and oxygen (flow rate: 0.2 l/min). After, the mice were placed on a stereotaxic bed with a bite bar and two ear bars. During the experiments, the level of anesthesia was maintained between 1 and 1.5% to keep the breathing of the animal in a range of 50-70 breaths per minute. The respiratory rate was continuously monitored with a respiration sensor placed under the animal's abdomen and connected to a computer running SAM respiration-monitoring software. Also, the mice temperature was maintained at 37°C with regulated water flow integrated to the stereotaxic bed and monitored with an endorectal probe.

MRI hardware

All mice were scanned with a horizontal bore BrukerBioSpec 11.7 T scanner running with Paravision 6.0 (Bruker, Ettlingen, Germany). The scanner was capable of reaching 752 mT/m on each axis and was equipped with a quadrature surface cryoprobe (Bruker, Ettlingen, Germany) for radiofrequency transmission and reception.

MRI/DW-MRS protocol

For each experiment, two dimensional (2D) T2-weighted sagittal and transversal images were weighted condition was also acquired with: b0 = 30 s/mm2. Thirty-two averages were collected for each diffusion-weighted condition and saved as individual free induction decays (FID) for further post-processing. Water suppression was performed using variable power with optimized relaxation delays (VAPOR) and outer volume suppression. Also, unsuppressed water reference scans were acquired using the same parameters as water suppressed spectra for eddy current corrections and for metabolite concentration evaluations.

Spectral processing

All spectra were processed with an in-house written routine in MATLAB release R2016b (Mathworks, Natick, MA, USA). DW-MRS data were first corrected for eddy currents using water reference scans. Zero-order phase fluctuations and frequency drifts were corrected on single averages before summation using an area minimization and penalty algorithm and a cross-correlation algorithm, respectively68. The spectra, for each condition, were averaged. Finally, the averaged spectra were analyzed with LCModel69 for metabolite quantification. The basis set included alanine, ascorbate, aspartate, Cr, γ-aminobutyric acid, glucose, glycine, glutamate, glutamine, glutathione, glycerophosphorylcholine, mIns, lactate, NAA, NAAG, PCr, phosphorylethanolamine, scylloinositol, taurine, threonine and macromolecules. Independent spectra for the CH3 and CH2 groups of NAA, Cr and PCr were simulated and included in the basis set.

Metabolite diffusion measures

Based on the LCModel data, the diffusivity of tNAA, tCr, tCho and mIns was calculated by linear regression of the logarithm of the signal decay in each diffusion direction:

ln [ 𝑆 𝑖 (𝑏) 𝑆 0 ] = -𝑏 • 𝐴𝐷𝐶 𝑖 (3.1)
where Si(b) is the signal measured at a given b-value in direction i, S0 is the signal measured at b0, and ADCi is the corresponding apparent diffusion coefficient estimated in direction i. The linearity of the logarithm signal decay was assessed using a chi-square (χ2) goodness-of-fit test for the residuals, and the quality of the fits was monitored by computing the R2. The average diffusivity (ADCavg) was computed across the three diffusion-weighted directions for the four metabolites.

Metabolite concentration measures

From the LCModel data of the spectra measured at b0, the absolute concentrations of the tCr (mM) were evaluated using the water reference scan acquired at the same condition. Since tCr concentrations did not change between case and control mice (data not shown), the concentrations of tNAA, tCho and mIns were reported relative to the tCr concentrations, in order to reduce the dependency on relaxation and partial volume effects69.

Histology samples

For histology assessment, the mice were split in two groupshalf for EM assessment and the other half for IHC assessment.

Electron microscopy protocol

For each mouse group, a number of animals (n = 4 for CPZ, n = 5 for WTCPZ, n = 6 both for PLP and WTPLP) were sacrificed by deep anesthesia and perfused intracardially with 1% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer 0.12 M, pH 7.4 (PB) at the end of the 6-week CPZ treatment and after the MR data collection. The extracted brains were then post-fixed overnight at 4°C in the same fixative and rinsed in PB. Ten 100 µm-thick sagittal sections were cut with a vibratome (Thermo Scientific Microm HM 650 V Vibration microtome). The very first section closest to the brain midline was considered as #1 and sections #1, #4, #7 and #10 were selected. Sections were post-fixed with 1% osmium tetroxide in water for 1 h at room temperature (RT°), rinsed 3x5 min with water and contrasted "en bloc" for 1h at RT° with 2% aqueous uranyl acetate. After rinsing, sections were progressively dehydrated with 50%, 70%, 90%, and 100% ethanol solutions for 2x5 min each. Final dehydration was achieved by immersing the sections twice in 100% acetone for 10 min. Embedding was performed in epoxy resin (Embed 812, EMS, Euromedex, France) overnight in 50% resin / 50% acetone at +4°C followed by 2x2 h in pure resin at RT°, and polymerization was achieved at 56°C for 48 h in a dry oven.

Semi-thin sections (0.5 μm-thick) were collected with an ultramicrotome UC7 (Leica, Leica

Microsystèmes SAS, France) and stained with 1% toluidine blue in 1% borax buffer. Ultra-thin sections (70 nm-thick) were contrasted with Reynold's lead citrate92, and observed with a transmission electron microscope (HITACHI 120 kV HT 7700), operating at 70 kV. Images (2048x2048 pixels) were acquired with an AMT41B camera (pixel size: 7.4 µm x 7.4 µm).

Electron microscopy data analysis

From the EM data, we estimated the axonal diameter (DAX) of the CC fibers in two different ways:

for the CPZ and WTCPZ mice we used the stereological analysis, and for the PLP and WTPLP mice an automated method (performed with AxonSeg93) for axon and myelin segmentation and morphometric analysis was employed. In a recent study (in revision, Fefli et al., 2018), the equivalence between the stereological analysis and the automated method for the DAX estimation was demonstrated.

The stereological analysis was performed in the body of the CC, where 4 random sections with uniform distance were quantified per animal, with 30 randomly located images per animal acquired at 62000X magnification. For the volume fraction (VF) we proceeded according to the Delesse 

𝐷𝐴𝑋 = 2 • √ 𝑡𝐴𝑉𝐹 • 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝜋 • 𝑡𝐴𝑥𝐶𝑜𝑢𝑛𝑡 , (3.3) 
where the surface is the area of each cross (0.5 μm2).

For the automated method, the images were acquired at 18000X magnification and were randomly obtained in the same way used for the stereological analysis. First, a Fiji preprocessing -which consists in image inversion, opening, closing followed by contour detection then filling in the gaps resulting from the former steps -was performed on the single image. After, the images were processed with AxonSeg that directly provides an evaluation of the DAX.

The outliers induced by the non-perpendicular axons in the images were not taken into consideration.

Immunohistochemistry protocol

For each mouse group, the animals (n = 4 for CPZ, n = 5 for WTCPZ, n = 6 for PLP and n = 7 for WTPLP) were euthanized by sodium pentobarbital overdose, and transcardially perfused with 4% paraformaldehyde (PFA). The brains were rapidly removed and post-fixed in 4% paraformaldehyde for 24 hours, prior to cryoprotection in a 25% sucrose/phosphate buffer saline (PBS) solution. The brains were then frozen at -50°C using isopentane. The sagittal sections were cut using a cryostat with a thickness of 12 μm that were regularly spaced.

Only one hemisphere was used and the sections were collected only from 0.96 mm relative to the Bregma until reaching the median line (-0.04 mm from the Bregma). Thus, at best, a total of 600 cuts, of 12 μm each, per animal, was harvested. For the study analysis we used 6 cuts, at different positions from the Bregma such that they covered the same region of the brain for each animal.

Immunohistochemistry data analysis

From the IHC samples, we estimated the astrocyte (AAF) and microglial area fraction (MAF) of the animals. For immunofluorescence analysis of astrogliosis and microgliosis the following anti-bodies were used respectively: anti-GFAP (acidic glio-fibrillar proteins) and anti-IBA1 (adaptive molecule linking ionizing calcium 1). A series consisting of ten slides were scanned with the X20 lens and Zstacked with the Carl ZEISS Axio Scan.Z1 scanner. All analysis was performed in the body of the CC. The ImageJ software96 was used for the quantification of the cells of interest. Because the shape of microglia and astrocytes did not allow the establishment of a count in 2 dimensions, a measurement of area seemed more suitable. The microglial and astrocyte area quantification was carried on by computing the ratio of the area of the stained region to the area of the total selected region.

Statistical analysis

Paired t-tests were performed to assess differences in metabolite ADCavg between CPZ and WTCPZ, and between PLP and WTPLP. In the same way, differences in relative concentrations and histology markers were studied. Linear Spearmen correlation between DAX and tNAA ADCavg was investigated. Also, linear correlations between DW-MRS and IHC glial markers were analyzed.

Specifically, the correlations of mIns and tCho ADCavg with the astrocyte and glial area fraction were subsequently investigated. Finally, linear Spearman correlations of tCr ADCavg with axonal and glial histological markers were evaluated. All correlations were assessed separately for each mouse model, as the experimental conditions between CPZ and PLP models were different. For multiple correlations, a post-hoc Bonferroni correction was performed. A p-value < 0.05 was considered to represent statistically significant differences or statistically significant correlations. The Cramér-Rao lower bounds (CRLBs) of tNAA and tCr were lower than 10% at all b-values. For mIns, the CRLBs were lower than 20% for all b-values, except in six cases (one CPZ, two WTCPZ, one PLP and two WTPLP) where the CRLBs were higher than 70% for at least one b-value. These signals were excluded for further analysis. For tCho, the CRLBs were lower than 30% for all bvalues, except in eight cases (two for each mouse group) where the CRLBs were higher than 70% at different b-values. Also in these cases, the signals were excluded for further analysis. for all fits, the null hypothesis of the χ2 goodness-of-fit test was accepted. Also, for tNAA and tCr signal decays, the R2 values were higher than 0.95 for all fits, whereas for tCho and mIns were slightly lower (R2 > 0.8). However, for tCho, seven mice (two WTCPZ and five PLP) were excluded from further analysis because the R2 values were lower than 0.5 (in at least one diffusion-weighted direction). For the same reason, one WTPLP was excluded from the analysis of mIns ADC. 

Results

DW-MRS spectra quality

DW-MRS results

Figure 3.4A shows metabolite ADCavg evaluated from CPZ and WTCPZ , while Figure 3.4B shows metabolite ADCavg from PLP and WTPLP. tCho ADCavg was significantly higher in CPZ (0.188 ± 0.041 μm2/ms, p < 0.05) with respect to WTCPZ (0.120 ± 0.033 μm2/ms) (Figure 3.4A). Similarly, mIns

ADCavg was significantly higher in CPZ (0.130 ± 0.031 μm2/ms, p < 0.005) with respect to WTCPZ (0.082 ± 0.024 μm2/ms) (Figure 3.4A). Also, tNAA ADCavg was significantly lower in PLP (0.089 ± 0.016 μm2/ms, p < 0.05) with respect to WTPLP (0.103 ± 0.018 μm2/ms) (Figure 3.4B). Finally, there was a non-significant trend of tCr ADCavg decrease in PLP (0.077 ± 0.015 μm2/ms, p ≈ 0.06) with respect to WTPLP (0.088 ± 0.016 μm2/ms) (Figure 3.4B). Table 3.1 summarizes the metabolite ADCavg derived from each mouse group

MRS results

According to CRLBs data shown in section 3. 

Correlation with histological analysis

Electron microscopy markers

The DAX values evaluated from EM measurements in the body of the CC are reported for CPZ and WTCPZ in Figure 3.6A, and for PLP and WTPLP in 

Immunohistochemistry markers

The IHC measurements (astrocyte and glial area fraction) performend in the body of the CC are reported for CPZ and WTCPZ in Figure 3.8A, and for PLP and WTPLP in Figure 3.8B. A significant increase in AAF and MAF was observed in CPZ (p < 0.005) with respect to WTCPZ (Figure 3.8A).

Also, a significant increase in MAF was observed in PLP (p < 0.01) with respect to WTCPZ (Figure No statistically significant correlations were observed between IHC glial markers and tCho ADCavg, nor tCr ADCavg (data not shown). 

Discussion

In this study, the diffusion properties of tNAA, tCr, tCho and mIns were compared with histology markers derived from EM and IHC in two different mouse models of myelinopathy. The most salient finding of this study was the histological validation of tCho and mIns diffusivities as markers of glial reactivity. Specifically, the strong correlation between mIns ADC and AAF observed in the CPZ cohort reinforced the hypothesis that the diffusivity of mIns is a marker of astrocyte hypertrophy during the inflammatory process. Also, the decrease of tNAA ADC observed in PLP mice is compatible with the presence of intra-axonal structural damage and/or with an increase in the intraaxonal viscosity. 

Histological data analysis

In this work, the EM measurements provided histological information on the presence of axonopathy, evaluated from DAX measurements, while the IHC data provided information regarding the presence of inflammation, as reflected by astrocyte (AAF) and microglia (MAF) areas. For each EM and IHC marker, the differences between the diseased and control mice were assessed.

In CPZ mice, the DAX did not significantly differ with respect to WTCPZ mice, which suggested that the demyelination process in CPZ after a 6 week-treatments did not induce axonal atrophy. This result is in agreement with previous findings97,98. The significant decrease of the DAX between PLP and WTPLP suggested that the hypomyelination process induced axonal atrophy. This finding is in agreement with results from a previous study99.

From the IHC markers, the significant differences in AAF and MAF, which were higher in CPZ mice with respect to WTCPZ, revealed inflammation. Specifically, the astrocytic and microglial activation was observed in CPZ mice. The IHC metrics for the CPZ model were consistent with previous findings86,100. In PLP mice, the MAF was 50% higher than the values evaluated in WTPLP (p < 0.01).

This finding revealed microglial activation. No further variations in IHC glial markers were observed in PLP. These results disagree with a previous study showing a severe inflammation process with a 100% increase of both AAF and MAF in mouse model of PMD90.

DW-MRS data analysis and histological validation

Our DW-MRS data quality allowed a reliable quantification of the diffusion properties of tNAA, tCr and mIns in both mouse models. In contrast, an acceptable quantification of the tCho ADCavg was only possible in the CPZ cohort. Indeed, the evaluation of the tCho ADCavg in PLP was successful only for 5 of 12 mice. Moreover, the IHC markers were available for just one of the 5 PLP mice, and it was therefore not possible to validate the tCho ADCavg in PLP.

DW-MRS data showed a significant difference between groups in mIns ADCavg, which was higher in CPZ mice with respect to WTCPZ (p < 0.005), and no variation in PLP mice with respect to WTPLP.

As expected, mIns ADCavg reflected astrocyte hypertrophy in CPZ30 and its variation pattern well corresponded to the histological results of IHC for the activation of astrocytes. Indeed, the AAF strongly increased in CPZ mice with respect to WTCPZ and did not differ in the comparison between PLP and WTPLP.

An important finding of this work was the strong correlation (ρ = 0.99, p < 0.05) between the mIns ADCavg and AAF in the CPZ cohort. This strong correlation suggested that the mIns ADCavg was able to monitor the astrocyte activation status in CPZ model in vivo. This result confirms the hypothesis that the diffusion of mIns may be a good marker of astrocytes reactivity in brain diseases.

Another important result was that tCho diffusivity was significantly higher in CPZ mice as compared to WTCPZ (p < 0.05). The high values of the tCho ADCavg in CPZ mice are consistent with the presence of inflammation processes causing glial cell swelling. Indeed, the cellular swelling would result in an increase of the intracellular space and an increase of the diffusivity in glial cytosol25. The high values of AAF and MAF observed in CPZ confirmed the presence of inflammation. However, the tCho ADCavg did not correlate with either with AAF or MAF in the CPZ group. No correlations between the tCho ADCavg and astrocyte or microglial markers could suggest that tCho diffusivity is able to detect inflammatory processes without being a specific marker of the morphological changes of astrocytes and microglia. Anyway, the size of CPZ cohort could be not enough for histological correlations of tCho ADCavg.

Our measures regarding the diffusion of tNAA revealed a significant ADCavg decrease in PLP with respect to WTPLP. In addition, tNAA ADCavg did not change between CPZ and WTCPZ. These findings suggest the presence of axonal degeneration and/or cytosolic changes in PLP mice, and the absence of axonopathy in CPZ mice. Our histological results from EM seemed to confirm the DW-MRS prediction regarding the axonal damages. Indeed, a significant decrease in DAX was only observed in PLP with respect to WTPLP (p < 0.005). However, tNAA ADCavg did not correlate with DAX in any of the mouse groups. Our tNAA diffusion investigation was not sensitive enough to detect axonal atrophy in PLP, however our results suggest that this measure may capture other intra-axonal changes related to axonopathy, such as increase in the intra-axonal molecular crowding possibly due to mitochondrial breakdown and dissolution of intracellular enzymatic micro-compartments17.

Finally, the tCr ADCavg did not change in either of the diseased mouse groups. Also, no correlations were observed between the tCr ADCavg and the histological markers (either axonal or glial markers).

Because, tCr is present in all brain tissue compartments4,9, its diffusion-weighted signal may be affected by different morphological and metabolic changes. In a previous study on a different auto-immune disease, an increase in the tCr diffusivity was observed and associated with the presence of inflammation processes, similarly to the tCho diffusivity25. In contrast, a decrease in the tCr diffusion was observed in MS patients compared with the healthy controls18. The reduction in the tCr diffusivity was proposed to reflect a pathological matabolic impairment in neurons. In our study, the absence of differences in tCr diffusivity in different mouse groups could be due to the simultaneous presence of inflammation and metabolic impairment.

Comparison between DW-MRS and MRS metrics

In CPZ mice, a significant decrease in tNAA/tCr was observed with respect to WTCPZ (p < 0.005).

Also, lower concentrations of tCho/tCr were observed between CPZ and WTCPZ (p < 0.005), and between PLP and WTPLP (p < 0.05). No other differences in relative concentrations were detected between case and control mice. Our results are in agreement with previous findings101,102. In these studies, the decreases in tNAA and tCho concentrations were mainly associated with mitochondrial impairment in neurons and glia101,102.

In our study, metabolite concentrations and diffusivities showed completely different trends. In CPZ mice, tCho and mIns ADCavg alterations, which reflected inflammation and astrocyte hypertrophy,

were not associated with tCho/tCr and mIns/tCr. Also, the differences in tNAA/tCr and tNAA ADCavg between the groups did not match. The lack of association in our data between metabolite concentrations and diffusivities strengthen the hypothesis that the DW-MRS metrics have the ability to provide additional and more specific information related to the microstructural changes with respect to the classical MRS metrics.

Conclusions

The histological validation of the DW-MRS metrics was performed on two different mouse models of myelinopathy associated with inflammations. The CPZ mouse treatment was able to mimic demyelination processes occurring in MS, and glial cells alterations as quantified from histological markers were in agreement with previous findings. In contrast, in the transgenic PLP/Tg 66 line mouse the IHC results were not in line with expectations, suggesting that this model did not present the severe inflammation processes occurring in PMD.

Nevertheless, the comparison presented in this study between the glial metabolite (tCho and mIns)

diffusivities and the IHC measurements of inflammation (MAF and AAF) provided the histological validation of these DW-MRS metrics as markers of glial reactivity. Moreover, the strong correlation between mIns ADCavg and AAF observed in the CPZ cohort indicated the ability of mIns diffusivity to monitor astrocyte hypertrophy during the inflammatory process. Instead, the tNAA ADCavg was able to detect axonal damage in PLP, even if a correlation with the DAX was not observed in this cohort. This result suggested the ability of tNAA diffusivity, as estimated under our experimental conditions, to detect intra-axonal alterations such as the dissolution of intra-axonal microcompartments, rather than axonal atrophy.

Finally, the different variation patterns of metabolite concentrations with respect to their diffusivities gave further evidence of the specificity of DW-MRS, with respect to conventional MRS, to provide information on cellular microstructural changes. 

3.S Supplemental materials

Introduction

Cerebral ischemia is a frequent cause of long-term disability and death in industrialized countries103.

One million Europeans are affected by cerebral ischemia each year and it is the third most common cause of death after heart attacks and cancer in the world104. In ischemic stroke, the damages are caused or accelerated by either apoptosis or programmed cell death initiated by chemical signals, glutamate-mediated toxicity, inflammation, necrosis or death through cell volume increase and oedema105,106. All these mechanisms can be associated with alterations in cellular structure and function.

The most applied neuroimaging technique in the diagnosis and treatment is the DW-MRI107, because it enables the visualization of focal ischemic lesions in acute ischemic stroke and provides useful information on cell microstructure108. However, DW-MRI is based on the diffusivity of water.

Because the water is present in intracellular, extracellular and in all cellular compartments of brain tissue, DW-MRI does not provide unequivocal discrimination of changes specific to the intracellular space2,3. Indeed, the decrease in water diffusivity reported in previous studies could be related to concomitant phenomena: restriction in the extracellular compartment, influx of water into the restricted intracellular compartment, and the cessation of active transport (cytosolic flux) in the affected cells109. Therefore, until now, in the absence of suitable measuring tools, the pathological mechanisms leading to specific-cell alterations have remained poorly understood. A better knowledge of the cellular mechanisms and the cellular populations involved in these processes, as well as their dynamics, could be extremely helpful to neuroprotection treatments110.

In contrast to water molecules, brain metabolites are present specifically in different types of brain cells4. DW-MRS has the ability to study ischemia-related changes in different brain cell populations because it provides information on the diffusivity of metabolites in tissue intracellular compartments13-16. DW-MRS combines the specificity of the magnetic resonance spectroscopy, which measures the metabolite concentrations, with the sensitivity to microstructural changes of the diffusion-weighted signals15,16.

Previous studies have shown that DW-MRS measurements provide a better understanding of the microstructural changes occuring in many brain disorders17-27. Specifically, the diffusivity of tNAA (NAA + NAAG), has been proposed as a marker of axonopathy in human investigation of multiple sclerosis17. In addition, it has been suggested that the diffusivity of tCho is sensitive to inflammatory processes induced by glial reactivity in systemic lupus erythematosus disease25.

More specific than tCho diffusivity, myo-Inisitol (mIns) diffusivity was observed and related to the astrocyte hypertrophy in an animal model of astrocyte reactivity30. Finally, the diffusion of tCr (Cr+PCr) was related to impaired energy metabolism18 and inflammatory processes25.

Until now, the diffusion properties of metabolites have been studied at a very early stage of cerebral ischemia19-22. Studies in human and animal models reported a significant decrease in the diffusion of tNAA, tCho and tCr in the first hours after ischemic stroke. In this study, we aim at getting noninvasively important information on the evolution of the cellular damage in this disease, and distinguishing between different mechanism affecting neuronal and glial processes. With this purpose, we investigated tNAA, tCr, tCho and mIns ADC changes at different time points up to three months after ischemic stroke in the human brain in both infarcted and non-infarcted hemispheres. 

Material and Methods

Human subjects

Spectral processing

All spectra were processed with in-house written routine in MATLAB release R2017b (Mathworks, Natick, MA, USA). DW-MRS data were first corrected for eddy currents using water reference scans.

Zero-order phase fluctuations and frequency drifts were corrected on single averages before summation. A peak thresholding procedure was applied to discard the single averages with artifactual low SNR (see section 2.S.1). For each b-value, the corrected spectra were averaged across the three diffusion directions and analyzed with LCModel69 for metabolite quantification. The basis set was simulated with an in-house written routine in MATLAB based on the density matrix formalism70 and using previously reported chemical shifts and J-couplings71,72. The basis set included alanine, ascorbate, aspartate, creatine (Cr), γ-aminobutyric acid, glucose, glutamate, glutamine, glutathione, glycerophosphorylcholine, mIns, lactate, N-acetylaspartate (NAA), N-acetylaspartylglutamate, phosphocreatine (PCr), phosphorylcholine, phosphorylethanolamine, scyllo-inositol, and taurine.

Independent spectra for the CH3 and CH2 groups of NAA, Cr and PCr were simulated and included in the basis set.

Based on the LCModel data, the ADCs of tNAA, tCr, tCho and mIns were calculated in each VOI assuming a mono-exponential decay of the signal as a function of the b-value:

𝐴𝐷𝐶 = -log[𝑆(𝑏 1 )/𝑆(𝑏 0 )] /𝑏 1 (4.1)
where S(b1) is the signal measured at b1, and S(b0) is the signal measured at b0.

Finally, from the LCModel data of the spectra measured at b0 the absolute concentrations of the tNAA, tCr, tCho and mIns (mM) were evaluated relative to the water reference scan acquired at the same condition.

Statistical analysis

First, DW-MRS data from VOIles and VOIcl were separately analyzed with one-way repeated ANOVA to assess differences in the ADCs between HV and IS (number of subjects per group n = 16). Next, significant differences in metabolite ADCs between HV and IS were detected at each time point using the Tukey's honestly significant difference (HSD) test.

Subsequently, DW-MRS data from IS were analyzed with a two-way repeated measures ANOVA to assess metabolite ADC changes between VOIles and VOIcl at a single time point. Also, by considering the interaction 'Group x Time', the analysis identified ADC longitudinal changes between the two VOIs. Significant differences in metabolite ADCs between VOIs at each time point, as well as longitudinal differences between VOIs over two time points, were evaluated using the HSD test.

Metabolite concentration data were analyzed in the same way as the DW-MRS data.

A p-value < 0.05 was considered to represent statistically significant differences. All statistical analyses were performed using MATLAB functions present in the Statistics and Machine Learning Toolbox (release R2017b).

Results

All patients had an infarct lesion located either in the corona radiata, putamen or posterior lobe (mean voxel size ± standard deviation: 10 ± 3 ml; range: 8-18 ml). At S3, DW-MRS acquisitions in VOIcl of two IS could not be performed due to technical issues. For six subjects, mIns CRLBs were higher than 70%, therefore these signals were excluded for further 

Discussion

In this study, we assessed metabolite diffusion changes in ischemic lesions at three different stages of the diseases, in order to monitor microstructural changes occurring in neuronal and glial cells. To our knowledge, this was the first study that followed the evolution of cell-specific changes using DW-MRS up to the chronic phase of the disease.

Infarcted lesion area analysis

The most important findings of this work were the increase in the diffusivities of tCho and tCr in the ischemic lesion at the sub-acute stage of the disease. In addition, the increase in tCr diffusivity persisted at the chronic stage of the disease. These increases were observed as compared with both the normal tissue in HV and the contralesional area in IS at the same stage. tCho is a predominantly glial marker4,5, therefore the changes in tCho ADC suggest a morphological alteration of the glial cells in the ischemic lesion. Specifically, the inflammatory response in brain ischemia is modulated by activated microglia111 and reactive astrocytes112. The term activated microglia refers to the morphological transformation of microglial cells from a resting state (where the cells have a "ramified" shape) to an "ameboid" state111. Similarly, the reactive astrocytes are characterized by hypertrophy of their shapes with respect the astrocytic healthy state112. Both morphological alterations would result in an increase of the intracellular space and in a decrease of the molecular crowding, ultimately leading to an increase in tCho diffusivity in the cytosol.

In contrast to tCho, tCr is not a predominantly glial marker11,12, and its diffusivity could reflect both glial morphological variations and metabolic alterations18,25. However, different studies associated the elevation of diffusivity of tCr to glial cell swelling25,113, because the astrocytic concentration of the tCr is twice that of neurons38. Also, in brain ischemia the axonal loss in presence of glial proliferation is well documented at different stages after stroke114. This imbalance between neurons and glial cells in the ischemic lesion with respect to normal tissue reinforces the idea that the observed high tCr diffusivity at the sub-acute stage of the disease could be related to the morphological transformations of glial cell, as suggested by the high tCho diffusivity.

The axonal loss in ischemic lesion is well confirmed by our metabolite concentration data. Indeed, the tNAA and tCr concentration decrease in the lesion area is associated with neuronal death, as already suggested in previous studied115,116. Also, the increase in tCho concentration in the lesion area with respect to the contralateral side at the subacute stage of the disease could be related to the glial proliferation.

Interestingly, tCr ADC remained high in the lesion at the chronic stage of disease. In addition, the longitudinal variation pattern of tCho ADC was different from that of tCr ADC. The longitudinal increase in the diffusivity of tCho in the lesion between S1 and S2 was followed by a decrease between S2 and S3. In contrast, the longitudinal increase in the diffusivity of tCr between S1 and S2

was not followed by a recovery at the chronic stage. These results suggest that the changes of tCr diffusivity at the chronic stage may be dominated by astrocyte reactivity processes.

The mIns diffusion has been shown to be sensitive to the astrocytic hypertrophy30. The significant increase of mIns ADC in the ischemic lesion with respect to the contralateral side at S3 provides a further evidence of the presence of reactive astrocytes at the chronic stage. However, a significant variation in mIns ADC between the lesion area and the normal tissue in HV at the chronic stage was not observed. Vice-versa, a statistically significant increase in mIns diffusivity was observed in the lesion area with respect to the normal tissue in HV at the acute stage, but it was not observed with respect to the contralateral side (figure 4.3D). Probably, our measurements did not have the statistical power to detect a persistent increase in mIns diffusivity up to the chronic stage. Indeed, based on our data, differences of about 30% were observed between the mIns ADC measured from VOIles in HV and VOIles in IS at each stage of the disease, and between the values measured from VOIles and VOIcl in IS. According our published study on the reproducibility and the robustness of DW-MRS at 3T

(see section 2.3.5), in order to observe a 30% statistically significant difference in mIns ADC from a mainly white matter VOI in a case-control study, twelve subjects per groups are necessary. However, in this study, the mIns ADC values were available for only ten subjects per group.

In contrast to the diffusivity, mIns concentration strongly decreased in the ischemic lesion at the acute stage, and gradually recovered at the sub-acute and chronic stage of disease (Figure 4.4D). The initial decrease in mIns concentration is consistent with the concentration decreases of all other metabolites (Figure 4.4), caused by the severe cellular death115,116. Instead, the recovery is likely related to the subsequent astroglial proliferation.

Regarding tNAA, considered to be an exclusively axonal/neuronal metabolite, no change in diffusivity was found at any stage of ischemia (Figure 4.3A). The IS VOIles were composed mainly by the infarcted tissue, but also included a relatively small fraction of surrounding normal appearing tissue. Axonal loss in infarcted lesion is revealed by the low tNAA concentration (figure 4.4A), while the ADC measured in this area is probably associated with the normal appearing tissue that was present in the VOIles. Therefore, the lack of changes in the tNAA ADC in the lesions may be explained with the presence of intact axons in the tissue surrounding the infarcted area.

A number of studies investigated the diffusion of metabolites in cerebral ischemia in rodents19,20, and in humans21. Both in rodents and in humans, the infarcted lesion tissue was analyzed in a very early stage after the stroke (within 3 and 24 hours in rodents, and within 24 and 72 hours in humans). All these studies reported a strong decrease in metabolite diffusivities within 24 hours after stroke. The strong decrease in all metabolite ADCs may be due to cell shrinking before apoptosis, as well as to the phenomenon of neurite beading117 that takes place after the stroke: the metabolites are temporally confined in the focal bead along the fibers. The neurite beading is a reversible phenomenon118 and this reversibility could explain the metabolite ADC recovery that was observed within 72 hours in humans21. It is tempting to speculate that the lack of changes in tCr and tCho ADCs in the acute stage of ischemia is possibly due to competing mechanisms of recovery of neurite beading, ultimate death of unsavable cells, and the beginning of inflammation processes.

Contralateral side area analysis

No changes were observed at any stage of the disease in metabolite ADCs in the hemisphere contralateral to the lesions. This is in agreement with our expectation that the contralateral regions did not show significant microstructural changes114. Also, we did not observe any changes in metabolite concentrations in the hemisphere contralateral to the lesions at any of the ischemic stage. This is in agreement with previous findings115,116.

Limitations

In this study, the mIns ADC was evaluated for a small group size of 10 subject per group, because we excluded six bad quality datasets. As seen in our study on the reproducibility and the robustness of DW-MRS at 3T (section 2.3.5), the evaluation of mIns ADC is very challenging. The diffusionweighting scheme (number of b-values and averages) performed in this study, which was chosen in order to achieve a clinically feasible acquisition time, does not allow to provide a robust evaluation of mIns ADC.

Missing in this study is an evaluation of the tissue compositions of the VOIs for each patient. Analyses that take into account the percentage of WM, GM and CSF, as well as the percentage of infarcted lesion in VOIles, would provide useful information to explain the variability of metabolite ADCs.

Conclusions

In this study, we monitored using DW-MRS the dynamics of microstructural alterations in ischemic stroke patients at three different times point up to three months after ischemic stroke, in both infarcted and non-infarcted hemispheres. The main finding was that the diffusivities of tCho and tCr increased at the sub-acute stage of ischemia. These increases were probably due to the presence of inflammatory processes and glial reactivity. Another important observation was the increased diffusivity of tCr and mIns up to the chronic stage of disease. This suggested that the astrocytes were still in a reactive state at three months after ischemic stroke. These results confirm the ability of DW-MRS to monitor the dynamic structural changes in glial cells related to inflammatory processes. In addition, these results could help determine the best therapeutic window to administer neuroprotective treatments and provide a surrogate marker to monitor the effect of tailored treatments.

increased intra-axonal viscosity due to dissolution of intra-cellular micro-compartments rather than axonal atrophy.

Following histological validation of DWS measurements, we studied the longitudinal evolution of axonal and glial alterations after ischemic stroke in the human brain. A better understanding of longitudinal cell-specific changes up to the chronic phase of the disease was relevant because it would provide potentially useful information for optimizing the therapeutic window of an anti-inflammatory treatment. Therefore, we investigated the diffusion properties of tNAA, tCr, tCho and mIns in ischemic stroke patients at three different stages of the disease: acute, sub-acute and chronic stage.

The DW-MRS data reflected the presence of inflammation due to glial reactivity in the sub-acute stage of the disease (i.e. about one month after ischemic stroke). In addition, astrocytic reactivity was observed up to the chronic stage of the disease (i.e. about three months after the ischemic stroke).

DW-MRS measurements for detection of microstructural changes

This work provides information about both the reliability of metabolite ADC measurements and longitudinal variations that may be observed in white matter diseases. These variations were related to microstructural changes that occured in brain tissue during white matter pathologies. In the following sections, a focus on the ability of tNAA, tCr, tCho and mIns to detect axonal damages, inflammation processes and astrocyte hypertrophy is presented.

tNAA diffusivity

Power calculations on clinical DW-MRS suggested that a 15% difference in tNAA ADC may be detected in the white matter in a case-control study with less than 10 subjects per group and an acquisition time of 4 minutes (table 2.

3).

A decrease in tNAA diffusivity has been linked to axonal damage17-22. Axonal damage may include different pathological mechanisms, such as axonal atrophy17, axonal beading (focal enlargements separated by constrictions)117 and molecular crowding due to the dissolution of intra-axonal microcompartments (mitochondrial destruction)18. Here, a decrease in the ADC of tNAA was observed in PLP mice in connection with the decrease in axonal diameter measured with EM. However, a correlation between tNAA ADC and DAX was not observed. Therefore, the decrease in tNAA diffusivity seemed to detect an increase in intra-axonal viscosity due to an increase in molecular crowding rather than axonal atrophy.

The ADC of tNAA did not change during the three time points in stroke patients. However, a number of studies have reported a decrease in tNAA diffusivity at the hyper-acute stage of ischemic stroke (within 24 hours after stroke) in rodents and in humans, possibly due to the axonal beading19-22.

Therefore, the absence of variations of tNAA ADC in our data could be explained by the fact that they were acquired later than the stage of axonal beading, probably after irreversible neuronal death in the core of the lesion. Future studies will focus on the detection, via the tNAA diffusion, of axonal beading at the hyper-acute stage after ischemic stroke.

mIns diffusivity

Only one previous study reported a difference in mIns diffusivity in a case-control study30. In this study, the ability of mIns diffusion to detect astrocyte hypertrophy was investigated in a mouse model of pure astrocyte reactivity. Here, we observed a strong correlation between the mIns ADC and the histological marker for the astrocyte area in CPZ mice (ρ = 0.99, p < 0.05). This finding confirmed the high sensitivity of mIns diffusivity to astrocyte cell alterations.

Our results performed using a clinical scanner suggested that a difference of 30% in mIns ADC in white matter may be detected in a case-control study with less than 15 subjects per group and an acquisition time of 4 minutes (table 2.3). A difference of 30% seems to be of biological interest when considering the percentage difference in mIns ADC observed in CPZ case-control study (table 3.1).

In addition, ~ 30% increase was observed in ischemic stroke patients at each stage of the disease (table 4.3). Unfortunately, we could measure mIns ADC in only ten subjects per group, therefore a slightly lower number than the power calculation result. Therefore, a statistically significant increase in mIns ADC was observed only at the acute and chronic stage after the ischemic stroke.

tCho diffusivity

We observed a 10% increase in tCho ADC at the sub-acute stage of stroke (Table 4.3), and an increase of more 30% in CPZ mice. Our reproducibility study on clinical DW-MRS showed that a 15% difference in tCho ADC in white matter may be detected in a case-control study with less than 20 subjects per groups and an acquisition time of 4 minutes (Table 2.3).

Because tCho concentration is 2-3-fold higher in glial cells than neurons4, we assume that the increase in tCho diffusivity was related to the morphological alterations of the glial cells due to the inflammatory response25. Specifically, the inflammatory response was modulated by microglia and astrocyte reactivity111,112. These morphological changes were both characterized by cell-swelling and hypertrophy111,112, which would result in an increase in intracellular space and a decrease in molecular crowding leading to increased diffusion in the cytosol25.

Data collected in CPZ mice confirmed the ability of tCho ADC to provide information regarding the microglial and astrocyte activation. Indeed, a strong increase in tCho diffusivity was observed in CPZ mice (Figure 3.4A) in presence of histological evidence of inflammation (Figure 3.8A). Interestingly, there were no variations in tCho ADC at the chronic stage after ischemic stroke, although astrocytic activation was still present as suggested by the mIns ADC increase (and tCr ADC increase; see section 5.2.4). Although a correlation between tCho ADC and the histological microglial marker was not found in CPZ mice, the findings from the chronic stage after ischemic stroke could suggest that tCho diffusivity was specifically sensitive to the microglial activation. Further studies investigating animal models of microglial activation may elucidate the relationship between tCho diffusivity and microglial hypertrophy.

tCr diffusivity

Previous authors reported alteration in tCr diffusivity in different diseases18,25. Specifically, a 15% increase was detected in systemic lupus erythematosus, an auto-immune neuroinflammatory disease25. The 10% increase that we observed at the sub-acute and chronic stages of stroke is in line with this report. Power calculations suggested that tissue damages could be detected using tCr diffusivity with less than 20 subjects per group and an acquisition time of 4 minutes (table 2.

3).

Given that tCr is present in all brain tissue compartments11,12, alterations in tCr diffusivity may be related to both axonal and glial changes. In MS patients, previous authors hypothesized that the decrease in tCr diffusivity was related to an impairment in intercellular creatine transport, which would lead to reduced energy supply and reduced phosphocreatine consumption18. The reduced consumption would lead to a pathological increase in the phosphocreatine-creatine ratio, which in turn would result in a reduction in tCr diffusivity18. Also, in the same study a simultaneous decrease in tCr and tNAA diffusivity was reported.

In contrast, the increase in tCr ADC could be related to a presence of glial reactivity caused by an increase of the intracellular space and in a decrease in molecular crowding25,113. In systemic lupus erythematosus patients, the simultaneous increase of tCr and tCho diffusivity seemed to provide the same information regarding the inflammatory processes25. In our work, the simultaneous increase in tCr and tCho diffusivity was observed at the sub-acute stage of ischemic stroke and suggested the presence of inflammation. However, tCr diffusivity was also increased at the chronic stage of stroke.

At this stage, tCr diffusivity seemed to follow the increase in mIns diffusivity. It is thus possible that tCr diffusivity provides information on reactive astrocytes at the chronic stage of stroke.

In mouse models, there were no significant changes in tCr diffusivity. The lack of tCr diffusivity variations may be due to the simultaneous presence of inflammation and metabolic impairment.

However, tCr diffusivity trends in CPZ and PLP mice seem to confirm what was stated above. Indeed a non-significant 10% increase in tCr diffusivity was observed in CPZ mice in the presence of glial activation (increase in tCho and mIns ADC), as well as a non-significant 13% decrease in PLP mice in the presence of axonal damage (decrease in tNAA ADC) (table 3.1).

In conclusion, the alterations in the tCr diffusivity seem to follow the most dramatic pathological mechanism that takes in place in a given disease or stage of disease.

Future directions

Animal model validation

In this thesis, we validated tNAA, tCho and mIns diffusion measurements using histological data.

However, only correlations between mIns ADC and IHC measurements of astrocyte area fraction were found. In addition, the histological validation of DW-MRS measurements was carried out with a low number of mice.

These pilot data are proof of concept for a larger scale histological validation of DW-MRS glial markers with a larger number of animals. In addition, longitudinal DW-MRS investigation of CPZfed mice during demyelination (week 4 and 6) and spontaneous remyelination (week 12) phases101 could help elucidate the role of microglia and astrocytes in inflammation processes at different stages of disease. In this case, the longitudinal variations in the ADC of mIns ADC, tCho and tCr could provide useful markers for understanding the possible relationships between tCho diffusivity and microglial activation, and between tCr diffusivity and astrocyte reactivity. In addition, the DW-MRS study of a well-characterized animal model of hypomyelination could provide further information on the DW-MRS glial markers in the presence of severe inflammation processes.

Lastly, a recent study55 demonstrated the ability of DW-STE-LASER to investigate the metabolite signal decay up to b = 30000 s/mm2. Since the signal decay above b = 8000 s/mm2 is not mono-exponential49, more sophisticated modelling of metabolite diffusion in biological compartments would be necessary and they could provide more specific information on different microscopic tissue compartments. Particularly, in recent studies the application of non-mono-exponential models provided a measure of axonal diameter49 and of astrocytic fiber and soma radii30.

Clinical applications

Our DW-MRS data in ischemic stroke patients reflected the presence of inflammation caused by glial reactivity at the sub-acute stage of the disease, and the presence of astrocyte reactivity up to the chronic stage of the disease. The ability of DW-MRS glial markers to monitor the presence of inflammation process was indicated. An interesting application of DW-MRS could be to investigate the longitudinal changes in metabolite ADC in normal appearing tissue around the ischemic lesion.

Indeed, previous studies reported metabolic and morphological changes in normal appearing tissue in the hemisphere ipsilateral to the ischemic stroke119,120. Specifically, the proliferation and activation of neural progenitor cells and glial cells were observed in mouse119 and in human brain ex vivo120.

Thus, the DW-MRS markers may be able to monitor the glial activation in apparent normal tissue in the hemisphere ipsilateral to the ischemic stroke in vivo.

Conclusions

DW-MRS provides a unique way to differentiate between axonal damage, glial activation, and astrocyte hypertrophy in vivo. Thanks to its ability to unravel the alterations that occur in different cell types of brain tissue, DW-MRS is a very promising technique in clinical studies. DW-MRS could provide potential useful information for the optimization of the therapeutic windows in human neurodegenerative diseases.

The final goal of this thesis was to better understand how the investigation of the metabolite diffusion properties could help to elucidate the pathological mechanism of the brain tissue. Indeed, the studies presented in this thesis demonstrate the feasibility and the robustness of the DW-MRS investigation in clinical studies, provide a histological validation of DW-MRS measurements, and show the ability of DW-MRS to monitor the evolution of glial changes in the human brain tissue after ischemic stroke.

  spins over time. During the relaxation process, Mxy rotates in the transverse plane. The free induction decay (FID) is the observable NMR signal generated by the non-equilibrium transverse magnetization31. The FID following excitation into the transverse plan can be obtained by solving the Bloch equations32: 𝑑𝑀 𝑥𝑦 (𝑡) 𝑑𝑡 = -𝑖𝛾𝑀 𝑥𝑦 (𝑡)𝐵 0 -𝑀 𝑥𝑦 (𝑡)

  -of-the-art MRS, in vivo applications in brain tissue are able to observe up to circa 15-20 different metabolites33 (Figure 1.1). Metabolite quantification from 1H MRS is achievable by applying water suppression and spatial localization pulses. Water suppression is a fundamental prerequisite because the water resonance is several orders of magnitude larger than the metabolite signals. On the other hand, restricting signal detection to a well-defined volume-of-interest (VOI) is crucial for meaningful in vivo MRS34.

Fig. 1 . 1 :

 11 Fig. 1.1: Example of 1H MRS spectrum acquired with LASER from rat brain in vivo at 11.7 T34.

Figure 1 . 2 :

 12 Figure 1.2: Examples of free un-restricted (A) and restricted diffusion in a sphere (B) at different td39.

  Weighted MR spectroscopy DW-MRS combines classical MRS spatial localized pulse sequences with the diffusion-weighting magnetic gradient pulses. As expected from the Equation 1.16, metabolite peaks (Equation 1.5) in DW-MRS are attenuated by the diffusion weighting. An example of a set of DW-MRS spectra is shown in Figure 1.3. The flexibility in the possible configurations of diffusion weighting magnetic gradient pulses in an MRS sequence, as well as in the choice of the diffusion parameters, allows for a large variety of experiments. Therefore, the choice of the proper sequence to be employed in a DW-MRS study depends on several factors, such as Signal-to-Noise-ratio (SNR), precision of metabolite quantification, and the required conditions on the diffusion parameters for the modeling of the diffusion data. Currently, the most commonly used techniques for DW-MRS are based on stimulated echo acquisition mode (STEAM)44, point-resolved spectroscopy (PRESS)45, adiabatic selective

Fig 1 . 3 :

 13 Fig 1.3: Representative DW-MRS spectra acquired with DW-semi-LASER at 3 T in the corona radiata of a

Figure 1 . 4 :

 14 Figure 1.4: Schematic of the DW-semi-LASER sequence. The RF pulses are shown together with the

Figure 1 . 5 :

 15 Figure 1.5: Schematic of the DW-STE-LASER sequence55. The STE block includes diffusion-weighting

1. 5

 5 Summary DW-MRS allows measuring the diffusivity of brain metabolites in vivo, by adding DW magnetic gradient pulses to classical MRS sequences. Metabolite ADCs are estimated by studying the metabolite signal decays as a function of the b-value (Equation 1.16). Alterations in ADCs of metabolites have been related to microstructural changes due to pathological processes.
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 21 Figure 2.1: Diffusion-weighted spectra and VOIs. The locations of the VOIs in (A) the PCC and (C) the CR

Figure 2 . 2 :

 22 Figure 2.2: tNAA attenuation curves. Natural logarithm of tNAA normalized signal decay plotted as a function

Figure 2 .

 2 Figure 2.3A and 2.3B show SNR of tNAA for single averages (40 averages for each diffusion

Figure 2 . 3 :

 23 Figure 2.3: Effect of cardiac gating on tNAA SNR. tNAA SNR calculated for single averages in one subject

Figure 2 .

 2 4 shows an example of 40 averages acquired at b3 in VOICR, plotted without post-processing (2.4A), after eddy current, phase and frequency corrections (2.4B), and after peak thresholding (2.4C).

Figure 2 . 5 shows

 25 Figure 2.5 shows ADCexp (2.5A, 2.5B), ADCK (2.5C, 2.5D) and K (2.5E, 2.5F) of tNAA measured in

Figure 2 . 4 :

 24 Figure 2.4: Post-processing. Example of 40 averages acquired with cardiac gating at b3 from VOICR, plotted

  ADCexp, ADCK and K of tNAA (CV = 10%, 14% and 27%, respectively) were lower in dir3 with respect to the other two directions (CV = 18%, 22% and 38% for both dir1 and dir2) (Figures 2.5B, 2.5D and 2.5F).
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 25 Figure 2.5: Effect of peak thresholding on the variability of tNAA diffusion measures. Diffusivity measures

Figure 2 .

 2 Figure 2.6 shows the ADCexp of tNAA derived in VOICR and VOI'CR, plotted for all subjects and all

Figure 2 . 6 :

 26 Figure 2.6: Effect of the voxel size on the variability of tNAA diffusion measures. ADCexp derived from all

Figure 2 . 7 :

 27 Figure 2.7: Inter-subject variability. ADCexp, ADCK and K of all metabolites from all subjects and sessions

Figure 2 .

 2 Figure 2.8 shows the CV of ADCexp and K of tNAA calculated as a function of the number of averages

Figure 2 . 9 :

 29 Figure 2.9: Reproducibility analysis. Number of subjects (per group) required to detect a difference in the

  pipeline allowed to obtain high quality DW-MR spectra for all subjects, sessions and VOIs, up to the highest b-value of b = 7300 s/mm2 (Figure2.1B and D), enabling the utilization of this method in clinically feasible acquisition times.

  9). The non mono-exponential behavior of the signal decay at high b-values can originate from non-gaussian, restricted diffusion within individual compartments, distributions of diffusion coefficients associated with multiple gaussian compartments, fiber dispersion, exchange effects, or a combination of all these processes75. Sampling DW-MRS data at high b-values is necessary to derive information on tissue morphology at the microscopic scale59,76. Although reaching ultra-high b-values > 15,000 s/mm2 would be desirable for accurate modeling of DW-MRS signals and extraction of microstructural parameters, this may be very challenging in a clinical context with stringent limitations in the acquisition times.

  schemes, corresponding to different acquisition times. In both VOIs, the coefficients of variation for

Figure 2 .

 2 Figure 2.S2: (A) Noise distribution at b0, (B) b1, (C) b2 and (D) b3, estimated from the last 100 points of all

Figure 2 .

 2 Figure 2.S3 shows the SNRb distribution calculated from all subjects at each b-value (in blue),

Figure 2 .

 2 Figure 2.S3: Distribution of the measured (blue histogram) and simulated (red histogram) SNRs derived from

  acquired with a Multi Slice Multi Echo (MSME) sequence (isotropic field of view, 16 mm; matrix size: 256 × 256; isotropic resolution, 0.078 mm; TR/TE, 1500/20 ms; total acquisition time, 4 min) to place the spectroscopic volume of interest (VOI). DW-MRS acquisitions were performed using a single-voxel stimulated echo (STE)-localization by adiabatic selective refocusing (LASER) sequence55. The STE-LASER is one of the recent proposed sequences for DW-MRS in which the diffusion module is disentangled from the localization module. Using this sequence, it is possible to reach very short echo times and, in the meantime, reach very high b-value or very long diffusion time td. DW-MRS data were acquired in a VOI of 6 × 1.5 × 3 mm3 including the body of the corpus callosum (CC) (Figure 3.1).

Figure 3 . 1 :

 31 Figure 3.1: (Left panel) Location of the VOI in the body of the CC shown on a sagittal view of a T2-weighted

principle94:

  VFs were calculated by dividing the total number of points hitting the structure (P(Y)) by the total number of points hitting the reference volume (P(ref)) following equation: 36 regularly spaced crosses was generated with Fiji, an open-source platform for biological image analysis95. Each of the 36 crosses represented an area of 0.5 μm². Axonal fibers were judged to be in transverse section by the orientation of axonal microtubules. Stereological analysis provided the total Axon Volume Fractions (tAVF), which included both myelinated and unmyelinated axons. Total Axon Count (tAxCount) was manually quantified. The DAX were calculated following Equation 3.3:

Figure 3 .

 3 Figure 3.2 shows representative spectra acquired in WTCPZ (3.2A), in CPZ (3.2B), in WTPLP (3.2C)

Figure 3 .

 3 Figure 3.3 shows the signal logarithm attenuation for tNAA, tCr, tCho and mIns from all mouse

Figure 3 . 2 :Figure 3 . 3 :

 3233 Figure 3.2: Representative DW-MRS spectra acquired from WTCPZ (A), CPZ (B), WTPLP (C) and PLP (D).

3 . 1 ,

 31 two tCho signals (one CPZ and one PLP) and one mIns signal (WTCPZ) were excluded from further analysis.

Figure 3 .

 3 Figure 3.5A shows metabolite concentrations, relative to the tCr concentration, evaluated from CPZ

Figure 3 . 4 :

 34 Figure 3.4: A. Box plot of metabolite ADCs measured in CPZ (red dots) and WTCPZ (blue dots). B. Box plot

Figure 3 . 5 :

 35 Figure 3.5: A. Metabolite concentrations relative to tCr concentration measured in CPZ (red bar) and WTCPZ

Figure 3 .

 3 6B. No difference in DAX was observed between CPZ and WTCPZ. In contrast, the DAX values measured in PLP were significant different (p < 0.005) with respect to those measured in WTPLP. Representative EM images acquired in one mouse for each cohort are shown in Figure 3.S.1 of the supplementary materials (see section 3.S).

Figure 3 .

 3 Figure 3.7 shows the correlation analysis between DAX and tNAA ADCavg. No Significant

Figure 3 . 6 :

 36 Figure 3.6: A. EM measurements of DAX from the body of the CC in CPZ (red bar) and WTCPZ (blue bar).

Figure 3 . 7 :

 37 Figure 3.7: Scatter plot of DAX against tNAA ADCavg for all mouse groups.

3 .

 3 8B). Representative IHC images for astrocytic and microglial immunofluorescence obtained from the body of the CC of the mouse cohorts are shown in Figure3.S2 and 3.S3 of the supplementary material (see section 3.S).

Figure 3 .

 3 Figure 3.9 shows the correlations between IHC markers and mIns ADCavg (3.9A), and tCho ADCavg

Figure 3 . 8 :

 38 Figure 3.8: A. IHC measurements (AAF and MAF) from the body of CC in CPZ (red bars) and WTCPZ (blue

Figure 3 . 9 :

 39 Figure 3.9: A. Scatter plots of IHC measurements (AAF and MAF) against mIns ADCavg. B. Scatter plots of

Figure 3 .S. 1 :

 31 Figure 3.S.1: Representative EM images acquired in WTCPZ (A), CPZ (B), WTPLP (C) and PLP (D).

Figure 3 .S. 2 :

 32 Figure 3.S.2: Representative IHC images for astrocytic (A) and microglial (B) immunofluorescence obtained

Figure 3 .S. 3 :

 33 Figure 3.S.3: Representative IHC images for astrocytic (A) and microglial (B) immunofluorescence obtained

Figure 4 . 1 :

 41 Figure 4.1: Examples of VOI locations in IS and in HV shown on an axial view of a FLAIR image. In the HV,

  Healthy volunteers underwent only one MRI/MRS examination. For them, VOIles and VOIcl were of the same size and positioned in the same locations as for the corresponding age-and gender-matched patients (Figure4.1).

Figure 4 .

 4 Figure 4.2 shows examples of diffusion weighted spectra acquired in IS and in HV. The CRLBs of

Figure 4 . 2 :

 42 Figure 4.2: Examples of spectra acquired in (A) HV and (B-D) IS at different time points from VOIles and

Figure 4 . 3 :

 43 Figure 4.3: Box plots of the (A) tNAA, (B) tCho, (C) tCr and (D) mIns ADC evaluated from IS at each stage

Figure 4 .

 4 4D). Finally, the longitudinal evolution of mIns concentration in VOIles between S1 and S2, between S2 and S3, and between S1 and S3 was significantly different compared to that in VOIcl (p = 0.03 between S1 and S2, and p < 0.005 in the other comparisons) (Figure 4.4D). No further significant differences were observed in metabolite concentrations.
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 44 Figure 4.4: Longitudinal evolution of (A) tNAA, (B) tCho, (C) tCr and (D) mIns concentration evaluated from

  

  

  

Table 2 . 1 .

 21 Mean standard deviation (SD) and coefficient of variation (CV) of ADCexp, ADCK and K values calculated for each session (S1 to S3) in VOIPCC (scheme b[0,1,2] and 40 averages per diffusion condition).

	VOIPCC		S1		S2		S3		Average
	Diffusion Parameter	Metabolite Mean (SD)	CV (%)	Mean (SD)	CV (%)	Mean (SD)	CV (%)	Mean (SD)	CV (%)
	ADCexp	tNAA	0.126 (0.007) 6 0.120 (0.009)	7 0.124 (0.009) 7	0.123 (0.008)	7
	(μm2/ms)	tCr	0.119 (0.010) 8 0.118 (0.013) 11 0.118 (0.010) 9	0.118 (0.011)	9
		tCho	0.106 (0.008) 8 0.106 (0.012) 12 0.107 (0.009) 9	0.106 (0.010)	9
		mIns	0.107 (0.015) 14 0.106 (0.015) 14 0.112 (0.015) 14 0.108 (0.015)
	ADCK	tNAA	0.151 (0.011) 8 0.142 (0.014) 10 0.147 (0.014) 10 0.147 (0.013)	9
	(μm2/ms)	tCr	0.141 (0.015) 11 0.139 (0.024) 18 0.135 (0.016) 12 0.140 (0.019)
		tCho	0.122 (0.012) 10 0.123 (0.020) 16 0.125 (0.013) 10 0.123 (0.015)
		mIns	0.134 (0.018) 14 0.133 (0.023) 17 0.141 (0.024) 17 0.136 (0.022)
	K	tNAA	1.808 (0.204) 11 1.712 (0.211) 12 1.744 (0.266) 15 1.757 (0.227)
		tCr	1.689 (0.210) 12 1.692 (0.298) 18 1.552 (0.416) 27 1.645 (0.308)
		tCho	1.680 (0.486) 29 1.738 (0.262) 15 1.718 (0.291) 17 1.712 (0.346)
		mIns	1.533 (0.336) 22 1.522 (0.514) 34 1.817 (0.375) 21 1.624 (0.410)

Table 2 . 2 .

 22 Average, standard deviation (SD) and coefficient of variation (CV) of ADCexp, ADCK and K values calculated for each session (S1 to S3) in VOICR (scheme b[0,1,2] and 40 averages per diffusion condition).Average, SD and CV of ADCexp calculated for each session in VOI'CR (scheme b[0,2] and 24 averages per diffusion condition).

	VOICR		S1		S2		S3		Average
	Diffusion Parameter	Metabolite Mean (SD)	CV (%)	Mean (SD)	CV (%)	Mean (SD)	CV (%)	Mean (SD)	CV (%)
	ADCexp	tNAA	0.156 (0.017) 11 0.160 (0.020) 12 0.158 (0.020) 12 0.158 (0.019) 12
	(μm2/ms)	tCr	0.156 (0.012) 7 0.174 (0.025) 14 0.173 (0.024) 14 0.168 (0.020) 12
		tCho	0.130 (0.015) 11 0.140 (0.025) 18 0.136 (0.023) 17 0.135 (0.023) 16
		mIns	0.126 (0.031) 22 0.156 (0.050) 32 0.130 (0.032) 24 0.137 (0.037) 27
	ADCK	tNAA	0.186 (0.029) 16 0.180 (0.018) 10 0.189 (0.022) 12 0.185 (0.022) 12
	(μm2/ms)	tCr	0.195 (0.025) 13 0.192 (0.031) 16 0.208 (0.026) 13 0.198 (0.031) 13
		tCho	0.162 (0.027) 16 0.146 (0.021) 15 0.156 (0.026) 17 0.155 (0.023) 15
		mIns	0.182 (0.033) 18 0.177 (0.056) 32 0.173 (0.036) 21 0.177 (0.039) 22
	K	tNAA	1.308 (0.239) 18 1.238 (0.265) 21 1.190 (0.300) 25 1.246 (0.251) 20
		tCr	1.283 (0.243) 19 1.280 (0.218) 17 1.305 (0.192) 15 1.289 (0.204) 16
		tCho	1.507 (0.293) 19 1.166 (0.376) 32 1.238 (0.473) 38 1.304 (0.357) 27
		mIns	1.702 (0.425) 25 1.317 (0.230) 17 1.285 (0.453) 35 1.435 (0.346) 24
	VOI'CR		S1		S2		S3		Average
	Diffusion Parameter	Metabolite Mean (SD)	CV (%)	Mean (SD)	CV (%)	Mean (SD)	CV (%)	Mean (SD)	CV (%)
		tNAA	0.185 (0.014) 8 0.179 (0.026) 15 0.163 (0.019) 12 0.176 (0.020) 11
	ADCexp (μm2/ms)	tCr	0.148 (0.029) 19 0.168 (0.022) 13 0.165 (0.027) 16 0.160 (0.026) 16
		tCho	0.130 (0.013) 10 0.137 (0.026) 19 0.127 (0.012) 9 0.132 (0.017) 13

Table 2 . 3 :

 23 Repeatability coefficient (CR) and variance (σ2) of ADCexp values calculated for different acquisition schemes and acquisition times, in VOIPCC and VOICR. Power analysis can be performed using the σ2 values reported in the table and Equation 2.3.For each of the acquisition schemes reported in Table2.3, power calculations were performed for In addition, CR values for K of all metabolites were calculated in VOIPCC and VOICR and reported as percentage of K mean values (Table4S, Supplementary data). The power calculation for tNAA K revealed that a 10% difference can be observed with 11 and 21 subjects per group in VOIPCC and VOICR, respectively.

			12 minute acquisition	7 minute acquisition	4 minute acquisition
	VOI Metabolite						
			(scheme b[0,1,2])	(scheme b[0,2])	(scheme b[0,2])
			CR (%mean)	σ2 (x10-4)	CR (%mean)	σ2 (x10-4)	CR (%mean)	σ2 (x10-4)
			(μm2/ms)	(μm4/ms2)	(μm2/ms)	(μm4/ms2)	(μm2/ms)	(μm4/ms2)
	VOIPCC	tNAA	0.015 (12%)	0.3	0.026 (20%)	0.9	0.016 (13%)	0.3
		tCr	0.023 (20%)	0.7	0.032 (26%)	1.3	0.030 (25%)	1.1
		tCho	0.022 (20%)	0.6	0.040 (37%)	2.1	0.025 (23%)	0.8
		mIns	0.040 (37%)	2.1	0.066 (59%)	5.7	0.050 (46%)	3.3
	VOICR	tNAA	0.042 (27%)	2.3	0.042 (26%)	2.3	0.045 (27%)	2.6
		tCr	0.040 (24%)	2.1	0.043 (25%)	2.4	0.052 (29%)	3.5
		tCho	0.044 (33%)	2.6	0.046 (33%)	2.7	0.050 (34%)	3.2
		mIns	0.104 (75%)	14.1	0.085 (62%)	9.4	0.101 (67%)	13.4
	ADCexp of tNAA to reflect the number of subjects per group required to detect a difference between
	two groups with a power of 80% and significance level of 5% (Figure 2.9). A 5% difference can be
	detected with 6 and 29 subjects per group in VOIPCC and VOICR, respectively, with scheme b[0,1,2] and
	a scanning time of 12 minutes (Figure 2.9A). With scheme b[0,2] and a scanning time of 7 minutes, a

5% difference can be detected with 17 and 29 subjects per group in VOIPCC and in VOICR, respectively (Figure 2.9B). With b[0,2] and a reduced scanning time of 4 minutes, a 5% difference can be detected with 7 and 31 subjects per group in VOIPCC and in VOICR, respectively (Figure 2.9C).

Table 2 .

 2 4S: Repeatability coefficient (CR) and variance (σ2) of K values calculated in VOIPCC and VOICR.

			17 minute acquisition
	VOI Metabolite		
			(scheme b[0-3])
			CR (%mean) σ2 (x10-1)
	VOIPCC	tNAA	0.576 (33%)	0.4
		tCr	0.816 (50%)	0.9
		tCho	0.920 (54%)	1.1
		mIns	1.168 (72%)	1.7
	VOICR	tNAA	0.921 (75%)	1.1
		tCr	0.840 (66%)	0.9
		tCho	1.396 (107%)	2.6
		mIns	1.951 (162%)	5.0

Table 3 . 1 :

 31 Mean and standard deviation (SD) of metabolite ADCavg evaluated from each mouse group.

	ADCavg (μm2/ms)	CPZ (n = 8)	WTCPZ (n = 10)	PLP (n = 12)	WTPLP (n = 19)
	tNAA	0.086 ± 0.023	0.085 ± 0.014	0.089 ± 0.016*	0.103 ± 0.018
	tCr	0.089 ± 0.016	0.081 ± 0.013	0.077 ± 0.015	0.088 ± 0.016
		CPZ (n = 8)	WTCPZ (n = 8)	PLP (n = 5)	WTPLP (n = 17)
	tCho	0.188 ± 0.041*	0.120 ± 0.033	0.122 ± 0.039	0.109 ± 0.031
		CPZ (n = 8)	WTCPZ (n = 8)	PLP (n = 11)	WTPLP (n = 16)
	mIns	0.130 ± 0.031***	0.082 ± 0.024	0.079 ± 0.020	0.079 ± 0.016
	Asterisks indicate significant difference between CPZ and WTCPZ, and between PLP and WTPLP:

*p < 0.05, **p < 0.01 ***p < 0.005

Table 4 . 1 .

 41 Metabolite ADCs measured in HV VOIles and in IS VOIles at the three stages of the disease S1, S2, and S3. Errors correspond to group standard deviations. for tNAA, tCr and tCho from HV and IS; n = 10 for mIns from HV and IS. Two IS were not included in the comparison of VOIles with HV VOIles due to the absence of age and gender-matched HV. Asterisks indicate statistically significant differences of metabolite ADC between HV and IS

				IS VOIles	
	ADC (μm2/ms)	HV VOIles			
			S1	S2	S3
	tNAA	0.164 ± 0.043	0.174 ± 0.048	0.174 ± 0.044	0.168 ± 0.068
	tCr	0.150 ± 0.037	0.165 ± 0.043	0.182 ± 0.040*	0.179 ± 0.034*
	tCho	0.139 ± 0.039	0.151 ± 0.037	0.164 ± 0.030*	0.148 ± 0.019
	mIns	0.129 ± 0.037	0.181 ± 0.041*	0.172 ± 0.078	0.163 ± 0.053
	n = 16 (* p < 0.05).				
				IS VOIcl	
	ADC (μm2/ms)	HV VOIcl			
			S1	S2	S3
	tNAA	0.166 ± 0.045	0.176 ± 0.040	0.174 ± 0.036	0.164 ± 0.027
	tCr	0.151 ± 0.042	0.160 ± 0.041	0.153 ± 0.026	0.145 ± 0.020
	tCho	0.140 ± 0.039	0.145 ± 0.032	0.137 ± 0.030	0.138 ± 0.029
	mIns	0.141 ± 0.027	0.136 ± 0.051	0.173 ± 0.067	0.135 ± 0.037
	n = 16 for tNAA, tCr and tCho from HV and IS (S1 and S2), n = 14 for IS (S3); n = 10 for mIns
	from HV and IS (S1 and S2), n = 8 for IS (S3). Two IS were not included in the comparison of
	VOIcl with HV VOIcl due to the absence of data in the contralateral side.	

Table 4 . 2 .

 42 Metabolite ADCs measured in IS VOIles and VOIcl at the three stages of the disease S1, S2, and S3. Errors correspond to group standard deviations.

	ADC	IS VOI	S1	S2	S3
	(μm2/ms)				
		VOIles	0.170 ± 0.049	0.182 ± 0.070	0.177 ± 0.056
	tNAA				
		VOIcl	0.168 ± 0.035	0.176 ± 0.044	0.165 ± 0.025
		VOIles	0.159 ± 0.042	0.178 ± 0.042*	0.176 ± 0.031**
	tCr				
		VOIcl	0.151 ± 0.038	0.155 ± 0.035	0.148 ± 0.021
		VOIles	0.148 ± 0.036	0.164 ± 0.038*	0.148 ± 0.022
	tCho				
		VOIcl	0.139 ± 0.024	0.139 ± 0.034	0.138 ± 0.028
		VOIles	0.174 ± 0.059	0.186 ± 0.078	0.162 ± 0.051*
	mIns				
		VOIcl	0.143 ± 0.051	0.152 ± 0.053	0.122 ± 0.042
	n = 16 for tNAA, tCr and tCho from S1, S2 and S3; n = 10 for mIns. Two IS were not included in the
	analysis due to the absence of data in the contralateral side. Asterisks indicate statistically significant
	differences of the metabolite ADC between values from VOIles and VOIcl (* p < 0.05, ** p < 0.005).
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 43 Percentage variations of metabolite ADC between different time points.

	Longitudinal			
	IS VOI	S1 vs S2	S2 vs S3	S1 vs S3
	evolutiona			
	VOIles	7%	-3%	-4%
	tNAA			
	VOIcl	5%	-7%	-2%
	VOIles	11% *	-1%	9% **
	tCr			
	VOIcl	2%	-5%	-2%
	VOIles	10% *	-11% *	< 1%
	tCho			
	VOIcl	< 1%	< 1%	< 1%
	VOIles	6%	-14%	-7%
	mIns			
	VOIcl	6%	-25%	-17%
	n = 16 for tNAA, tCr and tCho from S1, S2 and S3; n = 10 for mIns. Two IS were not included in the
	analysis due to the absence of data in the contralateral side. a (Sj -Si)/Sj, i = 1, 2 j = 2, 3. Asterisks
	indicate statistically significant differences of the ADC longitudinal evolution between VOIles and
	VOIcl (* p < 0.05, ** p < 0.005).			
	Figure 4.4 shows metabolite concentrations derived in VOIles and VOIcl of IS at each stage of the
	disease, and for the two VOIs of HV. tNAA concentration strongly decreased in IS VOIles with
	respect to HV VOIles at each stage of disease (S1: 3.72 ± 2.16 mM; S2: 3.90 ± 2.25 mM; S3: 4.24 ±
	2.33 mM; HV: 8.85 ± 1.84 mM; p < 0.005 for all comparisons) and with respect to IS VOIcl at each
	stage of disease (S1: 7.97 ± 1.43 mM; S2: 8.29 ± 1.71 mM; S3: 8.06 ± 1.84 mM; p < 0.005 for all
	comparisons) (Figure 4.4A). Similarly, tCr concentration decreased in IS VOIles with respect to HV
	VOIles at each stage of disease (S1: 3.18 ± 1.32 mM; S2: 3.68 ± 1.69 mM; S3: 3.58 ± 1.43 mM; HV:
	4.95 ± 0.61 mM; p < 0.005 at S1 and S3, p = 0.014 at S2) and with respect to IS VOIcl at each stage
	of disease (S1: 4.72 ± 0.73 mM; S2: 4.82 ± 1.02 mM; S1: 4.64 ± 0.95 mM; p < 0.005 for all
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2.S Supplementary material

2.S.1 Peak thresholding

A peak thresholding procedure was applied to discard the single averages with artifactual low SNR caused by non-translational motion (rotations or compression motion due to CSF pulsation). where SNRbmax-1 is the second highest SNR at a given b-value. The study was approved by the local ethics committee.

2.S.2 Analysis of the diffusion metrics as a function of the SNR

MRI hardware

All subjects were scanned using a 3 T whole-body Siemens MAGNETOM Prisma Fit MRI scanner (Siemens Medical Solutions, Erlangen, Germany). The scanner was equipped with gradient coils capable of reaching 80 mT/m on each of the three orthogonal axes. The standard radio-frequency body-coil was used for excitation and a 64-channel receive-only head coil for reception.

MRI and DW-MRS protocol

The acquisition protocol included a three-dimensional (3D) T2-weighted-Fluid-Attenuated Inversion Recovery (FLAIR) sequence (isotropic field of view, 256 mm; resolution, 1 (anterior-posterior) × 1 (foot-head) × 2.5 (right-left) mm3; TR/TE, 9000/95 ms; total acquisition time, 3 min 11s) which was used to identify the infarct lesion, to position the spectroscopic volume of interests (VOIs), and for lesion segmentation.

A single-voxel semi-LASER sequence with diffusion gradients added in a bipolar configuration (see section 2.2.3) was employed for the DW-MRS acquisitions. In patients, data were collected in two VOIs located, respectively, in the infarcted lesion area (VOIles) and in the contralateral side (VOIcl) (Fig. 4.1). The voxel size was adapted to the infarct lesion size, in order to maximize the percentage of ischemic lesion in the VOI. For both VOIs, sequence parameters were: TE, 100 ms, spectral width, 3 kHz and number of complex points, 2048. All acquisitions were synchronized with cardiac cycle using a pulse-oximeter device, in order to start each acquisition every 3 heart beats, while keeping a minimum TR of 2.5 s. Diffusion-weighting was applied in three orthogonal directions with diffusion analysis. Finally, the CRLBs of tNAA, tCho and tCr calculated from IS VOIcl and from both HV VOIs ranged from 2% to 6%, whereas for mIns they ranged from 5% to 25%. The ADC of tCho was significant higher in IS VOIles than HV VOIles at S2 only (p = 0.029). The ADC of mIns was significant higher in IS VOIles with respect to HV VOIles at S1 (p = 0.041).

No significant differences were observed in the tNAA ADC between IS VOIles and HV VOIles. In addition, no significant differences were observed in any of the metabolite ADCs measured in IS VOIcl compared to HV VOIcl, nor in HV VOIles compared to HV VOIcl.

When evaluating ADC differences between ischemic lesion and contralateral side in IS (Table 4.2 and 4.3), the ADC of tCr was found to be significantly higher in VOIles with respect to VOIcl at S2 (p = 0.014) and S3 (p < 0.005). Also, the longitudinal evolution of tCr ADC in VOIles between S1 and S2, and between S1 and S3 was significantly different with respect to that in VOIcl (p = 0.029 and p = 0.004, respectively) (Figure 4.3B). The ADC of tCho was significant higher in VOIles with respect to VOIcl at S2 (p < 0.005), and the longitudinal evolution in VOIles between S1 and S2, and between S2 and S3 was significantly different compared to that in VOIcl (p = 0.012 and p = 0.019, respectively) (Figure 4.3C). The ADC of mIns was significant higher in VOIles with respect to VOIcl at S3 (p = 0.042), whereas at S2 the increase did not reach statistical significance (p = 0.061) (Figure 4.3D).

Summary

The first objectives of this thesis were to optimize the acquisition and post-processing procedures of DW-MRS single-voxel experiments and to evaluate the feasibility of the clinical use of DW-semi-LASER at 3T. To this aim, we measured the variability of metabolite diffusion parameters across different subjects and sessions, in the posterior cingulate cortex (PCC) and corona radiata (CR). Our results showed that our optimized DW-MRS pipeline was feasible at 3T with excellent statistical power even using a short acquisition protocol on small populations of subjects, as long as the choice of values b was appropriate, the acquisition was cardiac gated, and the post-processing with peak thresholding was carefully taken into account. Under our experimental conditions, power calculations showed that an acquisition time per region of interest of less than 5 minutes, with a group size of about 30 subjects, was sufficient to obtain reliable ADC measures for tNAA, tCr, tCho and mIns in pathologies where the expected ADC differences were above 10% (Table 2.3). The measurement of metabolite diffusion parameters was extremely robust and reproducible in the PCC, whereas the variability was much greater in the CR when the VOI was close to the ventricles.

Following this feasibility study, our second objective was to validate the diffusion measurements with histological measures of cell alterations. Specifically, we wanted to provide correlations between DW-MRS metrics and EM and IHC measures in mouse models of white matter diseases. For this purpose, we evaluated the ADCs of tNAA, tCr, tCho and mIns in the corpus callosum of CPZ, PLP and matched control mice, as well as the axonal diameter (DAX), and the astrocyte area fraction (AAF) and microglial area fraction (MAF) from EM and IHC, respectively. Histological data confirmed that tCho and mIns ADC were reliable probes of glial reactivity. Moreover, the strong correlation between mIns diffusivity and the astrocyte area (fig. 3.9A), which was observed in the CPZ cohort, confirmed that mIns diffusivity can be used as a marker of astrocyte hypertrophy during the inflammatory process. Finally, EM measurements suggested that tNAA diffusivity was related to